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Chapter 3

Relaxor ferroelectric behavior in

Tb1−xCaxMnO3

3.1. Introduction

The rare-earth manganites RMnO3, with R = Gd, Tb and Dy, exhibit a new type of ferroelectricity

induced by a magnetic spiral structure. [1–5] They first develop incommensurate sinusoidal antifer-

romagnetic order below about 40 K. The incommensurability continuously changes upon cooling

and becomes almost constant below the “lock-in” temperature Tlock ' 28 K and ' 19 K for R =

Tb and Dy, respectively. For R = Gd a sudden drop of the incommensurability vector is observed

below Tlock ' 23 K [3, 6–8]. The transition to this long-wavelength incommensurate antiferromag-

netic phase for R = Tb and Dy is accompanied by ferroelectric ordering with a spontaneous electric

polarization P‖c. The polarization flops to P‖a when a magnetic field above a critical value is ap-

plied along the a or b direction, while it is suppressed for large fields applied along the c direction.

In contrast, for R = Gd a polarization (P‖a) is only observed for magnetic fields greater than 1 T

applied along the b-axis [3]. Recently, the polarization has been reversed in TbMnO3 by rotating the

direction of the magnetic field in the ab-plane; the 4f moment was found to play an important role in

the polarization flop [12]. The origin of the ferroelectric state in TbMnO3 is based on the existence

of a spiral magnetic structure below Tlock, which breaks both time-reversal and inversion symmetry.

It has been described theoretically by microscopic [9] and Landau phenomenological models [5].

Both approaches show that the direction of the polarization is perpendicular to the spin rotation axis

and the wave vector of the magnetic spiral. An associated lattice distortion with a doubled wave vec-

tor develops together with the Mn-spiral. A recent structural investigation of DyMnO3 has shown

that a further lattice distortion develops below the Dy-spin ordering temperature; it originates from
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26 Relaxor ferroelectric behavior in Tb1−xCaxMnO3

coupling between the rare-earth and Mn magnetic moments, which shows that the rare-earth sub-

lattice should also be taken into account to understand the multiferroic properties [10]. The effects

of doping the rare-earth site with a divalent cation such as Ca, Sr and Ba on the spin, charge and

orbital degrees of freedom in RMnO3 have been extensively investigated. However, most studies

have focused on large doping; in particular, the consequences of introducing charge carriers for the

ferroelectric properties of R1−xAxMnO3 for x less than 10% (R = Gd, Tb, Dy) have not yet been ex-

plored. Therefore, we have synthesized single crystals of Tb1−xCaxMnO3 with nominal x = 0, 0.02,

0.05 and 0.1, and investigated their magnetic, structural and electric properties. We find that both the

ferroelectric ordering temperature and the magnitude of the spontaneous polarization are suppressed

with increasing Ca concentration. Our data indicate that Ca doping destroys the ferroelectric state

as well as the spiral magnetic structure via an intermediate state that resembles a relaxor ferroelec-

tric. We present a magnetic-electric phase diagram for Ca-doped TbMnO3 in terms of the perovskite

tolerance factor.

3.2. Experimental

Single-crystalline samples of Tb1−xCaxMnO3 with nominal values of x = 0, 0.02, 0.05 and

0.1 were grown by the floating zone method using a four-mirror furnace (Crystal Systems Corp.,

FZT-10000-H-VI-VP). To make the feed rod for crystal growth, stoichiometric amounts of Tb4O7,

CaCO3, and a 1% excess of MnO2 were mixed, ground, calcined at 1000◦C and sintered at 1200◦C

in air for 36 hours with intermediate grindings. The mixture was then compressed hydrostatically

at 600 bar in a rubber tube into a rod of diameter 7 mm and length 50 mm. This rod was heated in

air at 1400◦C for 12 hours. The crystal growth rate was between 1.5 and 5 mm/h and was carried

out in air. The seed and feed rods were counter-rotated at a speed of 15-20 rpm. The crystallinity

of the sample was checked by Laue diffraction and cut crystal pieces were oriented using an Enraf-

