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Abstract. The large volume change, which accompanies the molecular spin crossover (SCO) 

phenomenon in some transition metal complexes, prompts also frequently the coupling of the 

SCO with other instabilities. Understanding the driving mechanism(s) of such coupled phase 

transitions is not only important for fundamental reasons, but provides also scope for the 

development of multifunctional materials. The general theoretical expectation is that the 

coupling has elastic origin and the sequence of transitions can be tuned by an externally applied 

pressure, but dedicated experiments remain scarce. Here, we used high pressure and low 

temperature single-crystal x-ray diffraction to investigate the high-spin (HS) to low-spin (LS) 

transitions in the molecular complexes [FeII(H2B(pz)2)2(bipy)] and [FeII(H2B(pz)2)2(phen)]. In 

the bipyridine complex the SCO is continuous and isostructural over the whole T, P-range (100-

300 K, 0-2 GPa). In the phenanthroline derivative, however, the SCO is concomitant with a 

symmetry-breaking transition (C2/c to P1̅). Structural analysis reveals that the coupling 

between the two phenomena can be tuned by external pressure from a virtually simultaneous 

HSC2/c - LSP1̅ transition to the sequence of HSC2/c - LSC2/c - LSP1̅ transitions. The correlation of 

spontaneous strain and order parameter behaviors highlights that the ‘separated’ transitions 

remain still connected via strain coupling, whereas the ‘simultaneous’ transitions are partially 

split.   
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INTRODUCTION 

 

Coupled phase transitions, driven concurrently by different physical phenomena (atomic 

ordering, soft modes, spin state transitions, ferroic ordering, etc.), are widespread in crystalline 

solids and have been investigated in various fields of physics, chemistry, mineralogy and 

materials science.1-11 Since phase transitions in crystalline materials always involve some lattice 

distortion, the most common physical effect that couples them is lattice strain.12 In this context, 

spin state transitions in molecular complexes of 3d4-3d7 ions appear particularly interesting due 

to the large volume strains involved (typically 1-10 %).13-18 Thanks to this high dilation, the 

SCO phenomenon can strongly couple to various instabilities, leading to a great diversity of 

structure-property relationships. Among the numerous reported examples (see for example 

Refs. 7 and 19 and references therein), we can mention here the benchmark complexes 

[FeII(ptz)6](BF)4 (ptz = 1-n-propyl-tetrazole), in which the SCO is coupled to a ferroelastic 

transition,20-21 and [FeII(2-pic)3]Cl2⋅EtOH (pic = picolylamine), in which the SCO is coupled to 

successive order-disorder transitions.22  

In the spin crossover literature the problem of coupled phase transitions is often evoked 

in relation with the question, which phenomenon drives the other (sic the ‘chicken and egg’ 

problem). As discussed by Hauser et al.23, this is possibly just “the wrong question to ask” 

whenever the contributions of the transitions to the free energy are of similar orders of 

magnitude. Instead, such coupled transitions should better analyzed by (1) setting up the Gibbs 

free energy for each physical phenomena (uncoupled), (2) establishing the coupling terms 

between them and (3) examining the consequences of this coupling on the physical behavior of 

the material (e.g. response to external stimuli) both experimentally and theoretically. The latter 

has been achieved using various methods, including the Slichter-Drickamer regular solution 

approach,23-25 microscopic models26-31 and the Landau theory19,32. In particular, the Landau 
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approach provided a very useful tool for exploring the phase diagrams for the most common 

coupling schemes in SCO materials.33  

Coupling of SCO with other instabilities is not only of fundamental interest, but 

represents also an interesting scope for the development of a variety of multifunctional SCO 

materials with liquid crystal,34 ferroelectric,35 multiferroic36 and other interesting properties37-

40 – just to mention a few representative cases. For example, a detailed investigation of an MnIII 

SCO complex revealed that coupling between the SCO and symmetry-breaking structural 

transitions gives rise to significant changes of the electrical polarization simultaneously with 

the SCO, witnessed as a magneto-electric coupling.36 It is fair to say, however, that designing 

single-phase SCO materials with coupled phase transitions is difficult and this research is driven 

largely by serendipity. Notable examples for more ‘rational’ strategies include the synthesis of 

SCO complexes with long alkyl chains, potentially affording coupled SCO and liquid crystal 

(or melting) transitions34,41-43 and SCO complexes with Jahn-Teller ions (e.g. MnIII), providing 

scope for coupled ferroelastic/ferroelectric transitions44.  

On the other hand, tuning the sequence of the transitions is more straightforward. 

Chemical tuning can be achieved most conveniently by the ‘chemical pressure’ method, based 

on the isomorphous substitution of the SCO cation with metal ions of different radii.23 

Introduction of counter-anions of different size45 or guest molecules46 might also play a similar 

role in some cases. Alternatively, one can also apply an external hydrostatic pressure. The 

expectation is that the respective phase transition temperatures do not shift to the same extent 

under pressure (chemical or external) and therefore the sequence of transitions must be 

altered.47-48 

X-ray (or neutron) diffraction under pressure appears here as a particularly attractive 

experimental means to investigate the coupling of SCO phenomenon to other transitions.49 

Although such investigations on SCO compounds, which are often of low symmetry, remain 
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challenging,50-66 they have already given valuable insights into the sequence of coupled phase 

transitions in a few cases.67-77 Here we focus on the high-pressure single-crystal X-ray 

diffraction (HP-SC-XRD) technique, which not only allows for tuning the transitions, but 

provides also an accurate measure of the spin-state change, reflected by metal-ligand bond 

lengths, and the lattice deformations associated with the different transitions. Eventually, it can 

thus afford for a thermodynamic description of the elastic (strain) coupling mechanism. 

