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The magnetic interaction in the Ni(II)-Fe(III) Prussian Blue Analogue is investigated by means of Difference Dedicated Configu-
ration Interaction (DDCI) calculations. Embedded cluster calculations are performed to extract the exchange coupling constant J
with respect to an opening of the Ni-NC-Fe bridge while maintaining a rigid Fe(CN)¢ unit. It is shown that such active distortion
significantly modifies the magnetic interaction scheme in the material. Not only a ferromagnetic to antiferromagnetic transition
is observed, but the J value is varied from +11.4 cm™! to -12.5 cm~! when the Ni-Fe cyanide bridge is opened by 20° . The
enhancement of the intersite hopping electron transfer integral by a factor of 1.5 can be correlated to the observed Na'-ions
mobility in a unified “cation-coupled electron transfer” (CCET) process. These results stress the complexity and originality of
this class of compounds evidenced by the versatility of their magnetic network.

1 Introduction

Prussian Blue has received considerable attention as an inex-
pensive synthetic pigment ever since its synthesis at the be-
ginning of the 18" century.! On the other hand, Prussian Blue
Analogues (PBA) owe their ongoing popularity to interesting
physical and chemical properties such as spin-crossover, elec-
tron transfer or valence tautomerism. > PBAs contain one or
two different transition metal centers M and M’ bridged by
cyanide ligands to form a cubic lattice structure. The possi-
bility to induce a reversible change in the electronic structures
has stimulated much experimental and theoretical works with
potential applications in information storage devices. A vari-
ety of magnetic interactions sprouts from the presence of 3d
paramagnetic ions connected by cyano bridges, ranging from
room-temperature magnets>-® to single-molecule magnets.”
A prominent representative of this family of compounds
is the Co(III)-Fe(II) PBA which undergoes a diamagnetic-
ferrimagnetic transition to Co(II)-Fe(Ill) upon irradiation.
However, it is difficult to describe the electronic structure and
spectroscopy of these PBAs due to the presence of intermin-
gled physical and structural phenomena. The global transition
involves spin transition on the M site and electron transfer
and magnetic interaction between the M and M’ sites. Fur-
thermore, the energy ordering can be modified by varying the
crystal field (i.e., nature of the ligands) and the environment
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(i.e., Madelung field) generated by the presence of vacancies,
water molecules and inserted alkali ions®. It has been sug-
gested that electron transfer is triggered by the displacement
of the Co(III) ion in the presence of a water molecule.’

At this stage, let us stress that certain PBA matrices are
also remarkable hosts for alkali ions. Indeed, M-CN-M’
units have been recently considered as potential cathodes for
Na'-ion based batteries. Compounds of chemical formula
KM[Fe(CN)¢]- zH,O (M = Mn, Fe, Co, Ni, Zn) have demon-
strated promising capacities thanks to the large interstitial
spaces that offer reversible insertion and mobility. !%1? The
possibility to replace Li* ions by Na™ ions in traditional bat-
teries is of particular importance considering the lithium de-
mand.

The complexity in PBAs stems from intermingled structural
modifications within the lattice, electron transfers reactions,
and magnetic properties modifications. Thus, a systematic
inspection of PBAs electronic structures seems out of reach
using state-of-the-art ab initio methods. In that sense, the
Ni(II)-Fe(III) PBA turns out to be a relevant candidate since
electron transfer has not been stressed out whereas magnetic
interaction between paramagnetic centres is anticipated to be
the predominant phenomenon.

In this work, our goal is to investigate the speculated
ferromagnetic-to-antiferromagnetic transition in the Ni(II)-
Fe(IIl) PBA by means of wave function-based calculations.
Indeed, the relationship between structural deformations (see
Figure 1) and the electronic structure is of prime importance
in order to understand the resulting macroscopic properties. In
strong analogy with proton-coupled electron transfer (PCET)

processes, '*~13 one can anticipate that the intersite electron
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transfer amplitude is related to the reported Nat-ions mo-
bility in a unified “’cation-coupled electron transfer” (CCET)
picture. Such original concept is of particular importance

in PBAs which combine magnetic and valence tautomerism
properties.

