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Unleashing Hidden Properties 

! Quantum Materials Alchemy ? 

Many similar cartoons in recent  
review articles 

Quantum Materials 
Alchemy 

LaAlO3	  /	  SrTiO3	  
Bi2Se3	  /	  EuS	  

FeSe	  /	  SrTiO3	  

BaRuO3	  /	  SrTiO3	  
Ba2RuO4	  /	  GdScO3	  

An+1BnO3n+1:	  	  (La,Sr)2CuO4,	  Sr2RuO4,	  Sr2IrO4	  

(LaMnO3)2n	  /	  (SrMnO3)n	  



Unleashing Hidden Properties 
• Toolkit Enabling Materials-by-Design of 

Oxide Thin Films 

• Ruthenates—BaRuO3, (Ca,Sr,Ba)2RuO4 
altering band structure and properties 

• EuTiO3 
strongest ferromagnetic ferroelectric 

• (LuFeO3)9 / (LuFe2O4)1 Superlattices  
strongest ferromagnetic ferroelectric 
at room temperature 
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Important Synthesis Rules 
• Gibbs’ Rule 
∆G < 0 to form stable phases 
 

• Matthias’s Rules for Superconductors 
… “Stay away from Theorists” 
 

• Pauling’s Rules for Crystal Structures 
Radius ratio criteria for stability 
 



Rules for QM Synthesis 
• Gibbs’ Rule 
∆G < 0 to form stable phases 
 

• Matthias’s Rules for Superconductors 
… “Stay away from Theorists” 
 

• Pauling’s Rules for Crystal Structures 
Radius ratio criteria for stability 
 



• Gibbs’ Rule 
∆G < 0 to form stable phases 
 

Break The Rules 



versus 

∆G > 0 

∆G < 0 

Bulk	  Synthesis	  

Gibbs’ Rule 



Epitaxial	  Stabiliza5on	  

versus 

∆G > 0 

∆G < 0 

∆Gsystem < 0 

∆Gsystem > 0 
Bulk	  Synthesis	  

Break 

E.S. Machlin and P. Chaudhari, in ���
Synthesis and Properties of Metastable Phases,���

edited by E.S. Machlin and T.J. Rowland, (The Metallurgical 
Society of AIME, Warrendale, 1980), pp. 11-29. 

Gibbs’ Rule 

Stable if free energy difference overcome by 
∆(interface energy) + ∆(strain energy) + ∆(surface energy) 



• Gibbs’ Rule 
∆G < 0 to form stable phases 
Exploit interfacial energy from substrate 

Break the Rules 



Substrates are Important 

Epitaxial	  Stabiliza5on	  

Polariza5on	  Doping	  

E.S. Machlin and P. Chaudhari,���
“Theory of ‘Pseudomorphic Stabilization’ of���
Metastable Phases in Thin Film Form,” in ���

Synthesis and Properties of Metastable Phases,���
edited by E.S. Machlin and T.J. Rowland���

(The Metallurgical Society of AIME, Warrendale, 1980), pp. 11-29. 

“Indeed, to achieve the objective of 
‘psuedomorphic stabilization,’ the 

researcher should make the attempt 
to choose the substrate …” 



[110] GdScO3, d = 32 mm [110] DyScO3, d = 32 mm 

Commercial Perovskite Substrates 

D.G. Schlom, L.Q. Chen, C.J. Fennie,���
V. Gopalan, D.A. Muller, X.Q. Pan,���

R. Ramesh, and R. Uecker,���
“Elastic Strain Engineering���

of Ferroic Oxides,”���
MRS Bulletin 39 (2014) 118-130. 



BaRuO3 Polymorphs 

C.Q. Jin, J.S. Zhou, J.B. Goodenough, Q.Q. Liu,���
J.G. Zhao, L.X. Yang, Y. Yu, R.C. Yu,���

T. Katsura, A. Shatskiy, and E. Ito,���
“High-Pressure Synthesis of the Cubic Perovskite 

BaRuO3 and Evolution of Ferromagnetism in ARuO3 
(A = Ca, Sr, Ba) Ruthenates,”���
PNAS 105 (2008) 7115–7119.

perovskite structure of space group Pm-3m. Results of Rietveld
analysis of the x-ray diffraction for perovskite ruthenates ARuO3
(A ! Ca, Sr, Ba) are given in Table 1, which illustrates a
systematical structural change from CaRuO3 to SrRuO3 and to
BaRuO3. The significant structural changes as a function of rA
include (i) the bending of the (180° " !) Ru–O–Ru bonds
decreases from 148.6° in CaRuO3 to 162.6 ° in SrRuO3 and finally
to 180° in cubic BaRuO3; (ii) the (Ru–O) bond length d ! 2.003
Å in cubic BaRuO3 is slightly stretched in comparison with the

average Ru–O bond length d ! 1.986 Å in SrRuO3 and d ! 1.996
Å in CaRuO3; (iii) the octahedral-site distortion as measured by
the difference between three Ru–O bond lengths becomes more
obvious in CaRuO3, but it remains within the level of intrinsic
structural distortion generally found in the orthorhombic per-
ovskite structure with Pbnm space group. The cubic BaRuO3 is
stable down to 10 K as checked by x-ray diffraction.

The transport properties of Fig. 2 show that cubic BaRuO3
remains metallic down to 4.2 K. However, the ferromagnetic
transition temperature Tc is 60 K, #100 K lower than that of
SrRuO3, and the saturation magnetization at 5 K in a magnetic
field of 5 Tesla remains near 0.8 "B/Ru, far $2.0 "B/Ru expected
for a localized electron-spin-only moment for low-spin
Ru(IV):t4e0 and significantly lower than the 1.4 "B/Ru in
SrRuO3. A small substitution of Ba for Sr in Sr1"yBayRuO3 does
not change the magnetization at 5 K; it remains #1.4 "B/Ru.
However, the effective magnetic moment "eff # 2.6 "B/Ru
calculated from the paramagnetic phase, which is close to the
spin-only 2.8 "B/Ru for S ! 1, is similar for all of the Ba doped
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Fig. 1. The crystallography of ARuO3. (a) Schematic drawing of the three
perovskites CaRuO3, SrRuO3, and BaRuO3 where red balls stand for O, blue
balls for Ru, and yellow balls for alkaline earth Ca, Sr, and Ba. (b) The crystal
structures of the BaRuO3 polytypes. Blocks of the face-shared and corner-
shared RuO6 octahedra are stacked alternately along the c axis. (c) X-ray
powder diffraction spectra of the perovskites CaRuO3, SrRuO3, and BaRuO3

and their best fit with the Rietveld analysis at room temperature.

Table 1. Results of the Rietveld refinement of the x-ray
diffraction of Fig.1c

CaRuO3

(Orthorhombic)
SrRuO3

(Orthorhombic)
BaRuO3

(Cubic)

Space group Pnma(62) Pnma(62) Pm-3m(221)
a, Å 5.35744(3) 5.57108(4) 4.0059(2)
b, Å 5.53298(3) 5.53543(4)
c, Å 7.66333(4) 7.85040(7)
Ru-O1 (Å) %2 1.9909(4) 1.9842(7) 2.0029
Ru-O2 (Å) %2 2.000(3) 1.986(7)
Ru-O2 (Å) %2 1.997(2) 1.988(6)
Ru-O1-Ru, ° 148.60(2) 163.08(3) 180
Ru-O2-Ru, ° 148.7(1) 162.4(3)
Rp, % 8.19 5.9 7.6
# 2 3.1 2.3 2.5
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Fig. 2. The primary electric and magnetic properties of BaRuO3 cubic
perovskite. (a) Temperature dependence of the resistivity $ and its derivative
d$/dT of cubic BaRuO3; dashed line on the curve d$/dT vs. T is a curve fitting to
the formula !(T " Tc)/Tc!"%, % ! 0.11. (Inset) Shown is the temperature depen-
dence of thermoelectric power. (b) Temperature dependence of the molar
magnetic susceptibility of perovskite BaRuO3. (Inset) Shown is the magneti-
zation at 5 K.

7116 ! www.pnas.org"cgi"doi"10.1073"pnas.0710928105 Jin et al.

perovskite structure of space group Pm-3m. Results of Rietveld
analysis of the x-ray diffraction for perovskite ruthenates ARuO3
(A ! Ca, Sr, Ba) are given in Table 1, which illustrates a
systematical structural change from CaRuO3 to SrRuO3 and to
BaRuO3. The significant structural changes as a function of rA
include (i) the bending of the (180° " !) Ru–O–Ru bonds
decreases from 148.6° in CaRuO3 to 162.6 ° in SrRuO3 and finally
to 180° in cubic BaRuO3; (ii) the (Ru–O) bond length d ! 2.003
Å in cubic BaRuO3 is slightly stretched in comparison with the

average Ru–O bond length d ! 1.986 Å in SrRuO3 and d ! 1.996
Å in CaRuO3; (iii) the octahedral-site distortion as measured by
the difference between three Ru–O bond lengths becomes more
obvious in CaRuO3, but it remains within the level of intrinsic
structural distortion generally found in the orthorhombic per-
ovskite structure with Pbnm space group. The cubic BaRuO3 is
stable down to 10 K as checked by x-ray diffraction.

