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A B S T R A C T

This paper uses laser energy fluence as a single variable parameter to investigate the underlying mechanisms that
explain the striking physical properties in EuTiO3–δ (ETO3–δ) thin films. Out-of-plane lattice expansion reveals a
linear dependence with laser energy fluence, which induces horizontal cracks near the film/substrate interface.
Interestingly, however, by post-annealing the substrate in a hydrogen atmosphere, the planar defects formed
during film growth are removed, which suggests that these defects are related to laser energy and are thus
created during the deposition. Ferromagnetic order also demonstrates a strong relationship with lattice ex-
pansion, which reveals a modulation effect from vertical strain that compensates for the negative effects that
result from mixed-valence Eu3+. Ultimately, our results demonstrate that energy-induced defects can be used for
manipulating ferromagnetism in antiferromagnetic perovskite systems.

1. Introduction

EuTiO3 (ETO) is a typical antiferromagnetic-paraelectric (AFM–PE)
perovskite oxide with a strong spin-lattice coupling effect [1,2]. In
particular, the multiferroic quantum criticality based on the ETO
system is particularly useful for exploring the interplay between various
types of quantum critical behaviors, which has led to the current at-
tention on this multiferroic material [3]. Considering its significant
characteristics, ETO appears to be one of the best candidates for
achieving the modification effect of physical properties through dif-
ferent approaches. The first approach is through strain engineering of
ferroic behavior [4]. In the past, calculation predictions along with
experimental observations of ETO were successful in creating new
ferroelectric ferromagnets (FE–FM) from a boring dielectric [5,6]. In
the next several years, a variety of research studies focused on under-
standing octahedral rotation and enhanced multiferroic properties
[7–10]. Additionally, doped ions have been used to modify and enhance

FM and FE behavior due to the mixed valence of Eu or Ti ions [11–13].
With further ongoing research, even more significant features, such as
the anomalous hall effect and Berry phases in the doped ETO, were
discovered under the carrier control [14,15]. But how does the com-
bination of the above tuning effect work in the magnetic behavior of
ETO films? More close observation of the competitive and/or co-
operative relationships between strain and doping carrier may provide
an answer to this question.

To begin to address this question, we need to find a system that
contains, simultaneously, both a strain and mixed valence in the ETO.
The most suitable system appears to be the as-deposited ETO3–δ thin
films, because they present different magnetic ground states, including
AFM and FM. In especially, the films are prepared using different
methods. The two most representative deposition processes are pulsed
laser deposition (PLD) and molecular beam epitaxy (MBE), which are
often used to fabricate epitaxial ETO3–δ films. The AFM state of un-
strained films synthesized by MBE is consistent with that of bulk [16].
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This differs from the intrinsic properties of as-grown ETO3–δ thin films
grown by PLD, which become FM-like in their behavior, with a Curie
temperature around 5 K [17,18]. It is also worth noting that the tuning
effect on the magnetic properties is accompanied by the expanded out-
of-plane spacings in the strained ETO3–δ films [19]. Accompanied with
a strong magnetostriction, the tuned FM order and lattice expansion
under a magnetic field have been confirmed in ceramic ETO samples
[20,21]. Despite a certain concentration of mixed valence ions, the
point defects such as oxygen vacancy and Eu3+ alone are insufficient to
explain the unexpected properties in ETO films [4]. But returning to the
deposition method, the focused laser used in PLD instigates higher ki-
netic energies in particles, which can then introduce different kinds of
defects such as oxygen deficiency in the films. In this paper, we in-
vestigate the laser energy fluence that is dependent on the physical
properties of the as-deposited ETO3–δ thin films to understand the un-
derlying mechanisms of them. Our investigation begins after our ob-
servation of cracks that seemed to have formed at the substrate/film
interface in the as-deposited ETO3–δ films. Furthermore, we discuss how
the combination of magnetic measurement and first-principles calcu-
lation confirms that the FM intensity is strongly correlated with the
stretch of the out-of-plane lattice, which can be seen as arising from the
defects that were formed during the film's fabrication.