In this work, we use the HP-SC-XRD approach to investigate two closely related SCO 

complexes [FeII(H2B(pz)2)2(bipy)] (1) (pz = pyrazol-1-yl, bipy = 2,2’-bipyridine) and 

[FeII(H2B(pz)2)2(phen)] (2) (phen = 1,10-phenanthroline) (Figure 1), which are both known to 

undergo thermal SCO centered around 160-170 K (at 1 atm)78-79 and pressure-induced SCO 

centered around 0.7-0.9 GPa (at 293 K)80. Crucially, however, the thermal SCO in (1) is 

isostructural, whereas in (2) it is associated with a symmetry breaking transition,81 providing 

thus ‘textbook examples’ for pure and coupled SCO phenomena. 

 

Figure 1. Schematic representation of the molecular structures of (a) compound (1) and (b) 

compound (2). 
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EXPERIMENTAL METHODS 

Crystals of (1) and (2) have been synthesized and grown according to previously described  

procedures.78-79 SC-XRD data were collected using a XtaLAB Synergy-S Rigaku 

diffractometer equipped with hybrid photon counting Hypix-6000HE detector and two 

microsources, Mo (λ = 0.71073 Å), used in high pressure measurements, and Cu (λ = 1.5406 

Å), used for low temperature data collection. Low-temperature measurements have been 

conducted between 100 K and 300 K using an Oxford Cryosystems 800 Cryostream Cooler 

Device. High-pressure diffraction experiments have been performed at room temperature using 

a One20DAC Almax-EasyLab wide-angle diamond anvil cell (DAC) equipped with diamonds 

of Boehler-Almax design and of a cullet diameter of 800 µm. Stainless steel gaskets of 0.15 

mm thickness with holes of ca. 0.4 mm in diameter have been prepared by spark-erosion. The 

fluoresecence of ruby was used as a pressure gauge82 and Daphne 7373 oil as the pressure-

transmitting medium – providing hydrostatic conditions up to ca. 2.2 GPa.83 The CrysAlisPro 

program suite was used for pre-experiment, DAC alignment, data collection, determination of 

the UB matrices and initial data reduction.84 Crystal structures of (1) and (2) were solved and 

refined using SHELXS and SHELXL programs.85 Hydrogen atoms were located from geometry 

after each refinement cycle with Uiso = 1.2Ueq of their carriers. 

 

RESULTS 

Evidence for transformations from optical micrographs. Initial variable-temperature, 

polarized-light optical microscopy observations of crystals of (1) revealed a gradual and 

homogeneous crossover between the HS and LS phases in the temperature range of ca. 150 – 

180 K (Figure 2, top panel), confirming thus the continuous character of the SCO, which was 

postulated from previous magnetic measurements.79 On the contrary, crystals of (2) exhibited a 

discontinuous phase transition, proceeding by nucleation and growth. As an example, Figure 2 
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(bottom panel) presents micrographs captured at a constant temperature (163 K) wherein the 

advance of the phase front(s) is clearly observable (see Movies S1 and S2 for a complete 

heating-cooling cycle in the Supporting Information, SI). The phase fronts were found to form 

reproducibly on both sides of the crystal (left and right in the photos) and, at the same time, the 

size, shape and position of the crystal slightly changed. The strong darkening of the crystal in 

the low-temperature phase must be ascribed to the change of electronic state (HS to LS), 

indicating thus its first-order nature. This finding is in good agreement with previously reported 

magnetic measurements on polycrystalline samples of (2), showing thermal hysteresis of the 

magnetic susceptibility.79 On the other hand, in our experimental conditions, we have found no 

evidence for the formation of ferroelastic domains, which might be anticipated in the low-

symmetry phase.86 We note also that similar color changes were observed in the crystals at low 

temperatures and high pressures (not shown), but the nature of the pressure-induced transitions 

could not be assessed from optical microscopy observations. 

 

 

Figure 2. Reflected light optical micrographs of crystals of (1) (top panel) and (2) (bottom 

panel) at selected temperatures under crossed polarizers. 

 

Low-temperature and high-pressure crystal structures. Variable temperature structural 

resolutions of (1) and (2) have been performed at eleven individual temperature points between 

100 K and 300 K at atmospheric pressure and nine individual pressure points up to ca. 2 GPa 

at ambient temperature. Importantly, both the temperature and pressure effects were found fully 

173 K 
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reversible. (Details of the refinement, crystal structures and lattice parameters are given in 

Tables S1-S4 in the SI.) 

