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How to measure the optical conductivity of atomically thin crystals is an important but challenging issue
due to the weak light-matter interaction at the atomic scale. The photonic spin Hall effect, as a fundamental
physical effect in light-matter interaction, is extremely sensitive to the optical conductivity of atomically
thin crystals. Here we report a precision measurement of the optical conductivity of graphene, where the
photonic spin Hall effect acts as a measurement pointer. By use of the weak-value-amplification tech-
nique, the optical conductivity of monolayer graphene taken as a universal constant of (0.993 + 0.005)0

is detected, and a high measurement resolution of 1.5 x 1078

! is obtained. For few-layer graphene

without a twist, we find that the conductivities increase linearly with the number of layers. Our idea could
provide an important measurement technique for probing other parameters of atomically thin crystals,
such as the magneto-optical constant, circular dichroism, and optical nonlinear coefficient.
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I. INTRODUCTION

Atomically thin crystals have extraordinary electronic
and photonic properties that hold great promise in the
applications of photonics and optoelectronics [1]. Charac-
terization of the parameters of atomically thin crystals is
therefore essential for photonic and optoelectronic applica-
tions. Graphene, a several-atomic-layer structural element
of graphite, has attracted much attention due to its novel
optical and electrical properties [2]. The optical properties
of graphene, such as the remarkable absorption, reflec-
tivity, and plasmonic response, are closely related to its
optical conductivity [3—5]. In general, optical measure-
ment extracts information from the measured system via
light-matter interaction. Therefore, how to measure the
optical conductivity of atomically thin crystals is still a
challenging issue due to the weak light-matter interaction
at the atomic scale.

There is some confusion about the actual value of
the optical conductivity. Theoretical prediction has shown
that the conductivity is generally frequency dependent
[6]. At low photon energies, the conductivity is due to
intraband transitions. However, it is argued that in the
high-frequency range the optical conductivity should be a
universal constant oy = e?/4h due to interband processes
[7-9]. Optical spectroscopy measurements also yield a
universal dynamic conductivity of (1.01 & 0.04)cy over
the visible-frequency range [10]. This approach can mea-
sure the optical conductivity with optical absorption in a
wide spectral regime [11,12]. At lower photon energies a
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departure from the universal constant has been observed.
Another experimental measurement showed that the con-
ductivity rises smoothly and steadily in the visible spec-
tral range [13]. Therefore, it remains ambiguous whether
the universal hypothesis holds for the optical conductiv-
ity at visible frequencies. Moreover, because of the weak
interaction between graphene and light, an advanced mea-
surement method and high measurement resolution are
urgently needed.

In this paper, the photonic spin Hall effect (SHE)
[14-17], as a fundamental physical effect in light-matter
interaction, is proposed to realize the precision measure-
ment of the optical conductivity of atomically thin crys-
tals. The photonic SHE, including its underlying physics
and possible applications, has been extensively studied
in recent years [18,19]. This effect is attributed to the
spin-orbit coupling during the process of light-matter inter-
action. The photonic SHE manifested as a spin-dependent
shift provides important information on an optical interface
[20], and therefore it can be used as a pointer in precision
measurements. The photonic SHE is a weak effect whose
initial shift is only a fraction of a wavelength, and therefore
it cannot be detected directly by conventional optical mea-
surements. By use of weak-value-amplification techniques
[21], however, the initial shift can be enhanced by nearly
4 orders of magnitude [22]. A sensitivity of 1 A to observe
the photonic SHE has been achieved.

II. THEORETICAL DESCRIPTION

The general model treats an atomically thin crystal as a
homogeneous slab with an effective thickness and a certain
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refractive index [23—26]. However, for a truly atomic crys-
tal whose thickness is much less than the wavelength
of light, the refractive index seems not well defined. It
has been shown that the model with zero thickness can
more accurately describe the optical response of graphene
[27]. This zero-thickness model is well established by
considering atomically thin crystals as a two-dimensional
conductive film characterized by the surface parameters.

