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The intracluster exchange interactions within the "butterfly” [FesLn(us-
0)2(CCl3C00)s(H20)(THF)3] molecules, where Ln(III) represents a lanthanide cation, have
been determined by a combination of x-ray magnetic circular dichroism (XMCD) and vibrating
sample magnetometry (VSM) along with an interaction model. We have studied the compounds
with Ln=Tb and Ho, both non-Kramers lanthanides and with high uniaxial anisotropy, and
Ln=Lu(IIl) and Y(III) as pseudolanthanide, that supply nonmagnetic Ln reference cases. At low
temperature the three Fe atoms can be considered as a self-unit with total spin Sre, = 5/2. Using
the element selectivity of the XMCD magnetometry, measured at the Ln Ly 3 edges, together with
the VSM measurements, the local magnetization of the Ln ion and the Fes subcluster, as a function
of the field and low temperature (T =~ 2.5 K), has been determined separately. These results
are described quantitatively in the framework of a theoretical model based on an effective spin
Hamiltonian, which considers the competing effects of intracluster interactions and the external
applied magnetic field. The Ln-Fes exchange interaction within the {FesLnO2} cluster has been
determined to be antiferromagnetic, in both Th and Ho compounds, with Jreth/ks = —0.13(1) K
and Jreno/ks = —0.18(1) K, respectively. In both cases, a field-induced reorientation of the Fes
and Ln spins from antiparallel to parallel orientation takes place at a threshold field uoH = 1.1
and 2 T, for the {FesTbO2} and {FesHoO2} compounds, respectively. By comparison with other
compounds of the series with uniaxial anisotropy, it is concluded that the polarizability of the Fes
subcluster magnetic moment decreases in the trend {FesYO2} — {FesTbO2} — {FesHoO2} —
{Fe3sDyO2}, because of the increasing opposition of the exchange antiferromagnetic field caused by
the Ln ion. In the Ln=Tb, Ho and Dy the magnetization of the whole molecule is dominated by the
anisotropy of the Ln ion. The intracluster Fes-Ln exchange interactions are very weak compared

to the Ln ligand field and Fe-Fe exchange interactions.

I. INTRODUCTION

Among the most fascinating aspects of magnetism in
recent years, the discovery that the magnetic moment of
individual molecules can give rise to magnetic hysteresis
phenomena stands out. These systems have been called
single molecule magnets (SMMs)! 3. Such physical sys-
tems have received much attention due to their intriguing
physical properties and potential applications in high-
density information storage* and quantum computing®.
These molecular compounds exhibit slow relaxation of
the magnetization below a certain blocking temperature,
originating from the combination of a high spin ground
state S and a large uniaxial anisotropy®. They create
an anisotropy barrier between the spin-up and spin-down
states high enough in comparison with the available ther-
mal energy to hinder the thermally activated reorienta-
tions of the magnetic moment.

Lanthanide organic compounds containing 3d transi-
tion elements have been considered as especially promis-
ing candidates for developing high barrier SMMs. The
main idea is to combine the magnetic moment and rela-

tively strong exchange interactions of 3d transition met-
als (M) with the anisotropy naturally provided by lan-
thanide ions (Ln)%9.

In a previous work'®, we investigated the magnetic
interactions and field-induced spin reorientation in two
compounds of the series {FezLnOs} with Ln=Gd(III)
and Dy(III), which correspond to the most extreme and
opposite behavior as regards magnetic anisotropy. In
fact, GA(III) is isotropic while Dy(IIT) shows the high-
est uniaxial anisotropy of the series, both lanthanides
being ions with a half-integer-spin number, i.e., Kramers
ions. In an experimental study combining x-ray mag-
netic circular dichroism (XMCD) and vibrating sample
magnetometry (VSM), it was concluded that the Ln-Feg
subcluster interaction is antiferromagnetic with exchange
energy of the order of 1 K. Besides, in an applied field
the magnetization of the whole molecule is dominated by
the anisotropy of the Ln ion. The Fes and Ln magnetic
moments undergo an intramolecular spin reorientation as
the applied field overcomes a threshold value.

In the present paper, we focus our attention on two
particular cases of the {FesLnOz} “butterfly” molecule



series that contain a Ln ion which has an integer quantum
number. This is the case of the non-Kramers ions Th(III)
and Ho(III). From ab initio calculations we find that in
these compounds the two lowest energy states are singlets
separated by an energy A. Moreover, from those calcula-
tions we show that the Ln=Ho substitution is predicted
to have uniaxial anisotropy with its easy anisotropy axis
(EAM) direction close to the quasi-symmetry plane of
the molecule, as in the Dy case. In contrast, Th has
its EAM direction oriented perpendicular to the quasi-
symmetry plane of the molecule, which introduces uni-
axial anisotropy in the z direction (see Fig. 1). A for-
malism to analyze the magnetic properties of these com-
pounds using an effective spin Hamiltonian will be de-
scribed. Those predictions are verified “a posteriori” by
the sound fits obtained for the experimental data with
the proposed model.

The Tb(IIT) and Ho(III) ions in transition metal clus-
ters have been studied earlier in the context of the search
for molecules that show SMM behavior!! 13, Those stud-
ies have in common that they were performed using bulk
techniques, such as magnetization and ac susceptibility
measurements. A major problem intrinsic to this type
of compounds is that their magnetic properties are com-
plicated by the large spin-orbit coupling effects of the
Lu(III) ions, hampering the quantitative elucidation of
the magnitude of the exchange parameters within these
molecules and their resulting ground state description.
Therefore, new techniques are needed to provide infor-
mation about the quantum state of magnetic moments
and the mechanisms of relative spin orientation within
a molecule. An example of these sensitive probes is the
XMCD technique, which provides element specific mag-
netization curves!'#1?.

In this work, the Ln-Fes intracluster interaction has
been studied by applying a competing external field and
low temperatures to produce the polarization of the Fe
and Ln magnetic moments. A detailed magnetic study
involving XMCD at the Ln Lj 3-edges and VSM mag-
netometry has been done to characterize the exchange
coupling and magnetic anisotropies of the present “but-
terfly” molecules. In particular, the evolution with the
magnetic field of the local magnetization from the 4f
states has been explored, both experimentally, by means
of XMCD measurements as a function of the applied field
at the Ln Ly 3-edges, and theoretically, by simulation of
the Ln and Feg subcluster magnetization dependence on
applied field and temperature.

The 4f unpaired electrons dominate the magnetic be-
havior of the Ln ions. Since at the Ln L 3-edges the
dominant XMCD signal corresponds to the 2p—5d tran-
sitions, only the magnetism originating from the 5d states
is probed. However, due to the positive intra-atomic ex-
change coupling, the spin of the 5d electrons aligns par-
allel to the 4f ones'®, and therefore, the evolution with
the field of the local magnetization from the 4f states
can be determined since it is directly proportional to the
amplitude of the XMCD signal at the Lo 3-edges.

