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Solvent-induced high-spin transition in double-decker 3d-4 f metallacrowns
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Element-specific magnetic spin and orbital magnetic moments of 3d-4 f double-decker metallacrown
molecules have been investigated using x-ray magnetic circular dichroism. The double-decker metallacrowns
comprise one rare-earth Gd(III) or Tb(III) ion embedded between two squared scaffolds of four Ni(II) ions. We
observe a strong increase of the Ni(II) moments if the molecules are dissolved in methanol, indicating a spin
crossover from a low-spin to a high-spin state. In contrast, dichloromethane does not change the spin state. This
result is explained by a change of the coordination environment of nickel. The comparison of charge-transfer
multiplet calculations with the experimental absorption spectra confirm the different ligand fields.
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I. INTRODUCTION

Molecular spintronics has become an interesting research
topic because of its high potential in processing and transport
of information, aiming at replacing conventional electronics
by bottom-up technologies [1]. In this field, bistable spin
states occurring in the 3d transition metal ions with d4 to d7

orbital occupancy play an important role. Switching these spin
states by external parameters [2–12] provides control over the
interaction of electron spins within a single molecule.

The 3d metal ion’s spin state may assume different spin
configurations resulting in different numbers of unpaired d
electrons. Within the simplest approach, the spin state depends
on the ligand field strength. For intermediate field strength,
where both configurations are of similar energy, the spin
multiplicity changes with temperature or pressure due to en-
tropic effects. This is the case of the spin crossover transition
according to the definition given in Ref. [13].

Classical spin-crossover complexes involve Fe(II) ions [3],
where an entropy-driven transition from a paramagnetic high-
spin state to a diamagnetic low-spin state occurs. Bound-
ary restrictions such as metallic surfaces may significantly
change the spin-crossover behavior as has been shown for
[Fe(phen)2(NCS)2] [14]. Ni(II) systems may also show a
thermally induced transition between bistable diamagnetic
and paramagnetic spin states [15], where the transition is
caused by a change of coordination from the square-planar
(diamagnetic) ligand field to an octahedral (paramagnetic)
ligand field.

Besides spin crossover, transitions between bistable states
of different multiplicities may also be induced by external
variation of ligand fields. Reference [16] reports a bistable
molecular Ni(II) spin switch induced by a light-induced co-
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ordination change. Recently, the role of ligand fields in influ-
encing the spin crossover [17,18], phase transition and photo-
switching [19–21], charge transport and electrical properties
[22], and guest effects on spin crossover in Hoffmann-type
metal-organic frameworks [23] has been reviewed.

Using x-ray absorption spectroscopy ligand-field-induced
changes of magnetic moments have been investigated for
several systems [24,25]. By time-resolved x-ray absorption
spectroscopy Chen et al. [26] measured photoexcited changes
of spin states with high temporal resolution. Duval et al.
[27] observed spin-state changes in the β-pyrrole-substituted
Ni(II)-porphyrins induced by coordination variation. Wäck-
erlin et al. [28] applied x-ray absorption spectroscopy to
investigate the occurrence of magnetic moments in Ni(II)-
porphyrine caused by ammonia coordination.

Heteronuclear 3d-4 f molecular complexes comprising
bistable spin states provide interesting magnetic properties.
In particular, combinations with the rare-earth ions Tb(III)
and Dy(III) are promising components for molecular mag-
nets. The 4 f ions potentially enhance the molecular mag-
netic anisotropy leading to slow relaxation rates and single-
molecule magnet (SMM) behavior [29–39]. Heteronuclear
3d-4 f single-molecule magnets [40–44] have been synthe-
sized with anisotropy barriers even higher than those for 3d-
only complexes.