The coordination sphere and the central atom environment in (1) and (2) adopts distorted 

octahedral symmetry with FeN6 core (see Tables S5-S8). In both cases, the unit-cell contains 

two pairs of chiral molecules, right- and left-handed complex enantiomers. The central Fe(II) 

ion is coordinated by three chelating N-donor ligands: two negatively charged bis(1-

pyrazolyl)borate ligands and one nearly planar 2,2’-bipyridine or one planar phenanthroline 

ligand in complex (1) and (2), respectively. In the solid state, the molecules of (1) are linked by 

weak CH---C, CH—HB and  π-π stacking interactions present in both spin states. In the case 

of (2), one can note the presence of CH---C and π-π stacking interactions in the LS state, 

whereas only weak CH---C contacts have been found in the HS state (see Figure 3 and Tables 

S9-S12 in SI). We can thus tentatively suggest that a possible driving force of the structural 

transition in (2), in opposition to (1), is a lattice deformation allowing for the creation of these 

intermolecular interactions. 

 

Figure 3. Intermolecular interactions in the HS and LS crystals of (1) (a), HS crystals of (2) (b) 

and LS crystals of (2) (c). 
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In agreement with previous reports,81 our low temperature XRD measurements on (1) revealed 

an isostructural SCO, which is associated with a significant elongation of the mean Fe-N 

distances from 2.001(4) Å at 100 K to 2.191(3) Å at 300 K (see Figure 4 and Table 1). Each 

structure was solved in the monoclinic space group C2/c, with half a molecule in the asymmetric 

unit. In contrast to (1), the phenanthroline derivative undergoes spin transition accompanied 

with a crystal symmetry change, manifested as a transition from a triclinic (P1̅) LS to a 

monoclinic (C2/c) HS phase between ca. 160-180 K, resulting in the disappearance of 

superlattice reflections of the type h0l, l=2n+1 in the monoclinic phase (see Figures S1-S4). 

The concomitant elongation of the average Fe-N distances is similar to compound (1): 1.999(2) 

Å at 100 K and 2.186(3) Å at 300 K (see Figure 4 and Table 1). 

 

Table 1. Average Fe-N distances in (1) and (2) at selected temperatures and pressures. The spin 

state and the crystal structure are also indicated. 

Compound Spin state 
Space 

group 
Temperature  Pressure  

av. Fe-N 

distances  

(1) LS C2/c 100 K ambient 2.001(4) Å 

(1) LS C2/c 160 K ambient 2.067(4) Å 

(1) HS C2/c 180 K ambient 2.160(4) Å 

(1) HS C2/c 300 K ambient 2.191(3) Å 

(1) HS C2/c ambient 0.41 GPa 2.176(2) Å 

(1) LS C2/c ambient 0.92 GPa 2.084(2) Å 

(1) LS C2/c ambient 2.01 GPa 1.991(2) Å 

(2) LS 𝑃1̅ 100 K ambient 1.999(2) Å 

(2) LS 𝑃1̅ 160 K ambient 2.032(3) Å 

(2) HS C2/c 180 K ambient 2.160(4) Å 

(2) HS C2/c 300 K ambient 2.186(3) Å 

(2) HS C2/c ambient 0.40 GPa 2.167(2) Å 

(2) LS C2/c ambient 0.73 GPa 2.040(5) Å 

(2) LS 𝑃1̅ ambient 0.88 GPa 1.98(1) Å 

(2) LS 𝑃1̅ ambient 2.15 GPa 1.962(9) Å 
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Figure 4. LS and HS structures of (a) (1) and (b) (2) and their overlays in the right panel. 

 

In terms of SCO and structural changes, the pressure effects on (1) and (2) are similar to those 

observed at low temperatures (see Figure S5). The SCO in (1) under pressure is obviously 

manifested by the decrease of the mean Fe-N distance, reaching 1.991(2) Å at 2 GPa. Within 

this pressure range, no change of crystal symmetry could be observed. The key experimental 

result of the present work is the separation of the SCO and the structural transition in (2) under 

pressure. This finding is clearly manifested by a monoclinic LS structure at 0.73 GPa, 

displaying a mean Fe-N distance of 2.040(5) Å (see Table 1 and Figure S4). Further 

compression above 0.88 GPa results then in a separate structural phase transition from the 

monoclinic LS to the triclinic LS form. This stepwise sequence is reminiscent to those reported 
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for the compounds [Fe(ptz)6](BF)4 and [Co(dpzca)2] (dpzca = N-(2-pyrazylcarbonyl)-2-

pyrazinecarboxamide) under pressure, although with the inversion between the sequence of the 

SCO and the symmetry breaking transitions (vide infra).69,73 Of particular interest with respect 

to these previous studies is the direct observation of the intermediate phase with resolved atomic 

positions, allowing for the unambiguous assignments of the spin state and space group in the 

same time. 

 

Lattice compressibility. Since the elastic properties of the lattice play a key role both in the 

SCO phenomenon and its coupling with the symmetry-breaking transition, it is important to 

assess the lattice compressibility from the HP-XRD data. The variations of the unit-cell volume 

and the individual lattice parameters with pressure follow the typical monotonic, nonlinear 

trend on compression for both compounds (Figure 5 and Tables S1-S2). The compressibility of 

the lattice masks the volume change associated with the pressure-induced SCO and hence full 

structure refinement is inevitable for the assessment of the spin state of the materials (see inset 

in Figure 5). Third order Birch–Murnaghan equations of state were fitted to the volume 

evolution of (1) and (2) with pressure using EosFit7.87 In general, the fits for the different phases 

are limited to a relatively narrow pressure range and are restricted to a few data points, resulting 

in rather high uncertainties (see Figures S6-S7). 

