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The Imbert-Fedorov (IF) shift at the optical interface of Weyl semimetal (WSM) is extremely significant to
recognize the optical characteristics of WSM. In this paper, we have studied the spatial IF shift on the surface of
a bulk WSM by theoretically deriving a 4 x 4 magneto-optic matrix. It is found that the phenomenon of spatial
IF shift changing from positive to negative occurs at an incident angle near the Brewster angle. Remarkably,
this special phenomenon can be regulated by changing the frequency of incident light, tilt degree, and Weyl
node separation. Specially, for a fixed Weyl node separation, the phenomena of spatial IF shift changing from
positive to negative can be realized at different tilt degrees by simply changing the frequency, and there exists
one-to-one correspondence between the tilt degree and frequency at these situations. Similarly, for a fixed tilt
degree, these phenomena can be achieved at different Weyl node separations by changing the frequency, and there
also exists one-to-one correspondence between the Weyl node separation and frequency. Therefore, these tunable
phenomena of spatial IF shift changing from positive to negative enable the feasibility of accurate determination
of tilt degree and Weyl node separation. Our study can also provide a reference for the research of IF shift in
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such similar structures.
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I. INTRODUCTION

A Weyl semimetal (WSM), as a remarkable topological
quantum state with nonmass Weyl fermions as quasiparticles,
occurs only when the symmetry of spatial inversion or time
inversion is broken [1-3]. Similar to the famous semimetal
graphene, WSM shows a Dirac-like linear dispersion, thus
is called “three-dimensional graphene.” Because of its Dirac-
like linear dispersion, WSM exhibits many outstanding optical
characteristics, such as unique optical nonlinearity [4-6] and
adjustable terahertz plasmon resonance [7]. Differently, com-
pared with the two-dimensional Hamiltonian of grapheme,
WSM has the three-dimensional Hamiltonian, which results
in many special physical properties, such as chiral anomalies
[8], epsilon-near-zero response [9], unconventional quantum
Hall effect [10], etc. Notably, with the discovery of Fermi
arc and Weyl points (WPs) [11-14], it is easy to distinguish
WSM from graphene. Generally, since the Weyl cones near
the WPs exhibit upright, the Weyl fermions satisfy the Lorentz
symmetry, and the WSM materials, such as TaAs family, are
defined as type-I WSMs [15]. However, if the Weyl cones
exhibit heavily tilted, exceeding the Fermi velocity, the Weyl
fermions do not satisfy the Lorentz symmetry, and the WSM
materials, such as WTe, and MoTe,, are defined as type-1I
WSMs [16-18]. In order to distinguish type-I and type-II
WSMs, a tilt degree o, of Weyl cones is introduced (the tilt
degree of Weyl cones is |o;| < 1 in type-1 WSMs, while it is
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loe| > 1 in type-11 WSMs). Additionally, the Weyl nodes in a
WSM serve as a source or sink of the Berry curvature, acting
as a magnetic field in the momentum space [19-22], resulting
in that the optical responses in WSMs need to be described by
means of the modified Maxwell equations, known as axion
electrodynamics [23,24]. Similarly, the separation between
WPs in the z direction in momentum space is defined by 20,
where Q denotes the Weyl node separation [25]. Unlike Dirac
materials such as graphene, the tilt degree and Weyl node
separation are two unique and extremely important parame-
ters for determining the optical properties of WSM. Methods
for effectively obtaining these two parameters have therefore
achieved great significance for us to recognize the optical
characteristics of WSM.

The Imbert-Fedorov (IF) shift, as one of the most ex-
tensive optical effects of beam reflecting at the interface of
medium, presents as the spin-dependent splitting caused by
transverse separation of photons with opposite spin angular
momentums [26-28]. The IF shift exhibits sensitivity to the
configuration parameters of materials, resulting in that the
precision metrology can be realized by using the IF shift as
a probe. For instance, the thickness of metal film and the
layers of graphene were successfully obtained by means of
IF shift [29,30], and the detection of DNA hybridization was
fulfilled with the help of a highly sensitive optical biosensor
[31]. Recently, with the research hotspots of WSM, the IF
shift based on WSM has also been widely studied. Jiang et al.
proposed that the IF shift existed and exhibited susceptibility
to the valley in a WSM system, and demonstrated that the
IF shift provided an effective method to determine electrical
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conductivity of WSM [32,33]. Chen et al. investigated the IF
shift on the interface of a WSM film, and further discussed the
relationship between the Weyl node separation of WSM and
the spin-dependent splitting [34]. Liu et al. demonstrated that
the IF shift in a WSM was affected by the lattice spacing,
and proposed a simple method to sense the lattice spacing
precisely [35]. Nevertheless, most of these studies focus on
the realization and the influence of IF shift in WSM based
systems. Precision metrology acts as an important aspect of
application of IF shifts, but there exist few reports on the
measurement of WSM. Therefore, it is of great significance
for us to realize the measurement of the relevant parameters
of WSM, such as the tilt degree and Weyl node separation.

In this article, we theoretically study the spatial IF shift
at the contact surface of air and bulk WSM. We set up a
4 x 4 magneto-optic matrix by using Maxwell’s equations
and boundary conditions to obtain the calculation of spatial
IF shift. Results show that the spatial IF shift changes its sign
from positive to negative in a small region of incident angle of
50°. It is further demonstrated that this special phenomenon
is caused by Brewster effect. Remarkably, this special phe-
nomenon can be regulated by changing the frequency of
incident light, tilt degree, and Weyl node separation. Specially,
for a fixed Weyl node separation, the phenomena of spatial IF
shift changing from positive to negative can be realized at dif-
ferent tilt degrees by simply changing the frequency, and there
exists one-to-one correspondence between the tilt degree and
frequency at these situations. Therefore, we can accurately
obtain the tilt degree based on these special phenomena by
shifting the frequency. Similarly, for a fixed tilt degree, the
tunable phenomena of spatial IF shift changing from positive
to negative with one-to-one correspondence between the Weyl
node separation and frequency enable the feasibility of accu-
rate calculation of Weyl node separation. We believe our study
may provide a reference to research the IF shift in such similar
structures.

