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Interphase strain engineering provides a unique methodology to significantly modify the lattice structure
across a single film, enabling the emergence and manipulation of novel functionalities that are inaccessi-
ble in the context of traditional strain engineering methods. In this work, by using the interphase strain,
we achieve a ferromagnetic state with enhanced Curie temperature and a room-temperature polar state
in EuO secondary phase-tunned EuTiO; thin films. A combination of atomic-scale electron microscopy
and synchrotron X-ray spectroscopy unravels the underlying mechanisms of the ferroelectric and ferro-
magnetic properties enhancement. Wherein, the EuO secondary phase is found to be able to dramatically
distort the TiOg octahedra, which favors the non-centrosymmetric polar state, weakens antiferromagnetic
Eu-Ti-Eu interactions, and enhances ferromagnetic Eu-O-Eu interactions. Our work demonstrates the fea-
sibility and effectiveness of interphase strain engineering in simultaneously promoting ferroelectric and
ferromagnetic performance, which would provide new thinking on the property regulation of numerous

strongly correlated functional materials.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Perovskite oxides are of great scientific and practical interest
due to their rich functional properties and strong correlations be-
tween structural degrees of freedom and order parameters [1-4].
Many works demonstrate that the intriguing physical properties,
such as multiferroicity, superconductivity, magnetoresistance, and
photovoltaic effects, can be effectively modulated by chemical dop-
ing, anion defects, and stain engineering [5-8]. Being a representa-
tive multiferroic candidate, perovskite EuTiO3 (ETO) that exhibits a
paraelectric (PE) and G-type antiferromagnetic (AFM) ground state
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below Néel temperature (Ty) ~5.5K, has attracted extensive atten-
tion due to its high tunability [9]. In particular, different origins for
ferroelectricity from Ti ions and magnetic moment from Eu ions
(S=7/2) break the so-called d° vs. d" dilemma and thus differen-
tiate it from other systems [10]. Moreover, theoretical studies have
demonstrated that by properly strain engineering ETO could trans-
form from an antiferromagnetic (AFM)-paraelectric (PE) state to a
ferromagnetic (FM)-ferroelectric (FE) state with a strong sponta-
neous magnetization of 7 pg/Eu and remnant polarization of 10
uC/cm? [11]. Although the importance of achieving multiferroic-
ity in a single material for the next-generation information devices
has been well recognized and the theoretically predicted proper-
ties of ETO can even rival classic ferroelectrics and ferromagnets,
experimental realization of the coexistence of multi-ferroic order-
ings in ETO remains elusive [6,12,13].
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Strain engineering, including biaxial strain, chemical strain, and
interphase strain, provides an effective means to manipulate the
functionalities of complex oxides [14-16]. Specifically, the biaxial
substrate-film interfacial strain has been widely used in the struc-
ture and property regulation of epitaxial thin films, such as BiFeOs,
LaCoOs, SrTiO3 [17-19]. It has also been demonstrated that the in-
terfacial strain could stabilize the ferromagnetic state below ~4K
and the ferroelectric state with a Curie temperature of ~250K in
the EuTiO3-DyScO3; (ETO-DSO) system [20,21]. While such order-
ing temperatures are still too low to meet the requirements for
potential applications. Further exploration and property improve-
ments of ETO films in the context of interfacial strain engineering
have been hindered by limitations in the magnitude of mismatch-
induced strain and strain relaxation along the thickness direction
[22]. For the chemical strain method, generally chemical doping
can not only introduce the modification of local strain states but
also the inevitable changes in local electronic states, which, how-
ever, could generate unwanted impurities and properties. More-
over, the magnitude of the strain that can be introduced by chem-
ical doping is also limited [23]. In contrast, by appropriately en-
gineering the coherent interface between two phases, the inter-
phase strain method can outstand in the aspects of strain mag-
nitude and non-relaxation in the film thickness direction. For ex-
ample, as large as 16.5% strain can be induced in the PbTiO3/PbO
system, which contributes to the significant increase in the ferro-
electric remanent polarization [16]. Meanwhile, the whole regions
of such interphase strain-engineered films are fully strained with
a uniform strain state along the film thickness direction [24]. This,
therefore, provides new opportunities for properties improvement
of the ETO material. Applying interphase strain to ETO film with a
large and unrelaxed strain across the film could harvest the effec-
tive regulation and considerable improvement of its properties.

