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Six tetranuclear complexes [Fe(IIl);Ln(u3-0),(CCl3CO0)5(H,0)(THF)3]- THF-C;H¢ [Ln=Gd(III) (1),
Tb(III) (2), Dy(II) (3), Ho(1II) (4), Y(IM) (5), and Lu(III) (6)] have been studied by magnetic susceptibility and
Mossbauer spectroscopy. These isostructural molecules have a “butterfly” structure core consisting of two
Fe,Ln(us-0) triangular “wings” which share a common Ln-Fe “body”; the dihedral angle between the wings
is ca. 148°. The coordination spheres of the iron ions are essentially distorted octahedral. The lanthanides are
eight-coordinate with coordination polyhedra that may be described as distorted tetragonal bipyramids.
Variable-temperature solid-state magnetic susceptibility in the temperature range 1.8-300 K and magnetization
at 1.8 K for compounds 1-6 were measured. The spin state of Fe is §=5/2 in all cases. In compounds 5 and
6, where Ln(III) (Y and Lu, respectively) is diamagnetic, the three Fe atoms form an obtuse isosceles triangle
with antiferromagnetic interactions Jg..p.=—50 K between the wing-tip Fe,, and body Fe, atoms, and negli-
gible interaction between the Fe,’s, resulting in a ground state of effective spin S=5/2 per cluster. In the
complexes with paramagnetic lanthanide ions, the interaction between the Fe; triangle and the Ln(III) center is
described by an effective exchange constant which is antiferromagnetic and 1 order of magnitude weaker.
Besides, at 3 K incipient spin blocking, characteristic of single molecule magnets, was found to occur in the
out-of-phase component of the ac susceptibility in {Fe;TbO,}, {Fe;DyO,}, and {Fe;HoO,}. The activation
energy of a Debye process describing the magnetization reversal has been determined to be, £,~8, 9, and 10
K for the Ln=Tb, Dy, and Ho, respectively, and the prefactor 7,=10~" s. The high spin states of the Fe(III)
centers were confirmed by the Mossbauer spectra, in which two distinguishable Fe sites could be resolved
above 80 K, corresponding to the Fe,, and Fe, sites, respectively. Relatively larger values of the quadrupole
splitting of the Mossbauer spectra were observed for the Fe,, pair as compared with that for the Fe;,, and both
quadrupole splittings diminished with increasing temperature. At 3 K the Mossbauer spectra showed a state
with blocked spins (sextets) for the {Fe;TbO,} and {Fe;DyO,} cases. From the E, and 7, determined in the ac
susceptibility, the relaxation time at 3 K is estimated as 7= 107—10~° s much longer than the time window of
M@éssbauer spectroscopy and compatible with the single molecule magnet behavior. In the presence of a strong
magnetic field the moments of the Ln(I) cation and the Fe; triangle are polarized. For some compounds at
low temperature a magnetic pattern (sextet) for each of the three Fe sites appeared, and the antiferromagnetic
coupling within the Fe; cluster was directly proved by the opposite trend of the field dependence of the two
Fe,, sextets as compared with the Fe,, third one.
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I. INTRODUCTION

At present the synthesis and research on new polynuclear
coordination compounds, which possess the properties of
single molecule magnets, are of paramount importance.'-3
Polynuclear clusters of transition-metal elements containing
Ln(IIT) ions are good candidates as single molecule magnets
because of the large and anisotropic magnetic moments of
rare-earth ions. In this respect complexes simultaneously
containing 3d-[Cu(I),*> Zn(II),> Co(1I), Mn(III),” Ni(I)}]
and 4/-[Ln(IIT)] metals received much attention in the past
years. However, relatively few polynuclear clusters con-
taining Ln(IIT) and Fe(IIl) have so far been reported. In
most of these complexes, Schiff-base®!? or cyanide anions
participate as bridging ligands, the latter imposing a low-
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spin configuration to Fe(III)."" Recently, mixed complexes
of Fe(IIT) with lanthanide cations with bridging carboxylate
ligands were reported.'”> Heterotetranuclear carboxylate
complexes with a {Fe,Ln,} core have been shown to
behave as single molecule magnets.!> We have recently
reported a series of isostructural compounds of the type
[Fe;Ln(u3-0),(CCl;CO0)g(H,0)(THF);], where Ln repre-
sents most of the available Ln(IIl) cations and Y(III) as a
pseudo-lanthanide. These have a butterfly type {Fe;Ln(u;
-0),}% core, with the Fe(IIl) cations all being in the S
=5/2 high-spin state.'?

The origin of magnetic interactions in these 3d-4f com-
pounds is more complicated than those complexes of 3d
metal ions. With the exception of Ln=Gd(IIl), the crystal-
field interaction dominates and ground state of the Ln(III)
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FIG. 1.

(Color
[Fe3HoO,(CCl;CO0)g(H,0)(THF)3]- THF-C;H 4 complex.

online) Structure of

ions has a first-order angular momentum. To circumvent this
problem at low temperature the effective spin approximation
for the Ln ground state is applied to interpret the low-
temperature magnetization measurements.

The present work describes and discusses the magnetic
properties and Méssbauer spectra (MS) of the complexes
[FesLn(u3-0),(CCL3CO0)5(H,0)(THF)3]- THE-C;H 4
where Ln represents the heavier lanthanides: Gd(III) (1),
Tb(IIT) (2), Dy(IM) (3), Ho(III) (4), Y(II) (5), and Lu(III)
(6). The Y atom is not a lanthanide, but is chemically close,
and is considered in this paper as such. The synthesis and
structure of the compounds are briefly reviewed, and the
magnetic properties and Mossbauer spectra are shown, ana-
lyzed, and discussed.

II. SYNTHESIS AND STRUCTURE

All six tetranuclear trichloroacetates were obtained'? by
an exchange reaction of the iron-barium us-oxo trinuclear
compound [Fe,BaO(CCl;CO0)4(THF)¢] (Ref. 14) with the
corresponding Ln(IIT) nitrates in acetone. After removal of
barium nitrate and evaporation of acetone, crystals were ob-
tained from a THF:heptane (5:1) mixture. The yield is high
(~85%) and the method of synthesis is reproducible. Com-
plexes 1-6 are brown crystalline substances, poorly soluble
in water but readily soluble in a variety of polar organic
solvents; they can be recrystallized from THF-heptane mix-
ture without change in their composition. The complexes are
stable to storage in air under normal conditions.

Compounds 1-6 crystallize isomorphously in the
monoclinic space group P2;, with the tetranuclear
[Fe;Ln(us-0),(CCl;CO0)4(H,0)(THF);] complex, a THF
molecule and an n-heptane molecule in the asymmetric unit.
The structure of the Fe;Ho complex 4 is shown in Fig. 1 as
an example. The tetranuclear entity has a “butterfly” type
structure, with two Fe,Ho(us3-O) triangular wings sharing a
Ho-Fe body and a dihedral angle between the wings of
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TABLE 1. Bond lengths (A) and angles (°) in the
{Fe;Ln(u3-0),} cores of 3 and 4 (Ref. 13).

3 (Ln=Dy) 4 (Ln=Ho)
Ln(1)-0(1) 2.287(4) 2.269(4)
Ln(1)-0(2) 2.300(4) 2.305(5)
Fe(1)-O(1) 1.833(5) 1.840(4)
Fe(2)-O(1) 1.866(4) 1.881(5)
Fe(2)-0(2) 1.887(4) 1.896(4)
Fe(3)-0(2) 1.820(5) 1.825(5)
Ln(1)-O(1)-Fe(1) 132.2(2) 133.1(2)
Ln(1)-O(1)-Fe(2) 100.7(2) 101.07(18)
Fe(1)-O(1)-Fe(2) 125.5(2) 124.4(2)
Ln(1)-O(2)-Fe(3) 130.3(2) 131.1(2)
Ln(1)-O(2)-Fe(2) 99.61(19) 99.3(2)
Fe(3)-0(2)-Fe(2) 130.0(2) 129.5(3)
LnFe,/Fe,Ln dihedral angle 146.04(3) 146.51(3)

146.5°. The metals are thus bridged by two us;-oxo centers
and eight carboxylate ligands.

