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To explain the single-molecule magnet behavior of the mononuclear complex [(t JJaMes)Fe
model that takes into account the trigonal ligand field splitting of the atomic

we have developed a
D term of the Fe(ll) ion, and the

spin—orbital splitting and mixing of the ligand field terms. The ground ligand field term is shown to be the orbital doublet
°E possessing an unquenched orbital angular momentum. We demonstrate that the splitting of this term cannot be
described by the conventional zero-field splitting Hamiltonian proving thus the irrelevance of the spin-Hamiltonian
formalism in the present case. The first-order orbital angular momentum is shown to lead to the strong magnetic
anisotropy with the trigonal axis being the easy axis of the magnetization.

Introduction

The magnetic behavior of single-molecule magnets
(SMMs)'? is characterized by the presence of slow relaxation
of magnetization at low temperatures. Such behavior was first
discovered in the family of clusters of general formula [Mn;,0;»-
(O,CR)14(H»0)4] known as Mn»ac. Since this discovery, many
other SMMs have been synthesized and characterized.

One of the most important characteristics of SMMs is the
blocking temperature, which is closely related to the magnitude
of the spin reorientation barrier. In spite of the exhausting
attempts to increase the blocking temperatures, for existing
SMMs they do not exceed a few kelvin, which are too low for
application of these systems as data-storage units. This situa-
tion looks like as if some natural limit in this route has already
been achieved. The origin of this limitation has been recently
elucidated by O. Waldmann® by analyzing the expression for
the magnetization reversal barrier for spin-clusters. In these
systems the ground states of all constituent metal ions are only
characterized by spin, whereas the orbital angular momenta are
quenched. For an 1nteger ground state spin S the barrier is de-
fined as A, = |Dg|S%, where Dg < 0 is the axial molecular zero-
field splitting (ZFS) parameter for this S-state. The expression
for Ay shows that the barrier can be increased either by the
increase of the anisotropy parameter |Ds| or by the increase of
S. The possibility to increase | Dg| is strongly limited because the
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ZFS in spin-clusters represents a second-order effect with res-
pect to the spin—orbit coupling® and hence the ZFS is usually
weak. The increase of .S appeared as a more promising way of
design of SMMs with high blocking temperatures because of
its expected quadratic influence on Ay, It has been, however,
demonstrated® that the parameter Dg is proportional to S >
and hence the barrier A, does not increase as S° but as S° with
the increase of S. This probably explains the fact that all
attempts to increase S by the synthesis of big spin-clusters with
high values of the ground state spin have not yet produced
better SMMs.

The above analysis shows that the conventional design
approaches seem to run out of steam and new concepts in the
field are required. In this connection the most promising new
route is to go beyond the spin-clusters and to exploit the first-
order orbital magnetism that is inherently related to the orbi-
tally degenerate metal ions with unquenched orbital angular
momenta. The recent studies of SMMs comprising such ions
revealed that the spin—orbital splitting in this case appears in the
first order of perturbation theory and gives rise to the magnetic
anisotropy that is in general much stronger than the second-
order anisotropy originating from the ZFS spin-Hamiltonian.”~
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This observation explains the fact that pronounced alternating
current (ac) susceptibility signals have been detected in many
clusters comprising 3d, 4d, 5d, and 4f metal ions with un-
quenched orbital angular momenta.'®"'® Moreover, as distin-
guished from the conventional SMMs based on polynuclear
exchange-coupled clusters, the use of the ions with unquenched
orbital angular momenta have recently led to the discovery of
SMMs based on a single f-metal ion."” %

Recently the first example of a SMM based on a mono-
nuclear transition metal complex has been reported by Long
with co-workers.?® This system represents the complex
[(tpaMes)Fe] formed by a high-spin Fe(II) ion in a trigonal
pyramidal environment. Although this complex does not
exhibit a slow relaxation at zero applied direct current (dc)
field because of the fast quantum tunneling arising from a
distortion of the trigonal site, the application of the dc field
gives rise to a set of frequency-dependent peaks in the plots of
2 versus v with varying temperature. To explain these
magnetic properties the spin-Hamiltonian with a very large
negative D value was used.”® However, this strong magnetic
anisotropy has to be assigned to the fact that the Fe(II) ion is
orbitally degenerate and possesses a first-order orbital angu-
lar momentum. Consequently, in this article we propose a
more realistic approach within which we go beyond the spin
model to provide an adequate explanation of the observed
magnetic behavior of the [(tpaMes)Fe]  complex. In this
consideration we explicitly take into account the trigonal
ligand field (LF) induced by the nearest nitrogen surrounding
of the Fe(Il) ion and the spin—orbit (SO) splitting of the LF
terms. The role of the covalence effects is discussed as well.

