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Magnetic bistability: From microscopic to macroscopic understandings of hysteretic behavior
using ab initio calculations
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We study the hysteretic behavior in spin-crossover materials using wave-function ab initio calculations to
identify the physical ingredients governing such manifestation. We show that the hysteresis loop is mainly
controlled by electrostatic contributions which are here quantified, in contrast with phenomenological descrip-
tions which traditionally rely on the apparent need for intermolecular contacts. A general thermodynamic
model based on ab initio information is developed to account for the relevant collective contributions. The
magnetic memory appears to be governed by the simultaneous electronic relocalization within the individual
constituents and the fluctuation of the Madelung potential difference created by the two spin states. An
electronic trapping scenario is suggested to rationalize the hysteresis phenomenon.
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I. INTRODUCTION

There has been considerable interest for molecular
bistability' since applications to electronic devices such as
thermal sensor, optical switch, and information storage me-
dia can be anticipated. One of the most spectacular example
is the spin-crossover (SCO) phenomenon where molecular
materials can be used as memory devices. Starting from the
pioneering observations in 1931, it was nevertheless only 50
years later that the discovery of the light-induced excited
spin-state trapping (LIESST) effect® shed new light on the
ability of certain molecular species to evolve between two
states under some external stimuli. Striking examples of mo-
lecular bistability are to be found in Fe(Il) complexes (see
Fig. 1) in which the transition occurs between a low-spin
(LS) state (S=0) and a high-spin (HS) state (S=2), possibly
providing a thermal hysteresis.

The latter manifestation is of prime importance since the
difference between the warming and cooling mode tempera-
tures T and 7| generates the sought memory effect.’ Thus,
the need for cooperativity led to intense experimental work
to control the weak interactions (i.e., van der Waals) in a
chemical engineering strategy.® Such interactions between
molecular units are traditionally invoked to rationalize the
hysteresis manifestation and thus drive the materials prepa-
ration. In the meantime, the need for interpretations led to
intense theoretical developments to account for the crucial
intermolecular interactions.””!! While the regular solution-
based theories introduce an intermolecular parameter 7y
mainly governed by elastic interactions,'? the physical origin
is to be found in the change between the LS and HS states
local geometries [S8(Fe-N)~0.20 A].!* Nevertheless, accu-
rate ab initio calculations'* offer an evaluation of the result-
ing r-stacking interactions modulation in prototype SCO
materials such as [Fe(pm-pea)(NCS),].!> The relative posi-
tions of the 7 rings allowed us to calculate'* the so-called
m-stacking interactions within the LS and HS phases,
E;s1s and Eygys, respectively. Using an interpolation
from the low to high temperatures crystal structures,
we estimated the ‘“unlike-spin” r-stacking interactions
E;sps to evaluate the intermolecular parameter y as 1/2

1098-0121/2009/79(9)/094428(5)

094428-1

PACS number(s): 75.30.Wx, 71.10.—w, 75.50.—y

(Ersis+Ensus—2Ersus) ~50 em™. The correlation be-

tween AT and y was given in the literature and suggests that
a few tens of kelvins for AT=T,~T is reached for y of the
order of a few hundreds of wave numbers (cm™").!3 Thus, the
value extracted from 7r-stacking interactions'* might be in-
compatible with an experimental loop AT~40 K, the origin
of which is thus to be found in other contributions.

In this work, we report an original model for molecular
bistability which uses ab initio electronic information to
evaluate the respective roles of molecular effects (i.e., ligand
field) and electrostatic contributions generated by the crystal
environment of each transiting unit (i.e., Madelung fields).
This model follows important experimental x-ray electron
density measurements and recent theoretical observations on
SCO compounds.'®!® The evaluation of the Gibbs energy
using quantified ingredients allows one to shed light on to
the physical origin of the hysteresis phenomenon in SCO
compounds. Not only the Slichter-Drickamer model'? is re-
covered but a microscopic scenario governing the hysteresis
loop opening is suggested. Whether the competition, settled
by parameters of ab initio calculations origin, between local
and collective contributions can lead to hysteresis phenom-
enon is of tremendous importance in the rational design of
objects.

