
This document is confidential and is proprietary to the American Chemical Society and its authors. Do not 
copy or disclose without written permission. If you have received this item in error, notify the sender and 
delete all copies.

Magnetoelectric coupling springing up in molecular 
ferroelectric: [N(C2H5)3CH3][FeCl4]

Journal: Inorganic Chemistry

Manuscript ID Draft

Manuscript Type: Article

Date Submitted by the 
Author: n/a

Complete List of Authors: Burazer, Sanja; Institut Ruđer Bošković
Popovic, Jasminka; Institut Ruder Boskovic, Division for Materials Physics
Jaglicic, Zvonko; Instituta za matematiko fiziko in mehaniko, Dep. of 
Physics
Jagodic, Marko; Instituta za matematiko fiziko in mehaniko, 
Šantić, Ana; Institut Ruđer Bošković Zavod za kemiju materijala
Altomare, Angela; Bari, Istituto di Cristallografia - Sede di
Cuocci, Corrado; Universita degli Studi di Bari Aldo Moro, Istituto di 
Cristallografia (IC-CNR)
Corriero, Nicola; Institute of Crystallography National Research Council
Vrankic, Martina; Institut Ruder Boskovic, 

 

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry



1

Magnetoelectric coupling springing up in molecular 

ferroelectric: [N(C2H5)3CH3][FeCl4]

Sanja Burazer,a Jasminka Popović,a,b Zvonko Jagličić,c,d Marko Jagodič,c Ana Šantić,e 

Angela Altomare,f Corrado Cuocci,f Nicola Corriero f and Martina Vrankić a,b,*

a Division of Materials Physics, Ruđer Bošković Institute, Bijenička 54, 10000 Zagreb, 

Croatia.

b Center of Excellence for Advanced Materials and Sensing Devices, Ruđer Bošković 

Institute, Bijenička 54, 10000 Zagreb.

c Institute of Mathematics, Physics and Mechanics, Jadranska 19, 1000 Ljubljana, 

Slovenia.

Page 1 of 38

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2

d Faculty of Civil and Geodetic Engineering, University of Ljubljana, Jamova cesta 2, 

1000 Ljubljana, Slovenia.

e Division of Materials Chemistry, Ruđer Bošković Institute, Bijenička 54, 10000 Zagreb, 

Croatia.

f Institute of Crystallography-CNR, via Amendola 122/o, 70126 Bari, Italy.

Keywords: improper ferroelectric, paraelectric−to−ferroelectric phase transition, dielectric 

permittivity, magnetoelectric coupling, symmetry-breaking, structure determination, 

Rietveld refinement

Abstract

A molecule-based ferroelectric triethylmethylammonium tetrachloroferrate(III) 

([N(C2H5)3CH3][FeCl4]) powder was designed as multifunctional material exhibiting 

excellent multiple bistability. Prepared by slow evaporation method at room temperature, 

the compound crystallizes in the non-centrosymmetric assembly of hexagonal symmetry 
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(P63mc space group) which undergoes a reversible temperature-triggered phase 

transition pinpointed at 363 K to the centrosymmetric packing within P63/mmc space 

group. Aside from the inseparable role of the symmetry-breaking process smoothly 

unveiled from the X-ray powder diffraction data, a striking change in the dielectric 

permittivity observed during the paraelectric − to − ferroelectric phase transition directly 

discloses the bistable dielectric behavior − an exceptionally high increase in the dielectric 

permittivity of about 360 % at 100 kHz across the heating and cooling cycles is a direct 

proof showing the highly desirable stimuli-responsive electric ordering in this improper 

ferroelectric architecture. Due to the magnetically modulated physical properties resulting 

in the coupling of magnetic and electric orderings, the flexible assembly of 

[N(C2H5)3CH3][FeCl4] could be used to boost the design and development of novel 

magnetoelectric devices.