Metallacrowns represent multinuclear cyclic metal clus-
ters, with a structure comparable to the organic crown ethers
consisting of [M–N–O] repeating units. Some molecules of
this group show SMM behavior. [45–47] The interaction
between the single-ion electron density and the crystal field
leads to an enhancement of the energy barrier for the mag-
netization reversal [48]. Understanding the particular crystal
field environment is important for the optimization of the
slow-relaxation properties in metallacrowns. In this article we
exploit the high integrity and thermodynamic stability in solu-
tion of hetero-nuclear metallacrowns forming a double-decker
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FIG. 1. (a) Molecular structure of the {TbNi8} molecule. Site
A indicates a Ni(II) ion within a square-planar ligand field as
determined by x-ray diffraction from a single crystal. Site B sketches
the assumed structure with methanol molecules attached along the
z axis after solving in methanol and subsequent drying in vacuum.
(b) Scheme of the splitting of the Ni(II) d orbitals in the square-
planar field (site A), resulting in the low-spin state S = 0. In an
octahedral or tetragonal extended ligand field (site B) the intra-
atomic exchange interaction (Hund’s rule) favors the high-spin state
S = 1. (c) Sketch of the square-planar ligand field and the tetragonal
extended ligand field.

structure comprising one rare-earth Gd(III) or Tb(III) ion
embedded between two squared scaffolds of four Ni(II) ions.

The analysis of magnetic properties of heterometallic
3d-4 f molecules is challenging [44] because intramolecular
coupling and the ground-state total angular momentum are
masked by the dominant effect of the ligand field splitting
[49–51]. X-ray magnetic circular dichroism (XMCD) pro-
vides element-specific information and thus helps to under-
stand the complex magnetic behavior of 3d-4 f magnetic
molecules [25,52–59,59–65].

While previous studies of 3d-4 f metallacrown complexes
have focused on the properties of the rare-earth ions [66],
we mainly explore here the properties of the 3d Ni(II) ions.
The structure of the molecule implies a square-planar ligand
field that is expected to lead to a S = 0 ground state, i.e.,
a vanishing Ni moment. Deviations from the square-planar
ligand field as, for example, caused by additional coordinating
molecules may switch the Ni(II) ion to a high-spin S = 1
state for the d8-electron configuration. We investigate by
XMCD the effect of this chemically induced spin crossover
on the magnetic properties of double-decker metallacrowns
[see Fig. 1(a)] comprising a central rare-earth ion either with
or without an orbital moment.

II. EXPERIMENT

(Hpip)6{RE{(III)[12-MCNi(II)N(shi)-4]2(Hsal)}, shi = sali-
cylhydroxamic acid (in short {RENi8}), molecules with RE =
Gd and Tb have been synthesized as described in Ref. [67].
The structures of the molecules have been determined by x-
ray diffraction of single crystals. XMCD measurements were
carried out at the VEKMAG endstation of the PM2 beamline
at BESSY II [68]. The degree of circular polarization is P =
0.77. X-ray absorption spectra (XAS) at the Ni L3,2 and RE
M5,4 edges result from the total electron yield as measured by
the sample current at 7 K. A magnetic field of 7 T was applied
parallel and antiparallel to the incident photon beam with
the sample oriented perpendicular to the magnetic field. The
difference of the two XAS spectra results in the XMCD. Even
after several hours of absorption measurements we did not
detect any changes of the spectra, indicating that no radiation
damage of the molecules occurred. For the XMCD measure-
ments the {RENi8} molecules were deposited on a silicon
wafer surface prior to the transfer into ultrahigh vacuum. We
applied three different methods for the deposition. Ultrasmall
crystals (powder) were glued to the Si wafer surface by a
mixture of graphite powder and xylol (conductive carbon
cement). Because the insulating crystals partially charge up
during the measurement, the total electron yield current is
in the range of only 0.1 pA and long-acquisition times are
needed to reduce the signal noise. Therefore, in a second
approach we deposited the molecules by drop-casting from a
dichloromethane solution, resulting in sample currents in the
range of several picoamperes. Both methods lead to similar
spectral features. In a third approach the molecules were drop-
cast from a methanol solution. This deposition method leads
to a considerable change of the Ni spectra, as is discussed
below.

