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We develop a theoretical model that describes the second harmonic generation of light from the
surface of the topological insulator BizSes and experimentally demonstrate that the technique is
sensitive to the surface electrons. By performing a crystal symmetry analysis of BiaSe3(111) we
determine the nonlinear electric susceptibility tensor elements that give rise to second harmonic
generation. Using these results, we present a phenomenological model that shows that the relative
magnitudes of these tensor elements can be determined by measuring the polarization and intensity
of the radiated second harmonic light as a function of the in-plane crystal orientation and incident
laser polarization. We describe optical techniques capable of isolating second harmonic light and
using these techniques we measure the first-order linear optical and second-order nonlinear opti-
cal responses as a function of crystal orientation and laser polarization on bulk single crystals of
BizSe3(111). The experimental results are consistent with our theoretical description. By compar-
ing the data to our theoretical model we determine that a portion of the measured second harmonic
light originates from the accumulation region of BizSe3(111), which we confirm by performing sur-
face doping-dependent studies. Our results show that second harmonic generation is a promising

tool for spectroscopic studies of topological surfaces and buried interfaces.

PACS numbers:

I. INTRODUCTION

The three-dimensional (3D) topological insulator [1-3]
is a new quantum phase of matter that is characterized
by an inverted bulk band gap and topologically protected
surface states [4, 5], which have been comprehensively im-
aged by both photoemission [4-8] and tunneling [9, 10]
spectroscopies. The electrical response properties of an
isolated surface are predicted to be highly novel, includ-
ing protection against backscattering from non-magnetic
impurities [1-3] and a switchable spin-polarized electrical
current [11-13]. When interfaced with certain topolog-
ically trivial materials, the surface states are predicted
to evolve into new broken symmetry electronic phases
that may exhibit topological superconductivity [2] and
an anomalous half-integer quantum Hall effect [2, 14],
which have been proposed as media to search for Majo-
rana fermions [1, 2] and charge fractionalization in three-
dimensions [15]. Owing to these exciting theoretical pro-
posals, the recent discovery of 3D topological insulator
phases in Bi;_,Sb, [4, 5], BizSes [6, 16] and related ma-
terials 7, 16, 17] has generated great interest to measure
their symmetry and electrical properties at an isolated
surface or buried interface. However, a major experimen-
tal obstacle has been the high density of mobile electrons
in the bulk of these materials, which can overwhelm the
surface or interface electrical responses. Although trans-
port results on electrically gated samples show evidence
for surface carrier modulation [18-20], the contributions
to the electrical response from carriers on different sur-
faces and in the bulk are difficult to separate and require
highly insulating samples. Moreover, contacts and gates
deposited on the surface may perturb the intrinsic surface

electronic structure [21].

Optical probes have been proposed as a contact free
alternative that can be focused onto a single surface [11,
14, 22, 23]. However, most experiments to date have
been limited to the linear optical regime, which has been
shown to be dominated by the bulk electrical response
[24-26] except in the limit of very thin samples [27, 28].
Recently, nonlinear second harmonic generation (SHG) of
light from bulk single crystals of BisSes was shown to be
highly sensitive to electrons confined to the surface and
accumulation region [29, 30]. The underlying principle
for this surface sensitivity is that SHG is predominantly
generated where inversion symmetry is broken [31], which
only occurs at the surface of the bulk inversion-symmetric
BisSes and in the accumulation region where the band-
bending induced electric field breaks inversion symmetry.

In this work, we develop a theoretical model that de-
scribes the SHG intensity from BisSes in terms of the
second- and third-order nonlinear electric susceptibilities.
By performing a symmetry analysis of BixSes we iden-
tify the susceptibility tensor elements that contribute to
SHG and show that their relative magnitudes can be de-
termined by measuring the intensity and polarization of
the emitted SHG as a function of crystal orientation and
incident laser polarization. To test the model, bulk sin-
gle crystals of BisSes were grown, characterized and SHG
experiments were performed using both linear and circu-
larly polarized laser light. The experimental results are
described well by our theoretical model. Application of
the model to our data shows that approximately half of
the SHG from BisSe3 at long times after cleaving in air
originates from the surface while the rest originates from
the accumulation region. A surface doping-dependent



