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Anisotropy in electronic structures may ignite intriguing anisotropic optical responses, as has been
well demonstrated in various systems including superconductors, semiconductors, and even topological
Weyl semimetals. Meanwhile, it is well established in metal optics that the metal reflectance declines
from one to zero when the photon frequency is above the plasma frequency w,, behaving as a plasma
mirror. However, the exploration of anisotropic plasma mirrors and corresponding applications remains
elusive, especially at room temperature. Here, we discover a pronounced anisotropic plasma reflectance
edge in the type-II Weyl semimetal WP;, with an anisotropy ratio of @, up to 1.5. Such anisotropic
plasma mirror behavior and its robustness against temperature promise optical device applications over
a wide temperature range. For example, the high sensitivity of polarization-resolved plasma reflectance
edge renders WP, an inherent polarization detector. We further achieve a room-temperature WP,-based
optical switch, effectively controlled by simply tuning the light polarization. These findings extend the
frontiers of metal optics as a discipline and promise the design of multifunctional devices combining both

topological and optical features.
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I. INTRODUCTION

Anisotropies in atomic and electronic structures have
been discovered to spark an array of intriguing physi-
cal phenomena, including anisotropic optical responses
[1-12]. For example, anisotropic optical conductivity
was revealed in the parent compounds of iron arsenide
superconductors, arising from the anisotropic energy gap
opening [1]. Anisotropic optical absorption and photo-
luminescence were also discovered in two-dimensional
black phosphorus semiconductor, and were attributed
to the anisotropies in selection rule and effective mass
[3-5]. Recently, anisotropic photocurrent responses were
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unveiled in Weyl semimetals owing to the chirality selec-
tion rule and asymmetric Pauli blockade in finitely tilted
Weyl cones [8,9].

On the other hand, metals can be regarded as plasma
mirrors, with the reflectance edge determined by the
plasma frequency w, = \/ne?/eym* [13,14], where n is the
carrier density, e is the elementary charge, €, is the vacuum
permittivity, and m* is the effective mass. Usually, metals
possess nearly isotropic Fermi surfaces and the corre-
sponding isotropic plasma reflectance edge [13,14]. In con-
trast, some semimetals possess highly anisotropic Fermi
surfaces, such as bismuth [15,16] and WTe, [17-20],
which are expected to exhibit anisotropic plasma edges.
These semimetals, however, possess low @), thus prevent-
ing the achievement of anisotropic plasma mirrors at high
temperatures. Recently, WP, was theoretically predicted
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to be a robust type-II Weyl semimetal [21] with highly
anisotropic Fermi surfaces [21-23]. Herein, we describe
the discovery of an anisotropic plasma reflectance edge
in WP,, which is pronounced even at room tempera-
ture, and further demonstrate a typical application of a
polarization-controlled optical switch.

II. RESULTS AND DISCUSSION

A. Structure characterization of WP,

WP, single crystals with orthorhombic structure
[B-phase, Fig. 1(a)] are grown via chemical vapor trans-
port [24] (see more details in the Supplemental Material
(SM) [25]). Figure 1(b) depicts several natural crystal
faces including the (010), (062), and (021) surfaces. The
high quality of the WP, single crystals at atomic and
macroscopic scales are demonstrated by transmission elec-
tron microscopy (TEM) [Fig. 1(c)], scanning tunneling
microscopy (STM) [Fig. 1(d)], and x-ray diffraction (XRD)
patterns [Figs. 1(e) and 1(f)].

B. Room-temperature anisotropic plasma mirror
behavior of WP,

Polarization-resolved reflectance spectra are measured
by Fourier-transform infrared spectrometry. The light
polarization E is rotated in the (001) plane to measure the
reflectance spectra for £ parallel to the crystallographic a
and b axes, and is rotated in the (010) plane to measure
the spectra for £ along the a and ¢ axes. Figures 2(a) and
2(b) show a well-defined sharp reflectance edge emerging
in these spectra, followed by a reflectance valley denoted
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as V, at ~3600 cm™! for El||a, V), at ~2700 cm™~' for
E||b, and V, at ~4000 cm~! for E||c. A reflectance val-
ley typically develops near the screened plasma frequency
w, = wp/ /€, Where € is the permittivity at high fre-
quency [16]. Therefore, the varied valley wave numbers
for E|la, E||b, and E||c reflect anisotropy in the plasma
frequency.

