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Organic materials have attracted considerable attention in nonlinear optical (NLO) applications as they have
several advantages over inorganic materials, including high NLO response, and fast response time as well as
low-cost and easy fabrication. Lithium-containing Ceo (Li@Cgg) is promising for NLO over other organic
materials because of its strong NLO response proven by theoretical and experimental studies. However,

the low purity of Li@Cgg has been a bottleneck for applications in the fields of solar cells, electronics and
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Introduction

Nonlinear optics (NLO) provides a variety of applications such
as optical signal processing, ultrafast switches, sensors and
creation of correlated photon pairs.’” In order to observe NLO
effects, strong electric fields, typically from ultrashort pulsed
lasers, are required. Aside from this condition, the choice of
material also plays a deciding role as the optical nonlinearities
of the material determine the size of the NLO response. Current
materials used in NLO are often inorganic like beta-barium-
borate (BBO) or gallium arsenide (GaAs).*” These materials
have some advantages, such as environmental stability,
mechanical strength and a high stability over a large tempera-
ture range.®” On the other hand, organic materials are typically
superior in terms of having large nonlinear properties, high
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optical damage thresholds, fast response times and flexibility in
terms of engineering their structures.®” Cqo has been suggested
as a promising material for applications in high harmonic
generation and ultra-fast optics.*® Fullerenes allow a variety of
modifications to alter or enhance their properties. These
modifications can be generally divided into two categories:
endohedral and exohedral.*®** Endohedral modification of Cg,
involves the incorporation of atoms/ions or small molecules
into Cgo. Among those, lithium containing Ce, (Li@Cso) is an
interesting candidate for NLO applications. Campbell et al. have
studied its NLO properties by using mixed Cgo/Li@Cs films.">*?
They have been able to show an increased NLO response of
Li@Cgo compared to ordinary Ce, and found a response
comparable to other favorable organic molecules.”** One
problem that remained was the low purity of the samples as
Li@Cs was mixed with ordinary Cs,. However, in 2010 Aoyagi
et al. have succeeded in obtaining highly purified Li@Cego
reaching purities as high as 99%." Increased NLO properties
have been theoretically predicted for Li'@Ceo(PFs ) salt.’
However, the NLO properties using these high purity samples
have not been experimentally examined yet.

In this study, we demonstrate a simple method of obtaining
Li@Cso thin films and characterize them by using Raman
spectroscopy and atomic force microscopy (AFM). We further
examine the NLO properties of the Li@Cs, thin film excited by
two distinct femtosecond (fs) pulsed laser beams on an optical
microscope with epi-detection configuration. It is found that
the Li@Ceo thin films exhibit strong degenerate-six-wave mixing
(DSWM), a fifth-order nonlinear optical effect with high repro-
ducibility thanks to the high purity, marking it as a strong
candidate for high-harmonic generation (HHG).
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Experimental
Sample preparation

Li'@Cgo(PFs ) powder purified through recrystallization was
purchased from Idea International Co. Ltd. Thin films of
Li@Cgo have been produced by simple dropcasting from
a saturated o-dichlorobenzene (DCB) solution of Li*@Ceo(PFs )
in the presence of a trace amount of sodium chloride (NaCl) or
sodium iodide (NalI) on a cleaned glass coverslip. C¢o—-Ad films
have been prepared by dropcasting from toluene solution of
Ceo—Ad* in toluene (0.5 mg mL ™). C, films have been prepared
following a reprecipitation method outlined by Masuhara
et al.'” Shortly, Ce is dissolved in m-xylene (good solvent) and
subsequently injected into ethanol (poor solvent).