II. THEORETICAL MODEL AND METHOD

We theoretically set up a simple model to investigate the IF
shift on the surface of a bulk WSM, as shown in Fig. 1(a). The
thickness of bulk WSM is optimized to be d = 600 nm, which
is exposed in air. Considering a line polarized light illuminat-
ing the surface of bulk WSM with incident angle 6, the right-
and left-spin lights separate from each other in reflected light,
resulting in the phenomenon of IF shift. Figures 1(b) and 1(c)
represent the type-I (Joi;| < 1) and type-II (Jo;| > 1) WSMs,
respectively, in which Q denotes the Weyl node separation.

A. Optical constant of WSM

For WSMs with time-reversal symmetry broken, we con-
sider them as a simple continuum model that a wave vector
+b = +(0,0, Q) in the Brillouin zone separates a pair of
Weyl points (WPs) with opposite chirality £ = £1. Here, O
denotes the Weyl node separation (in the z direction). Near
the two WPs located at Q7, the Hamiltonian of the WSMs can
be described as [25]

Ho=Y Iy -o, ()
k

() (b) Type-I WSM, |o,| <1
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FIG. 1. Schematic exhibiting the IF shift on the surface of a bulk
WSM with tilt degree and Weyl node separation. (a) A line polarized
light illuminates a bulk WSM which is exposed in air, and the IF
shift occurs in reflected light for the separation of right- and left-
spin lights. (b) A pair of tilted Weyl cones with opposite chirality in
type-1 WSM with a tilt degree |¢,| < 1, in which Q represents the
Weyl node separation. (c) A pair of tilted Weyl cones with opposite
chirality in type-II WSM with a tilt degree |a,| > 1.

where hy = (hok, hik, hor, h3i) represents the vector which is
the function of scalar k; h, = hé‘v,kf, hix = hEvpk,, hy =
h&vrk,, and hs, = hé kaf ; o is the vector composed of the
identity and the three 2 x 2 Pauli matrices oy, oy, and o.
Therefore, we can obtain the low-energy Hamiltonian of the
WPs with chirality &, described as

Hy = hEvkE + Ehvp[koy + ko, + K o], )

with kf =k, + £Q. The Weyl cones near the two WPs are
oppositely tilted, and the Weyl cone can be described by the
parameter of tilt degree o; = v;/vr. Where v, and vp repre-
sent the tilt velocity of WPs with positive chirality and the
Fermi velocity, respectively. For type-I1 WSMs, the tilt degree
meets |o,| < 1, while || > 1 for type-Il WSMs [15,16]. In
order to simplify the discussion, we mainly discuss the case
of a; > 0, and the case of o; < 0 can be similarly handled.

For a bulk WSM, we can use a 3 x 3 tensor to describe its
conductivity, written as

g = ny ny O . (3)
0 0 oy

where oy, and oy, correspond to the Hall conductivities with
0yxy = —0y, and oy, and oy, denote the longitudinal conduc-
tivities with oy, = oy,, and the corresponding expressions of
conductivity are detailed in the Appendix.

By calculating the conductivities of WSM, its relative di-
electric constant is readily expressed in terms of the optical
conductivities and the internode separation, described as [25]

10y
Exx = &+ s
weé(
io,,
Ez=¢& + ) “4)
wEop

i
Exy = w_go(o—xy + O'Q),
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where g is the permittivity of vacuum; g, denotes the effective
permittivity of the background medium, which is setas g, = 1
in this article.

B. 4 x 4 magneto-optical matrix

Considering an electromagnetic wave illuminating our de-
signed structure from air shown in Fig. 1, reflection occurs
at the contact surface of air and bulk WSM. In our designed
structure, for a pair of nodes separated along the &, direction in
the bulk BZ, the x-y plane has no Fermi arc states. The incident
light illuminates the surface of bulk WSM (x-y plane), there
is no surface conductivity at the z = 0 and z = d boundary
since the projection of the vector is zero in this case, thus
the tangential electric and magnetic fields keep continuous
at the z = 0 and z = d surface [36-38]. Therefore, the Fermi
arc does not affect the reflection coefficient significantly. Due
to the polarization separation of electromagnetic waves in a
WSM [36,39], the traditional transfer matrix method is unsuit-
able for solving the reflection coefficients, and we introduce a
4 x 4 magneto-optical matrix to solve the problem.