The paper is organized as follows: the sample prepa-
ration, structural and experimental details are given in
Section II. The ab initio simulations performed on the
present molecules are detailed in Section III. In Section
IV we describe the spin Hamiltonian model and approx-
imations later used in the interpretation of the data. In
Section V the experimental results from XAS and XMCD
at an applied field as well as the macroscopic magnetiza-
tion are shown. The experimental results are compared
to simulations performed with the theoretical model, and
the exchange interaction parameters obtained are com-
pared to those of Ln=Y and Dy in Section VI. Finally,
the conclusions are presented in Section VII.

II. EXPERIMENTAL SECTION
A. Synthesis and structure

The chemical formula of the studied samples
is [FezLn(us3-0)2(CCl3CO0)s(H20)(THF)3], where Ln
represents the lanthanide ions Th(III) and Ho(III). The
synthesis of the compounds is briefly reviewed on Ref.
17 and 18. The molecular structure of the {Fe3TbOs}
complex is shown in Fig. 1 as an example. The tetranu-
clear entity has a “butterfly” type structure, with two
FeoLn(p3-0) triangular wings sharing a Ln-Fe body and
a dihedral angle between the wings of 146.5°. Though the
molecule symmetry is as low as the group Cj, a quasi-
symmetry plane can be defined by the “butterfly” body
and a perpendicular axis, i.e. the yz plane, and x axis
in Fig. 1. The metals are bridged by two u3-oxo centers
and eight carboxylate ligands. The bond distances and
angles for the Ho compound are given in Ref. 19. Each
Fe atom has a distorted octahedral coordination environ-
ment formed by six oxygen donor atoms. However, the
precise donor set is different for each iron, being the envi-
ronment of Fe(1) and Fe(3) closely similar, whereas that
of Fe(2) is significantly different. Fe(1) and Fe(3) are
located at the wing tips and are denoted as Fe,,, while
Fe(2), in the body, is designated Fe;,. The magnetic core
of the molecule can be considered as a triangular pyra-
mid where the basis is an obtuse isosceles triangle with
three Fe(III) located at the vertices, and Ln located at
the pyramid apex (Fig. 1(inset)).

CCDC 721164 contains the supplementary crystallo-
graphic data for the {Fe3HoO3} complex?’.

B. Magnetic and XMCD measurements

The samples of the {FesLnOs} series of compounds
are powders, therefore, both bulk magnetometries and
XMCD do measure the orientationally-averaged projec-
tion of the magnetization along the applied magnetic
field.

The total magnetization of the molecule was measured
on randomly oriented powder mixed with daphne oil on



a PPMS measurement platform with vibrating sample
magnetometer (VSM) option, at a temperature of 2.7 and
2.2 K and a field up to 14 T, for the Th and Ho com-
pounds, respectively. The excitation frequencies were
varied within the range from 10 to 1500 Hz.

The magnetization obtained with the XMCD magne-
tometry is that of the x-ray absorbing sublattice, which is
selected by tuning the monochromator to a given energy
edge. The XMCD experiments were performed at the
ID12 beamline of the ESRF, dedicated to polarization
dependent x-ray spectroscopy in the energy range from 2
to 20 keV,?! covering the energy of the Ly 3-edges of Th
(7.5-8.4 keV) and Ho (8-9 keV). In these experiments,
it is the 2"d harmonic of the HU-52 Helios-II undula-
tor which generates the circular polarized x-ray photons.
Then, a double-Si(111) crystal monochromatizes the in-
coming radiation with a polarization rate over 95% in all
cases. The XMCD signal corresponds to the direct differ-
ence between two x-ray absorption near-edge structure
(XAS) spectra recorded in a magnetic field, one mea-
sured with right circularly polarized light, and one with
left circularly polarized light. Total fluorescence yield in
backscattering geometry was used as detection technique.
To minimize the radiation damage possibly affecting our
samples, the brilliance of the beam incoming onto the
sample was reduced by a factor 600 compared to the x-
rays provided by the 15° harmonic of Apple-II (typical
undulator at the incident energy used) using the 2°¢ har-
monic of the Helios-II helical undulator together with a

Quasi-symmetry A
plane !

Fe(3)

{Fe;TbO,}

FIG. 1. (Color online) Structure of the {FesTbOs2} complex.
Easy axis of magnetization of the Tb ion (yellow arrow), ob-
tained from the ab initio calculations of the ground state.
Blue arrows indicate the magnetic moment direction of the
three Fe atoms, taking into account that an exchange interac-
tion is acting between the Tb and Fes spins. Inset: magnetic
core of the {FesTbO2} compound and definition of exchange
parameters between the three Fe ions. The Y axis points
outwards from the figure. The Y Z plane forms the quasi-
symmetry plane.

set of Al and Cu attenuators. The samples were prepared
as powder pellets of about 8 mm diameter and mounted
on a sample holder that could be screwed tightly on the
cold finger in a liquid helium flow cryostat inserted into
a superconducting magnet, which can produce magnetic
fields up to 17 T.

IIT. AB INITIO SIMULATIONS

In order to obtain the electronic level structure, the
wavefunctions and the orientation of the main-anisotropy
axes of the Ln(III) ions in the “butterfly” {FesLnOq}
molecules, relativistic ab initio calculations were per-
formed. Post-Hartree-Fock calculations were carried out
using (CASSCF/CASPT2-RASSI-SO)?? method as im-
plemented in the MOLCAS 7.4 package®. Such a rela-
tivistic quantum-chemistry method has proven to be suit-
able for the study of the magnetic anisotropy of trivalent
lanthanide ions and, in particular, to predict with good
accuracy the direction of the easy anisotropy axis for lan-

thanide ions with uniaxial magnetic anisotropy?* 26.
Computations were done on a [FesLn(us-
0)2(CCl3C00)s(H20)(THF)3] molecular unit, in

which the -CCls groups were replaced by -CHs groups
and the -OC4Hg groups linked to the Fe(III) ions by
water molecules in order to reduce the computation
time. In addition, the Fe(IIl) ions were replaced by
Sc(III) ions in order to reduce the active space: Sc(III)
are diamagnetic ions with a covalent radius similar to the
Fe(IIT) one and with a similar coordination chemistry.
Finally, the disorder of the cyclic THF ligand bound to
Ln(III) was disregarded and an average ring geometry
was used.

All the atoms were represented by a basis set of atomic
natural orbitals from the ANO-RCC library, as imple-
mented in the MOLCAS 7.4 quantum-chemistry package.
The following contractions were used: [8s7p4d3f2g1h] for
Ln(III) atom, [6s5p3d] for the Sc atoms, [4s3p] for the O
and C atoms linking the Ln(III) ion with the 3 Fe(III)
ions and for the O and C atoms of the -OC4Hg group
linked to the Ln(III) ion, [3s2p] for the all the other C
and O atoms and [2s] for all H atoms.

State averaged CASSCF calculations of the 251 L, mul-
tiplet roots were computed and it was checked that other
multiplets have no effect on the final results.

The molecule symmetry is low, C7, therefore it is not
evident which might be the reference axis to describe the
wavefunctions of the magnetic cluster. We developed a
practical convention to tackle this problem in a system-
atic way.

As a first step we focussed our attention to the Ln
atom. Its site symmetry is C'1, so there is not a preferen-
tial symmetry axis. To determine the energy eigenvalues
and eigenvectors of the 4f electrons in the molecule ab ini-
tio calculations were performed. From the calculations
the ground state g-tensor of the Th(III) and Ho(III) ion
was obtained. In both cases the calculation yielded uni-



axial symmetry; i.e. maximum value in one direction, g\T’
and g7 = 0 otherwise.

