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ABSTRACT: The spin-crossover material [Fe(NH2trz)3](NO3)2
belongs to the class of 1D triazole-based polymeric SCO
complexes. It exhibits a thermal phase transition, with a 28 K
wide thermal hysteresis, characterized by phase transition temper-
atures T↑ = 346 K upon warming and T↓ = 318 K upon cooling.
This hysteretic thermal phase transition is unusual because it is
associated with two competing symmetry-breaking phenomena: a
ferroelastic distortion upon warming from the low-spin (LS)
trigonal phase to the high-spin (HS) triclinic phase, and a unit cell
tripling upon cooling from the HS phase to the LS phase. Magnetic,
spectroscopic and X-ray diffraction measurements reveal a clear
coupling between the spin transition and the two competing
symmetry changes. Since there is no group-subgroup relationship
between the LS and HS phases, the phase transition can only be discontinuous. However, the detailed analysis shows that the
situation is more complex, since both LS and HS phases are two daughter phases of a parent high-symmetry phase. The phase
transitions are then rationalized within the frame of our theoretical model based on the Landau theory of phase transitions, which
considers the coupling of the spin transition to both types of competing symmetry-breakings between the LS and HS phases. The
theoretical approach reproduces the experimental findings and explains the origin of this hysteretic spin transition.

■ INTRODUCTION
Spin-crossover (SCO) Fe(II)-based molecular complexes
represent a key class of materials that may exhibit bistability
between the paramagnetic high-spin (HS, S = 2, t2g

4 eg
2) and

diamagnetic low-spin (LS, S = 0, t2g
6 eg

0) electronic
configurations.1−3 Since these states differ in entropy, volume
and electronic configurations, they can be switched by the
application of diverse external stimuli such as temperature,
pressure, light irradiation or magnetic field. Among these
materials, triazole-based polymeric compounds, [Fe(R-trz)3]X2
(where R-trz = triazole stands for 4-R-substituted-1,2,4-
triazole, and X as a counteranion to compensate the positive
charge of the polymeric chain), have attracted special attention
because they were initially depicted, already three decades ago,
as one of the most promising SCO materials for memory
devices.4 Nowadays, SCO materials are again cited as ideal
systems for some technological applications, such as solid-state
cooling barocaloric devices, and ultrafast photoinduced spin
state switching.5−9

Generally, these one-dimensional (1D) polymeric Fe(II)
materials undergo cooperative thermally induced LS-to-HS
transitions near room temperature and usually exhibit a large
thermal hysteresis, associated with a reversible white-to-pink
color change.10 Triazole-based materials occupy a special place
among SCO molecular compounds in that they crystallize into
distinct parallel chains that interact with one another via
anionic groups and, possibly, solvent molecules. Crystallizing
these materials into single crystals is a significant challenge,
rarely achieved, and when it is, it occurs randomly and is not
very reproducible. It was the fortuitous isolation of single
crystals of the compound [Fe(NH2trz)3](NO3)2 that, after
more than two decades of attempts, made it possible to use
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single-crystal X-ray diffraction11 to definitively reveal and
confirm the earlier structural models for [Fe(R-trz)3]X2
compounds, based on other complementary techniques during
the investigation of crystalline powders.12−17 This reference
crystal structure provides a foundation for all subsequent and
current structural investigations of these 1D SCO materials,
including those performed on powder, such as the one carried
out here.

In many cases, the entropy-driven SCO phenomenon is an
isosymmetric process,1,2,8,18−21 where the symmetry is
unchanged. These more or less cooperative thermal con-
versions, from LS to HS states, are monitored through the
thermal evolution of the SCO parameter = +q N N

