
 

 
Electrons in solid metals customarily belong to the so-called `hard condensed matter.’ They are 
usually highly mobile, minimize their energy by forming Bloch states, and are uniformly distributed 
in the whole system, as they essentially behave as a free electron gas (although correlations and the 
lattice may `dress’ them, giving rise to fermionic quasiparticles with more or less increased effective 
mass). This standard `textbook’ situation may drastically change when the metallic state is 
characterized by low electron density, `lives’ in a reduced dimensionality, or competes with other 
phases of matter. Over the last two or three decades, hard condensed matter has faced an increasing 
interest in low-dimensional electrons systems and competing electronic phases. On the one hand, 
low-dimensional systems are of interest for nanoscopic devices because they are obviously smaller 
than bulky systems, because layers can be somewhat `adjusted’ with external parameters, like strain, 
and the electron density can be more easily tuned with doping and gate fields. On the other hand, 
specific phenomena occur in low-dimensional systems, where ordered states are more hardly realized, 
opening the way to competitions between different phases (insulating, superconducting, magnetic, 
charge-ordered, …).  
 The key point is that all these effects are often accompanied by some form of softening of the 
electronic matter. In other words, when the electron density is the relevant parameter ruling the 
competition between phases, large fluctuations in the electron density occur leading to a generic 
softness (i.e., large compressibility) of the electronic matter. The consequences may be various, 
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whereas the dxz/dyz bands are anisotropic with a corresponding
average mass mxz=yz ¼

ffiffiffiffiffiffiffiffiffiffiffiffimxmy
p ≃ 3.13m0. At low carrier densities,

we expect several dxy subbands to be populated, whereas at higher
density (VG> 0 V), the Fermi energy should enter into the
dxz/dyz bands. Multiband transport in LaAlO3/SrTiO3 and
LaTiO3/SrTiO3 interfaces has been observed experimentally in
various magneto-transport experiments including quantum
oscillations39,40, magneto-conductance15,41, and Hall effect2,3,42–
44. Yang et al. 39 recently showed that, in addition to a majority of
low-mobility carriers (LMCs), a small amount of high-mobility
carriers (HMCs) is also present, with an effective mass close to
the mxz/yz one. Despite a band mass substantially higher than the
mxy one, these carriers acquire a high mobility since dxz/yz orbitals
extend deeper in SrTiO3 where they recover bulk-like properties,
including reduced scattering, higher dielectric constant and better
screening. In Hall effect measurements, the Hall voltage is linear
in magnetic field B in the low doping regime corresponding to
one-band transport, but this is not the case at high doping
because of the contribution of a new type of carriers (the HMC)3.
We performed a two-band analysis of the Hall effect data com-
bined with gate capacitance measurements to determine the
contribution of the two populations of carriers to the total density
ntot (Fig. 5c)3. The first clear signature of multiband transport is
seen when the Hall carrier density nHall, measured in the limit
B→ 0, drops with VG instead of following the charging curve of
the gate capacitance (ntot in Fig. 5d). Figure 5d, e show that LMC
of density nLM are always present, whereas a few HMC of density
nHM are injected in the 2-DEG for positive VG, which corre-
sponds to the region of the phase diagram where super-
conductivity is observed. In consistency with quantum
oscillations measurements, we identify the LMC and the HMC as
coming from the dxy and dxz/dyz bands, respectively, and we
emphasize that the addition of HMC in the quantum well triggers
superconductivity.

Discussion
To further outline the relation between HMC and super-
conductivity, we extract the superfluid density n2Ds from Jexps
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Fig. 3 Resonance of the sample circuit in the superconducting state. Magnitude of Γ(ω) in dB (color scale) as a function of frequency and temperature for
the selected gate values, VG= −34 V (a), VG= +14 V (b), VG= +24 V (c), and VG= +50 V (d). The corresponding dc resistance as a function of
temperature is shown in gray solid lines (right axis)

∆s
exp

Js
exp

–20 –10 0 10 20 30 40 50
0

5

10

15

20

∆
 (

µ
e
V

) 2D superconductivity

VG (V)

HomogenousJJ array

–30

Tc

JBCS0.1

1

J
 (

K
)

10 20 30 400
VG (V)

