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Periodic and aperiodic spin-state concentration waves form during Devil's staircase-

type spin-crossover in the new bimetallic 2D coordination polymer 

{Fe[(Hg(SCN)3)2](4,4’bipy)2}n. 

 
 

 

 

 

 
Multi-step spin-crossover. In their Communication, E. Collet et al show that spin-state 
concentration waves form during multi-step spin-crossover. The formation of these different 
long-range spatially ordered structures of molecules in low or high spin state show some 
similarity with Devil's staircase-type phase transitions. 
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Abstract: The unprecedented bimetallic 2D coordination polymer 

{Fe[(Hg(SCN)3)2](4,4’bipy)2}n exhibits a thermal high-spin (HS)low-

spin (LS) staircase-like conversion characterised by a multi-step 

dependence of the HS molar fraction HS. Between the fully HS 

(HS=1) and LS (HS=0) phases, two steps associated with different 

ordering in terms of spin-state concentration waves (SSCW) appear. 

On the HS0.5 step, a periodic SSCW forms with a ...HS-LS-HS-LS... 

sequence. On the HS0.34 step, the 4D superspace crystallography 

structural refinement reveals an aperiodic SSCW, with a HS-LS 

sequence incommensurate with the molecular lattice. The formation 

of these different long-range spatially ordered structures of LS and 

HS states during the multi-step spin-crossover is discussed within 

framework of "Devil's staircase"-type transitions. Spatially modulated 

phases are known in various types of materials but are uniquely 

related to molecular HS/LS bistability here. 

 Spin-crossover (SCO) materials are made of bistable 

molecules able to switch from low (LS) to high spin (HS) states 

(Figure 1).[1] The LS to HS thermal conversion occurs when the 

entropy term (TS), favouring the HS state, compensates the 

enthalpy differences (H). The solely “ferro” elastic coupling, i.e. 

favouring energetically equal states between sites with higher 

(HS) or lower (LS) molecular volume, can drive cooperative LS 

to HS phase transformation. This is taken into account in Ising-

like model through the temperature dependent on-site effective 

field h=(−H+TS)/2. The system follows in the universal Ising 

phase diagram an oblique line (T, h(T)), determining the thermal 

conversion of the HS molecular fraction HS from 0 to 1.[2] 

However, stepwise conversions have been reported in a vast 

variety of SCO materials made of Fe(II),[3] Fe(III),[4] Co(II),[5] or 

Mn(III)[6] ions, with the establishment of different HS-LS periodic 

order on the steps. This results from competing “ferro” and 

“antiferro” interactions.[7]    

 

Figure 1. Electronic states of the Fe ion (left) and crystal structure of the 2D 

metallothiocyanate Fe(II)-Hg(II) SCO coordination polymer. 

 

The ANNNI  model, Anisotropic Next Nearest Neighbours 

Interactions, is an extension of the Ising model, which explains 

the formation of such modulated commensurate and 

incommensurate structures in crystals.[8] The concept of Devil's 

staircase was then theoretically introduced to explain the rich 

sequence of steps during the transformation of a system, as the 

on-site field h (or T) changes (Figure 2).[9] Each step 

corresponds to a long-period commensurate structure, whose 

spatial modulation of states (represented by + or ) is associated 

with a wavevector Q locked onto a rational number n/m. 

Between any two steps there is an infinity of steps, since 

between any two rational numbers there is an infinity of rational 

numbers. That's the reason why this sequence of phases is 

called the Devil's staircase. It appears in a vast variety of 

systems with states + or  of different nature, including charge or 

spin density waves, atomic concentration waves in alloys, 

ferroelectric materials or spin-valve systems. Such 

nanostructures open the possibility to create completely new 

electronic functionalities for technological applications.[10] Here 

we report on the incomplete Devil's staircase during the SCO of 

the new metallothiocyanate Fe(II)-Hg(II) 2D coordination 

polymer {Fe[(Hg(SCN)3)2](4,4’bipy)2}n (1) as commensurate and 

incommensurate spin-state concentration waves, with different 

spatial sequences of HS (+) and LS () states, form on the steps.  

 

Figure 2. Theoretical Devil's staircase (modified from ref. 9d). For SCO 

materials the steps with T (or H) correspond to fractions HS=n/m of HS (+) 

molecules forming a periodic sequence with LS () molecules along the 

modulation vector Q. Structure of simplest (thick) steps are represented. 
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Figure 3. a) Temperature dependence of MT, scaled to HS, measured at 1 K 

min
–1

 cooling rate. b) Unit cell volume given in the a, b, c cell of the HS and LS 

phases. c) Intensity of superstructure peaks indexed Qc=1/2a*+1/2b*+1/2c* in 

the HS a*, b*, c* lattice. d) Intensity of the satellites reflections, indexed  

qi  a* + b* + c*. e) Evolution of the coordinates  and  of Qc and qi.  