Element-specific magnetic moments were determined by
the sum-rule analysis [69,70]. The applicability of such rules
requires some arbitrary assumptions concerning the number
of 3d and 4 f holes, the j j mixing effect, and the dipolar
term 〈Tz〉 [71]. We have set the number of d holes to the
values as determined by charge-transfer multiplet calculations
[72] and the number of f holes to the ionic values. The
j j-mixing effect is considered as a correction factor for the
magnetic spin moment. The correction factor is 1 in the case
of the Ni(II) and RE (III) ions because of the comparatively
large spin-orbit splitting of the initial states. The expectation
value of the dipole operator Tz = 〈Tz〉 contributes to the

104404-2



SOLVENT-INDUCED HIGH-SPIN TRANSITION IN … PHYSICAL REVIEW B 99, 104404 (2019)

effective spin moment for transition-metal and rare-earth ions.
Tz only vanishes in the case of Gd(III) and Eu(II) and it is
large in the case of Tb(III) (see Refs. [69,70]). In the case
of rare-earth ions it can be calculated exactly according to
Ref. [69]. The angular dependence of Tz can be described by
the Legendre polynomial (1 − 3 cos2 θ ) [73,74]. An important
precondition for the occurrence of this angular dependence
is that the quadrupolar charge distribution remains largely
unaffected by the magnetic spin orientation. We assume that
this precondition is fulfilled in our case because the spin-orbit
coupling is smaller than the bandwidth for the valence states
of 3d and 4 f metal ions. The quadrupolar charge distribution
results in 〈Tx〉 + 〈Ty〉 + 〈Tz〉 = 0: Consequently, Tz vanishes
for powder samples in the case of a saturated magnetic state,
i.e., for the external fields being much larger than the mag-
netic anisotropy fields (see Refs. [74,75]). In contrast, for an
external field much smaller than the magnetic anisotropy field,
the exact result of Tz for RE (III) ions can be used to determine
the spin moment [44]. The intermediate case of anisotropy and
external fields being of equal size is discussed in Ref. [66].

III. RESULTS

Figure 2 shows the XAS and XMCD spectra of the
{GdNi8} samples. The XAS Ni L3 edge at a photon energy

FIG. 2. The x-ray absorption I+ + I− and XMCD I+ − I− spec-
tra measured at the Ni L3,2 and Gd M5,4 edges for the {GdNi8} met-
allacrowns. Panels (a) and (b) respectively show XAS and XMCD
spectra for {GdNi8} deposited by drop-casting from a solution in
dichloromethane. Panels (c) and (d) respectively show XAS and
XMCD spectra for {GdNi8} deposited by drop-casting from a
solution in methanol. I+ and I− denote the total photoemission
yield measured for the external fields parallel and antiparallel to
the circular polarization vector of the synchrotron light. The XAS
spectra for Ni(II) [panels (a) and (c)] and Gd(III) [panels (b) and (d)]
are normalized to the maximum value. The corresponding XMCD
spectra are scaled by the same normalization factor.

FIG. 3. The x-ray absorption I+ + I− and XMCD I+ − I− spec-
tra measured at the Ni L3,2 and RE M5,4 edges for the {TbNi8}
metallacrowns. Panels (a) and (b) respectively show the XAS and
XMCD spectra for {TbNi8} deposited by drop-casting from a solu-
tion in dichloromethane. Panels (c) and (d) respectively show XAS
and XMCD spectra for {TbNi8} deposited by drop-casting from
a solution in methanol. I+ and I− denote the total photoemission
yield measured for the external fields parallel and antiparallel to
the circular polarization vector of the synchrotron light. The XAS
spectra for Ni(II) [panels (a) and (c)] and Tb(III) [panels (b) and (d)]
are normalized to the maximum value. The corresponding XMCD
spectra are scaled by the same normalization factor. The Ni(II)
XMCD spectra [panels (a) and (c)] are magnified by a factor of 5.

