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ABSTRACT

Strong light-matter interactions have generated considerable interest as a means to manipulate material properties. Here, we explore this
possibility with the molecular superconductor Rb3Cep under vibrational strong coupling (VSC) to surface plasmon polaritons. By placing the
superconductor-surface plasmon system in a SQUID magnetometer, we find that the superconducting transition temperature (T) increases
from 30 to 45 K at normal pressures under VSC, displaying a well-defined Meissner effect. A simple theoretical framework is provided to
understand these results based on an enhancement of the electron-phonon coupling. This proof-of-principle study opens a new tool box to
not only modify superconducting materials but also to understand the mechanistic details of different superconductors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.106

3/5.0231202

I. INTRODUCTION

Over the past 15 years, light-matter strong coupling has
emerged as a powerful means to manipulate material properties.’
Light-matter strong coupling is typically achieved by placing a
material in a resonant Fabry-Perot cavity or in the confined electro-
magnetic field of a surface plasmon polariton (SPP) mode. Strong
coupling leads to the formation of hybrid light-matter polaritonic
states separated by a Rabi splitting. Even in the dark, this Rabi split-
ting has a finite value due to the vacuum electromagnetic field and
can be collectively enhanced with the number of coupled oscillators
in the material. It is possible to couple both the electronic and vibra-
tional transitions of a material. Electronic strong coupling (ESC) has
been shown to modify chemical reactivity and material properties

and leads to an enhancement of charge and energy transport.”'**’

The strong coupling of molecular vibrations (VSC) can also induce
remarkable changes in chemical reactivity landscapes,” ”"***’ and
transport properties such as conductivity and ferromagnetism.' "'
In a separate study, we have shown that the weak ferromagnetism
of YBa,Cu30Og. s nanoparticles due to unpaired lattice vacancies can
be enhanced by a factor 700 under VSC, depressing the natural
T. of the material due to the high magnetic field.'® Theoreti-
cal studies predict that strong coupling could possibly change the
T. of superconductors.*”> ™" We have extensively studied the
superconductor Rb3Cg under VSC. Despite experimental difficul-
ties, as explained further in the following, the statistics indicate
that 70% of the samples show an increase in T, centered at 45 K
compared to a transition at 30 K under normal conditions.
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FIG. 1. Sketch of the experimental sample where superconductor grains (average
size ~200 nm) are embedded in a polymer film (thickness ~4.5 ym) and deposited
on a metal layer (Au, thickness 20 nm). The metal-dielectric interface generates
surface plasmon polaritons (SPPs) with electric field represented by the thin red
lines.

Rb3Cg is a strongly correlated material where superconduc-
tivity is understood to be phonon-mediated.””® The challenge in
coupling phonons in these compounds to the vacuum field stems
from their weak transition dipole moments, which prevent reaching
the strong coupling regime. As we have shown elsewhere,' ' it is
nevertheless possible to reach this regime by exploiting a vibrational
environment consisting of auxiliary oscillators that are strongly cou-
pled to cavity photons, and resonant with the target oscillators. As
illustrated in Fig. 1, for this purpose, the Rb3Csy superconductor
powder is blended with a polymer, polystyrene (PS), which has a
vibrational transition that is resonant with the phonon mode of
the superconductor. The polymer is strongly coupled to the sur-
face plasmons and in turn induces what is known as cooperative
strong coupling in the superconductor. In other words, the vacuum
field dresses the weak phonon modes of Rb3Csp through cooperative
strong coupling'®'**" of the PS vibrational mode.

Il. EXPERIMENTAL METHODS

All the glassware (NMR tubes, vials, pipettes, and
micropipettes) used for the preparation of the Rb3Cey powder
were carefully cleaned and baked at 450°, before being introduced in
the glovebox. We then waited 24 h before preparing the supercon-
ducting powder. Cqp was weighed and introduced in an NMR tube
and then Rb was taken with a micropipette from an ampule and
added to the Cgp powder inside the glovebox. Knowing the diameter
of the micropipette and measuring the length filled with Rb, one is
able to estimate the Rb weight and thus the ratio Rb/Ce in molar
units, which was kept between 3 and 5. We found that a too large
excess of Rb (ratio >5) was detrimental to obtain superconducting
material. After that, the tube was closed with a stopcock, taken out
of the glovebox and plugged onto a Schlenk line, pumped before
being sealed by melting the tube with a small gas torch. The last
step was to place this tube containing the Cs and Rb mixture in
an oven at 390° for 72 h. The obtained Rb3Cso (black powder) was
then characterized by SQUID magnetometry to check its properties
(T. and moment). When the measured ZFC moment was lower
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than 0.003, meaning a very low superconducting fraction, the
powder was not used to prepare films for strong coupling.

