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ABSTRACT: Until now, the expressions of the anisotropic energy barriers A;
and A,, using the uniaxial magnetic anisotropy D, the intrachain coupling
strength ], and the high-spin ground state S for single-chain magnets (SCMs) in
the intermediate region between the Ising and the Heisenberg limits, were
unknown. To explore this relationship, we used density functional theory and
ab initio methods to obtain expressions of A; and A, in terms of D, J, and S of
six R;Fe"—Re"CI,(CN), (R = diethylformamide (1), dibutylformamide (2),
dimethylformamide (3), dimethylbutyramide (4), dimethylpropionamide (5),

and diethylacetamide (6)) SCMs in the intermediate region. The A, value for

compounds 1—3 was very similar to the magnetic anisotropic energy of a single Fe', while the value of A, was predicted using
the exchange interaction of Fe"" with the neighboring Re'", which could be expressed as 2JSy.S.. Similar to compounds 1—3, the
anisotropy energy barrier A, of compounds 4 and S was also equal to (D, — E,)Sg.%, but the correlation energy A, was closely
equal to 2JSp.Sp.(cos 98.4 — cos 180) due to the reversal of the spins on the opposite Fe". For compound 6, one unit cell of
Re"'Fe" was regarded as a domain wall since it had two different Re''—Fe"' couplings. Thus, the A of compound 6 was expressed
as 4J" Spe1re1Srearery Where J” was the coupling constant of the neighboring unit cells of Re1Fel and Re2Fe2, and A, was equal to
the anisotropic energy barrier of one domain wall given by Dy ipe;(Sreiper — 1/4).

B INTRODUCTION

Since Gatteschi and co-workers reported a radical-bridged
one-dimensional solid of Co(hfac),(NITPhOMe) displaying a
relaxation barrier of 107 cm™ in 2001, single-chain magnets
(SCMs) have attracted much attention in the field of molecule-
based magnetic materials.” Many new SCMs have been reported
by scientists around the world.>~® The relaxation barriers of
these SCMs, however, are all smaller than that of the first one.
Thus, it is very important to understand how to increase the
energy barriers of SCMs for both experimental and theoretical
chemists.

In single-molecule magnets (SMMs), the energy barrier A,
stems from the uniaxial magnetic anisotropy D, acting on a
high-spin ground state S, such that A, = IDIS® for integer S
values or A, = IDI(S* — 1/4) for half-integer S values (according
to the Hamiltonian H = DS,%, where S, is a component of S in
the z direction).” In addition to this anisotropic barrier,
however, SCMs experience an additional component to the
overall relaxation barrier stemming from short-range magnetic
correlation along the molecular chain, which is described by
the correlation energy barrier A.. Therefore, in this finite-size
region, the total energy needed to invert the magnetization is
A=A+ A,°* where A, is the anisotropic energy barrier of
one domain wall.

For one-dimensional systems falling within the Ising limit,
the correlation energy is related to the intrachain coupling
strength ] and constituent spins through the equation A; =
41JS,S,]. Recently, Long and co-workers reported a series of
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(DMF),MRe"CI,(CN), (DMF = dimethylformamide; M =
Mn", Ee, Co", and Ni") SCMs® in which the correlation
energy A, was far smaller than 4]S,S,|. They did not fall within
the Ising limit with sharp domain walls because the anisotropic
energy was not sufficiently larger than the exchange energy.
Until now, however, there has been no clear expression of A; in
terms of ] and § in the intermediate region between the Ising
and Heisenberg limits.

To explore the origin of the energy barriers and the expres-
sions of A: and A, in terms of D, ], and S for SCMs in the
intermediate region between the Ising and Heisenberg limits,
we used density functional theory (DFT), complete active
space self-consistent field (CASSCF), and complete active
space second-order perturbation theory (CASPT2), consider-
ing the effect of the dynamical electronic correlation based on
CASSCF methods, to investigate the magneto-structural
correlations in a family of R,Fe"Re’VCl,(CN), SCMs, where
R = diethylformamide (DEF) (1), dibutylformamide (DBF)
(2), DMF (3), dimethylbutyramide (DMB) (4), dimethylpro-
pionamide (DMP) (5), and diethylacetamide (DEA) (6).*
Considering the similar structures of complexes 1—6, only
the structure of complex 3 is shown in Figure 1. A detailed
description of these structures can be found in references 3
and 4.
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Figure 1. Structure of (DMF),Fe"™Re™ CI,(CN), (3); H atoms are neglected for clarity.

