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Materials with spin-crossover (SCO) properties hold great potentials in information storage and therefore have received a lot of
concerns in the recent decades. The hysteresis phenomena accompanying SCO is attributed to the intermolecular cooperativity
whose underlying mechanism may have a vibronic origin. In this work, a new vibronic Ising-like model in which the elastic
coupling between SCO centers is included by considering harmonic stretching and bending (SAB) interactions is proposed and
solved by Monte Carlo (MC) simulations. The key parameters in the new model, k; and k,, corresponding to the elastic constant
of the stretching and bending mode, respectively, can be directly related to the macroscopic bulk and shear modulus of the
material in study, which can be readily estimated either based on experimental measurements or first-principles calculations.
Using realistic parameters estimated based on density-functional theory calculations of a specific polymeric coordination SCO
compound, [Fe(pz)Pt(CN),] -2 H,O (pz=pyrazine), temperature-induced hysteresis and pressure effects on SCO phenomena are
simulated successfully. Our MC simulations shed light on the role of the vibronic couplings in the thermal hysteresis of SCO
systems, and also point out the limitations of highly simplified Ising-like models for quantitative description of real SCO systems,

which will be of great value for the development of more realistic SCO models.

1 Introduction

Many transition metal complexes with d* to d’ electronic con-
figurations in octahedral coordination environments are able
to undergo transition between low-spin (LS) and high-spin
(HS) states, often termed as spin-crossover (SCO), under per-
turbations such as variation of temperature or pressure, light
irradiation, applied electric or magnetic field.'™ It is “one
of the most spectacular examples of molecular bistability”,
as O. Kahn remarked, and may function as “active elements
in memory devices”.? Because of their promising applica-
tions in information storage as well as their intertest in fun-
damental study of phase transitions, SCO systems have at-
tracted tremendous intertest both experimentally and theoreti-
cally in past decades. '3~ The molecular origin of SCO phe-
nomena can be qualitatively understood based on ligand field
theory, > and modern electronic structure theory have made
great progress on quantitative prediction of SCO properties,
including, in particular, the energy splitting between LS and
HS states Apy..°

One of the most spectacular features of SCO systems is
the cooperativity in the SCO processes. A significant volume

1 Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/

Beijing National Laboratory for Molecular Sciences, College of Chemistry
and Molecular Engineering, Peking University, 100871 Beijing, China.
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change usually accompanies the LS-HS transition, in which
one or two electrons transfer from the non-bonding #,, orbitals
to the antibonding e, orbitals. Wide hysteresis loops may be
obtained as a result of strong coupling between intramolecu-
lar SCO and intermolecular interactions.>!'%!! In this aspect,
the polymeric coordination SCO materials,>*!? which have
stronger intermolecular interactions than supramolocular SCO
compounds, 7 are especially promising to give wider hys-
teresis loops. In particular, many 2D and 3D Fe(Il)-centered
Hofmann-like frames have been synthesized and character-
ized, 316 some of which have shown a relatively wide hys-
teresis loop around room temperature.

Simulations of SCO systems based on Monte-Carlo meth-
ods have received widespread concerns, and several theoret-
ical models have been proposed (See, e.g. Refs. 4,8 for a
comprehensive review). Ising-like models, e.g., the Wajnflasz-
Pick (WP) model with a site-independent and somewhat phe-
nomenological interaction parameter JW*, have been devel-
oped prosperously and explained various aspects of SCO be-
haviours. !”-20 More sophisticated mechanoelastic models (or
atom-phonon model,?!*? vibronic Ising-like model) such as
“ball and spring” model,?*?* attribute the phenomenological
intersite interaction J in the WP model to the elastic inter-
action arising from molecular volume change during SCO,
and therefore provides a highly simplified way to consider
the couplings between spin transistion and inter-molecular vi-
bration.?>>* Many of these models have been generalized to
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study spin transition in nanosized SCO compounds*? by ad-
justing the boundary conditions used in simulations. >>-2°