Nonius CAD4 single crystal diffractometer. X-ray powder diffraction (XRPD) at room temperature

was performed using a Bruker D8 diffractometer. Temperature-dependent XRPD was performed on

crushed single-crystal pieces using a Huber diffractometer equipped with a G670 Guinier camera

and a closed-cycle refrigerator. The magnetic properties were measured using a Quantum Design

MPMS-7 SQUID magnetometer. The dielectric constant was measured using an Agilent 4284A

LCR meter in combination with a Quantum Design Physical Properties Measurement System. For

polarization measurements, the samples were cooled in a poling electric field of (∼ 150 V/mm).

After poling, the polarization was determined by integrating the pyroelectric current. Changing the

sign of the poling field resulted in a change of sign of the pyroelectric current, proving the ferro-

electric nature of our samples. Single crystal neutron diffraction experiments were carried out at the
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Berlin Neutron Scattering Center (BENSC) using the double-axis E4 instrument. Single crystals of

approximate size 5 × 5 mm were oriented with the bc plane in the scattering plane. Cooling was

achieved using a standard orange cryostat.

3.3. Experimental results

3.3.1. Structural properties
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Figure 3.1: XRD patterns of crushed Tb1−xCaxMnO3 single crystals measured at room temperature.

The XRPD patterns of crushed Tb1−xCaxMnO3 single crystals collected at room temperature

are shown in Figure 3.1, which shows that the samples are single phase. The diffraction peaks

could be indexed in orthorhombic unit cells with spacegroup Pbnm. The unit cell parameters are

summarized in Table 3.1. The lattice parameters of TbMnO3 are in good agreement with those

previously reported [16]. All of the samples show large orthorhombic distortions, indicated by a

large ratio b/a. This distortion is due to tilting and rotation of the MnO6 octahedra caused by the size

mismatch between the Tb3+ and Mn3+ ions. The doping of Ca on the Tb site produces a decrease of

the b-parameter and almost no change in the a-parameter; as a consequence, the ratio b/a decreases.
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Figure 3.2 shows the lattice parameters as function of Ca content, where the c parameter is divided

by a factor of
√

2. It is clear that the lattice parameters of all the samples follow the relationship

c
√

2 < a < b , which corresponds to the O’ - type orthorhombic structure [11].

Tb1−xCaxMnO3 x = 0 x = 0.02 x = 0.05 x = 0.1
a (Å) 5.29969(9) 5.30062(7) 5.30157(7) 5.30508(9)
b (Å) 5.84236(9) 5.82385(8) 5.79856(7) 5.76155(10)
c (Å) 7.40147(12) 7.40846(10) 7.41625(9) 7.42937(13)
V (Å3) 229.169(9) 228.700(7) 227.987(6) 227.082(6)
Rwp 0.075 0.111 0.079 0.10
Rp 0.059 0.085 0.070 0.080
χ2 1.41 1.93 1.44 2.6

Table 3.1: Lattice parameters and fit parameters for the refinement of Tb1−xCaxMnO3 in the orthorhombic
Pbnm space group from XRPD data at room temperature

Figure 3.2: Lattice parameters of Tb1−xCaxMnO3 as a function of Ca content at room temperature.

Figure 3.3 shows the temperature dependence of the lattice parameters of Tb1−xCaxMnO3 with

x = 0, 0.02, 0.05 and 0.1 obtained from XRPD on crushed single crystals. The diffraction patterns

were consistent with space group Pbnm at all temperatures; although the lattice is known to become

incommensurate below TN [3, 4, 6], no additional satellite peaks were observed and thus the lattice

parameters are those of the average structure. The a-axis shows almost no dependence on doping

below 50 K, whereas the c-axis increases slightly with increasing Ca-content. In contrast, the b

lattice parameter rapidly decreases. TbMnO3 has a strongly distorted orthorhombic structure due

to the size mismatch between Tb3+ and Mn3+, manifested by the large differences between the

a and b lattice parameters. This type of distortion is also correlated with the magnitude of the

