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Highly directional and spatially confined orbitals 
Electronic correlations and strong sensitivity to the lattice

Transition metal d - oxygen p orbitals are compatible 
Hybridisation physics

Transition metal oxides
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Many available valence states 
Rich chemistry



Perovskite structure

• Transition metal 
• Post-transition metal

• Alkali metal 
• Alkali earth metal 
• Rare earth lanthanoid

ABO3 is a flexible formula unit
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Nickelates introduction

• Metal-insulator transition

• Néel transition

• 2 x symmetry lowering 
structural transitions
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Nickelates introduction

• Metal-insulator transition • Néel transition • 2 x symmetry lowering 
structural transitions
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Transition metal oxides contain rich physics
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Heteroepitaxy

Radio frequency off-axis magnetron sputtering 
Pulsed laser deposition 
Molecular beam epitaxy

LaVO3

DyScO3



Heteroepitaxial effects in TMOs
Heterostructure 
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Charge transfer at LaNiO3/LaMnO3 interfaces 

Orbital polarisation in LaNiO3-based superlattices 

Strain dependence of RNiO3 metal-insulator transition 

Induced antiferromagnetism in a bulk paramagnet

Heteroepitaxial effects in nickelates

-
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Strain dependence of RNiO3 metal-insulator transition

S. Catalano et al, APL Mater. 2, 116110 (2014)
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Charge transfer at LaNiO3/LaMnO3 interfaces

M. Gibert et al, Nat. Mater. 11, 3224, (2012)
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Induced antiferromagnetism in a bulk paramagnet

M. Gibert et al, Nat. Commun. 7:11227, (2015)
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Orbital polarisation in LaNiO3-based superlattices
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A. Disa et al, APL Mater. 3, 062303 (2015)

J. Chaloupka and G. Khaliullin, Phys. Rev. Lett. 100, 016404, (2008)

See also  
P. Hansmann et al, Phys. Rev. Lett. 103, (2009) 
P. Hansmann et al, Phys. Rev. B, 82, (2010) 
E. Benckiser et al, Nat. Mater. 10, (2011) 
H. Chen et al, Phys. Rev. Lett. 111, (2013) 
H. Chen et al, Phys. Rev. Lett. 110, (2013) 
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Motivation: Turning the 
nickelate electronic structure 
into the high Tc cuprate one

M. J. Han et al, Phys. Rev. Lett. 107, (2011) 
O. E. Peil et al, Phys. Rev. B 90, (2014) 
G. Fabbris et al, Phys. Rev. Lett. 117, (2016)

100% orbital polarisation may 
never be possible

50% orbital polarisation
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Heteroepitaxial effects in TMOs
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Strontium titanate

Ti

Sr

3d0 paramagnetic wide-gap band insulator

The “drosophila” of solid state physics
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news & views

Can ferroelectricity and 
superconductivity occur 
simultaneously? Can ferroelectricity 

boost the superconducting critical 
temperature? Writing in Nature Physics, 
Carl Rischau and colleagues1 report 
experimental results suggesting that the 
coexistence of a ferroelectric-like state and 
superconductivity may be possible.

Ferroelectricity usually originates 
from a structural instability in a material 
with a high-temperature, inversion-
symmetric, dielectric insulating phase. 
Below a critical temperature — the Curie 
temperature TC — a structural transition 
takes place: the compound’s symmetry 
lowers and is no longer centrosymmetric, 
leading to a macroscopic polarization 
that can be reversed by an electric field. 
Superconductivity is often found in metallic 
systems below a critical temperature Tc at 
which electrons form Cooper pairs and 
condense, leading to a zero-resistance state 
and magnetic flux expulsion (the so-called 
Meissner effect).

The stability of a polar metallic state was 
first proposed in 1965 by Philip Anderson2. 
Experimental evidence of such a state has 
been scarce; recent ‘sightings’ involved doped 
BaTiO3 surfaces3 and (111) LaNiO3 films4. 
Yet the coexistence of superconductivity 
and ferroelectricity would still come as a 
surprise, since the two phases do not seem to 
have much in common.

Enter SrTiO3, a widely studied insulating 
compound experiencing an enduring 
fascination from the condensed-matter 
community. This strong interest stems partly 
from the fact that SrTiO3 is on the verge 
of a ferroelectric instability. The variation 
of its static dielectric constant on lowering 
the temperature is similar to that of a 
ferroelectric material, with a divergence 
taking place at TC, but it does not become 
infinite; it ultimately levels off at very low 
temperature to a value in excess of 25,000 
(the dielectric constant of silicon dioxide 
is about 4).

Quantum fluctuations can account for 
such behaviour: they prevent a macroscopic 
polarization from developing since the 

barrier between the two equivalent free-
energy minima of the ferroelectric double 
well is too small to prevent tunnelling 
between the ‘up’ and ‘down’ polar states 
(Fig. 1). Strain, very small isovalent Ca 
doping, or substitution of 16O with 18O 
atoms are all able to turn SrTiO3 into 
a ferroelectric.

