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Most theories of multistep spin crossover (SCO) have focused on intermediate phases with long-range
spin state order. However, disordered intermediate phases have also been observed experimentally.
Here we show that the interplay of crystallographically inequivalent SCO centres with elastic interactions
between SCO centres can lead to an effective reduction in the dimensionality of the system. This is
highly analogous to dimensional reduction in quantum magnetism. The resulting quasi-one-dimensional
and quasi-zero-dimensional models naturally result in disorder at non-zero temperatures, explaining the
absence of long-range spin state order in our calculations. Furthermore, the low effective dimensionality
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can strongly suppress short-range correlations and hence diffuse scattering should not necessarily be
expected to be observed experimentally in these disordered phases. Our model contains parameter
DOI: 10.1039/d3ma01057k regimes where disordered intermediate phases give rise to diffuse scattering and other regimes where
disordered intermediate phases do not. Our results are in good agreement with experiments on [Fell

rsc.li/materials-advances (saltrz)g(M"(CN)4)3]-8(H,0) [Sciortino et al., Chem. Sci., 2017, 8, 701].
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1 Introduction

Disorder is crucial for the (potential) uses of many materials
including photovoltaics (hybrid organic-inorganic perovskites),
ferroelectrics (e.g., BaTiO;), and magnets (spinels)." Further
applications are being actively investigated,' therefore a key
goal is to identify new routes to disordered materials that
provide resources for future potential applications.

Disorder does not imply that the system is completely
random. Typically, short-range correlations remain between
the low-energy degrees of freedom in disordered materials.
A classic example is the ice rules in water ice, which dictate the
local properties of oxygen-hydrogen bonds. As an extremely
large (macroscopic) number of micro-states are consistent with
the ice rules, the instantaneous configurations are random on
large length-scales. Nevertheless the ice-rules enforce strong
short-range correlations. This results in diffuse scattering in
diffraction experiments on water ice.> Analogous ice rules give
rise to a distinctive pattern of diffuse scattering, known as ‘pinch
points’, in spin ices (magnetic analogues of water ice).>™ In
general, diffuse scattering is a powerful experimental signature
of the short-range correlations expected in disordered phases.
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Recently, several possible disordered phases of spin cross-
over (SCO) materials have been discussed theoretically, including
spin state ice,’ Coulomb phases,” spin state glasses,® and spin state
smectics.’ Distinctive diffuse scattering signatures are predicted
for these phases. Contemporaneously, several SCO materials
with significant disorder have been identified experimentally.'*™"”
However, to date connections between theories of and experiments
on disordered SCO phases remain weak, leaving a far from
complete understanding of disordered phases in SCO materials.

SCO materials contain metal centres that can take two
different electronic configurations: high spin (HS) and low spin
(LS). For a solution of equivalent molecules, this results in a
crossover from majority HS at high temperatures to majority LS
at low temperatures. This is driven by the free energy difference
between HS and LS molecules, AG = Gy — G;, = AH — TAS,
where AH = Hy — Hj, is the enthalpy difference, and AS = Sy —
Sy, is the entropy difference, and the subscripts H and L label
the properties of HS and LS SCO centres respectively. Thus, we
expect equal numbers of HS and LS SCO centres at the
temperature Ty, = AH/AS.

However, in the solid state the behaviour of SCO materials
can be significantly richer. Firstly, elastic interactions between
SCO centres can drive the spin crossover into a true thermo-
dynamic phase transition between HS and LS phases. This
phase transition is typically first order and therefore hysteretic.
Secondly, intermediate phases are found in many SCO materials.
Typically, these correspond to ordered states with repeating
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patterns of HS and LS molecules, that are highly analogous to
antiferromagnetism.'®"?

The two most discussed causes of intermediate phases are:
(i) elastic interactions;'®*° and (ii) crystallographic inequivalency
of SCO centres.”! Elastic interactions tend to favour near neigh-
bours with opposite spin states.>?° Thus, when AG is small, ie.,
for temperatures near Ty, elastic interactions can stabilise a
phase with an alternating pattern of HS and LS molecules, for
example, a chequerboard or stripe pattern.'®'%>%?* This leads
to a two-step transition, with three plateaus observed in yT
corresponding to HS fractions, yys, of 0, 1/2, and 1, where y is
the magnetic susceptibility. Complicated interactions can lead to
more complex intermediate spin state orders and hence more
intermediate steps.!!®19:2472831,33,39,3035  Grygtallographically
inequivalent SCO centres can also lead to multi-step crossovers,
with the inequivalent sets of sites changing spin states at
different temperatures.”' For example, a simple model of this
is to assign different AG to inequivalent sites.

Both of these mechanisms lead to intermediate states with
an ordered pattern of HS and LS SCO centres. If all SCO centres
are equivalent and interactions drive long-range spin state
order, then this spontaneously breaks a crystallographic sym-
metry. However, if the pattern of crystallographically inequiva-
lent centres pre-exists at high temperatures, then long range
spin state ordering does not require any symmetry breaking
(as the relevant symmetry is absent at high temperatures).