Jahn-Teller distortion of Mn3+ in the MnO6 octahedra [6, 16]. With increasing Ca-content, both

the orthorhombic and octahedral distortion decrease, giving rise to a rapid decrease in the b-lattice
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parameter [16]. We also observe a distinct discontinuity in the lattice parameters of our x = 0 sample

at TC ∼26 K, which becomes continuous after doping. The temperature at which the discontinuity

occurs coincides with the ferroelectric transition temperature. The largest discontinuity is along the

c axis, which is the direction of the spontaneous polarization. These discontinuities are qualitatively

comparable with the anomalies in the thermal expansion at Tlock reported by Meier et al. [13] This

implies that there is strong coupling between the ferroelectricity and the lattice structure.

Figure 3.3: Temperature dependence of the lattice parameters and volume of crushed single crystals of

Tb1−xCaxMnO3. The inset shows the detailed thermal evolution of the c-axis.

3.3.2. Magnetic properties

Figure 3.4 shows the temperature dependence of the magnetic susceptibility χ(T ) between 5 and

300 K for Tb1−xCaxMnO3 single crystals measured in an applied magnetic field of H = 0.5 T for

all three crystallographic directions. Measurements were carried out under both zero-field cooled

(ZFC) and field cooled (FC) conditions. The magnetic susceptibility of the samples shows strong

anisotropy at all temperatures, decreasing in the order H‖a > H‖b > H‖c. The large magnetic

anisotropy primarily originates from the large spin-orbit coupling of the Tb3+ moment [3]. Kimura

et al. have previously reported that the magnetization and specific heat of TbMnO3 show anomalies

at 42 K, 27 K and 7 K, which correspond to Mn spin ordering, the onset of ferroelectricity, and Tb

spin ordering, respectively [2, 6]. However, it has not been reported for which directions of applied

field the anomalies exist. Our observation is that anomalies in the magnetic susceptibility only exist
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for H‖c; we did not observe any anomalies for H‖a and H‖b, which might be caused by the strong

effect of the Tb moment in both directions. For x = 0.1 the ZFC and FC magnetic susceptibilities

for H‖c diverge below TN , which is typical for spin-glass-like behavior. This can be ascribed to

the existence of ferromagnetic clusters. It is well known that the mixed-valent state containing

Mn3+ and Mn4+ yields ferromagnetic interactions via the double-exchange (DE) mechanism. If the

Mn4+ concentration is low, long-range ferromagnetic order is not achieved. Similar behavior was

previously reported for Tb0.85Ca0.15MnO3 [16].

Figure 3.4: Temperature dependence of the magnetic susceptibility of Tb1−xCaxMnO3 for all three crystallo-

graphic axes: (a) x = 0, (b) x = 0.05, and (c) x = 0.1.
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Figure 3.5: Temperature dependence of zero-field cooled magnetic susceptibility (a) and derivative magnetic

susceptibility (b) of Tb1−xCaxMnO3 for H‖c. The down and up arrows indicate the antiferromagnetic ordering

(TN ) and ferroelectric transition (Tlock) temperatures, respectively.

In order to study the effect of increasing the Ca content on the magnetic transition, we carried

out further measurements of the low-temperature magnetic susceptibility with 0.25 K steps for a

magnetic field of 100 Oe applied parallel to the c-direction. The measured susceptibility and its

derivative are shown in Fig. 3.5. Anomalies corresponding to Mn spin ordering are apparent at TN =

41 K for x = 0 and x = 0.02 , while TN decreases slightly to ∼ 39 K for x = 0.05 and then decreases

further to ∼ 32 K for x = 0.1. The increase in the magnitude of the susceptibility in the x = 0.1

sample suggests that there is an enhancement in the ferromagnetic interactions. The dependence

of the ferroelectric transition temperature (Tlock) on Ca content is more interesting; Tlock rapidly

decreases from ∼ 26 K for x = 0 to ∼ 21 K for x = 0.02, and the transition becomes broadened at ∼
15 K for x = 0.05. We will discuss these phenomena later.
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3.3.3. Dielectric properties

Figure 3.6: Temperature dependence of the dielectric constant of Tb1−xCaxMnO3 for E‖a at different frequen-

cies.

