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ABSTRACT: This paper reports the manipulation of surface
plasmon polaritons (SPPs) in a liquid plasmonic metal by
changing its physical phase. Dynamic properties were controlled
by solid-to-liquid phase transitions in 1D Ga gratings that were
fabricated using a simple molding process. Solid and liquid
phases were found to exhibit different plasmonic properties,
where light coupled to SPPs more efficiently in the liquid phase.
We exploited the supercooling characteristics of Ga to access
plasmonic properties associated with the liquid phase over a
wider temperature range (up to 30 °C below the melting point
of bulk Ga). Ab initio density functional theory−molecular
dynamic calculations showed that the broadening of the solid-state electronic band structure was responsible for the superior
plasmonic properties of the liquid metal.
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Electronic circuits are becoming increasingly constrained by
the capabilities of metallic interconnects to transport

information.1 This limitation can be potentially overcome
through the use of photonic elements, which have the ability to
carry data with higher efficiencies. The critical feature sizes of
photonic interconnects, however, are limited by the diffraction
limit of light. Surface plasmon polaritons (SPPs), propagating
electromagnetic waves confined to metal−dielectric interfa-
ces,2,3 can potentially bridge the size discrepancy between
photonic elements (>100 nm) and nanoscale electronic
interconnects (<100 nm). In order to realize SPP-based
photonic devices, there is a need for external, on-demand
mechanisms that allow for control of plasmonic properties. For
example, the propagation of SPPs can be suppressed through
the introduction of a SPP phase mismatch via a change in the
dielectric environment around the metal. This change can be
achieved through the use of thermo-optical polymers4 or by
electrostatically changing the dielectric material.5,6 Alterna-
tively, SPPs can be reversibly controlled by inducing changes in
the properties of plasmonic metal. In Al, the introduction of
nonlinear interband excitations by a femtosecond laser can alter
the electronic structure of the metal for a short duration and
result in increased SPP propagation.7 Additionally, a thermally
induced metal-to-semiconductor transition of VO2 can control
the extraordinary optical transmission through Ag−VO2 hole
arrays.8 The plasmonic properties of VO2, however, are
suboptimal because of the high losses associated with the
poor conductivity of VO2.

Temperature-induced solid-to-liquid phase changes allow for
the direct manipulation of SPPs within a plasmonic material. Ga
is an excellent candidate because it has a relatively low melting
point (29.8 °C) that can be further manipulated by
supercooling9 and nanoscale confinement effects.10 Ga also
displays different plasmonic properties in the liquid and solid
phases.10 Localized surface plasmons in liquid Ga nanoparticles
prepared by plasma-assisted molecular beam epitaxy exhibit
optical resonances in the UV−vis range and have been shown
to be SERS active.11−13 Also, Ga nanoparticles have been
shown to undergo a structural phase change between high and
low reflective states via a light-induced phase transformation.14

The SPP properties of Ga have also been explored; a SPP
switch consisting of a flat Ga region between two Au gratings
has been theoretically proposed,15 and a Ga-based SPP switch
in the Otto prism-coupling configuration has been demon-
strated.16 Free-space excitation of SPPs is more desirable,
however, for integration in optical or electronic devices.
Here we report the dynamic manipulation of SPPs in 1D Ga

gratings via reversible solid-to-liquid phase transitions. These
substrates support plasmonic resonances at visible wavelengths,
with the liquid phase exhibiting higher SPP coupling efficiencies
and narrower resonance widths compared to the solid phase.
The optical properties of the Ga gratings can be switched by
thermally inducing solid-to-liquid and liquid-to-solid phase
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transitions. The switching was reversible with no degradation in
optical properties throughout extensive cycling. By taking
advantage of the supercooling characteristics of Ga, we were
able to lower the freezing point of Ga and, as a result, access
plasmonic properties associated with the liquid phase over a
wider temperature range (as much as 30 °C below the melting
point of bulk Ga). Through ab initio density functional theory−
molecular dynamic (DFT-MD) simulations, we revealed the
origin of the superior plasmonic properties of the liquid.
Figure 1 depicts the fabrication process for 1D Ga gratings. A

