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Nano-engineering the effective, macroscopic properties of composite materials is becoming increasingly important in material sciences and device development. Here, we report on using embedded plasmonic nanorods to modify the effective, as opposed to the intrinsic, phase transition temperature of vanadium oxide, a phase change material vital for infrared imaging and thermochromics. The nanorods function as controllable, nano-sized thermal sources through the excitation and dissipation of surface plasmons. The polarization dependence in the excitation efficiency modifies the effective phase transition temperature by up to 4.2 °C under broadband illumination of 5.0 W. This work constitutes a proof-of-principle demonstration of tunable and reversible plasmonic modulation of the phase transition temperature in a phase change material. It also represents a new strategy of thermo-plasmonic engineering at the nanoscale.


1. Introduction
The effective, macroscopic properties of many materials are often underpinned by their micro- and nano-structures. By actively exploiting this relation, numerous functional materials and novel devices have been developed where the functionalities originate from rational design of the micro- and nanostructures. For example, the effective refractive index of both photonic crystal slabs and fibers, a parameter crucial for confining and guiding light, can be adjusted by using micrometer-spaced air holes.1) Fine-tuning these microstructures further optimizes the dispersion and the size of optical modes, increasing the nonlinear refractive index by orders of magnitude relative to the constituent materials.2) Meanwhile, metallic micro- and nano-structures can create negative magnetic permeability and negative refractive index, the discovery of which has led to the development of invisibility cloak and superlens.3) More recent development in metamaterial research includes the hyperbolic metamaterials.4) Their effective electric permittivity or effective magnetic permeability is highly anisotropic, a property that could be very useful for high-resolution imaging and lithography. In areas beyond electromagnetism, a broad range of material properties inconceivable in natural materials have been also reported, which include negative values of thermal conductivity, elastic constants and mass density.5-7)
This work shows that the effective, macroscopic phase transition temperature of plasmonic vanadium oxide (VOx) thin films depends on the polarization of incident light. It constitutes a proof-of-principle demonstration of tunable and reversible thermo-plasmonic engineering of the phase transition temperature in a phase change material. VOx is chosen as the example phase change material for several reasons. (1) The optical properties of VOx can change drastically across the metal-insulator phase transition, making the optical detection and analysis of the transition relatively easy.8,9) (2) As the phase transition is volatile and the critical temperature is close to room temperature (68 °C for VO2 and lower for other stoichiometry),10) the transition is thus easily initiated, maintained and influenced using relatively little power. (3) VOx is the key material in infrared focal-plane arrays that currently dominate the market of uncooled infrared sensors, where the phase transition temperature is a crucial parameter.11) As this work shows a method to influence the phase transition temperature without altering the material composition, it may lead to significant improvement in sensor performance.

2. Experimental methods
[bookmark: _Hlk34829749]This work explores the electromagnetic and thermal interactions between VOx thin films and embedded plasmonic nanorods. The interplay between surface plasmons and a variety of phase change materials including vanadium dioxide (VO2)12-21) and chalcogenides22,23) has been intensively studied. Indeed, it is widely viewed as a promising approach to constructing reconfigurable metamaterials and meta-devices.24,25) However, most of these previous reports only explored the plasmonic wavelengths, where the behaviors of the plasmons and the phase change materials are highly intertwined. By comparison, this work adopts a very different approach. It explores wavelengths far away from the plasmonic resonances, providing the opportunity to highlight changes in material properties (here the effective phase transition temperature) that plasmons induce. It is worth highlighting that, this work does not aim to modify any intrinsic material property of the VOx films. Instead, it demonstrates that the phase transition temperature, a key parameter for all phase change materials, can appear at a different value under the influence of surface plasmons.
Figure 1 illustrates key fabrication steps and typical sample morphology. A resist layer was spin coated on the surface of a silicon wafer (Fig. 1a) and subsequently patterned by electron beam lithography (Fig. 1b). A chromium buffer layer and a gold thin film, with respective thicknesses of 5 nm and 40 nm, were deposited on the sample by electron beam evaporation (Fig. 1c). Nanorods were obtained after the lift-off process (Figs. 1d and 1g). After the lift-off, the sample was subsequently covered with a vanadium layer of 70 nm in thickness by reactive sputtering (Fig. 1e). The sputtering power was 40 W, the pressure was 0.6 Pa, and the gas flow rates of argon and oxygen were 15 sccm and 0.3 sccm, respectively. Finally, the film was annealed in air to oxidize the vanadium (Fig. 1f). The oxidization temperature was 440 °C and the temperature increase rate was 1.9 °C/min.
We found that small variations in fabrication conditions often resulted in noticeable changes in the properties of VOx films. To allow for unambiguous comparison between samples, four nanorod arrays were fabricated on the same silicon substrate, and vanadium sputtering and oxidation were then conducted on the whole substrate. The nanorods had designed planar dimensions of 485 nm × 75 nm and each array covered an area of 1 mm × 1 mm. The nanorod periodicity depended on the sample, viz. 1 µm × 300 nm (Sample A), 750 nm × 300 nm (B), 1 µm × 200 nm (C) and 750 nm × 200 nm (D). The stoichiometry of the VOx films obtained through X-ray diffraction analysis was x≈2.2.

