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•  Theoretical Predictions	



– Effect of Strain on Ferroelectric Properties of SrTiO3, 
BaTiO3, BaTiO3 / SrTiO3 Superlattices	



N.A. Pertsev, A.G. Zembilgotov, and A.K. Tagantsev, 
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J.B. Neaton and K.M. Rabe, Appl. Phys. Lett. 82, 1586 (2003).	
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– Ability to Turn on Ferromagnetism in EuTiO3 with E	


– Ability to Turn on Ferroelectricity in EuTiO3 with B	


C.J. Fennie and K.M. Rabe, Phys. Rev. Lett. 97, 267602 (2007).	


– Effect of Strain on Band Gap of SrTiO3	


R.F. Berger, C.J. Fennie, and J.B. Neaton, Phys. Rev. Lett. 107, 

146804 (2011).	



	





Effect of Biaxial Strain on BaTiO3	



P.W. Forsbergh, Jr., “Effect of a Two-Dimensional Pressure on the Curie Point of Barium Titanate,”���
Physical Review 93, 686 (1954).	





Strained Silicon in MOSFETs	



Photo:  IBM Corporation (http://www.research.ibm.com/resources/press/strainedsilicon/) 
	





Biaxial Strain via Epitaxy	
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Effect of Strain on SrTiO3—Theory	



Erratum: Phase transitions and strain-induced ferroelectricity in SrTiO3 epitaxial thin films†Phys. Rev. B 61, R825 „2000…‡
N. A. Pertsev, A. K. Tagantsev, and N. Setter

!Published 22 May 2002"

DOI: 10.1103/PhysRevB.65.219901 PACS number!s": 77.55.!f, 77.80.Bh, 77.22.Ej, 99.10.!g

Some of the predicted phase states and ranges of their stability in SrTiO3 epitaxial thin films should be modified because an
error was revealed later in our numerical calculations. Namely, the spontaneous polarization P in the orthorhombic FOI and
FOIII phases is oriented along the in-plane face diagonal of the prototypic cubic cell (!P1!"!P2!#0,P3"0), but not along the
edge of this cell. An additional orthorhombic phase state !FOIV" is possible in SrTiO3 films, where both the polarization P and
the order parameter q are parallel to the same in-plane face diagonal of the prototypic cubic cell (!P1!"!P2!#0, P3
"0;!q1!"!q2!#0, q3"0). These changes are summarized in the modified Table I. The corrected misfit strain-temperature
phase diagram of SrTiO3 films grown on cubic substrates is shown in Fig. 1. This diagram essentially coincides with the
former diagram, except for the splitting of the stability range of the FOII phase into the parts corresponding to the FOII and
FOIV phases. Therefore, the main conclusions of our paper remain valid.
There is also a misprint in Eq. !2", where the term t31* P32(q12!q2

2) must actually have a negative sign.

TABLE I. Nonzero components of the polarization P and the structural parameter q in different stable phases forming in SrTiO3 epitaxial
thin films grown on cubic substrates.

Phase HT ST SO FTI FTII FOI FOII FOIII FOIV

P P3 P3 !P1!"!P2! P1 !or P2" !P1!"!P2! !P1!"!P2!
q q3 q1 !or q2" q3 q2 !or q1" q3 !q1!"!q2!

FIG. 1. Phase diagram of !001"-oriented single-domain SrTiO3 thin films epitaxially grown on different cubic substrates !a" and its
enlarged section near zero misfit strain !b". The second- and first-order phase transitions are shown by thin and thick lines, respectively.

PHYSICAL REVIEW B, VOLUME 65, 219901!E"

0163-1829/2002/65!21"/219901!1"/$20.00 ©2002 The American Physical Society65 219901-1

N.A. Pertsev, A.K. Tagantsev, and N. Setter, “Phase Transitions and Strain-Induced Ferroelectricity in SrTiO3 
Epitaxial Thin Films,” Physical Review 61 (2000) 825-829.	
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Substrates are Key	
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FLOATING ZONE (FZ) CRYSTAL GROWTH 

Courtesy to Institute of Crystal Growth, Berlin W.G. Pfann, 1951 
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FIRST 200 mm FZ CRYSTAL  

  



Floating-Zone Growth of ReScO3	


•  Grew Single Crystals of	



DyScO3 (a ≈ 3.94 Å)	



GdScO3 (a ≈ 3.97 Å)	



SmScO3 (a ≈ 3.99 Å)	



NdScO3 (a ≈ 4.01 Å)	



•  All Melt Congruently���
 Tm ~ 2100 °C	
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Commercial Perovskite Substrates	
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The Sorcerer’s Apprentice	



RHEED, QCM, MOSS, BandiT + ARPES, XPS, LEED 	





Oxide MBE Group	





MBE ≈ Atomic Spray Painting	





Strain-Enhanced SrTiO3 

J.H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, 
Y.L. Li, S. Choudhury, W. Tian, M.E. Hawley, ���

B. Craigo, A.K. Tagantsev, X.Q. Pan, S.K. Streiffer, L.Q. 
Chen, S.W. Kirchoefer, J. Levy, and D.G. Schlom, ���

Nature 430 (2004) 758-761.	
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f = 500 Hz	
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250 Å SrTiO3 on (110) DyScO3 vs. GdScO3	



Strain shifts TC	
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250 Å SrTiO3 on (110) DyScO3 vs. GdScO3	



Strain shifts TC	
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Commensurate when Thin (<~10 ML)	


SrTiO3 202 reflection 

6 ML SrTiO3/Si 

8 ML SrTiO3/Si 

5 ML SrTiO3/Si 

20 ML SrTiO3/Si 
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20 Å Thick SrTiO3 / (100) Si	
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Mind the Units!	



TN < 41K with a wave vector q ¼ (0,ks,1) in the Pbnm orthor-
hombic cell16. A Mn3þ moment oriented along the b axis has been
proposed16. The wavenumber k s is incommensurate (,0.295) at TN

and decreases with decreasing temperature, becoming nearly con-
stant (0.28) below,30K. A rough sketch of the magnetic order on
Mn moments is illustrated in Fig. 1a. Recently, the emergence of
long-period sinusoidal AF order in TbMnO3 has been explained
in terms of spin frustration caused by the combination of a GdFeO3-
type distortion and staggered orbital order17.
We show in Fig. 1b temperature (T) profiles of magnetization

