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Abstract: In order to exploit gallium’s (Ga) rich polymorphism in the design of phase-change
plasmonic systems, accurate understanding of the dielectric function of the different Ga-phases
is crucial. The dielectric dispersion profiles of those phases appearing at atmospheric pressure
have been reported in the literature, but there is no information on the dielectric function of
the high-pressure Ga-phases. Through first principles calculations we present a comprehensive
analysis of the interdependence of the crystal structure, band structure, and dielectric function of
two high-pressure Ga phases (Ga(II) and Ga(IIl)). The plasmonic behavior of these high-pressure
Ga-phases is compared to those stable (liquid- and @-Ga) and metastable (8-, y- and 6-Ga) at
atmospherics pressure. This analysis can have important implications in the design of pressure-
driven phase-change Ga plasmonic devices and high-pressure SERS substrates.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metallic gallium (Ga) undergoes a solid-liquid phase transition near room temperature, and
recent research into its wide polymorphism (see Fig. 1) has identified a variety of applications
for controlled Ga phase changes. Depending on temperature, Ga can exist in six different phases
at atmospheric pressure (Fig. 1a), i.e., above 302.7 K Ga is a liquid metal (/-Ga, stable phase),
and just below that temperature @-Ga is the solid thermodynamically stable phase [1], although
at lower temperatures there are the additional Ga-phases: 8-Ga with a melting temperature of
Tm =256.8 K [2], y-Ga (T, =237.6 K) [3], e-Ga (T, =244.6 K) [4], and §-Ga (T, =253.8 K)
[5]. This polymorphism characteristic of Ga, along with its recently demonstrated plasmonic
response from the near-infrared to the UV [6,7] and its low tendency to oxidize [8], has been
exploited for phase-change memories [9], reversible light-induced switching [10], phase-change
systems for non-linear optics as described by Zheludev et al. in Ref. [11], and for emerging
“active plasmonics” [12,13]. Most of these applications take advantage of the reflectivity change
produced by the phase transition between Ga-phases induced either by optical [14] /e-beam [15]
excitation or by heating [16]. The design of these types of devices has been severely hampered
by the absence of trustworthy optical properties for each stable and metastable Ga-phase at
atmospheric pressure.

A recent study has revealed that there are significant differences in the dielectric function of
each phase, especially in the spectral region below 2.5 eV. Whereas a- and 8-Ga present interband
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Fig. 1. (a) Phase diagram of bulk Ga adapted from Ref. [1], and (b) extended pressure-
temperature phase diagram adapted from Ref. [17].

transitions below that energy, /- [18], y-, and §-Ga have Drude-like metallic behavior [19] at
atmospheric pressure. Indeed, pressure is another parameter that may be exploited in active and
phase-change plasmonics. Although several high-pressure stable Ga-phases have been reported
in the literature (see Fig. 1) [1,17], i.e., Ga(I) (which according to Ref. [17] may coexists with
B-Ga), Ga(Ill), Ga(IV), and Ga(V) [17,20-22], none of these previous studies have presented
the optical properties of these high-pressure Ga-phases. Furthermore, the relationship between
pressure and phase becomes very relevant for nanoparticles, where, because of the curvature
radius, R, the Laplace pressure (AP =2y,/R, being vy}, the liquid/vapor surface tension) inside
the nanoparticle can reach very high values (of the order of GPa) and induce high pressure phases
[18].

Here, we report a comprehensive theoretical investigation of the optical response of both
Ga(II) and Ga(IIl) - including their correlation with the respective crystalline structures and
band diagrams - using dielectric functions calculated by first principles methods. Moreover,
we evaluate the plasmonic response of Ga(Il) and Ga(Ill), then compare it with the plasmonic
response of the phase expected at atmospheric pressure, to evaluate the plasmon sensitivity to
pressure changes. The conclusions of this research can open the way for the design of pressure
driven phase-change Ga plasmonic devices and new plasmonic substrates for high-pressure
surface-enhanced Raman spectroscopy (SERS) [23-25].