Selected bond distances and angles for compounds 3 and
4 (Ref. 13) are given in Table I. Each Fe center has a dis-
torted octahedral coordination environment composed of six
oxygen donor atoms. However, the precise donor set is dif-
ferent for each iron. Fe(1) has four carboxylate oxygen atoms
forming a coplanar equatorial array, with a THF oxygen and
an oxo ligand mutually trans to each other completing the
set. The environment of Fe(3) is closely similar, but one of
the four carboxylate oxygens has been replaced by the oxy-
gen of the aqua ligand. Fe(2) has a significantly different
environment, with the two (u;-O) ligands cis to each other,
and the remaining four sites occupied by carboxylate oxy-
gens. The bond lengths and angles in one Fe,Ln(u;-O) wing
are also similar to those in the other wing, so for the mag-
netic analysis it is justifiable to assume mirror symmetry for
the Fe;Ln(us-0), core [Fig. 2(a)]. Fe(1) and Fe(3) are lo-
cated at the wing tips and are denoted as Fe,,, while Fe(2), in
the body, is designated Fe,. The tetranuclear complexes are
well separated in the crystal (the distance between molecular
units is larger than 15 A), with no obvious magnetic path-
ways between them. We can therefore consider the molecules
as magnetically independent units.

a) b)
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FIG. 2. (Color online) (a) The {Fe;HoO,} core of (4)
compound and the defined interatomic exchange parameters. (b)
The symmetry of nearest-neighbor environment of Ho in
[F63H002(CC13COO)8(H20)(THF)3] -THF- C7H16 complex.
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To model the molecule as a magnetic entity the assump-
tion of mirror symmetry of the “butterfly” on the plane con-
taining the edge is adopted [Fig. 2(a)]. One may also con-
sider the magnetic core as formed by a triangular pyramid
where the basis is an obtuse isosceles triangle with the three
Fe(IIT) located at the vertices, and Ln located at the pyramid
apex, a convenient description for the analysis below.

III. EXPERIMENTAL

The magnetic ac susceptibility was measured on a MPMS
SQUID magnetometer with ac option (Quantum Design).
The measurements were done at an excitation frequency in
the range of f=10—1500 Hz and amplitude of 4 Oe. The
magnetization versus field M(H) was performed on a PPMS
measurement platform with vibrating sample magnetometer
option, at a temperature of 1.8 K and a field up to 90 kOe.

The Mossbauer spectra (MS) were acquired using a con-
stant acceleration spectrometer with symmetrical waveform.
A 'Co (1.0 MBq) source has been used. The MS in applied
field were obtained in a field oriented perpendicular to the
gamma radiation direction and parallel to sample holder.
Temperature-dependent Mossbauer measurements (15-295
K) have been done with the sample in a closed cycle cry-
ostat, while those at 3 K without or in applied field (up to 70
kOe) were performed in a He-bath cryostat. The fitting of
spectra was performed with NORMOS program, already long
time commercially available and the details on procedures
are provided for each case in the following chapters. In the
presence of a field (B) at nucleus, the quadrupole shift ap-
pears as a projection ¢ related to quadrupole splitting in the
paramagnetic region with the following relationship: &
=% QS (3 cos? ¢—1). Depending on the angle, € it may be
positive or negative taking values from —% QS (perpendicu-
lar to B) up to QS (parallel to B).

IV. MAGNETIC PROPERTIES
A. Ln=nonmagnetic: Y and Lu

The ac and dc magnetic susceptibility measurements at
high temperature of the R=Y and Lu compounds fit well to
a Curie behavior. The experimental values of y7 tend to a
monotonous behavior above 4.2 K, which is quite similar for
both Y and Lu (4.5 and 4.0 emu K/mol, respectively), as
can be observed in Figs. 3(f) and 3(g) data. This value is
much lower than the calculated value (13.1 emu K/mol) for
three independent Fe(Ill), taking into account g=2 and S
=5/2, as expected for an Fe(III) ion in its highest spin con-
figuration as was confirmed by Mossbauer spectroscopy.

The M(H) curves (Fig. 4) of the Y and Lu compounds go
along together excellently to a saturation value very near to
5 pg. From this value one may conjecture that the ground
state of the three Fe atoms in the cluster is that of three
coupled Fe(Ill) §=5/2 moments, yielding to a total spin of
the cluster of S,,,=5/2 (Fig. 4, triangles and squares). This
gives a very robust set of data to consider the Fe; cluster as
a magnetic self unit.

The x(7) and M(H) curves were calculated by means of
the MAGPACK code kindly provided by the group of
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FIG. 3. (Color online) Predictions of the y7(7) curves compared
to the experimental data. (a) (J=—1 K,J'=0), (b) (J=-10 K,J’
=10), (¢) (J=-20 K,J'=20), (d) (J=-25 K,J'=0), (¢) (J=
=50 K,J'=0), (f) Experimental data for {Fe;YO,} cluster (H), and
(g) for {FesLuO,} cluster (V).

Valencia.'> The hypotheses of this package are that all con-
stituent magnetic centers possess well-isolated orbital nonde-
generate ground states. In this case, the leading term of the
exchange Hamiltonian is the Heisenberg—Dirac—Van Vleck
term. The program calculates the eigenvectors and eigenval-
ues of the cluster exchange interaction Hamiltonian

HEe3 triangle = — 2J(S, - S, +8,-S3)=2J'(S,-S5) (1)

under certain assumptions. In first approximation the spin
values are fixed, they are considered isotropic, and located at
the cluster atomic sites. Exchange interaction parameters are
defined to couple pairs of moments. In agreement with
Mossbauer data the Fe moments were considered to be S
=5/2 and isotropic, g=2. From the computed eigenvalues
and eigenvectors, the code calculates the equilibrium magni-

0 30 60 90
H(kOe)

FIG. 4. (Color online) M(H) data of {Fe;YO,} (M) and
{Fe;Lu0,} (V). The calculated curves for the (+5/2, —5/2,
+5/2) cluster spin configuration are shown, for comparison; (a)
(J=—1 K,J'=0), (b) (J=—=20 K,J'=0), (c) (J=—=50 K,J'=0), and
(d) (J=-20 K,J'=20).
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tudes of M(H) at fixed temperature and x(7) at fixed field.
The ground-state multiplet depends on the ratio J/J', ranging
from S7=0 to Sy=5, as described, for example, in Ref. 16.
However, we restrict our analysis to some particular cases of
interest in the specific context of the {Fe;L.nO,} clusters. For
the sake of clarity we shall describe the spin configuration of
the Fe; triangle by the triad (sign S1, sign S3, sign S2),
where + is up and — is down to the hypothetical easy mag-
netization direction of the cluster, for total Fe; cluster spin
S7=5/2. The exchange interaction J between the Fe,, and Fe,
atoms 1-2 and 2-3 is considered identical and antiferromag-
netic (AF), while the interaction J' between the Fe,-Fe, at-
oms 1-3 is considered ferromagnetic (F) and negligibly
small (Fig. 2). In Fig. 4 some of the calculated curves for
M(H) at T=1.8 K are shown. If J is small, of the order of 1
K, and J'=0, the applied field is capable of polarizing the
central spin to the configuration (+5/2, +5/2, +5/2) for
total Fey cluster spin S;=15/2 and M(H) shows an upturn
above 20 kOe [Fig. 4(a)]. On the other hand, if J is assumed
to be of the order of J' one comes across to a frustrated
intermediate spin value. The configuration (+5/2, —5/2,
+5/2) yields an M(H) curve, which is very roughly fitting
the experimental data, especially in the rising part, for Ln
=Y and Lu, with values in the range J=-20 to -50 K, and
J=J', with g=1.7, but no fit is possible for significant values
of J' [Fig. 4(d)]. As said above, it is evident that the M(H)
data provide information on the ground-state configuration,
but is not sensitive enough to determine the actual values of
the exchange constants.