First, the dispersion equation of the wave vector in a WSM
is studied by using Maxwell’s equations. In regions 0, 1, and
2, the Maxwell equations can be written as

V x E; = iopoH,, (5a)

V x H; = —iwD;, (5b)
where i = 0, 1, 2. Within the WSM, i = 1, by using the wave
vector k; to replace the spatial derivatives, Eqs. (5a) and
(5b) can be expressed as 1_51 x Ey = a),uoﬁl and l?l X Hl =
—wepekE, in which € denotes the tensor of the WSM. Si-
multaneously, we use k; to cross the first equation above, and
combine the second equation; thus the relationship between
k; and El is expressed as

ki x (ky x Ey) = —k’ZE,. (6)

By using ki = kixX + k1,2, Eq. (6) can be written as a
matrix expression,

k(%gxx - klzz lk(%y klsz)c Exl
ik3y 2 — K2y 0 Ey | =0, (7
kizkox 0 k(%gzz - k(%x E;

where k, = [k}, + ki,
Because of translational invariance, the transverse component
of the wave vector is equal in each layer, ki, = kp, = koy-
Due to the polarization separation of light propagating in
the WSM, there exist three electric field components. The
condition for the existence of a nonzero solution to the electric
field in Eq. (7) is that the modulus of the coefficient matrix is
zero, so we can get the solution of k;,, denoted by k. and k_
as

Yy = Exy/i, k() = a)/c, kox = k() sin 6.

2

k
ki = - [2ene. —
* ZSZZ[ES”Z

(£xx + £22)sin’0

+ \/(e:zZ — £,)7sin*0 — de.,y2sin?0 + 4e2y?].  (8)

Z

In order to obtain the spatial IF shift at the contact surface
of air and bulk WSMs, the relevant reflection coefficients 7,

Tsps Tss» and 7y should be calculated, which are defined as
rpp = ELJE?, 1y, = ELJES, ryg = ESJE?, and r,s = ESJE?,
where E/ and Ef denote the amplitude of electric field of
incident light for a TM- and TE-polarized wave, and E and
E? exhibit the amplitude of electric field of reflected light for
a TM- and TE-polarized wave.

For a TM-polarized wave, the incident magnetic field
thus can be described as H; = Hypoye'*»*+k:) By using
the Maxwell equation V x H = —iwD, the corresponding
incident electric field can be simply obtained as E; =
Zo(cos 0% — sin 07)e'kox k2 " in which Z, denotes the wave
impedance in vacuum, and the amplitude of electric field is in
units of Hyqy. The incident light reflects at the contact surface
of air and bulk WSM, resulting in the magnetic field in region
0 written in terms of incident and reflected waves, shown as

on — r3e—1kozzelk0xx, Iiyo — (elkozz + rle_lk(kz )elkoxx,

Hyy = rye ostgikoc, )

By using the Maxwell’s equation V - Hy = 0, we get the
relationship r3 = ko,r2/ko,. Meanwhile, by using V x H =
—iwD, the electric field in region 0 is written as

kOZ . . .
Lo iko,z —ikozz\ ,ikoxx
Ex = Zo—— ("™ — rie”")e™,

(10a)
0
Koo .
Ey = Zoryeazelox (10b)
’ kOx
kor , ; e
Exp = ~Z " (M5 4 pemioselior, (10¢)
0

For region 1, the general solution of the electric field is
described as linear combination of the four wave-vector com-
ponents, ki, = {kx —ky k- —k_}:

El_v — (alezlqz + a2€71k+z + a3€lk’z + a4e*lk—2)elk0xx; (11)

by using Egs. (5a) and (5b), the other components of electric
and magnetic fields can be obtained as >

i . -
E, = —[(ki + k(%x - 8//k(%)(ale’k+Z + aye ")

vks
+ (K2 + K3, — e//k3) (ase™ + age ™))™, (12a)
ikox 2 2 2
By =——% (k + ko — 8//ko)k+
vkg (kgx - 811]‘%) [ * )
x (1€ —are™) 4 (k2 + K5, — 21/K5)
x k_(aze™* — a4e_ik*z)]eik°"x, (12b)
1 A B
Hiy = —m(lﬁrdlelk*z —kyiaze ez
+ k_a3€ik_z _ k_a4€7ik_z)€ik0‘x, (12C)
—ie 2 2 2
H,, = ki + ki —e,ky)k
ly yk()ZO(kgx _ gzzkg) [( + Ox /! 0) +
X (aleik+z - aze—ik+z) + (ki + ké — 8///(3)](,
% (a3eikfz _ a467ik72)]eik0xx’ (12d)
kox
H. = —2F,, (12€)
Zoko
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where £,/=¢,, = ¢&,,. For region 2, the transmitted light exists,
and the corresponding magnetic field can be described as

Hy, = tyeitoe@=d) gikonx

sz =1 eikg;(Z*d)eikoxx (13)

Hy, = tyelkoee=d) gikosx.
By using the Maxwell’s equation V - A, = 0, we get the
relationship t3 = —kg. 2 /ko,. Meanwhile, by using V x H =

—iwD, the components of electric field in region 2 is written
as

eight parameters, ay, a,, as, aq, 11, 12, t1, and t,, that need to
be solved. Fortunately, upon matching the tangential electric
and magnetic fields at z =0 and z =d, we can calculate
these parameters successfully. For calculating the parameters
(ai ay a3 ag),ad x4 matrix is established as