study verifies that the SHG intensity depends on the sur-
face carrier concentration, which shows that SHG can be
used to optically probe changes in the surface Fermi level.
The paper is organized as follows: In section II, we per-
form a crystal symmetry analysis on BiaSes to determine
the nonlinear susceptibility tensor elements that give rise
to SHG. We then present a phenomenological model that
describes how these tensor elements are manifested in the
SHG intensity and polarization. In section III, we first
detail the SHG growth procedures, sample characteriza-
tion results, and SHG experimental methods used to iso-
late the surface response. We then report the measured
SHG intensity and polarization and compare the results
to the theoretical model developed in section II. Finally,
we report the effects of surface doping on SHG and inves-
tigate circular dichroism SHG. A summary is provided in
section IV, followed by the appendix in section V.

II. THEORETICAL BACKGROUND

This section is organized into two parts. In section
I1.A, we determine the susceptibility tensor elements that
give rise to SHG in BisSes by performing a crystal sym-
metry analysis. In section I1.B, we present a phenomeno-
logical model that describes the intensity and polariza-
tion of second harmonic light generated from BisSes us-
ing these tensor elements.

A. Symmetry analysis and electric susceptibility
tensors of Bi>Ses(111)

The electrical response of a material is described by
susceptibility tensors x(™ that relate the electric polar-
ization of the material P to the applied electric field E
through the power-series expansion [31]

P, = X B; + XL B By + XS0 By By B+ (1)
where the indices run through spatial coordinates. The
susceptibility tensor elements of each x(™ can be deter-
mined by performing a crystal symmetry analysis. The
bulk crystal structure of BizSes(111), which belongs to
space group Dg ;> femains invariant under a group of sym-
metry operations 7. These consist of (i) rotation along
the (111) axis by 0°, 120° and 240°, (ii) mirror reflection
under planes a, b and ¢ [Fig.1], and (iii) inversion sym-
metry about some center of inversion. Because x (™) must
obey the same symmetries as the crystal, they must be
invariant under the same group of symmetry operations
that bring x™ to x(™’, which is given by [31]
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FIG. 1: Schematic of the BixSes crystal coordinate system
showing the C3, symmetry of the (111) cleaved surface. The
bulk D3, symmetry is given by the addition of inversion sym-
metry. The three-fold rotation symmetry and the three planes
of mirror symmetry (a, b and c) are illustrated. The topmost,
second and third atomic layers are Se(2), Bi and Se(1) re-
spectively. The beam coordinate system is shown in the top
right.

Under such transformations, the crystal symmetry
greatly reduces the number of non-zero independent com-
ponents of y (™).

We first examine the first-order response characterized
by xV) in eq.(1). Because x is an even rank tensor and
P; and Ej; are both odd under the operation of inversion,
a first-order response is permitted regardless of whether
or not crystal inversion symmetry is present. Therefore,
the linear optical response can include contributions from
both the inversion symmetric bulk of BizSes as well as
from the (111) surface where inversion symmetry is nec-
essarily broken [31]. The individual tensor elements can
be found by transforming ") under the rotation, mir-
ror and inversion symmetry operations that characterize
bulk BisSes via eq.(2) and equating the resulting tensors.
Using this procedure, we find that xy(!) assumes the form

XYoo
xP=1 0 X o (3)

1

0 0 X

where xgll):xglz), and Xé? are scalars [32]. This yields

an isotropic first-order electrical response in the (111)
plane. Although both bulk and surface contribute to this
response, the bulk contribution usually dominates. This
is because the linear optical response is an integrated
measure over the depth that light penetrates into the
sample, which is typically on the order of hundreds of
atomic layers.