(M) at 0.5 T, and of specific heat divided by temperature (C/T), for a
single crystal of TbMnO3. Both M and C/T exhibit three anomalies
at ,7K, ,27K and ,42K. Taking account of results of a former
neutron diffraction study16, the anomalies at ,7K and ,42K are
attributed to the magnetic ordering of the Tb3þ moments and the
sine-wave ordering of the Mn3þ moments, respectively. The
anomaly at 27 K seems to be related to the incommensurate–
commensurate (or lock-in) transition where the magnetic modu-
lation wave vector ks is locked at a constant value.
X-ray diffraction measurements revealed that the modulated

magnetic ordered phase is accompanied by magnetoelastically
induced lattice modulation17. Figure 1c displays the T dependence
of wavenumber k l and normalized intensity of a superlattice
reflection at (0,k l,3) attributed to the lattice modulation. The
superlattice reflections at the wave vector (0,k l,l) with l an integer,
appear below TN < 41K (k l < 0.57 at TN). The intensity of the
superlattice reflections increases down to the lock-in transition
temperature (T lock < 27K), but is suppressed again below T lock.
Another notable feature is the T dependence of the modulation
wavenumber k l, as clarified in Fig. 1c. Upon cooling from TN down
to T lock, k l decreases and then becomes nearly constant (k l < 0.55)
below T lock. The value of the T-dependent k l is almost twice as large
as that of the magnetic wavenumber k s (ref. 16). It is well known
that the crystallographic deformations upon magnetic ordering are
caused by the magnetic atoms increasing their exchange interaction
energy by shifting their positions; that is, exchange striction18,19. By
analogy with the lattice modulations observed in some rare-earth
metals such as Tm with sinusoidal order20,21, the observed super-

lattice reflections due to atomic displacement can be regarded as a
second harmonic that is magnetoelastically induced by sinusoidal
AF order.

In materials with incommensurate phases22, such as the family of
A2BX4 compounds (for example, Rb2ZnCl4, (NH4)2BeF4 and
K2SeO4), the lattice modulation is generally connected with a
spatially varying electric polarization. With further decreasing
temperature, these materials exhibit a first-order phase transition
(lock-in transition) to a ferroelectric phase with finite spontaneous
polarization. Taking account of these observations, we could expect
to find ferroelectricity in TbMnO3 associated with the incommen-
surate phase at the lock-in transition. Thus, we performedmeasure-
ments of the dielectric constant, e , and the electric polarization, P,
along the a, b and c axes. Figure 1d displays T profiles of e at 10 kHz.
While e b (electric field E parallel to the b axis; Ekb) shows merely
weak T dependence, several anomalies are observed in ea (Eka) and
ec (Ekc). ea increases below TN < 41K towards low temperature,
and becomes nearly constant below T lock. The most striking feature
is observed in ec. A pronounced l-type peak of ec is found at T lock,
although no distinct anomaly is observed at TN. The sharp peak
structure in ec at T lock is suggestive of the occurrence of the
ferroelectric phase transition. To confirm the ferroelectric activity,
we show in Fig. 1e the temperature variation of P. A finite
spontaneous polarization appears below T lock along the c axis. Pc
(Pkc) at,10K is about 8 £ 1024 Cm22. We also confirmed that Pc
can be reversed by the d.c. electric field. Thus, TbMnO3 becomes
ferroelectric below T lock.

The spontaneous polarization of TbMnO3 is rather small com-
pared with that of conventional ferroelectrics (for example,
,2.6 £ 1022 Cm22 at 296 K in BaTiO3), but is comparable to
that of the so-called improper ferroelectrics23 (for example,
,1.2 £ 1023 Cm22 at 153 K in Rb2ZnCl4 (ref. 24) and
,5.6 £ 1024 Cm22 at 77 K in K2SeO4 (ref. 25)). In improper
ferroelectrics, the primary order parameter represents the lattice
distortion mode having a nonzero wave vector (that is k l – 0), and
the spontaneous polarization appears as a secondary order par-
ameter induced by the lattice distortion. This may also be the case
for TbMnO3. An uncompensated antidipole structure is possible in

Figure 2 Electric polarization flop induced by magnetic fields in TbMnO3.
a–d, Temperature profiles of dielectric constant at 10 kHz (a and b) and of electric

polarization along the c and a axes (c and d), respectively, at various magnetic fields in
single crystals of TbMnO3. Magnetic fields are applied along the b axis.
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Magnetic control of ferroelectric
polarization
T. Kimura1*, T. Goto1, H. Shintani1, K. Ishizaka1, T. Arima2 & Y. Tokura1
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2Institute of Materials Science, University of Tsukuba, Tsukuba 305-8573, Japan

* Present address: Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
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The magnetoelectric effect—the induction of magnetization by
means of an electric field and induction of polarization by means
of a magnetic field—was first presumed to exist by Pierre Curie1,
and subsequently attracted a great deal of interest in the 1960s
and 1970s (refs 2–4). More recently, related studies on magnetic
ferroelectrics5–14 have signalled a revival of interest in this
phenomenon. From a technological point of view, the mutual
control of electric and magnetic properties is an attractive
possibility15, but the number of candidate materials is limited
and the effects are typically too small to be useful in applications.
Here we report the discovery of ferroelectricity in a perovskite
manganite, TbMnO3, where the effect of spin frustration causes

sinusoidal antiferromagnetic ordering. The modulated magnetic
structure is accompanied by a magnetoelastically induced lattice
modulation, and with the emergence of a spontaneous polariza-
tion. In the magnetic ferroelectric TbMnO3, we found gigantic
magnetoelectric and magnetocapacitance effects, which can be
attributed to switching of the electric polarization induced by
magnetic fields. Frustrated spin systems therefore provide a new
area to search for magnetoelectric media.
The room-temperature crystal structure of TbMnO3 investigated

here is the orthorhombically distorted perovskite structure (space
group Pbnm; Fig. 1a). We note that the perovskite structure of
TbMnO3 is distinct from that of the antiferromagnetic (AF) ferro-
electric hexagonal rare-earth manganites (for example, YMnO3) in
which magnetoelectric coupling has been well studied5–9. Further-
more, the perovskite TbMnO3 does not contain 6s lone pairs, which
produce a polar structure in magnetic ferroelectric perovskites
BiMnO3 (refs 11–13) and BiFeO3 (ref. 14). The electronic configu-
ration of the Mn3þ site in TbMnO3 is identical with that in the
parent compound of colossal magnetoresistive manganites,
LaMnO3, having the t2g

3 eg
1 configuration. In LaMnO3, staggered

orbital order of the d3x22r2=d3y22r2 type is responsible for the layered
(A-type) AF order. In contrast, the spin structure in TbMnO3 is a
sinusoidal AF ordering of the Mn3þ moments that takes place at

Figure 1 Appearance of ferroelectricity below a lock-in transition temperature in TbMnO3.

a, Rough sketches of crystal structure at room temperature (top) and spatial variation

along the b axis of Mn magnetic moment and atomic displacement (Dz //c ) below TN
(lower). Orange arrows denote Mn magnetic moments below TN. b–e, Temperature

profiles of magnetization and specific heat divided by temperature C/T (b), wavenumber of
lattice modulation kl (c), dielectric constant e at 10 kHz (d), and electric polarization P
along the principal axes in single crystals of TbMnO3 (e). The error bars of kl denote the
distribution of k related to the correlation length.
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space mapping using high-resolution x-ray diffraction; the
details are reported elsewhere.12 The as-grown films are sub-
jected to biaxial tensile strains due to the large mismatch in
the thermal expansion coefficients of Si and BiFeO3.5 For the
membranes, the out-of-plane and in-plane lattice parameters
are the same as those of bulk BiFeO3, indicating that the
BiFeO3 membranes are fully relaxed and strain-free. The
strain relief accompanying lift-off results in a symmetry
change of the BiFeO3 films from monoclinic for the as-
grown strained films to rhombohedral for the membranes.

