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Fabrication of thin films is crucial in the study of fundamental properties of matter and designs of devices. In

this work, multiferroic dysprosium manganites DyMnO3 thin films were grown epitaxially on SrTiO3 (001) and

yttrium stabilized zirconia (111) [YSZ (111)] substrates by pulsed laser deposition technique. The fabricated

films showed perfectly orthorhombic crystallization on SrTiO3 (001) and hexagonal crystallization on YSZ (111)

substrates. At low temperatures, the magnetic measurements revealed three magnetic transitions at 10 K, 21 K

and 43 K for orthorhombic DyMnO3 film, 7 K, 38 K and 58 K for hexagonal DyMnO3 film, respectively. The

results are consistent with those observed in bulk materials, corresponding to magnetic ordering of the Dy3+ ion

spins, antiferromagnetic transitions and spin reorientation respectively. This work provides a convenient

method to manipulate the film structure by choosing suitable substrates, and it can be used in the study of mag-

netic properties of multiferroic manganites and related device fabrication.
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1. Introduction

The crystal structure and magnetoelectric properties of
multiferroic rare-earth manganites RMnO3 (R = lanthanide)
have been studied for over 50 years, and the effects of
atomic substitution on phase structure, magnetic and
dielectric properties have been reported [1]. Due to the
coupling or connection of ferroic orders, the manganites
RMnO3 are promising materials for applications in
advanced technology, like the application in non-volatile
memory devices, ferroelectric gates and so on [2-4].

Conventionally, these materials crystallize in two types
of structures: orthorhombic and hexagonal. The perovskite
orthorhombic Pnma structure is based on a three dimen-
sional network of corner shared MnO6 octahedra [5],
while the hexagonal manganites with a space group
P63cm consist of dense oxygen-ion packing with Mn3+

ions having five-fold trigonal bipyramidal coordination,
and R3+ having seven-fold monocapped octahedral coordi-
nation [6]. The different crystalline structures are strongly
dependent on the radius of the rare earth ions. For larger
ionic size, RMnO3 adopts an orthorhombic distorted

perovskite structure, like LaMnO3, GbMnO3, TbMnO3,
while for smaller rare earth cation, RMnO3 tends to take a
hexagonal structure, like HoMnO3, LuMnO3, YMnO3.
Under normal conditions, DyMnO3 (DMO) crystallizes in
an orthorhombic structure, although a metastable hexagonal
phase can also be prepared by means of special synthesis
methods, such as by firing under ultra-high-purity argon
[7]. 

In the process of film preparation, pulsed laser deposition
(PLD), chemo-mechanical polish lithography [8, 9], and
reverse growth method [10, 11] are crucial techniques in
the studies of fundamental properties of matter such as
superconductivity [12-15], and sensing and quantum control
[16, 17]. In this paper, we investigated the characteristics
of the DMO films grown on different substrates by using
PLD technique. The films crystallized in either ortho-
rhombic or hexagonal structures depending on the lattice
matching relationship between the substrates and the
films. The magnetic properties of DMO films with
different structures were studied by a superconducting
quantum interference device (SQUID) magnetometer. 

2. Experiments

The DMO thin films were fabricated on SrTiO3 (STO)
and Y2O3:ZrO2 (YSZ) substrates by PLD using a Lambda
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Physic KrF excimer laser (248 nm). The ceramic DMO
target was prepared through standard solid-state reaction
process. The stoichiometric Dy2O3 and MnO2 with an
analytic reagent grade of purity were used as starting raw
materials. After milling and calcining, the resulting
compounds were characterized by powder x-ray diffraction
(XRD) using a Rigaku diffractometer with Cu Kα radiation
at 1.54 Ǻ. Compressed pellet used as a PLD target was
sintered at 1400 ℃ for 12 hours. 