In this work, we propose a new vibronic Ising-like
model whose parameters can be readily estimated from first-
principles calculations, and we perform Monte Carlo simu-
lations using realistic parameters to evaluate the validity of
the model for the description of thermal hysteresis behaviours
in real SCO systems. The paper is organized as follows. In
the next Section, we briefly review existing theoretical models
and then propose the “stretching and bending” (SAB) model
whose interaction parameters can be determined either exper-
imentally or ab initio. Both the elastic (up to the three-body
level) and the vibronic interactions are shown to be covered in
this model. In Section 3, details regarding simulation strate-
gies and parameter values used in this paper are stated. Con-
vergence properties of the SAB model are also explored in
this part. In Section 4, we first discuss the estimation of key
parameters k| and k> from density functional theory (DFT)
calculations of a specific ferrous Hoffman-like compound,
[Fe(pz)Pt(CN),]-2H,0 (pz=pyrazine) (abbreviated as Fe-pz
henceforth).?” We then demonstrate that the SAB model is
able to simulate both temperature-induced hysteresis and the
pressure effects on SCO phenomena. A comparison between
the SAB model and the previous BAS model is also included.
The final Section summarizes main findings of the work and
closes the paper with some general remarks.

2 Models

2.1 Ising-like models

Consider a crystal material constituted of SCO molecules,
each of which has two spin states: HS and LS, labelled with
the fictitious spin variable s = %1, respectively. The Ising-like
Hamiltonian can be generally written as

H({si},T) = Zsl ZJ 5i,8)S8iS ;. (1)
l%f

The first term in eqn (1) is given by
h(T) = A(T) — ksTIng(T), )

A(T) is the intramolecular energy difference accounting for
both the electronic HS-LS splitting Ay, and the temperature-
dependent vibrational energy difference AE;,(T') between HS
and LS states, and g(T') is the ratio between the effective de-
generacy in the LS and HS state, g(T) = gus(T)/gLs(T).?
The second term in eqn (1) describes the interactions between
SCO centers, and in most cases only the nearest neighbour-
ing interaction is considered. By comparing eqn (1) to the
phenomenological equation by Slichter and Drickamer, > one
can obtain® the relation

AH(T) = NAA(T), AS(T)=RIng(T). 3)

In principle, eqn (3) enables us to determine the values of
A(T) and g(T) from either experimental data or ab initio cal-
culations. However, only AH (T} ;) and AS(T; /) evaluated at
the transition temperature 7;, can be measured experimen-
tally. On the other hand, it is also not trivial to determine
temperature-dependent enthalpy and entropy from theoretical
calculations, which requires the electronic energy difference
at zero temperature (AEyr,) and the full vibrational (phonon)
spectrum.

2.2 The WP Model

The WP model!” is an approximation of the general Ising-
like model (1), in which experimentally determinable A (7} /2)s
g(Ty/2) and a site-independent interaction parameter JWVP are

used:

VP ({s;3,T) hWP (1)) si— Zs,s], 4)
i 1]

where i = A(T} /) —ksT Ing(T; ;). In this model the sum-

mation of interaction terms is restricted to nearest pairs (i, j).

This approximation makes a mean-field analysis (MFA) pos-

sible, which gives a non-trivial criterion for phase transition

accompanied with hysteresis 193031

JWP > Jihresh = 2A/(z1ng), (5)

where z is the coordination number.

2.3 The “Ball and Spring” Model

If lattice vibrations are added to the Ising-like model through
harmonic oscillators between molecules, we have the vibronic
Ising-like model. One example is the “ball and spring” (BAS)
model proposed by Y. Konishi et al.?? In this model, SCO
molecules, with positions {r;} as additional degrees of free-
dom, are described as the balls with spin-dependent radius
(Rrs and Rys for LS and HS, respectively), which are con-
nected by elastic springs. Considering the interactions be-
tween the nearest ({i, j)) and the second-nearest pairs (((i, j))),
the Hamiltonian in the BAS model reads

1
S ([}, T) = EhWstiic%plBAsi%BAS,
i

A =5 T SRR
A =5 ¥ 2y VAR Ry

()]

where x = (r,s) is the four-component dynamic variable, R; =
[(1+4s;)Rus + (1 —s;)RLs]/2 is the radius of molecule at site i
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with spin state s;, and r;; = |r; —r;| is the distance between site
i and j. By expanding 7 and % one can show that they ac-
count for the contributions from (1) spin-spin, (2) vibrational
and (3) spin-vibration (vibronic) interactions. We take %BAS
as an example:

k k
?l [rij—(Ri+R))]> = Zl (Rus — Ris) sisj+

k
E](RHS +RLS*rij)(RHS*RLS)(SiWLSj)‘F @)

k

1 (Rus — Rys)*.