1. INTRODUCTION
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4

Targeted quest for high-performance materials that integrate the advantages of 

organic and inorganic components assembled within a single-phase molecular system 

has triggered many researches to steer upon establishing the reproducible synthetic 

protocols to prepare molecular ferroelectrics with multiple bistabilities. The versatility of 

these molecular systems reflects in rich physical properties such as pyroelectricity, 

piezoelectricity and nonlinear optical activity.1 In particular, the unprecedented novel 

characteristics of such organic-inorganic hybrid structures that tunably combine 

magnetism of metal ions with organic ferroelectricity2-7 arising from the reversible phase 

transitions and switchable dielectric functionalities springed up by the order-disorder 

motions of molecular structures, play an important role in design of novel electrically 

controlled spintronic and optoelectronic devices8-10. Ultimately, the existence of the cross-

coupling between magnetic and ferroelectric order parameters, manifesting through the 

magnetoelectric (ME) responses, resulted in quite a few well-designed key examples, 

proving a direct interlink between rich ME phenomena and a range of practical 

applications.5,11-18 The first organic−inorganic hybrid material with multiple bistable 

characteristics was reported by the Xiong group who successfully prepared 

Page 4 of 38

ACS Paragon Plus Environment

Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

triethylmethylammonium tetrabromoferrate(III) ([N(C2H5)3CH3][FeBr4]).5 This potential 

molecular multiferroic exhibiting attractive physical properties shows a strong coupling 

between ferroelectric and magnetic anomalies when approaching phase transition (at Tc 

= 360 K) that is accompanied by the symmetry-breaking. Different molecular dynamics of 

the polar triethylmethylammonium cation, closely related to the observed phase transition, 

are one of the main factors driving the phase transition process and the switchable 

dielectric property of [N(C2H5)3CH3][FeBr4]. Intensive research on this rapidly booming 

field, done by the same research group, resulted in the discovery of imidazolium 

periodate, (Im)IO4, as a new improper molecular ferroelectric undergoing a paraelectric−

to − ferroelectric phase transition at Tc = 310 K with a large thermal hysteresis loop 

bistability.19 However, besides the rational synthesis of molecular ferroelectrics with 

controllable ME properties, one of the critical obstacles still challenging researchers is 

how to single out the molecular ferroelectrics from the numerous crystalline materials. 

One of the pivotal features certainly is related to the relationship between the symmetry-

breaking during the phase transition and resulting functional properties, thus highlighting 

a mandatory role of structural investigations in the course of ME response tailoring.
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6

Enlightened by the above-referenced examples, we deliver the novel molecular 

ferroelectric, triethylmethylammonium tetrachloroferrate(III) ([N(C2H5)3CH3][FeCl4]) by 

capturing the unique physical functionalities through temperature-triggered X-ray powder 

diffraction (XRPD), electrical and magnetic measurements. A reversible paraelectric−to−

ferroelectric phase transition of the title molecular assembly at ~363 K accompanied by 

the symmetry-breaking process, switchable dielectric behavior and the presence of 

coupled magnetic and electric ordering undoubtedly corroborates that 

[N(C2H5)3CH3][FeCl4] is a new and prosperous member of the bistable molecular 

ferroelectrics’ family bolstering the future design of ME elements. In this regard, our 

results that highlight the outstanding progressive increase of dielectric permittivity above 

Tc = 363 K for ~360 % at 100 kHz and symmetry-breaking process tackled through the 

crystallographic information extracted from solely XRPD data, rank this molecular 

ferroelectric ahead its structural analogue [N(C2H5)3CH3][FeBr4]5.
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7

2. EXPERIMENTAL SECTION

2.1. Synthetic procedures. All the chemicals were of reagent grade and were used without 

any further purification. Triethylmethylammonium tetrachloroferrate(III) 

([N(C2H5)3CH3][FeCl4]) was prepared by mixing aqueous solutions of anhydrous iron(Ill) 

chloride (FeCl3; Fischer Chemical, 97% purity, 0.32 g, 2 mmol) and 

triethylmethylammonium chloride ((C2H5)3N(Cl)CH3·H2O; TCI Chemicals, 97% purity, 

0.30 g, 2 mmol). The solution was left stirring at RT for 2 h and filtered afterward. 

Irregularly shaped, fragile single crystals of a dark yellow color started to appear from the 

solution of salt within 2 weeks of slow evaporation at RT. Several single crystals were 

removed from the supernatant, washed with methanol and dried at RT, while the rest of 

the precipitates were ground into a fine yellow powder.