2. Methods
2.1. Computational details

Density functional first-principles calculations based on a numerical atomic orbital method were
carried out using the SIESTA code [26]. All the calculations have been performed with the Gener-
alized Gradient Approximation (GGA), using the exchange-correlation potential parametrized by
Perdew-Burke-Ernzerhof (PBEsol) method [27], to simulate electronic exchange and correlations.
Core electrons are described by ab-initio optimized norm-conserving pseudopotentials, generated
following the recipe given by Hamann [28], and available in the PSEUDODOJO code [29,30]
using the Kleinman-Bylander fully non-local separable representation. The 3s, 3p, 3d, 4s, and 4p
electrons were considered as valence electrons of Ga and explicitly included in the calculations.

The one-electron Kohn Sham eigenvectors were expanded in a basis of localized numerical
atomic orbitals (NAO), as implemented in the SIESTA code. The size of the basis set chosen was
single ¢ for the semicore 3s and 3p orbitals, double ¢ for the 3d and 4p orbitals, and triple ¢ for
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the 4s orbitals. All parameters required to describe the shape and the range of the NAO were
variationally optimized following the recipe in Refs. [31,32]. The optimal basis set is available
upon request.

The electron density, Hartree, and exchange correlation potentials, as well as the corresponding
matrix elements between the basis orbitals, were calculated in a uniform real space grid. The
equivalent plane wave cut-off used to represent the charge density was 800 Ry. For the Brillouin
integrations, we use a Monkhorst-Pack [33] sampling of 10x 10x 10. For the structural
characterization, atoms and unit cells were allowed to relax until the maximum component of the
force acting on any atoms were smaller than 0.01 eV/A, and the maximum component of the
stress tensor was smaller than 0.0001 eV/A3.

2.2. Optical response

The interband contribution to the frequency-dependent dielectric function e(w) = £1(w) + ig2(w)
of the studied structures was obtained using first-order time-dependent perturbation theory to
calculate the dipolar transition matrix elements between occupied and unoccupied single-electron
eigenstates as implemented in the SIESTA code. The frequency-dependent dielectric function
can be written as

2
27T wp dk 2
&(w) = N o2 ZV’C % W [Mevk|“0(Eck — Evk — hw) (1)

where m is the electron mass, N is the number of electrons per unit volume, w), = (47Ne*/m)'/?
is the plasma frequency, and e is the electron charge. The single particle electronic states |i/),
of energy E are labeled by their crystal momentum k and their valence (v) and conduction (c)
band index. The sum is over connecting valence and conduction states and over all k points
in the first Brillouin zone. The optical matrix element is given by M ,x = (Y'ck|€-p|¥vk) in the
dipolar approximation, where € is the polarization of the incident light and p is the momentum
operator. The real part of the dielectric function £(w) can be obtained from the imaginary part
using the Kramers-Kronig relation. In this approach excitonic and intraband contributions are
not considered.

For analyzing the origin of the peaks appearing in the £,(w) spectra due to interband transitions,
we have calculated the values of the optical matrix element M,k for every pair of conduction
and valence bands at each k point with an energy difference equal to the photon energy at which
the peak appears. In this way, we can analyze the pair of bands contributing to the interband
transition visible in £,(w) spectra. All bands have been included in the optical calculations of
each Ga phase. The optical mesh is 40 x 40 x 40, and the Gaussian broadening has been set to
0.20 eV.