SrTiO3 can also be doped with electrons 
by replacing Sr with La, Ti with Nb, or 
reducing the oxygen content. SrTiO3 then 
becomes conducting and superconducting 
at very low electronic densities (of the order 

of 1017 cm–3). This low-density conduction 
is linked to the large dielectric constant and 
concomitant large Bohr radius that prevents 
electron localization. These two ordered 
states, ferroelectricity and superconductivity, 
are thus not ‘far’ from the pristine SrTiO3 
ground state.

Rischau and colleagues have now studied 
SrTiO3 crystals that are not only oxygen-
deficient — that is, electron-doped and 
hence superconducting — but also weakly 
doped with Ca (enabling a ferroelectric-
like state to develop). Measurements of 
thermal expansion, sound velocity and 
resistivity show that, in some doping range, 
superconducting crystals display signatures 
of a structural phase transition similar to 
the typical ferroelectric transition seen in 
insulating, undoped crystals. Anomalies 
at the phase-transition temperature in the 
resistivity suggest a coupling of the structural 
transition to the electronic system.

The authors mapped out a temperature-
versus-carrier concentration phase 
diagram, featuring a region where the 
superconducting and ‘ferroelectric’ states 
coexist, and established a correspondence 
between the level of doping (oxygen 
vacancies or calcium) and the carrier 
concentration. (Quotation marks for the 
term ferroelectric are in order since the 
polarization cannot be switched in the 
metallic phase.)

Further studies are needed for elucidating 
the role of Ca doping on the structure and 
electronic properties of SrTiO3. One may 
wonder, for instance, whether Ca doping, 
which lowers the local crystal symmetry, 
causes couplings to other modes that may 
mix orbital states. Also, does Ca doping 
change the level of correlations and the 
bandwidth of the system (the latter being 
related to orbital overlap), possibly requiring 
the introduction of an extra scale in the 
phase diagram in addition to that pertaining 
to electron and Ca doping?

An interesting observation is that 
for a range of values of carrier densities 
in the region of overlapping orders, the 
superconducting critical temperature 
Tc is higher for Ca-doped crystals than 

SUPERCONDUCTIVITY

Ferroelectricity woos pairing
Ferroelectricity and superconductivity do not have much in common. Now, a superconducting and a  
ferroelectric-like state have been found to coexist in a doped perovskite oxide.

Marc Gabay and Jean-Marc Triscone
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Figure 1 | Energy versus polarization as a function 
of a tuning parameter. When approaching the 
quantum critical point (QCP), for a particular 
value of the tuning parameter, the system is in a 
‘quantum paraelectric state’: the double well is 
not deep enough to allow for a stable polarization 
(ferroelectric state) to develop. Ca-doping, the 
tuning mechanism used by Rischau et al.1, drives 
SrTiO3 from a quantum paraelectric state to a 
ferroelectric state.

Quantum paraelectricity

SrTiO3 

M. Gabay & J.-M. Triscone  
N&V Nat. Phys. (2017)

Ferroelectric

StrainSr1-xCaxTiO3 SrTi(16O1-z18Oz)3

Wavevector

Cubic SrTiO3, Materials Theory, ETHZ



Ferroelectric materials

3766 Y Luspin, J L Servoin and F Gervais 
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Figure 4. Frequencies of the E modes at room 
temperature and temperature dependence of the 
frequencies of Flu modes in the cubic phase for 
BaTiO,. 0, transverse modes; 0, longitudinal 
modes. Raman data (0) are taken from Scalabrin 
et al(1977). 
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Figure 5. Temperature dependence of the fre- 
quency squared of the lowest transverse mode 
(0) for BaTiO,. Raman data (m) are those of 
Scalabrin et al (1977). 

symmetry groups of the non-cubic phases are not successive subgroups of one another. 
The first-order character at each phase transition only acts on the component which 
becomes stable together with phonon modes of the same symmetry as shown, for 
example, by the discontinuities which are observed between phonon mode parameters 
of A ,  and Flu modes on both sides of T, (Scalabrin et al 1977, Servoin et a1 1980). 
Irrespective of this first-order character, the E-type soft mode component appears to be 
driven by a lower temperature phase transition (figure 5) and that explains the departure 
from the Curie law at the approach of T, in the cubic phase owing to the weight of this E 
component in the Flu-type mode. A schematic plot corresponding to this analysis is 
shown in figure 6. 

The softening of the phonon to zero 
frequency is connected with the 
appearance of the ferroelectric state

Y. Luspin et al, J. Phys. C: Solid State 
Phys. 13 3761 (1980)

Lowest transverse optical mode in BaTiO3

C
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TABLE II. Properties of SrTi03 specimens.

