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Abstract. We report on the dielectric and magnetic properties of #asite substituted perovskite
compounds Ca,SrkMnggsShy 1505 (x = 0, 0.1, 0.2 and 0.3), to examine the magnetoelectfiece of
electron-doped manganites. The dielectric constant of these compounds shows a broad peak around
the magnetic transition temperature, which is probably associated with a charge ordering transition.
Application of magnetic field suppresses the broad maximum of the dielectric constant, indicating the
presence of the strong magnetoelectffeet. The observed dielectric anomaly and magnetoelediacte

have been discussed on the basis of the combined charge ordering model.

1. Introduction

Multiferroicity includes interesting physics and is expected to be applied to useful devices. One famous
origin of the multiferroicity is inverse Dzyaloshinskii-Moriya (DM) interaction [1, 2], as widely observed
in cycloid magnetic ordering systems, for example, TbMA@3)], Ni3V,0g [4], LiCu,0O, [5], and
LiCuVQyq4 [6]. The multiferroicity of the inverse DM type is discovered also in Mn\\Wth an elliptical
cycloid ordering [7, 8, 9] and Co@D,4 with a transverse cone ordering [10]. The ferroelectricity in the
low-temperature incommensurate ordering phase of X®4ns categorized into the inverse DM type as
well [11, 12]. Another origin of the multiferroicity id-p hybridization [13], as reported in the magnets
with a proper screw ordering such as Cuk404] and CuCrQ [15]. Moreover, the multiferroicity of
thed-p hybridization type is realized also in other magnetic orderings, for example, in@UB6] and
BaCoGeOy [17]. The third origin of the multiferroicity is magnetic exchange striction, as observed in
YMnOg3 [18], HOMnG; [18, 19], GdFeQ@ [20]. The ferroelectricity in the commensurate ordering phase
of YMn,Os is categorized into the magnetic exchange striction type as well [11, 12].

The efectiveness of some charge orderings (COs) is pointed out as the fourth origin of the
multiferroicity. Importantly, the COs do not need atomic displacement in order to induce ferroelectricity.
An example is the simultaneous presence of the site-centered CO and the bond-centered CO [21, 22, 23,
24, 25]. Here, the site-centered CO means the checkerboard pattern which is observed in manganites
containing Mi* and Mrf* with a ratio of 1:1. On the other hand, the bond-centered CO means Zener
polaron which is proposed by A. Daoud-Aladietal. [26]. The high-resolution transmission electron
spectroscopy of Rr,CaMnO3; revealed the existence of Zener polaron [27, 28]. Notably, the linear
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combination of the site-centered CO and the bond-centered CO breaks inversion symmetry and has a
macroscopic electric polarization. A broad peak in the temperature dependence of the dielectric constant
and the shift of the peak by a magnetic field are reported in,BeyMnO3 (x = 0.3, 0.33 and 0.4)

[29, 30, 31, 32] and ¥ xCaMnO3 (x = 0.4, 0.45 and 0.5) [33]. These findings strongly indicate a
spontaneous electric polarization and a magneto-electric coupling in hole-doped CO manganite systems.
Moreover, the existence of ferroelectricity is directly proved by the remanent polarization measurement
in Pri_xCaMnOs3 [34].

In this study, in order to shed light on electron-doped systems as a new candidate for the multiferroics
of the combined CO type, we have investigated the temperature dependence of the dielectric constant of
polycrystalline Ca_xSrMnggsShy 1503 in magnetic field. On GaxSrMn;_ySh,O3 system, previous
studies exist foy < 0.1. From the X-ray photoelectron spectroscopy, it is confirmed that the valence
of Sb is 5+ [35]. The substitution of SB ion for Mn** site causes one-electron doping with the
chemical formula C&Mn3*, Mn3*Ske* O3~ accompanied by a monotonic increase of unit-cell volume
as a function oi. The further doping of Sb ion breaks conduction paths along the Mn-O-Mn network,
resulting in a carrier localization. In the magnetization and ac susceptibility measurements, a canted
antiferromagnetic (AFM) ordering is detected below about 100 K [36, 37, 35, 38]. Moreover, by analogy
with Ca_xCeyMnOj3 of the two electron doping [39, 40], CO is expected in a certain range df
this study, aiming for the combined CO, we deviate yhalue from }3 at which the site-centered CO
is expected. We have observed a CO-like anomaly in the magnetization, and discovered a broad FE-
like peak in the dielectric constant at almost the same temperature. Moreover, our investigations reveal
a magnetoelectricfiect on the dielectric anomaly. These results are consistent with the scenario that
Ca_xSrkMng gsShy 1503 is a multiferroics of the combined CO type.

