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The intracluster exchange interactions within the “butterfly” [Fe;Ln(u3-0)2(CCl;COO)s(H,O)(THF)s]
molecules, where Ln(IIl) 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 pseudolanthanides, which supply nonmagnetic Ln reference
cases. At low temperature, the three Fe atoms can be considered as a self-unit with total spin Sg., = 5/2.
Using the element selectivity of the XMCD magnetometry, measured at the Ln L, ; 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-Fe; exchange interaction
within the {Fe;LnO,} cluster has been determined to be antiferromagnetic, in both Tb and Ho compounds, with
Jretv/kp = —0.13(1) K and Jreno/ kg = —0.18(1) K, respectively. In both cases, a field-induced reorientation of
the Fe; and Ln spins from antiparallel to parallel orientation takes place at a threshold field uoH = 1.1 and 2 T,
for the {Fe;TbO, } and {Fe;HoO,} compounds, respectively. By comparison with other compounds of the series
with uniaxial anisotropy, it is concluded that the polarizability of the Fe; subcluster magnetic moment decreases
in the trend {Fe;YO,} — {Fe;TbO,} — {Fe;HoO,} — {Fe;DyO,}, 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 Fe;-Ln exchange interactions are

very weak compared to the Ln ligand field and Fe-Fe exchange interactions.

DOI: 10.1103/PhysRevB.92.064411

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) [1-3]. Such physical systems have received
much attention due to their intriguing physical properties and
potential applications in high-density information storage [4]
and quantum computing [5]. 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 [6].
They create an anisotropy barrier between the spin-up and
spin-down states high enough in comparison with the available
thermal energy to hinder the thermally activated reorientations
of the magnetic moment.

Lanthanide organic compounds containing 3d transition
elements have been considered as especially promising can-
didates for developing high barrier SMMs. The main idea is
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to combine the magnetic moment and the relatively strong
exchange interactions of 3d transition metals (M) with the
anisotropy naturally provided by lanthanide ions (Ln) [6-9].

In a previous work [10], we investigated the magnetic
interactions and field-induced spin reorientation in two com-
pounds of the series {Fe;LnO,} with Ln = Gd(IIl) and
Dy(IIT), which correspond to the most extreme and opposite
behavior as regards the magnetic anisotropy. In fact, Gd(III) is
isotropic while Dy(III) shows the highest 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 magnetic circular dichroism (XMCD) and
vibrating sample magnetometry (VSM), it was concluded that
the Ln-Fe; 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 Fe; 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 {Fe;LnO,} “butterfly” molecule series
that contain a Ln ion which has an integer quantum number.
This is the case of the non-Kramers ions Tb(III) and Ho(III).
From ab initio calculations, we find that in these compounds

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.92.064411

L. BADIA-ROMANO et al.

Quasi-symmetry A
plane !

e Lo

{Fe;TbO,} Fe(2)

FIG. 1. (Color online) Structure of the {Fe;TbO,} complex.
Easy axis of magnetization of the Tb ion (yellow arrow), obtained
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 interaction is acting between the Tb
and Fe; spins. (Inset) Magnetic core of the {Fe;TbO,} 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
quasisymmetry plane.

the two lowest energy states are singlets separated by an
energy A. Moreover, from those calculations we show that the
Ln = Ho substitution is predicted to have uniaxial anisotropy
with its easy anisotropy axis (EAM) direction close to the
quasisymmetry plane of the molecule, as in the Dy case. In
contrast, Tb has its EAM direction oriented perpendicular to
the quasisymmetry plane of the molecule, which introduces
uniaxial anisotropy in the x direction (see Fig. 1). A formalism
to analyze the magnetic properties of these compounds
using an effective spin Hamiltonian will be described. Those
predictions are verified a posteriori by the sound fits obtained
for the experimental data with the proposed model.

The Tb(III) and Ho(III) ions in transition metal clusters have
been studied earlier in the context of the search for molecules
that show SMM behavior [11-13]. Those studies 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 complicated by the large
spin-orbit coupling effects of the Ln(IIl) 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 information 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
magnetization curves [14,15].

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
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XMCD at the Ln L3 edges and VSM magnetometry has
been done to characterize the exchange coupling and magnetic
anisotropies of the present “butterfly” molecules. In particular,
the evolution with the magnetic field of the local magnetization
from the 4 f states has been explored, both experimentally, by
means of XMCD measurements as a function of the applied
field at the Ln L, 3 edges, and theoretically, by simulation
of the Ln and Fe; subcluster magnetization dependence on
applied field and temperature.

The 4 f unpaired electrons dominate the magnetic behavior
of the Ln ions. Since at the Ln L3 edges the dominant
XMCD signal corresponds to the 2p — 5d transitions, only
the magnetism originating from the 5d states is probed.
However, due to the positive intra-atomic exchange coupling,
the spin of the 5d electrons aligns parallel to the 4 f ones [16],
and therefore, the evolution with the field of the local
magnetization from the 4 f states can be determined since it is
directly proportional to the amplitude of the XMCD signal at
the L, 3 edges.