We now analyze how the BigaSes(111) crystal symme-
try affects the second-order dipolar response x(?). From



SHG active regions

FIG. 2: Schematic of the energy evolution of the bulk conduc-
tion band minimum (Ec¢) and bulk valence band maximum
(Ev) relative to the Fermi level (Er) as a function of distance
to the air covered surface. The SHG active regions are where
@ + x®& +£ 0, which represent the surface (yellow) and
accumulation region (white) contributions respectively.

eq.(2) we see that all of the components of odd rank ten-
sors must vanish under the inversion operator T;; = —d;;
because each component is mapped to the negative of it-
self. Therefore, all 27 components of x(? must be zero in
the inversion symmetric bulk of BisSe;. However, at the
cleaved (111) surface inversion symmetry is broken and
the crystal symmetry is reduced to C3, symmetry. In the
case of BisSes, cleavage occurs naturally between two Se
layers that are Van der Waals bonded to expose large
areas that are Se terminated [1-3]. Owing to this lack of
inversion symmetry at the surface, non-vanishing compo-
nents of odd rank tensors such as x(?) are permitted to
exist. The individual x(®) tensor components for BisSes
are shown in the appendix. In section II.B we show how
these tensor elements are manifested in the SHG intensity
and polarization as a function of the crystal orientation
and incident laser polarization.

In addition to the surface x(? contribution, SHG can
be generated by accumulation layer electrons. These
are bulk electrons confined near the surface by a band-
bending induced electric field £ directed perpendicular
to the surface. SHG is highly sensitive to a static electric
field because it acts to break inversion symmetry over the
accumulation region [Fig.2]. Electric-field induced SHG
is commonly observed in the context of metal-electrolyte
interfaces [33] and is theoretically described by a third-

order process P;(2w) = XS-,)dEj (w)Ex(w)E;(0) that acts in
addition to x( [31, 33, 34]. Because x® has the same

symmetry constraints as x®, the overall symmetry of
the SHG intensity as a function of the crystal orienta-

tion must remain unchanged in the presence of & with
each x? tensor element simply being enhanced by the

addition of a X(3)§ tensor element. The non-vanishing

3

x® tensor elements for BioSes are determined in the ap-
pendix.

We note that there may also be higher multipole bulk
contributions to SHG that can be finite even in inversion
symmetric systems [31] and that will have the same sym-
metry properties as both the surface x? and x® ten-
sors [32] shown above. The bulk electric quadrupole and
magnetic dipole contributions are the dominant of these
higher multipole susceptibilities, however they are gener-
ally suppressed relative to the dipolar susceptibilities by
a factor of ka, where k is the wavevector of the incident
light and a is a lattice constant [31]. In reflection mea-
surements, the bulk contribution only comes from a layer
within the optical penetration depth (£) of the incident
light, which we determine to be ~ 25 nm at 795 nm (sec-
tion III.A). The surface contribution will come from the
entire depth d over which the surface wavefunctions pen-
etrate into the bulk, which is of the order d = hvy/A ~
10 A for states within the bulk-gap, and is much larger
for states not in the bulk gap, where vy is the Fermi
velocity, A is the reduced Planck’s constant, and A is
the bulk band gap energy. Therefore, the relative inten-

sity of the surface to bulk second harmonic radiation is
Lg|2 _ |7.95x103A 10A |2 ~ 640. In-

ka gl T | 2ax2A 2.5x102A :

deed, measurements on other strong spin-orbit coupled

materials, such as Au, in the regime where interband
transitions dominate (A < fiw) have shown that these
bulk contributions are greatly suppressed [35]. Bulk con-
tributions have only been shown to be observable when
A > hw, where the penetration depth of the light into the
crystal is very deep [36]. All of our measurements were
performed in the regime A < hw and we experimentally
demonstrate in section III.C by varying the surface car-
rier density that these higher order bulk effects are indeed
not dominant.

approximately |

B. Phenomenological model of surface SHG

In this section, we show how the intensity of second
harmonic radiation is related to the nonlinear suscepti-
bility tensors derived in section II.A. Our phenomenolog-
ical model of surface SHG follows the convention devel-
oped by Mizrahi and Sipe (1988) [37], which builds on
the earlier work of Heinz (1982) [38] and Bloembergen &
Pershan (1962) [39]. The model assumes that the source
of surface SHG is a thin electric dipole sheet confined to
the surface. Following the notation used in ref. [37] for
surface SHG from a thick crystal in the reflection geom-
etry, the second harmonic intensity I(2w) is given by