Specimen

HR5
HR52 slab

TiR2b
TiR10 slab
HR51 slab
HR22
HR28 slab
Nb8 slab
HR27c slab

TiR11 slab
HR70 slab
Nb9 slab
HR6 sph
HR6 slab
HR72 slab

HR3
TiR19 slab

HR33 stress
HR33 slab
HR57

HR24 sph
HR61 slab

TiR13 slab
Nbio
HR73 slab
HR74 slab
TiR2c slab
HR69 slab

HCR2

e, (4.2'K)
(cm ')

6 9X10'8
7 6X]018
('I.6X10")
7.8X10j8
8 5X10'8
9.4X10"
1.0X10»
1.3X10»
1.3X10»
1.4X10»
1.5X10»
1.66X10»
1.89X10'
(2.5X10&9)d
2.5X10»
2.7X10ia

3 1X10»
4 9X10»

(6.3X10»)~
6.3X10»
6.7X10»
(7.2X10»)
(1.0X10")d
1.1X10'o
i.2X10M
1.5X1Q'o
1.66X10so
1 95X102o
2.1X10so
3.OX102o
(4 OX1P0)
5 5X10'o
(5 5X1P')

p (4.2'K)
(n cm)

3.8X10 4

2 7X10 4

3.6X10 4

3.4X10 4

4.2X10 4

2.8X10 4

2.4X10 4

9.0X10-5
2.9X10-4

3.2X10 4

3.3X10 4

7.5X10-5
(2.3X10 4)
2.3X10 4

2.6X10 4

4.0X10-4
2.6X10 4

(2.8X10 ')
2.8X10 4

2 ~ 3X10 4

(2.8X10 4)
2 ~ 6X10 4

2, 4X10-4
6.1X10 5

2.2X10 4

2.3X10 4

2.6X10 4

2.1X10 4

1.7X10 4

& (4.2'K.)
(cm'/V sec)

2440
3120

2280
2210
1620
2280
2050
5470
1580

1330
1170
4510
(1110)
1110
912

516
504

(364)
364
415

(280)
224

222
699
175
143
117
102

68

Measuredr. ('K)

&0,06
(0 ~ 05) ~
&0.07
0.06—0.07
0.085
&0.05
0.12
Q. 09
0.057
0.07
0.127
0.183
0.146
0.166
0.213 o

0.204
0.166
0.273
0.278
0.273
0.275
(0.290)$
0.268
0 280 o

0.283
0.285
0.41
0.198
0.120
0.295
0.06
(0 030)a
&0.05
(0 020) s

Calculated
T, ('K)

&0.07
0.07

0.07
0.09
0.10 b

0.10
0.1496
0.1477
0.15
0.17
0.25 b

0.26
0.26
0.30
0.30
0.26
0.21
0.15
0.12
0.04
0.01
0 ' 002

Transition temperatures assumed for purposes of the calculation.
Double value indicates the range of purely computational uncertainty in the numerical calculation.

o Values found experimentally in two separate experiments.
~ Normal-state properties measured on companion samples.

mens on which Hall and resistivity measurements had
been made and which thus required no further special
handling.
Table II contains a summary of normal-stat|'. and

superconductivity data for the specimens discussed in
'this paper. Note that the mobility p of the Nb-doped
samples is 2 to 3 times larger than that of HR- or
TiE;reduced specimens for a given carrier concentra-
tion, in spite of the fact that the Nb-doped samples
were polycrystalline. The degeneracy temperature for
even the most lightly reduced sample is near 3'K,
assuming a "density-of-states" mass m&*=5m0.' The
mobility also becomes constant with temperature at
low temperatures which, assuming impurity scattering,
suggests complete degeneracy.

B. T, Measurements and Results

T, Meuslrements
The temperature dependence of the magnetic sus-

ceptibility of each specimen was observed from about
'H. P. R. Frederikse, W. R. Hosier, and W. R. Thurber, J.

Phys. Soc. Japan Suppl. 21, 32 (1966).

I I j I I I I I I I I I I III
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FIG. 2. Transition temperature as a function of carrier con-
centration. The plain solid circles represent experimental data.
The bracketed solid circles are fictitious data used as input
in the transition temperature calculation. The open circles show
the results of the calculation, and the smooth dashed curve was
drawn for illustrative purposes.

