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Pyroelectric current and field-dependent specific heat measurements on polycrystalline samples of the quadruple per-
ovskite (LaMn3)Mny 015 give evidence of ferroelectricity driven by the canted antiferromagnetic ordering of the B-site
Mn?** ions at Ty, 5=78 K with record large remnant electric polarization up to 0.56 ;C cm™2. X-ray diffraction mea-
surements indicate an anomalous behavior of the monoclinic 8 angle at T, g, which suggests that the polarization lies
in the ac-plane, where the moments are collinear, and that symmetric exchange striction is the mechanism of spin-
driven ferroelectricity. Polarization values up to ~3-6 uC cm™2 are expected in single crystals or epitaxial films, which
would enable the development of practical multiferroic applications.

In the search for multiferroic materials for applications,
magnetic ferroelectrics, where ferroelectricity is induced by
magnetic order, are promising for their inherently strong mag-
netoelectric couplings'. The challenge is to enhance the rem-
nant polarization, which is typically small in these materials,
P ~ 0.1uC cm~2. This has been attributed to the weakness
of the spin-orbit interaction in non-collinear spin structures?,
where P arises from the antisymmetric exchange striction (in-
verse Dzyaloshinskii-Moriya interaction) between neighbour-
ing spins. More promising are collinear spin structures, where
values up to ~10 pC cm™2 are predicted due to the compar-
atively strong symmetric exchange striction®. This prediction
is supported by the large value P ~ 1C cm™2 reached under
pressure in the perovskitelike compound TbMnOsg, character-
ized by a collinear E-structure*. The symmetric exchange
mechanism has been invoked to account for a remarkable P-
enhancement up to 0.27 xC cm~2 in another manganese ox-
ide, (CaMn3)MnsO12 (CMO)>°, with quadruple perovskite
(QP) AALB,O45 structure, characterized by two distinct A’
and B Mn sites’. Though, the role of this mechanism in CMO
remains controversial®® possibly because of a complex inter-
play of incommensurate helicoidal spin structure and charge
and orbital ordering of the Mn3* and Mn** ions!°.

Here we show that (LaMn3)Mn,072' 112 (LMO) is a model
system to investigate the role of symmetric exchange stric-
tion on magnetic ferroelectricity. LMO shares with CMO
a similar QP structure, but exhibits simpler structural and
electronic properties. LMO is a single-valent Mn3* system
with neither charge orderings nor incommensurate structural
modulations'!. The I'm3 cubic structure stable at high tem-
peratures undergoes a monoclinic 72/m distortion at 653 K!2.
The B-site Mn3* ions antiferromagnetically (AFM) order
forming a canted C-type structure at Ty 5=78 K; the A’-sites
Mn3t ions also order AFM at lower temperatures T, 4-=21
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K!''. Here we report on record high electric polarizations
~ 0.51C ¢cm~2 in polycrystalline LMO samples induced by
the magnetic order at Ty, g, so even higher values promising
for applications are expected in single-crystalline samples.

The LMO samples studied in the present work are 4 mm
diameter cylinders synthesized under high-pressure as de-
scribed elsewhere!!. Depending on synthesis conditions, ei-
ther powders or small, <0.5 mm-sized, single crystals are ob-
tained. Powders are typically 95 % pure and contain minor
LaMnOgs and Mn3O,4 impurities. One powder sample was
studied by x-ray diffraction as a function of temperature in
a D8 Bruker diffractometer equipped with a focusing primary
Ge(111) monochromator for Cu K,, radiation and a close-
cycle He cryostat. Pyrocurrent, I,,, measurements were car-
ried out on three 0.2 mm thin disks of sintered powders of the
same batch. The size of the available single crystals was too
small for these measurements. Electrodes were realized by de-
positing a 0.1pum thick Au layer on both sides of the disks by
magnetron sputtering. The disks were cooled in a close-cycle
cryogenic system down to 7,,=100 K, at which a poling field
E, =3-36 kV cm~! was applied for 30 min. At this temper-
ature, the dc resistance of the samples exceeds 1 Gf2, which
ensures their full polarization. We subsequently cooled the
samples down to 15 K, removed the poling field and applied
a short-circuit for 10 min to remove space charges. I, was
then measured upon warming-up the samples up to 150 K at
rates of 2 - 5 K min—!. On the same polycrystalline samples,
we carried out complementary measurements of impedance,
Z(T, f), at frequencies, f, in the 1 kHz - 1 MHz range, us-
ing a commercial LCR-meter combined with a PPMS system,
and of field-dependent specific-heat, C'(T, H), using a 27 re-
laxation method in zero-field cooling by ramping the field up
to H=9 T at constant temperature in the 2-60 K range.