of 853 eV reveals two additional satellite peaks at 2 and
5 eV higher than the energy of the absorption maximum.
The XAS spectra measured for the sample drop-cast from the
dichloromethane solution [Fig. 2(a), case A] deviates from
the spectra measured for the same molecules drop-cast from a
methanol solution [Fig. 2(c), case B]. For case A the satellite
peak at 855 eV is smaller and the shift from the main peak
is larger (2.0 eV) compared to case B (1.8 eV). The larger
separation from the main peak in case A leads to a clear
satellite peak, while in case B the additional peak rather forms
a shoulder on the high-energy side of the main peak. A second
prominent difference occurs at the L2 edge at a photon energy
of 870 eV. For case A we observe a narrow peak almost half
the size of the L3 peak. In contrast, case B reveals a smaller
maximum peak value and the width of the peak is enhanced.

The most obvious difference occurs for the Ni XMCD
signal. In case A the XMCD signal is very small and it reveals
a plus/minus feature at the L3 edge (853 eV). Drop-casting
from methanol, instead, results in a much larger XMCD
signal, showing a prominent negative peak at the L3 edge and a
positive peak at the L2 edge. Thus, the XMCD signal indicates
a prevailing spin moment parallel to the applied external field.

The XAS and XMCD signals measured at the Gd(III)
M5,4 edge are similar for both cases A and B [Figs. 2(b)
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TABLE I. Effective spin moment μeff
spin and orbital moment μorb in units of Bohr magnetons (μB) as determined by the sum rules for

{GdNi8} and {TbNi8} at 7 K for a field of 7 T. {RENi8} denotes case A of the samples drop-cast from a dichloromethane solution, and
{RENi8} · CH3OH indicates case B of the samples drop-cast from a methanol solution. The total Ni(II) magnetic moment results from μtot =
μeff

spin + μorb. In the case of Tb(III) the actual spin moment μspin is larger than μeff
spin because of the Tz contribution as discussed in the text.

The molecular moment μmol calculated from the XMCD sum rule results from the composition of the molecule μmol = 8μtot (Ni) + μtot (RE ).
The error of the XMCD-derived moments is dominated by systematic errors of the common factors’ polarization, nh, and the error due to
subtraction of transitions into continuous states. We estimate the total error to be on the order of 20%.

Ni(II) RE (III) Mol. moments
μeff

spin μorb μtot μeff
spin μorb μmol

{GdNi8} −0.02(2) −0.02(2) −0.04(4) 7.2(2) 0.8(2) 7.8(4)
{GdNi8} · CH3OH 0.79(2) 0.09(2) 0.88(4) 7.4(2) 1.0(2) 15.4(4)
{TbNi8} 0.10(2) −0.01(2) 0.09(4) 2.7(2) 2.1(2) 6.4(4)
{TbNi8} · CH3OH 0.23(2) 0.05(2) 0.29(4) 2.8(2) 2.5(2) 8.9(4)

and 2(d)]. The spectral feature of the Gd(III) XAS reflects
the unoccupied 4 f states that are hardly influenced by the
chemical bonding because the 4 f states are very localized.
The satellite peaks observed in this case originate solely
from the multiplet splitting caused by intraionic many-body
interaction. The prominent negative XMCD peak at the M5

edge (1185 eV) and the positive peak at the M4 edge (1220 eV)
indicate a large spin moment parallel to the external field.

For comparison, Fig. 3 shows the XAS and XMCD spectra
of the {TbNi8} samples. In this case the XAS Ni L3 edge
at a photon energy of 853 eV also reveals two additional
satellite peaks at 2 and 5 eV higher than the energy of the
absorption maximum. However, the XAS spectra measured
for the sample drop-cast from the dichloromethane solution
[Fig. 3(a), case A] deviate only very little from the spectra
measured for the same molecules drop-cast from a methanol
solution [Fig. 3(c), case B]. For case A the satellite peak at
855 eV is smaller but the separation from the main peak is
still larger (2.0 eV) compared to case B (1.9 eV).

The obvious difference for the Ni XMCD signal observed
for the two {GdNi8} cases is also present for {TbNi8}. In case
A the XMCD signal is considerably smaller than the result
for case B. However, for {TbNi8} we observe in both cases a
prevailing spin moment parallel to the applied external field,
but with a much smaller value for case A.