%(RHS +Rus —rij)* +
The first and third term in eqn (7) depend merely on {s;} or
{r;} and characterize interactions araising from either spins or
lattice distortions respectively, while the second one contain-
ing crossing term r;;s; describes the spin-vibration coupling.
Compared with the WP model (4), one could relate the first
term in eqn (7) to JWVP as

k
JVE ~ Z](RHS —Ris)? (8)

Relation (8) makes it possible to compare these two models
directly: apart from spin-spin interactions, the BAS model in-
cludes vibrational and vibronic interactions as well.

Model (6) has been shown to successfully describe both
temperature and pressure-induced hysteresis.?> .73 may or
may not be included, depending on the particular lattice struc-
ture. For example, when a simple cubic lattice is considered,
it must be included to avoid structural deformation, 2 while it
is not required for a hexagonal one. >+

2.4 The “Stretching and Bending” Model

Motivated by the general picture of chemical bonding in
molecular mechanics, 3> we propose that an alternative way to
maintain the structure during the simulation is to assume a har-
monic potential on the angle 6 between two pairs of molecules
sharing one common vertex. We name it as “stretching and
bending” (SAB) model (Fig. 1) for reasons we would show
below. The Hamiltonian is almost the same as model (6) ex-
cept for SBAS being replaced with a bending oscillator:

1 k
P ({ri}) = §<Z>?2(9ijk*90)2a ©)
isj .k

where (i; j, k) means that site j and k form a non-linear nearest
set with respect to site 7 (Fig. 1), and 6, is the corresponding
angle. 6 is the equilibrium angle, whose value depends on the
specific lattice (e.g. /2 for cubic system, /6 for hexagonal
system etc.). In contrast to the BAS model, 55*B depends
only on the spatial coordinates {r;}, which can be seen from

k1 LS

R.
Ls (N

LS
HS R

Fig. 1 A schematic illustration of the SAB model. k; and k; are
Hooke’s coefficients for the stretching and bending springs
respectively. Two states, i.e. HS and LS, have different volumes,
thus leading to a lattice distortion and then elastic interactions when
SCO happens.

the explicit expression of 6; j,

.2.+rl.2kr§k) 10)

0, jx = arccos il
ek 2rijrik

Thus interactions arising from spins or spin-vibration coupling

are absent in the bending oscillator.

A great advantage of the SAB model is that both k| and k;
are of definite physical significance and can be related to the
macroscopic bulk modulus K and shear modulus G, respec-
tively

4
K:k—ll/:ga :ﬁa (11)
3v, Yo

where vy is the equilibrium volume of the unit cell (for deriva-
tions see Appendix A). Although experimental data for the
moduli of SCO systems are still quite scarce, they can be read-
ily determined from the equation of state (EOS) calculated by
density functional theory (DFT). In addition, the SAB model
has also the advantage that it can be straightforwardly gener-
alized to treat lattice structures with any symmetry, not limited
to the cubic one, and therefore allows for more realistic mod-
eling of real SCO compounds, which usually have much lower
symmetry than the ideal cubic one. '?

3 Computational Details

In this section we give some details on how the MC simula-
tions based on the SAB model are performed in practice and
discuss its convergence properties.

