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Abstract 

Mn2Mo3O8 is a layered multiferroic material that exhibits unique properties such as two-

dimensional magnetism, room-temperature ferroelectric order, and strong magnetoelectric coupling. 

However, it has a low magnetic transition temperature (TN) of 41 K. Therefore, in this study, we grain 

engineered polar-axis-oriented Mn2Mo3O8 epitaxial films to enhance the TN. Mn2Mo3O8 films were 

grown on yttria-stabilized zirconia (111) substrates. These films consisted of two types of hexagonal 

grains (G1 and G2) that were oriented at an angle of 30° with respect to each other while maintaining 

the ferroelectric polar axis of the film along the out-of-plane direction. Such a dual grain system is a 

result of the layered structure of Mn2Mo3O8, in which the Mn and Mo layers are alternately stacked 

along the polar axis. The volume fraction of G2 was significantly affected by the film thickness and 

varied widely in the range 2−48%. Importantly, TN of the grain engineered Mn2Mo3O8 films increased 

to 163 K with increasing the volume fraction. We speculate that this increase in TN is due to the 

formation of a three-dimensional magnetic network at the grain boundaries.  
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1. Introduction 

Hexagonal M2Mo3O8 (where M = 3d transition metal; see Fig. 1(a)) has recently garnered 

considerable attention because of its unique electronic properties. It exhibits both the magnetoelectric 

effect and giant thermal Hall effect, which arise due to the coexistence of ferroelectric and 

ferromagnetic order [1,2]. M2Mo3O8 has a layered structure with P63mc symmetry, in which the 

tetrahedral (tetra-) and octahedral (octa-) M layers and the Mo trimer layers are stacked alternately 

along the polar axis (c-axis) [3]. The M6 and Mo6 hexagons (green and purple hexagons in Fig. 1(b), 

respectively) in these layers are oriented at an angle of 30° with respect to each other. Owing to this 

unique layered structure, M2Mo3O8 exhibits a wide variety of magnetic properties depending on the 

choice of M, namely: ferrimagnetism for M = Mn, antiferromagnetism for M = Fe and Co, and canted 

antiferromagnetism for M = Ni [2,4]. The magnetic properties of M2Mo3O8 can be controlled by 

manipulating the external magnetic field, electric field, and temperature [1,2,5].  

 

 

Figure 1. Mn2Mo3O8 (or MMO): (a) crystal structure and (b) top view. 

 

In addition to powders and bulk single crystals [4,6-11], epitaxial M2Mo3O8 films for M = Mn 

have been prepared on Al2O3 (001) substrates using pulsed laser deposition (PLD) [12]. Tensile-

strained Mn2Mo3O8 (hereafter MMO) films exhibit a larger spontaneous magnetization and 

polarization and a higher Néel temperature (TN) than bulk single crystals [4,12], demonstrating that 
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strain engineering is a promising way to modify the ferroic properties of MMO films. MMO films 

exhibit a TN of 108 K; however, this value is considerably low and needs to be improved. Grain 

engineering has been shown to be effective in improving the magnetic properties of materials. For 

example, the coercivity of hard magnetic materials is sensitive to the grain size [13]. In addition, grain 

engineering can be used to modulate the magnetic phase of materials. For instance, the emergence of 

a ferromagnetic phase has been reported at the grain boundaries in antiferromagnetic TbMnO3 [14].  

For MMO films synthesized on Al2O3 (001) substrates, there is only one type of grain lattices, 

in which the a- and c-axes of MMO are aligned along the [120] and [001] directions of Al2O3, 

respectively [12]. This is because the crystal orientation is determined by the degree of lattice matching 

between the Mo6 hexagons in the Mo layer of MMO and Al6 hexagons in the (001) plane of Al2O3 

[12]. However, if a substrate exhibits ionic bonding with the Mn6 hexagons in addition to the Mo6 

hexagons during film deposition, then grains with two different orientations are formed while 

maintaining the polar-axis of the film along the out-of-plane direction. Thus, grain engineering can be 

used to modulate the magnetic properties of MMO films. In this study, we fabricated polar-axis-

oriented epitaxial MMO films on yttria-stabilized zirconia (YSZ; (111)) substrates. These films were 

composed of two types of grains (G1 and G2) that were aligned at an angle of 30° with respect to each 

other along the in-plane direction. Two types of grains were obtained because the lattice mismatch 

between the substrate and Mo6 hexagons was similar to that between the substrate and Mn6 hexagons. 