We produced 55 batches of Rb3Cep powder. The supercon-
ducting fraction varied from sample to sample and estimated to
be between ~0.5%-8%. The superconducting fraction is of course
hard to estimate due to different parameters (in particular, because
of the powder nature of our samples) and might have been under-
estimated.”” What we have noticed is that the measured magnetic
moment from which this fraction was estimated was varying by upto
2 orders of magnitude over all our trials. T itself was not always
exactly the same being 30 + 2 K. Furthermore, the SQUID mag-
netometry measurements were performed in different places with
four different machines [Quantum Design facility (Darmstadt), ISIS
and IPCMS (Strasbourg), and KIT (Karlsruhe)] for both the initial
Rb3Cso powder and the final films, prepared as explained next.

After the Rb3Csp synthesis, the NMR tubes containing the
superconducting material were placed in the glovebox, opened and
the Rb3Cgp powder was ground in a (clean and baked) mortar. After
grinding, half of the powder was always kept in a separate tube to
check its T, to control that it had not changed, whereas the sec-
ond half was mixed in a PS toluene solution to be spin coated on Si
substrates or Au coated Si substrates. Before that, the Si substrates
were cleaned in successive baths of acetone and isopropanol in a
sonicator (ultrasound cleaner) and then rinsed with ultrapure water
before being introduced in the glovebox 24 h before use. In addition,
toluene was distilled and purged for one hour with Ar and sealed
with a septum before its introduction into the glovebox together
with the polystyrene. The PS concentration in toluene was 14% in
weight and the Rb3Cgo concentration 6% in weight of the polymer
solution. With this concentration, we obtained ~4.5 ym thick films
on Si or Au coated Si substrates when spin-coated at 1000 rpm.
A higher concentration of Rb3Csp increases the scattering and was
detrimental for strong coupling. Then, those substrates were cut in
small rectangular pieces of ~3 x 5 mm? and 3 of those were then
placed at the bottom of an NMR tube. To take out the samples from
the glovebox, we used the same procedure as described above, with
a stopcock to close the NMR tube containing the samples. The tube
was immediately sealed on the Schlenk line to minimize any possible
O, contamination. The weight of superconducting powder into the
samples was estimated by weighing substrates before and after spin-
coating of the powder in polymer solution, taking into account the
further cutting of the substrate in small pieces. We obtained a rough
estimation of 0.07 mg of powder per tube. Given this tiny amount
and the varying superconducting fraction from one powder batch
to another, one can easily understand that the results can only be
statistical.

lll. EXPERIMENTAL RESULTS

The influence of strong coupling on the superconducting tran-
sition of Rb3Cgp was investigated using this approach. We chose
SPPs as optical modes since the use of a resonant Fabry-Perot cavity
would have been complicated by the change of the cavity path length
at low temperature during SQUID magnetometry measurements.
Since the cavity resonances are highly sensitive to the path length,
the changes to the latter can tune/detune the cavity mode from the
PS/Rb3Cgp resonance. Fullerene superconductors are extremely air
and humidity sensitive due to the triple radical nature of the reduced

J. Chem. Phys. 162, 134701 (2025); doi: 10.1063/5.0231202
Published under an exclusive license by AIP Publishing

162, 134701-2

8€:2¥:80 G202 IudY 20


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

a
05 Rb3CGO b
0.4 < 1550[*
€
5 /
g ~ 1500
S 08 S
pe PsS = 1450
€ 04 S
[} —
S 0.0 ¢ 1400 de S o PS only
S o x
= —_— S sl o PS+RbC, |
o {
0.8 .
21 24 27 30 33 36 39
0
0.4 Angle (°)

0.0
1200 1400 1600
Wavenumber (cm™)

FIG. 2. (a) FTIR spectrum of Rb3Cgy powder (top), PS (middle), and PMMA (bot-
tom). The overlapping of the Ag pinch mode at 1454 cm~" with the PS vibrational
mode is highlighted in cyan. (b) Polariton dispersion curves showing strong cou-
pling of the PS (empty circles) and Rb3Cgy + PS (solid circles) films on Au. The
Rabi splitting between the first two polariton branches is 32 cm™=".

Ceo, s0 special precautions had to be taken in the preparation of the
samples (see Sec. IT).