Methods

Nonlinear optical (NLO) measurements and Raman spectros-
copy were performed using an inverted optical microscope (Ti-
U, Nikon) equipped with an OmegaScope 1000 for Atomic Force
Microscopy (AFM) measurements. Observation of films by
scanning electron microscope (SEM) was performed by Hitachi
SU8230. Energy-dispersive X-ray spectroscopy (EDX) under SEM
observation was performed by Bruker Quantax EDS. For NLO,
the sample was illuminated by fs pulses at 820 nm (Mai Tai HP,
Spectra-Physics, 120 fs, 80 MHz) and 1164 nm (Inspire HF 100,
Spectra-Physics, 200 fs, 80 MHz, pumped by Mai Tai HP)
focused by an objective lens (60x, Plan Apo, air, NA 0.95, Nikon).
Temporal overlap of the two wavelengths has been achieved
using a delay line that allows precise adjustment of the 820 nm
beam path length. The laser pulses were directed to sample with
a shortpass dichroic mirror (T750spxrxt, Chroma Technology
Corporation). In order to block excitation light, a 750 short-pass
(ET750sp, Chroma) was used. The fitting of NLO intensity
depending on power has been done using “curve_fit” included
in Python's scipy library. For Raman spectroscopy, a 633 nm
laser (Research Electro-Optics, Inc.) was focused on samples
with a 60x Plan Fluor objective (NA 0.85, Nikon). The laser was
reflected by using a longpass dichroic mirror (ZT633rdc,
Chroma Technology Corporation). To block excitation laser
light, a 645 long-pass (HQ645LP, Chroma Technology Corpo-
ration) was used. The backscattered NLO and Raman signals
were collected by the respective objectives used for excitation
and spectra were recorded using a spectrograph (iHR320,
HORIBA) equipped with a charge-coupled device (CCD) camera
(Newton DU920P, Andor Technology Ltd). NLO/Raman signal
from out of focus was removed by a pinhole (diameter 100 pm).
AFM data was analyzed using Gwyddion.*®

Results and discussion
Li@Cgo thin film characterization

Li@Cgo films have been made using a simple dropcasting
method. 30 pL of a saturated solution of dichlorobenzene (DCB)
containing Li*'@Cgo(PFs~) (purity 91%) and NaCl or Nal were
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dropped on a cleaned glass coverslip. Previous studies of
Li@Cs thin films have primarily used sublimation under ultra-
high vacuum (UHV) to obtain thin films.'** In contrast to this
conventional method, the approach presented here offers an
easy and quick alternative that does not require UHV. After
evaporation of the solvent, long-stretched films can be clearly
observed on the surface in an optical transmission microscope
image (Fig. 1a). To further investigate these films, Raman
spectroscopy and AFM measurements have been carried out.
The characteristic Raman spectrum of Cg, can be clearly
observed (Fig. 1b). An interesting feature is found when taking
a closer look at the A4(2) mode of Cg, that is typically positioned
at 1470 cm ™ * for ordinary Ceo.2* In the case of Li@Ce, films, the
Ag(2) mode peak is shifted to 1466 cm™'. This is in good
agreement with Li'@Cg[PFs | powder and means a shift
compared to Cgy powder by 3 cm™ " (see Fig. S51). Experiments
with potassium/calcium-doped Cgo have shown that the origin
of this shift can be traced to negative charge on the fullerene
Cage‘24,25

