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Abstract

Hexagonal rare-earth iron oxides, #-RFeQs, are promising multiferroic materials. The ferroic
properties of #-RFeOj3 can be controlled by varying R. However, #-RFeOj3 exists in a metastable phase,
resulting in a limit of available range of R. In this study, we fabricated #-GdFeOs phase via epitaxial
stabilization. The 4-GdFeOs epitaxial film with c-axis orientation was deposited on an indium tin oxide
(ITO(111)) layer as the bottom electrode via pulsed laser deposition. The metastable hexagonal phase
was obtained in a narrow range of deposition parameters. High-crystalline #-GdFeOs film was
obtained at substrate temperature of 780 °C and oxygen pressure of 13 Pa. The a-axis of the 2-GdFeO3
phase is parallel to the [11-2] directions of ITO(111) layer. The A-GdFeOs film exhibited weak
ferromagnetism with a Néel temperature of 43 K, which was lower than that of the previously reported

h-RFeOs films (R = Dy-Lu, Y and Sc) owing to the longer a-axis.
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Introduction

Rare-earth iron oxides (RFeOs3) exhibit fascinating electronic and electrochemical properties,
such as water splitting photocatalysis [1], high oxygen ion conductivity [2], ferroelectricity [3-7], and
magnetoelectric coupling [8,9]. Their properties can be customized by appropriately selecting the R**
ion and crystal structure. The most stable structure of RFeOs is the orthorhombic (o0-) perovskite phase
comprising FeOg octahedra (Fig. 1(a)). 0-RFeOs is a promising multiferroic material with strong
magnetoelectric couplings [8,9]. For example, 0-Dyo.75Gdo2sFeOs shows electric-field-induced
generation and a reversal of a macroscopic ferromagnetic moment [10]. A ferroelectric phase can be
induced by a magnetic field in o-DyFeOs [11]. However, the polarization of 0-RFeO3 induced by the
magnetic field is small (< 0.5 pC/cm?) and occurs only at low temperature (< 10 K) [8-10]. Hexagonal
(h-) RFeOs; has been intensively studied as a promising multiferroic material (Fig. 1(b)) [11]. In
contrast to 0-RFeO3, h-RFeOs exhibits large spontaneous polarization (~10 pC/cm?) along the c-axis,
even at the room temperature [3,4]. In addition to the ferroelectricity, 4-RFeO3 exhibits weak
ferromagnetism with a spontaneous magnetization along the c-axis [12,13].

The ferroelectric properties of h-RFeO3 considerably depend on the ionic size of R** (rr). For
example, 2-YbFeOs undergoes a temperature-induced transition between the two ferroelectric phases
(P63cm, P63mc) [5], while only a P63cm ferroelectric phase exists in #-LuFeOs3 [3]. On the other hand,
antiferroelectric behavior can be observed when rr becomes large [14]. The rr value also affects the
strength of the magnetic interaction in conjunction with a change in the Fe-O—Fe bond length in the
a-b plane [15]. Thus, both magnetic and ferroelectric properties of 4-RFeOs can be controlled by
varying R; thus, researchers have been conducting numerous studies to expand the available range of

R. However, h-RFeOs3 exists in a metastable phase owing to the instability of the 3d,» orbital of high-



spin Fe** (34°) ions in the FeOs trigonal bipyramid. In particular, at large rr, the h-RFeOs phase
becomes unstable. Although #-GdFeOs (A-GFO) has not been synthesized till date, the synthesis of /-
RFeO3 with smaller rr (R = Dy-Lu, Y and Sc) has already been reported [3-7,16,17].