2. Experimental

Polycrystalline samples of @aSrMnggsSky 1503 (x = 0, 0.1, 0.2 and 0.3) were prepared by a solid-
state reaction method. The stoichiometric mixtures of Cg@DCG;, Mn3O4 and ShO3 powders were
calcined in air at 1000 for 48 h. The products were ground and pressed into disk-like pellets. The
pellets were sintered at 1330 for 48 h. We performed X-ray ffraction measurements with an Ultima

IV diffractometer (Rigaku) using CudKradiation.

As the main topic of this study, we measured the temperature dependence of the dielectric constant
under DC magnetic field using the parallel mode of a LCR meter (Agilent, E4980A). Samples were cut
into a parallel plate with 3.% 6.0 mnt area and 0.7 mm thickness, and Au wires for electric lead were
connected by Ag paint (Dupont, 4929N). In order to improve electric conductivity, sample surfaces were
polished to be flat using 8m diamond slurry, and Ag paint was heated at°X1.@r 30 min. After field
cooling, measurements were performed with AC voltage of 1 V and 10 kHz. In order to detect a CO,
we also measured magnetization with a commercial SQUID (Quantum Design, MPMS) under 0.01 mT
after field cooling.

3. Results and Discussion
Figure 1(a) presents X-rayftliaction spectrum of GaxSrMnggsSky 1503 (x =0, 0.1, 0.2 and 0.3). We
have confirmed that all the samples are described Rsmaaorthorhombic structure and consist of a
single phase. As shown in Fig. 1(b), (200) and (002) peaks are clearly spht=fd@r and 0.1, whereas
they form one combined peak far= 0.2 and 0.3. This substitutiorffect indicates that Sr ions with a
larger radius than Ca ions reduce lattice distortion, and the value of the lattice pararappeoaches
that ofa. Obtained lattice parameters and unit cell volume are plotted in Fig. 1(c). Quantitatively, the
difference betweea andc at x = 0.3 is as about half as that at= 0. We have also observed that the
values ofa, b andc are enhanced by Sr substitution.

In Fig. 2, we show the temperature dependence of the dielectric cogstdda;—xSrMng gsSky 1503 (X
=0, 0.1, 0.2 and 0.3) under a magnetic field (0 T, 10 mT and 1 T). First of alk/tlialues of all the
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Figure 2. Temperature dependence of the dielectric constant @f,SgMnggsSky 1503 (x = 0, 0.1,
0.2 and 0.3) under AC voltage of 1 V and 10 kHz after field cooling. In every sample, a broad peak is
suppressed by an applied magnetic field.

samples exhibit common broad peaks at intermediate temperatures and then rapidly decrease at low tem-
peratures near 50 K. These trends are not changed under the application of magnetic fields. The peak
structure which suggests that the response of dipole moments to an applied AC voltage becomes slow
below the peak temperatuiigeak Can be interpreted as the result of a FE ordering, because an elec-
tric polarization is directly proved in RrCaMnOs3 [34] in which a similar dielectric peak is observed

[29, 30, 32]. Moreover, we have revealed a magnetoelediigect the peak o/ (T) is shifted by mag-

netic field. The peak heiglef(Tpeay is suppressed in all the samples, didaxis remarkably enhanced
abovex of 0.2. The suppression of the peak height suggests that the direction of the electric polariza-
tion cannot completely follow the plus-minus switching of the AC voltage under magnetic field. The
enhancement of ,eak indicates that magnetic field supports the FE ordering. Therefore, these results
can be understood by the scenario that a spontaneous electric polarization along a certain direction is
stabilized by magnetic field.
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Focusing on the Sr substitutioiffect, we plotted:/(T) curves of every sample together in Fig. 3(a).
Here, we define ferroelectric temperatdig: as the temperature at whief(T) under 10 mT exhibits a
peak. As indicated by arrows, we have clarified fhat is enhanced by Sr substitution.
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Figure 3. Comparison between dielectric anomalies and magnetic anomalies of

Ca_xSrkMnggsShy 1503 (x = 0, 0.1, 0.2 and 0.3). (a) Dielectric constant measured under AC
voltage of 1 V and 10 kHz after field cooling of 10 mT. Arrows indicate a ferroelectric-like peak
for each sample. (b) Magnetization measured under 10 mT after field cooling. Arrows indicate a
charge-ordering-like pegkink for each sample. (c) Phase diagram of. G&rMnggsShy 1503. Red

circles present ferroelectric temperaturgz defined as the temperature at which dielectric constant
exhibits a peak, blue triangles present charge ordering tempei&tgrdefined as the temperature at
which magnetization exhibits a small pdakk, and green rectangles present antiferromagnetic onset
temperaturd apm defined as the temperature at which magnetization starts rapid increase toward lower
temperature.

