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One route to create tunable metamaterials is through integration with “on-demand” dynamic quantum
materials, such as vanadium dioxide (VO;). This enables modalities to create high-performance devices
for historically challenging applications. Indeed, dynamic materials have often been integrated with meta-
materials to imbue artificial structures with some degree of tunability. Conversely, metamaterials can be
used to enhance and extend the natural tuning range of dynamic materials. Utilizing a complementary split-
ring resonator array deposited on a VO, film, we demonstrate enhanced terahertz transmission modulation
upon traversing the insulator-to-metal transition (IMT) at approximately 340 K. Our complementary meta-
material increases the modulation amplitude of the original VO, film from 0.42 to 0.68 at 0.47 THz upon
crossing the IMT, corresponding to an enhancement of 62%. Moreover, temperature-dependent transmis-
sion measurements reveal a significant redshift of the resonant frequency in a narrow temperature range
where phase coexistence is known to occur. Neither Maxwell-Garnett nor Bruggeman effective medium
theory adequately describes the observed frequency shift and amplitude decrease. However, a Drude model
incorporating a significant increase of the effective permittivity does describe the experimentally observed
redshift. Our results highlight that symbiotic integration of metamaterial arrays with quantum materials
provides a powerful approach to engineer emergent functionality.
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L. INTRODUCTION

Metamaterials, and their single-layer analogs (metasur-
faces), have enabled a plethora of applications and devices
by overcoming the limitations of natural materials. This
includes subwavelength imaging [1], the realization of a
negative refractive index [2], near-zero epsilon devices
[3], and the demonstration of cloaks and metalenses [4,5].
Building on these capabilities, active control and tunability
in metamaterials could lead to modulators, switches, and
sensors over a vast span of the electromagnetic spectrum
[6-10].

Vanadium dioxide (VO,) is a tunable quantum mate-
rial that has been extensively investigated (in large part)
because the insulator-to-metal transition (IMT) occurs
above room temperature at approximately 340 K [11].
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Light, current, and mechanical strain can also drive the
IMT, making VO, useful for a broad range of applications
[8,12-16]. Upon undergoing the IMT, the optical con-
ductivity changes by 4 orders of magnitude over a broad
spectral range, making VO, a versatile material to inte-
grate with metamaterials to realize nonlinear responses,
state switches, and modulators [17,18]. Recent efforts
have focused on combining VO; with metamaterials in
the terahertz (THz) frequency range to realize switchable
broadband absorbers, tunable coding, and multifunctional
devices based on the IMT [19-22].

In order to enhance the THz response and explore the
phase-transition behavior of VO,, we deposit a metama-
terial array of complementary split-ring resonators (SRRs)
on a thin film using direct laser writing and photolithogra-
phy. As described below, the resultant structure exhibits
a significantly enhanced THz transmission modulation
across the IMT in excess of a pristine VO, film. Moreover,
these results highlight that, in some cases, complementary
SRRs enable operational modalities not possible with
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standard SRRs (e.g., see Fig. 9 for a comparison). Previ-
ous studies have demonstrated transmission modulation,
but suffer from a high insertion loss (> 40%) [23] or
a relatively small amplitude modulation enhancement in
comparison to a pristine film [16].

In addition to the functional increase of the THz trans-
mission modulation upon traversing the IMT, the sen-
sitivity of the metamaterial resonators to the surround-
ing dielectric environment reveals an abnormally large
increase of the permittivity of VO, during the IMT. This
phenomenon can be attributed to insulating and metal-
lic phase coexistence at the onset of the IMT, which has
previously been studied by scanning near-field infrared
microscopy [24-26]. With increasing temperature, the
formation of rutile metallic puddles surrounded by an
insulating VO, matrix results in an increase in the effective
permittivity, as typically described by Maxwell-Garnett
effective medium theory (MG EMT) [27] and Brugge-
man effective medium theory (BG EMT) [28]. Our results
indicate that neither MG EMT nor BG EMT accurately
describe the experimentally observed resonance redshift.
Instead, we employ the Drude model with a significant
increase of the effective permittivity to describe the red-
shift of the resonance upon traversing the IMT [29].
In the following, we describe the transmission enhance-
ment properties of integrated metamaterial VO, films.
Our results highlight the functionality of metamaterial-
quantum material hybrid structures and demonstrate that
complementary SRRs can be used to interrogate meso-
scopic phase transitions.

