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Abstract

The existence of Weyl nodes in the momentum space is a hallmark of a Weyl semimetal (WSM). A
WSM can be confirmed by observing its Fermi arcs with separated Weyl nodes. In this paper, we study
the spin—orbit interaction of light on the surface of a WSM thin film. Our results show that the spin-
dependent splitting induced by the spin—orbit interaction is related to the separation of Weyl nodes.
By proposing an amplification technique called weak measurements, the distance of the nodes can be
precisely determined. This system may have an application in characterizing other parameters

of WSM.

1. Introduction

Weyl fermions have been proposed and long studied in quantum field theory, but this kind of particles has not
yet been observed as a fundamental particle in nature. Recent research found that Weyl fermions can appear as
quasiparticles in a Weyl semimetal (WSM) [1-5]. WSM is a new state of material that hosts separated band
touching points—Weyl nodes—with opposite chirality [6-9]. The Weyl nodes come in pairs in bulk Brillouin
zone when time-reversal or inversion symmetry is broken. Recently, ideal Weyl nodes was achieved in artificial
photonic crystal structures [10]. WSM has attracted much attention due to its many exotic properties induced by
the Weyl nodes, such as anomalous Hall effect [ 1, 11], surface states with Fermi arcs [12, 13], peculiar
electromagnetic response [ 14, 15], and negatice magneto-resistivity [ 16—19]. AWSM can be proved by observing
its Fermi arcs with separated Weyl nodes. The experiment to observe Weyl nodes in TaAs or MoTe, by angle-
resolved photoemission spectroscopy was reported [20, 21]. Due to the experimental resolution and spectral
linewidth, the nodes in other WSM materials, such as NbP and WTe,, may become difficult to be directly
observed [22-24].

In this paper, we provide an alternative method to demonstrate the existence of Weyl-point separation in
momentum space. Assume the WSM contains only a pair of Weyl nodes with broken time reversal symmetry
[1,25,26], asillustrated in figure 1. The projection of the two Weyl nodes connects the ending points of Fermi
arc on the Brillouin zone surface. The separation of the nodes is along the k, direction. When the
electromagnetic wave incidents on the surface without Fermi arc states, the spin—orbit interaction of light occurs
and manifests itself as tiny splitting of left- and right-circular components. This phenomenon within visible
wavelengths is known as photonic spin Hall effect [27-29]. We find that the interaction in WSM is still very
weak, and an method called quantum weak measurements is introduced for detection [30-33].

The concept of weak measurements was proposed in the context of quantum mechanics [34—36]. There are
three key elements in a weak measurement schema, namely, preselected state, postselected state, and weak
coupling between the observation system and measuring pointer. In our weak measurement scheme, the spin—
orbit interaction of light on WSM surface provides the weak coupling. Figure 2(a) shows the interaction weakly
separates the left and right-circularly polarized components of the light with both in-plane and transverse shifts.
The polarization state of light is taken as the system state. Labeling the preselected state and postselected state are
|iyand | f), respectively, the result of the whole system called weak value is given by
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Figure 1. [llustration of a Weyl semimetal with Fermi arcs on its surface of Brillouin zone connecting projections of a pair of Weyl
nodes with opposite chirality. The Weyl nodes are shown as the orange and cyan pellets with outward and inward arrows, behaving as
magnetic monopoles with topological charges. Note that the surfaces perpendicular to k, axis does not support arcs.

(a)

posiselection ™

Figure 2. (a) Schematic of photonic spin Hall effect induced by spin—orbit interaction of light in a WSM-substrate system. Weak
measurements with preselected and postselected ensembles for the enhancement of (b) in-plane shift and (c) transverse shift are
introduced. The weak coupling separates the wave function into two spin components, which is denoted by red dotted line and blue
dotted line. 6% and 6*” indicate the small shifts of left- and right-circularly polarized components, respectively. The final pointer
position is proportional to A,, after postselection. The green solid lines indicate the shapes of total wave function.