With the (+5/2, —=5/2, +5/2) configuration and differ-
ent values of J' the magnetic susceptibility x(7) has been
calculated and compared to the experimental results. Here a
note of attention is important. The experimental y(7) and
M(H) have been corrected of diamagnetic contribution ac-
cording to the equation y?=—km X 10" emu mol~!, where
m is the molecular weight of the compound and £ is a factor
varying between 0.4 and 0.5.'7 The value k=0.4 has been
chosen, yielding to x’=-7.6X10"* emu mol™!, and x"=
~7.9% 107 emu mol~! for the {Fe;YO,} and {Fe;LuO,}, re-
spectively. The actual value of this correction affects very
sensibly the value of J. As best fit to the corrected xT(T) the
values J'=0, J=-50 K have been obtained [Fig. 3(e)]. On
the other hand, the correction to M(H) is within the experi-
mental error bar.

One may conclude from the result of the simulations to
the available data that at all measured temperatures the con-
figuration of the Fe; triangular magnetic unit maintains the
spin configuration (+5/2, —=5/2, +5/2). The Fe(1)-Fe(2)
and Fe(2)-Fe(3) pathways have the same u;-oxo bridge, but
in the former two bridging carboxylate groups connect the
two irons, while in the latter there is just one of these
bridges. In spite of this difference, the two exchange paths
have been approximated to be identical.

A value of J=-50 K for the Fe(IIl)-u-oxo-Fe(Ill)
exchange path is very close to the range of values
found for tetranuclear carboxylate compounds with a
tetranuclear {Fe,O,} core. The exchange interactions
found with that core'®2* range from J=-47.3 K for
[Fe,0,(0,CPh)g(phen),] (Ref. 18) to J=-65.5 K for
[Fe,0,(0,CMe),(bpy),]ClO, (Ref. 23), being, on average,
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J=-52 K. Besides, in a recent work we have found in
[Fe,0,(CC1;COO0)4(THF),(DMF)(H,0)]- THF, with the
same butterfly type of core, an interaction of J=—452 K.»
All these results for homotetranuclear complexes are in ex-
cellent agreement with the value J=-50 K found in this
paper for the same interaction path in the heterotetranuclear
{Fe;Ln0,}. The Fe,-Fe, interaction has been found to be on
average about J,;,=9 K, therefore much lower than J be-
tween Fe,-Fe,. In fact, in the [Fe,0,(0,CMe),(bpy),]ClO,
compound it was shown that the actual value of J,;, does not
affect the xT temperature dependence.”> One may conclude
that the carboxylate groups have a marked role as pathways
in exchange interaction between magnetic ions.

The Fe(IIT)-O-Fe(I1I) exchange path in u-oxo bridges has
been studied in polynuclear clusters, in particular in Fegq
ones, by the use of calculated interaction constants as start-
ing parameters of the thermomagnetic magnitudes.?® In that
study, a semiempirical method to evaluate the J value for a
given path, comprising the averaged Fe(III)-O distance over
the two bonds (r), and the bond angle (¢), was proposed:
J=A(B+C cos ¢+cos® g)exp(Rr) [Eq. (8) in Ref. 26].

Taking A=-2.88 X 107 K; B=0.2, C=-1, and R=
-7 A7, as proposed in that paper, and the distances and
angles from Table I, one predicts, J;_,=—77 and —69 K, and
J,3=—69 and -87 K, for the {Fe;DyO,} and {Fe;HoO,},
respectively. The average value J=—50 K determined from
the present measurements is obtained by substituting R=
-7.2 A~ in the equation above. At any rate, although one
should not overestimate the predicting value of the semi-
empirical model, it gives reasonable values of J as a function
of the geometry of the bond, which plays the main role in the
Fe(IIT)-O-Fe(III) interaction.

B. Ln magnetic: Ln=Gd

From the M(H) data measured at 90 kOe one obtains the
value M,=11.6 ug (Fig. 5), which coincides excellently
with the sum of the saturation value of free Gd, 8S7/2, g=2,
and M¢=4.7 ug found for the Y or Lu compounds. This
means that at 90 kOe the Gd moment is totally polarized in
the direction of the maximum applied field. On the other
hand, at lower fields the experimental M (H) is lower than the
simple sum of the Fe; contribution (considered identical to
that found for the Y or Lu compound) with the free Gd
Brillouin function (curve e in Fig. 5). This result implies that
the Gd and the Fe; subcluster are coupled by an effective
antiferromagnetic exchange constant.

The configuration of the Fe triangle as (+5/2, -5/2,
+5/2), with the exchange parameter J=-50 K, identical to
the Y and Lu compounds has been assumed to calculate the
M(H) curve with MAGPACK, and in addition two different
Ln-Fe interactions, J”=Jg4.pe;—3 for the Gd interaction with
Fe,, moments, and J"” =Jg4.re, for its interaction with the Fe,
moment have been introduced (see Fig. 2). The correspond-
ing Hamiltonian term is added to Eq. (1)

H e = HFe3—triangle + Hyppe = HFCS-triangle - 2J”(S‘)Ln : §l
+ 51089 = 27" (510 5, )
where S;,=7/2 for Ln=Gd. The M(H) predicted curve, at
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FIG. 5. (Color online) M(H) experimental data for {Fe;GdO,}
(@) compared to the predictions with parameter sets: (a) (J"=
-0.15 K,J”=0) and (b) (J"=0,J"=0.35 K) give rise to curves
that fit nicely up to H=20 kOe, while for (c) (J"=-0.15 K,J”
=0.15 K) and (d) (J"=0 K,J”=0.5 K) the curves fall lower in the
same region, (e) the prediction for the Fe; magnetic self unit and the
Gd free (uncoupled) ion, and (f) the {Fe;LuO,} contribution. Inset:
ground-state level scheme as a function of the applied field. Note
level crossings from the S=1 (line a) to the S=6 state (line g).

T=1.8 K, conforms to the experimental decrease with re-
spect to the Brillouin function for S=J=7/2 only for values
of J/=0 and J”=0. The set of parameters (a) (J"=
—-0.15 K, J”=0) and (b) (J"=0, J"=0.35 K) give rise to
curves that fit nicely up to H=20 kOe [Figs. 5(a) and 5(b)],
while for (¢) (J"=-0.15 K, J”=0.15 K) and (d) (J”
=0 K, J”=0.5 K) the prediction departs more from the ex-
periment at lower fields (see Fig. 5, curves ¢ and d).

On the other hand, the x(7)-T predictions for the set (c)
or (d) approaches the experimental data with the same degree
of agreement, while for (a) or (b) the curves depart from the
experiment at 20 K. Apparently there are quite a number of
J" and J" pairs that may yield an equally satisfactory fit (see
Figs. 5 and 6).

From the systematic study of the evolution of the M(H)
curves one comes to the conclusion that the exchange con-
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FIG. 6. (Color online) x7(T) experimental data for {Fe;GdO,}
(@) compared to the predictions: (a) (J"=-0.15 K,J”=0), (b) (J”
=0,J"=035 K), (c) (J"==0.15 K,J”=0.15 K), and (d) (J"
=0 K,J”=0.5 K).
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stants J” and J” need to be antiferromagnetic and ferromag-
netic, respectively. From the MAGPACK calculations one ob-
tains that the low energy multiplet of the electronic states of
the tetramer has six functions |S, M) with total spin S=1 to 6,
with §=1 lying lowest in energy and the excited levels dif-
fering by approximately 1 K. Therefore, at temperatures
where the excited state is much higher than kg7 value, the
ground-state spin configuration would consist of the Gd mo-
ment parallel to the Fe;, and antiparallel to the Fe,’s, yielding
to S=1 ground state, with triplet spin degeneracy. As the
field is increased, the Zeeman interaction of the external field
with the spin-only functions splits the levels by H,=
—gugHM, and as a consequence the split lowest levels from
the excited states get across the other levels to become the
ground state (Fig. 5, inset). This course is progressive in
steps of AM =1, up to M =6 for fields above 22 kOe (for the
actual set of interaction parameters used), inducing the effect
that the M(H) curve below 20 kOe has a nearly linear de-
pendence with the field. At the highest field measured, H
=90 kOe, the ground state is definitely [S=6, M=6), yield-
ing to a saturation value M ;=12 ug; that is, the field polar-
izes both the net moment of the Fe; group and of the Gd in
its direction.