AFM measurements (Fig. 1c and d) reveal a small thickness
of a range of 10-20 nm for these films. The thickness falls into
the nanoscale region and is advantageous for epi-detecting of
NLO signals. In case of four-wave mixing (FWM) and second-
harmonic generation (SHG) the phase matching condition is
typically only fulfilled in the forward direction but this is
different for objects in the nanoscale region. For nanoscale
objects, the phase matching condition is usually fulfilled in
both forward and backward direction instead of just the forward
direction making detection of NLO phenomena easier.>**” This
can be an advantage for later applications as designs can be
more versatile in terms of excitation and detection directions.
Taking advantage of the nanoscale structure, such thin films
have been thus used in THz applications and ultra-fast infor-
mation processing.”*®* EDX mapping under SEM observation
was performed to chemically analyze the films formed using Nal
as a salt. The long-stretched film was visualized by SEM, which
is in good agreement with the AFM analysis (Fig. 2a, see S67 for
additional SEM images). It can be seen from Fig. 2b-d that the
films contain mainly carbon, phosphorus and fluorine,
meaning the films are composed of Li@Ce, and PF (see Fig. S7
for full EDX spectrum). On the other hand, sodium and iodine
are not present in the films, meaning the salt is not directly
involved in the film formation (Fig. 2e and f). If no salt was
added to the solution, however, film formation was not
observed at room temperature under ambient conditions. It is
well known that salts can slow down the evaporation of a solvent
since they increase the energy necessary for evaporation. If
Li@Csp and PFg films form slowly, a slow evaporation of the
solvent would be necessary to see film formation. To check if
such a factor was at play here, we cooled a solution without salt
down for about 5 min in a freezer (—18 °C) and dropcasted the
cold solution onto a coverslip. Cooling the solution is meant to
simulate the effect of salt slowing down the evaporation of the
solvent. As can be seen in Fig. S8,7 film formation could be
observed. We further tested the same procedure under cold

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Li@Cep film characterization. (a) Optical transmission microscope image showing the films obtained after dropcasting the Li@Cgo con-
taining solution on the surface. Scale bar is 5 um. (b) Raman spectrum obtained from Li@Cg film by irradiation with 633 nm laser. The spectrum
displays the signature of Cgo. The spectrum was smoothed using Savitzky—Golay filter and background corrected. (c) AFM image showing the
topography of a film formed after dropcasting. (d) Height profile of film shown in (c), position marked by blue line.

Fig.2 SEM and corresponding EDX maps showcasing the distribution
of various elements of interest. (a) SEM image. (b)-(f) EDX maps
showing the distribution of carbon (b), phosphorus (c), fluorine (d),
sodium (e) and iodine (f). Scale bars are 9 um.

conditions with a solution that did contain salt and film
formation could be observed with even higher coverage. These
results support the aforementioned effect of salt and suggest
that Li@Ceo and PF¢ films form slowly and thus the solvent has
to evaporate slowly in order to obtain films. Thus, salt supports
film formation by slowing down the evaporation of the solvent.

Nonlinear optical properties of Li@Cg, thin films

Fig. 3 shows a typical NLO spectrum observed while irradiating
the sample with temporally overlapped two coherent fs pulses,

© 2022 The Author(s). Published by the Royal Society of Chemistry

i.e. pump at 820 nm and Stokes at 1164 nm. The two beams are
linearly polarized, parallel to each other. Several NLO signals
have been observed from a thin film of Li@Csy: SHG (at 582
nm), sum-frequency generation (SFG, at 480 nm), degenerate-
FWM (DFWM, at 630 nm) as well as a peak at roughly 455 nm
that cannot be explained with just second or third order
nonlinear optical effects. Degenerate six-wave mixing (DSWM),
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Fig. 3 Spectrum obtained by irradiating a Li@Cegq film with fs pulses at
820 nm and 1164 nm. Inset shows a zoomed in view of the spectrum
from 425 to 600 nm. The peaks observed are DFWM (630 nm), SHG
(582 nm), SFG (480 nm) and DSWM (455 nm). Peak power densities are
19.7 GW cm~2 (820 nm) and 22.5 GW cm 2 (1164 nm).
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a higher order nonlinear effect, can be generated at the
frequency 4ws — wp, with the wave vector 4k — k,, where w; and
k; (i = s or p) represent frequency and wave vector of Stokes or
pump light, respectively. Converting 820 nm and 1164 nm
wavelengths to their frequencies that are roughly 3.66 x 10" Hz
and 2.58 x 10 Hz, respectively, we can see that

4 x 258 THz — 1 x 366 THz = 666 THz = 451 nm €))]

This calculation suggests that the observed peak around
455 nm is in fact DSWM, a fifth-order NLO effect. The small
deviation from the actual peak position can be explained by
fluctuations in the output wavelength of the Stokes beam.

