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We measured the temperature dependence of the dielectric constant of the electron-doped manganite CaMn1−xSbxO3 (x = 0.1,
0.12, 0.13, 0.15, and 0.2). The real part exhibits a broad peak and the imaginary part exhibits a shoulder structure at a lower
temperature in all the samples, suggesting a gradual growth of clusters which has a dipole ordering. We newly revealed that the
temperatures of these dielectric anomalies are enhanced by more than 90 K by the Sb substitution from x = 0.1 to x = 0.2. The
result indicates that the carrier concentration should be a decisive parameter for the dipole ordering in CaMn1−xSbxO3. Moreover,
a magnetocapacitive effect is observed in all the samples.

7 Index Terms— Dielectric constant, relaxor ferroelectrics.

I. INTRODUCTION8

MANGANITES exhibit a wide variety of electronic9

phases because of electron interactions [for exam-10

ple, the competition between ferromagnetic double exchange11

interaction and antiferromagnetic (AFM) superexchange12

interaction]. Carrier doping is one of the powerful tools13

to control the electronic states. For example, an electron-14

doped system CaMn1−xMoxO3 changes the ground state from15

a G-type AFM ordering to a charge/orbital-ordered C-type16

AFM ordering [1], [2]. In another electron-doped system17

Ca1−xLax MnO3, dielectric properties are reported [3], [4].18

Moreover, in hole-doped systems such as Pr1−xCax MnO3 and19

Y1−xCax MnO3 [5]–[9], the temperature dependence of the20

real part of the dielectric constant exhibits a peak which is21

sensitive to a magnetic field around the charge-ordering (CO)22

temperature.23

Aiming to discover new phenomena in manganites,24

our group has investigated an electron-doped system25

CaMn1−xSbxO3 for x ≤ 0.1 [10]–[13]. The result of X-ray26

photoelectron spectroscopy indicates that the valence of Sb27

is 5+ [12]. Thus, the substitution of Sb5+ ion for Mn4+
28

site causes one-electron doping with the chemical formula29

Ca2+Mn4+
1−2xMn3+

x Sb5+
x O2−

3 accompanied by a monotonic30

increase of unit-cell volume as a function of x . The magnetiza-31

tion and ac susceptibility measurements suggest a canted AFM32

ordering below about 100 K [10]–[13], although the long-33

range order might be suppressed by the substitutional disorder.34

Interestingly, a magnetization reversal is observed after a field35

cooling for 0.02 ≤ x ≤ 0.08 [10], [11]. We consider that36

the local lattice distortion of MnO6 octahedra induced by the37

Sb substitution changes the orbital state of the eg electron of38

Mn3+ and reverses the local easy axis of the magnetization.39
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For x = 0.05, the physical and chemical pressure effect is also 40

studied [12], [13]. 41

Just recently, we investigated the dielectric properties of 42

CaMn0.85Sb0.15O3 [14], [15], because manganites provide 43

interesting dielectric materials, such as multiferroics and relax- 44

ors. A broad and large peak is found in the temperature 45

dependence of the dielectric constant. Surprisingly, the peak is 46

sensitive to a magnetic field. One candidate for this magnetic- 47

field effect is the magnetoelectric effect in multiferroics. 48

Many multiferroics have been really discovered in manganites, 49

such as YMnO3, TbMnO3, and MnWO4 [16]–[22]. Inho- 50

mogeneous systems, such as a relaxor Pb(Fe1/2Nb1/2)O3, 51

can be a multiferroic material as well [23]. In relaxors, 52

the polar nanoregions embedded in a nonpolar matrix cause a 53

large relative dielectric constant of about 104 [24], whereas 54

the homogeneous multiferroics, such as TbMnO3, usually 55

exhibit �� of about 10. 56

In this paper, in order to reveal the carrier- 57

concentration effect on the dielectric properties of the 58

CaMn1−xSbxO3 system, we have newly synthesized 59

polycrystalline CaMn1−xSbx O3 (x = 0.1, 0.12, 0.13, 60

0.15, and 0.2) and measured the dielectric constant. In all 61

the samples, we observed a relaxor-like broad peak in 62

the temperature dependence of the real part, which is 63

followed by an anomaly of the imaginary part. Notably, 64

the characteristic temperatures of the dielectric anomalies are 65

remarkably enhanced by more than 90 K with increasing 66

the carrier concentration. This drastic change of the anomaly 67

temperatures indicates that the carrier concentration is 68

a crucial parameter for the dielectric properties in the 69

CaMn1−xSbxO3 system. Moreover, all the samples exhibit 70

a magnetocapacitive effect: the peak of the real part is 71

suppressed by a magnetic field of 1 T. 72

II. EXPERIMENT 73

The polycrystalline samples of CaMn1−xSbxO3 (x = 0.1, 74

0.12, 0.13, 0.15, and 0.2) were prepared by a solid-state 75

reaction method [14]. The stoichiometric mixtures of CaCO3, 76
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Fig. 1. (a) X-ray diffraction spectrum of CaMn1−x Sbx O3 (x = 0.1,
0.12, 0.13, 0.15, and 0.2). (b) Enlarged view around the (101) peak
for x = 0.1 and 0.2. (c) Lattice constants and unit cell volume of
CaMn1−x Sbx O3 with error bars.

