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Abstract: It is known that swift heavy ion (SHI) irradiation induces the shape elongation of metal
nanoparticles (NPs) embedded in transparent insulators, which results in anisotropic optical ab-
sorption. Here, we report another type of the optical anisotropy induced in CaF, crystals without
including intentionally embedded metal NPs. The CaF, samples were irradiated with 200 MeV Xe!4*
ions with an incident angle of 45° from the surface normal. With the increasing fluence, an absorption
band at ~550 nm, which is ascribed to Ca aggregates, increases both the intensity and the anisotropy.
XTEM observation clarified the formation of the continuous line structures and the discontinuous NP
chains parallel to the SHI beam. Numerical simulations of the optical absorption spectra suggested
the NP chains but not the continuous line structures as the origin of the anisotropy. The optical

anisotropy in CaF; irradiated with SHIs is different from the shape elongation of NPs.

Keywords: swift heavy ion; CaF,; anisotropic optical absorption; nanoparticles; metal aggregate

1. Introduction

A huge number of studies have already been devoted to surface plasmon resonances
(SPRs) of metal nanoparticles (NPs) embedded in transparent insulators because these
metal NPs show much faster optical responses than semiconductors due to the electric field
enhancement in nanometric regions, etc. [1]. To add further functionality to NPs, it is more
attractive if the SPR can be controlled by the polarization angles of polarized light: e.g.,
while the s-polarized light excites the SPR, the p-polarized light of the same frequency does
not. This can be easily attained if non-spherical nanoparticles (NPs) can be prepared. For
example, triple-degenerated SPR in a spherical NP is divided into a double-degenerated
transverse SPR and a single-degenerated longitudinal SPR in a spheroidal NP. However, to
gain enough signal intensity for certain applications, elongation axes of many spheroidal
NPs should be aligned in parallel with each other.

In this respect, an attractive phenomenon, called “shape elongation of embedded
NPs”, is known, induced by swift heavy ion (SHI) irradiation [2—4]. SHIs are extremely
high-energy ions, e.g., higher than several tens of MeV, where the nuclear energy loss S,
is negligible compared to the electronic energy loss Se [5]. Under SHI irradiation, metal
NPs embedded in certain matrices, e.g., silica glass (S5iO,), show shape elongation along
the SHI beam direction. Therefore, all the NPs which fulfill the elongation conditions [3,4]
show shape elongation toward the same direction. Because of the (quasi)conservation
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of NP volume [3,4], the dimensions of NPs perpendicular to the SHI beam show shape
shrinkage. (Although the mechanism must be different, non-spherical Cu NPs were formed
in MgAl,O4 under 60 keV Cu implantation [6].)

While the recent major consensus on the elongation mechanism is the movement of
molten metal through low-density track cores of the matrix [4,7], the ion-hammering (IH)
mechanism was believed for long time before then. If IH was involved in the mechanism,
the elongation of NPs could be induced in amorphous matrices only, because IH is basically
induced in amorphous materials only.

While the shape elongation phenomena were confirmed in more than ten metal species
of NPs [3,4], the species of the matrices are very few and mostly limited to amorphous
materials such as amorphous SiO, [2], amorphous SizsNy [8], amorphous LiNbOs3 [9],
and amorphous Y3Al501p (YAG) [10]. One of the reasons why the amorphous matrices
were used is inevitable: SHI irradiation induces the elongation of NPs, simultaneously
transforming certain crystalline materials to amorphous ones. Furthermore, NPs are often
formed in the matrices by ion implantation, which often induces the amorphization of the
matrices.

In this context, we have prepared Au NPs on the surface of silica glass, which were
then embedded by three different matrices, i.e., In;_,SnxOy (ITO, x ~ 0.1), amorphous
carbon (a-C), and CaF; [11]. First, Au NPs were prepared on silica substrates by electron
beam deposition of a 3 nm-thick Au film and subsequent rapid thermal annealing. Then,
the Au NPs were covered by the three different matrices of approximately 50 nm thick
using magnetron sputtering (ITO and CaF,) and arc deposition (a-C). The Au NPs, half
of which were embedded with three different matrices and the other with SiO,, were
irradiated with SHIs of 200 MeV Xe.