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

II. EXPERIMENTAL SECTION

A. Synthesis and structure

The chemical formula of the studied samples is
[Fe;Ln(us-0),(CClsCO0)g(H,O)(THF)3], where Ln repre-
sents the lanthanide ions Tb(III) and Ho(III). The synthesis
of the compounds is briefly reviewed on Refs. [17,18]. The
molecular structure of the {Fe;TbO,} complex is shown in
Fig. 1 as an example. The tetranuclear entity has a “butterfly”
type structure, with two Fe,Ln(u3-O) triangular wings sharing
aLn-Fe body and a dihedral angle between the wings of 146.5°.
Though the molecule symmetry is as low as the group Cy, a
quasisymmetry 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 w3-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 environment formed by
six oxygen donor atoms. However, the precise donor set is
different for each iron, being the environment 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
pyramid where the basis is an obtuse isosceles triangle with
three Fe(IIl) located at the vertices, and Ln located at the
pyramid apex [Fig. 1(inset)].
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CCDC 721164 contains the supplementary crystallographic
data for the {Fe3;HoO,} complex.'

B. Magnetic and XMCD measurements

The samples of the {Fe;LnO,} series of compounds are
powders, therefore, both bulk magnetometries and XMCD
do measure the orientationally averaged projection 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 measure-
ment platform with a vibrating sample magnetometer (VSM)
option, at a temperature of 2.7 and 2.2 K and a field up to 14
T, for the Tb and Ho compounds, respectively. The excitation
frequencies were varied within the range from 10 to 1500 Hz.

The magnetization obtained with the XMCD magnetometry
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
ESREF, dedicated to polarization dependent x-ray spectroscopy
in the energy range from 2 to 20 keV [20], covering the energy
of the L, 3 edges of Tb (7.5-8.4 keV) and Ho (8-9 keV).
In these experiments, it is the 2nd harmonic of the HU-52
Helios-II undulator that generates the circular polarized x-ray
photons. Then, a double-Si(111) crystal monochromatizes
the incoming radiation with a polarization rate over 95%
in all cases. The XMCD signal corresponds to the direct
difference between two x-ray absorption near-edge structure
(XAS) spectra recorded in a magnetic field, one measured 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 1st harmonic of
Apple-II (typical undulator at the incident energy used) using
the 2nd harmonic of the Helios-II helical undulator together
with a 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 aliquid helium flow cryostat inserted into a superconducting
magnet, which can produce magnetic fields up to 17 T.

III. AB INITIO SIMULATIONS

In order to obtain the electronic level structure, the
wave functions and the orientation of the main-anisotropy
axes of the Ln(Ill) ions in the “butterfly” {Fe;LnO,}
molecules, relativistic ab initio calculations were performed.
Post-Hartree-Fock calculations were carried out using the
CASSCF/CASPT2-RASSI-SO [21] method as implemented
in the MOLCAS 7.4 package [22]. Such a relativistic
quantum-chemistry method has proven to be suitable for the

'"These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (4+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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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 lanthanide ions with uniaxial
magnetic anisotropy [23-25].

Computations were done on a [Fe;Ln(u3-0),(CCI3COO)s
(H,O)(THF)3] molecular unit, in which the -CCls groups were
replaced by -CHj3 groups and the -OC4Hg groups linked to
the Fe(IIl) ions by water molecules in order to reduce the
computation time. In addition, the Fe(IIl) ions were replaced
by Sc(IIl) ions in order to reduce the active space: Sc(II)
are diamagnetic ions with a covalent radius similar to the
Fe(III) one and with a similar coordination chemistry. Finally,
the disorder of the cyclic THF ligand bound to Ln(IIl) 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 implemented
in the MOLCAS 7.4 quantum-chemistry package. The following
contractions were used: [8s7p4d3 f2g1h] for Ln(Ill) atom,
[6s5p3d] for the Sc atoms, [4s3p] for the O and C atoms
linking the Ln(II) ion with the 3 Fe(III) ions and for the O and
C atoms of the -OC4Hg group linked to the Ln(III) ion, [352 p]
for the all the other C and O atoms and [2s] for all H atoms.

State averaged CASSCF calculations of the >5*! L multiplet
roots were computed and it was checked that other multiplets
have no effect on the final results. The molecule symmetry is
low, Cy, 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
systematic way.

As a first step we focused our attention on the Ln atom. Its
site symmetry is Cj, so there is not a preferential symmetry
axis. To determine the energy eigenvalues and eigenvectors of
the 4 f electrons in the molecule, ab initio calculations were
performed. From the calculations the ground state g tensor of
the Tb(IIT) and Ho(III) ion was obtained. In both cases the
calculation yielded uniaxial symmetry, i.e., maximum value in
one direction, g}/, and g7 = 0 otherwise.

To describe these results with respect to the molecule, it
is convenient to define a quasisymmetry 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 x axis is defined by the line perpendicular
to the bisector plane that intersects at the Ln ion, while the
y axis is determined by choosing the standard right-handed
coordinate system x A y = z (see Fig. 1).

Since the Fe; group is magnetically isotropic, its electronic
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 wave functions 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 |Ji,,M;). The simulations show
that the Tb(IIl) ground state is constituted mainly by the
|Jtp, M) = |6, £ 6) states and, to a lesser degree by M; =
—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 computed energy gap A/kg =3.17 K (see
Fig. 5(a) and Table III of Ref. [26]). The next excited state
lies at 106.5 K from the minimum energy state, which means
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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 calculations 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 quasisymmetry plane of the molecule
(see Fig. 1 and Ref. [26]).

In the case of Ho(Ill) compound, the ab initio calcula-
tions predict a very anisotropic ground-state multiplet with
an energy gap, A/kg =9.7 K, between the two lowest
energy states (see Ref. [26]), 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 M; (see
Table IV of Ref. [26]). However, a large mixture of states
M; exists in the two lowest energy states. Indeed, it is
constituted mainly by |Jgo, M) = |8, £ 8), but other states
also contribute: |Jyo,M;) =18, £6), |Juo,My) = |8, £ 3),
|JHo,M ;) = |8, £ 1). Moreover, the ab initio gyromagnetic
factors along the three main single-ion anisotropy axes, g* =
(0,0,15.68), indicate a large uniaxial magnetic anisotropy,
with its direction parallel to the quasisymmetry plane of the
molecules.