Since the ground state of the Fes triangle is very robust,
i.e., it remains unchanged even at the highest temperatures
and applied fields, the quantum-mechanical behavior of its
wave functions are equivalent to those of a single S=5/2
spin and the triangle spin state may be substituted by just one
effective spin S;=5/2. In this case, the computational prob-
lem is simplified to that of a Ln-(Fes-triangle) pair and the
Hamiltonian is reduced to

Hc]uster == 2Jeff(§Ln . §tri)- (3)

A fit of the M(H) and x(T) data can be achieved with just
Jeiy=—0.35 K as parameter (Table III).

The values of J'=Jg4_13~-0.15 K and J"=Jg4
~(035 K are pretty weak. In the binuclear
vantrenFeGd(NO;)5-2H,0, where a high spin Fe(IIl) (S
=5/2) couples ferromagnetically with a Gd(III) ion (S
=7/2) the exchange interaction Jgqp.=~0.72 K is found,’
which is larger and ferromagnetic, probably due to the dif-
ferent exchange pathway.

C. Ln magnetic: Ln=Tb, Dy, and Ho
1. High temperature

From the previous section one may conjecture that, in
general, the exchange interactions between the Fe atoms are
larger by 2 orders of magnitude than the Ln-Fe interactions
and the latter reach an exchange energy Ej,p. of a few
kelvin. Therefore, at temperatures much higher than Ej, g,
the Ln moment and the Fe; triangle should behave in the first
approximation as decoupled magnetic entities and

XT = (Cres + Cry), (4)

where Cpggs is the Fe triangle unit paramagnetic Curie con-
stant and Cp, is the lanthanide contribution; i.e., Cj,
=g7J(J+1)/8=pu2;/8, with J being the total angular moment
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TABLE II. Experimental values of x7 (emu K/mol) determined
from ac susceptibility measurements at 150 and 300 K, and from
the slope of the 1/x versus T plots. Xieol = Cre,Lut g?J(J+1)/8
(error 1%).

Ln xT (150 K)  xT (300 K)  xT (from slope)  Xineo!
Y 4.50 5.1 4.0
Gd 11.7 13.1 12.2 11.9
Tb 14.6 152 15.6 15.8
Dy 16.1 16.1 16.2 18.2
Ho 18.3 19.2 18.0
Lu 4.0 4.0 4.0 4.0

of the free ion ground state, under the assumption that crystal
field (CF) effects are small relative to the thermal energy.
This hypothesis may be checked by deducing from experi-
ment the Curie constant and comparing it with the predic-
tion.

The Fe;-triangle contribution has been experimentally de-
termined from the measurements on the {Fe;L.nO,} clusters
with Ln=nonmagnetic (see Sec. IV A), where it was proven
that the high-temperature values of x7 are quite close for the
Y and, respectively, Lu compounds (see Table II). The values
of xT, for all available {Fe;L.nO,} compounds, measured at
150 K, where the data points are of excellent quality, and at
300 K, where their error is larger and the values tend to
increase slightly, have been included in Table II. In Fig. 7
these points are depicted together with the calculated values
according with Eq. (4) (connected by the thick line). The
points connected by the dashed line correspond to the same
approximation, but taking u.g; from external tables.?” From
direct visual inspection it is clear that the assumptions in-
volved in the simplifying hypothesis support rather well the
experimental trend. It may be concluded, as in the previous
section for Ln=Gd, that at high temperatures the magnetic
Ln moments are decoupled from the Fe triangle, or better
described, the Ln-Fe exchange interaction energy is smaller
than the thermal energy, then the thermal fluctuations over-
come the exchange field, therefore their contribution is given
by that of an effectively free paramagnetic Ln.
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FIG. 7. (Color online) Comparison of the experimental values
of the high-temperature experimental values of x7 for the dif-
ferent {FesLnO,} clusters, with the calculated values, under
the assumption that x7'=(x{Fe;LuO,}+xg)T. (---) reference of
x{Fe;LuO,}T ; (M) xT(300 K); (@) xT(150 K) () from 1/xv T
slopes; (---) XRT:g% S(S+1)/8; (—) XT with xgT={.s)*/8 [table
(Ref. 27)].

The M(H) curves at T=1.8 K and applied field up to 90
kOe are far from reaching saturation for the Ln=Tb, Dy, and
Ho (Fig. 8). Except for Gd, for all compounds with Ln mag-
netic M, departs from the free ion limit because of various
contributions such as crystal field splitting, spin-orbit cou-
pling, or exchange interactions with the Fe moments (see
Fig. 9). Besides, in the case of these three Ln ions the xT
curves decrease rapidly with decreasing temperature below
50 K, an indication that there is thermal depopulation of the
excited cluster electronic levels (Fig. 10).

2. Low temperature

To interpret the low-temperature data an effective spin
Hamiltonian is proposed that describes the quantum charac-
teristics of an anisotropic ground state. For each lanthanide
S7, represents the low-temperature effective spin, D is the
crystal field parameter for uniaxial symmetry, and g;, is the
anisotropic tensor,

TABLE III. Parameters used in the fit of the low temperature M (H) with the effective spin model for the ground state [Egs. (1)—(3)]. The
first block corresponds to the fitting of the {Fe;YO,} with J for the Fe,-Fe, interaction, and {Fe;GdO,} system with J, J”, and J". The fitting
of the second block corresponds to fitting {Fe;L.nO,} with J and just an effective exchange constant J.g for the Ln-Fe; interaction.

Ln J (K) J" (K) J" (K) Jegr (K) Seft D (K) 8x &y 8
Y and Lu =50
Gd “ -0.15 712 2 2 2
“ 0.35 “ “ “ “
“ 0.5 “ “ “
“ -0.15 0.15 “ “ “
Gd “ -0.35 712 2 2 2
Tb “ -4 12 0 0 25
Dy “ -5 12 14 14 0
Ho “ -1.6 1 =20 5.1 5.1 8.5
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FIG. 8. (Color online) Collected M (H) experimental data (@), at
T=1.8 K, for heavy Ln series. (—) Calculated predictions with the
parameters given in Table III.
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In the case of Ln=Tb the free ion ground state is 'Fg. It is a
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FIG. 9. Comparison of the experimental values (M) of M, at
H=90 kOe and T=1.8 K, for the different {Fe;L.nO,} clusters,

with the M| calculated by the addition of the free Ln paramagnetic
(--) and the Fej-triangle saturated contributions (---).
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FIG. 10. (Color online) The collected x7(7) experimental data
(@) for heavy Ln substitutions. (---) The predicted high-temperature
limiting value of x7, sum of the paramagnetic free Ln and the
Fes-triangle contributions is also shown.

non-Kramers ion with a very anisotropic doublet ground
state consisting principally of the |6, =6) states split by a
small amount (=0.2 K in Tb ethylsulphate?®). In what fol-
lows it is approximated to a Sy, =S.;=1/2 model. Within
this model and based on Eq. (3), the best simulation of the
M(H) data presented in Fig. 8 was obtained for /J=-50 K,
and Jry pesgi=Jer=—4 K, g;=g,=0, and g =25; i.e., axially
very anisotropic. Very high values for the effective g, are not
uncommon in Tb.?® As explained in the previous section, the
high-temperature limiting value of 7(7) agrees well with
the prediction for a paramagnetic free ion Tb decoupled from
the Fe; cluster.

The Ln=Dy crystal field splits the °H,s), into Kramers
doublets. The first excited level is usually a few tens of
kelvin above the ground state, so for the analysis of M(H) at
low temperature the magnetic ground state may be consid-
ered as an effective Sf)y:Seff: 1/2, with anisotropic g* fac-
tors. The best fit (Fig. 8) has been obtained maintaining the
interaction parameters within the Fe; triangle, J=-50 K,
and with Jpy pawi=Jer==5 K, g;=¢,=14, and g =0. This
result points to the ground state of Dy as having planar an-
isotropy. The proposed scheme, therefore, seems to explain
quantitatively the experiment, demonstrating again, that the
Dy moment is AF coupled to the Fe; triangular unit. The
actual parameters have to be taken with care, in the absence
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of reported data for the magnetically isolated Dy with the
same environment. The large values of g;=g,=14 have to be
understood as acting on the S.=1/2 doublet, so that if the
ground-state doublet is the |§ + %) or the |§ + g) g has
to be scaled correspondingly. The planar anisotropy of the
ground state of Dy has been observed in another case, for
example, in Dy substituting La in Ln,Mg;(NO;),,-24H,0.?