ITO half-embedding of Au NPs exhibited an XRD peak of ITO even after the SHI
irradiation to a high fluence of 2 x 10 ions/cm?, indicating that the crystallinity was
maintained. At the same fluences, the Au NPs half-embedded in ITO exhibit more efficient
shape elongation than those fully embedded in silica. Therefore, this observation strongly
confirmed that the shape elongation of NPs is induced even in a crystalline matrix [11].
In contrast, Au NPs half-embedded in a-C showed minimal elongation. While the NPs
showed quite weak elongation on the silica side, they showed almost no elongation on the
a-C side. This observation indicated that no elongation was induced even in an amorphous
matrix [11].

The results of the NPs half-embedded in CaF, showed loss of reproducibility. In
fact, the CaF, films showed a very strong purple color due to defects, although they
are relatively thin at around ~50 nm, indicating quite poor crystallinity [11]. In fact,
point defects are introduced in CaF, under various irradiations, including electrons [12],
protons [13], SHIs [14-16], and even X-rays [17]. According to Ref. [18], the primary process
of the point defect formation in CaF; is the formation of so-called Frenkel pairs in halides,
i.e., F- and H-centers. Particularly, F-centers aggregate with each other and form large Fy-
centers, which transform to Ca collides. Concerning the shape elongation phenomenon of
embedded metal NPs, changes in the matrix material induced by SHI irradiation, through
the point defect formation, have been neglected or at least not considered.

In this paper, Ag NPs in CaF, were prepared using a different method from Ref. [11],
i.e.,, Ag ion implantation on CaF; single crystals. The formation of Ag NPs in CaF, was
confirmed by the observation of SPR of Ag NPs. Furthermore, the shape elongation of
NPs was confirmed as the observation of the anisotropic optical absorption, i.e., the optical
absorption depending on the polarization angle of the incident light. Since we have already
succeeded in forming elongated Ag NPs in YAG crystals by the same procedures, i.e.,
200 keV Ag ion implantation and 200 MeV Xe irradiation, the formation of Ag NPs and the
elongation in CaF, have been rigidly confirmed because we have experienced that Ag NPs
showed quite similar spectra, irrespective of the different matrices, i.e., CaF, and YAG [10].

One of the most important observations in Ag NPs in CaF; is that a new peak around
550 nm appeared and the intensity increased under SHI irradiation. The peak was also
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observed in CaF, samples without Ag NPs under SHI irradiation, which exhibited optical
anisotropy. This paper describes the observation of the newly observed peak with the
anisotropy, corresponding transmission electron microscopy (TEM) images, and numerical
simulations of the optical spectra.

2. Materials and Methods

Calcium fluoride (CaF;) has a crystalline structure of the fluorite type, i.e., in the cubic
symmetry. Single crystals of CaF, with sizes of 10 x 10 x 1 mm?® were purchased from
ATOM Optics Co., Ltd., Shanghai, China. The largest surface of 10 mm x 10 mm corre-
sponded to the (001) crystalline plane. Some pieces of the CaF; crystals were implanted
with 200 keV Ag* ions from a 400 kV ion implanter in Takasaki Institute for Quantum
Science and Technology, QST. An incident angle of 5° from the surface normal was applied
to avoid channeling implantation. The ion range and straggling of 200 keV Ag ions in
CaF; in an off-axis implantation were calculated by SRIM 2013 [19] as 75.9 nm and 23.1
nm, respectively. Samples were implanted through a 7 mm X 7 mm squared aperture with
the beam scanning frequencies of 89 Hz (horizontal) and 502 Hz (vertical). The implanted
Ag contents for different samples were evaluated by Rutherford backscattering spectrom-
etry (RBS) with 2 MeV He" ions [20]. The mean value and the standard deviation were
(1.02 £ 0.15) x 10" ions/cm?. While as-implanted samples had already shown an SPR peak,
which indicated the formation of Ag NPs, post-implantation annealing was performed in a
vacuum (~5 x 10~° Torr) at 800 °C for 30 min to minimize the damage.