I(2w) = A X [6:(2w) (Xs)ijk 5(w)éx (W) [PT(w)?*  (4)

where A is a geometrical constant, é(w) is the beam po-
larization of the incoming radiation field inside the crys-
tal, é(2w) is the beam polarization of the outgoing second
harmonic radiation field inside the crystal, I(w) is the



FIG. 3: Schematic of the incoming and outgoing laser beam
geometry and polarizations. The polarization vectors of the
fundamental and second harmonic beams are labeled by lower
case and upper case letters respectively. The cream colored
region at z = 0 denotes the electric dipole sheet at the surface
as described in ref. [37]. The interaction volume of the beams
is demarcated by the green shaded region. The refracted fun-
damental beam is displaced downward and the fundamental
and second harmonic beams are separated for visual clarity.

intensity of the incident beam, x; is the complex sur-
face nonlinear susceptibility tensor, and the indices run
through =, y and z. The polarization directions are de-
fined in Fig.3. The incident unit polarization vector is
given by

A Efn s 2 Ezpn ~
e(w) = WtOmS‘{‘mtgmpf (5)

where E'P are the s- and p-polarized components of the
incident electric field, t;? are the complex Fresnel coeffi-
cients for transmission of the fundamental beam from air
into the medium with electric permittivity €, and 3, p_
are the s- and p-polarization directions of the fundamen-
tal beam in the crystal. The outgoing second harmonic
unit polarization vector is given by

N Efut s &
() = (14 Fg,)S +

P

Eou » »

where E(i;f are the s- and p-polarized components of the
outgoing second harmonic electric field, R? is the com-
plex Fresnel coefficient for reflection of the second har-
monic beam off of the bulk medium beneath the surface

4

electric dipole sheet [37], S denotes the s-polarized di-
rection of the reflected second harmonic light, P0+ is the
p-polarized component of second harmonic light that is
reflected off the top surface of the dipole sheet, and Py_
is the p-polarized component that reflects off the bulk
medium after being generated at the surface.

In our model we assume that (xs)ijx = xfii + Xz('?l)clgl

in eq.(4), which represents the combined surface plus ac-
cumulation region response. This is a simplification as
the presence of a band-bending induced electric field &
will alter the index of refraction, and hence the Fresnel
coefficients, as a function of depth into the bulk. How-
ever, accounting for this effect is beyond the scope of our
work. In our calculation we let € lie only along the z
direction because the atomic layers must be equipoten-
tials. The Fresnel coefficients at the fundamental and sec-
ond harmonic frequency were calculated using the Fres-
nel equations [40], where for the complex indices of re-
fraction 7 = n + ik we use n(w) = 5.46 + i2.57 and
n(2w) = 2.07 + ¢3.43, which we determine experimen-
tally for our BisSez samples in Section III.A. We assume
0in, = 0oyt = 45° based on our experimental configura-
tion (Section ITI.A). Using these parameters in equations
(4)—(6), we obtain expressions for the intensity of second
harmonic radiation as a function of the in-plane crystal
orientation angle ¢ [Fig.1] under different linear polar-
ization geometries and circular polarization geometries
as follows:

Ipp(2w) = B (0.0012 + 0.00347) ¢

+ (0.076 — 0.0387) @

+ (0.00030 — 0.0012i) )

— (0.0030 — 0.030i) ¢V cos(3¢)|?
Isp(2w) = B |(0.045 — 0.0274) ¢?

+ (0.00013 — 0.0187) ¢V cos(3¢)?
Iss(2w) = B [(0.0019 + 0.0147) ¢V sin(3¢)|?
Ips(2w) = B |(—0.00092 — 0.024i) ¢ sin(3¢)[? (7)

and
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where the subscripts for each I, —out(2w) refer to the
input fundamental and output second harmonic polar-
izations, and B = A x I(w)2. In the above equations,
™ = a™ 4+ b where

V' = Yoo
a® = X.ow
a® = 2 x4
a® = x...

b(l) = _wayzgz
b(2) - szaczgz
b(g) - (szxz + Xzzzz)gz
b(4) = Xzzzz gz
(10)

represent the electric field-induced SHG over the accu-
mulation region due to X(3)§ . The relative magnitudes
of ¢™ can be experimentally determined by measuring
I(2w) as a function of in-plane crystal orientation angle ¢
and laser polarization. The relative contributions of a(™
and b(™ can then be determined by varying the surface
carrier density. The experimental results are shown in
section III.