The transport properties of Fig. 2 show that cubic BaRuO3
remains metallic down to 4.2 K. However, the ferromagnetic
transition temperature Tc is 60 K, #100 K lower than that of
SrRuO3, and the saturation magnetization at 5 K in a magnetic
field of 5 Tesla remains near 0.8 "B/Ru, far $2.0 "B/Ru expected
for a localized electron-spin-only moment for low-spin
Ru(IV):t4e0 and significantly lower than the 1.4 "B/Ru in
SrRuO3. A small substitution of Ba for Sr in Sr1"yBayRuO3 does
not change the magnetization at 5 K; it remains #1.4 "B/Ru.
However, the effective magnetic moment "eff # 2.6 "B/Ru
calculated from the paramagnetic phase, which is close to the
spin-only 2.8 "B/Ru for S ! 1, is similar for all of the Ba doped
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Fig. 1. The crystallography of ARuO3. (a) Schematic drawing of the three
perovskites CaRuO3, SrRuO3, and BaRuO3 where red balls stand for O, blue
balls for Ru, and yellow balls for alkaline earth Ca, Sr, and Ba. (b) The crystal
structures of the BaRuO3 polytypes. Blocks of the face-shared and corner-
shared RuO6 octahedra are stacked alternately along the c axis. (c) X-ray
powder diffraction spectra of the perovskites CaRuO3, SrRuO3, and BaRuO3

and their best fit with the Rietveld analysis at room temperature.

Table 1. Results of the Rietveld refinement of the x-ray
diffraction of Fig.1c

CaRuO3

(Orthorhombic)
SrRuO3

(Orthorhombic)
BaRuO3

(Cubic)

Space group Pnma(62) Pnma(62) Pm-3m(221)
a, Å 5.35744(3) 5.57108(4) 4.0059(2)
b, Å 5.53298(3) 5.53543(4)
c, Å 7.66333(4) 7.85040(7)
Ru-O1 (Å) %2 1.9909(4) 1.9842(7) 2.0029
Ru-O2 (Å) %2 2.000(3) 1.986(7)
Ru-O2 (Å) %2 1.997(2) 1.988(6)
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Fig. 2. The primary electric and magnetic properties of BaRuO3 cubic
perovskite. (a) Temperature dependence of the resistivity $ and its derivative
d$/dT of cubic BaRuO3; dashed line on the curve d$/dT vs. T is a curve fitting to
the formula !(T " Tc)/Tc!"%, % ! 0.11. (Inset) Shown is the temperature depen-
dence of thermoelectric power. (b) Temperature dependence of the molar
magnetic susceptibility of perovskite BaRuO3. (Inset) Shown is the magneti-
zation at 5 K.
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FM 
TC = 60 K 



Example — BaRuO3 / SrTiO3 

• Epitaxially stabilized for ≤ 5 unit cells 

• No octahedral rotations 
(2.5% compressive strain è tetragonal) 

• ρ300 K 

• No FM 

Suppression of ferromagnetism due to dimensional confinement in ultrathin BaRuO3

quantum wells

Bulat Burganov,1 Hanjong Paik,2 Jason Kawasaki,1, 3 Shin,4 D. G. Schlom,2, 3 and K. M. Shen1, 3, ⇤

1
Laboratory of Atomic and Solid State Physics, Department of Physics,

Cornell University, Ithaca, New York 14853, USA

2
Department of Materials Science and Engineering,

Cornell University, Ithaca, New York 14853, USA

3
Kavli Institute at Cornell for Nanoscale Science, Ithaca, New York 14853, USA

4
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, USA

Quantum confinement is a powerful tool for manip-
ulating the electronic and magnetic properties of elec-
tronic materials, for instance, in the formation of two-
dimensional electron gases in AlGaAs-GaAs based het-
erostructures, or at the interface between LaAlO3 and
SrTiO3. Here we demonstrate quantum confinement in
atomically thin films of the cubic ruthenate BaRuO3, a
close analogue of SrRuO3.

BaRuO3 can be crystallized in a number of structures,
including the 9R, 4H, and 6H polytypes. Only recently
has the cubic perovskite 3C polytype been synthesized in
polycrystalline form under 18 GPa of pressure. Until this
work, there have been no experimental reports on sin-
gle crystalline BaRuO3, either in bulk or thin film form.
Here we employ epitaxial stabilization to synthesize ul-
trathin film samples of cubic perovskite BaRuO3 and in-
vestigate its electronic and magnetic properties through
a combination of x-ray and electron di↵raction, electri-
cal resistivity, and angle-resolved photoemission spec-
troscopy. We find that the atomically thin nature of these
films (2-4 unit cells) gives rise to quantum confinement
of the electronic structure into well-defined sub-bands.
Furthermore, we find that ferromagnetism is suppressed
in the ultrathin limit in favor of a clean, paramagnetic
metallic ground state. We propose that the reduction of
the density of states (DOS) at the Fermi energy (E

F

)
due to the quantum confinement is responsible for the
absence of ferromagnetism in the atomically thin limit,
in contrast to bulk materials. BaRuO3 provides an ideal
platform to investigate the e↵ects of quantum confine-
ment on the emergent properties of correlated quantum
materials. First of all, BaRuO3 exhibits a ferromagnetic
ground state whose dependence can be explored versus
thickness, in contrast to materials like SrVO3 or LaNiO3,
which have Fermi liquid ground states. Second, BaRuO3

should possess a relatively simple electronic structure
due to its 180� Ru-O-Ru bonds, in contrast to its close
cousins, SrRuO3 and CaRuO3, which possess a Pbnm
space group due to octahedral rotations, resulting in a
larger unit cell (4 Ru atoms / unit cell) and a much more
complex band structure. Third, BaRuO3 may o↵er a
unique insight into ferromagnetism of perovskite ruthen-
ates as a case where FM order is weakened compared to
SrRuO3 despite the the van Hove peak in the density of
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FIG. 1. (a) Crystal structure (b) Low-energy electron di↵rac-
tion image (c) Resistivity (d) Valence band spectrum near
k = (⇡,⇡) (red) and DOS from GGA (grey) (e) RHEED im-
age taken during growth.

states being stronger and almost at the Fermi level.
BaRuO3 thin films were grown by reactive oxide molec-

ular beam epitaxy (MBE) at 600� and 2 ⇥10�7 torr of
10% distilled O3 on SrTiO3 substrates. The lattice mis-
match between SrTiO3 (3.905 Å) and BaRuO3 (4.0059
Å) indicate that the films are under 2.5% compressive
strain at room temperature. Above a critical thickness
of 5 u.c., the films converted to a secondary phase, likely
either the 4H or 6H hexagonal polytypes, which revealed
itself as additional di↵raction peaks in RHEED, as shown
in Figure 1(e). Therefore, all the thin films that we re-
port in this study range from 2-5 u.c. thickness. In
Supplemental Figure 1, we show structural character-
izations of our BaRuO3 thin films by synchrotron x-
ray di↵raction at the Cornell High-Energy Synchrotron
Source, which confirms the cubic Pm-3m space group
of the thin films. In Figure 1(c), we also show electri-
cal resistivity measurements which reveal a number of
crucial features about these samples. First, the residual

ρ4 K 
_____  = 7 



• Gibbs’ Rule 
∆G < 0 to form stable phases 
Exploit interfacial energy from substrate 

• Matthias’s Rules for Superconductors 
… “Stay away from Theorists” 

Break the Rules 
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From Steve Girvin’s lecture (Boulder Summer School 2000) courtesy of Mike Norman via Matthew Fisher 
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Thin-Film Synthesis 

Team up with Theorists 
Break         Matthias’ Rule 



Provide useful Feedback to Theory 
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• Gibbs’ Rule 
∆G < 0 to form stable phases 
Exploit interfacial energy from substrate 

• Matthias’s Rules for Superconductors 
… “Stay away from Theorists” 
Team up with theorists 
(and provide them with useful feedback 
e.g., Thin-Film Synthesis + ARPES) 

Break the Rules 



Why Thin-Film Synthesis + ARPES ? 

“Artificial” Quantum Materials 

Polariza(on	  Doping	  &	  Proximity	  Effects	  
(from	  juxtaposed	  compe(ng	  

ground	  states)	  
	  

Dimensional	  Confinement	  Epitaxial	  Stabiliza(on	  

Interface	  Engineering	  

Strain	  Engineering	  

Bulk Quantum 
Materials 

ARPES 

LaAlO3	  /	  SrTiO3	  
Bi2Se3	  /	  EuS	  

FeSe	  /	  SrTiO3	  

(LaMnO3)2n	  /	  (SrMnO3)n	  

BaRuO3	  /	  SrTiO3	  
Ba2RuO4	  /	  GdScO3	  

An+1BnO3n+1:	  	  (La,Sr)2CuO4,	  Sr2RuO4,	  Sr2IrO4	  



MBE ≈ Atomic Spray Painting 



Evolution of MBE 

1st MBE
Al Cho at Bell Labs, 1972

Production
MBE

Today���
(courtesy of TRW)

1st 
University 

MBE
Cornell, 

1978



Oxide MBE + ARPES 

Angle-Resolved 
Photoemission  
Spectroscopy 
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ARPES of BaRuO3 / SrTiO3 
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Quantum Well States in BaRuO3 
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• FM suppressed because 
of finite thickness?   

