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Dielectric relaxation behavior in antiferroelectric
metal organic framework
[(CH3),NH,][Fe"'Fe'(HCOO)¢] single crystalst

A. Sieradzki,*® S. Pawlus,” S. N. Tripathy,” A. Gagor,© A. Ciupa,© M. Maczka® and
M. Paluch®

The fundamental aspects of the relaxation dynamics in niccolite-type, mixed valence metal-organic framework,
multiferroic [(CHz)>NH,][Fe**Fe>*(HCOO)¢] single crystals have been reported using dielectric relaxation
spectroscopy covering eight decades in frequency (1072 < f < 10°) in the temperature range 120 K <
T < 250 K. The compound shows antiferroelectric to paraelectric phase transition near T = 154 K with
the relaxor nature of electric ordering. The temperature dependent dielectric response in modulus repre-
sentation indicates three relaxation processes within the experimental window. The variable range hopping
model of small polarons explains the bulk non-Debye type conductivity relaxation. The fastest relaxation
with activation energy £, = 0.17 eV is related to progressive freezing of the reorientation motions of DMA*
cations. X-ray diffraction data revealed that complete freezing of orientational and translational motions
of DMA* cations occurs well below phase transition temperature. These experimental observations are
fundamentally important for the theoretical explanation of relaxation dynamics in niccolite-type metal-

www.rsc.org/pccp organic frameworks.

Introduction

The quest to design suitable multifunctional materials that display
coexistence of electric and magnetic ordering in a single phase is
an active area of current research.' In this context and among
different classes of multifunctional materials, metal-organic frame-
works (MOFs) with general formula [(CH;),NH,][M(HCOO);]
(where M = Mg, Zn, Mn, Ni, Co, Fe) are promising type-I multi-
ferroic materials which crystallize in a perovskite-like topology.>™®
These materials are drawing remarkable research interest due to
their intriguing fundamental physics and potential applications
in novel multifunctional devices. These compounds show lower
magnetic ordering at 8-36 K (except for Zn and Mg analogues)
compared to electric ordering at 160-270 K.>” In 2011 Fu et al.
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1 Electronic supplementary information (ESI) available: Fig. S1. Temperature
induced changes in the site occupation factor for the B position and the distance
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time. Tables S1-S3: The details concerning the crystal structure refinement and
selected geometry as well as hydrogen-bond parameters. CIF and check CIF files
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reported the dielectric hysteresis loop for dimethylammonium
cobalt formate and confirmed that the low-temperature phases
of the Co-compound and its Mn, Ni and Fe analogues are ferro-
electric.’ Furthermore, experimental investigations indicate that
phase transitions in these compounds are related to the ordering
of dimethylammonium ions (DMA") in the cavities of the frame-
work. Other promising multiferroic MOFs are ammonium metal
formats with general formula [NH,|[M(HCOO);] (where M = Mg,
Zn, Mn, Ni, Co, Fe)."*™"> These compounds crystallize in the chiral
topology with the space group P6,;22 (D¢%)."°"2 They exhibit electric
order at 191-255 K, associated with a decrease of symmetry to P6;
(C6?)."*"* The observation of the good dielectric hysteresis loop
below T, confirmed that the low-temperature structures of these
materials are ferroelectric.™

Recently, heterometallic MOFs of general formula [(CH;),NH, -
[Fe™M"(HCOO)] (M" = Fe, Co, Mn, Mg, Ni, Zn, Cu) were
discovered."®>° These compounds crystallize in the niccolite-like
topology.'®™° Except for the Cu analogue (C2/c space group),> all
of them crystallize in the trigonal space group (P31c)."*™ It is
worth noting that only the mixed-valence [(CHj),NH,][Fe""Fe"-
(HCOO),] (DMFeFe) undergoes an order-disorder phase transition
into an antiferroelectric R3¢ phase at 155 K.'®*° This behavior is
associated with the electronic contribution to the mechanism of
the phase transition."®

We have recently reported the dielectric response of DMFeFe"®
and these measurements revealed significant differences between
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MOFs crystallizing in perovskite- and niccolite-like topology.*®
However, the measurements were performed on a polycrystalline
sample; eventually a deeper analysis of the observed dielectric
anomalies could not be performed. In this paper, we report a
systematic study on the dielectric response of DMFeFe single
crystals in order to understand the electrical conduction and
dielectric relaxation behavior. In addition, the physical natures of
the observed relaxation processes are also presented.