Many materials have both significant elastic interactions
and crystallographically inequivalent SCO centres. However,
this has been less well explored theoretically.*!

Recently, [Fe}(saltrz)s(M"(CN),);]-8(H,0), where M" = Pd or
Pt, and saltrz = (E)-2-((((4H-1,2,4-triazol-4-yl)imino)methyl)phenol),
have been shown to undergo four-step SCO transitions with
hysteresis loops around the intermediate plateaus.'® The plateaus
are not very flat suggesting significant disorder in the arrange-
ments of spin states. More direct evidence for disordered spin
states comes from X-ray crystallography.'® However, puzzlingly, no
diffuse scattering was observed.>®

Here we demonstrate that competition between elastic
interactions and variations in the local physics of the SCO
centres due to crystallographic inequivalency can lead to an
effective theory with lower dimensionality than the full crystal.
This has important experimental consequences, particularly for
understanding X-ray scattering experiments. We find that the
quasi-two-dimensional model we study can be reduced to either
an effective quasi-one-dimensional (q1d) model or an effective
quasi-zero-dimensional (q0d) model in different intermediate
plateaus. This reduced dimensionality leads to disordered
phases and hence intermediate plateaus in yys without long-
range spin state order. Furthermore, the reduced dimension-
ality also suppresses short-range spin state order, and therefore
diffuse scatter. We show that this scenario explains the
observed'® SCO transitions in [Fe}(saltrz)s(M"(CN),);]-8(H,0)
and that the absence of diffuse scatter is because the short-
range correlations are extremely weak.

Finally, we discuss how stronger short range correlations
can emerge from effective q1d theories and predict the diffuse
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scattering pattern that would be expected in this case. We show
that short-range spin state correlations without long-range spin
state order could explain the observed'’ diffuse scattering from
three analogous 1D polymeric Fe(un) SCO materials that contain
the ligand 4,6-bis(2’,2”-pyridyl)pyrazine.

2 Elastic and Ising-like models of [Fel
(saltrz)g(M"(CN),):1-8(H,0)

The SCO active Fe sites in [Fej(saltrz)s(M"(CN),);]-8(H,0) form
quasi-two-dimensional square lattices with covalently bonded
networks connecting the Fe ions along the diagonal of the
squares (illustrated by the grey lines in Fig. 1). Weaker inter-
layer elastic interactions arise from the interdigitated saltrz
ligands.'® At high and low temperatures, the unit cell is
composed of two unique Fe(u) sites, labelled Fel and Fe2. At
intermediate (ca. 150-195 K) temperatures two distinct species
of Fel and Fe2 sites are observed (labelled Fela, Felb, Fe2a and
Fe2b). The distribution of crystallographically distinct Fe sites
is illustrated in Fig. 1.

Therefore, we consider a square lattice of SCO centres
coupled by springs, sketched in Fig. 1, and described by the
Hamiltonian®"’

1 >k,
H:EZ(AH,— TAS[)GI'JFZ?Z{\U,H —n,[R+6(0i+07)] }’
; =~ i,
1)

with periodic boundary conditions, where the pseudospin
degrees of freedom are g; = 1 (—1) if the ith SCO centre is HS
(LS), (i,j)» indicates that the sum runs over all nth nearest
neighbours, AH; is the enthalpy difference between the HS and
LS states of the ith SCO centre, AS; is the entropy difference
between the HS and LS states of the ith SCO centre, k, is the

A ADOAADOA
0 O O d-0-0O-1

[Jre(1) A Fe(2a) O Fe(2b)

Fig. 1 Sketch of the model studied here (egn (1)). The nth nearest
neighbours interactions, k, are marked. The pattern of Fel, Fe2a and
Fe2b sites is that found in a single layer of [Feli(saltrz)s(M"(CN),)3]-8(H,O).
The dashed red parallelogram indicates the primitive unit cell.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spring constant between nth nearest neighbours, |r;;| is
the instantaneous distance between sites i and j, 7,=

1,v/2,2,4/5,2V/2,... is the ratio of distances between the nth
and 1st nearest-neighbour distance on the undistorted square
lattice, R = (Rys + Rys)/2, and 6 = (Rys — Rys)/4, Rus (Rys) is the
average distance between the centres of nearest neighbour SCO
centres in the HS (LS) phase.

Motivated by the pattern of Fel, Fe2a and Fe2b sites
observed in [Fe}(saltrz)s(M"(CN),);]-8(H,0),'® we consider
three crystallographically distinct metal centres in the pattern
shown in Fig. 1. For simplicity we neglect the differences
between Fela and Felb sites found at intermediate
temperatures,'® as the spin state is always the same for these
two types of metal centre; and set AS; = AS on all sites,
encapsulating the differences between sites solely via AH;.