II. COMPLEMENTARY VANADIUM DIOXIDE
METAMATERIAL

A. Terahertz transmission of pristine vanadium
dioxide film

The VO, film is deposited on a sapphire substrate
by hybrid molecular beam epitaxy using combinatorial
growth [30,31]. Details of the film-growth process can
be found in Appendix A. The frequency-dependent trans-
mission is measured using THz time-domain spectroscopy
(THz TDS) [7]. THz pulses are generated using near-
infrared (800-nm) pulses generated by a Ti:sapphire laser
with a pulse duration of 25 fs. The pulses illuminate a
biased photoconductive antenna, and are detected using
a similar photoconductive antenna gated by the 800-nm
pulses.

THz TDS transmission measurements of the pristine
VO; film are performed prior to metamaterial integration.
Figure 1(a) shows the transmission of the VO, film at
315 K in the insulating monoclinic phase and at 360 K
in the rutile metallic phase (7. ~ 340 K). Near-unity
transparency is observed close to room temperature for
a 65-nm-thick VO3 film in the insulating state (we note
that the transmission is referenced to a bare sapphire
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FIG. 1. (a) Terahertz transmission amplitude versus frequency
of the pristine VO, film in the monoclinic insulating state (red
line, 315 K) and rutile metallic phase (blue line, 360 K). Inset is
the THz transmission (at 0.47 THz) of the VO, film as a function
of temperature across the IMT transition. The expected hysteresis
is observed upon heating (orange dots) and cooling (green dots)
with lines to guide the eye.

substrate). Referencing errors caused by birefringent mis-
match between the sample and substrate reference along
with artifacts arising from an etalon in the sapphire sub-
strates results in small oscillations in the transmission
above unity at some frequencies. In the metallic state, the
transmission decreases to 0.58. This corresponds to a 0.42
transmission amplitude modulation between the insulating
and metallic state. We note that the flat spectral response
in the metallic state arises from the short quasiparticles’
scattering time. The temperature-dependent transmission
amplitude at 0.47 THz is shown in the inset of Fig. 1. Hys-
teresis upon heating and cooling is observed as expected
for a first-order phase transition. Fitting the first deriva-
tive of the hysteresis loop to a Gaussian yields a transition
temperature with heating of 339 K, and with cooling of
approximately 330 K, corresponding to a hysteresis width
of 9 K. This dynamic change of transmission under dif-
ferent temperatures makes VO, a potential material for
tunable THz bandpass filters [32,33].

B. Design, simulations, and experimental results

Metallic SRR metamaterials exhibit a LC dipole reso-
nance that can modify the transmission modulation of the
VO, film. For a conventional (i.e., not complementary)
SRR array on top of a VO; film, there is a dip in transmis-
sion in the insulating state at the SRR resonance frequency
[see Appendix B, Fig. 9(a)]. Upon traversing the IMT, the
transmission will increase since the capacitive gaps of the
SRRs are shorted by the metallic VO;. In this case, the
modulation depth is considerably smaller as compared to
the pristine VO, film. However, based on Babinet’s prin-
ciple [34,35], a complementary SRR structure exhibits a
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peak in transmission due to the resonance in the insulat-
ing state of VO,, which can be expected to decrease in
the metallic state. Therefore, we investigate the transmis-
sion modulation of complementary SRRs integrated with
a VO, film for enhanced transmission modulation. An
array of complementary split-ring resonators (CSRRs) is
deposited on a VO, film using direct laser writing and
photolithography to construct a CSRR-VO; metamaterial
(CSRR-VO; MM). Figure 2(a) shows an optical image
of the array. A 150-nm-thick gold film (with a 10-nm Ti
adhesion layer) is deposited on the VO, film. The lateral
dimension of the CSRR is 45 pum with a periodicity of
50 pm, a linewidth of 5 um, and slit widths of 3 um
on both branches. The frequency-dependent transmission
amplitude of the CSRR-VO, MM measured using THz
TDS is plotted as dashed lines in Fig. 2(b). The reso-
nance peak occurs at 0.47 THz when the incident light is
polarized parallel to the middle gap at 315 K, shown as
the blue arrow in Fig. 2(a). The transmission amplitude is
0.83 (compared to the pristine VO3 films, corresponding to
an insertion loss of 17% —mnonetheless the transmission is
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FIG. 2. (a) Microscope image of the CSRR-VO; MM on VO,
film where the inset shows the dimensions of the unit cell. (b)
Experimental data (dashed lines) and simulations (solid lines)
of the THz transmission of CSRR-VO; MM at 315 K (red) and
360 K (blue). Inset is the measurement of temperature-dependent
transmission of CSRR-VO; MM at 0.47 THz. The solid lines in
the inset are a guide to the eye.