 1 was synthesized from self-assembly of Fe(II), 4,4’-

bipyridine (4,4’-bipy) and [Hg(SCN)4]
2- in water/methanol 

solutions (Supporting Information). A fragment of the structure is 

shown in Figure 1. The Fe sites show bistability between LS 

(S=0) and HS (S=2) states. Its HS-vs-T conversion was 

characterized by the evolution of the MT product (M=magnetic 

susceptibility, T temperature) shown in Figure 3a. Above 180 K, 

MT ≈ 3.67 cm3 K mol-1 is practically constant and consistent 

with a fully FeII HS (HS=1) phase. Below 95 K, MT 

characterises a fully FeII LS phase (HS=0). HS-vs-T conversion 

plot shows a multi-step conversion: in addition to the HS and LS 

phases, two other steps are observed. One in the 108-125 K 

interval, where HS0.5 and one in the 96-108 K interval around 

HS0.34. Single crystal X-ray diffraction data have been 

recorded for different temperatures[11] (Supporting Information) 

and the unit cell volume evolution confirms the steps observed in 

the magnetic measurement (Figure 3b). The HS structure (220 K, 

Table S1) is triclinic P   and constituted of slightly distorted 

centrosymmetric octahedral [FeIIN6] sites, axially connected 

through 4,4’bipy ligands (through N1) (Figure 1). The equatorial 

positions are occupied by the N2 and N3 atoms of two 

crystallographically unique NCS-groups. Their S atoms 

participate in strongly distorted tetrahedral [HgIIS3N] coordination 

sites. The dimeric building blocks {[HgII(SCN)3]2(-4,4’-bipy)} link 

consecutive “Fe-4,4’bipy” chains. At 220 K, all FeII sites are 

crystallographically equivalent. The average Fe-N bond length 

<Fe-N> = 2.158(3) Å is typical of the HS state, in agreement with 

magnetic data. At 90 K, all FeII sites are also crystallographically 

equivalent in a similar (a b c) cell and  

<Fe-N> = 1.962(3) Å is typical of the LS state (Table S1 & S4). 

The <Fe-N> contraction contributes strongly to the lattice 

deformation in these polymeric SCO materials.[2f]  

A symmetry breaking occurs on the 108-125 K plateau. It 
corresponds to a doubling along (a+b+c) and is characterized by 
the appearance of superstructure Bragg peaks at 

Qc=
 

 
a*+

 

 
b*+

 

 
c* (Figure S1). The temperature dependence of 

their intensity (Figure 3c) indicates that this phase is surrounded 
by two first-order phase transitions around 125 K and 108 K, in 
agreement with magnetic data. The structural refinement at 
117K (Table S2, S4) in the doubled cell reveals two different Fe 

sites: site 1 with <Fe1-N>1.962(3) Å is mainly LS and site 2 

with <Fe2-N>2.146(3) Å is mainly HS. The HS fraction on each 
site can be estimated from its linear variation with <Fe-N>.[12] We 

estimate (Table S5) HS0.05 on site 1 and HS0.95 on site 2. 
The crystal structure consists then of mainly HS and LS stripes 
alternating in a ...HS-LS-HS-LS... sequence along Qc. This can 
be described as a spin-state concentration wave (SSCW),[8b] 
which is commensurate with the initial (a,b,c) lattice (Figure 4a). 

It corresponds to the +++ sequence on the 1/2 step of the 

Devil's staircase in figure 2. This spatial modulation of HS(r), 
translating through the modulation of <Fe-N>, is schematically 
represented by a wave in Figure 4a related to the modulation of 
the probability for a crystalline sites in r to be HS: 

HS
c(r)=HS

c+(c/2)×cos(Qc.r). 

HS
c
0.5 can be estimated from <Fe-N>=2.058 Å averaged 

between sites 1 and 2 (Table S5), in agreement with magnetic 

data. c
0.9 is the amplitude of the wave, related to the different 

probabilities for sites 1 or 2 to populate the HS state. In the 

ANNNI model,[9d] the 1/2 step is the largest one (Figure 2) and 

consequently the most likely to be observed and HS-LS-HS-LS 

or HS-HS-LS-LS sequences were reported in different SCO 

materials.[3,8] Other steps at HS=1/3 (LS-LS-HS) or HS=2/3 (HS-

HS-LS) were also reported in the literature and characterized by 

a unit cell tripling.[13] The relative stability of the steps is 

governed by the subtle balance of the interactions and 

temperature and that's the reason why only a limited number of 

rational steps have been experimentally reported in SCO 

materials, including also 1/4, 3/4.[3-8,14] Since we observe here 

another step at HS0.34, which is close to 1/3, one wonders 

about the nature of the order on this step. The symmetry 

breaking on the 96-108 K step does not correspond to a unit cell 

tripling. Different type of Bragg peaks appear, which cannot be 

indexed with the three vectors basis of the reciprocal lattice 

(Figure S1). A fourth vector qi is required for indexing the 

scattering vector Q of the peaks:  

Q=ha*+kb*+lc*+mqi. h, k, l & m   and qi=a*+b*+c*. 