We only consider up to fifth nearest neighbor interactions.
Therefore, we do not seek to fit every detail of the experiments
on [Fe}(saltrz)s(M"(CN),);]-8(H,0), and limit ourselves to
reproducing the key qualitative features. For metal centres
joined by networks of covalent bonds one expects k to be large
and positive, as the metal-metal separation should be close to
the minimum of the potential,>*® for our model these interac-
tions are k, and ks, see Fig. 1. For weak through space interac-
tions, as is the case for ki, ks, and k, (Fig. 1), one typically
expects metal-metal separations that are larger than the dis-
tance for the minimum of the interaction potential. This leads
to negative spring constants.>'® Therefore, one expects k < 0
for many materials.'® This has profound consequences for the
long range spin state order observed in different materials.
In Section 3.1 we set ky > 0, k, = 0.48|k, |, k3 = —0.23|k;|/2, k4 = 0,
and ks = 0.09|k;| to model [Fe¥(saltrz)s(M"(CN),);]-8(H,0). In
Section 3.2 we briefly discuss the effects of varying these para-
meters, particularly setting k; < 0.

We make the symmetric breathing mode approximation
(SBMA).>'® That is, we assume that the topology of the lattice
is not altered by the changes in the spin states, and that the
distance between any pair of nearest neighbors is r; ; = R; we
variationally minimize R. In this approximation Hamiltonian
(1) becomes an Ising-Husimi-Temperley model in a longitudi-
nal field:*

HzZJ,IZaioj—%ZJfOf;Jr%ZAGiUh (2)
(i.dn i i

n=1

where, J, = k,,20% is the pseudospin-pseudospin interaction
m
between the nth nearest-neighbors, J., = 6* > (kuzun,?) is the

n=1
strain, AG; = AH; — TAS; is the free energy difference between
the HS and LS states of the ith SCO centre, z, is the coordina-
tion number for nth nearest neighbors and N is the number of
metal sites.

Although, the spring constants will often be negative for
through space interactions,'® the possible range of spring
constants is constrained by the fact that the lattice described
by Hamiltonian (1) must be stable. Thus, we must have
O*HIOR* =] /6% > 0.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We solve the Ising-Husimi-Temperley model (eqn (2)) via
Metropolis Monte Carlo simulations on a N =60 x 60 site lattice.
Cooling (heating) runs are initiated with all metals in the HS (LS)
state at the highest (lowest) temperature studied and the tem-
perature is lowered (raised) in steps of 0.025|k;|5%/ks. In each
case the system is equilibrated for 4000N Monte Carlo steps and
measurements are taken for 40 000N steps.

2.1 Sum rule for the structure factor
The pseudospin structure factor,

1

S(g) = (oio)e ", ©)
iJ
obeys the sum rule®’
lileS()—R—zj d’qS(q) =1 (4)
N,[ﬂooN 1 _4T52 BZ >\ =

where N is the number of Fe sites in the real space lattice and
N, is the number of g points. This is a powerful tool that allows
us to distinguish between the contributions to the sum from
regions around the Bragg peaks and the background. To do this
we calculate the average structure factor evaluated over 2000
configurations, each separated by 20N Monte Carlo steps,
during a cooling/heating calculation and performed the
g-integrals numerically on a 61 x 61 Monkhorst-Pack grid.>®

3 Results

3.1 Reduced dimensionality and disordered intermediate
plateaus

To understand the interplay between elastic interactions and
multiple Fe species it is helpful to first consider what we would
expect if there were no interactions between SCO centres (i.e.,
for all ky = 0). First let us consider AH; <« AH,, = AH,, = AH,,
which means Fe2a and Fe2b sites are equivalent to one another
but distinct from the Fe1 sites. This, gives a two step crossover,
Fig. 2a. On heating from low temperatures, the first step occurs
at Ty6 = AH,/AS, where the Fel sites have a 50% probability of
being HS and the Fe2a and Fe2b are almost all LS.} As there are
twice as many Fe2 sites as Fel sites (see Fig. 2) the total fraction
of HS metals is yys ~ 1/6 at T = Ty,. The second step occurs at
T,z = AH,/AS, where the Fe2 sites to have a 50% probability of
being HS and almost all of the Fel sites are HS. Thus, yug ~ 2/3
at T = Ty3.

For AH, « AH,, « AH,, we expect a three step crossover,
Fig. 1b. Again, the first step occurs at T,/ = AH;/AS where yygs =
1/6. But now, the second step occurs at Ty, = AH,,/AS, where
one expects the Fe2b sites to have a 50% probability of being
HS, almost all of the Fe1l sites are HS, and almost all of the Fe2a
are LS, as such yyg = 1/2. The third step occurs at Ts/s = AH,./AS,
where one expects the Fe2a sites to have a 50% probability of
being HS, whereas almost all of the Fel and Fe2b sites are HS,
therefore yyg = 5/6.

T They are strictly all LS in the limit AH, — o0.

Mater. Adv., 2024, 5, 2057-2068 | 2059
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Fig. 2 Spin crossover for inequivalent sites without interactions. (a) Results
for Fe2a and Fe2b sites equivalent to each other but inequivalent from Fel
sites (AH\ = AH — 8H), AHy, = AH + 3H, and AHy, = AH + 8H,); and
(b) Fel, Fe2a and Fe2b sites all inequivalent (AH, = AH — 8Hy, AHy, = AH +
3H, +8H, and AHy, = AH +3H, — 5H>). In all panels AS = 4In(5kg,
AH = 10.35]k; |62, 8H, = 9.05k10%, 8H, = 3.6]k;|0%, and k,, = O for all n.