For Tb and Ho ions, the ab initio calculations produced g
tensors with a single nonzero component. This is consistent
with the general result by Griffith [27] for a system with an
even number of electrons and a quasidoublet of lowest states,
that the doublet itself defines a unique axis (the principal axis)
and g; = 0 (Ref. [26]).

IV. THEORETICAL MODEL

The magnetic cluster {Fe;LnO,} will be described as a
binuclear system made of a subcluster Fe; and the Ln ion.
Firstly, we analyze the magnetic contribution of the Fes
subcluster. The M(H) and xT(T) curves of the complexes
{Fe3LnO,} 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 that describes the Fes subcluster in
the Heisenberg-Dirac-Van Vleck (HDVV) approximation is

Ao, = —2T(S1 - Sy + 82 83) = 27°(8, - 83), (1)

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

It was concluded that both exchange interactions 7/ kg ~
—50 K between Fe,-Fe, are identical and antiferromagnetic
(AF), while the interaction 7' 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 interaction between the Fe,, moments is
negligible [19].

The Fes subcluster magnetization, Mr.,, 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 {Fe;LnO,} with Ln =Y and Lu,
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indicates that the ground state of the three Fe atoms in the
cluster is that of three antiferromagnetically coupled Fe(III)
S = 5/2 moments, yielding a total spin of the Fe; triangle
of Sge, =5/2 [10,19]. Moreover, Mossbauer spectroscopy
studies performed on these {Fe;LnO,} complexes nicely
confirmed that the total Fe; cluster spin is Sge, = 5/2 [19].
Therefore the Fe; triangle can be considered as a robust
magnetic self unit, with effective spin Sg., = 5/2 and isotropic
tensor gre, = 2 at low temperature (kg7 < J).

Secondly, we consider the magnetic state of the lanthanide
ions Tb (’ Fs) and Ho (°Ig). The ligand field (LF) interaction
(Hip) acting on the Ln(II) 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 eigenfunctions, ab initio calculations were
performed, as explained in Sec. III.

Working with the complete basis set Sge3 X) Ji, of the cou-
pled Fes subcluster effective spin 2Sg.3 + 1 and the lanthanide
2Jin 4+ 1 ab initio wave functions to compute eigenvalues
for the total system is prohibitively long in computing time
(total dimensions for Tb and Ho are 78 and 102, respectively).
However, as explained below, at low temperature, we can work
with an effective spin Hamiltonian to calculate the M (H) of
the Fe; and Ln subclusters separately.

At zero applied magnetic field, the ab initio calculations
reveal that the non-Kramers ions Tb(II) and Ho(IIl) low-
energy states consist of a ground singlet and an excited one at
an energy A. They are linear combinations of |Ji,, = M) =
|J, £ M) angular momentum wave functions with respect to
the quantization axis Z defined by the uniaxial anisotropy
direction obtained from the nonzero ¢ 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 (E,). Since the present experiments were
carried out at low temperature (kg7 < A K Ej), we will
only consider the two lowest states. The ground-state wave
function |&y) = Z/Ju=_ J C(J(’)MJ ,M) and the first excited one
&) = Z;,,:_J C(Jlj\,,lJ,M) (the C(jj})’l) coefficients are given
in Ref. [26] Tables III and V, for Tb and Ho ions, respectively)
are eigenfunctions with the reference energy Ey = 0, and
E| = A. Therefore, in the subspace spanned by these two
states, the ligand-field Hamiltonian can be expressed as

a = A<8 ?) @)

For even-electron systems, like the Tb*3 and Hot? ions,
Griffith [27] has shown that the behavior of their eigenfunc-
tions 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, # Oand 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 {|&),&)} doublet.
However, since both eigenfunctions contain both |J,M = +J)
terms as their major contributions to the total wave function,
it is useful to apply a basis change that maximizes the J,
eigenvalues. This is achieved by a transformation R into a new
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base [n), [£),
1 1

=— + d = — — 3

) ﬁ(|§o> |€1)) and |¢) ﬁ(léo) ) 3)
for which

J2¢) = J|¢) and Jz|n) =~ —J|n) )

(see Ref. [26] Table IV and VI for Tb and Ho ions,
respectively).

At high magnetic field, the Zeeman term of the Hamiltonian
becomes diagonal by construction,

. 10
Hz=gJMBHJz=gJMBHJ<O _1>, (5)

while the ligand-field term becomes

n 1A Al 0 Ao 1
s 14
H* =R HLnR_—z(O 1>+2<1 o)' (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, £ 1/2) basis by the projection |{) — [1/2, +
1/2) and |n) — |1/2, — 1/2) [28]. Then, the Zeeman and the
ligand-field effective Hamiltonian can be expressed in terms
of the Pauli matrices o;, S'f = %O’z, S’j = %ax, and S’;" = %oy:

H* = ct+ FI; + I’-AI]i‘n =ct+ gZ/LBHS’} + AS}’}, (7

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

The fictitious $* = 1/2 introduced for the non-Kramers
states is not identical to that of the Kramers doublets. In the
non-Kramers case, the S, operator is time-odd with respect
to time reversal, while the Sy 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 an applied field, which breaks time-
reversal symmetry, we will apply the $* = 1/2 approximation
defined with respect to the Z axis direction obtained in the
ab initio calculations.

