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Single molecule magnets comprising rare earth metals are of high interest due to the unquenched orbital
moments of the rare earth ions that result in a large energy barrier for magnetization reversal. We investigate
the magnetic properties of polynuclear 3d-4f 15-MC-5 metallacrowns using x-ray magnetic circular dichroism
of powder samples at a temperature of 7 K in a magnetic field of 7 T. The sum rule analysis reveals element-
specific spin and orbital moments. The magnetic moments of the 3d transition metal Ni(II) ions are coupled
antiferromagnetically to each other and contribute only little to the total molecular moment. The spin and orbital
moments of the rare earth ions are unexpectedly smaller than the ionic values resulting from Hund’s rules. We
explain the reduction of the orbital magnetic moment by a finite magnetic anisotropy. Considering an energy
functional including magnetic anisotropy and Zeeman energy the powder average reveals a magnetic anisotropy
of 28 meV (340 K) in the case of Dy(III) and 7 meV (85 K) in the case of Tb(III). The spin moments agree with
the ionic value, too, when the expectation values of the dipole operator are considered.
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I. INTRODUCTION

Rare earth ions are promising components for molecular
magnets. The 4f ions Tb(III) and Dy(III) show a large
orbital magnetic moment in the ground state combined with
a strong spin-orbit coupling. Thus they potentially enhance
the molecular magnetic anisotropy leading to slow relaxation
rates and single molecule magnet (SMM) behavior [1–6].
Molecular structures comprising Tb(III) or Dy(III) ions can
exhibit magnetic anisotropy energies of single molecules that
are on the order of the thermal energy at room temperature.
Such a high energy barrier for magnetization reversal provides
an important precondition for single molecule magnets [7–10].
Mononuclear phtalocyaninate [11], polyoxometalate [12,13],
organometallic [14–16], or purely inorganic lanthanide com-
pounds [17] are reported to possess high anisotropy energies
leading to SMM properties. Recently, polynuclear SMMs
providing further flexibility in tuning the magnetic proper-
ties came back into the focus of research. The synthesis of
polynuclear 4f clusters has led to high energy barriers up to
530 K [18–22]. Some heteronuclear 3d-4f SMMs [23–27]
have been synthesized with anisotropy barriers comparable to
those for 3d-only SMMs.

Metallacrowns are an interesting group of multinuclear
cyclic metal clusters, with a structure comparable to the
organic crown ethers consisting of -[M-N-O]- repeated units.
Metallacrowns possess a high thermodynamic stability and
integrity in solution. Depending on the magnetic anisotropy of
the metal ions composing the ring or being encapsulated, single
molecule magnet behavior is observed [28–30]. The inclusion
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of 4f elements in metallacrowns is promising for achieving the
desirable large anisotropy. In this case, the interaction between
the single-ion electron density and the crystal field leads to a
large single-ion anisotropy [31]. Understanding the particular
crystal field environment that results in large anisotropies is
important for the optimization of the slow relaxation properties
in metallacrowns.

The understanding of magnetic properties of 4f -containing
molecules is challenging [27] because of the presence of
large orbital moments. In 3d transition metal clusters com-
prising only one species of ions intramolecular coupling
values result from the temperature dependence of the magnetic
susceptibility. In contrast, 3d-4f molecules can hide the
intramolecular coupling under the dominant effect of ligand-
field splittings [32]. Moreover, the ground state total angular
momentum may depend in this case on the ligand field [33,34].
X-ray magnetic circular dichroism (XMCD) provides element-
specific information and thus helps to understand the complex
magnetic behavior of 3d-4f magnetic molecules [35–48]. In
particular, molecular magnetic anisotropy measurements on
rare earth ions using XMCD have been reported in Ref. [49].

The study of element-specific magnetic properties of
the homo- and heterometallic metallacrowns Cu(II) [12-
MCTM(Shi)-4] [TM=Cu(II), Fe(III), in short CuCu4 and
CuFe4 [50,51] revealed a strongly different magnetization dis-
tribution. The CuFe4 metallacrown shows a ratio between the
Cu and Fe moment of −0.11. Instead, for CuCu4 the magnetic
moment is localized at the central Cu(II) ion. These results
emphasized the importance of element-specific information on
the magnetic properties of metallacrowns.