Elastic interactions significantly change the temperature
dependence of the HS fraction. We show calculations for three
different patterns of inequivalent Fe ions with the same elastic
interactions and AS in Fig. 3. It is immediately clear that the
inequivalent sites cause dramatic changes in the behaviour of
the model and that the elastic interactions cause dramatic
differences from the non-interacting model. Thus, the interplay
of the pattern of inequivalent sites and elastic interactions is
crucial for understanding this behaviour - neither can explain
the physics alone.

When all Fe sites are equivalent (AH; = AH,y, = AH,,; Fig. 3a)
we see a one step transition for the heating run (all sites were
initialized in the LS state), and no transition for the cooling
run, ie., hidden SCO. Thus, interactions have driven the cross-
over (found without interactions) into a first order phase
transition with a very wide hysteresis loop.

When Fe2a and Fe2b sites are equivalent to one another but
distinct from Fel sites, (AH; < AH,;, = AH,,; Fig. 3b) there is a
three step transition with poorly defined intermediate plateaus
at ygs = 1/6 and 2/3. Thus, these plateaus occur around the
crossovers expected in the non-interacting model, Fig. 2. This is
what one would expect if the interactions stabilised long-range
spin state order within one sublattice near the crossovers, ie.,
when AH;/AS is small on the ith sublattice; analogous to

2060 | Mater. Adv,, 2024, 5, 2057-2068
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Fig. 3 Changing the inequivalency of the sites while leaving interactions
fixed dramatically changes the temperature dependence of HS fraction,
yus. Here we present calculations with: (a) all Fe sites equivalent
AH| = AH,y, = AHy, = AH); (b) Fe2a and Fe2b sites equivalent to each
other but inequivalent from Fel sites (AH, = AH —8H,, AH», = AH+
8H, and AH2b=E+5H|); and (c) Fel, Fe2a and Fe2b sites all in-
equivalent (AH, = AH — 3H,, AHy, = AH + 8H, + 8H, and AHy, = AH+
8H, —3H). In all panels 4S = 4lIn(5)ks, AH =10.35/k;|6%, 8H; =
9.05lky|6% 8Ha = 3.6lkyl0% ki > O, ko = 0.48lkyl, ks = —0.23|ky|, k4 = O,
and ks = 0.09]k4|.

chequerboard or stripe order around T;, when all Fe’s are
equivalent. However, we will show below that this is not that
case and both of these plateaus are strongly disordered.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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When all three Fe sublattices are inequivalent (AH; <
AH,,, < AH,,; Fig. 3c) we observe a four step transition with
intermediate plateaus at yyg = 1/6, 2/3, and 5/6. Recall that in
the non-interacting model the steps are at yys = 1/6, 1/2, and 5/
6. Thus, the plateau at yys = 1/2 is missing and the ygg = 2/3
plateau must have a different origin from the other plateaus.
Furthermore, the calculated variation of yys(7) closely resem-
bles the variation of yT with temperature observed in [Fe}
(saltrz)e(M"(CN),);]-8(H,0).

In the 1/6 plateaus shown in Fig. 3b and c the Fe2a and Fe2b
sites are almost all in the LS state whereas about half of the Fel
sites are HS (see Fig. 4a for a snapshot). Ty = AH,/AS ~
0.202|k;|6°/kg for the parameters used in Fig. 3. Notice that this
temperature is significantly lower than the ranges where the yyg
~ 1/6 plateau is observed (kgT/|k;|0> ~ 1.5-2.25 in Fig. 3b, and
kgT/|k,|6* ~ 1.5-2.0 in Fig. 3c).

To understand this discrepancy we introduce an effective
model where all of the Fe2a and Fe2b are constrained to be LS,
i.e., we start from the full Hamiltonian (eqn (2)) and set o, = —1
if 7 is an Fe2a or Fe2b site. This leaves an effective Hamiltonian
for the Fe1l sites:

2

ZO‘,'+J2 Z O',‘O']‘+J4 Z O'i(7j+./5 Z gi0j

icFel (i.j),€Fel (i.j)4€Fel (i.j)s€Fel

—% Z 0i0j,

i,jeFel

1 8
HuéZ*L%Jr—Qb—&h—&h—4k+§LE+AHr—TAé

)

where we have neglected a constant term. This model describes
one-dimensional chains running along the diagonals for o; €
Fel [c¢f Fig. 5e] coupled only by the long-range strain and J,
(which is zero in our numerical calculations). It is important
to notice that the long-range strain couples each pseudospin
to all other pseudospins. As such, the long-range strain is only
sensitive to the total HS fraction:

Joo
WZ”:‘G;‘ = NJoo(2yys — 1)*. (6)
7

Therefore, this term cannot stabilise an ordered phase over a
disorder phase with the same HS fraction. Thus, the crystal-
lographically distinct Fe sites lead to an effective q1D descrip-
tion of the 2D plane.