Thus, in the $* = 1/2 formalism and assuming a common
quantization axis for the Ln and the Fes; subcluster, the
anisotropic exchange interaction spin Hamiltonian can be
expressed as

HIfn—Fe3 =-2 Z jljeLn.a Szn,a SFC},O“ ®

a=x,y,z

where j};"eLn’x, j};"eLn’ - and j};*eLn‘Z are the diagonal terms of
the anisotropic exchange interaction tensor. When Jg,; . , =
Ttern.y = 0, the Ising-type spin-spin interaction is obtained.

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

) = (gFe3MB§Fe3 + SLaBST,) - H, &)

where g, is the g tensor for the corresponding Ln ion.
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The effective spin cluster Hamiltonian (Iflclus[er) including
the exchange interaction, the LF and the Zeeman term, is

ﬂc*luster = I:IFGB + I:Ilfn + I:Iffn—Feg + ﬁ; (10)

The basis wave functions of the Ln-Fe; cluster restricted
to the use of the fictitious 1/2 spin were constructed by the
product J* = S ® S'fjn of the Fej3 subcluster and the fictitious
spin S}, = 1/2 of the lanthanide ion,

lpi=112) = [Ske3 = 5/2,mpe3) IS, = 1/2.muy),  (11)

which can be described in terms of a total angular momentum
J* and its third component Mj: |¢;) = |J*,M7), |Sre3 +
St = J* = |Skes — S| Diagonalization 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 | S}, = 1/2,my,) functions, they are even with respect to
time reversal. Then, since the |Sge3 = 5/2,mpe3) are time-odd
functions, the total function |J*,M7) is time-odd. In fact, at
H = 0, the cluster states are Kramers doublets (see Ref. [26])
Table V and VIII, for Tb and Ho compounds, respectively.

The contributions to the total magnetization due to the
Ln ion and the Fes subcluster were simulated by finding
the eigenfunctions of the total effective Hamiltonian A%,
(see Sec. IV). The fictitious S* = 1/2 approximation for the
two lower energy states has the counterpart of losing the
information from the excited states in the wave function. To
retrieve the effect from the excited states, it was simulated by a
van Vleck susceptibility xyy that yields a contribution to My,
linearly proportional to the applied magnetic field.

Finally, the angular averaging of magnetization was per-
formed by calculating the magnetization for different fixed
field directions [M (6,¢)], uniformly distributed in the angular
space since the molecules are randomly oriented with respect
to the applied field. Then, the M (6,¢) results were averaged.
Each direction of the applied field is defined by the colatitude
(0) and azimuth (¢) angles. With the ¢ angle uniformly
distributed in the [0, 27r] interval and the colatitude 6 in the
[—m, m]. The interval value was chosen so that the average
M (H) reaches convergence within 0.1 up.

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

The XMCD spectra obtained at the L, and L3 edges of
Ln = Tb and Ho on the corresponding {Fe;LnO, } complexes,
measured at a temperature of 2.7 and 2.2 K, for the Tb and
Ho compounds, respectively, under an applied 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
L, edgejump,i.e., R = 2 theratio corresponding to the degen-
eracy of the corehole states and a total L, 3 edges jump of 1.5.

The L3-edge XMCD spectra of both Tb and Ho compounds
consist of a negative dip followed by a main positive peak
above the Fermi energy. Such negative dip is nearly impercep-
tible for the Tb case. This spectral feature has been associated
to a quadrupolar transition (E2) that should be present at the
Ls-edge spectra of heavy rare earths [29,30]. By comparison
of the L3-edge XMCD spectra of the Dy and Gd compounds
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FIG. 2. (Color online) (a) XAS spectra and (b) XMCD signal at
the Ln L, ; edges in {Fe;LnO,} compounds for Ln = Tb (top) and
Ho (bottom). Vertical lines indicate the chosen photon energy for the
Ixyep(H) measurements.

(Fig. 4 of Ref. [10]) with the present ones it can be realized
that the amplitude 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 origin and its
magnitude remains constant for the different Ln substitutions.

The L,-edge XMCD spectra of the two {Fe;LnO,}
complexes consist of a main negative peak above the edge and
a smaller positive peak at higher energy. An additional feature
consisting of a negative shoulder at £ = 8915 eV appears
for Ln = Ho, but not for Tb. Comparing the L,-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
{Fes;LnO, } spectra decreases as the lanthanide atomic number
increases.

The shape and magnitude of the L, 3 edges XMCD spectra
of the {Fe;TbO,} and {Fe;HoO,} complexes (Fig. 2) are
comparable with those in binary TbAl, and HoAl, com-
pounds [31], and the Al-rich Ln(Al;_,Fe,) compounds (with

PHYSICAL REVIEW B 92, 064411 (2015)

Ln = Tb and Ho) [32]. In heavy rare-earths ions, the positive
L3 and negative L, peaks indicate that the average rare-earth
moment is polarized in the direction of the applied field.
Then, in our case, we may assert that the Ln moment in both
compounds {Fe;TbO,} and {Fe;HoO,} 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 — 4 f) transi-
tions [29,33-35] together with the spin dependence of the
radial matrix elements of the dipolar (2p — 5d) transi-
tions [36,37] affect the XMCD signal at the Ln L, 3 absorption
edges. Consequently, the sum rules cannot be used to analyze
the L, 3 edges XMCD of lanthanide elements. Therefore the
absolute spin and orbital moments 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 4 f-5d
exchange interaction is positive for the heavy rare earths [16],
the evolution with the field of the XMCD signal at the L3
edges can be considered directly proportional to the local
magnetization from the 4 f states.