IIT. EXPERIMENTAL RESULTS AND
DISCUSSION

This section is organized into five parts. In section
III.LA we report our BisSes growth procedure, sample
characterization results and describe the optical tech-
niques used to isolate second harmonic light. In sec-
tion III.B we characterize the first-order linear optical re-
sponse of our BisSes material, then the second-order non-
linear optical response in section III.C. In section II1.D
we report how changing the surface carrier concentration
through molecular doping affects the SHG signal. Fi-
nally, in section III.LE we characterize the intrinsic SHG
circular dichroism from BisSes.

A. Methods and sample characterization

In this work, samples of BisSes were lightly hole-doped
by substituting As into the Se planes to reduce the
bulk carrier concentration [19, 41], although they remain
electrically conducting. Single crystal Bis_,As,Ses was
grown by melting a 10 g stoichiometric mixture of Bi and
Se shot with trace amounts of As powder (x=0.00129) in
an evacuated quartz tube at 850°C. After 12 hours at this
temperature, the mixture was cooled to 720°C over two
hours, then slowly cooled to 650°C over two days. The
batch was annealed at 650°C for two more days then
furnace cooled to room temperature.

After growth, the crystal orientation was determined
by X-ray diffraction using a Bruker D8 diffractometer
with Cu Ko radiation (A = 1.54A) and a two-dimensional
area detector. The real (n) and imaginary (k) parts of the
index of refraction were determined between 350nm and
820nm by performing spectroscopic ellipsometry mea-
surements using a Sopra GES 5 Spectroscopic Ellipsome-
ter and accompanying WinElli software [Fig.4(a)]. The
optical penetration depth, which is given by £ = \/4nk
[42], is shown in Fig.4(b). We find that £ ~ 25 nm at
A=T795 nm, which is the fundamental wavelength used
in all SHG measurements. Samples were characterized
by Fourier Transform Infrared Spectroscopy (FTIR) us-
ing a Nicolet Magna 860 FTIR Spectrometer [Fig.4(b)
inset]. The reflectivity minimum at k& ~ 557 cm™3
(f,=1.67x10'2 Hz) is due to resonant absorption at the
plasma frequency. From this we calculate a bulk carrier
density n = 3.68 x 1017 cm ™ using the standard formula
w2 = ne?/em* [41] where w, = 27 fp, e is the electron
charge, e(wp) = 30¢ is the reported electric permittivity
at the plasma frequency [41], €p is the permittivity of free
space and m* ~ 0.14m, [43] is the average effective mass
of the bulk conduction band.

The SHG experimental layout is shown schematically
in Fig.5. Ultrashort laser pulses with a center wave-
length of 795 nm (hw = 1.56 V) and a duration of 80
fs at FWHM were generated from a Ti:sapphire oscilla-
tor. The 80 MHz repetition rate was reduced to 1.6 MHz
by a pulse picker and the average laser intensity of 0.63
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FIG. 4: (a) Real and imaginary parts of the BizSes index of
refraction as a function of light wavelength acquired by per-
forming spectroscopic ellipsometry measurements. (b) Op-
tical penetration depth as a function of wavelength. Inset:
Measured FTIR reflectivity as a function of wavenumber nor-
malized to the reflectivity of gold.

kW /cm? used for the experiments is well below the ex-
perimentally determined BisSes damage threshold. The
incident laser polarization was set by adjusting a A\/2 and
a \/4 waveplate. The beam was focused to a 20 ym 1/e?
spot size on the sample at an incident angle of 45°. Spec-
ularly reflected photons at the second harmonic energy
(h2w = 3.12 eV) with polarization in (P) and out of (.5)
the scattering plane were spatially separated by a polar-
izing beam splitting cube and simultaneously measured
using calibrated photomultiplier tubes sensitive to 3.1 eV
photons. Before the photomultiplier tubes, the reflected
fundamental light was removed through both absorptive
and interference filtering. The second harmonic nature
of the detected signal was confirmed by checking that
it scaled quadratically with the incident beam intensity
[Fig.5 inset]. Part of the incident beam was split off be-
fore the sample and passed through a g-barium borate
crystal to generate second harmonic light against which
both P and S channels were normalized to account for
laser intensity fluctuations. BizSez(111) samples were
mounted on a rotation stage and aligned so that the cen-
ter of rotation coincided with the center of the focus of
the incident beam. An accurate alignment was achieved
by imaging the sample with a 50x microscope objective
and a high resolution CCD camera. The second harmonic
light generated as a function of the in-plane crystal ori-
entation was measured by recording I(2w) in both po-

