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We theoretically investigate the reflected spatial Imbert—Fedorov (IF) shift of transverse-electric (TE)-polarized beam
illuminating on a bulk Weyl semimetal (WSM). The spatial IF shift is enhanced significantly at two different frequencies
close to the epsilon-near-zero (ENZ) frequency, where large values of reflection coefficients |rp,|/|rss| are obtained due to
the ENZ response induced different rapid increasing trends of |rpp| and |rg|. Particularly, the tunable ENZ effect with tilt
degree of Weyl cones and Fermi energy enables the enhanced spatial IF shift at different frequencies. The enhanced spatial
IF shift also shows the adjustability of WSM thickness, incident angle and Weyl node separation. Our findings provide easy
and available methods to enlarge and adjust the reflected IF shift of TE-polarized light with a WSM.
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1. Introduction

For a bound light beam, the geometrical optics is
usually not sufficient to accurately represent the reflection
characteristics.!!) The reflected light generates a shift in a di-
rection perpendicular to the incident plane, which is named
Imbert—Fedorov (IF) shift.!!?] The IF shift is spin-dependent
and also named spin Hall effect of light, since it emerges be-
cause of the spin—orbit interaction, and follows the conser-
vation law of angular momentum. >3] Generally, the IF shift
is tiny with its value on the subwavelength scale, so con-
ventional experimental methods are not capable of measur-
ing the value directly.['*! Recently, the enhancement of the
IF shift has attracted profound interests due to its applica-
tions in optical devices, such as detectors,! sensors, [ etc.
It has been proved that the enhanced IF shift of the reflected
light can be realized by restricting the co-polarized reflection

[7-11] Notably, Brewster effect and plasmon act as

coefficients.
most commonly methods to restrain the co-polarized reflec-
tion coefficients. 3!l However, the Brewster angle often ex-
ists in the situation of the transverse-magnetic (TM)-polarized
incident wave, while it may not exist in the transverse-electric
(TE)-polarized incident light, so the enhanced IF shift is usu-
ally realized in the TM-polarized beam. Additionally, al-
though plasmon denotes the effective method to achieve the
suppressed reflection coefficients of TM- and TE-polarized
waves, the excitation of plasmon should solve the condition
of wave vector mismatch.

Weyl semimetal (WSM), denoting a striking topologi-
cal material which takes the nonmass Weyl fermions as the
quasi-particles, emerges only by breaking the symmetry of
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spatial or time inversion.!'”l WSM denotes a graphene anal-
ogous Dirac-like linear dispersion, which generates numer-
ous excellent optical performances, such as controlled plas-
mon resonance! 3 and distinctive optical nonlinearity.!'*! No-
tably, WSM represents a three-dimensional Hamiltonian dif-
ferent from the two-dimensional graphene, which reveals nu-
merous unique physical features, such as remarkable quan-
tum Hall effect,[31 chiral anomalies,'>10! ¢rc. Furthermore,
the Weyl nodes of WSM play as a sink or source of the
Berry curvature, serving as the equivalent magnetic field in
momentum space,!!”-18] so the optical responses of WSMs
should be represented with the axion electrodynamics. 192"
Meanwhile, the off-diagonal components of the dielectric con-
stant tensor emerge because of the magnetic field, resulting
in the existence of the cross-polarized reflection and trans-
mission coefficients.?!! Recently, numerous optical phenom-
ena in WSM based systems have been discussed, such as ad-
justable Goos—Hinchen shift,[?>?3! large Kerr and Faraday
effects,21:24] anomalous Hall effects, 25271 ¢z¢c. Nevertheless,
to our knowledge, these works about the enhanced reflected
IF shift mainly restrict the co-polarized reflection coefficient
|rpp| by exciting the Brewster effect. Therefore, the feasible
enhanced reflected IF shifts of the TE-polarized incident beam
in Weyl based systems with other easy and available methods
exhibit fatal research significance.

