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We explore a combination of density-functional theory with supplemented Coulomb U (DFT + U) and
ab initio molecular dynamics simulations to investigate the spin-crossover (SCO) phenomenon in
coordination polymers. We demonstrate the applicability of the method for the case of bimetallic
metal-organic framework Fe,[Nb(CN)g] - (4-pyridinealdoxime)g - 2H,O [see S. Ohkoshi et al. Nat.
Chem. 3, 564 (2011)]. Our study shows that this approach is capable of capturing the SCO transitions
driven by pressure as well as temperature. In addition to discovering novel spin-state transitions, magnetic
states involving changes in the long-range magnetic ordering pattern are achieved, thereby offering the
tunability of spin states as well as the long-range order of the spins. We compare the SCO transition in the
Fe-based framework with a computer designed Mn-based variant.
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Introduction.—Spin-crossover (SCO) transition is a phe-
nomenon that can occur in octahedrally coordinated
transition-metal ions of d*-d’ configuration in which the
spin state switches reversibly between different values due
to an external perturbation such as pressure, temperature,
light irradiation, or magnetic field [1]. Such SCO transi-
tions on Fe have been observed in Fe-bearing silicate
perovskite under lower mantle pressure in Earth’s interior
[2]. They have been observed, too, for coordination poly-
mers [3] with Fe?>" building blocks [4], which hold prom-
ise for construction of advanced materials with various
applications, such as spin-switchable memory devices,
optical information storage and displays [5]. Through
communication between individual SCO centers coopera-
tivity builds up, thereby providing a bistable character to
the whole material. In spite of its technological impor-
tance, the SCO phenomenon in coordination polymers is
not yet well understood, especially on the materials level.

While the SCO transition can be qualitatively under-
stood, following ligand field theory [6], as a competition
between the splitting between ,, and e, energy levels, and
the Hund’s rule coupling (Jy) between the d electrons, it
does not offer a predictive, materials specific explanation
of the phenomenon. Most importantly, it does not take into
account the building up of long-range order in the extended
framework. Theoretical works to address cooperativity in
SCO materials are based on elastic interactions, defined in
terms of local distortions interacting elastically and pro-
ducing long-range effective interactions [7]. Only recently
the possible role of magnetic exchange in cooperativity has
been investigated [8]. A viable route to microscopic under-
standing of the SCO phenomenon and its cooperativity in
extended systems like coordination polymers would be to
employ density-functional theory (DFT) based calcula-
tions. This is however very challenging given the complex
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nature of the crystalline environment involving several
SCO atoms in the unit cell and, moreover, the description
of the phenomenon requires proper handling of the subtle
changes in the crystal structure as well as the electronic
structure upon application of external stimuli. Nonetheless,
with the advancement of ab initio techniques in terms of
accounting for the open-shell correlation effect, which is
important for capturing correctly the transition-metal d
electrons, the established confidence in accurately predict-
ing the changes in crystal structures in such metal-organic
polymers [9,10] is growing. Also, the capability of han-
dling temperature effects through ab initio molecular
dynamics (AIMD) simulations is promising [11].

In this Letter, we explore a combined structural-
temperature approach to the SCO phenomenon consider-
ing the example of a recently synthesized bimetallic,
coordination polymeric compound, Fe,;[Nb(CN)g]:
(4-pyridinealdoxime)g - 2H,O [12]. Using a combination
of ab initio DFT + U and AIMD, we study the effects of
application of hydrostatic pressure, temperature, as well as
of substitution of Fe?* by Mn?". We could successfully
describe the pressure as well as temperature-driven
spin-state transition, establishing thus the potential of the
introduced approach in adequately handling such complex
phenomenon. In the combined pressure-temperature route,
we predict the existence of two interesting, as yet undis-
covered phases. One of these has the intermediate spin (IS)
state of Fe>" as opposed to the high-spin (HS) or low-spin
(LS) state. Interestingly, this IS state exhibits long-range
ferromagnetic coupling between the Fe and Nb spins, as
opposed to long-range antiferromagnetic coupling between
the HS Fe and Nb spins observed experimentally at am-
bient pressure [12]. With temperature, this ferromagnetic
coupled IS state can be switched to a different HS state,
with ferromagnetic coupling between HS Fe and Nb spins.
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Through the pressure and temperature control, our study
thus predicts switching of the Fe-spin state together with
switching of the long-range magnetic order. Substitution of
Fe by Mn leads to changes in the nature of pressure driven
spin-state transition from a two-step (HS — IS — LS) to a
one-step (HS — LS) process.