N N
HS LS

HS LS
, where

NLS and NHS refer to the number of active iron centers in each
state. q is totally symmetric, as it belongs to the identity
representation, and its coupling to the volume strain is
responsible for cooperative spin state conversion.22 Moreover,
the effect of the coupling of the SCO phenomenon with
symmetry-breaking, related to Jahn−Teller distortion, ferroe-
lastic phase transition and/or spin-state ordering, gives rise to
important and interesting features, such as stepwise SCO, and
it influences hysteretic behaviors in terms of broadening and
shape.23−32 This coupling is of great interest for extending the
field of application of SCO materials, as it opens the way for
magnetoelectric effects or symmetry-breaking upon warming
for example.33,34 These phenomena were recently rationalized
within the framework of a theoretical model developed by
Collet, based on the Landau theory of phase transitions, and
considering the lattice-mediated elastic coupling of the SCO
with symmetry-breaking.22,35−37 In the Landau-based studies
reported so far, the symmetry change was always associated
with a group-subgroup relationship between the LS and HS
phases. Here we show that this is not the case for the
[Fe(NH2trz)3](NO3)2 complex, as two competing symmetry-
breaking phenomena occur: a unit cell tripling upon cooling
and a ferroelastic distortion upon warming. Our symmetry
analysis reveals that the LS and HS phases are two distinct
daughter phases of a common higher-symmetry parent phase.
We successfully describe with our Landau-based model the
hysteretic and concomitant spin transition and symmetry
changes in [Fe(NH2trz)3](NO3)2.

■ EXPERIMENTAL SECTION

Synthesis and Characterization
The [Fe(NH2trz)3](NO3)2 powder used for measurements was
obtained by adapting a reported procedure,38 from aqueous solutions
of iron(II) nitrate (0.33 mol L−1) and 4-amino-1,2,4-triazole (1 mol
L−1) at 60 °C. Iron(II) nitrate was prepared by the exchange reaction
between FeSO4 and Ba(NO3)2 and without being isolated from the
solution. The resulting purple precipitate was washed with ethanol
and dried in the air. Anal. Calc. for C6H12FeN14O6·0.5H2O (MW =
441.1 g mol−1): Fe 12.6%, C 16.3%, H 3.0%, N 44.5%; Found: Fe
12.0%, C 16.3%, H 2.8%, N 44.0%. In agreement with the elemental
analysis, the thermogravimetric experiments performed on the powder
are consistent with the presence of 0.5 molecule of water (2.0%).

Variable temperature magnetic data for the powder samples were
collected using a Quantum Design MPMS-5S magnetometer (San
Diego, CA) under a field of 5000 Oe. Measurements were performed
between 260 and 380 K (heating and cooling mode) every 2 K with a
scan rate of 0.5 K min−1 on a powder sample prepared in a gelatin
capsule. The methodology used to measure the magnetic behaviors
within the SCO research community follows standardized practices

that are essential for a meaningful comparison of the observed
phenomena.39

Ultraviolet−Visible (UV−vis) absorption spectra were measured
using a Shimadzu UV-3600 plus spectrometer with an Oxford
Instruments Microstate-He cryostat. For the measurements, the
sample was dispersed in paraffin oil and sandwiched between quartz
plates.

Powder X-ray Diffraction Studies
We studied the structural evolution upon heating and cooling by
powder X-ray diffraction using a Rigaku Ultima-IV diffractometer,
equipped with Cu Kα source (λ = 1.5418 Å). We also collected high-
resolution powder X-ray diffraction data at the CRISTAL beamline of
the Synchrotron SOLEIL, using a 2-circle diffractometer equipped
with a curved pixel detector built with 9 Dectris Mythen II modules
and positioned on a cylinder with a radius of 720 mm. The powder
sample was packed in a 0.5 mm diameter capillary, and it was kept
under continuous rotation around its longitudinal axis during the data
acquisition. The energy of the X-ray beam was adjusted to 17 keV
(0.7296 Å), calibrated with a LaB6 standard sample (NIST-SRM660).
We used the TOPAS software40 for data analysis. The detailed
structural analysis will be presented in another paper, where the
intramolecular reorganization will be compared in detail with density
functional theory (DFT) calculations to explain the microscopic
origin of the Jahn−Teller distortion and changes in interchain
interactions. Here we focus our attention on the symmetry changes of
the lattice (distortion and periodicity) based on the powder X-ray
diffraction data analysis.