The ferroelectric properties were characterized by
polarization-electric field !P-E" measurements. Figure 2
shows the P-E hysteresis loops measured on 400-nm- and
600-nm-thick !001" BiFeO3 films on Si before and after lift-
off. It should be noted that we measured the same Pt top
electrode before and after lift-off, which excludes all other
variables affecting P-E hysteresis loops. It is apparent that
the membranes display significantly enhanced ferroelectric
properties, including increased remanent polarization !Pr"
and reduced Ec. The 400-nm-thick film on Si has a higher
coercive field than the 600-nm-thick one. Both the 400-nm-
and 600-nm-thick membranes, however, have almost the
same coercive fields, which are 25%–30% lower than the
clamped films. Achieving such low Ec values is a key to the
use of BiFeO3 in nonvolatile memories. Notably, the Ec
!80 kV /cm" of the membranes is the lowest ever reported for
epitaxial BiFeO3 films1–3 and comparable to those of epitax-
ial Pb!Zr,Ti"O3 films.11 This observation implies that the
relatively high Ec reported for epitaxial BiFeO3 thin films
originates from a substrate-clamping effect. Meanwhile,
!111"-oriented epitaxial BiFeO3 films on !111" SrTiO3 sub-
strates show a large Pr !102 !C /cm2" and very high Ec
!200 kV /cm2".

To confirm the low Ec of the BiFeO3 membranes, we
conducted piezoelectric force microscopy !PFM"
measurements.13 The results !not shown" revealed a two-
domain stripe pattern with stripes separated by 71° domain
walls in both the as-grown film and the BiFeO3 membrane,
consistent with transmission electron microscopy analysis.3

Furthermore, the lower Ec of the membrane is observed via

dc poling by the PFM tip. The polarization of the membrane
was switchable by "12 V, whereas the bias had to be in-
creased to "20 V to complete switching in the clamped film.
This decrease in Ec for the membrane as determined by PFM
poling is commensurate with the decrease observed in the
P-E loops. The discrepancy between both measurements is a
result of switching on a local scale !PFM" versus the average
switching observed under a patterned electrode !P-E
loop".3,13

Fatigue is one of the most important factors in determin-
ing the reliability of ferroelectric and magnetoelectric de-
vices. We carried out fatigue tests on as-grown !001" and
!111" BiFeO3 films by applying 5 !s wide pulses with a
repetition frequency of 100 Hz to the top Pt and bottom
SrRuO3 electrodes, as shown in Fig. 3. The cycling voltage
was selected to be "300 kV /cm, which gives complete
switching for both films, as shown in Fig. 2. The capacitor of
the !001" BiFeO3 film on Si shows no fatigue up to 9
#105 cycles and an abrupt break down at 1#106 cycles. In
contrast, the !111" BiFeO3 film on !111" SrTiO3 substrates
exhibits a significant degradation in switching after
104 cycles, which is similar to the fatigue behavior typically
seen in Pb!Zr,Ti"O3.14 The completely different fatigue be-
haviors between !001" and !111" films are consistent with the
previous report on fatigue anisotropy. Bornand et al.15

showed that !001"-oriented thin films of the rhombohedral
relaxor ferroelectric Pb!Yb1/2Nb1/2"O3–PbTiO3 have no fa-
tigue !2Pr#50 !C /cm2" up to 1011 cycles, while !111" films
exhibit a marked fatigue by voltage cycling. 71° domain
switching occurs in the !001" BiFeO3 film, as shown in Fig.
3, while only 180° domain switching occurs in the !111"
BiFeO3 film. This difference in domain switching leads to
the fatigue anisotropy.15,16

We also conducted fatigue tests on the !001" BiFeO3
as-grown films and membranes at a switching filed of
"160 kV /cm. Figure 4!a" shows the fatigue characteristics
of a 400-nm-thick !001" as-grown film and membrane. The
amplitudes of the switched polarization for the as-grown
films and membranes are very close to the 2Pr values shown
in Fig. 2, indicating that the switching filed of "160 kV /cm
provides complete switching in both cases. The capacitor of
the as-grown film shows no fatigue up to 9#108 cycles but

FIG. 2. !Color online" P-E hysteresis loops of the 400-nm- and
600-nm-thick !001" BiFeO3 as-grown films and membranes. Both loops
were obtained from the same Pt top electrode before and after lift-off. The
P-E hysteresis loop of a 600-nm-thick !111" BiFeO3 film on !111" SrTiO3 is
shown for comparison.

FIG. 3. !Color online" Fatigue characteristics of 600-nm-thick !001"
BiFeO3 / !001" Si and !111" BiFeO3 / !111" SrTiO3 films. The width and fre-
quency of switching pulses were 10 !s and 100 Hz, respectively.

062910-2 Jang et al. Appl. Phys. Lett. 92, 062910 !2008"
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Spin-Phonon Coupling—Route to Phase Control	
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Coupling between magnetism and dielectric properties in quantum paraelectric EuTiO3

T. Katsufuji and H. Takagi
Department of Advanced Materials Science, University of Tokyo, Tokyo 113-8656, Japan

and Core Research for Evolutional Science and Technology (CREST), Japan Science and Technology Corporation, Japan

!Received 27 April 2001; published 11 July 2001"

The dielectric constant of quantum paraelectric EuTiO3, which contains Eu
2! with S"7/2 spin and Ti4!,

has been measured under a magnetic field. The dielectric constant shows a critical decrease at the antiferro-

magnetic ordering of the Eu spins at 5.5 K, as well as a substantial change under a magnetic field !by #7%
with 1.5 T", indicating a strong coupling between the Eu spins and dielectric properties. We show that the

variation of the dielectric constant is dominated by the pair correlation of the nearest-neighbor Eu spins, likely

via the variation of the soft-phonon-mode frequency.

DOI: 10.1103/PhysRevB.64.054415 PACS number!s": 75.50.Ee, 75.80.!q, 77.84.Dy

I. INTRODUCTION

The coupling between magnetism and electric conduction
in metals gives rise to various interesting phenomena, such
as colossal magnetoresistance in perovskite manganites.1 In
this class of compounds, itinerant carriers are strongly
coupled with localized spins by Hund coupling !the order of
eV", and the properties of itinerant carriers !the effective
mass and the scattering rate" depend on the configuration of
the localized spins. In such a situation, electric conduction
can be controlled by a magnetic field via the coupling with
localized spins, leading to large negative magnetoresistance.
In a similar manner, the coupling between magnetism and
dielectric properties in magnetic insulators would be possible
where the dielectric properties depend on the configuration
of localized spins and the dielectric constants can be con-
trolled by a magnetic field via the coupling with localized
spins. In most magnetic insulators, however, such a coupling
is fairly weak and the dielectric constant barely changes un-
der a magnetic field. The dielectric constant of insulators is
usually dominated by a band gap between their valence band
and conduction band with an energy scale of eV, and this is
much larger than that of a magnetic interaction or magnetic
field. Accordingly, magnetic ordering or a magnetic field
least affects the dielectric constant of such insulators. To en-
hance the coupling between magnetism and dielectric prop-
erties, therefore, the energy scale dominating dielectric prop-
erties should be lowered and be comparable with that of
magnetism. This can be realized if the material has a specific
infrared-allowed optical phonon mode with low frequency,
i.e., a soft phonon mode for the ferroelectric transition. In
this case, the energy scale dominating the dielectric constant
is that of the soft phonon, which is typically of the order of
10 meV, comparable with that of a magnetic interaction or
magnetic field.
To explore such enhanced coupling between magnetism