At 102 K 0.48(1), 0.35(1) and 0.42(1) cannot be 

expressed as simple fractions. The structure is therefore no 

more 3D periodic, but incommensurately modulated with respect 

to the initial (a, b, c) lattice.[15,16] It belongs to the 4D superspace 

group P  ()0 (SSG number 2.1.1.1).[17] The discontinuous 

changes of the satellites' intensities (Figure 3d) around 96 and 

108 K, concomitant with MT and V jumps, underline the first 

order nature of the transitions delimiting the stability region of 

the incommensurate phase. This incommensurate structure was 

refined in a (3+1)-dimensional superspace[14] (Table S3), where 

atomic coordinates are described by their positions in the 

average 3D unit cell plus the modulation functions of these 

coordinates along the fourth dimension coordinate x4 (Figure S2), 

consequently modulating the Fe-N distances (Figure 4c). The in-

phase modulation of these bonds along x4 is the direct proof of  



 

 

 

 

 

 

Figure 4. a) Striped structure sliced in the (a,b) plane of the SSCW forming 

along Qc. It is commensurate with the (a,b,c) lattice (white) and made of 

mainly LS (blue, <Fe-N>=1.962 Å) and HS (red, <Fe-N>=2.146 Å) sites 

alternating in the LS-HS-LS-HS sequence around <Fe-N>=2.058 Å (HS
c
0.5). 

b) Slice in the (a,b) plane of the aperiodic projected structure, forming an 

incommensurate SSCW with HS and LS stripes along qi (projected). c) 

Modulation of the Fe-N bonds along the superspace coordinate x4 with an 

almost sinusoidal modulation of <Fe-N> (thick line) around 2.027 Å 

corresponding to HS
i
0.34. The fraction of the Fe-N modulation larger than 

2.058 Å corresponding to mainly HS state is also close to HS
i 


 
0.34. The 

schematic waves at the bottom of a) and b) show a slice of the spatial HS/LS 

modulation along the a axis (white lines at the bottom of the structures). 

the formation of a SSCW along qi, incommensurate with the 

average 3D periodic crystal lattice, as observed in another SCO 

material.[16] The in-phase modulation of these bonds along x4 is 

the direct proof of the formation of a SSCW along qi, 

incommensurate with the average 3D periodic crystal lattice, as 

observed in another SCO material.[16] The average modulation of 

the 6 Fe-N bonds indicates an almost sinusoidal modulation 

function of HS:  HS
i(r)=HS

i+(i/2)×cos(qi.r) (Figure 4c)  

with HS
i=0.34 and i=0.85 (Table S4 & S5). The HS fraction 

modulation along x4, with <Fe-N> > 2.058 Å fits with HS
i=0.34. 

The modulation vector qi of HS
i(r), forming HS and LS stripes, is 

incommensurate with the (a,b,c) lattice. This 4D structure can 

then be projected in the physical 3D space to reveal the 

aperiodic spatial distribution of LS and HS states (Figure 4b). 

 In the case of a theoretical Devil's staircase, the 

conversion from HS=1 to HS=0 can occur through every rational 

value n/m (Figure 2). Is this HS
i=0.34 step really corresponding 

to an incommensurate phase, or is it simply a high order n/m 

commensurate phase? On this step qi and HS continuously 
change (Figure 3e) and the SSCW is therefore not locked at a 
commensurate position of the lattice. This behaviour is 
characteristic of incommensurate structures,[14] contrary to the 

commensurate step HS=1/2 where Qc is locked at 

Qc=
 

 
a*+

 

 
b*+

 

 
c* from 108 to 125 K. 

 This study can be discussed as a first step towards Devil's 

staircase related to SCO from the fully HS (HS=1) to LS (HS=0) 

phases, with two long-range ordered structures on the steps: 

- a commensurate SSCW with HS0.5 and a locked modulation 
vector Qc generating a HS-LS-HS-LS sequence, 

- an incommensurate SSCW with HS0.34 and with modulation 

vector slightly evolving around qi=0.48a*+0.35b*+0.42c*. 

A true Devil's staircase involves many transitions, in which 

the wave vector changes by small amount and is commensurate 

at each step. The present multi-step process corresponds to an 

incomplete Devil's staircase as an incommensurate phase 

forms.[9c] It proves that 3D periodic ordering is not always the 

most stable one. The SSCW concept in Figure 2 and 4 can be 

used to describe the different commensurate steps observed in 

different SCO crystals.[3-6,13,14] It shows basic features similar to 

charge density, spin density or atomic concentration waves,[10] 

but the present electronic order is unusual since related to 

entropy driven molecular magnetic bistability.  
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