• Or tetragonal 
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Thickness Dependence 
Thickness 3 unit cells 

Thickness dependence



Strain Dependence 
Effect of strain



Effect of Spin-Orbit (2 ML Cubic) 

Overall SOI does not make much difference, except near (π, 0)

Effect of SOI  (2 ML cubic)

Spin-Orbit makes little difference except near (π,0)  



Break the Rules 
• Gibbs’ Rule 
∆G < 0 to form stable phases 
Exploit interfacial energy from substrate 

• Matthias’s Rules for Superconductors 
… “Stay away from Theorists” 
Team up with theorists 
(and provide them with useful feedback) 

• Pauling’s Rules for Crystal Structures 
Radius ratio criteria for stability 
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In Table 1, we present the calculated results of the magnetic
exchange interactions (J) for the first, second and third NN Eu
ions for the ETO I4/mcm structure for both bulk (zero boundary
conditions) and under ! 0.9% compressive strain, simulating
epitaxial growth on the LSAT substrate. The exchange constants
are broken down further into in-plane (xy) and out-of-plane (z),
with positive and negative values indicating FM and AFM,
respectively. We find that both the first and second NN Eu atoms
interact in aggregate, with FM order. The third NN interaction,
however, is AFM coupled. This diagonal exchange is most likely
facilitated by the central Ti 3d0 band coupled to the Eu 4f7 spins
through a 1801 SE mechanism mediated by the intra-atomic-
hybridized 4f-5d orbitals, similar to the previously proposed 901
SE mechanism between the first NN Eu ions29. As a result, the
G-AFM structure is dependent upon this third NN interaction.
Moreover, the strength of this SE coupling is reliant upon the Eu–
Ti–Eu bond alignment and the degree of interatomic orbital
overlap, thus sufficient angular distortion could significantly alter
the magnetic structure of the entire system35.

Applying electric fields. Upon this premise, the paraelectric
nature of the ETO film becomes central to the feasibility of ME
control. In Fig. 4a, the cartoon illustrates how the third NN
interaction bond angle alignment is distorted by the Ti dis-
placement from its central position under an applied E-field,
reducing the efficacy of the interaction. Under biaxial compres-
sion, the system is expected to have a preferential uniaxial polar
anisotropy with the Ti displacement out of the film plane. Thus in
order to examine the capability of ME cross-field control, we
measured the magnetic signature of the strained ETO–LSAT film

where the competition between the magnetic interactions is
prevalent and applied an E-field across the film to further alter the
magnetic balance, as illustrated in the sample schematic in
Fig. 4b.
A series of reciprocal space scans through the G-AFM (1/2 1/2

5/2) ETO magnetic reflection at 1.9 K versus E-field strength is
presented in Fig. 4c. The suppression of the XRMS intensity with
E-field is clearly displayed and is ostensibly eliminated by 1.0"
105V cm! 1. The transition lacks hysteresis, is continuous and
reproducible. In Fig. 4d, the resonant magnetic scattering
amplitude at the fixed film Q position is plotted with decreasing
E-field strength and on the return the data are extracted from a
series of L scans through the magnetic reflection at each field
point. This plot exemplifies the reversibility and demonstrates the
stability of the transition with each data point separated by
30min on the return.
To further establish the proposed underlying ME microscopic

mechanism, we performed first-principles DFT calculations to
replicate the response of the applied E-field on the strained film.
In Fig. 4d, the calculated enthalpy difference between the G-AFM
and FM spin configurations is plotted against the effective
polarization. The simulation calculates the lowest-frequency polar
Eigen mode, and forcibly displaces the oxygen ions incrementally
further from the face centre in conjunction with the Ti shift to
maintain this frequency minimum. The resulting energy differ-
ences between both magnetic states are calculated. The system
responds by energetically trending from AFM towards FM order
with increasing polarization. Crucially, it is the paraelectric
ground state that allows for the ability to displace the Ti atom.
This shift affects the relative strength of the local magnetic
interactions reducing the third NN exchange coupling. This
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first-principles DFT focused on the first and second NN Eu ion
interactions, illustrated in Fig. 3a—inset29,30. Without significant
volume (lattice) expansion, the calculations found FM order
preferential. However, to investigate the underlying factor leading
to the G-AFM magnetic structure, the issue of symmetry needed
to be addressed, in order to best know the structure at hand. This
was accomplished through a combination of DFT calculations
and X-ray diffraction (XRD) measurements. Until recently, bulk
EuTiO3 under zero stress boundary conditions was traditionally
believed to be in high-symmetry cubic Pm-3m space group.
However, our first-principles calculations indicated that there
were strong rotational instabilities as recently discussed by
Rushchanskii et al.31 With full ionic relaxation, we show that
the lowest energy structure is I4/mcm or (a0a0c! ) in Glazer
notation with the emergence of antiferrodistortive (AFD) oxygen
octahedral rotations32. The energy gained from this distortion is
30meV f.u.! 1(formula unit); however, the energy difference
between this state and another metastable state, Imma,
(a! a! c0), is less than an meV f.u.! 1 The competition between
these two possible rotation patterns becomes evident when we
consider the structures under strain. To simulate strain, geometric
relaxations were performed keeping the in-plane lattice constant
fixed and relaxing the out-of-plane lattice length corresponding to

the films fixed biaxial boundary conditions. When we compare
energies of different rotation patterns under these conditions, the
two aforementioned patterns compete. Consequently the
(a! a! c0) pattern is favoured under tensile strain and (a0a0c! )
is preferred under compressive strain. XRD confirmed the I4/
mcm symmetry in the compressed ETO film on LSAT(001).The
combination of the non-zero H¼ L (1/2 5/2 1/2)ETO reflection
with the absence of the H¼K (1/2 1/2 5/2)ETO peak presented in
Fig. 3b indicates the emergence of a pure in-plane AFD rotation
finding agreement with the DFT calculations33.

Including the octahedral rotations in our DFT calculations
increases the compressive strain required to induce the predicted
polar instability24. The competitive coupling between the polar
and rotational structural instabilities leads to the calculated
suppression of the phonon instability state34. The biaxial
compression drives the AFD in-plane rotation in an attempt to
maintain the Ti–O bond lengths, consequently preventing the
T01 phonon from ‘freezing’ out of the film plane by providing a
mechanism to minimize bond length changes. While the previous
calculations without rotations (pm-3m) indicated a B! 0.9%
strain generating the polar instability, our current calculations,
including the AFD rotations, require B! 2.5% compressive
strain beyond what is currently achievable.
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Figure 3 | Magnetic critical behaviour of the three strain states and XRD of the oxygen octahedral rotations in the ETO on LSAT. (a) The temperature
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are fits of the critical behaviour /mS2BI¼ I0(1! T/TC)2b, where /mS is the magnetic moment, I is the magnetic scattered intensity, T is the sample
temperature, TC is the magnetic transition temperature and b is the critical order exponent. Both the G-AFM order in the unstrained (STO) and FM order of
tensile (DSO) films show typical three-dimensional Heisenberg behaviour while the compressively strained (LSAT) film shows significant suppression, a
classic indicator of local magnetic competition. Inset—top, presents a log–log plot showing the near transition region. Inset bottom illustrates the multiple
coexisting magnetic interactions between the first, second and third NN Eu ions. (b) The symmetry response of the ETO film to the biaxial compressive
tetragonal distortion imposed by the LSAT (001) substrate. Both the (1/2 5/2 1/2)ETO and (1/2 1/2 5/2)ETO reflections at 300K are presented. The
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(002)ETO reciprocal position with respect to the substrate (002)LSAT.

Table 1 | Calculated magnetic exchange constants.