2.3. Reflectance and electromagnetic calculations

Reflectance calculations have been performed using the Transfer Matrix Method (TMM), which
also allows the calculation of the transmittance and absorbance spectra of an arbitrary system of
homogeneous, non-magnetic multilayers. We have considered Ga films of thickness 2 =150 nm
deposited on an infinite sapphire substrate (refractive index n =1.78) and exposed to air. This
value of % is consistent with experimental values typically found in the literature [13, 16]. The
angle between the wave-vector k and the surface’s normal (AOI) has been fixed to 0° (normal
incidence). The absorption cross-section and near-field enhancement in Ga hemispheres on
substrates have been calculated using the COMSOL Multiphysics package (COMSOL Inc.,
Burlington, MA, USA). The refractive index of the substrate (sapphire, Al,O3) has been taken
from Ref. [34].
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3. Results
3.1. Crystal and electronic structures

Figures 2(a,d) illustrate the unit cell for the Ga(Il) and Ga(III) phases. Ga(II) crystallizes in a
body-centered cubic structure with space group symmetry /-43d (no 220) and a unit cell that
contains 12 atoms. Ga(Ill) crystallizes in a body-centered tetragonal cell with space group
symmetry I4/mmm (no 139) and two atoms in its unit cell.
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Fig. 2. (a,d) Structure of the unit cell, (b,e) density of states DOS, and (c,f) complex
dielectric function (¢ = €1+ igp) of Ga(Il) (left) and Ga(lll) (right).

Using density functional theory (DFT) calculations as implemented in SIESTA (see Methods)
we calculated the theoretical lattice parameters and atomic positions (see Table 1). Their
reliability can be assessed by the favorable comparison with the experimentally obtained values
also reported in the table. The density of states (DOS) for both phases exhibits metallic behavior,
although we shall see that the dip appearing around the Fermi energy is clearly reflected in the
optical properties.

Table 1. Theoretical lattice constants, structural parameters, and atomic coordinates of Ga(ll) and
Ga(lll). Some experimental values are added for reference.

Gall GalIll

Property This work Experiment [1] Property This work Experiment [1]
Lattice Parameters Lattice Parameters

lal(A) 5.991 5.951 +0.005 lal(A) 2.967 2.813 +0.003
[b](A) 5.991 5.951 +0.005 [b](A) 2.967 2.813 +0.003
lcl(A) 5.991 5.951+0.005 lc|(A) 4.109 4.452 £ 0.005
Ope (°) 90.00 90.00 Ope (°) 90.00 90.00

Oac (°) 90.00 90.00 Oac (°) 90.00 90.00

Oap (°) 90.00 90.00 Oap (°) 90.00 90.00
Coordinates (A) Coordinates (A)

XGal 2.247 2.096 XGal 0.000 0.000

YGal 0.000 0.000 YGal 0.000 0.000

ZGal 1.498 1.398 ZGal 0.000 0.000
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The computed complex dielectric function for each phase are shown in Figs. 2(c,f). On the
one hand, Ga(II) presents metallic behavior (¢; < 0) in all the studied spectral range. However,
the dip in the DOS around the Fermi energy is reflected in the increasing value of &; below
1.5 eV. On the other hand, Ga(Ill) presents interband transitions at 1.44 eV. These interband
transitions are indicated with arrows in Fig. 3 and have been identified by evaluating the values
of the optical matrix element M,k for every pair of conduction (c¢) and valence bands (v) at each
k point along the high symmetry lines in the first Brillouin zone (see Methods). The strength of
the color of the arrows indicates the intensity of the transition based on the evaluation of M, .
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Fig. 3. Band diagram of Ga(III). Arrows indicate the interband transitions manifested in its
complex dielectric function at 1.44 eV. The strength of the color of the arrows indicates the
intensity of the transition, based on the evaluation of M, yx.

