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Abstract

The complex dielectric permittivity of a series of spin crossover complexes, with variable
ligand stoichiometry [Fe(Htrz) y_i(trz)o_y(NHjtrz),](BF;),-nH;0, has been investigated as a
function of temperature in a wide frequency range. In each compound, a substantial drop of
the conductivity and permittivity is evidenced when going from the low spin to the high spin
state, albeit with decreasing amplitude for increasing ligand substitution (i.e. for increasing x).
The deconvolution of the dielectric spectra using the Havriliak—Negami equation allowed to
extract the dipole and conductivity relaxation times, their distributions as well as the dielectric
strengths in both spin states. Remarkably, no clear correlation appears between the
conductivity changes and the lattice properties (Debye temperature) in the dilution series. We
rationalize these results by considering the dimensionality of the system (1D), wherein the
charge transport occurs most likely by hopping along the [Fe(Rtrz);],"* chains.

Keywords: spin crossover, charge transport properties, broad-band dielectric spectroscopy,

phase transition, hysteresis, molecular switches

1. Introduction

Charge transport and dielectric properties of molecular
spin crossover (SCO) complexes [1-4] have received
recently increasing attention in view of their possible
use in resistance and/or capacitance switching electronic
components [5-9]. In particular, the electrical proper-
ties of the SCO compound [Fe(Htrz),(trz)][(BF4) (trz =
1,2,4-triazolato) have been extensively investigated in its
micro/nano-crystalline powder form as well as in various

simple micro/nanoelectronic devices [10-24]. This compound
exhibits a robust spin transition between the diamagnetic
low spin (tzgﬁego) and paramagnetic high spin (tzgdegz)
configurations of the Fe(II) ions, which occurs above room
temperature with a large thermal hysteresis loop [25]. Its
structure consists of cationic chains of [Fe(Htrz),(trz)],**
(figure 1), whereas the BF4~ counter-anions are located
between the chains. Each chain is surrounded by six
others, which are inter-connected through hydrogen
bonds [26].
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Figure 1. The ligands 1,2,4,4-R-triazole and schematic structure of the [Fe(Rtrz)s;], chain.

In the past few years, we have shown that both the ther-
mal [11] and pressure-induced [12] spin transitions in the
bulk powder of [Fe(Htrz),(trz)](BF,4) are accompanied by a
substantial variation (up to three orders of magnitude) of the
electrical conductivity, the low spin (LS) form being system-
atically more conducting than the high spin (HS) counter-
part. Broadband dielectric spectroscopic investigations [13,
14] pointed out a clear link between the spin-state dependence
of the dielectric relaxation frequencies and that of the con-
ductivity. We suggested therefore that the the primary origin
of the conductivity drop in the HS state is the global down-
shift of charge hopping (i.e. phonon) frequencies when going
from the LS to the HS state. Remarkably, the room temper-
ature conductance of [Fe,_,Zn,(Htrz),(trz)](BF,) solid solu-
tions dropped by seven orders of magnitude for a ca 43%
substitution of the open shell (3d®) Fe(II) ions by closed shell
(3d'%) Zn(IT) ions [15]. This result indicates that the iron atoms
are directly involved in the hopping charge transport, which
can—in part—explain also the relatively large variation of the
conductivity upon the SCO in this compound.

Recently, we have embarked in the study of a series
of samples, derived from [Fe(Htrz),(trz)](BF4), wherein
the triazole ligands have been partially replaced by the
amino-substituted  1,2,4-4-NH,-triazole  (Atrz) ligand,
leading to the ‘molecular alloys’ of general formulae
[Fe(Htrz) 4y (trz),_,(Atrz),|(BF4),-nH,O [27]. The initial
aim was to fine-tune the spin transition temperature, which
indeed decreased by ca 30 K for x = 0.3. In addition, we
revealed also a brusque variation of the structure of the
compound, even for a small (ca 3.3%) degree of ligand
substitution. Remarkably, this structural change gave rise to a
pronounced decrease of the lattice cohesion as inferred from
the drop of the Mossbauer—Debye temperature. The lattice
softening in the ligand-diluted compounds could be associ-
ated with the acoustic part of the phonon density of states
(PDOS), whereas the optical modes remained unaltered on the
whole.

In the present paper, we report a broadband dielectric
spectroscopic study of these ligand-substituted derviatives of
[Fe(Htrz),(trz)](BF4). Owing to the drastic changes of their
lattice properties, these compounds appear very appealing

to investigate the links between charge transport, dielectric
and lattice dynamical properties in a series of closely related
compounds with very similar molecular structure.