A _ L1Al) 0
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in which A is the system operator of an observable. By making ( f|i) — 0, the weak value becomes very large and
outside the eigenvalue range of the observable. We use this feature to detect the tiny shifts induced by the
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photonic spin Hall effect. This process is described in figures 2(b) and 2(c). Weak value A,, can amplifies tiny in-
plane (x) shift or transverse (y) shift to a large final pointer position. The amplified shift is proportional to the
weak value. In the following, we discuss the spin—orbit interaction of light reflected on WSM-substrate interface.

2. Theory and discussion for spin—orbit interaction of light

We establish a model to describe the spin—orbit interaction in the WSM-substrate system. The refractive index of
substrate we setisn = 1.5. A WSM film with thickness d is placed on a substrate. Two Weyl nodes are separated
by awave vector £b = +(0, 0, b) in the Brillouin zone. b is in units of 27r/a throughout this paper with a
representing the lattice spacing. Parameters for WSM are chosen as d = 100 nm, vp = 10°ms™!, and
a=344A. vris the Fermi velocity. A monochromatic Gaussian beam with beam waist w, = 27 ym and
wavelength A = 633 nm impinges from air to this system.

For the bounded beam, the polarization states of different angular spectrum components can be written as
|H (k;)) and |V (k;)). To denote central wave vector of wavepacket, the coordinate frames (x;, y;, z;) and (x,, > z,)
are used, where the subscripts i and r, respectively, represent incident and reflected beam. After reflecting at the
air-WSM-medium interface, the rotations of polarizations for each angular spectrum components are different.
Introducing the boundary condition k,,, = k;,, the total action of the reflection can be described by

[H (k) [V (k)T = M[[H (k) |V (ki))]", where M s

B kyy, cot 0 (rys — 1) - ky, cot 0 (ryp + 1)

Tpp ps

ko ko ' @
. ky, cot 0 (ryp + 1) - ky, cot 0 (rys — 1)
sp ko ss k()

7. 1s the Fresnel reflection coefficients of the WSM-substrate system with a and b standing for either p or s
polarization. Consider a horizontal polarization state of incidence. The state with Taylor series expansion of the
Fresnel coefficients ,,, and r,, after reflection becomes

k. Otpp kyy cot O (ry, — 159)
— —=—— | | H(k, —— | H(k,
(rpp % 20 ) ‘ (k) + ko (k)
kyy, cot 0 (rpp + 1) k. Orp
—— % Vi, o — ——— | | V(k)). 3
ke (k) + | 1o ko 00 (k») (3

Here, kg = w/cis the wave vector in vacuum and 6 is the angle of incidence. We analyze equation (3) in spin basis
to reveal the splitting of spin components. The total momentum wave function in the spin basis with r,,; = r,is
obtained as

o 1 er 6rPP . er 8"517
=) = ﬁ[""’ ko 00 jFl(rsp ko 90
ko (rpp + 155)cot
L IL]M |@). @

ko

|®) is the beam with a Gaussian distribution.
Based on equation (4), a calculation by taking into account the paraxial approximation yields the in-plane
spatial and angular shifts as

0ty /00 =+ 10r,, /00
(A¥) = FRe rip/ .1 Top/ ’ (5)
(rpp + 17§p) ko
0ty /00 =+ 10r,, /00
() = 5 1m| 220 = /00 | ©)
2R (rpp + 17§p)k0
where the zy is the Rayleigh length. There also exist shifts along the transverse direction
s)cotd
(A7) = gRe| Ui T BT %)
(rpp + 17§p) ko
1 (rpp + 1) cotd
(0L) = F—Im|—F——| ®)
2R (rpp F irp) ko

The results in equations (5)—(8) is the simplest form to describe the behavior of spin—orbit interaction of light.
The real and imaginary parts of shift in angular spectrum representation correspond to the spatial and angular
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shifts [37]. From above equations, the spin—orbit interaction of light is influenced by the reflection coefficients.
Therefore, a discussion of the reflection coefficients can give a insight into the spin—orbit interaction. The
reflection coefficients of WSM-substrate system are related to the distance of Weyl nodes.