The extended pressure-temperature phase diagram reported by Schule and Holzapfel in Ref.
[17] shows that Ga(I) may coexists with 8-Ga (see Fig. 1(b)). Therefore, the optical response
of Ga in that region should be modelled with an effective complex dielectric function built as
mixture of the dielectric functions of Ga(Il) and 5-Ga. Among the different effective medium
approximations, Bruggeman (BEMA) is the most suitable mixing methodology for modelling this
system since it is constituted by a completely random inhomogeneous media whose components
(Ga(Il) and B-Ga) are treated symmetrically [35]. This procedure has been used to model the
dielectric function of cooled liquid Ga samples whose XRD spectra have shown to be composed
by a mixture of @-/8-Ga and a-/y-Ga [19]. Figure 4 shows the effective dielectric function of
a mixture of Ga(Il) and $5-Ga a calculated using BEMA with different Ga(Il) filling fractions
(fgacm))- The dielectric functions of pure Ga(Il) and -Ga are plotted for reference.

3.2. Plasmonic behavior

The plasmonic performance of Ga(Il) and Ga(IIl) phases has been compared with that of other
Ga-phases by the evaluation of two metrics related to localized surface plasmons (LSP) in
nanoparticles. Within the quasistatic approximation, the Frohlich frequency (EF,) (i.e., the
frequency at which (g1= -2) corresponds to the energy at which localized surface plasmon
resonances LSPRs are excited in isolated spherical metallic particles whose size is much smaller
than the illuminating wavelength. The Faraday number (Fa), as proposed by Lalisse et al. in
Ref. [36], is a dimensionless metric that quantifies the ability of a nanoparticle to enhance the
electric field intensity in its surrounding medium. Thus, interesting plasmonic materials are
characterized by high Fa numbers.



Vol. 9, No. 10/1 October 2019/ Optical Materials Express 4055

TN

b 100

1 2 3 4 5
Photon energy (eV)

— [(-Ga
""fGa(u) =02
"_'fGa(II) =03
""fea(n) =04
fGa(n) =05
fGa(u) =06
fGa(II) =07
""f(;a(n) =08
—Ga(ll)
4 5 6

Photon energy (eV)

Fig. 4. (a) Real and (b) imaginary part of the effective dielectric function (& = g1+ igy) of a
mixture of Ga(Il) and B-Ga obtained using Bruggeman effective medium approximation
with different Ga(Il) filling fractions fg,(yr) (dashed lines). Red and blue solid lines represent
the dielectric function of Ga(II) and 8-Ga, respectively.

Figure 5 shows the values of the Fa number of each Ga-phase, including those phases stable
at room pressure (i.e., a-, 8-, y-, 0- and [-Ga), versus their Frohlich frequency. The Faraday
number can also be related to the free-electron behavior of each phase: good plasmonic metals
have low values of €, and negative values of €. Therefore, the lower the values of &, the higher
the corresponding Fa numbers. Keeping this in mind, the plasmonic performance of Ga(Il) is
superior to that of both a- and 8-Ga. This behavior can be related to the optical properties of
these materials: Ga(Il) has metallic behavior in all the analyzed spectral range whereas a- and
[-Ga present interband transitions below 2 eV. Conversely, the interband transitions in Ga(III)
at 1.44 eV produce a plasmonic performance comparable to that of a-Ga. Therefore, if we
correlate the values of Fa to the free-electron behavior of each phase, we can list the Ga-phases
in increasing order of free-electron behavior as: Ga(Ill), @-Ga, 8-Ga, Ga(Il), y-Ga, 6-Ga, and
[-Ga. This is consistent with results reported in Ref. [19].
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Fig. 5. Faraday number vs Frohlich frequency of the different Ga-phases.

All Ga-phases present a Frohlich energy in the UV range (photon energies above 3 eV), which
makes Ga a promising candidate for UV plasmonics applications [37,38]. It is worth noting
that common metals used for plasmonic in the visible range (i.e., Ag with Ep.=3.5 €V or Au
Er,=2.7 V) present interband transitions below 3 eV that inhibit their use in UV plasmonics.