One of the most promising methods to synthesize metastable #-RFeQOs is by epitaxial thin-film
growth. For practical application of A-RFeOs to multiferroic and/or ferroelectric devices, c-axis
oriented #-RFeOs3 films must be grown on bottom electrodes. To date, three kinds of bottom electrodes
have been used for the #-RFeOs films: LaggSro2MnOs on SrTiO3(111) substrate (for R = Sc [7]), Pt
deposited on Al,03(001) substrate (for R=Y, Lu, Yb, Tm [3-6]), and indium tin oxide (ITO) on yttria-
stabilized zirconia (YSZ(111)) substrate (for R = Dy and Er [14,18]). Among them, ITO(111) on the
YSZ(111) substrate (ITO(111)/YSZ(111)) demonstrates the best lattice matching to #-RFeO3; with
larger R [14]. Herein, we report the synthesis of 42-GFO epitaxial films on ITO(111)/YSZ(111) using
pulsed laser deposition (PLD). High-quality single crystal 2-GFO films with c-axis orientation were
synthesized by optimizing the substrate temperature (7s) and oxygen pressure (Po2) during the

deposition. The ~2-GFO film exhibited weak ferromagnetism with a Néel temperature (7x) of 43 K.
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Figure 1. Crystal structure of (a) 0o-RFeO3 and (b) 4-RFeOs.



Experimental

ITO(111) conductive layers and GFO films were deposited on the YSZ(111) substrate via PLD.
As the PLD targets, 10 wt% SnOz-doped In203 and 0-GdFeOs ceramic pellets were used. During the
PLD deposition, 7s and Po> were kept at 600 °C and 13 Pa for ITO, while they were kept at 600—
780 °C and 7-27 Pa for GFO. KrF laser (41=248 nm) was used with a frequency of 5 Hz and laser
energy of 4-5J cm 2 shot ! for both ITO and GFO layers. Thickness of the ITO and GFO layers were
~40 and 60—100 nm, respectively, which was measured by a stylus surface profiler. Before the film
deposition, the YSZ substrates (purchased from K&R Creation. Co., Ltd., Japan) were ultrasonically
cleaned with acetone and ethanol for 10 minutes each. The typical thickness of these GFO films was
70 nm. The crystal structures of the films were determined using high-resolution X-ray diffraction
(XRD) with Cu-Ka; radiation (Bruker, D8 DISCOVER). Out-of-plane magnetization was measured
using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design

MPMS XL).

Results and discussion

Figure 2(a) shows the out-of-plane 26—6 XRD patterns of the GFO films obtained at various 7%
(Po2 = 7 Pa). All the films showed ITO 222 diffraction peaks at 20 = 30.8°, confirming that the
ITO(111) conductive layers were produced on the YSZ(111) substrates. At 75 < 700 °C, no peaks
originating from A4-GFO were detected. At a higher temperature, 75 = 780 °C, the A-GFO 002

diffraction peak was observed at 15.2°, although its intensity was weak, and the o-GFO /12 diffraction

peak was observed at 32.9°. These results indicate that a high 75 is required for obtaining 4-GFO.
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Figure 2. Out-of-plane 26—6 XRD patterns for the GFO films obtained (a) at various 75 (Poz2 = 7 Pa)

and those obtained (b) at Po> = 13 Pa and 27 Pa (75 = 780 °C).

Figure 2(b) shows the out-of-plane 26—6 XRD patterns of the GFO films obtained at 7s =
780 °C and Po2 = 13 Pa and 27 Pa. At Po2 = 13 Pa, the film showed A-GFO 002 and 004 diffraction
peaks at 15.5° and 31.4°, respectively, without impurities such as 0-GFO and Gd>O3. At Po2 =27 Pa,
these peaks were more broadened than those at Poo = 13 Pa. The crystal phases of the films as a
function of 7 and Po> are summarized in Fig. 3, showing that high-quality c-axis-oriented 4-GFO film

was obtained in a narrow range of deposition parameters (75 = 780 °C and Po> = 13 Pa).



800

1 I 1 1

1@ ® O ¢ 1 GFO (high crystalinity)

- ® h-GFO (low crystallinity)
i B 0-GFO (main) + h-GFO

700+ i Gd,05 (main) + h-GFO

-1 A Gd,0,

SOOEA A Al*t amorphous

10 20 30
Po2 (Pa)

Ts (°C)

Figure 3. Crystal phases observed in the GFO films as a function of 75 and Pos.

