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ABSTRACT: Light—Matter strong coupling in the vacuum limit has
been shown, over the past decade, to enhance material properties.
Oxide nanoparticles are known to exhibit weak ferromagnetism due
to vacancies in the lattice. Here we report the 700-fold enhancement
of the ferromagnetism of YBa,Cu;O,_, nanoparticles under a
cooperative strong coupling at room temperature. The magnetic
moment reaches 0.90 yp/mol, and with such a high value, it competes
with YBa,Cu;0,_, superconductivity at low temperatures. This
strong ferromagnetism at room temperature suggest that strong
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coupling is a new tool for the development of next-generation

magnetic and spintronic nanodevices.

KEYWORDS: strong coupling, ferromagnetism, superconductivity, vibration

B INTRODUCTION

Over the past decade, strong coupling has proven to be a
promising way to modify and control properties of materials
such as charge and energy transport,’ "> superconductiv-
ity,"*'® work function,'” nonlinear optics.'*"*' and chemical
reactivity.”” In strong coupling, the material is typically placed
in the confined electromagnetic field of a cavity or a surface
plasmon tuned to be in resonance with a material transition.
Under the right conditions, new hybrid light—matter states
appear, called polaritonic states such as P+ and P—, as shown
in Figure 1, modifying the ladder of energy levels of the
material. Furthermore, this occurs even in the dark due to the
interaction between the zero-point energy fluctuations of both
the optical mode and the material.

Strong coupling is facilitated by collective coupling, whereby
a large number N of oscillators such as molecules couple to a
single optical mode.”” This enhances the Rabi splitting 7Qy,
the energy that separates the polaritonic states P+ and P—, as
\/ N. In addition, N — 1 so-called dark states (DS) are formed.
P+, P—, and DS are all collective states, delocalized over the
optical mode volume (Figure 1A).

In the course of studying the effects of a strong coupling of
phonons on superconducting microcrystalline powders, we
found that, while the critical temperature Tc of Rb;Cg, is
increased by 30 to 45 K, that of the YBa,Cu;0,_, oxide
(YBCO) decreased from 92 to 86 K.'* While the Rb,Cq is a
phonon-based superconductor and therefore the change in Tc
could be rationalized, the change in YBCO was not expected,
since the underlying pairing mechanism is not described by
Bardeen-Cooper-Schrieffer (BCS) theory,”* and is believed to
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involve both strong electron correlations and phonon-
mediated interactions between electrons.”>*® In trying to
understand the change in YBCO using a superconducting
quantum interference device (SQUID) magnetometer, we
found that, in paralle] to the superconductivity, another
property was being modified by strong coupling, namely, the
magnetic response.

YBCO bulk material is a well-known spin singlet super-
conductor that exhibits in the normal state antiferromagnetic
short-range correlations. However, for nanoparticle (NP)
samples, unexpected room-temperature ferromagnetism, with
a well-defined hysteresis cycle, has been reported, which is
believed to be related to the presence of oxygen vacancies
created at the surface of NPs.”’~** Such a behavior has given
rise to a huge number of studies of oxides, nitrides, or sulfides,
which are expected to be nonmagnetic but exhibit room-
temperature ferromagnetism when they are dispersed at the
nanoscale. The net moment is usually very low and,
accordingly, can be attributed to magnetic impurities, but
several reliable experimental and density functional theory
(DFT)-based theoretical studies conclude that it is likely
intrinsic and due to oxygen vacancies.””* For instance, a
direct magnetic imaging of the nonmagnetic SrTiO; fully
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Figure 1. (A) Schematic illustration of the strong coupling (cooperative) between the phonon mode of the YBCO and the surface plasmon mode
of the Au film. The hybrid states P+ and P— are separated by the Rabi splitting energy, and the DS are represented by the black dashed lines. (B)
IMustration of the cooperatively strongly coupled YBCO nanoparticles embedded in the polymer matrix. The YBCO-containing PS is spin-coated
onto the Au (10 nm) film sputtered on the Si window. The PS matrix is shown in green, and the embedded YBCO NPs are shown as dark circles.
(C) FTIR transmission spectra of the YBCO particles (black curve), PS (red curve), and PMMA (blue curve). (D) Dispersion curves, measured by
attenuated total reflectance FTIR spectroscopy, showing the cooperative strong coupling of the surface plasmon mode with the PS vibration at 697
cm™’, which overlaps with the YBCO phonon mode. The empty red circles represent the strong coupling for PS alone, and the solid circles show
the PS+YBCO mixture. The PS transmission spectrum is shown by the black dashed curve. (E) Temperature-dependent magnetization of the
YBCO powder (black circles), film of YBCO+PS on Si (black squares), strongly coupled YBCO+PS on Au/Si (red squares), and cooperatively off-
resonant YBCO+PMMA on Au/Si (blue squares) in the ZFC (filled squares and circles) and 100 Oe FC (empty squares and circles) modes in the
temperature range of 4—200 K. The onset of superconducting transition (Tc) was determined from the intersection point of the polynomial fits on
the ZFC and FC curves. The bare film features a Tc of 92 K, while it is shifted to 87 K for the strongly coupled YBCO as shown by the dashed lines
in the respective panels.