Let us consider that an electromagnetic wave propa-
gating in a dielectric medium with refractive index n;
impinges on a flat interface with a second medium with
refractive index n,, which is coated with a few-layer
atomic crystal. In the two media, the electric (magnetic)
fields are represented by E; and E, (H; and H,), respec-
tively. E is related to H in a vacuum by the impedance Z;
of the vacuum. If we take the surface current density into
account, the boundary conditions are n x (E, —E;) =0
and h x (H, — H;) = J; +J,, where h = —Z is the unit
vector normal to the interface, J;, = o E is from Ohm’s law,
where o is the optical conductivity of the atomically thin
crystal, and J, = 0P/dt is a current density that depends
on the change of polarization P = gy x E, with g, and
being the permittivity and electric susceptibility, respec-
tively. On the basis of the boundary condition, the Fresnel
coefficients can be obtained [28-30] (see Appendix A). If
o and x are both zero, the Fresnel coefficients reduce to
the ordinary forms at an air-glass interface.

When a light beam impinges on the surface of graphene,
it experiences the photonic SHE shown as a tiny sep-
aration of two spin components in Fig. 1. A bounded
beam can be regarded as the combination of plane elec-
tromagnetic waves. As the photonic SHE appears in the
v direction, we consider only the wave-vector k, com-
ponent in the momentum space. If the polarization of
the beam is horizontal, the polarization states of different
angular-spectrum components can be written as |H (k,)).

FIG. 1. Photonic spin Hall effect at an air-graphene interface.
The reflected light beam experiences a spin-dependent shift due
to the spin-orbit coupling on the surface of graphene.

The polarization of each angular-spectrum component is
related to the reflection coefficients dependent on wave
vector. After reflection at the graphene interface, the
rotations of the polarizations for each angular-spectrum
component are different to satisfy the photon transversal-
ity. Under the paraxial approximation, the change in the
polarization state after reflection becomes

|H(ky)> - rpIH(ky» -

G2t 19 ), a1y

where ky = w/c is the wave vector in a vacuum, 6; is the
angle of incidence, and |V(k,)) is the vertical polariza-
tion caused by a tiny rotation of the polarization, which
originates from the spin-orbit coupling of light.

To interpret the spin-orbit coupling more clearly, the
state can be written in the spin basis as the relations |H) =
5 (+) +1=)) and [V) = —i(]=) — [+)). Under the con-
dition of weak interaction k,6 < 1, Eq. (1) becomes

|H (ky)) — exp(—k,8)|+) +exp(k,0)|—),  (2)

where § represents the spin-dependent shift induced by the
spin-orbit interaction,

8 = [(rp +ry) cotbi]/ (korp). €)

The spin-dependent shift is determined by the Fresnel
coefficients, and is related to the optical conductivity.
Therefore, the photonic SHE can serve as a pointer in mea-
surements of the optical conductivity of atomically thin
crystals. The wave function in the spin basis |s) (s = £1)
can be written as |/) = [ exp(—k,38)| P (k,))|s)dk,, with
|®(k,)) being a Gaussian distribution. Here exp(—k,538)
indicates the spin-orbit coupling of light, with o3 being the
Pauli operator. By use of weak-value-amplification tech-
niques, the shift as well as the optical conductivity can be
precisely measured.

In a weak-measurement scheme, the coupling between
the observable and the meter is weak, and only a small
amount of information is extracted [31,32]. Here the
observable is the spin of the photon and the spin-dependent
shifts serve as the pointer of the meter. In the linear theory
with approximation, the output of the weak measurement is
an extraordinary value called the “weak value.” The weak
value is naturally determined by the preselected state |v/;)
and the postselected state |1, ), and is given by

_ (Yr los1s) @)

" (Vr 1)