Fig. 1 Representation of the Ni(II)(NC)5-N; C;-Fe(III)(CN)5
cluster. The rotation of the Ni(NC)5 and the rigid Fe(CN)g unit in
opposite directions leads to the opening of the bridging C; N
ligand. This structural deformation is measured by the angle f3.

2 Theoretical Details

The magnetic interactions in the NiFe compound are governed
by the overlap of the magnetic orbitals on the Ni and Fe cen-
ters and the o, w and 7* orbitals of the bridging C;-N; cyanide
ligand. It is known from experiments that the Fe(CN)g unit is
rather rigid '%!7 whereas distortions are likely to occur around
the Ni center. Indeed, X-ray diffraction measurements per-
formed under high pressure conditions have suggested the ex-
istence of a weakness in PBAs lattices around the divalent ion,
namely Ni(I). Therefore, the opening of the bridging C|N;
ligand along the angle 8 (see Figure 1) is a relevant deforma-
tion which is expected to modify the orbital overlap, and as
a result the exchange interactions between the paramagnetic
centers.

We followed the commonly employed embedded cluster ap-
proach®!8 in order to treat a molecular cluster using accurate
wave function based calculations while still taking into ac-
count the leading effects of the actual crystalline surrounding.
In this case, the molecular cluster is defined as the magnetic
centers and their respective first coordination spheres, that is,
the Ni(II)(NC)5-N C;-Fe(III)(CN)5 system, called NiFe clus-
ter hereafter. All-electron basis functions were introduced on
all atoms of this NiFe cluster. Namely, we used the recently
developed atomic natural orbital ANO-RCC basis sets %20
with the following contractions, commonly accepted for stud-
ies of magnetic systems:° Fe, Ni (5s4p2d); C,N (3s2pld).

The rest of the crystal can be divided into a short-range and
a long-range region. First, the short-range embedding (up to
the first cluster neighbours) contains 10 total ion pseudopoten-
tials (TTPs) on the Ni(Il) and Fe(III) ions that account princi-
pally for the Pauli exclusion zones in the actual cluster prox-
imity. Then, formal point charges [Fe(3+), Ni(2+), C(-0.5),
N(-0.5)] were used to reproduce the long-range Madelung po-
tential, a critical quantity in ionic>?! and molecular???3 crys-
tals. Using this approach, a rectangular box of approximately
10 Ax10 Ax15 A containing TIPs and formal point charges
was considered around the central NiFe cluster (see Figure 2).
It must be noticed that only a negligible computational cost is
added when taking into account the embedding while the com-
putational effort is focused on the treatment of the electronic
structure of the cluster.
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Fig. 2 (a) Ni(II)(NC)5-N;C;-Fe(III)(CN)s cluster used for the
DDCI calculations (b) embedded cluster in the NiFe PBA lattice.
Embedding CN bridges are represented as grey lines for clarity.

The cluster atoms, TIPs and point charges were located
at the crystallographic positions reported by Kuwabara et
al.®*, associated with the following bond distances : d(Ni-
N)=2.03 A, d(CN)=1.15 A and d(FeC)=1.93 A. During the
cluster deformation the TIPs and point charges remain on their
crystallographic positions. The deformation was carried out
by increasing the angle B (see Figure 1) from 0 to 25° in 5°-
steps. All the Ni(II) and Fe(III) ions were maintained on their
crystallographic positions and the rigid Fe(CN)g unit was ro-
tated while keeping a constant angle /(Fe —C; —N;) = 180°.
Consequently, the Ni-N; bond distance was stretched up to
2.66 A at the maximum angle value 8 = 25°.

Based on this embedded cluster model, the electronic cor-
relation can be divided into static and dynamic contribu-
tions. The former results from degenerate or quasi-degenerate
electronic configurations in the presence of singly occupied
molecular orbitals (MOs). In contrast, the latter captures the
instantaneous electron-electron interactions. The static corre-
lation is introduced by complete active space self-consistent
field (CASSCF)? calculations using the 7.8 release of the
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MOLCAS package.?® As expected from the large CN~ crystal
field parameter and confirmed experimentally,?’ the Fe(III,d°)
ion is in a low-spin configuration Sg. = 1/2 and exhibits one
singly-occupied 3d orbital of tye-type. The Ni(I1,d®) ion has
two singly occupied 3d orbitals of e,-type, resulting in Sn; = 1.
Consequently, a minimal active space consisting of 3 electrons
in 3 orbitals (CAS[3,3]) was used (see Figure 3).
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Fig. 3 The CAS[3,3] (dashed red line) used in the calculations and
the corresponding Ni(I) (left) and Fe(IIl) (right) magnetic orbitals.
The represented spin configuration corresponds to a quartet state.