Quantitative analysis of the plasma frequency is accom-
plished by using the RefFIT program [26] to fit the
reflectance curves according to the two-Drude model [19]
with the complex dielectric function:
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where w,; are the free carrier plasma frequencies for elec-
trons and holes, 7; are the free carrier scattering times for
electrons and holes, €2, are the oscillator strengths for
phonons and interband electronic transitions, wy, are the
phonon and interband transition frequencies, and y4 is the
width of the corresponding transition (see more details in
Table S1). The bare plasma frequencies [20] for E||a, E||b,
andE||care P a =@ WO o, = @,
and w? el —|— a)2 2> Tespectively. The ﬁttmg curves
for E| |a E | |b and E| |c are plotted with thick gray curves
in Figs. 2(a) and 2(b). The w, values estimated from the
two-Drude fitting model are displayed in Fig. 2(c) (circles),
which illustrate strong anisotropies for £||a, E||b, and E||c.
For example, w, ./, and w), ./w,; are about 1.35 and
1.46, consistent with the valley wave number ratios V,:V;
(~1.33) and V..V (~1.48), respectively.

FIG. 1. Structure characterizations of
WP;,. (a) Crystallographic structure. The
black lines indicate a unit cell. (b) Opti-
cal images of the samples with differ-
ent crystalline surfaces adopted for XRD
and optical reflectance measurements.
The orange squares in the background

(b) are 1 x 1 mm?. (c) TEM and selected
(010) (021) (001) area electron diffraction images along
&5 e the [100] direction. The scale bar is
(062 6 nm. (d) Atomic-resolution STM image
of the cleaved (021) surface. The white
(e) (f) rectangle denotes a surface unit cell.
The scale bar is 1 nm. (e),(f) XRD pat-
002 4
- WP, (001) (002) = (040) (010) terns on the (001) and (010) surfaces,
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FIG. 2. Anisotropic reflectance and
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The sharp reflectance edge revealed here suggests that
the interband excitations are well separated from the
plasma edge. By contrast, some metals such as copper
exhibit smeared reflectance edges that is considerably
mixed with the pronounced interband electronic transition
[13]. To reinforce this point, theoretical calculations are
performed (see more details in the SM [25]). When only
interband excitations are considered, a clear reflectance
edge is absent in the calculated reflectance spectra [see the
dashed curves in Fig. 2(d)]. When the intraband excitations
are taken into account, the calculated spectra exhibit sharp
and anisotropic reflectance edges, with the reflectance val-
ley wave numbers approximating those of experimental
measurements [see solid curves in Fig. 2(d)].

Figure 2(c) shows that the w, values extracted by fitting
the experimental data (circles) are consistent with theo-
retical predictions (triangles). The effective mass, which
is extracted from the formula a)f, = ne’/eym*, reaches
its maximum along the b axis with a mass anisotropy

o (cm™)

tures along high-symmetry directions.
(f) Calculated Fermi surfaces. The bow-
tie-shaped closed pockets are electron
Fermi surfaces, whereas the spaghetti-
shaped open pockets are hole Fermi
surfaces.

8000 12000

ratio ng, = my/m}, = wj,a /a);,b ~ 1.8, which is qualita-
tively comparable with the calculated value of n,, ~ 1.5
[Fig. 2(c)]. This mass anisotropy can be attributed to the
underlying anisotropy of the band structures and Fermi
surfaces. Figure 2(e) shows that the hole pocket disper-
sion is much flatter along the X-S (b axis) direction than
the S-R (¢ axis) and Y-X; (a axis) directions, and the
electron pocket dispersion is slightly flatter along the G-Y
(b axis) direction than the Y-T (¢ axis) and Y-X; (a axis)
directions. Moreover, the hole Fermi surfaces are open
and possess a spaghettilike structure that extends along the
b direction [Fig. 2(f)]. Therefore, the band mass is naturally
expected to be largest along the b axis, which corresponds
to a plasma frequency that is smallest along the b axis, in
agreement with the experimental observations [Fig. 2(c)].
However, we cannot distinguish between the contributions
of the electrons and holes at the present stage. It is well
known that type-II Weyl semimetals are characterized by a
significantly tilted Weyl cone with highly anisotropic band
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dispersions [27,28]. Both the anisotropic plasma edge and
anisotropic Weyl cone are manifestations of the anisotropic
electronic structure, which are essentially rooted in the
anisotropic atomic structure of WP;.

