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ABSTRACT: A possible above-room-temperature molec-
ular multiferroic, triethylmethylammonium
tetrabromoferrate(III) (1), has been discovered. Its
ferroelectric and magnetic phase transitions take place at
almost the same temperature (~360 K), resulting in strong
magnetodielectric (MD) coupling, with a MD ratio of 18%
at 0.6 MHz. Interestingly, 1 also undergoes a low-
temperature ferroelectric—ferroelectric phase transition
with an Aizu notation of 6mmF6 and small magnetic and
dielectric anomalies at 171 K.

ultiferroics, a term that refers to materials having two or

three different switchable ferroic orders at the same time,
ie, ferromagnetism, ferroelectricity, and ferroelasticity, have
attracted much research interest due to their potential
applications in memory storage devices, ferroelectric field-effect
transistors, and optoelectronic devices.! On the other hand,
magnetoelectric coupling effects (including magnetodielectric
and magnetocapacitance) may exist whatever the nature of
magnetic and electrical order parameters, and they can occur in
paramagnetic ferroelectrics, which can be thus classified as
multiferroics.’ Arguably, the most studied multiferroics are based
on inorganic oxides, such as perovskite-type BiFeO; and
BiMnO,,>* hexagonal RMnO; (R = rare earth elements),*
TbMn,Os,* and polar polymorphs of ScFeO,° Single-phase
multiferroic materials containing hybrid inorganic—organic
frameworks are even rarer than inorganic oxides. Jain et al.
reported an example of metal—organic frameworks,
[(CH,),NH, Mn(HCOO),, with the perovskite ABXj archi-
tecture, showing ferroelectric and magnetic phase transitions at
185 and 8.4 K, respectively.” Wang et al. discovered a family of
multiferroics based on chiral metal-formate frameworks,
[NH,][M(HCOO), ] (M = Mn, Fe, Co, and Ni), which display
terroelectric orderings within 191—254 K and antiferromagnetic
orderings within 8—30 K.*

Why are there so few multiferroics? From a phenomenological
view, it is because of mutual exclusion between ferroelectricity
and magnetism. For example, most ferroelectrics are insulators,
in which transition metal ions have empty d shells. However,
magnetic materials require transition metal ions with partially
filled d shells.” Therefore, it seems a great challenge to expand the
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Figure 1. (a) Molecular coordination environment and (b) packing
diagram of 1 at 293 K. Hydrogen atoms are omitted for clarity.

limited number of multiferroic compounds to gain detailed
understanding of rich magnetodielectric phenomena and
practical applications. Based on our continuous explorations on
molecule-based ferroelectrics,'® we here present the first
organic—inorganic hybrid multiferroic, triethylmethylammo-
nium tetrabromoferrate(IlI) (1), showing strong coupling
between ferroelectric and magnetic amonalies or magnetodi-
electric coupling above room temperature (RT).

Compound 1 was easily obtained as brown-green block single
crystals from an aqueous solution containing equimolar
Et;NMeCl and FeBr; with excess HBr. It crystallizes in hexagonal
space group P6;mc at 293 K. The cationic part is completely
disordered because the ellipsoid vibrations for all non-hydrogen
atoms are not within a reasonable range. Both the FeBr, ™ anion
and the organic cation lie on a hexagonal axis. The ethyl C1 atom
exhibits disorder over two positions with a site occupancy ratio of
1:1. The methyl C3 atom shows a three-fold disorder, with the
center of the three sites located on a hexagonal axis (Figure 1a). It
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Figure 2. PXRD patterns of 1 showing structure phase transition in the
temperature range 300—383 K. Rietveld refinement by the GSAS
program is shown at the bottom. Black X’s indicate the observed XRD
intensity at room temperature; the red line is the calculated intensity
from the Rietveld refinement; the green line is the difference between
them; and blue I's show the Bragg positions.

is interesting to note that the geometry of the cation looks like a
slightly distorted trigonal pyramid, similar to the anion. In the
crystal lattice, the FeBr,” anion is surrounded by six cations,
showing a typical six-fold symmetry (Figure 1b).

Because it was difficult to obtain a high-temperature (HT)
single-crystal structure of 1, powder X-ray diffraction (PXRD)
experiments were performed at HT to reveal structural changes
(Figure 2). A clear structural phase transition from ferroelectric
(polar space group P65mc) to paraelectric (centrosymmetry) was
observed from the PXRD patterns during the warming process.
Below 366 K, the crystal structures were well refined by the
Rietveld method with a ferroelectric space group of P63mc. At
366 K (pink line), Bragg diffractions of (100), (200), (101),
(102), (110), and (203) planes of the ferroelectric phase were
observed, and three new diffraction peaks at 12.02°, 17.12°, and
24.32° appeared. They belong to a paraelectric phase, indicating
coexistence of the ferroelectric and paraelectric phases at this
temperature. Above 368 K, only diffractions of the paraelectric
phase were observed.

