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In this Letter, a novel mechanism to enhance the magnetoelectric (ME) coupling between electric
polarization and magnetism using the dynamic Jahn-Teller (JT) effect is demonstrated. Electric polarization
of over 100 uC/m? is induced by the magnetic field owing to the second-order ME effect in the
noncentrosymmetric transition metal complex [MnT(taa)]. This appearance of electric polarization does
not require magnetic order in contrast to the linear ME effect in ME multiferroic materials. The value of the
electric polarization is 1 order larger than that induced by the second-order ME effect, which originates
from the p—d hybridization. Our calculation, taking into account the single-ion-type magnetic anisotropy
originating from the spin-orbit interaction and ferrodistortive intermolecular interaction, verifies that the
alignment of the JT distortion by the magnetic field results in the large electric polarization observed. Thus,
our results provide a new method to gain strong ME coupling by tuning the atomic displacement using a

magnetic field.

DOI: 10.1103/PhysRevLett.128.117601

The magnetoelectric (ME) effect has attracted much
attention from the points of view of both fundamental and
applied physics because of its various microscopic mech-
anisms and high potential for application in novel devices
such as voltage-controllable magnetic memories [1,2]. To
enable practical application of the ME effect, it is essential
to strengthen the coupling between the electric polarization
and magnetism. In many spin-driven ferroelectrics, in
which ferroelectricity is induced by the magnetic order,
the coupling occurs by the spin current [3.,4] or p—d
hybridization mechanism [5]. In these mechanisms, charge
polarization because of the hybridization between the p and
d orbitals is modulated by the spin-orbit interaction,
resulting in ME coupling. However, to gain stronger ME
coupling, usage of the electric dipole generated by atomic
displacement is more advantageous than that by the
hybridization of p—d orbitals. In fact, exchange striction,
which causes substantial atomic displacements, is known to
induce a spin-dependent electric polarization that is more
than 1 order of magnitude larger than that induced by the
spin current mechanism [6-9]. In this Letter, we propose a
new method to achieve the strong ME effect by utilizing the
dynamic Jahn-Teller (JT) effect, which efficiently couples
an electric dipole by atomic displacement and spin.

The generation of the linear ME effect requires the
breaking of both space inversion and time reversal sym-
metries. Therefore, ME multiferroic materials, in which the
ferroelectricity and magnetic orders coexist, have been the
main target of research. The effects of the cooperative JT
distortion, which can be a source of ME multiferroicity [10]
or an electronically polar state in a magnetic ordered
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system [11], have been also discussed. However, although
the material is paramagnetic, an electric polarization can be
induced owing to the second-order ME effect when its
crystal symmetry is piezoelectric with no centrosymmetry
[12—19]. The electric polarization P by the second-order
ME effect, which occurs in the absence of magnetic order,
can be expressed as

Pr=piHH;,  (i,j,k=xy or z). (1)

Here, ﬂfj is the second-order ME susceptibility, which is a
third-rank polar tensor, and H is the magnetic field. The
first observation of the P by the second-order ME effect
was reported for the non-centrosymmetric transition metal
complex NiSO, - 6H,O [12]. Importantly, the origin of the
second-order ME effect in NiSO, - 6H,O has been iden-
tified to be the p—d hybridization. The maximum value of
P in this compound is limited to 18 xC/m? [12,16].
Subsequently, the second-order ME effect was observed
in several compounds such as CsCuCl; and HoAl;(BOs),
[15,18,19]. The maximum value of P in the former is
0.4 uC/m?, whereas P ~ 3600 uC/m?, which was sug-
gested to be caused by atomic displacement due to
magnetostriction, was reported for the latter. However,
the JT-driven second-order ME effect has not been iden-
tified yet. This Letter reports and explains it for the first
time.

The transition metal complex [Mn'(taa)] {Hj;taa =
tris[1-(2-azolyl)-2-azabuten-4-ylJamine} with no magnetic
order at any temperature is a 3d* spin-crossover (SCO)