Both the pre-Ag-implanted and virgin CaF, samples were irradiated with SHIs of
200 MeV !36Xe!4* jons from the 20 MV tandem accelerator at the Tokai Research and
Development Center, JAEA. The fluence ranged from 1 x 10! t0 2 x 10 ions/cm?. The
(001) face of the CaF; samples were irradiated with an ion incidence angle of 45° from
the surface normal in order to evaluate the anisotropic optical absorption spectra using
linearly polarized light [21]. Here, the light polarizations of 0° and 90° are those parallel and
perpendicular to the ion-penetrating plane, respectively, as shown in Figure 1. The stopping
powers and the projected ranges of the 200 MeV Xe ions in CaF; were calculated using
SRIM 2013 code [19] and shown in Table 1. The Xe ion provides the electronic stopping
powers Se of 20.3 keV/nm in CaF,, which was much higher than the track formation
threshold of 5 keV/nm in CaF, [22], indicating the formation of ion tracks in the present
samples.

Light
0°-pol.

Light
90‘?-pol.J/ / SHI
WV

v

‘t lon-penetrating
plane

Figure 1. Schematically depicted definitions of the ion-penetrating plane and of the 0° and
90°polarization of incident lights. (Each pair of triangles indicates the direction of the polariza-
tion.) While SHIs are incident to the sample surface with an angle of 45°, light for the absorption
measurements is incident normal to the surface.
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Table 1. Electronic and nuclear stopping powers at the surface and the projected range of 200 MeV
136X e jons in a CaF, crystal, calculated by SRIM 2013 [19].

200 MeV 136Xe Tons in CaF, Crystal:

Electronic stopping power at the surface Se (keV/nm) 20.3
Track formation threshold S, 4, (keV/nm) [22] 5

Nuclear stopping power at the surface S, (keV/nm) 0.069

Projected range Rp(pm) 16.7

Ion velocity E/m (MeV /u) 1.47

A dual-beam spectrophotometer was used for the anisotropic absorption measure-
ments [21] in the wavelength region of 215-800 nm, with a resolution of 1 nm at room
temperature. An optical polarizer (extinction ratio <5 x 10~° in this wavelength region)
was inserted in front of the sample. The results were shown in the form of optical density
(—logip T) without correction for reflection, where T denotes the optical transmittance.
Cross-sectional transmission electron microscopy (XTEM) was applied using JEM-2100,
JEOL, under an operation voltage of 200 kV. XTEM specimens were thinned down parallel
to the ion-penetrating plane using a 30 keV Ga focused ion beam (FIB) after deposition of
protective carbon layers.

3. Results
3.1. Anisotropic Optical Absorption

Figure 2a exhibits the optical density spectra detected by linearly polarized light of
CaF, crystals including Ag NPs irradiated with 200 MeV Xe!** ions to a fluence ranging
from 0 to 2 x 10 ions/cm?. The optical density is defined as —Logyo T, where T denotes
the optical transmittance. The optical density is a quantity similar to the optical absorption
but does not include a change in the optical reflectance. Solid and broken curves indicate
the spectra measured with linearly polarized light with the polarizations of 0° and 90°, i.e.,
parallel and perpendicular to the ion-penetrating plane, respectively, as shown in Figure 1.
The spectra at different fluences are vertically shifted from each other for clarity.