and dielectric properties, we chose perovskite EuTiO3. It is
known that tetravalent perovskite titanates A TiO3 (A"Ba,
Sr, Ca" show unique dielectric properties; i.e., BaTiO3 is a
ferroelectric !Ref. 2" and SrTiO3 !Ref. 3" and CaTiO3 !Ref.
4" are quantum paraelectrics. In these compounds, one T1u
phonon mode with cation motion opposing oxygen motion,
as illustrated by the thin arrows in the lower panel of Fig. 1,

shows a softening and is responsible for those dielectric
properties.5,6 EuTiO3 !Ref. 7" also has a simple cubic perov-
skite structure with divalent Eu and tetravalent Ti, and thus
similar dielectric properties caused by the soft T1u mode are
expected, though they have not been studied so far. A distinct
feature of EuTiO3 from other tetravalent perovskite titanates
is the existence of localized 4 f moments with S"7/2 on the

FIG. 1. Upper panel: temperature dependence of dielectric con-

stants at 100 kHz !left axis" and inverse magnetic susceptibility
!right axis" for EuTiO3. The solid curve is the result of the fitting of
dielectric constants to Barrett’s formula !see text". The dotted line
corresponds to the Néel temperature !5.5 K". Lower panel: crystal
structure of EuTiO3. Gray circles, white circles, and a black circle

corresponds to Eu, O, and Ti, respectively. White thick arrows rep-

resent antiferromagnetic ordering of Eu spins. Thin arrows show the

atomic motion of the soft-phonon mode with T1u symmetry !see
text".
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magnetic ordering of the Eu spins at 5.5 K, as well as a substantial change under a magnetic field !by #7%
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properties.5,6 EuTiO3 !Ref. 7" also has a simple cubic perov-
skite structure with divalent Eu and tetravalent Ti, and thus
similar dielectric properties caused by the soft T1u mode are
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Eu2! sites, which order antiferromagnetically below 5.5 K
!Ref. 7" with a spin structure as shown by the white arrows
in the lower panel of Fig. 1. Because of the coexistence of a
soft phonon and localized spins in this compound, one can
expect enhanced coupling between the dielectric properties
and magnetism. In an analogy with perovskite manganites,
where itinerant carriers are coupled with localized spins and
can be controlled by a magnetic field, it would be possible in
EuTiO3 that a soft phonon mode is coupled with localized
spins and can be controlled by a magnetic field.

II. SAMPLES AND EXPERIMENTS

Pure EuTiO3 and Ba-doped (Eu1"xBaxTiO3 , 0#x

#0.2) samples were grown by the floating-zone technique.8

X-ray powder diffraction measurements indicate that the
crystal symmetry is cubic for x#0.2 at room temperature
and the lattice constant increases with increasing Ba concen-
tration, i.e., 3.905 Å for x#0, 3.909 Å for x#0.1, and
3.925 Å for x#0.2. Dielectric constants were measured by
a LCR meter !1–100 kHz" and capacitance bridge !1 kHz"
under various magnetic fields up to 5 T. The crystals were
cut into a disk shape, and indium was soldered on both sides
as electrodes. Typical sample size was 10 mm2 area and 1
mm thickness. A magnetic field was applied parallel to the
electric field. The magnetization was measured by using su-
perconducting quantum interference device !SQUID" magne-
tometer.

III. RESULTS OF EuTiO3

In Fig. 1, the dielectric constant ($) at 100 kHz and the
inverse magnetic susceptibility (1/%) of EuTiO3 are plotted
as a function of temperature. The dielectric constant in-
creases with decreasing temperature, and is saturated around
30 K with the value of &400, which is anomalously high as
a normal insular. It is found that there is least frequency
dependence of $ between 1 and 100 kHz and the dielectric
loss is zero within the experimental error below 70 K. These
features indicate that EuTiO3 is in a quantum paraelectric
state at low temperatures. We have fitted the data to the Bar-
rett’s formula9

$#A!
C

!T1/2"coth!T1/2T ""T0
, !1"

where T0 equals the Curie-Weis temperature in the classical
limit. The best-fit values are A#181, C#2.34$104 K"1,
T1#162 K, and T0#"25 K, as shown by the solid line in
Fig. 1. The negative value of T0 indicates an antiferroelectric
interaction in EuTiO3. The dielectric constant, however,
shows a sharp decrease below 5.5 K. This temperature coin-
cides with a Néel temperature (TN) as exemplified by the
cusp of magnetic susceptibility shown in the same figure,
and as reported earlier based on Mössbauer spectroscopy.7

The change of the dielectric constant with antiferromagnetic
ordering amounts to 3.5%.
The Eu2! ion takes the 4 f 7 electron configuration and

has a S#7/2 spin with a Heisenberg character and least

magnetic anisotropy. If the magnetic field is applied to such
antiferromagnetically ordered Heisenberg spins, they are im-
mediately flipped perpendicular to the magnetic field and
then are gradually changed into a ferromagnetic arrangement
with increasing magnetic field. In fact, the magnetization of
EuTiO3 at 2 K increases almost linearly with increasing
magnetic field and is saturated around 1.5 T with the value of
the fully polarized Eu spins (7'B per Eu".

10 Since the spin
state can be controlled from the antiferromagnetic to ferro-
magnetic by the magnetic field, we can expect a large mag-
netic field effect on the dielectric constant of EuTiO3. In Fig.
2!a" the dielectric constants and in Fig. 2!b" magnetization vs
temperature under several magnetic fields are plotted. With
increasing magnetic field, low-temperature dielectric con-
stants gradually increase and finally the cusp disappears.
This behavior of the dielectric constants resembles that of
magnetization, where the cusp disappears and the value
reaches 7'B /Eu under a high magnetic field. As shown in
the inset of Fig. 2, where $(H)/$(0) vs magnetic field is
plotted, the change of the dielectric constant reaches 7% at
1.5 T.