© 2022 American Physical Society
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complex [20-29], which exhibits an abrupt spin conversion
between the high-spin (HS) state with S = 2 and the low-
spin (LS) state with S =1 at Tgco ~ 47 K. [Mn"I(taa)]
belongs to the cubic space group I43d, whose point
group is piezoelectric 43m [20], allowing the occurrence
of the second-order ME effect. An important feature of
[Mn''(taa)] is that the dynamic JT effect appears in its
HS state, reflecting the C; symmetry of the molecule
[22-26,29]. Because the twofold degeneracy of the e,
orbitals remains under the C; symmetry, JT instability
arises in the HS state of [Mn''(taa)], where only one
electron occupies the ¢, orbitals, thereby causing sponta-
neous molecular distortion. Density functional theory
(DFT) calculations have demonstrated molecular elonga-
tion along one of the coordination axes by JT distortion
[23]. Reflecting C3 symmetry, there are three equivalent
directions of molecular elongation. The JT distortion in
[Mn''(taa)] is not ordered but dynamically reorients from
one direction to the others and also generates an electric
dipole. Thus, the dynamic JT effect is accompanied by a
fluctuating electric dipole, which results in paraelectric
behavior in the HS state [22,23]. It is noteworthy that the
JT distortion can couple with a spin via spin-orbit inter-
action [30]. By treating the spin-orbit interaction as a
second order perturbation, the effective spin Hamiltonian
for a Mn'"" ion under the distorted ligand field is expressed
as’H = DS% — E(S% — S%), where Z is along the molecular
elongation axis. From the previous electron spin resonance
(ESR) measurements, D/ kg and E/kp were evaluated to be
—8.49 and 0.72 K, respectively, in the HS state of
[Mn"'(taa)] [29]. A negative D implies that the molecular
elongation due to the JT distortion tends to align parallel to
the spin. Therefore, the alignment of spins by the applied
magnetic field is considered to cause an alignment of
the molecular elongations, resulting in the alignment of the
electric dipoles generated by the JT distortion. From the
paraelectric Curie-Weiss behavior in the dielectric constant
in [Mnl(taa)], it is evaluated that a fluctuating electric
dipole moment of 1.25D is generated by the JT distortion
for a molecule [23]. This value is more than 100 times
larger than the electric polarization induced by the spin
current mechanism for a Mn atom in the representative ME
multiferroic TbMnO; [31]. We consider that the induction
of macroscopic electric polarization owing to the second-
order ME effect is caused by the alignment of these large
electric dipoles by the magnetic field. Thus, we expect a
strong enhancement of the second-order ME effect by the
dynamic JT effect in [Mn'(taa)].

In this Letter, we observed magnetic-field-induced electric
polarization 1 order larger than that of NiSO, - 6H,O in the
HS state of [Mn'"(taa)]. The value of the observed electric
polarization is explained by our calculation, which takes into
account the alignment of the JT distortion by the magnetic
field under the influence of the spin-orbit interaction.

[Mn"(taa)], which belongs to the 43m point group,
has nonzero components of the third-rank polar tensor
e = Pox = Py = P [32]. Therefore, the electric polari-
zation P* induced by the second-order ME effect is
expressed as

P = B(H H, + H,H,) = BH? sin(20).  (2)

Here, z is parallel to [001], and @ is the angle between
the [100] axis and the magnetic field, which is applied in the
(001) plane. To observe P*, we measured the displacement
current induced by the change in P* under rotating magnetic
fields. A single crystal of [Mn'"!(taa)] was prepared using the
method described by Sim and Sinn [20]. The displacement
current was measured in the temperature 7 range of 40 to
80 K in magnetic fields up to 17.5 T by using a KEITHLEY
6517B electrometer. P* was evaluated from the time integral
of the displacement current. A silver paste (Du Pont, 4922N)
was used as the electrode on the sample to measure the
displacement current along the [001]. A magnetic field was
applied to the (001) plane. The sample was rotated in a
magnetic field at 36°/min in the displacement current
measurements.

Figures 1(a) and 1(b) show the field evolution of the
angular dependence of the electric polarization P* at 50 K
and the temperature evolution of the P° in the magnetic
field of 17.5 T, respectively. The sinusoidal angular
dependence of P* with a 180° period was observed, which
is in agreement with Eq. (2). Weak oscillations of the data
with a period of approximately 14°, resulted from inevitable
background signals of the measurement system. This
oscillations appears even in zero magnetic field and thus
is suspected to be due to slight mechanical vibration of the
rotating system. Figures 1(c) and 1(d) show the magnetic
field and temperature dependences, respectively, of P* for
H//[110] (0 =45°). The P* at 50 K increases almost
proportionally to the square of the magnetic field with
p = 0.15240.0015 4C/m? T2, as shown in the inset in
Fig. 1(c). This behavior unambiguously indicates that the
observed P? originates from the second-order ME effect.
As shown in Fig. 1(d), P* increases on cooling and reaches
over 100 uC/m? at 43.7 K. This value is 1 order of
magnitude larger than the maximum polarization in
NiSO, - 6H,O [16]. As the temperature is further
decreased, P* abruptly decreases to almost zero below
43 K, at which [Mn"(taa)] undergoes the SCO transition
to the LS state with no JT effect. Therefore, the observed
P? originates from the electric dipole generated by the JT
effect on the molecule. The temperature dependence of P?
is proportional to (T — @y, )% with the Weiss temperature
Ow = 31.5 +0.25 K, obtained from the fitting of the data
as shown in the dashed curve in Fig. 1(d). Therefore, P* is
enhanced by the ferrodistortive interaction between the
JT-distorted [Mn'"(taa)] molecules. The above results show
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FIG. 1. (a) Field and (b) temperature evolutions of the angular dependence of the electric polarization P*. The former is measured at