2. Experimental details

ETO3–δ thin films with the same thickness of 130 nm were fabricated
on (001)-oriented SrTiO3 (STO) single-crystal substrates via PLD. A
sintered EuTiO3 target was focused by an excimer laser (Lambda
Physik, 248 nm, 3 Hz) at varied laser energy fluences from 1 to 3 J/cm2

with a laser spot size of 5 mm2. The deposition temperature and oxygen
pressure were kept at 650 °C and 1 × 10−4 Pa, respectively. The films
at 3 J/cm2 were post-annealed in a reducing atmosphere as indicated by
the reference sample [22]. The film c-axis length was determined by an
x-ray diffraction (XRD) θ-2θ scan using a Bruker D8 diffractometer, and
the in-plane lattice constant was measured by reciprocal space mapping
(RSM) using the Panalytical Empyrean concept. To investigate crystal
structures and microstructures, transmission electron microscopy (TEM,
FEI Tecnai F20 analytical microscope at 200 kV) was performed. The
valence states of the films were confirmed by x-ray photoemission
spectroscopy (XPS) at PHI5000 VersaProbe. Magnetic properties of the
different films were characterized in a Physical Properties Measurement
System (PPMS-9, Quantum Design). We also performed the first-prin-
ciples calculations in the Vienna ab initio simulation package (VASP)
with a plane-wave cutoff of 650 eV for the magnetic properties of the
ETO films. An on-site Coulomb parameter U = 5.7 eV and Hund's ex-
change J = 1.0 eV were selected for the strong electron correlation
effects on the f shells of Eu atom, which were well tested in the work of
Lee et al. [6]. The I4/mcm structure with the lowest total energy was
chosen as the ground state according to our crystal results [23], which
was confirmed by many experiment works [7,10,24,25]. The 6 × 6× 6
Monkhorst and Pack grid of k-point mesh was used for our calculations.

3. Results and discussion

Fig. 1(a) shows the XRD 00l reflection for the STO substrates and
films grown at different laser energy fluences. The lattice parameter of
the bulk ETO is 3.905 Å [6], which is the same as that of the STO
substrates. The separated 00l peaks of the substrates and films indicate
that the as-deposited ETO3-δ films with the same thickness exhibit ex-
panded out-of-plane spacings. For example, the c-axis lattice constant
increased from 3.940 Å to 4.011 Å when the laser fluence was increased
from 1 J/cm−2 to 3 J/cm−2. Under such conditions, the value of misfit
out-of-plane strain in the ETO cells was located in a broad range of
+0.89% to +2.71% in a vertical direction. However, different from the
lattice expansion along the c-axis, the all in-plane lattice constants in
the films were fully fixed to the STO substrate. Fig. 1(c) and (d) present

the representative RSMs around (013) and (103) Bragg peaks of the
ETO3-δ film at 3 J/cm2. The vertical alignment of the reflections in-
dicates that both the a-axis and the b-axis lattice parameters of the films
were the same as those of the STO substrate. Therefore, under the lower
laser energy fluence, the ETO film was found to be closer to stoichio-
metry. The ϕ scans in Fig. 1(b) show that the ETO phase grows in a
cube-on-cube mode on the STO, indicating an epitaxial relation of
(002)ETO//(002)STO and [200]ETO//[200]STO.

To further understand the origin of vertical lattice expansion, we
compared the cross-sectional high resolution TEM (HRTEM) images
taken on the (a) film/substrate interface and (b) film. Fig. 2(a) shows
that a lateral crack was observed in the interface; yet, no crack pro-
pagation occurred into the ETO layer. The direction of the cracks was
parallel with the film/substrate interface, likely due to the unique
match between ETO/STO along in-plane direction, as opposed to the
vertical crack in SrMnO3 films [26]. In contrary, similar cracks and
obvious grain boundaries can hardly be observed in the films, as shown
in Fig. 2(b). Representative strain maps showing the variation in ver-
tical and lateral strain were determined from a geometric phase analysis
(GPA) software in the central and right panels, respectively, and can be
seen in Fig. 2(a). It appears that the presence of the two-dimensional
dislocations can only increase the out-of-plane lattice constant at the
initial deposition, even though it shows negligible influence on the in-
plane arrangement. Moreover, the out-of-plane lattice parameter re-
mains at the same expansive value throughout the entire thickness of
the thin films, with the relaxed in-plane lattice parameter. Therefore,
simply increasing the thickness of films can only produce a repetitive
effect of lattice expansion rather than actually enlarging it. However, a
higher energy fluence can result in the increase of thermal stresses at
the interface and, in doing so, produce a crack-extension that appears to
enlarge the vertical lattice expansion [27]. The corresponding selected-
area diffraction pattern (Fig. 2(c)) also confirms the lattice expansion
and above-mentioned epitaxial relation evidenced by the separated
diffraction dots from the ETO3-δ/STO. Moreover, previous studies have
likewise reported that the post-annealing treatment can be used to relax
strain, because the recrystallization process actually repairs the cracks,
which seem to vanish at a high temperature, as shown in Fig. 2(d)
[18,22].

