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LCC, CNRS, and Université de Toulouse (UPS, INP), Toulouse, F-31077 cedex 4, France
Faculty of Electrical Engineering and Computer Science & Advanced Materials and Nanotechnology Laboratory (AMNOL), Stefan
cel Mare University, 720229 Suceava, Romania
§
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ABSTRACT: In this study we analyze the metal substitution eﬀects on the structural,
morphological, charge transport, and spin transition properties of the
[Fe1−xZnx(Htrz)2(trz)](BF4) (trz = triazole, x = 0, 0.26, or 0.43) compound using electron
microscopy, powder X-ray diﬀraction, optical reﬂectivity, Raman, FTIR, 57Fe Mössbauer, and
broadband (10−2−106 Hz) dielectric spectroscopies. The crystal structure and the
morphology of the objects remain nearly unaﬀected, whereas the thermal spin transition
shifts from 362 to 316 K and the thermal hysteresis width decreases from 45 to 8 K for
increasing values of x. For each compound the electrical conductivity drops when the
iron(II) electronic conﬁguration is switched from the low-spin to the high-spin state. A
strong overall decrease in conductivity with increasing Zn concentration is also observed in
both spin states. These results, together with the analysis of the charge carrier dynamics,
suggest that the ferrous ions participate directly in the charge transport mechanism,
explaining the strong spin-state dependence of the electrical properties in this compound.

1. INTRODUCTION
Spin crossover (SCO) complexes of 3d4−3d7 transition-metal
ions are known to display a bistability between their high-spin
(HS) and low-spin (LS) electronic conﬁgurations.1−3 The spinstate switching can be induced by various external stimuli, such
as temperature, pressure, magnetic ﬁeld, light irradiation, or gas
sorption, and leads to a signiﬁcant change of magnetic, optical,
mechanical, and electrical properties. The recent progress in the
nanoscale synthesis and organization of SCO compounds4,5 has
opened up novel perspectives for the study of charge transport
properties of these materials at the nanoscale and even at the
single molecule levels. 6,7 Indeed, a number of recent
theoretical8,9 and experimental10−29 achievements with respect
to the possible interplay between SCO and conductivity
properties gives hope that in the near future SCO complexes
might be integrated in functional nanoelectronic and spintronic
devices.
We recently investigated the charge transport properties of
the SCO compound [Fe(Htrz)2(trz)](BF4) (trz = triazole) and
revealed a strong dependence of the dc 10 and ac 11
conductivities on the spin state of the iron(II) ions. The LS
(1A1g) state was found to be systematically more conductive
than the HS (5T2g) state in samples with diﬀerent morphologies
(nanoparticles and microrods) and sizes (ranging from 15 nm
to several micrometers). In addition, the charge carrier
relaxation frequencies also displayed a signiﬁcant decrease
when going from the LS to the HS state.11 We tentatively

ascribed these observations to a conduction process via polaron
hopping. In the frame of this model, the conductivity would rise
upon the HS to LS switching (chieﬂy) due to an increase of the
hopping frequency. This can be linked to the spin-state of the
system through the variation of the phonon frequencies and/or
through the variation of the hopping activation barriers.10
While their interpretation remains rather challenging at this
stage, the accumulated experimental observations have already
allowed several groups to elaborate simple nanoelectronic
devices based on this compound, providing appealing
perspectives for nanoscale switching and memory applications.12−16 It is also worth noting that interesting size eﬀects
can be anticipated when going from the activated hopping10 to
the tunneling regime13 because the spin transition was reported
to have an opposite eﬀect on the charge transport in these two
limiting cases (typically one can expect tunneling bellow 10
nm).
The present work was motivated by the weak understanding
of the physical phenomena that underlies the electrical
conduction and its spin-state dependence in the title
compound. The crystal structure of [Fe(Htrz)2(trz)](BF4)
has been only recently inferred from high-quality powder X-ray
diﬀraction (PXRD) measurements.30 The same orthorhombic
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space group (Pnma) has been found in the two spin states. The
structure consists of chains of the [Fe(Htrz)2(trz)]n cationic
motif (see Figure 1), wherein the BF4 anions are located in

Figure 1. Schematic chain structure of [Fe(Htrz)2(trz)]n.

