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The temperature dependence of the magnetic susceptibility and Mo¨ssbauer spectra of the compounds FeL2[Ni(CN)4] (L = 2, 3 or 4-
methylpyridine) have been investigated. In each case the iron(II) ions are high spin at room temperature, but in the 3-methylpyridine compound 
about half of the iron ions becomes diamagnetic around 90 K. The application of external pressure allowed to uncover the underlying two-step 
nature of this spin transition. For further increase of the pressure the plateau between the two steps disappeared. Both observations were 
successfully interpreted in the framework of an Ising-like model with two iron sites displaying different volume changes.

1. Introduction

Spin-crossover complexes of transition metal ions have
attracted much attention from the fundamental point of
view [1,2]. Some of these complexes exhibit a first-order
spin transition accompanied by a large thermal hysteresis
loop making them appealing also for potential applications
in molecular display, memory and switching devices [3,4].
This cooperative phenomenon appears in these materials
primarily due to long-range elastic interactions between
the molecules, whose volume changes considerably with
their spin-state [5]. To date, numerous spin-crossover mate-
rials displaying first-order transition have been obtained by
different chemical synthetic techniques. One of the most
successful strategy to obtain strongly cooperative systems
with hysteresis loops around room temperature is the intro-
duction of the spin crossover ions in coordination poly-

meric networks, in which the strong bonding forces may
enhance the interactions between the active centres [6,7].

In this context, a number of two- and three-dimensional
coordination polymers, the so-called Hofmann-type chla-
trates, have been synthesised using various metal ions
and ligands [8–11]. Some of these complexes revealed
remarkable thermal, piezo and photo-induced spin-cross-
over phenomena even at room temperature [12–17]. In
our quest to explore the spin-crossover behaviour of this
family of complexes we report here on the magnetic
properties of the two-dimensional polymer compounds
FeIIL2- [Ni(CN)4] (L stands for 2-methylpyridine (2) or 3-
methylpyridine (3) or 4-methylpyridine (4)), which were
synthesised according to Ref. [10]. While compounds 2

and 4 were found to remain in the high-spin (HS) state
between 2 K and 300 K at atmospheric pressure, the com-
plex 3 displays an intriguing half-transition leading to a ca.
50% mixture of high-spin and low-spin (LS) states. The
application of hydrostatic pressure on this compound
revealed a hidden two-step transition and several
unexpected pressure effects.
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2. Experimental

The variable-temperature magnetic susceptibility mea-
surements were carried out using a Quantum Design
MPMS2 SQUID magnetometer operating at 1 T magnetic
field. The independence of the susceptibility with regard to
the applied magnetic field was checked at room tempera-
ture for each compound. Experimental susceptibilities were
corrected for the diamagnetism of the constituent atoms by
the use of Pascal’s constants. Magnetic susceptibility mea-
surements at high pressures have been carried out in 2 T
magnetic field using a clamp-type, hardened beryllium
bronze (CuBe) cell. Hydrostatic conditions are obtained
by mixing the powder samples (ca. 15 mg) with a pressure
transmitting mineral oil (Alcatel-100). The pressure inside
the cell was determined from the pressure shift of the super-
conducting transition of a 99.99% purity Pb wire (Goodfel-
low) measured at a cooling rate of 0.005 K min�1 with a
zero-field AC current of 2.2 Hz frequency and 3 Oe ampli-
tude. Using the calibration curve of Bireckoven and Wittig
[18] pressure can be calculated with an accuracy of
±0.015 GPa. The hydrostatic conditions at high pressures
and low temperatures were maintained as inferred from
the abruptness of the lead superconducting transition.
The temperature cycles were carried out at a rate of
1 K min�1 the pressure clamped at a fixed value at room
temperature. The thermal variation of the clamped pres-
sure was determined by four-wire measurements using a
manganin gauge [19]. The pressure loss (ca. 0.15 GPa)
between 295 K and 7 K was found comparable with that
of the widely used Daphne-7373 oil [20]. The contribution
from the pressure cell to the total susceptibility was sub-
stracted out by carrying out dummy runs.

The variable temperature 57Fe Mössbauer measure-
ments were carried out by means of a constant-acceleration
spectrometer with a 50 mCi 57Co(Rh) source on ca. 60 mg
powder sample enclosed in a 12 mm diameter cylindrical
plastic sample holder. Spectra were obtained at 5 K and
293 K for each compound. Additional spectra at intermedi-
ate temperatures have been recorded for sample 3 using a
custom-designed, liquid helium flow-type cryostat. Cooling
and heating rates were fixed at 1 K min�1. A least-squares
computer program was used to fit the Mössbauer parame-
ters and to determine the standard deviations of statistical
origin (given in parentheses) [21]. The isomer shift values
are given with respect to metallic iron at room temperature.

