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A Mn(III) spin crossover complex with atypical two-step hysteretic 

thermal switching at 74 K and 84 K shows rich structural-magnetic 

interplay and magnetic field-induced spin state switching below 14 T 

with an onset below 5 T. The spin states, structures, and the nature 

of the phase transitions are elucidated via X-ray and magnetization 

measurements. An unusual intermediate phase containing four 

individual sites, where ¼ are in a pure low spin state, is observed. The 

splitting of equivalent sites in the high temperature phase into four 

inequivalent sites is due to a structural reorganization involving a 

primary and a secondary symmetry-breaking order parameter that 

induces a crystal system change from orthorhombic → monoclinic and 

a cell doubling. Further cooling leads to a reconstructive phase 

transition and a monoclinic low temperature phase with two 

inequivalent low spin sites. The coupling between the order 

parameters is identified in the framework of Landau theory. 

Introduction 

A spin crossover (SCO) between low spin (LS) and high spin 

(HS) states of typically 3d4-3d7 metal ions is a thermodynamic 

process that can induce large structural changes due to the 

change in 3d orbital occupancy and bond lengths.[1–4] The SCO 

corresponds to an evolution of the non-symmetry-breaking order 

parameter 𝑞 =
𝑁𝐻𝑆−𝑁𝐿𝑆

𝑁𝐻𝑆+𝑁𝐿𝑆
, where 𝑁𝐻𝑆 and 𝑁𝐿𝑆 denote the number of 

sites in HS or LS states. Therefore, 𝑞 = +1 in the full HS state and 

𝑞 = −1 in the fully LS state.[5,6] The elastic coupling between spin 

centres and the crystalline lattice results in a volume strain that 

can be weak, which would lead to a continuous SCO, or strong 

enough to drive a cooperative 1st (discontinuous) or 2nd order 

(continuous) phase transition.[7,8,9,10,11] In addition to single-step 

SCO, different types of stepwise thermally induced SCO between 

completely HS high temperature (HT) and LS low temperature 

(LT) phases have been reported, with an intermediate (INT) 

phase associated with a partial conversion from HS to LS states. 

Understanding and controlling such multi-stability is of prime 

importance and there are four main types of stepwise SCO 

discussed in the literature.[12] Type 1 corresponds to binuclear 

systems, with three molecular states (LS-LS, LS-HS or HS-HS) 

sequentially populated with increasing temperature.[13] Type 2 

corresponds to SCO crystals containing asymmetric unit cells with 

two inequivalent molecular sites, forming sub-lattices 1 and 2, 

which switch sequentially with temperature.[14] Type 3 

corresponds to mononuclear complexes exhibiting symmetry 

breaking on the step, due to the long-range ordering of HS and 

LS states over initially equivalent molecular sites.[15] Type 4 

corresponds to a mixing of types 2 and 3, where one sub-lattice 

undergoes a two-step SCO and the other one a single step 

coupled to the one of the other sites.[16]  

Various types of structural instabilities can lead to different 

symmetry-breaking (SB), with amplitudes that scale with the SB 

order parameter , which also couples to volume change.[7,17] 

Thus, the nature of the SB can be very different, e.g. cell 

doubling/reconstructive ordering and crystal system changes 

(ferroelastic phase transitions) can both result from the loss/gain 

of symmetry operators between two phases with a 
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group/subgroup relation.[7,12] The coupling of non-SB (q) and SB 

() order parameters to the volume strain results in the linear 

quadratic coupling Dq2 (D being a measure of coupling strength), 

as described in the framework of Landau theory.[5,18] In this case, 

a first-order, SB structural phase transition and a SCO can 

happen simultaneously. This allows for hysteretic switching and 

trapping of an excited spin state which sparks interest for 

applications such as memory effects.[3,6,19] The bi-quadratic 

coupling Eq22 can stabilize half conversion SCO (around 

q = 0).5,16 

When the lattice change at the transition involves at least one 

phase with a polar space group, then the strong coupling between 

the structural order parameters and the SCO manifests as a 

strong coupling of the electric polarization and the magnetization, 

and thus, exhibits magnetoelectric coupling.[20,21,22,23,24] The 

coupling between the order parameters of the spin transition and 

the structural phase transition, in turn, influences the physical 

properties of the material.  