(@) (b)

Figure 2. Structure of models A (DMF),Fe"[Re™Cl,(CN),], (a) and B [(DMF),Fe"CN],Re™' CL,(CN), (b); H atoms are neglected for clarity.

1. COMPUTATIONAL DETAILS

The spin Hamiltonian for an alternating classical-spin
Heisenberg chain is expressed as:

o0
H=-2] Z (SpeiStei T SreiSrei1) W
i 1

where ] represents the exchange coupling constant for the
interaction between neighboring Re" and Fe' centers, and Sg,
and Sy, are the local spins of Re'" (S = 3/2) and Fe" (S = 2),
respectively. Long and co-workers demonstrated that the use
of an isotropic Heisenberg model to describe the exchange
couplings of R,Fe"Re"'Cl,(CN), was appropriate, irrespective of
the highly anisotropic [ReCl,(CN),]*™ unit inside the chain.>*
To obtain the isotropic exchange coupling constant J, Orca
2.9.1 calculations” were performed with the popular B3LYP
hybrid functional proposed by Becke'®'! and Lee et al.'?
Triple-{ with one polarization function TZVP'? basis set was
used for all atoms. The scalar relativistic treatment (ZORA)
was used in all calculations. The large integration grid
(grid = S) was applied to Re and Fe for ZORA calculations.
Tight convergence criteria were selected to ensure that the
results were well converged with respect to technical
parameters. We employed two model structures of A and B
(see Figure 2a,b) for each complex and calculated two high-spin
and one low-spin state energy for each model: Syg = Sg.; +
Sge + Spep for model A; Sy = Spey + Sge + Sgey for model B,
Sis = Spe1 — Sge + Sge with the flipped spins of Re' for model
A; Sig = Spet — Ske + Sper with the flipped spins of Fe' for
model B. The Re™—Fe" coupling constant J was then obtained
as eq 2 according to the spin Hamiltonian H = —2JSg.(Sp; +
Spey) for model A and H = —2JSg.(Sge; + Sgez) for model B.

Es — Eng
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To obtain D, Orca 2.9.1 calculations® were performed with
the generalized gradient approximation (GGA) Perdew, Burke,
and Ernzerhof (PBE)" functional, which has been tested by
Neese and other authors.'® Other GGA functionals will yield
very similar results and were not repeated here. The spin—orbit

3504

coupling (SOC) was treated effectively using the multicenter
spin—orbit mean-field (SOMF) method developed by Hess
et al.'® The coupled-perturbed (CP) method proposed by
Neese was used,"® which uses revised prefactors for the spin-flip
terms and solves a set of CP equations for the SOC perturbation.
The triple-{ with one polarization function TZVP" basis sets for
all atoms were used in all calculations. Tight convergence criteria
were used to ensure that the results were well-converged with
respect to technical parameters. The D and E values were
obtained in their spin ground states.

DFT is usually a poor method to calculate the D value
of those highly anisotropic magnetic ions."” More accurate
methods, such as CASSCF and CASPT?2, were used to evaluate
the D values of Re" in Re™Cl,(CN),Zn, and of Fel in
Fe'"R(CN),Ba, fragments with the MOLCAS 7.8 program
package.'® To calculate the D value of the Re!¥ fragment (see
Figure 3a), the influence of the neighboring Fe'' ions was taken

(@) ®

Figure 3. Calculated Re"™ (Re™Cl,(CN),Zn,) (a) and Fe" (Fe"R-
(CN),Ba,) (b) fragments; H atoms are neglected for clarity.

into account using the closed-shell Zn" ab initio embedding
model potentials (AIMP; Zn.ECP.Lopez-Moraza.0s.0s.0e-AIMP-
KZnF,.)."” The only removed atoms were those connected to
Zn" AIMP from the opposite side of the molecule. Similarly, the
neighboring Re' ions were simulated using the closed-shell Ba"
AIMP (Ba.ECP.Pascual 0s.0s.0e-AIMP-BaF,.)"* to calculate the
D value of the Fe" fragment (Figure 3b).