The IR spectrum of Rb3Ce is shown in Fig. 2(a) with a weak
but distinct peak at 1454 cm™". This is one of the Raman-active on-
ball modes of Cso (Ag pinch mode) that is also IR active due to a
symmetry breaking stemming from the coupling to electronic tran-
sitions in the presence of disorder.””” This mode is thought to play
an important role in the Cooper pairing mechanism due to a large
electron-phonon coupling.’® To achieve cooperative coupling with
this mode, we chose to disperse the superconductor in PS, which fea-
tures a matching vibrational band. Since it is not possible to prepare
an off-resonance condition with PS, we also used another polymer
polymethylmethacrylate (PMMA) as a control, where the PMMA
vibrational mode is too broad to reach the strong coupling condition
at 1450 cm ™! region, as discussed next.

Since the use of a resonant Fabry-Perot cavity is made diffi-
cult by the change of the cavity path length at low temperature,
we chose to spin-coat the Rb3Csp + polymer mixture onto an
Au layer to couple to SPPs. The plasmonic substrate used in our
experiments, shown schematically in Fig. 1, will be inefficient in sup-
porting any Tamm plasmon modes as there is only a single Au-Si
interface and no Au-DBR (distributed Bragg reflector).*’ The polari-
ton dispersion curves of the samples were measured by attenuated
total reflection (ATR) using an FTIR (Fourier transform infrared)
spectrophotometer, and these are shown in Fig. 2(b). Strong cou-
pling of the PS mode at 1454 cm™ yields a Rabi splitting of 32 cm ™,
larger than the FWHM of this mode (10 cm™). The dispersion of
the PS film on Au displays anti-crossings when the two vibrational
modes of PS are in resonance with SPPs. Rb3Csy phonons do not
contribute directly to strong coupling since the dispersion curves of
Rb3Csp + PS on Au are practically identical to that of PS on Au.

For superconductivity measurements, the Rb3Csy samples
spin-casted on Au-coated Si were then cut into small strips
(~3 x 5 mm?) placed in sealed Pyrex (or quartz) tubes, introduced
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FIG. 3. (a) Magnetization curves in the ZFC and 100 Oe FC modes of the bare
film of Rb3Cqy + PS on Si (top), strongly coupled Rb3Cgy + PS on Au (mid-
dle), and cooperatively off-resonant Rb;Cgp + PMMA on Au (bottom). For both the
bare film and cooperatively off-resonant Rb3Cg film, the T is at 30 K, while it is
increased to 45 K for the strongly coupled Rb;3Cg film, as indicated by the dashed
lines. The magnetization offsets are attributed to the substrates and the Pyrex tube
(see the supplementary material). (b) Details of magnetization of a strongly cou-
pled RbsCg film (Rb3Cgp + PS on Au). (c) The statistics of the observed T, for
the various Rb3Cqy + PS on Au samples studied showing a maximum at 45 K
(red bar).

into the SQUID magnetometer (either a MPMS or a MPMS3,
“Quantum Design Europe”). SQUID magnetometry is a well-
established technique to characterize the Meissner effect, which
is one of the two hallmarks of superconductivity together with a
zero electrical resistance. The Meissner effect is demonstrated by
measuring both the field-cooled (FC) and zero-field-cooled (ZFC)
magnetization curves. Here, the latter are typically recorded between
room temperature and 4 K at 100 Oe and are shown in Fig. 3.
The Meissner effect is clearly visible in Figs. 3(a) and 3(b), the
PS + Rb3Cgp film on Au shows a T of 45 K (50% increase over the
normal T. of 30 K), which is even larger than the T, of fullerides
(38 K) measured for Cs3Ceo under high pressure.*’ Our optimized
protocol yielded a T. of 45 K for most of the PS + Rb3Cgp sam-
ples under VSC with some outliers, as shown in Fig. 3(c). Out of
the 33 samples tested, some remained at 30 K, which, by inspection,
we attribute to delamination of the polymer film from the Au sub-
strate during cooling. When the polymer layer is detached from the
Au surface, strong coupling no longer occurs, and as a result, the T
remains at 30 K.