The volume fraction (Vf) of G2 was controlled by manipulating the film thickness such that Vf was 

obtained to be in the range 2−48%. TN increased with increasing Vf and reached a maximum of 163 K, 

which is approximately four times higher than that of bulk MMO crystal (41 K).  

 

2. Experiments  

MMO thin films were fabricated on YSZ (111) substrates using PLD. A ceramic pellet 

composed of Mn2Mo3O8 was used as the target material. The deposition was performed at 850 °C and 
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10−4 Torr in an Ar/H2 (97:3) atmosphere. A KrF laser (λ = 248 nm) with a frequency of 5 Hz and 

energy in the range 4–5 J cm−2 shot−1 was used for the deposition. Notably, YSZ (111) substrates are 

useful for fabricating hexagonal oxide epitaxial films and are readily available in 1-inch sizes. The 

crystal structure and film thickness were determined using X-ray diffraction (XRD) and X-ray 

reflectometry, respectively, using Cu-Kα1 radiation (Bruker, D8 DISCOVER). The surface 

morphology was studied using atomic force microscopy (AFM; Hitachi AFM5000II) and imaged using 

Gwyddion [15]. The magnetization was evaluated using a superconducting quantum interference 

device (SQUID) magnetometer (Quantum Design MPMS XL), and the crystal structure was visualized 

using VESTA [16]. The dielectric properties have not been investigated because the YSZ substrate is 

an insulator. However, it may be possible to investigate ferroelectric properties by using indium tin 

oxide as the bottom electrode layer, which has the same crystal structure as YSZ. 

 

3. Results and discussion  

Figure 2(a) shows the out-of-plane 2θ−θ XRD patterns of the MMO films deposited on YSZ 

(111) substrates. Only the 00l diffraction peaks were observed, indicating that the films were oriented 

along the polar axis. The lengths of the c-axis of the films with thickness 35 and 100 nm were 10.21 

and 10.19 Å, respectively, which were slightly shorter than that of bulk MMO (10.24 Å [6]) but longer 

than that of the MMO films deposited on Al2O3 (001) substrates (10.17 Å [12]). On the other hand, the 

length of the a-axis, which was evaluated from the 112 diffraction peak, was longer than that of bulk 

MMO, indicating that the films were subjected to tensile straining (Table S1).  
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Figure 2. (a) Out-of-plane 2θ−θ XRD patterns of MMO films of thickness 35 and 100 nm. ϕ-scan 

profile of the {112} diffraction peak of MMO films of thickness: (b) 35 nm and (c) 100 nm on YSZ 

(111) substrates. (d) ϕ-scan of the {200} diffraction peak of YSZ. 

 

The in-plane orientations of the films were investigated using ϕ-scan measurements. Since the 

out-of-plane 2θ−θ XRD measurements confirmed that the films are c-axis oriented (Fig. 2(a)), we can 

expect how much the (112) plane of the MMO is tilted from the surface normal axis; i.e., 2θ and ω 

values for observing the 112 diffraction peak of MMO are determined. After setting the 2θ and ω 

values, ϕ-scans were measured by rotating the films around the surface normal axis, where ϕ is in-

plane rotation angle. Figures 2(b) and (c) show the ϕ-scan profiles of the {112} diffraction peak of 
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MMO films of thickness 35 and 100 nm formed on a YSZ substrate, respectively. In case of the MMO 

film of thickness 35 nm, intense peaks were observed at an interval of 60°. Note that the ϕ values were 

shifted by 30° compared to the {200} peaks of YSZ (see Fig. 2(d)). This indicates that the [100] axis 

of MMO (hereafter [100]MMO) was parallel to the [11-2] axis of YSZ (hereafter [11-2]YSZ). Weak 

diffraction peaks were also observed between two intense peaks. This implies that the MMO film of 

thickness 35 nm contained a second type of crystal domain with [100]MMO || [1-10]YSZ (where || denotes 