Experimental

Ambient pressure dielectric measurements of the examined
sample were carried out using a Novocontrol analyzer. The
dimensions of the crystals with crystallographic orientation
[100] were of the order of 2 x 1 x 0.7 mm®. For electrical
measurements, the samples was dried and painted with a silver
electrode. The small signal of amplitude 1 V was applied across
the sample. The temperature was controlled by the Novo-
control Quattro system, by using a nitrogen gas cryostat. The
measurements were taken every 1 K over the temperature range
from 130 to 230 K. Temperature stability of the samples was
better than 0.1 K.

The single-crystal X-ray diffraction data were collected in the
temperature range of 100-160 K. The details concerning the
crystal structure refinement and selected geometry as well as
hydrogen-bond parameters are provided in the ESI,} Tables S1-S3.

Results and discussion

The thermal evolutions of dielectric permittivity, ¢’, and loss, ¢”,
at several frequencies for DMFeFe crystals are presented in
Fig. 1. It is observed that ¢ increases monotonically with
decreasing frequency at all the temperatures, which is a charac-
teristic feature of polar dielectric materials. The graph clearly
indicates that dielectric anomaly takes place near T = 154 K.
It has been well established that this anomaly corresponds
to the antiferroelectric to paraelectric phase transition in the
material."® Additionally, the anomaly in the temperature depen-
dence of ¢ in the vicinity of the phase transition temperature
shows strong frequency dispersion. This implies a relaxor nature
of electric ordering in the niccolite-type MOF material. The peak
maximum  shifts towards the high temperature side with the
increase in frequency and ¢'(7) spectra merge at high temperatures
near 7 = 190 K. The magnitude of the permittivity value at the
transition temperature decreases with increasing frequency
whereas that of loss follows reverse behavior. Literature reports
of dielectric response for classical relaxor ferroelectric systems
(i.e., PMN-PT, PZT) support these observations.*' In addition, it
has to be emphasized that the relaxor nature of perovskite-type
MOFs has already been reported by Tian et al.

The transition from the antiferroelectric to paraelectric state
is also clearly observed in frequency dependent dielectric
permittivity and loss spectra (see Fig. 2). Inspection of the
spectra shows existence of a marked relaxation process visible
in the high frequency range below T'= 163 K. The maximum of
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Fig. 1 Temperature dependence of dielectric permittivity (upper panel)
and dielectric loss (lower panel) for selected frequencies. The vertical

dashed line indicates phase transition temperature. Inset: temperature
dependence of the inverse permittivity for two frequencies.

this process shifts to lower frequencies upon cooling. It should
be emphasized that its amplitude starts decreasing in a close
vicinity of the phase transition temperature and becomes
about half order of magnitude lower for temperatures below
T. (Fig. 2b). However, during phase transition the shape of the
process changes slightly from Debye-like above 154 K to slightly
non-Debye below this temperature, i.e., it can be described by
the Kohlraush-Williams-Watts process with exponent Syww =
0.9. The same temperature effect on this relaxation process can
also be observed for electric modulus representation (Fig. 2c).
Moreover, for this representation an additional process
becomes evident in the low frequency region that also shifts
to lower frequencies with decreasing temperature. Contrary to
the faster relaxation, this slower process is not sensitive to
phase transition. As presented in Fig. 3a, this relaxation is
directly related to dc-conductivity of the material and it is
possible to estimate conductivity relaxation times directly from
electric modulus representation. Close inspection of the spectra
presented in Fig. 3a reveals that the slope of the dc-conductivity
part in the ¢’( f) dependence is lower than —1, the value typical
for ionic conductivity. It can also be noticed that conductivity
relaxation in the M"( f) spectrum is markedly wider than the
Debye relaxation. Both findings indicate that conductivity in
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Fig. 2 Frequency dependence of (a) dielectric permittivity, (b) dielectric
loss and (c) imaginary part of the complex electric modulus in the
temperature range from 248 K to 123 K. The inset focuses on loss spectra
in the vicinity of the phase transition.

the examined material has a different nature than simple ionic
conductivity. Possible sources of this process will be discussed in
further part of this section.