Epsilon-near-zero (ENZ) material, on the other side, act-
ing as a new type of material, presenting near-zero or zero
permittivity at one or multiple frequencies, has received broad
interests in photonics.?8-1 Notably, tunable ENZ response
has been discovered in WSM. B! Therefore, WSM with tun-
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able ENZ effect supplies a significant research channel to dis-
cuss the adjustable enhanced reflected spatial IF shifts of the
TE-polarized beam. In this paper, we theoretically investigate
the reflected spatial IF shift induced by the TE-polarized light
illuminating on a bulk WSM at the frequencies close to the
ENZ frequency. The enhanced spatial IF shift can be enlarged
by decreasing the Weyl node separation. Our findings provide
easy and available methods to enlarge and adjust the reflected
IF shift of the TE-polarized wave with a WSM.

2. Theoretical model and method

To investigate the spatial IF shift of the reflected light
in WSM based system, a simple structure is proposed as
Fig. 1(a). Our schematic contains three regions, denoted as air
0, bulk WSM 1, and air 2. For the line polarized light imping-
ing at the surface of the WSM with incident angle 8, reflection
appears at the interface of air 0 and WSM, thus lead to the rel-
evant spatial IF shift, denoted as A. Figure 1(b) exhibits the
type-1 (B < 1) WSMs, where the parameters 3 = fB;, s = +
represent the tilt degree of Weyl cones that distinguish the di-

versity of type-I and type-II phases.[*!! For the type-I1 WSM,
the parameters f3; meet By < 1, while B; meet B; > 1 for the
type-1I WSM.

(b) Type-I WSM, 5>1

2Q
Weyl point

g=-1  ¢=+1

Z

Fig. 1. Schematic representing the spatial IF shift. Panel (a) denotes a
line polarized beam illuminating on the bulk WSM with thickness of d,
and the spatial IF shift of the reflected beam occurs. Panel (b) represents
two Weyl cones with contrary chirality in the type-1 WSM, in which Q
exhibits the Weyl node separation toward the z direction.

Generally, the mode dispersion diagram of WSM shows
the temperature, impurities, and disorder dependence, so the
temperature is treated as zero, and the influences of impurities
and disorder are overlooked for clarity. A system composed of
two Weyl cones, named the WSM, appears by breaking time-
reversal symmetry. Through stacking the ferromagnet blocks
and topological insulator into multiple thin films, the WSM
materials can be obtained.!'?! Around the two Weyl cones, the
Weyl Hamiltonian at low energy physics can be written as a

2 x 2 matrix 1231321

= vr [Bs (P:

where Vi = 10° m/s is the Fermi velocity, o represents the

Q) +so (p—sQe;)], ey

Pauli matrix, p displays the momentum vector, and e, and p,
denote the unit vector and momentum component in the z di-
rection, respectively.

Particularly, considering the WSM with a separated pair
of nodes toward the z axis in Brillouin zone (BZ) in Fig. 1(b),
the permittivity tensor € can be written as'>!!
Ex &y O
E=|&x &y 0 |, (2)
0 0 g
where &, = &y, = ¢ represent the interface parallel compo-
nents, €, exhibits the interface perpendicular component, and
&y = — &, = iy denote the off-diagonal components. All com-
ponents depend on the angular frequency , in which &, can
be written as3!]
o 412
ex(@)=14+—|In|-—5——
o (@) 371:{ ‘4;12—(02

where a = % /(4mephvr) represents the fine structure con-

———+in® (0—-2u)|, 3)

stant, i denotes the Fermi energy, & displays the permittivity
in vacuum, 7 represents the reduced Planck constant, e ex-
hibits the charge of electron, I = 8vg|Q| denotes the energy
cut-off, and @ (X) is the usual step function. Meanwhile, the
components £, and 7y not only denote as a function of @, but
also exhibit the dependence of ;. For the type-1 WSM, &,
and y are approximately written as[3!!
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where €/, and € exhibit the real and imaginary components
of &;.