0.05'K through T„using a mutual inductance appa-
ratus operating at 270 Hz.
A schematic drawing of the low-temperature portion

of the apparatus is shown in Fig. 3.For ease of handling,

C. S. Koonce et al, Phys. Rev. 163, 2 (1967) 
X. Lin et al. Phys. Rev. Lett. 112, 207002 (2014) 

Superconductivity

SrTiO3 

Superconductivity

SrTiO3-δSr1-xLaxTiO3 SrNb1-yTiyO3



Enhancing superconductivity

Y. Tomioka et al, Nat. Commun. 10, 738, (2019) 
See also A. Stucky et al, Sci. Rep. 6, 37582 (2016)

Sr1-xLaxTi(16O1-z18Oz)3 Sr1-xCaxTiO3-δ

C. W. Rischau et al, Nat. Phys. 13, (2017)



Superconductivity and ferroelectricity

low doping. We first write a quantum model for the
ferroelectric phase transition which yields a spectrum for
the FE phonons. Then, we calculate the superconducting
coupling constant, using the McMillan formula [37].
We use the order-disorder approach [38,39] to model

the ferroelectric fluctuations of the modes shown in Fig. 1.
We assume that these modes have Ising character. By
analogy with magnetic phase transitions, the transverse
Ising model

H ¼ Γ
X

i

σxðiÞ −
X

i;j

Ji;jσzðiÞσzðjÞ ð1Þ

can be used to describe the FE transition [8]. Here, σx;zðiÞ
are the Pauli matrices for site i, Γ=ℏ is the onsite tunneling
rate, Ji;j is the intersite coupling, given by the energy
difference between two cells with their dipoles aligned
parallel or antiparallel to each other, and the eigenstates of
σz represent the state of the system in one of the two wells.

The quantum phase transition occurs when Γ ∼
P

jJ0;j [8].
Our DFT study shows that doping the system will reduce
the barrier and thus increase Γ. The excitations of (1), in the
paraelectric phase Γ >

P
jJ0;j, are given by [8]

ω2
q ¼ 4ΓðΓ − hσxiJqÞ; ð2Þ

where Jq ¼
P

jJ0;je
iRjq is the Fourier transform of the

coupling and hσxi ∼ 1 is the average of σxðiÞ. In our
analysis we consider only nearest-neighbor coupling for
simplicity. Long-range interactions make the calculation
more intricate but do not yield any qualitative changes.
Furthermore, since the antiferrodistortive rotations of the
TiO6 octahedra render the lattice highly anisotropic, we
treat the system as one dimensional. Thus, we write the
coupling as Jq ¼ 2J cosðqÞ, where J is a constant and q is
the wave number in the direction of the largest coupling.
When the system is close to the phase transition it

becomes gapless as the lowest excitation softens, ωq¼0 → 0
(see Supplemental Material [24] Sec. II). This is accom-
panied a large susceptibility and an enhanced electron-
phonon coupling. To quantify this idea we calculate
the dependence of Tc on the phononic spectrum using
the formalism of Eliashberg strong-coupling theory. The
coupling constant for superconductivity is given by [37]

λ ¼
Z

∞

0
α2ðωÞFðωÞ dω

ω
; ð3Þ

where αðωÞ is the electron-phonon coupling, which we
assume to be the constant α, and FðωÞ is the spectral
density of the phonons. In the limit of a van Hove
singularity at q ¼ 0, so that FðωÞ ∼ δðω − ω0Þ, this yields

λ ¼ α2
1

ωq¼0ðf18; EFÞ
; ð4Þ

which already captures the main physical picture of
soft-mode enhanced superconductivity. The full solution
is obtained by inserting FðωÞ ¼

R
dqδðω − ωqÞ into (3)

and transforming it to an integral over q: λ ¼
R
α2ðdq=ωqÞ,

where ωq is given by Eq. (2). One then obtains

λ ∼
Z

π

−π

dq

2Γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2J cosðqÞ=Γ

p : ð5Þ

The critical temperature can then be obtained by com-
bining this coupling constant, which was calculated using
strong coupling theory, with the standard expression (see,
for example, Ref. [40])

1 ¼ λ
2π2

Z
0

−EF

dϵNðϵÞ tanh ðϵ=2TcÞ
ϵ

; ð6Þ

where ϵ is the energy relative to the Fermi energy, EF, and
NðϵÞ is the density of states. The lower limit of the integral

(a)

(b)

FIG. 2 (color online). (a) Schematic phase diagram of STO as a
function of carrier doping and isotope replacement. The orange
circles mark the experimentally measured transition to super-
conductivity, as observed in Ref. [3]. The blue circles are the
measured transition temperatures [14] from the paraelectric (PE)
to the ferroelectric (FE) phase as a function of 18O isotope
substitution. Our DFT calculations suggest that the ferroelectric
phase penetrates slightly into the nonzero doping regime, but then
quickly disappears as doping suppresses ferroelectricity, although
no experimental data for this transition line is available. The
maximal value of doping at which the ferroelectric phase persists
is labeled as n$. Although we have no precise calculation for n$,
its value should lie in the range 1019 < n$ < 1020. (b) Schematic
illustration for the lowering of the lowest energy levels (dashed
red lines) in the double well potential (black solid line) as f18 is
increased.

