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ABSTRACT: The synthesis, structural, and magnetic characterization of
[Fe"™,Ln™,(teaH )g(N;)s(H,0)] (Ln = Gd and Y) and the previously reported
isostructural Dy analogue are discussed. The commonly held belief that both Fe
and Gd" can be regarded as isotropic ions is shown to be an oversimplification.
This conclusion is derived from the magnetic data for the Y analogue in terms of
and from the fact that the magnetic data for
the new Gd™ analogue can only be fit employing an additional anisotropy term for
the Gd"™ ions. Furthermore, the Fe,Gd, ring shows slow relaxation of
magnetization. Our analysis of the experimental magnetic data employs both
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density functional theory as well as the finite-temperature Lanczos method which
finally enables us to provide an almost p erfect fit of magnetocaloric properties.

INTRODUCTION

The concept of taking an Fe—Ln strand and cyclizing it has
been previously described for a number of magnetically and
optically interesting systems.' ~® Cyclization of a certain strand
length turns a 1D system into a OD one’ and allows for
excitons to circulate in nanotoruses” and for toroidal moments
to be stabilized.’

Here, we report the synthesis and structural and magnetic
characterization of a ferrimagnetic Fe,Gd, ring. Contrary to
popular belief both Fe' in its high spin state and Gd"' should
not be regarded as purely isotropic systems. In the case of high
spin Fe', significant axial and rhombic zero-field splitting
(ZFS) parameters are found.® Single-ion IDI values are typically
up to 0.2 cm™’, which partially explains the large number of
Fe'! single molecule magnet (SMM) systems.” "> Recently,
single-ion Gd" systems have been reported to show slow
relaxation of the magnetization which can only arise when
there is some anisotropy induced by the crystal field,"*~"” with
IDI typically up to ~0.1 cm™ for molecular systems.'® >’
However, higher values up to 0.17 cm™" have been found in
solid-state systems.”!

In the particular case of Fe(Gdj, it was found that
significant next-nearest-neighbor antiferromagnetic interaction
between the Fe'" centers is a key parameter for stabilizing a
system lying near to a quantum critical point as revealed by
magnetocaloric effect (MCE) studies. The combination of
these interactions and the ferromagnetic Fe—Gd coupling are
balanced to be near the ideal ratio of 0.7 expected for a
quantum critical system with these two ions, giving rise to a
spin structure with a very high level of degeneracy, such that

the spin ground state of S = 120/2 was close to a quantum
critical point. However, such a large system can only be
calculated making some simplifications in terms of the spin
model as a result of the large Hilbert space. However, we found
that no allowance needed to be made for any anisotropy in
order to obtain a good fit to the experimental data.’

The Fe,Gd, system we report here is isostructural to the
previously reported cyclic complex
[Fe™,Dy™,(teaH)s(N;)s(H,0)] (1-Dy) in which Fe and Dy
centers alternate around the ring. The magnetic character-
ization of complex 1-Dy showed ferromagnetic coupling
between the Fe and Dy centers and SMM behavior. The
isostructural gadolinium complex therefore seemed to be an
ideal target to study the MCE in Fe'—Gd™ complexes, as
ferromagnetic coupling between Fe'" and Gd™ cations might
also be expected. Fe,Gd, represents the smallest cyclic system
in this family of Fe,Ln, compounds. In addition, this can be
calculated using the real spin states of the metal ions without
restrictions. This allows the Fe—Ln interaction to be
investigated in a polynuclear system without this being
swamped by much stronger direct Fe—Fe antiferromagnetic
interactions.



The reaction of FeCl;, GdCl;-6H,0, triethanolamine
(teaH;), and NaNj; in a 2:1:3:2 molar ratio in MeOHa/
MeCN gave an orange solution from which yellow crystals of
[Fe,Gd,(teaH)4(N;)5(H,0)]-4MeCN-H,O (2-Gd) appear
after 3 days. The analogous reaction using Y(NO;);-6H,0
gave [Fe,Y,(teaH)(N;)g]-5'/,MeCN (3-Y).

The Fe,Gd, ring 2-Gd is both isostructural and
isomorphous to its Fe,Dy, analogue 1-Dy" and so its structure
will be described briefly here, emphasizing those features
relevant to the present magnetic study. Two views of the
molecular structure are shown in Figure 1.

Figure 1. Two views of the molecular structure of
[Fe,Gd,(teaH)(N;)s(H,0)] (2-Gd).

The cyclic octanuclear structure of 2-Gd is built up from
alternating {Gd"(teaH),}” and {Fe"(N,),}" moieties. Each
Gd center is chelated by two doubly deprotonated (teaH)>~
ligands, of which the four deprotonated oxygens form pairwise
alkoxy bridges to the adjacent Fe centers in the ring. Each of
the still-protonated ethanol arms of the ligands coordinate to
Gd in a non-bridging manner while also forming a hydrogen
bond to an azide nitrogen on an adjacent Fe. Three of the Gd
centers are eight-coordinate, while the nine-coordinate Gd(1)
is ligated by an additional aqua ligand.