SrCO3, Mn3O4, and Sb2O3 powders were calcined in air at77

1000 ◦C for 48 h. The products were ground and pressed78

into disk-like pellets. The pellets were sintered at 1350 ◦C79

for 48 h. We performed the X-ray diffraction measurements at80

room temperature with an Ultima IV diffractometer (Rigaku)81

using Cu Kα radiation.82

We measured the temperature dependence of the dielectric83

constant under the dc magnetic field using the parallel mode84

of an LC R meter (Agilent, E4980A) [14]. The samples were85

cut into a parallel plate with a 3.2 × 6.0 mm2 area and a86

0.7 mm thickness, and the Au wires for electric lead were87

connected by Ag paint (Dupont, 4929N). In order to improve88

electric conductivity, the sample surfaces were polished to be89

flat using 9 μm diamond slurry, and the Ag paint was heated90

at 110 ◦C for 30 min. We performed measurements with an91

ac voltage of 1 V/mm and 10, 50, or 100 kHz under 0, 0.01,92

or 1 T (field cooling), obtained capacitance C and dielectric93

loss tanδ, and estimated the real and imaginary parts of the94

dielectric constant, �� and ���.95

III. RESULTS96

Fig. 1(a) presents the X-ray diffraction spectrum of97

CaMn1−xSbxO3 (x = 0.1, 0.12, 0.13, 0.15, and 0.2). The98

samples of x ≤ 0.15 present a Pnma orthorhombic structure,99

whereas the sample of x = 0.2 is described by a P21/m100

monoclinic structure. As shown in Fig. 1(b), a new peak101

appears at 23.1◦ in addition to the peak at 23.5◦ for x = 0.2.102

The peak at 23.1◦ is expected to result from the (10–1)103

reflection, whereas the (101) and (020) reflections are com-104

bined into one peak at 23.5◦. Therefore, the appearance of105

a peak at 23.1◦ indicates a structural transition from Pnma106

to P21/m. This result is consistent with the previous study107

on x = 0.1 and 0.2 [25]. The obtained lattice parameters and108

unit cell volume are plotted in Fig. 1(c). The values of a, b,109

and c exhibit an almost linear increase with increasing the Sb110

content x . This substitution effect on the lattice is reasonable:111

the Sb substitution decreases the number of smaller Mn4+ ions112

whose ionic radius is 0.530 Å, whereas it increases the113

number of larger Sb5+ and Mn3+ ions whose ionic radius 114

is 0.60 and 0.645 Å, respectively [26]. 115

In Fig. 2(a) and (b), we compare the temperature depen- 116

dence of the dielectric constant among CaMn1−xSbxO3 (x = 117

0.1, 0.12, 0.13, 0.15, and 0.2), which is measured under 118

a magnetic field of 0 T and an ac voltage of 1 V/mm 119

and 100 kHz. We have revealed that all the samples exhibit 120

a broad peak in the real part �� and a shoulder structure in 121

the imaginary part ���. Interestingly, both of these dielectric 122

anomalies are shifted to a higher temperature by increasing the 123

Sb content. The values of �� and ��� in Fig. 2 are normalized 124

to be 1 at the peak temperature of ��. The raw value of the 125

real part of the relative dielectric constant �r is 103–104 at 126

the peak, whereas the raw value of the imaginary part of 127

�r drastically changes on cooling from 104–105 to 1–102. 128

Except for the shoulder structure, the temperature dependence 129

of ��� seems to be roughly described by a power law. The 130

electrical resistivity ρ of CaMn1−xSbxO3 is smaller than 131

that of the typical insulators by several orders of magnitude, 132