■ RESULTS AND DISCUSSION

Spin-Transition Thermal Hysteresis Analysis

The [Fe(NH2trz)3](NO3)2 compound exhibits a spin tran-
sition with a thermal hysteresis loop, characterized by the
thermal dependence of its χMT product (Figure 1a), where χM
is the molar magnetic susceptibility and T is the temperature.
χMT directly relates to the SCO parameter q, through the
weighted contribution of the number NHS of paramagnetic HS
sites (χM

HS with S = 2) and NLS of diamagnetic LS sites (χM
LS with

S = 0). At room temperature, the χMT value is close to 0,
consistent with a fully LS (S = 0) state. Upon warming, the
increase of χMT around T↑= 346 K corresponds to a thermal
conversion toward the higher entropy HS phase. A thermal
hysteresis appears upon cooling and the thermal conversion
toward the LS state occurs around T↓ = 318 K, which
corresponds to a thermal hysteresis width ΔT ≈ 28 K. These
magnetic SCO features are fully consistent with those
previously reported for this compound,38,41 and the χMT
curve can be scaled according to the SCO parameter from q =
−1 to q = 1 (Figure 1a). As it is the case for other trz-based
SCO materials, this spin transition is accompanied by a
pronounced and reversible color change from pink in the LS
state to white in the HS state (Figure 1a). Therefore, we also
measured variable-temperature UV−vis absorption spectros-
copy to monitor the thermally induced spin transition. Figure
1b shows the optical absorption spectra recorded upon cooling
and heating between 290 and 360 K. There is a clear evolution
of the d−d absorption bands, centered around 530 nm in the
LS state, which decays upon heating with the conversion
toward the HS state until it vanishes above 340 K.
Simultaneously, another absorption band emerges around
800 nm, which is associated with the d-d transition of the HS
state. The spectral shift of the d-d band during SCO is
associated with the decrease of the ligand field in the HS state.
The reverse process occurs upon cooling, and the temperature
ranges over which these spectral changes occur are fully
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consistent with the transition temperatures recorded from the
magnetic susceptibility data. Both the magnetic and the
spectroscopic data constitute a direct fingerprint of the
hysteretic spin-transition for the [Fe(NH2trz)3](NO3)2 com-
pound.

The SCO phenomenon is well-known to be associated with
important structural reorganizations which can vary greatly
from one compound to another, but which are invariably
accompanied by an elongation of the metal−ligand bond
lengths in the HS state compared to the LS state.42 The
associated reversible volume change related to the SCO
typically represents ≈23% of the iron coordination polyhe-
dron.27 This intramolecular volume modification propagates
then across all the physical scales of the material (crystalline
lattice, nano-, micro- and macro-metric) within a range of
approximately +10% to −15%.43

The lattice parameters of the low-temperature LS phase and
of the high-temperature HS phase of [Fe(NH2trz)3](NO3)2,
obtained from Rietveld refinements, are shown in Table 1.
Figure 2 shows the crystalline packing of the [Fe(NH2trz)3]n
chains for both phases, projected along the chain axis c.⃗ The
lattice periodicity and the symmetry operators are different in
the LS and HS phases. The LS lattice is trigonal (P3̅) and the
unit cell is built from three [Fe(NH2trz)3]n chains. By

symmetry, the chain located at the origin contains two
crystallographically independent Fe(II) sites (Fe1 and Fe2)
located on the roto-inversion 3̅ axis. The two other chains are
symmetry equivalent and are based on two additional
crystallographically independent sites (Fe3 and Fe4) lying on
a 3-fold axis. Within the unit cell volume (V = 2281.9 Å3) there
are 6 active Fe(II) SCO sites per unit cell. Contrarily, the HS
lattice (V = 800.2 Å3) adopted a triclinic space group P1̅. In
this case, a unique [Fe(NH2trz)3]n chain can be detected,
which is characterized with two independent sites (Fe1 and
Fe2), lying both on inversion symmetry centers. Considering
the unit-cell tripling in the LS with respect to the HS phase, the
relative unit-cell volume expansion per chain is 5%V

V
.