2.2. X-ray powder diffraction. XRPD measurements were performed on the finely 

grounded powder to reveal the structural features due to the encountered obstacles while 

trying to obtain a good quality single-crystal. The XRPD data at room temperature (RT) 

were collected in reflection mode with monochromated CuKα radiation (λ = 1.54056 Å) 

on a Bruker D8 Advance Bragg−Brentano diffractometer using a step size of 0.013° in 
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the 2θ range between 10° and 60°. Crystal structure determination of 

[N(C2H5)3CH3][FeCl4] at RT was performed using direct-space simulated-annealing 

approaches within the EXPO software20 followed by the Rietveld refinement using the 

GSAS suite21,22.

The XRPD patterns at high temperature were measured using a Philips PW1880 

diffractometer having a high-temperature (HT) attachment and a proportional detector, 

and utilizing monochromatic CuKα X-ray source (λ = 1.54056 Å). The temperature 

program was initiated at RT and diffractograms were collected at the 363 K within two 

cycles. After the first heating cycle, the sample was cooled down to 295 K and a new scan 

was collected to ensure the reversibility of observations. Indexing and space group 

determination of the HT XRPD pattern were performed using the EXPO software20. The 

Le Bail intensity extraction applied to the HT phase was completed using the X'Pert 

HighScore Plus 4.1 program23.

2.3. Dielectric measurements. The complex dielectric permittivity was measured by 

impedance spectroscopy (Novocontrol Alpha-N dielectric analyzer) at 100 kHz and 600 

kHz in heating from RT to 403 K and subsequent cooling down to RT. For the electrical 
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contact, the gold electrodes of 4 mm in diameter were sputtered onto both sides of the 

powder pressed pellets using the SC7620 Sputter Coater (Quorum Technologies).

2.4. Magnetic characterizations. The magnetic susceptibilities of [N(C2H5)3CH3][FeCl4] 

powder and single-crystal samples were studied between 2 K and 390 K in the magnetic 

field of H = 500 Oe and the magnetization was measured at several constant 

temperatures between H =  50 kOe with a Quantum Design MPMS-XL-5 SQUID 

magnetometer. The measured data were corrected for a sample holder contribution and 

a temperature-independent Larmor diamagnetism of the core electrons obtained from the 

Pascal's tables24.

3. RESULTS AND DISCUSSION

3.1. Structural features. The resulting dark yellow polycrystals had a single phase XRPD 

pattern at ambient temperature. Indexing of the powder pattern using N-TREOR0920 led 

to plausible hexagonal symmetry with initial lattice parameters a = 8.1224(6) Å and c = 

13.1569(16) Å having a total volume of 751.72(12) Å3 and Z = 2. The space group was 

determined as polar, non-centrosymmetric P63mc of a 6mm point group ( , Laue 𝑪𝟒
𝟔𝒗
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10

symmetry: 6/mmm), with symmetry elements analogues to those of ferroelectric 

[N(C2H5)3CH3][FeBr4]5 reported by Cai et al. The clear lack of the spatial-inversion 

symmetry present herein is generally a first sharp-cut premise useful in predicting the 

physical features of ferroelectrics.25,26 The starting model for the simulated-annealing 

optimization was built up using an ethylmethylammonium fragment without any 

substitution of hydrogen atoms on carbon atoms and a Fe–Cl fragment, modeled as a 

rigid body with 11 degrees of freedom. The organic part of the building block was taken 

out from the C11H38B18CoNO structure reported by Petrina et al.27 while the inorganic 

fragment originated from the FeCl2 structure published by Vettier et al.28.

In the final step, obtained structural model was refined by the Rietveld method with 

excellent agreement between observed and calculated profiles achieved for the title 

compound at 293 K (a = 8.12781(10) Å, c = 13.16766(24) Å, V = 753.33(2) Å3, Rwp = 

2.13 %, Rp = 1.32 %) (Figure 1a). The final structural parameters for the hexagonal 

[N(C2H5)3CH3][FeCl4] phase at ambient temperature are summarized in Table 1, along 

with the reliability factors confirming the validity of the refinement. The refinement 

procedure included a refinement of background parameters, zero shift, lattice parameters 
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a and c, atomic position parameters, and temperature factors for all present atoms. 

Background parameters were refined using the Chebyschev polynomial function of the 

first kind with 8 coefficients. Diffraction-line profile parameters were refined employing a 

multi-term Simpson’s rule integration described by Howard29 and Thompson et al.30. The 

rigid body constraints were applied on both, organic and inorganic molecular fragments 

during the structure refinement.