The optimal loading of Rb3Csp in the polymer was found to be
around 6 wt. %. Since Rb3Cgp is not soluble in toluene, we observed
that a higher loading of the superconductor leads to increased scat-
tering and reduces the strong coupling effect, as mentioned earlier.
We emphasize that the existence of a single drop in the magne-
tization curves of Fig. 3 indicates that the entire superconducting
volume fraction in the sample features a modified T. in the pres-
ence of cooperative strong coupling. In a few samples (Fig. S7),
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we observed a drop at 30 K, indicating a fraction of uncoupled
Rb3Cso, which could be due to the onset of delamination, ori-
entation effects, or variation of electric field intensity across the
sample. When PMMA is the host polymer on Au [Fig. 3(a) bottom
panel and Fig. S9] and in the absence of the Au film, Fig. 3(a) and
Fig. S8, no change in T is observed. The control samples of PMMA
+ Rb3Csp have no effect on T, because the oscillator strength of
PMMA vibrational bands overlapping with the superconductor is
too small to lead to strong coupling (see Figs. S9 and S10). We char-
acterized the T. of only two PMMA + Rb3Csp samples, as there
is no cooperative VSC between PMMA and Rb3Ce. The increase
in T, of PS + Rb3C¢y contrasts the reduction to T. observed for
PS + YBa,;Cu3Og¢,s nanoparticles due to 700-fold enhancement in
the ferromagnetism under VSC.'® Again, there is no change of either
T, or ferromagnetism in PMMA + YBa,CuzOg, s nanoparticles, as
there is no VSC.'® The latter also acts as a control experiment for
the PS + Rb3;Csp and shows that the PS or PMMA as a polymer
matrix alone in the absence of VSC has no role in the enhanced
T. of Rb3Cso. Hence, the change in T. is not some spurious effect
due to the protocol and cannot be due to the presence of oxygen
since it would be everywhere and would not lead to a Meissner effect,
which is an absolute proof of a superconducting transition. In view
of the very small quantities of Rb3Cgo, the magnetization moments
are only 107 emu, which explains the noisiness of the data, as shown
in the supplementary material Fig. S7, and the need to make a sta-
tistical ensemble of samples as we did. Another challenge that we
found was preparing a superconductive Rb3Cgo with a large super-
conductive fraction, a well-known problem due among other things
to the different crystalline phases and the different stoichiometries

37,39

that co-exist in such molecular samples.””

IV. THEORETICAL RESULTS

We now introduce a theoretical model providing a qualita-
tive explanation for the observed enhancement of T, in Rb3Ce due
to cooperative strong coupling between SC phonons and SPPs. In
conventional SCs, such as Rb3Ceo,"” T. increases with the strength
of the electron-phonon interaction, which governs the scatter-
ing of electrons across the Fermi surface giving rise to Cooper
pairing.*” These processes are usually quantified by the dimension-
less parameter 1."*

For a spherical Fermi surface and an optical phonon mode

with frequency wy, the parameter A o< fOZkF dqqVy/wg, where g is the
phonon wave vector, kr is the Fermi wave vector, and V, is the
electron-phonon coupling matrix element. For large light-matter
couplings, one could in principle exploit the formation of low fre-
quency polaritonic states to effectively reduce w,, which would
lead to an enhancement of A. However, sizable shifts of w, are
usually hampered by the small coupling strength of SC phonons
to the vacuum electromagnetic field.'*" Furthermore, while the
largest shifts occur close to the resonance at optical wave-vectors
q ~ wgfc < kp (c is the speed of light), V, is in general a slowly
varying function of ¢,"* which implies that large enhancements of A
can be mainly engineered by a reduction of w, at large wave-vectors
q-~ kF.

Here, we propose a mechanism to induce large phonon
shifts at wave vectors q ~ kr relevant for superconductivity via the
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auxiliary polymer. When the polymer and the SC phonons are quasi-
resonant, we find that a strong coupling of the polymer to the far
off-resonant electromagnetic field for which g ~ kr > wy/c leads to
a low-frequency polariton containing a finite SC phonon weight due
to direct dipole-dipole interactions of the latter with the polymer.
This results in an enhancement of A that increases with the polymer
coupling strength to SPPs.

The film is described as an effective homogeneous dielectric
medium with background dielectric constant of the polymer ¢,
and two optical phonons with bare frequencies ws. and wps, asso-
ciated to an on-ball mode of Cg and the quasi-resonant mode
of PS, respectively. Dipole-dipole self-interactions for each type
of phonons provide a depolarization shift of the bare frequencies:
@sc = \/ W% + v f and @ps = wﬁs + vf,s(l — f), where f is the SC
volume fraction in the film (loading) and ves are associated to
the phonon oscillator strengths. These shifted frequencies corre-
spond to the minima of a transmission spectrum measured at
normal incidence (top of the polariton gaps®’). The two types of
phonons further interact with each other via direct dipole-dipole
coupling with strength A*7P° oc vevpy/f (1 = f). Photons are cou-

pled to SC and PS phonons with strengths qucu_p o vx\/? and

Q‘ZT‘_P " oc vps\/1 - f, respectively, and to plasmons in the metal

(plasma frequency w,) with strength Q‘ZTP "o NG [Fig. 4(a)].
All the modes coupled to light are quasi-2d “bright” modes with
a given in-plane wave vector q; (parallel to the metal-dielectric
interface), superpositions of the 3d modes with different wave vec-
tors in the out-of-plane direction. The resulting Hamiltonian com-
prises four coupled harmonic oscillators (see the supplementary
material), whose eigenvalues provide the polariton spectrum shown
in Fig. 4(b). At large wave vectors g ~ 2kr, the spectrum consists

of a light mode (P4) with w ~ cq\/(1 + £) /e, a SPP mode (P3) with

@ ~ wy/V/1+ ¢ and two “dressed” phonons (P1, P2) at much lower
frequencies.