Competing Symmetry-Breakings Phenomena
The structural analysis reveals a complex structural reorganiza-
tion of the chains during the spin transition, with two distinct
types of symmetry changes. During the LS to the HS phase
transition upon warming, there is a ferroelastic distortion from
the trigonal lattice P3̅ to the triclinic lattice P1̅, due to the loss
of the 3-fold symmetry. Ferroelastic transitions are often
reported in SCO materials. These reversible phase transitions
are associated with a symmetry decrease from a high-symmetry
paraelastic phase to a low-symmetry ferroelastic phase, where a
spontaneous strain appears.44 For example, this is the case for
the prototype [Fe(ptz)6](BF4)2 material,45−48 which exhibits a
ferroelastic transition from the HS R3̅ to the LS low-symmetry
P1̅ phase at ambient pressure as well as a sequential ferroelastic
transition R3̅ → P1̅ followed by an SCO transition upon
further cooling at high pressure.35 In case of [Fe(NH2trz)3]-
(NO3)2 studied here, the ferroelastic strain occurs upon
warming, which is unusual. Figure 2 shows that in the HS
phase the c ⃗ axis is no longer orthogonal to the (A⃗,B⃗) plane, due
to the loss of 3-fold symmetry, which results in a ferroelastic
shear strain and the relative sliding of the chains. This
structural instability occurs at the Γ point of the Brillouin zone.
On the other hand, there is a decrease in lattice periodicity
during the HS to LS phase transition upon cooling. All the
[Fe(NH2trz)3]n chains, pointing along the c ⃗ axis, are equivalent
by translation symmetry along A⃗ and B⃗ in the HS P1̅ lattice. In
the LS P3̅ lattice, there are two types of [Fe(NH2trz)3]n chains

Figure 1. (a) Temperature dependence of the χMT product measured
for [Fe(NH2trz)3](NO3)2 during cooling and heating and scaled in
the q SCO parameter (right axis), highlighting the strong
thermochromism of the material upon the spin transition. The
transition temperatures are T↑ = 346 K and T↓ = 318 K, yielding a
thermal hysteresis width of ΔT = 28 K. (b) Optical density (OD)
spectra recorded upon heating (top) and cooling (bottom). The
hysteretic spin transition is characterized by the shift of the d-d band,
centered around 530 nm for the LS phase to 800 nm for the HS phase
(inset).

Table 1. Unit Cell Structural Parameters of the Low-
Temperature LS Phase and of the High-Temperature HS
Phase Obtained by Powder X-ray Diffraction at the
CRISTAL Beamline of the Synchrotron SOLEIL

LS HS

temperature (K) 300 370
chemical formula FeN14C6H12O6 FeN14C6H12O6

crystal system trigonal triclinic
space group P3̅ P1̅
a(Å) 18.9818(3) 11.8941(15)
b(Å) 18.9818(3) 10.8133(10)
c(Å) 7.31306(11) 7.8339(6)
α (°) 90 81.951(7)
β (°) 90 121.334(7)
γ (°) 120 121.334(7)
Z Fe sites 6 2
volume (Å3) 2281.94(9) 800.21(13)
Rwp 4.184 4.087
Rexp 1.763 1.792
GoF/χ2 2.373 2.281
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due to their relative rotation (Figure 2). The translation lattice
vectors A⃗ and B⃗ of the HS phase are lost in the LS phase and
this structural instability occurs at the K point ( ), , 01

3
1
3

of the
Brillouin zone, which is associated with a tripling of the unit-
cell volume.

With these two competing changes of symmetry, there is no
group-subgroup relationship between the LS and HS phases:
the 3-fold symmetry is only present in the LS phase, while the
translation symmetry operators A⃗ and B⃗ are only present in the
HS phase. Consequently, this phase transition does not
correspond to a symmetry-breaking. This raises the question
of whether this process corresponds to a reconstructive phase
transition49 or a more complex phenomenon. Hereafter, we
show that this apparent reconstructive transition is in fact
associated with two coupled symmetry-breaking order
parameters, deviating from a common parent phase.

A deeper analysis of the structural rearrangements of the
[Fe(NH2trz)3]n chains (Figure 2) shows the structural
relationships between the lattices of each phase. The LS
lattice is defined by the direct vectors a⃗,b⃗,c ⃗ (reciprocal vectors
a⃗*,b⃗*,c*⃗) and the HS lattice by the direct vectors A⃗,B⃗,c ⃗
(reciprocal vectors A⃗*,B⃗*,c*⃗), with the axis of the [Fe-
(NH2trz)3]n chains c ⃗ is common to both phases. The lattice
vectors of both phases are related by a⃗ = 2A⃗ + B⃗ and b⃗ = − A⃗ +
B⃗ and the transformation matrix connecting the HT and LT

lattices is
2 1 0
1 1 0
0 0 1

. The X-ray scattering vector Q⃗ of the

Bragg peaks can therefore be expressed in both lattices

= * + * + * = * + * + *Q ha kb lc HA KB Lc

where (hkl) and (HKL) denote the Miller indices of Bragg
peaks indexed in the LS and HS reciprocal lattices,

respectively. The fundamental orthogonality relationships
between the direct and reciprocal lattice vectors relate the
Miller indices of the LS and HS phases