The Ln=Ho crystal field splitting of the °I ground state is
difficult to predict since we have little by-side information.
In some cases a value of Sy, =1, triplet split into a ground
doublet and an excited singlet, has been used satisfactorily.”
An excellent fit for M(H) is obtained for D=-20 K and
Jhoreri=Jerr=—1.6 K, and g;=g,=5.1 and g =8.5, with
Ser=1. ,

It can be concluded that Ln=Gd, Tb, Dy, and Ho are
antiferromagnetically coupled to the Fe; triangle, and for
Ln=Tb, Dy, and Ho the crystal field interaction plays a rel-
evant role in the description of the ground-state magnetism
of the {Fe;LnO,} clusters. The contributions to M, are also
reduced with respect to the free Ln moment prediction. This
can be explained as orbital moment quenching due to the CF
effect and giving rise to a ground state of expected reduced
moment value (Fig. 9). The experimental M(H) are in all
cases lower than the sum of the M(H) of {Fe;LuO,} and the
corresponding Brillouin function for the free Ln moment.
This implies that the coupling is antiferromagnetic, as above
settled.

As can be observed for {Fe;TbO,} the T product tends to
approach the value calculated for free paramagnetic Ln and
Fe; triangle contribution. In the case of Dy compound the
attained level remains by 10% lower, while for Ho contain-
ing molecule the curve crosses that limit just above 100 K.
This behavior supports the differences observed in the M(H)
measurements as well as in following presentation including
the Mossbauer part.

The low-temperature ac susceptibility shows slow mag-
netic relaxation phenomena only for Ln=Tb, Dy, and Ho,
while no such effect can be observed either for Ln=Y, Lu, or
Gd. This phenomenon is clearly related to the magnetic an-
isotropy specific to Tb, Dy, and Ho lanthanides, since it is
absent for the isotropic Ln=Gd tetranuclear compound. This
result is shown in Fig. 11 (insets), where x” the out-of-phase
component of the susceptibility has a strong frequency de-
pendence below 3 K down to the lowest measured tempera-
ture 1.8 K. Unluckily, the expected maximum due to block-
ing could not be observed down to this temperature,
however, it is a robust indication of the slow relaxation ex-
pected for a single molecule magnet (SMM). Under the as-
sumption that the SMM relaxation has just one characteristic
time, corresponding to a Debye relaxation process driven by
one activation energy E,, the relaxation time 7 may be writ-
ten in terms of an Arrhenius law, 7(T) =17, exp(E,/kgT). The
compliance of the Kramers-Kronig equations, x'= Xoﬁ
and X'= X071,z Here Xo=Xr—Xaw Xr is the isothermal
equilibrium value, y,q is the adiabatic susceptibility, and w is
the experimental ac field exciting frequency, which allows to
obtain the relation ¥/ x' = w7. Substituting 7(7) and applying
natural logarithms one obtains the relation
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FIG. 11. (Color online) Collected ac susceptibility for heavy Ln
substitutions, as a function of frequency, x’, real component. Inset,
X, out-of-phase component.

In(Y"/x") =In(wmry) + E, /kgT, (6)

which allows to evaluate roughly E, and 7. This methodol-
ogy has been applied earlier in the determination of 7 in
Mn;, acetate.” In Fig. 12 the data for {Fe;DyO,} are shown
as an example. By fitting the experimental "/ x’ data to Eq.
(6), the parameter values E,~8*0.5 K, 9+0.5 K, and
11+0.5 K for the Ln=Tb, Dy, and Ho compounds, respec-
tively, and 7,=~1077 s were obtained. A more precise result
must wait for very low-temperature measurements (7T
<1 K).

V. MOSSBAUER SPECTRA

All synthesized tetra-nuclear compounds were investi-
gated by Mossbauer spectroscopy at several temperatures. In
the following, selections of the most interesting and relevant
cases or features are shown.

For the sake of a precise description, the field produced at
the nucleus of the central Fe by the own magnetic moment
and the magnetic interactions of the blocked spins of neigh-
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FIG. 12. (Color online) Natural logarithm of the ratio of y” over
x' versus 1/T of the data for {FesDyO,} given in Fig. 11. (---)
Slope corresponding to activation energy E,=9 K.

boring ions will be named internal field, B;,, while the field
observed in the presence of external applied fields (B, is
considered an effective field, B, and are related via vector
summation:
B.ii= By + Bappl-

Excepting the polarization of the s electrons by the own spin,
B;,: includes two contributions: the one originating in the
neighboring Fe atoms and a second from the magnetic Ln, if
that is the case.

Figure 13 depicts spectra at 3 K of the {Fe;LuO,}; i.e.,
containing a nonmagnetic rare-earth element measured with-
out and in applied fields. At B,,,=0 there are two very
broad sextets, showing the onset of spin blocking but still
under strong relaxation, as revealed by the broad linewidth
values. The strong collapsing shape of the central pattern,
assigned to Fe, (see subsequent paragraphs), indicates a
faster process, compared to the Mossbauer Larmor fre-
quency, than for the spectra of the two other Fe,, (later ex-
plained), at the 3 K measurement temperature. The isomer
shift IS=0.36-0.44 mm/s, and quadrupole splitting QS
~(.72—1.22 (see Table IV), and effective fields in the range
of 440-500 kOe [Fig. 14(a)] are typical for Fe(IIl) with sur-
rounding oxygen bonds, in the highest S=5/2 spin state.
Such values or even higher are often encountered in spectra
of magnetically ordered spins (spinel and hexagonal ferrites,
perovskites, or in orthorhombic structures).

Under increasing applied field (Fig. 13) the linewidth be-
comes narrower showing discrete values in the range ob-
served in magnetically ordered coordination compounds.*
The three sextets, each showing different relaxing times as
derived from the spectra shape and B;, values, have been
fitted with equal area ratio. This is in agreement with the
availability of three sites equally occupied by Fe(III) ions, as
deduced from the structural analysis of the single crystals'>!3
and the proposed ground state from the above described
magnetic study. The first peculiarity to be mentioned is that
two of the sextets are showing decreasing [Fig. 14(a)] By
values; i.e., the spectra splitting evolves toward smaller ve-
locity values for increasing applied field, while the third (in
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FIG. 13. Mossbauer spectra of {Fe;LuO,} at 3 K without and
with applied fields.

this case the largest split) exhibits an increased value (defi-
nitely enlarged distance between external lines of sextet)
(Fig. 13). The sextet that depends on the applied field singu-
larly as compared with the other two sextets was related
directly to the Fe, site. Besides, the iron on that site has
indirect magnetic interactions via two u3-oxo bridge with all
other ions, including the two Fe,, and the spins are less
blocked, therefore showing a faster relaxation. Indeed, the
opposite trend of By in the applied field of the other two
sextets compared to that exhibited by the singular behavior
of the aforementioned sextet adds evidence to the above
statement.

This is a direct and unambiguous microscopic confirma-
tion of the magnetic structure with Fe, and Fe,, moments to
be antiferromagnetically coupled, as established above from
{Fe;YO,} and {Fe;L.uO,} magnetic data. Having in mind that
the By, direction is perpendicular to the gamma radiation
direction, and parallel to the sample holder, the increased
intensities of the second and fifth lines with increasing exter-
nal fields indicate the existence of a rotation of the spins in
the direction of the applied fields. We will discuss further on
this subject later in combination with the MS of the
{Fe;TbO,}, {Fe;DyO,}, and {Fe;GdO,} compounds.