supports this assumption.’’ By using ultrahigh-resolution technique works well for molecular solutions and fine powders
photoemission electron microscopy (PEEM), it was shown as in the present study, where the average particle size is ~200
that ferromagnetic nanodomains develop at the oxygen- nm (Figure S1AB). This cooperative regime generates
deficient surface of the sample, even for temperatures well extended states that favors a long-distance interaction within
above 300 K, confirming the existence of an intrinsic and between particles.
ferromagnetism. The samples were prepared using commercial YBCO
Here we report that, under a collective strong coupling, this powder purchased from Can Superconductors. The X-ray
ferromagnetism is enhanced by 2—3 orders of magnitude to diffraction (XRD) pattern (see Figure S2) shows that the
the point that it even can perturb the superconductivity and YBCO has, as expected, the orthorhombic structure (i.e., the
lower the Tc of YBCO. There are several parameters that are 123 phase) and that there is a very small amount of the green
critical to observe such an enhancement in the ferromagnetism. phase Y,BaCuOy. Note that this extra phase does not affect the
They can be rationalized by the collective states that favor spin magnetic properties nor the superconducting transition of
alignment and increase the magnetic domain size. YBa,Cu,0,_, at 92 K. The YBCO was further ground in a
mortar before mixing it with a polymer solution (either
B RESULTS polystyrene (PS) or poly(methyl methacrylate) (PMMA)).
Since YBCO has phonon modes that are weakly absorbing, the The mixed solution was then spin-coated on a sputtered Au
best way to strongly couple this material to the surface film deposited on a high-purity Si substrate (the preparation
plasmon mode of Au films is to use the cooperative coupling conditions are important, see the Supporting Information for
technique illustrated in Figure 1B. In this approach, the more details). The Au film supports the surface plasmons that
material to be coupled is placed in a polymer matrix that has a couple to the material vibrational band (Figure 1B). The
strong vibrational band that overlaps one of the YBCO phonon Fourier transform infrared (FTIR) data for the powder used in
bands. The polymer vibrational band is strongly coupled and this study is shown in Figure 1C together with those of the PS
transfers the coupling property to the material thru a and PMMA. We couple cooperatively the 697 cm™" phonon
cooperative process described in detail elsewhere.”>*® This band of YBCO, using the overlap with the vibrational mode of
B https://doi.org/10.1021/acs.nanolett.1c00973
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Figure 2. M(H) curves of YBCO at 10 and 300 K. (A) YBCO powder; inset in the bottom panel gives an enlargement of the M(H) at 300 K
showing the weakly ferromagnetic character of the powder; (B) thin film of YBCO+PS on Si; (C) strongly coupled thin film of YBCO+PS on Au/
Si; and (D) cooperatively off-resonant thin film of YBCO+PMMA on Au/Si. All the curves, except the powder (A), were corrected for the
diamagnetic signal of the Si substrate.
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Figure 3. (A—C) Comparison of the M(H) curves of the strongly coupled YBCO (YBCO+PS on Au/Si; red filled circles) and YBCO powder

(black empty circles) at temperatures near the superconducting transition of YBCO. (A) 50, (B) 80, and (C) 100 K.