= = + =H
h k

K
h k

L l
3

,
2

3
,

In the LS phase, all Bragg peaks indexed with h, k and l
integers are allowed, but some of them are not allowed in the
HS lattice. For example, Figure 3a shows that the (hkl) Bragg
peaks indexed (2 0 0) and (1 0 − 1) are present in the LS
phase. These peaks are indexed =H 2

3
, = =K L, 02

3
and

=H 1
3
, = =K L, 11

3
in the HS lattice, where they are not

allowed as H and K indices are not integer. These
superstructure Bragg peaks of the LS lattice are associated
with the tripling of the unit cell volume and appear at the K
point ( ), , 01

3
1
3

of the Brillouin zone. The amplitude of this
symmetry-breaking can be monitored through the order
parameter ξ, which probes the difference in the LS phase
between the chains that are symmetry-equivalent in the HS
phase. The evolution of the intensity of these superstructure
Bragg peaks (Figure 3), scaling as ξ2, represents a direct
fingerprint of the unit cell volume tripling between the HS
phase with a single chain (ξ = 0) and the LS phase with 3
chains per unit cell (ξ ≠ 0).

Figure 4a shows that, due to the 3-fold symmetry in the
reciprocal lattice of the LS phase, the scattering vectors Q⃗
corresponding to the Bragg peaks indexed (110), (21̅0) and
(12̅0), as well as their equivalent by inversion symmetry, have
the same modulus. These Bragg peaks correspond to the same
diffraction ring around Q = 0.65 Å−1 (Figure 3a). This is no
longer the case for the reciprocal lattice of the HS P1̅ lattice

Figure 2. Crystalline packing of the [Fe(NH2trz)3]n chains, projected along and perpendicular to their c ⃗ axis. (a) For the LS P3̅ lattice (a⃗, b⃗, c)⃗. (b)
For the HS P1̅ lattice (A⃗, B⃗, c)⃗. The loss of the 3-fold symmetry axis in the HS phase results in a ferroelastic shear strain associated with the relative
sliding of the chains along the c ⃗ axis (bottom). The rotation of the chains in the LS phase changes the lattice periodicity: the HS unit cell contains
one chain, while the LS one contains 3 chains: one at the origin on the 3̅ Wyckoff position and two equivalent on the 3 Wyckoff positions.
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(Figure 4a). Due to the ferroelastic distortion, these Bragg
peaks correspond to 3 different diffraction rings, as observed in
the powder X-ray diffraction data (Figure 3a) around Q = 0.64
Å−1 for (110), Q = 0.66 Å−1 for (21̅0) and Q = 0.72 Å−1 for
(12̅0). Figure 4b shows that upon warming, the single Bragg
peak in the LS phase splits in 3 around T↑= 346 K in the HS
phase. The splitting ΔQ of these Bragg peaks is related to the
ferroelastic order parameter η and it monitors the deviation of
the HS P1̅ lattice from the LS P3̅ lattice. The ferroelastic strain,
related to the relative splitting of the Bragg peaks, is quite large
( 11%Q

Q
). Upon cooling, the three Bragg peaks merge into

a single peak around T↓ = 318 K. Figure 4c shows the thermal
dependence of the amplitude of the ferroelastic distortion η,
scaled to 1 for clarity, which follows the same thermal
hysteresis as the spin transition curve (Figure 1a).

Figure 5 shows that the LS to HS transition is associated
with an increase in all the lattice parameters a, b and c
(common to both phases), following a classical positive
thermal expansion, which is not always the case in SCO
materials.50 The evolution of the chain axis c between the LS
and HS phases is consistent with the one reported for the
[Fe(Htrz)2(trz)](BF4) complex (∼7.3 Å in LS and ∼7.8 Å in
HS).51 It is a direct marker of the spin transition in the [Fe(R-
trz)3]X2 materials associated with the evolution of the Fe-
ligand distances within the polymeric chains. In the LS P3̅
phase, a and b are symmetry equivalent (by definition), while
their splitting in the HS P1̅ phase is the signature of the
ferroelastic distortion.