To describe these results with respect to the molecule
it is convenient to define a quasi-symmetry plane defined
by the bisector plane to the dihedral angle of the wings.
The principal axis of the Ho g-tensor is contained in this
plane, and defines the reference z axis . The z axis is
defined by the line perpendicular to the bisector plane
that intersects at the Ln ion, while the y axis is deter-
mined by choosing the standard right handed coordinate
system x Ay = z (see Fig. 1).

Since the Fes group is magnetically isotropic, its elec-
tronic states can be defined with respect to this set of
reference axes. Therefore, the effective spin Hamiltonian
of the magnetic cluster, the spin operators and wavefunc-
tions are described with respect to the same axes.

The lanthanide ion quantum states obtained by the
ab initio calculations will be described as combinations
of single ion angular momentum kets |Jin, M;). The
simulations show that the Th(III) ground state is con-
stituted mainly by the |Jv, M) = |6,£6) states and,
to a lesser degree by My = —4,-2,0,2,4 states. The
contribution of states with odd M is negligible. The
two lower energy states are singlets separated by a com-
puted energy gap A/kg = 3.17 K (see Fig. 5 (a) and
Table III of Supplemental Material®>?). The next excited
state lies at 106.5 K from the minimum energy state,
which means that at the experimental low temperatures
the magnetic signal from the Tb(III) ion is only due
to the two lowest energy states. Moreover, the calcula-
tions reveal a strong uniaxial anisotropy for the Tb ion,
g* = (17.5,0,0). Specifically, it predicts the direction of
the easy axis of magnetization (EAM) as perpendicular
to the quasi-symmetry plane of the molecule (see Fig. 1
and Supplemental Material®7).

In the case of Ho(III) compound the ab initio calcu-
lations predict a very anisotropic ground state multiplet
with an energy gap, A/kg = 9.7 K, between the two low-
est energy states (see Supplemental Material®”), while
the next excited state lies at 44 K from the minimum
energy state. Moreover, these calculations reveal that
the two lowest energy states are constituted by a similar
proportion of states My (see Table IV of Supplemental
Material?7). However, a large mixture of states M exists
in the two lowest energy states. Indeed, it is constituted
mainly by |Juo, Mj) = |8,£8), but other states also
contribute: |Juo, My) = |8,£6), |Juo, My) = |8,£3),
|Jio0, M) = |8,£1). Moreover, the ab initio gyromag-
netic factors along the three main single-ion anisotropy
axes, ¢ = (0,0,15.68), indicate a large uniaxial mag-
netic anisotropy, with its direction parallel to the quasi-
symmetry plane of the molecules.

For Tb and Ho ions the ab initio calculations pro-
duced g-tensors with a single non-zero component. This
is consistent with the general result by Griffith?® for a
system with an even number of electrons and a quasi-
doublet of lowest states, that the doublet itself defines a
unique axis (the principal axis) and g; = 0 (Supplemen-

tal Material?).

IV. THEORETICAL MODEL

The magnetic cluster {FesLnO2} will be described as
a binuclear system made of a subcluster Fes and the Ln
ion.

Firstly, we analyze the magnetic contribution of the
Fes subcluster. The M (H) and xT'(T) curves of the com-
plexes {Fe3LnOs} with Ln =Y and Lu, reported in Ref.
19, were interpreted in terms of a model which considers
the three Fe atoms with an exchange interaction (J and
J') acting between them (see inset of Fig. 1).

The spin Hamiltonian which describes the Fez subclus-
ter in the Heisenberg-Dirac-Van Vleck (HDVV) approx-
imation is:

ffpeS = —2j(§1 . gg + §2 . §3) — 2j/(§1 . §3) (1)

where §; with i = 1,2,3 are spin operators at each Fe
atom (S; = 5/2).

It was concluded that both exchange interactions
J/ks ~ —50 K between Fe,-Fe; are identical and an-
tiferromagnetic (AF), while the interaction J’ between
Fe,-Fe,, is negligibly small. It is important to remark
that in this case, although being a three spin triangle
with AF interaction, no frustration happens since the in-
teraction between the Fe,, moments is negligible!®.

The Fesz subcluster magnetization, Mp.,, at T = 1.8 K
has been fitted in terms of an isotropic effective Sp., =
5/2, with g = 1.9(1) (Ref. 10), which we have included
in Fig. 8. Though some anisotropy may still be present
in the Fes subcluster at the experimental temperature of
this work, it will be considered negligible. The measured
saturation value of 4.7up of the complexes {Fe3LnO2}
with Ln = Y and Lu, indicates that the ground state of
the three Fe atoms in the cluster is that of three antiferro-
magnetically coupled Fe(III) S = 5/2 moments, yielding
a total spin of the Fes triangle of Spe, = 5/21%19. More-
over, Mdéssbauer spectroscopy studies performed on these
{FesLnO2} complexes nicely confirmed that the total Feg
cluster spin is Sp., = 5/2'9. Therefore, the Fes triangle
can be considered as a robust magnetic self unit, with
effective spin Sp., = 5/2 and isotropic tensor gr., = 2
at low temperature (kgT << J).

Secondly, we consider the magnetic state of the lan-
thanide ions Tb ("Fs) and Ho (°Ig). The ligand field
(LF) interaction (Hy,) acting on the Ln(III) ion is taken
into account in the cluster Hamiltonian if its strength
is comparable to the corresponding exchange constant.
In order to determine the splitting of electronic energy
levels produced by the ligand field and their eigenfunc-
tions, ab initio calculations were performed, as explained
in Section III.

Working with the complete basis set Sges @ J1, of the
coupled Fez subcluster effective spin 2Sg.3 + 1 and the



lanthanide 2J1, + 1 ab initio wavefunctions to compute
eigenvalues for the total system is prohibitively long in
computing time (total dimensions for Th and Ho are 78
and 102, respectively). However, as explained below,
at low temperature we can work with an effective spin
Hamiltonian to calculate M (H) of the Fez and Ln sub-
clusters separately.

At zero applied magnetic field the ab initio calculations
reveal that the non-Kramers ions Th(III) and Ho(III)
low energy states consist of a ground singlet and an ex-
cited one at an energy A. They are linear combinations
of |Jun, M) = |J,£M) angular momentum wavefunc-
tions with respect to the quantization axis Z defined by
the uniaxial anisotropy direction obtained from the non-
zero ¢ tensor component in the ab initio calculations
for each particular rare earth. The next excited levels
are two and one orders of magnitude higher in energy
(E2). Since the present experiments were carried out at
low temperature (kg7 < A <« E;) we will only con-
sider the two lowest states. The ground state wavefunc-

tion &) = ZJJ\/[:_J C’S?J)MU, M) and the first excited one
|&1) = 214:7‘1 CS}LM M) (the C‘(Jf;fo’l) coefficients are
given in Supplemental Material?” Tables III and V, for
Tb and Ho ions, respectively) are eigenfunctions with the
reference energy Fy = 0, and F; = A. Therefore in the
subspace spanned by these two states, the Ligand Field
Hamiltonian can be expressed as

At =a (g 1) 2)

For even-electron systems, like the Th*™3 and Ho™3
ions, Griffith?® has shown that the behavior of their
eigenfunctions under time reversal symmetry along with
the presence of a lowest energy doublet well separated
from the excited states lead to uniaxial anisotropy, i.e.,
g. # 0 and g, = g, = 0. Indeed, this result was obtained
from the ab initio calculations at H = 0 applied field in
the previous Section.