reasonably high). Conversely, upon fully traversing to the
metallic state to 360 K, no resonant transmission response
is evident [blue line, Fig. 2(b)], and the transmission is
0.15 at 0.47 THz. Thus, the modulation amplitude of the
THz transmission at 0.47 THz upon crossing the IMT is
0.68, an increase of 62% relative to the bare VO, (Fig. 1).
Numerical simulations of the electromagnetic response of
the CSRR-VO; MM are performed using CST Microwave
Studio. The conductivity of gold is taken as 4.5 x 107 S/m.
In the insulating state, the VO, is modeled using a Drude
response with the complex permittivity given by [36,37]

w?
= (1)

£(w) = €0 — m,

where the unscreened plasma frequency @, is given by

V/nae?/(egm*), ng is the carrier density, e is electron
charge, g is the free-space permittivity, m* is the carrier
effective mass, y is the scattering frequency (y = e/um®,
where p is the mobility), and £50=10 is the high-frequency
permittivity. The parameters used in the simulations are
shown in Table I and the corresponding simulation results
are shown as red solid lines in Fig. 2(b). For the metal-
lic state of VOy, an equivalent carrier density of 1.5 x
102! cm—3 at 360 K is used as determined from the THz
TDS measurements of the VO3 film shown in Fig. 1. The
parameters for both the insulating and metallic states in
Table I are consistent with those in published work [8].
Good agreement with experiment is obtained [Fig. 2(b)]
in the metallic state, with a simulated transmission ampli-
tude of 0.15 at 0.47 THz. In addition, the inset in Fig. 2(b)
shows the temperature dependence of transmission ampli-
tude at 0.47 THz for the CSRR-VO; MM during both
heating and cooling. A significant change in the trans-
mission upon heating did not occur until 335 K. Indeed,
a dramatic reduction of the transmission occurs within a
2-K span from 335 to 337 K. Similarly, upon cooling, the
transmission recovery occurs at a temperature 5 K lower
than the turning point of heating.

The mechanism for the increase in transmission modu-
lation going through the IMT can be partially understood
by examining the electric fields and current distributions
at the resonant frequencies using full-wave electromag-
netic simulations. Figure 3 shows both the electric field
and surface current at the resonant frequency (0.47 THz)
when VO, is in the insulating state (315 K) and metallic
state (360 K). As shown in Fig. 3(a), the electric field in
the insulating state is concentrated in the central vertical
gap while in the metallic state, this region is electrically
shorted, reducing the resonant enhancement of the trans-
mission. The surface currents on the CSRR-VO; MM for
both states are shown with colored arrows in Figs. 3(c) and
3(d). The circulating current in Fig. 3(c) is indicative of the
lowest-energy LC mode of the structure. This is the current
path that leads to the enhanced transmission on resonance.
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FIG. 3. Simulated electric field of the CSRR-VO; MM in the
(a) insulating state and (b) metallic state, and the corresponding
simulated surface current distributions in the (c) insulating and
(d) metallic state at 0.47 THz.

However, in the metallic state, the VO, film allows cur-
rent to flow across the central gap, effectively shorting the
capacitive region and diminishing the LC mode, as shown
in Fig. 3(d), resulting in a low transmission amplitude.

C. Temperature dependence of transmission

Having presented the functional response of the CSRR-
VO; MM, we now consider the temperature dependence of
the transmission upon crossing the IMT in greater detail.
Figures 4(a) and 4(b) show the experimental transmis-
sion spectra at different temperatures during heating and
cooling, respectively. Notably, with increased temperature,
the resonant frequency dramatically redshifts over a nar-
row temperature interval, decreasing from 0.47 THz at
334 K to 0.38 THz at 336 K, as shown in Fig. 4(a). A
further increase of temperature results in a fully screened
resonance, leading to a flat transmission spectrum at 338
and 360 K. Similar blueshifts can also be observed in
Fig. 4(b) during cooling after the resonance peak reappears
from 328 to 315 K. To clarify the origin of the reso-
nant frequency shifts, we need to consider the frequency-
dependent dielectric response of the VO, film over the
temperature range of the IMT. We first consider two preva-
lent effective medium theories (EMT). Specifically, MG
EMT and BG EMT [38]:
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FIG. 4. Experimental transmission spectra of the VO, comple-
mentary metamaterial upon crossing the IMT during (a) heating
and (b) cooling.