Research Article Vol. 9, No. 10/1 October 2019/ Optical Materials Express 4056

NAlSSEXPRESS
eTials B
e

Although Ga-phases have lower Faraday numbers than other metals that have been proposed for
UV plasmonics, such as Al (Fa=1391 and Er, =8.9 eV) or Mg (Fa=6542 and Ep-=5.7 eV)
[38], the oxide shell that forms on Ga NPs stabilizes to only ~1 nm thick. Conversely, in the case
of Al or Mg, oxidation can consume all metal in nanoparticles made of these metals, inhibiting
their plasmonic response [39,40]. Rh has been recently proposed as an alternative to Al and Mg
in UV plasmonics applications due to its stability against various environments [41,42]. However,
its plasmonic performance is lower than that of the different Ga-phases (Fa =59 and Ep, = 8.1
eV) [38].

Indeed, the near-field enhancement produced by hemispherical /-Ga NPs has already been
exploited in surface-enhanced Raman spectroscopy (SERS) experiments [43,44] . Due to the
increasing interest in performing SERS experiments at high pressure [23-25] -already SERS
experiments up to 10 GPa have been performed [24]-, Ga(Il) and Ga(III) NPs seem promising
candidates as substrates for high-pressure SERS. The reported values of their optical constants
can help the rational design of Ga(II) and Ga(III) nanostructures for this purpose. In order to
explore this possibility, we have calculated the absorption cross-section, Cys, and the average
near-field enhancement, (|E|?), over the surface of hemispherical NPs with radius R = 60 nm,
made of Ga(Il) and Ga(III), respectively, and located on a sapphire substrate (see Figs. 6(a,b) red
lines).
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Fig. 6. Absorption cross-section (Cabs, blue line) and near-field enhancement averaged
(|E|2) red line) over the surface of (a) Ga(Il) and (b) Ga(Ill) R=60nm hemispherical
NPs on an infinite sapphire substrate embedded in air. Respective near-field distributions
(log10(|E|2)) of their (c, e) low and (d, f) high energy modes. Red and blue arrows indicate
the electric field (E) and wave vectors (Kk), respectively.

As reported for the other Ga-phases [19], the hemispherical NPs present two modes: a low
energy mode of dipolar character, where the near-field is highly localized in the interface between
the NPs and the substrate (see Figs. 6(c,e)), and a high energy mode of higher order, where the
field is more evenly distributed over the hemisphere’s surface (see Figs. 6(d,f)). In the former
case, although the hot-spots are more intense, the average near field enhancement over the NPs
surface (|E|?) is lower because the hot-spots are localized in a smaller region (i.e., the around
sharp edge in the NPs-substrate interface). Conversely, in the latter, although the hots-spots are
less intense, since they are more evenly distributed on the NPs surface {|E|?) takes higher values.
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In light of the near-field distribution, the excitation of the high energy mode seems to be more
convenient for SERS experiments: due to the even distribution of the near-field, the deposition
of the molecules is not as a critical factor as in the low energy mode for which the molecules
have to be precisely deposited in the NP-substrate interface. In addition, the evaluation of the
near-field enhancement (|E|?) over the NPs surface indicates that for the high energy mode, its
magnitude is ~1.5 times higher than for the low energy one. Specifically, Ga(Il) hemispheres
produce higher near field enhancement than those made of Ga(III) at both modes (in agreement
with Fig. 5), although the values of their absorption cross-sections Cps are lower.

By comparing C,s and (|E|?) in Figs. 6(a,b), we discover that the spectral positions of their
corresponding high energy peaks are the same. This feature presents an additional advantage when
designing SERS substrates from hemispherical NPs: a far-field measurement (C,) indicates the
exact photon energy that produces the maximum near-field enhancement. Conversely, the low
energy peak in the C,p, spectrum is red-shifted with respect to that of the (|E|?) spectrum. This
red-shift phenomenon has already been reported for dipolar nano-antennas [45] and is smaller
for the Ga(III) hemispheres than for Ga(Il) (0.1 vs 0.2 eV, respectively).