2. Experimental details

The synthesis and physico-chemical characterization of the
nanocristalline powder samples have been described in refer-
ence [27]. The complex impedance of the samples (pressed
between stainless steel electrodes in a Teflon cylinder) was
measured in a four-wire arrangement using a dielectric ana-
lyzer alpha-A combined with the impedance interface ZG4
(novocontrol technologies GmbH & Co. KG, Germany). Fre-
quency sweeps were carried out from 0.1 Hz to 1 MHz at fixed
temperatures with an AC amplitude of 1 V. The temperature
was continously changed with a rate of +-0.5 K min~! between
293 K and 403 K. Magnetic measurements were performed
using a MPMS3 SQUID magnetometer (Quantum Design
Inc.), in DC mode, under a magnetic field of 1000 Oe, with
a temperature rate of 2 K min~!. Data were corrected for the
diamagnetic contributions.

3. Results and discussion

Overall four ‘mixed-ligand’ powder samples were investigated
with the following compositions (see [27] for more details on
sample characterization and properties):

[Fe(Htrz)y(trz)](BE,) - 0.7H,0, (1)
[Fe(Htrz), 1 (trz)o g(Atrz)o.1 |(BF4)1 2 - 0.8H,0, 2)
[Fe(Htrz), 05(trz)o.75(Atrz)g 2 1(BF4)1 25 - 0.85H,0,  (3)
[Fe(Htrz),(trz)o.7(Atrz)o 3]1(BF4)13 - 0.95H,0. 4)

The sample morphologies are similar: they consist of nanopar-
ticles with a mean size of ca 60 nm and a broad size distribution
(£30 nm).

The magnetic properties of the samples are sum-
marized in figure 2(a), which shows the molar mag-
netic susceptibility x temperature product (x7) as a
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Figure 2. Temperature dependence of (a) the magnetic
susceptibility x temperature product x 7', (b) the real part of the
dielectric permittivity (at 1 Hz) and (c) the real part of the AC
conductivity (at 1 Hz) for compounds 1-4 on heating and cooling.

function of the temperature both on heating and cooling.
In agreement with our previous measurements [27], each
sample displays a spin transition above room temprature with
hysteresis. However, for increasing amounts of Atrz ligands
(i.e. for increasing values of x) the transition temperature
progressively downshifts, the hysteresis width decreases
and the transition becomes less abrupt. The low- and high-
temperature x7 values indicate a virtually complete spin
transition between the LS (S = 0) and HS (S = 2) forms for
each sample. It is important to note, however, that the variation
of the HS fraction, which corresponds to the hysteresis region
becomes significantly reduced in the dilution series (from
~100% for x = 0 to ~70% for x = 0.3). Figures 2(b) and (c)
display, respectively, the temperature dependence of the real
part of the dielectric permittivity (¢') and the real part of the
AC conductivity (¢’) acquired at 1 Hz for the four samples.
(The temperature dependence of & and o’ recorded at

Table 1. Pre-exponential factors and activation energies of the ac

conductivity (1 Hz) in the LS and HS states

Sample  ofS(Sem™!) ofS (Sem™) EIS (eV) ELS (eV)
1 8.4 x 1073 2.6 x 1073 0.58 0.37
2 1.6 x 1073 3.0 x 1073 0.31 0.34
3 6.2 x 10°° 1.2 x 107* 0.34 0.31
4 1.4 x 1073 1.3 x 107° 0.35 0.27
10° —e— Experiment
5 323K | FitPeal
0] i
10%4 _Ela:zlaektise Fit Peak
£ 10°]
& 102
10"
10°4
10°

2 10 1 2 3 4 5 6 7
log(f [Hz])

Figure 3. Representative dielectric spectrum of sample 1 (323 K)
and its deconvolution using three HN functions. Peaks 1-3
correspond to a dipole relaxation, charge transfer relaxation and
electrode/interface polarisation processes, respectively.