although its temperature dependence is described by the band- 133

gap model ρ ∝ ρ0 exp(�/kBT ). Therefore, the dielectric loss 134

of CaMn1−xSbxO3 is expected to exhibit an extremely large 135

value at higher temperatures and to be suppressed remarkably 136

on cooling; the large values of ��� at higher temperatures and its 137

quasi-power-law temperature dependence would be originated 138

from the conduction current. Comparably large ��� is really 139

observed in a low resistivity system Pr1−xCaxMnO3 [27]. 140

Therefore, we consider that the shoulder structure in ���(T ) 141

is a peak appeared on a quasi-power-law background. 142

We estimate the characteristic temperatures of the dielectric 143

anomalies as follows and plot them in Fig. 2(c). The temper- 144

ature at which �� exhibits a maximum value is defined as the 145

peak temperature of the real part Tp. In order to determine the 146

shoulder temperature of ���, we plot d���/dT (T ). As shown in 147

the inset of Fig. 2(b), the curve exhibits one minimum and one 148

maximum. Since the minimum of d���/dT (T ) is expected to 149

correspond to the middle of the shoulder in ���(T ), we define 150

the temperature of this minimum as the shoulder temperature 151

of the imaginary part Ts. 152

In this paper, we have newly clarified that both Tp and 153

Ts are almost linearly enhanced by more than 90 K 154

from x = 0.1 to 0.2. Notably, the drastically enhanced 155

Ts in the Sb substitution in CaMn1−xSbxO3 is contrast 156

to the almost unchanged Ts in the Sr substitution in 157

Ca1−ySryMn0.85Sb0.15O3 [15]. 158

We have also investigated the effect of the magnetic field 159

on the dielectric constant of CaMn1−xSbxO3 (x = 0.1, 160

0.12, 0.13, and 0.2), because we found a magnetocapacitive 161

effect in CaMn0.85Sb0.15O3 [14], [15]. A magnetocapacitive 162

effect was observed in all the samples. A magnetic field of 163

1 T suppresses the peak value of the real part by 3%–15%. 164

As an example, the result for CaMn0.88Sb0.12O3 is shown 165

in Fig. 3(a). Since we have confirmed that the magnetore- 166

sistance effect of CaMn0.85Sb0.15O3 below 4 T is within error 167

margin [15], we consider that these magnetocapacitive effects 168

in CaMn1−xSbxO3 are really related to the capacitive carriers. 169

For x = 0.1, 0.15, and 0.2, we have studied the frequency 170

dependence of the dielectric constant and found a common 171

tendency. As the result of x = 0.1 is shown in Fig. 3(b), 172
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Fig. 2. Temperature dependence of the dielectric constant of CaMn1−x Sbx O3 (x = 0.1, 0.12, 0.13, 0.15, and 0.2) (an ac voltage of 1 V/mm and
100 kHz, 0 T). (a) Real part ��. (b) Imaginary part ���. The inset of (b) is the temperature dependence of d���/dT for x = 0.2. The arrow indicates
the minimum of which temperature is defined as the shoulder temperature Ts. (c) Sb content dependence of the characteristic temperatures of the
dielectric anomalies in CaMn1−x Sbx O3, which are determined from the measurements of (a) and (b). Tp (circle) is the peak temperature of the real part,
whereas Ts (diamond) is the shoulder temperature of the imaginary part.

Fig. 3. (a) Magnetocapacitive effect in the real part of the dielectric
constant �� of CaMn0.88Sb0.12O3 (an ac voltage of 1 V/mm and 100 kHz).
(b) Frequency dependence of �� of CaMn0.9Sb0.1O3 (0 T, 1 V/mm).