Si master of 1D line patterns with a periodicity (a0) of 400 nm,

line widths of 150 nm, and trench depths of 35 nm was
fabricated by phase-shifting photolithography17 followed by
deep reactive ion etching. The depths of the trenches were
optimized for maximum SPP coupling efficiency (η),17 which is
a measure of the percentage of energy coupled from free-space
light to SPPs, using finite difference time domain (FDTD)
simulations (Lumerical, Inc.). An optically transparent, inverse
pattern of the Si master was obtained by molding the Si master
against a photocurable polyurethane (PU) optical adhesive
(Norland 61, Norland Products, Inc.) affixed to a glass slide.
The Ga gratings were prepared by molding liquid Ga against
the PU template by applying ∼10 kPa of pressure (Figure 1A).
Before the molding process, liquid Ga was filtered (Acrodisc 1.2
μm membrane syringe filters) to reduce the effects of
contaminants and surface oxide layers.18 Previous work on
the oxidation of liquid Ga surfaces has shown that a passive
oxide layer (∼5 Å) is formed on the Ga surface at very high O2
dosages (1600 × 10−6 Torr s) and elevated temperatures (up to
573 K).19 We did not completely remove this oxide layer
because otherwise Ga would not retain the non-Newtonian
fluid properties18 that allow it to remain in conformal contact
with the nanograting structures. Figure 1B shows that these
gratings are uniform over cm2 areas.
To characterize the patterned Ga structure, we cooled the

liquid metal gratings to their solid phase and physically
removed the PU mold. Atomic force microscopy line profiles
showed that the solid Ga grating closely matched the inverse
line profile of the PU template (Figure 2A), which indicated
good contact between the liquid Ga and the PU pattern prior to
freezing. The crystallinity of the solid Ga grating was
determined using a CPS 120 INEL powder X-ray diffrac-
tometer (monochromatic radiation from Cu Kα graphite). The
diffraction patterns of the solid surface (Figure 2B) varied

among samples because the solid Ga patterns were polycrystal-
line; however, all of the peaks corresponded to the α-Ga
structure (CSD No. 1005025).
We measured the optical properties of the liquid and solid

Ga gratings using a home-built optical setup.3,18 Samples were
illuminated with collimated, p-polarized white light (λ = 400−
1000 nm, halogen lamp), and the zero-order reflectance spectra
were measured. We built a Peltier heating−cooling stage by
assembling a thermoelectric heating element and a temperature
controller (TE Technology, Inc.) to control the temperature of
the sample (Figure 3A,B). To illustrate the primary differences
between liquid and solid gratings, we first compared the
reflectance spectra (Figure 3C) of the solid (26.0 °C) and
liquid (36.0 °C) gratings at an incidence angle θ = 10°. The
solid phase showed an overall poor reflectance (R = 0.40−0.42)
compared to the liquid phase (R = 0.57−0.75). There is also a
significant difference in the SPP η between the two phases: η =
73% for the (−1) SPP resonance in the liquid phase compared
to η = 22% in the solid phase. Finally, the liquid phase exhibited
a narrower resonance (λfwhm = 22 nm) compared to the solid
phase (λfwhm = 75 nm), which suggests a longer SPP lifetime in
the liquid phase compared to the solid phase.
The reversibility of the solid-to-liquid phase transitions was

investigated by performing real-time reflectance measurements
while heating and cooling the Ga gratings between 22.0 and
31.0 °C. Figure 4A displays the real-time reflectance spectral
map, indicating that reversible switching of the optical
properties between the solid and liquid phases could be
achieved: η rapidly changed from 24% to 62% upon the melting
of solid Ga and returned back to 24% after solidification. The
response time was limited by the ramp rate of the Peltier

Figure 1. Fabrication of Ga gratings. (A) Scheme depicting the
fabrication of liquid Ga gratings. The 1D PU template has a periodicity
of 400 nm, line widths of 150 nm, and heights of 35 nm. (B)
Photograph displaying the cm2 area of a 1D liquid metal grating (a US
dime is shown for comparison).