Bi,Ses

Ti: Sapphire

| (2w) [arb. units]

o

0.2 0.4 0.6 0.8
| (0) [kW/cm?]

FIG. 5: Schematic of the experimental layout showing the
complete beam path. The path of the fundamental (w) and
second harmonic (2w) beams are shown in red and blue re-
spectively. Experiments were performed in a dark enclosure
to avoid stray light (see contour). Optical elements are de-
noted as follows: polarizing beam splitter (PBS), quarter-
and half-wave plate (A/4 and \/2), beam splitter (BS), polar-
ization filter (PF) and S-barium borate (BBO). Photomulti-
plier tubes are drawn as rectangles that measure the outgoing
SHG with P,,: and St polarizations as labeled. The pho-
tomultiplier tube used to measure laser intensity fluctuations
is labeled Inorm. Wavelength filters are drawn as flat blue
strips. Inset: Measured SHG intensity at ¢ = 0 in the Pj,-
P,.+ polarization geometry as a function of the fundamental
light intensity. The red line is a fit that shows the expected
quadratic relationship between the two.

larization channels as a function of the sample rotation
angle ¢ around the (111) axis, and as a function of the
incident polarization [Fig.6(a)]. All samples were cleaved
along the (111) plane in air or Oz at room temperature
prior to measurement. For the Os measurements, a con-
tinuous flow of Oz (99.5% Airgas) gas was directed on
the sample at a pressure of 10 psi and at a distance of
approximately 1 cm inside a sealed enclosure.

B. First-order linear optical response

Before performing SHG measurements, we character-
ized the x(!) first-order linear optical response by mea-
suring the reflected light intensity at the fundamental
frequency 200 minutes after the sample was cleaved in
air. A typical trace is shown in the top panel of Fig.
6(b) for the P;, — P,,+ geometry. As a function of the
sample rotation angle ¢, I(w) is clearly isotropic, con-
firming that all off-diagonal tensor elements of (1) are
zero and that Xgll) = Xglz) as expected from eq.(3). Sim-
ilar isotropic traces were recorded for all input-output
polarization geometries.

In section III.C we show that I(2w) increases after
cleaving in air on the hour time scale before saturat-
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FIG. 6: (a) Schematic of the SHG experimental geometry.
Surface and bulk regions are colored white and gray respec-
tively (panel reprinted from [29]). (b) Top panel: Normalized
intensity of the reflected beam at the fundamental frequency
I(w) from the (111) surface of BizSes measured as a function
of azimuthal angle ¢. Data are shown in the P;,, — P,y+ polar-
ization geometry, but similar isotropic patterns were obtained
under all four linear and four circular polarization geometries.
Bottom panel: Intensity I(w) at ¢ = 0° in the Py, — Pout
polarization geometry measured as a function of time after
cleavage in air.

ing. To check that this is not related to a change in the
bulk electronic structure or bulk doping, we measured
the time dependence of I(w) immediately after cleaving
in the P, — P,y geometry, since the linear response is
predominantly representative of bulk properties. It is
clear from the bottom panel of Fig.6(b) that after cleav-
ing the intensity of I(w) remains constant out to at least
60 minutes. No measurable changes in I(w) with time
were observed at all ¢ and in all input-output polariza-
tion geometries.