Subsequently, difference dedicated configuration interac-
tion (DDCI) calculations?® as implemented in the CASDI
code? incorporate the dynamic correlation through a selected
CI involving orbitals of higher quantum numbers. The active
space was extended to check that the remaining 3d orbitals re-
main with occupation numbers very close to 2.0. Besides, the
DDCI wavefunction projection onto the CAS[3,3]SCF refer-
ence remains larger than 90%, supporting the validity of the
active space. The DDCI method has proven to be particu-
larly efficent in the evaluation of exchange coupling constants
in molecular® as well as solid-state systems.>!3> Following
the DDCI approach, a single set of MOs for one particular
geometry is used for all calculated states - a strategy partic-
ularly adapted to magnetic systems which usually do not ex-
hibit large electronic reorganisation. The method introduces
excited configurations (7) generating holes (h) and particles (p)
in the inactive and virtual MOs, respectively, and (ii) leaving
out the demanding 2h-2p class of determinants. In the follow-
ing, we will refer to DDCI values for calculations performed
at the DDCI-3 level (up to 2h-1p and 1h-2p classes). Let us
mention that other strategies have been reported to reduce the
CI space, 3, to incorporate the correlation effects which con-
tribute to a reduction of the on-site repulsion* and to optimize
the set of MOs used in the configurations construction. 333
All our calculations were carried out in the C; point group.

3 Results and Discussion

3.1 Analytical description

The local spins can be either Sx; = 1 or S; = 0 on the Ni cen-
ter, and Spe = 1/2 on the Fe site. From the field generated
by the cyano ligands, the local singlet state Sy; = 0 lies much
higher in energy. Thus, we assume a local triplet and doublet
state on the Ni and Fe centers, respectively. Therefore, the to-
tal spin Sy of the model cluster ranges from |Sy; — Sge| = 1/2
to Sni + Sre = 3/2. In the following, we derive the analytical
expression for the energy difference AE between the doublet
(Stot = 1/2) and quartet (S, = 3/2) states (see Figure 3). The
magnetic orbitals on the Ni and Fe centers are referred to as
a,a’ and b, respectively. In a first step, we only consider deter-
minants that preserve the number of electrons on each metal
center (i.e. “neutral determinants”), namely

_|ad'b| + |aa'b|

In this 2 x 2 space, the energy difference between the doublet
and quartet states AEy reads

o =lad'’bl; gy

AEN = ZﬁKib (1

where Ky, = (ib,bi) = (ib|H|bi) (i = a,d’) is the exchange
integral between the two magnetic sites. We assume here that
Kap = Kyp-

In a second step, configurations that account for electron
hopping from one site to the other (i.e. ’ionic determinants™)
are included to enlarge the representation space. Such ionic
forms can be written as

07" =laad'|; 9" = |ad'd'|; ¢{*" = |abb|; 9;* = |a'bb|.

The corresponding hopping integrals 7,;, and #,/, connect neu-
tral to ionic forms as

ta, = (aad'|H|ad'b); ty, = (ad'b|H|abb),
One should recall that the amplitude of the hopping integrals
is proportional to the overlap between the magnetic orbitals.
Following a perturbative treatment of the energies, the inclu-
sion of the above ionic determinants ¢; leads to a relative sta-
bilisation of the doublet state with respect to the quartet state

W2, 11
AE = —=(tg+to,) | =+ — 2
I 3 (ab+ah)<Ua+Uh> (@)

where U, and U, stand for the on-site electron-electron repul-
sion, U; = (ii,ii) = (ii|H|ii). Equations 1 and 2 can be com-
bined to give rise to the doublet-quartet energy splitting

42 12

AE =2V2 Kegp — —— — 3
\[ eff 3 Ueff ()
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U%, + Uib) K.g is the effec-

tive exchange integral assumed to be unique whatever a or a’'.
As expected, two competing contributions can be identified.
The first part of equation 3 favours a ferromagnetic coupling
between the two sites whereas the second part favours an anti-
ferromagnetic behaviour. The impact of the latter depends on
the ratio of the effective hopping integral 7. and the effective
on-site repulsion Ueg.