The bulk modulus of (2) in the HS state is 4.6(2) GPa, reflecting the soft nature of these 

molecular solids, in good agreement with elastic modulus values derived previously from 

nuclear inelastic scattering (NIS) measurements on a polycrystalline powder [88].88 Due to the 

pressure-induced structural transition and the lack of ambient pressure data for the triclinic LS 

form, it was impossible to fit an appropriate EOS and extract its bulk modulus. However, the 

LS form of (2) seems to be less compressible than the HS phase, which is also witnessed through 
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the strong decrease of the volumetric thermal expansion coefficient from 2.04(5) × 10-4 K-1 to 

1.4(1) × 10-4 K-1 when going from the HS to the (triclinic) LS phase. 

 

 

Figure 5. Pressure dependence of the unit cell volume (normalized to the atmospheric pressure 

volume) for (1) and (2). The inset shows the average Fe-N distances for both compounds. The 

dotted lines are guides to the eye. The successive spin-state and structural transitions are 

indicated. 

 

Crystals of (1) show similar volume compressibility with a bulk modulus of 6.0(5) GPa. Since 

the fit overlaps the region of SCO, this value should be considered only as an indication of the 

elastic properties of the lattice across the investigated pressure range, rather than a true equation 

of state. Nevertheless, one can qualitatively note in Figure 5 that there is less contrast between 

the compressibility of the HS and LS phases of (1), which is also reflected by the smaller 

changes in thermal expansion coefficients (1.75(3) × 10-4 K-1 vs. 1.5(2) × 10-4 K-1 in the HS and 
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LS forms, respectively). It is noteworthy also that the compressional anisotropy of the different 

monoclinic forms remains moderate, whereas the triclinic LS phase of (2) displays pronounced 

anisotropy with the a-axis being nearly incompressible (see Tables S1-S2). 

 

DISCUSSION 

Strain coupling in (1) displaying non-symmetry-breaking SCO. Spontaneous strain 

variations were calculated from changes of the lattice parameters using the method (and the 

underlying Cartesian coordinate system) described by Carpenter et al.12 (see the SI for more 

details). The spontaneous strain [ij] is defined with respect to the lattice parameters the HS 

phase would have at the same temperature, i.e. it characterizes solely the SCO phenomenon 

without any background thermal effects. It forms a symmetric second rank tensor with six 

independent components, but the monoclinic symmetry of (1) reduces the number of strain 

components to four (1, 2, 3 and 5 - in Voigt notation).89 Figure 6a shows these strain 

components across the thermal SCO, which is centered at 165 K for (1). The prevailing effect 

of SCO is ca. 3 % volume contraction in the LS state, which can be primarily accounted for the 

reduced radius of diamagnetic FeII ions. Noticeably, this volume strain Vs is strongly anisotropic 

(Vs  2 + 3) and there is also a non-negligible shear component (~1 %). We note also the good 

agreement between the values of Vs(T) obtained directly from the unit cell volume and 

calculated as Vs = 1 + 2 + 3, providing support for the strain analysis.  

The total excess Gibbs free energy of the transition (G) can be written as (see the SI 

for details):86,33,90 

∆𝐺 =  𝐿(𝑞𝑠𝑝𝑖𝑛) +
1−𝑞𝑠𝑝𝑖𝑛

2
∑ 𝜆𝑖𝜀𝑖𝑖 +

1

2
∑ 𝐶𝑖𝑗

°
𝑖𝑗 𝜀𝑖𝜀𝑗     (1) 

where 𝐿(𝑞𝑠𝑝𝑖𝑛) is the Landau potential of the order parameter 𝑞𝑠𝑝𝑖𝑛, 𝜆𝑖 are the strain - order 

parameter coupling coefficients and 𝐶𝑖𝑗
°  are the relevant components of the elastic stiffness 
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matrix (in ambient conditions) and i,j = 1-3, 5 due to the monoclinic symmetry. In the case of 

the stress free crystal, 
𝜕(∆𝐺)

𝜕𝜀𝑖
= 0, and therefore: 

𝜀𝑖 =  − (
1−𝑞𝑠𝑝𝑖𝑛

2

𝜆𝑖

𝐶𝑖𝑖
° +

∑ 𝐶𝑖𝑗
°

𝑗 𝜀𝑗

𝐶𝑖𝑖
° )     (2) 

 

     

Figure 6. (a) Components of the spontaneous strain tensor (i), volume strain (Vs) and mean 

Fe-N distance as a function of the temperature in the heating mode for compound 1. b) Strain 

components rescaled to values of between 0 and 1 for comparison with the temperature 

variation of the HS fraction. (Lines are guides to the eye.) 