3. Results and Discussion
3.1 Transmission spectrum measurements
[bookmark: _Hlk34819635][bookmark: _Hlk34819028]Infrared transmission spectra of the samples were measured by using a microscopic Fourier-transform infrared spectrometer (FTIR-6300 and IRT-3000, JASCO) (see Fig. S1 in the Supporting Information (SI)). A high-intensity ceramic light source generated an infrared spectrum that covered the broad range from 2 µm to 16 µm. The incident light was linearly polarized and its intensity was 5.0 W at the sample surface. Tuning the relative orientation between light polarization and anisotropic nanostructures is a well-established method to modulate plasmonic resonances. In this report, the light polarization was parallel to either the long axis (i.e. long-axis illumination) or the short axis (i.e. short-axis illumination) of the nanorods, which was achieved by rotating the sample. The incident light was loosely focused down to a diameter of 600 µm, smaller than the size of each nanorod array. Transmission spectra were recorded by using an HgCdTe photodetector with a clean silicon wafer as reference. Accurate temperature control and measurement, which were crucial in this experiment, were achieved by using a Peltier module and a temperature sensor attached to the bottom and topside of the sample, respectively. At each temperature, the spectrum was recorded after the temperature sensor had stabilized for a few minutes to allow the sample to reach thermal steady state. In the whole experimental range, the sample temperature was controlled with an accuracy of ± 0.1 °C.
Figure 2a shows the transmission spectra of Sample A measured at each temperature interval between 25 °C to 75 °C. The incident light is polarized along the long axis of the nanorods. A profound spectral feature at ~3.8 µm is observed in all the spectra. As will be discussed in theoretical analysis following Fig. 3, it corresponds to localized surface plasmon resonance oscillating along the longitudinal axis of the nanorods. Figure 2a shows a slight shift of ~140 nm in resonance wavelength with temperature, congruent with a change in VOx permittivity. For wavelengths away from the resonance, transmission clearly decreases with increasing temperature within the studied temperature range. This is due to the transition of the film from insulating to more reflective metallic phase. The spectral features at ~12 µm are attributed to intrinsic material loss in the VOx,26) and the intensity drop at ~16 µm originates from the limited spectral range of the light source and the spectrometer. Figure 2b shows spectra measured in a cooling process, where the differences with Fig. 2a are easily noticeable. Figure 2c shows the temperature-dependent transmission at 10 µm, an example wavelength far away from the plasmonic resonance. The transmission over the complete heating and cooling process traces a hysteresis loop. It is worth noting that the intersection at 60 °C in Fig. 2c, a feature that has rarely been reported in VOx studies before, is reproduced in numerical simulation (Fig. S2 in the SI) by using the modified Maxwell Garnet effective medium model.27)
The effective phase transition temperature Teff can be extracted from the hysteresis loop in Fig. 2c. It is defined as the center of the loop (the black triangle in Fig. 2c), and its value is determined following these three steps. (1) Transmission at 25 °C and 75 °C determines the center of the loop in the y axis. (2) The two temperatures that produce this transmission are located on the hysteresis loop. (3) The average of these two temperatures determines the center of the loop in the x axis and consequently Teff.
Similar measurements and analysis were conducted for the orthogonal polarization, i.e. along the short axis of the nanorods. Figures 2d, 2e and 2f show the heating spectra, the cooling spectra and the hysteresis loop, respectively. Different from the long-axis spectra, no plasmonic spectral feature is discernible, an observation that is supported by the numerical simulation in Fig. 3. Figure 2f shows a hysteresis loop similar to that in Fig. 2c, and the loop center is also highlighted. 
A key difference between Figs. 2c and 2f, which is also the main discovery of this work, is that Teff depends on polarization. To determine the magnitude of this difference to high accuracy, hysteresis is analyzed at wavelengths from 8 µm to 15 µm at an interval of 1 µm (see Table S1 in the SI). Teff under the long-axis illumination is always lower than that under the short-axis illumination; the average and standard deviation of the difference are ∆ Teff = 3.37±0.11 °C. It is worth emphasizing that such polarization dependence is not an experimental artefact because it is not observed in the control sample, which is a plain, nanorod-free VOx film (Fig. S3 in the SI).