mpyp mpp M3 M4 a
nmpy My M3 Nipg az

msg msp M3z N34 as

Zok ) ) Mgy M4y M43 Mlg4 ag
By = 220 efhored gibonx (14a)
0 0
. 2 2
Eyy = Zoko 1)t (14b) _ | ~2ivkoko:Zy (k3, — €:k3) 15
kOx 0 ’
Zokox - )
By, = — 200 glhorle=d) gk, (14c) 0
ko
Therefore, the components of electric and magnetic fields
in regions 0, 1, and 2 are all obtained. Notably, there exist with the parameters
J
myy = ko, +ki, mp=ko, —ky, miz=ko, +k_, mu=ko, —k_,
my = (ky — koo )e™ 4, myp = (ks —ko)e ™9, myz = (ko — ko)™, mas = (—k_ — ko)e "4,
myp1 = —SZZk()Zki + (k(%x — Ezzkg)k_z,_ — gzzkoz(kgx — 8//k3)k+ + (kgx - SZZ](S) (k(%x — S//kg),
my = exckok + (Ko, — ko) kL + exchor (kG — €77k ks + (Ko, — ko) (Ko, — €//K)
My = —ezko k> + (ko — £k ) k2 — exckor (kg — //kg )k + (ko — e22kg) (ko — €//K5).
My = e ko k> + (kG — e2:kg )k +ezckor (ko — &/kg k- + (ko — £2:k5) (kg — €//K3)
may = [ezkok+ (kg — €2k )k + exckor (kg — &7,k )k + (kg — e2kg) (kg — &//k5) ]+,
myy = [ - 8zzk01ki+(k§x - 5zzk(§)kJ2r - gzszZ (k(%x - 8//k§)k+ + (kgx - gzzkg) (k(z)x - 8//k(2))]e_ik+d’
maz = [ckock® +(kg, — £2ko)k2 + eckoe (kg — &//kg ) k- + (o, — e22kg) x (kg — &//kg) ],
Mag = [ - ezszZki"i'(kgx - 8111‘3)]‘i — &zko; (kgx - 8//k§)k* + (kgx - ‘9zzk§) (k(%x - 8//k§)]e_ik7d'
After calculating the parameters (a; a2 a3 aa), the other four parameters can be obtained as
a
i a
n=1———— (ki —eykg kG —eks kG —eks R+ kG — eykG) ; (16)
¥y koko:Zo as
as
a
kox aj
ry = 1 1 1 , 17
2 kozo( ) @ )
as
a
k() . . . . ay
= — x —k etk+d k eftk_,_d _k_etk_d k_eftk_d , 18
2 k()zkozo( + + ) o (18)
as
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a
—ig;; a
f = c|“]. (19)
)/kOZO(k%X — F,‘szg) as
as
C = [k + i, —eykg)kpe™d —(k + 5, — e/ /kg)kre ™ (K2 4G, — ey/kg ket —(k2 + K5, — &//kg)k_e™"1].
(20)
Finally, we can obtain the reflection coefficients r,, and r,, written as
Erp ka g kox : 2
Top = —p = (l—rl)—cose +|[——0+r)+sinb |, 21
E; ko
E’ ko
Tps = E—ip = E”z- (22)
Similarly, the reflection coefficients ry, and 7y, described as
ajg
E* ang
re=—=(1 1 1 1) -1, (23)
Eis asg
A4y
dajg
El ko i s
rp = = e (R, — ek R, — ek KRR, — ek KRR, —ek)| | (24)
ES k()z )/k asg
()
where the parameters (a;; das dss  a4s) can be calculated by using the follow matrix equation:
My My Mz Mg\ [ai 2ko,
My My My My || ay _ 0 , 25)
M3 Mz, Mz May || as 0
My My My M) \as 0
here, the relevant parameters are
My = ko, + k.,
M12 - ka - k+»
Mz = ko, +k_,
My = ka - k—»

Myy = (ks — ko )e™+?,
My = (—ky — ko )e ™+,
33 = (k= — ko )e™ . My = (—k_ — ko.)e ",

Moy = eckook — (Ko, — e2ckg )RS + exckor (kg — &/kg )k — (kg — £22kg) x (ki — £1/k5).

My = —ezckockl — (kg — ecko)k — exckoz (ko — e//kg ks — (kg — excko) (ko — €//k3)

Moy = exckock? — (Ko, — £2ckg k2 + ecchor (ko — e/kg )k — (Ko, — e2:kg) (kS — €//k3).

Moy = —ezckock? — (k5 — ko )k2 — excko: kg, — e//kg )k — (k5 — exxko) (ks — e//k3).

May = [ecckork +(kg, — cko)kG + excko (Ko, — &//kg ks + (Ko, — e22ks) (Ko, — €//k5) ]+

My, = [ 821k02k3 + (k(%x - szzk(%)ki — &zzko: (k(%x - 8//k§)k+ + (kéx - Szzkg) (kgx - 8//k(2))]e_ik+d*

Mus = [eckork? + (Ko, — e2kg )k + exckor (kG — e/kg)k— + (kg — e22kg) (kg — /k5) Je™ <,
=[- £xckok® + (kOx - 8zzk(%)k3 — &zzko; (kgx - 8//"3)]‘— + (k(%x - Szzkg) (kgx - 8//]‘3)]6_%7{1'
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FIG. 2. Pseudocolor images of spatial IF shift as functions of incident angle and frequency. Panels (a) and (b) indicate the spatial IF shift
at discrete tilt degrees of 0.6 and 0.8 in type-I WSMs. Panels (c) and (d) exhibit the spatial IF shift at discrete tilt degrees of 2.2 and 2.4 in
type-Il WSMS, where the Weyl node separation is set as 0.2 nm™", and the Fermi energy is chosen as 0.2 eV.

Considering a TM-polarized wave illuminating the surface of
WSM, the spatial IF shift Aﬁ’; is written as [40]

_Rsp cot G[Rpp sin (d)sp - d)pp) + Rss sin (¢sp - (bss)]
ko (pr + Rlzfp) ’

Al =
(26)

where 4 = R4 exp(i¢a), A = {pp, ss,sp, ps}.