The effective q1D model (eqn (5)) predicts that the tempera-
ture where we expect half of the Fel to be HS is renormalized by
the elastic interactions with the LS Fe2a and Fe2b sites to

_ 8J/3—8J1 —4J, —8J5—8J4 —4Js + AH|
1/6 — AS

8(1(1 + Skz + 4k3 —+ 25k4 —+ 20]{5)52
3AS '

)

=T+

For the parameters in Fig. 3, T} ~ 1.95k|5” /kg, in excel-
lent agreement with the location of the yus = 1/6 plateau in our

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Snapshots at the three intermediate plateaus in the simulation with Fel,
Fe2a and Fe2b sites all inequivalent (from the simulations shown in Fig. 3c) taken
at (a) T = 19]k|0% (b) T = 2.25|ky|0% and (c) T = 2.5|k;|0% corresponding to the
plateaus at yus = 1/6, 2/3 and 5/6. (a) In the yps = 1/6 plateau the Fe2a and Fe2b
sites are all LS whereas the Fel are disordered and weakly correlated. (b) In the
7Hs = 2/3 plateau the Fel and Fe2b sites are almost all HS whereas the Fe2a are
almost all LS. (c) In the ys = 5/6 plateau the Fel and Fe2b sites are almost all HS
whereas the Fe2a are disordered and weakly correlated. In this figure AS =
4In(5)kg, AH| = AH — 8H,, AHy, = AH + 8H, + 8H,, AH = 10.35]k;|5%,
3Hy = 9.05lky|o?, 8Ha = 3.6kl0%ks > O, ko = 0.48lkyl, ks = —0.23lkyl, k4 = Olkyl,
and ks = 0.09]ky].

-
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a) HS1LS® b) HS>/6 LS/ c) HS?/3Ls1/3 1/6 plateau by more closely examining our Monte Carlo calcula-
OAAOAA DAALDAA TAALAA tions. A typical snapshot is shown in Fig. 4a. It can be clearly
ogoono ocgoogo ogoono seen that nearly all of the Fe2a and Fe2b sites are LS and
AAOAALD AALCAAL AALAAL approximately half of the Fel sites are HS, with no apparent
gooOoo OooOooo ggoogoo spin state order in the spin states of the Fels.
AOAAOA AODAACOA ACAACA This can be made quantitative by calculating the structure
oogoomo ocooOgoonn oooom factorat T = T from our Monte Carlo simulations of the full
d) HS?3 LS/ e) HS/6Ls>/ f) HSO LS model (eqn (2)). In an X-ray scatering experiment there is
OAACOAA HAANAA HAAEAA genuine background scatter (from sources unrelated to the
(JufJomioay 2 Y X 2 K A ] [ XJ [ spin states of the SCO centres). Therefore, when we discuss
AACAALD AANAANE AANAANE diffuse scattering below we will only be interested in clearly
e Juy Jouu K X 2 KL X A K XJ [ X ) defined patterns that could be detected experimentally over the
ACOAATA ARNAANA ARAANA background noise. This, distinction between diffuse scattering
(Jojmjey Il X1 X XJ (X)) | and background is, unavoidably, qualitative and somewhat

Orer) Avrea) O Fe2b) arbitrary. Nevertheless, it is surprising to see that the structure
HAO® s HA® cthertsorts [JAQ:Hs factor, Fig. 6a, shows little sign of structure in the diffuse

Fig. 5 The key phases discussed in this paper. (a) The HS phase, (b) the
yns = 5/6 phase. (c) and (d) Two possible states with yps = 2/3, (c) is
observed when Fe2a and Fe2b are inequivalent. When Fe2a and Fe2b are
equivalent a disordered state mixing of (c) and (d) is found. (e) The yps = 1/6
phase, the Fel sites form decoupled one-dimensional chains, which are
disordered at non-zero temperatures. (f) The LS phase.

Monte Carlo simulations. This strongly suggests that in the
1/6-plateau the model has become q1D.

It is well known that there is no long-range order at finite
temperature in the one-dimensional Ising model.>® Therefore,
we can test our claim that the q1d model [eqn (5)] describes the

scattering, even on a logarithmic scale.

To better understand this we analytically calculated the
structure factor from the effective qld model (eqn (5)),
Fig. 6d. This closely resembles our Monte Carlo simulation.

