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Chapter 7

Magnetoelectric coupling in MnTiO3

7.1. Introduction

MnTiO3 adopts the ilmenite structure (space group R3̄) in which Mn2+ and Ti4+ layers alternate

along the c-axis of the lattice in the hexagonal setting [1–3]. The Mn2+ spins align in antiferromag-

netic (AF) fashion both along the c-direction and within each layer (see Figure 7.1). The magnetic

susceptibility of single crystal MnTiO3 measured by Akimitsu et al. [6] and of polycrystalline sam-

ples measured by Stickler et al. [2] revealed two-dimensional (2D) characteristics; that is, a broad

peak was observed at ∼100 K, and no anomaly was apparent at the Néel temperature (TN) of 63 K,

which was determined by ESR (electron spin resonance) measurements. This behavior is in contrast

with that of other AF ilmenite oxides such as FeTiO3, CoTiO3, and NiTiO3, in which sharp anoma-

lies appear at TN . However, a later study by Yamauchi et al. on a MnTiO3 single crystal showed both

a change in slope of the magnetic susceptibility at TN for fields applied parallel to the c-axis and a

minimum near 50 K for fields applied perpendicular to the c-axis. This anisotropy did not disappear

at TN but persisted up to 95 K [7]. Furthermore, a flop in the magnetization was observed at H ∼ 6

T for magnetic fields applied parallel to the c-axis. A neutron diffraction study by Akimitsu showed

that the Mn spins have 3D Heisenberg character below TN [4, 6], in which the sublattice magnetiza-

tion follows a power law expressed by M(T )∼ (1−T/TN)β , with β = 0.32±0.01 [5]. The ordering

develops 2D character at higher temperature due to the diminishing strength of the interlayer ex-

change interactions. The magnetic symmetry below TN was reported as R3̄′ [1], which allows the

linear magnetoelectric (ME) effect, with the non-zero tensor elements α11=α22, α33, and α12=α21 .

In magnetoelectric materials, electrical polarization is induced by an applied magnetic field below

the magnetic ordering temperature. Thus far, no experimental evidence of the linear ME effect has

been reported in this compound. This motivated us to study the nature of the magnetoelectric and

magnetodielectric coupling in MnTiO3.
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Figure 7.1: Rhombohedral magnetic structure of MnTiO3 showing the five principal exchange interactions J1,
J2, J3, J4 and J5. This figure is taken from Ref. [7].

7.2. Experiment

A single crystal of MnTiO3 was grown by the floating zone technique using a 4-mirror furnace

(Crystal Systems Corp. FZT-1000-H-VI-VP). The feed rod was prepared by the standard solid state

reaction of stoichiometric quantities of MnCO3 and TiO2 in air. 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 resulting crystals were oriented using Laue diffraction. The dielectric constant was

measured using an Andeen-Hagerling AH-2500A capacitance bridge operating at a fixed frequency

of 1 kHz. The pyroelectric current was measured using a Keithley 6517A electrometer after poling

the crystals in an electric field of ∼250 V/mm while cooling from above TN . The spontaneous

polarization was obtained by integration of the pyroelectric current. The temperature and magnetic

field were controlled through a Physical Properties Measurement System (Quantum Design), using

a home-made insert and wiring.
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7.3. Experimental results

7.3.1. Structural properties
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Figure 7.2: X-ray powder diffraction pattern of crushed MnTiO3 single crystal at room temperature. Small

impurity peaks were observed and identified as TiO2

The crystal structure of MnTiO3 can be envisaged in either a rhombohedral or hexagonal setting;

previous studies have mostly used the latter. Figure 7.2 shows an X-ray diffraction pattern of a

crushed MnTiO3 single crystal sample. The peaks corresponding to the major phase can be fitted

using a model with the R3̄ space group and with lattice parameters of a = 5.138 Å and c = 14.2830

Å, which are in good agreement with data reported previously [7,8]. A small quantity of an impurity

phase (∼2%) was also observed and identified as TiO2.
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7.3.2. Magnetic properties

Figure 7.3: Temperature dependence of parallel and perpendicular magnetic susceptibilities of MnTiO3. The

measurements were performed with an applied field of 0.1 T.