In this work, by using the interphase strain method, we real-
ize the enhanced magnetic properties and room-temperature (RT)
polar states in strained ETO films engineered by a structural com-
patible EuO secondary phase. Atomic-scale characterizations reveal
that the randomly distributed secondary phase can introduce a sig-
nificant elongation in the lattice structure along the growth direc-
tion and a distortion of TiOg octahedra. As a result, Eu-Ti-Eu bond
length, Eu-Ti-Eu bonding angle, and bandgap structure change cor-
respondingly, evidenced by atomic imaging and spectroscopic anal-
ysis, which plays an important role in determining the enhanced
ferromagnetism and room-temperature polar phase. On this ba-
sis, the underlying mechanism for the performance improvements
has been clarified. By simultaneously increasing ferroelectricity and
ferromagnetism of representative multiferroic candidate, ETO, us-
ing the interphase strain method, our study could be enlightening
for the material design and emergent property control of not only
the big multiferroic family but also for wide-ranging strongly cor-
related functional materials.

The EuO (EO) is chosen as the secondary phase because it can
not only impose large tensile strain on ETO along the out-of-plane
direction, but also prevent introducing additional impurities. The
EuO has the same cubic phase as ETO with a space group of Fm3m
and a larger lattice parameter of 5.142A than that of ETO (Fig.
S1 in Supporting information). This, therefore, can ideally intro-
duce a 24% (the compressive effect of ETO matrix on EO phase
is not considered) large tensile interphase strain with a coherent
ETO-EO interface. A series of thin films with different Eu contents
have been fabricated on (001)-oriented STO substrates. With the
increase in x (excess mole number of Eu in the target), the out-
of-plane lattice parameters of the films increase (Fig. S2 in Sup-
porting information), which suggests an effective modification of
the secondary phase to the strain state of the films. The content
of x=0.4 is selected for thorough studies due to the largest ten-
sile strain achieved. Since stoichiometric ratio of the target and the
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film would not be strictly consistent, we performed a quantitative
elemental analysis of the film. As the ICP results shown in Table S1
(Supporting information), the thin film is defined as ETO-0.35EO in
the following based on the actual mole ratio of Eu to Ti.

Fig. 1a shows a typical XRD 6-26 scan of an ETO-0.35EO thin
film. The distinct Laue oscillations around the (00I) deflection
peaks indicate good crystalline quality and epitaxial growth of the
film. The out-of-plane lattice constant of ETO-0.35EO film is deter-
mined as 4.056 4 0.005 A, which is significantly larger than that of
bulk ETO (a=3.905A). It is worth mentioning that although the
secondary phase is introduced, the films maintain the same good
crystallinity, lattice symmetry, and surface roughness as those of a
single-phase ETO film (Fig. S3 in Supporting information). In ad-
dition, such films also manifest an atomically sharp substrate-film
interface (Fig. S4 in Supporting information). We performed the re-
ciprocal space mapping (RSM) near the (103) plane of the STO sub-
strate. The result verifies that the ETO-0.35EO film is epitaxially
grown on the substrate and suffers a large tensile strain of 3.7%
along the c axis (Fig. 1b). Such a significant tensile strain is largely
contributed by the EuO secondary phase rather than the STO-ETO
mismatch strain since the in-plane lattice parameters of ETO and
STO substrates are the same [21]. Note that a 1.15% (much lower
than 3.7%) tensile strain in the ETO-STO system has also been re-
ported, which should possibly come from the non-stoichiometry
induced chemical strain [20]. The atomic-scale structural analy-
sis was performed using spherical aberration-corrected scanning
transmission electron microscopy (STEM). It can be seen from the
low-mag images that the secondary phase EO is randomly dis-
tributed within the ETO matrix, as marked by the dashed region in
Fig. 1c. No evident impurities other than the EO phase are found.

To investigate the details of the local structure between the two
phases, atomic resolution cross-sectional high-angle annular dark-
field STEM (HAADF-STEM) images along the [100] zone axis of
the ETO-0.35EO film are acquired and shown in Fig. 1d. Since the
atomic intensity is approximatively proportional to Z7 for HAADF-
STEM images, brighter and darker contrast correspond to heav-
ier (Eu, Z=63) and lighter (Ti, Z=22) atoms, respectively. It can
be noted that the contrast of the STEM image divides it into two
regions. Wherein, the yellow shaded region is the EO secondary
phase at the [110] zone axis and the other region is the ETO phase
at the [100] zone axis, which both are consistent with the structure
model (Figs. S1c and d). Noteworthily, these two phases character-
ize a coherent interface. As shown in the schematic model in Fig.
1e, the ETO (100) plane can match well with EO (110) plane along
the in-plane direction. The a value of EO (3.64A, equal to a(110)/2)
is close to agro and astg, which benefits the epitaxial growth of
heterogeneous films. A local enlargement of the ETO-EO interface
STEM image verifies the match fashion of the two phases (Fig. 1f).
The corresponding intensity profile across the interface manifests a
clear intensity drop from the left side to the right, double confirm-
ing the ETO (right)-EO (left) two phases structure (Fig. 1g). There-
fore, the STEM analysis proves that the coexistence and perfect
match of the two phases plays a dominant role in the generation
of large external tensile strain.

Intriguing structural modifications with large tensile strain
could lead to emergent physical properties. As shown in Fig. 2a,
the temperature-dependent magnetization (M-T curve) of ETO-
0.35EO thin film was obtained at the magnetic field of 1 kOe ap-
plied along the in-plane direction. It suggests the emergence of an
FM state in the thin film with Curie temperature at T. ~7.2K. In-
set shows the field-dependent magnetization (M-H curve) of ETO-
0.35EO thin film at 2 K. Well-defined magnetic hysteresis loop with
a finite coercive field of ~1000e provides unambiguous evidence
on the ferromagnetism in the films at low temperatures. As the
applied magnetic field increases to 5 T, M approaches ~ 6.5 pg/Eu,
which is close to the theoretical value of 7 pg/Eu [27]. More im-
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Fig. 1. Structural characterizations of ETO-0.35EO thin film. (a) XRD 6—26 scan of an ETO-0.35EO film. (b) RSM around the (103) plane of the substrate. (c) Low-magnified
cross-sectional STEM image of an ETO-0.35EO film grown on STO substrate. Dashed white circles mark the EO second phase region. (d) High-magnified HAADF-STEM image
of representative interphase between ETO and EO. Boundaries between the two phases are indicated by yellow dashed lines. (e) Schematic and (f) STEM image of an
atomic-scale interphase structure. (g) Averaged intensity profile extracted from regions 1 to 3 in (d). Error bars are the standard deviation.
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Fig. 2. Enhanced ferromagnetic properties in ETO-0.35EO thin film. (a) M-T curve of an ETO-0.35EO film. Measurements were performed under a magnetic field of ngH =1
kOe along the in-plane direction after field cooling. Inset shows the M-H hysteresis loop at 2K. (b) Comparison of T¢ of ETO-0.35EO film with previous studies [21,23,25,26].
The magnetic transition temperature of interphase strain-engineered ETO films is increased by 70%.

portantly, it is evidenced that the ETO-0.35EO epitaxial film mod-
ulated by interphase strain exhibits the highest Curie tempera-
ture of 7.2K. Such a T, enhances by 70% compared to the highest
value previously reported in single-phase ETO thin films (Fig. 2b)

[21,23,25,26].

The large elongation along the out-of-plane direction gener-
ally induces a significant increase in the c¢/a ratio within films,
which would provide the polar structure [16]. Optical second har-
monic generation (SHG) investigations were conducted in ETO-
0.35EO0 film to check this possibility (see experimental details in
Supporting information). The inset of Fig. 3a shows the schematic
configuration of the SHG setup. The temperature-dependent SHG
intensity of ETO-0.35EO thin film is shown in Fig. 3a, where a kink
at 180K indicates that the sample undergoes a phase transition.
Such a phase transition is also confirmed by frequency-dependent
dielectric spectra shown in Fig. 3b. We note that the SHG intensity
is nonzero in the whole temperature range between 80 and 300K,
which could imply that the polar structure in ETO-0.35EO thin film
may still retain at RT. This polar state can result from asymmetric
phases with polarity in ETO-0.35EO thin film since the interface
between the two phases distorts the surrounding lattice to lower
symmetry and gives rise to large local polarization at the nanoscale
[28]. To eliminate the possible influence from the substrate, we
measured the SHG signals from the pure STO substrate and the

film separately (Fig. S5 in Supporting information). The SHG inten-

sity of ETO-0.35EO film is an order of magnitude larger than that

of STO substrate, suggesting a negligible role of STO substrate.
Figs. 3c-f show the SHG polar figures of ETO-0.35EO film

recorded at different temperatures. Figs. 3c and e, d and f are the

EuO phase [32].

Ip-out and Is.oue signals as a function of polarization angle when a
polarized light incident on the ETO-0.35EO film at 100 and 300K,
respectively. The experimental data can be fitted with the m and
PAmm point groups at 100 and 300K, respectively. These results
demonstrate that the ETO-0.35EO film is still a polar structure with
a different point group than that of bulk ETO (Pm3m) [29]. Hence,
the spontaneous polarization at RT may occur in the ETO-0.35EO
thin film, which is superior to the reported strained ETO films with
a ferroelectric transition temperature of 250K [21]. The SHG sig-
nal is normally generated in materials lacking inversion symmetry,
it is a necessary but insufficient condition for the ferroelectricity
[30,31]. Therefore, we measured the electrical hysteresis loop of
ETO-0.35EO film at 100K as well (Fig. S7 in Supporting Informa-
tion). Unfortunately, the measurement of the hysteresis loop at RT
cannot be performed perfectly to provide valuable information due
to the large leakage current. We hypothesize that its intrinsic fer-
roelectricity is submerged in the leaky backbone, which could be
related to the semi-conductivity and small bandgap (1.12 ev) of the
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Fig. 3. Polar state in ETO-0.35EO thin film confirmed by SHG and dielectric spectra. Temperature-dependent (a) SHG intensity and (b) dielectric spectra of an ETO-0.35EO
film. Inset shows the schematic diagram of the SHG setup carried out in the reflective mode. The p- and s-polarized lights were incident on the films with an angle of 45°
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To illustrate the intrinsic effects of interphase strain on the
electronic states [33,34], X-ray absorption spectroscopy (XAS) was
conducted at RT. As shown in Fig. 4a, the typical features at Ti L-
edges confirm the valence state of Ti ions in the ETO-0.35EO film is
+4, indicating that the ETO and EO phases are stoichiometric with
negligible charge transfer and minor oxygen vacancies. According
to crystal field theory, in an ideal TiOg octahedral, the five degener-
ate 3d-orbitals of Ti atoms split into triply degenerate low-energy
tyg orbitals and doubly degenerate high-energy eg orbitals, where
the difference between the tp,; and eg orbitals represents the crys-
tal field splitting energy (Acg) [35]. It is noted that the distance be-
tween Ti 3d tp, and Ti 3d eg orbitals in ETO-0.35EO film is signif-
icantly smaller than those in the standard Ti*t (black line at left),
revealing that Acr has further decreased because of the distorted
TiOg octahedron [36,37]. As displayed in XAS of 0O-K edges, the in-
tensity of the Eu-O peak in ETO-0.35EO film is higher than that in
a single-phase ETO film. These results suggest that the existence of
the EO phase in the film, that is, Eu excess in our designed ceramic
target transfers to the films as an EO secondary phase. The XAS re-
sults are consistent with the STEM and ICP measurements (Table
S1 in Supporting information).

Previous works demonstrated that there should co-exist three
key magnetic interactions in bulk ETO [38]: (1) AFM interactions
between the nearest-neighbor Eu ion pairs along the [001] direc-
tion; (2) FM interactions between the second nearest-neighbor Eu
ion pairs along the [101] direction (indirect exchange via O 2p
states); (3) AFM interactions between the third nearest-neighbor

Eu ion pairs along the [111] direction (super exchange via Ti 3d
states). DFT calculations by Akamatsu et al. [39] show that the
main origin of AFM state in bulk ETO is the super exchange in-
teractions between Eu-Ti-Eu along the [111] direction. It strongly
depends on the bond length and bond angle of Eu-Ti-Eu. Upon im-
posing the interphase strain in ETO-0.35EO thin film, the out-of-
plane lattice of ETO stretches and simultaneously Ti atoms move
upwards, which can result in a corresponding change in the bond
length of Eu-Ti-Eu. Meanwhile, the average Eu-Ti-Eu bond angles
of ETO unit cells with different distances away from the inter-
face reduce from 180° to around 170° & 5°, as evidenced by the
quantitative analysis of the atomic STEM image (Fig. S6 in Sup-
porting information). Figs. 4b and c illustrate schematics of un-
strained cubic ETO and strained ETO along the [001] direction, re-
spectively. The change of Eu-Ti-Eu bond lengths and angles along
the [111] direction in the ETO region is a direct consequence of the
strong stretching effect by the secondary EO phase. The dramatic
structural modification affects the AFM interactions that dominate
their magnetic states, supported by the Goodenough-Kanamori-
Anderson rule [40-42].

In addition, the energy band and electron distribution are deter-
mined by strain as well. The qualitative relationship between spin
state and lattice distortion has been reported previously [43-46].
Shin et al. have summarized in both theoretical and experimental
manners the change of band gap between Eu 4f, Ti 3d and O 2p
orbitals with increasing volume of unit cell. The schematics atomic
orbitals in strained-free and strained ETO are present in Figs. 4d
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and e, respectively [47-49]. In the strained ETO with a reduced
Eu-Ti-Eu bond angle, the band gap between Ti 3d and O 2p (E;) re-
duces while the band gap between Eu 4f and Ti 3d (E;) increases.
As a result, the fully occupied O 2p orbitals migrate easily to Ti 3d
orbitals. The electronic transfer in this manner will benefit the en-
hancement of the ferromagnetic interactions between the second
nearest-neighbor Eu ion pairs (via changed O 2p orbitals).

In summary, a ferromagnetic state with enhanced Curie tem-
perature emerged in the interphase strain-engineered ETO thin
films. The introduced secondary EO phase leads to a significant
elongation along the out-of-plane direction. The dramatic distor-
tion of TiOg octahedra effectively affects the Eu-Ti-Eu bond length
and bonding angle, which are directly linked to their electronic
configurations. Eventually, the AFM interactions between the third
nearest Eu ion pair (via Ti*t) are weakened whereas the FM in-
teractions between the second nearest Eu ion pairs (via 0**) are
enhanced, which favors the ferromagnetic state over the antifer-
romagnetic state. Additionally, the polar state is achieved at RT
in ETO-0.35EO film as well, providing the possibility to acquire a
single-phase multiferroic materials and magnetoelectric coupling
through strain optimization by the interphase strain method. This
study demonstrates that effective interphase strain tuning using
structural compatible phases is readily applied to other strongly
correlated materials and clearly exhibits its unique advantages for
improving functionalities over other means.
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