(see Appendix B). A large weak value can be obtained
when the preselected state and the postselected state are
close to orthogonal, (V¥ [{;) ~ 0.
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We choose the preselected state as |H) = (|[+) +
[—)) /\/5 in our measurement. To achieve a large weak
value, the postselected state [yr) needs to be nearly
orthogonal to [;). That is, [/) =sin(7/4 4+ a) [+) —
e?f cos (r/4 + ) |—), with o and B being the small
deviation angles as shown on the Poincaré sphere in
Fig. 2(a). From the above preselected and postselection
states, the weak value 4,, of the observable o3 is a com-
plex number [33,34]. The wave function after the pre-
selected and postselected ensembles becomes (Y [) =
f exp(—k,A4,,0)|®(k,))dk, (see Appendix B). The real and
imaginary parts of the weak value are related to the angles
a and B, which amplify the spin-dependent shifts as shown
in Fig. 2(b). The spin-dependent shifts in the photonic SHE
serve as a pointer, and the imaginary part of the weak
value would be significantly amplified due to the free evo-
lution of the wave function. In our experiment, a purely
imaginary weak value is obtained as A,, = icotf with
oa=0.

In our case, the free-evolution factor F is related to the
meter state for the wave-function evolution in the real posi-
tion space [35,36]. The factor given by F' = z/z, together
with the weak value amplify the initial pointer shift, where
z = 250 mm is the effective evolution distance. In the lin-
ear theory of weak measurements [21], the final amplified
pointer shift is given by

() = FIm(4,,)8 = = cot 8. (5)
Z,

¥

(a) ) (b)

y =
7 /3
E 100007 P
Sy
’;\—1000

-10 4
B(deg) 10
e
B=5
B=3
p=2
6 7 8.9 10 11
2(107"" m)

FIG. 2. Amplification of the photonic spin Hall effect with pre-
selected and postselected ensembles. (a) Representation of the
initial and final states on the Poincaré sphere. (b) Amplification
of spin-dependent splitting as a function of the angles « and B.
The amplified shifts vary with (c) optical conductivity and (d)
electric susceptibility. The dashed line indicates the conductivity
corresponding to 0.90¢ and 1.10y.

From Eq. (5), we can achieve an amplified pointer shift
about F'cotf times larger than the initial pointer shift.
Equation (5) is the simplest form that can explain the
underlying physics of weak measurements clearly. How-
ever, it would fail to describe the weak-value amplification
for small postselected angle B. The strict expression of the
amplified pointer shift can be obtained as

zry (r; +7%) cot6; sin28
(412 cos? B oot O +[2koz (2 + 12) + 7 sin? B

) (6)

where & = Re(0r,/d6;) from the Taylor-series expansion,
and the complex reflectance coefficients are defined as
rp =1, +ir, and ry = r; + ir{. The detailed calculation is
given in Appendix B.

To demonstrate the sensitivity of the photonic SHE to
the optical conductivity, the results of the calculation with
Eq. (6) with change of the conductivity of monolayer
graphene are shown in Fig. 2(c). The incident angle 6; is
chosen as 56.6°. At this angle, the spin-orbit interaction
in the photonic SHE is strong and thus increases the sen-
sitivity to the optical conductivity [37]. For g8 = 2°, 3°,
and 5°, amplified factors F cot 8 ~ 3200, 2140, and 1280
are obtained with Rayleigh length z, &~ 2.23 mm. Another
important parameter (susceptibility x) in graphene may
also have an influence on the photonic SHE due to the
change of polarization with time in atomic sheets. Mer-
ano [27] used the experimental data to fit the susceptibility
as (8 £3) x 107!0 in the visible spectral range [38]. The
pointer shifts with variation of x from 5 x 1071 to 11 x
1071% m are given in Fig. 2(d). It is seen that the contribu-
tion of the susceptibility to the amplified pointer shifts can
be ignored.

In previous work, the slab model with effective thick-
ness was used to describe the photonic SHE in graphene
[25]. However, this model may be inexact under some con-
ditions, such as with 8 2> 5° here. Merano [27] verified
that the zero-thickness model may be a better choice. In
our experiment, to precisely measure the conductivity, we
need to detect the photonic SHE with the variation of 8
from 0° to 5° or more. This is because the data with larger
B are more effective and stabler to determine the optical
conductivity, which is discussed in the following section.