III. DISCUSSIONS AND RESULTS

Notably, the tilt degree and Weyl node separation are two
unique and extremely important parameters for determining
the optical properties of a WSM. Methods for effectively
obtaining these two parameters have therefore become great
significance to recognize the optical characteristics of WSM.
Generally, precision metrology acts as an important as-
pect of application of IF shifts. Therefore, studies of IF
shift on the surface of a bulk WSM enable the possibil-
ity to accurately calculate the tilt degree and Weyl node
separation.

A. Determination of tilt degree

The tilt degree of a WSM is an important parameter that
can determine the characters of a WSM, and it is often difficult
to measure the value of tilt degree. Fortunately, we can realize
an accurate calculation of tilt degree by using the phenomenon
of spatial IF shift changing from positive to negative near the
Brewster angle. For a light with frequency of f illuminat-
ing the surface of a bulk WSM, the pseudocolor images of
spatial IF shift for a TM wave as functions of incident angle
and frequency are shown in Fig. 2. Figures 2(a)-2(d) exhibit

the spatial IF shift at different tilt degrees of 0.6, 0.8, 2.2,
and 2.4. It can be seen that the spatial IF shifts are always
positive for tilt degrees of 0.6 and 0.8 in type-I WSMs. But
for tilt degrees of 2.2 and 2.4 in type-II WSMs, the spatial
IF shifts change its sign from positive to negative in a small
region of incident angle of 50°. Generally, the situation that
the spatial IF shifts vary from a positive maximum value
to a negative minimum value is mainly caused by Brewster
response [34,36,39], and the relevant special angle is called
the Brewster angle. Notably, by changing the tilt degree from
2.2 to 2.4, the frequency corresponding to the Brewster effect
changes from 35 to 32.9 THz.

For further illustrate the special phenomenon of spatial IF
shift, we plot the determination of Brewster angle in Fig. 3.
Figures 3(a) and 3(b) exhibit the amplitude of |r,,| and || as
a function of incident angle at a frequency of 35 THz for a tilt
degree of 2.2, and at a frequency of 32.9 THz for a tilt degree
of 2.4. Obviously, |r,,| varies with the change of incident
angle, and we obtain the minimum value, nearly equal to zero,
at the incident angle of 50° for these two different cases. This
situation means that the Brewster effect has occurred, and the
corresponding Brewster angle is 50°. Figures 3(c) and 3(d)
denote the spatial IF shift as a function of frequency, where
the tilt degrees are 2.2 and 2.4, and the incident angle is
chosen as 50° for both cases. It is seen that the spatial IF shift
changes from positive to negative at a frequency of 35 THz
for a tilt degree of 2.2, and at a frequency of 32.9 THz for a
tilt degree of 2.4, which is in good agreement with the results
in Figs. 2(c) and 2(d). Therefore, we have proved that the
situation of spatial IF shifts varying from a positive maximum
value to a negative minimum value is exactly caused by the
Brewster angle.
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FIG. 3. The determination of Brewster angle. Panels (a) and (b) show the amplitude of |r,,| and |r,| as a function of incident angle at tilt
degrees of 2.2 and 2.4. Panels (c) and (d) exhibit the spatial IF shift as a function of frequency at tilt degrees of 2.2 and 2.4. The frequencies are
set as 35 THz in (a) and 32.9 THz in (b), and the incident angles are set as 50° in (c) and (d). Other parameters are identical to those of Fig. 2.

Notably, it is known that the spatial IF shift changes its
sign based on the Brewster effect. For a particular tilt degree,
this special phenomenon can be realized by simply tuning
the frequency at the incident angle near the Brewster angle.
Figure 4 exhibits the spatial IF shift as a function of frequency
at different tilt degrees when the incident angle is 47° near the
Brewster angle. It is obvious that the phenomena of spatial IF
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FIG. 4. The phenomenon of spatial IF shift changing from posi-
tive to negative by altering the tilt degree and frequency at incident
angle of 47°. Other parameters are identical to those of Fig. 2.

shift changing from positive to negative always exist at differ-
ent tilt degrees. But their respective frequencies are different
for different tilt degrees. For instance, the spatial IF shift
changes from positive to negative at a frequency of 34.53 THz
for a tilt degree of 2.0, at a frequency of 33.81 THz for a tilt
degree of 2.2, and at fa requency of 32 THz for a tilt degree of
2.4. With the increase of tilt degree, the respective frequency
reduces. Therefore, these tunable phenomena of spatial IF
shift changing from positive to negative with a one-to-one
correspondence between the tilt degree and frequency enable
the feasibility of accurate calculation of tilt degree.

B. Determination of Weyl node separation

Besides the tilt degree, the Weyl node separation Q is the
other important parameter that determines the anomalous Hall
conductivity of a WSM. Here we also can calculate the Weyl
node separation Q by using the phenomenon of spatial IF shift
changing from positive to negative near the Brewster angle.
Figure 5 exhibits the phenomenon of spatial IF shift changing
from positive to negative at two different Weyl node sepa-
rations, where the tilt degree is set as 2.2. The pseudocolor
images of spatial IF shift as functions of incident angle and
frequency at two different Weyl node separations of 0.18 and
0.21 nm™! are plotted in Figs. 5(a) and 5(b). It is seen that the
spatial IF shift change from positive to negative at a frequency
of 35.6 THz for a Weyl node separation of 0.18 nm™!, and
at a frequency of 34.7 THz for a Weyl node separation of
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FIG. 5. The phenomenon of spatial IF shift changing from positive to negative at two different Weyl node separations. Panels (a) and (b)
show the pseudocolor images of spatial IF shift as functions of incident angle and frequency at different Weyl node separations of 0.18 and
0.21nm™". Panels (c) and (d) exhibit the amplitude of |7,pl and |rgp| as a function of incident angle at different Weyl node separations of 0.18
and 0.21 nm™". The frequencies are set as 35.6 THz in (c) and 34.7 THz in (d), and the Fermi energy is fixed as 0.2 eV.

0.21 nm~!. Meanwhile, both of the spatial IF shifts vary from
a positive maximum value to a negative minimum value at
an incident angle of 50°, which is caused by the Brewster
response. To further determine the Brewster angle, we plot the
amplitude of |r,,| and |r,,| as a function of incident angle at a
frequency of 35.6 THz for Weyl node separation of 0.18 nm™",
and at a Fermi energy of 34.7 THz for a Weyl node separation
of 0.21 nm™!, as shown in Figs. 5(c) and 5(d). Obviously, |r,,|
varies with the change of incident angle, and we obtain the

03
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FIG. 6. The phenomenon of spatial IF shift changing from posi-
tive to negative by altering the Weyl node separation and frequency
at incident angle of 47°.

minimum value, nearly equal to zero, at the incident angle of
50° for the two different cases. Therefore, we have proved that
the situation of spatial IF shifts varying from a positive maxi-
mum value to a negative minimum value is exactly caused by
a Brewster angle of 50°.

Notably, based on the above discussion, it is known that
when the incident angle is near the Brewster angle, the phe-
nomenon of spatial IF shift changing from positive to negative
can be realized at two different Weyl node separations, and its
relevant frequency behaves different value. Figure 6 plots the
spatial IF shift as a function of frequency at different Weyl
node separations, where the incident angle is also chosen as
47°. It is seen that for different Weyl node separations, fre-
quencies corresponding to the spatial IF shift changing from
positive to negative are different. For instance, the special
phenomenon occurs at a frequency of 33.97 THz for a Weyl
node separation of 0.19nm™!, at a frequency of 33.59 THz
for a Weyl node separation of 0.21 nm™!, and at a frequency
of 32.77 THz for a Weyl node separation of 0.23 nm™'. With
the increase of Weyl node separation, the respective frequency
reduces. These tunable phenomena of spatial IF shift changing
from positive to negative with one-to-one correspondence be-
tween the Weyl node separation and frequency also enable the
feasibility of an accurate calculation of Weyl node separation.

IV. CONCLUSIONS

In conclusion, we theoretically study the spatial IF shift
at the contact surface of air and bulk WSM. For obtaining the
calculation of spatial IF shift, we set up a 4 x 4 magneto-optic
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matrix to solve the reflection coefficients by using Maxwell’s
equations and boundary conditions. It is found that the spatial
IF shift changes from a positive value to negative value at
the incident angle near 50°. It is further demonstrated that
this special phenomenon is caused by the Brewster effect.
Interestingly, the phenomenon of spatial IF shift changing
from positive to negative can be controlled by changing the
frequency of incident light, tilt degree, and Weyl node sep-
aration. Specially, for a fixed Weyl node separation, these
special phenomena can be realized at different tilt degrees by
simply changing the frequency, and there exists a one-to-one
correspondence between the tilt degree and frequency at these
situations. Therefore, we can determine the tilt degree based
on the zero spatial IF shift by shifting the frequency. Similarly,
for a fixed tilt degree, these special phenomena of spatial IF
shift changing from positive to negative with a one-to-one cor-
respondence between the Weyl node separation and frequency
enable the feasibility of an accurate calculation of Weyl node
separation. We firmly believe our study is of great significance
to recognize the characteristics of a WSM.
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APPENDIX: CONDUCTIVITIES IN TYPE-I
AND TYPE-II WSMs

By introducing the Kubo formula and the real Kramers-
Kronig relation, the conductivities of WSMs in type I and
type II can be obtained in the low temperature limit (7 = 0 K)
[25,41]. Notably, in the case of type-1 WSMs with || < 1,
the real and imaginary parts of the conductivities are ex-
pressed as [25]

0, w < wy
Re(ax.x) = Gw(l/z - 771)7 W < W < Wy, (Al)
Oy, w > wy
h T e o] % ! o \hw) — \ho T oo — ol + )
(Y [l [l
— ) In|————|+4In| —— A2
Iar|3(ﬁw) [!w%—wzlwﬁ |02 — 7| (A2)
0, w < w;
Re(o) = {0ums, @ <o <w,, (A3)
Ow, w > wy,
2 2 2 3
2 o =1 8 (n w | — wl(w + »)
I =——17 n|——— |- = — — s, )1
m(o;) 27_[{1' () n[’w%_w2|j| O(?(h&)) +<ha)> 1_[(60 ay, (L) n|:|a)1—w|(wu+w)
6 (1 w[ld=elt], , [let=e?
sl=—) In > +21In (Ad)
ARAN2) |a)l - a)2|a)2 |a)2 — a)2’
—1 Ia) —w2|a)l uw fiw 1 —a? lw, — w|(w; + w) 1
Re(o, —Uam’ml—i—snaa{ l[ :|+< — ’>1n|: - :|——},
(@) gn(e)oy, 202 |0 — @?|w? liwa? 8 of lw; — w|(w, + @) A
(A5)
0, w < w
Im(oyy) = sgn(ay)§ 30,03, @ < @ < W, (A6)
0, w > wy,
Here, 0, = ¢’>w/(6hvy), where e and h represent the elementary charge and the Planck constant, respectively; i = h/(2m)

is the reduced Planck constant, . is the Fermi energy; w is the frequency of light; v = 10°m/s denotes the Fermi velocity;
w, = kv is the ultraviolet cutoff frequency, in which k. denotes the momentum cutoff along the k, axis; w; = 2 /[A(1 + |o )],
o, =2 /[ = le; D], T(@)= 2+ 1/l *) + 3/ Qlei]), T'(er) = 1=1/Qleu ) + 3/ley |) 0, = /(W v); and the other

related parameters are written as follows:

3 [2u 1 (2u 2
)1+ = (1) |, A7
"= 8|a,|( )[ +3a3<hw ” A
1 /1 1% w? 1
_ L1/t - A8
G az(s 2w 2h2w2> 8 (A8)
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2 AR

where 09 = ¢*Q/(rh), which is a function of Q.

(A9)

(A10)

(A11)

(A12)

Meanwhile, in the case of type-Il WSMs with |o;| > 1, the real and imaginary parts of the conductivities are described as

[25]
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;2

w < wy
w<w<aoy,,

w> o,

o, |0 — o 8 [ 1\’ v\’ |’y — wl(w; + w)
I ) = —— 1 —_ =\ - I ) b 1
() 4nkm0n[hﬁ—wl]+@<mj o) a7 o

+

6 (“)21 |, — |0} +< 3,
|az‘|3 hw " |w12_w2|w/112 |al|

1 >1
n
|051|3

EEP
7=

0, w < w

Re(o;;) = { 0una4,

Owlls,
;2 2 2 3
Ow | _, |wu —w | 8 (1 W
=_2e m| =2 T2 (2 il
27 {T () n|: |w? — 2| :| o) (ha)) + <ha)>
6 2 o' — o*? 3 1
R =Gy
lo;|° \ iw ’w%—wzla)’u o ol

Im(o,;)

-1
Re(oyy) = ajy‘“’m_" + sgn(oy )au{ %07 In |:
oy

w<w<aoy,

w>w,

1_[ (w, a;, 1) In ['wl" — ol(w; + )

|l — wl|(w'y + @)

2

— |, }
2 —w2’w§, ’

‘wf—wz‘ :|_ 12 <i>21n
|0 — 0?1 o) \iw |,

(02 o)’

a)lza)’u2
|0} — || - w?|w}

n 7 n fiw 1 —o? I
— n
2hiwa?  8u  af
05

Im(oy,) = sgn(ey) 3<§w773,

hwa?

2
at

Iw'u—wl(wz+w)] 2 }
|l — wl(@'y + o) ’
w < W

w<w<wy.

w>w,

Here, w], = 211 /[i(Ja;| — 1)]; and the other related parameters are written as follows:

2

ns =
2l |?

2

AN PR 2
T 3a? o hw) |

[1 — 305,2 +

12u?
w? |

O_anom—II _ U_Q Sgl‘l(Olt )aﬂ [

W oy o?

023508-10

" ]
hzwfottz(octz -1/

|

12 < m >2 - — wz}w’uz }
— | In| ——— | ¢,
|05t|3 ho |w’u2—a)2|w3

(A13)

(Al4)

(A15)

(Al6)

(A17)

(A18)

(A19)

(A20)

(A21)



DETERMINATION OF TILT DEGREE AND WEYL-NODE ...

PHYSICAL REVIEW A 105, 023508 (2022)

[1] A. A. Burkov and L. Balents, Phys. Rev. Lett. 107, 127205
(2011).

[2] C. K. Chan, P. A. Lee, K. S. Burch, J. H. Han, and Y. Ran,
Phys. Rev. Lett. 116, 026805 (2016).

[3] N. P. Armitage, E. J. Mele, and A. Vishwanath, Rev. Mod. Phys.
90, 015001 (2018).

[4] E. Hendry, P. J. Hale, J. Moger, A. K. Savchenko, and S. A.
Mikhailov, Phys. Rev. Lett. 105, 097401 (2010).

[5]1 S. Shareef, Y. S. Ang, and C. Zhang, J. Opt. Soc. Am. B 29, 274
(2012).

[6] K. J. A. Ooi, Y. S. Ang, Q. Zhai, D. T. H. Tan, L. K. Ang, and
C. K. Ong, APL Photon. 4, 034402 (2019).

[7] L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H. A.
Bechtel, X. Liang, A. Zettl, Y. R. Shen, and F. Wang, Nat.
Nanotechnol. 6, 630 (2011).

[8] A. A. Zyuzin and A. A. Burkov, Phys. Rev. B 86, 115133
(2012).

[9] K. Halterman, M. Alidoust, and A. Zyuzin, Phys. Rev. B 98,
085109 (2018).

[10] E. Liu, Y. Sun, N. Kumar, L. Meuchler, A. Sun, J. Lin, S. Yang,
D. Liu, A. Liang, Q. Xu, J. Kroder, V. Seuss, H. Borrmann, C.
Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth, Y.
Chen, S. T. B. Goennenwein, and C. Felser, Nat. Phys. 14, 1125
(2018).

[11] S. Xu, B. Ilya, A. Nasser, N. Madhab, G. Bian, C. Zhang,
S. Raman, G. Chang, Z. Yuan, C. Lee, S. Huang, H. Zheng,
J. Ma, D. S. Sanchez, B. Wang, A. Bansil, F. Chou, P. P.
Shibayev, H. Lin, S. Jia, and M. Z. Hasan, Science 349, 613
(2015).

[12] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai,
T. Qian, and H. Ding, Phys. Rev. X 5, 031013 (2015).

[13] S. Huang, S. Xu, I. Belopolski, C. C. Lee, G. Chang, B. K.
Wang, N. Alidoust, G. Bian, M. Neupane, and C. Zhang, Nat.
Commun. 6, 7373 (2015).