Fig. 3b presents comparison of the dielectric loss and
modulus spectra recorded at 210 K. Close inspection of these
data reveals that for both representations an additional, inter-
mediate process between dc-conductivity and fast relaxation
exists. This process is located close to the conductivity one and,
due to its low amplitude, remains strongly overlapped by the
conductivity part. For these reasons “intermediate’” relaxation
is observed as a change of power law dependence of ¢’( f) or
M'( f) at a high frequency wing of the dc-conductivity process.
Due to the strong overlapping with the conductivity parts, it is
difficult to estimate its shape and relaxation time.

The most reliable estimation of relaxation times for all
processes was possible by separate fitting of the two regions
of the dielectric spectra. The high frequency/low temperature
fast relaxation was parameterized using the Cole-Cole functions
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Fig. 3 (a) Comparison of the ¢’ spectra with M" and M” spectra measurements
at 230 K. The straight line represents slope equal —1 ionic conductivity. Dashed
curves represent the Debye process. (b) The ¢’ and M” spectra collected at

210 K. Dashed curves represent (as guide for the eyes) the “intermediate”
relaxation process masked by the conductivity part.

Aépast
& (f) = éoo + ———=————7, where 7 and A¢ denote the relaxa-
(f) 1 + (znlf'EZfast)

tion time and strength, respectively, and ¢, is the high-
frequency contribution. In the case of the electric modulus,
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two Cole-Cole functions were used due to existence of the
additional process from the slowest conductivity relaxation at
M( f) spectra. Furthermore, dc-conductivity part of the loss
spectra was parameterized according to the electrodynamics
relation ¢’( f) = gqacléo f ~° where s is the exponent describing
departure from simple ionic temperature behavior with s = —1.

Using the information from fits, we have constructed the
relaxation map of the examined material by plotting the relaxa-
tion time 7 function of 10%/T. This relaxation map mirrors the
dynamic properties of the system and the central feature of our
investigation. The relaxation map (Fig. 4) clearly indicates that
the thermal activation of slowest conductivity 7, relaxation
spans through four decades in frequency. The 7, (7) depen-
dence exhibited a clear convex curvature ie., neither the
classical Arrhenius nor the VFT-type behavior. Despite the
curvature, it can be modeled in the first approximation using

the Arrhenius relation 7 = 1, exp( A ), where 1., kg and E,

kBT
denote relaxation time at the high temperature limit, Boltzmann
constant and activation energy, respectively. It is evident that
the experimental data fitted to Arrhenius law is fulfilled with E, =
0.37 eV and the characteristic time 7, & 10~° s. This behavior has
been described for several single crystals as evidence for the
actuation of the small polaron hopping mechanism with a
gradual decrease in electron-lattice coupling. The resolute convex
curvature indicates a temperature dependent activation energy
of 7,(7). Eventually, it is expected that activation energy,

P
E, =KT (TZ) , is governed by the dimensionality (p) of con-
0

duction. The exponent value is equal to p = 1/4 for the three
dimensional case of the conductivity process assuming a
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disordered crystal structure often observed in ABO;-type materials.
It is known that several perovskite manganites exhibit electric
conductivity described in terms of the variable range hopping