The XAS and XMCD signals measured at the Tb(III)
M5,4 edge are almost similar to each other for both cases
A and B [Figs. 3(b) and 3(d)] for the same reason as the
spectra for Gd(III). However, careful inspection of the M5

maximum reveals a slightly more pronounced double peak
for case A compared to case B. This small difference is
discussed below. The prominent negative XMCD peak at the
M5 edge (1240 eV) and the almost-absent peak at the M4 edge
(1275 eV) indicates a large orbital moment in addition to the
spin moment parallel to the external field.

We first discuss the magnetic moments of the Ni(II) ions
resulting from the sum-rule analysis [70]. For Ni(II) the
number of d holes is close to nh = 2 according to the charge-
transfer multiplet calculations. The effective spin moment
deviates from the spin moment μspin according to μeff

spin =
μspin + 7Tz μB. In the case of transition metal ions the Tz term
depends on the chemical bonding and cannot be calculated
exactly. It has been shown that it may assume large values
for adsorbed Cu phthalocyanine molecules [74]. On the other

hand, the magnetic anisotropy related to the Ni(II) ion is
expected to be small in view of the almost-quenched orbital
magnetic moments. Therefore, the Tz contribution vanishes for
a powder sample because of the averaging over all possible
orientations, i.e., μeff

spin = μspin. Spin and orbital moments are
summarized in Table I.

The Ni spin moment calculated for the {GdNi8} spectrum
shown in Fig. 2(a) reveals almost-vanishing spin and orbital
moments.

In the case of drop-casting from a methanol solution
[Fig. 2(c)] the spin moment dramatically increases to almost
0.8 μB per Ni(II) ion. This is a very large value corresponding
to almost half the maximum possible value for a Ni 3d8 con-
figuration. A smaller value is expected considering the mutual
antiferromagnetic exchange coupling between neighboring 3d
transition metal ions, as, for example, observed in Ref. [65]
for a similar molecular structure. The total molecular moment
of {GdNi8} increases by a factor of 2 when the drop-casting
solution is exchanged from dichloromethane to methanol.

For {TbNi8} we also observe an increase of the Ni moment
comparing the samples drop-cast from a dichloromethane
solution and a methanol solution. In this case, the increase
of the total Ni moment is smaller than in the case of {GdNi8}
but also amounts to a factor of three.

For the RE 3d → 4 f transitions a similar sum-rule analy-
sis is performed. For Gd and Tb the numbers of unoccupied
4 f states are nh = 7 and 6, respectively. The effective spin
moment comprises the true spin moment and a contribution
from the expectation value of the dipole moment operator Tz,
μeff

spin = μspin + 6Tz μB. The contribution of Tz is negligible for
Gd(III) but cannot be neglected in the case of Tb(III).

For the Gd(III) ion in {GdNi8} we get a spin moment
close to the expected value of 7 μB according to Hund’s rules
2S = 7 and L = 0. Surprisingly the orbital moment does not
vanish. As in the case of Gd(III) we have μeff

spin = μspin, and we
can determine the total moment for the Gd(III) ion summing
up the spin and orbital moments. A small increase by 5% of
the total moment for the sample drop-cast from the methanol
solution is observed in comparison to the total moment for the
sample of case A.

The Tb(III) ion shows a spin moment that is considerably
reduced compared to the expected ionic value, 2S = 6 and
L = 3. Following the model explained in Ref. [66], we assume
that a strong magnetic anisotropy hinders the alignment of the
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rare-earth magnetic moment with the external field. Exploit-
ing the ratio r of the experimentally determined rare-earth
orbital moment and the expected ionic value for Tb(III) of
3 μB we can determine the magnetic anisotropy assuming a
powder average. Our experimental results are r = 0.7 and r =
0.83 for cases A and B, respectively. Following the procedure
described in Ref. [66], we obtain the magnetic anisotropy
constants KRE (Tb) = 5.1 meV and KRE (Tb) = 2.9 meV, re-
spectively. From the ratio r one can also derive the correction
for the Tz component of the effective spin moment. The
spin moments of the Tb(III) ion are then μspin = 3.8 μB and
μspin = 3.9 μB for cases A and B, respectively. The correction
for the Tz contribution thus roughly restores the expected ratio
of the spin moment and the orbital moment for Tb(III) of 2 : 1.