The next figure, Fig. 15, contains spectra versus tempera-
ture (at B,,,=0) of {Fe;YO,}. It may be expected to observe
three Fe patterns (doublets) in the MS, but according to the
molecule structure, there are minor differences between the
individual surrounding of the two Fe,, sites. Indeed, a good
fit of the experimental data was obtained by the contribution
of only two doublets with characteristic hyperfine parameters
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TABLE IV. Room-temperature Mossbauer fit parameters for some of the {Fe;LnO,} compounds.

IS QS r Area

Ln Pattern (mm/s) (mm/s) (Mm/s) (%)
Y Doublet 1 0.44 1.12 0.46 66.67
Doublet 2 0.33 0.98 0.53 33.33
Gd Doublet 1 0.46 1.45 0.59 66.67
Doublet 2 0.36 0.84 0.51 33.33
Dy Doublet 1 0.43 1.12 0.35 66.67
Doublet 2 0.31 0.73 0.32 33.33
Tb Doublet 1 0.45 1.53 0.46 66.67
Doublet 2 0.39 1.09 0.38 33.33
Lu Doublet 1 0.44 1.22 0.58 66.67
Doublet 2 0.36 0.72 0.54 33.33

for Fe(Il) in §=5/2 state (Table IV). Between 80 and 295 K
the two doublets, in a relative area ratio of 2:1, represent the
absorption spectra of the very similar two Fe,, sites and,
respectively, one Fe,. Both doublets are showing slightly but
noticeable different values of the quadrupole splitting, with
IS values in a range characteristic for Fe(IIl) in its highest
spin state, as mentioned above.

Indeed the QS’s do not vary between 80 to 295 K; the two
fitting doublets provide, at the highest temperature, values of
1.12 mm/s for Fe,, (external doublet) and, respectively, 0.98
mm/s for Fe,, while the IS are separated by 0.09 mm/s with
a higher value of 0.54 mm/s for Fe,, as can be observed in
Table IV, which displays the room-temperature parameters
of the Mossbauer doublets of some of the compounds under
actual investigation.

It is worth noticing the rather broad shapes of the spectra
over the whole range of temperatures. This approach with
two doublets implies that in the above compound the elec-
tronic states of Fe(III) can be grouped in one pair of almost
identical parameters for the two Fe,, sites and a third, distinc-
tive, Fe, position. In the free fitting procedures (noncorre-
lated parameters), the large majority of final data yield areas
that are close to a 2:1 ratio (66.66% and 33.34%) for dou-
blets and, respectively 1:1:1 ratio for magnetic ordered cases
(sextets). Due to rather strong overlapping of patterns, the
fittings were performed with correlated area (using the ratios
just above mentioned). All the other parameters, the quadru-
pole splitting (QS), the isomer shift (IS), and linewidth (I")
(see Table IV for room-temperature values) or the fields at
iron nucleus (Bj, or Bggy), for sextet patterns, were noncorre-
lated in most cases and their behavior as a function of tem-
perature or versus applied field provided very reliable and
consistent analysis. It deserves to precise that in the fitting
procedures a unique set of specific parameters resulted from
the minimized solution of the iteration mathematical process.

The {Fe;GdO,} compound shows (Fig. 16) pure paramag-
netic doublets at 3 K. This is consistent with the lack of Fe
spin blocking expected for the low anisotropy barrier of a
cluster involving isotropic Gd. At B,,,>20 kOe the dou-
blets split into three strongly relaxing sextets, which were
fitted, accordingly with the above-mentioned approach, with

an equal area constraint. For increasing By, B values for

the two Fe,, sextets increase, while that for Fe, steadily de-
creases but with a rather low slope [Fig. 14(b)]. This trend is
opposite to that observed for {Fe;LuO,} [Fig. 14(a)] and is
singular among the later shown “in field” data of the
{Fe;LnO,} containing heavy rare-earth compounds with Ln
=Tb and Dy among the investigated compounds.

The low-temperature (3 K) spectra for {Fe;TbO,} are re-
vealing spin blocking (Fig. 17) in the absence of applied
field (0 Oe) for all Fe sites (three ordered sextets). From the
activation energy E,=8 K and 7,=10"7 s found in Sec.
IV C for {Fe;TbO,} it can be estimated that at 3 K the relax-
ation time of the system is 7= 10°-107° s; i.e., much
longer than the Mossbauer spectroscopy characteristic time
7~1077-107®% s.31:3 For this reason the Mossbauer spectra
at 3 K and zero field show spins in a blocked state as can be
observed by the presence of sextets (Fig. 17). This molecule,
as previously demonstrated via magnetic data (Fig. 11), also
shows SMM behavior and the presence of magnetic sextets
at low temperature in the MS time window confirm the ex-
istence of blocked spins. The spectra measured in applied
fields were consequently fitted with three sextets (for this
compound all Fe sites exhibited blocked spins already “in
zero applied field”) with equal area ratio. The in field evolu-
tion puts in evidence two By decreasing, for the Fe,, sites,
and the third, B for Fe,, increasing and overpassing the
former two [Fig. 14(c)]. The reason for this blocking lies in
the large anisotropy of Tb, which is coupled to the Fe; tri-
angle, which was evidenced in the fitting of the M(H) curves
at 1.8 K, giving an effective hindering barrier to total spin
reversal; i.e., it has incipient SMM behavior, in agreement
with ac susceptibility measurements.

The peculiar influence on the Fe; subcluster generated by
the magnetic Dy in {Fe;DyO,} is revealed by the spectra
(Fig. 18) measured at 3 K at B,,,=0 and also acquired with
increasing applied field. As for the {Fe;TbO,} compound,
it unambiguously shows spin blocking at B,,,=0, again re-
lated to the magnetic anisotropy induced by the Dy rare
earth. Just as argued for the {Fe;TbO,} compound, taking the
activation energy deduced for {Fe;DyO,} from the ac suscep-
tibility analysis (E,=9 K), the relaxation time at 3 K is 7
~1079-107° s, likewise, much longer than the characteristic
Mossbauer time window. Therefore, the spin blocking in this
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FIG. 14. (Color online) Effective fields (B.s) dependence on
applied fields (B,y,) for (a) {FesLuO,}, (b) {Fe;GdO,}, (c)
{Fe;Tb0,}, (d) {Fe;DyO,} with Fe,, (@, W) and Fe,, (*).

case is similar to that in the Tb containing molecule and is
related to SMM behavior (Fig. 11).

In an external field of 65 kOe, the By value for Fe, re-
mains below that for the Fe,,, their changes being around 20
kOe only, and this smaller effect is confirmed also by evi-
dently rather minor changes in the intensities of the second
and fifth absorption lines in MS, showing a clear resistance
of Fe magnetic moments to align themselves along the ap-
plied field direction, as observed in the experimental spectra
(Fig. 18).

As a resume, we may say that B values (400-470 kOe)
for the {Fe;TbO,} and {Fe;DyO,} samples are in close agree-
ment with hyperfine fields observed for an Fe(III) in octahe-

PHYSICAL REVIEW B 80, 014430 (2009)

RELATIVE TRANSMISSION

-4 -2 0 +2 +4
VELOCITY ( mmy/s)

FIG. 15. Experimental Mossbauer spectra at different tempera-
tures and their fits for {Fe;YO,}.

dral oxygen surrounding, in its highest S=5/2 spin state.*
But, nevertheless, these values are smaller by 60-100 kOe
than those for highly ionic Fe oxides, a natural effect of the
weaker strengths of a coordination bond as compared to an
ionic one. In {Fe;LuO,}, {Fe;TbO,}, and {Fe;DyO, the
B.¢’s in each compound have the same field dependence for
the Fe,, and Fe, sites, the former are decreasing and, respec-
tively, the latter are increasing with increasing field.