the peak of ��(T ) is suppressed and shifted to a higher173

temperature with an increasing frequency.174

IV. DISCUSSION175

As discussed for CaMn0.85Sb0.15O3 [14], [15], the peak176

structure of ��(T ) in CaMn1−xSbxO3 (0.1 ≤ x ≤ 0.2)177

suggests that it becomes difficult for the dipole moments to178

follow the plus-minus switching of an applied ac voltage179

below Tp. This behavior can be interpreted as the result180

of a spontaneous dipole ordering. The large value and the181

broad peak of �� as well as its frequency dependence sug-182

gest that CaMn1−xSbxO3 is a relaxor in which the polar183

nanoregions exist in a non-polar matrix [24]. The inevitable184

disorder induced by substitution is consistent with the relaxor185

scenario. Since the shoulder structure of ���(T ) is understood186

as a peak appeared on a quasi-power-law background, the187

shoulder is expected to indicate a dielectric energy dissipation.188

These results in CaMn1−xSbxO3 (0.1 ≤ x ≤ 0.2) suggest189

that local dipole-ordering clusters which start to form at190

Tp expand remarkably around Ts for an energy dissipation to191

be detectable in ���. Since some relaxors exhibit ferroelectricity192

much below the peak temperature of ��(T ), it is expected to193

be reasonable for dipole-ordering clusters to grow gradually194

on cooling.195

The suppression of the peak height of �� by a magnetic field196

suggests that the response of dipole moments to an applied197

ac voltage is interfered by the magnetic field. In other words, 198

a spontaneous dipole ordering along a certain direction is 199

stabilized by a magnetic field. 200

In order to discuss the origin of the dielectric anom- 201

alies and the magnetocapacitive effect in CaMn1−xSbx O3, 202

the x − T phase diagram would be important. Focus- 203

ing on the dielectric properties, we have newly revealed 204

that Tp and Ts are almost linearly enhanced from x = 205

0.1 to 0.2. On other properties such as the magnetic phase, 206

we can speculate based on the phase diagram of the similar 207

carrier-doped manganites. Comparing the one-electron-doped 208

system CaMn1−xSbxO3 with a two-electron-doped system 209

AeMn1−zMozO3 (Ae: Alkaline earth metal), from the view- 210

point of the average valence α of Mn ions, CaMn0.85Sb0.15O3 211

with α = +3.82 and CaMn0.8Sb0.2O3 with α = +3.75 cor- 212

respond to AeMn0.917Mo0.083O3 and AeMn0.889Mo0.111O3, 213

respectively. Considering that the structural phase transition 214

from Pnma to P21/m at the room temperature occurs 215

between CaMn0.85Sb0.15O3 and CaMn0.8Sb0.2O3, the phase 216

diagram of CaMn1−xSbxO3 is expected to be similar to that 217

of Ca0.75Sr0.25Mn1−zMozO3 in which the same structural 218

transition occurs between z = 0.083 and 0.111 [2]. In the 219

phase diagram of Ca0.75Sr0.25Mn1−zMozO3, the ground state 220

for 0.052 ≤ z ≤ 0.111, which corresponds to 0.1 ≤ x ≤ 0.2 in 221

CaMn1−xSbxO3, is the C-type AFM phase with charge/orbital 222

ordering, whose ordering temperature is linearly enhanced 223

by more than 130 K in this range. In CaMn0.85Sb0.15O3, 224

we really observed a magnetic anomaly that suggests a CO 225

near Tp [14], [15]. 226

Therefore, the dielectric peak in CaMn1−xSbxO3, which 227

indicates the formation of a dipole ordering, is expected to 228

have a positive correlation with a charge/orbital ordering. 229

As for the magnetocapacitive effect, since charge/orbital order- 230

ings in CaMnO3 series stabilize a certain magnetic order- 231

ing [28], we consider that the dipole ordering related to a 232

charge/orbital ordering is affected by a magnetic field through 233

a magnetic ordering. This magnetic-field-sensitive dielectric 234

peak, which seems to be related to a charge/orbital ordering, 235

is similar to that in the hole-doped system Pr1−xCax MnO3 and 236
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Y1−xCax MnO3 [5]–[9], but it is the first example among237

electron-doped CaMnO3 systems.238

Concerning the dielectric anomaly in the imaginary239

part which indicates the active development of electri-240

cally polarized regions, Ts is notably sensitive to the one-241

electron-doping Sb substitution in CaMn1−xSbxO3, whereas242

it is not affected by the isovalent Sr substituion in243

Ca1−ySryMn0.85Sb0.15O3 [15]. From these contrast results,244

we emphasize that the carrier concentration is a crucial245

parameter for the expansion of polar nanoregions in the246

Ca1−ySryMn1−xSbxO3 system.247

As a next issue, it would be important to clarify whether248

macroscopic electric polarization exists at low temperatures.249

In order to check our scenario on the mechanism of the250

dipole anomalies and the magnetocapacitive effect in the251

Ca1−ySryMn1−xSbxO3 system, the magnetic ground state and252

the possibility of a charge/orbital ordering should be studied.253

V. CONCLUSION254

We measured the dielectric constant of the electron-doped255

manganite CaMn1−xSbxO3 (x = 0.1, 0.12, 0.13, 0.15,256

and 0.2). The temperature dependence of the real part exhibits257

a broad and large peak of which value is suppressed and258

of which temperature is enhanced by increasing frequency,259

whereas the imaginary part shows a shoulder anomaly on a260

quasi-power-law temperature dependence. These results sug-261

gest that CaMn1−xSbxO3 is a relaxor: clusters with a short-262

range dipole ordering appear at the peak temperature and grow263

gradually, especially actively at the shoulder temperature.264

Importantly, we have revealed that the shoulder temperature265

is remarkably enhanced with the increasing Sb content x .266

This result indicates that the growth of the clusters is strongly267

affected by the carrier concentration. Moreover, the dielectric268

peak is sensitive to a magnetic field in all the samples. By anal-269

ogy with other CaMnO3 systems, a charge/orbital ordering and270

an accompanying magnetic ordering might play an important271

role for the dielectric ordering in CaMn1−xSbxO3.272
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1

2

3

4

5

6

We measured the temperature dependence of the dielectric constant of the electron-doped manganite CaMn1−xSbxO3 (x = 0.1,
0.12, 0.13, 0.15, and 0.2). The real part exhibits a broad peak and the imaginary part exhibits a shoulder structure at a lower
temperature in all the samples, suggesting a gradual growth of clusters which has a dipole ordering. We newly revealed that the
temperatures of these dielectric anomalies are enhanced by more than 90 K by the Sb substitution from x = 0.1 to x = 0.2. The
result indicates that the carrier concentration should be a decisive parameter for the dipole ordering in CaMn1−xSbxO3. Moreover,
a magnetocapacitive effect is observed in all the samples.