In our proposed structure, there has no Fermi arc state
at x—y plane because of a separated pair of nodes toward the
z axis in BZ. Therefore, the tangential magnetic and electric
fields maintain continuity at z = 0 and d surfaces.”!! Never-
theless, because of the separated polarization of electromag-
netic beams in WSM, %31 the reflection coefficients cannot be
solved by using the 2 x 2 transfer matrix method, and a 4 x 4
magneto—optical matrix is utilized to settle the situation.”!
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Generally, for a monochromatic Gaussian beam with fi-
nite beam width illuminating on the WSM, the angular spec-

trum can be described as

wh (K +i2)

E; (kiy, kiy) =exp |— 1

I (7

Ef(,r) "op
Es(r) B _ kycot® (rpp +7ss)

,
ps
ko

where rpp = EYJE?, rg = EYJEY, reg = ESJES, rps = ES JE?
denote the Fresnel reflection coefficients for parallel and per-
pendicular polarizations. k;, and k;, are the components of the
reflected beam vector in the x and y directions, respectively.
—kiy and kyy = k;,
and applying the Taylor series expansion upon reflection, the

Based on the boundary conditions k;, =

reflected field can be further denoted as

w (ki + k) ]

E; = exp {— 1

Ky (rpp + Fsg ) cot O
X {il}r |:fprpp +fsrsp+ fb o ( ppk() 55) :|

Fokey (rpp]:(; Fes) cote] } ©)

+Yr {fsrss +fprps_

Applying paraxial approximation and the Fourier trans-
formation, the complex amplitude of the reflected beam can
be denoted as

Er(xrayrazr) :/ derdkryEr(erakm')

K2 +K2
X exXp |:1 <erxr + kerr _ ry >:| . (10)

2ko

In position space, the general expression of the reflected angu-
lar spectrum can be described as

k x2+y?
E, = exp | ikzp — = L —L
3 p( T 2 A+ iz

iyr (7pp 4 Fss ) coOt O
X {azr [fprpp + fsrsp + fs 4 K’R—FTZ) ]
g

iyr (rpp +r5:s) cot@} }’ an
AR + iz

+Yr [fsrss +fprps _fp

where AR = klw(z) /2 represents the Rayleigh range.

The IF shift of the beam appears in the directions per-
pendicular to the plane of the incidence. At any given plane
zr = const, the IF shift of the field centroid can be written as

_ ffyr[ (xrvyrazr) dx dy,

Alp = .
I fl(err»Zr) dx.dy,

12)

where wo denotes the beam waist. k;, and k;, represent the
components of the incident beam vector in the x and y direc-
tions, respectively. The polarization of the incident beam is
represented by a unit complex vector f = (@if, +yifs), in
which f; = atgexp(in) and f, = arm € R. Therefore, the re-
flected polarization state relative to the incident polarization
state can be expressed as!®!

krycot O (rpp + rss)

Vsp+ E(l)
ko [ P, ®)

Iss

Here, when the irrelevant proportionality factor is neglected,
the intensity is directly proportional to the absolute square of
the reflected angular spectrum, i.e., I (x;,yr,2r) o< \ER|2. Ulti-
mately, for the TE-polarized light impinging at the surface of
the WSM, the reflected light occurs, and the related spatial IF
beam shift can be simplified and written as!®]

4 Repcot® [Rpp sin (Pgp — Ppp ) + Rys sin (P — D) |
ko (R2, + RZ)

.(13)

where ko is the wave vector of vacuum, R; and @; denote the
amplitude and phase of reflection coefficients r;, respectively,
where j = pp, ss, sp.

3. Results and discussion

The possibility of altering Fermi energy acts as a spec-
tacular feature of WSM. It is successful to control the Fermi
energy by changing the charge neutrality point via doping, ad-
justing the lattice constant via pressure variations, or varying
the temperature. [33-** To illustrate the effects of Fermi energy
on the ENZ response, figure 2(a) plots the real part of &, at
various Fermi energies. The tilt degree and Weyl node sep-

aration are set as 0.8 nm~! and 1 nm™!

, respectively. No-
tably, the ENZ effect can be obtained at various Fermi ener-
gies of 0.39vg|Q|, 0.4vg|Q|, 0.41vg|Q|, and 0.42vg|Q|. The
relevant ENZ frequency rises with the increase of Fermi en-
ergy. Particularly, the ENZ response occurs at 50.87 THz,
52.3 THz, 53.73 THz, and 55.17 THz for Fermi energy of
0.39vp|Q|, 0.4vp|Q|, 0.41vp|Q|, and 0.42vp|Q|, respectively.
Furthermore, the tilt degree plays as other special and signifi-
cant parameter for characterizing the optical features of WSM.
The real part of &, also shows important correlation with the
tilt degree. Figure 2(b) denotes the real part of £, at various tilt
degrees. The Fermi energy and Weyl node separation are cho-
sen as 0.4Vvg|Q| and 1 nm ™!, respectively. It is found that the
ENZ effect always exists at various tilt degrees of 0.78, 0.8,
0.82, and 0.84. The relevant ENZ frequency increases from
51.22 THz to 54.88 THz as the tilt degree rises from 0.78 to
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0.84. Therefore, the adjustable ENZ effects are obtained with
tilt degree and Fermi energy, thus lead to the feasible adjusta-
bility of the enhanced spatial IF shift.