Figure 2. Characterization of the solid Ga grating structure. (A) AFM
line profiles of the Ga gratings and the inverse of the PU templates
indicating good contact between Ga and the PU template. (B) X-ray
diffraction patterns of three different Ga gratings exhibited different
crystallographic orientations. All peaks can be indexed to the α-Ga
phase. The blue lines correspond to the standard diffraction pattern for
α-Ga (CSD No. 1005025).
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thermal stage (Figure 4B); there was no degradation in the
optical response after 20 heating−cooling cycles.
To measure the melting and solidification of Ga in the

grating structure more precisely, we monitored the changes in
the optical response during these processes. Reflectance spectra
were recorded at 300 ms intervals, during which the Ga grating
was heated (or cooled) at a slow rate (0.1 °C steps every 30 s).
For the solid-to-liquid phase transition (Figure S1), a gradual
increase in the quality of the SPP resonance was observed after
the temperature reached 28.0 °C (over 15 s); the melting point
was 1.8 °C lower than that of bulk Ga. This reduction in
melting point can be attributed to the nanoscale confinement of
Ga within the grating structure and was consistent with
previous reports on melting point suppression in Ga confined
within microstructured opals.10 For the liquid-to-solid phase
transition, however, we observed that the freezing point (Tf)
decreased as the initial holding temperature (TH) of the liquid
increased (Figure 5A). This behavior is consistent with the
supercooling characteristics of Ga films9 (Figure S2). In
contrast to the gradual melting transition, the freezing of the
Ga grating was always accompanied by an abrupt change (<1 s)
in the reflectance spectral map as the sample was cooled
(Figures 5B,C). The supercooled liquid Ga grating displayed η
and λfwhm similar to the liquid phase above the solidification
point. Significantly, this supercooling effect allowed for the
dynamic tuning of Tf as well as access to plasmonic properties
of liquid Ga at temperatures well below the bulk melting point.
The SPP resonances can be determined from the Bragg

coupling equation:
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where |kSPP|, |k0|, and |k∥| are the magnitudes of the wavevectors
of the SPP, incident light, and in-plane projection of the
incident light, respectively. εd is the permittivity of the PU, and
ε′m(ω) is the real part of the frequency-dependent complex
dielectric constant of Ga. Gi is a vector in reciprocal space
inversely proportional to a0, and the integer i specifies the order
of the SPP modes.
We determined the dielectric functions for both solid and

liquid phases of Ga using ab initio DFT theoretical calculations
and ellipsometry. DFT calculations were based on structures
derived from ab initio MD calculations in which an initially
prepared crystalline structure was melted to determine the
properties of the liquid. The MD simulations were performed
on a 216-atom α-Ga unit cell at the experimental liquid
density20 for a total duration of 9 ps with 1 fs time steps. A
Nose−́Hoover thermostat21,22 maintained a constant temper-
ature of 127 °C to ensure melting. After 4 ps, the pair
correlation function showed a shift in the average nearest
neighbor distance from <2.50 to >2.75 Å, which confirmed the
liquid phase of the system. Atomic coordinates from 74 MD
steps were randomly selected from the simulation (with times
above 4 ps) to determine the dielectric function of liquid Ga.

Figure 3. Optical properties of Ga gratings highlight differences in
plasmonic properties of the solid and liquid phases. (A) Scheme
depicting the Peltier heating/cooling stage used in the measurements.
(B) Photograph of the Peltier heating/cooling stage and liquid Ga
grating. (C) Reflectance spectra measured at θ = 10° demonstrate the
differences in the optical response of solid (26.0 °C) and liquid (36.0
°C) Ga gratings. The liquid phase exhibits deep and narrow SPP
resonances, a good indication of strong coupling between light and
SPPs, while the solid phase has broad and less intense SPP modes. The
liquid phase has a higher overall reflectance when compared to the
solid phase.

Figure 4. Real-time optical measurements demonstrate reversible
optical switching from the Ga grating during phase changes. (A) The
real-time reflectance spectral map measured at θ = 10° depicts
reversible switching in plasmonic properties associated with the liquid
(L) and solid (S) phases. The sample temperature was alternated
between 22 and 31 °C and held for a duration of 30 s at each
temperature. (B) Change in η and sample temperature plotted as a
function of time reveals the onset of melting (28.0 °C) and freezing
(23.0 °C).
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The imaginary part of the frequency-dependent complex
dielectric constant (ε″m(ω)) for these 74 snapshots was
determined by calculating the interband transitions from
occupied to unoccupied states, and ε′m(ω) was obtained by
performing a Kramers−Kronig integration on the averaged
ε″m(ω). A similar method was used to calculate the optical
properties of solid Ga with a constant temperature of 27.0 °C
for 7 ps simulations. In the solid phase, interband transitions
were evident in the 450−700 nm spectral range (Figure S2). In
the liquid phase, however, the interband transitions were spread
out over the energy spectrum due to a loss of crystallinity
resulting in a decrease of |ε″m(ω)| between 450 and 700 nm
(Figure S3).
Additionally, we performed ellipsometry on both flat liquid