PRL 115, 247002 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

11 DECEMBER 2015

247002-3

SrTiO3 superconductivity may be controlled 
by the ferroelectric soft mode phonon

J. Edge et al, Phys. Rev. Lett. 115 (2015)

See also S. E. Rowley et al, arXiv 1801.08121 (2018) D. van der Marel et al, arXiv 1903.08394 (2019)

Possible “charged phonon” effect in SrTiO3



Solid state cavities motivation

Wavevector

The interest in phonon spectra 
• Ferroelectric materials 

Increase Curie temperature 
• Quantum paraelectric materials 

Induce ferroelectricity 
• Superconductors 

Increase critical temperature

Cavities

Strontium titanate compounds cover all of these properties



Molecular cavities

Intra-molecular vibrational motions can be described as a
superposition of simple harmonic vibrations, so called
molecular normal modes. For each of these modes, the atoms

vibrate in specific directions that correspond to the observable
vibrational transitions measured in infrared (IR) spectroscopy.
The relatively high frequencies of molecular vibrational transi-
tions on, fixed by the bond strength f (typically of the order of
103 N m! 1) and the tiny atomic masses involved in the
vibrations, immediately lead to two important features.

First, it is possible to perform direct resonant dipolar coupling
by engineering micro-scaled cavities with a fundamental mode oc
tuned to the molecular vibrational transitions. Then, as a
consequence of their high frequencies in the IR regime,
vibrational resonances are characterized by small thermal
occupation factors nn"e! ‘on=kBT"10! 4, even at room tem-
perature. This means that such molecular normal modes are in
their ground state, allowing coherent light–matter coupling in a
straightforward manner.

In the following, we demonstrate the coherent coupling
between molecular vibrational transitions and an optical mode
of a microcavity, leading to the possibility to swap, at room
temperature, excitations coherently between the molecular
oscillators and the optical mode. To do so, we have exploited
two crucial features offered by polymers. First, the possibility to
have an isolated, practically homogeneous, spectral signal
associated to a specific vibrational molecular normal mode.
Second, the capacity offered through the bulky extension of the
polymer film inserted in a Fabry–Perot microcavity to have within
a volume of strong optical confinement (that is, the coherence
volume of the cavity mode) a large number of resonators. The
colocalization of the optical and mechanical modes induces a
collective enhancement of the resonant coupling rate between the
vibrational resonators and the cavity mode, reaching the regime of
strong coherent coupling. In other words, a macroscopic coherent
mechanical mode is now generated by strong coupling.

Results
Hamiltonian description. IR spectra associated with gas-phase
molecules usually display features where rotational transitions are

coupled to vibrational ones. The resulting well-known complexity
of rovibrational molecular spectra leads to spectral components
separated by wavenumbers o10 cm! 1. Still, there are specific
environments where molecules can display much simpler spectra
from which it is possible to select and manipulate chosen vibra-
tional normal modes. Polymeric phases are in this context par-
ticularly interesting to explore, since free rotations of molecular
moieties are frozen-out and the excitation spectrum of the
polymer is determined solely by electronic and vibrational con-
tributions. One should also consider low-frequency vibrations of
the polymer lattice itself. Yet, given the small wavenumbers for
such lattice vibrations (less than ca. 100 cm! 1) compared with
the vibrations of individual bonds (ca. 1,000 cm! 1), the two
classes of motions can be clearly separated1. In this regime
therefore, vibrational spectra of polymers display normal-mode
transitions sufficiently isolated from the background to be tuned
properly to a given cavity resonance, as presented in Fig. 1.

This situation allows us to define the molecular Hamiltonian
from a ‘double-adiabatic approximation’ where a slow compo-
nent (inter-molecular lattice vibrations) is separated from a fast
subsystem describing intra-molecular motions2. In our situation,
the fast component of the whole Hamiltonian is the only relevant
one. We can then perform a second adiabatic (Born–
Oppenheimer) approximation to separate the vibrational and
electronic degrees of freedom. This separation leads to the
definition of the vibrational dipole operator corresponding to the
dependence on nuclear coordinates Q of the expectation value of
the dipole moment p̂h iðQÞ in the electronic state considered.

We emphasize that our coupling scheme only involves the
fundamental electronic state. The low vibrational occupancy
number implies moreover that only the fundamental level of the
vibrational spectrum is populated. At such low excitations, the
molecular vibrations occur within a mean electronic potential
that is well treated in the harmonic approximation. We are thus
finally dealing with a mechanical normal mode in its harmonic
quantum ground state, which constitutes the engaging feature of
molecular vibrations in this context—see Fig. 2b.