To quantify and compare the amount of scattering contri-
buting to the observed peaks in the Monte Carlo and analytical
calculations we compute the contributions to the integral
['S(¢q)d*q over the first Brillouin zone, of the Bragg peaks
enclosed by the black squares in Fig. 6 and the background;
the results are shown in Fig. 7a. We find good agreement
between both calculations, the only significant difference is
that slightly more scattering is present in the background of the
Monte Carlo simulation; this is expected as these calculations
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Fig. 6

(top) Structure factors, S(g), on a logarithmic scale from the numerical simulations of the 2D model (egn (2)) shown in Fig. 3c, taken at (a) T =

1.9]k1|6? (yps = 1/6 plateau), (b) T = 2.25|ky|6° (yus = 2/3 plateau), and (c) T = 2.5|k1|6 (yus = 5/6 plateau). The main diffraction peaks are enclosed by black
rectangles. (bottom) Normalized structure factors from (d) the effective gld model (egn (5)) of the yys = 1/6 plateau, (e) the effective qld zigzag chain
model (eqn (9)) of the yps = 2/3 plateau, and (f) the effective q0d dimer model (egn (11)) of the yns = 5/6 plateau.
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Fig. 7 Bar plots representing the integral over the first Brillouin zone of the structure factors, [,,S(¢)dg, corresponding to the numerical simulation of
the 2D model (eqgn (2); see Fig. 6a—c) and for the effective models (eqgn (5), (9) and (11); see Fig. 6d—f). The plots indicate the portions of the integral
corresponding to the Bragg peaks enclosed by rectangles in Fig. 6 and the background (BG). (a) T = 1.9]k1|62 in the ys = 1/6 plateau, (b) T = 2.25|k4|62 in
the yus = 2/3 plateau, and (c) T = 2.5|ky|6 in the yus = 5/6 plateau.

are performed at a finite temperature, whereas the analytical
calculations are effectively at zero temperature.
Further insight into the lack of diffuse scatter can be gained
from the truncated two point spin state correlation function
8ij = (0i0)) — (02 (7). (8)
If the sites 7 and j are uncorrelated then (o,0;) = (0;) (0;) and g;;=
0. There are weak correlations between Fel sites on the same
q1d chain, Fig. 8a, and almost no correlations between Fe1 sites
in different chains. Similarly there is vanishingly weak correla-
tions between the spin state of Fel sites and those of Fe2a and

Fe(1)-Fe(1),T = 1.9]k;|6*

Fe(1)-Fe(2a), T = 1.9|k; |62

Fe2b sites, Fig. 8b and c. This, together with the above results,
strongly support our hypothesis that the material becomes q1d.

The spin state correlation function cannot be directly mea-
sured. However, as spin state and atomic position are highly
entangled, we expect that the two point spin state correlation
function is roughly proportional to the pair-distribution-
function (PDF; the equivalent correlation function to that
defined in eqn (8) for atomic position instead of spin state).
The PDF is directly accessible via X-ray scattering and is a
standard probe of liquids, glasses, polymers, and other struc-
turally disordered materials.®® Thus, measurements of the PDF
are vital for a deeper understanding of disorder SCO materials.

Fe(1)-Fe(2b), T = 1.9]k; |62

a) b) c)
0.5 0.5 0.5
20 *f - 2 o
0.5 0.5 0.5
-1 -1 -1
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Iri;l/R Iri /R [ri 1/ R
d) Fe(2a)-Fe(2a), T = 2.5|k; |02 o) Fe(2a)-Fe(1), T = 2.5|k; |62 9 Fe(2a)-Fe(2b), T = 2.5k |6*
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Fig. 8 Two-point spin state correlation function as a function of separation Ir;,/l calculated for the simulation depicted in Fig. 3c. (a)—(c) At T = 1.9|k1|52 in
the yus = 1/6 plateau. (d)—(f) At T = 2.5|ky|6% in the yus = 5/6 plateau. Correlations between (a) Fel sites, (b) Fel and Fe2a sites, (c) Fel and Fe2b sites, (d)
Fe2a sites, (e) Fe2a and Fel sites, (f) Fe2a and Fe2b sites. For short distances the correlation between Fel sites at T = 1A9|k1|52 are weak, and decay rapidly
to zero as the distance increases. Similarly, the correlations between Fe2a at T = 2.5|k|5% are weak and decay rapidly to zero as the distance increases. All
other correlations are essentially zero. In this figure AH = 10.35]k; |02, 8Hy = 9.05|ky|0%, 6H, = 3.6|k1|0%, ky > 0, ko = 0.48|ky|, ks = —0.23|ky|, k4 = Olkyl, ks =
0.09]k4|, and AS = 4In(5)ksg.
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The almost complete absence of correlations between the
Fel chains and weak short range correlations with chains
explain why we find no structured diffuse scatter in the struc-
ture factor, Fig. 6a. Experimentally, in the 1/6 plateau we would
expect to see a crystal structure showing mixed spin state in the
Fel sites and no diffuse scattering, which is exactly what was
reported for [Fe5(saltrz)s(M"(CN),);]-8(H,0)."*°°

In the 2/3 plateau with only one type of Fe2 site (AH,, =
AH,y, = AH,; Fig. 3b) the Fel sites are almost all HS. In our
Monte Carlo simulations we observe a mixture of the phases
depicted in Fig. 5c¢ and d (and states related by symmetry).