In this study we replace the central ion within a metal-
lacrown scaffold by a rare earth (RE) ion. The larger size
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of the RE(III) ion requires an extension of the ring size to
five transition metal units surrounding the central RE(III) ion
in order to keep the flat geometry of the magnetic cores.
These molecules are classified as 15-MC-5 metallacrowns,
describing the ring size and the number of oxygen atoms
coordinating the encapsulated central ion. The RE(III) ion
is surrounded by 5 Ni(II) ions in an almost planar ring-
shaped configuration. In this article, we show how quanti-
tative information on the magnetic single ion anisotropy is
gained from the element-specific spin and orbital moments
resulting from a sum rule analysis of the x-ray absorption
spectra.

II. EXPERIMENT

RE[15-MCNi(II)N(picha)-5](μ-NO3)(η1-NO3)(py)8 (in short
{RENi5}) molecules with RE=Sm, Tb, and Dy have been
synthesized as described in Ref. [52]. Magnetometry measure-
ments were performed using a superconducting quantum in-
tereference device (SQUID) magnetometer on powder material
from the identical batch that was used for the x-ray absorption
experiments. (See Fig. 1.)

FIG. 1. Molecular structure of the Dy(III)[15-MCNi(II)N(picha)-
5](μ2-NO3)(η1-NO3)(py)8 ({DyNi5}) molecule.

XMCD measurements were carried out at the VEKMAG
endstation of the PM2 beamline at BESSY II [53]. For the
XMCD measurements the {RENi5} molecules were dissolved
in methanol. Electrospray injection mass spectrometry con-
firms the structural and chemical integrity of the molecules
after dissolving in methanol. The solution was thus drop
cast on a rinsed Si waver surface. The solvent then rapidly
evaporates under ambient conditions within minutes after
the drop cast. The molecules form small randomly oriented
microcrystals on the surface. With applying ultrahigh vacuum,
no liquid remains on the sample surface. The purpose of
solving and recrystallization in the rinsed Si surface is to
minimize the crystal size and to have each small crystal
be attached by van der Waals forces to the Si surface in
order to prevent electrical charging during the measurement.
Scanning electron microscopy images and x-ray diffraction
data are fully in agreement with the random orientation of
the deposited molecules. However, we cannot completely
exclude a nonrandom orientation of the molecules deposited
by drop cast, because monolayer coverages on the substrate
may significantly contribute to the absorption signal but do
not show up in the diffraction intensity.

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
polarization degree is P = 0.77 at the Fe L edge. A calibration
measurement at the Gd M edges confirms that the degree of
polarization does not change within the experimental error
of 3% within the photon energy range used for the present
experiments. The polarization value has been considered for
the evaluation of the sum rules (see below). We measured each
spectrum twice in order to confirm that the x-ray beam does not
damage the molecules. 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.

Spectra acquired with positive and negative field direction
have been normalized at the preedge. The normalization
accounts for a systematic field dependent detection efficiency
of the radiation detector used for measuring the incident photon
intensity. A linear function fitted to the pre- and postedge has
been subtracted from the spectra acquired for opposite field
direction in order to account for the background intensity
caused by x-ray absorption in states with smaller binding
energy.

Element-specific magnetic moments were determined by
the sum rule analysis [54,55]. We have set the number of d

holes to the values as determined by charge transfer multiplet
calculations [56] and the number of f holes to the ionic values.
The jj mixing effect is considered as a correction factor for
the magnetic spin moment. The correction factor is 1 within
the error limits in the case of the Ni(II) and Gd(III), Tb(III),
and Dy(III), while it deviates in the case of the less than half-
filled 4f shells [57]. The correction factor of 2.3 in the case
of Sm(III) as reported in Ref. [58] has been considered for the
quantitative evaluation.