For H # 0, we may still use the {|&),&1)} dou-
blet. However, since both eigenfunctions contain both
|J,M = £J) terms as their major contributions to the
total wavefunction, it is useful to apply a basis change
that maximizes the Jyz eigenvalues. This is achieved by
a transformation R into a new base |n), |(),

) = =16} +160) and O = (&) ~ &) ()
for which

J2|C) = JI¢) and Jzn) ~ —J|n) (4)

(See Supplemental Material>” Table IV and VI for Th
and Ho ions, respectively).

At high magnetic field the Zeeman term of the Hamil-
tonian becomes diagonal by construction

- . 10
Hy =gjupHJz = g;upHJ (0 _1> (5)

while the ligand field term becomes

) oA A[f10 A(01
H.$ R 1[[8 R =
Ln Ln*tt — 2 (0 1) + 2 (1 0) (6)

The two basis states (Eq. 3) span a subspace in which
the ligand field Hamiltonian can be expressed in terms
of a fictitious |1/2,41/2) basis by the projection |{) —
|1/2,+1/2) and |n) — [1/2,—1/2)2°. Then, the Zee-
man and the ligand field effective Hamiltonian can be
expressed in terms of the Pauli matrices o;, S = %az,

Gx __ 1 ox 1 .
Sm = 50@ and Sy = an

H* =ct+ Hjy+ Hf = ct+ gzupHSS + AS%  (7)

where 2g;J = gz, ct means constant term and X is per-
pendicular to the quantization axis Z, defined by the
EAM obtained from the ab initio calculations. With re-
spect to the axes x, y and z of the molecule, for Tb Z = z,
X = y, while for Ho Z = z, X = z. In what follows all
variables in the fictitious 1/2 spin representation will be
tagged with an asterix (*).

The fictitious S* = 1/2 introduced for the non-
Kramers states is not identical to that of the Kramers
doublets. In the non-Kramers case the Sz operator is
time-odd with respect to time reversal, while the Sx y
operators are necessarily time-even, while in a Kramers
doublet all the spin components are time-odd. Since we
are interested in calculating the magnetization under ap-
plied field, which breaks time reversal symmetry, we will
apply the S* = 1/2 approximation defined with respect
to the Z axis direction obtained in the ab initio calcula-
tions.

Thus, in the S* = 1/2 formalism and assuming a com-
mon quantization axis for the Ln and the Fes subclus-
ter, the anisotropic exchange interaction spin Hamilto-
nian can be expressed as:

-2 Z j;eLn,aSEn,aSFGS,a (8)

a=z,y,z

o _
HLaneg -

where Jgern 2» Trern,y 80d Tpery, . are the diagonal terms
of the anisotropic exchange interaction tensor. When
Tfetnz = JpeLn,y = 0 the Ising type spin-spin interaction
is obtained. .

Under an applied magnetic field, H, both entities, the
Fes subcluster and the Ln ion, will be affected by the the
anisotropic Zeeman term,

I;[E = (QFESMB§F63 + gLnﬂBgfn) : ﬁ (9)

where gr, is the g-tensor for the corresponding Ln ion.

The effective spin cluster Hamiltonian (Hiuster) in-
cluding the exchange interaction, the LF and the Zeeman
term, is:

Ac*luster = ﬁFes + ffﬁn + f{zn—Feg + I:FZF (10)

The basis wavefunctions of the Ln-Fes cluster re-
stricted to the use of the fictitious 1/2 spin were con-
structed by the product J* = Sgez ® S, of the Feg sub-
cluster and the fictitious spin S}, = 1/2 of the lanthanide



ion,
|pi=1,12) = |SFes = 5/2,mpe3)|ST, =1/2,mrn), (11)

which can be described in terms of a total angular
momentum J* and its third component M3: |¢;) =
%, M), |Spes + il > J* > |Spes — Si|. Diago-
nalization of the Hamiltonian of Eq. 10 yields the energy
eigenfunctions at H = 0 as lineal combinations of the
|J*, M%) functions. A note of care should be mentioned
here. Inherently to the method of construction of the
IS5, = 1/2,mp,) functions, they are even with respect
to time reversal. Then, since the |Spe3 = 5/2, mpes)
are time-odd functions, the total function |J*, M%) is
time-odd. In fact, at H = 0 the cluster states are
Kramers doublets (see Supplemental Material®>”) Table
V and VIII, for Th and Ho compounds, respectively).

The contributions to the total magnetization due to
the Ln ion and the Fez subcluster were simulated by find-
ing the eigenfunctions of the total effective Hamiltonian
H}stor (s€e Section IV). The fictitious S* = 1/2 approx-
imation for the two lower energy states has the counter-
part of losing the information from the excited states in
the wavefunction. To retrieve the effect from the excited
states it was simulated by a van Vleck susceptibility xvv
that yields a contribution to Mi,, linearly proportional
to the applied magnetic field.

Finally, the angular averaging of magnetization was
performed by calculating the magnetization for different
fixed field directions (M (0, ¢)), uniformly distributed in
the angular space since the molecules are randomly ori-
ented with respect to the applied field. Then, the M (6, ¢)
results were averaged. Each direction of the applied field
is defined by the colatitude (#) and azimuth (¢) angles.
With the ¢ angle uniformly distributed in the [0, 27]
interval and the colatitude 6 in the [-w, 7]. The inter-
val value was chosen so that the average My, (H) reaches
convergence within 0.1 pp.

V. EXPERIMENTAL RESULTS
A. XAS and XMCD at constant field

The XMCD spectra obtained at the Ly and L3 edges
of Ln=Tb and Ho on the corresponding {FesLnOs} com-
plexes, measured at a temperature of 2.7 and 2.2 K, for
the Tb and Ho compounds, respectively, under an ap-
plied magnetic field of 17 T, are displayed in Fig. 2. The
XAS spectra have been normalized taking into account
the statistical ratio of the L3 to Lo edge jump, i.e., R = 2
the ratio corresponding to the degeneracy of the corehole
states and a total Lj 3-edges jump of 1.5.

The Ls-edge XMCD spectra of both Th and Ho com-
pounds consist of a negative dip followed by a main pos-
itive peak above the Fermi energy. Such negative dip is
nearly imperceptible for the Tbh case. This spectral fea-
ture has been associated to a quadrupolar transition (E2)
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FIG. 2. (a) XAS spectra and (b) XMCD signal at the Ln Lo 3-
edges in {FesLnO2} compounds for Ln=Tb (top panel) and
Ho (down panel). Vertical lines indicate the chosen photon
energy for the Ixycp(H) measurements.

that should be present at the Lgs-edge spectra of heavy
rare-earths3%:3!. By comparison of the Lz-edge XMCD
spectra of the Dy and Gd compounds (Fig. 4 of Ref.
10) with the present ones it can be realized that the am-
plitude of such negative peak increases as the Ln atomic
number increases. In fact, its magnitude is largest for the
heaviest Ln, i.e. Ho, and the smallest corresponds to the
Tb case, being that of the Dy an intermediate value. On
the other hand, the main positive peak is of dipolar ori-
gin and its magnitude remains constant for the different
Ln substitutions.