We consider a 3D periodic simple cubic lattice with size
N =n3 (n = 16 unless stated otherwise) and length L =2nR at
each side, with R = Ry g or Rys, corresponding, respectively,
to a pure LS or HS initial state. We perform the MC simula-
tion in the Gibbs (N, p, T)-ensemble, and we have adopted a
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simulation scheme that is very similar to that used by Konishi 125 .
et al in Ref. 23. In particular, a complete Monte-Carlo step \
(MCS) is constituted of: 100F © 7
(i) Choose randomly a candidate site i with x; = (s;,7;). ﬁ
(ii) Choose a candidate spin s} = +1 or —1 for it, with the % \ «
probability g/(g+ 1) and 1/(g+ 1) respectively. &f’ sr i
(ili) Choose a candidate position r; = r; + 6&, where H'% .
6 = 0.005L, and &y (a0 = x,y,7) is randomly chosen from ~ gL i
[—1.0,1.0]. A
(iv) Accept x; according to the Metropolis scheme I ' Teoooomoooee- DI
le+05 le+06 le+07
P(x; — x;) = min[1,exp(—AA [k T)], (12) MCS/K

where x} = (s},r}) and A = H#5AB(x,T) — #4548 (x;,T).
(v) Repeat (i) to (iv) N times.
(vi) Choose a candidate length L' = L + y{ with y =
0.08nRy s and { randomly chosen from [—1.0,1.0].
(vii) Update L according to the Metropolis scheme

P(L— L) = min[1,exp(—AW /kgT)], (13)

where
V/
AW =A# +p(V' —V)—NTIn (7) (14)

Ensemble average of the HS state fraction, xys, is obtained
through averaging over the last ten MCSs.

For a given set of parameters, we run MC simulations for
a series of temperatures around 77 ;. At each temperature the
system is initialized by setting all sites in the LS and HS state
for the heating and cooling process, respectively, and is equi-
librized by a certain number of MCSs, termed as the sweeping
rate (MCS/K), which, as discussed below, has significant ef-
fects on the simulated hysteresis behaviors.

Most energetic parameters in the simulations used below
are expressed in terms of Kelvin. For quantities with unit of
energy (i.e. A, J and k), dividing them by kg completes the
transform. k; needs some special treatment as followed:

% ~ k] [i",’j* (Ri+Rj)]2

P . . 2
- kIRLs?[ L (ﬁ + ﬁ)] (15)

Ryis Ris  Ris
= K[}, — (Ri+ R,

where by choosing Ry s as the unity of length, we have k| =
IqRLS2 possessing the unit of energy and thus can be trans-
formed into Kelvin. In the following, we use k1, r and R to de-
note these “reduced” quantity k}, ¥’ and R’ for simplicity. Pres-
sure p can be treated in a very similar manner. In the following
simulations, if not specified otherwise, we take typical experi-
mentally measured AH = 15kJ- mol’l, AS =60J-mol~!.K!
(corresponding to A = 1800K and g = 1360) and ambient

Fig. 2 Hysteresis loop widths versus sweeping rates using the SAB
model. k; =7.2x 10*K and N = 16°.

pressure p = latm (corresponding to p = 2.6 x 1074K). We
set Ris = 4.04 and Rys /RLs = 1.1 for the effective radii of
the SCO molecule in the LS and HS state, estimated in terms
of the crystal structure of the Fe-pz compound. '® We note that
consistent values of those parameters should be used in order
to obtain reasonable simulation results. 3

One more technical thing is worth discussing here. In sim-
ulating hysteresis phenomena, it is essential to require that the
results be stable under an increase in the number of MCSs,
or equivalently speaking, under slowing down the sweeping
rate (MCS/K). This basic requisite is by no means trivial. For
example, hysteresis loops obtained from simulations based on
the simple WP model will often shrink if one slows the sweep-
ing rate (See ESI' for details), thus being unable to generate
a stable simulation result. However, we show here that the
SAB model is, if not free of, able to partially fix this con-
vergence problem. To demonstrate it, we compare the widths
of hysteresis loop versus the sweeping rate using this model.
The results are illustrated in Fig. 2. One can clearly see that
the SAB model can lead to a stable hysteresis loop as long as
a large enough but still computationally bearable number of
MCS/K is used (e.g. 10%).