This distribution of doubly deprotonated triethanolamine
ligands has also been observed in some other five- and six-
membered Fe/Ln cyclic systems.”*” However, it differs from
that found for the higher-nuclearity Fe (Gd,, ring, in which

each metal ion is chelated by one methyltriethanolamine
ligand, either doubly deprotonated around Gd or triply
deprotonated on Fe, and the strong hydrogen bonding
between doubly and triply deprotonated ligands then stabilizes
the “cyclic standing wave” structure of the Fe ,Gd,, core.
Nonetheless, the Fe,Gd, core in 2-Gd still has FeGd moieties
alternately above and below the mean plane of the ring, as can
be seen in the side-on view in Figure 1, although the amplitude
of the “standing wave” is now much less than that for the
Fe ;Gd,, ring. A consequence of this is that the Fe—Gd—Fe
angles in 2-Gd (146.5, 130.1, 130.0, 133.8°) are much larger
than that in the Fe;;Gd,, system (117.2—122.9°), which
indicates that the next-nearest-neighbor Fe---Fe magnetic
interactions in 2-Gd are likely to differ (probably being
smaller) from those in the Fe;yGd,,. By contrast, the Fe—O—
Gd angles in 2-Gd, which are all in the range 105.4—108.9°,
are similar to those in the Fe;(Gd,, (103.6—108.2°), and the
Fe—O and Gd—O bond lengths are also similar in the two
molecules, such that the Fe—Gd interactions are likely to be
comparable in the two rings.

MAGNETIC PROPERTIES

We consider first the magnetic properties of Fe,Y, 3-Y, in
which the Fe'" ions alternate with diamagnetic Y ions around
the ring, since this allows us to investigate the next-nearest-
neighbor Fe—(Y)—Fe magnetic interactions, and any aniso-
tropy of the Fe'" cations. These properties can be carried over
to the analysis of the Fe,Gd, ring (2-Gd).

At 300 K, the T product for Fe,Y, 3-Y (17.7 cm® K/mol)
is in good agreement with the theoretical value for four non-
interacting Fe'' ions (17.5 cm’® K/mol). On lowering the
temperature, the yT product remains almost constant until 30
K, consistent with isolated Fe'" ions, but then rapidly decreases
to reach 12.0 cm® K mol™" at 1.8 K (Figure 2). This decrease
might in principle result from ZFS for the Fe' ions, weak
antiferromagnetic Fe—Fe interactions mediated via the
diamagnetic Y™ jons, or a combination of these. Intermo-
lecular interactions are highly unlikely, since the hydrogen
bonding in 3-Y is all intramolecular, and the only
intermolecular interactions are between aliphatic CH, groups
and terminal nitrogens of the azide ligands, meaning there is
no feasible pathway for intermolecular superexchange between
Fe' ions in different rings.

This is further qualitatively supported by the field depend-
ence of the magnetization at low temperatures, in which the
magnetization reaches 19.9 ug at 7 T (Figure 2). The
magnitude of magnetization is in good agreement with the
expected value (4 X 5.0 yip) considering four isolated or very
weakly antiferromagnetically coupled Fe™ ions. However, the
reduced magnetization curves (M vs H/T) measured at 2, 3,
and 5 K do not superpose, indicating that weak Fe—Fe
interactions result in low-lying excited states and/or that there
is a significant single-ion anisotropy for the Fe' ions (Figure
S2, right).

Using Hamiltonian (1)
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Figure 2. Magnetic susceptibility at B = 0.1 T as wellas B=10T
(top) and magnetization at T = 2 K (bottom) of Fe,Y, (3-Y)
highlighting the importance of the contribution of anisotropy to the
fit. Both observables are obtained by exact diagonalization of
Hamiltonian (1) and are evaluated using an angular (powder)
average (see ref 23).

an excellent fit to the data (Figure 2) was obtained by the
inclusion of single-ion anisotropy in a simultaneous fitting of
both the susceptibility and magnetization data. This leads to a
model with Jgg. = —0.07 K, in the same range as the calculated
ones, and a single-ion iron easy axis anisotropy with D, = —0.7
K, which is also in the same order of magnitude as the
calculated ones. The anisotropy is also the reason for the
appearance of the knee-like shape for the yT curve at low field
and temperature.