The Lg-edge XMCD spectra of the two {Fe3LnOz}
complexes consist of a main negative peak above the edge
and a smaller positive peak at higher energy. An addi-
tional feature consisting of a negative shoulder at £ =
8915 eV appears for Ln=Ho, but not for Th. Comparing
the Lo-edge XMCD spectra of the Dy and Gd compounds



(Fig. 4 of Ref. 10) with the present ones, we realize that
the amplitude of the {FesLnOs} spectra decreases as the
lanthanide atomic number increases.

The shape and magnitude of the Lj 3-edges XMCD
spectra of the {Fe3TbOs} and {FesHoO3} complexes
(Fig. 2) are comparable with those in binary TbAl, and
HoAl, compounds®?, and the Al-rich Ln(Al; _,Fe,) com-
pounds (with Ln=Tb and Ho)?3. In heavy rare-earths
ions the positive L3 and negative Ly peaks indicate that
the average rare-earth moment is polarized in the direc-
tion of the applied field. Then, in our case we may assert
that the Ln moment in both compounds {Fe3ThO2} and
{Fe3HoO>} remains parallel to the applied field at the
measured temperature (T ~ 2.5 K) and fields (B =~ 17
T).

The contribution of the quadrupolar (2p — 4f)
transitions3?:34 36 together with the spin dependence of
the radial matrix elements of the dipolar (2p — 5d)
transitions®”3® affect the XMCD signal at the Ln Lo 3
absorption edges. Consequently, the sum rules cannot
be used to analyze the Ly 3-edges XMCD of lanthanide
elements. Therefore, the absolute spin and orbital mo-
ments of the Ln=Tb and Ho cannot be determined from
the XMCD experiment.

B. XMCD as a function of the field

It is important to remark that since the intra-atomic
4f-5d exchange interaction is positive for the heavy rare
earths'®, the evolution with the field of the XMCD signal
at the Ly 3-edges can be considered directly proportional
to the local magnetization from the 4f states.

In order to obtain a magnetization curve from the
XMCD measurement, we need to record the XMCD sig-
nal as a function of the field, Ixmep(H), at a fixed en-
ergy. For the Tb case, where lower edge energies are
involved, the Lo-edge of Tb (E = 8257 ¢V) was selected
to avoid any interference from the EXAFS oscillations
of Fe. However, in the Ho case, we selected the specific
energy which corresponds to the maximum amplitude of
the XMCD signal at the Lz-edge of Ho, E = 8078 eV.

The element-specific magnetization curves are depicted
in Fig. 3. They reveal that the magnetization of the
Th(III) and Ho(III) ions is always oriented parallel to the
applied magnetic field, as indicated by the sign of the
Ixmep (H) signal for both the Th and Ho compounds.
We conclude that in the {FezLnOs} compounds so far
studied (Ln=Gd, Tb, Ho and Dy), the Ln ion dominates
the total magnetization of the cluster.

C. DMagnetization versus field

The cluster magnetization curves M (H) of the
{Fe3TbO2} and {FesHoO3} compounds, measured with
a PPMS measurement platform with vibrating sample
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FIG. 3. Collected magnetization curves as a function of ap-
plied field from XMCD experimental data at fixed energy in
the {FesLnOz} compounds: (a) for Ln=Tb, at T' = 2.7 K, Lo-
edge at E = 8257 eV. (b) for Ln=Ho, at T'= 2.2 K, Ls-edge
at £ = 8078 eV.

magnetometer (VSM) option, at T = 2.7 and 2.2 K, re-
spectively, and a magnetic field up to 14 T, are plotted
in Fig. 4 (a) and (b).

VI. DISCUSSION

A. DMagnetic contributions of the lanthanide and
Fes; subclusters

From the results of XMCD and M (H), the contribu-
tion of the two subcluster components, Ln and Fegz, which
make up the total magnetization of the cluster Mo (H ),
were determined separately. On the one hand, the total
magnetization of the cluster, Miot = Mpy + Mpe, Was
obtained from the VSM measurements in absolute scale;
i.e. in pp per formula unit (f.u.). On the other hand, the
XMCD measured intensity, Ixmep(H), was obtained in
arbitrary units. From these two sets of data the mag-
netization contributed by the Ln ions, My, can be de-
termined in pp/fu. by scaling Ixmep(H) of Fig. 3, as



explained below.

At the highest magnetic field B = 14 T, where both
VSM and XMCD magnetization data were available, the
M, subcluster is completely saturated My, = 4.70(5)
pp/fu., as found for the {Fe3YOs} complex (Fig. 8)10:19.
Since the contributions to the magnetization from the Feg
and Ln subsystems are additive at any field, the magne-
tization My, at that high field (hf) can be calculated
by subtracting M = M. (14T) — 4.70 pp/fu. Thus,
we obtained MY = 58(2) ug/fu. and ME = 7.0(2)
pup/fu. Then, the scaling factor 8 could be calculated
as 3 = MZf;/IXMCD(th). In this manner, the factors
B = 460 and 500 pp/(Normalized XMCD units) were
obtained for {Fe3ThOs} and {FesHoOs}, respectively.
With these values the local magnetization curve of each
Ln, My, (H), was calculated for Tb and Ho, respectively
(Fig. 4 (a) and (b), filled triangles).

Finally, the magnetization curve of the Fes subclus-
ter as a function of the field, Mp.,, can be calculated as
Mpe,(H) = Mot (H) — Mpy(H). The My, (H) data ob-
tained for the Ln=Tb and Ho compounds are collected
in Fig. 4 (a) and (b), respectively.

B. Ln-Fe; exchange interaction
1. {Fe3sTbO:} cluster

For the calculation of the M (H) components, we chose
as quantization axis of the electronic wave functions the
direction of the Th EAM, the x axis.

Working in the fictitious spin S}, = 1/2 formal-
ism for the Tb ion implies that the exchange Hamil-
tonian can be considered Ising type, i.e., Hrp_pe, =
—2J%eb 2 5Tb,2 " SFes,w- A linear van Vleck contribution
M, (H) = xvvH was added to account for the linear in-
crease observed in the high field My, (H) data, which is
caused by the mixing of the ground state with the ex-
cited states. We achieved a sound fit for the two experi-
mental contributions, M., (H) and My (H) simultane-
ously and, obviously for the total M. (H) (Fig. 4 (a)),
using the theoretical model of Eq. 10. The fitted pa-
rameters, g* components, Jp,, components and AP
are given in Table I. The exchange constant obtained
from the fit is Jg.r, ,/ks = —1.5(1) K and the doublet
splitting is A®*P/kp = 5.0(1) K, which is in reasonable
agreement with that predicted by the ab initio calcula-
tions (A/kp = 3.17 K). The fit supports the condition of
g7 = 0, as expected for a non-Kramers ion, i.e. Tb re-
tains a strong uniaxial character when coupled to the Feg
subcluster. In spite of the overall general resemblance
of the fitted curve to the data, some shortcomings are
observed, such as an underestimation of the calculated
My, (H) at high field (B > 6 T). It may be caused by
simplicity of the linear van Vleck term that takes account
of the mixing of the excited states.