Fig. 1 shows the behavior of the unit cell parameters down
to 9 K. No anomalous behavior is found for any of these
parameters, except for the monoclinic angle, 3, which dis-
plays a kink at T’y g, consistent with previous powder neu-



tron diffraction data'!. This indicates a sizable magnetostric-
tion along the diagonal of the ac-plane. In Fig. 2a, the I,,(T")
results at different heating rates for both positive and negative
E,, show that this distortion is concomitant to the appearance
of ferroelectricity. The I,(T") curves reproducibly exhibit a
pronounced peak near T’y g, which changes sign according to
the polarity of E,, a signature of ferroelectricity induced by
the ordering of the B-site Mn3™ ions. The shift of the I, peak
towards high temperatures with increasing heating rate is due
to a delay in sample thermalization, which explains the differ-
ence between the onset temperature of the peak and Ty p.

7.525 : . . . . 7.385
7,520 -+ # %§ } ; b 17380
- / s *

7.515 *3{. iz. .; t / 17375
=< 50k iﬁ,x i ¥ . qran=
v ?*H?#i% t “

7505 | it ' 37.365

¥ - ]

7500 | a 17360

—e— —o—p
b ¢ l
7.495 - - L . : 17.355
P T X —— 91.40
:TN,A‘ :TN,B i
4165 | ! 4 3
e ¥ i ; J9135
B o 1 * <4
PN 4 _
"< 4155 ’*'Q I {9130
= ;

“apT ' 91.25

4ast | iH ; ]

mao b - - 191.20

0 50 100 150 200 250 300

Temperature [K]

FIG. 1. Temperature dependence of the 72/m unit cell parameters
and volume, V, of (LaMn3)Mn4O12 powders. Note the sudden in-
crease of the 8 angle below the AFM ordering temperature of the
B-sublattice, T'v, g, which indicates a large magnetoelastic coupling.

Above 120 K, one observes a sudden increase of I, a char-
acteristic signature of the leak current of thermally activated
charges since the sign of this current does not change with
polarity of E,. This explanation is consistent with the rapid
drop of sample resistance above this temperature, seen in the
impedance curve, Z(T'), of Fig. 2b. This drop reflects the
previously reported semiconducting behavior of LMO'!. The
dependence of the phase, ¢(T), of Z confirms that, below
T,=100 K, the response of the sample is predominantly ca-
pacitive, i.e. ¢ ~ 90°, thus supporting the reliability of the
I, measurements. The Z data are therefore described by a
parallel RC' equivalent circuit, which enables us to extract the
behavior of the sample capacitance, C(T'), shown in Fig. 2b,
where one notes a kink at T, g. This anomaly corroborates
the scenario of ferroelectricity induced by magnetic order.'?
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FIG. 2. (a): Pyrocurrent, I,,, measured on polycrystalline sample
nr. 1 at different heating rates (see legend) for positive and negative
poling field, £, = £10 kV ecm™*. T, denotes the poling temper-
ature. Note the peak near the AFM ordering at T, =78 K. Inset:
the measured disk of LMO sintered powders covered by a Au layer.
(b): temperature-dependence of the sample capacitance, C, extracted
from the complex-impedance, Z and ¢, data of the inset using a par-
allel RC equivalent circuit (see inset). f denotes the frequency of
the measurements. The C-values are not converted into dielectric
constant owing to the uncertain contribution of the Schottky barrier
created by the Au layer, as discussed in Ref.!*.