Model

The structure of the trigonal 7pyramidal complex [(tpaMes)-
Fe] ™ is shown in Figure 1a.®?” The first coordination sphere
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Figure 1. (a) Fragment of the structure of the trigonal pyramidal
complex [(tpaMes)Fe]™ and the numeration of the nitrogen atoms of
the first coordination sphere. Orange, blue, and gray spheres represent Fe,
N, and C atoms, respectively.?®?’ (b) Structure of the idealized trigonal
complex of Cj, symmetry (only the atoms of the nearest coordination
sphere are shown) together with the Cartesian frame.

Table 1. Spherical Coordinates of the Nitrogen Ligands in the Complex
[(tpaMes)Fe]~ for the Real (Left)*” and the Idealized Trigonal (Right) Geometries

spherical coordinates

R(A) 6(deg) ¢(deg)
ligands real idealized real idealized real idealized
N, 2.008 2.025 82.45 82.56 0 0
N» 2.04 2.025 82.01 82.56 119 120
N3 2.024 2.025 83.21 82.56 243.1 240
Ny 2.172 2.172 0 0 0 0

of the Fe(II) ion slightly deviates from the C3, symmetry, and
to simplify the subsequent analysis we will focus on the idea-
lized trigonal complex of Cs, symmetry shown in Figure 1b
together with the chosen Cartesian frame. In the LF analysis
we will use the spherical coordinates of the nitrogen ligands in
the idealized trigonal complex. These coordinates are given in
Table 1 along with those for the real complex.

The evaluation of the LF parameters requires the knowledge
of the values of the charges for each ligand of the first coordi-
nation sphere. It is to be noted that the nature of the nitrogen
atom Ny is quite different from that for atoms N, N,, and N3,
and this determines the difference in their charges. Thus the
apical nitrogen atom Ny is of amino type and hence it is of a
non-ionic nature. As a result, this atom is expected to be un-
charged (Z4 = 0). On the contrary the three ligands in the plane
(Nj, N», and Nj3) are of pyrrolate type, and a negative charge
Z, = 7, = Z3 = Z = 1 can be associated to each of these
atoms. In spite of the fact that the apical ligand N, is uncharged,
it is expected to play a crucial role in the determination of the
LF parameters because the covalence effect for the Fe(11)—N(4)
bond is expected to be quite strong. This effect arises from the
strong overlap between the d.. orbital of the Fe(II) ion and the
p- orbital of the N(4) ligand (Figure 2).
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Figure 2. Ilustration of the model.

We adopt the ligand field model, in which the three
N-ligands 1, 2, and 3 are represented by their point charges
(Z = 1), meanwhile the ligand 4 is represented by the effective
charge Z¢ that is shifted from the ligand 4 toward the Fe(II)
ion, with the distance between the effective charge and the
iron ion being denoted as R This effective charge is intro-
duced to take into account the above-mentioned strong
covalence effect for the Fe(II)—N(4) bond. Such treatment
of the covalence effects is somewhat similar to that proposed
by Morrison and called the effective charge model (see
refs 28,29 for the details). The model isillustrated by Figure 2.
Then the LF Hamiltonian for the trigonal complex under
consideration can be presented as follows:

Hir(°D) = a (7Y BYY2(°D) +as (") B Y4y (°D)
+ag (Y V2 B3 YD) + B, 3 Y4-5(°D)] (1)

where the parameters are given by

4 Zoip@ Y, (0 3. 7Y, (0. 0
BZ1 _ 5 ﬂl(_l)m off € pp:ql( 47904)+Z eIy ler(l i q)z)
P+ Reff’ i=1 R;

zZ=1
(2)

The operators Y, pm(SD) in eq 1 represent the sg)h~erical har-
monics equivalents (Ypm(SD) = [2p+1)/(4m)]" O, Where
O,,, are the Racah operators) for the given °D- term, which
are closely related to the operator equivalents defined by
Stevens™ (see ref 31 for the details). It should be noted,
however, that as distinguished from the Stevens operators,
the operators Ypm(SD) as well as the Racah operators repre-
sent the irreducible tensors. This fact makes them preferable
for computer calculations. Finally, in eq 1 @, and a4 are the
Stevens factors. For the ground D state of the Fe(II) ion
these factors are the following:*