The expectation value of the dipole operator Tz = 〈Tz〉 [59]
contributes to the effective spin moment for transition metal
and rare earth ions. Tz only vanishes in the case of Gd(III)
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and Eu(II). In contrast, Tz is large in the case of Sm(III),
Tb(III), and Dy(III) (see Refs. [54,55]). In this case it can
be calculated exactly according to Ref. [54]. The angular
dependence of Tz can be described by the Legendre poly-
nomial (1 − 3 cos2 θ ) [60], which has been experimentally
confirmed by Stepanow et al. [61] for the case of ordered
Cu-phthalocyanine monolayers on Ag(100). An important
precondition for the occurrence of this angular dependence
is that the quadrupolar charge distribution remains largely
unaffected by the magnetic spin orientation. This precondition
is likely fulfilled in our case because the spin-orbit coupling
is smaller than the bandwidth for the valence states of 3d and
4f metal ions but in principle it has to be tested by angular
dependent measurements. The quadrupolar charge distribution
results in 〈Tx〉 + 〈Ty〉 + 〈Tz〉 = 0: the spin moment can be
determined by averaging experiments where the spin is aligned
along the x, y, and z axis. Alternatively, Tz vanishes for a
magic angle orientation. In the case of a saturated magnetic
state, i.e., for the external fields being much larger than the
magnetic anisotropy fields, Tz vanishes for powder samples
(see Ref. [61,62]). 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 [27].
The intermediate case of anisotropy and external fields being
of equal size is discussed in Sec. IV.

III. RESULTS

Figure 2 shows the XAS and XMCD spectra of the {RENi5}
samples for RE = Sm(III), Tb(III), and Dy(III). The Ni L3

edge at a photon energy of 855 eV reveals a small additional
satellite peak at 2 eV higher than the energy of the absorption
maximum. Its intensity slightly decreases with increasing
atomic number of the RE(III) ion indicating a change of
the ligand field strength. Instead, the Ni L2 edge at 870 eV
shows a single peak. These features are characteristic for a
Ni(II) ion within an octahedral ligand field. The RE XAS and
XMCD spectra, shown in Fig. 2, probe the unoccupied 4f

states. The larger absorption maximum at lower photon energy
corresponds to the M5 edge and the peak at higher photon
energy indicates the M4 edge. The spectra reveal the typical
features for the RE(III) ions depending only marginally on the
ligand field, reflecting the localized character of the 4f states
that are not involved in the chemical bonding. The XMCD
spectra (Fig. 2) directly reveal the parallel orientation of the
Tb(III), Dy(III), and Ni(II) magnetic moment, indicated by
the negative sign of the corresponding L3 and M5 XMCD
maximum. In the case of Sm(III), instead, the Sm(III) spin
moment shows antiparallel to the external field and to the
Ni(II) moment, indicating an antiferromagnetic alignment in
high fields of the spin moments of Ni(II) and Sm(III).

First, we discuss the magnetic moments of the Ni(II) ions.
Taking into account the dipole selection rules, the sum rules
result in magnetic spin and orbital moments [55]:

μeff
spin = −3nhμB

P

∫
L3 μMCDdE − 2

∫
L2 μMCDdE∫

L3+L2 IisodE
,

(1)

μorb = −3nhμB

P

∫
L3+L2 μMCDdE∫

L3+L2 IisodE
,

FIG. 2. X-ray absorption I+ + I− and XMCD spectra I+ − I−

measured at the Ni L3,2 and RE M5,4 edges for the {RENi5} 15-MC-5
metallacrowns, (a),(b) for {SmNi5}, (c),(d) for {TbNi5}, and (e),(f)
for {DyNi5}, respectively. I+ and I− denote the total photoemission
yield measured for external field parallel and antiparallel to the
circular polarization vector of the synchrotron light. The step function
resulting from transitions into continuum states has been subtracted
from the sum intensity I+ + I−. The external field is ±7 T and the
temperature 7 K.