The temperature dependence of the dielectric constant of Tb1−xCaxMnO3 for E‖a is shown in

Figure 3.6. The behavior of the dielectric constant of undoped TbMnO3 for E‖a is similar to that

reported by Kimura et al. [2,3], where it increases below TN and then slightly decreases below Tlock.

We observe small anomalies at Tlock ∼ 26 K for x = 0 and ∼ 21 K for x = 0.02. For x = 0.05, no

anomaly is visible. For x = 0.1 the dielectric constant decreases steadily with decreasing temperature.

In general, increasing Ca content leads to a decrease in the magnitude of the dielectric constant at all

temperatures below TN . The dielectric constant shows little dependence on frequency.

Figure 3.7 shows the temperature dependence of the dielectric constant of Tb1−xCaxMnO3 for

E‖b. Only measurements at a frequency of 1 kHz are shown, because there was again essentially no

frequency dependence. The dielectric constant for all samples decreases gradually with decreasing

temperature; small anomalies at Tlock are observed for x = 0 and x = 0.02, while no anomalies are

apparent for x = 0.05 and x = 0.01. The magnitude of the dielectric constant is smaller than for E‖a.

In contrast to the measurements of ε‖a and ε‖b, the temperature dependence of the dielectric

constant measured parallel to the c-axis shows significant frequency dependence below TN (Figure

3.8). This type of dispersion was previously observed by Goto et al., who suggested that it is cor-

related with the presence of dynamical localized charge carriers (polaron hopping mechanism) [7].
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Figure 3.7: Temperature dependence of dielectric constant of Tb1−xCaxMnO3 for E‖b at 1 kHz.

Figure 3.8: Temperature dependence of the dielectric constant of Tb1−xCaxMnO3 for E‖c at different frequen-
cies.
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Increasing Ca content shifts this dielectric relaxation to lower temperatures and the dispersion essen-

tially vanishes at x = 0.05. Sharp peaks are observed at Tlock ∼ 26 K for x = 0 and Tlock ∼ 21 K for x

= 0.02, which correspond to the ferroelectric transition. These peaks are frequency independent. In

contrast, for x = 0.05 the peak becomes broader and is slightly shifted to higher temperature as the

frequency increases. These are general features of relaxor ferroelectric-type behavior, which will be

discussed later.

3.3.4. Polarization
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Figure 3.9: Temperature dependence of the spontaneous polarization of Tb1−xCaxMnO3 along (a) the a-axis

and (b) the c-axis.

We carried out measurements of the electric polarization in order to prove that our Tb1−xCaxMnO3

samples were ferroelectric. The polarization was obtained by integrating the pyroelectric current, as

described in Chapter 2. It is well known that the polarization of undoped TbMnO3 is along the c-axis

and originates from the spiral magnetic structure. The direction of the polarization induced by such

a spiral structure should be perpendicular to both the magnetic easy axis and the spin propagation

vector [5, 9]. In the case of TbMnO3, the easy axis is along the a-direction (see Figure 3.4) and

the spin propagation vector is parallel to b with q = (0, 0.28, 0). Figure 3.9 shows the temperature

dependence of the polarization of Tb1−xCaxMnO3 along both the a and c directions. Spontaneous

polarization suddenly appears at TC in the x = 0 and x = 0.02 samples, typical of a ferroelectric

transition. However, for x = 0.05 the onset of polarization occurs much more gradually, pointing

to a phase transition of diffuse character. The spontaneous polarization of our undoped TbMnO3

sample is close to the value of 600 C/m2 reported by Kimura et al, and decreases dramatically with

increasing Ca content. Although we also observe a small polarization along the a-axis for x = 0 and

x = 0.02, this is probably due to a slight misorientation of the samples.
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3.3.5. Neutron diffraction
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Figure 3.10: (a) Temperature dependence of normalized integrated intensity of the (0, 2+q, 1) peak. The

inset shows k-scans around (0, 2-q, 1) at 2 K. (b) Width of (0, 2+q, 1) peak. The open triangles indicate the

ferroelectric transition (Tlock) temperatures. The solid lines are guides to the eye.