The energy levels scheme of the ground state multi-
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FIG. 4. M(H) curves of {FesLnOs} compounds with Ln =
Tb (a) and Ho (b). Macroscopic Miot(H) curve obtained
from VSM measurements at 7' = 2.7 and 2.2 K, for Tb and
Ho compounds, respectively (o). Microscopic magnetization
curve obtained from XMCD at the Lo, L3 edge, respectively
(A). Magnetization of the total Fe present in the system ob-
tained by subtraction of the two previous curves (B). M (H)
predictions for Tb (a) and Ho (b) (=), at T = 2.7 and 2.2 K,
respectively.

plet for a single Th(III) ion affected only by ligand field
interactions and calculated ab initio, is shown in Fig. 5
(a), to be compared with the energy levels scheme of the
{Fe3TbOs} cluster, i.e. once that the Tb ion is antifer-
romagnetically coupled with the Fes subcluster (Fig. 5
(b)). The exchange interaction between the Tbh ion and
the Fes subcluster results in the following effects:

(i) The energy level scheme for the Th-Fes cluster is
completely different from that provided by the crystal
field for a single Tb ion (Supplemental Material®?). In-
deed, the energy levels of the Tbh-Fes cluster (Fig. 5 (b))
are doubly Kramers degenerate, while those calculated
by ab initio for the single ion are singlets.

(ii) At H = 0 the ground state of the entire cluster is a



TABLE I. Parameters used in the fit of all the M (H) curves at low temperature (

= 2.7 and 2.2 K, for the Tb and Ho

cases, respectively) with the theoretical model (Eq. 10). The van Vleck susceptibility parameter was x,» = 0.15(1) and 0.24(2)
pusT ™1/ fu. for {Fe3TbO2} and {FezHoO2} compounds, respectively.

Ln S{, g gy gz

jchn,z/kB jbchn,y/kB jchn,z/kB Aexp/kB

(K) (X) (K) (X)
Tb 1/2 17.5(1) 0 0 -1.5(1) 5.0(1)
Ho 1/2 0.5(1) 0.5(1) 15.6(1)  0.4(1) 0.4(1) -2.8(1)  10.0(2)
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FIG. 5. Energy levels of the ground multiplet of: (a) a single
Th(III) ion, provided by the ab initio calculations (Supple-
mental Material®”), and (b) the {FesTbO2} cluster, calcu-
lated with the parameters shown in Table I and H = 0.

Kramers doublet |eg), |e1) dominated by the total cluster
spin wavefunctions |J*, M%) = |2,£2) (see Section IV).
At H = 0 the expectation values of all components of the
Sre, and STy, spins are zero.

For pgH # 0 the evolution of the energy levels scheme
with the intensity of the applied field and the calcu-
lated total magnetization M, (H) parallel to the mag-
netic anisotropy axis of the molecular cluster are shown
in Fig. 6 (a) and (b), respectively.

At a field pgH = 0.5 T, aligned parallel to
the EAM, the ground state wave function, ex-
pressed as product wave functions, is dominated by
|SFes, MFes, Sy, mare) = 15/2,+5/2,1/2,—1/2) which
indicates a probability of 97% of finding the spin configu-
ration of antiparallel Sg., and ST, orientation. Let us re-
member here that the expectation value (S7,, ,) = —0.29
in terms of the fictitious spin S* = 1/2 implies an expec-
tation value in real Tb spin (Jpp ) = —3.5, and in terms
of magnetization, (M ) = 5.1 pp (Fig. 6 (b)). There-
fore, this ground state describes the quantum state where
the average Th magnetization is parallel to the applied

field, and the Fe3 magnetization is oriented opposite to
the Th one.

As the field increases, the  wavefunction
|5/2,-5/2,1/2,—1/2), which originates from the
excited multiplet at zero field, becomes dominant in the
ground state. This means that the parallel spin config-
uration prevails and both Fez and Tb spin expectation
values are fully polarized on the direction of the field.

Fig. 6(b) shows that the thermal averaged Mp.,(H)
curve dips to negative values for fields in the range
0<poH <11T (upH =0.5 T, point A), which implies
that the relative orientation of the thermally averaged
magnetization expected values (Mpe,) and (M) are an-
tiparallel in this field region. At puoH = 1.1 T (point B)
there is a crossover to positive values, i.e. there is a re-
orientation of (Mpe,) from antiparallel to parallel with
respect to (Mry).

It is concluded that the magnetization of the Th dom-
inates the total magnetization of the respective clusters.
Indeed, because of the high anisotropy of Th, the sin-
gle ion anisotropy energy is dominant, therefore it estab-
lishes the quantization direction. The expectation value
of the Ln moment at the ground state is maximum in
the direction and sign of the applied field. That is, it
is the applied field which determines the positive direc-
tion of the Ln magnetization direction. The Tbh-Fe3 an-
tiferromagnetic exchange interaction generates an inter-
nal field on the Fes §ubcluster antiparallel to the applied
field, with a value |Brn—Fes| = 2TreTbloITh/GFes b5 In
terms of the real angular momenta Jp, = 6, the inter-
nal fields |§Tb,F63| = 1.1 T can be estimated for the Tb
ion. Therefore, the reorientation of the Fez subcluster
moment only succeeds when the external applied field is
larger than the opposing exchange field |§Tb,pe3 |. If the
applied field is at an angle with respect to the anisotropy
axis, only its projection onto the quantization direction
opposes the internal field.

2. {FesHoO:} cluster

Following the ab initio results for the Ho compound,
the z axis (shown in Fig. 1) was chosen as quantization
axis for the magnetization calculation of both sublattices,
the Ho ion and Fes subcluster.

The experimental M (H) curves of the Ho substitu-
tion were fitted using the Hamiltonian Eq. 10 with the
fictitious spin Sy, = 1/2 formalism. The two sepa-
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FIG. 6. (Color online) (a) The {FesTbO2} energy level Zee-
man splitting scheme for applied field parallel to the x di-
rection. (b) The simulation of the Ms(H) curves of the
{Fe3sTbO2} compound with g5 = 17.5, g, = g = 0,
Tperv.o/kB = —1.5 K and A®P/kg = 5.0 K. Arrows indi-
cate the average direction of the Tb (large 1) and of Fes sub-
cluster (small 1) moments at points A (antiparallel) and C
(parallel), point B indicates the crossover field. Note that
magnetic moments (arrows) and the third component of the
spin are opposite in sign.

rated contributions My, (H) and My, (H ), and the total
Mot (H) were nicely fitted (Fig. 4 (b)) with the param-
eters given in Table I. A linear van Vleck contribution
M,y (H) = v, H was also added to account for the lin-
ear increase observable in the high field My,(H) data.
Contrary to the Tb substitution, which shows an Ising
type interaction, in the {Fe3HoOs} case an anisotropic
exchange interaction model (J, = J, < J>), albeit with
dominant J, interaction, was required to simulate the
exchange interaction between the Ho ion and the Feg
subcluster.

