nature communications

Article

https://doi.org/10.1038/s41467-025-56806-w

Doping dependence of the dipolar
correlation length scale in metallic SrTiO;

Received: 5 April 2024

Accepted: 30 January 2025

Published online: 07 March 2025

M Check for updates

Benoit Fauqué ® ', Shan Jiang', Tom Fennell ®2, Bertrand Roessli?,
Alexandre Ivanov®3, Celine Roux-Byl ® 4, Benoit Baptiste®, Philippe Bourges ®°,
Kamran Behnia®* & Yasuhide Tomioka’

Superconducting domes, ubiquitous across a variety of quantum materials,
are often understood as a window in which pairing is favored, opened by the
fluctuations of competing orders. Yet, the understanding of how such a win-
dow closes is missing. Here, we show that inelastic neutron scattering, by
quantifying a length scale associated with the dipoles correlation, ¢, addres-
ses this issue. We find that, within the experimental precision, the end of the
superconducting dome coincides with the end of a highly polarizable state (in
which ¢, is longer than the interatomic distance). Thus, the superconducting
dome is driven by the competition between the increase in the density of
states and the inevitable collapse of the quantum paraelectric phase. This is
compatible with a crucial role played by the soft ferroelectric mode in driving

superconductivity. Such a scenario may also be at work in other quantum
paraelectric materials, either bulk or at interfaces.

In many superconducting materials such as cuprates', pnictides?,
heavy fermions’, doped band insulators*, and oxide’ or graphene®
heterostructures, the superconducting transition temperature (7,)
displays a dome shape as a function of the doping. Identifying the
mechanisms giving rise to these domes is the subject of intense
debates.

Among superconducting domes, the case of doped SrTiOj; is
unique (see refs. 7,8 for reviews). In bulk crystals, the superconducting
dome starts at a carrier concentration as low as n~5x10"cm™ for
oxygen reduced samples®'®, spans over more than three orders of
magnitude and ends at n~10"cm>, irrespective of the dopant
identity'". This corresponds to a doping level of about 5%, an extre-
mely low doping level compared with the threshold of super-
conductivity in many other materials. Moreover, by contrast with other
families, the parent compound is not magnetic but is an incipient
ferroelectric, the so-called quantum paraelectric phase. This state,
characterized by a large dielectric constant € = 2 x 10*”, is driven by the
softening of the zone centered transverse optical (TO) phonon mode

that hybridizes with the transverse acoustic (TA) phonon mode at low
temperature**™".

Recently, it has been suggested that the coupling of electrons
with ferroelectric fluctuations can lead to superconducting pairing,
in particular down to a very low carrier density. This coupling can
take either the form of quadratic coupling’®* or the form of a
Rashba type electron-TO mode coupling'®??, In these theories, the
attractive pairing mechanism is static with an amplitude set by &,
the Fermi wave-vector and ¢y, the dipolar correlation length. ¢ is
given by the TO dispersion energy (E) satisfying in the parent
compound™*® :

EX(q)=who[1+(3¢°] 4))

where =2 ”’0 with w7 and v the energy and velocity of the TO mode
atthe zone Center. In doped polar materials, £, represents the radius of
local electric dipoles formed around defects™?*. In highly polarizable
crystals, such as quantum paraelectrics, o can extend remarkably,
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Fig. 1| Doping evolution of the soft ferroelectric mode dispersion at T = 1.5 K.
Momentum-and energy-resolved neutron scattering intensity map of along the
(H,H,2) direction in SrTi;-,Nb,O5 with an electron density a n(Nb) =2.4 x10'* cm™,
b n(Nb) =23 x10”cm™, ¢ n(Nb) =1.8 x 10?cm and in Sr,_,La,TiO; with

d n(La) =1.0 x 10*cm at T= 1.5 K. e Dispersion of the soft ferroelectric mode along

[H,H,0] for the five dopings studied as function of H2 f same as (e) along [H,0,0].
For all the doping the dispersion can be fitted through : F(q)=w?,+v%,q?, where
q[1,1,0]=27" +/2H and q[l,0,0]#H where a is the lattice parameter of SrTiOs, that

allows one to determine ¢, = % Black arrows on (a-d) indicate the position of wro.

reaching a few nanometers. Defects cooperate via dipolar interactions
over long distances to generate mesoscopic dipoles. This cooperative
behavior can lead to the percolation of dipoles and induce a ferro-
electric ground state, as observed in Sr;_,Ca, TiO5*.