To\ 4
(VRH) model t(T) = 19 exp (70> , where T, is related to the

disorder energy which corresponds to variation in the local
environment of the crystal lattice sites participating in the hopping
process of the small polaron.”” The present experimental data are
satisfactorily explained by the VRH model with T, = 1.15 x 10"° K,
which confirms small polaron hopping. Comparing both
Arrhenius dependence and VRH behavior, it can be concluded
that both extrapolated theoretical loci deviate from each other
approximately near phase transition temperature. This is a
tentative indication on the sensitivity of conductivity relaxation
time to phase transition temperature. The contribution of
conduction (electrons or holes or protons) to dielectric polar-
ization has been studied in many systems for both single
crystals and polycrystalline ceramics.>>** Our experimental
data show high magnitude of permittivity below f = 10 kHz
throughout the temperature range of investigation (Fig. 2). It is
expected that polarization can be greatly amplified by the
interaction of the electrons, created by vacancies and the
dielectric relaxation process. Under these circumstances, even
at low concentration of the dipoles, the system could display a
very high value of permittivity. In the investigated material,
conductivity relaxation initiates from the contribution of the
combination effect of electrical ordering of DMA" cations in
the framework, which couple with the conducting electrons.
Therefore, an important role of the mixed ionic-polaronic
conductivity mechanism is probable for this magnitude of
activation energy of the slowest process, since it includes the
charge carriers generated from the vacancies. As can be seen,
above transition point 7. = 154 K nearly a Debye like conduc-
tivity relaxation feature is evident and relaxation frequency is
proportional to (T — T.) near T.. The relaxation time bends
upward far above T =~ 190 K, showing ‘“classical” critical
slowing of the characteristic relaxation frequency in the neigh-
borhood of T. in the paraelectric phase. Very similar dielectric
behaviors are observed due to the critical slowing-down of
typical order-disorder-type ferroelectrics such as dimethyl-
ammonium cobalt formate and NaNO,.’

It is important to note that the slowest process related to
conductivity represents the bulk process in the crystal. The
intermediate process appears as a shoulder to the slowest
relaxation for both modulus and dielectric loss representation.
Again, it is well known that the maxima in M”’( f) spectra are
dominated by components with the smallest capacitance. The
experimental data show that the capacitance corresponding
to the bulk process is reasonably smaller than the shoulder (see
Fig. 2). It is also important to note that the intermediate
relaxation is almost temperature independent. The origin of
this weak relaxation process is not clear. Since X-ray diffraction
data discussed below show that DMA"® cations exhibit easy
movements along the trigonal 3-fold axis, it might be related
to slowing down of these movements upon cooling.

Phys. Chem. Chem. Phys., 2016, 18, 8462-8467 | 8465
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The fastest process, emerging at low temperatures, also exhibits
an activation type of dynamics but with lower magnitude of
activation energy than dc-conductivity relaxation, ie., E,
0.17 eV and 1, = 10~ > s. This process appears both in ¢’( f) and
M'( f) representations as well as develops the relaxation peak for
temperatures lower than 163 K. It indicates the dipolar nature of
the relaxation process. The physical nature and mechanism of this
relaxation process in the examined material are attributed to the
reorientational motion of DMA" cations in the structure.

Indeed, previous dielectric studies of perovskite formate,
DMNaFe, showed that the relaxation time of the fastest process
related to reorientational motions of DMA" cations also has a
Debye shape with = 107> s at 166 K and E, = 0.28 eV.>® These
data also showed a decrease of T upon heating.>® Fast relaxation
time of about 10~ s for the process related DMA" cation was
also reported for (CHj),NH,Al(SO,),-6H,0.>° Note that this
relaxation time is comparable to that observed in our DMFeFe
crystals. The presented discussion indicates that the fast low-
temperature relaxation is most likely related to progressive
freezing of the reorientation motions of DMA" cations. It should
be emphasized that a shorter relaxation time found at the same
temperatures for DMFeFe niccolite, when compared to DMNaFe
perovskite, can be attributed to significant differences in the
crystal structure of both structural types. Namely DMA" cations
have more space for motions in the niccolite structure due to the
larger size of the cavities occupied by these cations and weaker
bonding to the anionic framework via hydrogen bonds, when
compared to the perovskite structure. As a result, these ions can
exhibit faster reorientational motions in the niccolite structure and
smaller activation energy is necessary to activate such motions.>®