According to Fig. 3(a), as the angle () between E and
the a axis increases from 0° to 90°, the plasma reflectance
edge of the (001) surface evolves from a single valley
(V,) into double valleys (¥, and V}), and then finally into
a single valley (V) [see more data for the (001), (010),
(021), and (062) surfaces in Figs. S1, S3, and S4, and
additional discussion in the SM [25]]. At an intermedi-
ate polarization angle, the electric field can be decomposed
into two orthogonal directions along the a and b axes.
Therefore, the reflectance can be estimated by the formula
R(6) = R(E||a)cos®0 + R(E||b) sin® 8, where R(E||a) and
R(E||b) are the measured reflectance values at & = 0° and
0 = 90°, respectively. The estimated reflectances obtained
from this formula are nearly identical to experimentally
measured values, as shown in Fig. S2 of the SM [25].

Reflectance anisotropy is more clearly manifested in the
0-dependent reflectances at energies near the reflectance
edge. Figures 3(b) and 3(c) show the reflectance as
a function of 6 when the wave numbers are fixed
at those of the reflectance valleys V, (~3600 cm™!)
and V), (~2700 cm™'). The experimental results reveal
a twofold symmetry, which are consistent with the
estimated results obtained from R(9) = R(E||a) cos® 0 +
R(E||b)sin® 6. Such polarization-sensitive anisotropic

reflectance renders the WP, an inherent polarization ana-
lyzer to detect the light polarization direction. More impor-
tantly, by simply tuning the incident light polarization,
the reflected light quantity by WP, is controlled effec-
tively. For example, the reflectance of WP, at ~2700 cm™!
declines from approximately 75% to around 35% as the
polarization angle 6 rotates from 0° (E||a) to 90° (E||b)
[see the blue curve in Fig. 3(b)]. Such a large modulation
of the reflectance (or reflected light quantity) renders WP,
itself an interesting concept of prototypical polarization-
controlled optical switch based on the mechanism of the
polarization-dependent anisotropic plasma edge (see fur-
ther discussion in notes 3 and 4 of the SM [25]).

Next, we investigate the temperature dependence of the
plasma edge, using the WP, (021) surface with El||a as
an example. As shown in Fig. 4(a), the plasma edges
are nearly identical across a range of temperatures span-
ning 300 K down to 5 K. The electron and hole pockets
and the corresponding carrier density of WP, are rela-
tively large, thereby tuning the plasma edge into an energy
range of 0.2—0.5 eV. This energy range of the plasma edge
is much higher than that of typical semimetals investi-
gated previously (e.g., <0.08 eV for bismuth [15,16] and
WTe, [19,20]). Furthermore, the sharp plasma reflectance
edges of WP, are located away from the interband transi-
tions [Fig. 2(d)]. Both factors may render the plasma edge
insensitive to temperature, which facilitates the manipu-
lation and utilization of the reflected light spectrum of

FIG. 3. Polarization-resolved aniso-

tropic reflectance of the WP, (001) sur-
face. (a) Reflectance spectra at various
polarization angles 6, where 6 denotes
the angle between the light polariza-
tion direction (direction of electrical
field F) and the a axis. Reflectance val-
leys V, and V) are indicated by the
arrows. (b) Measured reflectances at the
wave numbers of reflectance valleys
V, (~3600 cm™!, red circles) and ¥,