The temperature dependence of the magnetic susceptibility of MnTiO3 parallel (χ‖c) and per-

pendicular (χ⊥c) to the hexagonal c-axis is shown in Figure 7.3. The value of χ‖c initially increases

with temperature and shows a change of slope at TN = 64 K, as well as a broad maximum at ∼95

K. In contrast, χ⊥c is almost constant below TN before increasing suddenly at 45 K. We expect that

this anomaly is due to an Mn3O4 impurity, the magnetic structure of which is ferrimagnetic below

Tc = 45 K.

7.3.3. Dielectric properties

Figure 7.4: Temperature dependence of dielectric constant of MnTiO3 parallel and perpendicular to the c-axis.
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The dielectric constant of MnTiO3 was measured as a function of temperature for orientations

parallel (ε‖c) and perpendicular (ε⊥c) to the hexagonal c-axis (see Figure 7.4). No anomalies were

observed at TN for either direction. However, a small anomaly is apparent at ∼43K; comparing with

the magnetization data, we suggest that this anomaly originates from the Mn3O4 impurity. When a

magnetic field is applied, we observe a sharp peak at TN for H, E‖c. This peak increases in intensity

with increasing magnetic field. For E, H⊥c, no anomaly was observed up to 8 T (see Figure 7.5).

We also measured the dielectric constant for H⊥c, E‖c and for H‖c, E⊥c (not shown in this thesis)

and again no anomalies were observed in either case. We note that for each measurement we cooled

the samples from the paramagnetic state at T ∼ 100 K while continuously applying the magnetic

field in order to obtain a single magnetic domain.

Figure 7.5: Temperature dependence of dielectric constant of MnTiO3 (a) parallel to the c-axis and (b) perpen-

dicular to the c-axis.

7.3.4. Polarization

In order to prove the presence of the linear ME effect in MnTiO3, it is important to measure

electrical polarization. Figure 7.6 shows the temperature dependence of the pyroelectric current and

polarization for E, H‖c. At zero field, no anomaly in the pyroelectric current is observed. However,

when a magnetic field is applied, an anomaly in the pyroelectric current corresponding to the onset

of polarization is apparent; the broad peak increases in intensity with magnetic field up to 6 T and

then decreases at 8 T due to the presence of a spin flop transition [7]. The maximum polarization

is 12 µC/m2. We note that in order to measure the polarization it was necessary to cool the sample

through TN with simultaneously applied electric and magnetic fields in order to obtain a single AF

domain. For E, H⊥c we did not observe any polarization.
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Figure 7.6: Temperature dependence of (a) pyroelectric current and (b) polarization of MnTiO3 under magnetic

field.

We also measured polarization as a function of magnetic field, as shown in Figure 7.7. The

polarization has a linear response to magnetic field up to 3 T and becomes non linear at high magnetic

field. This result confirms that MnTiO3 is a linear magnetoelectric material.
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Figure 7.7: Magnetic field dependence of polarization of MnTiO3 at 50 K
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7.4. Discussion

Based on our polarization measurements, it is clear that MnTiO3 displays linear ME behavior

(see figure 7.6). That is, the polarization appears when a magnetic field is applied in a particular

direction and the polarization has a good linear response to magnetic field at when measured at

constant temperature (see figure 7.7). In MnTiO3 the polarization is induced when magnetic and

electric fields are applied along the hexagonal c-axis, which is allowed for the magnetic point group

3̄′.

Recently, Nénert et al. suggested that linear ME materials could exhibit stronger magnetodielec-

tric coupling than multiferroics in which symmetry does not allow the linear ME effect [9]. Linear

ME materials are characterized by linear terms in the free energy such as PM2 or LMP (P is the

polarization, M is the total magnetization, and L is the AF order parameter); the coupling in all other

multiferroics, for example YMnO3 [10], includes the biquadratic term P2M2. However, in MnTiO3

there is no dielectric anomaly at TN ; thus, we have shown that linear ME materials do not necessarily

have strong magnetodielectric coupling.

Although the dielectric constant shows an anomaly at 45 K, we believe that it originates from a

Mn3O4 impurity phase. The magnetodielectric coupling of Mn3O4 has been studied recently, and

explained by a mechanism based on spin-phonon coupling [11] and single-ion spin anisotropy [12].