3.2	Numerical simulation and theoretical analysis
In order to identify the origin of ∆Teff, numerical simulation was conducted using COMSOL Multiphysics finite-element solver. Experimentally identifying the temperature-dependent permittivity of the VOx thin film in the wavelength range of interest was beyond our capability. As a numerical approximation for elucidating underlying mechanisms, the VOx layer was modelled as a 70-nm thick stoichiometric VO2 layer, which relatively reliable material properties can be found in the literature.28,29) Rod dimensions and periodicity took experimental values. The corners of the nanorod had an in-plane radius of 25 nm. The permittivity of silicon was 11.7. The wavelength-dependent permittivity of the two pure phases of VO2 was taken from References 28 and 29. The wavelength-dependent permittivity of gold and chromium was taken from References 30 and 31, respectively. The transmission spectra (Figs. 3a and 3f) included all diffraction orders in the forward direction, while the absorption cross section (Fig. 4b) was derived from dissipation inside the nanorods.
Figure 3a shows the simulated transmission of sample under long-axis illumination with the VO2 in the pure insulator phase. The resonance wavelength (~ 3.8 μm) and the overall shape of the experimental spectra are reproduced in the simulation. The near-field enhancement of the electric field in Figs. 3b-3e clearly shows that the resonance resembles an electric dipole. In contrast, the short-axis spectrum in Fig. 3f lacks any pronounced plasmonic resonance feature. This observation is consistent with the near-field plots where no field enhancement is visible (Figs. 3g-3j). The sharp contrast between the two polarizations in Fig. 3 suggests that the finite value of ∆Teff can be attributed to plasmonic resonance. Plasmonic resonance allows for highly controlled light absorption, which has been explored for a variety of applications such as optical data processing32) and novel spectroscopy.33) Light absorption generates heat with a spatial dependence derived from the heat-generation rate of , where ω is the angular frequency, Im[ε] is the imaginary part of the permittivity ε, and E is the electric field. As plasmons are often associated with highly localized electric field enhancement (e.g. in Figs. 3b-3e), plasmonic nanoparticles function like heaters at the nanoscale. This property has proved to be crucial for heat assisted magnetic recording,34) photothermal cancer therapy35) and triggering chemical reactions at the nanoscale.36,37)
Polarization dependence as demonstrated in this work, achieved through the adoption of elongated nanorods, enables an extra degree of control over plasmons as compared to many previous works on thermo-plasmonics. Under long-axis illumination, the presence of plasmonic resonance (Figs. 3b-3e) implies that a noticeable temperature distribution exists in the film, which persists even in the thermal steady state. As compared to the sample surface where the thermal sensor is located, the nanorods and the VOx (VO2 in simulation) in their vicinity are expected to be at a slightly higher temperature. The whole VOx film consequently has an effective temperature higher than its surface temperature, and its phase transition appears to occur at a lower measured temperature. Meanwhile, under short-axis illumination, no plasmonic resonance exists in the spectral range (Figs. 3g-3j). This contrast suggests that temperature of the VOx film depends on the light polarization, which directly leads to the finite value of ∆Teff.