Here, we present the first systematic study of the dispersion of
the soft ferroelectric phonon mode in electron doped SrTi;-,Nb,O3
and Sr;_,La,TiO3. Using inelastic neutron scattering (INS), a probe that
allows to determine £, we track its decrease with electron doping as a
result of the hardening of the TO-mode, the decrease of the velocity
of the TO mode, and the breakdown of the TO/TA hybridization.
Comparing ¢o and kr leads to a qualitative picture of the super-
conducting dome of SrTiOs;. The increase in carrier density has
opposite consequences for k- and for £y. The former increases, while
the latter decreases. When carrier density attains a threshold value
(~10” cm™@), ¢, saturates to a value comparable to the interatomic
distance and concomitantly, superconductivity disappears. Thus, the
superconducting dome coincides with a crossover regime where the
highly polarizable dielectric state of undoped SrTiOj3 is tuned into a
normal dielectric state through electron doping. Our result provides
direct evidence of the key role of the soft TO mode and its hybridi-
zation with the TA mode in the superconducting dome of quantum
paraelectrics.

Results

Figure 1a-d show the dispersion of the soft ferroelectric mode as mea-
sured by INS along the (H,H,0) direction for carrier densities ranging
from 2.4x10%cm™ to 1.0x10*cm™ at T=15K. The identity of the
dopants (La or Nb) is indicated in parentheses for each carrier density.
Descriptions of the samples, their characterization by electrical transport
measurement and the configuration of spectrometers are given in the

Supplementary Information Note A. Convolution of the phonon spectral
function with the spectrometer resolution function allows accurate fits
and independent determination of wro, V7o and the energy width of the
TO-mode (I'), see Supplementary Information Note B. In the whole
doping range, the energy dispersion of the TO mode satisfies Eq.(1) along
both directions (H,H,2) and (H,2,0), see Fig. 1e, f.

Figure 2a shows the energy scans at Q=(0,0,2) for five of the
samples studied at 7=1.5K. The soft TO mode begins to harden when
the carrier density exceeds 2.3 x 10® cm™, Figure 2b-d show the deduced
doping evolution of wro, U7 and I'. As doping increases, wro increases
from 2.1 meV at n(Nb) = 2.4 x 10 cm™, which is comparable to the value
in pure SrTiO3, to 17.0 meV at n(La) = 1.6 x 10* cm™. This sudden hard-
ening of the TO mode is accompanied by a slight decrease of vro at low
temperature of about 40%, and a slight decrease of its energy width. Like
in pure SrTiO;'", we note no anisotropy in the TO-dispersion across the
doping range studied (v7o(Q//11, 1, 0]) = v7o(Q//I1, O, OD)).

The collapse of the quantum para-electric regime upon doping is
further supported by the temperature dependence of wro and vro
shown on Fig. 3a, b. Up to n(Nb) = 2.3 x 10cm™, the T-dependence of
wro and vy shows almost no difference from the parent compound™
(black open square points in Fig. 3a, b). Above this concentration, the
TO mode becomes almost temperature independent. Similar results
have also been observed in oxygen reduced samples (see Supple-
mentary Information Note B). At the highest doping studied, the
system is no longer in the quantum para-electric phase. vy, by con-
trast, barely changes with temperature, and decreases by 40% with
doping.

Previous studies documented hybridization between the TO and
TA branches in the undoped SrTiO;'*"". This hybridization, a con-
sequence of the anharmonic coupling of phonon modes®, is
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Fig. 2 | Doping evolution of the soft ferroelectric mode properties at T = 1.5 K.
a E-scans at Q= (0, 0, 2) for five electron doped samples. Curves are shifted for
clarity. b wrovs.n in linear-log scale in oxygen reduced STO (green points from
ref. 30), in Nb-doped STO (close circle points are INS data, open squares are from
infrared measurements from ref. 29), in La-doped STO (close red circles). Inset :
w?,vus.n in linear scale. The dot line is a linear fit of slope 2.3 x 10" meV2..cm’.

¢ vrovs.n in linear-log scale in Nb and La doped STO deduced from the fit of the

dispersion shown in Fig. 1, in oxygen reduced samples (green open symbols) at
T=300 K measured along [111] direction from ref. 30. d Energy width (I'7o) of the
TO mode at T=1.5K at H=K=0 (closed symbols). e Intensity of the TO mode nor-
malized with the TA mode intensity at 7=150K. Error bars are deduced from the
convolution with refinement program that finds the best least-squares fit of the
dispersion parameters (see Supplementary Information Note B).