IV. CALCULATION AND DISCUSSIONS

Which parameter is the most relevant to the change of
dielectric constants? The dielectric constant decreases with
the antiferromagnetic ordering of Eu spins whereas it in-
creases with their ferromagnetic arrangement under a mag-
netic field. From this, it is natural to consider that the dielec-

FIG. 2. !a" Dielectric constants at 1 kHz and !b" magnetization
as a function of temperature under several magnetic fields for
EuTiO3. Solid lines in !a" are the fittings curves by Eq. !2" with
(#2.74$10"3. The inset shows the magnetic field dependence of
the dielectric constant !normalized to the value at zero field" at 2 K.
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It is this difference in the FE instability for the AFM and
FM orderings that leads to a giant magnetocapacitive effect
near the critical strains, !c. To see this, in Fig. 2(a) we
show the component of the static dielectric tensor along the
c axis, "33, calculated from first principles [28] for both
AFM and FM ordering. In each case, as the frequency of
the polar mode goes to zero at the corresponding !c, the
dielectric response diverges. For example, at ! ! 0:9%,
we find "33 " 103 for the ground-state AFM-PE phase. If a
magnetic field is applied that aligns the spins into FM
ordering, "33 increases 50-fold to that of the FM-PE phase,
"33 " 5# 104. Since the AFM-PE response remains finite
as !c1 is approached while the FM-PE response diverges,
the magnetocapacitance diverges in the vicinity of the
phase boundary.

Once the critical strain is crossed for each ordering, the
unstable polar phonon freezes in and the crystallographic
symmetry becomes P4mm. In Fig. 2(b), we show the
computed spontaneous polarization for the relaxed struc-
tures as a function of epitaxial strain. A large P-! coupling
is evident for both orderings. For strains above 1.2%, the
AFM state also become FE, but the range of strains over
which the AFM-FE state is the ground state is extremely
narrow, with a first-order transition to the FM-FE phase
occurring at ! " 1:25%. At this phase boundary, the po-
larization in the FM phase is already over 10 #C cm$2.
Although from these calculations we cannot rule out some
kind of more complicated magnetic ground state in this
region, the possibility of a previous unknown multiferroic
phase of EuTiO3—with a symmetry-allowed linear mag-
netoelectric effect—stabilized by readily accessible epi-
taxial strains is intriguing.

The most interesting behavior in this system is produced
in the intermediate strain region, !c1 < !<! c2, under
applied electric E or magnetic H fields. We obtain a

qualitative understanding of the phase diagram to leading
order by adding the terms $M %H and $P % E to the
energy, and taking M and P to have their zero-field values.
For example, at ! ! 1:0% the ground state is still the
AFM-PE phase but the application of a magnetic field of
sufficient strength to fully align the spins, O&1T' (the same
order as that found by KT for the bulk), induces a sub-
stantial spontaneous polarization P " 10 #Ccm$2, by
driving the system into the FM-FE phase. Notably, P is
several orders of magnitude greater than the polarization of
all previously known FEs whose origin is through a cou-
pling to spins. In addition, at ! ! 1:0% the application of
an electric field, O&105 V cm$1' (small for thin films)
favors the polar FE phase over that of the nonpolar PE
phase, inducing a magnetization of 7#b by driving the
system into the FM-FE phase. We summarize the results
for compressive strain in Fig. 3.

From these estimates, both magnetic control of the
electric phase and electric control of the magnetic phase

 

FIG. 2. (a) Static dielectric constant "33 and (b) spontaneous
polarization Ps as a function of epitaxial compressive strain !.
For "33, the solid lines are fits proportional to &!$ !c'$1 while
the dashed vertical lines indicate !c.

 

FIG. 1. Soft ir-active phonon frequency squared, !2, (cm$2)
of paraelectric EuTiO3 as a function of compressive epitaxial
strain !. Space group for ! ! 0 is P4=mmm; the phonon is
polarized along the tetragonal axis, with symmetry label A2u.
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But EuTiO3 and SrTiO3 are perfectly lattice-matched, so no 
expanded lattice constants or ferromagnetism are expected!  

superconducting quantum interference device (SQUID)
magnetometer (MPMS2, Quantum Design).

Fig. 1 shows RBS data on the thin film grown under
PO2 ¼ 1.0" 10#6 Pa. The open circles and the solid line
indicate the experimental data and the best fit line from a
software SIMNRA program, respectively. The calculated
cation ratio was Eu:Ti ¼ 1:1.04 which is very close to the
stoichiometric composition. Also, the calculated film
thickness was $100 nm.

Fig. 2 shows out-of-plane XRD patterns for thin films
grown at Ts ¼ 700 1C under various PO2. The films grown
under PO2p1.0" 10#4 Pa are composed of the (0 0 1)-
oriented EuTiO3 single phase with a perovskite-type
structure. The lattice constant of film prepared under

PO2 ¼ 1.0" 10#6 Pa is 4.006 Å, which is much larger than
that of bulk EuTiO3 polycrystalline specimen prepared by
solid state reaction (3.905 Å) [1]. According to conversion
electron 151Eu Mössbauer spectroscopy (not shown), most
of the europium ions (4 95%) existed as the divalent
state in the film. Hence, the increase in lattice constant
along the c-axis is mainly caused by the reduction of Ti4+

to Ti3+ during the deposition at lower PO2 because the ion
radius of Ti3+ (0.670 Å) is larger than that of Ti4+

(0.605 Å). The in-plane lattice parameter evaluated from
the reciprocal space map at around the (103) reflection of
the film (not shown) remains unchanged, so the chemical
composition of film prepared under PO2 ¼ 1.0" 10#6 Pa is
calculated as EuTiO2.86. Here, it should be noted that the
amount of oxygen deficient may be overestimated, since the
lattice expansion along the c-axis is also caused by the
slight deviation from the stoichiometric composition as
observed in SrTiO3 thin film [5].
Fig. 3 illustrates the temperature dependence of magneti-

zation for the film grown under PO2 ¼ 1.0" 10#6 Pa. The
measurements were performed under a field-cooled condition
while an external magnetic field of 100Oe was applied
parallel to the film surface. In the figure, data for bulk
EuTiO3 specimen prepared by solid-state reaction are also
shown for comparison. The bulk specimen orders antiferro-
magnetically at 5.5K, while the magnetization of oxygen
deficient EuTiO3#d film shows a sharp increase at around
5K, indicating the ferromagnetic behavior. The magnetiza-
tion at 2K as a function of external magnetic field (see the
inset of Fig. 2) also confirms a ferromagnetic behavior. These
results indicate that the oxygen deficient EuTiO3#d film is a
ferromagnet with Curie temperature of 5K.
In oxygen deficient SrTiO3#d [4] as well as La- and Gd-

substituted EuTiO3 [2], itinerant electrons are introduced
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a factor of 10, are also shown (open triangles). The inset shows the
dependence of magnetization at 2K on external magnetic field.
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out-of-plane lattice constants could be attributed to oxygen
vacancies. Structural data, including x-ray θ–2θ scans and
reciprocal space mapping, also indicate that the film shows
a gradual lattice relaxation for the ETO film on LSAT
substrate and the possible existence of twins for the ETO
film on the LAO substrate.

The temperature dependence and the dependence of the
magnetic moment on the magnetic field of ETO thin film
were investigated, and the results are shown in Fig. 5. Bulk
ETO is known to be an antiferromagnetic material with a
Néel temperature of 6 K [14]. Figure 5(a) shows an increase
in magnetic moment below 7 K without any cusp, which is
a hallmark of antiferromagnetism [15]. This ferromagnetic-
like behavior was also observed in the dependence of the
magnetic moment on the magnetic field, as shown in
Fig. 5(b). The saturated magnetic moment was estimated to
be about 6.5 μB/Eu. Unfortunately the coercive field was
much less than 1 Oe. This ferromagnetic behavior with

Curie temperature of around 7 K and magnetic moment of
6.5 μB/Eu is in good agreement with the value reported
previously [11].