SCO and its coupled properties[20,21,25] can be influenced and 

switched by external stimuli including temperature, light, pressure, 

electric and magnetic fields.[2,3,24,26] Compared to temperature, 

parameters such as electric and magnetic fields can allow for 

more rapid and/or improved control of material manipulation and 

are pursued for this reason.[25] Prominent research has featured 

light-induced excited spin state trapping (LIESST)[27] and 

magnetic field-induced spin state switching[28–31] as well as 

trapping (MIESST)[21,23,32] in compounds that show a thermal SCO. 

To date, magnetic field-induced SCO have mostly only been 

observed at high fields above 30 T, which limits the accessibility 

of these transitions.[10,24,33] Examples of compounds that show 

magnetic field-induced SCO behaviour below 14 T, which are 

accessible by typical superconducting magnets, are extremely 

rare.[21,23] In the few reported cases, the lower field-induced 

transitions can be observed just below the critical temperature of 

the cooperative SCO. A recently reported SCO material with a 

cooperative phase transition has proven to allow for hysteretic 

switching and trapping of a magnetic field-induced spin state at 

fields below 14 T at a SB, first-order phase transition boundary. 

Therefore a further investigation of similar materials seems 

worthwhile.16,17 Investigation of the effects that influence and 

enable spin state switching at these more accessible fields should 

advance our understanding of the mechanisms of such 

phenomena and how they can be applied in device development. 

Results and Discussion 

In this work, the discovery, synthesis, structural and magnetic 

properties of a new Mn3+ SCO compound [MnIIIsal2(323)]ReO4 (1) 

(sal2(323) = 2,2’-(2,6,9,13-tetraazatetradeca-1,13-diene-1,14-

diyl)diphenolate) (Scheme 1) are reported. As shown in Figure 1, 

the magnetic susceptibility (χ) vs temperature (T), plotted as χMT 

vs T, for 1 exhibits stepwise SCO behaviour including two 

thermally hysteretic SCOs at 74 K and 84 K with widths of 6 and 

1 K, respectively. This unusual behaviour results from the 

superposition of two types of symmetry breakings, which 

stabilizes the fractional conversion of ¾ of the LS sites to HS. 

A sharp hysteretic transition in χMT is observed with critical 

temperatures of   TS1↑ = 77 K and TS1↓ = 71 K determined from 

the peaks of d(χMT)/dT (Figure S2). A much smaller transition is 

observed centred at TS2 = 84 K with a hysteresis width of about 

1 K. The fact that χMT is approximately constant in T and then 

changes sharply when crossing a narrow temperature range is 

consistent with a 1st order phase transition at a SCO from a lower 

to a higher spin state. At TS1, χMT abruptly increases from 1.00 

cm3·K·mol-1 to 1.76 cm3·K·mol-1 with a further abrupt increase at 

TS2 to χMT = 1.87 cm3·K·mol-1. The low temperature χMT value of 

1.00 cm3·K·mol-1 is consistent with the spin only value for a Mn3+ 

(d4) LS, S = 1 state. The stepwise thermal SCO gradually 

saturates from the high temperature end of the second thermal 

hysteresis to 2.35 cm3·K·mol-1 at room temperature. This can be 

explained by temperature-induced population of the mL levels of 

both magnetic states following a Boltzmann distribution. The HS 

state has more accessible vibrational levels than the LS potential 

well, yielding a higher magnetization at high temperatures (equal 

population of the 8 mL levels would give χMT = 2.25 cm3·K·mol-1). 

Second order effects may also include mixing of the ground state 

wavefunctions with energetically close wavefunctions of excited 

states and their orbital contributions. The consistency of the χMT 

value at high temperatures with a Boltzmann distribution implies 

no ordering of the S = 1 (LS) and S = 2 (HS) states in the high 

temperature phase. This is consistent with the observation of 

disorder of the counteranion in the HT phase (see 100 K structure, 

Figure S9) and with the gradual lattice changes above 84 K, which 

could be attributed to accommodating some spin state switching 

by elastic hydrogen bond length changes. A population of both 

HS and LS states at higher temperatures (100K, 250 K) is also 

consistent with the analysis of the bond lengths and in agreement 

with previous examples.[4] The value of 1.76 cm-3·K·mol-1 at the 

INT plateau at 80 K is consistent with a mixture of HS and LS 

states and can be understood by a structural analysis, which 

reveals that two of four individual cations in the asymmetric unit 

exhibit typical bond lengths for a HS and LS state, respectively, 

while the other two show intermediate bond lengths (HS*) with 

very similar HS concentrations (Table 1).  