III. EXPERIMENTAL MEASUREMENT AND
DISCUSSION

Our graphene sample is supported on bulk SiO, glass
substrates (standard BK7, Thorlabs PS911). The clean
SiO; substrate is directly covered with monolayer, bilayer,
or trilayer Trivial Transfer Graphene by chemical vapor
deposition. The area of the region containing graphene
is about 1 cm?. In the work reported in Refs. [10,11],
graphene supported on bulk SiO, substrate or suspended
by a metal scaffold was prepared by mechanical exfoliation
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FIG. 3. Experimental setup to detect the tiny

Laser GLP1 ~ spin-orbit interaction of light in graphene. A

\ Graphene polarized Gaussian beam generated by a He-Ne

| |_:—\ + laser is incident at an angle on the graphene
\ \, prism interface. Lenses L1 and L2 focus and collimate

7 87 -B &C—

GLP1

of graphite. The measured area of the samples was only
about several-hundred square micrometers.

The experimental setup to observe the photonic SHE
is shown in Fig. 3. Our experiment is implemented in a
dark room and the optical conductivity of the sample is
detected at room temperature. A polarized Gaussian beam
generated by a 17-mW linearly polarized He-Ne laser at
632.8 nm (Thorlabs HRP170) is reflected by a graphene-
Si0O, interface to produce the photonic SHE. The beam
waist of the light beam after lens L1 is 21.2 um. The
spin displacements are much smaller than the width of
the beam, so the meter states of different spin eigenstates
almost overlap with each other. This provides the weak
interaction in weak measurements, which is associated
with the optical conductivity. In our system a purely imag-
inary weak value can result in a larger amplified factor due
to effective light propagation. We use Glan laser polarizer
GLP1 to preselect the initial state |1;) and Glan laser polar-
izer GLP2 to postselect the final state [1/) to obtain the
purely imaginary weak value. The rotations of GLP2 cor-
responding to the projection of the states on the Poincaré
sphere are shown in Fig. 2(a). After the postselection, the
meter distribution with large displacement can be observed
by a CCD camera (Coherent Laser-Cam HR).

The amplified pointer shift is measured with the rota-
tion angle of GLP2 from 0° to 5°. We fabricate the
samples with monolayer, bilayer, and trilayer graphene.
Each graphene sample is illuminated with a light beam
at three different incidence positions. The three groups
of data for monolayer graphene represented by symbols
with error bars in Fig. 4. We obtain the correspond-
ing fitting curves to characterize the optical conductivity
from the experimental pointer shifts. In Ref. [27], the

the light beam. The Glan laser polarizers (GLP1
and GLP2) select the preselected and postselected
states, respectively. The CCD camera is used to
capture the intensity profiles.

GLP2

ensemble of the experimental data extracted from some
remarkable experiments can fit an optical conductivity of
(1.00 % 0.33)0y for the spectral range from 450 to 750 nm.
An optical conductivity of (1.0 £ 0.1)oy was obtained
by observing the frequency-independent absorbance of
graphene in Ref. [11]. To show the measurement accuracy
of our method, the theoretical curves of amplified shifts
for optical conductivity of 0.67ay, 0.90¢, 1.10y, and 1.330¢

1000
Monolayer graphene
data 1
fitting curve 1 \
800 . data 2 NS
fitting curve 2
© data 3
fitting curve 3
E 600 no graphene
<3 data
N
3
400
200
‘ uuuuuummuuum
o WELhbkbb bbb ERR R rLrLll;Lllll PEERLEEY “H,Hl TrTT u
0 1 2 3 m 5

FIG. 4. Amplification of pointer shifts as a function of the
postselected angle . Theoretical results for optical conductiv-
ity taken as 0.670y, 0.90¢, 1.109, and 1.330y. The fitting curves
are obtained on the basis of three groups of data. For comparison,
the result without graphene is also given.
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are given. The CCD we use has a displacement resolution
of 1 um. On the basis of Eq. (5) with 8 = 2°, this leads
to the minimum resolution of optical conductivity being
1.5 x 1078 Q~'. By fitting curves extracted from weak
measurements, we can achieve a high resolution of about
+0.0050( with our method.