According to the fitting model the easy axis should be
oriented in a plane with a relative angle of 90° between
neighboring axes according to spin Hamiltonian (1) for
Fe,Y,.”*
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Density functional theory (DFT) calculations (Siesta code
and PBE functional, see the Supporting Information)
confirmed the weak antiferromagnetic nature of the Fe---Fe
interactions, with J values in the range between —0.03 and
—0.12 K (Table S3). In order to obtain additional information
on the orientation of the magnetic anisotropy axes, we carried
out CASSCF/NEVPT?2 calculations with the Orca code using
molecular models, see the Supporting Information.”> The
results (Figure S12) are consistent with the results of the fitting
for three out of the four axes, confirming that the axial
anisotropies of the Fe'" ions are the dominant contribution.

We now consider the magnetic properties of the Fe,Gd, ring
2-Gd, assuming that Jg.z, and Dg, will have similar values to
those found for 3-Y.

The yyT value for 2-Gd at 300 K, 48.78 cm® K mol™!, is
close to the theoretical value for four non-interacting high spin
Fe'" ions and four Gd" ions (49 cm® K mol™ for g = 2.00). As
the temperature decreases, y\T increases slowly but steadily,
with this increase becoming steeper below 50 K. Under an
applied field of 0.1 T, a maximum value of 211.67 cm® K mol™
is reached at 3.3 K, followed by a small but sharp decrease to
reach 188.15 cm® K mol™ at 1.8 K (Figure 3 left). Using an
AC applied field of 3 Oe at 1000 Hz to avoid saturation effects,
the maximum value of T is now higher, at 228 cm® K mol ™},
but the downturn at low temperature, although smaller, is still
present (Figure 3). Since the Fe—Fe interactions are expected
to be antiferromagnetic, as found for 3-Y, such behavior
indicates that ferromagnetic Fe—Gd interactions are dominant
within the ring.

The field dependence of the magnetization curves at low
temperatures shows a rapid increase at low fields with
saturation at 49.0 py at 7 T at 2 K (Figure 3 right), in
agreement with a maximal spin S = 24 and consistent with a
fully ferromagnetic arrangement of the spins. However, the
situation is not quite so simple.

The observed maximum yT value of 228 cm® K mol™ under
the 3 Oe ac applied field seems to suggest a ground state with S
= 21, rather than S = 24, although on close examination of the
curve it turns out that, in the absence of the downturn, y\T
would extrapolate at low temperatures to ca. 300 cm® K mol ™,
the theoretical value for S = 24, and g = 2.00. Furthermore,
although the reduced magnetization curves at 2, 3, and 5 K
superpose very cleanly, they cannot be reproduced by a simple
Brillouin function for § = 24, although the curves lie closer to
this function than they do to a sum of four § = 5/2 and four S
= 7/2 Brillouin functions (Figure S2, left). One possibility
would be the presence of low-lying spin states with S < 24,
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Figure 3. Magnetic susceptibility at B = 0.1 T as well as B = 1.0 T (left) and magnetization at T = 2, 3, 5 K of Fe,Gd, (2-Gd) (right). Both

observables are evaluated using an angular (powder) average (see ref 23).



close in energy to the ferromagnetic ground state, resulting
from competition between the ferromagnetic Fe—Gd and
weaker antiferromagnetic Fe—Fe interactions, comparable in
magnitude to those found in the Fe,Y, ring. Such competition
was also seen in the Fe,(Gd,, ring.5 The final decrease in yT
below 3 K is likely to result, at least in part, from the ZFS of
the Fe' ions, since the latter will have a similar Dg, (—0.7 K)
to those in the Fe,Y, ring 3-Y.

As for 3-Y, DFT calculations were also carried out on
Fe,Gd, 2-Gd (see details in the Supporting Information).”**’
These yield eight ferromagnetic Jg.gq coupling constants in the
range +2.1 to +3.0 K, together with long-range Jg.g. couplings
of +0.01 to —0.1 K and very weak (IJl < 0.04 K) couplings
between the Gd" ions (Table SS). Using these coupling
constants, the experimental susceptibility curves were simu-
lated using the PHI package (Figure $4).*® However, the
predicted increase in yyT starts at higher temperatures,
indicating that the calculated ferromagnetic J values are too
high. The addition of the antiferromagnetic Fe—Fe coupling
reproduced the low-temperature downturns in yyT under the
0.1 and 1 T applied DC fields but could not model the
downturn seen under the 3 Oe AC field, with the simulated
curve extrapolating close to the theoretical value of 300 cm® K
mol ™ for § = 24.

