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Chapter 5

Magnetoelectric behavior of

multiferroic Eu1−xHoxMnO3

5.1. Introduction

The search for new multiferroic materials with strong coupling between ferroelectricity and mag-

netism has attracted great interest in the last few years [1, 2]. This is largely due to the prospect

of controlling the magnetic properties using an electric field and vice versa [1–4]. Attention has

recently been focused on a new class of multiferroics that exhibit magnetic frustration; examples

include hexagonal RMnO3, CoCr2O4 spinel, the Kagomé staircase compound Ni3V2O8, RMn2O5

and perovskite RMnO3 (R=Tb,Dy). In this class of materials the ferroelectricity is directly induced

by the spin structure. The perovskite RMnO3 materials exhibit a unique phenomenon in which the

direction of the spontaneous electric polarization can be rotated by 90 degrees by an applied mag-

netic field; this is accompanied by a giant magnetocapacitance effect [5, 6]. The magnetic structure

of perovskite RMnO3 depends on the ionic radius of the R cation. When the ionic radius of R is large

(La-Eu), occupied Mn dx2−r2 and dy2−r2 orbitals order in staggered fashion in the ab plane; this gives

rise to strong ferromagnetic (FM) coupling between nearest-neighbor Mn spins in the ab plane and

weak antiferromagnetic (AF) coupling along the c-axis, which corresponds to the so-called A-type

AF structure. For R cations with small ionic radius, the onset of magnetic ordering initially gives

rise to an incommensurate, sinusoidal structure. This is due to an increased degree of competition

between the nearest-neighbor (NN) and next-nearest-neighbor (NNN) superexchange interactions in

the ab plane, caused by the increased degree of octahedral tilting for small R cations. For R = Tb

and Dy, the incommensurability evolves from a sinusoidal to a spiral configuration below a so-called
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60 Magnetoelectric behavior of multiferroic Eu1−xHoxMnO3

“lock-in” temperature (Tlock). The spin spiral structure is directly responsible for inducing ferroelec-

tricity in these compounds [5, 6]. Recent studies have shown that the rare-earth spins are strongly

coupled to the Mn spins and also make an important contribution to the electrical polarization [9].

When the R-site is non-magnetic (R = Eu, Y), the Mn spins form a spiral structure in the ab plane.

Consequently, the spontaneous polarization is parallel to the a-axis [10, 11]. It is interesting to in-

vestigate the effect of having an R-site that contains a mixture of non-magnetic (Eu3+) and magnetic

cations. We chose Ho3+ as the magnetic cation because it has the largest magnetic moment in the

rare-earth series and because the ionic radius of Ho3+ is similar to that of Y3+; Eu1−xYxMnO3 is

known to be ferroelectric for certain compositions.

5.2. Experimental

Single-crystalline samples of Eu1−xHoxMnO3 with nominal values of x = 0.2, 0.4, 0.5 and 0.75

were grown by the floating zone method. The crystal growth rate was between 1 and 2 mm/h and was

carried out in air. The seed and feed rods were counter-rotated at a speed of 18-25 rpm. The crys-

tallinity of the samples was checked by Laue diffraction and cut crystal pieces were oriented using

an Enraf-Nonius CAD4 single crystal diffractometer. The magnetic properties were measured using

a Quantum Design MPMS-7 SQUID magnetometer. The dielectric constant was measured using

an Agilent 4284A LCR meter and an Andeen-Hagerling 2500A capacitance bridge in combination

with a Quantum Design Physical Properties Measurement System. Polarization measurements were

performed using a Keithley 617 electrometer. The polarization was determined by integrating the

pyroelectric current.