(~2700 cm™!, blue circles). The cor-
responding estimated reflectances are
depicted as red and blue solid curves,
respectively. (c) Polar plot of the
measured and estimated reflectances
from (b).
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FIG. 4. Polarization-controlled opti-
(@) (b) QcL cal switch based on WP,. (a)
1.0 ‘ Reflectance spectra of the (021)
surface at various temperatures. The
o 08| curves are shifted vertically for clarity.
% 06 | The light polarization is along the a
o A/2-wave plate axis. (b) Schematic of the polarization-
= 041 controlled optical switch apparatus. (c)
@ E Relative resistance change AR/R of
02 the (Hg,Cd)Te thin film as a function of
0 . L . R 0, as induced by the reflected light of
0 2000 4000 6000 8000 the WP, (001) surface. The laser wave-
o (cm™) WP, (001) length and wave number are 4.57 um
and 2188 cm™!, and the output power
(c)5 (d) of the quantum cascade laser (QCL) is
45| 1.0 20 mW (black circles) and 221 mW
4 W ’ — (blue circles), respectively. (d) Plot
S5l 221 mW S 40p 0.9 “Cg of AR/R (blue circles) as a function
= = \\ 08 & of 6, where laser power is 221 mW
® 2!l ® 35} g X o and measurements are taken at room
< 20 mW < \ 107 & temperature. The measured reflectance
1+ 3.0 ., (red squares) of the WP, (001) surface
0 W T at 2188 cm™' as a function of @ at

0 60 120 180 240 300 360 0 60 120 180 240 300 360 room temperature.

0 (deg) 0 (deg)

WP, over a wide temperature range. As a result, WP,
is a promising material for application toward multifunc-
tional (e.g., polarization detection and control) photonic
and optoelectronic devices. It is noted that other topolog-
ical semimetals, such as nodal-line semimetals, can also
possess intrinsically large anisotropy and large Fermi sur-
faces at the same time [29,30], which may also promise
anisotropic plasma mirror behavior and corresponding
applications, and thus extend our findings toward even
broader prospects.

C. Polarization-controlled optical switch
application of WP,

Now, we demonstrate the polarization-controlled opti-
cal switch function of WP, by using the photoconductive
effect of the (Hg,Cd)Te semiconductor. As depicted in Fig.
4(b), a linearly polarized laser is rotated by a A/2-wave
plate and subsequently reflected by the WP, (001) sur-
face before it finally arrives at a target (Hg,Cd)Te thin
film (see further details in the SM [25]). The adopted
laser wavelength is 4.57 um, corresponding to a wave
number of 2188 cm~! (see more discussions in note 5 of
the SM [25]). Here we define the relative change of the
(Hg,Cd)Te resistance as AR/R = (R, — Ry)/R;, where R
and R, are the resistances before and after illumination,
respectively. Figure 4(c) depicts AR/R as a function of 0
with different laser powers. It is evident that AR/R oscil-
lates with 6, reaches a maximum near 0° and 180°, and
declines to a minimum near 90° and 270°. Interestingly,
as shown in Fig. 4(d), the period and phase of such AR/R

oscillations are in excellent agreement with those of the
reflectance oscillations of the WP, (001) surface. More-
over, no periodic oscillations of AR/R are observed when
WP, is replaced by a gold film. Therefore, the AR/R oscil-
lations of the (Hg,Cd)Te can be unambiguously attributed
to the polarization-dependent plasma reflectance edge of
WP,. The consistence between the resistance oscillations
of (Hg,Cd)Te and reflectance oscillations of WP, in turn,
validate the optical switch function of WP,. We empha-
size that WP, itself, instead of (Hg,Cd)Te, functions as an
optical switch, and the present experiment is a prototypi-
cal example rather than the optimal case of the practical
device applications.

The previously investigated optical switches usually
consist of complex structures [31]. For example, some
optomechanical switches are based on microelectrome-
chanical systems, which require micro-nano manufacture
[31]. By contrast, here we demonstrate an attractive and
simple polarization-controlled optical switch, which is
present in single crystals and can be exploited by taking
full advantage of the anisotropic plasma edge of the Weyl
semimetal WP;.

III. CONCLUSION

In summary, we reveal a pronounced anisotropic plasma
reflectance edge in the topological type-I1I Weyl semimetal
WP,, which arises from the corresponding anisotropic
electronic structures and is robust against temperature.
Moreover, utilizing such polarization-sensitive anisotropic
plasma mirror behavior, we achieve a room-temperature
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WP,-based optical switch, which is effectively controlled
by simply tuning the light polarization. The revela-
tion of the anisotropic plasma reflectance edge and the
polarization-controlled optical switch not only extend the
frontiers of metal optics, but also open the door to intrigu-
ing optical applications based on anisotropic topological
semimetals.
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