In order to experimentally confirm that the observed effect
can be attributed to a fifth-order process, the power dependence
of this effect has been studied. The peak intensity was measured
with varying powers of 820 nm and 1164 nm fs pulsed lasers for
several films and the results fitted to a power law equation:

y=ax’ 2)

In this case, y is the intensity of the signal, x the input power,
b depends on the number of photons involved in the process,
while a is a constant. The results from two separated
measurement sessions are displayed in Table S1.f The
measurements show that the intensity of the 455 nm peak
depends on the 1164 nm beam to the power of 4 and the 820 nm
beam to the power of 1, supporting the above calculation (eqn
(1)). The question remains if this is a direct six-wave mixing or
a cascade effect meaning two subsequent third-order processes
following each other. An example of such a cascade effect has
been reported by Pelegati et al., observing cascade coherent
anti-Stokes Raman scattering (CCARS).”> However, CCARS
would show a power dependence of 3 for the pump beam and of
2 for the Stokes beam. Furthermore, the difference between the
two exciting lasers corresponds to roughly 3604 cm ™', which is
not in resonance with any Raman-active vibration of Cg,. There
is still the possibility though of the process consisting of
a combination of third-harmonic generation (THG) and FWM,
both third-order processes. In order to compare the NLO
performance of Li@Cgo with other Cg, derivatives, Cqo films
have been made following a method discussed by Masuhara
et al.'” as well as thin films of Cgp—adamantylidene (Cgo-Ad) by
using a similar dropcasting method as for Li@Ce, (see Fig. SOT
for optical microscope images, S101 for Raman spectra). Cgo-Ad
was chosen for its good film formation property as well as
having an exohedral modification that allows us to compare
NLO performance from both an endohedral and exohedral
fullerene. Multiple NLO spectra have been measured for
Li@Ce0/Ceo—Ad/Csy, respectively and each average spectrum was
calculated from these. As all three types of films show different
average thicknesses (20 nm for Li@Cs, sample 1 and 10 nm for
sample 2, 450 nm for Cgp, 300 nm for Ceo—Ad, see Fig. S11, S12,
S13 and S147), the average spectra for DFWM and DSWM have
been adjusted by multiplying the spectrum of Li@Cego by 22.5/45
(for sample 1 and 2, respectively) and of Cgo-Ad by 1.5 (using the
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ratio of thicknesses of Cgo:Li@Cg and Cgg: Cgo-Ad,
respectively).q A factor in NLO microscopy is the difference in
emission in forward and backward direction. However, until
a sample thickness of roughly half of the excitation wavelength,
emission intensity is nearly similar in both directions and
increases roughly linearly with the thickness in case of
FWM.>**” Fig. 4a shows the thickness adjusted DFWM signal.
After accounting for the film thickness, DFWM signal from
Li@Cgo come out roughly 8 times as strong as ordinary Ceo,
while Cgo—-Ad shows only a small increase in intensity. Different
values have been reported for x® of Cyp typically ranging from
a magnitude of 107° to 10~ '? esu.® We predict the value of
Li@Cs to be roughly one order of magnitude larger compared
to ordinary Cgo, in line with the value reported by Campbell
et al.’* The reason for this increase was attributed to a partial
charge transfer, which has also been confirmed to happen here
as determined from the Raman spectrum when looking at the
A,(2) mode peak shift at 1466 cm ™' (Fig. S51). A striking feature
is that SFG is of significant strength for Li@Cs, even though it
remains weaker than Cgy-Ad (Fig. 4b). SFG is a second order
NLO effect which usually require breaking of centrosymmetry.
However, observation of SHG in Cg, films with significant bulk
contribution has been reported®® despite it being a centrosym-
metric molecule and typically having a centrosymmetric bulk
structure.* It is thus difficult to make quantitative comparisons
as the signal is composed of contributions from the surface and
the bulk. For Li@Ceo[PFs ] too, a centrosymmetric structure has
been reported.*” Despite Cq, showing significant bulk contri-
bution at 450 nm thickness,* the Li@Cs, signal is still stronger
despite the films being thinner by a factor of more than 22,
pointing to its strong enhancement in Li@Ceso. We will provide
reasons why enhancement of second-order effects is expected
for Li@Csp and Cgp—Ad in the following section. The breaking of
centrosymmetry is obvious for Ceo—Ad considering its exohedral
modification. It is however less obvious for Li@Cg,. As dis-
cussed previously, the Raman spectrum of Li@Cs, films has
shown an A,(2) mode peak shift by 3 cm ™" compared to ordinary
Ceo due to a charge transfer (Fig. S51). It has been shown that
negative charge reduces the degeneracy of HOMO and LUMO of
Ceo as well as its overall symmetry.>* Additionally, it has been
shown that the encapsulated lithium ion is off center, thus
causing further symmetry breaking.' Symmetry breaking has
also been reported for other endohedral fullerenes.** The
second and strikingly remarkable feature is that DSWM appears
the strongest for Li@Cgo and only weakly for Cgo and Ceo—Ad
(Fig. 4c) after adjusting for thickness. Since DSWM is a fifth-
order effect it does not require breaking of centrosymmetry
and can thus be efficiently generated in the bulk, meaning that
thickness adjustment is similarly justified as for DFWM. It
should be mentioned that for sample 2 of Li@Cg, the beam