In order to investigate the effect of Ca-doping on the magnetic structure, we used neutron diffrac-

tion. We studied the temperature dependence of the Mn-spin modulation of Tb1−xCaxMnO3 for x =

0.02 and x = 0.05. So-called A-type magnetic superlattice reflections, characteristic of the Mn-spin

modulation, were observed at (0, 2-q, 1) and (0, 2+q, 1) in both samples, but were much stronger for

x = 0.02 at all temperatures (see Figure 3.10(a)). Here, q is the Mn spin-spiral propagation vector

parallel to b. We normalized the integrated intensities of these superlattice reflections to the intensity

of the main 002 reflection, which contains no magnetic component. The Mn spin modulation in both

samples has the same periodicity as in undoped TbMnO3, where q ∼ 0.28. In Figure 3.10(a) the

temperature dependence of the intensity of the (0, 2+q, 1) reflection is shown; the intensities were

obtained from omega scans. The intensity increases below TC ∼ 21 K and TC ∼ 15 K for x = 0.02

and x = 0.05, respectively. No superlattice reflections were observed above the magnetic ordering
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temperature of 42 K. This behavior is slightly different to that in undoped TbMnO3 [8], where the

increase in intensity of the A-type reflections in the vicinity of TC is much less pronounced. Fig-

ure 3.10(b) shows the temperature dependence of the peak width of the (0, 2+q, 1) reflection. It is

clear that the A-type peaks for x = 0.05 are broader than those for x = 0.02 below TC, indicating

that increased Ca-doping decreases the coherence length of the Mn spin-spiral structure, leading to

shorter-range order.

3.4. Discussion

Figure 3.11: Phase diagram of RMnO3 and Tb1−xCaxMnO3 showing ordering temperatures as a function of

tolerance factor. The inset shows a plot of the average Mn-O-Mn bond angle as a function of tolerance factor.

Up and down triangles correspond to magnetic ordering and ferroelectric transition of the samples doped with

x = 0%,2%,5% and 10% of Ca.

For RMnO3 perovskites an increasing ionic radius of the rare earth results in an increase of the

Mn-O-Mn bond angle. A similar effect is observed for Ca-doping on the A-site as Ca is larger then

R; doping increases the Mn-O-Mn bond angles in the ab-plane [16, 17]. However, there is a marked

difference: for Ca-doping the valence change induced on the B-site dominates the change of ionic

radius of the A-site. For example, the difference in ionic radius between Mn4+ (0.53 Å) and Mn3+

(0.645Å) is a greater factor in determining the structure than the difference between Ca2+(1.18 Å)

and Tb3+(1.095 Å). Both effects are taken into account in the perovskite tolerance factor (t), which

is defined as t = (A−O)/
√

2(B−O) whereHere, (AO) and (MnO) are the average cationoxygen

interatomic distances of the A- and B-sites, respectively. The tolerance factor is linearly related to
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the average Mn-O-Mn bond angle (see the inset of Figure 3.11) [19–21]. The average Mn-O-Mn

bond angles in Figure 3.11 are taken from Refs. [19–21, 47]. In calculating t we have used ionic

radii from Ref. [22] and a coordination number of nine for the A-site, because these values have

been most accurately determined for small rare-earth ions. The amount of Mn4+ present on the