From the well-established theoretical model, the real
part of the optical conductivity of monolayer graphene is
a steplike function of frequency at zero temperature, and
there is no imaginary part in the high-frequency region
[39]. The environment, such as the temperature and the
chemical potential, affects conductivity only near the step-
like point. For monolayer graphene, the bottom horizontal
black line in Fig. 5 indicates the conductivity with a
universal-constant value. The horizontal green lines cor-
respond to the values 0.90¢ and 1.1oy to highlight our
measurement accuracy. It is shown that the deviation of the
experimental results becomes smaller when the measured
angle B is large enough. This is due to the amplified shifts
being indistinguishable at small g8, as shown in Fig. 4. In
the detection of the photonic SHE, enough photons need to
be collected by the CCD to resolve the position of the beam
distribution. The measurement accuracy of the shift can be
limited by some factors, such as the laser-pointing stability
or misaligned optical elements. Because of the existence of
faint background noise, the lack of intensity saturation in
the CCD may lead to an unwanted tiny deviation of the
shift.
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FIG. 5. Measurement of the optical conductivity in the unit of

oy for monolayer, bilayer, and trilayer graphene. Theoretically,
the optical conductivity of monolayer graphene is taken as the
universal constant oy = e>/4h, shown as the bottom horizontal
black line. The horizontal green lines correspond to the values
0.90¢ and 1.10y. In addition, the optical conductivities of bilayer
and trilayer graphene without a twist are also obtained.

For few-layer graphene without a twist, the results in
Fig. 5 show that the conductivities of bilayer and tri-
layer graphene are close to 20y and 30y, respectively. With
appropriate angles of incidence, the measurement accuracy
is still very high for few-layer graphene. The correspond-
ing measurements of amplified pointer shifts are provided
in Appendix C. In addition to the experiment measuring
the optical conductivity described above, Raman spectra
with the Raman peak to confirm the regions of mono-
layer, bilayer, and trilayer graphene are measured (see
Appendix C).

IV. CONCLUSIONS

In conclusion, the optical conductivity of graphene is
precisely measured on the basis of the photonic SHE
and use of the weak-value-amplification technique. In
our method, the spin-dependent shifts in the photonic
SHE serve as a measurement pointer, and the weak-
value-amplification technique is used to obtain an ampli-
fied pointer shift. The experimental results show that the
optical conductivity of monolayer graphene is close to
the universal-constant value (0.993 &£ 0.005)0¢ with high
measurement resolution of 1.5 x 1078 Q~'. Such high
accuracy may result in application in the measurement
of the tiny deviation from universal conductivity due to
many-body effects [40]. For bilayer and trilayer graphene,
the twist between the atomic sheets is not considered in
our case. We find that the optical conductivity of few-layer
graphene increases linearly with the number of layers. It
would be very interesting to measure the optical conductiv-
ity of suspended graphene, chiral graphene [41], and magic
angle graphene [42,43].
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APPENDIX A: CALCULATION OF THE FRESNEL
COEFFICIENTS

To obtain the reflection coefficients at an air-crystal
interface, the boundary conditions for an electromagnetic
field are considered. The electric (magnetic) fields in air
and the substrate are represented by E; and E, (H; and
H,), respectively. Electric current should be taken into
account. The boundary conditions are n x (E; —E;) =0
and h x (H, — H,) = J; +J,, where n = —Z is the unit
vector normal to the interface, J has contributions from
two parts, one is obtained from Ohm’s law J; = o E, and
the other J, is the current density with the change of
polarization P = gy x E [27], where o is the optical con-
ductivity of the atomically thin crystal and ¢y and yx are the
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permittivity and electric susceptibility, respectively. For
polarization state |V) (|H)), we have