cavities formed by the triazole ligands. Each chain is surrounded
by six identical chains, which are connected through hydrogen
bonds. An important aspect of the structure is the lack of voids,
which could trap solvent molecules. The aim of the zinc(II)
dilution in the present work is to break the supposed chain of
conduction along the one-dimensional (1D) structure by
exploiting the fact that the 3d orbitals of Zn(II) are fully
occupied. On the other hand, the ionic radius of Zn(II) is close
to the ionic radius of HS Fe(II), allowing for an isostructural
substitution of the ferrous ions. Indeed, this type of metal
dilution approach has been intensively used in spin crossover
research in order to study the role of the cooperativity on the
spin crossover phenomena.31−34 We have studied the charge
transport properties of three diﬀerent powders with formulas
[Fe1−xZnx(Htrz)2(trz)](BF4), where x = 0, 0.26, or 0.43.
Besides the electrical properties, each powder was carefully
characterized for its morphology, crystal structure, and SCO
properties.

2. EXPERIMENTAL METHODS
The undiluted microrods of the triazole coordination network
[Fe(Htrz)2(trz)](BF4) (hereafter referred to as S1) were
synthesized as described in ref 10. A 138 mg portion of 1-H1,2,4-triazole (3 equiv) was mixed with 225 mg of Fe(BF4)2·
6H2O (1 equiv) in 2 mL of an HBF4 solution at 2 wt % and left
without agitation. A violet powder precipitated after 1 day. The
dispersion was centrifuged and the precipitate was washed with
water and dried under vacuum. The Zn-substituted samples
were synthesized in a similar way, using 202 mg of Fe(BF4)2·
6H2O (0.9 equiv) + 23 mg of Zn(BF4)2·6H2O (0.1 equiv) for
sample S2 and 180 mg of Fe(BF4)2·6H2O (0.8 equiv) + 45 mg
of Zn(BF4)2·6H2O (0.2 equiv) for sample S3. EDX (energy
dispersive X-ray spectroscopy) gave Zn:Fe ratios of ca. 1:1.3
and 1:3 for S2 and S3, respectively.
The spin transition of the samples was followed through
variable-temperature optical reﬂectivity measurements in a dry
nitrogen atmosphere. The reﬂectance was determined by
means of an optical microscope (Olympus BX51) equipped
with a CCD camera (Andor IkonM) and a 543 nm band-pass
ﬁlter. The sample temperature was controlled using a Linkam
THMS600 liquid nitrogen cryostat. During the experiment the
temperature was changed at a rate of 2 K/min.
For the structural characterization of the compounds, we
used FTIR, Raman, 57Fe Mössbauer, and PXRD methods.
FTIR spectra were recorded at room temperature with a
PerkinElmer Spectrum 100 spectrometer in ATR mode

(resolution ca. 1 cm−1) between 650 and 4000 cm−1.
Variable-temperature Raman spectra were acquired using a
LabramHR (Horiba) Raman microspectrometer (resolution ca.
3 cm−1) combined with a Linkam THMS600 cryostage. The
632.8 nm line of a He−Ne laser (0.1 mW) was focused on the
sample by a ×50 objective (numerical aperture = 0.5), which
was also used to collect the scattered photons. These were
ﬁltered by an edge ﬁlter, but were not analyzed for their
polarization state due to the random orientation of the particles
in the sampled volume. Zero-ﬁeld 57Fe Mössbauer spectra were
recorded using a ﬂow-type liquid nitrogen cryostat and a
conventional constant acceleration type Mössbauer spectrometer. γ-rays were provided by a 57Co (Rh) source (ca. 20 mCi).
The samples (∼30 mg) were enclosed in a Plexiglas sample
holder with an optimized diameter. The spectrum deconvolutions were done with the assumption of Lorentzian line shapes
using the Recoil software. The PXRD patterns of the samples
have been recorded at room temperature using a Panalytical
MPD XPertPro powder diﬀractometer [Cu Kα1, Ge(111)
monochromator, X’Celerator detector] within the range 5°−
80° (2θ) by using a scan speed of 30°/h.
Particle size was determined by transmission electron
microscopy (TEM) using a JEOL JEM-1011 (100 kV)
instrument. TEM samples were prepared by placing a drop
(10 μL) of the nanoparticles suspended in dichloromethane on
a carbon-coated copper grid. High-resolution imaging was
performed on a JEOL JSM 2100F (200 kV) equipped also with
a SDD Bruker EDX detector (resolution 127 eV) for elemental
analysis.
Alternating current conductivity measurements were carried
out as a function of frequency (10−2−106 Hz) and temperature
(270−400 K) by means of a BDS 4000 broadband dielectric
spectrometer coupled to a Quatro Cryosystem (Novocontrol
Technologies, Hundsangen, Germany) at an applied ac voltage
of 1 V. Frequency sweeps were carried out isothermally. For
electrical measurements, the powder samples were compacted
between two stainless steel electrodes in a Teﬂon sample
holder.