ETO–LSAT J1xy J1z J2xy J2z J3
J/KB(K)–bulk þ0.075 !0.114 þ0.062 þ0.083 !0.031
# Neighbours 4 2 4 8 8
J/KB(K)–LSAT þ0.086 !0.147 þ0.06 þ0.087 !0.034

Shown are the exchange constants (J) calculated between the Eu ions within the unconstrained bulk I4/mcm ETO and the ETO film on LSATwith (a0a0c! ) structure under !0.9% compressive strain,
including the first, second and third NN Eu ions describing both the in-plane (xy) and out-of-plane (z) interactions. Positive indicates FM and negative AFM coupling. The second row indicates the number
of neighbours for each particular interaction. The first and second NN interactions are mostly FM bar the first NN out-of-plane J1z exchange constant. The calculations indicate the importance of J3 in
determining the G-AFM structure in ETO.
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[110] GdScO3, d = 32 mm [110] DyScO3, d = 32 mm 

Commercial Perovskite Substrates 
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enhancements in Tc may be tied to proximity of van Hove singularity to EF, but 
strains that can be applied to single crystal Sr2RuO4 are relatively modest 

(≤ 0.8%; Tc,max of 3.4 K at 0.6% uniaxial compressive strain) 

In-plane Uniaxial Strain Dramatically 
Increases Tc in Sr2RuO4 

RESEARCH ARTICLE SUMMARY
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SUPERCONDUCTIVITY

Strong peak in Tc of Sr2RuO4 under
uniaxial pressure
Alexander Steppke,*† Lishan Zhao,* Mark E. Barber,* Thomas Scaffidi,*
Fabian Jerzembeck, Helge Rosner, Alexandra S. Gibbs, Yoshiteru Maeno,
Steven H. Simon,† Andrew P. Mackenzie,† Clifford W. Hicks†

INTRODUCTION:A central challenge ofmod-
ern condensed matter physics is to understand
the range of possible collective states formed by
assemblies of strongly interacting electrons.
Most real materials contain high levels of dis-
order, which candisrupt possible ordered states
and so substantially hinder the path to under-
standing. There is a premium, therefore, on
working with extremely clean materials and
identifying clean ways to tune their physical
properties. Here, we show that uniaxial pres-
sure can induce profound changes in the super-
conductivity of one of the model materials in
the field, Sr2RuO4, and demonstrate using ex-
plicit calculations how our findings provide
strong constraints on theory.

RATIONALE: Superconductivity remains ar-
guably the most intriguing collective electron
state. All superconductors form from the con-
densation of pairs of electrons into a single
ground state, but in “unconventional” super-
conductors, a rich variety of qualitatively dif-
ferent ground states is possible. One of themost
celebratedexamples, and theonewith the lowest
known levels of disorder, is Sr2RuO4. Previous
experimental results suggest that its supercon-
ducting condensate has odd parity, that is, its
phase is reversed upon inversion of spatial co-
ordinates. A relatively unexplored route to test
this possibility is to perturb the assembly of con-
ductionelectrons through latticedistortion,which
introduces no additional disorder. Electronic

structure calculations suggest that if sufficient
uniaxial pressure could be applied to compress
the lattice along the pressure axis by about 0.8%,
the largest Fermi surface of Sr2RuO4 would
undergo a topological transition. One of the
consequences of tuning to this transitionwould
be to substantially lower the velocity of some

of the charge carriers, and
because slow carriers are
generally favorable for su-
perconductivity, the su-
perconductivitymight be
profoundly affected. Al-
though this topological

transition has been achieved with other ex-
perimental techniques, too much disorder was
introduced for the superconductivity to survive.

RESULTS:Our central experimental result is
summarized in the figure. We prepare the
sample as a beamanduse piezoelectric stacks to
compress it along its length. Compressing the
a axis of the Sr2RuO4 lattice drives the super-
conducting transition temperature (Tc) through
a pronounced maximum, at a compression of
≈0.6%, that is a factor of 2.3 higher than Tc of
the unstrainedmaterial. At themaximum Tc,
the superconducting transition is very sharp,
allowing precise determination of the super-
conducting upper critical magnetic fields for
fields along both the a and c directions. The
c-axis upper critical field is found to be en-
hanced by more than a factor of 20. We per-
form calculations using aweak-coupling theory
to compare the Tc’s and upper critical fields of
possible superconducting order parameters.
The combination of our experimental and the-
oretical work suggests that the maximum Tc
is likely associated with the predicted Fermi
surface topological transition and that at this
maximum Tc, Sr2RuO4 might have an even-
parity rather than an odd-parity superconduct-
ing order parameter. The anisotropic distortion
is key to these results: Hydrostatic pressure is
knownexperimentally to decreaseTc of Sr2RuO4.

CONCLUSION: Our data raise the possibility
of an odd-parity to even-parity transition of the
superconducting state of Sr2RuO4 as a function
of lattice strain and fuel an ongoing debate
about the symmetry of the superconducting
state even in the unstrainedmaterial.We antic-
ipate considerable theoretical activity to ad-
dress these issues, andbelieve that the technique
developed for these experiments will also have a
broader significance to future study of quantum
magnets, topological systems, and electronic liq-
uid crystals as well as superconductors.▪
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The rise and fall of Tc of Sr2RuO4. (Top left) A photograph of the uniaxial pressure apparatus.
Pressure is applied to the sample by piezoelectric actuators. (Top middle) A sample, prepared as
a beam andmounted in the apparatus.The susceptometer is a pair of concentric coils. (Top right) A
schematic of a mounted sample. The piezoelectric actuators compress or tension the sample
along its length. (Bottom) Tc of three samples of Sr2RuO4 against strain along their lengths. Neg-
ative values of εxx denote compression. Tc is taken as the midpoint of the transition, observed by ac
susceptibility. Sample #1 was cracked, and so could be compressed but not tensioned.
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Read the full article
at http://dx.doi.
org/10.1126/
science.aaf9398
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experiment, the sample is a high–aspect ratio
bar that is compressed or tensioned along its
length, so in the calculation, the longitudinal
strain exx is an independent variable, and the
transverse strains are set, as in the experiment,
according to the Poisson’s ratios of Sr2RuO4:
eyy = −nxyexx and ezz = −nxzexx (40).
The robustness of the results against different

standard approximations was verified by calcu-
lationswith amoderate density of k points;more
details are given in Materials and Methods. The
final calculations, made in the local density ap-
proximation (LDA) with spin-orbit coupling (SOC)
and apical oxygen position relaxation, were then
extended to 343,000 k points: Because of prox-

imity of the VHS to the Fermi level, an unusually
large number of k points were required for con-
vergence. The first Lifshitz transition was found
to occur with a compressive strain of exx = eVHS≈
−0.0075. The calculated Fermi surfaces at exx= 0
and exx = eVHS are shown in Fig. 1, where it can
be seen that compression along x^ leads to a
Lifshitz transition in the g Fermi surface along
ky. Because of the low kz dispersion, it occurs for
all kz over a very narrow range of exx, starting at
exx= (−0.75 ±0.01)× 10−2 and finishing by (−0.77 ±
0.01) × 10−2. Cross sections at kz = 0 are also
shown. In fully 2D approximations of Sr2RuO4,
the Lifshitz transition occurs at a single VanHove
point, labeled in the figure and coinciding with

the 2D zone boundary of an isolated RuO2 sheet.
The calculated change in the total DOS as a func-
tion of tensile and compressive strains (Fig. 1C)
has sharp maxima that indicate Lifshitz transi-
tions. It should be taken as only a qualitative
guide to expectations for real Sr2RuO4, in which
many-body effects are likely to strengthen the
quasiparticle renormalization of vF and the DOS
in the vicinity of the peaks. The peak on the
tension side corresponds to a Lifshitz transi-
tion along kx, which is not accessible experi-
mentally because samples break under strong
tension.

Measurements of superconducting
properties under uniaxial pressure

The experimental apparatus is based on that
presented in (37, 43) but modified to achieve the
larger strains required for the current project.
Sampleswere cutwith awire saw into high–aspect-
ratio bars and annealed at 450°C for 2 days in
air to partially relax dislocations created by the
cutting. Their ends were secured in the apparatus
with epoxy (Fig. 2) (44). Piezoelectric actuators
push or pull on one end to strain the exposed
central portion of the sample; to achieve high
strains, 18-mm-long actuators are used, instead
of the 4-mm-long ones used previously. Because
samples break under strong tension, we worked
here almost exclusively with compression. The
superconducting transitions were measured
magnetically by measuring the mutual induc-
tance between two coils of diameter ~1 mm
placed near the center of the sample. The root
mean square applied excitation fieldwas ~0.2Oe,
mostly parallel to the c axes of the samples, at
frequencies between 1 and 20 kHz. Some sam-
ples also had electrical contacts for resistivity
measurements.
Five samples were measured in total, and all

gave consistent results. Figure 3 shows the real
part of the magnetic susceptibility c′ against tem-
perature at various compressive strains for sam-
ples 1 and 3, with zero-strain Tc’s of about 1.4 K.
The strains are determined using a parallel-plate
capacitive sensor incorporated into the apparatus.
This sensor returns the applied displacement, and
the sample strain is determined by dividing this
displacement by the length of the strained portion
of the sample. This strained length is affected,
in turn, by elastic deformation of the epoxy that
secures the sample. Comparing results from dif-
ferent samples, expected to have the same intrinsic
behavior, yields a ~20% uncertainty in the strain
determination, whose dominant origin is prob-
ably variability and uncertainty in the geometry
and elastic properties of the epoxy.
When samples are initially compressed, the

transition moves to higher temperature and
broadens somewhat. This broadening differs in
form andmagnitude from sample to sample, so
is probably extrinsic. For example, imperfection
in the sample mounts is likely to lead to some
sample bending as force is applied, imposing a
strain gradient across the thickness of the sample,
and, in addition, a low density of dislocations
and/or ruthenium inclusions may introduce some
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Fig. 1. DFT calculation results. (A) Calculated Fermi surfaces of unstrained Sr2RuO4, colored by the
Fermi velocity vF, at zero strain.The three surfaces are labeled a, b, and g. A cross section through kz = 0 is
also shown.The dashed lines indicate the zone of an isolatedRuO2 sheet; in 2Dmodels of Sr2RuO4, theVan
Hove point is located on this zone boundary. (B) Calculated Fermi surfaces at exx=−0.0075. (C) Calculated
total DOS against exx.
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εxx = –0.75% 
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In-Plane Lattice Constant (Å) 