5.3. Results

5.3.1. Magnetic properties

The temperature dependence of the magnetic susceptibility of Eu1−xHoxMnO3 is shown in Fig-

ure 5.1. At low temperature, the susceptibility is anisotropic. Although an AF transition is known

to take place at ∼45 K, no anomalies at the transition temperature are apparent in the susceptibility

data due to the large paramagnetic contribution of the Ho cation. For the x = 0.20 sample, the sus-

ceptibility along the c-axis suddenly increases at T ∼ 25 K. This is similar to previously reported

measurements of GdMnO3, where the Mn spin configuration changes from a sinusoidal AF structure

to an A-type canted AF structure at 24 K, which can be well explained by the increasing influence

of the Dzyaloshinskii-Moriya interaction compared to the single ion anisotropy [12]. The c-axis
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Figure 5.1: Magnetic susceptibility of Eu1−xHoxMnO3 for x = 0.20, 0.40, 0.50 and 0.75 as a function of
temperature. The insets show expanded views of the magnetic susceptibility along the c-axis.

susceptibility of our x = 0.2 sample then decreases at T ∼ 10 K, where a change of slope occurs in

the b-axis susceptibility. For the x = 0.4 and 0.5 samples, a change of slope in the c-axis suscepti-

bility is observed at T ∼ 26 K and T ∼ 23 K, respectively. Figure 5.2 shows the low-temperature

magnetization of Eu1−xHoxMnO3 as a function of magnetic field applied along all three crystallo-

graphic directions. Both the magnetic moment and magnetic anisotropy increase with Ho content.

The magnetic anisotropy is indicated by the increasing difference between the magnetization along

the a-axis and the other crystallographic axes. The magnetization of the x = 0.4 and 0.5 samples

shows a metamagnetic transition at H ∼1.5 T when the field is applied along the a-axis. This in-

dicates that the Ho spins are aligned in FM fashion under magnetic field. This is also observed in

TbMnO3 [6]. For magnetic fields applied along the b-axis, a metamagnetic transition is apparent at

H ∼3 T for the x = 0.4 sample whereas no anomalies are observed for the x = 0.2 and 0.75 samples.

In TbMnO3 a similar metamagnetic transition observed along the b-axis is associated with a flop of

the spiral structure from the bc plane to the ab plane, which induces a flop of the polarization from

the c-axis to the a-axis [13]. Therefore a similar polarization flop is expected for our x = 0.4 and 0.5

samples.
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Figure 5.2: Magnetization of Eu1−xHoxMnO3 as a function of magnetic field applied along all three crystallo-

graphic directions.

5.3.2. Capacitance

We display in Figure 5.3 the temperature dependence of the capacitance of Eu1−xHoxMnO3 with

x = 0.2, 0.4, 0.5 and 0.75 measured along the c-direction. All of these measurements were performed

on heating. The capacitance of the x = 0.2 sample shows a broad peak between approximately 25K

and 30K. In contrast, the capacitance of the x = 0.4, 0.5 and 0.75 samples shows sharp peaks at 26K,

25K, and 20 K respectively. This observation is in good agreement with the decrease of the average

ionic radius of the R-site with doping; for the x = 0.2 sample, the average radius is the same as that

of Gd3+, whereas the ionic radius of Tb3+ corresponds to a composition between x = 0.4 and 0.5.

Thus, by analogy with TbMnO3 and DyMnO3, we expect that the sharp peaks in the x = 0.4 and x =

0.5 data are associated with the ferroelectric transition.
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Figure 5.3: Temperature dependence of c-axis capacitance of Eu1−xHoxMnO3 with x = 0.2, 0.4, 0.5 and 0.75.

5.3.3. Polarization

In order to establish whether the sharp anomaly in the capacitance measurements corresponds to

the onset of ferroelectricity, we measured the spontaneous polarization along the c-axis. For the x

= 0.2 sample no polarization is observed (see the inset of Figure 5.4), which is not surprising given

that the average ionic radius of the x = 0.2 sample is close to that of Gd3+ and that GdMnO3 is only

ferroelectric in a non-zero magnetic field. In GdMnO3 the Mn NNN superexchange interaction is

weak compared to the NN interaction, and as a result the canted A-type AF state is favored over the

spiral structure. [7]. A similar observation has been made by Yamasaki et al. for Eu0.8Y0.2MnO3

[11]. Although Hemberger et al. observed spontaneous polarization along the a-axis for the same

composition [10], the samples may have had slightly different stoichiometry. We observe electrical

polarization along the c-axis below a transition temperature Tc in our x = 0.4, 0.5 and 0.75 samples,

as shown in Figure 5.4. This result is in contrast with the Eu1−xYxMnO3 system, in which the

polarization occurs along the a-axis [10, 11]. In the Eu-Y system there is no magnetic interaction

between the Mn and rare-earth sites, because Y3+ and Eu3+ (J=0) are non-magnetic. However,

our system includes Ho3+ with a large magnetic moment (∼ 10.4µB), which might stabilize spiral

ordering in the bc plane via 4f-3d exchange interactions, resulting in polarization along the c-axis

as observed in TbMnO3 [14–16]. The highest polarization of 400 µC/m2 is obtained for x = 0.4.