3. RESULTS AND DISCUSSION
3.1. Zn Substitution Eﬀects on the Structure,
Morphology, and Spin Transition Properties. Representative TEM images of the samples are shown in Figure 2. Each
sample displays similar particle morphology, forming microrods
with an average length of ca. 2 μm and a diameter of 200−300
nm. The same size and shape of the particles of the diﬀerent
samples is very important in order to be able to compare their
conductivity. In conjunction with the TEM observations, EDX
measurements were also carried out in order to evaluate the
Zn/Fe ratio in the samples and to investigate the spatial
distribution of the metal ions, which is also an important issue.
The analysis performed on diﬀerent rods for each sample
revealed an average of 26 atom % of Zn in S2 and 43 atom % of
Zn in S3, which are therefore identiﬁed as
[Fe0.74Zn0.26(Htrz)2(trz)](BF4) and [Fe0.57Zn0.43(Htrz)2(trz)](BF4), respectively. The TEM-EDX analysis revealed also a
homogeneous distribution of the Zn and Fe ions within the
volume of the microrods, and no sign of ion segregation was
observed (see Figure S1 in the Supporting Information).
The insertion of Zn ions within the crystal structure was
investigated through X-ray diﬀraction and multiple spectroscopic techniques (FTIR, Raman, Mössbauer spectroscopies).
The powder X-ray diﬀractograms (Figure 3) show a globally

Figure 4. Low-frequency Raman spectra of samples S1−S3 in the two
spin states (293 K, LS; 413 K, HS).

Figure 2. Selected TEM images of samples S1−S3 (top to bottom).

Figure 3. Room-temperature powder X-ray diﬀractograms of samples
S1−S3.

similar pattern for each compound, with some diﬀerences for
sample S3. For samples S1 and S2, the main diﬀraction peaks
are grouped for values of 2θ at 10° and 11°; 18° and 19°; and
24°, 25°, and 26°. The additional diﬀraction peaks visible in the
spectra of sample S3 are consistent with a small HS fraction at
room temperature in this compound (vide infra). Indeed, as
was shown in ref 10, the LS to HS transition involves a shift of
the diﬀraction peaks toward lower 2θ angles, due to the lattice
expansion. In particular, the shifts of the Bragg peaks around
24°−26° upon the SCO are rather important. This eﬀect is
clearly observed in sample S3, with the shoulders at lower
angles. Overall these PXRD results can be interpreted in
agreement with the EDX analysis, indicating that the Zn ions
do not segregate in our compounds and instead replace some of
the Fe centers to give closely isostructural compounds.
Vibrational spectroscopy is also a useful technique to analyze
the impact of metal dilution on the structure of our compounds
and is a straightforward way to observe the spin transition with
temperature. FTIR and Raman spectra of the three compounds
are presented in the Supporting Information (Figures S2 and
S3 and Tables S1 and S2). The most relevant conclusions can,
however, be inferred from the temperature-dependent lowfrequency Raman spectra, which are shown in Figure 4. As