In order to obtain DMO films with different structures,
STO (001) and YSZ (111) single crystals (0.5 mm in
thickness) were used as substrates which were held at 700
°C during the process of PLD. The temperature was
measured from the front side of the substrate holder. The
deposition was performed under an oxygen pressure of 30
Pa to reduce the possible oxygen defects in DMO films.
After 30 min in situ annealing, the deposited thin films
were cooled down to room temperature with a rate of5
oC/minute. The thickness of the fabricated DMO thin
films was determined to be about 150 nm by a surface
profile measuring system. The structures of the deposited
DMO films were studied by XRD. The azimuthal φ scans
were recorded in order to assess the phase purity and the
epitaxial relationship between the films and the substrates.

The magnetic properties of the fabricated DMO films
with different structures were analyzed by a SQUID
magnetometer. The temperature dependent magnetization
data were collected in both zero field cooled (ZFC) and
field cooled (FC) modes in a temperature range of 2-300
K under a 200 Oe applied magnetic field.

3. Results and Discussion

The XRD pattern of the synthesized DMO ceramics is

shown in Fig. 1. The measurement was carried out on
powdered sample in the angular range of .
The bottom vertical lines indicate the allowed Bragg
reflections. The location and intensity of all the reflection
peaks could be indexed to an orthorhombic structure
without any detectable impurity implying the single phase
of the prepared sample within the detection limits of the
diffractometer. The XRD data were analyzed using Rietveld
refinement method, and the calculated lattice parameters
of the orthorhombic DMO were obtained to be a = 0.581
nm, b = 0.527 nm and c = 0.739 nm. The lattice parameters
are comparable to that of JCPDS card No. 25-0330. 

Generally, the fabricated films have the same structure
as that of the target using in PLD process. Although the
DMO target is orthorhombic, due to the pinning effect of
the substrates, orthorhombic or hexagonal DMO thin
films can be prepared conveniently by choosing suitable
substrates. Figure 2 shows the typical -2 XRD result of
the DMO film grown on STO (001) substrate. As can be
seen, besides the sharp (00l) diffraction peaks from the
DMO thin film, no diffraction from randomly oriented
grains or impurity phases can be detected from the x-ray
pattern, suggesting that the prepared DMO thin film is in
orthorhombic structure (o-DMO) and has a clear c-orien-
tation on STO (001) substrate. The full-width-half-maximum
(FWHM) values of the (002) reflection is about 0.4°
indicating good out-of-plane texture. To investigate the
in-plane texture, the φ scan around the (112) DMO
reflection is shown in the inset of Fig. 2. The fourfold
symmetry peaks reveal that the film is in orthorhombic
structure and well aligned with the substrate. As the STO
single crystal substrate is in cubic structure with lattice
parameters of 0.3905 nm, the epitaxial relationship between
o-DMO and STO (001) substrate can be determined as

20 2 70   

Fig. 1. (Color online) Typical θ-2θ XRD pattern with indices

of lattice planes of DMO ceramics. Vertical lines at bottom

indicate the allowed Bragg reflections.
Fig. 2. XRD pattern of o-DMO film on STO (001) substrate.

The inset shows the φ scan of the (112) peak of DMO film.
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[001] o-DMO // [001] STO and [010] o-DMO // [110]
STO. The schematically epitaxial relationship is illustrated
in Fig. 3. The lattice mismatches for the a- and b-para-
meters of o-DMO film with respect to the diagonal lines
of the ab-plane of STO (001) substrate are expected to be
5.3 % along the [110] direction and 4.4 % along the
[110] direction of STO crystal. The calculation method of
lattice mismatches was given in Ref. [18]. 