concomitant with the softening of the TO mode. It manifests itself in
two ways. First, there is a dramatic transfer of intensity from the TA
branch towards the TO mode at Q =(0,0,2)"**. Second, the TA mode
itself softens at a finite wave-vector”. The latter feature has been
recently ascribed to a flexo-electric effect”. According to our results,
doping not only hardens the TO mode, but also weakens the TO-TA
hybridization. When doping increases, the absolute intensity of the TO
mode, normalized by the amplitude of the TA mode at high tem-
perature in each sample decreases by about a factor four, see Fig. 2e
and Supplementary Information Note B. Simultaneously, the TA soft-
ening, measured at Q=(0.05,0.05,2), decreases and vanishes at the
highest doping (see Fig. 1c). Thus, the hardening of the TO mode is
accompanied by the weakening of its coupling with the TA mode. As a
result, the spectral weight transfer and the softening of the TA mode
both eventually vanish with doping, thus I' decreases. At the highest
doping, we note an increase of I' possibly related to the damping of
the TO mode by the electrons, which has been proposed to explain the
increase of superconductivity in ferroelectric-type materials®*’. The
breakdown of the quantum para-electric regime is thus concomitant
with the breakdown of the TO-TA hybridization, providing further
evidence that both effects are intimately related.

Discussion

Our measurement allows us to quantify for the first time the doping
evolution of ¢, = o’%’) (see Fig. 4a). Due to the combined change of wro
and vyo, £o decreases by more than one order of magnitude with the
doping, and saturates to the Ti-O distance (¢, where a is the lattice
parameter), above n= 1x10* cm™. The comparison of the doping
evolution of ¢y with T is clue to understand the origin of the super-

conducting dome of SrTiOs. Figure 4c shows the superconducting

domes for SrTii Nb,Os, Sr;,La,Ti0s” and SITi(80}°0; )5 &
Regardless of the nature of the dopants, all the domes end at a carrier
density of n=1x10" cm™. The end of the superconducting domes is
thus concomitant with the saturation of ¢, ~ 4, i.e., the end of the
quantum-para-electric regime. We note that our doping evolution of
wro is in good agreement with early infra-red measurements® in
SrTi,Nb,O3 and INS measurements in oxygen reduced SrTiOs*°. We
used this earlier data and estimated ¢q in SrTiO5-,, as shown in Fig. 4a,
based on the observed temperature independence of v7o in Nb and La-
doped samples.

The key role of ¢, in shaping the superconducting dome of
SrTiO; is further highlighted once it is compared with the density of
the states length scale, k. For Nb and La doped samples the evolution
of the Fermi surface is well captured by the rigid band
approximation®*, It consists of three non-parabolic bands located at
the I'-point, which are successfully filled at two critical dopings:
N =12x10%cm™ and ne,=2.2x10"”cm. Figure 4b shows the dop-
ing evolution of the average Fermi momentum, k., in the three sub-
bands (i=1,2,3) as determined by the frequency of quantum oscilla-
tion studies™ for a magnetic field parallel to the [001] direction. When
the carrier density increases, k- increases, while £, decreases. As a
result, kp¢, displays a dome shape whose peak shifts to a higher
concentration as each sub-band fills, see Fig. 4d. For the last two
bands, the peaks in k¢, occur at approximately 3 x 10" cm™, which is
three times lower than the peak of the superconducting dome in Nb-
doped SrTiOs. Interestingly, for the last band, the peak occurs at
n=5x10" cm?, close to the middle of the superconducting dome of
SrTi;—Nb,O3, see Fig. 4c.

This comparison allows us to draw a qualitative picture of the
doping evolution of T, sketched in Fig. 4c. At low doping, where
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Fig. 3 | Temperature dependence of the soft ferroelectric mode.

a, b Temperature dependence of wro and vy for the five doping studied compare
with the parent compound values from ref. 14 (in black open square points).

¢ Amplitude of the TA softening at Q= (0.05,0.05,2) versus temperature for three
dopings compare with the parent compound behavior (in black open circle points
from ref. 17). As the TO mode becomes harder the TA softening vanishes as a
consequence of the decrease of the coupling between both modes. Error bars are
deduced from the convolution with refinement program that finds the best least-
squares fit of the dispersion parameters (see Supplementary Information Note B).

£o=3nm, T increases due to the increase of k- up to n=2x10" cm™
where ¢, starts to decrease. A close inspection of the behavior of T,

and ¢, in the overdoped regime shows that ¢, drops faster than T, see

Fig. 4f. Above the summit of the superconducting dome, the increase
in the density of states does not enhance the critical temperature.
Superconductivity is weakened as o shrinks. Above
n=0.5x10" cm>, T, inevitably vanishes as ¢, reaches its minimum
value—the Ti-O distance (§)—at which point the normal dielectric state
is fully reached.