discussed previously,35 the Raman spectra of the compound
[Fe(Htrz)2(trz)](BF4) exhibit characteristic changes between
100 and 300 cm−1 due to the spin transition. At 293 K (LS
state) the sample S1 displays intense Raman modes around
135, 197, 211, 285, and 299 cm−1. When going to the HS state
(413 K), one observes Raman peaks around 105, 136, 150
(shoulder), 180, and 190 cm−1. These spectra are essentially the
same as those reported in ref 35. The same peaks and the same
changes also appear in the Zn-diluted compounds, conﬁrming
their similar structure. (See also the midfrequency spectra in
Figure S3 of the Supporting Information.) While the HS
spectra of the three compounds are almost identical, in the LS
state spectra of the diluted compounds we observe additional
peaks around 160−166 cm−1 and a broadening of the peaks at
135 and 245 cm−1 in both samples (S2 and S3). This diﬀerence
between the HS and LS spectra can be explained by the fact
that the ionic radius of Zn(II) matches that of the HS Fe(II).
The high-temperature Raman spectra are characteristic of the
HS state for each sample without any signiﬁcant residual LS
fraction, which can be inferred clearly from the complete
disappearance of the Raman peaks at 285 and 299 cm−1. On the
other hand, even if the low-temperature Raman spectra are
clearly characteristic of the LS state, it is diﬃcult to estimate if
the transition is complete in this direction due to the spectral
overlaps. To verify if there is a residual HS fraction in the
samples, we acquired 57Fe Mössbauer spectra at low temperatures (i.e., in the LS state). These spectra are shown in Figure
5 and the hyperﬁne parameters are collected in Table 1. In each
case the spectrum can be properly ﬁtted by only one doublet,
characteristic of the LS form of Fe(II). From these Mössbauer
and Raman data we can thus conclude that the spin transition
of the ferrous ions is complete in both the heating and cooling
modes for each sample.
This spin transition in the samples is also visible through
their optical properties, since their color turns from violet to
white upon heating. This bleaching of the 1A → 1T ligand-ﬁeld
absorption band (centered at ca. 545 nm) is completely
reversible and provides thus a convenient way to follow the
SCO phenomena in our samples. The thermal variation of the
optical reﬂectance in the green spectral region is shown in
Figure 6 for each sample. As expected, the spin transition is
shifted toward lower temperatures, and the hysteresis width
decreases for increasing Zn substitution (Table 2). Such metal
dilution eﬀects are well-known and widely used by the spin
crossover community to tune and investigate spin transition
properties (see, for example, refs 1, 2, and 32−35). A short

Figure 5. 57Fe Mössbauer spectra of samples S1−S3 recorded in the
LS state.

report on the Zn dilution of the title compound, wherein a
similarthough somewhat less pronouncedshift of the spin
transition was previously reported for a 20% Zn doping.36 The
downshift of the spin transition upon Zn doping can be
explained by the fact that the ionic radius of the Zn2+ ion (96
pm) is much closer to the ionic radius of Fe2+ ions in the HS
state (92 pm) than in the LS state (75 pm);37 i.e., the LS lattice
is destabilized due to the misﬁt of the Zn ions. On the other
hand, the hysteresis in SCO compounds is known to occur due
to the elastic interactions between the SCO centers. Since the
Zn dilution leads to a decrease of the concentration of the
SCO-active iron ions, the cooperativity of the system decreases,
which is reﬂected by the shrinking of the hysteresis as well as by
an increasingly gradual transition.1,2,32−38
3.2. Zn Substitution Eﬀects on Charge Transport and
Dielectric Properties. Broadband dielectric spectroscopy
provides access to a wide range of electrical properties. In
particular, the complex conductivity σ*(ω,T) and its frequency
and temperature dependences give important information
about the charge transport mechanism. The frequency
dependence of the real part, σ′(ω), of the complex conductivity
is reported in Figure 7a−c for each compound at diﬀerent

Table 1. 57Fe Mössbauer Parameters of the Spectra Shown in
Figure 5a
sample

δ (mm/s)

ΔEQ (mm/s)

Γ/2 (mm/s)

S1
S2
S3

0.412(1)
0.451(2)
0.45(1)

0.270(1)
0.289(3)
0.31(2)

0.161(1)
0.155(3)
0.19(2)

a

The spectrum analysis was performed by assuming a single low-spin
ferrous species and Lorentzian line shapes. δ, isomer shift vs α-Fe at
room temperature; ΔEQ, quadrupole splitting; Γ/2, half-width at halfmaximum.

Figure 7. Frequency dependence of the ac conductivity at diﬀerent
temperatures in the heating (red open symbols) and cooling (blue
ﬁlled symbols) modes for samples S1 (a), S2 (b), and S3 (c).
Characteristic conductivity spectra in the LS state (red symbols) and
HS state (blue symbols) for each sample (d).