“parallel to”). Hereafter, the two crystal domains with [100]MMO || [11-2]YSZ and [100]MMO || [1-10]YSZ 

are referred to as G1 and G2, respectively. The value of Vf of G2 was determined from the intensity 

ratio of the 112 diffraction peaks of MMOs between G1 and G2. Although MMOs in G1 and G2 have 

different orientations, the crystal structure of the MMOs is the same. Thus, the ratio of the intensity of 

the 112 diffraction peak is proportional to the volume fraction. From the intensity ratio of the peaks, 

Vf of G2 in the MMO film of thickness 35 nm was determined to be only 2%. However, when the film 

thickness was increased from 35 to 100 nm, the {112} peaks became significantly more intense (Fig. 

2(c)) and Vf of G2 increased to 44%. By contrast, MMO films formed on an Al2O3 substrate consisted 

of only one type of crystal domain with [100]MMO || [120]Al2O3 [12].  

The Mo and Mn layers in MMO are stacked alternately along the c-axis, as shown in Fig. 1(a). 

When projected onto the ab-plane, one of the sides of the Mo6 hexagon (green) is parallel to [100]MMO, 

whereas one of the sides of the (purple) hexagon composed of three octa-Mn6 and three tetra-Mn6 

layers is parallel to [120]MMO, as shown in Fig. 1(b). The atoms of YSZ also form a hexagon (Zr3O3; 

gray hexagon in Fig. 3), and one of its sides is parallel to [11-2]YSZ. In G1, the Mo6 hexagons have the 

same orientation as the Zr3O3 hexagons; moreover, approximately three Mo6 hexagons (3√3aMMO / 2 

= 15.1 Å) match with four Zr3O3 hexagons (2√2aYSZ = 14.5 Å). Conversely, in G2 (Fig. 3(b)), two 

Mn(VI) hexagons (2aMMO = 11.6 Å) match with three Zr3O3 hexagons (3√2aYSZ / 2 = 10.9 Å). 

Therefore, the lattice mismatch between the MMO film and YSZ substrate is 4.1 and 6.4% in G1 and 

G2, respectively. For a film thickness of 35 nm, Vf of G1 was significantly higher than that of G2, 
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probably because of the lower lattice mismatch in G1.  

 

 

Figure 3. Lattice mismatch between the MMO film and YSZ substrate in (a) G1 and (b) G2.  

 

To investigate the effect of film thickness on Vf of G2, we fabricated MMO films of thickness 

in the range of 15−100 nm on YSZ substrates. All the films exhibited 00l diffraction peaks in their out-

of-plane XRD patterns (Fig. S1). The diffraction peaks for the film of thickness 15 nm were 

significantly broader than those of the films with a larger thickness, indicating low crystallinity. Figure 

4 and S2 show the AFM images of the MMO films formed on YSZ. The film of thickness 15 nm 

exhibited small islands with an average area of 0.3 μm2. These islands did not have a clear hexagonal 

shape. For the film of thickness 20 nm, both hexagonal and non-hexagonal islands were observed, 

where hexagonal islands tend to have higher thickness. One of the sides of the hexagonal islands was 

parallel to [11-2]YSZ. The film of thickness 35 nm exhibited mostly hexagonal islands with one of the 

sides parallel to [11-2]YSZ (and hence to [100]MMO). Conversely, the films of thickness 52 and 100 nm 

exhibited two types of hexagonal islands—one with sides parallel to [11-2]YSZ and the other with sides 
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parallel to [1-10]YSZ, corresponding to G1 and G2, respectively.  

 

 

Figure 4. AFM images of the MMO films on YSZ substrates with thickness (a) 15, (b) 20, (c) 35, and 

(d) 100 nm. 