0.4 T T T P
(a) =0.8 A
0.2} T
~ OF-----/£-- == —.,..' ______
2 T el QD
c —0.39
—-0.2 - -0.40 -
S ---0.41
R ----0.42
704 1 L L L
0.4

Re (e.2)

48 50 52 54 56 58
Frequency (THz)

Fig. 2. The adjustable ENZ response. Panels (a) and (b) exhibit the real
part of & as a function of frequency by altering the Fermi energy and
tilt degree.

As known from the calculated expression of the spatial
IF shift, it can be enhanced significantly when the reflection
coefficient |rg| is acquired to a smaller value relative to the re-
flection coefficients |rpp| and |rgp|. Generally, |rg| has a larger
value than |ry,|, and is close to the value of |rpp|. Therefore,
for the reflected spatial IF shift of the TE-polarized light, it is
difficult to achieve a large enhancement. To demonstrate the
feasibility of the enhanced spatial IF shift in our structure, fig-
ure 3(a) shows the spatial IF shift as a function of frequency.
The thickness d is selected as 60 nm, and the incident angle 6
is set as 20°. It is worth noting that the absolute spatial IF shift
retains a relatively large value at the frequencies away from
the ENZ frequency. More importantly, as the frequency in-
creases to the ENZ frequency, the curve of the spatial IF shift
first declines sharply, and then increase steeply. In other word,
the maximal enhanced spatial IF shifts of nearly —11.1 pum
at the frequency of 52.26 THz, and of nearly 11.3 um at the
frequency of 52.34 THz are obtained, in which the positive
and negative spatial IF shifts are mainly caused by the phase
differences of reflection coefficients. To further analyze the
causes of the enhanced spatial IF shift in detail, figures. 3(b)
, and the
value of |rpp|/|rss| and |rgp|/|rss| as a function of frequency,

and 3(c) denote the amplitude of |ry,

» |rss|, and [rgp

respectively. Notably, both |r,p| and |rg| maintain their re-
spective small values at the frequencies away from the ENZ
frequency, and rise to their respective maximal values rapidly
as the frequency increases to the ENZ frequency. Furthermore,

it is must be noticed that the increasing trends of |r,p| and
|rss| at frequencies close to the ENZ frequency behave differ-
ently, which provides the feasibility to achieve the enhanced
spatial IF shift. It is also seen that the maximal values of
|rop|/|7ss| display differently at two different frequencies close
to the ENZ frequency, and are much larger than the values of
|rsp|/|7ss|- In a word, it is well demonstrated that the large val-
ues of |rpp|/|rss| are obtained at two different frequencies due
to the ENZ response induced different rapid increasing trends
of |rpp| and |rg|, thus enhance the spatial IF shift significantly.

0.8 "

Amplitude

— Irppl/I7ss| ]
== | rpl /||

52.0 52.4 52.8
Frequency (THz)

53.2

Fig. 3. The enhanced spatial IF shift. Panel (a) plots the spatial IF
shift as a function of frequency. Panel (b) shows the amplitude of |ryp|,
|rs|, and |rgp| as a function of frequency. Panel (c) denotes the value
of |rppl/|7ss| and |rep|/|rss| as a function of frequency. Where the Fermi
energy and tilt degree are set as 0.4vg|Q| and 0.8, respectively. Other
parameters are the same of Fig. 2.