Figure 6. Temperature dependence of the optical reﬂectance at 543
nm for samples S1−S3 presenting hysteresis loops between the
heating and cooling modes.

Table 2. Spin Transition Temperatures of the Samples S1−
S3 in the Cooling and Heating Cycles and the
Corresponding Hysteresis Loop Widths from Optical
Reﬂectivity and Direct Current Conductivity
T1/2↓ (K)
sample

opt reﬂ

S1
S2
S3

340
324
312

a

a

dc cond
348
324
314

T1/2↑ (K)
b

ΔT (K)

opt reﬂ

dc cond

opt reﬂ

dc cond

385
336
320

377
331
320

45
12
8

29
7
6

Optical reﬂectivity. bDirect current conductivity.

temperatures both in the heating and cooling branches. The
shape of the dispersion curves and the sample conductivity are
strongly dependent on the spin state and the Zn dilution. For
S1 the frequency dispersion of the electrical conductivity is
strongly dependent on the spin state and temperature (Figure
7a), in good agreement with our previous reports on the pure
complex.10,11 The conductivity σ′(ω) shows, at all temperatures, a typical low-frequency plateau, characteristic of a
nonlocalized or a long-range charge carrier mobility. Above the
crossover frequency, ωc, the conductivity σ′(ω) increases with
increasing frequency, obeying a power law. In other words, the
ac conductivity spectra follow Jonscher’s power law39
⎡
⎛ ω ⎞n ⎤
σ ′(ω) = σdc + Aωn = σdc⎢1 + ⎜ ⎟ ⎥
⎢⎣
⎝ ωc ⎠ ⎥⎦

(1)

where σdc is the dc conductivity; ωc is the crossover frequency
from the dc to the dispersive region, representing the hopping
frequency of charge carriers; A is a temperature- and frequencydependent parameter; and n is an exponent dependent on both
frequency and temperature in the range 0 < n ≤ 1. This
behavior is characteristic of the charge transport in disordered
materials and was interpreted by Jonscher39 as a universal
dynamic response (UDR). For S2 and S3, the plateau at low
frequency is strongly reduced and the dispersion of the ac
conductivity shifts to lower frequency, i.e., ωc decreases (Figure
7b,c), in agreement with the more insulating character of the
diluted samples. Indeed, the conductivity σ′ of the samples at
10−2 Hz (dc regime) and at 293 K (LS state) is ca. 10−10 S cm−1
for S1, 10−13 S cm−1 for S2, and 10−16 S cm−1 for S3. This huge
decrease in conductivity upon Zn substitution is observed in
the whole investigated frequency and temperature range, i.e., in
both spin states and conductivity regimes (ac and dc).
The thermal dependence of the real part of conductivity at
ﬁxed frequencies (Figure 8) shows a thermally activated

where σ0′ is the pre-exponential factor and Eσ is the activation
energy of the conduction process. For the three samples, the
diﬀerent values of Eσ obtained from the Arrhenius ﬁt in the LS
and HS states at diﬀerent frequencies are reported in Figure 9.

Figure 9. Frequency dependence of the conductivity activation energy
for samples S1−S3 in the two spin states.

Figure 8. Temperature dependence of the ac conductivity for samples
S1−S3 at low (a, c, e), and high frequencies (b, d, f).

behavior, as well as a hysteresis loop, the width of which is
strongly dependent on the Zn dilution level. Upon increasing
the Zn fraction, the conductivity hysteresis loops become
narrower, in reasonably good agreement with the optical
reﬂectivity measurements (Table 2). At the LS−HS transition
the conductivity drops by 2 orders of magnitude for S1, 1 order
of magnitude for S2, and less than 1 order of magnitude for S3.
In other words, the LS state is more conductive than the HS
state in each sample, but the Zn substitution attenuates the
conductivity diﬀerence between the two states. The activation
energies of the conductivity were extracted at diﬀerent
frequencies using the Arrhenius law (see Figure S4, Supporting
Information):

⎛ E ⎞
σ ′ = σ0′exp⎜− σ ⎟
⎝ kBT ⎠

(2)