In an unirradiated state, a prominent peak was observed at ~420 nm, whose spectral
shape did not depend on the polarization angle. Compared with literature data on the SPR
peaks of Ag NPs in silica [23,24] and YAG [10], this peak is ascribed to the SPR of Ag NPs in
CaF,. A rise in the optical density below 320 nm is also characteristic of the Ag NPs [23,24].
While both the polarization curves at 0° and 90° fell on the same curve at the fluence of
1 x 10! ions/cm?, a small deviation was observed between them at 1 x 1012 ions/cm?.
Increasing the fluence further, the deviation between the curves at the two polarizations
increased. The SPR peaks at the 0° and 90° polarizations moved to 430 nm and 400 nm,
respectively, at the fluence of 5 x 10!% ions/cm?, while both the peaks were at 420 nm in the
unirradiated state. The lower (higher) energy shift of the 0° (90°) peak, i.e., the conservation
of the center-of-mass of the spectra, is reasonable, because the Ag NPs elongated in the
ion-penetrating plane (0°) and shrank outside of the plane (90°) [10,23,24].

It should be noted again that we, in a previous paper [11], deposited CaF; films over
Au NPs by magnetron sputtering and irradiated them with SHIs. However, probably
due to the considerably low quality of the films, we were not able to judge whether NPs
were elongated in CaF; or not. Here, we report that Ag NPs are elongated in CaF, by SHI
irradiation, although CaF, could be (partially) amorphized by the 200 keV Ag implantation.

Increasing the fluence up to 5 x 10'3 ions/cm?, the SPR peaks did not move sig-
nificantly and stayed around 420 nm, except for small shifts of less than 20 nm. At
2 x 10 ions/cm?, the peaks largely moved to ~550 nm. However, looking carefully at
the 90° curves, small changes had already begun at lower the fluences. A shoulder was
observed at ~550 nm at the fluences between 1 x 10'2 and 5 x 103 ions/cm?, although no
shoulder was observed at 1 x 10! ions/cm?.
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Figure 2. Optical density (—Logjo T) spectra of CaF; crystals (a) with and (b) without embedded
Ag nanoparticles, both irradiated with 200 MeV 13¢Xe!#4* ions at an incident angle of 45° from
the surface normal, where T denotes the optical transmittance. The fluences ranged from 0 to
2 x 10' ions/cm?. Solid and broken curves indicate the spectra measured with linearly polarized
light with a polarization angle of 0° and 90°, i.e., parallel and perpendicular to the ion-penetrating
plane, respectively. The spectra at different fluences are potted in different colors and vertically
shifted from each other for clarity. Horizontal lines indicate the offsets of each spectrum. Letters of
x2 and x5 in (b) indicate that the spectrum is shown after expansion of two times and five times,
respectively.

To collect further information, CaF, crystals not including Ag NPs were irradiated
and evaluated in the same manner as the CaF, crystals including Ag NPs. The spectra are
exhibited in Figure 2b. Increasing the fluence, a broad peak with the optical anisotropy
appeared and grew at ~550 nm. It is known that irradiated CaF, crystals show two different
absorption peaks: F-centers at ~380 nm and Ca aggregates at ~550 nm [13,14]. The peak
observed at ~550 nm in Figure 2b can be ascribed to Ca aggregates. The F-center peak at
~380 nm is difficult to find in Figure 2b, but a very weak shoulder corresponding to the
F-center was observed in our previous report [15].

It is known that Ag NPs in silica show another SPR peak at ~600 nm, when the
inter-particle distances are strongly reduced [24,25]. The ~600 nm peak in silica was semi-
quantitatively reproduced by the model developed by Garcia et al. who introduced the
effect of the electric fields from adjacent NPs to the Maxwell-Garnett effective medium
theory [26]. Therefore, the ~600 nm peak become dominant when the fluence of Ag ion
implantation increases, i.e., when the inter-particle distances between Ag NPs decrease.
However, as shown in Figure 2a, the ~550 nm peak increases when increasing the SHI
fluence. We have no idea how to explain the decrease in the inter-particle distances with
the increasing SHI fluence. In fact, Yamada et al. irradiated high-density Ag NPs, which
show a ~600 nm peak, with SHIs. Since the SHI irradiation induced the shape elongation
of the NPs, which resulted in an increase in the inter-particle distances, the ~600 nm peak
decreased with the increasing SHI fluence. Furthermore, since the ~550 nm peak is also
observed in the CaF, crystals not including Ag NPs, the ~550 nm peak should be ascribed
to the Ca aggregates rather than the inter-particle effect of Ag NPs.
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3.2. Cross-Sectional TEM Observation