To understand the physics of the Fe2 sites it is helpful to
consider the case where all of the Fel are HS. We can then
derive an effective Hamiltonian for the Fe2 sites from the full
Hamiltonian (eqn (2)) by setting o, = 1 for all Fel. This yields

1 4
H2/3 = §|:4./1 +2J, +4J5+4J4 + 205 — =Jo + AH> — TAS:|

3
E o+ Ji E O','Gj-i-.]z E 0i0;
ieFe2 (i,j)€Fe2 (i,j),€Fe2
E 0i0; +J4 E 0;0;
(1 J)3€Fe2 (i,/)4€Fe2
E gi0; — E 0,0;.
(1 J)s€Fe2 i,jeFe2

)

This model describes zigzag ladders with J, along the legs
and J; along the rungs (plus longer range intra-ladder interac-
tions). However, unlike the effective model of the 1/6 plateau
the ladders are coupled standard Ising interactions propor-
tional to (k3, k4 and ks).

The effective model of the 2/3 plateau (eqn (9)) predicts that
T,3 is strongly renormalized by the elastic interactions with the
HS Fe1 sites, yielding

4
4J, +2Jr, +4J3 +4J4+ 205 — g]oo + AH,
15, =
. AS (10)
o d(ky + Sky + dks + 25ky + 20ks) 0>
T 3AS '
Thus, the elastic interactions decrease 7,3, whereas they

increased Ty,. For the parameters used in Fig. 3, Tp;3 =~
3.01|k,|6*/ky whereas T35, ~2. 14|k |6? /kg, in good agreement
with our Monte Carlo results, Fig. 3b.

As the ladders in the effective model of the yys = 2/3
plateau are coupled by conventional Ising interactions, and
not just the long-range strain, which only couples the HS
fraction (eqn (6)), the short range correlations between Fe2
sites on different ladders are stronger than those between
the Fel sites on different chains in the yys = 1/6 plateau.
These transverse correlations result in four new Bragg
peaks in the structure factor, Fig. 6b and 7b, which are
accurately reproduced by the effective model (eqn (9)), Fig. 6e
and 7b.
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In the 2/3 plateau with two types of Fe2 site (AH,, > AH,;, >
AH;; Fig. 3c) the Fel and Fe2b sites are almost all HS, and
the Fe2a are almost all LS, Fig. 4b. This corresponds to the
phase depicted in Fig. 5c. This can be understood straight-
forwardly as driven by the crystallographically distinct Fe sites
without needing the elastic interactions to drive the long-
range spin state order. However, the elastic interactions are
necessary to drive the change of spin state into a true thermo-
dynamic phase transition rather than a crossover. Furthermore,
the elastic interactions still renormalise 75,3 — T 2*/3 in a
similar fashion to that described above of three inequivalent
Fe sites.

In the 5/6 plateau, Fig. 4c, the Fel and Fe2b sites are almost
all HS. Thus, we can understand the behaviour of the Fe2a sites
by considering the case where all of the Fel and Fe2b sites are
HS. This allows us to derive an effective Hamiltonian for the
Fe2a sites from the full Hamiltonian (eqn (2)) by setting o; = 1
for all Fel and Fe2b sites, yielding

1 8
H5/6 = §|:6J1 + 8, +4J3 +10J4 +2J5 — =Jo + AHr, — TAS

3
Z Ji+J1 Z O'iGj+J3 Z 00;
icFela (i,j) €Fe2a (i.j)3€Fe2a
+J4 Z 0i0j +Js Z 0]
(i,j)4€Fe2a (i,j)s€Fe2a

P
_— 0,0j.

N i,jeFe2a

(11)

This describes antiferroelastically coupled nearest neighbour
dimers (J; > 0), which favours pairs of HS and LS SCO centres,
with weaker, longer range, interaction coupling the dimers,
Fig. 5b. Thus, we now have a q0d model.

As we now expect, the effective q0d model of the 5/6 plateau
(eqn (11)) predicts significant renormalisation of Tse:

8
(6.]1 +8Jy +4J3 4+ 10J4 + 2J5 — g.] ) + AH,,

AS

2(7ky + 8ky + 40k3 + 85ky + 104ks)5>
3AS

* —

5/6 —

=Ts5/6 —
(12)

So elastic interactions decrease Ts. For the parameters used in
Fig. 3¢ Tsje = 3.57|ky|0%/ks whereas T7; ~ 2.46|k:|0” /kp. Again,
this simple theory is in good agreement with our Monte Carlo
results, Fig. 3c.

The truncated two point spin state correlation function
reveals short range correlations between Fe2a sites, Fig. 8d,
but no significant correlations between Fe2a sites and either
Fel or Fe2b sites, Fig. 8e and f. Again, the presence of only weak
short range correlations means that there is no well defined
diffuse scattering pattern in the structure factor, Fig. 6c.
Indeed, the structure factor calculated analytically assuming
no correlations between Fe2a sites and the rest of the lattice,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6f, is in good agreement with the Monte Carlo simulation,
Fig. 7c.

Thus three phases described above, namely the 1/6, 2/3 and
5/6 plateau, show disordered phases without long range spin
state order and with extremely weak short range correlations. In
each phase the structure factors are similar to those of long
range spin state ordered phases. In particular none of the
phases show well defined patterns of diffuse scattering.