where &,, and &; are the dielectric functions of the metallic
and insulating states, respectively, f is the metallic filling
factor, and seﬁ_ and B E are the effective dielectric func-
tions based on Maxwell-Garnett and Bruggeman EMT,
respectively. We use the &, and ¢; at 0.5 THz based on the
Drude model with the parameters discussed in Sec. B (and
also in Table I) and plot the dielectric function dependence
on the metallic filling factors based on the two EMT mod-
els, as shown in Fig. 5. The primary difference between
the two models is that &’ continuously increases with f
and suddenly drops to negative when f > 0.95 in MG
EMT while BG EMT shows the maximum &’ when f is
around 0.3.

We use MG EMT and BG EMT to obtain dielectric
functions under specific filling factors yield the best match
to the experimental terahertz transmission spectra between
335 and 338 K. Good agreement is obtained for 335, 337,
and 338 K for both EMT models, as shown in Appendix C
(Fig. 10), but neither model yields a good match at 336 K,
as shown in Fig. 6. Specifically, the redshift is greater in
experiment than what is obtained from the simulations
(the deviation between the experimental and simulation
peak frequency, AF /F), is approximately 12% to 17%, as
indicated in the insets of Fig. 6). In addition, MG EMT
gives a much higher filling factor (f > 0.9) than BG EMT
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FIG. 5. Thereal part (¢, red dots) and imaginary part (¢”, blue

dots) of the permittivity dependence on the filling factor (f') for
(a) Maxwell-Garmett and (b) Bruggeman EMT models.

(f < 0.5) between 335 to 338 K, as shown in the insets of
Figs. 6 and 10.

Figure 7 is a plot of the filling factors (f) and corre-
sponding &’ dependence on temperature for both models.
Further fitting of f based on both models based on Boltz-
mann relationship [28] are shown in Appendix C. As
Fig. 7(a) shows, when [ is 0.96 in MG EMT, the permit-
tivity reaches its maximum value, which is almost 30 times
that of &’ in the insulating state. Since the Maxwell-Garnett
model assumes that the conductive domains are spatially
separated, it is not expected to be valid when f is large
[29]. Although BG EMT yields a lower & for the cor-
responding f, the maximum &’ is much lower than the
published experimental work [16,24,39]. Moreover, it does
not provide a good match of the amplitude decrease and the
frequency shift that is experimentally observed at 336 K
[Fig. 6(b)].

Since the two EMT models do not adequately fit the
experimental amplitude decrease and frequency shift of
the resonance mode during IMT, we consider using the
Drude model [Eq. (1)] to describe the dielectric proper-
ties of VO, across the IMT. Based on published work,
there is a large change of carrier concentration ny from
approximately 10%° cm— in the insulating state to approx-
imately 102! cm— in the metallic state, while the mobility
 increases from 1 to 10 cm?/(V s), and the effective mass
m* decreases from 7 my to myq [40].

We simulate the response with g5 = 10 while n, m*,
and p are individually changed, as shown in Fig. 12
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FIG. 6. Comparison between experimental results (red lines)
and simulations (dashed lines) for 336 K data based on (a)
Maxwell-Garnett EMT and (b) Bruggeman EMT. The corre-
sponding filling factors for simulations are also included in the
insets.

(Appendix D). The simulation results reveal that the res-
onant frequency cannot be tuned over the 0.1-THz range
observed in experiment while maintaining ., = 10. The
deviation of the frequency from the experimental results
are between approximately 9% to 24%. Therefore, we must
consider additional effects in the VO, film during the IMT.
A simple approach is to consider a temperature-dependent
increase of the CSRR capacitance (that is frequency inde-
pendent). This would yield a temperature-dependent red-
shift. Moreover, this is consistent with the notion of
enhanced polarizability arising from the metallic domains
that arise in the coexistence region of VO, [24-26]. This
can be accomplished by adding a temperature-dependent
contribution to e to yield an effective static contribution
sgg. Specifically, sgg = £ + (D).