[14] L. Lu, Z. Wang, D. Ye, L. Ran, L. Fu, J. D. Joannopoulos, and
M. Soljacic, Science 349, 622 (2015).

[15] W. Meng, X. Zhang, T. He, L. Jin, X. Dai, Y. Liu, and G. Liu,
J. Adv. Res. 24, 523 (2020).

[16] A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X.
Dai, and B. A. Bernevig, Nature (London) 527, 495 (2015).

[17] Y. Wang, E. Liu, H. Liu, Y. Pan, L. Zhang, J. Zeng, Y. Fu,
M. Wang, K. Xu, and Z. Huang, Nat. Commun. 7, 13142
(2016).

[18] K. Deng, G. Wan, P. Deng, K. Zhang, S. Ding, E. Wang, M. Yan,
H. Huang, H. Zhang, and Z. Xu, Nat. Phys. 12, 1105 (2016).

[19] Y. Ferreiros, A. A. Zyuzin, and J. H. Bardarson, Phys. Rev. B
96, 115202 (2017).

[20] P. Hosur, S. A. Parameswaran, and A. Vishwanath, Phys. Rev.
Lett. 108, 046602 (2012).

[21] S. Wang, B. Lin, A. Wang, D. Yu, and Z. Liao, Adv. Phys.: X 2,
518 (2017).

[22] K. Das and A. Agarwal, Phys. Rev. B 99, 085405 (2019).

[23] FE. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).

[24] L. Wu, M. Salehi, N. Koirala, J. Moon, S. Oh, and N. P.
Armitage, Science 354, 1124 (2016).

[25] K. Sonowal, A. Singh, and A. Agarwal, Phys. Rev. B 100,
085436 (2019).

[26] M. Onoda, S. Murakami, and N. Nagaosa, Phys. Rev. Lett. 93,
083901 (2004).

[27] K. Y. Bliokh and Y. P. Bliokh, Phys. Rev. Lett. 96, 073903
(2000).

[28] O. Hosten and P. Kwiat, Science 319, 787 (2008).

[29] X. Zhou, L. Sheng, and X. Ling, Sci. Rep. 8, 1221 (2018).

[30] X. Zhou, X. Ling, H. Luo, and S. Wen, Appl. Phys. Lett. 101,
251602 (2012).

[31] N. Li, T. Tang, J. Li, L. Luo, C. Li, J. Shen, and J. Yao, J. Magn.
Magn. Mater. 484, 445 (2019).

[32] Q. D. Jiang, H. Jiang, H. Liu, Q. Sun, and X. C. Xie, Phys. Rev.
Lett. 115, 156602 (2015).

[33] Q. D. Jiang, H. Jiang, H. Liu, Q. Sun, and X. C. Xie, Phys. Rev.
B 93, 195165 (2016).

[34] S. Chen, C. Mi, W. Wu, W. Zhang, W. Shu, H. Luo, and S. Wen,
New J. Phys. 20, 103050 (2018).

[35] S. Liu, Y. Shou, X. Zhou, W. Cheng, and Z. Luo, Opt. Express
28, 10783 (2020).

[36] M. Kargarian, M. Randeria, and N. Trivedi, Sci. Rep. 5, 12683
(2015).

[37] A. G. Grushin, J. W. F. Venderbos, and J. H. Bardarson, Phys.
Rev. B 91, 121109(R) (2015).

[38] P. Rodriguez-Lopez, A. Popescu, 1. Fialkovsky, N.
Khusnutdinov, and L. M. Woods, Commun. Mater. 1, 14
(2020).

[39] O. V. Kotov and Y. E. Lozovik, Phys. Rev. B 93, 235417 (2016).

[40] G. Ye, W. Zhang, W. Wu, S. Chen, W. Shu, H. Luo, and S. Wen,
Phys. Rev. A 99, 023807 (2019).

[41] S. Ahn, E. J. Mele, and H. Min, Phys. Rev. B 95, 161112(R)
(2017).

023508-11


https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.116.026805
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/PhysRevLett.105.097401
https://doi.org/10.1364/JOSAB.29.000274
https://doi.org/10.1063/1.5042450
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1103/PhysRevB.86.115133
https://doi.org/10.1103/PhysRevB.98.085109
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1126/science.aaa9273
https://doi.org/10.1016/j.jare.2020.05.026
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/ncomms13142
https://doi.org/10.1038/nphys3871
https://doi.org/10.1103/PhysRevB.96.115202
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1080/23746149.2017.1327329
https://doi.org/10.1103/PhysRevB.99.085405
https://doi.org/10.1103/PhysRevLett.58.1799
https://doi.org/10.1126/science.aaf5541
https://doi.org/10.1103/PhysRevB.100.085436
https://doi.org/10.1103/PhysRevLett.93.083901
https://doi.org/10.1103/PhysRevLett.96.073903
https://doi.org/10.1126/science.1152697
https://doi.org/10.1038/s41598-018-19713-3
https://doi.org/10.1063/1.4772502
https://doi.org/10.1016/j.jmmm.2019.04.003
https://doi.org/10.1103/PhysRevLett.115.156602
https://doi.org/10.1103/PhysRevB.93.195165
https://doi.org/10.1088/1367-2630/aae2d5
https://doi.org/10.1364/OE.388042
https://doi.org/10.1038/srep12683
https://doi.org/10.1103/PhysRevB.91.121109
https://doi.org/10.1038/s43246-020-0015-4
https://doi.org/10.1103/PhysRevB.93.235417
https://doi.org/10.1103/PhysRevA.99.023807
https://doi.org/10.1103/PhysRevB.95.161112