Method.—The DFT calculations, reported in this study,
were carried out using the plane wave, pseudopotential
basis as implemented in Vienna ab initio simulation
package (VASP) package [13] with choice of projector-
augmented wave (PAW) potential [14]. The exchange-
correlation functional was chosen to be the generalized
gradient approximation (GGA) [15]. The missing correla-
tion effect beyond GGA was accounted for through
DFT + U [16] calculations. This approach has given
promising results for SCO systems [9,17]. The AIMD
calculations in this work were performed using VASP in
the NVT ensemble, where N is the number of particles, V
is the volume of each system, and T is the temperature of
the ensemble. Details of the computations can be found in
the Supplemental Material [18].

The  system.—Fe;[Nb(CN)g]- (4-pyridinealdoxime)g-
2H,0O forms a three-dimensional connected network of
cyanide (CN)-bridged Fe—-Nb atoms, which crystallizes in
the tetragonal space group /4, /a [12]. The basic structural
units consist of distorted FeNg octahedra and NbCg dodec-
ahedra. The octahedral and dodecahedral units are con-
nected to each other through C—N bridges, as shown in the
inset of Fig. 1. The two apical positions of the octahedral
units are formed by cyanide N atoms while the other four
positions are formed by N atoms belonging to rings of
4-pyridinealdoxime. Among the eight CN groups con-
nected to Nb, four are connected to Fe while the remaining
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FIG. 1 (color online). Computed magnetic moment at the Fe
site plotted vs the unit-cell volume of the Fe-Nb complex. The
hydrostatic pressures corresponding to selected volumes are
marked in the upper ordinate. The t,, and e, orbital occupations
of Fe in HS, IS, and LS states are shown schematically. The inset
shows the crystal structure, highlighting the environment around
Fe, represented as magenta (dark) balls and Nb, represented as
yellow (light) balls.

four are free and saturated by hydrogens. Some of the
waters are connected to the hydroxyl group of
4-pyridinealdoxime through hydrogen bridges and the
rest are nonbonded, giving rise to a total of 290 atoms in
the unit cell [19].

Structural optimization and volume-reduction effect.—
The published crystal structure data [12] measured at
300 K do not report the positions of hydrogens which are
difficult to detect through x-ray diffraction. In the first step,
starting from the reported crystal structure data, we there-
fore positioned the hydrogen atoms at their suitable posi-
tions and relaxed their positions by minimizing the forces
while keeping the positions of other atoms and the lattice
constants fixed at their measured values. The computed
electronic structure carried out on this structure shows the
HS state of Fe with a magnetic moment (M'®) of 3.75up.
The moment at Nb site (M"P) is obtained to be —0.58 w5,
aligned antiparallely to the Fe moment, establishing thus
Fe?* valence with § = 2 and Nb** valence with § = 1/2
spin and the antiferromagnetic coupling between Fe and
Nb spins, as deduced in the experimental study [12]. In the
next step, starting from the HS structure, we reduced the
unit-cell volume keeping the aspect ratios the same as that
of the HS structure, thereby emulating the application of
hydrostatic pressure, and reoptimized all the atomic posi-
tions. The obtained results are summarized in the main
panel of Fig. 1. Upon volume reduction, we find a remark-
able, two-step spin transition process at the Fe site, with
first transition from HS (MF® = 3.75up) to IS (MFe =
2.00u ) upon volume reduction by = 3%, and consecu-
tively to LS (M = 0.0up) upon further reduction of
volume by = 7%, while the Nb moment stays more or
less constant, MNP =~ 0.6u. This two-step transition is
triggered by the changes in the Fe-N bond lengths
(cf. [20]): the average Fe—N bond length along CN bridges
reduces from a value of 2.04 A at HS state to 1.93 A at IS
state to 1.91 A at LS state. The average Fe-N bond length
along the 4-pyridinealdoxime rings also shows a substan-
tial change from an average value of 2.23 A at HS state to
2.09 A at IS state to 2.04 A at LS state. We find the
transitions to be extremely sharp, showing the cooperative
nature (see Supplemental Material [18] for details).
Considering bulk modulus values typical of metal-organic
systems, B, = 20 GPa and (‘SBO)VO 7 [21], the volume
reduction of = 3% (required to drive the HS — IS transi-
tion) would amount to application of about 1 GPa pressure
while = 7% volume reduction (required to drive the
HS — LS transition) would amount to about 2 GPa
pressure. We note that the IS state of Fe?*, though less
common compared to LS or HS, has been reported in the
literature [2].