While Figure 2b shows the optical density spectra of Ca aggregates, Orera and Alcala
reproduced the Ca band using Mie theory [27]. While the Ca band shown in Figure 2b
shows optical anisotropy, is it explained by the shape elongation of Ca aggregates? The
shape elongation of NPs is efficiently induced when the diameters of the aggregates are
much larger than the diameters of the ion tracks [28]. In order to judge whether Ca-
aggregates are larger than the track diameters or not, and whether the shape elongation is
induced in Ca aggregates or not, TEM observation was conducted.

TEM images of CaF,; irradiated with MeV cluster ions [29] and SHIs [30] were previ-
ously reported. Figure 3a,b exhibit XTEM images of CaF, samples which have not been
irradiated with SHIs: (a) and (b) are the images at low and medium magnification, respec-
tively. It should be noted that Ag NPs are not included in the samples shown in Figure 3.
Regions labelled by “C-layer” are carbon layers deposited on the surface of the CaF, sam-
ples. In the cases of irradiated samples, the “C-layers” were deposited on the irradiated
surfaces. Therefore, the boundaries between the “C-layers” and the CaF, samples indicate
the irradiated surfaces. However, this is not the case for Figure 3a,b, since they are not
irradiated. The unirradiated samples (Figure 3a,b) exhibited quite rough cross-sections.
Line structures were not observed, which are observed in irradiated samples.

Figure 3c—e show images of CaF, samples irradiated with 200 MeV Xe*** ions to a
fluence of 1 x 10'3 ions/cm?: both (c) and (d) are the images in medium magnification
but taken at different positions, and (e) is taken with higher magnification. As shown in
Figure 3c,d, huge numbers of very thin straight lines parallel to each other were observed,
which extended much longer than 500 nm along the depth. The angles of the thin lines to
the irradiated surface were all ~45°, which is the same as the incident angle of the SHIs.
The incident angles of the SHIs are shown by arrows in Figure 3. Note that the incident
angle of FIB thinning was 0° from the surface normal, which is 45° away from the direction
of the thin lines. The observed straight lines are not due to the FIB thinning.

Figure 3e exhibits an expanded image of the thin lines: While the lines show con-
tinuous cylindrical shapes with a typical width of ~2.9 nm in some parts, they show
discontinuous chains of NPs with a typical diameter of ~3.6 nm in other parts. At the
moment, it is not known which structures, i.e., the continuous lines (shown by broken
circles in Figure 3e) or the discontinuous chains (shown by solid circles), contribute to the
anisotropic absorption. The structures responsible for the optical anisotropy must include
Ca aggregates.

According to previous literature [31], track diameters of CaF; strongly depend on not
only Se but also the ion velocity. The diameters of 2.5 nm and 6 nm were extrapolated to
Se of 20 keV /nm from the data of TEM observations for the velocities of 4 MeV /u and
0.1 MeV /u, respectively. Since the 200 MeV Xe ion corresponds to Se = 20.3 keV/nm and
1.47 MeV /u, the observed line width of 2.9 nm is comparable to the track diameter.

Figure 3f,g exhibit XTEM images at the fluences of 1 x 10'? and 5 x 10'® jons/cm?.
The density of the lines looks lower for the lower fluence (Figure 3f) and higher for the
higher fluence (Figure 3g).

