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We have investigated the structural, magnetic, and dielectric properties of the Pb-based langasite compound
Pb;TeMn;P,0,4 both experimentally and theoretically in light of metal-oxygen covalency, and the consequent
generation of multiferroicity. It is known that the large covalency between Pb 6p and O 2p plays an instrumental
role behind the stereochemical lone pair activity of Pb. The same happens here, but a subtle structural phase
transition above room temperature changes the degree of such lone pair activity and the system becomes
ferroelectric below 310 K. Interestingly, this structural change also modulates the charge densities on different
constituent atoms and consequently the overall magnetic response of the system while maintaining the global
paramagnetism behavior of the compound. This single origin of modulation in polarity and paramagnetism
inherently connects both functionalities and the system exhibits mutiferroicity at room temperature.
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Introduction. The story of stereochemically active cationic
lone pairs, arising due to s-p mixing in a metal assisted by
covalency with the ligand p orbitals and finally driving ferro-
electricity within a polar unit cell, has always been an exciting
point of discussion in condensed matter physics [1]. There is
a sizable number of systems where this mechanism plausibly
works, such as ferroelectric perovskites (PbTiO3;, BiMnOs,
BiFeOs;, SnTiO3, CsPbFj, etc.) [2-7], double perovskites
(szSCTi().5TC()_5O6, szSCSCOA33Te()_6606, szMnWO6) [8,9],
as well as a-PbO [10], SnO, BiOF [11], Bi,WO¢ [12],
BiMn,0Os [13], etc. Among these, systems which also ac-
commodate magnetic cations and the consequent possibility
of multiferroicity draw much enhanced attention. The two
most prominent examples of such multiferroics having sig-
nificant roles of lone pair and covalency are BiFeOs [5,14]
and BiMnOj; [4,15]. Among these, BiFeO3 undergoes a ferro-
electric phase transition with 7o = 1100 K [16] and a G-type
antiferromagnetic transition at a lower temperature (650 K),
accompanied by an incommensurate spin cycloid structure
having a period of 620 A [17,18]. Due to this incommensurate
spatially modulated cycloid spin structure, a linear magne-
toelectric (ME) effect is not observed in BiFeQOjs, however,
the polarization breaks the crystal symmetry and manifests
itself in the appearance of an inhomogeneous ME interaction
(Lifshitz invariant), showing a quadratic dependence of polar-
ization on the magnetic field [19]. On the other hand, BiMnO;

“mssr@iacs.res.in

2469-9950/2020/101(18)/180406(7)

180406-1

is one of the very few multiferroics that is ferroelectric
(~770 K) and ferromagnetic (T = 105 K) [20-22]. In this
case the ferroelectricity has been explained by the presence
of a stereochemically active Bi** 65> lone pair, developing
from the mixing of the Bi 6s and 6p orbitals, activated by
charge transfer from a fully filled anionic orbital to an empty
Bi 6p orbital. As a result, the system becomes structurally
noncentrosymmetric below 770 K [23] and a distinct mag-
netoelectric response of —0.6% is observed at the magnetic
transition temperature [23].

In this context we have explored the rarely studied langa-
sites (A3BC3D;,014), having lone pair bearing Pb>* jons and
3d transition metal (TM) ions within TMOy tetrahedral units.
Tetrahedral coordinations are traditionally more conducive for
a TM-O covalent interaction [24-27], which plays a crucial
role in deciding the degree of lone pair activity of Pb by
manipulating the available electron density on the oxygen,
sharing both TM and Pb connections. In the family of lan-
gasites, C and D site cations remain in tetrahedral coordi-
nation, while B and A sites form octahedral and decahedral
networks, respectively [28-33]. The network of A cations
forms a topologically equivalent kagome lattice from well-
separated planes of corner-sharing triangles [34]. Members of
the langasite family are known to host multiferroism, nonlin-
ear optical, piezoelectric, ferroelectric, and dielectric proper-
ties [29], e.g., Fe-based langasite compounds A;BFe;D;014
(A = Ba, Sr, Ca; B=Ta, Nb, Sb; D = Ge, Si) show frus-
tration driven helical magnetic order, accompanied by a di-
electric anomaly at the onset of a magnetic transition [28,35].
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However, lone pair driven multiferroicity in langasites has yet
to be explored.