Figure 8(a) shows the simulation results using £, using
the parameters in Table I. Simulations using these values
capture the redshift of the resonance observed in exper-
iment in Fig. 4(a) [the deviations of peak frequencies
between simulations and experimental results are smaller
than 1%, as shown in the insets of Fig. 8(a)]. We also
plot the corresponding &” at 0.5 THz based on the Drude
parameters in Table I at different temperatures in the last
column in Table . The trend is similar to published work
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[16,24,39] and the two EMT models shown in Fig. 7
although the & peak value is much higher. Similar sig-
nificant permittivity enhancement can also be observed
in ferroelectric materials, e.g., BaTiO; and CaCu;Ti4O
due to Maxwell-Wagner relaxation [2,41-—44]. The simi-
lar blueshift observed during the cooling process can also
be explained by gradually decreasing £, as shown in
Fig. 8(b) and Table 1. We also calculate the optical con-
ductivities at approximately 0.5 THz (see Appendix E and
Fig. 13) and the values are also consistent with published
work [24].

Our results indicate that, in addition to the enhance-
ment of the transmission modulation across the IMT, the
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FIG. 8. Numerical simulation spectra of the VO; complemen-
tary metamaterial upon crossing the IMT during (a) heating and
(b) cooling using the values from Table 1. Deviation of the peak

frequencies between the simulation and experimental results are
also included in the insets (i.e., AF /Fy).

CSRR MM is highly sensitive to the local permittivity.
Unlike the very small capacitive gap in a typical SRR,
the central “wire” in the complementary structure acts as
the capacitive gap, markedly increasing the area of the
resonator, which probes the local dielectric environment,
thereby increasing the overall sensitivity.

TABLE L. Permittivity parameters used for the VO, simulations.
Temperature Electron Mobility Effective mass
Process (K) density (cm™?) (cm?/V -5) (mg) o £0.5THz
315 1.5 x 10 1.0 7 10 9
335 1.9 x 102 1.2 6 120 118
Heating 336 3.5 x 102 2.0 5 700 692
337 7.0 x 1020 6.0 3 10 —67
338 1.0 x 10*! 7.0 2 10 —90
360 1.5 x 10% 10.0 1 10 —144
330 1.0 x 10* 7.0 2 10 -90
Cooling 329 5 x 1020 5.0 3 10 —45
328 2 x 102 1.5 5 350 313
327 1.7 x 102 1:1 6 40 38
315 1.5 x 102 1.0 7 10 9
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III. CONCLUSION

We demonstrate metamaterial-enhanced dynamic mate-
rial properties by integrating a complementary split-ring
resonator metamaterial directly on a VO, film. Relative
to the IMT in a pristine VO, film, the modulation of
the THz transmission (peaked at 0.47 THz) of our hybrid
device is enhanced by 62%. Moreover, the complementary
SRR structure has a larger effective gap area than typical
SRR geometries, providing a sensitive probe of the local
electrodynamics of the VO,. With increasing (decreasing)
temperature, we observe a dramatic redshift (blueshift) in
the resonant frequency of the CSRR-VO, MM structure
in a narrow temperature range in the vicinity of the tran-
sition temperature. Neither Maxwell-Garnett nor Brugge-
man effective medium theory adequately describe the fre-
quency shift and the amplitude decrease upon traversing
IMT, so we employ the Drude model with a significant
increase of the “effective” VO, permittivity, which pro-
vides a good match with the experimental results. Our
results indicate that additional effects should be taken
into account in the current effective medium theories to
describe the dielectric property changes of VO, across the
IMT. For example, additional terms need to be incorpo-
rated in the two EMTs when the particle exceeds the large
size limit [45] where spatial dispersion effects should also
be considered [46]. In summary, metamaterials and related
metasurface constructs provide a powerful route to obtain
dynamic enhancement and dielectric sensitivity that not
only facilitates the development of tunable devices, but
also provides a simple and effective means to interrogate
the local electrodynamic properties of the materials with
which they are integrated.
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APPENDIX A: VO; FILM GROWTH

The VO, film is deposited on a sapphire substrate
by hybrid molecular beam epitaxy using a combinatorial
growth approach. Control over the vanadium valence state
is achieved by co-supplying elemental vanadium (valence
state 0) and the vanadium containing alkoxide precursor
vanadium-oxo-triisopropoxide (VTIP), in which vanadium
assumes the valence state 5+. Optimal flux ratios are deter-
mined using a flux gradient method to establish a valence-
state library across the wafer during a calibration run.
Relative tuning of the two fluxes allowed straight-forward

balancing of the vanadium valence state to stabilize the
vanadium 4+ state. Achieving an epitaxial VO, film with
excellent uniformity and record-high resistance change
across the metal-to-insulator transition exceeding 4 orders
of magnitude [31].