Fig. 3(a) shows the temperature dependence (T) of the magnetiza-
tion (M) at varied laser energy fluences. A magnetic field of 100 Oe was
applied parallel to the film surface for the measurements. Field cooling
(FC) and zero field cooling (ZFC) conditions fell on the same curve for
all films (not shown). Aside from the result at the lowest energy density
of 1 J/cm2, the M of other films increased in a linear relation with
decreasing T and appeared to be saturated around 2 K. The monotonical
increase in the M–T curves below 4 K indicates that growth-related
strain is what accounts for the FM correlation in the ETO3–δ films
[13,18]. Furthermore, the comparison of theM at 2 K demonstrates that
the FM behavior is raised with increasing laser energy fluence. In ad-
dition, we fit the derivative of the magnetization (dM/dH) and the in-
verse susceptibility (χ−1) as a function of temperature to extract the TC
of the ferromagnetic ETO3–δ films. This resulted in an interesting effect:
when the laser energy fluence is above 1.5 J/cm2, a sharp valley in the
curve of dM/dH appeared in all the films, as is shown in Fig. 3(c).
Combined with the Curie-Weiss law fitting of χ−1 (not shown), we
found that the TC rose slightly from 3.0 K to 3.7 K, as is presented in the
inset of Fig. 3(c). Moreover, it can be observed that the FM order in the
ETO3-δ films is enhanced by the strain effect, which is introduced by the
change of laser energy fluence.

Clearly, the distinct curve at the lowest energy fluence (1 J/cm−2)
shows a variation on the magnetic properties among other films. As
shown in Fig. 3(b), a comparison of M at 1 J/cm2 and the unstrained
ETO films determines the magnetic properties under the lowest strain
value. Similar to the annealed ETO film, the expanded ETO3–δ film also
exhibited a distinct AFM transition at 5.0 K, which is close to the re-
ported temperature in the stoichiometric ETO bulk [2]. However, as
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temperature decreases, the change in the M reverses and further in-
creases monotonically around a positive Weiss temperature (θ) of 3.2 K,
which is shown as an FM behavior below θ. As shown in our previous

study, the Eu3+ defects can be formed in the as-deposited films to
compensate the oxygen vacancies that are formed at a high vacuum
[22]. More importantly, these nonmagnetic ions can slightly break the

Fig. 1. (a) XRD θ–2θ scan of the ETO3–δ films grown on STO (001) substrate as a function of laser energy fluence. (b) ϕ scans of the STO (013) (top panel) and the
ETO3–δ (013) (bottom panel) reflection. X-ray reciprocal space maps near the (c) (103) and (d) (013) peaks of the STO substrate for an ETO3–δ film.

Fig. 2. HRTEM images of (a) the interface
between ETO3–δ/STO and (b) the as-de-
posited ETO3–δ film. Maps of out-of-plane
(top middle panel) and in-plane (top right
panel) strain determined from GPA of
HRTEM image (top left panel, the rea dash
area was selected as a reference area). (c)
Selected-area diffraction (SAD) pattern of
the ETO3–δ film and the STO substrate. (d)
HRTEM image of the annealed ETO film.
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AFM superexchange magnetic interactions in a vertical direction, which
induces a FM interaction at θ rather eliminating the AFM ground state
of the ETO3–δ films [28].