7 Index Terms— Dielectric constant, relaxor ferroelectrics.

I. INTRODUCTION8

MANGANITES exhibit a wide variety of electronic9

phases because of electron interactions [for exam-10

ple, the competition between ferromagnetic double exchange11

interaction and antiferromagnetic (AFM) superexchange12

interaction]. Carrier doping is one of the powerful tools13

to control the electronic states. For example, an electron-14

doped system CaMn1−xMoxO3 changes the ground state from15

a G-type AFM ordering to a charge/orbital-ordered C-type16

AFM ordering [1], [2]. In another electron-doped system17

Ca1−xLax MnO3, dielectric properties are reported [3], [4].18

Moreover, in hole-doped systems such as Pr1−xCax MnO3 and19

Y1−xCax MnO3 [5]–[9], the temperature dependence of the20

real part of the dielectric constant exhibits a peak which is21

sensitive to a magnetic field around the charge-ordering (CO)22

temperature.23

Aiming to discover new phenomena in manganites,24

our group has investigated an electron-doped system25

CaMn1−xSbxO3 for x ≤ 0.1 [10]–[13]. The result of X-ray26

photoelectron spectroscopy indicates that the valence of Sb27

is 5+ [12]. Thus, the substitution of Sb5+ ion for Mn4+
28

site causes one-electron doping with the chemical formula29

Ca2+Mn4+
1−2xMn3+

x Sb5+
x O2−

3 accompanied by a monotonic30

increase of unit-cell volume as a function of x . The magnetiza-31

tion and ac susceptibility measurements suggest a canted AFM32

ordering below about 100 K [10]–[13], although the long-33

range order might be suppressed by the substitutional disorder.34

Interestingly, a magnetization reversal is observed after a field35

cooling for 0.02 ≤ x ≤ 0.08 [10], [11]. We consider that36

the local lattice distortion of MnO6 octahedra induced by the37

Sb substitution changes the orbital state of the eg electron of38

Mn3+ and reverses the local easy axis of the magnetization.39
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For x = 0.05, the physical and chemical pressure effect is also 40

studied [12], [13]. 41

Just recently, we investigated the dielectric properties of 42

CaMn0.85Sb0.15O3 [14], [15], because manganites provide 43

interesting dielectric materials, such as multiferroics and relax- 44

ors. A broad and large peak is found in the temperature 45

dependence of the dielectric constant. Surprisingly, the peak is 46

sensitive to a magnetic field. One candidate for this magnetic- 47

field effect is the magnetoelectric effect in multiferroics. 48

Many multiferroics have been really discovered in manganites, 49

such as YMnO3, TbMnO3, and MnWO4 [16]–[22]. Inho- 50

mogeneous systems, such as a relaxor Pb(Fe1/2Nb1/2)O3, 51

can be a multiferroic material as well [23]. In relaxors, 52

the polar nanoregions embedded in a nonpolar matrix cause a 53

large relative dielectric constant of about 104 [24], whereas 54

the homogeneous multiferroics, such as TbMnO3, usually 55

exhibit ε′ of about 10. 56

In this paper, in order to reveal the carrier- 57

concentration effect on the dielectric properties of the 58

CaMn1−xSbxO3 system, we have newly synthesized 59

polycrystalline CaMn1−xSbx O3 (x = 0.1, 0.12, 0.13, 60

0.15, and 0.2) and measured the dielectric constant. In all 61

the samples, we observed a relaxor-like broad peak in 62

the temperature dependence of the real part, which is 63

followed by an anomaly of the imaginary part. Notably, 64

the characteristic temperatures of the dielectric anomalies are 65

remarkably enhanced by more than 90 K with increasing 66

the carrier concentration. This drastic change of the anomaly 67

temperatures indicates that the carrier concentration is 68

a crucial parameter for the dielectric properties in the 69

CaMn1−xSbxO3 system. Moreover, all the samples exhibit 70

a magnetocapacitive effect: the peak of the real part is 71

suppressed by a magnetic field of 1 T. 72

II. EXPERIMENT 73

The polycrystalline samples of CaMn1−xSbxO3 (x = 0.1, 74

0.12, 0.13, 0.15, and 0.2) were prepared by a solid-state 75

reaction method [14]. The stoichiometric mixtures of CaCO3, 76

0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) X-ray diffraction spectrum of CaMn1−x Sbx O3 (x = 0.1,
0.12, 0.13, 0.15, and 0.2). (b) Enlarged view around the (101) peak
for x = 0.1 and 0.2. (c) Lattice constants and unit cell volume of
CaMn1−x Sbx O3 with error bars.