and solid Ga surfaces to assess the accuracy of the DFT-MD
simulations. The dielectric constants calculated by DFT-MD
simulations for the liquid phase closely matched the measure-

ments determined from ellipsometry (Figure S2). For the solid
phase, however, there was slight disagreement because of
reduced Ga dimerization in the simulated unit cell compared to
the experimental crystal structure. Also, the DFT-MD
simulations lack information regarding crystallographic orienta-
tion in the experiments. Overall, the DFT-MD simulations
revealed the superior dielectric properties of the liquid phase
because of the spreading of the interband transitions over the
energy spectrum as a result of loss in crystallinity. The DFT-
MD simulations also provide a simple and effective approach to
investigate the plasmonic properties and dispersive character-
istics of liquid metals without empirical data.
Dispersion diagrams displaying wavelength (λ = 400−1000

nm) versus incident angle (θ = 10°−60°) revealed that the
liquid phase (Figure 6A) had larger η and λfwhm compared to

the solid phase (Figure 6B) over all λ and θ. Bragg modes were
computed using ε′m(ω) obtained from the DFT-MD
simulations (solid red lines) and ellipsometry measurements
(dashed blue lines) for comparison with experimental
dispersion diagrams. For the liquid phase, there was good
agreement between the computed SPP modes and the
experimental SPP modes; however, in the solid phase, the
Bragg modes using ε′m(ω) from ellipsometry measurements
were closer to the experimental SPP modes. The (−1) mode at
the Ga−PU interface for θ = 10° was centered at 709 nm for
the liquid phase and blue-shifted to 704 nm in the solid. The
(+1) mode at the Ga−PU interface was located at 579 nm for
the liquid phase and blue-shifted to 572 nm in the solid. This
shift in λ is most likely a combination of variations in the
measured dielectric constants of solid and liquid Ga and

Figure 5. Effect of supercooling on the liquid-to-solid phase transitions
probed by real-time optical measurements. (A) The liquid-to-solid
phase transition was affected by supercooling where the Ga freezing
point (Tf) depended on the initial holding temperature (TH) of the
liquid phase. The dotted line corresponds to the melting point of 28.0
°C observed in the solid-to-liquid real-time experiments. (B) Real-time
reflectance spectral map for TH = 32.0 °C showing an abrupt change in
the spectra at 23.9 °C because of freezing of Ga (the samples were
cooled at a rate of 0.1 °C per 30 s). (C) Real-time reflectance spectral
map for TH = 39.0 °C depicting a lower Tf (16.5 °C). Reflectance
spectra were recorded at θ = 10°; the resonance wavelength
corresponds to the (−1) SPP mode.

Figure 6. Experimental dispersion diagram shows SPPs modes that
match those calculated from the dielectric constants determined by
DFT-MD. Dispersion diagrams of a Ga grating in (A) liquid and (B)
solid phases. The Bragg modes calculated from the dielectric constants
obtained from ellipsometry (dashed blue lines) and DFT-MD
simulations (solid red lines) have been overlaid for comparison.
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changes in the grating periodicity from thermal expansion of
PU (Supporting Information).
In conclusion, we have demonstrated a simple fabrication

approach for the preparation of liquid Ga gratings. These
grating structures exhibit reversible and switchable phase-
dependent plasmonic properties. Overall, the liquid phase
exhibited higher SPP coupling efficiencies and narrower
resonance line widths compared to the solid phase. Because
of the supercooling characteristics of Ga, the freezing point can
be dynamically tuned well below the bulk melting point. The
differences in the plasmonic properties of the liquid and solid
Ga phases arise from the broadening of the electronic bands in
the liquid state. This work shows that liquid metals have
interesting plasmonic properties and can thus open new
directions in plasmonics. For example, liquid metals can be
used in the fabrication of complex nanostructures and self-
healing plasmonic nanostructures.
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