The variation in Beg VS By, intrinsically contains infor-
mation about both the orientation of the spin with respect to
the applied field as well as about spin relaxation mecha-
nisms. In the static case conditions (at low enough tempera-
ture so that no relaxation exists), the effect of the applied
field is to reorient the cluster spin with respect to its direc-
tion. Depending on the coupling inside the cluster, some
spins will orient along the field, the others, opposite to the
field. Any further increment of B, will provide either an
increasing or a decreasing trend of B, due to the addition/
subtraction of By, to/from Bj,, depending on their relative
orientation. Therefore, the dependence of B vs By is con-
sidered in terms of a vectorial model, since more knowledge
about the magnetic coupling inside the cluster is retrieved. In
the dynamical case (activated magnetic relaxation in the ab-
sence of the applied field), the first effect of the field is to
freeze the cluster spin by field-induced anisotropy and then
to reorient it. Initially the effective field increases under the
applied field mainly due to the increment of the time aver-
aged internal field and subsequently by spin reorientation
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FIG. 16. Representative spectra of {Fe;GdO,} at 3 K under vari-
ous applied fields.

and addition/subtraction of the applied field. In the dynami-
cal case a deduction of the Bj, from B.g and By, is un-
achievable. The only unitary treatment for all considered Fe
positions concerns the variation in Beg versus By, (Fig. 14),
which in fact is carefully analyzed with the definite purpose
to derive data related to spin couplings and magnetic relax-
ation mechanisms.

In B,,;;=0 the cluster total spin may be derived since the
hyperfine field experimented by a high spin Fe(Ill) (B)) is
mainly determined by the Fermi contact term, which corre-
sponds to the polarization of the s electrons at the nucleus by
the electrons in the partially filled d shell (half-filled shell
configuration due to electron occupation of all five d orbit-
als). In an exchange coupled cluster the internal hyperfine
field By, at an Fe site (i) with average spin (S;) is 1;11
=((S;)/ SFe)Bmt The cluster total spin in our Fey subcluster,
under the conjecture, derived from the magnetic measure-
ments, of strong antiferromagnetic coupling between Fe,,’s
and Fe;,, would be

S= 3 (s)= LB - 5P+ B, (7)
i=1-3 1nt

with B) =550 kOe,* and Sg.=2.5.% In the two cases where
By could be determined at B,,,=0, since the Fe spins are
blocked at 3 K, namely for {Fe;TbO,} and {Fe;DyO,}, and a
value §=2.4* 0.2 is obtained, which confirms nicely that the
total Fe; cluster spin is S=5/2 using a high resolution mi-
croscopic technique as Mossbauer spectroscopy for *'Fe.
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FIG. 17. The Mdssbauer spectra of {Fe;TbO,} at 3 K without
and with applied fields.

In {Fe;TbO,} and {Fe;DyO,} the applied field orients the
total cluster moment, and therefore the two Fe,, moments are
polarized in the field direction, while the Fe,, is antiparallel to
the Fe,, because of the strong AF intracluster coupling. Since
Bj,, deduced from spin-only contribution (Fermi contact
term), is opposite to the magnetic moment at site i, w;, when
a field B,y is applied with a positive projection to u;, the
effective field By decreases with respect to Bj,, and vice
versa, when w; is opposite to By, B increases. Therefore,
in Ln=Tb and Dy compounds the B.’s of the two Fe,’s
decrease with the field, while that of the Fe, increases.

Let us denote the increment/decrement of By within an
applied field from 0 to |B,,,| by parameter A. Three situa-
tions can be distinguished: (i) A>|[B,,,|. when the spin
blocking mechanism is caused by the apphed field, (i) A

=|B,,,|, Which occurs in the particular case of an applied
field along the initial direction of the blocked spins, and (iii)
A<|B,,,|, in the case that spin reorientation effects take
place under the applied field. In the whole range of our in
field experiments on {Fe;TbO,} and {Fe;DyO,}, the
increment/decrement A is smaller than |B,,,| since we deal
with a randomly oriented powder. However, the fact that in
Ln=Tb and Dy compounds the B.;’s of the two Fe,’s de-
crease with the field while that of the Fe, increases proves

014430-12
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FIG. 18. The {Fe;DyO,} spectra without or with applied fields at
3 K.

unambiguously that the Fe; magnetic self unit consists of
two Fe,’s antiferromagnetically coupled to the central Fe,,
giving rise to a cluster total spin S;y=5/2. In addition, the
fact that A is smaller than |B,,,| proves that all the three Fe
spins of the unit are already blocked at 3 K even in the
absence of an applied field. That is in contrast with the
{Fe;Lu0,} compound for Fe, position, where A is much
higher than |B,,,,| for applied fields lower than 50 kOe, evi-
dencing a relaxation of spins on that position for small ap-
plied fields.

One should keep in mind that hyperfine field at nucleus,
B;, 1s the result of all magnetic contributions of surrounding
ions, in this case of three Fe and a magnetic Ln ion, therefore
the values of B;, on all three positions are different in
{Fe;TbO,} and {Fe;DyO,} and are related with the coupling
of the Ln ion magnetic moment with the Fe; unit. At the
maximum applied field of 70 kOe (Fig. 14), for {Fe;LuO,}
the Fe,, site shows the largest By with respect to those for
the Fe,, sites, with its direction parallel to the applied field.
For {Fe;TbO,} B value is also larger for the Fe,, site for
maximum applied field, but By, is sensibly lower than that
for each of the Fe,, sites (see values for B,,,=0). In contrast,
in the {Fe;DyO,} case Fe, exhibits the lowest B, at the
highest applied field, but starting from the lowest B;,, thus

PHYSICAL REVIEW B 80, 014430 (2009)

conserving the mentioned parallel direction. It can be con-
cluded that in the {Fe;TbO,} case, the effect of applied field
on magnetic moments is substantially larger than in the case
of {Fe;DyO,}. It may be expected for a highly axial aniso-
tropic ground state yielding to a high moment in the field
direction, most probably due to its planar anisotropy, as de-
duced from the magnetic measurements.

The {Fe;GdO,} case has a peculiar behavior with respect
to the other {Fe;LnO,}, since the B.y's of the two Fe,’s
increase, and that of Fe, decreases with increasing field. This
apparent paradox is elegantly explained with the help of the
results in Sec. IV B, where, from the M(H) curve at T
=1.8 K it was shown that at low fields and low temperature
the cluster spin is S=1, that is, the Sgq=7/2 is antiparallel to
the Fes cluster unit spin with S7=5/2. In those conditions the
Gd moment establishes the cluster moment orientation: the
Gd spin orients along the applied field, the two Fe,’s mo-
ments, which are coupled antiparallel to the Gd moment,
orient opposite to the applied field, the Fe, moment orients
antiparallel to the Fe,’s moments and hence, parallel to the
applied field and Gd moment too. That is exactly an inverse
orientation of the Fe; cluster unit spin as compared with the
other three compounds mentioned above. Therefore, when
the field increases, the B,y of the Fe,’s increases and Fe,,
respectively, decreases for the {Fe;GdO,}, opposite to all the
other three compounds presented in Fig. 14. However, this
behavior of the effective hyperfine fields on the three Fe
positions was observed up to fields of 65 kOe, proving that
the change in the cluster spin value to S=6, as suggested
from magnetic data fittings, should be expected above 60
kOe applied field (if it would appear at a lower field, an
opposite behavior of the effective field vs the applied field on
the Fe,, and Fe,, positions, respectively, would be observed).
It is worth mentioning that the value of 22 kOe found for the
S=5-6 level crossing does not imply that the S=6 level is
the only one populated. It needs a higher field to mainly
populate that level, as is experimentally observed since satu-
ration occurs for fields higher than 60 kOe (Fig. 5), in good
agreement with the Mossbauer data of By for Fe,, [Fig.
14(b)].

Furthermore, spectra on {Fe;DyO,} were acquired without
applied field (i.e., at B,,,=0) in a temperature range of 80—
295 K (Fig. 19). In this temperature range the spectra exhib-
ited an overlapping of two doublets, which were with the
already discussed 2:1 area ratio, assigned for the population
of Fe, and, respectively, Fe,, as expected for a spin un-
blocked state. The QS values decrease 15% for Fe, and,
respectively, 34% for Fe,, (inner doublet) over a temperature
interval of 215 K (80-295 K). Besides, IS shows a linear
decrease typical of second-order Doppler shift,>* but chang-
ing its slope at 200 K.