SrCO3, Mn3O4, and Sb2O3 powders were calcined in air at77

1000 ◦C for 48 h. The products were ground and pressed78

into disk-like pellets. The pellets were sintered at 1350 ◦C79

for 48 h. We performed the X-ray diffraction measurements at80

room temperature with an Ultima IV diffractometer (Rigaku)81

using Cu Kα radiation.82

We measured the temperature dependence of the dielectric83

constant under the dc magnetic field using the parallel mode84

of an LC R meter (Agilent, E4980A) [14]. The samples were85

cut into a parallel plate with a 3.2 × 6.0 mm2 area and a86

0.7 mm thickness, and the Au wires for electric lead were87

connected by Ag paint (Dupont, 4929N). In order to improve88

electric conductivity, the sample surfaces were polished to be89

flat using 9 μm diamond slurry, and the Ag paint was heated90

at 110 ◦C for 30 min. We performed measurements with an91

ac voltage of 1 V/mm and 10, 50, or 100 kHz under 0, 0.01,92

or 1 T (field cooling), obtained capacitance C and dielectric93

loss tanδ, and estimated the real and imaginary parts of the94

dielectric constant, ε′ and ε′′.95

III. RESULTS96

Fig. 1(a) presents the X-ray diffraction spectrum of97

CaMn1−xSbxO3 (x = 0.1, 0.12, 0.13, 0.15, and 0.2). The98

samples of x ≤ 0.15 present a Pnma orthorhombic structure,99

whereas the sample of x = 0.2 is described by a P21/m100

monoclinic structure. As shown in Fig. 1(b), a new peak101

appears at 23.1◦ in addition to the peak at 23.5◦ for x = 0.2.102

The peak at 23.1◦ is expected to result from the (10–1)103

reflection, whereas the (101) and (020) reflections are com-104

bined into one peak at 23.5◦. Therefore, the appearance of105

a peak at 23.1◦ indicates a structural transition from Pnma106

to P21/m. This result is consistent with the previous study107

on x = 0.1 and 0.2 [25]. The obtained lattice parameters and108

unit cell volume are plotted in Fig. 1(c). The values of a, b,109

and c exhibit an almost linear increase with increasing the Sb110

content x . This substitution effect on the lattice is reasonable:111

the Sb substitution decreases the number of smaller Mn4+ ions112

whose ionic radius is 0.530 Å, whereas it increases the113

number of larger Sb5+ and Mn3+ ions whose ionic radius 114

is 0.60 and 0.645 Å, respectively [26]. 115

In Fig. 2(a) and (b), we compare the temperature depen- 116

dence of the dielectric constant among CaMn1−xSbxO3 (x = 117

0.1, 0.12, 0.13, 0.15, and 0.2), which is measured under 118

a magnetic field of 0 T and an ac voltage of 1 V/mm 119

and 100 kHz. We have revealed that all the samples exhibit 120

a broad peak in the real part ε′ and a shoulder structure in 121

the imaginary part ε′′. Interestingly, both of these dielectric 122

anomalies are shifted to a higher temperature by increasing the 123

Sb content. The values of ε′ and ε′′ in Fig. 2 are normalized 124

to be 1 at the peak temperature of ε′. The raw value of the 125

real part of the relative dielectric constant εr is 103–104 at 126

the peak, whereas the raw value of the imaginary part of 127

εr drastically changes on cooling from 104–105 to 1–102. 128

Except for the shoulder structure, the temperature dependence 129

of ε′′ seems to be roughly described by a power law. The 130

electrical resistivity ρ of CaMn1−xSbxO3 is smaller than 131

that of the typical insulators by several orders of magnitude, 132