For CASSCEF calculations, the basis sets for all atoms were
the atomic natural orbitals from the MOLCAS ANO-RCC
library: ANO-RCC-VTZP for Re" and Fe' ions, VIZ for
nearby Cl, O, C, and N atoms, and VDZ for distant atoms.
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Table 1. Experimental Fe—N—C and Re—C—N Angles
R,Fe"Re"VCl,(CN), Compounds®

and the Calculated and Experimental J Values (cm™') of Six

1 2 3 4 S 6
A B A B A B A B A B A B
£Fe—N-C 154.7 157.6 158.0 164.4 170.6 180.0
ZRe—C—N 1733 1732 175.3 179.7 176.6 180.0
J cal. 5.1 4.8 5.0 4.9 5.8 5.4 6.0 5.7 5.5 53 8.1 5.7
exp.t 42(2) 45(2) 4.8(4) 5.6(3) 6.3(2) 72(3)

“R = DEF (1), DBF (2), DMF (3), DMB (4), DMP (5), DEA (6).

ANO-RCC-VTZ basis sets were also used for the distant N
atoms in Re'VCl,(CN), fragment calculations. The SOC effect
was calculated by the restricted active space interaction (RASSI-
SO) procedure. The active space was (3, 5) and (6, 5) for Re'”
and Fe", respectively. We mixed all spin-free states (Re, 40; Fe,
100) in each fragment calculation.

For fragments including more than one magnetic center,
we did not calculate the total D using CASSCF and CASPT2
for the large computational demand, due to the large active
space and number of atoms. Rather, we calculated the D value
of the large fragment projecting the single-site anisotropies (D;)
onto the spin ground state S.

N
D= dD,
Z’ 3)

where i numbers the N metal centers and the d; values were
projection coefficients. Equation 3 was derived in the strong-
exchange limit for a spin cluster. The anisotropic interaction
tensor D;; was ignored, since dipolar and anisotropic interactions
yielded only minor contributions, especially for our studied
cyanide-bridged complexes where the metal—metal distances
were large.

2. RESULTS AND DISCUSSION

Evaluation and Comparison of the Exchange Inter-
actions. The DFT calculated and experimental | values of six
R,Fe"Re™Cl,(CN), compounds are shown in Table 1. The
positive J values of compounds 1—6 indicate that all the Re'—
Fe"" couplings were ferromagnetic.

To probe the mechanism of the ReY—Fe exchange
couplings, we evaluated three magnetic orbitals localized on
one Re!V (t2g3) and four on the neighboring Fe' (t2g4eg2) of
compound 6 (Figure 4). There were two magnetic exchange
pathways through cyanide between Re''(t,,") and Fe'l(t,.e,’).
First, two 7—7 interactions occurred in Re''(t,,") orbitals (left
in Figure 4) through cyanide z* orbitals with the FeH(tzgz)
orbitals (the d,, and d,. orbitals on the right in Figure 4),
resulting in antiferromagnetic coupling. Second, two o—7
interactions between electrons in orthogonal Fe''(e,”) (the d2
and dz_; orbitals on the right in Figure 4) and Re'(t,,’)
orbitals, respectively, should give rise to ferromagnetic exchange.
Two kinds of competitive interactions often lead to net
ferromagnetic coupling, since o-type interactions are invariably
stronger than 7-type interactions."

The Re'—Fe' ferromagnetic couplings strengthened as the
Fe—N-—C angle increased (experimental ] values, Table 1). The
Re—C—N angle had little influence on the Re™'—Fe" couplings,
as noted by the small difference between the ] values of
complexes 2 and 3. Their Fe—N—C angles were almost the
same. Although the trend of the calculated J values of the six

SCMs was not completely identical to the experimental one,
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the obtained ] values using models A and B were very close to
the experimental ones. Compound 6 had two different Re'V—
Fe' couplings, leading to larger differences in the J values found
in models A and B. In the next section, we investigate it
thoroughly. The small difference in the structures except for the
Fe—N—C and Re—C—N angles may slightly influence the final
calculated ] values due to the systematic error in the DFT
calculations. To thoroughly investigate the relationship between
the J value and the Fe—N—C angle, we selected compound 4 as
an example, as its calculated and experimental | values were
very close. We calculated the ] values using model A with
Fe—N—C angle from 140° to 180°. The corresponding J, spin
population of Re", and spin population of Fe'' are shown in
Table 2. The spin population on Re'” and Fe' was obtained
using Mulliken Population Analysis,”® calculated with the
B3LYP functional. The spin populations of two Fe' ions were
the same because of symmetry. Both the ] values and the spin
populations of Re'" and Fe' increased as the Fe—N—C angle
increased (Table 2).