 

The expectation must be that each component i scales linearly with the order parameter (i ~ 

𝑞𝑠𝑝𝑖𝑛). Here it is convenient that the structural resolution provides also the average Fe-N bond 

lengths, �̅�𝐹𝑒𝑁, at different temperatures, which can be directly used to characterize the 

temperature dependence of 𝑞𝑠𝑝𝑖𝑛. As shown in Figure 6b, the normalized 𝜀𝑖(𝑇) data superpose 

with the SCO curve (dotted line), confirming thus nicely the expected linear relationship 

between the order parameter and the spontaneous strain components expressed by Eq. 2. (N.B. 

The variation of 1 does not follow this trend, but this strain component is very weak (< 0.004) 
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and most likely dominated not by the SCO, but the thermal expansion mismatch of the HS and 

LS phases.) 

Similar to the thermally induced SCO, the change of Fe-N bond lengths reveals 

unambiguously a complete HS to LS transition, centered around 0.9 GPa (see insert in Figure 

5). The pressure shift of the spin transition (145 K/GPa) is in reasonably good agreement with 

previous magnetometry measurements under pressure (190 K/GPa),80 taking into account the 

accuracy of the pressure gauges used. Due to the difficulties to subtract the compressibility of 

the lattice from pressure effects induced by the SCO, a reliable analysis of the spontaneous 

strain tensor was not possible under compression. Nevertheless, the ensemble of the structural 

data proves unambiguously the isostructural and continuous nature of the SCO in (1) in the 

investigated pressure and temperature range – in agreement with the description provided by 

Equation 1. 

 

Strain coupling in (2) displaying a symmetry-breaking SCO. In contrast to the bipirydine 

analogue, the SCO behavior of the phenanthroline derivative is obviously complicated by the 

change in crystal system from monoclinic to triclinic both on decreasing temperature and 

increasing pressure. The description of this ferroelastic phase transition in (2) requires a second 

order parameter, 𝑞𝑓𝑒𝑟𝑟𝑜 besides the SCO order parameter, 𝑞𝑠𝑝𝑖𝑛. The active representation for 

the symmetry breaking process is Bg in the point group 2/m,86 giving 𝜀4 ~ 𝜀6 ~ 𝑞𝑓𝑒𝑟𝑟𝑜 as the 

expected strain - order parameter relationship. These strains can have a bilinear coupling thus 

with the order parameter 𝑞𝑓𝑒𝑟𝑟𝑜. Besides these two symmetry-breaking strains, 𝜀𝑠𝑏, associated 

with the ferroelastic transition, one would expect also the emergence of non-symmetry breaking 

strains, 𝜀𝑛𝑠𝑏, (𝜀1 ~ 𝜀2 ~ 𝜀3 ~ 𝜀5) associated with the SCO, all of which transform as the identity 

representation Ag of 2/m, leading to bilinear coupling with 𝑞𝑠𝑝𝑖𝑛. In addition, since both 𝑞2
𝑓𝑒𝑟𝑟𝑜

 

and 𝜀2
𝑖 transform as the identity representation, linear – quadratic coupling terms of the form 
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𝜀𝑛𝑠𝑏𝑞2
𝑓𝑒𝑟𝑟𝑜

 and 𝜀2
𝑠𝑏𝑞𝑠𝑝𝑖𝑛 are also symmetry allowed. In a first approximation, however, we 

neglect the higher order terms. Then, the total excess Gibbs free energy of the transition in (2) 

can be written as (see the SI for further discussion): 

∆𝐺 =  𝐿(𝑞𝑓𝑒𝑟𝑟𝑜) + 𝑞𝑓𝑒𝑟𝑟𝑜(𝜆4𝜀4 + 𝜆6𝜀6) + 𝑞2
𝑓𝑒𝑟𝑟𝑜

(𝜆1𝜀1 + 𝜆2𝜀2 + 𝜆3𝜀3 + 𝜆5𝜀5) +

+𝐿(𝑞𝑠𝑝𝑖𝑛) +
1−𝑞𝑠𝑝𝑖𝑛

2
(𝜆1𝑠𝜀1 + 𝜆2𝑠𝜀2 + 𝜆3𝑠𝜀3 + 𝜆5𝑠𝜀5) +

1

2
∑ 𝐶𝑖𝑗

°
𝑖𝑗 𝜀𝑖𝜀𝑗      (3) 

Using this full potential is tedious; therefore, we will restrict our discussion for the following 

simplified form, which keeps the essential physical ingredients: 

∆𝐺 = 𝐿(𝑞𝑓𝑒𝑟𝑟𝑜) + 𝑞𝑓𝑒𝑟𝑟𝑜𝜆𝑠𝑏𝜀𝑠𝑏 + 𝑞2
𝑓𝑒𝑟𝑟𝑜

𝜆𝑛𝑠𝑏1𝜀𝑛𝑠𝑏 + 𝐿(𝑞𝑠𝑝𝑖𝑛) +
1−𝑞𝑠𝑝𝑖𝑛

2
𝜆𝑛𝑠𝑏2𝜀𝑛𝑠𝑏 +

+ ∑ 𝐶𝑖𝑗
°

𝑖𝑗 𝜀𝑖𝜀𝑗     (4) 

At mechanical equilibrium (
𝜕(∆𝐺)

𝜕𝜀𝑛𝑠𝑏
= 0, 

𝜕(∆𝐺)