We find that the electron-phonon coupling parameter A is
enhanced by the formation of the lowest polariton P1. Motivated by
the dispersion curves (see the supplementary material), we assume
Vps > Vsc. For small f, the collective dipole moment of PS phonons

vps\/1 — f thus largely exceeds that of the SC phonons vsc\/? , and
the light-matter coupling is dominated by the polymer. In this case,
the frequency of P1 at large g ~ 2kr is close to the bottom of
the PS polariton gap, wps, just as in polar crystals where the lower
phonon polariton approaches the transverse optical phonon fre-
quency at large wave vectors. Furthermore, when the two shifted
phonons are in resonance (@ = @ps), the PS phonon frequency wps
lies below wy, i.e., § = wps — wse < 0 [see Fig. 4(c)], and one obtains
an effective redshift of SC phonons at large wave vectors if P1 con-
tains a significant SC phonon weight. The latter is achieved via the
hybridization of SC and PS phonons due to direct dipole-dipole
interactions, which is maximum (50%-50%) when @s = @ps. We
expect that this latter resonance condition is relaxed in the experi-
ments due to the finite phonon linewidth that is not included in the
model. Figure 3(d) shows the relative change AA/Ag = (A — Ao)/Ao
as a function of detuning J, f, and vy, with Ay being the bare
electron-phonon coupling parameter (vs = vps = 0). We find that
the enhancement of the coupling parameter A for § <0 strongly
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FIG. 4. Theoretical model. (a) Sketch of the four relevant bosonic modes of the model and their coupling strengths: SC (red) and PS (green) phonons are coupled among
each other and to photons (PT), which are hybridized with plasmons (PL) to SPPs (dashed circle). (b) Polariton energy dispersion (f = 0.02, vps = 0.2wsc, and § ~ —0.02wsc)
with mode admixtures (line colors correspond to a). The brownish color of P1 indicates a mixture of SC and PS with a SC phonon weight 49.6% for q = 2kg. The photon

dispersion w ~ g ¢/ /< is depicted by the black dashed line. (c) Sketch of the energy levels for gy~ ke, including energy shifts of phonons due to dipolar self-interactions
(wse/ps — @sc/ps)- Enhancement of A can be achieved for a P1 with frequency smaller than ws (8 = wps — wse < 0) and substantial SC weight ensured by @sc = @ps.
This can occur when the collective dipole moment of PS phonons vps\/1 — f exceeds that of SC phonons vseV/F. (d) AL/Aq (%) Vs 6, vps, and f, for f = 0.02 (top) and

vps = 0.2ws (bottom). The dashed lines correspond to @sc = @ps.

increases with vy, and features a maximum at small SC concentra-
tion f ~ 0.01 in qualitative agreement with the experiments. While
our model is too simple to be used to directly predict T, which also
depends on, e.g., the averaged SC phonon frequencies, 245t shows
that A can be significantly modified by interactions with a strongly
coupled polymer.

V. CONCLUSION

While more experiments are clearly needed, the results show
unambiguously than one can modify the T of the molecular Rb3Cgo
superconductor by strongly coupling one of its phonon modes.
An alternative to SPPs coupling could be to use the cavities with
fixed spacing and materials with much smaller thermal expansion
coefficients. One could also imagine to find a more stable type
I superconductor to facilitate such investigations, that were made
difficult here by experimental constraints due to the oxidation sen-
sitivity of the compound. Coupling superconductors in the THz
frequency range may also facilitate the expansion of the potential
range of materials. Finally, VSC has already proven to be a powerful
tool to modify matter properties, particularly in chemistry, and our
results show that it might also be an elegant way to increase T of
superconductors, without the need for ultrahigh pressures or short
pulse lasers."**

SUPPLEMENTARY MATERIAL

The supplementary material provides additional temperature-
dependent magnetization curves of 24 different samples, FTIR spec-
tra, dispersion curves, and SEM images. In addition, the extended
theoretical analysis is presented.
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