Growth is carried out in a DCA M600 MBE growth
chamber and VO, thin films are grown on a 3-inch r-cut
sapphire wafer co-supply of VTIP (vacuum distilled, trace
metal impurity 4N, MULTIVALENT Laboratory) using a
heated gas inlet system retrofitted to an effusion cell port
of the MBE growth chamber and vanadium metal (4N,
Ames Laboratory) evaporated from a high-temperature
Knudsen cell. The respective fluxes are adjusted and main-
tained via a proportional-integral-derivative- (PID) con-
trolled adjustable leak valve and capacitance manometer
on the VTIP gas inlet system and PID-controlled Knudsen
cell temperature. The sapphire wafer is cleaned in an ultra-
sonic bath of acetone and then isopropanol prior to loading
them into the MBE system and baked at 423 K for 2 h in the
load lock chamber, subsequently transferred into the MBE
growth chamber and heated to the film-growth tempera-
ture of 623 K. Before deposition substrates are exposed for
20 min to an oxygen plasma (power 250 W, 9 x 10~ torr
oxygen background pressure). The VO, films are grown
at a rate of about 5A min-1 in the presence of an oxy-
gen plasma by co-supplying a vanadium atom flux of
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2 04t insulator
E metV
0.2}t

02 04 06 08 10 1.2
Frequency (THz)

FIG. 9. Simulations of transmission spectra of (a) SRR struc-
ture and (b) CSRR structure on VO, film in the insulating (315 K)
and metallic states (360 K).
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4 x 102 cm—2 s~!, calibrated by a quartz crystal moni-
tor prior to growth, and matching the required VTIP flux
determined from the experimental valence-state library
obtained from the valence-state library. After growth the
VO, films are cooled in the presence of oxygen plasma.

APPENDIX B: SRR AND CSRR STRUCTURE

The LC resonance in a SRR structure manifests as a dip
in transmission at 0.47 THz, decreasing the transmission
to approximately 0.17 when VO, is in insulating state, as
shown in Fig. 9(a). In the metallic state, the significant
increase in conductivity of the VO, film screens the LC
resonance in the SRR structure (the metallic VO, shunts
the capacitor of the SRR), resulting in a featureless trans-
mission spectrum with an amplitude of approximately 0.2.
Hence, the modulation amplitude across the IMT in VO,
is small when using a SRR structure. However, based on
Babinet’s principle, it is possible to achieve a transmis-
sion peak with amplitude of approximately 0.83 at almost
the same frequency using the CSRR structure, as shown
in Fig. 9(b). In the insulating state for the CSRR, the trans-
mission is approximately 0.83 decreasing to approximately

(a) 10 e MG_f=0.20 (d) = ----BG_f=014
c 0s8l ceseMG_f=030 c 08 —— Expt. @335 K|
° . Expt. @335 K o
2 os} 206
E &

E 0.4} E 0.4

~ 0.2} F 0.2
1.0b— — ; 1.0

) s MG_f = 0.90 (e)

5 08} expt @37k|{ 5 08}

@ 0.6} & 06t

£ E

2 0.4t L 2 0.4¢ 1

E £ .

= 02F st (2] N
1.0 + t t 1.0 -

(C) ..... MG_f =0.96 (f) ---- BG_f = 048
g 0.8¢ Expt. @338 K £ 0.8} Expt. @338 K
& 0.6} 206}
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g 0.4} 0.4}
g oor" o -~
- 0.2 W'—T-;;\ 0.2 :/_.‘,..-—--—-R
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FIG. 10. Comparison between simulated (dashed lines) and
experimental spectra (red lines) based on (a){c) the Maxwell-
Garnett EMT model and (d)}f) the Bruggeman EMT model.
(a),(d) are for 335 K, (b),(d) are for 337 K and (c),(f) are for
338 K. The corresponding filling factors are included in the
insets.

0.14 in the metallic state. Therefore, the modulation ampli-
tude is higher using the CSRR structure in comparison to
the SRR structure.