although its temperature dependence is described by the band- 133

gap model ρ ∝ ρ0 exp(�/kBT ). Therefore, the dielectric loss 134

of CaMn1−xSbxO3 is expected to exhibit an extremely large 135

value at higher temperatures and to be suppressed remarkably 136

on cooling; the large values of ε′′ at higher temperatures and its 137

quasi-power-law temperature dependence would be originated 138

from the conduction current. Comparably large ε′′ is really 139

observed in a low resistivity system Pr1−xCaxMnO3 [27]. 140

Therefore, we consider that the shoulder structure in ε′′(T ) 141

is a peak appeared on a quasi-power-law background. 142

We estimate the characteristic temperatures of the dielectric 143

anomalies as follows and plot them in Fig. 2(c). The temper- 144

ature at which ε′ exhibits a maximum value is defined as the 145

peak temperature of the real part Tp. In order to determine the 146

shoulder temperature of ε′′, we plot dε′′/dT (T ). As shown in 147

the inset of Fig. 2(b), the curve exhibits one minimum and one 148

maximum. Since the minimum of dε′′/dT (T ) is expected to 149

correspond to the middle of the shoulder in ε′′(T ), we define 150

the temperature of this minimum as the shoulder temperature 151

of the imaginary part Ts. 152

In this paper, we have newly clarified that both Tp and 153

Ts are almost linearly enhanced by more than 90 K 154

from x = 0.1 to 0.2. Notably, the drastically enhanced 155

Ts in the Sb substitution in CaMn1−xSbxO3 is contrast 156

to the almost unchanged Ts in the Sr substitution in 157

Ca1−ySryMn0.85Sb0.15O3 [15]. 158

We have also investigated the effect of the magnetic field 159

on the dielectric constant of CaMn1−xSbxO3 (x = 0.1, 160

0.12, 0.13, and 0.2), because we found a magnetocapacitive 161

effect in CaMn0.85Sb0.15O3 [14], [15]. A magnetocapacitive 162

effect was observed in all the samples. A magnetic field of 163

1 T suppresses the peak value of the real part by 3%–15%. 164

As an example, the result for CaMn0.88Sb0.12O3 is shown 165

in Fig. 3(a). Since we have confirmed that the magnetore- 166

sistance effect of CaMn0.85Sb0.15O3 below 4 T is within error 167

margin [15], we consider that these magnetocapacitive effects 168

in CaMn1−xSbxO3 are really related to the capacitive carriers. 169

For x = 0.1, 0.15, and 0.2, we have studied the frequency 170

dependence of the dielectric constant and found a common 171

tendency. As the result of x = 0.1 is shown in Fig. 3(b), 172
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Fig. 2. Temperature dependence of the dielectric constant of CaMn1−x Sbx O3 (x = 0.1, 0.12, 0.13, 0.15, and 0.2) (an ac voltage of 1 V/mm and
100 kHz, 0 T). (a) Real part ε′. (b) Imaginary part ε′′. The inset of (b) is the temperature dependence of dε′′/dT for x = 0.2. The arrow indicates
the minimum of which temperature is defined as the shoulder temperature Ts. (c) Sb content dependence of the characteristic temperatures of the
dielectric anomalies in CaMn1−x Sbx O3, which are determined from the measurements of (a) and (b). Tp (circle) is the peak temperature of the real part,
whereas Ts (diamond) is the shoulder temperature of the imaginary part.

Fig. 3. (a) Magnetocapacitive effect in the real part of the dielectric
constant ε′ of CaMn0.88Sb0.12O3 (an ac voltage of 1 V/mm and 100 kHz).
(b) Frequency dependence of ε′ of CaMn0.9Sb0.1O3 (0 T, 1 V/mm).