According to Kahn’s theory,21 the exchange coupling constant
Jap is expressed as:

]ab ~ I<ab - Sab(AZ - 62)1/2 (4)
The positive term, K, represented the ferromagnetic contribu-
tion Jp, favoring parallel alignment of the spins, while the negative
term —S,,(A>—5?)"/2 was the antiferromagnetic contribution Jy,
favoring antiparallel alignment of the spins. S, was the overlap
integral between the magnetic orbitals a and b.  was the initial
energy gap between magnetic orbitals, and A was the energy gap
between the molecular orbitals derived from them. When several
electrons were present on each center, n; on one side and n; on
the other, J was described by the sum of the different “orbital
pathways” ], defined as for the pairs of orbitals a and b located
on each site, and weighted by the number of electrons in eq 5.

J= Ea,b]ab/ni X n (%)

There are several different contributions to the exchange
coupling constant in each ReV—Fe! pair. According to eq 6,
proposed by Ruiz and co-workers,”” the square of the mean
overlap integral S;; between magnetic orbitals on the paramagnetic
centers i and j can be correlated to the A; for polynuclear
complexes.

A= (W) = (i + 1ol = Pl (6

where pli, pls Pls and pig are the spin populations of the
centers i and j involved in the exchange interaction of the high- or
low-spin configurations, respectively.

The changes in the J,p term are more important, and these
contributions usually dominate the magneto-structural correla-
tions.”> Hence, variation of ] was correlated with the changes in
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Figure 4. Magnetic orbitals of one Re' (left) and of the neighboring Fe"" (right) of compound 6 in the low-spin state.

Table 2. Calculated J Values (cm™") and the Spin Density Populations (e) of Re'" and Fe"" in the High- and Low-Spin States of
Compound 4 Using Model A with the Fe—~N—C Angle Ranging from 140° to 180°

£Fe—N—C, deg 140 145 150 155 160 164.4 170 175 180
Re" 2.331 2.398 2424 2434 2441 2446 2451 2465 2476
—2.337 —2.401 —2.423 —2.433 —2.440 —2.445 —2.449 —2.464 —2.475
Fell 3.838 3.842 3.844 3.846 3.847 3.848 3.850 3.852 3.854
3.822 3.825 3.829 3.832 3.836 3.839 3.843 3.847 3.851

T 2.1 29 4.0 5.0 57 6.0 6.5 72 8.3

“Kahn’s qualitative theory”' was used to interpret these magneto-structural correlations.

the Jup term according to the equation | = Jg + J4p. The strength The relationship between A; and the Fe—N—C angle of
of J,r is linearly dependent on A,—I-.n compound 4, ranging from 140° to 180°, is shown in Figure S.
The A;; values decreased as the Fe—N—C angle increased. The
decrease of A led to a decrease of the absolute value of S; and

2
el & 85 o A @)
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Figure 5. Dependence of A;; on Fe—N—C angle of compound 4 (140°
to 180°).

a decrease of the J,; term. Thus, the positive Re''—Fe'
coupling constants J (J = Jg + Jap) increased as the Fe—N—C
angle increased from 140° to 180° in accordance with the
experimental trend.

Evaluation of Methods Used to Investigate the
Magnetic Anisotropy. The above results show that B3LYP
can predict J values used in the calculation of Re'V—Fe!'
coupling constants. Does it also work well in the calculation
of the magnetic anisotropic parameters D and E of 1-6? To
answer this question, we selected the following four SMMs,
which were associated with our investi§ated SCMs: [Re™VCl,-
(CN),]>,>® (DMF),ZnReCl,(CN),,° [TPA2C(ONHBug,Il
(CF,S0;)]***, and (TPAZC?O)NHtB“)FeHReIVCI4(CN)2.25
These had structural similarity to the SCMs we previously
evaluated. We calculated their D values using the DFT method,
with PBE functional, and the ab initio methods of CASSCF and
CASPT?2. Since B3LYP cannot give a more accurate D value,
only PBE was used in the calculation.”” The calculated and
experimental D and E values of the four SMMs are shown in
Table 3. CASPT2 was found to give more accurate values of D
for the first two SMMs, very close to the experimental ones,
while PBE and CASSCF were less satisfactory in this regard.