Scheme 1. Left: Structure of the most well-studied neutral Mn3+ SCO complex 

Mn(taa). Middle: Structure of a Mn3+ complex cation, [MnIIIsal2(323)]+,  with an 

N4O2
2- ligand donor set which has previously shown to promote SCO with 

different charge balancing anions: Clˉ, NO3ˉ, AsF6ˉ, PF6ˉ.[34,35]. Right: Structure 

of [MnIIIsal2(323)]ReO4, complex 1. 

 

Usually, hysteretic SCOs such as those observed in 1 result 

from lattice-mediated elastic coupling between individual 

molecules undergoing SCO and are often accompanied by 

structural phase transitions.[7,12,20,24] Hysteretic SCO in d4 

complexes remains rare [20,34–37] and here ReO4– was chosen as 

counterion in the [MnIIIsal2(323)]X SCO series with the aim of 

maximizing the intermolecular NH•••O interactions between the 

complex cations and anions, thereby encouraging a cooperative 

response (Scheme 1, Figure 2).[4,34,35]  
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Figure 1. χMT vs T measured at 0.1 T in a vibrating sample magnetometer 

(VSM) at 1 K/min on warming and cooling of a polycrystalline sample. A SCO 

occurs centered at 74 K with a hysteresis window of 6 K (larger inset). A second 

transition is observed at 84 K with a hysteresis window of ca. 1 K (smaller inset). 

χMT saturates at 2.35 cm3·K·mol-1 at room temperatures. 

 

The structure of 1 was determined by single crystal X-ray 

diffraction at temperatures of 10 K, 80 K, 100 K, and 250 K, 

spanning the two SCO transitions centred at 74 K and 84 K, 

respectively. The unit cell contains either four (250 K, 100 K, 10 K) 

or eight (80 K) formula units of the complex cation [MnIIIsal2(323)]+ 

where the Mn3+ cations occupy a distorted octahedral 

environment with two amine, two imine and two phenolate donors 

(Scheme 1, Figure 2), and are linked by the ReO4ˉ counteranions 

through H•••O bonds forming hydrogen bonded chains (Figures 

S8 – S13).  

The hysteretic behaviour observed in Figure 1 is associated 

with a first-order phase transition, and thus cooperative in nature. 

In SCO materials such as this one, the spacing between magnetic 

ions and connection via organic linkers ensure that magnetic 

interactions are negligible. Instead, cooperativity results from 

coupling of the SCO to elastic lattice distortions. At the structural 

phase transition, this results in 1st order behaviour of the SCO and 

magnetic hysteresis. In particular, the hysteresis can be 

understood by considering the hydrogen bond interactions: (SCO-

induced-) bond length changes in the first coordination sphere of 

one site directly affect the interactions and positions of the 

hydrogen-bonded ReO4ˉ anions and, thus, also the electronic 

situation of any other site that shares intermolecular interactions 

with this counteranion (see supporting information for more 

details). On a macroscopic level, these changes translate in the 

volume strain. 

An elongation of the equatorial Mn-N bonds with increasing 

temperature is found as opposed to the axial Mn-O bonds 

(Table 1), which suggests the population of the dx
2-y

2 orbital and 

axial compression. Therefore, the HS state of the metal centre is 

rationalized to be partially populated at 80 K and above. 

Additionally, the rather short bond lengths and low values of 

distortion parameters (Table 1 and S6) indicate that a mixture of 

S = 1 and S = 2 must be present at 80 K, 100 K and 250 K.  