E.+E, =E, (E,; —E;, =Ey,), (AT)
iwP, = Jp (i0P), = J,,), (A2)
oKk, =J, (0E,, =J), (A3)

H),, — H), = Hy; + Jpr + Jox (Hy + Hyr

=Hy+J, +Jy), (A4)

where w is the angular frequency of the light. Solving
EqS. (Al)—(A4) with Z()Hl(z)/l’ll(z) = E1(2), we obtain the
reflection coefficients 7, = E,./E; and r, = H,/H; as

_ n1cosb; —nycost — ikx — o2
"~ nycost; +nycosb, +iky +oZy’
ny €os 0; — ny cos 0, + (ikx + o Zy) cosH; cos b,

T, =

(AS)

ny cos 8; + ny cos 0, + (iky + o Zy) cos6; cosb,’
(A6)

where Z, is the impedance of a vacuum. Different plane-
wave components experience tiny polarization rotations to
satisfy transversality. The tiny rotations ultimately lead to
the separation of left-circular and right-circular polariza-
tion.

APPENDIX B: CALCULATION OF THE
OBSERVATION OF PHOTONIC SHE VIA WEAK
MEASUREMENTS

The separation of left-circular and right-circular polar-
ization in the photonic SHE is on the subwavelength
scale. Use of weak-measurement-amplification technology
is a effective method to observe it. To discuss the the-
ory of weak measurements, we begin with the state after
reflection evolution described by Eq. (3). The polariza-
tion of |H) or |V) can be decomposed into two orthogo-
nal polarization components with relations |H) = i(|—) —
4))/+/2 and |V) = (|4) — i|-))/~/2, where |+) and |—)
represent the left-circularly-polarized and right-circularly-
polarized components, respectively. The wave function
in momentum space can be specified by the following
expression:

W w%(kf%—kf)
|P) = mexp (—T , (B1)

where wy is the width of the wave function.

For |H) input polarization, the reflected wave function
|@) in the momentum space can be obtained as

ky(r, + 1) cot6;
ko

(14 ik,8)|+) + (1 — ik,8)|—)]

lp) =rp|H) — V)

_r [
NG
~ %[exp(ikya)|+> + exp(—ik,8)|—)].

We have | ik,é |« 1 since the spin-orbit interaction is
weak at the interface reflection. With the Pauli operator
73, the spin separation can be denoted by the spin-orbit-
coupling term exp(iczk, ).

After the preselection of state |1;), weak interaction, and
the postselection of state [/, ), the wave function evolves
to the final state:

(B2)

|®r) = (Y| exp(icsk,8) ;) | D)
= (Yr |1 + ios3k,8|¥;) | D)
(I/f/‘|53|¢i)> )

~ (v (1 + ik, s 2B
W’-"‘”)( MRS

= (Yr 1¥) (1 4 ik, 4,,8) | D). (B3)
Here A4,, is the so-called weak value and is given by
g B4
(r 1¥:)

With the preselected state |v;) = (|]4) + |—))/\/§ and
the postselected state [y) = sin (/4 +a) |+) — e?ih
cos (/4 + «) |—), the weak value is obtained as

in2 20 sin2

Red, = —SM2 - qp g _cosdasindp
2[(Yr 1Y) 2[(Yr 1Y)

where |(1ﬂf|1ﬁ,»)|2 =coszﬂsin2a+cos2asin2;6. To

obtain a purely imaginary weak value, we set « = 0 in our
experiment, and 4,, = icot §.