the peak of ε′(T ) is suppressed and shifted to a higher173

temperature with an increasing frequency.174

IV. DISCUSSION175

As discussed for CaMn0.85Sb0.15O3 [14], [15], the peak176

structure of ε′(T ) in CaMn1−xSbxO3 (0.1 ≤ x ≤ 0.2)177

suggests that it becomes difficult for the dipole moments to178

follow the plus-minus switching of an applied ac voltage179

below Tp. This behavior can be interpreted as the result180

of a spontaneous dipole ordering. The large value and the181

broad peak of ε′ as well as its frequency dependence sug-182

gest that CaMn1−xSbxO3 is a relaxor in which the polar183

nanoregions exist in a non-polar matrix [24]. The inevitable184

disorder induced by substitution is consistent with the relaxor185

scenario. Since the shoulder structure of ε′′(T ) is understood186

as a peak appeared on a quasi-power-law background, the187

shoulder is expected to indicate a dielectric energy dissipation.188

These results in CaMn1−xSbxO3 (0.1 ≤ x ≤ 0.2) suggest189

that local dipole-ordering clusters which start to form at190

Tp expand remarkably around Ts for an energy dissipation to191

be detectable in ε′′. Since some relaxors exhibit ferroelectricity192

much below the peak temperature of ε′(T ), it is expected to193

be reasonable for dipole-ordering clusters to grow gradually194

on cooling.195

The suppression of the peak height of ε′ by a magnetic field196

suggests that the response of dipole moments to an applied197

ac voltage is interfered by the magnetic field. In other words, 198

a spontaneous dipole ordering along a certain direction is 199

stabilized by a magnetic field. 200

In order to discuss the origin of the dielectric anom- 201

alies and the magnetocapacitive effect in CaMn1−xSbx O3, 202

the x − T phase diagram would be important. Focus- 203

ing on the dielectric properties, we have newly revealed 204

that Tp and Ts are almost linearly enhanced from x = 205

0.1 to 0.2. On other properties such as the magnetic phase, 206

we can speculate based on the phase diagram of the similar 207

carrier-doped manganites. Comparing the one-electron-doped 208

system CaMn1−xSbxO3 with a two-electron-doped system 209

AeMn1−zMozO3 (Ae: Alkaline earth metal), from the view- 210

point of the average valence α of Mn ions, CaMn0.85Sb0.15O3 211

with α = +3.82 and CaMn0.8Sb0.2O3 with α = +3.75 cor- 212

respond to AeMn0.917Mo0.083O3 and AeMn0.889Mo0.111O3, 213

respectively. Considering that the structural phase transition 214

from Pnma to P21/m at the room temperature occurs 215

between CaMn0.85Sb0.15O3 and CaMn0.8Sb0.2O3, the phase 216

diagram of CaMn1−xSbxO3 is expected to be similar to that 217

of Ca0.75Sr0.25Mn1−zMozO3 in which the same structural 218

transition occurs between z = 0.083 and 0.111 [2]. In the 219

phase diagram of Ca0.75Sr0.25Mn1−zMozO3, the ground state 220

for 0.052 ≤ z ≤ 0.111, which corresponds to 0.1 ≤ x ≤ 0.2 in 221

CaMn1−xSbxO3, is the C-type AFM phase with charge/orbital 222

ordering, whose ordering temperature is linearly enhanced 223

by more than 130 K in this range. In CaMn0.85Sb0.15O3, 224

we really observed a magnetic anomaly that suggests a CO 225

near Tp [14], [15]. 226

Therefore, the dielectric peak in CaMn1−xSbxO3, which 227

indicates the formation of a dipole ordering, is expected to 228

have a positive correlation with a charge/orbital ordering. 229

As for the magnetocapacitive effect, since charge/orbital order- 230

ings in CaMnO3 series stabilize a certain magnetic order- 231

ing [28], we consider that the dipole ordering related to a 232

charge/orbital ordering is affected by a magnetic field through 233

a magnetic ordering. This magnetic-field-sensitive dielectric 234

peak, which seems to be related to a charge/orbital ordering, 235

is similar to that in the hole-doped system Pr1−xCax MnO3 and 236
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Y1−xCax MnO3 [5]–[9], but it is the first example among237

electron-doped CaMnO3 systems.238

Concerning the dielectric anomaly in the imaginary239

part which indicates the active development of electri-240

cally polarized regions, Ts is notably sensitive to the one-241

electron-doping Sb substitution in CaMn1−xSbxO3, whereas242

it is not affected by the isovalent Sr substituion in243

Ca1−ySryMn0.85Sb0.15O3 [15]. From these contrast results,244

we emphasize that the carrier concentration is a crucial245

parameter for the expansion of polar nanoregions in the246

Ca1−ySryMn1−xSbxO3 system.247

As a next issue, it would be important to clarify whether248

macroscopic electric polarization exists at low temperatures.249

In order to check our scenario on the mechanism of the250

dipole anomalies and the magnetocapacitive effect in the251

Ca1−ySryMn1−xSbxO3 system, the magnetic ground state and252

the possibility of a charge/orbital ordering should be studied.253

V. CONCLUSION254

We measured the dielectric constant of the electron-doped255

manganite CaMn1−xSbxO3 (x = 0.1, 0.12, 0.13, 0.15,256

and 0.2). The temperature dependence of the real part exhibits257

a broad and large peak of which value is suppressed and258

of which temperature is enhanced by increasing frequency,259

whereas the imaginary part shows a shoulder anomaly on a260

quasi-power-law temperature dependence. These results sug-261

gest that CaMn1−xSbxO3 is a relaxor: clusters with a short-262

range dipole ordering appear at the peak temperature and grow263

gradually, especially actively at the shoulder temperature.264

Importantly, we have revealed that the shoulder temperature265

is remarkably enhanced with the increasing Sb content x .266

This result indicates that the growth of the clusters is strongly267

affected by the carrier concentration. Moreover, the dielectric268

peak is sensitive to a magnetic field in all the samples. By anal-269

ogy with other CaMnO3 systems, a charge/orbital ordering and270

an accompanying magnetic ordering might play an important271

role for the dielectric ordering in CaMn1−xSbxO3.272
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