293 K

FIG. 1. (Color online) Fe(phen),(NCS),, a prototype of a Fe(II)
spin-crossover system (Ref. 4). The core part [FeNg] undergoes
significant Fe-N bond lengths changes along the transition between
pure spin states.
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FIG. 2. (Color online) Nonlocalized and localized x*>—y? type
orbitals of the [Fe(NCH)¢]** system.
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II. MICROSCOPIC DESCRIPTION

The reduction in the covalent character as the metal-ion
coordination sphere expands is accompanied by modifica-
tions in the electronic distribution upon the basic unit. Thus,
wave-function-based correlated calculations [configuration
interactions (CI)] were first performed to investigate the en-
ergetics and charge redistribution effects in different molecu-
lar complexes. Not only such methodology works with the
exact nonrelativistic Hamiltonian of the system but it has
also proven to offer spectroscopic accuracy in a variety of
molecular and extended magnetic materials.'®>* Complete
active space self-consistent field (CASSCF) calculations
were first performed. The N-electron wave function is con-
structed by the distribution of a limited number of electrons
over a set of valence molecular orbitals (MOs), defining the
active space [complete active space (CAS)]. The standard
CAS consists of (i) the mainly Fe 3d character orbitals ex-
tended with a set of virtual orbitals of the same symmetry
(so-called 3d'" orbitals) and (i) two occupied e,-like symme-
try orbitals (referred to as o2_,2 and 0,2) with mainly ligand
character. Provided that the CAS is flexible enough, the
CASSCF method gives reasonable electron distribution.
Nevertheless, it fails to accurately reproduce spectroscopic
data since the dynamical correlation effects are not included
at this level. Thus, the latter contributions were effectively
introduced by means of second-order perturbation theory
treatment (PT2) referred to as CASPT?2 calculations.?*

The analysis of this multireference wave function in terms
of the CASSCF MOs is not straightforward since both the CI
expansion coefficients and the delocalized MOs incorporate
information upon covalency. Thus, the valence MOs were
relocalized to grasp the importance of charge transfer contri-
butions concentrated into the wave-function expansion (see
Fig. 2).% This transformation leaves any observable expec-
tation value unchanged and affords a valence-bond (VB)-
type analysis.

Starting from a reference Fe-d® picture based on relocal-
ized MOs, we looked into the weights of the successive
ligand-to-metal charge transfers (LMCTs) mixing into this
the reference Fe-d® configuration. We performed such
analysis upon the CASSCF multireference wave function for
the HS and LS states to evaluate the average HS and LS
charges on the metal Qyg,0;s and first-nearest-neighbor
qus-qs (.e., N) atoms. For the HS state, the reference
configuration d® reads as (do2_2)'(d2) (02 2)*(02)?
[i.e., no charge transfer (CT)], while the leading charge trans-
fer configurations correspond to (d2_,2,d2)* (02 2,0.2)°
(ie., simple CT) and (d_,2,d2)*(0,2.2,02)* (i.e., double
CT). These configurations correspond to formal d’ and d®
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configurations upon the Fe center, respectively. The configu-
ration amplitudes available in the multireference HS wave
function give access to the HS charges upon the Fe and N
centers. In contrast, the reference configuration in the LS
state is (dxz_yz)o(dzz)o(o-xz_vz)z((rzz)z. Thus, the following
electronic ~ configurations - (dxz_yz,dzz)l(oxz_vz,o-zz)3 and
(dxz_yz,dzz)z(axz_yz, 0.2)* were considered for the LS state.

These calculations performed on a series of prototype mo-
lecular systems [Fe(NCH)]**, Fe(phen),(NCS),, and three-
dimensional (3D) prussian blue analog CsFe[Cr(CN)g] ma-
terials agree on a ~0.5 electron net charge transfer from the
quasioctahedral nitrogen-rich coordination sphere to the iron
center along the HS to LS transition (see Table I).

Thus, the simultaneous (i) charge redistribution upon the
basic units, (ii) geometry reorganizations, and (iii) lattice ex-
pansion are likely to modulate the Madelung field along the
transition. As a featuring model of bistable system, a
[Fe(NCH)¢]** complex of O, symmetry was immersed in a
cubic point charge environment (see Fig. 3) accounting for
the presence of the surrounding transiting units (see Table )
and counteranions (e.g., Cl1~ ions).