 

Figure 5(a) shows Vf of G2 as a function of the film thickness. The value of Vf decreased from 

9 to 2% as the film thickness increased from 15 to 35 nm; however, with a further increase in film 

thickness from 35 to 52 nm, the value of Vf increased from 2 to 48%. Figure 5(b) shows the dependence 

of the average size of the islands observed in the AFM images on the film thickness. The average size 

of the islands increased monotonically from 0.3 to >25 μm2 as the film thickness increased from 15 to 

100 nm. The XRD and AFM results reveal a strong correlation between the size of the islands and Vf 

of G2. As the film thickness increased from 35 to 52 nm, the size of the islands increased by a factor 

of ~20, indicating that several islands coalesced to form one big island via the migration of atoms. In 

addition, approximately half of the G1 grains rotated by 30° and converted to G2 grains. The rotation 

of the grains suggests that the stacking fault energy of MMO is small probably due to its layered 
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structure. Notably, such island coalescence often creates defects, including Frank faults, leading to the 

formation of dislocations and/or cracks in the film [17-19]. 

 

Figure 5. (a) Vf of G2 and (b) average size of the islands in the AFM image as a function of the 

thickness of the MMO films on YSZ substrates.  

 

The large variation in Vf (of G2) with film thickness can be explained using AFM 

measurements, the results of which can be summarized as follows: (1) island growth was observed in 

the MMO films; (2) the size of the islands increased with film thickness; and (3) the hexagonal islands 

were larger in size compared to the non-hexagonal islands for a film thickness of 20 nm. These results 

indicate that the MMO crystals grew around the seed crystals scattered on the substrate. Moreover, the 

growth rate of the G1 seed crystals was higher than that of the G2 seed crystals, resulting in the low Vf 

of G2 for film thickness less than 35 nm. The higher growth rate of the G1 seed crystals is probably 

due to the lower lattice mismatch between the MMO film and substrate in G1 (4.1%) than in G2 (6.4%), 

as shown in Fig. 3. However, when the film thickness is larger than 52 nm, the adjacent islands overlap 

and a migration of atoms occurs as the islands coalesce. In this case, thermodynamic stability becomes 
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the dominant factor for determining Vf rather than the growth rate of the seed crystals; i.e., the Gibbs 

free energy, given by ΔG = ΔH−TΔS, attains a minimum, where ΔH and ΔS are the differences in 

enthalpy and entropy, respectively, between G1 and G2. Because the shape and size of the G1 and G2 

grains are similar (Fig. 4(d)), ΔH is mainly determined by the difference in the stabilization energy 

between G1 and G2 owing to the epitaxial strain in the substrate. The ΔH value increases with 

increasing Vf; i.e., from an enthalpy standpoint, a decrease in Vf towards zero leads to more stability. 

On the other hand, since entropy increases as the number of states increases, −TΔS decreases as Vf 

approaches 50% and/or grain size decreases. Considering that Vf of G2 is 48 and 44% for a film 

thickness of 52 and 100 nm, respectively, the substrate-induced stabilization energy for G1 is higher 

than that for G2. However, the effect of the enthalpy term is less than that of the entropy term. If the 

grain size decreases in the equilibrium state, the number of possible states increases, making the 

entropy term more important and leading to an increase in Vf. However, for the MMO films with a 

thickness below 35 nm, despite having smaller grain sizes, Vf remained small compared to the MMO 

films with a thickness above 52 nm. This indicates that thin film growth at low thicknesses is not in 

equilibrium but rather in a non-equilibrium state.  

We also investigated the magnetic properties of the MMO films. The inset in Fig. 6 shows the 

in-plane magnetization as a function of the magnetic field (M−H curves) for the MMO films of 

thickness 35 and 100 nm on YSZ substrates at 2 K. Magnetic hysteresis loops were clearly observed, 

indicating the presence of ferrimagnetic order in these films. Such ferrimagnetic behavior has also 

been observed in MMO films on Al2O3 substrates [12]. The spontaneous magnetization for the MMO 

films of thickness 35 and 100 nm on YSZ was 0.32 and 0.26 μB/f.u., respectively, which is similar to 

that for MMO films on Al2O3 (0.35 μB/f.u.) [12]. Figure 6 also shows the M−T curves of the MMO 

films on YSZ. TN was estimated using the Kouvel–Fisher method. TN of the MMO films of thickness 