𝜕𝜀𝑠𝑏
= 0), one obtains (similar to eq. 2): 

𝜀𝑛𝑠𝑏 = − (𝑞2
𝑓𝑒𝑟𝑟𝑜

𝜆𝑛𝑠𝑏1

𝐾
+  

1−𝑞𝑠𝑝𝑖𝑛

2

𝑛𝑠𝑏2

𝐾
)    (5a) 

𝜀𝑠𝑏 =  −𝑞𝑓𝑒𝑟𝑟𝑜
𝜆𝑠𝑏

𝐶°       (5b) 

Substituting these results back to equation 4 and using the Landau expansion91,33 gives: 

∆𝐺 =  
1

2
𝑎1 (𝑇 − 𝑇𝑓𝑒𝑟𝑟𝑜 −

𝜆𝑠𝑏
2

2𝐶°𝑎1
−

𝜆𝑛𝑠𝑏1𝜆𝑛𝑠𝑏2

4𝐾𝑎1
) 𝑞2

𝑓𝑒𝑟𝑟𝑜
+

1

4
(𝑏 −

𝜆𝑛𝑠𝑏1
2

2𝐾
) 𝑞4

𝑓𝑒𝑟𝑟𝑜
+

+ 
1

4
𝑐𝑞6

𝑓𝑒𝑟𝑟𝑜
+ 𝐴1[𝑇 − 𝑇𝑆𝐶𝑂 +

𝜆𝑛𝑠𝑏2
2

2𝐴1𝐾
]𝑞𝑠𝑝𝑖𝑛 +

1

2
(𝐵 −

𝜆𝑛𝑠𝑏2
2

4𝐾
)𝑞2

𝑠𝑝𝑖𝑛
+

1

4
𝐶𝑞4

𝑠𝑝𝑖𝑛
+

+ (
𝜆𝑛𝑠𝑏1𝜆𝑛𝑠𝑏2

4𝐾
) 𝑞2

𝑓𝑒𝑟𝑟𝑜
𝑞𝑠𝑝𝑖𝑛    (6) 

Equation 6 highlights that strain couplings lead to the increase of both transition temperatures 

and make the transitions more cooperative through the decrease of the values of b and B. (N.B. 

Obviously, both 2 and K take positive values, whereas 𝑎1 (resp. 𝐴1) is in general positive (resp. 

negative).32-33) In addition, the lattice strains give rise to a linear-quadratic coupling term, 

𝑞2
𝑓𝑒𝑟𝑟𝑜

𝑞𝑠𝑝𝑖𝑛, which has been already discussed for similar transitions with coupled symmetry-

breaking and non-symmetry-breaking order parameters.8-9,19,32-33,92  
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 The temperature dependence of selected spontaneous strain tensor components of (2) 

are shown in Figure 7a (see Figure S8 for the full tensor). Two series of data are traced together: 

one with 20 K steps including full structure resolutions and another with small steps (down to 

2 K in the vicinity of the transition) affording only for unit cell parameters. In order to facilitate 

the comparison between the monoclinic and triclinic lattices, the strain components were 

calculated using the lattice parameters of the triclinic reduced cells (see Figure S9).  

  

Figure 7. (a) Selected components of the spontaneous strain tensor (i) and mean Fe-N distance 

as a function of the temperature in the heating mode in a crystal of (2). (b) Non-symmetry-

breaking strains (𝜀1, 𝜀2, 𝜀3 and 𝜀5) plotted as a function of the square of a symmetry breaking 

strain  𝜀6 in (2). (Lines are guides to the eye.) 

 

First, one can note that the overall volume change (2.5 %) is similar to the bipy-derivative (3 

%) and the dilation here is also strongly anisotropic. The three shear strains display similar 

values between 1 - 2 %. Again, we find a good agreement between the values of Vs(T) obtained 

directly from the unit cell volume and calculated as Vs = 1 + 2 + 3. Contrary to the case of 

the bipy-derivative, however, the normalized non-symmetry-breaking strain curves, 𝜀𝑛𝑠𝑏(𝑇), 

do not superpose to each other, neither to the �̅�𝐹𝑒𝑁(𝑇) curve. This is obvious for the case of 
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𝜀3(T), which displays a pronounced peak near the phase transition, but the other 𝜀𝑛𝑠𝑏(𝑇) 

components deviate also from proportionality (see Figure 7a and Figure S8). We can understand 

this finding on the basis of Equation 5a, which denotes an extra contribution of the symmetry-

breaking order parameter 𝑞𝑓𝑒𝑟𝑟𝑜 to the non-symmetry-breaking strains. The presence of this 

peak in the 𝜀3(T) curve implies also that the SCO and the symmetry-breaking transitions are 

NOT fully synchronized, despite they occur conjointly. The most likely scenario is that the SCO 

starts gradually at lower temperatures, seen through the increase of 𝜀3 above ca. 155 K, followed 

by an abrupt decrease near 169 K due to the structural transition. This reasoning is further 

supported by the fact that a sizeable increase of the Fe-N distances occurs between 140 and 160 