The cell parameters are enlarged by about 4 % between 10 K 

and 250 K (Table S1), inducing a significant volume strain that is 

most pronounced along the c-axis. Moreover, with respect to the 

parent high temperature-high symmetry phase, the first-order 

phase transitions that can also be followed by magnetometry 

measurements (Figure 1) are associated with two different 

symmetry changes on cooling: A ferroelastic phase transition 

from space group P212121 to space group P21 accompanied by 

cell doubling around 84 K, and a reconstructive phase transition 

from P21 to a low temperature P21 space group with halving of the 

unit cell (Scheme 2). These discontinuous phase transitions result 

from a coupling between the structural symmetry change and the 

SCO. 

The sequence of coupled spin and structural phase transitions 

from high temperature to low is: HS (P212121) “HT phase”→ LS-

HS-HS*-HS*, (P21) “INT phase” → LS-LS, (P21) “LT phase” 

(Figure 2). In the HT phase, the 4 molecules of the unit cell are 

equivalent and correspond to a single type of molecular site 1 

(HS). Between 250 K and 100 K, there is a partial SCO, without 

symmetry change, revealed by magnetism (Figure 1), confirmed 

by the average contraction of the Mn-N bonds on site 1 (Table 1). 

The phase transition HT → INT consists of a first-order improper 

ferroelectric, improper ferroelastic phase transition as the lattice 

change from orthorhombic (P212121) to monoclinic (P21) is also 

accompanied by a cell doubling along the a-direction. This is 

characterized by the appearance of Bragg peaks at Q-vector = 

1/2a*, where a* is the reciprocal vector of the HT phase 

(Figure S14). The change of crystal system is evidenced by the 

appearance of (h00) peaks with h = 2n+1 and (00l) peaks with l = 

2n+1, characteristic of the loss of the 21 axis along a and c, as 

well as weak splitting of Bragg reflections in the h0l plane due to 

-angle opening or closing from 90°. This splitting corresponds to 

the two types of ferroelastic domains that may form. The 

symmetry breaking results in the assignment of four independent 

Mn3+ sites in two sublattices 1 and 2 in the asymmetric unit where 

three cations are assigned to HS (site 2B) or HS* states (sites 1A, 

1B) and one is assigned to a pure LS state (site 2A), as confirmed 

by the bond-lengths shown in Table 1. The sites in sublattice 1 

(1A and 1B) show very similar, intermediate bond lengths, 

indicative of a non-ordered mixture of HS and LS states, while the 

sites in sublattice 2 (2A and 2B) can clearly be assigned to LS/HS 

cations. This unusual scenario results from a preference in elastic 

interactions between adjacent cations that is only present in 

sublattice 2 (alternating HS-LS sites, "antiferroelastic" 

interactions). 

Scheme 2. Depiction of the group/subgroup relationships between the 

temperature dependent crystallographic phases with their respective irreps (X1, 

Y1, 4).[38] i = improper, p = proper, fc = ferroelectric, fs = ferroelastic, nf = non-

ferroic. See supporting information for supplementary discussion. 

 

Below the INT → LT transition the system remains in the 

monoclinic P21 space group, but with the disappearance of the 
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superstructure reflections at Q-vector = 1/2a* (measured at 10 K), 

the cell doubling is lost and the periodicity along a corresponds to 

that of the HT phase. The crystal system remains monoclinic as 

the (h00) peaks with h = 2n+1 and (00l) peaks with l = 2n+1 are 

present in the LT phase (Figure S14). The two sublattices are 

retained and this leads to two independent Mn3+ sites 1 and 2 in 

the LT phase where both are in the LS state (Table 1). As shown 

in Scheme 2, while the space group of the LT structure is not a 

subgroup of the space group of the INT one, the INT structure is 

a subgroup of the LT one. The INT → LT transition is, therefore, 

reconstructive. However, the LT structure is also a subgroup of 

the HT structure, thus there must be a possible transition HT → 

LT between ~84 and ~74 K which is metastable with respect to 

the stability field of the INT structure. This transition would be 

proper ferroelectric, proper ferroelastic but cannot be directly 

observed. 

With respect to warming from the LT phase, the phase 

transition towards the INT phase corresponds to a cell doubling 

coupled to SCO as observed in many stepwise systems.  