1 kHz and 0.1 MHz are shown in the ESI in figure
S1 (https://stacks.iop.org/JPhysCM/32/264002/mmedia)). In
agreement with our previous results on the bulk powder
[Fe(Htrz),(trz)](BFs) [11-14], the nanocrystalline sample
1 exhibits a marked drop of both & and ¢’ when going
from the low temperature (LS) to the high temperature
(HS) phase. Both quantities change by ca three orders of
magnitude, which is comparable with the published values
for other [Fe(Htrz),(trz)](BF,) samples and is the highest for
any reported SCO compound. (N.B. As it was discussed in
reference [11], the specific sample preparation details lead to
different morphologies, cristallinity and defects, which can
considerably alter the amplitude of switching even for nom-
inally the same compounds.) When increeasing the amount
of Atrz ligands, the permittivity and conductivity changes
associated with the SCO (Ae’y. and Ao’yr) become pro-
gressively smaller. We shall note here the lack of any brusque
change in the electrical behavior betweeen the ‘parent sample’
(x = 0) and the ‘first dilution’ (x = 0.1). This result strongly
contrasts the previously reported drastic decrease of the Moss-
bauer-Debye temperature (6570 = 285K, 657! = 226K)
between these two compounds. In other words, the structural
change and associated lattice softening of the Atrz diluted
samples is not reflected in the electrical properties.

The thermal activation energy of the electrical conductivity
in the two spin states was determined for each sample using
the Arrhenius equation:

_ Ea
o = ope BT

where o is the pre-exponential factor, E, is the thermal acti-
vation energy and kg is the Boltzmann constant. Table 1 gath-
ers the fit values for 1 Hz applied frequency. (Similar results
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Figure 4. Temperature dependence of the Havriliak—Negami fitting parameters, which characterize the dipolar relaxation process (left

column) and the charge transport relaxation process (right column).

were obtained at 1 kHz, which are shown in the ESI.) For the
‘parent sample’ 1 the thermal activation energy increases from
0.31 eV to 0.58 eV when going from the LS to the HS state,
while for the other compounds (2—4) the activation energies
remain similar (ca 0.3 eV) independently of the spin state of the

compound. On the other hand, the values of the pre-
exponential factors scatter more.

Although the temperature dependence of the complex
permittivity (or conductivity) provides useful information on
the charge carrier motion in molecular solids, a deeper insight



can be obtained from the analysis of its frequency dependence.
Indeed, the movement of charge carriers in low-mobility solids
(such as samples 1-4) can be seen as a series of rapid hops
between localized sites (potential energy wells) [28]. Since the
carriers polarize the surrounding lattice, their hopping is asso-
ciated with a structural relaxation. The concomitant movement
of the charge carrier and the polarization cloud gives rise to
a characteristic electrical relaxation frequency, which can be
readily assessed from dielectric relaxation studies [29]. We
have recently used this approach for the investigation of a
bulk powder of [Fe(Htrz),(trz)](BF4) [14]. The phenomeno-
logical Havriliak—Negami (HN) equation [30] was employed
to fitt he f requency d ependence o f t he c omplex dielectric
permittivity. This analysis revealed three dielectric relaxation

processes, which were attributed to electrode/interface
polarization, dipole orientation and charge transport
phenomena.

Using the same methodology we could obtain consistent
fits for the dielectric spectra of samples 1-4 at various temper-
atures in the LS and HS states. As an example, figure 3 shows
the frequency dependence of log(¢”) acquired at 323 K and the
fitted dielectric relaxation peaks. (See figures S2—S5 in the ESI
for the fitted data of the four samples at various temperatures,
including both the real and imaginary parts of the permittivity.)

In the frame of the HN approach [30], the complex
dielectric permittivity (¢* = &’ — ie”) is expressed as a func-
tion of the angular frequency (w) of the applied electric
field as:

£ = e + Ac/(1 + (iwr)?y

The model parameters are the dielectric strength Ae = 5 —
€0 (Where g and e, stand for the permittivity in the low and
high frequency limits, respectively), the dielectric relaxation
time 7 and the so-called shape parameters § and ~. The lat-
ter describe the symmetric and asymmetric broadening of the
relaxation time distribution, respectively. The analysis of tem-
perature dependence of the relaxation times—by introducing
for example the Arrhenius relationship—reveals the energy
barriers associated with the relaxation process. The obtained
fit parameters for the dipole and charge transfer relaxations
in samples 1-4 are summarized in figure 4. First, we shall
note that the fit parameter values and their spin-state depen-
dences observed for sample 1 are directly comparable with
the fitted values reported in reference [ 14] for the bulk pow-
der. This close correspondence between two samples synthe-
sized in different conditions provides strong confidence for the
validity of our analysis. The only notable difference appears
in the dielectric strength associated with the dipole relaxation
(Aey), which is significantly higher f or the p resent sample
(ca 1000 vs 10). This difference might be linked to the dif-

strength for each sample and for both relaxation processes. In
the case of the shape parameters the samples behave also in a
comparable manner: for the dipole (resp. conductivity) relax-
ation the LS state is characterized by an asymmetric (resp.
symmetric broadening) of the relaxation time distribution,
whereas in the HS state the trend is exactly the opposite.