Pb;TeMn;P,014 (PTMPO) can become important exactly
in this context where changes in the degree of stereochem-
ical lone pair activity of Pb?>* distorts the general nonpolar
structure into a polar one, causing a shifting of magnetic
Mn/P planes (M-P planes) towards the neighboring Pb/Te
containing planes (P-T plane) in the direction of a positive
c axis. This results in the formation of a stripelike distribu-
tion of pairwise closely placed M-P/P-T planes within the
structure which in turn enhances the covalency as well as
magnetic moments on otherwise nonmagnetic entities such as
Pb>*, Te®", P>+, and O?>~. This structural change brings forth
spontaneous polarization in the system at around ~310 K,
and the synchronous redistribution of magnetic moments on
the ions and shortened relative distances among them affect
the overall paramagnetic state, which gets manifested in a
clear signal of magnetoelectric coupling within the apparent
paramagnetic phase, i.e., far above the long-range magnetic
transition (~7 K) of the system. Such unusual phenomena
have been reported recently [36,37] in spin-chain compounds
and have been explained by the variations of short-range
magnetic correlations within the paramagnetic phase.

Overall, in this Rapid Communication we present a differ-
ent multiferroic with room-temperature magnetoelectric cou-
pling arising from covalency affected stereochemical activity
of a lone pair and coincident changes in the local magnetic
correlations.

Experimental and theoretical details are elaborately pre-
sented in the Supplemental Material [38].

Structure from x-ray diffraction. The structural refinement
of room-temperature x-ray diffraction (XRD) of PTMPO has
been performed by considering the noncentrosymmetric and
polar trigonal space group (P3) (the lattice parameter and
crystal structure are given in Tables S1 and S2 of the Supple-
mental Material [38]), consistent with previous literature re-
ports [29,39]. Temperature-dependent x-ray diffractions have
been collected over a wide temperature range of 5-400 K.
The Rietveld refinements [38] of these collected XRD patterns
have been carried out using the same trigonal space group
P3. Thermal variations of the refined lattice parameters, a,
b, ¢ and unit cell volume are shown in Figs. 1(a)-1(c).
Two anomalies at ~310 and ~120 K are observed in the
temperature-dependent lattice parameters as well as unit cell
volume variations. We performed the 299-K XRD refinement
using both P321 and P3 space groups, as shown in Figs. S1(a)
and S1(b) of the Supplemental Material [38], respectively. It is
clearly evident from the fitting that the higher-symmetry P321
space group could not capture the superlattice peaks in the
low-temperature diffraction pattern [blue ellipse line in Fig.
S1(a) of the Supplemental Material [38]]. On the other hand,
the superlattice peaks have been well reproduced while fitting
using the low-symmetry P3 space group [as indicated in Fig.
S1(b) of the Supplemental Material [38]]. Most importantly,
the room-temperature synchrotron data also are very similar
to our laboratory XRD results, as shown in Figs. S1(d)-S1(f)
of the Supplemental Material [38]. This convincingly affirms
the room-temperature ferroelectric phase (P3) for the studied
sample. It is important to note that the absence of superlattice
peaks in the 400-K XRD refinement [see Fig. S1(c) of the

XRD at 400 K

2244 latice parameter a ’,f ’; Space Group: P321
@) f 8, (d) R =1201, 7= 601
—~ 2242 ¢ 24
o< Vo (%)
— ) /0 =
S 5009 na% e %
22.40 bt = -
2-9-9. | XRD at 299 K
5.336 I ;% latice parameter ¢ ? (e) Space Group: P3
— e o R_=11.69, //=5.68
= m . <
© 5332 % ‘é
q )
1»77' o IR % -
5.328 -
. XRD at 5 K
Volume of unit cell y,,,” ’; ) Space Group: P3
—23226| (©) F's g R, =121.7 =608
?s po-o 0'%5 '09 E‘ i
> 23184 5 ~ g =
o @ =
b = i
0 100 200 300 400 20 40 60 80
T (K) 20 (in degree)

FIG. 1. (a)—(c) Thermal variation of lattice parameters and vol-
ume of unit cell of PTMPO. (d)—(f) are the refined XRD patterns of
400, 299, and 5 K data, respectively. Open black circles represent
the experimental data and the continuous red line represents the
calculated pattern. The blue line represents the difference between
the observed and calculated pattern. The green scattered lines are the
Bragg peak.

Supplemental Material [38]] signifies the higher-symmetric
structure (space group P321) of the sample above 310 K
which is noncentrosymmetric and nonpolar. Therefore, it can
be concluded that above 310 K, the system has a nonpolar
P321 structure (see Tables S1 and S3 of the Supplemental
Material [38]), but the symmetry gets lifted (polar P3) with
cooling and the polar structure only gets further distorted
below 120 K.