Fig. 3 shows the remnant polarization curve, P(T), ob-
tained by integrating the I,,(T") curve of samples nr. 1 and 2
for different poling fields, E,. In the inset, a plot of the low-
temperature (15 K) values of P with E, shows the charac-
teristic dependence expected for ferroelectrics: P first rapidly
increases with £, and then tends to level off at 0.45 yC cm ™2
for the maximum value of poling field used, £,=36 kV cm~!.
At this value, saturation is not yet achieved. To give an es-
timate of the saturation value, P, we fit the data using a
Langevin function and obtain Py = 0.56C cm~2. This value
- which would not change significantly using alternative fit-
ting functions - is a record for polycrystalline samples of mag-
netic ferroelectrics, twice as large as that previously reported
on CMO single crystals®. About 6-10 times larger values are
expected in single crystalline film or bulk samples, as previ-
ously found in other manganese oxides displaying magnetic
ferroelectricity'®. In CMO, for example, for poling fields of 4
kV cm~1!, P-values increase from ~ 0.03uC cm~2 in poly-
crystalline samples® up to 0.28 xC cm~2 in single crystals®.
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FIG. 3. (a): Magnetic susceptibility of a representative LMO single
crystal measured at 100 Oe. Vertical broken lines indicate the AFM
ordering temperatures, Ty, 4+ and Ty, g of the A’- and B-sublattices,
respectively. Inset: detail of the hysteresis behavior showing the
weakly ferromagnetic response of the canted magnetic structure of
LMO. (b): Remnant polarization, P, for different poling fields indi-
cated in the legend and for a heating rate of 4 K/min. The curves are
obtained by integrating the I, curves of polycrystalline samples nr. 1
(3 kV/cm data) and 2 (remaining data). Inset: dependence of P upon
E,. A fit of the experimental points using a Langevin function (red
solid line) yields a saturation value P; = 0.56 xC cm ™2,

To explain the observation of magnetic ferroelectricity, we
investigated the existence of a magnetoelastic coupling by
measuring the effect of a magnetic field H on the specific
heat, C(T, H), at low-temperature. This coupling is expected
to alter the phonon frequencies and thus the lattice contribu-
tion to C. This is confirmed in Fig. 4, where we report the
H-dependence of C(T, H) at constant temperature in field-
cooling mode measured on the same batch of LMO powder
samples. Note a dramatic reduction of C' with field, the rela-
tive reduction at 2 K being as large as 40% at 9 T. The reduc-
tion progressively decreases with temperature. Above 20 K,
the contribution of the AFM transition Ty, _4/=21 K dominates
over the magnetoelastic contribution.

We explain this result by Callen and Callen’s theory!'® of
magnetoelastic coupling for cubic crystals, suitable for the
present pseudocubic LMO system. The theory describes the
magnetoelastic (ME) energy as an expansion of orthogonal
modes for the strain field:
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FIG. 4. Field-dependence of the specific heat, C, of a polycrys-
talline LMO sample at various temperatures. Inset: temperature de-
pendence measured at different fields. Note the jumps at the AFM
ordering temperatures, T, 4+ and Ty g, smeared by the field.
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where B!,(T') are temperature-dependent magnetoelastic
coefficients, j numbers the modes of a given irreducible rep-
resentation I, (IR) of the strain coordinates €/, ¢ numbers

the dimensions of the given IR, &' ! are tensor cubic operators
(TKOs) of degree [ forming an orthogonal basis. The Hamil-
tonian contains only even-degree TKOs, since the Hamilto-
nian is time-invariant. At low temperatures, the theory pre-
dicts that the BY,(T') coefficients scale with the magnetiza-
tion of the sublattice, consistent with the {(I + 1) /2 power law
originally established by Kittel and van Vleck!”:

BY,(T)/BY,(0) = [M(T)/M(0)]' T/ .

By knowing the elastic constants of the compound, eqs. (1-
2) enable to calculate all thermodynamic quantities like the
specific heat of interest here. These constants are not avail-
able for LMO, so we limit ourselves to analyze the power-law
behavior of the C'(H) curve expected from eq. 2. To do so,
we consider the external strain caused by an external field, H,
which corresponds to the 5 = 0 strain coordinates for a given
IR. The leading contribution is given by the lowest-order ({=2)
mode present in the quadrupolar (E,) I'y IR, which is ex-
pected to give a characteristic ~ M (T)? dependence'S. Since
the free energy depends quadratically on the ME coefficients,
one finds that the corresponding ME contribution to the spe-
cific heat is described by a sum of two power-laws:
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Therefore, at a given temperature, the ME contribution
Cy g grows rapidly with M following a combination of two
power laws of index 4 and 5, the weight of each depending on
the slope and curvature of the M (T) curve, respectively.