where μMCD = I+ − I− denotes the XMCD signal, Iiso =
I+ + I 0 + I− is the isotropic absorption signal, and P =
0.77 is the x-ray polarization. I 0 can be approximated by
I 0 = (I+ + I−)/2. For Ni(II) the number of d holes is close
to nh = 2. The effective spin moment deviates from the
spin moment μspin according to μeff

spin = μspin + 7TzμB. 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 [61]. In our case, the ligand field
geometry is predominantly octahedral, tentatively leading to a
smaller Tz term. Moreover, the magnetic anisotropy 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.
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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 {RENi5}

at 7 K for a field of 7 T. Saturation values for spin μ∗
spin/μB and orbital magnetic moments μ∗

orb/μB of the rare earth ions result from the
model explained in the text. The molecular moment μmol calculated from the XMCD results are compared to the magnetization measured by
superconducting quantum interference device (SQUID) magnetometry for the same temperature and magnetic field. The statistical error of
sum rules values given in the table is in most cases less than 10%. The total error 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 μeff
spin μorb μ∗

spin μ∗
orb μmol μSQUID

{SmNi5} 0.29(2) 0.08(1) −0.8(2) 0.8(2) 1.2
{TbNi5} 0.35(2) 0.02(1) 2.8(2) 2.1(1) 6.2(6) 3.0 8.4(6) 5.3
{DyNi5} 0.44(3) 0.06(1) 2.0(2) 2.7(1) 6.0(6) 5.0 8.2(6) 5.9

The Ni spin moment increases slightly from 0.3μB for
{SmNi5} to 0.4μB in the case of {DyNi5}. The orbital magnetic
moment amounts to a value of 10% of the spin moment, except
for the case of {SmNi5} (30%).

In complexes with significant ligand fields it is a priori
not clear if Hund’s rules are obeyed. The branching ratio of
the intensities I (L3) and I (L2) of the two spin-orbit split 2p

absorption edges may give a hint at the spin state [63]. In
our case the ratio amounts to I (L3)/[I (L2) + I (L3)] = 0.72,
in agreement with a high-spin state. The high-spin state also
agrees with the fact that five- and sixfold coordinate Ni(II)
typically shows high spin configuration. In the present case,
one of the Ni(II) ions is fourfold coordinated and could indeed
be low spin. Thus the spin state for four out of five Ni(II)
ions is expected to be S = 1 and the corresponding spin
moment should be close to the saturated value of 2μB. Instead,
the observed spin moment is considerably smaller. This fact
indicates an antiferromagnetic exchange coupling between the
Ni spin moments.

In the case of the RE 3d → 4f transitions the sum rules are

μeff
spin = −3nhμB

P

∫
M5 μMCDdE − 3

2

∫
M4 μMCDdE∫

M5+M4 IisodE
,

(2)

μorb = −3nhμB

P

∫
M5+M4 μMCDdE∫

M5+M4 IisodE
,

For Sm, Tb, and Dy the numbers of unoccupied 4f states
are nh = 9, 6, and 5. In general, 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 + 6TzμB. The contribution of Tz can in this case not be
neglected and will be discussed below.

The results from the sum rule analysis are summarized in
Table I. For an external field B = 7 T and temperature T = 7 K
the Zeeman energy is much larger than the thermal energy,
at least in the case of Tb and Dy. Therefore, one does not
expect a strong temperature dependence, which is confirmed by
field-dependent measurements using SQUID magnetometry.

Figure 3 shows the molecular magnetic moment
μSQUID(H, T ) as a function of external field for temperatures
in the range of 2 K to 10 K. {SmNi5} shows a temperature-
independent paramagnetic behavior. {TbNi5} and {DyNi5}
reveal a linear increasing magnetic moment for small fields
with a slope strongly dependent on temperature. For larger

FIG. 3. Molecular magnetic moment μSQUID(H, T ) as a function
of external field for temperatures in the range of 3 K to 10 K
(dots). (a) Data for {SmNi5}. Full lines represent a guide to the
eye. (b),(c) Data for {TbNi5} and {DyNi5}, respectively. Thin lines
in (b),(c) represent fits by a spin-Hamiltonian model with g and a
temperature-independent paramagnetic component as fit parameter.
The insets show experimental results for the magnetic susceptibility
multiplied by temperature, χT .
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fields μSQUID(H, T ) becomes temperature independent but
does not saturate with increasing field.