The D values of [Re'Cl,(CN),]*” and (DMF),Zn-
ReCl,(CN), predicted by PBE and CASSCF methods were
far from the experimental values, sometimes even having the
opposite sign. The PBE and CASSCF methods also produced
poor D values of [TPA2C(ONH®BUEI(CE.SO,)]*. The CASPT2
method provided the most accurate D values. The E values
of [Re'VCI,(CN),]*”, (DMF),ZnReCIl,(CN),, and
[TPAC(ONHBuReI(CE,S0,)]* obtained by using CASPT2
were closest to the experimental values.

The total D value of (TPA2C(ONHBNEAIREVC], (CN), was
also predicted using CASSCF and CASPT2 methods from
the calculated local D; values of the Re™Cl,(CN),Zn and
(TPA2CONHBEAIR, fragments (see Figure 3), according
to eq 3. The hard and easy axes of ReVCI,(CN),Zn and
(TPA2C(OINHBu YRR, fragments were calculated using
CASPT?2 (Figure 6).

Figure 6. Alignment of the local hard and easy axes of ReVCl,-
(CN),Zn and (TPAXC(ONHBu) IR, fragments.

The D, and E; values of the Re''CI,(CN),Zn fragment
extracted from (TPA2C(ONHBWELIRNVC], (CN), were calcu-
lated using CASPT2 and were found to be 15.7 and 4.8 cm™},
respectively. The D, and E; values of the (TPA2C(ONHBu)Eollg,
fragment were found to be —5.8 and —1.07 cm™!, respectively.
The Re"Cl,(CN),Zn fragment had doubly degenerate M =
+ 1/2 ground levels related to an isolated S = 3/2 molecule
with a positive D value. This prevented localization of the
molecular magnetic moment within the xy plane due to the
quantum tunneling effect. Thus, the total D value of
(TPA2C(ONHBu) RIREVC],(CN), was mainly due to the
contribution of the (TPA2C(ONH®Bu)EelIR, fragment. According
to eq 3, the D value of (TPA2C(ONHB) ELIIR VT, (CN),
predicted by CASPT2 was —1.7 cm™ (D = 6/21 X (—5.8)),
closest to the experimental value, while CASSCF gave the much
larger D value using the above approach.

In conclusion, the PBE and CASSCF methods were poor in
predicting the values of D and E in our studied systems. In the
following section, CASPT2 was used to express A; and A, in
terms of D, J, and S, and the origin of the magnetic anisotropy
energy barriers for six Fe"Re''(CN), SCMs.

Origin of the Magnetic Anisotropic Energy Barrier. As
usual, for one-dimensional systems falling within the Ising limit,
A; can be expressed as 4lJS;S,l. In the case of compound 3,
however, the experimental A; value was 28 cm™,? far smaller
than the predicted 4JSp.Sp. value (57.6 cm™'). The experi-
mental A; values of the SCMs are rarely reported.* However,
the total energy barriers A, of compounds 1—5 have been
shown to be smaller than 4JS.Sg.. Compounds 1—S5 did not fall
within the Ising limit. Compound 6 had a higher 4/S; S, value
of 86.4 cm™’, close to the total energy barrier A, of 93 em™1*
In fact, the following calculation results show that 6 does not
fall within the Ising limit either.

To explore the constitution of the domain walls and the
expressions of A; and A, using D, ], and S, we first calculated
the D, and E; values of the Re!V (Re'CI,(CN),Zn,) and Fe!!
(Fe"R(CN),Ba,) fragments extracted from the six SCMs,
respectively (Table 4).

Homospin chains with collinear anisotropy axes that have a
D,/] ratio greater than 4/3 have sharp domain walls with a
creation energy predicted by A; = 4| 71S,S,.® For our investigated
heterospin Fe'Re'V(CN), SCMs, we assumed the anisotropy
axes were parallel and concluded that, when the D,/J ratio was

Table 3. Calculated and Experimental D(E) Values (cm™') of Four SMMs

SMM [ReVCl,(CN),]*~ (DMF),ZnReCl,(CN),
PBE —29.5 (0.03) —33.7(0.06)
CASSCF —23.1(1.75) —21.5(1.78)
CASPT2 13.1(2.6) 11.2(2.5)
6 6
exp. 11.1(32) 11.0 (2.1)
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[TPAzc(O)NHtBuFeII(CF3SO3) ] + (TPAZC(O)NHtB“)FeHReIVCL,(CN);_