The ferromagnetic properties of ETO thin films can be
attributed to the strain effect from the substrate and/or
oxygen vacancies [8]. Reciprocal space mapping of ETO
showed that the in-plane lattice constants remain close to
the substrate in-plane lattice constant except in the case of
growth on the LAO substrate. Recently, the boundary
between the ferromagnetic–ferroelectric phase and antifer-
romagnetic–paraelectric phase was calculated, and shown
to be a biaxial compressive strain of about 1.2% in ETO
film, which results in the freezing-in of a soft polar phonon
by spin phonon coupling [8]. However, considering the
lattice mismatch of 0.7% between ETO and LSAT, our
results cannot be explained by the theoretical prediction [9].

Ruderman–Kittel–Kasuya–Yoshida interactions could
also be a cause of ferromagnetism [14]. The x-ray θ–2θ
scan patterns also showed the enormous additional expan-
sion of out-of-plane lattice constant shown in Fig. 3. This
volume expansion can be attributed to the oxygen vacan-
cies of ETO thin films. The electron doping by oxygen
vacancies results in the ordering of localized 4f spins of Eu2+

ion mediated by itinerant 3d electrons of the Ti site. The
ferromagnetism of epitaxial EuTiO3−δ thin film grown
on STO substrate was also reported [11]. In the case of
(Eu2+Ln3+)TiO3, where electron doping is done by A-site
doping, the magnetic properties was similar to that of our

Fig. 4 Reciprocal space mapping of EuTiO3 thin films grown on (a)
SrTiO3 (001), (b) LSAT (001), (c) LaSrGaO4 (001), and (d) LaAlO3

(001) single-crystal substrates

Fig. 5 (a) The temperature dependence of the magnetic moment of
EuTiO3 grown on SrTiO3 (001), LSAT (001), and LaAlO3 (001)
single-crystal substrates. (b) The dependence of the magnetic moment
on the magnetic field of EuTiO3 grown on LSAT (001). The magnetic
fields were applied in both the vertical and parallel directions, denoted
by solid and open squares, respectively

J Electroceram



SrTiO3 / SrTiO3 by PLD shows 
Expanded Lattice and Ferroelectricity	
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Ferroelectric! 

Ohnishi et al. (Appl. Phys. Lett. 87, 
241919 (2005))

SrTiO3 
Homoepitaxy by 

Pulsed Laser 
Deposition

Homoepitaxial SrTiO3 by PLD

E. J. Tarsa, E. A. Hachfeld, F. T. Quinlan, J. S. Speck, and M. Eddy, Appl. Phys. Lett. 68, 490 (1996)

But homoepitaxial SrTiO3 is perfectly lattice-matched, so no 
extended lattice constants or ferroelectricity are expected!  

Observation of room-temperature ferroelectricity in tetragonal strontium
titanate thin films on SrTiO3 „001… substrates
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Seoul 151-747, Korea
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The authors investigated the ferroelectric properties of strontium titanate !STO" thin films deposited
on SrTiO3 !001" substrates with SrRuO3 electrodes. The STO layer was grown coherently on the
SrTiO3 substrate without in-plane lattice relaxation, but its out-of-plane lattice constant increased
with a decrease in the oxygen pressure during deposition. Using piezoresponse force microscopy
and P-V measurements, the authors showed that the tetragonal STO films possess room-temperature
ferroelectricity. The authors discuss the possible origins of the observed ferroelectricity.
© 2007 American Institute of Physics. #DOI: 10.1063/1.2764437$

SrTiO3 is a well-known incipient ferroelectric !FE" ma-
terial. At low temperature, it has a very large dielectric con-
stant but remains in a paraelectric state.1 Its FE stability
seems to be hampered by competing interactions, such as
quantum fluctuation and antiferrodistortion.2,3 Such a deli-
cate balance can be easily upset by external parameters. For
example, other studies have reported ferroelectricity in
SrTiO3 due to doping with other cations,4 substituting oxy-
gen isotopes,5 applying electric fields,6 or using strain engi-
neering techniques.7–10

In this letter, we report the observation of room-
temperature ferroelectricity in tetragonal strontium titanate
!STO" thin films. We grew STO thin films coherently on
SrTiO3 !001" substrates between SrRuO3 !SRO" top and bot-
tom electrodes. We discovered that our STO films, grown at
a lower oxygen partial pressure !PO2

", have larger out-of-
lattice constants and show ferroelectric behavior at room
temperature. We discuss the roles of strain and defects on the
observed ferroelectricity in the STO films.

To fabricate SRO/STO/SRO heterostructures on SrTiO3
!001" substrate, we used pulsed laser deposition !PLD" with
in situ reflection high-energy electron diffraction
!RHEED".11 We used a KrF excimer laser with repetition rate
of 1 Hz and fluence of %2 J /cm2. We deposited the bottom
SRO, STO, and top SRO layers sequentially at 600 °C with-
out breaking the vacuum. Before deposition, we prepared
TiO2-terminated SrTiO3 substrates.10 Then, we deposited an
%15-nm-thick SRO bottom electrode layer using a polycrys-
talline SrRuO3 target at PO2

of 2!10−2 Torr. Next, we grew
the STO layer using a SrTiO3 single crystal target at various
PO2

, ranging from 2!10−4 to 2!10−2 Torr. We monitored
the layer-by-layer growth mode carefully and obtained an
%100-nm-thick STO layer by counting RHEED intensity
oscillations. After depositing an %15-nm-thick SRO top
electrode, we lowered the temperature to room temperature
while keeping PO2

constant.

We found that all of the layers, especially the STO layer,
were grown coherently on SrTiO3 !001" substrate. To in-
vestigate the crystal structure and lattice constants of the
STO thin films, we measured x-ray reciprocal space maps
!X-RSMs" around the asymmetric !1̄03" Bragg reflections.
For the X-RSM measurements, we used a Bruker AXS D8
advanced x-ray diffractometer with a Vactec-1 detector.
We plotted X-RSM in reciprocal lattice unit !r.l.u.", which
is calculated from measured angular scans !1 r.l.u.
=2" /3.905 Å−1". Figures 1!a" and 1!b" show the X-RSM of

a"Electronic mail: twnoh@phya.snu.ac.kr

FIG. 1. !Color online" X-ray reciprocal space mapping around the asym-
metric !1̄03" Bragg reflection of SrRuO3/STO/SrRuO3 heterostructure
grown with oxygen partial pressure !a" !PO2

"=10 mTorr and !b"
PO2

=0.2 mTorr. !c" The PO2
dependences of in-plane and out-of-plane lat-

tice constants of STO thin films are shown as solid red squares and solid red
triangles, respectively. The tetragonality of STO thin films as a function of
the PO2

is shown as solid blue circles.
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reported 2Pr
* values of CaxSr1−xTiO3 !"0.55 !C/cm2

at 4.3 K# !Ref. 4# and isotope-exchanged SrTiO3
!"0.6 !C/cm2 at 18 K#.5 The piezoelectric coefficient can
be expressed as d33=2 Q"33PS, where Q is the electrostric-
tion coefficient and "33 is the dielectric constant along the c
axis. Note that the temperature dependence of 2Pr

* in Fig.
4!c# is similar to that of 2d33 max in Fig. 2!d#.