In contrast to the Fe,Y, ring, exact diagonalization is no
longer possible for the Fe,Gd, analogue. We therefore
employed the finite-temperature Lanczos method™ ™" that
yields excellent results for Heisenberg systems and very good
results for anisotropic systems under sufficiently large applied
magnetic fields. Unfortunately, this method typically leads to
some intrinsic inaccuracies for fields as low as 0.1 T.
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A fit of the magnetic data, see Figure 3, using the full
Hamiltonian (2) for Fe,Gd, and assuming a powder average
yields Jgeqq = +0.73 K. If Dg, has the same value as that found
for the Fe,Y, ring, a single-ion anisotropy for the Gd" ions in
Fe,Gd, is also required to reproduce the experimental data
well. The available magnetic data are not sufficient to fix the
absolute directions of the easy axis but only their relative
orientations. However, assuming that all the anisotropy axes
for the Fe as well as the Gd ions lie in the plane of the
molecule and point radially outward gives a good fit and yields
Dgq = —0.7 K. The D value of Gd™ obtained from a fit to the
magnetic data of Fe,Gd, is somewhat larger than previously
reported values. We presume that it not only resembles single-
ion anisotropy of Gd™ but effectively also resembles other
anisotropic terms not considered in the Hamiltonian (2) such
as higher-order terms and dipolar as well as anisotropic
exchange interactions.

CASSCEF calculations were also performed in Gd model
systems to evaluate the anisotropy. Analysis of the wave-
function reveals axial anisotropy with small energy differences

between states (Tables S6 and S7). The crystal field
parameters with significant contributions are in all the cases

By and B;, with average values of —0.070 and 0.063 K,
respectively (Table S8). This yields D = 3B; = —0.21 K and
E =B}, corroborating the non-negligible axial anisotropy of
Gd™

In order to probe the magnetic behavior at very low
temperatures, the magnetization of 2-Gd was also measured
using an array of microSQUIDs (Figure 4). Interestingly, for a
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Figure 4. MicroSQUID hysteresis loop dependence with (a)
temperature and (b) sweep rate at 30 mK for 2-Gd.

complex containing the supposedly isotropic Fe" and Gd™
ions, weak hysteresis loops were observed below 0.3 K, with a
coercive field of 106 mT at 30 mK. These saturate at 1.4 T (at
which field the magnetization is known to have reached at least
48 g at 2 K). These loops are temgerature—dependent, but
sweep-rate-independent (Figure 4).”>”" If the relaxation data
are plotted as an Arrhenius curve, a barrier to magnetization
reversal of 9.4 K and a pre-exponential factor of 107"* s can be
extracted (Figure S3, right). Although the latter corresponds to
a higher rate than generally observed for typical SMMs, it is by
no means exceptional, and may, e.g, result from the high
density of excited states in 2-Gd. This is very likely related to
the fact that the single-ion anisotropies are non-collinear. In
view of the large ground-state spin of S = 24 dipolar ordering
might be possible as well at low temperatures.

The experimental entropy variation was obtained from the
magnetization data using the Maxwell relation, i.e,, AS(T) g =
[[0M(T,H)/0T]dH (Figure S). The maximum —AS value at
7 Tis 24.1 Jkg™' K' at 8 K. This temperature is significantly
higher than values seen for other molecular systems, and
certainly for Fe—Gd compounds, and the broad maximum over
the temperature range 7—11 K is also noteworthy. The
maximum —AS,, value is about twice the value for a simple S =
24 paramagnet (12.6 J kg™' T7') but about half the value
expected for non-interacting cations (50 J kg™' T™"), reflecting
both the large number of low-lying excited magnetic states
which contribute toward the overall entropy of the system and
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Figure S. Isothermal magnetic entropy change of 2-Gd. Triangles
show experimental data and solid lines show simulated data.

the weak magnetic interactions between the ions in the ring
that result in these excited states. However, the much larger
ferromagnetically coupled Fe (Gd,, cyclic compound has AS
values more than four times larger than the values observed
here.

The theoretical magnetic entropy was evaluated using the
parameters deduced from fitting the magnetization. The
dependence of the isothermal entropy change both on
temperature and field is very nicely reproduced. A comparison
to calculations without anisotropy shows that then the slope at
low T and B would not agree with the experimental data (see
Figure S14). This is a second and independent strong hint that
single-ion anisotropy cannot be neglected here.

CONCLUSIONS

We have shown that Fe,Gd, is a magnetic cluster where the
magnetic ions show rather strong single-ion anisotropy despite
possessing a half-filled d- or f-shell, respectively. The
commonly held belief that the more isotropic a system is the
more likely it is to show a significant MCE, does not
necessarily prove to be the case as was previously shown for
systems containing Fe" and Gd"™.>** The thing that is
different here is that both the “isotropic” Fe™ and Gd" ions
show appreciable single-ion anisotropy as evidenced from all
magnetic observables, i.e. susceptibility, magnetization as well
as isothermal entropy change. Moreover, the physical proper-
ties cannot be reproduced without assuming single-ion
anisotropy in the Hamiltonian. We conjecture that the
frustration due to competing interactions compresses the
low-lying energy spectrum compared to non-frustrated systems
which leads to a larger amount of entropy that can be swept by
a magnetic field change.”* In summary, we have a model that
strongly suggests the necessity of single-ion anisotropy and that
fits magnetic as well as MCE data rather well.
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