B-site was assumed to be the same as the Ca-content [16]. As shown in Figure 3.11, the effect

of Ca-doping in Tb1−xCaxMnO3 can be divided into two regimes. First, for x ≤ 0.05 the effect

of the tolerance factor or Mn-O-Mn bond angle dominates. Doping causes a weakening of the

relative strength of the next-nearest-neighbor superexchange interactions [6]. This results in a partial

breakdown of the spiral structure for x = 0.05 and probably to increasing preference for the A-type

antiferromagnetic structure at low temperature; this has previously been found in GdMnO3, which

has the same tolerance factor. Second, for 0.05 < x≤ 0.1, the effect of double-exchange interactions

becomes dominant, and the magnetic structure transforms to a spin-glass-like state. This behavior

can be explained by the emergence of ferromagnetic clusters [16].

Figure 3.12: Dielectric constant of Tb0.95Ca0.05MnO3 measured at different frequencies.

The onset of polarization in our x = 0.05 sample occurs in a rather diffuse fashion (see Figure

3.9(a)), suggesting that the ferroelectricity may be of the relaxor type. In order to clarify this is-

sue, we measured the temperature dependence of the dielectric constant at different frequencies (see

Figure 3.12). The broad peak shifts with increasing frequency to higher temperature. This behavior

resembles that of a relaxor ferroelectric, in which the maximum of the broad peak defines a glass-like

transition temperature, Tm, associated with a diffuse phase transition where the dipolar fluctuations

within small polar domains slow down. In relaxor ferroelectrics these domains are paraelectric at

high temperatures. Upon cooling they transform to ferroelectric clusters, each with a randomly ori-

ented dipole moment. At sufficiently low temperatures all dipolar motion freezes, and the dispersion
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vanishes [15]. The existence of ferroelectric clusters in relaxor ferroelectrics is a universal feature,

although the precise mechanism of their formation is still debated [14]. In conventional relaxor

ferroelectrics, ferroelectric clusters are often generated from the disturbance of long range order by

compositional disorder, impurities, lattice vacancies or other imperfections. The correlation that fer-

roelectric clusters have with the magnetic structure is unclear because known relaxors are generally

non-magnetic. In contrast, the relaxor-like behavior of our x = 0.05 sample occurs below the mag-

netic ordering temperature. As we show in Figure 3.11, the Mn magnetic peak is broader for x =

0.05 than for x = 0.02. This implies that the relaxor-like behavior originates from a decreased co-

herence length of the Mn-spin spiral structure. No similar mechanism has previously been reported,

and therefore we propose that Tb1−xCaxMnO3 might form a new class of relaxor ferroelectrics in

which the relaxor behavior is induced by the magnetic structure. We note that further experimental

evidence, such as can be obtained by neutron diffuse scattering, is needed to prove the existence of

ferroelectric clusters in our materials.

Recently, theoretical calculations have shown that the direction of the polarization in RMnO3

depends on the helicity of the spiral mode, which is either clockwise or counter-clockwise [5, 9].

Thus, for our x = 0.05 sample, where short-range ordered spiral structures are randomly oriented,

both spiral modes are likely to exist. In this scenario, the polarization of spiral domains with opposite

handedness will cancel and the net polarization will decrease rapidly with doping. Alternatively, the

spiral ordering might simply be disrupted by doping, eventually giving way to double exchange and

leading to a decrease in the coherence length of the spiral, or to shorter range order.

3.5. Conclusion

A small degree of Ca-doping suppresses the ferroelectric state in Tb1−xCaxMnO3. This tran-

sition is governed by the appearance of Mn4+, which causes both the Mn-O-Mn bond angle and

the influence of double-exchange interactions to increase. The suppression of ferroelectricity with

doping occurs via an intermediate state at x = 0.05 with behavior resembling that of a relaxor. The

intermediate state is associated with a decreased coherence length of the Mn spin-spiral structure,

without any change in the modulation wave vector. The ferroelectric transition is signaled by lattice

discontinuities, where the largest lattice anomaly corresponds to the direction of the polarization.
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