2 _ 2 42 L
where fggp = 13, + 15, and g = (

3.2 Numerical Results

The spin-Hamiltonian

H = —J5x; - Ske )

first introduced by Heisenberg3” and later discussed by
Dirac and Van Vleck3® introduces the so-called exchange cou-
pling constant J.3 Such model Hamiltonian relies on this sin-
gle parameter J, and describes the interaction between two
spins, Sni = | and Sg. = 1/2 localized on the Ni and Fe cen-
ters, respectively. J is uniquely determined by the doublet and
quartet states energies and reads

J= [E(Slot = 1/2) _E(Stot = 3/2)} 5

W | =

Besides, J can be split into ferromagnetic (FM) Jry, and
antiferromagnetic (AFM) Jspps contributions

J=Jrm+Jarm (6)

in correspondance to the first and second part of the analytical
expression 3. The calculated J values as a function of the de-
formation angle 3 are summarized in Table 1 and represented
in Figure 4.

Table 1 CAS-CI (CI) and CAS-DDCI (DDCI) calculated exchange
coupling constants (cm~!) with respect to the deformation angle B
(°) (see Figure 1). The set of MOs used in the DDCI calculations is
the quartet state one (see Figure 3).

Angle ﬁ Jor Jooar
©) (em™H) (em™h
0 +1.8  +114
5 +1.2 +7.4
10 -0.4 -1.1
15 -1.7 -10.0
20 -2.1 -12.4
25 -1.5 -8.5

-
O,

1
'y
(=]

Magnetic coupling J (cm-1)
(=]

0 5 10 15 20 25
angle B (°)

Fig. 4 Exchange coupling constant J (cm~") as a function of the
deformation angle 3 (N FeNi) at CAS(3,3) (blue, dashed line) and
DDCI (red, solid line) level of theory. The ferromagnetic (FM,

J > 0) and antiferromagnetic (AFM, J < 0) regimes are highlighted.
Red circles illustrate the positions of particular values used in the
text.

Let us first discuss the J, values in Table 1. These are ob-
tained from CASJ[3,3]-CI calculations using the state-specific
CASJ3,3]SCF MOs of the S = 3/2 state.

In the B ~ 0° regime, the system exhibits ferromagnetic
(FM) behaviour (J/ =+1.8 cm™'). This result is a reflection
of the orthogonality between the tye-like (b) and e,-like (a,
a') MOs localized on the Fe(III) and Ni(II) centers. As men-
tioned previously, the hopping integral #.¢ is proportional to
the overlap between these orbitals. As expected from Kahn’s
model, the antiferromagnetic contribution is suppressed with
a vanishingly small f.g value, leaving a FM behaviour (see J,,
values in Table 1).

As soon as the cluster is deformed, the magnetic orbital
overlap is enhanced and switches on the antiferromagnetic
contribution. Therefore, the J value is reduced and spans the
FM regime up to a 3 value of 9.5° (see Figure 4). For this
critical value, the Ni-N distance is 2.14 A as compared to the
reported value 2.03 A.%* Beyond this critical value, the system
exhibits an AFM behaviour up to B = 25°, with the lowest J
value of —2.1 cm™! at 8 = 20°.

Let us now concentrate on the DDCI set of calculated val-
ues. The importance of correlation effects to reach spec-
troscopic accuracy has been discussed in the literature. 404!
First, the J value of the non-deformed complex (8 = 0°, J
=+11.4 cm™!) is consistent with the experimental Curie tem-
perature value 7, = 24 K,?’ and therefore validates our embed-
ded cluster DDCI calculations. It is noticeable that the same
FM and AFM regimes with a common frontier at § = 9.5°
can be identified at the DDCI level. Thus, the qualitative be-
haviour is not modified. However, the dynamical correlation

4| Journal Name, 2010, [vol]1-6
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introduced at the DDCI level greatly amplifies the height of
variations, with J values ranging from +11.4 cm™~! at B = 0°
to -12.5 cm™! at B = 19° (see Figure 4). In the FM region,
Jppcr = Jer+AJgy with AJgy > 0 whereas in the AFM re-
gion Jppcer = Jer+AJarpm with Adapy < 0 (see Figure 4). In
other words, the correlation effect at the DDCI level seems to
stabilise whichever form of magnetic behaviour is dominant
in the wave function at the CAS-CI level.