Many of the reported Ga-based phase change devices reported in the literature rely in the
change of reflectivity produced by the phase transition between Ga-phases induced either by
optical [14] or e-beam [15] excitation or by heating [16]. In order to explore the change in
reflectivity by a transition between Ga-phases induced by an applied pressure, Fig. 7(a) plots
the reflectance spectrum at normal incidence of a layer 150 nm thick, made of the different
Ga-phases on a sapphire substrate (see Methods). As expected, the largest differences in the
reflectance spectra of the different Ga-phases is produced below ~ 2 eV. Those phases with
interband transitions below = 2 eV (i.e., @-, 8-Ga and Ga (III)) show lower reflectance values
because of their dielectric behavior (g1 > 0) [19]. Above 2 €V, their reflectance increases because
at those energies their dielectric function become metallic (¢; < 0). By contrast, those phases
with a metallic dielectric function in all the analyzed spectral range (i.e., y-Ga, 6-Ga, [-Ga and
Ga(Il)) present almost constant reflectance. For the sake of comparison, in Table 2 the values of
reflectance of each Ga-phase at 1 and 6 eV are summarized. Whilst a-, 8-Ga and Ga (III), the
change in reflectance from 1 to 6 €V is ~20%, for y-Ga, §-Ga, [-Ga, and Ga(Il) the change is
~5%.
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Fig. 7. (a) Reflectance spectra at normal incidence of a layer 150 nm thick made of the
different Ga-phases on a sapphire substrate. (b) Reflectance spectrum at normal incidence of
a layer 2 =150 nm thick made of a mixture of 5-Ga and Ga(Il) on a sapphire substrate with
different Ga(Il) filling fractions fg,()-

Since the extended pressure-temperature phase diagram reported by Schule and Holzapfel in
Ref. [17] shows that Ga(Il) coexists with 5-Ga, Fig. 7(b) shows the reflectance of a layer 150
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Table 2. Reflectance (%) at normal incidence of a layer h=150 nm thick made of the different
Ga-phases on a sapphire substrate at 1 and 6eV.

Photon energy [-Ga a-Ga B-Ga y-Ga 6-Ga Ga(Il) Ga(II)
lev 85.9 47.7 52.7 74.1 79.5 70.5 42.6
6eV 84.3 66.9 72.9 77.8 79.9 75.4 64.6

nm thick made of a mixture of 8-Ga and Ga(Il) on a sapphire substrate with different Ga(II)
filling fractions fg,am). As before, the optical constants of each mixture have been obtained using
BEMA (see Fig. 4).

4. Conclusions

In conclusion, we have reported the first detailed analysis of the optical properties of Ga(II)
and Ga(III), two of the high-pressure Ga phases, and their correlation with their crystalline and
electronic structures. It was found that whereas Ga(II) has metallic dielectric function in the
1-6 eV spectral range, Ga(Ill) presented interband transitions at 1.44 eV. We have compared
the plasmonic performance of these two high pressure phases with those stable and metastable
phases at atmospheric pressure. Ga(Ill) has a plasmonic performance comparable to that of
a-Ga, the phase most common at atmospheric pressure and room temperature, while Ga(II) has a
plasmonic performance superior to that of @- and 8-Ga. Inspired by the recent use of liquid-Ga
hemispheres as SERS substrates [43,44], we analyzed the near-field enhancement produced by
Ga(II) and Ga(III) hemispheres on a sapphire substrate to evaluate their applicability to high
pressure SERS. Ga(Il) hemispherical particles produce near-field enhancements ~1.5 times more
intense than Ga(IIT) hemispheres. In addition, because many phase-change devices rely in the
change of reflectivity produced by the transition between Ga-phases, we have compared the
reflectance spectra of a thin film made of the different Ga polymorphs. It can be concluded that
the largest differences are produced below 2 eV, where some of the Ga-phases have interband
transitions. This work confirms the potential for pressure driven phase-change Ga plasmonic
devices and plasmonic substrates for high-pressure SERS [23-25].
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