Both the transitions from HT to the INT and the LT phases are 

ferroelastic due to the change of crystal system from orthorhombic 

to monoclinic as the non-90º cell angle  of the monoclinic 

structure represents the introduction of a symmetry breaking 

shear strain, e5. The value of e5 is given to good approximation by 

cos.[39] From the lattice parameter data given in Table 1, e5 

is -0.007 in the INT structure at 80 K and -0.001 in the LT structure 

at 10 K and thus rather small. The more important strain from the 

perspective of both energy changes and coupling between the 

symmetry breaking and SCO order parameters is associated with 

the volume reduction. 

Already the partial SCO above 84 K induces a characteristic 

reduction in volume,[11] and gives rise to lattice distortions. As 

explained recently,[40] this can couple to the lattice strain 

associated with a symmetry breaking order parameter. Here, the 

coupling leads to the first order HT → INT transition at ~84 K.  

The even larger volume change induced by the transitioning 

of ¾ of the present cations from HS or HS* to LS from the INT to 

the LT phase is coupled to a simultaneous, reconstructive phase 

transition to a higher symmetry which results in two independent 

Mn3+ sites in the asymmetric unit of the LT phase.  

To conclude this discussion about the group/subgroup 

relationships between the different phases, the space group of the 

parent HT structure P212121 is considered as starting point 

(Scheme 2). For the P212121 → P21 LT transition the structural 

instability occurs at the  point of the Brillouin zone. The 

symmetry-breaking order parameter has the symmetry of active 

representation 4 and its amplitude 𝜂Γ  measures the deviation 

from the orthorhombic lattice. For the P21 LT → P21 INT transition, 

the cell doubling instability corresponds to the symmetry-breaking 

order parameter 𝜂D  which has the symmetry of active 

representation Y1 (Scheme 2). For the P212121 → P21 INT 

transition, the two symmetry breakings occur simultaneously: the 

orthorhombic-monoclinic ferroelastic transition (order parameter 

𝜂Γ) makes sites 1 and 2 inequivalent and the cell doubling (𝜂D) 

makes sites A and B inequivalent. This order parameter for HT → 

INT has the symmetry of active representation X1 (corresponding 

to Y1 for the LT → INT symmetry breaking) and the ferroelastic 

distortion (𝜂Γ) is a secondary order parameter. Therefore, in the 

INT phase, the different spin states are distributed over the 

different molecular sites 1A (HS*), 1B (HS*), 2A (LS) and 2B (HS) 

(Table 1). This unusual symmetry breaking is responsible for the 

stabilization of a fraction of HS states on the step with 3 sites with 

significant HS concentrations (HS or HS*) and 1 pure LS site in 

the asymmetric unit. 

Beyond the structural investigation, the magnetic field-

induced switching of spin states in this compound was also 

examined. The anisotropic d4 Jahn-Teller Mn3+ ion has relatively 

small metal-ligand bond length changes at the SCO and a small 

energy gap between the two spin states as compared to other 

common SCO-materials.[4] Therefore, Mn3+ SCO materials that 

exhibit thermal bistability are promising candidates to exhibit low 

magnetic field switching and MIESST effects. 

 

 
Table 1. Selected bond lengths (Å) and structural parameters of 1 determined at 10 K, 80 K, 100 K and 250 K for all individual cations.[41] 

Temperature 10 K 80 K 100 K 250 K 

Space group P21 P21 P212121 P212121 

Cell Parameters     

a [Å] 7.7029(2) 15.0635(3) 7.54017(15) 7.7034(2) 

b [Å] 17.4473(5) 17.3425(3) 17.3374(3) 17.3841(3) 

c [Å] 17.5523(5) 18.2478(3) 18.3276(3) 18.3200(3) 

 90° 90° 90° 90° 

 90.040(2)° 90.388(2)° 90° 90° 

 90° 90° 90° 90° 

Volume [Å3] 2358.94(11) 4766.92(15) 2395.91(7) 2453.35(9) 

Z’ [a] 2 4 1 1 

Bond lengths Site 1 Site 2 Site 1A  Site 1B Site 2A Site 2B Site 1 Site 1 
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Mn-Ophen 1.878(12) 1.872(12) 1.878(8) 1.875(8) 1.875(9) 1.860(9) 1.875(4) 1.879(4) 

Mn-Ophen 1.884(12) 1.871(11) 1.874(8) 1.878(9) 1.885(9) 1.869(9) 1.872(4) 1.868(4) 