K, in which range the crystal is still triclinic (Figure S10). It is worth to note also that similar 

situations have been already encountered in other SCO compounds displaying symmetry 

breakings.19 

The analysis of the relationship(s) between the symmetry-breaking strain and the order 

parameters is less straightforward because, contrary to the SCO, we do not have an independent 

measure of the ferroelastic order parameter. Nevertheless, by comparing equations 5a and 5b, 

the expectation would be an affine relationship between 𝜀𝑛𝑠𝑏 and 𝜀𝑠𝑏
2. As shown in Figure 7b, 

this expectation is indeed nicely met between 𝜀1 (or 𝜀2) and 𝜀6
2. However, Figure 7b reveals 

also that the expected affine relationships between  𝜀3 (or 𝜀5) and 𝜀6
2 are not obeyed near the 

phase transition temperature. (N.B. The same tendencies are observed between 𝜀𝑛𝑠𝑏 and 𝜀4
2 , 

which is not shown here). This deviation from the expected strain behavior indicates that the 

contributions from higher order strain – order parameter coupling terms might be significant. 

As discussed above, the most remarkable finding of this study is the observation of the 

monoclinic LS form in (2) under an applied pressure of 0.73 GPa, denoting a sequence of spin-

state and structural transitions. This result is clearly shown in Figure 8a displaying the variation 

of Fe-N average distance together with the reduced-cell lattice parameters b and c as a function 
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of pressure. There is a clear evidence for lattice distortion from monoclinic to triclinic only 

from 0.88 GPa, whereas the variation of Fe-N distances provides an obvious proof for a nearly 

complete SCO (ca. 75 %) already at 0.73 GPa (highlighted in grey).  

   

Figure 8. (a) Lattice parameters b and c of the reduced cell and (b) the spontaneous strain 

component 2 as a function of pressure in (2). The mean Fe-N distance is also shown. (Lines 

are guides to the eye.) The data highlighted in grey indicate the occurrence of the intermediate, 

monoclinic LS phase. 

 

Extrapolation of lattice parameters beyond the transition pressure is difficult due to the reduced 

pressure range and the small amount of data points. For this reason, only the pressure 

dependence of the 2 component of spontaneous strain tensor could be quantified with 

confidence (Figure 8b). In fact, the coordinate system is chosen such a way that 2 is uniquely 

determined by the modification of the b lattice parameter of the reduced cell. As a lucky 

circumstance, the contraction of b at the transition is outstanding, allowing its clear separation 

from the ordinary response of the crystal to applied pressure. The result is shown in Figure 8b 

revealing ca. 5.0 % variation of 2, which is in fair agreement with the thermally induced value 

of ca. 5.6 %  (Figure 7a), providing thus confidence for our analysis. Strikingly, the value of 2 
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remains zero up to 0.73 GPa and it changes brusquely at the monoclinic (LS) - triclinic (LS) 

transition at 0.88 GPa (Figure 8b) – although such strain is not predicted from symmetry 

considerations. We can thus conclude that despite its nearly complete separation from the SCO 

under pressure, the ferroelastic transition actually remains strongly coupled to it.  

At this point, an interesting question emerges concerning the reverse transition upon 

lowering the pressure. Indeed, the coupling term vanishes if 𝑞𝑓𝑒𝑟𝑟𝑜 and/or 𝑞𝑠𝑝𝑖𝑛 become zero. 

This means one should expect rather different SCO behaviors upon compression of the 

paraelastic phase (𝑞𝑓𝑒𝑟𝑟𝑜 = 0) and decompression of the ferroelastic form (𝑞𝑓𝑒𝑟𝑟𝑜 ≠ 0). As 

discussed by Collet et al.19, such asymmetry is a characteristic feature of coupled spin 

transitions upon heating and cooling. Unfortunately, using our screw-driven DAC, controlled 

decompression is not straightforward, but such experiments might be possible using double-

membrane DACs. 

We can rationalize the pressure-induced separation of the two transitions by introducing 

the work term into Eq. 4,93 which leads then to (see the SI for more details): 

∆𝐺 =  
1

2
𝑎1 (𝑇 − (𝑇𝑓𝑒𝑟𝑟𝑜

′ +
𝜆𝑛𝑠𝑏2𝑃

𝐾𝑎1
)) 𝑞2

𝑓𝑒𝑟𝑟𝑜
+

1

4
𝑏′𝑞4

𝑓𝑒𝑟𝑟𝑜
+

1

4
𝑐𝑞6

𝑓𝑒𝑟𝑟𝑜
+ 𝐴1[𝑇 − (𝑇𝑆𝐶𝑂

′ −

𝜆𝑛𝑠𝑏2𝑃

2𝐴1𝐾
)]𝑞𝑠𝑝𝑖𝑛 +

1

2
𝐵′𝑞2

𝑠𝑝𝑖𝑛
+

1

4
𝐶𝑞4

𝑠𝑝𝑖𝑛
+ 𝐷𝑞2

𝑓𝑒𝑟𝑟𝑜
𝑞𝑠𝑝𝑖𝑛     (7) 

First, we note that the coupling of the ferroelastic transition to the non-symmetry-breaking 

strains of the SCO leads to a strong pressure dependence of the former. The different slopes of 

the phase transition boundaries are given for the SCO and the ferroelectric transitions, 

respectively, by: 