We see that in the linear theory of weak measurements
above, the weak value is obtained with strict conditions.
However, in the experiment involving the photonic SHE,
if the preselected and postselected states are nearly orthog-
onal, (V7 |v¥;) — 0, 4,, becomes an infinite number and is
meaningless. On the other hand, when the angle of inci-
dence is near the Brewster angle, the weak-interaction
condition is invalid due to strong spin-orbit coupling of
light. Therefore, the weak value 4,, in the detection of
photonic SHE is inaccurate if one of the conditions is
not satisfied. Next, we consider the theory of weak mea-
surements to observe the photonic SHE in atomically thin
crystals without approximation. In our experiment, the pre-
selected state is selected as |H), and the wave vector k,
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should be considered to accurately describe the behavior
of the light beam. The state in Eq. (B2) with the reflection
coefficient 7, being expanded as a Taylor-series expansion
to the first order becomes

|kx,y) |H) — |kx,y> lp)

ky 07,

= |kyy) [<rp & 39[) |H) — kyrp5|V>} .
(B6)

Far from the Brewster angle, the variation of %, in the
wave packet can be ignored and Eq. (B6) is approximated
as exp(Fk,d)|%) in the spin basis, as shown in the main
text. This form can indicate clearly the interaction between
the spin angular momentum and extrinsic orbital angular
momentum of light in thin crystals.

To precisely obtain the separation of spin components,
we next expand Eq. (B6) in the spin basis as

ky 07,

p+) = lkxy) |:<rp " 89~) |%£) £ ikyrp8|i>:|- (B7)

The reflection coefficients 7, and r, in graphene are com-
plex numbers, and we write them as r, = r, +ir, and
ry =1, + ir}. On the basis of Eq. (B7), the small shifts of
the left-circularly-polarized and right-circularly-polarized
components are calculated by (¢4 |y|p+)/ (P |p+):

2zrr; (r]’] + ) cotb;

(S = ’
=T T 2kez 4 ) + £

(B8)

where & = Re(dr,/06;). Here r;,’ « 0, and far from the
Brewster angle, the contribution of & can be ignored.
As a result, Eq. (B8) reduces to Eq. (5). We show the
shifts with different optical conductivities 0.6709, oy, and
1.330y in Fig. 6. Increasing o shifts the curve rightward.
The angle indicated by the dotted black line is the angle
of incidence to detect the photonic SHE in monolayer
graphene. The change of the shift with the variation of
0.3309 is only about 0.5A, which needs to be detected by
the weak-measurement technique.

The weak value 4,, in our case is purely imaginary
and therefore we should consider the effective propaga-
tion distance z with a particular form of meter ®(k,,). If
we take the free-flight Hamiltonian Heee = —izky2 /2ky into
account, the meter state evolves as @ (k.,) — D, (k) =

D (ky, Jexp [—i(kyz/Zko)z] [22,44]. So the total wave-
function state is described as
|W=/%%@@ﬂmw» (B9)

The preselected state |1;) here is the pure polarization state
|H). On the basis of the theory of weak measurements,

FIG. 6. Separation of spin components induced by the photonic
SHE in graphene.

we postselect a nearly orthogonal state [yy) = |V + B)
to obtain a purely imaginary weak value, in which g is
referred to as the “postselected angle.” That is,

Vi) = [H), (B10)

[Yy) = sin(—pB)|H) + cos B|V).

Subsequently, if we combine Eqs. (B11) and (B9), the final
meter state becomes

(B11)

|¢> = (Wf H”/) = /dkxdkchz(kx,y)lkx,y)

ke 91, inf —kr,8cosf|. (BI2)
X||——=—r,)sinB —k,r,6cosB|.
kO 801 p yip
The expectation value of the pointer observable y, also
referred to as the “modified amplified pointer shift,” is
obtained as

(Ply¢)

V="

zry, (rl/) +7,)cotf;sin2p
() + 7)) cos? B eot 6; + [2koz, (12 + r2) + £2]sin®
(B13)

In our case, the reflection coefficient is almost real
(rg <« 0), and the first term in the denominator of Eq. (B13)
can be ignored with |, | > 0. By doing so, we find that Eq.
(B13) reduces to Eq. (5).

APPENDIX C: EXPERIMENTAL DATA FOR THE
GRAPHENE SAMPLES

The circularly polarized components in the photonic
SHE separate from each other by a tiny distance. The

014057-7



SHIZHEN CHEN et al.