3. Experimental results

The magnetic properties of the three samples have been
measured at atmospheric pressure between 2 and 300 K
(Fig. 1). At 300 K the vmT product, vm being the molar
magnetic susceptibility, has a value of 3.71, 3.78 and
3.49 cm3 K mol�1 for 2, 3 and 4, respectively, which corre-
sponds to the high spin (HS) state of the FeII ions with
S = 2. The somewhat different vmT value determined for 4
might be due to a small impurity content. As the tempera-

ture is lowered, the magnetic moment of 2 and 4 remains
virtually constant, except at very low temperatures where
the vmT product decreases strongly with decreasing T due
to the zero-field splitting phenomenon. The HS state of
the FeII ions in these complexes is confirmed also by the
Mössbauer spectra recorded at 5 K and 293 K (Table 1).
On the contrary, the vmT product in sample 3 drops consid-
erably when the temperature is lowered below ca. 100 K and
reaches a value of 2.30 cm3 K mol�1 at 70 K indicating the
formation of a mixture of HS and low spin (LS) states.
Although the vmT product continues to decrease somewhat
at lower temperatures, this can be attributed only to zero-
field splitting effects (vide infra). The spin-crossover occurs
with a large hysteresis since the pure HS state is restored
only above ca. 120 K upon heating. 57FeMössbauer spectra
correspond well to the magnetic data. At room temperature
the Mössbauer spectrum consists in a single doublet with
quadrupole splitting (1.080 mm s�1) and isomer shift
(1.030 mm s�1) values typical of FeII ions in the HS state.
At 80 K a new absorption line appears with lower quadru-
pole splitting (0.18) and isomer shift (0.494 mm s�1) values
as expected for a LS state (S = 0) of FeII ions. The HS frac-
tion (nHS) obtained from theMössbauer area ratio is 58% at
80 K and remains constant (within the measurement error)
down to 5 K (57%) proving thus that the decrease of the
magnetic moment at low temperatures is indeed due to
the zero-field splitting effects.

In order to try to convert the low-temperature residual
HS fraction into the LS state external pressure was applied
on sample 3. Fig. 2 shows the vmT product as a function of
T in the cooling and heating modes at different applied pres-
sures. At 0.18 GPa the transition shifts to higher tempera-
ture, the hysteresis width decreases and the shape of the
transition curve starts to develop towards a two-step transi-
tion since a small second loop appears as well. This two-step
transition appears clearly under 0.3 GPa pressure with the
two steps centred around 130 and 210 K and separated by
a plateau of ca. 20 K. The transition at this pressure extends
over a large temperature range (when compared to atmo-
spheric pressure), but one can still observe two hysteresis

Fig. 1. Thermal variation of vmT for compounds 2, 3 and 4 at

atmospheric pressure.
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loops. At low temperatures a nearly complete transition is
obtained as inferred from the vmT values and the absence
of zero-field splitting effects at low temperatures. As the
pressure increases to 0.58 GPa the transition becomes stee-
per, the hysteresis width increases and the plateau between
the two steps decreases. Finally at 0.86 GPa the sample dis-
plays a relatively abrupt, one-step spin transition with a
small hysteresis loop (4 K). When the pressure is released
the sample shows a similar magnetic behaviour than before
compression proving therefore that the effects of 0.86 GPa
pressure are still reversible. (It is to be noted that while
the transition temperatures are the same before and after
compression, the vmT values are somewhat different, but
this difference is not far from the experimental incertitude
induced by the pressure cell.)

4. Theoretical approach and discussion

Thermal spin-crossover phenomena are known to occur
gradually over a large range of temperature (10–100 K) or

abruptly with or without a hysteresis loop. In a few com-
plexes the temperature dependence of the high-spin fraction
displays an interesting two-step behaviour [22–25]. This
staging phenomenon has received much attention from the
theoretical point of view [26–29]. Two-step curves can be
obtained trivially by considering two crystallographically
different metal ions, but two-step behaviour can also be pre-
dicted for structurally equivalent sublattices [26] or binu-
clear molecules [28] if the model combines negative and
positive interactions (long and short range, respectively).

Examples for half transitions have also been reported in
the literature [1,2]. At low temperatures it is generally
thought to occur due to the slow kinetics. Indeed, below
ca. 50–70 K the spin conversion rate for many iron(II) com-
plexes becomes very slow and the system can be maintained
in a metastable HS state during several days [30]. In order to
verify this hypothesis we have quenched the sample 3 from
room temperature to 40 K in the magnetometer. The mag-
netic susceptibility of this quenched sample at 40 K equals
that of sample 2 (Fig. 1), i.e., the system remains in the
HS state. It appears therefore that the incomplete nature
of the transition in sample 3 has most likely a kinetic origin.
Only the application of external pressure can reveal the
underlying two-step character of such an incomplete transi-
tion, since under pressure the LS state with smaller volume
is stabilised and therefore the spin transition is shifted to
higher temperatures where the conversion rates are faster.
The Mainz team reported a few examples for this kind of
experiments, but it is usually difficult to discuss the evolu-
tion of the two steps due to the gradual nature of the tran-
sition [31–33]. Our case is different because the interactions
in the polymeric system are sufficiently strong and we can
clearly observe under pressure the appearance of a large
plateau dividing the two stages of the transition and we
can even observe two hysteresis loops.