At present, we are unable to determine the origins of the
room-temperature ferroelectricity in our STO films. The
strain coming from the coherent growth, shown in Fig. 1, is
one possible candidate. To check this possibility, we esti-
mated the misfit strains of STO films grown at PO2

of 1.0 and
0.2 mTorr to be "−3.7 and −4.3#10−3, respectively. Ac-
cording to a thermodynamic calculation for stoichiometric
SrTiO3,7 the misfit strains of our STO films are not large
enough to raise their Curie temperatures to room tempera-
ture. Moreover, we fabricated an "30-nm-thick STO film in
addition to the 100-nm-thick films used in our studies. X-ray
studies showed that the thinner film has nearly the same
a- and c-axes lattice constants. If the room-temperature
ferroelectricity comes from the strain effects only, the thinner
film should have the same 2Pr

* values. However, as shown
in Fig. 4!d#, its 2Pr

* values are smaller than those of
the 100-nm-thick films by a factor of 2–3. Therefore,
the strain effect alone could not be the main origin of the
ferroelectricity.

Other candidates for the room-temperature ferroelectric-
ity are defects inside the STO films. In our STO films, we
expect the formation of defects during deposition under
lower PO2

. It has been reported that oxygen vacancies could
increase the unit cell volume, consistent with our
observations.14 However, our films showed unit cell volume
expansion up to 1.3%, much greater than that of SrTiO3−$,
which is typically less than 0.3%.14 In addition, other studies
have reported that oxygen vacancies can induce electron
doping, which makes SrTiO3−$ metallic.14,15 Our STO film

grown at PO2
of 0.2 mTorr had a resistivity of "106 % cm,

which is much greater than that of metallic SrTiO3−$. An-
other kind of defect comprises SrO vacancies. This possibil-
ity is supported theoretically by formation energy calcula-
tions; the energy of a SrO vacancy in SrTiO3 is only
1.53 eV, which is smaller than those of other defects.16 Re-
cent PLD studies of STO thin films by Ohnishi et al. support
the formation of SrO vacancies.17 We also have optical spec-
troscopy data and first-principles calculation results that are
consistent with this view.18 If the SrO vacancies can be
formed with similar probability to oxygen vacancies, the
doping effect will be minimal due to the neutral charge of the
SrO vacancies leaving the STO films as insulators. Under the
strain developed in our SRO/STO/SRO geometry, the SrO
vacancies might be aligned and could provide defect dipoles
in a given direction.19 Further investigations on the forma-
tion of SrO vacancies and their roles in ferroelectricity are
warranted.

In summary, we grew epitaxial STO thin films on
SrTiO3 !001# substrates with SrRuO3 top and bottom elec-
trodes under low oxygen pressures. The resulting tetragonal
STO thin films showed ferroelectric responses even at room
temperature. This interesting experimental finding is very
easy to implement when making ferroelectric STO films and
could have significant practical implications.

The authors thank Y. J. Chang, J. Y. Jo, S. S. A. Seo, and
S. H. Chang for their valuable discussions. This work was
supported financially by the Creative Research Initiatives
!Functionally Integrated Oxide Heterostructure# of the Korea
Science and Engineering Foundation !KOSEF#.

1K. A. Muller and H. Burkard, Phys. Rev. B 19, 3593 !1979#.
2H. Unoki and T. Sakudo, J. Phys. Soc. Jpn. 23, 546 !1967#.
3W. Zhong and D. Vanderbilt, Phys. Rev. Lett. 74, 2587 !1995#.
4T. Mitsui and W. B. Westphal, Phys. Rev. 124, 1354 !1961#.
5M. Itoh, R. Wang, Y. Inaguma, T. Yamaguchi, Y. J. Shan, and T.
Nakamura, Phys. Rev. Lett. 82, 3540 !1999#.

6P. A. Fleury and J. M. Worlock, Phys. Rev. 174, 613 !1968#.
7N. A. Pertsev, A. K. Tagantsev, and N. Setter, Phys. Rev. B 61, R825
!2000#.

8K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P.
Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan, L. Q. Chen, D. G. Schlom, and
C. B. Eom, Science 306, 1005 !2004#.

9J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li, S.
Choudhury, W. Tian, M. E. Hawley, B. Craigo, A. K. Tagantsev, X. Q.
Pan, S. K. Streiffer, L. Q. Chen, S. W. Kirchoefer, J. Levy, and D. G.
Schlom, Nature !London# 430, 758 !2004#.

10Y. S. Kim, D. H. Kim, J. D. Kim, Y. J. Chang, T. W. Noh, J. H. Kong, K.
Char, Y. D. Park, S. D. Bu, J. G. Yoon, and J. S. Chung, Appl. Phys. Lett.
86, 102907 !2005#.

11D. H. Kim, J. S. Yang, K. W. Lee, S. D. Bu, T. W. Noh, S. J. Oh, Y. W.
Kim, J. S. Chung, H. Tanaka, H. Y. Lee, and T. Kawai, Appl. Phys. Lett.
81, 2421 !2002#.

12R. E. Cohen, Nature !London# 358, 136 !1992#.
13J. Y. Son, S. H. Bang, and J. H. Cho, Appl. Phys. Lett. 82, 3505 !2003#.
14W. Gong, H. Yun, Y. B. Ning, J. E. Greedan, W. R. Datars, and C. V.

Stager, J. Solid State Chem. 90, 320 !1991#.
15N. Shanthi and D. D. Sarma, Phys. Rev. B 57, 2153 !1998#.
16M. J. Akhtar, Z.-U.-N. Akhtar, and R. A. Jackson, J. Am. Ceram. Soc. 78,

421 !1995#.
17T. Ohnishi, M. Lippmaa, T. Yamamoto, S. Meguro, and H. Koinuma,

Appl. Phys. Lett. 87, 241919 !2005#.
18Y. S. Kim, J. Y. Kim, S. J. Moon, Y. J. Chang, W. S. Choi, J. Yu, and T. W.

Noh !unpublished#.
19C. H. Park and D. J. Chadi, Phys. Rev. B 57, R13961 !1998#.

FIG. 4. !Color online# Temperature dependence of P-V hysteresis loops in
STO films grown at PO2

=1 mTorr !a# and PO2
=0.2 mTorr !b#. !c# Tempera-

ture dependence of the remnant polarization 2Pr
* for STO films grown

at PO2
=0.2 and 1 mTorr. The films are 100 nm thick. !d# Temperature

dependence of 2Pr
* for 100- and 30-nm-thick STO films, grown at

PO2
=0.2 mTorr $2Pr

*= Pr!+#+ Pr!−#%.
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the SRO/STO/SRO heterostructures grown with PO2
=10 and

0.2 mTorr, respectively. These maps show clear !1̄03" Bragg
peaks of the SrTiO3 substrate, SRO, and STO layers in the
H0L scattering plane. All of these peaks are on the same
H-value line, indicating that the SRO and STO layers could
be grown coherently on the SrTiO3 substrates without lattice
relaxation.