In order to obtain a magnetization curve from the XMCD
measurement, we need to record the XMCD signal as a
function of the field, Ixmcp(H), at a fixed energy. For the
Tb case, where lower edge energies are involved, the L, edge
of Tb (E = 8257 eV) was selected to avoid any interference
from the EXAFS oscillations of Fe. However, in the Ho
case, we selected the specific energy that corresponds to the
maximum amplitude of the XMCD signal at the L3 edge of
Ho, E = 8078 eV.

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

C. Magnetization versus field

The cluster magnetization curves M (H) of the
{Fe3TbO,} and {Fe;HoO,} compounds, measured with a
PPMS measurement platform with a vibrating sample magne-
tometer (VSM) option, at T = 2.7 and 2.2 K, respectively, and
a magnetic field up to 14 T, are plotted in Figs. 4(a) and 4(b).

VI. DISCUSSION

A. Magnetic contributions of the lanthanide and Fe; subclusters

From the results of XMCD and M (H), the contribution of
the two subcluster components, Ln and Fes, which make up the
total magnetization of the cluster M, (H), were determined
separately. On the one hand, the total magnetization of the
cluster, My, = M1, + Mg, was obtained from the VSM
measurements in absolute scale; i.e., in upg per formula unit
(f.u.). On the other hand, the XMCD measured intensity,
Ixmcep(H ), was obtained in arbitrary units. From these two
sets of data, the magnetization contributed by the Ln ions,
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FIG. 3. (Color online) Collected magnetization curves as a func-
tion of applied field from XMCD experimental data at fixed energy
in the {Fe;LnO,} compounds: (a) for Ln =Tb, at T = 2.7 K, L,
edge at E = 8257 eV; and (b) for Ln = Ho, at T = 2.2 K, L; edge
at E = 8078 eV.

My, can be determined in ug/f.u. by scaling Ixmcep(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 Mpe,
subcluster is completely saturated Mg, = 4.70(5) pug/f.u.,
as found for the {Fe3YO,} complex (Fig. 8) [10,19]. Since
the contributions to the magnetization from the Fe; and
Ln subsystems are additive at any field, the magnetization
My, at that high field (hf) can be calculated by subtracting
M'ﬂfl = M(14T) — 4.70 pug/f.u. Thus we obtained M%E =
5.8(2) up/fu. and Mff =7.0(2) up/f.u. Then, the scaling
factor 8 could be calculated as S = M{‘ﬁ/IXMCD(th). In
this manner, the factors 8§ = 460 and 500 pug/(Normalized
XMCD units) were obtained for {Fe;TbO,} and {Fe;HoO,},
respectively. With these values the local magnetization curve of
each Ln, My ,(H), was calculated for Tb and Ho, respectively
[Figs. 4(a) and 4(b), filled triangles].

Finally, the magnetization curve of the Fe; subcluster as a
function of the field, Mk,, can be calculated as My, (H) =
M(H) — Myn(H). The M., (H) data obtained for the Ln =
Tb and Ho compounds are collected in Figs. 4(a) and 4(b),
respectively.

B. Ln-Fe; exchange interaction
1. {Fe3TbO,} cluster
For the calculation of the M(H) components, we chose

as a quantization axis of the electronic wave functions
the direction of the Tb EAM, the x axis. Working in the
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FIG. 4. (Color online) M(H) curves of {Fe;LnO,} compounds
with Ln = Tb (a) and Ho (b). Macroscopic M, (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 L, and L; edges, respectively (A).
Magnetization of the total Fe present in the system obtained by
subtraction of the two previous curves (H). M"(H) predictions for
Tb (a) and Ho (b) (-), at T = 2.7 and 2.2 K, respectively.

fictitious spin S}, = 1/2 formalism for the Tb ion implies
that the exchange Hamiltonian can be considered Ising type,
ie.. Hrore, = =2 St - SFesx- A linear van Vleck
contribution M,,(H) = x,,H was added to account for the
linear increase observed in the high field M, (H) data, which is
caused by the mixing of the ground state with the excited states.
We achieved a sound fit for the two experimental contributions,
Mpe,(H) and Mty (H) simultaneously and, obviously for
the total M(H) [Fig. 4(a)], using the theoretical model
of Eq. (10). The fitted parameters, g* components, Jfry
components and A®P are given in Table I. The exchange
constant obtained from the fit is Jgn, ./ks8 = —1.5(1) K
and the doublet splitting is A®P/kg = 5.0(1) K, which is
in reasonable agreement with that predicted by the ab initio
calculations (A /kg = 3.17 K). The fit supports the condition
of g7 =0, as expected for a non-Kramers ion, i.e., Tb retains
a strong uniaxial character when coupled to the Fe; 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 >
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TABLE 1. Parameters used in the fit of all the M (H) curves at low temperature (7 = 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) ugT~!/f.u. for {Fe;TbO,} and

{Fe;HoO, } compounds, respectively.

Ln Szn g: gT g; ‘-7F*eLn,x/kB ‘7F*eLn,y/kB j;eLn.z/kB AEXP/kB
(K) (K) X) (K)

Tb 172 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)

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 multiplet for a
single Tb(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 {Fe;TbO,} cluster, i.e., once
that the Tb ion is antiferromagnetically coupled with the Fes
subcluster [Fig. 5(b)]. The exchange interaction between the
Tb ion and the Fe; subcluster results in the following effects.