In order to clarify the origin of the dielectric anomaly and magnetoelectiiiece in
Ca_xSkMnggsShy 1503 (x = 0, 0.1, 0.2 and 0.3), we investigated the magnetic properties. As
shown in Fig. 3(b), the temperature dependence of the magneti2dtmxhibits a remarkable increase
below about 50 K, which is understood as an AFM transition by analogy with the AFM transition in
Ca—xSrMn1_yShO3 of y < 0.1 [36, 37, 35, 38]. Above 50 K, we observed a small peak or kink. The
anomaly is expected to be caused by a CO, because similar anomalies are observed in the magnetization
of Ca_xCeMnOj3 [39] in which a CO is proved by the neutronfldaction [40]. The CO-like anomaly
appears at two temperatures foe 0.1 and 0.3: at 69 and 144 K far= 0.1, and at 89 and 179 K for
= 0.3. In this study, we focus on the anomaly at the higher temperature, because its temperature shown
by arrows in Fig. 3(b) exhibits a systematiclependence. On the anomaly at the lower temperature, we
consider specific heat measurement as a future work in order to obtain detailed information. Thus, we
define CO temperaturéco as the temperature at which the the slopevidil) below 250 K changes.

We also define AFM onset temperatligey as the temperature at which the negatw/dT from 0 K
changes to positive one. The three characteristic temperafiHge3 co, andTarpm are summarized in
Fig. 3(c).
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Importantly, we have found th@trg and Tco exhibit a similar value and are enhanced together by
Sr substitution. These results strongly indicate that the FE-like anomalyi0f&aVing g5Sky 1503 (X
=0, 0.1, 0.2 and 0.3) is induced by the CO. Moreover, the AFM temperature roughly corresponds to
the temperature at whiati(T) exhibits the shoulder structure. This result suggests that a part of the CO
region transfers to an AFM phase and the FE volume is suppressed. We note that the maximum value of
¢ atx = 0 is larger than those at= 0.1 and 0.2. These flierences between the parent and lightly Sr
substituted samples are related to the volume fraction of the original CO phase, which contributes to the
formation of a ferroelectric state. The CO phase has a fragile nature against lattice disorder and is easily
diminished in the Sr substituted samples. (Fontke0.3 sample, the peak value is comparable to that of
the parent sample. The lattice distortion is relaxed in the heavily Sr substituted sample because the value
of the lattice parametarapproaches that @ We expect that the lattice relaxation prevents a decrease
of the CO volume fraction, giving the comparable peak value with the parent sample.) As described in
the introduction, the CO which causes the FE-like anomaly i &aMng gsSky 1503 is expected to be
the linearly combined state of the site-centered CO and the bond-centered CO. Since the inversion center
of the site-centered CO isftierent from that of the bond-centered one, the combined CO lacks inversion
symmetry and induces a spontaneous electric polarization [21, 22].

Moreover, a magnetoelectridfect is expected in the combined CO for the following reason. The
site-centered CO and the bond-centered CO are accompanied by the CE magnetic odderiny (
and theL magnetic ordering® = x/2), respectively [21, 22]. Since these two magnetic orderings are
connected by a continuous rotation, the combined CO is expected to have a corresponding magnetic
ordering (0< @ < n/2). Therefore, a magneto-electric coupling is predicted under the combined CO.
The observed suppression of the dielectric constant by magnetic field is consistent with this scenario. We
would like to emphasize that this study has experimentally suggested the multiferroicity by the combined
CO for the first time in electron-doped systems.

As a future issue, we are interested in theet of Sb concentratiog of Ca_xSrkMn;_ySh,Ox.
Further discussion will be enabled by revealing yheange in which the dielectric anomaly with the
magnetoelectricféect is realized and thgvalue at whichTgg exhibits a maximum value. We are also
trying a detailed investigation using single crystals in order to reveal anisotropy and perform quantitative
discussion.

4. Summary

Our investigations reveal that the temperature dependence of the dielectric constan8f,&ng gsShy 1503 (X
=0, 0.1, 0.2 and 0.3) exhibits a broad peak, which can be understood as a FE transition. Importantly, the
peak temperature coincides well with the temperature of the CO-like anomaly in magnetization. More-
over, we have shown that the dielectric constant is suppressed by a magnetic field. These tendencies,
which were commonly observed in €CaSMng gsShy 1503 (x =0, 0.1, 0.2 and 0.3), are consistent with

the scenario that the combined state of the site-centered CO and the bond-centered CO is realized in this
system and induces a macroscopic electric polarization, which is stabilized by a magnetic field. This
magnetoelectric féect suggests that the carrier doping which is deviated from the composition of the
site-centered CO is a hopeful way to induce the multiferroicity via the combined CO state.
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