Due to this structural phase transition (P321 to P3), the unit
cell becomes larger and all Pb and Mn equilateral triangles
get converted to scalene triangles [see Fig. S1(g) of the
Supplemental Material [38]]. The lower-symmetry P3 space
group is a subgroup of P321, and is achieved by removing the
C, symmetry from P321. This happens when the M-P plane is
shifted towards the P-T plane in the direction of the positive ¢
axis [Figs. 2(a) and 2(b)]. As a result, the Mn-O bond lengths
become shorter, ensuring a larger covalent interaction (see
Table I) and a plausible enhancement of the stereochemical
activity of the Pb>* lone pair. This shift also affects the overall
site symmetry as all the Pb and Mn triangles become scalene,
as shown in Figs. 2(c) and 2(d). This unit cell with lower
symmetry becomes large, containing seven formula units per
unit cell.

Interestingly, these scalene triangles of Pb, Mn, and Te are
found to be connected through systematic 120° rotations (see
Figs. S2 and S3 of the Supplemental Material [38]) and it
may be anticipated that a stereochemically active Pb>* (6s?)
lone pair is responsible for such deformations of the structural
motifs.

However, it is primarily important to confirm the existence
of a stereochemically active Pb>* lone pair at all temperatures,
while the degree may change with structural transitions. If
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FIG. 2. (a) and (b) are the a-c plane of the P321 and P3
structures, respectively. (c¢) and (d) a-b plane of the P321 and P3
structures, respectively.

we divide the Pb-O polyhedron into two spheres (I and II),
the difference between the shortest Pb-O distances of the two
spheres (AE7) provides a measure of the asymmetry, degree
of delocalization, and lone pair activity. The other notable pa-
rameter in this regard is AE,, which is the difference between
the shortest Pb-O distance in the polyhedron of PTMPO and
the known shortest Pb-O distance in compounds containing
these elements. A large value of AE| and smaller value of AE,
attribute higher stereochemical activity to the ns? lone pair [5].
Here, to estimate AE,, we considered the minimal distance
dppr o (2.40 A) from Pb, V501, [5]. Thus the values of AE;
turn out to be 0.44 and 0.36 A while AE, are —0.04 and
0.06 A for P3 and P321 space groups, respectively, indicating
a higher degree of stereochemical activity of the Pb?* lone
pair in the P3 structure of PTMPO, which is in line with the
existing results of BiFeO3; compounds [5].

Theoretical calculations. We have carried out density func-
tional theory (DFT) [38] calculations in order to assess the
covalency effect which is important for the stereochemical

TABLE II. Magnetic moment of PTMPO compounds in pz.

Space group Mn Pb Te P (6]
P321 4.632 0.008 0.034 0.009 0.021
P3 4.602 0.012 0.038 0.013 0.023

activity of the Pb lone pair. Since the goal of our first-
principles calculation is to reveal the covalency effect between
different cations and oxygen and the effect of the structural
transition on it, the analysis of the electron structure was
carried out on spin-polarized calculations. The antiferromag-
netic structure, which is the ground-state magnetic structure,
is complex and leads to the cancellation of the covalency
effect due to the opposite alignment of spins, as ascertained
in the vanishing moment of oxygen compared to its finite
value in the fully spin-polarized calculation (see Table II). The
calculations have been carried out both for nonpolar (high-
temperature P321) and polar (low-temperature P3) structures
and the detailed density of states (DOS) is shown in Figs. 3(a)
and 3(d), respectively. The stereochemical activity of lone
pair active ions such as Bi** or Pb** within oxide structures
has been argued to originate from the hybridization between
6s, 6p orbitals at the Bi/Pb site and 2p orbitals at the O site.
The degree of stereochemical activity is thus crucially depen-
dent on the energy level positions of these states, especially
the position of 6p. The 6p-2p hybridization turns out to be the
governing factor in giving rise to directionality of the lone pair
and driving the off-centric movement [1]. Comparing between
the projected DOS of PTMPO at high-temperature nonpolar
(P321) and low-temperature polar (P3) phases we observe a
marked change in the position of Pb 6p, where it is closer to O
2p by about 1.5 eV in the low-temperature phase, compared to
that in the high-temperature phase, suggestive of an enhanced
interaction between Pb 6s-O 2p antibonding orbitals with the
empty Pb 6p orbital [1]. This has been quantitatively con-
firmed from our crystal orbital Hamilton population (COHP)
[38] calculation where the integrated COHP (ICOHP) values
have been found to become double for the Pb-O connectivity
while going from the P321 to P3 structure (see Fig. S4 and
Table S4 in the Supplemental Material [38]). Such an effect
should obviously enhance the degree of Pb lone pair activity
in the compound at lower temperature. Interestingly, in the
langasite structures, this also affects the energy position of
the orbitals and electron density on Te because Pb and Te
share a common oxygen. This effect is clearly reflected in the
projected DOS, which shows Te 5p to be closer to oxygen
2p by 1 eV in the low-temperature phase compared to that in
the high-temperature phase. As a result of this, there evolves
an off-centric movement of an otherwise nominally Te®* ion

TABLE I. Bond lengths of P321 and P3 structures.