Table 1

Least-squares fitted Mössbauer data for compounds 2, 3 and 4 at different temperatures in the cooling and heating (in italic) modes

T (K) Sample Spin d (mm s�1) DEq (mm s�1) C (mm s�1) AHS/Atot

5 2 2 1.238(1) 2.138(3) 0.201(2) 1.0

293 2 1.110(1) 1.486(2) 0.184(1) 1.0

5 4 2 1.195(1) 1.164(3) 0.256(2) 1.0

293 2 1.064(2) 0.579(3) 0.157(2) 1.0

5 2 1.208(1) 1.595(2) 0.166(2) 0.57(1)

0 0.490(6) 0.19(1) 0.162(4) 0.43(1)

25 2 1.206(2) 1.495(3) 0.182(2) 0.55(1)

0 0.501(6) 0.20(1) 0.150(6) 0.45(1)

50 2 1.204(2) 1.500(4) 0.165(2) 0.57(1)

0 0.50(1) 0.17(2) 0.19(1) 0.43(1)

80 3 2 1.199(5) 1.493(9) 0.180(4) 0.58(1)

0 0.494(8) 0.18(1) 0.147(6) 0.42(1)

100 2 1.188(1) 1.536(2) 0.171(2) 1.0

150 2 1.165(1) 1.445(2) 0.168(2) 1.0

293 2 1.080(1) 1.030(1) 0.158(1) 1.0

100 2 1.196(3) 1.486(6) 0.177(3) 0.68(1)

0 0.484(7) 0.18(1) 0.159(6) 0.32(1)

d: isomer shift (with reference to metallic iron at 293 K), DEq: quadrupole splitting, C: half-height width, AHS: area of HS doublet, Atot: total Mössbauer

spectrum area. The error bars of statistical origin are given in parentheses.

Fig. 2. Thermal variation of vmT for compound 3 at different pressures

(closed circles). Open triangles (squares) correspond to the measurement

before (after) compression at atmospheric pressure.
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Unfortunately, we were unable to grow single crystals of
3 with sufficient quality so as to determine the X-ray struc-
ture below the transition temperature. We were also unable
to observe the transition by Raman spectroscopy, because
the exciting laser light induces LIESST effect below 90 K.
Therefore we cannot establish unambiguously the struc-
tural origin of the two-step transition. Though Mössbauer
spectroscopy could not resolve the presence of different lat-
tice sites, it seems reasonable to assume that at least two
different iron(II) atoms exist in the polymer structure of 3
(Fig. 3) in the same way as in the isostructural Fe(3-chloro-
pyridine)2Ni(CN)4 complex [9]. Therefore, we assign tenta-
tively the two-step transition in 3 to crystallographically
inequivalent iron sites and we propose to analyse the exper-
imental observations by means of an Ising-like model
adapted for the case of two different iron sites [26].

In this model, pressure effects can be included as follows.
The two-level Hamiltonian for different iron sites, includ-
ing cooperativity, is given as:

Ĥ ¼
X

i

1

2
Dir̂i þ

X

hi;ji

J ijr̂i � r̂j ð1Þ

with the energy gap Di = Ei,HS � Ei,LS of a iron site i, r̂i a
fictitious spin operator taking as eigenvalues �1 (LS) and
+1 (HS), Jij the interaction parameter. In our case, two
iron sites A and B are considered and the total HS fraction
is obtained in the mean-field approach as:

nHS ¼
1

2
þ
1

4
ðhr̂Ai þ hr̂BiÞ ð2Þ

The deduced mean-field equations are:

hr̂Ai ¼
�1þ rAe

�bðDAþ2JAhr̂Aiþ2JABhr̂BiÞ

1þ rAe�bðDAþ2JAhr̂Aiþ2JABhr̂BiÞ

hr̂Bi ¼
�1þ rBe

�bðDBþ2JBhr̂Biþ2JABhr̂AiÞ

1þ rBe�bðDBþ2JBhr̂Biþ2JABhr̂AiÞ

ð3Þ

with the ratio r = gHS/gLS of the degeneracies of each spin
state and b = (kT)�1. JA, JB and JAB stand for the intra-
and inter-sublattice interaction parameters, respectively.