2
ay =(LlallL) = =

o = (LB = & ()

In calculations for the radial averages we use the values (%) =
1.393 au, (*y = 4.496 au.*
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Figure 3. x7 versus T curves for (open circles) experimental data
obtained under applied dc field of 0.1 T;* (solid line) curve calculated
with the best-fit parameters Z. = 0.46 and Re;r = 0.78 A.
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Figure 4. Low-temperature magnetization data for the [(tpaMes)Fe]™
complex for various applied dc fields: Experimental data® are shown by
the symbols explained in the figure; curves calculated with the best-fit
parameters Ze;r = 0.46 and R = 0.78 A are shown by solid lines.

The total Hamiltonian of the complex in the presence of
the external magnetic field includes along with the LF
potential also the spin—orbit coupling acting within the *D
term and Zeeman interaction, so one can write

H = H (D) +AL-S+(L+2S)-H (4)

where 1 is the SO parameter, H is the applied magnetic field,
L and § are the orbital angular momentum and spin
operators, and f is the Bohr magneton. The value of the
SO parameter A will be fixed equal to —114 cm™"'. %

Results and Discussion

The experimental magnetic data obtained in ref 26 (tem-
perature dependence of the magnetic susceptibility in the
form y T versus 7, and low temperature magnetization under
various applied dc fields) are shown in Figures 3, 4. Both the
low-temperature slope of y 7 versus 7 curve (Figure 3) and a
considerable separation between the isofield magnetization
curves (Figure 4) indicate the presence of strong magnetic
anisotropy. In ref 26 these magnetic data were fitted using the
conventional spin-Hamiltonian

H = D[Sf—%S(S—i—l)} +E(S;—S;)+gps-H  (5)

where D and E are the axial and transverse ZFS parameters,
respectively. In this way the authors obtained the following
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Figure 5. Principal values of the magnetic susceptibility tensor calcu-
lated with Z.r = 0.46 and R = 0.78 A.

set of parameters: D=—39.6cm ', E=—0.4cm ', g=2.21.
The question to be answered in connection with this spin-
Hamiltonian approach is whether it is valid for the Fe(II)
complex under consideration. Note that the trigonal crystal
field splits the atomic °D term into the two orbital doublets
(states with orbital angular momenta) and the orbital singlet.
So to answer the question about the applicability of the spin-
Hamiltonian, eq 5, one needs to know which state (orbital
singlet or orbital doublet) proves to be the ground state one.
The answer can be obtained in the framework of the model
developed in Section 2.

It follows from the description presented in Section 2 that
only two parameters remain unknown, namely, the value of the
effective charge Z.rand the distance Rr. These two parameters
are allowed to vary in the course of fitting the experimental y T’
versus T and M versus H, T curves. The best fit has been
achieved for the values Z.; = 0.46 and R, = 0.78 A with an
agreement criterion value being equal to 3.34 x 10~*. Note that
both magnetization and magnetic susceptibility measurements
have been included in this fit. One can see that the theoretical
curves calculated with this set of parameters (Figures 3, 4, solid
lines) are in a perfect agreement with the experimental data
except the low temperature region for which the calculated y 7'
curve is slightly above the experimental one. This deviation can
be associated with the fact that our crystal field analysis is based
on the consideration of the idealized C;, symmetry thus
neglecting the transverse anisotropy terms. The principal values
of the magnetic susceptibility tensor calculated with the best-fit
parameters (Figure 5) show that y T'is significantly larger than
%, T and hence we deal with the “negative “ magnetic aniso-
tropy, with the Z axis being the easy axis of the magnetization.
This result is compatible with the slow relaxation of the
magnetization observed for this system.