SrTiO3 

3.905 
(+0.9%) 

Much Larger Elastic Strains are 
Possible in Epitaxial Thin Films 



Unstrained Sr2RuO4 Sr2RuO4 on SrTiO3 (+0.9%) 

thin films still non-superconducting due to extreme sensitivity of 
spin-triplet SC to disorder, but low resistivities (5 µΩ·cm) 
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Strain Control of Fermi Surface in 
Sr2RuO4  



bulk 
Sr2RuO4 

3.860 

SrTiO3 

3.905 
(+0.9%) 

In-Plane Lattice Constant  (Å) 

Lifshitz transition 

3.942 
(+2.1%) 

3.960 
(+2.6%) 

DyScO3 GdScO3 

•  Ba2RuO4 is isoelectronic and isostructural to Sr2RuO4 
•  Metastable in bulk, but can be epitaxially stabilized 

Pushing to Higher “strains” using 
Epitaxial Stabilization of Ba2RuO4 



Unstrained Sr2RuO4 Sr2RuO4 on SrTiO3 (+0.9%) Ba2RuO4 on GdScO3 (+2.6%) 
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Large epitaxial strains turn the large electron-like Fermi 
surface closed around Γ to a hole-like Fermi surface 
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Strain Control of Band Structure and 
van Hove singularity 

B. Burganov, C. Adamo, A. Mulder, M. Uchida, P.D.C. King,���
J.W. Harter, D.E. Shai, A.S. Gibbs, A.P. Mackenzie, R. Uecker,���

M. Bruetzam, M.R. Beasley, C.J. Fennie, D.G. Schlom, and K.M. Shen, 
Physical Review Letters 116 (2016) 197003. 



Spin-triplet superconductivity is predicted to be strongly enhanced 
when the van Hove singularity is brought near the Fermi level 

(see arXiv:1604.06661) 

0.5 2.0 2.5 

Theory Predicts Enhancement of 
Spin-triplet Superconductivity 

Eun-Ah Kim 

Craig Fennie 



[110] GdScO3, d = 32 mm [110] DyScO3, d = 32 mm 

Commercial Perovskite Substrates 

D.G. Schlom, L.Q. Chen, C.J. Fennie,���
V. Gopalan, D.A. Muller, X.Q. Pan,���

R. Ramesh, and R. Uecker,���
“Elastic Strain Engineering���

of Ferroic Oxides,”���
MRS Bulletin 39 (2014) 118-130. 



Ca2RuO4—a very Tunable System 

G. Cao, C.S. Alexander, S. McCall, and���
J.E. Crow, Mater. Sci. Eng., B 63 (1999) 76–82.

Dimensionality 

F. Nakamura, T. Goko, M. Ito, T. Fujita, S. Nakatsuji, H. Fukazawa, 
Y. Maeno, P. Alireza, D. Forsythe, and S. R. Julian���

Phys. Rev. B 65, (2002) 220402.

Pressure 

Temperature 

Electrical 

Results
To investigate the switching phenomena, voltage-current (V-I)
curves have been measured by using a two-probe method for CRO
single crystals. Let us first present the results of V-biased experi-
ments. Figure 1 (a) shows changes in I at 295 K as a function of V.
With increasing V along the c axis, I first rises linearly at a rate
indicating nonmetallic conduction of ,60 Vcm, but then jumps
discontinuously from 18 to 700 mA at 0.8 V, indicating switching,
and is followed by an increase at a rate indicatingmetallic conduction
of,0.4Vcm. Surprisingly, the threshold valueEth, 40 V/cm forEjjc
is far smaller than our expectation of ,4 MV/cm. We typically
obtained Eth , 50 V/cm for EHc. Thus, the value of the Eth is almost
independent of the E-field direction.
With reducing V, I decreases with the metallic slope. However, I

vanishes abruptly at ,10 V/cm because the sample breaks into
pieces (single crystalline CRO disintegrates not in the process of
the insulator-to-metal transition but in the metal-to-insulator trans-
ition. Thus, the E-field induced disintegration occurs only in the
decreasing V process at E , Eth). Until this disintegration occurs,
the V-I curves show a large hysteresis indicating a first order Mott
transition22,23 during V sweeps.
We show that simple Joule heating is negligible from the following

three pieces of experimental evidence: Firstly, there was no
appreciable change in T of the sample during V sweeps; secondly,

the switching is also induced by applying only one tiny electric pulse
such as Vth, 6 V and I, 20 mA for the duration of 100 ms. In this
switching, the total power of,12 mJ is fed into a sample in contact
with a heat bath. Even if the sample absorbs all the heat, the possibleT
rise of the sample (2.5 mg) is less than ,7 K. Thus, the actual T
should remain much less than TMIT 5 357 K. Lastly, the IV curves
obtained for different duration time of a single electric pulse shown
in Fig. 1(b) indicate that the amount of heat is not the deciding factor
to induce switching. Total heating Qth at a threshold point is plotted
as a function of the duration time in Fig. 1(c).Qth rises almost linearly
with the duration time, in sharp contrast to constantQth expected for
a heating-dominated case. Thus, our switching phenomena cannot
be interpreted in terms of a Joule heating.
From the V-I curves with steady current, we obtained the thresh-

old values Eth at several temperatures below 320 K. Figure 1(d) shows
the Eth divided by E0, the extrapolated value of the Eth to absolute
zero, plotted as a function T. The Eth rises on cooling. The linear
relation in a logarithmic scale is characteristic of T variation of the
Eth. The linear line is a fit with a formula of Eth(T)/E05 exp(2T/T0),
using the characteristic values E0 5 80 kV/cm and T0 5 39.2 K.
We next consider whether the switching in CRO occurs locally or

in bulk. As discussed in the development of switching into the
resistance RAM, many of switching phenomena in insulating oxides
have successfully been interpreted in terms of local switching. Two

Figure 1 | Switching in voltage-current curves for Ca2RuO4. (a) The voltage-current curves obtained by a two terminal method with continuous EIc at
295 K. There exists a large hysteresis during the voltage sweeps. (b) The switching curves for pulse application EHc with a different duration time. The
threshold Vth and Ith are defined from the maximum voltage in the IV curve. (c) Total heating Qth at the switching threshold estimated by Qth5 #Vth(t)
Ith(t) dt in an adiabatic model plotted as a function of duration time. The almost linear increase of Qth with duration time gives clear evidence that the
switching is not dominated by heating. The solid line is guide for the eye. (d) Eth below 320 K plotted as a function ofT. The solid line is a fit with Eth(T)/E0
5 exp(2T/T0), using the characteristic values E0 5 80 kV/cm and T0 5 39.2 K. (e, f, g) The voltage-current curves measured by using a four-probe
method for a step-shaped sample consisting of different cross-sectional areas, as shown in the inset. The current is plotted against (e) voltage and
(f) E-field. (g) The current density plotted as a function of E-field, showing that all the switching curves agree with each other.
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Metal-Insulator Transition 
in Ca2RuO4 Triggered by 
•  Temperature 
•  Dimensionality 
•  Pressure 
•  Voltage/current 



Ca2RuO4—Phase Transition at TMIT 
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Ca2RuO4—Effect of Strain on TMIT 

Andy Millis 
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Transport on Strained Ca2RuO4 

Compressive 
Bulk - unstrained 

Tensile 

Bulk – TMIT at 360 K 
0.3% tensile – TMIT above 650 K 

1.6% compressive – TMIT suppressed or shifted to lower T 

G. Cao, C.S. Alexander, S. McCall, and���
J.E. Crow,  Mater. Sci. Eng., B 63 (1999) 76–82.



Transport on Strained Ca2RuO4 

Strain +0.3 % 

Strain -1.6 % 

Strain -2.9 % 

Ferromagnetic 



Ca2RuO4 under Hydrostatic Pressure 

F. Nakamura, T. Goko, M. Ito, T. Fujita, S. 
Nakatsuji, H. Fukazawa, Y. Maeno, P. 
Alireza, D. Forsythe, and S. R. Julian,���

Phys. Rev. B 65 (2002) 220402.hysteresis loop with H !c at 0.8 GPa where the remnant mag-
netization is 0.08!B and the coercive force of Hc is
"50 mT. Comparing the hysteresis measured in H !c , we do
not find anisotropy typical of antiferromagnetism. We there-
fore deduce that Ca2RuO4 in the pressure-induced metallic
phase is an itinerant ferromagnet at low T, although neutron
scattering should be done to confirm this.

Figure 4 summarizes the pressure dependence of TN and
TC obtained from our M (T) curves, and of T* obtained from
resistivity. TN is almost independent of pressure up to 0.5
GPa, where it abruptly vanishes and is replaced by FM order
below "12 K. The FM TC then rises with increasing pres-
sure, becoming comparable to T* near 1 GPa. Thus, the
remarkable drop in #(T) at T* is most probably due to re-
duced magnetic scattering at a FM ordering transition. T*
continues to rise, reaching 25 K at "5 GPa, then it de-
creases gradually. Extrapolation of the T* vs P curve sug-
gests that the FM order may be completely suppressed at
"15 GPa.