Overall, these considerations on the structural changes in the
packing of the [Fe(NH2trz)3]n chains during the spin
transition reveal that the material exhibits a hysteretic spin
state conversion (Figure 1) coupled to symmetry changes

(Figure 2), but with no group-subgroup relationship between
the LS and HS phases. Upon heating, the LS to HS phase
transition involves a concomitant ferroelastic distortion (loss of
3-fold symmetry, Figure 4) and gain of some translational
symmetry (Figure 3), while upon cooling the HS to LS
transition involves the concomitant gain of 3-fold symmetry
and loss of some translational symmetry. Consequently, this
structural phase transition cannot be described by the usual
Landau theory, through the evolution of a single order
parameter. Two order parameters are then required for
monitoring the ferroelastic distortion (η) with the loss of 3-
fold symmetry and the loss of translation symmetry (ξ).
Theoretical Phase Diagram Determination
The theory of phase transitions described by two symmetry-
breaking order parameters was discussed in the literature for
diverse types of materials.49,52−56 The two order parameters
evolve simultaneously during the phase transition and are
coupled. A symmetry analysis shows that in the present case
both the LT and HT phases can be described as low symmetry
phases of a common higher symmetry parent phase, called
hereafter phase 0. Figure 6a schematically shows phase 0,
which corresponds to a P3̅ lattice with the periodicity of the
HS phase, i.e. with a single [Fe(NH2trz)3]n chain per unit cell.
This high-symmetry phase 0, corresponding to η = 0 and ξ = 0,
is not observed in these measurements. This symmetry analysis

Figure 3. (a) Selected region of the powder X-ray diffraction patterns
for the LS phase (blue) and HS phase (red). Upon heating, the Bragg
peaks indexed (200) and (101̅) in the LS lattice disappear in the HS
phase due to the change of lattice periodicity, while the peak (21̅0)
splits into the (21̅0), (12̅0) and (110) Bragg peaks due to the
ferroelastic distortion. (b) The thermal dependence of the intensity of
the (200) peak shows that the change of lattice periodicity follows the
SCO thermal hysteresis, shown as an eye guide based on Figure 1a.

Figure 4. (a) Representation of the reciprocal lattice in the (a⃗*,b⃗*)
plane for the LS P3̅ and distorted HS P1̅ phases. In the LT phase, the
six nodes of the reciprocal lattice shown have the same Q modulus
and lie on the same diffraction ring. In the ferroelastic HT phase, the
nodes lie on three distinct rings indicated by different symbols
corresponding to three scattering vectors Q. (b) Shift with
temperature of the scattering vector Q modulus with respect to the
LS phase, for the (110), (21̅0) and (12̅0) Bragg peaks. (c) Thermal
dependence of the normalized magnitude of the splitting along Q,
proportional to the ferroelastic distortion order parameter η. The
hysteresis shown is a guide to the eye based on the transition
temperatures from Figure 1a.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.6c02968
Inorg. Chem. 2026, 65, 19485−19494

19489

D
ow

nloaded from
 pubs.​acs.​org/​inocaj/​article-pdf/​65/​33/​19485/​66482047/​acs.​inorgchem

.​6c02968.​pdf by IN
IST-C

N
R

S user on 27 August 2026

https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.6c02968?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.6c02968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was confirmed by using the ISOTROPY software suite and the
Bilbao Crystallographic Server tools.57,58 In this way, the high
spin triclinic HT Phase I corresponds to η ≠ 0 and ξ = 0. It has
the same lattice periodicity as the parent phase, with a single
[Fe(NH2trz)3]n chain per unit cell, but with a distorted P1̅
lattice with respect to phase 0. The order-parameter space
corresponding to η is associated with the two-dimensional
irreducible representation k16t3t5 (Kovalev’ notation) of
phase 0. The low spin rhombohedral LT phase II corresponds
to η = 0, ξ ≠ 0. It has the same P3̅ lattice symmetry as the
parent phase, but the cell multiplicity results in different
[Fe(NH2trz)3]n chains within the unit cell with respect to

phase 0. The order-parameter space corresponding to ξ is
associated with the one-dimensional irreducible representation
k13t1 of phase 0. Based on the calculation of invariants
associated with the symmetry-breaking parameters, we express
the Landau development of the Gibbs potential G as

= + + + + +
+

G b c b c
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( , ) 1
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1
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1
4