𝜕𝑇𝑓𝑒𝑟𝑟𝑜

𝜕𝑃
=

𝜆𝑛𝑠𝑏2

𝐾𝑎1
   (8a) 

𝜕𝑇𝑆𝐶𝑂

𝜕𝑃
= −

𝜆𝑛𝑠𝑏2

𝐾𝐴1
  (8b) 

The experimentally observed Clapeyron slopes (Figure 9) are indeed different for the two 

transitions. We note also the good agreement with the previously published high-pressure 
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magnetic measurement data80 (blue stars in Figure 9). In the high-pressure magnetic data, the 

hysteresis associated with the SCO disappears between 0.33 and 0.55 GPa, suggesting that the 

triple point should be near 250 K - 0.4 GPa (shown tentatively by the red circle in Figure 9).80 

On the other hand, the magnetic data revealed also an anomalously large hysteresis near 0.2 

GPa and 180 K. The authors suggested this behavior might be linked to the structural transition. 

Based on our results, we cannot verify this hypothesis. In our opinion, it is more likely that the 

hysteresis was caused by the solidification of the pressure-transmitting medium (silicon oil) at 

low temperatures.60  

 

Figure 9. Experimental P,T-phase diagram showing the stability regions of the different 

polymorphs of compound (2). Previously published high pressure magnetic data80 are shown 

by blue stars. The triple point is shown tentatively by the red circle. 

 

Finally, it is interesting to remark that the HSP1̅ phase does not appear in the P,T-phase diagram. 

Indeed, it can be obtained only as a metastable phase following photoexcitation of the LSP1̅ 
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phase at liquid helium temperature where the crystal structure is ‘frozen’.81 As discussed in 

detail in refs. 19, 32 and 33, the relative stability of the four possible phases depends on the 

coupling strength D and on the difference of the (uncoupled) symmetry-breaking and spin 

transition temperatures (𝑇𝑓𝑒𝑟𝑟𝑜-𝑇𝑆𝐶𝑂). Then, the various p,T-phase diagrams can be mapped by 

assuming a linear dependence of the Landau coefficients a and A on both T and P. In general, 

D is assumed to be positive for stabilizing the low-symmetry LS phase. In the case of compound 

2, the intermediate phase is the high-symmetry LS one, which is expected only for coupled 

transitions and is compatible with 𝑇𝑓𝑒𝑟𝑟𝑜-𝑇𝑆𝐶𝑂 < 0. On the other way around, theory shows that 

𝑇𝑓𝑒𝑟𝑟𝑜-𝑇𝑆𝐶𝑂 > 0 should give rise to an intermediate low-symmetry HS phase.19 As mentioned 

before, the latter is indeed the case of compounds [Fe(ptz)6](BF)4 and [Co(dpzca)2].
69,73 

 

CONCLUSIONS 

Using high-pressure single crystal x-ray diffraction, we have investigated the elastic coupling 

mechanism between spin-state and symmetry-breaking structural transitions in the prototype 

SCO compound [Fe(H2B(pz)2)2(phen)]. By the simultaneous assessment of Fe-N distances, i.e. 

the order parameter (high spin fraction) of the spin transition, and the spontaneous strain 

components as a function of temperature and pressure, we could gain unprecedented insights 

into the nature of the coupled phase transition phenomena. Notably, we could unambiguously 

confirm the theoretically predicted sequence of spin-state and structural transitions at high 

pressures. In addition, from the analysis of strain behaviors we demonstrated that the 

‘separated’ transitions (at high pressures) remain strongly connected via strain coupling, 

whereas the ‘simultaneous’ transitions (at low temperature) remain partially split up. As such, 

it is preferable to use the term “pressure tuning” instead of  “decoupling” of the transitions. A 

comparison with the related compound [Fe(H2B(pz)2)2(bipy)], showing SCO without symmetry 

breaking, allowed to clearly highlight the main manifestations of this strain coupling 
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mechanism. Such HP-SC-XRD observations represent a vital tool for the investigation of 

coupled phase transitions with relevance to a variety of multifunctional/multiferroic materials 

– far beyond the scope of SCO phenomenon. The strain-coupling analysis discussed in this 

paper can be also extended for the analysis of chemical pressure effects23 as well as substrate 

effects94 on SCO films, which is of outmost importance for future applications of SCO 

materials. Finally, this study serves also to highlight the tremendous progress of high pressure 

laboratory X-ray diffraction techniques combining large-opening angle DACs with high-flux 

microfocus sources, low-noise X-ray detectors and highly optimized instrument control 

software, allowing atomic position resolution of low symmetry triclinic structures under 

pressure in a reasonable data acquisition time frame (~hours). 
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Using low-temperature and high-pressure single 

crystal x-ray diffraction, we have investigated 

the strain coupling mechanism between the spin-

state and symmetry-breaking structural 

transitions in the compound 

[Fe(H2B(pz)2)2(phen)]. By the simultaneous 

assessment of Fe-N distances and the 

spontaneous strain components, we could gain 

unprecedented insights into the coupling of the 

order parameters. Notably, we could 

unambiguously confirm the theoretically 

predicted sequence of spin-state and structural 

transitions at high pressures. 