It is rather surprising that we observe a decrease in both Tc and in the magnitude of the electrical
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polarization with increasing Ho3+ content. The spontaneous polarization of DyMnO3 is significantly

larger (P ∼2000 µC/m2) than that of TbMnO3, and the average rare-earth ionic radius of our x =

0.75 sample is close to that of Dy3+.
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Figure 5.4: Temperature dependence of the polarization of Eu1−xHoxMnO3 along the c-axis. The inset shows

an expanded view of the x = 0.2 and x = 0.75 data.

5.4. Effect of applied magnetic field

After establishing the presence of spontaneous polarization, we investigated the behavior of the

Eu1−xHoxMnO3 system under applied magnetic field. In TbMnO3 and DyMnO3 a field applied

along the a-axis or b-axis flops the polarization, while a field applied along the c-axis suppresses

the polarization. We first studied the effect on the capacitance of applying a magnetic field applied

along b-axis. The results are shown in Figure 5.5. For the x = 0.2 sample the capacitance along the

c-direction does not change significantly up to 7 T. For the x = 0.4 sample, beside the ferroelectric

transition peak (Tc1), a second peak (Tc2) appears in the capacitance at ∼10 K for H ∼4 T and shifts

to higher temperature on increasing the magnetic field. This peak is most likely associated with a

flop of the polarization from the c-axis to the a-axis, as observed in TbMnO3. For the x = 0.5 sample

a second peak is observed at ∼7 K in fields of 4 T and 5 T, but is suppressed when the magnetic

field is increased further. In addition, a shoulder-like feature is observed below Tc1 in low fields and

is gradually suppressed as the magnetic field strength increases. For the x = 0.75 sample a second

peak appears at 6 K for H ∼5 T, and increases with increasing magnetic field. In contrast, the Tc1

peak decreases and becomes broader with increasing field.
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Figure 5.5: Temperature dependence of the c-axis capacitance of Eu1−xHoxMnO3 with x = 0.2, 0.4, 0.5 and

0.75 under various magnetic fields applied along the b-axis.

In order to investigate the low-temperature capacitance anomalies at Tc2 for the x = 0.4, 0.5 and

0.75 samples, we also measured the magnetocapacitance for magnetic fields applied along the b-axis

at different temperatures, as shown in Figure 5.6. For the x = 0.4 and 0.5 samples there are two peaks

in the 5 K magnetocapacitance. The first peak (Hc1) is consistent with the metamagnetic transition

in Figure 5.2. This peak shifts to higher magnetic fields with increasing temperature. In contrast,

the second peak (Hc2) shifts to lower fields with increasing temperature. With further increasing

temperature, a broad peak appears before the magnetocapacitance becomes negative. For the x =

0.75 sample we observe a single broad peak at 5 K for H ∼5 T that shifts to higher fields with

increasing temperature. However, the peak shifts back to lower field above 10 K.
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Figure 5.6: Magnetocapacitance of Eu1−xHoxMnO3 with x = 0.4, 0.5 and 0.75 at various temperatures.