IV. DISCUSSION

Neglecting exchange and anisotropy energies, one would
expect ionic rare earth magnetic moments as observed for free
RE(III) ions. With the assumption of a much larger LS coupling
compared to the crystal field within the 4f shell one obtains,
according to Hund’s rules, for Sm(III) 2S = 5, L = 5, for
Tb(III) 2S = 6, L = 3, and for Dy(III) 2S = 5, L = 5. In the
case of Sm and Dy one thus expects the same absolute values
for spin and orbital moments of 5μB; however, in the case of
Sm spin and orbital moments are of opposite sign and thus
partially compensate each other, whereas in the case of Dy
the spin and orbital moments add up to 10μB. The Tb spin
moment, 6μB, is twice as large as the orbital moment of 3μB,
adding up to a total ionic moment of 9μB, which is almost
as large as the Dy moment. In contrast, the experimentally
determined spin as well as the orbital moments are consid-
erably smaller. A strong magnetic anisotropy that forces the
orbital magnetic moment along the molecular symmetry axis
provides an obvious explanation for this observation. Due to
the LS coupling, spin and orbital moments are aligned parallel
to each other. For an infinitely strong magnetic anisotropy one
expects an ensemble average over all molecular orientations
in the powder sample, where only the component projected on
the field axis is measured. This consideration would result in
a measured moment of exactly half of the theoretical value.

For an intermediate value of the magnetic anisotropy the
orientation of the rare earth magnetic moment results from the
minimization of the free enthalpy:

g = −μ∗
REB cos ϑ + KRE cos2(θ − ϑ ), (3)

with KRE denoting the anisotropy constant and μ∗
RE = μ∗

spin +
μ∗

orb the corresponding absolute value of the magnetic moment
of the rare earth ion. The angles θ and ϑ denote the angle of
the molecular symmetry axis and of the magnetic moment di-
rection with respect to the external field direction, respectively
(see Fig. 4).

, (a) ,(b)

nn, 
e.a.

e.a.

FIG. 4. Sketch of the magnetic moment orientation (blue) of the
central rare earth ion with respect to the external field direction (green)
and the molecular symmetry axis (black). The magnetic anisotropy is
assumed to reveal a magnetic easy axis along the molecular symmetry
axis (a) or an easy plane anisotropy (b) in the plane of the Ni(II) ions.

Please note that we have neglected the effective exchange
energy between the rare earth and Ni spin moments. If the
exchange constant was very large, the Ni moment would direct
parallel to the rare earth moment and contribute to the Zeeman
term. This contribution is, even for strong exchange coupling,
only about 10% of the contribution from the rare earth mag-
netic moment. Furthermore, the 3d-4f exchange coupling is
considered to be smaller than the thermal energy at 7 K (ca.
0.5 meV). In Ref. [27], for example, a value of 0.02 meV
has been reported for the exchange coupling between Dy(III)
and Cr(III). Reference [64] predicts an exchange interaction of
0.1 meV for Gd(III) and Ni(II) from density functional theory
calculations. Therefore, we cannot totally exclude that the
magnetic anisotropy may be partly due to exchange coupling
between rare earth and transition metal ions. However, for
the planar in the planar arrangement within the molecules
investigated here and the RE(III)-Ni(II) ions being bridged
by extended N-O linkers we do not expect considerable
contributions. In our case χT (T ) (see Fig. 3) monotonously
decreases with decreasing temperature. In the case of 3d

metal clusters such a behavior indicates an intramolecular
antiferromagnetic exchange coupling. However, for the case
of rare earth ions comprising orbital angular momentum a
similar temperature dependence can also be observed without
exchange coupling [65].

For a given molecular orientation θ the orientation of
the magnetic moment ϑ (r ) exclusively depends on the ratio
r = KRE/μ∗

REB. We further assume a random orientation of
the molecules in the sample and average over all possible
orientations, resulting in the rare earth moment μproj projected
on the field direction:

μproj(r )/μ∗
RE =

∫ π/2

0
cos ϑ (r ) sin θ dθ. (4)

The result of this calculation is shown in Fig. 5(a). For r = 0,
i.e., vanishing molecular anisotropy, one obtains μproj = μ∗

RE.
Hence one expects the full ionic value of the rare earth moment
to be measured. For very large r , i.e., huge magnetic anisotropy,
the measured magnetic moment will only be half of the
expected magnetic moment. Please note that this consideration
is valid only for the case of the orbital magnetic moment. In
the case of the spin moment the Tz term fully contributes to the
experimentally determined effective spin moment.