—2.1 (—0.49) —8.5 (—2.60)
—30.2 (=0.36) —-5.6

—6.7 (—=1.02) -17

—7.9 (=2.01)* —23%

dx.doi.org/10.1021/ic402945j | Inorg. Chem. 2014, 53, 3503—3510
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Table 4. Calculated D, E,, (D; — E,)/J, and 2IE|l/J Values (cm™") of Fe"" (Fe"R(CN),Ba,) and Re" (Re"Cl,(CN),Zn,)
Fragments Where ] Was the Experimental Re"™—Fe" Coupling Constant (cm™) of Six SCMs

1 2 3 4 s 6
Re" Fell Re!Y Fell Re' Fell Re! Fell ReV Fell Re! Fell
D; 5.8 =7.5 10.3 —-8.7 114 -9.2 20.8 -7.6 19.8 =7.5 5.9 -7.6
E; 2.86 —1.65 1.07 —1.47 3.38 -1.63 1.59 —2.01 3.26 -1.79 1.15 —1.34
(D; = E)/] 1.39 1.61 1.57 0.99 091 0.87
2IEl/] 1.36 0.48 1.41 0.57 1.03 0.32
J 42 4.5 4.8 5.6 6.3 7.2

larger than 2 for Re' and 1 for Fe', sharp domain walls were
present, according to Barbara and co-workers’ theory, where
Ay>1/ 3A5.26 Since the rhombic anisotropy of Fe'" will shortcut
the energy barrier, we replaced D; using D; — E; and defined the
ratio as (D; — E;)/J. Long and co-workers reported that for an
easy-plane system, the anisotropy energy associated with the
reversal of a single Re'" spin within a chain was given by A, =
2|EIS%, where E = (D, — D,)/ 2.5 Thus, for the Re' fragments
with positive D values, we substituted (D; — E;)/J using 2IE|/J
to define the ratio. The 2|E]/] values of Re' of compounds 1—6
were all less than 2; the (D; — E,)/J values of Fe" of compounds
1—3 were all greater than 1, while those of 4—6 were less than
1(Table 4).

We separated six SCMs into two groups based on their
2|E)/J and (D; — E,)/J values of Re" and Fe'' in Table 4. The
first group compounds 1—3 had 2|E/J values of Re'" less than 2,
while the (D; — E;)/] values of Fe'' were greater than 1. In
contrast, the (D; — E,)/J values of Fe"" of compounds 4—6 (the
second group) were less than 1. Since the magnetic anisotropic
energies of Fe'' fragments for compounds 1—6 were all far
greater than the rhombic anisotropy energies of Re'" fragments,
the spins on Re'" were orientated in the directions of the spins
on Fe''. This was due to the strong Re''—Fe' ferromagnetic
interactions (Table 4). In Figure 7, we show the easy plane

Hard(Re™")

Figure 7. Alignment of the local easy plane and axis of Re'
(Re™CL,(CN),Zn,) and Fe" (Fe"R(CN),Ba,) fragments of com-
pound 3, respectively.

and axis on the Re'" and Fe"" fragments of compound 3. The
easy planes and axes of Re' and Fe" fragments of the other
complexes were very similar to those of compound 3.

The easy axes of Fe'l were all strictly parallel in the six
Fe''Re'(CN), SCMs. Figure 7 shows that the easy axis of Fel
did not lie in the easy plane of Re" in compound 3. The
inclined angles between the easy axes of Fe'" and the hard axes
of Re" for compounds 1—5 were 56.4°, 59.2°, 63.6°, 71.4°, and
80.1°, respectively. In compound 6, however, the easy axis of
Fe" was almost parallel to the easy plane of Re'". Because of
the much smaller rhombic anisotropy energy of Re'” compared
to the energy barrier of Fe'' (Table 4), the spins of Re' were
orientated in the direction of the spins of Fe' under the strong
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Re'V—Fe' ferromagnetic coupling interactions. Thus, although
the easy planes on Re' and the easy axes of Fe' were not
parallel, the (D; — E,)/J and 2IE]/] values could be used as a
reference since the total energy barrier mainly came from the
contribution of Fe', whose easy axes were strictly parallel.
According to the above analysis, each unit cell of Fe'R in
compounds 1-3 could be regarded as a domain wall since the
(D~E,)/] values of Fe'' were all greater than 1. The total
energy barrier A, of compounds 1—3 were closely equal to the
creation energy of flipping the spins on one Fe''. This cor-
responded to the amount of energy needed to overcome the
magnetic anisotropy energy A,, (D,—E,)Sg.% and the correlation
energy A, mainly coming from the exchange interaction between
Fe' and the neighboring Re". When the spins of one Fe'
flipped, the spins of the neighboring Re' simultaneously flipped
due to the small rhombic anisotropy energy of Re'. But the
spins were not in the same direction of the spins of Fe' due to
the exchange interaction of Fe'' on the other side. When the spin
of one Fe'' completely flipped to the opposite direction, the spins
of the central Re' were orientated to a direction perpendicular
to it due to the competing interactions of the two neighboring
Fe'' located in the adjacent Re'" (Figure 8). Thus, the correlation