The exchange interaction constants obtained from the
fit are Jfp,./ks = —2.8(1) K and Jgp,./ks =
Jfetioy/kB = +0.4(1) K. Moreover, we did not ob-
tain a perfect uniaxial anisotropy, since non-zero per-
pendicular components for the gjj -tensor were required
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J1o = (0.5,0.5,15.6) (Table I). Finally, the fitted split-
ting parameter A®P/kp = 10.0(2) K is in very good
agreement with that predicted by ab initio calculations
(A/kg = 9.7 K).

The component of the exchange interaction constant
parallel to the common quantization z axis for the Ho and
the Fes subcluster Jg,y,, . is antiferromagnetic and dom-
inant, while the transverse components Ty 0 JreHo.y
are weakly ferromagnetic.

The {FesHoO3} case is similar to that of the
{Fe3DyO2} compound, since both lanthanides are uni-
axial anisotropic and have their EAMs parallel to
the quasi-symmetry plane of the molecule. However,
the {FesHoO3} compound contains a non-Kramers ion
Ho(III), while Dy(III) is a Kramers one. Because of the
non-Kramers character of the single ion Ho ground state
and first excited level, the parameter A is necessary to
perform the fit, while it did not appear in the Dy case.

On the other hand, the Ho case is similar to Th since
both are non-Kramers ions with a ground state uniaxial
anisotropy. Therefore the quantum mechanical descrip-
tion is that given in detail in Section IV. The differences
are in the direction of the ground state EAM, which is
the z axis in the Ho case, and the real angular momen-
tum of Ho, Jg, = 8. (For Th; the EAM is the x axis and
Jrp = 6).

In the Ho case, in order to determine the internal spin
reorientation crossover fields, the simulation has been
performed under the condition of the field applied in the z
direction. At T'= 2.2 K, the dependence on the applied
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FIG. 7. Energy levels of the ground multiplet of: (a) a single
Ho(III) ion, provided by the ab initio calculations (Supple-
mental Material®>”) (only the eight lowest states are plotted),
and (b) the {FesHoO2} cluster, calculated with the parame-
ters shown in Table I and H = 0.



field of the cluster eigenfunctions, eigenstates, (Mg, »)
and (Mpe, .) are analogous to the results for Th depicted
in Fig. 6, albeit for the EAM which is z in the Ho case.

At fields 0 < poH < 2.1 T the Fes magnetic moment
remains antiparallel to the field direction, as indicated by
the negative values obtained for the averaged Mp.,(H)
curve of the Ho compound. At poH = 2.1 T the re-
orientation of the (Mp.,) moment in the field direction
takes place, giving positive values in the corresponding
Mpe,(H) curve.

In the {Fe3TbO4} molecule the condition of g% ,, =0,
obtained from the Ln single ion ab initio calculaﬁions, is
satisfied by the fit to the experimental data of the cou-
pled Fe3-Tb cluster. In fact, for non-Kramers ions the
ground state anisotropy is expected to be strongly uni-
axial, g7 ;,, = 0, due to time reversal symmetry argu-
ments, if A < By (A =5 K, E; = 109 K); i.e. the sec-
ond excited states are very high in energy with respect
to A (Ref. 28). In contrast, in {FesHoO3} the ratio
9 Ho/9% o, = 0.03, is small but non-zero. Of course,
this is not violating the previously mentioned condition
for non-Kramers ions, but rather means that the higher
excited levels are not so far in energy (A = 10 K, Ey =45
K) and there is some mixing from the excited states in
the Ho wavefunctions. The calculated My, (H) at high
fields is underestimated, just as in {Fe3ThO.}.

Although from the ab initio calculations, the data anal-
ysis and fit to the model, one concludes that the Ho
case is representative for anisotropic exchange interac-
tion rather than just Ising interaction, the perpendicular
components of exchange are very small in comparison to
the main component; therefore the {FesHoOs} cluster
can be considered to a good approximation as uniaxial
anisotropic.

3. Comparison between uniazial { FesLnO.} exchange
interactions

The Mpe,(H) data obtained for the Th and Ho com-
pounds are collected in Fig. 8 together with the data for
the Dy compound. The M(H) curve of the {Fe3YOz}
is included for comparison to a non-magnetic Ln ion.
It is qualitatively evidenced from Fig. 8 that the ef-
fect of substituting the non-magnetic Y by a heavy rare-
earth as Tb, Ho and Dy is to decrease the polariz-
ability of the Fes subcluster magnetic moment in the
trend {Fe3YOg2}>{Fe3ThOs}>{Fe3HoO3}>{Fe3DyO,},
because of the compensating effect of an intracluster Ln-
Fes antiferromagnetic coupling. Though the trend of the
Fes moment polarizability is well described by the model
simulations for Mp., (H), they are systematically lower
than the experimental data at B < 2 T. The reason for
the discrepancy lays probably in the incomplete fulfill-
ment of angular random orientation of the crystallites in
the powder sample.

Indeed, Table II allows us to compare the Ln-Fes effec-
tive exchange constants obtained for the different com-
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pounds, when the fictitious spin S}, = 1/2 (Ln= Tb,
Ho and Dy) formalism is used. We conclude that as the
effective Jg,, constant increases, the magnetization of
the Fes sublattice needs a higher magnetic field to reach
saturation. In fact, at H = 0, the intracluster exchange
anisotropy can be calculated from the values of Jgern
deduced from the present work and from Ref. 10 and
expressed in terms of the real angular moment (Ji,) as

erLn

AE,, kg = 4
ks

‘SF83||JLII| (12)

which amounts to AFE./kg =8.75, 7.80, 14.4 and 30.0 K
for Gd, Th, Ho and Dy, respectively.

The anisotropy introduced by the Ln ion to the clus-
ter affects the mechanism of the intracluster interaction.
Indeed, for the Ln=Tb substitution an Ising type inter-
action is considered, while in the Dy and Ho cases, an
anisotropic type is required (J, = J, < J.). Specif-
ically, we have obtained exchange interaction values
Jretv/ks = —0.13(1) K for the Ln=Tb substitution,
Jretio/ks = —0.18(1) K for Ln=Ho and Jrepy/kp =
—0.40(1) K for Ln=Dy, expressed in terms of the real
Ln spin, Jr, = 6, Juo = 8 and Jpy = 15/2, respectively.
The Ln anisotropy has an important effect on the relative
orientation of the Ln and Fes magnetizations.

C. Comparison to other d-f complexes

The exchange interaction results of the {FesTbOs} and
{Fe3HoO3} compounds may be compared to other d-f
complexes involving Th(III) and Ho(III) reported in the
literature with the help of Table II. We compare our



results with other M=Fe(III) complexes, and below, for
completeness sake, with Ln-transition metal M=Cu, Ni
and Co compounds.