To obtain the Fresnel reflection coefficients, the boundary conditions for electromagnetic field and the
Ohm’s law should be taken into account [38—41]. Assuming the electric (magnetic) fields in air and substrate are,
respectively, represented by E; and E, (H; and H,), the boundary conditionsare i x (E; — E)) = 0,

i x (H; — Hy) = J,. i = —Z is the unit vector normal to the WSM-substrate interface, and J; = o;;E is the
surface current density. o;; denotes the surface conductivity tensor in WSM with i, j = x, y. Solving the boundary
condition expressions, the coefficients are given by

alal + 9
Top = 7 1 T 2 ©)
o al + B
T L
a_ay + 03
o= -T2 (10)
oo + 3
ki ko,
o=y = —2 |20 ZETERY (11)
g oqay + 3

where ok = (kie + kg + kiske 0 /w) /€0y L = kyy & ki + Wity 0yysand B = pgkizk, aiy/eo.

ki, = ko cos 8 and k;, = nkg cos 6;. 0, is the refraction angle; n is the refractive index of the substrate; ¢ , 1o are
permittivity and permeability in vacuum; € is the permittivity of substrate; o, ,, and oy, are the longitudinal
and Hall conductivities, respectively.

The above boundary condition is valid for WSM ultra-thin film (¢ < d < A). The film thickness in the
WSM film can be chosen as d ~ 100 nm. In this limit, the existence of Weyl nodes can lead to giant Kerr and
Faraday rotations, which are larger than those in topological insulators [25]. For topological insulator, the
energy gap can remain almost unchanged until the thickness of a film is reduced to several nanometres [42]. The
large polarization rotation in WSM is governed by the optical conductivity in WSM. For thin film WSM, the
conductivity is given by o;; = dog with 05 being the conductivity of the bulk WSM. The bulk conductivity af; is
obtained from the Kubo formalism. For a general case of multi-Weyl semimetal in order J, its nodes is stabilized
by protection of point group symmetry [26, 43]. And ] = 1 corresponds to WSMs. Near two Weyl nodes located
at +b = bZ, the Hamiltonian of WSMs can be written as

k70'+ + k+0'7

H=E
°( K ko

) + ﬁVFqZO-z) (12)

where ky = k, & ik, o = %(O’x + io,) with o representing the Pauli matrices,and q, = k, F b is the effective
wave vector along the k, direction. E, and k,,, are material-dependent parameters related to energy and
momentum, respectively. For brevity, we set them as E, = k,, = 1 throughout this paper.

For Weyl points, the most significant feature is the monopople-like structure of the Berry curvature. Based
on the calculation from equation (12), we plot the Berry curvature shown in figure 3. The sources and sinks of
Berry curvature depend on the positions of the two Weyl points. The influence on the spin—orbit interaction of
light by Berry curvature varies with the separation of Weyl notes. This is closely related to the optical
conductivity in WSM.

We next consider optical conductivities obtained from the low-energy Hamiltonian. We calculate the
conductivity of WSMs from the Kubo formula in noninteracting limit. The real parts of the conductivities in the
clean limit at zero temperature are given by

2
Re[o? ] = M, (13)
247 v
Re[oB] = be2l —— + w? (14)
v o2 24miiwE(k: — bY) |

w, = vpk, with vpand k. representing Fermi velocity and the momentum cutoff along k, axis, respectively. For
the longitudinal conductivity, the intraband contribution of the optical conductivity in the undoped case (the
chemical potential i = 0) can be neglected. The imaginary parts of the conductivities are obtained by
introducing the Kramers—Kronig relation [44], we have

2 2
w* — w;

2

ew

Im[cB] = — n
= 24712 /ivE

, 15)

w
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Figure 3. Berry curvature in bulk Brillouin zone calculated from the Hamiltonian in equation (12). The parameter is chosen as
b=023.

B eXww,.b
1273 /wE(k: — by’

we — w

(16)

Im[o”] = [ e’b e’w?b ]
xy

+
23 243wk — b?)

we + w

The optical response of the WSM changes with photon energy due to the dynamic conductivity. The
conductivity of WSM shows a characteristic frequency dependence. Equations (13)—(16) hold at the low
frequency limitw < w,[45, 46]. The corresponding theoretical predictions for the optical conductivity have
been experimentally verified [47]. For other materials such as topological insulators, the dynamic conductivity
arises as a function of temperature and photon energy in the surface states [48]. We see that the Hall conductivity
brings about the influence of the Weyl nodes. If b = 0, indicating the annihilation of Weyl nodes, the
conductivity oy, vanishes. And the Fresnel reflection coefficients reduce to a general case [40].