Considering all ionic moments contributing to the molecu-
lar moment we find that the total molecular moment increases
by a factor of approximately 1.5 for {TbNi8} drop-cast from
a methanol solution compared to the same molecule drop-cast
from a dichloromethane solution.

IV. DISCUSSION

To explain the different results obtained for the same
molecules dissolved in two different solvents, we first
note that the experimental results for small single crystals
glued by a conductive adhesive are similar to results for
the metallacrowns dissolved in the noncoordinating solvent
dichloromethane. In particular, both samples show very low
values for the Ni magnetic moments. From x-ray diffraction
of a single crystal we know that seven of the eight Ni(II)
ions have four nearest-neighbor atoms, three oxygen and one
nitrogen atom, arranged planar. One Ni(II) ion has an addi-
tional covalently bonded morpholin ligand. This coordination
mode leads for at least seven Ni(II) ions to a ligand field
that can be described approximately as a square-planar field.
The square-planar ligand field is known to favor a low-spin
state, i.e., S = 0. To confirm the low-spin state we performed
charge-transfer multiplet calculations [72]. Figure 4(a) shows
the simulated spectra with the ligand field parameters set to
10Dq = 1.8 eV, Ds = 0.6 eV, and Dt = 0.1 eV, representing a
square-planar geometry. The corresponding simulated XMCD
signal almost vanishes (please note the factor 10 magnifica-
tion), indicating vanishing magnetic spin and orbital moments
confirming the low-spin state. The simulated XAS reproduces
the experimentally observed spectra shown in Figs. 2(a) and
3(a), including the two satellite peaks.

The corresponding scheme of the splitting of the Ni(II) 3d
orbitals is depicted in Fig. 1(b). The highest level representing
the dx2−y2 orbital is separated from the nearest lower level by
1.8 eV. This energy difference is larger than the correlation
energy. Therefore, the energy difference favors the parallel
orientation of the two spins in one orbital and the total spin
is zero.

The attached methanol molecules exemplified in the sketch
in Fig. 1(a) (site B) break the square-planar geometry, leading
to a tetragonal extended or even octahedral ligand field. To
simulate the corresponding spectra we set the ligand field
parameters to 10Dq = 1.8 eV, Ds = 0.0 eV, and Dt = 0.0 eV.
These parameters lead to a strongly increased XMCD sig-
nal as shown in Fig. 4(b), indicating a high-spin state. The
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FIG. 4. (a) Ni(II) XAS and XMCD spectra simulated by charge-
transfer multiplet calculations [72]. The ligand field parameters were
set to 10Dq = 1.8 eV, Ds = 0.6 eV, and Dt = 0.1 eV, represent-
ing a square-planar geometry. (b) Similar charge-transfer multiplet
calculations with the ligand field parameters set to 10Dq = 1.8 eV,
Ds = 0.0 eV, and Dt = 0.0 eV, representing an octahedral geometry.
The XAS for Ni(II) are normalized to the maximum value. The
corresponding XMCD spectra are scaled by the same normalization
factor. The Ni(II) XMCD spectra in panel (a) is magnified by a factor
of 10.

spectral shape reproduces the experimentally observed
XMCD spectra, in particular the prevailing negative peak
at the L3 edge followed by a small positive peak. The two
positive peaks at the L2 edge with increased intensity for the
second peak show up in the simulation, too. The simulated
XAS reveal the satellite peak at 1.8 eV higher than the absorp-
tion maximum as observed in the experiment. Furthermore,
the L2 absorption peak is split into two separated peaks.
Although, this is not directly seen in the experiment, we have
observed a clear broadening of this peak. The overall good
agreement of simulated and experimentally observed spectra
confirms the assumed change of the ligand field geometry due
to the attached methanol molecules.