The analysis of the dielectric relaxations does not point thus
to any systematic change of the dielectric properties in the
dilution series we investigated. This finding contrasts with the
progressive shrinking of the switching amplitude (Aege, =
e1s — s and Aogq = 07 — 0pyg) Whenincreasing the value
of x (figure 2). We believe that this reduced switching ampli-
tude is related actually to the systematic variation of the spin
transition properties in the dilution series. Indeed, we can
see a close correspondence between the magnetic properties
(figure 2(a)) and the electrical properties (figures 2(b) and
(c)) of the samples. As mentionned above, the proportion of
molecules, which show SCO in the hysteresis region becomes
reduced along the dilution series, which obviously leads to
reduced values of Ac’sco and Ac’sco in this temperature
range. This can be also seen as the smearing out of the elec-
trical response when the spin transition becomes more and
more gradual. In addition, the spin transition is shifted to lower
temperature for increasing dilution. Hence, the less efficient
thermal activation may also contribute to the smaller switchig
amplitudes.

4. Conclusions

We have investigated the effect of ligand substitution
on the charge transport and dielectric properties in the
[Fe(Htrz); y—(trz),_(Atrz)]J(BF4),-nH,O (x = 0, 0.1, 0.2,
0.3) series of spin crossover compounds.

We have found that the softening of the crystal lattice
(demonstrated in [27]) does not entail any remarkable effect on
the macroscopic electrical properties of [Fe(Htrz),(trz)|(BFy).
This means that the electron—phonon coupling at the ori-
gin of the hopping charge transport must involve primarily
optical modes of the coordination chain [Fe(Htrz),(trz)]," .
This result comes to support our previous hypothesis [15]
that the charge transport in this compound takes place pri-
marily by carrier hopping between the iron ions along the
chains. All these results point thus to the importance of the
dimensionality (1D) of this compound in the charge trans-
port properties. To verify this hypothesis it would be inter-
esting to conduct electrical measurements on oriented single
crystals.

Another finding concerns the progressive shrinking of the
HS-LS switching amplitude of the permittivity and conduc-

ference in particle size (interfacial properties, defects, ...) tivity for increasing ligand dilution. This result could not be

or to the presence of water molecules in the nanocrystalline
sample 1.

Second, both the absolute values and the spin state depen-
dence of the fitted parameters appear very similar for the the
whole series of diluted samples 1-4. Notably, the switching
from the LS to the HS state leads systematically to an increase
of the relaxation times and to a decrease of the dielectric

correlated with any change in the dielectric behavior of the
samples and has been therefore associated with the progressive
change of the spin crossover properties. Notably, it appears that
the more gradual nature of the SCO in the diluted samples as
well as the lower transition temperatures both tend to amal-
gamate the effect of the SCO with that of ordinary thermal
activation on the electrical properties.



Future work should focus increasingly on the dielectric
relaxation process in spin crossover solids and devices as they
bring into light mechanistic aspects of charge transport phe-
nomena. The open questions concern why in some cases the
HS or the LS state is more conducting [11, 31] and how to
increase/overcome the intrinsicaly low conductivity of SCO
materials. The synthesis of conducting SCO materials and/or
device engineering may be considered to this aim [5].
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Figure S1. Temperature dependence of the real part of the ac conductivity (left column) and the real part of the
dielectric permittivity (right column) for compounds 1-4 on heating and cooling. Top row: 1 Hz, middle row: 1

kHz, bottom row: 0.1 MHz applied frequency.
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Figure S2. Representative dielectric spectra of sample 1 at selected temperatures and its deconvolution using three
HN functions. Peaks 1-3 correspond to a dipole relaxation, charge transfer relaxation and electrode/interface
polarisation processes, respectively.
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Figure S3. Representative dielectric spectra of sample 2 at selected temperatures and its deconvolution using three
HN functions. Peaks 1-3 correspond to a dipole relaxation, charge transfer relaxation and electrode/interface

polarisation processes, respectively.
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Figure S4. Representative dielectric spectra of sample 3 at selected temperatures and its deconvolution using three
HN functions. Peaks 1-3 correspond to a dipole relaxation, charge transfer relaxation and electrode/interface
polarisation processes, respectively.
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Figure S5. Representative dielectric spectra of sample 4 at selected temperatures and its deconvolution using three

HN functions. Peaks 1-3 correspond to a dipole relaxation, charge transfer relaxation and electrode/interface
polarisation processes, respectively.