From "360 to 113 K the 0.5-GPa transition is from a PM
insulator to a PM-Q2D metal. The PM insulating phase with
thermally activated conductivity is important because it
shows that Ca2RuO4 is a many-body insulator, as opposed to
being a band insulator with fully opened gaps on the Fermi
surface due to AF order. It is also instructive to contrast the
PM metallic state with the metallic phase of the manganites,
which are always FM and can only be reached by doping.
This reflects the difference in on-site repulsion U in 3d and
4d systems. Mn has a large U, so the Mn ion in the manga-
nites is in a high-spin configuration, and the strong Hund’s
rule coupling requires that the spin of a conduction electron
in an eg orbital must be parallel to the localized t2g spins
both on the ion from which it is hopping and the one to
which it is hopping $so-called ‘‘double exchange%.’’ In the
ruthenates, in contrast, lower U produces a low-spin configu-
ration, and there is no constraint on the spin direction of the
hopping electron in the metallic state.

It is tempting to interpret the phase diagram of Ca2RuO4
as a classic Mott transition to a metal with a FM ground
state.13,14 But this might be too simple. Analogy with
Ca2!xSrxRuO4 shows that the physics is not simply driven
by changes in U/W , but also the orbital degeneracy of the
Ru4"t2g levels may abruptly change due to structural transi-
tions. These have been well characterized by neutron and
x-ray scattering.3,15 Pure Sr2RuO4is tetragonal, but at the Ca-
rich end the structure is distorted by rotations of the oxygen
octahedra about the c axis, tilts about an in-plane axis, and
large variations in the degree of ‘‘flattening’’ of the octahedra
along the c axis. In pure Ca2RuO4 the T#360 K metallic
phase is L-Pbca, with a smaller volume and weaker tilt and
flattening distortions than the T$360 K insulating S-Pbca
phase. Pressure should stabilize the low volume phase, so we
expect the structural transition associated with the first-order
insulator-metal transition to be from L-Pbca to S-Pbca.9
Fang and Terakura16 have performed electronic structure cal-
culations that take account of the distortions. They find that
flattening, which lowers the dxy orbital relative to the dxz and
dyz orbitals, favors an insulating AF ground state; the tilt
stabilizes AF correlations in the metallic state, while rota-
tions favor ferromagnetism. Thus the insulator-metal transi-
tion and AF order may couple separately to pressure, the
former caused by suppression of flattening, the latter by re-
duced tilting.

We now turn to a discussion of the FM metallic state
above the insulator-metal transition. According to band-
structure calculations FM order in layered ruthenates is a
reflection of rotational distortions,16,17 which develop FM
coupling by enlarging the density of states at the Fermi en-
ergy via band narrowing. This idea is supported by the large
FM correlations in Ca2!xSrxRuO4 with x%0.5, in which the
octahedra are rotated but not tilted.18 More generally,20 ruth-
enates show a tendency to ferromagnetism due to an unusu-
ally large admixture at the Fermi surface of the oxygen p
orbitals, which can gain exchange energy from FM order. It
will be very interesting to have electronic structure calcula-
tions on metallic Ca2RuO4, once the crystal structure is
known accurately in the high-pressure phase. It will also be

FIG. 3. Magnetization curves for P%0.7 GPa and 0.1 MPa,
measured at 2 K. Hysteresis indicating FM ordering is observed at
0.7 GPa, but not at 0.1 MPa. The remnant M r is 0.09!B at 0.7 GPa
while the coercive force is !BHc"50 mT.

FIG. 4. The characteristic temperatures TN $AF ordering%, TC
$FM ordering%, and T* $cusp in the resistivity% plotted against pres-
sure. The phases are labeled PM-I $paramagnetic insulator%, AF-I
$antiferromagnetic insulator%, PM-Q2DM $paramagnetic quasi-two-
dimensional metal%, and FM-M $ferromagnetic metal%. Solid and
dotted lines are guides to the eye.
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We used single-crystal Ca2RuO4 with an essentially sto-
ichiometric oxygen content.7 Resistivity under pressure P
was measured by a standard four-probe method, with a ring
contact geometry for the c-axis resistivity !c . The electrodes
were made by a silver evaporation technique. The typical
sample size was 0.15!0.5!0.04 mm3 for in-plane resistiv-
ity !ab , and 0.35!0.35!0.04 mm3 for !c . Pressures up to
8 GPa were generated in a cubic anvil device with an equal
volume mixture of Fluorinert FC70 and FC77 "3M Com-
pany, St. Paul, MN# as a pressure-transmitting medium. In
this device quasihydrostaticity can be generated by isotropic
movement of six anvil tops even after the fluid medium vit-
rifies at low temperature and high pressure.

Figure 1 shows !ab and !c at 300 K as a function of
pressure up to 8 GPa. Both !ab and !c drop discontinuously
at 0.5 GPa, indicating an insulator-metal transition. The dis-
continuity indicates that the transition is of first order and is
thus most likely accompanied by a structural change.9

In the insulating state both !ab and !c decrease isotropi-
cally and monotonically with increasing pressure. Following
the discontinuous drop at 0.5 GPa, however, while !ab con-
tinues to fall, !c begins to increase. The anisotropy ratio,
!c /!ab$2 in the insulating phase, jumps to about 100 in the
metallic phase. Thus, the Q2D nature of the metallic state is
comparable with high-Tc systems or Sr2RuO4.

Figure 2 shows !ab and !c as a function of temperature at
several fixed pressures. At ambient pressure, both !ab and !c
show an activation-type increase. In contrast, above 0.5 GPa
Ca2RuO4 shows a Q2D metallic nature for temperatures
above $25 K. That is, !ab(T) shows metallic (d!ab /dT
"0) conduction whereas !c has a negative slope indicating
nonmetallic conduction. The anisotropy ratio rises to $1000
at 25 K. The nonmetallic behavior of !c down to 25 K in
pressurized Ca2RuO4 is in sharp contrast with the metallic !c
seen below 130 K in Sr2RuO4. The rise in !c with increasing
pressure at 300 K also contrasts with simple ideas of metallic
conduction, in which the bandwidth would increase with
pressure, but the same effect is seen in Sr2RuO4at T
"130 K,10 so this seems to be a signature of incoherent
c-axis transport in the ruthenates. We infer that above 25 K
the c-axis conduction in metallic Ca2RuO4is mainly de-

scribed by a tunneling mechanism as in the high Tc’s.
As the temperature falls below $25 K, !c(T) peaks and

then decreases rapidly, indicating a change from two-
dimensional to three-dimensional metallic conduction. At the
temperature T* corresponding to the kink in the !c(T)
curves, !ab(T) also exhibits an abrupt change in slope, fall-
ing rapidly to a residual resistivity of $3 %& cm. This is a
very low resistivity for an oxide metal, indicating that our
samples are of high quality, but still somewhat higher than
required to observe superconductivity in Sr2RuO4.8 The be-
havior near 25 K is reminiscent of a phase transition. In order
to clarify this point, the field "H# and temperature "T# depen-
dence of the magnetization have thus been measured under
pressures of 0.1 MPa, 0.2, 0.5, 0.7, and 0.8 GPa using a
piston-cylinder Be-Cu clamp cell with a commercial super-
conducting quantum interference device magnetometer
"Quantum Design, model MPMS#.11 We have used several
rectangular pieces of sample with total masses of 12.5 mg for
H!c and 6 mg for H !c .

Figure 3 shows magnetization "M# curves at 2 K with
H!c . FM ordering is indicated by the hysteresis in the M -H
curves at 0.7 GPa, a pressure at which the system is metallic
in the corresponding resistivity measurements. In contrast,
no hysteresis is observed in the M -H curves at 0.1 MPa and
0.2 GPa where Ca2RuO4 is in the AF insulating phase. The
remnant magnetization is 0.09 %B at 0.7 GPa, growing to
0.125 %B at 0.8 GPa,12 while the coercive force of Hc
$50 mT, which is defined as the field necessary to restore
zero magnetization, increases only weakly.

The volume fraction of the AF insulating phase ought to
decrease with pressure above 0.5 GPa, so the remnant mag-
netization originates from the metallic phase. Moreover the
small moment compared with the saturated moment 2%B of
a localized Ru4# ion implies itinerant magnetism. The shape
of the hysteresis curve, which indicates a typical soft ferro-
magnet, is different from that for the canted AF case seen,
for example, in the AF insulating phase of Ca2RuO4 with
excess oxygen.7 We have also observed a similar shape of

FIG. 1. Pressure variation of !ab and !c at 300 K. The insulator-
metal transition occurs at 0.5 GPa, where !ab and !c fall by ap-
proximately four and two orders of magnitude, respectively.