50 K and the latter is at 17.5 T. (c) Magnetic field dependence of the P* at 50 K. The inset shows the P* vs y%Hz. The dashed line is a
linear fit with # = 0.152 uC/m? T2. (d) Temperature dependence of the P? at 17.5 T under cooling. The inset shows the temperature
dependence of the dielectric constant ¢, under warming. (e) Angular dependence of the P* at 50 K and 17.5 T. The closed circle and the
black curves are the experimental results. The red, blue, and green solid curves show the calculated results. A constant ¢, = 3.0 is added

to the calculated e,.

that the ME effect in [Mn'"(taa)] is considerably enhanced
owing to the alignment of the JT distortion by the magnetic
field, as expected.

The observed P values are examined by microscopic
calculation, considering the alignment of the JT distortion
by the magnetic field under the influence of the spin-orbit
interaction. Figure 2(a) shows the averaged structure of the
MnN; octahedron in a [Mn'"!(taa)] molecule determined by

N(7)JT ) Cy//111]
elongation

.........

N(7)

[(10\1]}[010]

the x-ray diffraction [20]. The MnN¢ octahedron is drawn
by VESTA 3 [33]. The two equilateral triangles composed
of the N(1) and N(7) atoms are twisted by 50.8° to each
other around the C; axis penetrating the Mn'! ion. As a
result, the directions of the Mn—N(1) and Mn-N(7) bonds
are slightly inclined from the principal axes of the crystal.
Owing to the JT distortion, a pair of the Mn—-N(1) and
Mn-N(7) bonds are elongated, while the remaining four

(d)

3 <P
[010] <Py
"""""""""""" _<.,Dm,1>. o
0 10 20 30 40 50
[100] Magnetic field (T)

FIG. 2. (a) Averaged structure of the MnNg octahedron belonging to the sublattice 1 [33] and the electric dipole py;. (b) A regular
tetrahedron, which represents a 43m point group. The C; axes of the molecules on the sublattices 1—4 are transferred to each other by 4
operations along the principal axes. The magnetic field is applied in the (001) plane. (c) The directions of the principal axes Z; |, (i = I,
II, and III) of the magnetic anisotropy, and the electric dipoles p;; for a molecule belonging to the sublattice 1. (d) Magnetic field
dependence of occupation probability (p; ), calculated for H//[110] at 50 K.
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Mn-N bonds shrink [23], thereby generating an electric
dipole in the molecule. Although the electric dipole has
components both parallel and perpendicular to the molecu-
lar C; axis, only the perpendicular one contributes to the
electric polarization induced by H because the parallel
ones, induced by the three different JT distortions, are the
same as each other and thus are not affected by H.

The unit cell of [Mn'(taa)] contains the 16 molecules, of
which Mn™ ions are located on the 16¢ sites [20,23]. These
16 molecules are grouped into four sublattices, n = 1-4,
whose C; axes align toward the four body diagonal directions
of the cubic unit cell. Reflecting the 43m symmetry, the
directions of the C; axes are transferred to each other by 4
operations along the principal axes. The arrangements of the
molecules in the unit cell can be represented by a regular
tetrahedron with four Mn' ions on its corners, as shown in
Fig. 2(b). When the magnetic dipoles along the [100] are
induced at the each Mn jon by the magnetic field for
H//[100], the magnetic point group of the tetrahedron is
42’m’> without polarity. Therefore, the appearance of P is
prohibited for H//[100]. In contrast, the induction of
P//[001] is allowed for H//[110], as we observed, because
the magnetic point group becomes polar 2’ mnr’.

The symmetry condition indicates that the macroscopic
electric polarization perpendicular to [001] is not induced by
the field in the (001) plane. Therefore, we calculated the
[001] component of the electric polarization P, which is
expressed as P =4N > *_ (pi). Here, N is the total
number of unit cells and (p%) is electric dipole induced
on a molecule belonging to sublattice n = 1-4. Thus, we
first calculated p§ on the sublattice 1, in which the C; axis is
directed along the [111] direction, as shown in Fig. 2(b). The
bond elongations because of the JT distortion cause the
aforementioned single-ion-type magnetic anisotropy with a
negative D term. As shown in Fig. 2(c), the direction of the
principal Z; (i = I, II, or III) axis of the magnetic anisotropy
is considered to be inclined from the principal axes of the
crystal by an angle ¢ around the [111] axis of the unit cell
because of the slight inclination of the Mn—N bonds. Here,
i = L, I, or III represent the three molecular distorted states
by the JT effect. Reflecting the C3 symmetry, the directions
of Z; change by 120° to each other around the [111]
direction. Neglecting the small thombic E term, the spin
Hamiltonian for the ith distorted state is expressed as
Hs;=—gupS -H+DS%i. Here, D/kp =-8.49K, g=2.0
the g factor [29], and up the Bohr magneton.