At this stage, we took into account the effect of a spinlike
environment upon the [Fe(NCH),]*>* complex spin states en-
ergy. The resulting potential energy surfaces as a function of
the totally symmetric distortion are shown in Fig. 4. A rather
spectacular modification (calc. 3920 cm™!) of the adiabatic
energy difference is observed as the LS and HS Madelung
fields are turned on. The ground-state nature changes from
HS to LS. Conversely, the curvatures and equilibrium Fe-N
bond distances are almost unchanged (less than 1%), sug-
gesting that the entropy contributions of vibration origin are
not greatly affected by the long-range effects. Quantitatively,
we observe that these polarization contributions introduce
potential differences between the Fe and N positions of
6V s=3460 cm™!' and 6Vs=4530 cm™! for the LS and HS
environments, respectively.

Even though the Ilattice expansion in this elementary
model corresponds to a relatively large increase in the unit
cell volume (~13%) as compared to experimental data,”® we
checked that the polarization effects are of comparable am-
plitudes (6Vs=3170 cm™) for a 6% lattice expansion [i.e.,
Fe-Fe distance changes from 11.75 (LS) to 12.0 A (HS)].
How much sensitive is the hysteresis behavior to the external
potential fluctuations (i.e., polarization effects) is the concern
of the here-reported thermodynamic model.

TABLE I. Calculated atomic charges Q upon Fe (atomic units,
a.u.), Fe-N and Fe-Fe bond distances (A). The Fe-Fe distances used
to grow the HS and LS crystal structures of [Fe(NCH)¢]>* corre-
spond to standard values found in molecular crystals including the
presence of counterions.

[Fe(NCH)(]**  Fe(phen),(NCS), CsFe[Cr(CN)]

HS LS HS LS HS LS
0 (a.u.) 1.92 140 1.88 1.47 2.15 1.65
Fe-N (A) 2.16 190 2.16 1.99 2.12 1.93
Fe-Fe (A) 120 115 9.702 9.53% 1071  10.34

#Averaged distances.
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FIG. 3. (Color online) 3D representation of the crystal embed-
ding. Point charges values (shaded) are extracted from ab initio
calculations.

II1I. MACROSCOPIC MODEL

We thus expressed the molar Gibbs energy G of an assem-
bly of such spin transiting units using the microscopic ingre-
dients. G is a function of the HS molar fraction x and in-
cludes mixing and polarization contributions,

G()C, T) = Gideal + Gmix + Gpnl' (1)

Gigear 18 the ideal free energy which takes into account the
decisive entropic contributions of vibrational origin.?’ The
total ab initio energy (nuclear and electronic) Eyg of an iso-
lated molecular unit ML, (typically, M=Fe, L=N, and 7
=6) in state HS is modulated by the values of the potential
generated by the rest of the transiting units at the metal
(Vs Vis) and 7 atomic ligand positions (vys,v;s).2
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FIG. 4. (Color online) Stabilization of the ab initio potential
energy curves for the [Fe(NCH)4]** LS (blue) and HS (red) states.
The solid and dashed lines correspond to the “gas phase” and em-
bedded system, respectively.
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Epoins = Ens + Qus[xVis + (1 = x) V]
+ 1gus[rvps + (1 = x)vis], (2)

while a similar expression holds for E, 1 s. The Madelung
field change is directly proportional to the electronic
density modification AQ=Qus—O1s=—7(gus—qrs) and
6V,=V,—v, (a= HS or LS) is a measure of the
induced local polarization. These quantities are directly ac-
cessible from ab initio calculations and x-ray data.!o!3
Based on this description, the intermolecular contributions
are recovered as in the Slichter-Drickamer model,?
Yap= 1 /Z[QaVB+QBVa+ n(qavﬁ-"QBva)]-

While traditional phenomenological approaches extract
the relevant parameter y from experimental data, we show
that these effects of electrostatic origin can be grasped from
an accurate electronic description using ab initio calculations
upon isolated units. The crucial quadratic contributions yx?
are governed by two physical quantities, namely, the fluctua-
tion of the Madelung potential difference 6V,— 6V, and the
electronic charge redistribution AQ. From the G expression,
we find that

y=A0(6Vys— Vi) (3)

and a numerical estimate of |y| is ~500 cm™!, a value which
is compatible with AT~40 K.'3 This demonstrates that the
electronic distribution around the transiting units influences
the SCO phenomenon.