Additionally, the detailed analysis of the DMFeFe crystal
structure reveals that the DMA" disorder in both phases has a
more complex character than that previously reported. Fig. 5
illustrates the ordering of the template ions in the 160-100 K
range. In the paraelectric phase DMA" cations may adopt at
least six different orientation states with equal probability
(s.0.f. = 1/6). Splitting of the C and N positions through the
..2 axis and elongation of the carbon thermal ellipsoids at 160 K
in the ¢ direction indicate easy movements of counter-ions
along the trigonal 3-fold axis. A similar behavior of DMA"
has been reported for DMMgFe.'® After phase transition the
orientational disorder is lost but DMA" ions still show disorder
related to movement along the 3-fold axis. As a result, the
number of possible states is reduced to three, except that two of
them are symmetry related (A and A’ in Fig. 5). At 100 K the
occupancy of the A and B positions is equal to 0.27(1) and
0.45(1), respectively. In each position the NH, groups are
involved in N-H---O hydrogen bonds of similar strength with
the anionic framework, Table S3 (ESIt). The decrease of dis-
placement parameters with decreasing temperature together
with a slight change of the occupancy factors between A and B
sites (see Fig. S1, ESIt), may signify switching between the
available A and B or A’ and B states, at least near phase
transition temperature. The dynamical disorder evolves into a
statistical one with a decrease in temperature and the latter one
is preserved down to the helium temperatures. The model of
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Fig. 5 Ordering of DMA" cations. (a) Dynamical disorder in the P3lc
paraelectric phase (160 K) and possible positions in the R3c antiferro-
electric phase (150 K, 100 K). (b) DMA* at 40 K from ref. 18 and hydrogen
bond interactions at 100 K. A and B denote symmetry independent states.

the DMFeFe crystal structure from the neutron diffraction data
collected at 40 K,"® based on the only one orientation state of
DMA", displays essentially elongated C and N displacement
parameters indicating disorder which is not resolved. It is
worth adding that although X-ray diffraction data reveal loss
of the orientational disorder below T, previously reported
IR data showed that broadening of the p(NH,) mode due to
disorder processes became negligible only below about 100 K."°
This behavior indicated that DMA" cations retain some degree
of orientational and translational freedom down to about
100 K, ie., the complete freezing-in of these cations occurs
well below T.. A similar behavior was reported also for
[(CH3),NH,|[M(HCOO);] and [(CH3),ND,][M(HCOO);] perovskites
(M = Mn, Ni).?

The most intriguing fact emerging from the activation plot
presented in Fig. 4 is, however, the absence of any sign of phase
transition at 154 K in the temperature dependence of the
relaxation times of the fastest process. This transition was
shown to be related to ordering of DMA" cations below T,
due to slowing down of their reorientational motions upon
cooling and freezing of these motions at low temperatures.'®
Our dielectric data show that this transition is reflected by a
marked change of the amplitude of the low temperature
relaxation and their broadening, as was mentioned above,
and one could expect that also the rate of this process will
change during the transition. Surprisingly, inverse T depen-
dence of the relaxation times related to this process remains
smooth and continuous in the both phases (see Fig. 4). It is
well-known that the value of E, for the reorientational motions
of organic cations confined by the host framework depends,
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among others, on the strength of hydrogen bonding and ionic
interactions between the cation and the anionic framework.?”
The lack of any noticeable change in the E, on going from
the high-temperature to low-temperature phase of DMFeFe
indicates, therefore, very similar confinement of DMA" in both
phases. Indeed, X-ray diffraction data reveal a very weak change
of the unit cell volume due to the phase transition and small
strengthening of hydrogen bonding in the low-temperature
phase. It is worth adding that the lack of change in E, during
phase transitions was previously reported also for [NH;(CH,),NH;}-
[Co(HCOO);] niccolite-type formate.*®

Conclusions

On the basis of dielectric data which provide the direct access
to the dynamic features of relaxation and conduction, collected
for the examined sample, we have drawn the following conclusions.

(1) Complex modulus spectroscopy is an appropriate repre-
sentation of dielectric data to understand the key features
of conductivity relaxation and provide the potential connec-
tion to understand the microscopic origin of the processes.

(2) The examined sample showed the relaxor nature of electric
ordering with transition temperature T = 154 K.

(3) The temperature dependent bulk conductivity relaxation
with non-exponential nature is evidenced by variable range
hopping of small polarons.

(4) The magnitude of activation energy for the fastest process
is related to the orientational motion of DMA",

(5) Detailed X-ray diffraction data revealed that DMA" cations
retain some degree of orientational and translational
freedom down to about 100 K.
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