3.3	Influence of nanorod density on effective phase transition temperature
To further support our interpretation of the phenomenon, the same measurement and analysis were conducted for the other three samples (Samples B, C and D). The nanorods have the same dimensions in all the four samples. The samples only differ in nanorod periodicity, but none of the periodicity is small enough to introduce dimer resonance in the measured wavelength range. Consequently, similar phenomenon is expected to appear in all these samples based on the analysis above. Indeed, a finite value of ∆Teff is detected in each sample, which is 4.03±0.07 °C for Sample B, 3.34±0.25 °C for Sample C, and 4.23±0.37 °C for Sample D (see SI for details).
Figure 4 shows a quantitative estimation of ∆Teff by combining experimental measurement, computational modelling and analytical calculation. Based on the effective medium principle, a continuous VOx layer and its embedded gold nanorods are approximated as a homogenous film without any internal heat source. The nano-heaters are instead approximated as a thin sheet of heat source q at the interface between silicon and this hypothetical film. In the steady state, the temperature field T obeys the heat equations of at the silicon-film interface and  inside the film, where k is the thermal conductivity. It is obvious that the temperature decreases linearly moving from the heat source to the air interface. The temperature at the center of the film is thus above that at the air interface, and the difference is considered to be the theoretical value of ∆Teff.
Reference 38 established an analytical model for calculating the temperature rise of a metal nanoparticle array under light illumination. We extend its analysis on the collective temperature rise, which only accommodated single-wavelength illumination, to address our experiment, which uses a broad band light source. We arrive at
         (1)
where λ is the wavelength, and P(λ) and σabs(λ) are the wavelength-dependent spectral flux and absorption cross section, respectively. kf and ks are the thermal conductivity of the film (taken as 6 W/mK, the value of VO2)39) and the silicon substrate (149 W/mK), respectively. D is the diameter of the focal spot (600 µm) and A is the size of the unit cell (1 mm × 1 mm). The integral range of λ is 2 µm - 16 µm, the main radiation range of the light source.
The radiation intensity P(λ) measured at the light source is shown in Fig. 4a. It is approximated by blackbody radiation at 590 K. The theoretical values, after normalization against the total incident power at , are used for the following calculation. The absorption cross section σabs(λ) of a single nanorod in Samples A, B, C and D is shown in Fig. 4b. A strong peak is observed in each spectrum and it corresponds to the plasmonic resonance. The decrease in peak intensity from Samples A to D is mainly due to the decrease in the size of the unit cell (from 1 µm × 300 nm in Sample A to 750 nm × 200 nm in Sample D), while the change in the peak shape may originate from factors such as finite crosstalk between the nanoantennas. Figure 4c shows the measured ∆Teff against the nanorod density. It also shows analytical values of ∆Teff computed based on Eq. (1), the P(λ) in Fig. 4a and the σabs(λ) in Fig. 4b. The analytical results roughly follow the trend of the experiment, providing strong support to our interpretation of the physical origin of ∆Teff. The analysis nevertheless underestimates ∆Teff by a few times, and this discrepancy probably has its main source in the assumptions made in theoretical analysis. Firstly, the analysis is based on stoichiometric VO2 whereas our samples are of mixed composition; the permittivity and thermal conductivity are therefore likely to differ. Additionally, the assumption of Au/VO2 as a homogenous medium heated from one side may be too simple; the plasmonic hot spots are likely to play a more complicated role in the phase transition than discussed above.
Equation (1) indicates that further decrease in Teff (i.e. an increase in ∆Teff) can be obtained by shaping the spectral of the incident light (i.e. modifying , as  that matches σabs(λ) can convert incident light power into heat effectively), increasing the incident light power  and increasing the absorption cross section σabs(λ). Interestingly, both Eq. (1) and Fig. 4c also indicate that solely increasing the nanorod density is instead not an optimal solution. ∆Teff shows monotonic increase with the nanorod density in neither the experiment nor the analysis. Equation (1) provides useful insight into this behavior. As the unit cell size A is normally much smaller than the beam diameter D, . For a given material system under given illumination conditions (i.e. kf, ks, D and P(λ) are fixed), . Increasing the nanorod density increases 1/A but decreases σabs(λ), and the resulted change in ∆Teff will depend on the competition of these two factors. A linear increase in ∆Teff with the nanorod density can be expected only at low densities, the regime where the density has little influence on σabs(λ).