We will further assume that the change in the ground-state
dipole moment when interacting with the cavity light mode can
be limited to fundamental transitions, leaving aside higher-order
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Figure 1 | Polymer vibrational spectrum. (a) Transmission spectrum of polyvinyl acetate (PVAc) thin layer deposited on a Ge substrate. The thickness of
the film is about 2 mm and the measurement was performed at normal incidence. The measured transmission is normalized to free-space transmission. The
black line fits the data modelling the polymer dispersion by ideal damped harmonic oscillators (see Supplementary Note 2). The inset shows the absorption
band of PVAc due to the (C¼O)-bond-stretching band around 1,740 cm! 1 with the same fit (black line). (b) Chemical structure of a single PVAc
monomer unit. (c) Three-dimensional structure of one PVAc monomer showing the (C¼O) bond.
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made of a large number of coupled transitions over which the
excitation is delocalized. In the simplest case, neglecting all
sources of inhomogeneous broadening4, the strong coupling
dynamics is defined within a two-level subspace made of
collective ground and first excited states through an enhanced
coupling rate ‘O

ffiffiffiffi
N
p

, where N is the ensemble of indiscernible
resonators. Considering the very large number of resonators
available in condensed systems, this enhancement can rise orders
of magnitude, as observed in particular in organic systems5–15. It
thus leads to conditions much easier to fulfill to enter and exploit
the regime of coherent strong coupling16.

Experimental demonstration. To test these ideas and demon-
strate their consequences, we choose a polymer with a vibration
band that is well isolated from other modes. Polyvinyl acetate has
such a feature where the (C¼O) bond has a symmetric stretching
frequency at 1,740 cm" 1 (215 meV) as shown in Fig. 1. The other
peaks are due to other fundamental vibrational modes that are well
assigned, as illustrated in the caption17. The spectral line of the
(C¼O) vibration is remarkably close to a Lorentzian line shape
(see inset in Fig. 1a), revealing essentially a homogeneous intrinsic
vibrational damping of :GvB3.2 meV extracted from the full
width at half maximum (FWHM). This results in an associated
mechanical quality factor QvB70. Considering a typical 1 Debye
dipole moment associated with the (C¼O) bond in a polymeric
phase18 and a vacuum field amplitude

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
‘o=2e0V

p
of ca.

6.3# 103 V m" 1 at the resonant frequency oc, a conservative
estimate of the coupling rate turns out to be of the order of
:OB0.1meV estimated from a diffraction-limited VB(l/n)3 mode
volume (n being the polymer background refractive index). This is
much smaller than both the mechanical damping rate :Gv and the
cavity decay rate :kB17 meV (see below). In such conditions, it is
thus impossible to strongly couple a single molecular vibration to
the cavity vacuum field. However, the extremely high density, r, of
(C¼O) bonds in the polymer can in principle enable the

formation of a collective dipole within the cavity-mode volume,
as discussed above. With one (C¼O) bond per monomer, this
density corresponds to approximately r¼ 1021 cm" 3 (see
Supplementary Note 4). This should indeed make reaching the
strong coupling regime possible.

To demonstrate this, a specific Fabry–Perot cavity was
engineered to have a first mode in the mid IR (MIR) range
resonant with the (C¼O) vibrational transition (Fig. 1a). This
tuning requires a careful choice of substrates and metals forming
the mirrors, but eventually allowed us to demonstrate direct
dipolar coupling between the cavity field and the molecular
motion. The whole experimental set-up, together with the
description of the best material compromise, is shown in Fig. 2.
Fourier transform IR spectroscopy gives direct access to the
spectral density of the transition through a phase-modulated
signal transmitted through the cavityþ polymer ensemble (see
Supplementary Note 1). This interrogation mode allows the
recording of angle-resolved spectral coherent responses of the
coupled system.

As shown in Fig. 3, a Rabi anti-crossing is demonstrated at
normal incidence in the dispersion relation of the cavity. The
associated vacuum Rabi splitting :ORB20.7 meV exceeds all
decoherence rates (evaluated above) and therefore corresponds to
the regime of strong coupling. This leads to the formation of two
new opto-vibrational modes for the system, as illustrated in Fig. 4.
These new modes are the lower and upper polaritonic states and
correspond to molecular vibrations dressed by the cavity vacuum
field. From the widths of the associated spectral peaks, it is possible
to give an estimate of the dephasing times of the dressed states,
which are 0.23 and 0.44 ps for the upper and lower polariton states,
respectively. The generation of new hybrid vibrational states was
further confirmed by the modification of the cavity fundamental
modes as shown in Fig. 4. The obvious splitting in the field’s
distribution due to the strong coupling immediately indicates that
the integrated absorption of the coupled system shows the same
splitting as well, which is the unambiguous signature of the strong
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Could affect chemical reactivity rates and yieldsA. Shalabney et al, Nat. Commun. 6981, 1038 (2014)



Intra-molecular vibrational motions can be described as a
superposition of simple harmonic vibrations, so called
molecular normal modes. For each of these modes, the atoms

vibrate in specific directions that correspond to the observable
vibrational transitions measured in infrared (IR) spectroscopy.
The relatively high frequencies of molecular vibrational transi-
tions on, fixed by the bond strength f (typically of the order of
103 N m! 1) and the tiny atomic masses involved in the
vibrations, immediately lead to two important features.