€ Polarization dependence is not considered here as it was reported previously
that Ce films do not show any polarization dependence when rotating linear
polarized light in the x,y-plane.*® As Li@Csqo[PFs | has a similar structure to Cg,
we assume a similar situation here.*> The spectra obtained from Li@Cs, films,
as well as Cgp-Ad and Cs, films can be seen in Fig. S15-171 together with
further discussion concerning the polarization dependence.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NLO spectra obtained by irradiation with 820 nm and 1164 nm
fs pulses from Li@Cgg films (blue), Ceo (0range) and Cgo—Ad (green). (a)
DFWM, thickness adjusted, sample 1. (b) SFG. Inset shows a zoomed in
view of the spectrum. (c) DSWM, thickness adjusted, sample 2. Peak
power densities were 21.0 GW cm™2 (820 nm) and 6.2 GW cm™2 (1164
nm) for (a) and (b) and 19.7 GW cm™2 (820 nm) and 22.5 GW cm™2
(1164 nm) for (c).

spot size is slightly larger than the lateral size of the films
meaning some excitation intensity is lost. Assuming a diffrac-
tion limited spot size, an objective with an NA of 0.95 means the
spot size is roughly 1 um while the films are typically around
700 nm. However, as the edges of a Gaussian beam have only
low intensity and DSWM has a power dependence of 5 on the
electric field, we assume that this loss can be neglected. The
reason for the increase in intensity is likely due to a partial
charge transfer, similar to the case of DFWM. Another possible
reason could be its higher absorption in the UV region
compared to ordinary Cg.>* Chang et al. reported an enhanced
emission of THG when the sample showed higher absorption
even if no specific electronic transition was affected.*® Cq, has
been suggested as a promising material for HHG as harmonics
can be generated with comparatively low input powers.*® The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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high strength of DSWM and its higher absorption all the way
into the UV region® indicates that Li@Cs, can be an interesting
choice for HHG.

Conclusions

In conclusion, we have shown the formation and characteriza-
tion of thin films made from Li@Cg( and their NLO response. In
particular, we were able to observe DSWM and significant
second-order enhancement over ordinary Ceo. The observation
of such high order NLO effects proves the strong NLO properties
of Li@Cgo and makes it is a promising candidate for HHG. This
could further improve future X-ray lasers. Furthermore, SWM
has been proposed as a way to obtain correlated photon trip-
lets,*” which could allow further tests of quantum mechanics.
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