PHYS. REV. APPLIED 13, 014057 (2020)

light still exhibits a Gaussian profile when being reflected
from graphene. However, after the procedure of weak mea-
surements, these two spin components interfere with each
other and the shape of the whole light beam undergoes an
enhancement displacement. The intensity simulated from
Eq. (B12) indicates the pointer shift of the centroid of the
light beam. This enhancement displacement varies sensi-
tively with the optical conductivity of graphene, which
helps in accurate measurement of optical conductivity in
our work.

In the experiment, the measurement of the optical con-
ductivities of multilayer graphene is also considered. The
pseudo-Brewster-angle increases with the number of lay-
ers of graphene, and the photonic SHE near the pseudo-
Brewster-angle experiences strong spin-orbit interaction
of light. Therefore, we choose the angles of incidence
as 57.37° and 57.77° for bilayer graphene and trilayer
graphene, respectively. Under this condition, there are two

(a)
800
Bilayer graphene ¢,=57.37°
20,
600 A data 1 \ *
data 2
i3
S
3400
3
200
. o 1 L 1 L 1 1 1
% 1 2 3 4 5
(b) B (deg)
800
Trilayer graphene 6, = 57.77° \\3_3360
\‘3.‘\ Oo
30, b
600 > data 1
o data 2
o data 3 \2_960
S
3400
S 5\2-67 Oo
200
1 1 1 1 1 1 1 1 1
% 1 2 3 3 5
p (deg)
FIG.7. Amplified splitting as a function of the angle 8 for sam-

ples of (a) bilayer graphene and (b) trilayer graphene. The solid
lines indicate the theoretical results. We also detect three groups
of data for each sample.

advantages: (i) the optical conductivity of graphene is
more sensitive to the amplified shift; (ii) at large B, the
pointer shift can also be clearly distinguishable for vari-
ous values of the conductivity. The data with larger 8 are
more effective and stabler to determine the optical conduc-
tivity. The enhancement displacements of bilayer graphene
and trilayer graphene with experimental data are given in
Fig. 7. We assume that each individual graphene sheet is a
noninteracting monolayer. The surface susceptibility x is
given by n x 8 x 10~ m, where 7 is the number of layers
of graphene. We detect three groups of data for each sam-
ple at three different places. The theoretical curves in Fig. 7
are calculated by our considering the optical conductivity
with a value of n x 0y. On the basis of these experimental
results, the optical conductivities for the samples of bilayer
and trilayer graphene are given in Fig. 5.

To confirm the samples we use are monolayer, bilayer,
and trilayer graphene, we measure their Raman spectra
with the Raman peak in the corresponding region of the
prisms. The Raman spectra are shown in Fig. 8. For the
few-layer-graphene samples, it is not obvious from the
Raman spectra whether the samples have twist angles.
The photonic SHE in bilayer graphene with various twist
angles has been studied theoretically. It was shown that
the splitting induced by the photonic SHE may be very
different for the case of a twisted bilayer [43]. The con-
ductivity of twisted-bilayer graphene at a wavelength of
633 nm (2.978 x 10 rad/s) is obviously not equal to 20y
or even very large for a twist angle near 46.83°. Besides,
the existence of diagonal components in the conductivity
of twisted graphene can lead to a spin-dependent shift in
the longitudinal direction for the photonic SHE [30,45]. In
our experiment, however, we do not observe the related
longitudinal shift in the photonic SHE, and the measured

3000} G Monolayer

Bilayer
Trilayer

82400

c

>

fv, 1800 2D

=

2 1200

(3]

2

£ L

600} J

0 ;
1200 1500 1800 2100 2400 2700
Raman shift (cm™)

FIG. 8. Raman spectra of the samples to identify the region
containing monolayer, bilayer, and trilayer graphene. G and 2D
denote the Raman peaks originating from first-order and second-
order Raman scattering processes in graphene, respectively.
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shift is consistent with the simulation for conductivity of
20y or 30y. Therefore, we infer that the graphene sam-
ples we use are not twisted. Our approach may be applied
to measure the optical conductivity of few-layer graphene
with a twist.
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