The rare earth ions may alternatively exhibit an easy plane
anisotropy instead of an easy axis anisotropy depending on
the ligand field. The results of the corresponding calculations
considering an easy plane anisotropy with anisotropy constant
K are shown in Fig. 5(b). In this case μ∗

RE is larger than 0.71
independent on K and therefore larger than the experimental
value for Dy(III). As Dy(III) and Tb(III) have a similar
asymmetric shape of the 4f electron density, we conclude that
the rare earth ions in {TbNi5} and {DyNi5} possess an easy
axis anisotropy.

For the rare earth ions the expectation value of the dipole
operator can be calculated exactly using the relation given in
Ref. [54]. One obtains Tz/Sz = −0.231, −0.111, and −0.133
for Sm, Tb, and Dy, respectively. Please note that an atomic
multiplet calculation results in different Tz values for the lighter
rare earth ions [57]. For the heavier ions these differences are
less than 10%. For consistency with the sum rules [Eq. (4)]
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FIG. 5. Projected magnetic moment along the external field axis
normalized to the absolute moment as a function of the ratio of
anisotropy constant and Zeeman energy [see Eq. (4)] for the case
of an easy axis magnetic anisotropy (a) and easy plane anisotropy
(b), respectively. Effective spin moment along the external field axis
normalized to the absolute moment as a function of the ratio of
anisotropy constant and Zeeman energy [see Eq. (5)] for the case
of easy axis (c) and easy plane anisotropy (d), respectively. The
contribution from the Tz term is considered according to the exact
ionic value for the indicated rare earth ions.

we consider in the following the values given in Ref. [54].
When the spin moment shows along the molecular symmetry
axis the effective spin moment resulting from the sum rules
is given by μeff

spin = 2(Sz + 3Tz)μB. The measured effective
spin moment is smaller than the spin moment because of the
negative sign of Tz. If the direction of the spin moment deviates
from the molecular symmetry axis by an angle δ = θ − ϑ ,
the expectation value is given by Tz(δ) = Tz(3 cos2 δ − 1)/2.
For negligible anisotropy, one obtains δ = θ and the powder
average results in a vanishing Tz contribution. For finite
anisotropy we calculate the projected effective spin moment
with respect to the absolute spin moment according to

μeff
spin

μ∗
spin

=
∫ π

2

0

(
1 + 3

Tz

Sz

)

× 3 cos2[θ − ϑ (r )] − 1

2
cos ϑ (r ) sin θ dθ. (5)

The result of this calculation is shown in Figs. 5(c) and 5(d) for
the case of an easy axis and easy plane anisotropy, respectively.

We now use this result to extract the absolute spin moments
of the rare earth ions from the sum rule data. Assuming that
the external field of 7 T is sufficient to saturate the magnetic
moments against thermal fluctuations, which is certainly not
true in the case of Sm, but may hold for Tb and Dy, we start

from the orbital moment that is not changed by Tz. In the case
of Dy, the experimentally obtained value is just 54(2)% of the
ionic value. From Fig. 5(a) we thus obtain a ratio r = 7(3).
For the case of Tb the corresponding value is r = 1.3(3).
Because the spin orbit coupling aligns the spin and orbital
moment, the same ratio r holds for the spin moment, too.
Using the result of Fig. 5(c) we obtain a correction factor
for the spin moment. Accordingly, the spin moment of Dy is
given by μspin = 6.0 μB, being close to the expected value of
5μB. For the case of Tb one obtains a spin moment of μspin =
6.2 μB, which almost exactly equals the expected value. The
agreement of the spin moment with the corresponding ionic
values justifies the model assumptions.