Figuerola et al.?? reported a study of the magnetic sus-
ceptibility of several complexes belonging to the families
[Ln(IIT)(DMF) 4 (H20)3(u-CN)Fe(IIT) (CN) 5] nH2 O with
Lu=Gd(I1I), Dy(I1I), Tb(III) and Ho(III). They found
that the Ln(III)-Fe(III) interaction was antiferromag-
netic for Ln=Gd and Dy and ferromagnetic for Ln=Tb
and Ho.

The family of tetranuclear heterometallic assemblies,
[FG(III)QLHQ(HQL)4(’172—N03)2]201042CH30H2H20 with
Ln=Gd(III), Dy(IIT) and Tb(III) was studied by Bag
et al.®%. Magnetic measurements revealed the presence
of predominant ferromagnetic coupling for all the three
compounds at low temperature.

It is interesting to note that the structural data of the
studied [Cu(IT)LTb(III)(hfac)s]s compound*! revealed
that the local symmetry of the Tb ions in the CuyThy
complex was very low, as occurs now for the Ln(11I) ions
in the present studied butterfly molecules. From the
XMCD measurements performed on the Tb My 5-edges of
the CuyThg compound at T'= 2 K and H = 70 kOe, they
obtained a total magnetic moment of 5.8(2) pp/at. for
the Th(III) ions in the CuyThy molecule. This value co-
incides exactly with the magnetization value at high field
(14 T) found for the Th ion in the present {Fe3ThOs}
compound, MM = 5.8(2) ug/fu. (Fig. 4 (a) (A)). As
we have shown in Section VI B, this value is explained as
the saturation magnetization of a collection of uniaxial
highly anisotropic molecules (M, = %u = 4.3 pup) and
a Van Vleck contribution due to mixing of excited lev-
els. This interpretation contradicts the argument given
in Ref. 41 that the moment reduction is due to crystal
field effects. Those authors do not consider the random
orientation of the crystallites.

From this revision, one concludes that both the Th-
transition metal and Ho-transition metal interactions
may be ferro- or antiferromagnetic, depending on the
actual cluster structure and bonds involved. At any
rate, the Ln-metal interaction is very weak in the case
of Ln=TDb and Ho.

VII. CONCLUSIONS

The combination of bulk magnetic techniques (VSM
magnetometries) with spectroscopic techniques (XMCD)
has allowed to analyze the intramolecular interaction at
a macroscopic and microscopic level. This has enabled
to evaluate the effect of the Ln ion and the Fes sub-
cluster contributions separately. Moreover, the compar-
ison of the different Ln substitutions on the “butterfly”
molecules series has allowed to evaluate the effect that the

12

Ln anisotropy has on the magnetic interactions within
the molecule.

It has been demonstrated that for the “butterfly”
molecules containing a non-Kramers Ln ion, the fictitious
S* = 1/2 formalism can be applied to define an ad hoc
effective spin Hamiltonian of the cluster.

Therefore, in the framework of an effective exchange
interaction model, between the trinuclear Fes subcluster
and the non-Kramers Ln ions, low temperature magneti-
zation as a function of field has been fitted in terms of a
Ln-Fes exchange constant. The fits show that the interac-
tion between the Ln ion and Feg subcluster is weakly anti-
ferromagnetic for all the compounds in the series. Specif-
ically, we have obtained Jgern(J1p = 6)/kp = —0.13(1)
K for the Ln=Tb substitution and Jrepo(Juo = 8)/kp =
—0.18(1) K for Ln=Ho.

The Fes; magnetic moment undergoes a spin reorien-
tation within the molecule from antiparallel to parallel
orientation with respect to the Ln moment as the mag-
netic field increases. This reorientation is complete for an
applied field larger than a threshold value directly related
to the increasing antiferromagnetic interaction Jgery, in
the trend Tb, Ho and Dy. The model proposed has some
shortcomings, namely, the strong simplification implied
in assuming that the contribution to My, (H) due to mix-
ing of the excited states is represented by an ad hoc lin-
ear term with the applied field, and that there may be
a small departure from complete angular randomness in
the powder crystallites. However, the Fes and Ln mag-
netic moment polarization, opposed by the antiferromag-
netic coupling, is correctly captured by the simple model
used. We also conclude from this work that the possible
SMM character of these molecules cannot show up unless
a temperature region below 1 K is explored.

The combination of the element selective XMCD, and
VSM have allowed to determine the intracluster inter-
actions and reorientation of the subcluster Fez and Ln
(non-Kramers ions) magnetic moments.
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TABLE II. Comparison of exchange interaction constants in d — f complexes. Recall that J* is the exchange interaction in
the fictitious S* = 1/2 formalism.

1

10

11

12

13

Compound Exchange interaction Ref.
{Fe3TbhO2} Trerb./ kB = —1.5(1) K (VSM and XMCD) This work
{FezHoO-} Tfeto,z/ kB = —2.8(1) K (VSM and XMCD)
jlj‘keHo,x/kB = J;eHo,y/kB = 04(1) K
{F63YOQ} 0
{Fe3DyO2} Fepy.-/ks = —5.5(1) K (VSM and XMCD) Badfa-Romano et al.'®

Jteny.z/kB = Tfenyy/kB = 2.3(1) K

{Ln(I1T)(DMF)4(H20)3 (p- AF for Ln=Gd,Dy and FM for Ln=Tb, Ho Figuerola et al.*
CN)Fe(III)(CN)s } (MSUS)

{Fe(II1)2 Tb2 (H2L)4(n*-NO3)2 }- FM Bag et al.*
2C1042CH;0H2H,0

{Cu(IT)LTb(III) (hfac)2 } 2 FM (MSUS) Osa et al.™f

{Cu(IT))LTb(IIT) (hfac)s }»

FM (SQUID and XMCD)
Jéen/ks = 4.1 K (INS)

Texy/kB = —6.38 K (TOFNS)

Tiv—cu/ks = 2.2(7) K (INS)

Hamamatsu et al.!

Klokishner et al.*2
Kofu et al.*3
Kettles et al.**

Costes et al.*®
Kahn et al.*®

{CuQTbQ}

Tex,2/kB =0.92 K
{TbCuClgD20N3016}

Jox,a/kB = —3.46 K
{TbCug}
{CulLn} (Ln=Gd, Tb, Dy, Ho and Er) FM
{Lnz[Cu(opba)]s} (Ln=Tb, Ho) AF
{LnzM3} (Ln=Tb, Ho and M=Cu, Zn)  Jy,_cu/kB =

5.6 K (LT-MSUS and HC) Evangelisti et al.*”

Jtio—cu very weak

{Lnz[Ni(opba)}3]}

FM for Ln=Tb(I1I) and perhaps Ho(III)

Khan et al.®®

FM
JTb—co/kB ~

{LQ COQ Tb(III) } (NO3)
{LQ COQ Tb}(NOg)

Chandrasekar et al.™?

0.99 K (MSUS) Reu et al.*®

FM: ferromagnetic; AF: antiferromagnetic.

VSM: VSM magnetometry; XMCD: x-ray magnetic circular dichroism; TOFNS: time-of-flight neutron
spectroscopy; MSUS: magnetic susceptibility; SQUID: SQUID magnetometry; INS: Inelastic neutron
scattering spectroscopy; LT-MSUS and HC: low temperature magnetic susceptibility and heat capacity.
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