PS (Figure 1C). The corresponding dispersion curve of the
strongly coupled sample with surface plasmon is shown in
Figure 1D. PMMA, which has no bands that overlap with
YBCO phonon mode, was used as a reference. The Tc of
YBCO only shifts to lower temperatures when the sample is
cooperatively coupled using PS, as shown in Figure 1E. In
addition to the Tc shift, notice the positive magnetic moment
in this condition and the difference between the field-cooled
(FC) and zero-field-cooled (ZFC) curves above Tc, due to the
appearance of the enhanced ferromagnetism under a
cooperative strong coupling.

Note that the IR spectrum of YBCO is very dependent on
the origin of the sample and how the sample was prepared. For
instance, the YBCO peak at 697 cm™" that we couple in these
experiments has been attributed to an apical oxygen stretching
mode of the crystal structure,””** but it could also arise from
the small amount of carbon retention during the fabrication of
YBCO, which generates a barium carbonate (BaCO;) type of
environment. The latter results from the incorporation of C in
the YBCO structure and is mainly associated with the surface
as shown in several studies’”*’ and disappears upon a high-
temperature annealing in an inert atmosphere. X-ray photo-
electron spectroscopy (XPS) confirms that the YBCO in this
study contains a small amount of BaCO; (see Figure S4). Since
the Tc of our bare powder is 92 K, it indicates that nevertheless
the carbon content is less than 0.04%, according to the
literature.*!

Figure 2 compares the magnetic response of the YBCO at 10
and 300 K for various conditions: (A) the original powder, (B)
the YBCO dispersed in PS on Si substrate, (C) on Au-coated
Si substrate, and (D) the same as the latter for YBCO

dispersed in PMMA. The M(H) curves at 10 K, for samples A,
B, and D, exhibit the typical butterfly-like behavior of the
superconducting YBCO phase. The minimum of magnet-
ization, at 0.1 T, is the critical field beyond which the field
penetrates the sample. It agrees well with previous findings,
which range between 100 and 200 mT depending on the
material.**** In turn, when using PS as polymer matrix (Figure
2C), a striking change of M(H) occurs, since a ferromagnetic
behavior takes place with a saturation value of ~0.90 uB/mol
and a coercive field of 40 mT at 10 K. At 300 K, the pure
YBCO powder (sample A) exhibits a paramagnetic behavior
with a weak ferromagnetic component detected at low field,
but that is much weaker than for the strongly coupled sample
(YBCO in PS matrix on Au/Si). Note that the uncoupled
samples B and D show at 300 K very similar M(H) variations
to that of powder sample A.

What is most striking in these experiments is that the
magnetic moment is enhanced by a factor of 700 under the
collective strong coupling at room temperature. The observed
magnetic moment of 0.90 yz/mol is very large and cannot be
explained by assuming that it originates only from anion
vacancies at the surface of YBCO NPs, since less than 1% of
the YBCO unit cells are at the surface. As a result, the
contribution of inner NPs oxygen vacancies must be
considered. Furthermore, it is not realistic to explain the
ferromagnetic contribution at room temperature by the
presence of NPs metallic impurities, since their size would
have to be several tens of nanometers to remain magnetic at
such temperatures. Accordingly, they would be detected by
energy-dispersive X-ray analysis (EDAX) (Figure S1C), XRD
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Figure 4. (A) M(H) curves of YBCO at 300 K for varying Au thickness: 20 nm (red squares), 60 nm (green circles), and 100 nm (blue diamonds).
(B) A cartoon of the domain structure of the polymer matrix containing YBCO on Si with the magnetic spins in each domain oriented differently
and the possible alignment of the magnetic spins under strong coupling resulting in the enhanced ferromagnetism.

(Figure S2), and X-ray photoelectron spectroscopy (XPS)
(Figure S4, SS), contrary to our findings.

When the same YBCO is dispersed in PMMA on the Au
surface, no enhancement of the magnetism is detectable, as
expected, since the cooperative coupling is not possible for this
polymer confirming the key role of strong coupling in
generating the ferromagnetic enhancement.