According to the Curie symmetry principle, the paraelectric
space group should be the parent space group of the ferroelectric
phase. For 1, the point group of the ferroelectric phase is Cq,
(Laue group: 6mm), and the point group of the paraelectric
phase should be Dy, (Laue group: 6/mmm), which is in good
agreement with all of the below-mentioned physical properties
measurements.

Interestingly, 1 also undergoes a low-temperature (LT)
ferroelectric—ferroelectric phase transition at ~171 K with a
space group P6; (Aizu notation: 6mmF6), confirmed by
differential scanning calorimetry (DSC) and temperature
dependence of dielectric constant measurements (see SI)."" At
the same time, the temperature dependence of the second
harmonic generation (SHG) effect maintains a non-zero value
and displays a small increasing trend near the LT phase transition
point (171 K), suggesting the choice of space group P6; is
reasonable (see SI).

The HT phase transition of 1 was accompanied by
thermodynamic anomalies demonstrated by DSC and specific
heat measurements. DSC curves (Figure 3) show reversible
phase transitions at 368 and 355 K in the warming and cooling
processes, respectively. A A-type peak was observed at 360 K in
the specific heat measurement (Figure 3b), which is generally the
shape for the first-order phase transition. The phase transition
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Figure 3. Temperature dependence of (a) DSC, (b) specific heat, and
(c) piezoelectric coefficient dy; of 1.

temperature (T.) from the thermodynamic measurements is
consistent with that observed from PXRD. The entropy change
(AS) of the phase transition is estimated from the DSC and heat
capacity data to be 33.7 and 15.5 J K™' mol ™", respectively. From
the Boltzmann equation, AS = RIn N, where N represents the
ratio of possible configurations and R is the gas constant. It is
found that N = 58 and 7, respectively. The large configuration
value indicates an extremely high degree of disorder in the crystal
structure, which originates from the high disorder of three ethyl
groups and one methyl group of the cation.

It is known that all ferroelectrics must have a piezoelectric
effect. The piezoelectric matrix for 6mm point group is given as

0 0 0 0 d,o0
0 0 0 ds0 0
dy dyy diz O 0 O

At RT the piezoelectric coeficient dy; of 1is ~8.0 pC/N, and it is
almost temperature-independent below the T. (Figure 3c).
Above the T, d;; decreases to zero quickly, indicating that the
crystal structure of 1 changes to a centrosymmetric one, i.e., an
occurrence of symmetry breaking with an Aizu notation of 6/
mmmEF6mm, supported by the HT PXRD measurement.

It is well known that, for a ferroelectric phase transition, a
dielectric anomaly is always observed near the T, (Figure 4). A
step-like dielectric anomaly was observed in 1 at 370 and 347 Kin
the warming and cooling processes, respectively. This step-like
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Figure 4. Temperature dependence of the real part of the complex
dielectric constant of 1 at different frequencies with or without magnetic
field. The red and magenta lines and the blue and green lines are
measured during warming and cooling processes, respectively.
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anomaly of the dielectric constant is a unique characteristic of
improper ferroelectrics. According to Landau theory of phase
transition, the order parameter of the phase transition of an
improper ferroelectric is determined not by the polarization but
by another physical quantity. Spontaneous polarization is a
secondary effect in improper ferroelectric transitions. At LT 1 has
a low dielectric constant, and at HT it has a high one. The
dielectric value of the paraelectric phase at 600 kHz is ~40%
larger than that of the ferroelectric phase, which gives it potential
applications as a “dielectric switch”."?
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Figure S. Temperature dependence of the magnetic susceptibility of 1
on the magnetic field along the c-axis (squares) and a-axis (diamond) as
well as in powder sample (triangles) during warming (right) and cooling
(left) processes.

For most multiferroics, the magnetic phase transition
temperature is much lower than the ferroelectric phase transition
temperature, resulting in a weak coupling between magnetic and
ferroelectric orderings. To probe the possibility of a magnetic
phase transition in 1, magnetic measurements were performed
for powder and single-crystal samples with magnetic field parallel
to the a- or c-axis of 1 under a dc field of 1000 Oe (Figure S). A
gradual decrease of the temperature (0.1 K min™") on cooling
afforded a steep increase in the T products with T ,| = 361 K.
In contrast, upon heating (0.1 Kmin™"), the T values decreased
and returned to the initial value with T ,1 = 366 K, affording a 5
K thermal hysteresis. This magnetic feature confirmed a
reversible structural transformation process that involved
transformation between the high-temperature (HT) phase and
the low-temperature (LT) phase. The magnetic susceptibility
along the c-axis is ~1.4% larger than that along the a-axis, which
means the ferroelectric polarization axis is also the easy
magnetization axis.