In order to clarify the anomalies seen in the temperature and magnetic field dependence of the

capacitance, the c-axis spontaneous polarization for magnetic fields applied along the b-axis was

measured for the x = 0.4 sample, as shown in Figure 5.7. The polarization is suppressed below

a temperature Tc2, which is ∼10 K at 5 T and shifts to higher temperatures as the magnetic field

is increased. This result confirms that the second anomaly in the capacitance (Tc2) is related to

suppression of the polarization. The polarization becomes close to zero at 7 T. In TbMnO3, the c-axis

polarization is suppressed with field due to a polarization flop. However, in our case we do not have

polarization measurements along the other crystallographic axes. Nevertheless, our magnetization

data show similar metamagnetic transitions to those observed in TbMnO3 at the critical field for the

polarization flop. No metamagnetic transition is observed for our x = 0.75 sample, suggesting the
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absence of a polarization flop at Tc2.
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Figure 5.7: Temperature dependence of spontaneous c-axis polarization of Eu0.6Ho0.4MnO3 under various

magnetic fields applied along the b-axis.

The response of the polarization to applied magnetic field is demonstrated for the x = 0.5 sample

in Figure 5.8. The sudden drop in polarization around 4 T for a field applied along b corresponds

to the Hc1 peak in the magnetocapacitance data, while the second peak (Hc2) corresponds to the

disappearance of polarization. It is interesting to note that the polarization changes sign at Hc1. In

order to confirm the disappearance of the polarization above 6 T, the spontaneous c-axis polarization

was also measured for magnetic fields applied along the c-axis.
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the b-axis (left panel) and along the c-axis (right panel) at 5K. The inset shows pyroelectric current versus

magnetic field.
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5.5. Discussion

Figure 5.9: Magnetic and electric phase diagram of Eu1−xHoxMnO3 in terms of Ho content. The dotted

line indicates the approximate ordering temperature of the Mn spins, which is not observed clearly in our

magnetization measurements. The label AF refers to antiferromagnetic state, FE refers to ferroelectric state and

NP refers to a non-polar state.

The magnetoelectric phase diagram of Eu1−xHoxMnO3 is shown in Figure 5.9. The ordering

temperature of the Mn spins is not clearly observed in our magnetization data, but based on the phase

diagrams of RMnO3 and Eu1−xYxMnO3, it probably lies between 40 K and 50 K. However, the fer-

roelectric transition temperature is well defined by the anomaly in the magnetic susceptibility along

the c-axis where the effect of the rare-earth magnetic moment is weak. In the case of a non-magnetic

R-site, such as Eu1−xYxMnO3, magnetic anomalies were observed in all three crystallographic di-

rections. For x ≤ 0.2, the magnetic structure develops from the AF1 configuration (presumably

sinusoidal) to a canted A-type AF configuration with decreasing temperature, and no spontaneous

polarization is observed. However, spontaneous polarization along the c-axis is observed for x≥ 0.4,

indicating that the spiral magnetic structure is developed in this regime. Although the ionic radius of

Ho3+ (1.072 Å) is similar to that of Y3+ (1.075 Å), the polarization in Eu1−xYxMnO3 is mainly along

the a-axis, with only a small component along the c-axis for the x = 0.5 compound at temperatures

close to the ferroelectric transition. In Eu1−xHoxMnO3 we only observe spontaneous polarization

along the c-direction, similar to TbMnO3. This suggests that the spiral structure is stabilized in the

bc plane when a large magnetic moment is present on the rare-earth site. The mechanism of this

stabilization might involve 4f-3d interactions [9].
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Figure 5.10: Schematic picture of the reduction in the orthogonal component of the spiral structure with in-

creasing Ho concentration.

The reason for the decrease in magnitude of the polarization upon increasing the Ho concentra-

tion is schematically described in Figure 4.10. The magnetic moment of Ho increasingly polarizes

the a-axis component of the magnetic spiral with increasing Ho concentration, while the spin com-

ponent in the bc plane decreases. Following the relationship P∼M1M2(e×q) [13], the polarization

is determined by the directions of both the spin rotation and the spiral propagation vector. Therefore,

decreasing the spin component in the bc plane gives rise to a decrease in the value of the spontaneous

polarization. This result is in contrast to the highest measured polarization value of ∼ 2000 µC/m2

for DyMnO3 [6], which has an ionic radius close to the average value of our x = 0.75 sample.