So far, the overdoped regime has been understood as the passage
from the clean to the dirty limit*, and the end of the dome as the end
of the anti-adiabatic regime. Indeed, the ratio of ‘- remains
approximately constant at 3-4, placing it in an intermediate regime
between the adiabatic (Er>» w7p) and anti-adiabatic (Er < w7o) limits.
Our result identifies the length scale €,, which drives the decrease of T,
and of the superconducting gap, A, whose ratio has been found con-
stant to the weak-coupling BCS value across the dome'**, This result is
consistent with quantum critical theories applied to ferroelectrics®*
and with theoretical works where electrons are coupled with the soft
TO-mode'®?>*4°, Combined with the known Fermi surface probed by
quantum oscillations studies’*"*>*, our result provides the parameters
to quantitatively test theories of superconductivity in SrTiOs. It also
helps to understand the electron doping evolution of the unusual
thermal conductivity*?, isotropic magneto-resistance** and T>-term
resistivity*** in doped SrTiOs.

In contrast to the overdoped regime, the underdoped regime
shows a dopant dependence, see Fig. 4c. It can arise from variations in
the Fermi surfaces, as evidenced in oxygen-reduced and Nb-doped
SrTiOs;, where different Fermi seas have been found by quantum
oscillation measurements®. It can also be attributed to a dopant-
variation of £,. Under Ca, Ba or O substitution, SrTiO; becomes fer-
roelectric. That ferroelectric state vanishes under electron
doping'*?**¢, Investigating the electron doping dependence of ¢, and
of the TO/TA hybridization for these ferroelectrics or in plastic
deformed SrTiO5* is an appealing perspective to elucidate the differ-
ences in their underdoped regime.

In conclusion, we show that the end of the superconducting
dome of bulk SrTiO; is concomitant with the collapse of the
quantum para-electric regime. This result demonstrates the key
role of the soft TO mode and its hybridization with the TA branch
in the superconductivity of quantum paraelectrics and their
interface.

Methods

Nb-doped samples have been provided by CrysTec GmbH. La-
doped samples have be grown using the floating zone technique™.
Hall carrier densities and electron mobilities were determined
using electrical transport measurements conducted with a stan-
dard four-probe method in a Quantum Design Physical Property
Measurement System, up to 12 T. For further details, see Sup-
plementary Information Note A. Inelastic neutron scattering (INS)
measurements were performed on the thermal neutron triple-axis
spectrometers EIGER*® at the Swiss spallation neutron source
(SINQ), Paul Scherrer Institute (PSI), Villigen, Switzerland, and IN8
at the Institut Laue-Langevin (ILL)*’, Grenoble, France, as well as
on the cold triple-axis spectrometer TASP (SINQ-PSI)*°. The
samples were successively oriented such that momentum trans-
fers Q of the form (H,H,L), (H,K,0) were accessible. Measurements
on EIGER and INS were done with kr=2.662 A" and on TASP with
kr=1.97 A with one PG filter inserted into the scattered beam in
order to eliminate higher order contamination. Except for mea-
surements on IN8, which employed a doubly focused Si(111)
monochromator, PG0O02 monochromators and analyzers were
used. No collimations were applied. For details on the experi-
mental fitting, see Supplementary Information Note B.
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Fig. 4 | €5, T. and kr. a Doping evolution of (’o‘fﬁ for Nb-doped (blue points), La-
doped (red points), reduced SrTiO; (in green points estimated from ref. 30, see the
text) and § (in gray dot line) where a=3.9 A is the lattice parameter of SrTiOs.

b Doping evolution of the Fermi momentum (k) in the three sub-bandsi=1,2 and 3.
¢ Doping evolution of the superconducting critical temperature (7c) according
to'"'2*¢, The gray areas in (a, ¢) mark the end of the superconducting dome

concomitant with the saturation of £, to about 4. d kLtqvs.n for each sub-band.

e Comparison of the carrier dependence of ¢, and T in linear scale. f Sketch of the
electron doping evolution of 2¢, (blue disk) and 2k (black dot arrows). With
electron doping ¢, decreases and saturates to about 4, the Ti-O distance, while k¢
increases. The summit of the superconducting dome occurs when kfééo is the lar-
gest, see the text. Error bars on T, are from!*>4°,

Data availability

Data collected on IN8 at ILL are available at https://doi.org/10.5291/ILL-
DATA.DIR-318. All the other data supporting the findings of this study
are available from the corresponding author B.F. upon request.
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