FIG. 2. Temperature variation of !ab and !c at fixed pressure P.
For P"0.5 GPa, !ab(T) is metallic while !c(T) above T*
$25 K exhibits nonmetallic temperature dependence.
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Unleashing Hidden Properties 
• Toolkit Enabling Materials-by-Design of 

Oxide Thin Films 

• Ruthenates—BaRuO3, (Ca,Sr,Ba)2RuO4 
altering band structure and properties 

• EuTiO3 
strongest ferromagnetic ferroelectric 

• (LuFeO3)9 / (LuFe2O4)1 Superlattices  
strongest ferromagnetic ferroelectric 
at room temperature 



Room-Temperature Multiferroics
Material Ms and Ps TN and TC Synthesis

BiFeO3

Ms ~ 0.03 µB/Fe
Ps ~ 95 µC/cm2

TN ~ 643 K
TC ~ 1100 K

BiCoO3

Ms = 0 (AFM)
Ps,theory ~ 170 µC/cm2 

TN ~ 470 K
TC > 520 K 60,000 atm

ScFeO3 ���
(corundum 
polymorph)

Ms ~ 0.01 µB/Fe
Ps,theory ~ 3 µC/cm2

TN ~ 356 K
TC,theory ~ 1300 K

60,000 atm or 
Epitaxial 

Stabilization
[(Ca0.6Sr0.4)1.15
Tb1.85Fe2O7]0.83

—
[Ca3Ti2O7]0.17

���
Ms ~ 0.009 µB/Fe

Ps,theory ~ 10 µC/cm2

���
TN ~ 330 K ���
TC ~ 430 K



The Idea:  (LuFeO3)m / (LuFe2O4)n Superlattices

Bossak, A.A. et al. Chem. Mater. 16, 1751 (2004). 
Wang, W. et al. Phys. Rev. Lett. 110, 237601 (2013).  
Moyer, J. A. et al. APL Mater. 2, 12106 (2014). 
Disseler, S. M. et al. Phys. Rev. Lett. 114, 217602 (2015).  

LuFeO3

1 nm 

Canted AFM, TN ~ 147 K 
Ferroelectric, TC ~ 1050 K 
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1. The exchange interaction
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CII, even though there are six spins within the unit cell. Note that
these reference spins are those connected by the ~2c axis that
remains in the FE phase, that is, CI!C1 and CII!C2 (Fig. 2e).
Previously, four principle spin configurations have been denoted
as A1 (" p/2,p/2) (Fig. 2a), A2 (p,0) (Fig. 2c), B1 (0,0) (Fig. 2g)
and B2 (p/2,p/2) (Fig. 2i). It is well-known that only A2 (magnetic
space group P63c0m0) and intermediate spin configurations that
contain a component of A2 allow a net magnetization along the
z axis. What has not been appreciated in the past is that this
symmetry-allowed magnetization is in fact induced by the trimer
distortion, the consequences of which are quite profound.

We now begin to make this clear by performing first-principles
calculations for two specific examples, LuFeO3 and LuMnO3, in
the A2 phase. Within a typical first-principles calculation of the
hexa manganite structure it is easy to reverse the trimer
distortion, and hence switch the polarization, via a structural
change from a one-up/two-down buckling and tilting ‘in’ of the
R-planes and MnO5 bipyramids, respectively, to a two-up/one-
down and tilting ‘out’, thus remaining in the same distinct
domain, for example, aþ-a" . We perform a series of
calculations that follow such a switching path and show these
results in Fig. 3. Our results indicate that the trimer distortion not
only induces ferroelectricity but also weak ferromagetism26,27.
This in turn implies that the trimer distortion induces a linear ME
effect,

azz ¼ @Mz=@Ez % @QMz&@QPz; ð2Þ
where E and M are the electric field and magnetization,
respectively (see Methods section for derivation). Furthermore,
notice that the reversal of the trimer distortion results in one of

the two symmetry equivalent situations. In the first case
(Fig. 3c,g), the AFM configuration remains fixed and the
direction of the spin canting reverses (for example, spins cant
up rather than down), resulting in the 180! switching of the
magnetization. In the second case (Fig. 3d,h), the AFM
configuration reverses and the spin canting remains fixed, that
is, the in-plane component of each spin locally rotates 180!, for
example, (CI¼ p,CII¼ 0)-(CI¼ 0,CII¼p), resulting in a sign
change of the linear ME tensor. These first-principles results are
true for all hexa manganites and ferrites in the A2 phase that we
have considered (additional results on ErMnO3 and ErFeO3 are
given in Supplementary Fig. S1) and, as we prove below, is a
general property of the A2 phase.

We pause now to stress the point that real switching will occur
via a rotation to a neighbouring trimer domain17, for example,
aþ-b" or g" . These first-principles results, however, contain
all of the unique ME physics, that is, if the polarization is
reversed, either the bulk magnetization will reverse or the AFM
order will change in such a way that the bulk ME tensor
changes sign.

Route to elucidate cross-coupling of bulk order. Our approach
to elucidate the bulk, cross-coupling between ferroelectricity and
magnetism is to introduce a P63/mmc PE reference structure that
has the same AFM configuration as the P63cm FE ground state.
The minimal model required to describe the spin structure28 is
the following effective spin Hamiltonian

H ¼
X

ij

JijSi ) Sj þ
X

ij

Dij ) Si*Sj þ
X

i

Si)t̂i ) Si ð3Þ

where Jij is the symmetric exchange interactions, Dij is the
Dzyaloshinskii–Moriya (DM) antisymmetric exchange vectors
and t̂i is the single-ion anisotropy (SIA) tensor. Using this model
as a guide, we then calculate from first principles how the
material-specific parameters of this model change on going from
the PE reference structure to the FE ground state as a function of
the trimer distortion. This will also allow us to explain why
manganites and ferrites have qualitatively different magnetic
order. In addition, we will introduce a simple phenomenological
model that captures the essential physics, thereby explaining our
first-principles results and providing an intuitive rational for the
spin model.

The magnetic ground state. In addition to the four principle
magnetic configurations, we also considered the four intermediate
non-collinear magnetic structures (Fig. 2). The results of our total
energy calculations for LuFeO3 and LuMnO3 are presented in
Table 1. In agreement with nonlinear optical measurements29, we
find that LuMnO3 stabilizes in the B1 configuration. This state
displays weak antiferromagnetism (wAFM), that is, there is a
small canting of the spins out of the x–y plane that leads to a net
moment in each layer, but consecutive layers cant in opposite
directions, resulting in a net Mz¼ 0. Note that the B2 spin
configuration, for which the net magnetic moment in each layer is
zero by symmetry, is also close in energy, whereas the A2
configuration is clearly higher in energy (we point out, however,
that A2 has been stabilized experimentally with the application of
a large magnetic field30).

In contrast, we find that LuFeO3 stabilizes in the A2 spin
configuration. Here the spins also cant out of the x–y plane, but
unlike B1 the net moments in consecutive layers add. This leads to
a net Mz¼ 0.02 mB/Fe along the z axis, that is, LuFeO3 displays
weak ferromagnetism (wFM)26,27. It should be noted that the A1
(Mz¼ 0 by symmetry) and A0 (finite Mz allowed) configurations
lie energetically very close to ground state (we point out that these
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Figure 2 | Non-collinear spin configurations. Possible 120! spin ordering
patterns defined by angles CI!C1 and CII!C2 (in F¼0 structural
domain). The spin directions are indicated by the blue and red arrows for
the magnetic ions in layer I (light grey, small balls) and II (dark grey,
small balls), respectively. The centre (large) ball indicates the position of

the ~2c axis. The principle configurations, those compatible with crystal
symmetry, are denoted A1, A2, B1 and B2. Only A2 and those intermediate
configurations that connect A2 with A1 and B2, denoted as A0 and I2,
respectively, allow wFM.
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Two themes at the forefront of materials physics are the
cross-coupling of distinct types of ferroic order1–4 and
topological defects in systems with spontaneous broken

symmetry5–8. Common to both are a plethora of novel
phenomenon to understand, and new properties and
functionalities to exploit for novel applications. Multiferroics9,10

are an ideal platform to realize both themes in a single material.
In this regard, an exciting development is the discovery of a
topologically protected vortex domain structure in one of the
most extensively studied class of multiferroics, the hexagonal
(hexa) rare-earth manganites11–15. Here, antiphase structural
(‘trimer’) domains are clamped to ferroelectric (FE) domain walls
(and vice versa) forming a ‘clover-leaf’ pattern (Fig. 1a). These
trimer domains have a particular phase relationship that result in
the appearance of structural vortices, which in turn induce
magnetic vortices16,17, strongly coupled antiferromagnetism and
the polarization at the domain wall. This domain wall
magnetoelectric (ME) phenomenon produces a magnetization
localized at the wall16,17.