The spin-polarized density of states (DOS) projected on
Fe d, Nb d, C p, and N p are shown in Fig. 2, for HS, IS,
and LS configurations. The top panel exemplifies the anti-
parallel alignment of HS Fe and Nb at ambient pressure.
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FIG. 2 (color online). Density of states projected onto spin-
polarized Fe d (black, solid), Nb d (cyan, dashed), N p (green,
solid), and C p (shaded area) states, for HS, IS, and LS
configurations (top to bottom panel) of the Fe-Nb SCO com-
pound. The zero energy is set at the Fermi energy (Er). The
upper and lower subpanels in each panel correspond to up and
down spin channels, respectively.

Interestingly, we note that for the IS configuration, the
relative alignment of Nb majority and minority spin states
to that of Fe is reversed compared to that in HS state, i.e.,
predicting a parallel alignment of Fe and Nb spins. Note
that within the DFT + U formulation, this metal-organic
compound is predicted to be an insulator in the studied
volume range.

Temperature effect and AIMD results.—Following the
study of the effect of isotropic volume reduction (hydro-
static pressure), we focus on the effect of temperature. For
this purpose, we carried out AIMD simulations, where the
final temperatures were fixed at different values. First,
starting from the ambient pressure 300 K HS state we
could through AIMD simulations obtain the SCO transi-
tion to the LS state by fixing the quenching temperature to
20 K, in agreement with experimental observation [12].
The relative free energy difference between the HS and
LS systems, £ H;;SF “ is about 1075, and AFHS—LS —
25 kJ/mol, which agrees reasonably well with relative
energy estimates for SCO molecular systems [22].
Second, starting from the 7 = 0 K optimized crystal struc-
ture of the IS state reported above, we carried out AIMD
simulations setting the final temperature to 300 K. We
found the AIMD simulation to predict a temperature-
driven IS — HS transition. The AIMD simulation is thus
capable of capturing the necessary expansion of the Fe—-N
bond lengths, from average value of 2.09 A (1.93 z&) in the
T = 0 K structure to 2.22 A (2.05 A) in the 300 K structure

for the Fe-N bond lengths belonging to 4-pyridinealdoxime
ring (CN bridges). The evolution of the average Fe—N bond
length in the AIMD simulation is presented in the
Supplemental Material [18]. The computed Fe magnetic
moment of the 300 K crystal structure was found to be
3.73up in agreement with a HS state of Fe. This HS state
(referred as HS-2 hereafter) however is distinct from the
ambient pressure 300 K HS state (referred as HS-1 here-
after) in terms of the long-range magnetic order which
consists of ferromagnetically aligned Fe and Nb spins
with a total magnetic moment of 9.0uz/formula units, as
opposed to the antiparallel aligned configuration HS-1 at
ambient pressure 300 K, with a total magnetic moment of
7.0 5/formula units.

To understand the origin of this change of the nature of
the magnetic coupling between Fe and Nb in the two
different HS states, we plotted the magnetization density
for the HS-1 and HS-2 state in Fig. 3. We observe that the
magnetic interaction connecting Fe and Nb proceeds
through the Fe-N-C-Nb super-superexchange path.
Interesting changes happen with the bond angles in the
connected path. While the Fe-N-C bond angle shows a
change as large as about 8° between the HS-1 and HS-2
structures, the N-C-Nb bond angle shows little change.
This modification causes the relative orientation of the
magnetization density at Fe and N sites to flip from anti-
parallel in HS-1 to parallel in HS-2 (note the change in
color of the density at N site). This in turn causes the sign
of the magnetization densities at C and Nb sites to flip also,
which are aligned antiparallely and parallely in HS-1 and

FIG. 3 (color online). Magnetization density plots for the HS-1
(upper panel) and HS-2 (lower panel) states (isosurface value set
at 0.025/A%). The magenta (dark) and yellow (light) color
indicates positive and negative values of the magnetization
densities, respectively. Also shown are the structural comparison
of the Fe—-N-C-Nb path in HS-1 and HS-2, together with a
zoomed plot of the magnetization density along the superex-
change path.
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FIG. 4 (color online). Schematic
temperature-pressure-induced
Fe-Nb framework.

representation of the
spin-state transitions in the

HS-2 states, respectively, to the magnetization density at
the N site. This change is reflected also in the calculated
magnetic moments at N and C sites, which are found to be
—0.03up and +0.03up, respectively, for HS-1 and
+0.06p and —0.01up, respectively, for HS-2. The
change in bond angle causes a change in hopping inter-
actions and, importantly, change in the relative energy
level positions, leading to changes in Fe-N hybridization
between majority and minority spin channels, thereby
flipping the sign of the induced moment at the N site.