Notably, the value of |ryp|/|rss| is enlarged markedly be-
cause of the ENZ effect of WSM, so the spatial IF shift is en-
hanced significantly. Meanwhile, tilt degree and Fermi energy
reveal effective methods to acquire the ENZ effect at different
frequencies. Therefore, the large enhanced spatial IF shift can
be achieved readily at various frequencies by changing the tilt
degree and Fermi energy. The spatial IF shifts at various tilt
degrees and Fermi energies are exhibited in Fig. 4. It is found
that at various Fermi energies, the enhanced spatial IF shift
can always be obtained at two different frequencies close to
the corresponding ENZ frequencies. Similarly, the enhance-
ment of the spatial IF shift can be realized at two different fre-
quencies close to the relevant ENZ frequency by altering the
tilt degree, as seen in Fig. 4(b). In a word, the tunable ENZ ef-
fect with tilt degree and Fermi energy enables the controllable
enhanced spatial IF shift. Additionally, the tunable spatial IF
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shift varying from negative to positive with tilt degree enables
the precise determination of WSM tilt degree. [*!

L/ (vel@Ql)
—0.39
- -0.40
- 0.41
---0.42

B
. —0.78
= - -0.80
-..0.82

56
Frequency (THz)
Fig. 4. The tunable-enhanced spatial IF shift. Panels (a) and (b) rep-

resent the spatial IF shift as a function of frequency at various Fermi
energies and tilt degrees.
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Fig. 5. Pseudo-color images of the spatial IF shift. Panels (a) and (b)
denote the pseudo-color images of the spatial IF shift as functions of
WSM thickness and incident angle at two frequencies of 52.34 THz
and 52.26 THz, respectively.

Furthermore, the reflection coefficients exhibit the depen-
dence of WSM thickness and incident angle. Therefore, the
variation of WSM thickness and incident angle will lead to the
change of the spatial IF shift. To illustrate the effects of WSM
thickness and incident angle on the spatial IF shift, figures 5(a)
and 5(b) denote the contours of the spatial IF shift as func-
tions of WSM thickness and incident angle at two different

frequencies. It is found that the large enhanced positive and
negative spatial IF shifts can be realized. With the increase
of WSM thickness, the incident angle should be declined to
obtain the maximal enhanced positive and negative spatial IF
shifts. Furthermore, the absolute value of the maximal en-
hanced spatial IF shift behaves as a decrease as the thickness
of WSM increases, which is mainly caused by the declined
value of |rpp|/|rss|. In a word, the incident angle should be
optimized to obtain the large enhanced spatial IF shift.
Finally, the amplitude of magnetic field induced by Weyl
nodes can be represented equivalently with the Weyl node sep-
aration. Therefore, the Weyl node separation will affect the
spatial IF shift significantly. The spatial IF shift at various
Weyl node separations is shown in Fig. 6(a). It is found that
the huge enhancement of the spatial IF shift can be realized
at various Weyl node separations, and the relevant frequencies
of maximal positive and negative spatial IF shifts maintain the
same. However, as the Weyl node separation increases, the
absolute enhanced spatial IF shift behaves as a large decrease.
To further demonstrate the cause of the above phenomena,
the value of |ryp|/|rss| as a function of frequency is shown in
Fig. 6(b). Notably, large values of |rp,|/|rss| can be obtained at
various Weyl node separations, while the value reduces as the
Weyl node separation increases, which is consistent with the
results of Fig. 6(a). Therefore, the larger enhanced spatial IF
shift can be realized by decreasing the Weyl node separation.

24 T T T

[7ppl/|7ss
—
@
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Frequency (THz)

Fig. 6. The tunable-enhanced spatial IF shift with the Weyl node sepa-
ration. Panels (a) and (b) represent the spatial IF shift and the value of
|rpp|/|7ss| as a function of frequency at various Weyl node separations,
respectively.

4. Conclusions

In summary, the reflected spatial IF shift can be enhanced
significantly based on the ENZ response induced different
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sharp increasing trends of |rpp| and |ry|. What is more, the
ENZ response can be adjusted by altering the tilt degree and
Fermi energy, thus lead to the large enhanced spatial IF shift at
different frequencies, and the tunable spatial IF shift varying
from negative to positive with tilt degree enables the precise
determination of WSM tilt degree. The enhanced spatial IF
shift also shows the adjustability of WSM thickness and inci-
dent angle. By decreasing the Weyl node separation, the larger
enhanced spatial IF shift can be obtained. Our findings supply
easy and available methods to obtain the tunable enhanced re-
flected IF shifts of the TE-polarized wave with a WSM.
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