The corresponding scheme of the splitting of the Ni(II)
3d orbitals [Fig. 1(b)] reveals that the highest levels are
formed by the dx2−y2 and dz2 orbitals. In this case, the energy
difference between these two orbitals is smaller than the
correlation energy. Consequently, the two orthogonal orbitals
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FIG. 5. (a) Tb(III) XAS simulated by multiplet calculations [72]
(thin black line) compared to the corresponding experimental data
for case A (low spin). The crystal field parameters have been set to
zero. The Slater integral reduction has been set to 90% of the atomic
value. (b) Similar multiplet calculations and experimental data for
case B (high spin) with the Slater integral reduction has been set to
70% of the atomic value.

are occupied by two electrons with the same sign of the spin,
representing a high-spin state, S = 1. The transition from
the low-spin to the high-spin state occurs by reducing the
parameter Ds below 0.3 eV.

While the x-ray absorption spectra of Gd(III) appear iden-
tical, the Tb(III) signal revealed small variations. The interac-
tion of ligand fields and 4 f orbitals of the rare-earth ions is
very small and will not lead to visible changes of the spectral
behavior [76]. On the other hand the methanol coordination
may lead to changes in the hybridization strength, which
in turn may be modeled by the Slater integral reduction in
multiplet calculations. Variations on the order of 10% lead to
similar spectral changes as observed in the experiment (see
Fig. 5).

The experimental result for the {TbNi8} double-decker
metallacrown reveals a small parallel Ni moment of 0.09 μB

for case A (drop-cast from dichloromethane solution). The
small remaining Ni moment may originate from the single
Ni(II) ion with the additional morpholin ligand, although for
{GdNi8} this Ni moment should also be present. Further-
more, the increase of the Ni moment upon drop-casting from
the methanol solution (0.3 μB) is weaker than in the case
of {GdNi8} (0.9 μB). The smaller Ni moment for {TbNi8}
compared to {GdNi8} might be explained by a ferromagnetic
exchange coupling to the central rare-earth ion as follows. The
Ni(II)-Tb(III) exchange coupling is weaker and the mutual
antiferromagnetic interaction of the Ni moments causes the
reduction of the Ni(II) moment. The Ni(II)-Gd(III) exchange
interaction is stronger mainly because of the larger Gd mo-
ment, thus leading to a parallel orientation of the Ni moments
(magnetic director approach) [65].

V. SUMMARY

We have investigated element-specific magnetic spin and
orbital magnetic moments of double-decker metallacrowns at
low temperature (7 K) and in high-magnetic fields (7 T) using
x-ray magnetic circular dichroism. The double-decker met-
allacrown molecules comprise one rare-earth metal Gd(III)
or Tb(III) ion embedded between two squared scaffolds of
four Ni(II) ions. The square-planar ligand field at the Ni(II)
ion sites leads to an S = 0 ground state with vanishing
Ni moments. Solving the double-decker metallacrowns in
the coordinating solvent methanol leads to a considerable
increase of the Ni magnetic moment, indicating a deviation
from the square-planar ligand field. We attribute the moment
increase to the attachment of methanol molecules at the Ni(II)
ions. The additional methanol molecule leads to a change
from the square-planar to a square-pyramidal ligand field, thus
provoking a switch to an S = 1 ground state, corresponding to
a spin crossover from a low-spin to a high-spin state. Charge-
transfer multiplet calculations considering the different ligand
field geometries confirm our experimental results.

Our results show that the low-spin state of Ni(II) ions orig-
inating from a square-planar ligand field is sensitive to distor-
tions. Electrical fields from coordinating solution molecules
may provoke a spin crossover to a high-spin state. On the
other hand, this sensitivity can be exploited to control the spin
state of the double-decker metallacrown without affecting the
integrity of the molecule by chemical reactions.
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