Now we are in the position to answer the question concern-
ing the applicability of the spin-Hamiltonian approach to the
analysis of the magnetic behavior of [(tpaMes)Fe]™ complex.
Figure 6a (left side) shows that the ground LF term determined
with the best-fit parameters is the orbital doublet. The expecta-
tion values of L. calculated (with the set of the best-fit para-
meters) for the ground ligand-field term is . = 4 0.579 indi-
cating that the orbital angular momentum is not quenched
in the case under consideration. This state undergoes the SO-
splitting into the 6 sublevels as shown in the right side of
Figure 6a (four doublets and two singlets, with the singlets
being the highest excited levels). Such splitting can by no means
be described by the ZFS spin-Hamiltonian D[S.— '/35(S + 1)]
whose energy pattern for S = 2 includes three levels (two
doublets and a singlet). Therefore we arrive at the conclusion
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Figure 6. Low-lying parts of the energy pattern produced by the ligand
field and the spin—orbital splitting of the ground terms: (a) calculation
performed with the best-fit parameters; (b) sample calculation in the
framework of the point charge model that neglects the covalence. In both
cases the strongly excited upper level (*A; in case a and °E in case b) are
not shown. The multiplicities of the spin—orbital components are indi-
cated in the parentheses, for example in the case of the term °E (the
multiplicity is 10) is split in 4 non-Kramers doublets and 2 singlets so that
the total multiplicityis4 x 2 + 2 x 1 = 10.

that the spin-Hamiltonian formalism is irrelevant in the actual
case, and the developed more general approach based on the
Hamiltonian in eq 4 is unavoidable if one aims to adequately
explain the magnetic behavior of the complex.

Figure 6 also demonstrates the crucial role of the covalency
effects in the magnetic properties of the [(tpaMes)Fe]™ com-
plex. In fact, comparing the energy pattern calculated with the
best-fit parameters (Figure 6a) with that obtained in the frame-
work of the point-charge model neglecting the covalence effects
(Figure 6b) one can see that the inclusion of these effects
changes the orbital multiplicity of the ground state. Indeed for
Z.r = 0the ground state proves to be an orbital singlet (left side
of Figure 6b). In this case the SO- mixing of the ground singlet
with the excited orbital doublets splits the *A, state into one
singlet and two doublets (see the right side of Figure 6b). As
distinguished from the case of the ground orbital doublet the
splitting of the A, term can be described by the ZFS spin-
Hamiltonian but the ZFS parameter D in this case is positive
(the ground sublevel is a singlet), and hence this case is incom-
patible with the existence of the spin-reversal barrier and the
observed slow relaxation of the magnetization. The strong
covalence effect leads to the destabilization of the orbital singlet
with respect to the orbital doublets and restores the relevant
case shown in Figure 6a.

Conclusion

In this article we have successfully modeled the magnetic
properties of the trigonal pyramidal complex [(tpaMes)Fe] ™
which is the first mononuclear transition-metal complex behav-
ing as a SMM. The proposed approach takes into account the
trigonal LF splitting of the atomic *D-term and the SO coupl-
ing. For the calculation of the LF parameters we adopted the
model that takes into account both the point charges contribu-
tion and the covalence contribution, arising from the strong
overlap between the d.. orbital of the Fe(II) ion and the p. or-
bital of the apical nitrogen ligand. The covalence was modeled
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by introducing the effective charge situated on the bond
between the iron ion and the apical nitrogen ligand.

We have demonstrated that the ground LF term is the
orbital doublet and the SO splitting of this term gives rise to
the strong uniaxial magnetic anisotropy with the trigonal axis
being the easy axis of the magnetization. These findings are in
agreement with the existence of the magnetization reversal
barrier and thus with the observed slow relaxation of mag-
netization. The obtained SO-splitting of the ground LF
E-term cannot be described by the conventional ZFS
spin-Hamiltonian and hence the spin-Hamiltonian approach
used in ref 26 is inadequate in spite of the fact that it allowed
to satisfactorily fit the magnetic data. Finally, the covalence
was shown to play a crucial role in the magnetic behavior
of the [(tpaMes)Fe]™ complex by destabilizing the orbital
singlet and thus resulting in the highly anisotropic orbitally
degenerate LF term °E.

Summarizing one can say that the proposed approach
might be helpful in the design and modeling of mononuclear
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transition-metal magnets based on orbitally degenerate metal
ions with controlled magnetic anisotropy and higher barrier
for magnetization reversal. This approach is similar to the
model reported by Fishman et al. to treat the Fe(II)Fe(III)
bimetallic oxalates.** In some sense this approach can be
regarded as a part of more general formalism suitable for the
description of polynuclear orbitally degenerate systems in
which the single-ion anisotropy is accompanied by the
anisotropy arising from the orbitally dependent super-
exchange (see ref 33 for the details).
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