The obtained pressure- and temperature-driven SCO
transitions are summarized in the schematic diagram,
Fig. 4, which forms the central point of our study. Note
that only the temperature-induced transition between LS
and HS-1 was thus-far observed [12]; all other states are
ab initio predictions. The plot emphasizes that, employing
the combined pressure-temperature route, complex evolu-
tion of various spin states can be uncovered and even the
long-range order of spins can be tuned, opening up the
possibility of designing SCOs from an antiferro- or ferri-
magnet to a ferromagnet. A further interesting aspect of the
SCO in coordination polymers is the existence of the
thermal hysteresis loop. To assess the feasibility of our
method to capture the thermal hysteresis, one would need
to carry out AIMD simulations at many different tempera-
ture values with small intervals (the width of the hysteresis
is estimated to about a few K [12]) which, for the current
system with ~300 atoms in the unit cell, the existing
computational resources did not allow us to do.

Mn substitution.—Lastly, we studied the influence of
substitution of Fe by Mn. This was motivated by the fact
that a Mn-based variant was also reported to be synthe-
sized, though of somewhat different H,O composition
[12]. To study computationally the effect of Fe—-Mn sub-
stitution, we started with experimental crystal structure
data of the Fe—-Nb compound measured at 300 K, replaced
Fe by Mn, performed the full optimization of the crystal
structure, unit-cell volume, as well as atomic positions. A
HS state consisting of a Mn § = 5/2 spin aligned antipar-
allel to a Nb S = 1/2 spin was obtained, concordant with
experimental observation [12] made on a related Mn—Nb
framework. Subsequently, the effect of hydrostatic pres-
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FIG. 5 (color online). Magnetic moment at the Mn site plotted
against the unit-cell volume of the Mn—-Nb complex. The mag-
netization density plots in the insets illustrate the pressure-
induced switching from ferrimagnetic alignment between
Mn?* (S = 5/2) and Nb** (S = 1/2) to ferromagnetic align-
ment between Mn?* (S = 1/2) and Nb** (S = 1/2) along the
superexchange path.

sure was investigated. Upon volume reduction, a one-step
transition from HS (§ = 5/2) to LS state (S = 1/2) at the
Mn site was achieved around a volume reduction of 10%,
amounting to application of hydrostatic pressure of about
3 GPa (see Fig. 5). Comparing with Fe-Nb, we note: (a)
the Mn variant exhibits one-step transition in contrast to the
two-step transition predicted for the Fe compound; (b) the
HS — LS transition requires a larger volume compression
compared to that of the Fe compound. The latter is con-
sistent with the larger HS moment of Mn compared to Fe,
as well as the stronger Mn—-Nb magnetic interaction (J)
compared to Fe—Nb magnetic interaction (ab initio esti-
mated Jyp,-np = 5 meV vs Jg.np = 2 meV) giving rise to
a higher magnetic energy to be overcome in order to drive
the HS — LS transition. Interestingly, we again obtained
the change in the nature of the long-range magnetic order
from a HS state with ferrimagnetic order of Mn-5/2 and
Nb-1/2 spins to a LS state with ferromagnetic order of
Mn-5/2 and Nb—1/2 spins.

In conclusion, using DFT + U and AIMD calculations
offers a promising first-principles approach to SCO tran-
sitions. Through the combination of both pressure and
temperature, not only the known LS — HS-1 switching
of spin states of Fe in an Fe-Nb based bimetallic metal-
organic coordination polymer could be explained, also
switching to previously unknown spin states is unveiled.
Moreover, our ab initio simulations predict switching of
the long-range magnetic order, between ferri- and ferro-
magnetic. The pressures predicted to induce these switch-
ings are in the range of 1-2 GPa, making verification in the
laboratory feasible. Substitution of Fe by Mn leads to a
one-step SCO transition between a Mn HS and LS state, as
opposed to a two-step SCO transition obtained for the
Fe-Nb coordination complex, from HS to IS and to LS.
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The successful descriptions of the SCO transitions under-
line that ab initio calculations could in the near future be
employed to map out the pressure-temperature phase dia-
gram of SCO coordination complexes and even to design
suitable SCO properties.
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