100 nm and 35 nm on the YSZ substrate was 163 K and 122 K, respectively; whereas, TN of the MMO 

films on the Al2O3 substrate and bulk MMO crystals was 108 K [12] and 41 K [4], respectively. Table 
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S1 shows the lattice constants of bulk MMO crystal and MMO films deposited on Al2O3 and YSZ 

substrates. The c-axis length of the films shrinks compared to that of the bulk, while the a-axis length 

tends to elongate. This tensile strain is likely to have a significant effect on TN. In particular, the 

shrinkage of the c-axis length is expected to enhance the magnetic interactions along the c-axis 

direction. However, as for the thin films, a strong correlation between lattice constant and TN was not 

observed. Thus, in addition to the influence of substrate-induced strain, there is an effect of grain 

engineering. One possible explanation for the higher TN in the MMO film of thickness 100 nm on the 

YSZ substrate is that the magnetic interaction between the Mn ions is modified at the dislocations in 

the film and/or grain boundaries between G1 and G2. This significantly affects the bulk magnetic 

properties owing to the formation of an additional magnetic network. For example, in 

antiferromagnetic TbMnO3, a ferromagnetic phase has been observed at the boundaries of the domain 

walls [14]. In addition, the magnetic phase of GdBaCo2O5.5 has been reported to change from 

antiferromagnetic to ferrimagnetic (more stable) due to the existence of domain boundaries [20]. MMO 

has a layered structure in which magnetic Mn plane and non-magnetic Mo plane are alternately stacked 

along the c-axis (Fig. 1(a)). Since Mn ions have strong superexchange interaction mediated by one 

oxygen ion in the ab-plane, the magnetic interaction in the ab-plane is predicted to be approximately 

2.5 times stronger than that along the c-axis [21]. Such a two-dimensional magnetic network generally 

results in a lower magnetic transition temperature compared to that in a three-dimensional magnetic 

network [22,23]. Thus, a higher TN can be obtained if the dislocations in the film and/or grain 

boundaries between G1 and G2 forms a three-dimensional magnetic network. Furthermore, in thin 

films and nanoparticles, the grain size is known to be an important factor for governing the magnetic 

transition temperature; hence, manipulating the grain size can also lead to a higher TN [24].  
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Figure 6. In-plane M−T curves for MMO films of thickness 35 and 100 nm on YSZ substrates. The 

inset shows the corresponding M−H curves at 2 K. 

 

 

4. Conclusion 

We fabricated MMO films of different thicknesses on YSZ (111) substrates. XRD and AFM 

measurements revealed that the films consisted of two types of in-plane grains such that the a-axis of 

MMO in these grains was parallel to: (i) [11-2]YSZ and (ii) [1-10]YSZ, which we refer to as G1 and G2, 

respectively. The value of Vf of G2 was low (2−9%) when the film thickness was less than 35 nm but 

increased to approximately 50% when the film thickness was greater than 50 nm. The MMO film of 

thickness 100 nm exhibited ferrimagnetic properties with a TN of 163 K, which is significantly higher 

than that of bulk MMO (41 K). This increase in TN is probably derived from the formation of a three-

dimensional magnetic network at the grain boundaries. We believe that the grain engineering technique 

developed in this study can be applied specifically to layered hexagonal oxide materials, some of which 

exhibit excellent magnetic properties. For example, hexagonal BaFe12O19 with layered structure 

accounts for 50% of the weight ratio of the industrialized hard magnetic materials, due to its low cost, 
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high quality, and atmospheric stability [25]. In the actual applications, grain engineering is important 

to achieve high coercivity. However, unlike bulk materials, the development of grain engineering for 

thin films has been lagging behind, although thin-film BaFe12O19 has a high potential for applications 

in memory, sensors, and isolators. Our findings would have the potential to contribute to the 

development of magnetic materials for such applications. 
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