In a first approximation, no pressure dependencies of J
and g will be considered. The effect of pressure can be
included by replacing the term of the energy gap
Di = Ei,HS � Ei,LS in (3) for each iron site by:

Di ¼ D0i þ PdV iði ¼ A;BÞ ð4Þ

with D0i the energy gap of each iron site at atmospheric
pressure and dVi the volume change of an iron site.

Fig. 4 shows the variation of the HS fraction as a func-
tion of temperature for different values of external pressure
computed using Eqs. (2)–(4). It should be noted that the
parameter values have been chosen in order to try to sim-
ulate the overall experimental observations, but curve fit-
ting has not been carried out because the mean-field
approximation is known to be inaccurate to reproduce hys-
teresis loops. Furthermore, the experimentally determined
vmT values are difficult to convert accurately into nHS val-
ues without Mössbauer spectroscopic calibration of the
residual spin fractions under pressure. At 0 GPa the model
predicts a half-transition because the second step is blocked
at absolute zero temperature (i.e., the transition tempera-
ture (T A

1=2) is below 0). When increasing the pressure, as
expected, the transition curves are shifted towards higher
temperatures due to the increase of the energy gap Di by
the work term PdVi. As a result a second spin-crossover
step appears at 0.18 GPa and the partial transition
becomes complete with two steps. (Of course, by assuming
a blocking temperature of ca. 70 K the second step would
not yet appear at this pressure, but only at 0.3 GPa).

In order to simulate the experimental observations where
the transition temperature for the site A shifts more than for
the site B (ca. 340 K/GPa vs. 230 K/GPa) we have intro-
duced into the model different dV values for the two iron
sites. This condition allows a more important pressure effect
for the first iron site and with the parameters dVA = 32 Å3

and dVB = 22 Å3 the experimental shifts of the two transi-
tion temperatures can be closely reproduced. It should be
noted that these theoretically predicted values are close to
the range obtained from crystallographic data for spin-
crossover complexes with FeIIN6 core [1]. Furthermore,
the introduction of different values for dVA and dVB allows
us to reproduce a second important experimental observa-
tion, which is the disappearance of the plateau between
the two steps on further compression. In fact, if the volume
changes are similar for the two iron sites, the theory predicts
no change for the separation of the two transition stages
even if the gradual character of the curves may actually hide
the plateau. The introduction of the different volume

Fig. 3. Structure and possible location disorder of methyl groups in

compound 3.

Fig. 4. Thermal variation of the high-spin fraction at different pressures

computed using Eqs. (2)–(4) with dVA = 32 Å3, dVB = 22 Å3,

D0A = 1072 K, D0B = 1370 K, JA = �194 K, JB = �248 K, JAB = 40 K

and ln(rA) = ln(rB) = 7.6.
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changes has another interesting consequence. Theoretically
at very high pressures the two-step transition should reap-
pear, but this time it is the site B that transits before (i.e.,
at lower temperatures) the site A. Unfortunately, the high-
est temperature (400 K) that we can reach in our experimen-
tal set-up makes impossible to confirm this prediction.

On the whole, it appears that the model displayed in
Fig. 4 describes qualitatively most of the experimental
observations. However, a few features are not well repro-
duced. The theoretically generated hysteresis loops are
always abrupt, while the experimental ones extend over a
relatively large temperature range. Such behaviour is due
to a distribution of certain parameters (energy gap, etc.)
and, to some extent, due to the variation of the external
pressure with the temperature (see above). One may note
also that in the experiments the transition remains relatively
abrupt at high pressures and the hysteresis width varies
non-monotonously with increasing pressure. This behav-
iour is very unusual and bears a resemblance to the case
of a one-dimensional polymeric spin-crossover system
reported in Ref. [34]. Theoretically, these curves cannot be
reproduced even if one allows for a pressure dependence
of the interaction parameter and needs a more sophisticated
treatment, which is out of the scope of the present paper [5].

5. Conclusions

We have measured the magnetic moment andMössbauer
spectra of a series of coordination polymers. The compound
Fe(3-methylpyridine)2[Ni(CN)4] revealed an intriguing half-
step spin transition. By applying external pressure on this
sample a two-step transition has been uncovered. To our
knowledge this is only the second example for the observa-
tion of a two-step spin transition with two hysteresis loops.
However, for further increase of the pressure this behaviour
was progressively converted into a one-step transition. We
rationalised these observations within the framework of
an Ising-like model and predicted significantly different vol-
ume changes for the different iron sites in the polymeric lat-
tice. On the other hand, a number of observations could not
be explained within the limits of this theoretical model. Pres-
sure and temperature dependent synchrotron powder dif-
fraction experiments are planned to better understand the
interplay between the lattice properties and pressure effects
in this compound. Such structural data is essential for the
development of more elaborated theoretical models.

Acknowledgements

The authors are grateful to A. Mari and J.-F. Meunier
(LCC-CNRS) for their help in the magnetic and Möss-
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