It is interesting to recall that the polarization flop in RMnO3 occurs when the spin rotation in the

bc plane changes to the ab plane under applied magnetic field. The critical fields required to induce

the polarization flop for both the x = 0.4 and x = 0.5 samples are lower than in TbMnO3 (Hb∼4.5

T). Although the average ionic radii of the rare-earth sites in the x = 0.4 (1.091 Å) and x = 0.5 (1.096

Å) samples are close to that of Tb3+ (1.095 Å), we argue that the critical field is more strongly

influenced by the anisotropy of the rare-earth spin [13, 16]. The field dependence of magnetization

of Eu1−xHoxMnO3 is lower than TbMnO3 (see figure 4.1 and 5.2). The saturated moment at 5 K

along the a-axis is only of the order of 3 µB/f.u which is half that of TbMnO3 (∼ 6.2 µB/f.u). These

factors result in the spiral phase in Eu1−xHoxMnO3 being less stable than in TbMnO3, hence the

critical field of the polarization flop is lower. In Eu1−xHoxMnO3 we also observed a change in

sign of the polarization at the critical field (Hc1). This is an interesting phenomenon that should

be investigated further. We note that the decrease in magnitude of the polarization with increasing

field applied along b is due to the decrease in the bc-plane spin component of the magnetic spiral.

The effect of the applied magnetic field in this state results not only in a polarization flop but also

in the eventual disappearance of the polarization, resulting in a non-polar state. The disappearance

of polarization at Hc2 for fields applied along the c-axis, without any anomaly in the polarization

at Hc1, suggests that the magnetic spiral remains in the same direction with the propagation vector

along the b-axis. However, we observe that the polarization also vanishes when the magnetic field is
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applied along the b-axis, as shown in Figure 5.8. This suggests that the spins become collinear with

respect to the direction of the magnetic field. This phenomenon is similar to what has previously

been observed in LiCuVO4 [17].
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Figure 5.11: Magnetic-electric phase diagram of Eu1−xHoxMnO3 for x = 0.4, 0.5 and 0.75 in terms of magnetic

field applied along the b-axis. The label AF refers to antiferromagnetic states and NP refers to a non-polar state.

To summarize the effect of applied magnetic fields on the magnetic and electric properties, in

Figure 5.11 we construct magnetoelectric phase diagrams for the x = 0.4, 0.5 and 0.75 samples for

magnetic fields applied along the b-axis. Four phases are apparent in the phase diagram below TN .

For TFE < T < TN we assume that the magnetic structure is sinusoidal AF (AF1). The application
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of a magnetic field in the b-direction seems to disturb the bc plane Mn spiral structure (AF2), which

above 15 K presumably becomes collinear (AF4), giving rise to a non-polar state. When T < 15

K, the bc plane spiral structure rotates to the ac plane (AF3) at Hc1, which is accompanied by a

polarization flop from the c-axis to the a-axis. A further transition, presumably to the collinear

AF4 structure, takes place at a higher field Hc2. The region over which the AF3 phase is stable

becomes smaller with increasing Ho3+ content, indicating that this phase is strongly influenced by

the rare-earth site spins.

5.6. Conclusion

We have investigated the effect of doping EuMnO3 with Ho3+ in order to compare the magnetic-

electric phase diagrams of RMnO3 systems with and without magnetic ordering on the rare-earth site.

In the absence of applied magnetic field, the decrease in the average ionic radius of the rare-earth

site with increasing Ho3+ content gives rise to behavior resembling that of undoped RMnO3; the

ordered Mn sublattice develops from a canted A-type configuration for x = 0.2 to a spiral structure at

higher doping. Anisotropic A-site spins might stabilize the Mn-spiral in the bc plane, giving rise to

spontaneous polarization along the c-axis. However, the polarization decreases as the Ho3+ content

increases beyond x = 0.75. When a magnetic field is applied along the b-direction, the critical field

required to induce a flop of the polarization to the a-axis for the x = 0.4 and x = 0.5 samples is

lower than that in TbMnO3, indicating that the anisotropy of the rare-earth site plays an important

role. Based on the phase diagram constructed from our measurements, the region over which the

“flopped” ab plane spiral structure is stable is also affected by the Ho3+ concentration. For x=0.75

the ferroelectric state is eventually suppressed when a magnetic field is applied along the b-axis.
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