The XRD pattern of DMO film grown on YSZ (111)
substrate by PLD using the same orthorhombic target is
shown in Fig. 4. The film has a clear DMO (000l)
orientation, which suggests the c axis is perpendicular to
the surface of substrate. The φ scan of the (1122) peak is
shown in the inset of Fig. 4. The XRD peaks and the
sixfold symmetry reveal that the prepared DMO film is in
hexagonal structure (h-DMO), and the in-plane epitaxial
orientation of the film is derived as [1120] h-DMO //
[110] YSZ. Fig. 5 shows the in-plane matching of the h-

DMO film with the YSZ (111) substrate. As the lattice
parameters of h-DMO are a = 0.618 nm and c = l.143 nm,
and those of cubic YSZ are a = b = c = 0.514 nm, it is
expected that the lattice mismatch for the in-plane lattice
parameters between the h-DMO film and YSZ (111)
substrate is approximately 1.8 %, leading to tensile strain
in the film. The definition of lattice mismatch between
the film and the substrate was reported previously [18].

Figures 6 and 7 display the magnetization (M) versus
temperature (T) curves for o-DMO film and h-DMO film
measured under ZFC and FC conditions, respectively.
The applied magnetic field (200 Oe) is parallel to the
films surface. Closed symbols are the data with the ZFC
mode, while the open ones are for the FC mode. Above
100 K, the magnetization shows a slight change according
to the Curie-Weiss law. At lower temperatures, M rapidly
increases with decreasing temperature, indicating compli-
cated temperature and magnetic field dependence of

Fig. 3. (Color online) The schematic diagram of epitaxial rela-

tionship between the o-DMO film and STO (001) substrate.

Fig. 4. XRD pattern of h-DMO film on YSZ (111) substrate.

The inset shows the φ scan of the (1122) peak of h-DMO film.

Fig. 5. (Color online) The schematic diagram of epitaxial rela-

tionship between the h-DMO film and YSZ (111) substrate.

Fig. 6. Magnetization (M) vs temperature (T) plots of o-DMO

film measured under ZFC and FC condition with an applied

magnetic field of 200 Oe parallel to the film surface.
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magnetization. In Fig. 6, both ZFC and FC curves of o-
DMO film show anomalies close to 10 K, 21 K and 43 K
at low temperatures. For bulk o-DMO materials, as is
known, an antiferromagnetic transition of Mn3+ into the
sinusoidalin commensurate phase at 40-45 K (denoted as
TN), an incommensurate-commensurate transition at 20-
29 K (known as Tlock), and the magnetic ordering of the
Dy3+ moments at below 10 K were reported previously
[19, 20]. The three anomalies of the o-DMO film in Fig.
6 are almost consistent with those observed in bulk o-
DMO materials and other orthorhombic rare-earth manga-
nites [21, 22].

Temperature dependent of magnetization for h-DMO
film is presented in Fig. 7. Three anomalies close to 7 K,
38 K and 58 K at low temperatures can be discerned,
which represent the magnetic ordering of the Dy3+ moments,
the incommensurate-commensurate transition and the
sine-wave ordering of the Mn3+ moments, respectively.
For clarity, the dM/dT curve in the temperature range of
2-80 K is shown in the inset of Fig. 7. The anomalies
marked by arrows are at the same position with those in
the main panel of Fig. 7. The results are comparable with
the reported phase transition in bulk h-DMO crystals [23,
24]. Magnetic transitions of h-DMO film are different
from those of o-DMO film. The different structures of
orthorhombic and hexagonal DMO films are responsible
for the observed different magnetic properties.

4. Summary

In conclusion, epitaxial o-DMO and h-DMO films were

fabricated on STO (001) and YSZ (111) substrates,
respectively, by PLD technique using an orthorhombic
ceramic DMO target. The crystal structure and the
epitaxial relationship between the films and the substrates
were analyzed. At low temperatures, the films revealed
three magnetic transitions, including magnetic ordering of
the Dy3+ ion spins, the incommensurate-commensurate
transition and the transition of antiferromagnetic phase
into the sinusoidalin commensurate phase of the Mn3+

moments. The transition temperatures of o-DMO film are
different from those of h-DMO film. The results suggest
that the crystal structures have effects on the magnetic
properties of rare-earth manganites. This work shows that
epitaxial growth of thin films on suitable substrates can
be used to obtain promising magnetic properties for
multiferroic materials design. 
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