Even if the quality of the ﬁt becomes rather low for samples S2
and S3, we can draw several important conclusions. First, the
activation energy in the LS state is systematically lower than in
the HS state. Second, the Zn dilution does not inﬂuence
considerably the activation barriers of the conductivity. The
activation energy has no frequency dependence below the
cutoﬀ frequency (ωc), but it decreases strongly for higher
frequencies in each sample and in both spin states. The
frequency at which the activation energy varies decreases upon
increasing the percentage of the Zn dilution. This observation is
in good agreement with the decrease of ωc with the dilution.
We have also extracted the values of ωc and n by a nonlinear
ﬁtting procedure using eq 1 for each sample and each
temperature. The temperature dependence of these two
parameters are reported in Figures S5 and S6 in the Supporting
Information. In these ﬁgures we observe the same hysteretic
behavior related to the spin transition phenomenon. There is a
clear decrease of the power law exponent n when going from
the LS to the HS state, but no clear correlation exists with the
Zn dilution; at room temperature (LS state) the values of n fall
between 0.5 and 0.6 for each sample. The thermal variation of
the hopping frequency ωc brings more information about the
charge transport mechanism in the samples. Most importantly,
the hopping frequency decreases very signiﬁcantly with the Zn
dilution. In the LS state we found the hopping frequency to be
138 s−1 for S1, 0.12 s−1 for S2, and 0.01 s−1 for S3.
Furthermore, ωc is always higher in the LS state, but its
variation is decreasing with increasing amount of Zn impurities.
Overall, the behavior of ωc shows a clear correlation with that

of the conductivity σ′. We can thus suggest that the strong
decrease of the conductivity with the Zn dilution as well as by
the LS to HS transition is primarily governed by the decrease of
the hopping frequency.
The dispersion behavior of the electrical conductivity in the
frequency domain can also be interpreted in terms of
conductivity relaxation time using the electric modulus, M* =
1/ε*, representation.40,41 In the M* representation, a relaxation
peak is observed for the conductivity process in the frequency
spectra of the imaginary part M″ of the complex electric
modulus M*. The frequency spectrum of the electrical modulus
can be related to the mobility of the charge carriers.40−44 In
particular, the broad relaxation peak, which is often seen in the
M″ vs ω curves, represents the separation between long-range
(or nonlocalized) and short-range (localized) conduction.
Figure 10 shows the frequency response of the electric modulus

M * = M′ + iM″ = M∞ −

(M∞ − M 0)
*)α ]β
[1 + (iωτM

(3)

where M∞ = 1/ε∞ and M0 = 1/ε0 are the limiting low- and
high-frequency moduli, τM is a mean characteristic relaxation
time related to the peak frequency ωM, while α and β are
fractional shape parameters (0 < α, β < 1). The inverse of the
maximum peak frequency of the M″ spectra represents the time
scale of the transition from the long-range to short-range
mobility and is deﬁned as the characteristic conduction
relaxation time (τM = 1/ωM). The temperature dependence
of the relaxation peak frequencies is shown in Figure 10. For
each sample, we can observe the hysteresis associated with the
spin transition due to a decrease of ωM when going from the LS
to the HS state, even if this variation is attenuated for increasing
Zn doping level. One can note also that the relaxation
frequencies for the same temperature and same spin state
decrease drastically when Zn impurities are inserted. In the LS
state the values of ωM1 and ωM1 are 5 × 102 s−1 and 4 × 104 s−1
for sample S1, 4.5 × 10−1 s−1 and 2.7 × 101 s−1 for sample S2,
and 8 × 10−2 s−1 and 2.3 × 101 s−1 for sample S3.
It is tempting to correlate in a more quantitative manner the
thermal behavior of ωM, ωc, and σdc, which are all thermally
activated and show qualitatively similar evolution both with the
spin transition and Zn dilution. Indeed, the temperature
dependence of both ωM and ωc obeys an Arrhenius law that can
be described by the following equations

⎛ E ⎞
ωc = ω0h exp⎜ − h ⎟
⎝ kBT ⎠

(4)