2
2

2
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2
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The α2ξ2 + b2ξ3 + c2ξ4 terms are the cell multiplicity
invariant polynomials. This potential corresponds to a
discontinuous (first-order) transition when a cubic term is
present and a continuous (second-order) transitions when the
quartic term is positive and the cubic term vanishes (b2 = 0).59

In order to limit the number of parameters in the theoretical
potential, the choice is made to consider the second-order case,
which allows distinguishing more easily both transitions. The
α1η2 + b1η3 + c1η4 terms correspond to the usual Landau
potential for the ferroelastic P3̅ to P1̅ transition associated with
the loss of 3-fold symmetry,44,60−62 which is restricted to be
discontinuous. This is a simplified form in which the two-
component order parameter η is reduced to a single
component for the sake of presentation. This point was
discussed in the similar case of the RbMnFe material,
exhibiting cubic-tetragonal ferroelastic distortion associated
with the loss of 3-fold symmetry.37 The Dη2ξ2 term is the
lowest-order coupling term allowed.56 D > 0 corresponds to
the competing symmetry-breaking phenomena observed here.
α1 and α2 are the reduced temperatures, with α1 = a1(T − Tη)
and α2 = a2(T − Tξ), where Tη and Tξ are the critical
temperatures for each symmetry-breaking process. The bi and
ci coefficients are considered as constants. This model can
describe a complex phase diagram, where four phases can
emerge. Finally, phase III corresponds to the lowest symmetry
phase (η ≠ 0, ξ ≠ 0), with a tripled cell multiplicity and a
ferroelastic distortion, which is not observed in these
measurements. Previous works discussed the biquadratic
coupling between two order parameters, where one exhibits

Figure 5. Thermal dependence of the lattice parameters common to
both phases. (a) a (circles) and b (squares) axes are symmetry
equivalent in the LS P3̅ phase and differ in the HS P1̅ phase. (b) The
parameter c (triangles) is a direct marker of the spin transition in the
[Fe(NH2trz)3]n chain. The hysteresis shown is a guide to the eye
based on the transition temperatures from Figure 1a.

Figure 6. (a) Schematic relationships between the HS phase I and the LS phase II. The lattice periodicity of the parent cell corresponding to phase
0 is defined by the parameters a⃗pc, b⃗pc, and it exhibits P3̅ symmetry (apc = bpc, γ = 120°). The ferroelastic distortion (η) leads to phase I (P1̅) with a lattice
A⃗, B⃗, c ⃗ distorted compared to phase 0. The superlattice ordering of the chains (ξ) leads to phase II. (b) Calculated phase diagram from eq (1). The solid
lines denote second-order superlattice transitions (blue arrow) and dotted lines represent stability limits of the hysteresis during the ferroelastic transition (red
arrow). The green arrows show the transition from the LS phase (II) to the HS phase (I). (c) Calculated potential showing the equilibrium LS tripled cell
(q = − 1, ξ≠0, η = 0) and HS ferroelastic (q = 1, ξ = 0, η ≠ 0) phases.
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a discontinuous transition, through a η2, η4, η6 potential.49,52,55

However, in our case, we have to use and η2, η3, η4 potential
due to symmetry consideration.60,63 Since this potential has no
analytical solution, we performed a numerical study of the
potential, identifying and classifying the thermal evolution of
the minima in the potential calculated for different values of η
and ξ. For the calculation, we used α1 = 1, b1 = 50/3, c1 = 5/4,
= 1/2, c2 = 5/4, D = 3, which were chosen to qualitatively
reproduce the experimental phase sequence. While no
quantitative fitting to experimental data was attempted, the
topology of the calculated phase diagram, and in particular the
existence of a direct transition between the ferroelastic phase I
and the superlattice phase II, is governed by the sign and the
relative magnitude of the coefficients and the coupling
constant D > 0, rather than by the specific values of the
individual coefficients.