14+
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Figure 3. Cross-sectional transmission electron microscopy (XTEM) images of CaF, samples without
Ag NPs, irradiated with 200 MeV Xel** jons to the fluence of (a,b) 0 ions/cm? (unirradiated),
(c—e) 1 x 1013 ions/cm?, (f) 1 x 10'? ions/cm?, and (g) 5 x 10'3 ions/cm?. C-layer denotes carbon
layers deposited on the irradiated surfaces before the FIB thinning. The incident angle of the Xe ions
was 45° from the surface normal. Arrows indicate the direction of the penetrating Xe ion beams. In
(e), examples of the NP chains and of the line structures are indicated by solid and broken circles.
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4. Discussion
4.1. Possible Origins of the Optical Anisotropy

It is known that SHI irradiation of CaF; crystals induces the destruction of CaF; and
the aggregation of Ca atoms as metallic Ca collide [13-15,27]. As exhibited in Figure 3,
SHI irradiation formed two different structures: One was parallel straight lines which
could be ascribed to the ion tracks but may contain metallic Ca. The widths of the lines are
consistent with those of the ion tracks reported in previous literature [31]. The others are
discontinuous NP chains aligned along the SHI beam direction.

First of all, it should be mentioned that the observed optical anisotropy in irradiated
CaF; crystals is different from that induced by the shape elongation of embedded metallic
NPs. It is known that the shape elongation of NPs is efficiently induced when the diameters
of NPs are much larger than the widths of the ion tracks [28]. Since the Ca NPs observed in
Figure 3e are comparable to the track diameter, large elongation is not expected [28]. The
anisotropic optical absorption of CaF, induced with SHI irradiation shown in Figure 2b is
not due to the shape elongation of NPs but to another origin. It should be noted that we
have observed shape elongation of reaggregated Zn NPs which were synthesized via the
decomposition of ZnO NPs under SHI irradiation [32]. However, the shape elongation is
not the origin of the optical anisotropy from the CaF; irradiated with SHIs.

Penninkhof et al. [33] observed anisotropic optical absorption induced by SHI irradia-
tion but not due to the shape elongation of NPs. They introduced Ag ions to BK7 glass via
the ion exchange of Ag™ <+ Na™ in a hot salt melt, and they nucleated Ag NPs up to the
diameters of 2-15 nm by 1 MeV Xe irradiation. Then the sample was irradiated with 30 MeV
Si ions with an incidence of 60° off-normal to a fluence of 2 x 10'* ions/cm?. TEM observa-
tion indicated that the shape elongation of NPs was not induced but chain-like structures
of NPs, which were less clear compared with those shown in Figure 3, were observed along
the SHI beam. However, anisotropic absorption was detected. They reproduced the spectra
using FDTD simulations, assuming a linear array of four Ag NPs [33].

As already described, the SHI irradiation formed the parallel line structures and the
NP chains. An emerging question is which structures contribute the anisotropic absorption.
To clarify this, optical absorption spectra of Ca nanorods (prolate spheroids) and Ca NP
chains were numerically simulated and compared with the experimental spectra.

4.2. Numerical Simulations of Optical Anisotropy Spectra

Complex dielectronic functions (CDFs) of bulk Ca and CaF; were collected from
Ref. [34] and [35], respectively. The CDF of NPs is different from that of the bulk counterpart
because of the size effects. Particularly, the mean-free-path (MFP) confinement of carriers
in NPs is one of the most typical size effects in metal NPs embedded in transparent
insulators [1]. While the quantum size effect (QSE) is dominant in semiconductor NPs, it is
negligible in metal NPs, except for very small diameters [1].