3.2 Diffuse scattering from quasi-one-dimensional spin
crossover chains

We do not observe well defined diffuse scattering in the
previous section because in all cases the short-range correla-
tions are extremely weak. This is in large part due to the
emergent q1d and q0d descriptions and the weak interchain/
interdimer interaction. However, sufficiently strong short-range
correlations can give rise to diffuse scattering when there is
reduced dimensionality. To show this we now report the results
of Monte Carlo simulations for a different set of parameters:
k< 0, ky = 1.6|ky|, k3 = k4 = ks = 0, AH = 18|k|0?, 8H, =
17|k1|6%, 8H, = 0]k(|6%, AS = 4In(5)kg; Fig. 9.

The Monte Carlo simulation shows two intermediate pla-
teaus, one at ygs = 1/6 and the other at yyg = 2/3, Fig. 9a. The
spin state ordering at ygs = 1/6 is the same as in the previous
simulation (Fig. 5e), while at yys = 2/3 we observe a mixture of
the two spin state orderings depicted in Fig. 5c and d (and
states related by symmetry).

The large value of k, in this simulation causes strong
intrachain correlations in the yys = 1/6 plateau. The two-point
spin state correlation function between Fel sites, Fig. 9c, shows
much stronger and longer-ranged correlations than in the
simulation described above, Fig. 8a. This leads to a clear
pattern of diffuse scattering in structure factor, Fig. 9b. The
integral over the first Brillouin zone of this structure factor is in
reasonable agreement with the predictions of the effective q1d
model (eqn (5)), Fig. 9d, although the latter slightly under-
estimates the diffuse scatter. This underlines that in order to
get experimentally detectable diffuse scattering it is necessary
to have strong short-range correlations in the disordered state,
and in particular, that the range of the correlations should be
significantly longer than a lattice constant.

It is interesting to compare these results to the behaviour
observed by Neville, et al. for three analogous 1D polymeric
iron(n) SCO materials that contain the ligand 4,6-bis(2’,2"-
pyridyl)pyrazine.’”” They observed diffuse scattering planes
between Bragg peaks in X-ray diffraction measurements.
Neville, et al. interpreted this as HS-LS-HS-LS ordering
along 1D chains, and random spin state ordering between
adjacent chains.

In our simulations the Fel sites along the chains have a 50%
chance of either being HS or LS, but display strong short-range
correlations with adjacent sites tending to have opposite
pseudo-spins (HS-LS), as indicated by the two-point correla-
tion: g;; ~ —1 for nearest neighbours (Fig. 9c). However, we find
much weaker correlations between chains, resulting in planes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Strong short-range correlations lead to well defined patterns in the
diffuse scattering. (a) Calculated fraction of HS metals, the black arrow
indicates the temperature, T = 3.0lky|0%, at which panels (b)-(d) where
calculated. (b) Structure factor, S(q), the red dashed parallelograms enclose
the areas where diffuse scattering is observed. (c) The two-point spin state
correlation function as a function of separation |r,-J| between Fel sites shows
stronger and longer-ranged correlations than are observed in 8a. (d) Bar plot
representing the integral over the first Brillouin zone of the structure factor
in (b), "Diffuse” indicates the integral over the area enclosed by the red
dashed parallelograms. For this simulation we take k; < 0, k = 1.6kq|, k3 =
k4 = ks = 0, AH = 18]k;|62, 8Hy = 17k4|6%, 8H2 = Olki|d% AS = 4ln(5)ks.
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of diffuse scatter between Bragg peaks in the structure factor
9b. Thus, while the current model is clearly not appropriate for
these materials, our results show that strong short-range corre-
lations, rather than long-range spin state order, could also
explain Neville et al.’s experiments.'”

4 Conclusions

We have identified a route by which multistep transitions can
emerge in spin crossover materials without long-range spin state
order of the spin states, as observed experimentally in the SCO
compound [Fe}(saltrz)s(M"(CN),);]-8(H,0), where M" = Pd, Pt,
and saltrz = (E)-2-((((4H-1,2,4-triazol-4-yl)imino)methyl)phenol)."®
We demonstrated that intermediate plateaus can emerge from
the interplay between the local physics of the SCO centres (AH,,)
and the elastic interactions (k;). This interplay can reduce the
effective dimensionality of the model to q0d or q1d. Reduced
dimensionality leads naturally to highly disordered states at non-
zero temperatures. It is interesting to note that similar mechan-
isms have also been proposed for the origin of quantum disorder
in spin liquids.*'®°

We found that disordered phases with weak short-range
correlations produce structure factors that are similar to those
of long range spin state ordered phases, which can complicate
their experimental identification. Diffuse scattering is only
observed when strong short-range correlations are present. In
other parameter regimes of our model we find diffuse scattering,
and we used this to propose an alternative explanation of the
diffuse scattering observed by Neville, et al. in three 4,6-bis(2’,2"-
pyridyl)pyrazine based SCO polymers that does not require long-
range spin state order. Measurement of the PDF would provide a
powerful tool to further analyse and distinguish disordered
phases, as it provides the same information as the spin state
correlation functions calculated above.
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