The plots of Figure 3 illustrate the striking change of
magnetic behavior between uncoupled (powder) and strongly
coupled YBCO samples for three different temperatures. While
the powder sample shows a significant change of M(H) above
Tc, the strongly coupled one is dominated by a ferromagnetic-
like behavior whatever the temperature. At 80 K, namely, just
below the Tc, it can be observed that a small ferromagnetic
component already exists in the powder sample, which
competes with a superconducting state, and that this
component is multiplied by at least 2 orders of magnitude in
the strongly coupled system.

Since the strong coupling involves the surface plasmons of
the Au film, we also studied the effect of the Au film thickness
as shown in Figure 4. The hysteretic behavior and, in
particular, the net moment of the magnetization increases
with the Au thickness and saturates above 100 nm. This is
related to the quality of the optical response of the Au film,
which is known to improve in this thickness range.*" It
confirms the role of the strong-coupling-induced hybridization
between the phonons and the surface plasmons in enhancing
the magnetic response.

Bl DISCUSSION AND CONCLUSION

Similarly to dilute ferromagnetic oxides,”**>*® shallow donor

electrons, related to oxygen vacancies, form magnetic polarons
that mediate magnetic ordering. However, both the very high
ordering temperature, above 300 K, and the significant
magnetic moment (0.90 pz/mol) make such a model
unrealistic to explain our results. Note that this also rules out
the effect of impurities made of transition-metal oxide or pure-
metal nanoparticles. As a result, surface states alone can no
longer explain the magnetic behavior and a model based on the
effect of a strong coupling between plasmons, generated in the
bulk YBCO compound, and spin carriers must be considered.

Ferromagnetic domains already exist in pure nanosized
YBCO powder, due to oxygen vacancies, and it has been well-
established that they can coexist with superconductivity when
the magnetic field is less than a threshold value H*, beyond
which Cooper pairs are destroyed.””’® These magnetic
domains would be related to a hopping mechanism of the
unpaired electrons like that reported for dilute magnetic

semiconductors. Such a mechanism is well-known in mixed-
valence systems, where the transfer of an excess electron
between neighboring sites is allowed only for parallel spin
configurations of the valence electrons.””~* Then, ferromag-
netism is promoted. The magnitude of the coupling being
given by the transfer integral (on the order of 10* K), such that
very high ordering temperatures are expected, as observed for
YBCO NP powders (Tcye ~800 K).**

Under a strong coupling, the behavior of YBCO NPs
exhibits a striking variation as evidenced by the magnetic
moment that is boosted by orders of magnitude and remains so
even at room temperature. Then, the competition with the
superconducting states below Tc appears crucial because of the
antagonism between both properties. A description of the
behavior necessitates introducing the coupling between
electronic states and phonon modes of the network. At a
very low temperature, the growth of magnetic domains is most
likely collective and related to the breaking of Cooper pairs for
an increasing external field. The delocalization of the unpaired
electrons then promotes nanodomains to line up in the field
direction, which in turn reinforces existing ferromagnetic
domains. In this process, coherent phonon modes induced by
the strong coupling play a major role. In turn, when the field
decreases below H*, the spins condense into Cooper pairs
progressively so as to form the superconducting nanodomains,
but this recombination is limited by the internal field of the
ferromagnetic domains.

At high temperatures, only ferromagnetic domains remain.
The variation of the net moment at 300 K, from 0.037 to 0.22
uB/mol for Au thickness ranging from 20 to 100 nm, confirms
the key role of plasmon resonance in the growth of magnetic
domains. Furthermore, the value of the magnetic moment
points out that the inner spins participate in the magnetic
ordering and is not limited to the NPs surface.

Finally, the existence of ferromagnetism at room temper-
ature makes such systems suitable for the development of next-
generation spintronic nanodevices. Usually, the limitation in
NP magnetic materials stems from the fact that they are
characterized by a low-temperature blocking temperature.
Strong coupling of NP materials such as YBCO may be a
promising solution to get around this limitation. Our results,
together with the recent theoretical prediction of enhanced
further broadens the appeal of
strong coupling with the vacuum field to engineer material
properties.

. s 50
ferroelectric phase transition,”
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