Figure 8. Alignment of the spins of one Fe' (left or front), the central
Re", and the other Fe" (right or behind) when the spins of the left or
front Fe'l completely flipped to the opposite direction.

energy barriers A; of compounds 1—3 were all closely equal to
half of 4JSp.Sg. (Table 5).

The calculated total energy barriers A, = A, + A, are close
to the experimental values for those of compounds 1-3,
respectively, and the variation trend of the A, from 1 to 3 is the
same with the experimental one.
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Table S. Calculated and Experimental A,, A, and A, Values
of Compounds 1-3 (cm™)

Ay A; A,
cal. exp. cal. exp. cal. exp.t
1 234 25.2 48.6 45.0
2 28.9 27.0 55.9 55.0
3 30.3 28.0 28.8 28.0 58.3 56.0

For compounds 4 and 5 (the second group), since the
(D; — E;)/J of Fe"' were less than 1, each domain wall contained
more than one unit cell of Fe''R. When the spins of one Fe'
flipped, the spins of the neighboring Re"" also simultaneously
flipped, following them. The third neighboring Fe' also flipped
due to its small (D, — E;)/J value. When the spin of one
Fe"" completely flipped, the direction of the spin of the Fe' ion,
the central Re", and the other neighboring Fel were not
perpendicular to each other (Figure 9).

Figure 9. Alignment of the spin of one Fe' (left or front), the central
Re", and the other Fe™ (right or behind) when the spins on the left or
front Fe'' completely flipped to the opposite direction.

For compound 4 or §, although the calculated anisotropy
energy barrier of Fe' was also larger than one-third of 2JSg.Sg.
(A > 2/3]SpeSk.), the energy barrier from S, =2 to S, = 1 was
smaller than one-third of 2JSy.Sp. Therefore, the other
neighboring Fe' spin S = 2 was orientated to S, = 1 (the
projection of the Fe' spin S = 2 on its easy axis). The total
energy barrier A, of compounds 4 and § was closely equal to the
creation energy required to flip the spin of one Fe'. This energy
requirement would need to overcome the anisotropic energy
barrier Ay, (D; — E;)Sg.%, and the correlation energy barrier A,
coming from the exchange interaction on the left Fe'' from the
central Re', which is about 2JSg,Sg.(cos 98.4 — cos 180). The
inclined angle between the spins of the left Fe'" and the central
Re" were close to 81.6° due to the competing exchange
interactions of the two neighboring Fe'’. The calculated and
experimental Ay, A, and A, values are shown in Table 6.

The values of A, obtained from the calculated A, and A; of
compounds 4 and S were a little larger than the corresponding
experimental values because the orientation of the spins on the
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Table 6. Calculated and Experimental A,, A, and A, Values
(cm™) of Compounds 4 and 5

Ay A: A,
cal. cal. cal. exp.t
224 28.7 S1.1 49
S 22.8 32.3 5S5.1 S3

right or behind Fe' (Figure 9) in the S, = 1 state was difficult to
be accurately defined (Table 6).

It was evident that compound 6 did not fall into the Ising
limit with sharp domain walls. It was not clear why its total
energy barrier A, was the highest to 93 cm™". The structure of
compound 6 (Figure 10) contained two different Re''—Fe'

Ji

Figure 10. Structure of compound 6; H atoms are omitted for clarity.

exchange coupling constants, ], and ],, compared to only one in
compounds 1-S§.

It was assumed that the two exchange coupling constants of
Jy and J, of compound 6 were the same in both the above
calculation and the experimental fitting. To obtain the different
J, and ], values, we calculated the energies of three spin states
(see Figure 2a): the high-spin state (Spg = Spe; + Spe + Spea),
the first low-spin state (flip the spins of Fel; Sig; = —Sgo, +
Sge + Spea), and the second low-spin state (flip the spins of Fe2;
Sisy = Sper + Spe — Spez). The calculated J; and J, values were
9.6 cm™" and 5.5 cm™, respectively, according to egs 8 and 9.