APPENDIX C: SIMULATIONS BASED ON
MAXWELL-GARNETT AND BRUGGEMAN EMT
MODELS

We investigate effective medium dielectric functions
under specific filling factors, which provide the best match
to the experimental terahertz transmission spectra between
335 and 338 K. Specifically, we consider the Maxwell-
Garnett and Bruggeman models. The best simulation
results at 335, 337, and 338 K for the two EMT models
are shown in Fig. 10 with the corresponding filling factors
shown in the insets. Both EMT models manifest the fre-
quency shift and the amplitude change for the transmission
peak at these three temperatures, with the Maxwell-Garnett
model giving a much higher filling factor than the Brugge-
man model. We also fit the metallic filling factors in both
EMT models with the Boltzmann relationship [28]:

I _
£ =t (V- T =roam)
@ 10 mMc_EMT 0
§ <4
S _
8 osf
=] N
£
e 1
T,=336 K]

0.0 AT=1K A

310 320 330 340 350 360 370
Temperature (K)

(b) ¥ ' '
OF BG_EMT

0.5

Filling factor f

T, =338 K
0.0 AT =2K

310 31.;0 350 340 360 360 370
Temperature (K)

FIG. 11. The fitting curves of the filling factor dependence
on temperature based on Boltzmann relation for (a) Maxwell-
Garnett EMT and (b) Bruggeman EMT models.
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where T is the transition temperature and AT is the tran-
sition width. The fitting curves are shown in Fig. 11,
revealing that the Maxwell-Garnett model yields a higher
transition temperature T and a lower AT in comparison to
the Bruggeman model. Both curves are comparable with
published work [9,47].

APPENDIX D: DEPENDENCE OF THE RESONANT
FREQUENCY ON EFFECTIVE MASS (m*),
MOBILITY (i), AND CARRIER DENSITY (n,)

Based on the Drude model, the dielectric response
of VO, is determined from the plasma frequency (w,)
and scattering frequency (y), which depend on the effec-
tive mass (m*), mobility (x), and carrier density (n) as
described in the paper. During the IMT transition, m*
decreases from 7 mg to myg, p increases from 1 to 10 while
ng increases from approximately 10%° to approximately
10*! cm~3. In Fig. 12, we show simulations of the trans-
mission assuming a constant £5,=10. Figure 12 shows the
dependence of the resonant frequency on m* [Fig. 12(a)],

(a) 10— - T ' " T
| Carrier density n, (102°cm=) afiF, = 24% 1
c 08} AFIF, = 21% e 3
g ] AFIF, = 18% 5
g 0.6} AFIF, = 16% = T ]
FIF, = 15% e
% 04| " s
E L
= g2 p#=1cm?Ns
m*=4m,
(b) 1.0 —+ + 1 } } }
LMobility z (cm#Vs) AFIF, = 21% 1
5 0.8} AFIF, = 15% m—3 1
0 I AFIF = 11% =05
206} byl -
£ [ AFIF, = 9%
e 04
e |
-
0.2 ng=3%1020cm-
* =4
(c) 1.0— ik : } -
| Mass m*(my) AFIF, = 19% mm—
E 08} AFIF, = 19% w3
] I AFIF, = 19% 5
e 0.6 ' AFIF, = 19%
e 04
£
0.2 ng = 2x102cm=3
4 =2cm?Ns
0_0 i 1 - 1

02 04 06 08 10 1.2
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FIG. 12. Dependence of transmission of CSRR-VO; MM on

(a) effective mass (m*), (b) mobility (i), and (c) carrier density

(n4). The deviations of peak frequencies between simulations and
experimental results at 336 K are also included in the insets.

%] £ [=;] [=-]
T L L
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2 -
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FIG. 13. Imaginary part of permittivity (s;) extracted from
simulations and corresponding real part of conductivity (o) at
0.5 THz.

w [Fig. 11(b)], and ng4 [Fig. 12(c)] while holding the other
values constant. All three figures show that the resonant
frequency exhibits a weak dependence on the three vari-
ables, in confrast to the experimental results. Thus, as
described in the text and Figs. 4 and 8, an increase in
< during the IMT determines the redshift of the resonant
frequency.

APPENDIX E: CONDUCTIVITY CALCULATED
FROM THE IMAGINARY PART OF
PERMITTIVITY IN SIMULATION

Based on the parameters in Table [, we extract the imagi-
nary part of the permittivity at 0.5 THz from the simulation
and calculated the optical conductivity [24]:

o1(@) = wso(e2 — 1). (E1)

The results are shown in Fig. 13. The optical con-
ductivity for VO3 in the metallic state is approximately
2000 Q! cm™!, which is similar to the conductivity in
the published work [24].
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