The CDF of bulk Ca is assumed to be described as a sum of the contribution of the free
electrons and of the bound electrons, i.e.,

Em = €f + €p, (1)

The former is assumed to be described as the Drude type:

- )

3)
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where Ep, and I" denote the plasma frequency and the carrier relaxation frequency, respec-
tively. When I' << E, the denominator of Equation (3) is approximated by the unity. The
real and the imaginary parts of ¢, are approximated as follows:

E2

‘C’f,l = 1 - Fg/ (4)
E;T

€f’2 = 7E3 ’ (5)

The real and the imaginary parts of the CDF are plotted in Figure 4a as (1 — ¢1) and Ee;
versus 1/E2. Well-fitted linearities in both the plots confirm that the CDF of bulk Ca is well
approximated by the Drude type (Equation (2)). From the slopes of curves, two quantities,
Ep and I', were determined as 5.82 eV and 0.131 eV, respectively. Orera and Alcala reported
the values of 5.78 eV and 0.018 eV from different analyses [27]. Since I is 0.131 eV in
our case, the assumption of I' << E used in the derivation of Equations (4) and (5) was
validated.

The carrier relaxation frequency I' in bulk is the inverse of the carrier relaxation time,
i.e., it relates to the MFP of the carriers, which is mostly limited by phonon or defect
scattering in the bulk. However, in the case of NPs, the carriers are confined inside of the
NPs. Therefore, the MFPs cannot be longer than the diameter of NPs. The carrier relaxation
frequency I'(d) of NPs depends on the diameter d of NPs, which is described as follows:

I(d) =T+ %, 6)
where I', and Vi denote the bulk relaxation frequency and the Fermi velocity. A value of
1.28 x 108 cm/s [36] was used for V of Ca.

Optical absorption spectra of Ca NPs in CaF, crystal were calculated by the first-order
Mie theory [37] using the CDF of Ca NPs (including the MFP confinement) and the CDF
of CaF, crystal. Calculated spectra for NP diameters of 0.5, 1, 2, 3, and 5 nm are shown
in Figure 4b, with comparison to an experimental spectrum. While no peak is recognized
for the diameter of 0.5 nm, a peak grows when increasing the diameter to 2 nm or larger.
While the calculated peak wavelength was 490 nm, the experimental one was 540 nm. The
peak wavelength does not shift with the increase in diameter, as shown in Figure 4b.

The different peak wavelengths between the calculations and the experiments were
explained by Orera and Alcala assuming a pressure effect on the plasmon frequency, which
was exerted by the matrix. However, we present another explanation: In the experimental
spectrum, a clear observation of the Ca SPR peak indicates that a high concentration of
Ca atoms has aggregated, leaving a strongly damaged CaF, lattice. While the CDF of
the perfect CaF, crystal was used for the calculations, the CDF of the damaged matrix
may strongly change from those of the non-damaged perfect CaF; crystal. To simulate the
change in the matrix refractive index, the absorption spectra were calculated after changing
the refractive index from An = 0.00 to +0.25 and fixing the NP diameter to 3 nm. As shown
in Figure 4c, the peak shift was reproduced around An ~ +0.25. The peak difference between
the calculations and the experiments can be ascribed to the damage of the CaF; lattice.

One of the purposes of the numerical simulations of the absorption spectra is to distin-
guish which structures contribute to the observed anisotropic spectra, the line structures
or the NP chains. Using the CDF of Ca NPs of 3 nm in diameter, i.e., Equations (2) and
(6), and the bound electron contribution ¢y, in Equation (1), anisotropic absorption spectra
of both the structures were simulated and shown in Figure 4d. The absorption spectra of
a Ca spheroid and of a pair of Ca spheres were calculated using the Rayleigh theory [38]
(MQRaylgh-2.0 code [39]) and the generalized Mie theory [40] (MQAggr-1.2 code [41]),
respectively. These are because the standard Mie theory is only applicable to a single
spherical NP. Instead, the Rayleigh theory and the generalized Mie theory were applied to a
single spheroidal NP and a pair of spherical NPs, respectively. As mentioned in Figure 4b,c,
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there are discrepancies between the calculated peak wavelengths and the experimental
ones. In Figure 4d, calculated spectra were plotted with the wavelength shift of +60 nm for
easy comparisons with the experimental spectra.