(i) The energy level scheme for the Tb-Fe; cluster is
completely different from that provided by the crystal field for
a single Tb ion (Ref. [26]). Indeed, the energy levels of the Tb-
Fej cluster [Fig. 5 (b)] are doubly Kramers degenerate, while
those calculated by ab initio for the single ion are singlets.

(i) At H = 0, the ground state of the entire cluster is a
Kramers doublet |gp), |¢1) dominated by the total cluster spin
wave functions |J*,M7) = |2, & 2) (see Sec. IV). At H =0,
the expectation values of all components of the Sg., and S§,
spins are zero.

For poH # 0, the evolution of the energy levels scheme
with the intensity of the applied field and the calculated total
magnetization My, (H ) parallel to the magnetic anisotropy axis
of the molecular cluster are shown in Figs. 6(a) and 6(b),
respectively.

At a field uoH = 0.5 T, aligned parallel to the EAM,
the ground-state wave function, expressed as product wave
functions, is dominated by |Sge,,mEe;,STy.m0) = |5/2, +
5/2,1/2, — 1/2), which indicates a probability of 97% of

Tb ion {Fe,TbO_}
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FIG. 5. (Color online) Energy levels of the ground multiplet of
(a) a single Tb(IIl) ion, provided by the ab initio calculations
(Ref. [26]) and (b) the {Fe;TbO,} cluster, calculated with the
parameters shown in Table I and H = 0.

finding the spin configuration of antiparallel Sg., and ST,
orientation. Let us remember here that the expectation value
(STtp) = —0.29 in terms of the fictitious spin S$* =1/2
impfies an expectation value in real Tb spin (Jtp ) = —3.5,
and in terms of magnetization, (Mt ) = 5.1 up [Fig. 6(b)].
Therefore this ground state describes the quantum state where
the average Tb magnetization is parallel to the applied field,
and the Fe3; magnetization is oriented opposite to the Tb one.

As the field increases, the wave function [5/2, —
5/2,1/2, — 1/2), which originates from the excited multiplet
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FIG. 6. (Color online) (a) The {Fe;TbO,} energy level Zeeman
splitting scheme for applied field parallel to the x direction. (b)
The simulation of the My,(H) curves of the {Fe;TbO,} compound
with g7 = 17.5, g7 = 7 = 0, Ty / k8 = —1.5 K, and AP/ kp =
5.0 K. Arrows indicate the average direction of the Tb (large 1) and
of Fe; subcluster (small 1) moments at points A (antiparallel) and C
(parallel), point B indicates the crossover field. Note that the magnetic
moments (arrows) and the third component of the spin are opposite
in sign.
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FIG. 7. (Color online) Energy levels of the ground multiplet of
(a) a single Ho(II) ion, provided by the ab initio calculations
(Ref. [26]) (only the eight lowest states are plotted) and (b) the
{Fe3HoO,} cluster, calculated with the parameters shown in Table I
and H = 0.

at zero field, becomes dominant in the ground state. This means
that the parallel spin configuration prevails and both Fe; and
Tb spin expectation values are fully polarized on the direction
of the field.

Figure 6(b) shows that the thermal averaged Mr., (H ) curve
dips to negative values for fields in the range 0 < uoH < 1.1
T (uoH = 0.5 T, point A), which implies that the relative
orientation of the thermally averaged magnetization expected
values (Mr,) and (M) are antiparallel in this field region.
At uoH = 1.1 T (point B), there is a crossover to positive
values, i.e., there is a reorientation of (MF,) from antiparallel
to parallel with respect to (Mry).

It is concluded that the magnetization of the Tb dominates
the total magnetization of the respective clusters. Indeed,
because of the high anisotropy of Tb, the single ion anisotropy
energy is dominant, therefore it establishes 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 that determines
the positive direction of the Ln magnetization direction. The
Tb-Fe; antiferromagnetic exchange interaction generates an
internal field on the Fe; subcluster antiparallel to the applied
field, with a value |Bpn-re,| ~ 2JFetb b0 JTb/ 8Fes MB- In terms
of the real angular momenta Jr, = 6, the internal fields
|§Tb,pez| = 1.1 T can be estimated for the Tb ion. Therefore
the reorientation of the Fe; subcluster moment only succeeds
when the external applied field is larger than the opposing
exchange field | Bry.r, |. 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. {Fe3HoO,} 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
substitution were fitted using the Hamiltonian (10) with the
fictitious spin Sj;, = 1/2 formalism. The two separated con-
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tributions My, (H) and Mpe,(H), and the total M (H) were
nicely fitted [Fig. 4 (b)] with the parameters given in Table . A
linear van Vleck contribution M,,(H) = x,, H was also added
to account for the linear increase observable in the high field
My,(H) data. Contrary to the Tb substitution, which shows an
Ising type interaction, in the {FesHoO,} case, an anisotropic
exchange interaction model (J, = J, < J;), albeit with
dominant 7, interaction, was required to simulate the exchange
interaction between the Ho ion and the Fez subcluster.

The exchange interaction constants obtained from the fit
are jF*eHo,z/kB = —2.8(1) K and jl*:keHo,x/kB = jlékeHo,)'/kB =
+0.4(1) K. Moreover, we did not obtain a perfect uniaxial
anisotropy, since nonzero perpendicular components for the
8h, tensor were required gfj, = (0.5,0.5,15.6) (Table I).
Finally, the fitted splitting parameter A®*?/kg = 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 par-
allel to the common quantization z axis for the Ho and the
Fe; subcluster J.y, . is antiferromagnetic and dominant,
while the transverse components Juy, v+ Jreno,, are weakly
ferromagnetic.