The hexagonal crystal structure of [N(C2H5)3CH3][FeCl4] at RT is illustrated in Figures 1b, 

c and d. The asymmetric unit depicted in Figure 1b features triethylmethylammonium 

cation ([N(C2H5)3CH3]+) and tetrachloroferrate anion ([FeCl4]−) that both lie on the 

hexagonal axis, alike as for the isostructural ferroelectrics [N(C2H5)3CH3][FeBr4]5 and 

[N(C2H5)4][FeCl4]31. The nitrogen atom N1 and carbon atom C1 are located on the 

threefold symmetry axis, while the carbon atoms C2 and C3 are aligned along the mirror 

planes and are arranged in the way that they form a trigonal pyramidal shape about N1. 

Tetragonal distortion is present in the [FeCI4]- anion as one deviates from the perfect 

tetrahedral symmetry; Fe1 and one chlorine atom Cl2 are placed on sites of 3m symmetry, 

while other three linked chlorine atoms Cl1 lie on the mirror planes. Additionally, the Fe–
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Cl bond lengths elongated to 2.180(5) Å and 2.209(7) Å, respectively, are close to values 

reported by Evans et al. for isostructural [N(C2H5)4][FeCl4]31 single crystal. However, 

these length elongations are not accompanied by the regular tetrahedral Cl−Fe−Cl bond 

angles but adopt slightly distorted values of 112.71(19)° and 105.99(22)°, respectively.

Table 1. Summary of resulting structural parameters and reliability factors for the 

[N(C2H5)3CH3][FeCl4] sample obtained from the Rietveld refinement of laboratory XRPD 

data collected at 293 K (λ = 1.54056 Å) with the e.s.d.’s in the parentheses.

Atom Rp(%) Rwp(%) 2 a(Å) b(Å) c(Å) Wyck.
position

symmetry Uiso (Å2)   

Fe1 1.0000000 1.0000000 0.5703(5) 2a 3m 0.010(3)
Cl1 1.14883(32) 0.85117(32) 0.6160(7) 6c m 0.015(3)
Cl2 1.0000000 1.0000000 0.4026180 2a 3m 0.018(6)
N1 1.32 2.13 0.72 1.3333000 0.6667000 0.3223(12) 2b 3m 0.13(2)
C1 1.3333000 0.6667000 0.2061(12) 2b 3m 0.05(2)
C2 1.1902(19) 0.5951(9) 0.3793(12) 6c m 0.10(1)
C3 1.0001(12) 0.5000(9) 0.3628(12) 6c m 0.079(9)

Molecular dimensions in anion and cation (Å,°)
Fe1–Cl1    2.180(5)
Fe1–Cl2    2.209(7)

Cl1–Fe1–Cl1    112.71(19)
Cl1–Fe1–Cl2    105.99(22)

N1–C1    1.53008(3)
N1–C2    1.256(11)

C1–N1–C2    126.7(4)
C2–N1–C2    88.0(5)
N1–C2–C2    46.04(26)
N1–C2–C2    46.01(26)
N1–C2–C3    134.1(4)

C2–C2    1.745(23)
C2–C3    1.35562(2)

C2–C2–C2    60.0(0)
C2–C2–C3    148.725(0)
C2–C2–C3    148.757(0)

R-factors defined according to those described within the GSAS manual21.
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13

Namely, a similar tetrahedral distortion was also found in the [AsPh4][FeCl4]32 and 

[(CH3)4P][FeCl4]33 materials. In the crystal lattice, the [FeCl4]- is surrounded by six cations, 

showing a typical six-fold symmetry (Figure 2c). The interionic contacts in the crystal of 

[FeCl4]- salt are between halogen atoms, Cl1 and Cl2 and carbon atoms, C2 of methylene 

groups (C) with C2–Cl1 distances of 3.855(16) Å and C2–Cl2 distances of 4.290(7) Å.

Figure 1. (a) Final observed (black crosses) and calculated (red solid line) powder 

diffraction profile for [N(C2H5)3CH3][FeCl4] sample at 293 K as obtained from the Rietveld 

refinement. The lower blue solid line in a shows the difference profiles and the purple tick 

marks show the reflection positions. (b) and (c) Molecular coordination environments, and 

(d) overview of molecular packing of [N(C2H5)3CH3][FeCl4] at RT viewed along c-axis with 

hydrogen atoms omitted. Prepared using VESTA 3.33
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A reversible, temperature-triggered structural transition from RT to HT phase was 

observed from the XRPD patterns during successive heating-cooling cycles in the range 

of 293 K and 363 K (Figure 2). The powder patterns collected at 293 K and 295 K showed 

Bragg reflections of the solely ferroelectric phase. 