Mn-Nimine 1.991(14) 2.000(15) 2.051(11) 2.040(11) 1.986(10) 2.065(9) 2.055(5) 2.104(5) 

Mn-Namine 2.079(13) 2.045(15) 2.145(11) 2.107(12) 2.061(11) 2.237(10) 2.153(4) 2.189(5) 

Mn-Namine 2.047(14) 2.062(14) 2.148(10) 2.129(11) 2.066(10) 2.211(10) 2.163(5) 2.213(5) 

Mn-Nimine 1.995(14) 1.975(13) 2.057(11) 2.020(12) 1.991(10) 2.097(10) 2.049(4) 2.067(5) 

Spin state LS LS HS* HS* LS HS HS* HS 

[a] Z’ is number of Mn3+ sites in the asymmetric unit. Sites 1A and 1B at 80 K and Site 1 at 100 K display intermediate bond lengths and are thus assigned the HS* 

state. The HS* state does not represent a true HS state but an average spin state at this site with significant HS concentration. Distortion Parameters for the 

individual cations and additional details can be found in the supporting information (Table S6). 

 

  

Figure 2. Perspective view as well as packing diagrams showing a simplification of symmetry breaking occurring for complex 1 measured at 10 K, 80 K and 250 K. 

The perspective view is shown with capped sticks and packing diagrams as capped sticks with the central Mn atom shown as a polyhedron. Hydrogen atoms are 

omitted for clarity. In the HT phase, all the Mn3+ complex cation sites (1) are equivalent and HS. In the LT, there are two inequivalent LS sites 1 and 2 that represent 

the formation of two sublattices, shown in dark blue and dark green. In the INT phase, due to cell doubling with respect to the LT phase, the 1 and 2 sites split in 

inequivalent 1A-2A and 1B-2B sites. Red molecules represent Mn3+ complex cations in a HS state, purple and yellow molecules represent individual sites that show 

a similar averaged mixed spin state HS*, blue and green molecules represent LS cations. The differing hydrogen bond interactions, short contacts and counteranion 

disorders in the structures obtained at various temperatures are illustrated and briefly discussed in the supporting information. 
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Magnetization (M) vs magnetic field (H) was measured in a 

Vibrating Sample Magnetometer (VSM) in a 14 T Physical 

Properties Measurement System (PPMS). A polycrystalline 

sample was measured for increasing and decreasing magnetic 

field and for different T between 74 and 76 K, shown in Figure 3. 

To rule out any artefacts, the sample was cooled to 60 K, warmed 

to the final measurement temperature, and thermalized for 

several hours before each measurement. Method limitations did 

cause an overshoot of up to 1 K upon warming before the final 

temperature was stabilized and may result in trapping of a higher 

spin state for 75 and 76 K prior to the exposure to a magnetic field 

(higher starting value for M/0H). This does, however, not 

influence the switching field HS1(T) as is evident by a linear 

correlation of HS1(T) vs T (Figure S3).  

The M vs μ0H relation is approximately linear for magnetic 

fields in the downsweep and below 4 T in the upsweep. This 

quasi-linear behaviour is consistent with the Brillouin function for 

this temperature and magnetic field range as indicated in Figure 3. 

Smaller slopes below 74.5 K are consistent with a lower spin state 

and larger slopes above 74.5 K are consistent with a higher 

fraction of the HS state. Notably, there are field-induced 

transitions for the upsweep of the magnetic fields above 4 T on 

the ascending branch of the thermal hysteresis consistent with a 

partial magnetic field-induced crossover from a LS state to a 

higher spin state (Figure 3). These are hysteretic, such that once 

the higher spin state is achieved it is preserved on the downsweep, 

thus showing magnetic field-induced excited spin state trapping 

(MIESST). This is expected since the temperature is in the 

bistable regime of the SCO. The lowest field to induce a SCO to 

a higher state is observed at 75 K (centred at 9.9 T, onset below 

5 T) in Figure 3. As would be expected from energetic 

considerations, the switching field HS1(T) decreases with 

increasing temperature and can be observed when approaching 

the thermal transition temperature TS1.[21] 

The energetics that govern the magnetic field-induced phase 

transition involve overcoming the energy barrier that separates 

the LS from the HS phase at this 1st order phase transition. After 

this nucleation process occurs, the HS phase grows at the 

expense of the LS phase until the entire sample has transitioned. 