The crystal structure of the STO layer has a systematic
dependence on PO2

. Note that the difference in the L values
of the STO layer peaks in Figs. 1!a" and 1!b" from that of the
SrTiO3 substrate indicates that our STO layers have tetrago-
nal symmetry, not cubic symmetry. The X-RSM also shows
that the L value becomes smaller for the films grown at a
smaller PO2

. The solid red squares and triangles in Fig. 1!c"
show the measured values of the in-plane !a-axis" and the
out-of-plane !c-axis" lattice constants, respectively. The
a-axis lattice constant remains the same, independent of PO2
due to the clamping effect of the substrate, while the c-axis
lattice constant increases systematically as PO2

decreases.
The increase in the c-axis lattice constant is related to the
expansion of the unit cell volume, which could be attributed
to the formation of defects inside the STO layer.

We define the tetragonality as !c /a"-1, where a and c are
the a- and c-axis lattice constants, respectively. In displacive
ferroelectrics, such as BaTiO3, ferroelectricity comes from
the displacement of transition metal ions; therefore, large
tetragonality is a prerequisite for ferroelectricity.10,12 As
shown in Fig. 1!c", the tetragonality of our films !the solid
blue circles" increases as PO2

decreases. The tetragonality
becomes even larger than that of FE BaTiO3, shown by the
dashed line, especially for our STO films deposited at PO2

of
less than 10−3 Torr.

To check whether our STO films could be FE, we per-
formed piezoresponse force microscopy !PFM" tests. These
included room-temperature PFM tests using a Park Systems
XE-100 atomic force microscope !AFM" and temperature-
dependent piezoresponse studies using another AFM, a Seiko
Instruments SPA-300 HV. Figure 2!a" shows a schematic dia-
gram of our PFM study setup. First, we scanned a 3
!3 "m2 square region with a dc bias of +10.5 V. Then, we
scanned a center 1!1 "m2 square region with a reversed dc
bias of −10.5 V. Finally, we obtained PFM images by apply-
ing an ac bias to the tip. Figures 2!b" and 2!c" show the
room-temperature phase and amplitude images of the piezo-
electric domains on a STO layer that was grown at PO2

of
0.2 mTorr. These figures indicate that the read/write and re-
versible piezoelectric domains can be formed. Figure 2!d"
shows the temperature dependence of the maximum piezo-
electric coefficient, 2d33 max. This figure indicates that
2d33 max has nearly temperature-independent values in the
range of 17–25 pm/V.

In the configuration of Fig. 2!a", surface charges trapped
on the free dielectric surface might result in spurious
signals.13 To remove any systematic errors, we performed
another PFM test using our SRO/STO/SRO heterostructures,
which are shown schematically in Fig. 3!a". In this configu-
ration, the STO layer was covered with a conducting SRO
top electrode, so we could avoid the surface charge trapping
effects and apply a uniform electric field to the STO layer. In
addition, we applied the dc and ac biases using a separate
electrical connection and measured only the piezoresponse
using the PFM tip. We found that this experimental setup

reduced the noise significantly and provided fairly good
d33-V hysteresis loops. Figure 3!b" shows a room-
temperature d33-V hysteresis loop for the STO layer, depos-
ited at PO2

of 0.2 mTorr. The observed 2d33 max value is
#27 pm/V. The observations of piezoelectric domains and
hysteresis loops suggested that the occurrence of ferroelec-
tricity at room temperature in our tetragonal STO thin films
is genuine.

Further experimental evidence for ferroelectricity came
from electrical measurements. To measure the P-V hysteresis
loops, we used a Sawyer-Tower circuit, which consisted of a
Yokogawa FG300 function generator and a DL7100 digital
oscilloscope, and applied triangular waves of 200 kHz to the
SRO/STO/SRO capacitors. Figures 4!a" and 4!b" show the
P-V loops, measured on 50!50 "m2 square capacitors, for
the films grown at PO2

of 1.0 and 0.2 mTorr, respectively.
These P-V loops show typical FE responses. Figure 4!c"
illustrates the temperature-dependent remnant polarization
!Pr

*" values of our STO thin films. As the temperature de-
creases, the value of 2Pr

* increases. At 10 K, the 2Pr
* value of

the STO film grown at PO2
of 1.0 mTorr becomes

#6 "C/cm2. Note that this 2Pr
* value is larger than the

FIG. 2. !Color online" !a" Schematic diagram of the PFM setup. !b" Phase
and !c" amplitude of the piezoelectric domain after application of +10.5 and
−10.5 V bias to the 3!3 and 1!1 "m2 areas, respectively. The PFM
image was obtained at room temperature for the STO film grown at
PO2

=0.2 mTorr. !d" Temperature dependence of the maximum piezoelectric
coefficient, 2d33 max of the STO film $2d33 max=d33!+"+d33!−"%.

FIG. 3. !Color online" !a" Schematic diagram of another PFM setup. In this
setup, uniform dc and ac biases can be applied on the SRO top electrode
with a separate electrical circuit. The PFM tip only reads mechanical piezo-
electric response. !b" Room-temperature d33-V hysteresis loop for the STO
films grown at PO2

=0.2 mTorr.
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Unstrained EuTiO3 Control Samples	



unstrained 
EuTiO3 Film 



Reactive Molecular-Beam Epitaxy	


•  Sources: 	

Eu metal���

	

Ti metal���
	

O2 gas	



     	



•  Tsub ≈ 650 °C	



•  PO2
 ≈ 3×10–8 Torr	



•  υgrowth ≈ 0.1 Å/s	





EuTiO3 / (001) SrTiO3 by MBE is ~Intrinsic	
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Biaxial Strain via Epitaxy	
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22 nm Thick (001) EuTiO3 / (001) LSAT
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STEM of 22 nm EuTiO3 / DyScO3	





SHG of Strained EuTiO3 / (110) DyScO3	
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Magnetic Properties of ���
Strained EuTiO3 / (110) DyScO3	
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First Principles Epitaxial Phase Diagram 
of Strained EuTiO3 (at T = 0 K)	
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First Principles Epitaxial Phase Diagram 
of Strained EuTiO3 (at T = 0 K)	
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EuTiO3 Conclusions	


•  Strained EuTiO3 Results vs. Theory	



  Unstrained EuTiO3 has Intrinsic Properties ✔ 	


  Effect of Strain and Magnetic Field on Soft Modes ✔	


  Ferroelectricity ✔	


  Ferromagnetism ✔	


  Ability to Turn on M with E 	


  Ability to Turn on P with H 	





Conclusions	


•  The Properties of Oxides can be Enhanced using Strain	



  Enhance Ferroelectric TC 	



  Enhance Ferroelectric Ps 	



  Turn on Ferroelectricity and Ferromagnetism	



  Alter Bandgap and Band Lineup of Photocatalysts	



  Create Tunable Dielectrics with Highest Figure of 
Merit of any Known Material in GHz Regime	