First, it is possible to perform direct resonant dipolar coupling
by engineering micro-scaled cavities with a fundamental mode oc
tuned to the molecular vibrational transitions. Then, as a
consequence of their high frequencies in the IR regime,
vibrational resonances are characterized by small thermal
occupation factors nn"e! ‘on=kBT"10! 4, even at room tem-
perature. This means that such molecular normal modes are in
their ground state, allowing coherent light–matter coupling in a
straightforward manner.

In the following, we demonstrate the coherent coupling
between molecular vibrational transitions and an optical mode
of a microcavity, leading to the possibility to swap, at room
temperature, excitations coherently between the molecular
oscillators and the optical mode. To do so, we have exploited
two crucial features offered by polymers. First, the possibility to
have an isolated, practically homogeneous, spectral signal
associated to a specific vibrational molecular normal mode.
Second, the capacity offered through the bulky extension of the
polymer film inserted in a Fabry–Perot microcavity to have within
a volume of strong optical confinement (that is, the coherence
volume of the cavity mode) a large number of resonators. The
colocalization of the optical and mechanical modes induces a
collective enhancement of the resonant coupling rate between the
vibrational resonators and the cavity mode, reaching the regime of
strong coherent coupling. In other words, a macroscopic coherent
mechanical mode is now generated by strong coupling.

Results
Hamiltonian description. IR spectra associated with gas-phase
molecules usually display features where rotational transitions are

coupled to vibrational ones. The resulting well-known complexity
of rovibrational molecular spectra leads to spectral components
separated by wavenumbers o10 cm! 1. Still, there are specific
environments where molecules can display much simpler spectra
from which it is possible to select and manipulate chosen vibra-
tional normal modes. Polymeric phases are in this context par-
ticularly interesting to explore, since free rotations of molecular
moieties are frozen-out and the excitation spectrum of the
polymer is determined solely by electronic and vibrational con-
tributions. One should also consider low-frequency vibrations of
the polymer lattice itself. Yet, given the small wavenumbers for
such lattice vibrations (less than ca. 100 cm! 1) compared with
the vibrations of individual bonds (ca. 1,000 cm! 1), the two
classes of motions can be clearly separated1. In this regime
therefore, vibrational spectra of polymers display normal-mode
transitions sufficiently isolated from the background to be tuned
properly to a given cavity resonance, as presented in Fig. 1.

This situation allows us to define the molecular Hamiltonian
from a ‘double-adiabatic approximation’ where a slow compo-
nent (inter-molecular lattice vibrations) is separated from a fast
subsystem describing intra-molecular motions2. In our situation,
the fast component of the whole Hamiltonian is the only relevant
one. We can then perform a second adiabatic (Born–
Oppenheimer) approximation to separate the vibrational and
electronic degrees of freedom. This separation leads to the
definition of the vibrational dipole operator corresponding to the
dependence on nuclear coordinates Q of the expectation value of
the dipole moment p̂h iðQÞ in the electronic state considered.

We emphasize that our coupling scheme only involves the
fundamental electronic state. The low vibrational occupancy
number implies moreover that only the fundamental level of the
vibrational spectrum is populated. At such low excitations, the
molecular vibrations occur within a mean electronic potential
that is well treated in the harmonic approximation. We are thus
finally dealing with a mechanical normal mode in its harmonic
quantum ground state, which constitutes the engaging feature of
molecular vibrations in this context—see Fig. 2b.

We will further assume that the change in the ground-state
dipole moment when interacting with the cavity light mode can
be limited to fundamental transitions, leaving aside higher-order
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Figure 1 | Polymer vibrational spectrum. (a) Transmission spectrum of polyvinyl acetate (PVAc) thin layer deposited on a Ge substrate. The thickness of
the film is about 2 mm and the measurement was performed at normal incidence. The measured transmission is normalized to free-space transmission. The
black line fits the data modelling the polymer dispersion by ideal damped harmonic oscillators (see Supplementary Note 2). The inset shows the absorption
band of PVAc due to the (C¼O)-bond-stretching band around 1,740 cm! 1 with the same fit (black line). (b) Chemical structure of a single PVAc
monomer unit. (c) Three-dimensional structure of one PVAc monomer showing the (C¼O) bond.
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in a molecule in a crystal

cavity coupling to a vibrational mode cavity coupling to a phonon mode

may affect chemical reactivity may affect…

• The ferroelectric soft mode, can we increase Tc? Or 
induce Tc in a paraelectric? 

• Enhance superconductivity in doped SrTiO3? 
• Phonon-electron coupling crucial in e.g. 

superconductors 
• Further coupling mechanisms?

Motivation (for us)
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avoided crossing

νph

1/ cavity size

ν

Rabi splitting (2Ω)

Cavity combined with dipole phonons

Cavity-phonon coupling

νc



Perpendicular electric field

Todorov et al, Optics Express 18, 13886 (2010) 
Y. Laplace et al, Phys. Rev. B 93, 075152 (2016)
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news & views

Can ferroelectricity and 
superconductivity occur 
simultaneously? Can ferroelectricity 

boost the superconducting critical 
temperature? Writing in Nature Physics, 
Carl Rischau and colleagues1 report 
experimental results suggesting that the 
coexistence of a ferroelectric-like state and 
superconductivity may be possible.