4 Conclusion
To conclude, we have demonstrated altering the effective phase transition temperature of vanadium oxide thin films by embedding gold nanorods. The temperature depends on both the polarization of the illumination light and the nanorod density. In experiment, the temperature difference between two orthogonal polarizations reaches up to 4.2 °C in one sample. Theoretical analysis based on numerical simulation and effective medium approximation attributes this phenomenon to inhomogeneous, plasmon-induced heat generation. The localized heating facilitates an effective phase transition temperature of the composite material that is tunable, without changing the intrinsic properties of the constituent materials. This report also shows a new approach of using effective medium analysis to interpret thermo-plasmonic phenomena in phase change materials.
The plasmon-induced temperature modulation is both tunable and reversible. These unique properties may prove ideal for many applications, as existing methods of temperature modulation (e.g. changing stoichiometry and tungsten doping40)) are mostly irreversible. This work shows a new strategy of modulating macroscopic material properties through thermo-plasmonic engineering at the nanoscale. Besides plasmonic phase transitions, the analysis reported here may also provide valuable insights to research on other plasmon-dielectric systems, e.g. plasmonic solar cells41) and plasmon-enhanced water splitting,42,43) where thermal management at the nanoscale under broadband illumination is critical to device performance.
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Figure Captions
Fig. 1. (Color online) Key steps of sample fabrication and the morphology of a nanorod array. (a) Spin coating of electron beam resist on a silicon wafer. (b) Nanorod pattern formation through electron beam lithography. (c) Deposition of a chromium buffer layer and a gold thin film. (d) Formation of gold nanorods after lift-off. (e) Reactive sputtering of a vanadium thin film. (f) Formation of vanadium oxide (VOx) after annealing. (g) Scanning electron microscope images taken after the lift-off step. The scale bar represents 1 µm and 300 nm in the low and high magnification images, respectively.

Fig. 2. (Color online) Experimental transmission of Sample A. (a) Transmission spectra measured at different temperatures in a heating process. Incident light was polarized along the long axis of the nanorods. Spectra at eight different temperatures were measured: 25 °C, 35 °C, 45 °C, 50 °C, 55 °C, 60 °C, 70 °C and 75 °C. (b) Corresponding spectra in a cooling process. (c) Transmission hysteresis loop at 10 µm, an example wavelength far away from the plasmonic resonance, obtained in a complete heating (solid line) and cooling (dashed line) cycle. The effective phase transition temperature Teff (black triangle) is at the center of the loop. (d-f) Corresponding (d) heating spectra, (e) cooling spectra and (f) hysteresis loop for the orthogonal polarization, i.e. along the short axis of the nanorods.

Fig. 3. (Color online) Numerically simulated optical properties of Sample A. The VOx film is approximated with stoichiometric VO2 in the room-temperature insulator phase. (a) Transmission spectrum of the sample under long-axis illumination. (b-e) Electric field distribution of a 2D plane located 10 nm above the nanorod top surface within the VO2 layer. The field strength is normalized against the value at the same location inside a plain VO2 film. The whole wavelength range of interest is sampled at (b) 4 μm, (b) 8 μm, (c) 12 μm and (d) 16 μm. (e-j) Corresponding transmission spectrum and field distribution under short-axis illumination. All the field maps follow the same color scale.

Fig. 4. (Color online) Plasmon-induced change in phase transition. (a) Experimental (black dots) and theoretical (red line) spectral flux of the light source. The theoretical spectrum corresponds to blackbody radiation at 590 K. (b) Theoretical values of the absorption cross section of a nanorod in each sample of A, B, C and D. (c) The average (dots) and standard deviation (error bars) of the measured ∆Teff overlaid with the theoretical values. The x axis is the planar nanorod density.
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