Applying a magnetic field lowers some mL levels of the HS state 

due to Zeeman splitting, making them thermally accessible and 

encouraging the nucleation and growth process. The switching is 

incomplete and suggests only a partial SCO as is consistent with 

energetic considerations as the thermally hysteretic SCO centred 

at 74 K is also incomplete. The gradual nature of the switching 

may be explained by an averaging of the different switching fields 

of differently oriented crystallites in the polycrystalline 

sample.[20,21,32] However, preliminary experiments on single 

crystals have shown gradual transitions as well and thus the 

gradual switching may have a different origin linked to the elastic 

interactions that are coupled to the SCO. 

At this moment, mechanistic interpretations are speculative 

and require X-ray crystallographic investigations in high magnetic 

fields as a next step to elucidate if the field-induced HS states are 

equivalent to any of the temperature-induced phases.  

 

 

 

 

Figure 3. Top: Magnetization (M) vs magnetic field, (μ0H) measured with a 

sweep rate of 50 Oe/s at different temperatures, T between 74 K and 76 K and 

H between 0 and 14 T of a polycrystalline sample. Dashed lines indicate the 

theoretical Brillouin functions for the S = 2 and the S = 1 states for both 74 K 

and 76 K. Bottom: Experimental data plotted as M/0H vs 0H to show the 

magnetic field-induced transitions more clearly. 

Conclusion 

In conclusion, a newly synthesized Mn3+ complex shows a 

stepwise spin conversion coupled to two symmetry changes: a 

ferroelastic orthorhombic → monoclinic distortion and a cell 

doubling. These occur simultaneously during the HT → INT phase 

transition, which stabilizes a fraction of HS states on the step. 

Only few examples of stepwise spin transitions[8] have been 

reported for Mn3+ compounds[32,36,42], this being one of the first 

examples of a Mn3+ SCO-compound that shows more than one 

thermally-hysteretic SCO and consequently two different (but 

related) couplings of SCO and SB first-order phase transitions.[32] 

The unusual behaviour results from the structural reorganization 

of the INT phase involving a primary and a secondary symmetry-

breaking order parameter, splitting sites that are equivalent in the 

HT phase into four: sites 1 and 2 are due to the monoclinic → 

orthorhombic distortion and sites A and B are due to cell doubling. 

This reorganization results in a ¾ fraction with HS or HS* sites 

(A1, A2 and B1) and a ¼ fraction with a LS site (B2). The INT → 

LT phase transition involves a symmetry increase on cooling and 

is first order (reconstructive). The LT high symmetry structure is 

stabilised by coupling of SCO with a different symmetry breaking 

order parameter.  
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Magnetic field-induced spin state trapping (MIESST) at a 

relatively low field can be observed in a 2 K range close to the 

ascending branch of the wider hysteresis. The effect can be 

observed with DC fields below 14 T with an onset of the magnetic 

field-induced switching below 5 T at 75 K (centred at 9.9 T at 

50 Oe/s). To date, investigations of SCO as a function of magnetic 

field are much rarer than those induced by temperature, light or 

pressure.[28–32] When SCO materials are exposed to applied 

magnetic fields, those fields are usually in the range of pulsed 

magnetic fields, 30 T DC fields or higher. Thus, it is unusual and 

significant that the reported compound shows SCO effects in 

magnetic fields starting even below 5 T. 

The unusually rich interplay between SCO, structural ordering 

and SB gives rise to two transitions with significant thermal and 

magnetic hysteresis, with two different types of symmetry 

breakings and cross-coupling of properties underscoring the 

potential of the spin switchable Jahn-Teller Mn3+ ion for 

multifunctional behaviour. 
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A new Mn(III) compound shows stepwise spin crossover (SCO) with two thermal hystereses coupled to symmetry breaking phase 

transitions. The superposition of two types of symmetry breakings leads to a rich interplay between structural and magnetic properties 

and stabilizes an unusual intermediate phase with four independent Mn(III) sites. Magnetic field-induced spin state switching at 

unprecedently low DC fields (onset <5 T) is observed. 
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