The positive character of AJp); deserves particular atten-
tion. Let us recall that the DDCI space includes the important
2h-1p and 1h-2p sets of excitations. For ferromagnetic sys-
tems, the wave functions are essentially represented by neutral
forms. Therefore, the AF pathways involving the stabilisation
of the ionic forms have a negligible contribution. At the DDCI
level, the leading contribution effect is not related to the direct
interaction of 2h-1p excitations with the valence-bond forms.
Their ferromagnetic contribution is associated to more com-
plex pathways involving simultaneously other types of excita-
tions, ligand-to-metal charge transfer (LMCT) forms. 4>

As previously reported from selected CI calculations,*? the
presence of the 2h-1p determinants produces an enhancement
of the LMCT forms. Besides, the LMCT quartet state is ex-
pected to be stabilized as compared to the doublet by Hund’s
rule. Therefore, the coupling between 2h-1p and the LMCT
forms favours the quartet state, and consequently gives rise to
a ferromagnetic contribution AJry > 0.

This is to be contrasted with the AFM regime in Figure 4.
The calculated AJypy < 0 at the DDCI level is a reflection of
the stabilisation of the ionic forms which progressively gain
weight in the CAS-CI wave function. It is known from the lit-
erature that instantaneous charge reorganization (so-called dy-
namical correlation effects) stabilizes the ionic forms.* Such
phenomenon is introduced beyond the CASSCF mean field
picture and plays a dominant role in the spin states ordering.
As a consequence, U in Equation 3 is reduced by the intro-
duction of dynamical correlation effects.

From the rigidity imposed to the Fe(CN)g unit, the Ni-
N; distance is continuously stretched along the deformation.
Therefore, the overlap between the Ni 3d and the bridging @
orbitals is reduced, leading to an increase of J beyond the min-
imum value found at § = 19°. Let us mention that such regime
is not realistic since the Ni-N; distance is stretched by more
than 30%.

In order to quantify the effective hopping integral f.s mod-
ulation, we finally used the DDCI J values calculated for
B=0,95and 19°, J=11.4, 0 and -12.5 cm! (red circles
in Figure 4). From the value at § = 0°, equation 3 leads to
Keir = 4.03 cm ! since zo is negligibly small. Due the strong
atomic character of the magnetic orbitals (projections on the
3d atomic orbitals are larger than 0.75 for 0° < < 20°), the
K. and Ues were assumed to be constant along the deforma-
tion. This assumption allows us to concentrate on the mod-

ification of the hopping integral parameter. One can easily
observe that fg is increased by a factor 1.5 as the angle 3 is
increased from 9.5 to 19°. This change in the electron transfer
amplitude is expected to be coupled the cation transfer in the
NiFe PBA, a mechanism of prime importance to enhance ion
mobility.

4 Conclusion

Wave function-based DDCI calculations were performed on
an embedded cluster to investigate the magnetic properties of
the NiFe Prussian Blue Analogue. Our calculation for the non-
distorted structure is consistent with the experimental Curie
temperature. A rather significant change in the calculated ex-
change coupling constant (i.e., 23.9 cm™!) was observed as
the local environment of the Ni center is modified away from
strictly octahedral geometry. This change from ferromagnetic
to antiferromagnetic behaviour can be understood as an in-
crease of magnetic orbital overlap. In that sense, the cluster
deformation switches on the effective hopping transfer z.¢ be-
tween the magnetic centers. f.g increases by a factor of ~1.5
over an opening-range of ~10° of the Ni-NC-Fe cyano bridge.
In view of the proven Na™ mobility in NiFe PBA and in anal-
ogy with PCET processes, the increase of the hopping integral
should be coupled to the Na™ ion diffusion within the matrix
in a ’cation-coupled electron transfer” (CCET) picture. Such
a coupling could be a step towards tunable magnetic and con-
ducting materials.
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