The key to realizing these unusual effects is the improper
nature of ferroelectricity. Here the polarization P, which is stable
in the paraelectric (PE) P63/mmc structure, is induced by a zone-
tripling structural distortion, QF

K3
(refs 17–19). The latter, referred

to as the trimer distortion, is associated with a two-up/one-down
buckling of the R-planes and tilting of the MnO5 bipyramids
(Fig. 1b). It is nonlinearly coupled to the polarization,

F trimer ! PzQ3
K3
cosð3FÞ ð1Þ

the form of which implies that a non-zero trimer distortion
induces a non-zero polarization. There are three distinct F
domains (a, b and g) corresponding to one of the three
permutations of two-up/one-down. Moreover, there are two
tilting directions, either towards (þ ) or away (% ) from the ~2c
axis, that is, one-up/two-down or two-up/one-down, respectively.
This results in six P63cm structural domains. A consequence of
the improper origin of ferroelectricity is that the sign of the
polarization depends on the direction of the trimer distortion.
This simple fact leads to the non-trivial domain structure of the
hexa manganites (Fig. 1a)11–13,17.

Recently, thin films of RFeO3 rare-earth ferrites have been
epitaxially stabilized in the hexa manganite P63cm structure20–22.
This new family of hexa materials exhibit ferroelectricity above
room temperature, but with conflicting results as to its origin23,24.
As to the magnetic structure, experiments on LuFeO3 suggest a
considerably high antiferromagnetic (AFM) ordering temperature
TN¼ 440K (ref. 22). In addition, there is evidence of a second
magnetic transition (B100K) at which a non-zero magnetization
appears22–25, the significance of which, or even if it is an intrinsic
or bulk effect, is not known.

Our focus here is on elucidating a remarkable interplay of the
trimerization, magnetism and polarization in the hexa manganite
structure. We show that the trimer structural distortion not only
induces a polarization but can also induce both a bulk
magnetization and a bulk linear ME effect. This insight leads us
to discover bulk phenomena that were not previously seen in a
multiferroic, such as the existence of a linear ME vortex structure
and a bulk coupling of FE and ferromagnetic domains such that if
the polarization reverses 180!, so does the magnetization. We
make this clear by connecting an exact microscopic theory of
spin–lattice coupling to a simple phenomenological theory, which
we test on several hexa manganites and ferrites using first-
principles simulation methods. We show that ferroelectricity in
the hexa ferrites is of the improper structural type where the
trimer distortion induces the polalization, and therefore a similar
topological domain structure exists as in the manganites. We
explain how the difference in electronic structure between

manganites and ferrites requires Fe spins of any hexa ferrite to
order in the spin configuration that allows a net magnetization in
the ground state. In addition, the much stronger exchange
interactions leads to the possibility of spin ordering above room
temperature.

Results
First-principles calculations on switching U by 180!. Geometric
frustration of the strongly AFM nearest-neighbour (nn) Mn or Fe
spins leads to a planar 120! non-collinear order that, because of
symmetry, can be described by just two free parameters, CI and
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Figure 1 | Trimer domain and crystal structure. (a) Six structural domains

of the ‘trimer’ QF
K3

distortion and the polarization P. Here aþ3F¼0 and a

anticlockwise rotation corresponds to domains differing by F¼ þ p/3.
Arrows indicate the direction of the apical oxygen motion of the trimer

distortions, only distortions around the ~2c axis are shown for clarity. (b) FE
crystal structure (aþ domain).
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First-Principles DFT:  LuFe2O4
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Extended Data Figure 9 | Spin configurations of the COI and COII 
structures of LuFe2O4. a, Left, calculated density of states (DOS) for 
LuFe2O4 with the COI magnetic ground state, along with the occupancy 
of the iron 3d channel. Upper and lower panels show the DOS for the 
Fe2+ and Fe3+ ions, respectively. Oxygen 2p states are plotted in each case. 
Right, the crystal field splitting from the trigonal bipyramid symmetry 
and occupancy of the iron 3d channel. b, Low-energy spin configurations 
of COI and COII states labelled with the corresponding magnetization. 

Although the ground states of COI and COII have magnetizations of 
0.5µB/Fe and 1.17µB/Fe, respectively, each has additional low-energy 
configurations with M ranging from 0µB/Fe to 1.17µB/Fe. Lutetium,  
Fe3+, Fe2+ and oxygen are shown in turquoise, yellow (spins in red), green 
(spins in blue) and brown, respectively. c, Low-energy spin configurations 
of hole-doped COI and COII states labelled with the corresponding 
magnetization.
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Lu2Fe3O7:  A Natural���
(LuFeO3)1 / (LuFe2O4)1 Superlattice

LuFe2O4
TC, FM ~ 240 K

Lu2Fe3O7
TC, FM ~ 270 K

Journal of Magnetism and Magnetic Materials 104-107 (1992) 827-828 
North-Holland 

Magnetic property of single crystal Lu,Fe,O, 

Junji Iida ‘, Midori Tanaka a and Satoru Funahashi b 
a Department of Physics, Faculty of Science, Ochanomizu Unicersity, 2-I-l Ohtsuka, Bunkyo-ku, Tokyo 112, Japan 
h Japan Atomic Energy Research Institute, Tokai Ibaraki 319-11, Japan 

Magnetization, Mossbauer and neutron diffraction measurements were carried out on a single crystal of the two-dimen- 
sional antiferromagnet Lu,Fe,O,. Two magnetic orders with different magnetic properties corresponding to the ordering of 
two different layers were observed at around 60 and 230 K, respectively. The exchange interaction between the layers are 
revealed to be antiferromagnetic. 

Lu,Fe,O, has a hexagonal layered structure. In the 
crystal, the FezO,, layer (W-layer), FeO,,, layer (V- 
layer) and Lu,O, layer (U-layer) are stacked alter- 
nately along the c-axis [l]. In a W-layer, equal numbers 
of Fe3+ and Fe” are distributed almost randomly in 
crystallographically equivalent sites on two triangular 
nets forming a honeycomb lattice. On the other hand, 
Fe3+ in a V-layer makes a single triangular net. The 
interaction between these layers is so weak, owing to 
the U-layer intervening between, them, that this oxide 
shows an appreciable two-dimensional (2Dl character. 
So far the magnetic properties of this oxide were 
studied using a powder sample [2,3]; from Mossbauer 
spectra, iron ions in the W-layer are found to order at 
260 K, but those in the V-layer seem to be paramag- 
netic down to 80 K. A drastic change appears in the 
spectra, and a slight change is also observed in the 
thermo-remanent magnetization (TRM) below this 
temperature. However, no anomalies suggesting the 
order of the V-layer are observed in neutron diffrac- 
tion study. Recently, we have succeeded in growing a 
single crystal of this oxide and have carried out magne- 
tization, neutron diffraction and Mossbauer measure- 
ments to investigate the order of the V-layer. In the 
present paper, the results of these measurements are 
reported. 

A Lu,Fe,O, single crystal was grown by the float- 
ing zone method under controlled oxygen partial pres- 
sure using CO,-H, mixture. The magnetization mea- 
surements were made using a SQUID magnetometer. 
The magnetic field was applied either parallel or per- 
pendicular to the c-axis. We call these directions the 
parallel and perpendicular directions, respectively. 
Miissbauer spectra were measured using a conven- 
tional constant acceleration spectrometer in a usual 
transmission arrangement. The neutron diffraction ex- 
periments were carried out at the JRR3 reactor of 
JAERI Tokai. Th,e incoming neutron energy was 
38.64 meV (1.455 A). Magnetic scattering is observed 
like a rod in a reciprocal space because of 2D magnetic 
character of this oxide. Therefore measurements of 
intensity were made along and across this rod using 

double-axis spectrometer. The details about the experi- 
mental configuration can be seen in ref. [4]. 

Figure 1 shows the temperature dependance of the 
magnetization. The circle and square show the magne- 
tization of the parallel and perpendicular directions in 
300 Oe, respectively. The temperature dependence of 
TRM of the parallel direction obtained by cooling from 
290 to 5 K under 300 Oe is also shown. The magnetiza- 
tion obtained after cooling without a field (ZFC curve) 
has a peak around 230 K, and the field cooling effect is 
observed below this temperature (FC curve>. On the 
other hand, much smaller magnetization is induced, 
and a field cooling effect is not observed in the perpen- 
dicular direction. As is shown in the insets, a small 
anomaly is observed below 50 K in the parallel direc- 
tion. In neutron diffraction, no sharp magnetic reflec- 
tions suggesting three-dimensional magnetic order are 
observed, but a magnetic rod is observed along (f,f,l) 
at low temperatures. The peak intensity and the half 
width of the cross-section of this rod is shown as a 
function of the temperature in fig. 2. The width is 
larger than the instrumental resolution even at 8.5 K, 
suggesting magnetic short range order in the triangular 
net. There is a small anomaly around 60 K in the peak 

M(e :mu/g) 

Fig. 1. Thermomagnetization curves of single crystal 
Lu,Fe,O, in 300 Oe. Circles and squares show those of the 
parallel and perpendicular directions, respectively. Crosses 
show the temperature dependence of TRM in the parallel 
direction. The insets (a), (b) show the expansions of the 

vertical axis around 0 and 0.9 (emu/g), respectively. 
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Using Thin-Film Alchemy: 

• Hidden Ground States can be Accessed 

• Superior Properties shown to Exist 

• Theory + Synthesis is a Powerful 
Combination (Materials by Design) 

•  Imagine what Properties Await! 
 
 

Conclusions 