The ferrodistortive interaction between the molecules, as
indicated by the positive Weiss temperature [22,23], is
represented by a 3-state Potts model Hy = J > i1 7
Here, J < 0 is the ferrodistortive interaction constant, and
the p; ; is the population of the ith state with p; ; = 1 or 0.
Treating the Hy by molecular field approximation, the
occupation probability (p; ) of the ith distorted state is

obtained by (p; 1) = fi1/ > i—imm fi1 With

_pa
=Jpi1) E;

5 1
fig =e " Zekzﬂ'. (3)
a=1

Here, EY, the eigenenergy of the Hg;, a=1-5 five
eigenstates for S = 2, kp the Boltzmann constant. Then,
the electric polarization (p7) along [001] induced by the
magnetic field on the molecule is given as (pj) =
> i—tmm Pi 1 (Pi1), where pi, is the z component of the
electric dipole p, ; perpendicular to the C; axis, induced by
the JT distortion. The p;; lies in a plane comprising two
elongated Mn—N bonds. Thus, the direction of p; ; could be
obtained from the atomic positions of Mn, N(1), and N(7),
as determined by previous x-ray diffraction measurements
[20]. The absolute value of 1.25D of the electric dipole,
obtained from the Curie constant C = 91 K [23], was used
for the calculation. The electric polarization (p3),
(n = 2-4) was also calculated by a similar procedure by
transferring the directions of Z;; and p;; by the 4
operations. The solid curves in Figs. 1(c), 1(d), and 1(e)
show the theoretical total electric polarization P* =
AN >4 (p3), and Fig. 2(d) shows the magnetic field
dependence of the (p; ) for H//[110] at 50 K, numerically
calculated with J = —90 K and ¢ = 6.45°. The values of
the J is evaluated to reproduce the temperature dependence
of the dielectric constant shown in the inset in Fig. 1(d), and
the ¢ is determined so as to explain the magnetic field
dependence of P¢ at 50 K. As shown in Fig. 2(d), the (py;)
dominantly increases with increasing the magnetic field
because the direction of the Z;; is closer to the [110]
compared to these of the Zj; and Zy;;. This result
demonstrates the alignment of the molecular distortion
by magnetic fields. The calculated P* values in Fig. 1
successfully explain the overall results of the experiments,
namely, the magnetic field, temperature, and sinusoidal
angular dependences of P<.

Finally, we discuss a recent report on the appearance of
electric polarization by magnetic field-induced spin cross-
over from the LS to HS state [34,35]. It was suggested that
this electric polarization is induced by the structural tran-
sition to a polar state with the frozen JT electric dipole. In
fact, a large electric polarization parallel to H, prohibited for
the second-order ME effect in the 43m system, was reported.
Thus, the origin of this electric polarization seems to be
different from the second-order ME effect. On the other
hand, the temperature dependence of P* with a finite Weiss
temperature in Fig. 1(d) implies that some second-order
structural phase transition occurs at temperature 7. ~ Oy, =
31.5 K owing to the ferrodistortive intermolecular interac-
tion. The high-field experimental result that the electric
polarization in the field-induced HS state is considerably
decreased below approximately 29 K [34] suggests that the
nonpolar structure is below T'.. Therefore, we consider that
the lowest temperature field-induced HS phase probably
belongs to a nonpolar tetragonal 42m point group.
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In conclusion, the enhancement of the second-order ME
effect owing to the alignment of the dynamic JT distortion
by the magnetic field was observed for the first time. High
flexibility of the dynamic JT distortion, which responds to
the external magnetic field in the paramagnetic state,
enables this enhancement of the ME effect. The electric
polarization reaches 100 uC/m?, which is 1 order of
magnitude larger than what originates from the p—d
hybridization [12,16]. Although this value is smaller than
the electric polarization induced by the spin-driven ferro-
electricity in TbMnO; at ambient pressure, the electric
polarization of 1.6 x 1072 D per Mn™" ion in [Mn"!(taa)] is
larger than that of 1.4 x 1072 D in TbMnOj; [31]. For the
dynamic JT system with stronger spin-orbit interaction and
a denser concentration of magnetic ions, a further increase
in the electric polarization can be expected. Our calculation
demonstrated that because of the coupling between the JT
distortion and the spin via the spin-orbit interaction, the JT
electric dipoles are aligned by the magnetic field, thereby
inducing a large macroscopic electric polarization. This
procedure for enhancing the ME effect can potentially
enable new method for the practical use of the ME effect.
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