50

10

100
L

k
 (

n
H

/ 
  
)

a

b

ODUD

1.76 kBTc

V
G
opt

Fig. 4 Superfluid stiffness and phase diagram. a Experimental superfluid
stiffness Jexps T ’ 0ð Þ (open triangles) as a function of VG compared with Tc
taken at Rdc= 0Ω (red open circles), and with the BCS theoretical stiffness
JBCS expected from Eq. (2) assuming Δ(0)= 1.76kBTc (black open circles).
The gray outline indicate the total error margin in the determination of
Jexps ðT ’ 0Þ. Inset) LkðT ’ 0Þ as a function of VG and error margin (gray
outline). b Superfluid stiffness converted into a gap energy Δexp

s ðT ’ 0Þ as a
function of VG (plain triangles) compared with the expected BCS gap
energy 1.76kBTc (plain circles)
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Fig. 4: Static and dynamic charge order in the phase diagram of the HTS cuprates. (A) 
The T-p phase diagram of cuprates is typically marked by the antiferromagnetic, the 

pseudogap and the superconducting regions (each characterized by the onset temperatures 
TN, T* and Tc). Our results prove that most of these regions are pervaded by charge density 

modulations of some sort. The narrow peak describes the CDWs, manifesting in a region 
(pale blue) below TQC (crosses). These 2D CDWs are quasi-critical, and precursors of the 
static 3D-CDW (blue region). Even though we cannot directly access this dome without a 

magnetic field, the temperatures T3D (squares) we have inferred from the T dependence of 
the NP FWHM, are in agreement with those, previously determined in NMR and RXS 

experiments (13,14). The broad peak describes short range charge density fluctuations 
(CDF), which dominate the phase diagram (red region), coexisting both with the quasi-

critical 2D-CDW and with superconductivity, and persisting even above T*. On the contrary, 
CDF disappear in undoped/antiferromagnetic samples (white region), while their 
occurrence between pa0.05 and pa0.08 has still to be determined. To evaluate the 

characteristic energies ω0 associated to the BP, we have measured high resolution RIXS 
spectra at various temperatures on the samples OP90 and UD60. (B) Quasi-elastic 

component of the spectra (after subtraction of the phonon contribution) at T = 90, 150 and 
250 K, measured on sample OP90 at q// = (0.31, 0). (C)-(D) The experimental differences 
150 K-250 K and 90 K-150 K spectra, presented in panel (B), are shown (stars), together 
with the theoretical calculation (solid areas). The data are in agreement with the theory 

assuming ω0 ≈ 15 meV at both 150 K and 250 K, and ω0 ≈ 7 meV at 90 K. 
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(A) Various electronic phases that are expected to form by hole-doping an insulating La2-xSrxCuO4 cuprate [4]. The doped holes 
form `polymers’ of charge and give rise to various soft-matter-like phases. (B) Gap and critical temperature of a LaAlO3/SrTiO3 
superconducting interface as a function of gate potential (i.e. electron density)[2] (C) Phase diagram of NdBa2Cu3O6+x 
superconducting cuprates, where dynamical charge density fluctuations (CDF) have been recently discovered [7] 

 

 



ranging from high-temperature superconductivity, to glassy or nanoscopically inhomogeneous 
coexisting states. These issues, that are of obvious fundamental and applicative interest, have been 
theoretically addressed along the years by some people in Rome in collaboration with important 
italian and foreign experimental groups. The results of this work have been published in important 
scientific journals (among which Nature Materials and Science, see reference list), and show that 
electronic softness is at work, e.g., in some oxide interfaces (like LaAlO3/SrTiO3), where a low-
density two-dimensional electron gas is sandwiched between insulating oxide layers. This two-
dimensional gas may be driven superconducting, but clearly displays an inhomogeneous character, 
which is due to an intrinsic softness of the electron gas [1,2].  The inhomogeneous character is very 
sensitive to the filling of various electron sub-bands that are formed at the interface [1], so that there 
are interfaces for which the filling of a new sub-band results in a multi-condensate superconducting 
state that arguably appears less inhomogeneous [3]. 
In a previous episode of `the electron softness saga’ a competition with magnetic states was instead 
at the origin of an electronic softness inducing an electronic nematic state in two classes (cuprates [4] 
and iron arsenide [5]) of high-temperature superconductors. Despite the quantum nature of electrons 
in metals, these nematic states shared several similarities with the nematic states occurring, e.g., in 
liquid crystals and in other classical soft-matter system. More recently it has been assessed that 
electron softness is widely  at work in high-temperature superconducting cuprates, in the form of 
fluctuating electronic charge density waves. In this metallic state, the electron gas constantly feels 
`frissons’ of density fluctuations, that greatly alter the metallic properties,  giving rise to the highly 
anomalous behavior observed in these systems. What has recently and remarkably been found [6,7] 
is that these `shivers’ of the electron gas are not a minor accessory phenomenon,  rather they 
uniformly pervade the phase diagram of cuprates. This form of electron softness is therefore a 
constitutive characteristic of these systems. 
In conclusion, the quite common occurrence, although in various forms, of electron softness in 
different systems and materials strongly suggests that it might be a rather universal feature of low-
density and/or low-dimensional electronic states.  
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