The inset to Figure 7.5(a) shows the appearance of a dielectric peak at TN when a magnetic

field is applied along the hexagonal c-axis; the peak increases with increasing magnetic field. The

appearance of this anomaly coincides with the emergence of the induced polarization. The mag-

netodielectric coupling in AF linear ME materials is characterized by the free-energy term LMP,

where at non-zero magnetic fields the polarization P couples directly to the AF order parameter L.

This gives rise to a divergence in the dielectric susceptibility at TN . This dielectric behavior is similar

to that of a proper ferroelectric near the critical temperature.

7.4.1. Theoretical approach

In order to explain the behavior of the magnetic and dielectric susceptibilities in the vicinity of

TN , we expand the expression for the Landau free energy as follows:

F =
a
2

L2 +
b
4

L4 +
g
2

L2H2− α̃LEH− χ(0)
m

2
H2− χ(0)

e

2
E2 (7.1)

Here, a = A(T −TN(0)), g is the coupling between the AF order parameter (L) and the uniform

applied magnetic field (H), α̃ is the magnetoelectric coupling, and χ(0)
m and χ(0)

e are the magnetic

and dielectric susceptibilities in the absence of ordering. If we differentiate F with respect to L, we

obtain:
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∂F
∂L

= (a+gH2)L+bL3− α̃EH = 0 (7.2)

In the absence of an electric field (E = 0),

L = (a+gH2)L+bL3 = 0 (7.3)

Because a is defined as A(T −TN(0)), we can express a + gH2 = A(T −TN(H)). We can then

extract the shift of TN with magnetic field:

TN(H) = T (0)
N − gH2

A
(7.4)

Using equations 7.3 and 7.4 we can obtain expressions for the order parameter L at E = 0:

L = 0 for T > TN , and L =

√
A(TN(H)−T )

b
for T < TN (7.5)

Now, let us consider the magnetization (M) and polarization (P):

M =
∂F
∂H

= α̃LE +(χ(0)
m −gL2)H (7.6)

P =
∂F
∂E

= α̃LH + χ(0)
e E (7.7)

The magnetic susceptibility is the derivative of M with respect to H:

χm =
∂M
∂H

= χ(0)
m −gL2 +

∂L
∂H

(α̃E−2gLH) (7.8)

When E = H = 0, we obtain

∆χm = χm−χ(0)
m =−gL2 for T < TN(H) (7.9)

Here, it is apparent that ∆χm is non-zero, hence we can expect an anomaly in the magnetic

susceptibility measurement at TN , as shown in Figure 7.3.

In order to obtain the dielectric susceptibility of MnTiO3, we must differentiate P with respect

to E:

χe =
∂P
∂E

= χ(0)
e − α̃

∂L
∂E

H (7.10)

If we differentiate equation 7.2 with respect to E, we obtain

(a+gH2 +3bL2)
∂L
∂E

− α̃H = 0 (7.11)
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We can now combine equation 7.11 and equation 7.5 for the case of E = 0:

(
∂L
∂E

)

E=0
=

α̃H
A(T −TN(H))

for T > TN(H)
(

∂L
∂E

)

E=0
=

1
2

α̃H
A(TN(H)−T )

for T < TN(H)
(7.12)

If we combine equations 7.10 and 7.12, we obtain:

∆χe = (χe)E=0−χ(0)
e =

α̃2H2

A(T −TN(H))
for T < TN(H)

∆χe =
1
2

α̃2H2

A(TN(H)−T )
for T > TN(H)

(7.13)

It is apparent that ∆χe is proportional to H2. Therefore, when H = 0, ∆χe is also zero and

hence we do not observe any dielectric anomaly at TN . However, when a magnetic field is applied,

∆χe becomes non-zero, and as a consequence a dielectric anomaly appears at TN . We suggest that

this result is general for antiferromagnetic linear magnetoelectric materials that can described by

equation 7.1

7.5. Conclusions

We have shown that MnTiO3 is a linear magnetoelectric material. At zero magnetic field, there

is no magnetodielectric coupling in this compound, which is in contrast to previous predictions for

linear magnetoelectrics. However, when a magnetic field is applied, the dielectric constant diverges

at TN due to the linear coupling between the polarization P and the AF order parameter L. We have

explained the magnetic and dielectric properties based on a Landau free energy expansion. This

provides an easy method to recognize linear magnetoelectric materials.
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