J, = (Epsi — Epg)/15 (8)

L= (Ersy — Eng)/15 )

The values of 2IE|/J; and 2IE|/], for Re™ were both less
than 2. However, the value of (D; — E;)/J; for Fe" was less
than 1, while the (D; — E;)/J, value was greater than 1. Thus,
we can approximate one RelFel or Re2Fe2 (Figure 10) as a
unit cell (one domain wall). The exchange coupling constant J”
between the neighboring unit cells of RelFel and Re2Fe2
are described by the spin Hamiltonian: H = —2J,(SpSge; +
SReZSFeZ) = 2],Sge1Ske2 and H = —2J"Speipe1Sreorea-

"o E
J 5672 (10)

The A; = 4]"Sgeire1Srezrer Of compound 6 was 72.2 cm™
(eq 10). To obtain A, we first calculated the total Dy, value
of one unit cell of RelFel (eq 3). Because of the positive D and
the small E values of Re'” of compound 6, the total Dy, pe;
value mainly originated from the contribution of the Fel.
The obtained Dy, ;re; and Egeipe; (Dreirer = 6/21Dgci; Egerper =
6/21Eg,,) values were —2.2 cm™' and —0.38 cm™, respectively.
The anisotropic energy barrier A, = [(Dgejrer — Ereirer)-
(S’Retper — 1/4)] was then calculated as 21.8 cm™'. Using
the above calculated A; and A, the total energy barrier A, of
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compound 6 was 94.0 cm™’, very close to the experimental
value of 93 cm™.*

The above analysis shows that the total energy barriers
for the six Fe"Re™(CN), SCMs mainly came from Fe. This
was in contrast to the Mn"Re™V(CN), SCM.>® The Re" ions
only transmitted the exchange couplings between Fe' ions and
almost had no contribution to the barriers. Moreover, the total
energy barriers for compounds 1—6 did not always increase as
the Re'—Fe" couplings increased, due to a decrease in the
(D, — E;)/], of Fe'. Thus, to enlarge the energy barriers of SCMs,
it is necessary to increase single-ion anisotropy, while simulta-
neously enhancing the intramolecular exchange interactions.

B CONCLUDING REMARKS

In the Ising limit (ID/]I 3 4/3), the expressions of A: and A,
in terms of D, J, and S for SCMs are clear.® Billoni and co-
workers also gave the expressions in the Heisenberg limit
(ID/Jl < 4/3).” In the intermediate region between the Ising
and the Heisenberg limits (ID/Jl ~ 4/3), however, the expres-
sions of A; and A, in terms of D, ], and S are still unknown.
Thus, we selected a series of Fe"Re™(CN), SCMs from the
intermediate region, to obtain this correlation and investigate
the origin of the magnetic anisotropy energy barriers using
B3LYP and CASPT2 methods.

The six SCMs were divided into two groups by their
(D; — E;)/] and 2IE]/] values. The A, values for compounds
1-3 (first group) were close to the magnetic anisotropic energy
of a single Fe'. The correlation energy A, mainly came from
the exchange interaction between Fe'' and the neighboring
Re', which was expressed as 2JSg.Sg.. For compounds 4 and §
(second group), the (D; — E;)/J values of the Fe' were less
than 1; A, for these compounds was estimated as (D; — E;)Sg.>
The correlation energy barrier A; came from the exchange
interaction between Fe' and the central Re"V, which was about
2JSpeSre(cos 98.4 — cos 180). Since there were two different
RelV—Fel! couplings in compound 6, one unit cell of ReVFell was
regarded as a domain wall. A; of compound 6 was expressed as
4] Spe1re1Srearey Where J” was the coupling constant of the
neighboring unit cells of RelFel and Re2Fe2, and A, was given
by Dgeirer(Srerrer — 1/4). All the calculated A; and A, values
were close to the experimental values, suggesting our approach
was correct. This work needs to be validated in other SCMs.

The above results show that enhancing the Re''—Fe''
couplings did not always effectively increase the total energy
barrier of Fe"Re'V(CN), SCMs. To enlarge the total energy
barrier, the single-ion anisotropy of Re'" and Fe" and Re'V—Fe'
couplings must both be increased.
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