4 Results and Discussions

4.1 AD Initio Estimation of k; and k,

We first discuss how the realistic values of k; and k» can be
estimated based on DFT calculations. For 3D simple cubic
systems, ki and kj are related to the following two equations
of states

3
Eq(x) = 5zqvg“(x— 12, Ea(y) =2k(y—n/2)% (16)

where E,| and vq are the total electronic energy and equilib-
rium volume of a unit cell respectively, x = (v/v0)1/3, and y

4| Journal Name, 2010, [vol]1-8
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4.2 Temperature-Induced SCO Hysteresis

Based on the estimation of k; and k» in the SAB model, we
can now exploit its ability to simulate hysteresis phenomena.
First we tackle the temperature-induced SCO under ambient
pressure. In order to estimate the appropriate sweeping rates,
we depict HS fraction xgg versus MCS for various values of

Sy ky at several representative temperatures (Fig. 5). When k;

‘%‘ T/ ‘ is small, e.g. (a) and (b), a gradual increase of stable xys is
{\Tﬁ iq lk observed as temperature goes up, which indicates a gradual

#\X»; /

& V\ H:\ N phase transition curve xgs(7'). On the other hand, when k; is
I t\ large, e.g. (c) and (d), no intermediate values between 0 and
o v 1 of stable xyg are observed and abrupt phase transitions with
‘ v hysteresis are expected.
After preparing all of these, we study the shapes of xys(7')
[Fe(pz)P(CN),]-2 H,O (pz=pyrazine). Fe (red), Pt (green), C curves with respect to different interaction strength k’s, and
4 2 = : ’ )

(yellow), N (purple), H (blue). Water molecules are removed for the the results are depicted in Fig. 6. Aslwe have expected,
sake of conciseness. k; = 1.8 x 10*K and 3.6 x 10*K result in gradual changes,

while k; > 7.2 x 10%K give abrupt phase transitions with hys-
teresis. The case of k; = 5.4 x 10*K seems to be some-

Fig. 3 Schematic illustration of the crystal structure of

L 012 200 what critical, also abrupt but without loop. k; = 1.3 x 10°
@ = . . . . .

Booe & 0.04- /] is also special since the HS state continues to dominate at very
= U B 7 Q / . . . .

gL 5 0.03- I low temperature, indicating a metastable HS state and incom-
£ 006 ® s 1 £ ool A plete SCO. The change of xys(7') curves from being gradual
g y 3 | to abrupt with increasing interactions follows the concept of
7 0.03+ -4 W 0.01 A « . » cohy 23

! u . E . . generic sequence” suggested by Y. Konishi.

£ 0.00- . | Z000p e 1 It is worth pointing out that, in the simulations above we
24 o

C | | | | | -0.0Q1! . . .
0.94 096 098 100 102 104 1.069--48 152 156 160 164

y
(a) (b) 10 : : 10 :
ee7=234K e 7=234K
== T=252 K
i i : 08y e T=270 K|
Fig. 4 DFT calculation results of the total electronic energy versus +T=288 K

(a) lattice volume and (b) angle ¥ using PBEsol for 0.6/ T=324 K|

=342
[Fe(pz)Pt(CN),]-2H,0 in LS state. Dashed lines are fitting curves —
according to eqn (16).

“Hs

0.4:1]

0.2

%g+00 ‘2e+04 ‘ 4e+04‘ 6e+b4 8e+04 3e+0”
MCs MCS
is one of the lattice angles (for derivations see Appendix A). @ (b)
Using eqn (16), we can now estimate the approximate val- 10 : ‘
ues of k’s for the Fe-pz compound (see Fig. 3 for the struc- K
ture). We conducted DFT calculations for Eej(x) and E¢(Y) o =94k |
using the PBEsol functional,®* as implemented in the Quan- _osf =28
tum ESPRESSO package, > and the results are shown in Fig. < o4l i
4. Quadratic fittings according to eqn (16) of calculated values
result in good consistency and give estimated values for k’s in o ]
our model k1 ~ 1.2 x 10°K and k = 5.5 x 10° K. Thus a ratio %850 Serth | Jet0s  Zeve 20+008450" 26105 ’\z}gfso'g Bor05 56405 1etUs
(© (d)

ki/ky =2 (17) . 4 4
Fig. 5 Convergence tests of (a) k; = 1.8 x 107K, (b) 3.6 x 10K,