However, HT data obtained during the heating cycle exhibit some differences. 

Namely, above 363 K, only several sharp new reflections were observed, similar to those 

appearing above 368 K for the reported HT phase of [N(C2H5)3CH3][FeBr4]5. Such a sharp 

decrease in the number of diffraction peaks is clearly an indication of a transition from the 

low symmetry to the high symmetry phase.5,34 As opposed to the difficulty in obtaining the 

crystal structure in the paraelectric phase addressed for [N(C2H5)3CH3][FeBr4]5, a good 

crystallinity of the HT phase of [N(C2H5)3CH3][FeCl4] powder resulted in extracting the 

crystallographic information from the XRPD data. The HT powder pattern of 

[N(C2H5)3CH3][FeCl4] was indexed in hexagonal crystal system with the lattice 

parameters a = 8.520(2) Å, c = 7.333(1) Å, and V = 461.1(6) Å3 featuring a nonpolar, 
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centrosymmetric P63/mmc space group of a 6/mmm point group ( , Laue symmetry: 𝑫𝟒
𝟔𝒉

6/mmm), having a spatial inversion symmetry.

Figure 2. Reversible, temperature-induced structural transition from the non-

centrosymmetric (s. g. P63mc) to centrosymmetric (s. g. P63/mmc) phase observed from 

the XRPD patterns in the range of 293 K and 363 K.

Consequently, the symmetry-breaking belongs to one of the 18 uniaxial ferroelectric 

phase transitions and occurs with an Aizu notation of 6/mmmF6mm (Scheme 1).
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Scheme 1. Equatorial plane projection of point groups 6/mmm ( ) in the paraelectric 𝑫𝟒
𝟔𝒉

phase and 6mm ( ) in the ferroelectric phase during the symmetry-breaking from HT 𝑪𝟒
𝟔𝒗

phase to low-temperature (LT) phase.

This confirms that the phase transition of [N(C2H5)3CH3][FeCl4] belongs to the ferroelectric 

type35. Such a result of reversible phase transitions due to the crystal symmetry 

transforming from paraelectric space group P63/mmc at 363 K to ferroelectric space group 

P63mc at 296 K and 295 K, respectively, implies a group-subgroup relationship between 

the paraelectric and ferroelectric phases upon temperature-induced structural transition 

by means of a Curie symmetry principle, commonly observed in molecular ferroelectrics.

3.2. Dielectric measurements. It is a well-known fact that if the paraelectric phase belongs 

to the centrosymmetric point groups, the ferroelectrics are reversible, in which the 

direction of the spontaneous polarization can be reversed under the external electric 
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field.1,36,37 In particular, the complex dielectric permittivity is sensitive to the symmetry-

breaking from the paraelectric point group to the ferroelectric one and its temperature 

dependence, being greatly increased near the transition temperature, suggests a change 

in the polarity of crystal structure and is a direct sign of the transition between paraelectric 

and ferroelectric phase. It should be kept in mind that if a compound crystallizes in one of 

the 10 polar point groups at RT, the temperature-dependent complex dielectric permittivity 

should be measured in the temperature range of RT to below the melting point. Therefore, 

the temperature dependence of the complex dielectric permittivity of 

[N(C2H5)3CH3][FeCl4] was measured during heating and cooling modes to detect the 

symmetry-breaking as well as the phase transitions observed from the XRPD patterns. 

The real part of the complex dielectric permittivity, ( ), of [N(C2H5)3CH3][FeCl4] measured 𝜺′

at 100 kHz and 600 kHz in the range from RT and 403 K is shown in Figures 3a and b.
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Figure 3. Temperature dependence of the real part of the complex dielectric permittivity, 

( ), of [N(C2H5)3CH3][FeCl4] at (a) 600 kHz, and (b) 100 kHz in the heating (red lines) and 𝛆′

cooling (blue lines) modes.