A direct result of the spin—orbit interaction of light on WSM’s surface is the beam shift in equations (5)—(8).
We analyse the beam shift based on the optical conductivity and the reflection coefficient. Due to the complex
optical conductivity, the reflection coefficient associated with the location of Weyl nodes are also complex
numbers. The imaginary part of the complex reflection coefficient is related to the angular shift. To further
discuss it, We write the coefficients as r,;, = R, e'% with R,;, and (o, labeling modulus and phase, respectively.
Since the condition of the conductivity is at low frequency limit, the wavelength A we chose is 633 nm, with the
corresponding energy of the photons 1.96 ev.

In figure 4, the modulus for three different distances of the Weyl nodes are plotted as a function of incident angle.
For a small separation of the Weyl nodes (b = 0.05), the behaviors of the reflection coefficients are nearly the same as
the case without WSM film. With a larger b, the angle of |r,,)| = 0 vanishes. Such a angle in the case with zero crossing
reflection coefficients is known as the Brewster angle. Near this incident angle, the action of spin—orbit interaction
may become peculiar, such as resulting in a very large spin-dependent splitting [32, 49]. As the separation increases,
1y and r;become large gradually, but the influence of the Weyl nodes to 7 is not obvious between b = 0.25and
b = 0.45. To show the contribution of the imaginary parts to the reflection coefficients, figure 4(d) is provided for
b = 0.25. The imaginary parts of the reflection coefficients, which can lead to angular shift, is not small enough to be
neglected. We point out that for other b there also exits non-negligible imaginary part in the optical conductivity.

The spatial and angular shifts are related to the real and imaginary parts in equations (5)—(8). As the
reflection coefficients are complex numbers, the shift contains both spatial and angular components. To show
how the WSM impact on the spin—orbit interaction of light in the system, we discuss the shifts based on the film
thickness d and the separation of the Weyl nodes represented by the parameter b. At a fixed angle of incidence
6 = 50°, the influence of film thickness on beam shifts is shown in figures 5 and 6. Both spatial and angular shifts
show a small change with the thickness d. The optical conductivity of WSM film is proportional to the thickness
d.Ifd = 0, indicating a system without WSM, we have ry, = 0. This case can lead to the transverse spatial shift as

5
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Figure 4. Modulus of reflection coefficients of the WSM-substrate system as a function of incident angle 6 for (a) b = 0.05,
(b)b = 0.25,and (c) b = 0.45. (d) Imaginary part of the coefficients with b = 0.25.
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Figure 5. In-plane (a) spatial and (b) angular shifts as a function of film thickness d and parameter b (in units of 2 7/a) associated with
the location of the Weyl node. We assume an incident beam with |H) polarization. The angle of incidence of the light beam is set as
50°. The refractive index of substrate isn = 1.5.
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Figure 6. Transverse (a) spatial and (b) angular shifts as a function of film thickness d and parameter b.
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Figure 8. Transverse (a) spatial and (b) angular shifts as a function of incident angle 6 and parameter b. The parameters are the same as
in figure 7.

well [30-32], but it does not have in-plane splitting. Note that for some specific angles, such as Brewster angle,
the shifts may become more sensitive to the variation of thickness. Under this situation, the optical effect
combined with weak measurements can be applied to characterize the thickness of materials, such as identifying
graphene layers [50, 51] and measuring nanometal film thickness [49]. The WSM coating affects the magnitude
of the splitting with varied separation of Weyl nodes. From equation (8), the WSM coating is also responsible for
the existence of transverse angular shift due to the nonzero cross-polarization coefficient and the complex

7pp and r,;. The angular shift in figure 6(b) is nearly zero since we have r, = 0 with the separation of Weyl
nodesb = 0.