Ferroelectricity usually originates 
from a structural instability in a material 
with a high-temperature, inversion-
symmetric, dielectric insulating phase. 
Below a critical temperature — the Curie 
temperature TC — a structural transition 
takes place: the compound’s symmetry 
lowers and is no longer centrosymmetric, 
leading to a macroscopic polarization 
that can be reversed by an electric field. 
Superconductivity is often found in metallic 
systems below a critical temperature Tc at 
which electrons form Cooper pairs and 
condense, leading to a zero-resistance state 
and magnetic flux expulsion (the so-called 
Meissner effect).

The stability of a polar metallic state was 
first proposed in 1965 by Philip Anderson2. 
Experimental evidence of such a state has 
been scarce; recent ‘sightings’ involved doped 
BaTiO3 surfaces3 and (111) LaNiO3 films4. 
Yet the coexistence of superconductivity 
and ferroelectricity would still come as a 
surprise, since the two phases do not seem to 
have much in common.

Enter SrTiO3, a widely studied insulating 
compound experiencing an enduring 
fascination from the condensed-matter 
community. This strong interest stems partly 
from the fact that SrTiO3 is on the verge 
of a ferroelectric instability. The variation 
of its static dielectric constant on lowering 
the temperature is similar to that of a 
ferroelectric material, with a divergence 
taking place at TC, but it does not become 
infinite; it ultimately levels off at very low 
temperature to a value in excess of 25,000 
(the dielectric constant of silicon dioxide 
is about 4).

Quantum fluctuations can account for 
such behaviour: they prevent a macroscopic 
polarization from developing since the 

barrier between the two equivalent free-
energy minima of the ferroelectric double 
well is too small to prevent tunnelling 
between the ‘up’ and ‘down’ polar states 
(Fig. 1). Strain, very small isovalent Ca 
doping, or substitution of 16O with 18O 
atoms are all able to turn SrTiO3 into 
a ferroelectric.

SrTiO3 can also be doped with electrons 
by replacing Sr with La, Ti with Nb, or 
reducing the oxygen content. SrTiO3 then 
becomes conducting and superconducting 
at very low electronic densities (of the order 

of 1017 cm–3). This low-density conduction 
is linked to the large dielectric constant and 
concomitant large Bohr radius that prevents 
electron localization. These two ordered 
states, ferroelectricity and superconductivity, 
are thus not ‘far’ from the pristine SrTiO3 
ground state.

Rischau and colleagues have now studied 
SrTiO3 crystals that are not only oxygen-
deficient — that is, electron-doped and 
hence superconducting — but also weakly 
doped with Ca (enabling a ferroelectric-
like state to develop). Measurements of 
thermal expansion, sound velocity and 
resistivity show that, in some doping range, 
superconducting crystals display signatures 
of a structural phase transition similar to 
the typical ferroelectric transition seen in 
insulating, undoped crystals. Anomalies 
at the phase-transition temperature in the 
resistivity suggest a coupling of the structural 
transition to the electronic system.

The authors mapped out a temperature-
versus-carrier concentration phase 
diagram, featuring a region where the 
superconducting and ‘ferroelectric’ states 
coexist, and established a correspondence 
between the level of doping (oxygen 
vacancies or calcium) and the carrier 
concentration. (Quotation marks for the 
term ferroelectric are in order since the 
polarization cannot be switched in the 
metallic phase.)

Further studies are needed for elucidating 
the role of Ca doping on the structure and 
electronic properties of SrTiO3. One may 
wonder, for instance, whether Ca doping, 
which lowers the local crystal symmetry, 
causes couplings to other modes that may 
mix orbital states. Also, does Ca doping 
change the level of correlations and the 
bandwidth of the system (the latter being 
related to orbital overlap), possibly requiring 
the introduction of an extra scale in the 
phase diagram in addition to that pertaining 
to electron and Ca doping?

An interesting observation is that 
for a range of values of carrier densities 
in the region of overlapping orders, the 
superconducting critical temperature 
Tc is higher for Ca-doped crystals than 
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Ferroelectricity woos pairing
Ferroelectricity and superconductivity do not have much in common. Now, a superconducting and a  
ferroelectric-like state have been found to coexist in a doped perovskite oxide.
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Figure 1 | Energy versus polarization as a function 
of a tuning parameter. When approaching the 
quantum critical point (QCP), for a particular 
value of the tuning parameter, the system is in a 
‘quantum paraelectric state’: the double well is 
not deep enough to allow for a stable polarization 
(ferroelectric state) to develop. Ca-doping, the 
tuning mechanism used by Rischau et al.1, drives 
SrTiO3 from a quantum paraelectric state to a 
ferroelectric state.
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