(¢)7.2x 10*K and (d) 9.0 x 10*K. It is easy to see that more MCSs
holds. We will use this ratio in all of the following simulations are required when (i) k; is larger, and (ii) temperatures are close to
throughout this paper. phase transition.
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1.0 ™ T S S SIIE IR

[|eek=1.810"K| |
0811 ui =360 K “
[|+— k=5.4+10" K
06Muar=72710"k| |
k,=9.0710°K| |
04 M % k,=1.1710° K| |
| k,=1.3+10° K “
0.2f \

us

I/Jy
0.0 * -

= - dq
0 100 200 300 400
T/K

Fig. 6 Phase transition curves xys(7) with k; = 1.8 x 10*K (black
circle), 3.6 x 10*K (red square), 5.4 x 10K (green diamond),

7.2 x 10*K (blue triangle-up), 9.0 x 10* K (orange triangle-down),
1.1x10°K (purple cross) and 1.3 x 10°K (brown star).

only use the ratio (17) for k; and k, obtained from DFT cal-
culations, and the absolute values of k; and ky at which sig-
nificant hysteresis loops emerge are almost 20 times smaller
than those estimated based on DFT calculations. If the latter
are used, i.e. kj =1.2x 10°K and k» = 5.5 x 10°K, a much
wider loop is expected accompanied with a HS metastable
state in the low temperature regime. Experimentally the Fe-pz
compound we consider exhibits a hysteresis loop of about 20
K, 3¢ which corresponds to k; ~ 7 x 10* K in our simulation.
The discrepancy between simulation and experiment is prob-
ably due to the fact that the SAB model considers vibronic
intermolecular couplings in a highly simplified way. One
of the features missing in our SAB model is the anisotropy
(i.e. tetragonal rather than cubic symmetry) of the Fe-pz com-
pound, which, by considering different elastic constants ki
along different directions, can be incorporated in a straight-
forward way.

For comparison, we also conduct MC simulations based
on the BAS model of Ref. 23. Using the same values for
all the parameters>? except for kp, which in the BAS model
uses ky = k1 /10 as in Ref. 23, we obtain transition curves
qualitatively similar to Fig. 6 (See ESI for details). Quanti-
tatively speaking, however, the results from the two models
are significantly different. From Fig. 6 and ESI', we can
see that the critical value of k; at which the spin transition
is abrupt but without hysteresis, denoted as k., is almost three
times different in the two models, with k&34B ~ 5.4 x 10*K and
kBAS ~ 1.8 x 10*K respectively. In addition, Fig. 7 shows the
width of the hysteresis loop, Tup — Tgown, as a function of k; ke
obtained in the two models, which shows that the hysteresis
width increases more rapidly as a function of k; in the SAB
model than that in the BAS model. From these comparisons
we can see that the third term in eqn. 6, which is the only dif-

200
e - SAB model i d
150k |~ -4 BAS model / 1
X /!
= | Y ,
c 2
: / -
o 100 b
'a »
= r ,
b ! A7
50[- p _
[ - ‘_,A"
Pt ! !
9'. 0 15 25 3.0

2.0
k1/kc
Fig. 7 Variation of hysteresis loop widths with respect to various k|
for the SAB (red circle) and the BAS (green triangle) model. All

parameter values follow the discussion in simulation details except
ky = 10k, are employed for the BAS model. >

1.0 o
0.8+ e—e p=1atm _
'—'p:102 atm
‘—‘p:103 atm
0.6
%)
I
R
0.4r #{, b
\&}
0.2+ b

1 | . | .
350 400 450 500
T/K

0900° 250 300

Fig. 8 Simulating pressure effects on hysteresis loop with the SAB
model for the case k; = 7.2 x 10*K.

ference between the BAS and SAB model, is physically very
important, in contrast to the original intention of introducing
the term as a technical trick to maintain the cubic symmetry
of the simulation lattice.?® Such insights to the models can be
obtained only if one insists on using realistic parameters as
much as possible.