The absence of H-bond and 7r-stacking interactions in the
[Fe(NCH),]** material makes it a target candidate to evalu-
ate the relative importance of local and Madelung potential
origin effects in the bistability phenomenon. In the absence
of polarization effects (i.e., Vyg=vys and V;g=v;g), we an-
ticipate a noncooperative SCO for T=T,,,, (see Fig. 5). As
the crystal characteristics collected into the y value are modi-
fied, a hysteresis loop grows, the origin of which we would
like to comment on. Since 6V} g=V;g—vy5<0, the Madelung
field favors the electron localization upon the L atoms, a
feature of the HS state electronic distribution. Thus, the syn-
ergetic effects of the local and Madelung potentials along the
warming mode LS — HS result in a lowering of the critical
temperature T as compared to Tyyp,1- In the cooling regime,
we observe an even more pronounced reduction in the criti-
cal temperature 7). The delay in LMCT results from the
competition between the local field and the external one
which stems the ligand-to-metal electron flow to recover a
LS spin state (see Fig. 5). Therefore, the hysteresis loop
AT=T;-T, can be understood as a gating effect of the
LMCT process arising from the Madelung field modification
along the transition. Besides, we conclude that the larger the
potential difference fluctuation, the wider the hysteresis loop
must be.

IV. APPLICATIONS AND PERSPECTIVES

The information we extracted from ab initio calculations
performed upon isolated transiting units allows us to bridge
the gap between the local phenomenon and experimental
macroscopic observations. The purely electrostatic contribu-
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FIG. 5. (Color online) (a) Schematic presentation of the SCO phenomenon with hysteresis attributed to the Madelung field fluctuation
A(8V)=6Vyg— 6Vis. (b) Representation of the Madelung field-induced polarization upon Fe and L positions. The potential difference settled
in the high-temperature phase 6Vyg blocks the electron flow back to the Fe center along the cooling mode.

tions which are accessible through a multipolar expansion
are determinant in the hysteresis occurrence.

We now wish to reflect on several issues that we believe
might become prominent in bistability research. (1) The de-
scription we offer can be supplemented by the interactions of
different origin such as hydrogen bonds or m-stacking effects
which are of prime importance in the lattices structuration.
(2) Rather puzzling observations were reported where the
transition can be suppressed by varying (i) the counterions®
or (ii) the crystallization procedure.*” In light of our electro-
static procedure, the former experimental strategies can be
rationalized. Nevertheless the importance of the packing ef-
fects remains a challenging issue. We used the reported crys-
tal data of two polymorphs of the Fe(DPPA)(NCS),
[DPPA = (3-aminopropyl)bis(2-pyridylmethyl)amine]  spin
transition system (polymorphs A and C in Ref 30; polymorph
B does not transit) to evaluate the hysteresis sensitivity to the
crystal lattice featured by the one-site potential difference.
Using the available high-temperature x-ray data and the cal-
culated point charges, we find that 6Vyg=160 and
-370 c¢cm™! for polymorphs A and C, respectively. Thus, the
packing in A is expected to suppress the hysteresis loop ob-
served in C since the positive 6Vyg value favors the LMCT
featuring the LS state. Clearly, low-temperature x-ray data
would be very useful to quantify the Madelung potential
change in both phases. (3) Finally, experimental techniques
combining temperature-dependent high-quality x-ray diffrac-
tion and electronic density measurements [neutron diffrac-
tion, x-ray photoelectron spectroscopy (XPS)] should dis-
pense with further elements to pursue this specific theoretical
inspection.

V. CONCLUSIONS

In this study, we investigated the origin of the hysteretic
behavior in spin transiting materials. The prime role of the
Madelung field fluctuations accessible through ab initio cal-
culations has been demonstrated. We have attempted to ra-
tionalize this phenomenon using information extracted from
first-principles calculations. The approach we derive does not
rely on a parametrization of the intermolecular interactions
but uses the microscopic ab initio ingredients to (i) recover
the Slichter-Drickamer model and (ii) derive an expression
and evaluation for the cooperativity parameter y. We inti-
mately think that such macroscopic model based on numeri-
cal electrostatic predictions complements the common phe-
nomenological  description of  the  elastic-driven
cooperativity31 and, thus, should lead to answers to the
preparation of device application and fundamental questions.
The next challenges will include the means to preparing ma-
terials in which such contributions can be monitored at will
to effectively correlate the growing of a hysteretic behavior.
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