The calculation for paramagnetic Fe(III) with g=2.00 and S =
5/2 based on the Brillouin function can completely reproduce
the linear M—H trace, with M = 0.131 N at 50 kOe, very close to
the experimental 0.14 Np, suggesting there may be no
antiferromagnetic interaction at RT. As Sato points out, an
abrupt change in the magnetic susceptibility of transition metal
complexes may be attributed to orbital quenching of the angular
momentum, instead of control over their spin state.'* More
importantly, this is the first case in which such a sudden jump in
the magnetic susceptibility above RT has been reported in
molecule-based functional materials, as we are aware that most
molecule-based multiferroic systems occur only at very low
temperatures.'> Interestingly, there are also structural phase
transitions and magnetic phase transitions occurring at the low
temperature of 171 K, but a small magnetic anomaly
accompanies a small dielectric constant anomaly (see SI),
suggesting there may be a very weak magnetodielectric effect.

Magnetoelectric effect in a single-phase crystal is traditionally
described by Landau theory by writing the free energy (G) of the
system in terms of an applied magnetic field (H) and an applied
electric field (E):"

1 1
~G(E, H) = oot B+ o HE + b+ it

1 1
+ SAEHH, + S HEE, + -
The magnetoelectric effect can then be easily established by
differentiating G with respect to E; and H,. Setting E; = 0 and H; =

0, one gets
_ 1 . 1
B = oty + ZhHH + - pM = oy + 2y B+

The simultaneous ferroelectric and magnetic phase transitions
with the same polarization axis indicate that the coupling
between the ferroelectric and magnetic orderings may be very
large. Therefore, the dielectric constant of 1 at 9 T magnetic field
was determined, and the large magnetic and ferroelectric
coupling was confirmed (Figure 6). The dielectric constants at
9 T increase largely, particularly in the paraelectric phase,
compared with those without magnetic field. In the warming
process the transition temperature is almost unchanged.
However, in the cooling process the transition temperatures
for all frequencies at 9 T are ~13.1 K lower than those without
magnetic field. The magnetodielectric ratio is defined as MD =
[e'(oH) — €'(0)]/€'(0). As shown in Figure 6, the MD in the
paraelectric phase is larger than that in the ferroelectric phase.
Around the T, the MD has its maximum value. The largest MD
value is ~18% at 600 kHz, unprecedented in molecular
multiferroic systems. Because there is a spin—lattice coupling,
the resulting magnetodielectric effect should lead to a multi-
ferroic effect.® In contrast, the dielectric constant of
[(CH;),NH,]Mn(HCOO); is nearly unchanged at S T, except
that the transition temperature decreases 10 K under the
magnetic field, indicating the coupling between ferroelectricity
and magnetism is very weak since the magnetic transition
temperature (8.4 K) is much lower than the ferroelectric
temperature (185 K).7
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Figure 6. Temperature dependence of MD effect of 1 in the warming
process.

The observation of a pyroelectric current below the T,
provides definitive and strong evidence of ferroelectricity of 1.
As shown in Figure 7, spontaneous polarization (P;) exhibits a
sharp increase below 367 K, as expected for a ferroelectric phase
transition. A maximum polarization of ~0.9 uC/ cm’ was
obtained, comparable to those of similar ferroelectrics.'"'* The
step-like shape of the dielectric anomaly and the typical shape of

the polarization curve are clear evidence of a ferroelectric
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Figure 7. Temperature dependence of spontaneous polarization and
SHG effect of 1, showing the critical behaviors in the vicinity of the phase
transition temperature. The near overlap of P, and SHG curves at the T,
suggests a good agreement with Landau theory.'%¢

transition. Furthermore, the temperature-dependent second-
order nonlinear optical susceptibility () also displays a step-
like change near the T, suggesting that this phase transition
should be of first order; the abrupt change of ' from zero to a
detectable value firmly testifies that the high-temperature phase
must be centrosymmetric. Thus, the change from a centrosym-
metric to a non-centrosymmetric transition should be related to
the symmetry breaking, in good agreement with the temperature
dependence of the piezoelectric coefficient ds;. The relationship
between P, and ' also abides by the Landau theory equation,
)((2) = 6¢fp' P, where the €) and ' are temperature-independent,
suggesting that the HT phase transition should be of first order
and a paraelectric-to-ferroelectric one.'"”

In conclusion, the combination of disordered cation and
magnetic transition metal ion results in formation of a
magnetodielectric molecule-based functional material above
room temperature. It will open up a new avenue for multiferroic
systems.
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