For the calculation of the molecular moment μmol as
measured by standard magnetometry we consider the sum of
the Ni spin and orbital moment multiplied by N = 5 according
to the chemical structure of the molecule. The contribution
from the rare earth orbital moment is the same as measured by
XMCD. Its spin moment, however, is larger compared to the
measured XMCD value according to the contribution of the Tz

term as discussed above. Here, we apply the corresponding cor-
rection factor from the ratio of μproj(r )/μ∗

RE and μeff
spin(r )/μ∗

spin
according to Eqs. (4) and (5). The result of the projected
molecular moments is summarized in Table I for the case of
Tb and Dy. We find a less good agreement with the molecular
moment as determined by SQUID magnetometry. Values from
SQUID magnetometry are smaller compared to the XMCD
value. In this case, however, an error in the determination of the
orbital moment of about 20% leads already to a considerable
change of the Tz correction factors and thus may explain part
of the discrepancy.

Important information directly results from the ratio r . For
the case of Dy we have r = 7(3) with μ∗

RE = 10 μB. Hence the
magnetic anisotropy constant equals KRE(Dy) = 28(12) meV.
A similar consideration for the case of Tb leads to KRE(Tb) =
6.5(2.0) meV. Thus for both cases the magnetic anisotropy is
remarkably large. For the case of Dy it even exceeds room
temperature in thermal units.

A comparison of μSQUID(H, T ) with a spin-Hamiltonian
model, considering the random orientation and representing
the Dy(III) [Tb(III)] magnetic moment by a spin state of
S = 15/2 [S = 12/2 in the case of Tb(III)] and the magnetic
anisotropy by the corresponding anisotropy parameter K =
DS2

z , reveals a good agreement with the experimental data
(Fig. 3). The fit to the experimental data results in an effective
g value of g = 1.41 (g = 1.67). The spin-Hamiltonian model
also considers the contribution of the Ni(II) moments. From the
magnetometry results for {SmNi5} we conclude that the Ni(II)
and the Sm(III) moment linearly increases with the magnetic
field. As the magnetic moment determined by magnetometry
closely agrees with the Ni(II) XMCD moment, we furthermore
conclude that the Sm(III) moment is small. As a consequence,
it is the Ni(II) magnetic moment contribution that increases
almost linearly with external field. The value found for a 7 T
field does not depend much on temperature in the range of 2 K
to 10 K, i.e., the variation is less than 10%. This linear increase,
instead of a Brillouin function behavior, might be explained
by an antiferromagnetic coupling between neighboring Ni(II)
spins. The Ni(II) magnetic moment has to be included in
the fitting procedure for the magnetometry data for TbNi5
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and DyNi5. Furthermore, the value for the Ni(II) moment is
strongly correlated with the magnetic anisotropy value and
therefore it is not possible to deduce the anisotropy parameter
from the magnetometry data alone.

V. SUMMARY

Element-specific magnetic moments of 3d-4f heteronu-
clear 15-MC-5 {RENI5} metallacrowns have been determined
using XMCD for powder samples. We have found compar-
atively small Ni(II) moments, which are explained by an
intramolecular antiferromagnetic exchange coupling. For the
case of Sm(III) we find an antiparallel alignment of rare earth
and transition metal spin moment suggesting an antiferromag-
netic exchange coupling. The Tb(III) and Dy(III) magnetic mo-
ments are aligned parallel to the Ni(II) moments. The rare earth
magnetic moments are smaller than the corresponding ionic
values resulting from Hund’s rules in agreement with previous
investigations of magnetic moments in molecules comprising
RE(III) ions. The reduction of the magnetic moments is usually
explained by a large magnetic anisotropy. We have exploited

the ratio of the experimentally determined rare earth moment
and the expected ionic value in order to determine the easy
axis magnetic anisotropy. Considering the powder average this
results in a magnetic anisotropy of 28 meV (340 K) in the
case of Dy(III) and 7 meV (85 K) in the case of Tb(III).
The magnetic anisotropy analysis of the Tb(III) and Dy(III)
magnetic spin and orbital moments determined by the XMCD
sum rules can be applied also for further 4f SMMs.
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