C. Second-order nonlinear optical response

We now move on to characterize the second-order non-
linear optical response by measuring the second harmonic
light generated from BizSe3(111). Equations (7)-(8) show
that the tensor components of the combined x(?) + y®&
susceptibilities, which encode the surface plus accumula-
tion region electrical responses respectively, can be de-
termined by measuring I(2w) as a function of the sam-
ple rotation angle ¢ in different input-output light polar-
ization geometries. Figure 7(a)-(d) show the results of
these measurements taken with linearly polarized light
200 minutes after the sample was cleaved in air. Unlike
the first-order optical response [Fig.6(b)], I(2w) is clearly
anisotropic as a function of ¢ in all four linear polariza-
tion geometries. A simultaneous fit of egs.(7)-(8) to the
SHG patterns (including those taken with circularly po-
larized light in Fig.10) using a single set of susceptibility
tensor elements yields excellent agreement [Fig.7(a)-(d)],
which shows that the data are consistent with surface
plus accumulation layer SHG from BisSes. From the fit
results we determine the relative magnitudes of |c(™|:

FIG. 7: Normalized SHG intensity I(2w) from the
BizSe3(111) surface measured as a function of azimuthal an-
gle ¢ between the bisectrix (112) and the scattering plane.
Measurements taken 200 minutes after cleavage in (a) Pip-
Pout, (b) Sin-Pout, (€) Pin-Sout and (d) Sin-Sout incident and
outgoing photon polarization geometries. All data sets are
normalized to the maximum intensity measured at ¢ = 200
mins in the Pj,-Poy: geometry. Solid lines are fits to eq. (7).

W] =1

|c®] = 1.31
|c®] = 0.19
lc®] = 8.99

(11)

where each |c¢(™| is normalized to |c¢(!)|. Because the
phase of the complex fit parameters cannot be uniquely
determined, it is only informative to show the absolute
values. We find that the largest contribution to the com-
bined x@ + )€ nonlinear susceptibility comes from
||, which describes the only purely out-of-plane elec-
trical response at the surface [egs.(9)-(10)]. In section
ITII.D we show that the relative contributions of surface
(x®) and accumulation region (x*&) SHG can be de-
termined by studying the time evolution of I(2w) after
cleaving the sample.

The data in Fig.7 exhibit a clear 3-fold or 6-fold ro-
tational symmetry depending on whether the outgoing
photons measured have a polarization component per-
pendicular (P-polarized) or parallel (S-polarized) to the
sample plane respectively. Because S-polarized light only
has in-plane electric-field components, it is primarily a
sensitive measure of the in-plane response. This likely
originates from the anharmonic polarizability of the Se-
Se bonds [Fig.1], which have a 6-fold symmetric arrange-
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FIG. 8: ¢ dependence of the normalized SHG intensity as a function of time after cleavage in air in the (a) Pin-Pout, (b)
Sin-Pout, (¢) Pin-Sout and (d) Sin-Sout photon polarization geometries. (e)-(h) Accompanying detailed time dependence along
high crystal symmetry directions (panels reprinted from [29]). The insets in (g) and (h) show the time evolution of the peak
SHG intensities starting at 100 minutes after cleavage in air, prior to which the sample was not exposed to laser light. (i) Fit
coefficients from fitting eq.(7) to the SHG data as a function of time after cleavage in air. The gaps in the data at approximately
5, 40 and 75 minutes are where full $=0° to $=360° traces were taken to confirm that rotational symmetry was maintained as

a function of time.

ment in the sample plane. On the other hand, because P-
polarized light contains an electric-field component along
Z, it is sensitive to the out-of-plane response originating
from the Se-Bi bonds, which have a 3-fold symmetric ar-
rangement that extend into the bulk.

D. Surface molecular doping effects on SHG

To prove that the surface and accumulation region
SHG is dominant over multipole bulk effects, and to
quantify their relative contributions, we studied the
effects of changing the surface carrier concentration.
Angle-resolved photoemission spectroscopy (ARPES)
studies have shown that BisSes exhibits an intrinsic sur-
face band-bending after cleavage in ultra-high vacuum
(UHV) that acts to monotonically increase the electron
density at the surface on the hour time scale until a sta-
ble accumulation layer is formed [8, 17, 44]. If SHG
from BisSes is in fact surface sensitive, such a surface
electronic change should be manifested in our measure-
ments. This is because, as shown in section II.A, the
band-bending induced electric field acts to break inver-
sion symmetry over the depth that it penetrates into the
bulk [Fig.2], thereby permitting SHG in the accumula-
tion region with an intensity that is proportional to the
field strength. Figure 8(a)-(d) show a clear increase in
I(2w) at all ¢ and in all input-output linear polariza-