60 T T T T T T T T T T T I T I T 1 T I
| (@) Ca metal 20l (b) Ca NPs in CaF, |
4. d=5nm
- 40+ ) — @ : " i
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Figure 4. Comparisons of the experimental absorption spectra of an irradiated CaF; sample with
various numerical models. (a) Black dots denote the real and imaginary parts of the CDFs of Ca
metal from literature, which were plotted with 1/ E2 to determine two important parameters for
the Drude model, i.e., the plasma frequency E,, and the relaxation frequency I'. Red lines show the
linear fitting of the dot data by the Equations (4) and (5). Using both the parameters and the bound
electrons’ contribution, the absorption spectra were calculated by the 1st-order Mie theory with the

0 jons/cm?

MEFP confinement as shown in the upper half of (b). The experimental spectra at2 x 1
are shown in the lower half. Spectra with different colors correspond to those from NPs with different
diameters. In (c), to fit the peak wavelength, the absorption spectra were calculated with modifying
the wavelength-dependent refractive index of the damaged CaF, matrix as n + An. Four spectra with
different An between 0 and 0.25 are shown by different colors. (d) The experimental spectra (iii) were
compared with two models, i.e., the Ca spheroids (ii) and the closely adjacent Ca NP pair (i). Solid

and broken curves denote the spectra at 90° and 0° polarization, respectively.
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The line structures were approximated by prolate spheroids [38] with a minor axis of
3 nm. While the spectra were calculated for various major axes L, only the spectra with
L =10 nm are shown in Figure 4d. While both the 0° and the 90° spectra show a peak
around 475 nm, the 0° spectrum shows another peak around 1000 nm, which corresponds
to a mode along the longest axis of the prolate spheroids. Since the experimental spectra
are only available up to 800 nm, this is not easily determined. However, it seems that
the experimental 0° spectrum does not show a considerably strong peak around 1000 nm.
Hence, the spheroid model does not reproduce the experimental spectra. An analytical
solution is known for the absorption spectra of an infinitely long cylinder [38,40]. The
spectra were also calculated but qualitatively similar to those of a spheroid: i.e., the infinitely
long cylinder model also does not reproduce the experimental spectra.

Another candidate is NP chains, which were simulated by a pair of closely adjacent
spherical Ca NPs. As shown in Figure 4d, the pair of NPs reproduced the experimental
spectra well in terms of the spectra’s shapes, peak widths, and the degree of the anisotropy
of the absorption. Here, we presumed a quite narrow gap of 0.9 nm between the two NPs
in Figure 4d, because only very weak anisotropy was observed with the gap of 3 nm, and
almost no anisotropy with the gap of 6 nm. The spectra of three linearly adjacent NPs were
also evaluated, but the results were qualitatively similar with the pair of NPs.

Consequently, the experimental spectra were reproduced by the NP chains but not by
the line structures.

5. Conclusions

Ag NPs were formed in CaF, single crystals by implantation of 200 keV Ag™ ions to
a fluence of 1 x 10 ions/cm?, and then irradiated with SHIs of 200 MeV Xel#* ions to
produce a fluence ranging from 0 to 2 x 10'4 ions/cm?. Anisotropic optical absorption was
observed at the SPR peak of the Ag NPs, which indicated the shape elongation of Ag NPs.

In the course of the experiments, we also found that the anisotropic absorption was
detected from CaF, crystals not including Ag NPs when irradiated with 200 MeV Xel4*
ions. XTEM observation clarified that a huge number of very thin straight lines of ~2.9 nm
in width were formed, which can be ascribed to the ion tracks but possibly include the
Ca aggregates. High-magnification observation indicated that some parts of the lines
were continuous cylinders, and the other parts consisted of arrays of discontinuous Ca
NPs (typically ~3.6 nm in diameter). No clear elongation of NPs was observed. The
anisotropic optical absorption observed in irradiated CaF; is not due to the shape elongation
of decomposed Ca NPs. From the comparison with the numerical simulations, the optical
anisotropy is due to discontinuous but closely adjacent Ca NPs, but not to continuous
Ca cylinders.
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