Fig. 4(a) exhibits the magnetic field (H) dependence of the M
measure at 2 K under a different laser energy fluence. The completely
different change of M confirms that the AFM and FM phases appear in
the various films, respectively. Above 1.5 J/cm2, the magnetization
increased sharply and then saturated around 5 kOe, which is a process
that is party of inherent FM interactions. In contrast, a slower saturation
on the magnetization process corresponded to the AFM ground state in

1 J/cm2 and in the annealed film. Especially at a low magnetic field, an
abrupt increase in slope at 100 Oe caused the magnetization to increase
to 4 μB/Eu for the film grown under 3 J/cm2, relative to the almost
unchanged magnetization of 1 J/cm2 (Fig. 4(c)). This is because the
AFM films require larger magnetic fields for flopping the spin from AFM
to FM alignments at Eu site, which is further evident for the strai-
n–induced FM behavior in the ETO3–δ films. Moreover, the saturationM
can been seen in the magnified M–H curves in Fig. 4(b). The saturation
M in the annealed film (6.79 μB/Eu) is close to the theoretical value of 7
μB/Eu, which is marked as blue dash in the inset of Fig. 4(b), and

Fig. 3. (a) Temperature dependence of magnetization (M–T) curves under FC condition for the as-deposited ETO3–δ films, at H= 100 Oe. (b) FC magnetization of the
annealed ETO film and the ETO3–δ film at 1 J/cm2. (c) The derivative of the magnetization with respect to the temperature (obtained from the FC curves) in the FM
ETO3–δ films. The inset shows a plot of the ferromagnetic Curie (TC) temperature versus laser energy density.

Fig. 4. (a) Magnetic field dependence of the magnetization (M–H) at 2 K for the annealed ETO film and as-deposited ETO3–δ films. (b) Enlarged view of (a). (c)
Difference on theM–H curves at the low field between the samples of 1 J/cm2 and 3 J/cm2. (d) Calculated energy difference between G-AFM and FM states in ETO as
a function of the out-of-plane strain. The magenta and orange areas represent G-AFM and FM states, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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suggests that the stoichiometric films have the single valence of Eu2+.
Moreover, the saturation M of the as-deposited ETO3–δ films can been
seen to increase with the increase in laser energy fluence from 5.47 μB/
Eu to 6.56 μB/Eu, indicating that FM behavior can indeed be enhanced
by the strain effect, concurrent with the above M–T results. However, it
is worth noting that saturation M of the as-deposited films is smaller
than that of the annealed film. This is because the mixed-valence Eu2+/
Eu3+ in the as-deposited films decreases the amount of magnetic mo-
ment of the Eu atom and, as a result, reduces saturation M. With an
increase in the strain, an increased saturation M represents that the
enhanced effect from strain can compensate the negative effect from the
nonmagnetic Eu3+ ions.

Finally, in order to investigate the underlying mechanism for the
tuning effect of out-of-plane strain on magnetic properties, the first-
principles density-functional theory (DFT) calculations were carried
out. On the basis of the above experiment, in order to simulate the
growth-related strain formed during deposition, we stretched the unit-
cell along the c-axis with a different strain magnitude η and fixed the in-
plane lattice at a constant. The energy difference between G-type AFM
and FM structures as a function of out-of-plane strain is shown in
Fig. 4(d). As is known, the AFM order is favored for unstrained ETO
film, which is consistent with many previous investigations [3,5,7,18].
From Fig. 4(d), it can be seen that the G-AFM magnetic structure re-
mains stable at the strain region (η<+1.75%), but that it transfers
from a G-AFM to an FE state if the out-of-plane strain is larger than
+1.75%, which indicates that FM interactions dominate the spin in-
teraction.

4. Conclusions

In summary, this experiment fabricated as-deposited ETO3–δ and
annealed ETO films at different laser energy fluences and observed the
striking effects of such changes. From the crystal measurement, the out-
of-plane lattice constant of the as-deposited films increased with an
increase in laser energy fluence, whereas the in-plane lattice constant
was fixed to that of the STO substrates. We also found that the un-
expected spacing expansion along the c-axis resulted from horizontal
cracks that paralleled the film/substrate interface. Furthermore, en-
hanced FM behavior alongside the expansion was observed when the
fluence was above 1.5 J/cm2, and the calculated critical strain point of
the FM transition was found to be 1.75%. With these findings in mind,
we contend that vertical strain can be used to realize AFM–FM phase
transition and also to overcome the negative effects that result from
nonmagnetic Eu3+ ions. Additionally, findings may be helpful for en-
hancing our understanding of the relationship between strain, defect,
and magnetic characteristic in oxide films.
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