⎛ E ⎞
E h = ω0M exp⎜ − M ⎟
⎝ kBT ⎠

(5)

involving Eh, ω0h and EM, ω0M as activation parameters,
respectively. We could obtain satisfactory ﬁts for all kinds of
activation parameters only for sample S1 (Table 3). For this
compound, the activation energies extracted from electric
modulus analysis agree with the values of dc conductivity and
hopping frequency activation energies. In other words, similar
energy barriers are involved both in the relaxation and
conducting processes and it can therefore be assumed that
these diﬀerent representations of charge transport are
equivalent. This conclusion is also supported by the very
similar values obtained for the frequency pre-exponential
factors (ω0h, ω0M1, and ω0M2). When comparing the spinstate dependence of activation parameters there is an obvious
decrease of the activation energy when going from the HS to
the LS state, while the spin-state dependence of the preexponential factors is less obvious. On the other hand, the
activation energies (in a given spin state) are very similar in the
pure and Zn-diluted samples (see Figure 9). The dramatic

Figure 10. Frequency dependence of the loss modulus in the LS and
HS states for samples S1 (a), S2 (b), and S3 (c). Temperature
dependence of the two deconvoluted relaxation peak frequencies for
samples S1 (d), S2 (e), and S3 (f).

at selected temperatures. It is important to notice that the
spectra for each sample clearly present two overlapping peaks,
which we have ﬁtted using the Havriliak−Negami (HN)
empirical equation:44

Table 3. Activation Parameters for Sample S1 in the HS and LS States Obtained from Arrhenius Dependence of the Direct
Current Conductivity, the Hopping Frequency (ωc), and the Loss Peak Frequency (ωM) in the Heating (↑) and Cooling (↓)
Modes
spin state
HS
LS

Eσ (eV)
0.61↑
0.61↓
0.51↑
0.48↓

σ0 (S cm‑1)
1
1
6
1

×
×
×
×

−2

10
10−2
10−2
10−2

Eh (eV)
0.59↑
0.58↓
0.56↑
0.53↓

ω0h(s‑1)
2
1
3
1

×
×
×
×

10

10
1010
1011
1011

EM1 (eV)
0.67↑
0.64↓
0.47↑
0.45↓

ω0M1 (s‑1)
2
3
4
7

×
×
×
×

11

10
1010
1010
109

EM2 (eV)
0.59↑
0.58↓
0.57↑
0.53↓

ω0M2 (s‑1)
2
1
5
1

×
×
×
×

1010
1010
1011
1011

decrease of σdc, ωM, and ωc with the dilution cannot be thus
related to a change of the activation barriers. We suggest,
therefore, that these changes are related either to a decrease of
the charge carrier density (number of iron centers) and/or to a
change of the hopping distance and the associated active
phonon modes.

4. CONCLUSIONS
Electrical properties of a Zn-diluted series of the
[Fe1−xZnx(Htrz)2(trz)](BF4) spin crossover compound were
studied by broadband dielectric spectroscopy in a large
frequency and temperature range. This study represents the
ﬁrst investigation of the inﬂuence of substitution of the “active”
Fe centers by “inactive” Zn ions on the charge transport
properties of a spin crossover compound. The metal
substitution was found to be homogeneous, and the obtained
compounds appeared closely isostructural. The iron ions kept
their spin transition properties in the diluted samples, but as
expected, a loss of cooperativity and a shift of the spin
transition toward lower temperatures were observed with
increasing the iron dilution by zinc. We have demonstrated that
spin crossover phenomena can be detected through the
temperature dependence of ac conductivity and dielectric
loss, and we show that virtually all material-dependent electrical
parameters, such as electrical conductivity, electric modulus,
cutoﬀ frequency, relaxation peak frequency, display a spin-state
dependence. In particular, we have shown that the spin
transition from the LS to the HS state led to a systematic
decrease of the electrical conductivities and carrier hopping
frequencies, which were related to the higher values of the
activation energy in the HS state. The Zn substitution of active
iron centers does not change the activation barriers but leads to
an important decrease of the charge carrier hopping
frequencies, which is reﬂected by the drop of the electrical
conductivity by ca. 6 orders of magnitude (for x = 0.43). Taking
into account the close structural and morphological similarity of
the pure and Zn-diluted samples, these results indicate that the
ferrous ions with open 3d6 electronic shell directly participate in
the charge transport process, in contrast to the Zn(II) ions,
which have a closed 3d10 shell.
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