Incident angle is an important factor to influence the coupling strength of the spin—orbit interaction of light.
We next discuss the shifts related to incident angle 6 and parameter b. The result in equations (5)—(8) is the
approximate form of the behavior of spin—orbit interaction. If the separation of the Weyl nodes becomes zero,
the terms containing 7, vanish, and the expressions are invalid near the Brewster angle. Under such a situation,
the small variations of the Fresnel coefficients should be taken into account. The precise shifts at initial position
(z, = 0) can be obtained by directly calculating the intensity centroid of reflected light beam. The precise result
only modifies the shift in the limit that the Weyl points disappear (b = 0). For b > 0, itis almost the same as the
one given by the approximate formula.

With the Weyl nodes, the transverse spatial shift can be very large. From equation (5), the in-plane spatial
shift originates from the nonzero coefficient ry, and the complex r,,,. ry, is a quantity related to the separation of
the Weyl point. A giant in-plane shiftabout 12 um at b & 0.02 can be realized in the vicinity of the Brewster
angle, as shown in figure 7(a). This is much larger than the case of transverse shift in figure 8(a), where the
maximal value can reaches about 3000 nm. Due to the divergence of whole light beam, it is still difficult to detect
the giant shifts and measuring the separation of Weyl nodes. The sensitivity of the shifts to the parameters of
WSM near the Brewster angle can improve precision during the weak measurement progress [49]. The sharp
peak for the spatial shift occurs at § ~ 67.5° due to the term (rlf‘l7 + ré,) ~ 0inequations (5)and (7). Forboth
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in-plane and transverse angular shifts, b = 0 can alsolead to a peak value near the Brewster angle. There is
another peak for the transverse angular shiftat b ~ 0.02, like the case of the in-plane spatial shift.

3. Quantum weak value amplification

Generally, the spin—orbit interaction of light on WSM surface is weak. In this section, we introduce quantum
weak measurements to amplify the beam shifts for observation. This optical effect was first detected by weak
measurements in air-glass system [30]. The spin—orbit interaction provides the weak coupling in weak
measurements. For various reflecting surfaces, the effect is sensitive to their parameters. Therefore, using this
system, some important parameters can be precisely determined, such as graphene layers and thickness of metal
film [49, 50]. Here, we propose to use a similar experimental setup in [49-51] to investigate the Weyl nodes in
WSM. A Gaussian beam generated by a laser passes through the first Glan laser polarizer to produce an incident
state |H ). The beam experiences a spin splitting after interacting with the WSM-substrate interface. This splitting
containing both spatial and angular shifts provides the weak coupling in the weak measurement scheme, and the
preselected state is |{) = F|H). Fis the reflection matrix given by

Top Tps
[ Tp  Tss :| a7
The preselected state |7) in the spin basis is
li) = cosv|+) + eVsinv|—). (18)

v = arccos(|ry, — irsp|/\/|rpp — il + |y + irspl2 yand v = arg(r,, — ir,) — arg(ry, + ir,). The weak value
is naturally determined by preselected and postselected states. To reach a large weak value, we use the
combination of a quarter-wave plate and the second Glan laser polarizer with suitable angles to postselect the
final state [51]. After the beam goes through this combination, the postselected state is

|f) = sinv|+) — 029 cosv|—), (19)

in which the small deviation angle ¢ is also called as postselected angles. Since we deal with the spin basis, the
observable A in equation (1) is Pauli operator

T1 o0
g3 = [0 71]. (20)
From above preselected and postselected states, the weak value o, is calculated as [51, 52]
o= M g 1)

{f13)

Theoretically, both the real and imaginary parts of weak value can enhance the tiny observable. The purely
imaginary weak value ., can effectively amplifies the spatial shift due to the free evolution of the wave function
in the momentum space, while the enhancement effect for the angular shift is very weak [53]. As a result, weak
value 0,, can be measured by amplified pointer shift (x, y), which is obtained as

(gum (AT wl(OY) — (@)
2R 2 2

) cot . (22)

The propagation-dependent shift in equation (22) can be effectively amplified in far field. We detect this beam
shift in the experiment by a charge-coupled device. To achieve alarge 7,,, one can make ¢ — 0asmuchas
possible. But in fact the shift has a maximum value when the postselected angle is close to zero. Under this
situation, a modified weak measurements is required [54].

We plot the amplified shifts as functions of incident angle 6 in figure 9 by setting the postselected angle ¢ as 0.2°.
Alarge amplified factor z, cot ¢/zg ~ 79200 can be obtained for spatial shifts. Assuming the weak value is real, the
amplified factor cot ¢ is only about 286 due to no propagation enlargement. Therefore, the imaginary weak value
here is a good choice to detect the spatial displacement. The angular shift can be detected by a purely real weak value.
We discuss four different separations of Weylnodes, b = 0.1,b = 0.2,b = 0.3,and b = 0.4. In addition, the WSMs
with thickness d = 50 nm and d = 100 nm are compared. The result shows that the in-plane and transverse shifts
amplified by this factor can reach dozens of micrometers, which is detectable in the experiment. The enlargement of
weak value for different film thickness is effective. The curves for different b appear peaks at different angles of
incidence. This makes it feasible to detect the separations of Weyl nodes. On the other side, the beam shift is also
sensitive to the thickness d. Therefore, our result may have applications in precision metrology of the thickness of
WSM:s. For the in-plane shift, a peak about 150 pim is achieved. The change of the shift with b become larger in the
case of in-plane shift. Near some angle of incidence, the difference between two curves can reach about 250 ym. This
situation may be helpful to determine b, or even other parameters of WSM. In the experiment, we determine the
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Figure 9. In-plane and transverse shifts amplified by purely imaginary weak value are shown as functions of incident angle 6. The
postselected angle ¢ is chosen as 0.2°, and propagation distance z, is 1000 mm.

Weyl-point separation by the curve of the shift as a function of b. For a WSM, its parameters, such as thickness,
optical conductivity, and the order J of multi-WSM, may also influence to the shifts. Using the measured separation
b, we can further examine the shift with variation of angle of incidence to avoid the influence and confirm the result
[49]. Recently optical experiments on WSMs are still very limited [47, 55]. The wavelength we consider here is at the
visible range that is accessible in an experiment.

4, Conclusion

In conclusion, we have theoretically discuss the spin—orbit interaction of light reflected on the WSM-substrate
interface. We predict both in-plane and transverse shifts with the presence of WSM. The WSM we consider
contains a pair of Weyl nodes, and the light incidents on the surface of WSM that does not support Fermi-arc
electronic states. The analysis shows that the spin-dependent in-plane spatial and transverse angular shifts
originate from the existence of Weyl points. Introducing a purely imaginary weak value, the spatial shifts can be
effectively enlarged by a factor of z,|0,,| /zzr =~ 8 x 10%,which is 276 times larger than the one with real weak
value. Due to the sensitivity to the wave vector +b, measuring beam shift could become an alternative way to
determine the distance of Weyl nodes in momentum space. Our results may open up a new experimental
possibility for the investigations of optical responses into WSM.

Acknowledgments

The authors are sincerely grateful to Dr Qinjun Chen for many fruitful discussions. This research was supported
by the National Natural Science Foundation of China (Grant No. 11474089); Hunan Provincial Innovation
Foundation for Postgraduate (Grant No. CX2016B099).

ORCID iDs

Hailu Luo ® https://orcid.org/0000-0003-3899-2730

References

[1] Burkov A A and Balents L2011 Phys. Rev. Lett. 107 127205
[2] XuG, WengH, WangZ, Dai X and Fang Z 2011 Phys. Rev. Lett. 107 186806
[3] Zyuzin A Aand Burkov A A 2012 Phys. Rev. B86 115133



https://orcid.org/0000-0003-3899-2730
https://orcid.org/0000-0003-3899-2730
https://orcid.org/0000-0003-3899-2730
https://orcid.org/0000-0003-3899-2730
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.186806
https://doi.org/10.1103/PhysRevB.86.115133

I0OP Publishing New J. Phys. 20 (2018) 103050 SChen et al

[4] XuS-Y etal 2015 Science 349 613
[5] Jiang Q-D, Jiang H, Liu H, Sun Q-F and Xie X C 2015 Phys. Rev. Lett. 115 156602
[6] WanX, Turner AM, Vishwanath A and SavrasovSY 2011 Phys. Rev. B 83205101
[7] Singh B, Sharma A, Lin H, Hasan M Z, Prasad R and Bansil A 2012 Phys. Rev. B86 115208
[8] LiuJand Vanderbilt D 2014 Phys. Rev. B90 155316
[9] LuL,WangZ,YeD,RanL, FuL, Joannopoulos ] D and Soljaci¢ M 2015 Science 349 622
[10] YangB etal2018 Science359 1013
[11] YangK-Y,LuY-Mand RanY 2011 Phys. Rev. B 84075129
[12] OjanenT 2013 Phys. Rev. B 87245112
[13] Noh]J, Huangs$, Leykam D, Chong Y D, Chen K P and Rechtsman M C 2017 Nat. Phys. 13 611
[14] Vazifeh M M and Franz M 2013 Phys. Rev. Lett. 111 027201
[15] Ukhtary M S, Nugraha A R T and Saito R2017 J. Phys. Soc. Jpn. 86 104703
[16] SonD T and Spivak BZ 2013 Phys. Rev. B 88 104412
[17] HuangX etal 2015 Phys. Rev. X5 031023
[18] Arnold Fetal2016 Nat. Commun.7 11615
[19] Zhang C-L, Yuan Z, Jiang Q-D, Tong B, Zhang C, Xie X C and Jia S2017 Phys. Rev. B 95 085202
[20] LvB Qetal2015 Nat. Phys. 11 724
[21] Jiang] et al2017 Nat. Commun. 8 13973
[22] Belopolskil etal2016 Phys. Rev. Lett. 116 066802
[23] WuY,MouD,Jo N H, SunK, Huang L, Bud’ko S L, Canfield P C and Kaminski A 2016 Phys. Rev. B94 121113
[24] Wang Ceral 2016 Phys. Rev. B94241119(R)
[25] Kargarian M, Randeria M and Trivedi N 2015 Sci. Rep. 5 12683
[26] AhnS, Mele EJand Min H 2017 Phys. Rev. B95 161112(R)
[27] Onoda M, Murakami S and Nagaosa N 2004 Phys. Rev. Lett. 93 083901
[28] Bliokh KY and Bliokh Y P 2006 Phys. Rev. Lett. 96 073903
[29] LingX, Zhou X, HuangK, Liu Y, Qiu C-W, Luo Hand Wen S 2017 Rep. Prog. Phys. 80 066401
[30] Hosten O and Kwiat P 2008 Science 319 787
[31] QinY,LiY,He HY and Gong Q H2009 Opt. Lett. 54 2551
[32] Luo H, ZhouX, Shu W, Wen S and Fan D 2011 Phys. Rev. A 84 043806
[33] GorodetskiY, Bliokh K'Y, Stein B, Genet C, Shitrit N, Kleiner V, Hasman E and Ebbesen T W 2012 Phys. Rev. Lett. 109 013901
[34] AharonovY, Albert D Z and Vaidman L 1988 Phys. Rev. Lett. 60 1351
[35] Kofman A G, Ashhab Sand NoriF 2012 Phys. Rep. 520 43
[36] Dressel J, Malik M, Miatto F M, Jordan AN and Boyd R W 2014 Rev. Mod. Phys. 86 307
[37] CaiL,LiuM, Chens§, LiuY, Shu W, Luo Hand Wen S 2017 Phys. Rev. A 95 013809
[38] Tse W-Kand MacDonald A H 2011 Phys. Rev. B 84 205327
[39] Kort-Kamp WM, Amorim B, Bastos G, Pinheiro F A, Rosa FS S, Peres N M R and Farina C 2015 Phys. Rev. B92 205415
[40] Merano M 2016 Phys. Rev. A93 013832
[41] WuW, Chen S, Mi C, Zhang W, Luo H and Wen S 2017 Phys. Rev. A 96 043814
[42] ZhangY etal2010 Nat. Phys. 6 584
[43] FangC, Gilbert M ], Dai X and Bernevig B A 2012 Phys. Rev. Lett. 108 266802
[44] Landau L D and Lifschitz E M 1984 Electrodynamics of Continuous Media (Course of Theoretical Physics vol 8) 2nd edn
(Oxford: Pergamon)
[45] Hosur P, Parameswaran S A and Vishwanath A 2012 Phys. Rev. Lett. 108 046602
[46] AshbyP E Cand Carbotte J P 2013 Phys. Rev. B87 245131
[47] XuBetal2016 Phys. Rev.B93 121110(R)
[48] LiZand CarbotteJ P 2015 Phys. Rev. B91 115421
[49] Zhou X, Xiao Z, Luo H and Wen S 2012 Phys. Rev. A 85 043809
[50] ZhouX, LingX, Luo Hand Wen S 2012 Appl. Phys. Lett. 101 251602
[51] ChenS,ZhouX, MiC, LiuZ, Luo Hand Wen S 2017 Appl. Phys. Lett. 110 161115
[52] Jordan AN, Martinez-Rincén J and Howell ] C 2014 Phys. Rev. X4 011031
[53] Aiello Aand Woerdman J P 2008 Opt. Lett. 33 1437
[54] ChenS, Zhou X, Mi C, Luo Hand Wen S 2015 Phys. Rev. A91 062105
[55] MaQetal2017 Nat. Phys. 13 842