tion geometries as a function of time after cleavage in
air. However, there is no change in the rotational sym-
metry of the SHG patterns, which rules out any trigonal
symmetry breaking atomic reconstruction, as is typical of
semiconductors such as Si(111) in air [31]. Figure 8(e)-
(h) show the complete time dependencies of the SHG
peak intensities, which all undergo the same monotonic
increase by as much as 400% within 50 minutes following
cleavage, after which they saturate to a value that re-
mains constant out to at least 600 mins. This is a trend
highly consistent with the time evolution of the surface
Fermi level observed using ARPES [8] and cannot have a
bulk origin as no bulk electronic changes were observed
with time after cleaving [Fig.6(b)].

Slow photo-induced changes in SHG intensity are
known to occur on semiconductor surfaces such as GaAs
[45] and oxidized Si [34, 46] through a two-step charge-
excitation charge-trapping processes [34, 45]. To test for
such effects, we repeated the measurements after keep-
ing the sample unexposed to laser light for the first 100
mins after cleavage [Fig.8 (g)-(h) insets]. The fact that
the SHG intensities under these conditions show no time
dependence and match the previous saturation intensi-
ties shows that the observed time evolution is purely a
surface doping effect and not a photo-induced effect.

To understand how the nonlinear susceptibilities evolve
with time, we simultaneously fit the SHG data in
Fig.8(e)-(h) at each point in time to eq.(7). The time
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FIG. 9: (a) Time dependence of the SHG peak intensities
measured in the P;,-So.+ polarization geometry after cleaving
in Oz (panel reprinted from [29]). (b) Time dependence of the
SHG minima measured in the P;,- P, polarization geometry
after cleaving in O2. Similar behaviors were also observed in
other polarization geometries. (c¢) Schematic of the energy
evolution of the bulk conduction band minimum (E¢) and
bulk valence band maximum (Ev ) relative to the Fermi level
(EFr) as a function of distance to the Oz covered surface. (d)
Time dependence of the SHG peak intensities measured in
the Pi,-Poyu: polarization geometry after cleaving in air then
immediately covering the surface with Oz gas.

dependence of the fit coefficients is shown in Fig.8(i). We
find that [¢V|, |¢®] and |c¢(®]|, which together primar-
ily encode the in-plane electrical response [eqs. (9)-(10)],
generally increase as a function of time. This precludes
a change of the inter-atomic layer distance at the sur-
face after cleaving as the primary source of the increased
SHG signal because this would predominantly only affect
the out-of-plane susceptibilities. The coefficient |c(*)|,
which describes the only purely out-of-plane electrical re-
sponse, on the other hand generally decreases as a func-
tion of time. The dip feature exhibited by |c(?)|, |c®)|
and || at early times is currently unclear and requires
and awaits a detailed microscopic theoretical description
of SHG from BisSes. However, we note that this feature
is similar to that observed in the raw SHG data for sam-
ples cleaved in an Os environment as a function of time
in Fig.9(a)-(b).

Because we find that the band-bending in air occurs
on the same time scale observed in samples cleaved in
UHYV, its cause is unlikely related to the direct charging
of the surface by adsorbed molecules from the environ-
ment, for the adsorption rates in air and UHV will be
different by orders of magnitude. An alternative possi-
bility is that it is due to an intrinsic material property.
Intrinsic band-bending is known to occur through the mi-
gration of charged impurities within the crystal—a process

that can take place on the hour time scale [48]. If this
is the case in our samples, the migrating impurities are
most likely negatively charged Se vacancies, which are
prolific in BisSes [41], that may move to the surface to
lower the surface energy of the topmost Se layer after
cleaving, thereby increasing the surface carrier density.

Although we have shown that the x(?) and y®)& con-
tributions to SHG from BisSes(111) can be distinguished,
isolating the surface electrical response, which is only en-
coded in x®, will require eliminating the accumulation
region SHG. