
High-Temperature Ferroic Glassy States in SrTiO3-Based Thin Films

Tianyu Li ,1,2,* Shiqing Deng ,1,*,† He Qi,1,2 Tao Zhu,3,4 Yu Chen,5 Huanhua Wang ,5 Fangyuan Zhu,6

Hui Liu,1 Jiaou Wang,5 Er-Jia Guo,4 Oswaldo Diéguez,7 and Jun Chen 1,2,8,‡
1Beijing Advanced Innovation Center for Materials Genome Engineering,
University of Science and Technology Beijing, Beijing 100083, China

2Department of Physical Chemistry, University of Science and Technology Beijing, Beijing 100083, China
3Spallation Neutron Source Science Center, Dongguan 523803, China

4Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
5Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

6Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute,
Chinese Academy of Sciences, Shanghai 201204, China

7Department of Materials Science and Engineering, Faculty of Engineering, Tel Aviv University, Tel Aviv 6997801, Israel
8Hainan University, Haikou 570228, China

(Received 30 November 2022; revised 19 August 2023; accepted 24 October 2023; published 13 December 2023)

Disordered ferroics hold great promise for next-generation magnetoelectric devices because their lack of
symmetry constraints implies negligible hysteresis with low energy costs. However, the transition
temperature and the magnitude of polarization and magnetization are still too low to meet application
requirements. Here, taking the prototype perovskite of SrTiO3 as an instance, we realize a coexisting
spin and dipole reentrant glass states in SrTiO3 homoepitaxial films via manipulation of local symmetry.
Room-temperature saturation magnetization and spontaneous polarization reach ∼ 10 emu=cm3 and
∼ 25 μC=cm2, respectively, with high transition temperatures (101 K and 236 K for spin and dipole
glass temperatures and 556 K and 1100 K for Curie temperatures, respectively). Our atomic-scale
investigation points out an underlying mechanism, where the Ti=O-defective unit cells break the local
translational and orbital symmetry to drive the formation of unusual slush states. This study advances our
understanding of the nature of the intricate couplings of ferroic glasses. Our approach could be applied to
numerous perovskite oxides for the simultaneous control of the local magnetic and polar orderings and for
the exploration of the underlying physics.
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Multiferroics, owing to the cross-coupling between
various order parameters [ferroelectricity, (anti)ferromag-
netic, ferroelasticity, and ferrotoroidicity], have gathered
momentum as a new-type logic unit for information storage
and processing [1–4]. Both type-I and type-II multiferroics
(with different and same magnetoelectric origins) require a
coexistence of long-range polar and magnetic orderings as
a prerequisite to realize a linear magnetoelectric (ME)
coupling [5,6]. However, the strict requirements regarding
time and space inversion symmetry to engineer ME
phenomena greatly limit their development given that it
can only be possibly attainable in only 58 Shubnikov point
groups from 69 magnetic groups [7]. This makes the
eligible candidates extremely scarce, while their low order-
ing temperatures or coupling strengths can barely meet the
application requirements. Furthermore, the first-order tran-
sition in long-range ordered ferroic crystals generally
feature large hysteresis [8,9], raising concerns regarding
energy loss and fatigue from the application perspective.
Ferroic glasses are representative of disordered or short-

range ordering systems, which originate from local struc-
tural fluctuation and energetic competition. For example,

spin glasses involve a local competition between exchange
interactions that results in a metastable phase [10,11].
Similarly, owing to chaotic dipole interactions among
the diverse polar nanoregions the dipole glass emerges
in relaxor ferroelectrics [12,13]. In particular, due to the
lack of long-range ordering, coexistence or cross-coupling
of different types of ferroic glasses are free of the require-
ments for long-range symmetry breaking to achieve ME
coupling [14,15]. This, therefore, brings the potential for
diverse types of materials to be engineered as new ME
candidates. On this basis, a high-order ME effect is enabled
in materials where spin and dipole glasses coexist (type-III
multiferroic) [16,17]. The prominent merits of type-III
multiferroics such as small hysteresis and a wide temper-
ature range for phase transition can provide promising
applications in low-loss and power nonvolatile memory and
sensor devices [18,19]. However, the disordered ferroics
developed so far still face challenges, including generally
low transition temperatures and weak magnetic and polar
strength, still not comparable to long-range ferroics.
Herein, by modulating local symmetry in the canonical

perovskite of SrTiO3, we realize coexisting reentrant spin
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and dipole glass (RSG and RDG) with high transition
temperatures. The Curie temperatures for ferromagnetic
(TFM

C ) and ferroelectric transition (TFE
C ) are as high as 556

and 1100 K, and the glass temperatures for spin (TRSG) and
dipole (TRDG) are up to 101 and 236 K. It features strong
RT saturation magnetization (Ms) of ∼ 10 emu=cm3 and
spontaneous polarization (Ps) of ∼ 25 μC=cm2 compared
to those in the SrTiO3-based systems [20–22] and the
disordered multiferroics [14,15,23,24]. Based on atomic-
scale structure investigations, we correlate the glass states
and frustration behaviors to the breaking in the local
translational and orbital symmetry. It demonstrates that
the purposely induced Ti=O-defect unit cells drive a local
structure transition from the nonpolar cubic phase to the
polar tetragonal-like phase, forming the nanosized polar
slushes. The spin-glass state is thereby established due to
the altered crystal-field splitting under the synergistic effect
of Ti=O-defect unit cells and the resultant charge rearrange-
ments. This methodology of introducing nanoscale M=O
defects (M for transition metal) is generally applicable in
wide-ranging perovskites for tailoring local polar and spin
configurations, which would steer the exploration of new
disordered multiferroics.
Nonstoichiometric SrTiO3-based thin films with a Sr=Ti

molar ratio of 1.22∶1 were homoepitaxially grown on
the (001)-oriented substrates via pulsed-laser deposition to
induce the Ti=O defects (Supplemental Material, Figs. S1
and S2, Table S1) [25]. We first investigate the crystallo-
graphic structure and composition of the films. Figures 1(a)
and 1(b) show the out-of-plane synchrotron x-ray diffrac-
tion (SXRD) pattern and (103)-spot reciprocal space
map (RSM). The clear Pendellösung fringes suggest the
high epitaxial quality of the film. The fitting in the inset
in Fig. 1(a) suggests a homogeneous lattice constant c
from the film-substrate interface to the top surface [26].
More importantly, (00L) peaks of the film are found to
shift to lower L values compared to those of the sub-
strate, indicating an enlarged c and increased c/a up to
1.039 for the film. This is corroborated by the atomic-
scale aberration-corrected scanning transmission electron
microscopy (STEM) characterizations. Figure 1(d) shows a
high-angle annular dark-field (HAADF)-STEM image at
[001] zone axis. Noteworthily, although the nonstoichio-
metry of Sr=Ti is purposely introduced the film maintains
the perovskite structure, implying the presence of Ti
vacancies. Whereas, quantitative analyses of the image
can find the diffusely distributed nanoregions (<10 nm in
size) with a marked lattice distortion and significantly
increased c/a [Figs. 1(e) and S3] [107]. The composition
of the film is investigated by Rutherford backscattering
spectrometry (RBS) [108]. Figure 1(c) compares the RBS
spectra of the film and stochiometric STO substrate,
showing the identical RBS yields of the Ti element among
them. While the Sr content in the film is higher than that

of the substrate, agreeing with the composition design
and accounting for the formation of lattice-distorted
nanoregions.
Theoretical studies have shown that the electronic

configurations can be modulated by local lattice distortions
to generate exotic magnetic states [109–111]. The magnetic
properties of our structurally distorted films are shown
in Fig. 2. RT magnetic field-dependent magnetization
(M-H) loops correspond to a ferromagnetic state and an
in-plane magnetic easy axis [Figs. 2(a) and S4]. The RTMs

is ∼ 10 emu=cm3 and also independent of film thicknesses
(33, 47, 57, and 131 nm) (Fig. S5), which is higher than that
of some magnet-substituted SrTiO3 systems, such as
SrðTi0.95;Mn0.05ÞO3 film (RT Ms ∼ 0.2 emu=cm3) [112].
This is confirmed by polarized neutron reflectometry
(PNR) measurements. Figure 2(b) shows the RT reflectivity
curves for parallel spin-up Rþ and antiparallel spin-down
R− with respect to wave vector transfer Q. The discrepancy
between Rþþ and R−− reflectivity curves and resulting
spin asymmetry oscillation inQ space indicates an intrinsic
magnetic signal in the system (Supplemental Material,
Fig. S6 [25]). Temperature-dependent magnetization (M-T)
curves in Fig. 2(c) exhibit an obvious ferromagnetic-to-
paramagnetic transition at TFM

C of 556 K. More importantly,
the zero-field cooling (ZFC) and field cooling (FC) curves

FIG. 1. (a) L-can SXRD pattern and the fitting result. (b) RSM
around (103) spots. (c) RBS spectra for the film and bare SrTiO3

crystal. (d) HAADF-STEM image, and (e) corresponding c/amap.
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manifest a clear bifurcation around the irreversible temper-
ature (T irr) of 170 K. Following the bifurcation shows a
plateau of the ZFC curve at around 101 K. These features
originate from the freezing of magnetic moments in the
system [30]. This, along with the disorder-to-order, and
order-to-glass transitions upon temperature decreasing,
both indicate a RSG state at low temperatures [76,113].
In this regard, TRSG is assigned to 101 K [115]. Typically,
the RSG behavior can be attributed to the dominant
ferromagnetic interaction prevailing over the antiferromag-
netic component in frustrated systems [114]. In the trans-
verse (xy) freezing model, spin clusters tend to align
predominantly along a specific direction, while in the
random-field model, they intertwine to form spin networks
[45,115]. The small coercive field in the M-H loops would
arise from the weak domain interactions [Figs. 2(d) and
2(e)]. Therefore, the ferromagneticlike state presented in
RSG systems represents a macroscopic manifestation of
the net spin components along a particular direction and,
therefore, differs fundamentally from that of regular
ferromagnets.
To further distinguish the spin-glass state and determine

its dynamics, alternating current (ac) magnetic susceptibil-
ity and magnetic relaxation measurements were conducted.

The former was performed in the temperature range of
50–200 K under different frequencies. Notably, the real (χ0)
and imaginary (χ00) components of the susceptibility show
the frequency-dependent maximum values [Figs. 2(f)
and S7], which is correlated to the frozen moment upon
cooling [116,117]. With the increase in frequency, the
peaks shift toward higher temperatures, arising from the
prolonged action time due to the frozen delay and being
consistent with the characteristics of a typical spin-glass
state [116,117]. Two different time-dependent magnetic
relaxation routes (RFC and RZFC) were utilized to clarify the
relaxation behavior of spin glass [Fig. 2(g)] [28]. Both
show a decreased magnetization upon unloading the field,
that is, the aging effect, which is another characteristic of
the spin glass other than the superparamagnetic state. The
relaxation curves can be fitted by a modified stretched
function model (Table S2), suggesting that the system
consists of a spin-glass state with an accompanied ferro-
magnetism background [29–31].
The macroscopic polarization of the film was charac-

terized by polarization-electric field (P-E) loop and
frequency-dependent dielectric spectra measurements.
Figure 3(a) shows the RT P-E loop, wherein a slim shape
implies a dipole glass state [118]. Notably, the Ps deter-
mined from the loop reaches up to ∼ 25 μC=cm2, which
agrees with our previous report and rivals conventional
ferroelectrics like BaTiO3 (Ps ∼ 26 μC=cm2) [35,119].
Besides, a large resistivity of ∼ 1010 Ω cm and low dielec-
tric loss (∼ 0.01–0.02 at 102–105 Hz) rule out any signi-
ficant conductive contribution [insets in Figs. 3(a) and
Supplemental Material, Fig. S8 [25] ]. Temperature-
dependent XRD and dielectric spectra further confirm this
frustration state [Figs. 3(b) and 3(c)]. As the temperature
increases, a ferroelectric transition occurs at TFE

C ∼ 1100 K,
as evidenced by a sudden shift of the (002) peak of
the film to a higher angle at this temperature [Fig. 3(b)],
which surpasses that of many prototypical ferroelectrics
like BaTiO3 (TFE

C ∼ 403 K) and PbTiO3 (TFE
C ∼ 763 K)

[119,120]. Notably, we observed a distinct dielectric
anomaly in conjunction with a noticeable frequency de-
pendence in dielectric spectra [Fig. 3(c)]. This, along with
the ferroelectric-to-paraelectric transition at TFE

C , indicates a
RDG state similar to the reentrant behavior of spin
glass [115]. By employing the Vogel-Fulcher law [32],
the TRDG can be determined to 236 K (Table S3). Below
this critical temperature, the dipole-dipole interactions
become significantly enhanced due to the reduced thermal
activation. Consequently, the polar nanoclusters freeze into
a nonergodic state, exhibiting behavior analogous to spin
glass [114]. We compare these transition temperatures for
multiglass states with representative disordered multifer-
roics [Fig. 3(d) and Supplemental Material, Figs. S9 and
S10] [14,15,23,24]. Considerable effort has been devoted
to studying SrTiO3, a model perovskite system, to intro-
duce magnetic or electric dipole moments [20–22].

FIG. 2. (a) RTM-H curves of the film. (b) RT PNR spectra with
an in-plane magnetic field of 1.0 T. The inset is an experimental
schematic. (c) ZFC=FC M-T curves of the film. Temperature-
dependent (d) M-H curves and (e) coercive field (μ0Hc) and Ms.
(f) ac susceptibility vs temperature curves under different
frequencies. (g) Magnetic relaxation curves under RFC and
RZFC routes at 10 K and fitting lines.
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However, the achieved properties remain inferior regarding
the relatively low magnitude of transition temperature or
moments. Remarkably, the thin films investigated in this
study exhibit dipole and spin ordering temperatures that are
significantly higher than RT and surpass those observed in
representative disordered multiferroics and SrTiO3-based
systems.
To probe the structural origin of these glass states,

annular bright-field (ABF) imaging was performed, where
both heavy and light atoms are visible. As shown in
Fig. 4(a), randomly distributed nanoregions with blurred
contrast are observed, which is consistent with the obser-
vations in the HAADF-STEM image and should arise from
the strain-induced dechanneling effect [121]. Quantitative
analysis of the atomic column intensities reveals a notable
decrease in the intensity of the Ti=O atom columns within
contrast-blurred nanoregions compared to the normal
region or substrate [Figs. 4(b) and S11]. This observation
suggests that the excess Sr atoms in the film do not form
SrO cluster or Ruddlesden-Popper structure but instead
induce Ti=O vacancies, which should have their origin in
the control of chemical composition and deposition
thermodynamics [122]. By mapping the polarization of
the unit cell and correlating it with the variations in atomic
intensity, it becomes evident that these Ti=O-defect unit
cells are responsible for the local symmetry breaking.
Specifically, the Ti=O-defect nanoregions exhibit a signifi-
cant lattice distortion and polar displacement [Figs. 4(c)
and 4(d)]. The polarizations of these high-density nano-
regions manifest relatively random directions and slushlike
configurations with sizes of 2–10 nm, both of which
contribute to the observed frustration states.

The evolution of electronic structure was further revealed
by x-ray photoelectron spectroscopy (XPS), electron
energy-loss spectroscopy (EELS), x-ray linear dichroism
(XLD), and x-ray magnetic circular dichroism (XMCD).
No additional XPS peaks from the contamination or
impurity of magnetic elements other than characteristic
lines for Sr, Ti, and O elements can be detected in the
overall spectra (Supplemental Material, Fig. S12 [25]). A
clear shift of the Ti 2p peak indicates the existence of Ti3þ

ions in the film, being consistent with the STEM results. In
Figs. 4(e) and 4(f), Ti L-edge and O K-edge EELS spectra
are analyzed to clarify the changes in local electronic
structure. Noteworthily, peaks that correspond to the t2g and
eg orbitals for the films are broadened and the crystal-field
splitting energy is decreased. This corresponds to the local
symmetry breaking and resultant polar displacements that
further break the energy-level degeneracy of the 3d orbital
groups. That is, driven by the off-centering movement of Ti
atoms in the c-axis elongated TiO6 octahedral, the hybridi-
zation between 3d3z2-r2 and O 2p orbitals is reinforced
[Figs. 4(g) and S13]. This double confirms the polar
displacements observed in Fig. 4(d). For example, doubly
degenerated orbitals of 3dx2-y2 and 3d3z2-r2 will split, when
the hybridization between 3d3z2-r2 and 2p orbitals is
enhanced by the off-center Ti atom. This agrees with the
previous study and indicates the polar displacement of Ti
atoms in the tetragonal-distorted TiO6 octahedra [123].
Furthermore, Ti L3;2-edge XLD signals show a distinct
3d-orbital asymmetry between the in-plane (3dx2-y2 and
3dxy) and out-of-plane components (3d3z2-r2 , 3dxz, and
3dyz) [Fig. 4(h)]. This suggests the anisotropy of hybridi-
zation strength due to the lattice distortions [124], which
can be the driving force for the emergence of local
spontaneous polarization.
In the film with a dipole glass state, exotic polar spin

orderings can be possibly provoked by either local lattice
strain or Ti=O defects [123,125–127]. Notably, ab-plane eg
3dx2-y2 orbital has fewer empty states compared to out-of-
plane 3d3z2-r2 orbital [Fig. 4(h)], indicating the unpaired
electrons preferentially occupied in the in-plane orbitals
with 3d1 configuration. This suggests that the Ti=O defect-
induced off-center displacement of Ti leads to a tetragonal
distortion of the bulk cubic unit cell of SrTiO3 (Fig. S13
[25]). These local dipoles then interact to form a dipolar
glass. Meanwhile, the same Ti=O defect-based mechanism
is responsible for a deviation in Ti valence from the bulk
4þ (3d0) to 3þ (3d1) valency, consequently generating
local magnetic dipoles that couple to a magnetic glass.
Importantly, the magnetic moment of Ti is confirmed by Ti
L3;2-edge XMCD, wherein the asymmetric RT XMCD
signal between L3 and L2 edge evidences its presence
[Fig. 4(i)]. This confirms that the Ti=O-defective unit cells
within the nanoregion can serve as seeds to induce spin-
glass behaviors, being alike to the role of randomly

FIG. 3. (a)P-E loop and leakage current curve. (b) Temperature-
dependent XRD patterns of (002) peaks. (c) Temperature–
frequency-dependent dielectric spectra and Vogel-Fulcher fitting
results. (d) Comparison of transition temperatures in this work
with those of the representative disordered ferroics [14,15,23,24].
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substituted magnetic elements in diluted magnetic com-
pounds. The difference lies in that the magnitude of local
structure and symmetry modulated by the exotic substitu-
tion to the host system is relatively limited [16]. Both lattice
distortion and magnetic or electric properties exhibit
independence from film thickness, evidencing the unique
role of Ti=O defects in the modulation of local symmetry.
Given that the dipole and spin glass states as well as the
lattice variation share the same origin, the charge, spin, and
lattice degrees of freedom are essentially closely correlated
at the atomic scale. This, therefore, would enable the
interactions between them for high-temperature multiple
glass states with the coexistence and cross-coupling of
different orderings. The anomalies in the permittivity near
the T irr suggest a potential magnetoelectric correlation in
the film (Fig. S14 [25]).
In conclusion, coexisting high-temperature reentrant

spin and dipole glass states have been realized in the
nonstoichiometric SrTiO3 films via manipulation of local
lattice symmetry. With the introduction of Ti=O nano-
defects, the local symmetry lowers from a high-symmetry
cubic phase to a tetragonal-like structure with markedly
changed electronic configurations. Accordingly, slushlike
dipole and spin glass states are engendered and show close
correlations. SimilarM=O (M for metal) defects could also
be designed in widespread perovskites for the modulation
of local structure, orbital asymmetry, and electronic redis-
tribution for the glass behaviors. This study delivers a new
methodology to break local energy balance and to arouse
dipole and spin fluctuations, providing fundamental

ingredients for the design of emergent physical attributes
such as disordered multiferroics with the high-order mag-
netoelectric effect.
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