It seems that the observed effect is related to a modifica-
tion above certain temperature of the sharing time of elec-
trons between Ln, Fe,, Fe,, and the four different types of
oxygen forming the octahedral coordination around each Fe.
In our approach to this problem the crystal field approxima-
tion was used taking into account that the charge on the O°*°
is &), on the 0°*® is &,, and on the O™F~ ("0 is §;. The
sixfold coordination of the Fe(II) atoms can be schematized
as shown in Fig. 20, into two frans- and a cis- environments,
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FIG. 19. Selection of Mdossbauer spectra at 80-295 K and their
fits for {Fe3DyO,}.

the first one assigned to each of Fe, and the second one to
Fe,, the differences in symmetry being the reason for the
observed distinct values of QS. Therefore, one should note
that the Fe, has two sharing us;-oxo oxygen in the next
neighborhood compared with just one for Fe,, (Fig. 20).

In the Mossbauer spectroscopy literature on homotetra-
nuclear  Fe(Ill) complexes containing  carboxylate
anions!8-2023.3-40 are some general characteristic aspects: (i)
the geometry of {Fe,O,} core is presented as bath (\_/),
nearly plate (---), and armchair (‘) forms; (ii) the nature of
the donor atoms from the environment of Fe are Og4 or
O(-yN,: (iii) the nature of the molecules coordinated to Fe
donor atoms may be different: O=0%" (u-oxo), O(H,0),
O(OH), O(RCOO0); N= (N*-, different Schiff bases, etc.);
(iv) the Mossbauer spectra have been fitted with one, two, or

O(carb)

O(carb) O(carb)

O(carb), Ofcarb)
¥ i Y
[ Clida S
O(THF) \‘F\e( Y EeW) 7 o THE)
N \
O(H20) O(carb)
Trans- Cis- Trans-
FIG. 20. (Color online) Schematic representation of the
nearest  environment of the three Fe atoms in

[Fe3LnO,(CCl3CO0)5(H,0)(THF)3]- THF - C;H 4 complexes.
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four doublets. As a result, the published Md&ssbauer spectra
parameter data are not strictly comparable. The MS param-
eters vary within the following limits:

(i) for one doublet:

(80 K), IS=0.46+0.52, QS=0.62+1.21 mm/s,
(i1) for two doublets:
doublet 1(body atom):(80 K), IS=0.46+0.54,
QS=0.47+0.96 mm/s.

doublet 2(wing atom):(80 K),
QS =1.04 = 1.40 mm/s,

1S=0.44+0.52,

(iii) for four doublets (just one case'?):

(29380 K) IS=0.5+0.54, QS=0.44=+0.68 mm/s.

QS=1.07+1.28 mm/s.

The data presented above are characteristic for Fe(IlI) in
high spin state (§=5/2); i.e., the donor atoms form a weak
ligand field. It is noteworthy to later compare with actual
results the relative low value of isomer shift (IS
=0.24 mm/s at 80 K) for doublet 2 of MS found for the
complex
[Fe4(u-0,)(4-BMDP),(u-OAc),](NO;);(OH) - 6H,0 where
BMDP=N, N, N’-Tris((Methyl)-2-benzimidazolylmethyl)-N"-
methyl-1,3-diamino-2-propanol, which indicates a high total
s-electronic density around the Fe nucleus. This fact allowed
Satcher et al.®® to assign this doublet to Fe(III) with coordi-
nation number CN=5.

According to the literature data there are just a few het-
erotetranuclear iron containing us-oxo carboxylates with
butterfly core.!? It is easily observable that our data for dou-
blets appearing in {Fe;YO,} (Fig. 15, Table IV) and Fe;Dy
(Fig. 19, Table IV) are rather close to values quoted in the
literature. The values of the QS are quite in the range or
larger than those described above and lower for IS of the
inner doublet. In Table IV, the two IS values are specific and
distinctly different for each (body or wing) Fe location.

As detailed above, the main difference between the Fe,
and Fe,, surroundings is derived from a cis-configuration of
the former, with four equivalent oxygen neighbors in the
plane and, respectively, trans-configuration for the latter, ob-
viously implying nonequivalent bonds both in the plane and
on vertical axes of the octahedron. Both the QS and IS are
influenced by the specific electron transferability of each of
the four types of oxygen ions 0%, 0% OTF and 00,
the interionic distances and their coupling bonds playing the
crucial role. In this way one may understand the evidently
smaller IS for Fe, and its QS peculiar temperature behavior
in all spectra shown. Nevertheless, the lower B, observed
for Tb and Dy containing tetra-nuclear compounds is also
related to a weaker bond with the above-mentioned four
types of oxygen as compared with the one existing in purely
oxides, thus giving rise to By, of order 500-550 kOe.

In homo-tetra-nuclear iron carboxylates such changes
were not observed. This fact permits us to conclude that just
the presence of Ln ion in the composition of the molecule
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leads to the observed behavior. In this case the contributions
of lanthanide atomic orbitals (AO) in the molecular orbitals
of the cluster are higher at low temperature than at high
temperature. As a result, part of the electron density, which is
transferred to the Fe atoms, decreases and it affects more
pronouncedly the s-atomic orbitals of Fe, and, respectively,
the d-atomic orbitals of Fe,,. It is necessary to note that ac-
cording to the conclusions of Ref. 20, the oxo-oxygen atoms
participate only in o-chemical bonds while the O acts
with both o and 7 ones. Such transfer modifies also the ionic
bond strength of the Fe ligand, as it was demonstrated on the
oxo-trinuclear iron(Ill) carboxylates.*! Another previous
work*? reported that QS increases with Fe(III)-carboxylate
bond strength. To clarify various assumptions and how the
electron density is distributed on d-AO of the Fe, supplemen-
tary investigations and calculations are needed.

VI. CONCLUSIONS

Six J3-0XO tetranuclear complexes
[Fe3Ln02(CC13COO)8(H20)(THF)3]THFC7H16 with Ln
=Gd(III) (1), Tb(III) (2), Dy(IID) (3), Ho(II) (4), Y(III) (5),
and Lu(III) (6) have been prepared. The magnetic and Moss-
bauer data were considered in terms of the tetranuclear but-
terfly type Fes-Ln core of the compounds. The antiferromag-
netic exchange interaction between two types of Fe location,
Fe,, to Fe,, (J=-50 K) was found to be consistent with the
Fe-Fe interactions observed in homo-tetranuclear Fe com-
plexes. The Ln-Fe interactions are much weaker. The low-
temperature M(H) curves could be explained assuming that
the Ln ground state may be represented by an effective spin,
which has the quantum-mechanical degeneracy and aniso-
tropy of the crystal field split ground state. The low-
temperature ac susceptibility measurements show for
{Fe;TbO,}, {Fe;Dy0,}, and {Fe;HoO,} the existence of a
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slow relaxing process, characteristic for SMM behavior of
the cluster moment, with an activation energy E,=8, 9, and
10 K, respectively, corresponding to the compounds with
higher anisotropy.

The high spin S=5/2 of Fe(IIl) atoms was ratified, via the
IS and B;,, provided by Mossbauer investigation, which also
detailed the specific interaction on the two different Fe,, and
Fe, locations in the molecule. The Mossbauer in field data
proved unambiguously the antiparallel spin orientation of the
Fe, and Fe,. Besides, at 3 K spin blocking was found to
occur in {Fe;TbO,} and {Fe;DyO,} in the Mdssbauer time
window, in agreement with the SMM behavior demonstrated
by the ac susceptibility measurements.

Comparing the in field behavior for the four investigated
compounds, the B.'s in {Fe;LuO,}, {Fe;TbO,}, and
{Fe;Dy0,}, increase for Fe, and decrease for Fe,, while in
{Fe;GdO,}, the trend is the opposite. This is correlated with
the isotropic character of the Gd ion, which is polarized in
the direction of the applied field for B,,, =60 kOe. The lack
of anisotropy in this case is also confirmed by the absence of
any observable spin blocking at lowest measuring tempera-
ture. The temperature dependence, observed both for QS and
IS parameters at high temperatures, reflects the influence of
four types of oxygen ions 0, 0% OTHF and 020 as-
sembling the octahedral Fe surroundings.
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