Figure 6b shows the calculated phase diagram, with a
hysteretic phase transition from the parent phase 0 to the
ferroelastic phase I (corresponding to the symmetry of the HS
phase), and a continuous phase transition from phase 0 to
phase II (corresponding to the symmetry of the LS phase with
tripled unit cell). More interestingly, the calculated diagram
reveals a hysteretic phase transition from phase I to phase II.
This phase transition line, indicated by the green arrow,
corresponds to the symmetry change observed between the HS
phase (triclinic: η ≠ 0 and single chain ξ = 0) and the LS phase
(rhombohedral: η = 0 and cell tripling ξ ≠ 0), which is
observed experimentally. However, this Landau theory-based
model and the associated phase diagram does not consider the
spin transition parameter q, which is known to be the driving
force of the thermal transition, due to the important entropy
increase in the HS state.18,34,36

Recent studies have shown the importance of considering
the effect of the coupling between the SCO parameter q and
the symmetry-breaking in the Landau development of the
thermodynamical potential.22,33−36 In the present case, the
Landau development considering the different symmetry-
breaking processes, the SCO, and their coupling, leads to a
complex potential
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where the q, q2, q4 terms correspond to the SCO potential
introduced by Chernysov et al. to describe isosymmetric and
stepwise spin transitions,21 where a is the reduced SCO
temperature. The Eqη2 and + Fqξ2 terms correspond to the
coupling of the SCO parameter with the ferroelastic and
superlattice symmetry-breakings, as introduced by Collet to
describe SCO coupled to various symmetry breaking
phenomena.35−37 Here we consider E < 0 that favors a HS
ferroelastic phase (q = 1, η ≠ 0,ξ = 0) and F > 0 that favors a
LS superlattice phase (q = −1, η = 0, ξ ≠ 0). In the strong
coupling limit,34 where the different processes are mainly
driven by the SCO process (α1η2 ≪ Eqη2 and α2ξ2 ≪ Fqξ2),
the potential can be simplified to
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This limit is justified by the experimental observation that
both the ferroelastic distortion parameter η (Figure 4c) and
the unit cell tripling parameter ξ (Figure 3b) follow the same
thermal hysteresis as the spin transition parameter q (Figure
1a). This indicates that the entropy-driven thermal evolution
of the SCO parameter q is the primary parameter driving,
through the Eqη2 and Fqξ2 couplings, both symmetry-breaking
phenomena. Defining the equilibrium conditions for the 3
order parameters is complex. However, it was recently shown
that strong couplings of SCO to symmetry-breaking parame-
ters stabilize a sample34 in the sense that all its Fe atoms adopt
the same spin state, i.e LS (q = − 1) or HS states (q = 1), as
observed here. Then, we can investigate the equilibrium
condition of the symmetry-breaking potential GSB in the (η,ξ)
space.

In the LS phase where q = −1: GSB(η,ξ) = − Eη2 + b1η3 +
c1η4 − Fξ2 + b2ξ4 + Dη2ξ2

In the HS phase where q = +1: GSB(η,ξ) = +Eη2 + b1η3 +
c1η4 + Fξ2 + c2ξ4 + Dη2ξ2

The equilibrium (η,ξ) values are found by numerically
minimizing the potentials for the LS and HS phases. We used
E = −2 and F = 2 to calculate the symmetry-breaking potential
GSB(η,ξ) in Figure 6c. For the HS phase (q = 1), the
equilibrium is found for ξ = 0 and η ≠ 0, which corresponds to
the ferroelastic phase I. For the LS phase (q = −1) the
equilibrium is found for ξ≠0 and η = 0, which corresponds to
the LS supercell phase II. The complex phase transition of the
[Fe(NH2trz)3](NO3)2 compound can therefore be rationalized
as resulting from the coupling of the SCO to two competing
symmetry-breaking phenomena: the ferroelastic lattice dis-
tortion and the unit-cell tripling. We can notice that including
the ξ3 term (b2 ≠ 0) in the eq (3) for the cell tripling transition
would not change the main conclusion of our study: the 0-I
phase transition that is not observed here would be
discontinuous, while the phase transition from the HT phase
I to the LT phase II would still be discontinuous.

■ CONCLUSIONS
Our results show a very complex phase transition in the SCO
material [Fe(NH2trz)3](NO3)2, where a ferroelastic strain
occurs upon heating toward the HS phase, and a unit cell
tripling occurs upon cooling toward the LS phase. To our
knowledge, such a competition between two competing
symmetry-breaking phenomena, coupled to a spin transition,
has not been reported so far and it can only result in a
hysteretic behavior. This opens the way for a complex phase
diagram, where HS and LS bistability compete with various
types of symmetry-breaking and structural ordering. In the
present case, we show that the emergence of a thermal
hysteresis associated with the spin state conversion results from
the coupling of the SCO parameter with both competing
symmetry-breaking phenomena.
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