Bond length of shorter site A)
(P3 space group)

Bond length A) Bond length of longer site A)
(P321 space group) (P3 space group)
Mn-O = 2.01 Mn-O = 2.11

O-Pb = 2.35 O-Pb =2.46

O-Te =1.93 O-Te = 1.97

Mn-O =191
O-Pb =2.33
O-Te = 1.83
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FIG. 3. (a)—(c) Partial DOS, electron localization function within a unit cell (the isosurfaces are visualized for a value of 0.3), and Pbyg
hexagon and TeOg octahedra of the P321 structure of PTMPO, respectively. (d)—(f) Partial DOS, electron localization function within a unit
cell (the isosurfaces are visualized for a value of 0.3), and Pbg hexagon and TeOg octahedra of the P321 structure, respectively.

with two well-defined coordination shells of neighboring oxy-
gen atoms in the low-temperature phase [see Fig. 3(f)], while
at high temperature the off-centric movement of Te vanishes
with only one coordination shell of neighboring oxygen atoms
[see Fig. 3(c)]. Thus, clearly, dipoles are created within the
system.

On top of it, the elemental magnetic moment possesses
a noticeable change in the polar structure relative to the
high-temperature nonpolar structure, in line with the stronger
covalency effect of the polar structure (see Table II). The
charge density distribution in the two structures indicates that
there could be one more dipole moment center that might
be created in the polar structure (P3) other than the polar
geometry of TeOg octahedra. The stereochemically active lone

pairs of Pb>* (ns?) in a Pb-Pb hexagon do not show any net
polarization due to the equal length of the Pb-Pb distance
in the P321 phase, as shown in Fig. 3(c), while in the polar
structure, the Pbg hexagon creates a net dipole moment along
the negative b direction with respect to the center of mass, as
shown in Fig. 3(f). As the Pbs hexagon and TeOg octahedra
possess dipole moments along the negative b and negative ¢
directions, respectively, a net dipole moment within a single
Pbg motif (where Te and Pb are present in the a-b plane) is
generated along the b-c plane.

Dielectric measurements. All the results shown above are
indicative of realizing a ferroelectric phase at room tem-
perature in PTMPO, which is next checked by dielectric
measurements. The temperature dependences of the real part
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FIG. 4. (a) and (b) Temperature dependence of the real part
of dielectric constant &’/&y and tan§ loss data of PTMPO at dif-
ferent frequencies. (c) Electric-field-dependent polarization (pink
line) and switching current behavior (green line)of PTMPO at room
temperature.

of the dielectric constant (¢'/gg) and dielectric loss (tan §) at
different frequencies (1 kHz—1 MHz) in the temperature range
of 5-400 K are shown in Figs. 4(a) and 4(b). A glasslike phase
transition (frequency dependent) near 120 K and another
frequency-independent anomaly near 315 K appear in the
data. Clearly, the anomaly near 315 K appears due to the
structural phase transition from the high-temperature nonpolar
phase P321 to the low-temperature polar phase P3. Further,
the polarization (P) with a varying electric field (E) at room
temperature (298 K) has been measured, as indicated in
Fig. 4(c), where a clear P-E loop with saturation and rem-
nant polarization of 0.83 and 0.3 ©C/cm?, respectively, are
observed at room temperature. Such a square loop along with
sharp peaks in the switching current density (J) versus electric
field (E) curve at room temperature [Fig. 4(c), light cyan
shaded region] clearly confirm the existence of ferroelectric
ordering in the sample at room temperature.

Magnetism, heat capacity, and magnetodielectric. Next, we
focus on the magnetic properties of the compound. Zero-field-
cooled (ZFC), field-cooled-cooling (FCC), and field-cooled-
heating (FCH) magnetizations at 500, 5000, and 10000 Oe
were measured in the temperature range of 2—400 K, as shown
in Fig. 5(a). A clear antiferromagnetic transition around 7Ty =
7 K is observed in all the ZFC, FCC, and FCH curves,
consistent with previous studies [29,30].