4.3 Pressure Effects on SCO Hysteresis

Pressure is often used experimentally to probe the spin tran-
sition mechanism in SCO compounds. !> Since the pressure
is an adjustable parameter in the SAB model, we can investi-
gate the pressure effects on hysteresis loops. We choose the
case k; = 7.2 x 10*K in the above simulations and consider
its behaviours when increasing p from latm to 10°atm. As
shown in Fig. 8, the transition temperature 7, shifts towards
high temperature as the pressure increases; in the meantime

6| Journal Name, 2010, [voll 1-8
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the width of the hysteresis loop is reduced at high pressure
and finally vanishes, similar to the previously reported results

in the BAS model.?? The effect of pressure on T} /2, which

is consistent with experimental observations, !? can be easily

rationalized since the LS-HS transition is accompanied by an
increase of the volume and therefore increasing pressure sup-
presses the transition. The cause for the diminishment of the
hysteresis loop at high pressure is less straightforward, and
is actually in disagreement with experiment.'? Experimental
findings about the effects of pressure on hysteresis are highly
system-dependent, but in most cases the hysteresis loop is
well maintained under high pressure. !> The discrepancy be-
tween theory and experiment again indicates the limitation of
the highly simplified vibronic Ising-like models like BAS and
SAB.

5 Concluding remarks

In summary, we propose a new vibronic Ising-like model that
accounts for spin-vibration couplings by considering the har-
monic stretching and bending interactions based on the previ-
ously reported ball-and-spring model.?* Within an acceptable
amount of simulation time, MC simulations based on the SAB
model are able to produce stable and reproducible hysteresis
loops. Key parameters, i.e. the elastic constants k; and k;, can
be directly related to the macroscopic bulk and shear modulus
of the material in study, and hence can be estimated from ei-
ther experimental values or ab initio calculations. DFT calcu-
lations on a specific polymeric coordination SCO compound,
[Fe(pz)Pt(CN),] -2 H,O0, is performed and give an estimation
of the ratio k; /ky, with which we successfully simulate the
temperature-induced hysteresis and pressure effects on SCO
phenomena. A comparison between the SAB and the BAS
model indicates that the two models, although formally simi-
lar and leading to qualitatively same hysteresis behaviors, are
quantitatively very different.

Regarding the validity of such vibronic Ising-like models to
describe real systems, we note that only a qualitative consis-
tency with experiment is achieved when using the values of k;
and k; estimated based on DFT calculations. Apart from the
structural anisotropy that is neglected in our simulation, the
SAB model itself may well be intrinsically over-simplified.
The limitations of such models become transparent only we
use realistic parameters estimated based on first-principles cal-
culations.
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A Derivation of Eq. (11) and (16)

Here we show the derivation details for Eqs. (11) and (16).
For the bulk modulus K, consider a homogeneous expansion
of a simple cubic lattice which has volume Vj at equilibrium
and now V. The total electronic energy corresponding to this
volume change is:

-5 (8)']

ZENkl (E)I/T(Z)m_]r (18)
2 N Vo

3
_ ENklvgﬂ(x— 1)?

where vo = V/N is the unit cell volume and x = (V/V,)'/3
is the stretching ratio in length. This is actually the EOS of
volume change appeared in (16). Substitute (18) into the defi-
nition of bulk modulus K = Vd?E /dV?, we have

1/3 1/3
L) R(R) e s

At equilibrium, V = V; and hence K = kl/(3v(l)/3) holds.

For the shear modulus G, consider a small displacement of
vy from equilibrium position ¥ = 7/2. The total electronic
energy is

k
Ea(y) = 4N x 5 (r= )% (20)

which is the EOS of 7y in (16). According to the definition of
shear modulus, we have
1 dE

_ Nk, 21
Y—% dy ? @b

which completes the derivations for (11).
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A new vibronic Ising-like model considering harmonic stretching-and-bending
intermolecular interactions with realistic parameters describes thermal hysteresis in
spin-crossover phenomena well.