We apply the above considerations to LMO whose M vs.
H dependence exhibits a pronounced kink at H* ~ 0.1 T
(see Fig. 5a and'!"). Consistent with the hysteretic behavior of
the magnetization in Fig. 3a, this dependence is characteristic
of canted AFM structures'® like the AFM C-type structure of
LMO'!. Namely, with increasing field, the canting angle is
gradually reduced until saturation of the canted component
is achieved at H* corresponding to M* ~ 52 emu/g below
10 K. At higher fields, the response then becomes AFM-like,
i.e. M increases linearly with H, as indeed observed in Fig.
5. The experimental M vs H dependence enables us to plot
C(H) as a function of M, which we did in Fig. 5b for the
2 K data. Interestingly, note a threshold behavior exactly at
M™ above which the specific heat decreases rapidly, which
gives evidence that the specific heat reduction scales with the
magnetization. In addition, a simple data fit indicates that the
M vs C behavior above M* is well described by the sum of
power laws of eq. 3. An analysis of the magnitude of the C-
reduction with M would require a measurement of the elastic
constants, which goes beyond the scope of the present work.
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FIG. 5. (a): Magnetization, M (H), curves measured at various
temperatures on the same LMO single crystal of Fig. 3a. (b): M-
dependence of the 2 K C'( H) data of Fig. 4. The experimental points
(black dots) are obtained using the 5 K M (H) data of panel (a), un-
changed below 10 K. The solid blue line is a best fit using eq. (3).
Note the same threshold behavior at M* for both curves.

The above finding of large ferroelectric polarization in-
duced by a canted AFM structure and the evidence of a large
magnetoelastic coupling raise a number of questions.

(i) As in previously reported magnetic ferroelectrics like
TbMnO3'?, we have no indication of noncentrosymmetric dis-
tortions in LMO, as confirmed by recent high-resolution syn-
chrotron x-ray diffraction study below T p*°. This discrep-
ancy may be due to the difficulty in detecting these distortions
by means of diffraction techniques. In alternative, we envis-
age the existence of polar domains in the nm-scale detected
by microscopic and spectroscopic techniques, as reported re-

4

cently on (Ca,Sr)5Tis072!. Therefore, a similar experimental
study may be suitable to verify this scenario in LMO.

(ii)) As mentioned before, the magnetoelastic response of
the 5 angle indicates that P should lie along the ac-diagonal,
thus lowering the /2/m symmetry to I'm. Hence, considering
that the magnetic structure displays AFM-coupled collinear
moments in the ac-plane, the ferroelectricity should be driven
by the symmetric exchange coupling. In the scenario of mag-
netic ferroelectricity proposed for collinear E-type magnetic
structures like that of TbMnOs33, a polar distortion is driven
by a competition between AFM and ferromagnetic (FM) su-
perexchange interaction between neighboring Mn3* ions. A
similar scenario may apply here, for in LMO as well the strong
tilt of the MnOg octahedra characteristic of the QP structure,
corresponding to a Mn-O-Mn bond angle ~136° does indeed
lead to a strong competition, evident from the fact that, in the
C-type structure of LMO, the interaction is AFM along the
a- or c-direction and FM along the b-direction!!. In presence
of this competition, the /m symmetry would therefore trigger
the formation of non-equivalent pairs of neighboring Mn3+
ions within the ac-plane, thus leading to polar distortions.

(iii) The large polarizations in CMO and LMO, suggest that
the (AMn3)Mn,O15 system is favorable for hosting magnetic
ferroelectricity. This may be explained by the fact that the
aforementioned AFM-FM competition is maximized by the
above tilt angle - remarkably constant in all quadruple per-
ovskites - for this angle is intermediate between 90° and 180°.
Further favorable conditions may be given by the following
features of this structure??: 1) the absence of oxygen defects;
2) the high 2/m symmetry of the oxygen sites (higher than
in simple perovskites) hinders the distortions of the oxygen
sublattice that would tend to screen the electric dipole.

In conclusion, we reported on ferroelectricity with a record
large remnant polarization, P,=0.56 uC cm~2, in polycrys-
talline samples of the quadruple perovskite LMO, concomi-
tant to a canted AFM ordering of the B-site Mn3" ions at
Tn,p=78 K, accompanied by sizable magnetostriction and
magnetoelastic effects. The present finding is striking in two
aspects: (i) The above values of polarization, twice as large as
those found in CMO single crystals, are obtained on polycrys-
talline samples, so one expects values as high as ~ 3 — 6 uC
cm~? - comparable to those obtained in proper ferroelectrics
- in single crystalline LMO samples, which would be very
promising for applications. (ii) If the picture of polarization in
the ac-plane will be confirmed, the collinear properties of the
AFM order in the ac-plane would support a scenario of ferro-
electricity driven by a symmetric exchange coupling between
Mn?* ions, thus providing a clear guideline for the optimiza-
tion of the multiferroic properties of magnetic ferroelectrics.
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