The {Fe3;HoO,} case is similar to that of the {Fe;DyO, }
compound, since both lanthanides are uniaxial anisotropic and
have their EAMs parallel to the quasisymmetry plane of the
molecule. However, the {Fe;HoO, } 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 Tb since both
are non-Kramers ions with a ground-state uniaxial anisotropy.
Therefore the quantum-mechanical description is that given in
detail in Sec. 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 momentum of Ho, Jy, = 8. (For Tb, the EAM is
the x axis and Jy, = 6.)

Figure 7 shows the energy levels scheme of the ground
multiplet of a single Ho ion in comparison with that of
the {FesHoO;} cluster. The same behaviour as observed
in the Tb case is reported.

In the Ho case, in order to determine the internal spin reori-
entation 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 field of the
cluster eigenfunctions, eigenstates, (Mg, ), and (Mr, ;) are
analogous to the results for Tb depicted in Fig. 6, albeit for the
EAM, which is z in the Ho case.

At fields 0 < uoH < 2.1 T, the Fe; magnetic moment
remains antiparallel to the field direction, as indicated by the
negative values obtained for the averaged Mre,(H ) curve of the
Ho compound. At uo H = 2.1T, the reorientation of the (M., )
moment in the field direction takes place, giving positive values
in the corresponding M., (H) curve.

In the {Fe3TbO,} molecule, the condition of g% ,, =0,
obtained from the Ln single ion ab initio calculations, is
satisfied by the fit to the experimental data of the coupled
Fe;-Tb cluster. In fact, for non-Kramers ions, the ground-state
anisotropy is expected to be strongly uniaxial, g7 ;, = 0, due
to time-reversal symmetry arguments, if A < E) (A =5K,
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FIG. 8. (Color online) M(H) = Mr,(H) data of {Fe;YO,}
() and Mg, (H) curves of the uniaxial anisotropic clusters
{Fe;Dy0,} (A), {FesTbO,} (o), and {FesHoO,} (¢), and their
correspondent simulated curves Mg;q(H ) (dashed lines).

E, = 109 K), i.e., the second excited states are very high in
energy with respect to A (Ref. [27]). In contrast, in {Fe;HoO, }
the ratio g7 1,/87 y, = 0.03, is small but nonzero. 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, E, =45 K)
and there is some mixing from the excited states in the
Ho wave functions. The calculated My ,(H) at high fields is
underestimated, just as in {Fe;TbO,}.

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

3. Comparison between uniaxial {Fe;Ln0O,} exchange
interactions

The Mfr.,(H) data obtained for the Tb and Ho compounds
are collected in Fig. 8 together with the data for the Dy com-
pound. The M(H) curve of the {Fe3YO, } is included for com-
parison to a nonmagnetic Ln ion. It is qualitatively evidenced
from Fig. 8 that the effect of substituting the nonmagnetic
Y by a heavy rare earth as Tb, Ho, and Dy is to decrease
the polarizability of the Fe; subcluster magnetic moment in
the trend {Fe3 YO, } >{Fe;TbO, } >{Fe3;HoO, } >{Fe;DyO, },
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 sim-
ulations for Mr.,(H), they are systematically lower than the
experimental data at B < 2 T. The reason for the discrepancy
lays probably in the incomplete fulfillment of angular random
orientation of the crystallites in the powder sample.

Indeed, Table II allows us to compare the Ln-Fe; effective
exchange constants obtained for the different compounds,
when the fictitious spin S, = 1/2 (Ln = Tb, Ho, and Dy)
formalism is used. We conclude that as the effective J7, ,
constant increases, the magnetization of the Fe; sublattice
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needs a higher magnetic field to reach saturation. In fact, at
H = 0, the intracluster exchange anisotropy can be calculated
from the values of Jger, deduced from the present work and
from Ref. [10] and expressed in terms of the real angular
moment (Jy,) as

j FeLn
kg

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

The anisotropy introduced by the Ln ion to the cluster
affects the mechanism of the intracluster interaction. Indeed,
for the Ln = Tb substitution, an Ising-type interaction is
considered, while in the Dy and Ho cases, an anisotropic type
is required (J; = J, < J;). Specifically, we have obtained
exchange interaction values Jgery/ kg = —0.13(1) K for the
Ln = Tb substitution, Jreyo/ ks = —0.18(1) K for Ln = Ho
and Jgepy/ kg = —0.40(1) K for Ln = Dy, expressed in terms
of the real Ln spin, Jm, =6, Jyo =38, and Jpy = 15/2,
respectively. The Ln anisotropy has an important effect on
the relative orientation of the Ln and Fe; magnetizations.

AE/kg =4 | SFes | JLal, 12)

C. Comparison to other d- f complexes

The exchange interaction results of the {Fe;TbO,} and
{Fe3Ho0,} compounds may be compared to other d- f com-
plexes involving Tb(IIT) and Ho(II) reported in the literature
with the help of Table II. We compare our results with other
M = Fe(Ill) complexes, and below, for completeness sake,
with Ln-transition metal M = Cu, Ni, and Co compounds.