To determine the in-plane orientation of the A-GFO phase, ¢-scan measurements were
performed for the optimized A-GFO film. Figure 4(a) shows the ¢-scan pattern of the #-GFO film
around the #2-GFO {114}, ITO {440} and YSZ {220} diffraction peaks. The ~-GFO {114} peaks had
six-fold symmetry, reflecting the hexagonal structure of the #2-GFO phase. The ¢ values of the ITO
{440} and YSZ {220} peaks were the same as those of the #-GFO {114} peaks, indicating that the a-
axis of the #-GFO phase is along the [11-2] directions of the ITO layer and YSZ substrate. From the
26 values of the 4-GFO 002, 004, and 114 diffraction peaks, the a- and c-axis lattice constants were

calculated to be 6.36 and 11.35 A, respectively.
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Figure 4. (a) ¢-scan patterns of the #-GFO film. Plan-view ionic arrangement images for (b) one of

the ITO(111) planes and (c) GdO; and (d) FeO layers in the 2-GFO(001) film.

Figures 4(b-d) show the plane view ionic arrangements of the ITO conductive layer and #-GFO
film. The cationic arrangement of the ITO layer is similar to those of both Gd and Fe in the ~-GFO
film (Fig. 4(c and d)). In contrast, the a value of the ~-GFO film (6.4 A) was 3.0% greater than the
V6/4 a value of the ITO layer (6.2 A). This suggests that the similarity of the in-plane ionic
arrangements is more important for obtaining 4#-GFO rather than the lattice matching.

Finally, the magnetic properties of the #-GFO film were analyzed. Figure 5(a) shows the out-
of-plane magnetization versus temperature (M-T) curve of the #-GFO film under a magnetic field (H)
of 80 kA/m. At low 7, M abruptly increased with decreasing 7. The M—H curve at 5 K was a good fit
with the Brillouin function, suggesting the existence of a paramagnetic component in the film. The /-
GFO film has two types of magnetic moments: Fe** 3d and Gd** 4f spins. Since the magnetic
interaction between the R ions is significantly weaker than the antiferromagnetic interaction between
the Fe ions in A-RFeOs [3-6,14], it is natural to assume that the paramagnetic component originates
from the Gd** ions. On the other hand, magnetic hysteresis loop was observed in the M—H curve at 20
K (Fig. 5(b)), indicating the weak ferromagnetism of the 2-GFO film.

As shown in the inset of Fig. 5(a), the M—T curve shows a weak kink at 43 K. Similar kink
structures have been observed in the M—T curves of other #-RFeO3 thin films; the weak ferromagnetic
to paramagnetic transition in these films has been attributed to the presence of the aforementioned
kinks [3,10,14,15]. Accordingly, it was observed that the 2-GFO film exhibited weak ferromagnetism
with 7~ of 43 K. Figure 5(c) shows the a-axis length dependence of 7w for various 4-RFeOs [3-
7,14,15,18,19]. The T~ values tend to decrease linearly with increasing a. This is derived from the
reduction of the orbital overlap between the Fe ions in the a-b plane [15]. The (a, T~) values of the A-

GFO film primarily fall on the linear fitted line, thus confirming that the kink temperature in the M—T
7



curve corresponds to 7n. The 7n value of the #-GFO film is lower than those of the others, reflecting

the longer g-axis length owing to the larger ionic radius of Gd**.
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Figure 5. (a) M-T curve of the 4A-GFO film with H of 80 kA/m and (b) M—H curve at 20 K. (¢) Tx of

h-RFeOs3 as a function of a. The inset shows the magnified image at approximately 40 K.



Conclusion

In summary, we fabricated the #-GFO epitaxial film on the YSZ(111) substrate with an ITO
conductive layer using a PLD method. The metastable hexagonal phase was obtained at 75 = 780 °C
and Poy = 13 Pa. The [100] and [001] directions of the #-GFO phase are parallel to the [11-2] and
[111] directions of the ITO layer and YSZ substrate, respectively. The A-GFO film exhibited weak
ferromagnetism with a 7 of 43 K, which was lower than that of the previously reported 4-RFeOs

owing to the longer g-axis.
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