At both frequencies, a step-like anomaly in the dielectric permittivity is observed at 

360 K and 345 K during the heating and cooling runs, respectively. The change in the 

dielectric permittivity in such step-like fashion across the phase transition zone is common 

for the improper ferroelectric ordering5,38 and fulfills the requirement of switchable 

dielectrics, distinct from the peak-like ones observed in the proper ferroelectrics. Namely, 
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in the improper ferroelectrics, the polarization is not the driving parameter of the transition, 

but it may arise or change as a consequence of structural changes.38 The typical feature 

of these materials is a change in the number of atoms in the unit cell volume at phase 

transition as evidenced by the HT XRPD experiments in the case of [N(C2H5)3CH3][FeCl4]. 

Indeed, the transition temperature of 360 K is in a good agreement with the structural 

phase transition temperature of 363 K observed in the HT XRPD measurements. At 

temperatures below the phase transition, [N(C2H5)3CH3][FeCl4] sample shows a low value 

of the dielectric permittivity (7.5), whereas above transition the dielectric permittivity 

increases progressively, for about 360 % (at 100 kHz). Notably, the observed increase is 

significantly higher than for the [N(C2H5)3CH3][FeBr4]5 where the authors reported 40 % 

larger dielectric value of the paraelectric phase.

3.3. Magnetic characterizations. Owing to the paramagnetic [FeCl4]− anions in 

[N(C2H5)3CH3][FeCl4], it is reasonable to expect that [N(C2H5)3CH3][FeCl4] might possess 

interesting magnetic properties besides electrical one. The measurements of 

magnetization M as a function of temperature were carried out under an applied direct-

current field of H = 500 Oe to investigate the magnetic properties of [N(C2H5)3CH3][FeCl4] 
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in the temperature range from 2–390 K. The experiment showed that the susceptibility  

= M/H monotonically increases with decreasing temperature as shown in Figure 4a. 

Arguably, an almost constant T value of 4.3 emu K mol-1 above 70 K is a fingerprint of 

paramagnetic behavior. The effective magnetic moment can be calculated from the 

product T as .39 This value corresponds to a high spin Fe(III) ion µ𝒆𝒇𝒇 =  𝟖 𝑻 = 𝟓.𝟗µ𝑩

with quantum spin numbers S = J = 5/2 and zero orbital moment L = 0.40 Below 70 K the 

product T starts to decrease with decreasing temperature which can be attributed to a 

weak antiferromagnetic interaction between Fe(III) ions.41-46 The Curie-Wiess fit  = C/(T-

), for T>70 K (full green line in Figure 5a) gives the Curie constant C = 4.3 emu K mol-1 

in agreement with the HT value of the T, and a negative Curie-Weiss temperature  = -

2.3 K. The obtained Curie-Weiss temperature  enables us to estimate the value of an 

interaction parameter J between the Fe(III) nearest neighbors. Using a mean-field 

approximation47 we obtain J/kB-910-2 cm-1. The indication of the antiferromagnetic 

interaction effective only at low temperatures48-51 can also be deduced from the shape of 

the measured magnetization curves obtained at 2 K, 5 K, and 10 K, and shown in Figure 

4b. For comparison, a theoretical function based on the Brillouin function applicable for 
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the non-interacting magnetic moments with spins S = 5/2 at 2 K is shown as black dashed 

line. The measured magnetization at the same temperature (black squares with the full 

line that serve as an eye guide only) is smaller than the Brillouin function for all magnetic 

fields, while the value in a maximal magnetic field of 50 kOe is close to the expected 

saturation magnetization of 5 µB.

Figure 4. (a) Susceptibility  and product T (inset) as a function of the temperature for 

[N(C2H5)3CH3][FeCl4] powder sample measured in magnetic field up to 500 Oe. (b) 

Magnetization curves at 2 K, 5 K and 10 K for [N(C2H5)3CH3][FeCl4] powder sample. The 
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full green line in a is a fit with the Curie-Weiss law and the black dashed curve in b is a 

theoretical function for the non-interacting S = 5/2 ions at 2 K calculated from the Brillouin 

function.

In Figure 5a the product T is shown on an expanded scale in the HT range. The steep-

like decrease of the T occurs at T(up) = 356 K when temperature increases, while the 

steep-like increase of the product T occurs at T(down) = 340 K on decreasing temperature. 