Figuerola et al. [38] reported a study of the magnetic
susceptibility of several complexes belonging to the fami-
lies [Ln(III)(DMF)4(H,0)3(1-CN)Fe(III)(CN)s] - nH,O with
Ln = Gd(1I), Dy(III), Tb(IIl) and Ho(III). They found that the
Ln(III)-Fe(III) interaction was antiferromagnetic for Ln = Gd
and Dy and ferromagnetic for Ln = Tb and Ho.

The family of tetranuclear heterometallic assemblies,
[Fe(I11);Ln,(H, L)4(n*>-NO3),]12C104,2CH;OH2H, 0 with
Ln = Gd{1I), Dy(II), and Tb{Il) was studied by Bag
et al. [39]. 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(I)LTb(IT)(hfac),], compound [40] revealed that
the local symmetry of the Tb ions in the Cu,Tb, complex was
very low, as occurs now for the Ln(IIl) ions in the present
studied butterfly molecules. From the XMCD measurements
performed on the Tb M, s edges of the Cu,Tb, compound
at T =2 K and H = 70 kOe, they obtained a total magnetic
moment of 5.8(2) ug/at. for the Tb(III) ions in the Cu,Tb,
molecule. This value coincides exactly with the magnetization
value at high field (14 T) found for the Tb ion in the present
{Fe;TbO,} compound, MX = 5.8(2) ju/f.u. [Fig. 4(a) (A)].
As we have shown in Sec. VIB, this value is explained as
the saturation magnetization of a collection of uniaxial highly
anisotropic molecules (M, = % u =4.3 pug) and a Van Vleck
contribution due to mixing of excited levels. This interpretation
contradicts the argument given in Ref. [40] that the moment
reduction is due to crystal field effects. Those authors do not
consider the random orientation of the crystallites.
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TABLE II. Comparison of exchange interaction constants in d-f complexes. Recall that 7* is the exchange interaction in the fictitious

S§* = 1/2 formalism.

Compound Exchange interaction Ref.
{Fe;TbO,} Tiemw/ ks = —1.5(1) K (VSM and XMCD) This work
{Fe;Ho0,} Tfetio../ k8 = —2.8(1) K (VSM and XMCD)

jF’;Hn,x/kB = jljeHn‘y/kB = 04(1) K
{Fe;YO,} 0
{Fe;DyO0,} Jepy../ ks = —5.5(1) K (VSM and XMCD) Badia-Romano et al. [10]

J;eDy,x/kB = jl:eDy,y/kB = 23(1) K

{Ln(IID)(DMF)4(H;0);(1-CN)Fe(III)(CN)s }
{Fe(II), Tb(H, L)4(1*-NO3), }- 2C10,2CH;OH2H,0
{Cu(IDLTb(I)(hfac), }»

{Cu(INLTb(II)(hfac), }»

{Cuz Tb2 }

{TbCUC19D20N3016}

{TbCU3}

{CuLn} (Ln = Gd, Tb, Dy, Ho and Er)
{Ln,[Cu(opba)];} (Ln = Tb, Ho)
{LnyM;} (Ln = Tb, Ho and M = Cu, Zn)

{Lny[Ni(opba)};]}
{LZCOZTb(HI)}(NO3)
{LzCOsz}(NO3)

AF for Ln = Gd,Dy and FM for Ln = Tb, Ho (MSUS)

FM (SQUID and XMCD)

T g/ ks = —6.38 K (TOFNS)

Tto—cu/ ks = 2.2(7) K (INS)

Jto—cu/ ks = 5.6 K/(LT-MSUS and HC)
FM for Ln=Tb(III) and perhaps Ho(III)

Tty—col ks ~ 0.99 K (MSUS)

Figuerola et al. [38]
FM Bag et al. [39]

FM (MSUS) Osaetal [11]
Hamamatsu et al. [40]
T/ ks = 4.1 K NS) Klokishner et al. [41]
Jx,/kg = 092K

' Kofu et al. [42]
T, /ks =—3.46K

Kettles et al. [43]
FM Costes et al. [44]
AF Kahn et al. [45]
Evangelisti et al. [46]
Tio—cu Very weak

Khan et al. [47]

FM Chandrasekar et al. [12]
Reu et al. [48]

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.

From this revision, one concludes that both the Tb-
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 = Tb 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 macro-
scopic and microscopic level. This has enabled to evaluate
the effect of the Ln ion and the Fes subcluster contributions
separately. Moreover, the comparison of the different Ln
substitutions on the “butterfly”” molecules series has allowed to
evaluate the effect that the 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
Fe; subcluster and the non-Kramers Ln ions, low-temperature
magnetization as a function of field has been fitted in terms of
a Ln-Fe; exchange constant. The fits show that the interaction
between the Ln ion and Fe; subcluster is weakly antiferro-
magnetic for all the compounds in the series. Specifically,
we have obtained Jreth(J1o = 6)/kg = —0.13(1) K for the

Ln = Tb substitution and Jrepo(Juo = 8)/ kg = —0.18(1) K
for Ln = Ho.

The Fe; magnetic moment undergoes a spin reorientation
within the molecule from antiparallel to parallel orientation
with respect to the Ln moment as the magnetic field increases.
This reorientation is complete for an applied field larger
than a threshold value directly related to the increasing
antiferromagnetic interaction Jgerp 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 mixing of the excited states is represented
by an ad hoc linear term with the applied field, and that there
may be a small departure from complete angular randomness
in the powder crystallites. However, the Fe; and Ln magnetic
moment polarization, opposed by the antiferromagnetic cou-
pling, 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 us to determine the
intracluster interactions and reorientation of the subcluster Fe;
and Ln (non-Kramers ions) magnetic moments.
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