10


https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1103/PhysRevLett.115.156602
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.86.115208
https://doi.org/10.1103/PhysRevB.90.155316
https://doi.org/10.1126/science.aaa9273
https://doi.org/10.1126/science.aaq1221
https://doi.org/10.1103/PhysRevB.84.075129
https://doi.org/10.1103/PhysRevB.87.245112
https://doi.org/10.1038/nphys4072
https://doi.org/10.1103/PhysRevLett.111.027201
https://doi.org/10.7566/JPSJ.86.104703
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1038/ncomms11615
https://doi.org/10.1103/PhysRevB.95.085202
https://doi.org/10.1038/nphys3426
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1103/PhysRevB.94.121113
https://doi.org/10.1103/PhysRevB.94.241119
https://doi.org/10.1038/srep12683
https://doi.org/10.1103/PhysRevB.95.161112
https://doi.org/10.1103/PhysRevLett.93.083901
https://doi.org/10.1103/PhysRevLett.96.073903
https://doi.org/10.1088/1361-6633/aa5397
https://doi.org/10.1126/science.1152697
https://doi.org/10.1364/OL.34.002551
https://doi.org/10.1103/PhysRevA.84.043806
https://doi.org/10.1103/PhysRevLett.109.013901
https://doi.org/10.1103/PhysRevLett.60.1351
https://doi.org/10.1016/j.physrep.2012.07.001
https://doi.org/10.1103/RevModPhys.86.307
https://doi.org/10.1103/PhysRevA.95.013809
https://doi.org/10.1103/PhysRevB.84.205327
https://doi.org/10.1103/PhysRevB.92.205415
https://doi.org/10.1103/PhysRevA.93.013832
https://doi.org/10.1103/PhysRevA.96.043814
https://doi.org/10.1038/nphys1689
https://doi.org/10.1103/PhysRevLett.108.266802
https://doi.org/10.1103/PhysRevLett.108.046602
https://doi.org/10.1103/PhysRevB.87.245131
https://doi.org/10.1103/PhysRevB.93.121110
https://doi.org/10.1103/PhysRevB.91.115421
https://doi.org/10.1103/PhysRevA.85.043809
https://doi.org/10.1063/1.4772502
https://doi.org/10.1063/1.4982164
https://doi.org/10.1103/PhysRevX.4.011031
https://doi.org/10.1364/OL.33.001437
https://doi.org/10.1103/PhysRevA.91.062105
https://doi.org/10.1038/nphys4146

	1. Introduction
	2. Theory and discussion for spin–orbit interaction of light
	3. Quantum weak value amplification
	4. Conclusion
	Acknowledgments
	References