In both cases, a temperature rate of 0.2 K/min was used. A similar thermal hysteresis has 

been observed in the isostructural [N(C2H5)3CH3][FeBr4]5 between 360 K and 370 K. The 

observed thermal hysteresis confirms a reversible structural transformation and 

accompanies the paraelectric–to–ferroelectric phase transition.

Finally, we search for direct evidence of the ME coupling by measuring the 

influence of the electric field on the measured magnetization of the sample. For this 

purpose, a single-crystal of title compound was used. Electrodes were made by applying 

an electrically conductive silver paste on the opposite faces of the single crystal in such 

a way that the electric field applied along the crystallographic c axis was perpendicular to 
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the direction of the external magnetic field and the measured magnetization. Figure 5b 

shows three thermal hysteresis obtained in an equivalent way as for the powder sample. 

The first one (black curve) is measured with no electric field. The thermal hysteresis is a 

little narrower as for the powder sample with T(up) = 354 K and T(down) = 344 K.

In the next step the electric field of 33 kV/m (50 V on 1.5-mm-wide sample, red 

curve in Figure 5b) and 66 kV/m (100 V on 1.5-mm-wide sample, blue curve in Figure 

5b) was applied during the magnetic measurements in the magnetic field of 500 Oe.
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Figure 5. The product T as a function of the temperature for [N(C2H5)3CH3][FeCl4] (a) 

powder, (b) single-crystal using different applied electric fields. The arrows in a show a 

direction of the temperature change, while in b they show a change of the transition 

temperature T(up) due to the application of electric field.

Despite the increased noise in the presence of an electric field, a shift of both T(up) 

and T(down) for approximately 2 K to lower temperatures was observed for both applied 

electric fields and may be considered as direct evidence of the ME coupling.

4. CONCLUSIONS

The measurements underlying this research included a range of temperature-

induced XRPD, electrical and magnetic studies on a newfangled molecular ferroelectric 

[N(C2H5)3CH3][FeCl4]. The crystal structure of ferroelectric [N(C2H5)3CH3][FeCl4] at 

ambient temperature was determined from the XRPD data, whereas the one of the 

transformed paraelectric phase was successfully indexed in centrosymmetric space 

group of higher symmetry. By deducing the symmetry-breaking from the Curie symmetry 
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principle an Aizu notation of 6/mmmF6mm group was ascribed to the transformation from 

the paraelectric P63/mmc space group at 363 K to the ferroelectric P63mc space group at 

296 K and 295 K, respectively. The temperature dependence of the complex dielectric 

permittivity of [N(C2H5)3CH3][FeCl4] measured during the heating and cooling cycles 

corroborated the symmetry-breaking process as well as the non-centrosymmetric to 

centrosymmetric phase transition approaching Tc = 363 K, as observed from the XRPD 

patterns. Besides lighting up the groundbreaking influence of crystallographic information 

on the structure-property relationship, we ascertain two more things from the above-

discussed results: (1) a step-like shape of the dramatic anomaly at 100 and 600 kHz in 

the dielectric permittivity observed during the heating and cooling runs directly proved the 

bistable dielectric property of [N(C2H5)3CH3][FeCl4], and (2) the presence of the coupled 

magnetic and electric orderings served as a key evidence of the ME response in 

[N(C2H5)3CH3][FeCl4].

The fully-scaled improper ferroelectric [N(C2H5)3CH3][FeCl4], showing an 

exceptionally high increase in the dielectric permittivity of about 360 % at 100 kHz above 
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the ambient temperature and integrating the multiple physical bistability is surely a 

promising candidate with an application in design and development of novel ME devices.

Supporting Information. Further details of the crystal structure investigations may be 

obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen 

(Germany), on quoting the CSD-434157 depository number.  
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SYNOPSIS 

An organic−inorganic material [N(C2H5)3CH3][FeCl4] with multiple bistable characteristics 

was prepared in powder form. Improper ferroelectric architecture of [N(C2H5)3CH3][FeCl4] 

possesses considerable flexibility by joining an outstanding progressive increase of 

dielectric permittivity across temperature-triggered cycles and magnetically modulated 

physical properties resulting in magnetoelectric response. Reversible phase transitions 

due to the crystal symmetry transforming from paraelectric space group P63/mmc at 363 

K to ferroelectric space group P63mc at RT, imply a group-subgroup interlink unveiled 

from the XRPD data.
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