Interestingly, an unexpected effect is seen in the magnetic
susceptibility at high temperature around the nonpolar to polar
structural phase transition. A wide and thin hysteresis between
the FCC and FCH data is observed around room temperature
along with a distinct feature in the FCH curve [Fig. 5(b)].
Such behavior is reminiscent of a first-order phase transition
which is unusual for a purely paramagnetic state. In order
to reconfirm, we have repeatedly measured the M-T data
of different batches of samples in different instruments and
obtained the same result, confirming the robustness of the
observation. It has been discussed earlier that the shift of the
M-P plane towards the P-T plane at the phase transition affects
the local covalency, effective moments on all the atoms (see
Tables I and IT), and probably the local magnetic correlations
as well. It is likely that the local magnetic interaction gets
affected quite substantially even though the system continues
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FIG. 5. (a) M-T at 500, 5000, and 10 000 Oe of PTMPO. Open
red, solid red triangle, and solid red circle represent the ZFC, FCC,
and FCH of 500 Oe data. Open green, solid green triangle, and solid
green circle represent the ZFC, FCC, and FCH of 5000 Oe data. Open
blue, solid blue triangle, and solid blue circle represent the ZFC,
FCC, and FCH of 10 000 Oe data. The inset of (a) shows the heat
capacity data at low temperature. (b) The red curve and blue curve
are the FCC and FCH at 10 000 Oe data. The inset of (b) shows the
heat capacity data at high temperature. (c) Temperature-dependent
dielectric constant with zero field and 9-T field and the inset indicates
the gap between them. (d) Magnetodielectric data at 270 K.

to remain a paramagnet globally. We tend to express the
two different paramagnetic phases as PM-II (polar phase)
and PM-I (nonpolar phase) which must be differing at the
local scale as indicated by the susceptibility data. These
features in magnetic susceptibility are further characterized
by the zero-field heat capacity measurements (C, vs T). A
sharp A-like anomaly, authentication mark of a thermody-
namic phase transition into a long-range magnetic ordering
has been observed near 7 K in the C}, vs T data [shown in the
inset of Fig. 5(a)] which is in agreement with the magnetic
susceptibility data. Interestingly, we observe an anomaly just
above room temperature [see the inset of Fig. 5(b)], which
maps the high-temperature magnetic anomaly (bifurcation in
FCC and FCH) and the structural phase transition.

Further, we study the temperature-dependent dielectric
constant under a 9-T magnetic field, shown in Fig. 5(c)
along with the zero-field data. A significant change is ob-
served between the with field data (H = 9 T) and without
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field data near 270 K, as indicated in the inset to Fig. 5(c),
signifying the presence of magnetoelectric coupling in the
system. This magnetoelectric coupling is further established
from the isothermal magnetoelectric data at 270 K, as shown
in Fig. 5(d). Further, there is no significant change in mag-
netocapacitance with varying magnetic field at 315 K (see
Fig. S5 of the Supplemental Material [38]), signifying the
absence of magnetoelectric coupling above the ferroelectric
phase transition. It can be argued that the structural phase tran-
sition brings forth ferroelectricity in the system below 310 K
as a result of enhanced covalency and lone pair activity which
at the same time affects the magnetism locally (introduction
of the PM-II phase) and ensures a definite coupling between
the two as they originate from the same microscopic effect.
Conclusion. We have reported the results of experimental
and theoretical studies on the Pb-based langasite compound
PTMPO. A clear ferroelectric transition is developed near
310 K. Stronger Mn-O covalent interactions help to redis-
tribute the charges among the other cation-oxygen bonds,
which in turn induces crucial electronic changes, and con-
sequently the individual elemental magnetic moment gets
changed in the system. The Mn-O covalency eventually facil-
itates the lone pair activity within Pb, which further displaces

the magnetic Mn motif in the system. As a result, the system
shows a first-order structural phase transition from P321
to P3 symmetry. The presence of an extra anomaly in the
temperature-dependent XRD and dielectric data (near 120 K)
is indicative of a further structural disruption locally with
decreasing temperature within the trigonal symmetric space
group of PTMPO compound. The phase transition at 310 K
also affects the distribution of moments on the involved atoms
locally, and as a result a finite magnetoelectric coupling is ob-
served near room temperature. Our result not only introduces
another multiferroic system with magnetoelectric coupling
near room temperature, but also indicates other mechanisms
for the development of such functionalities.
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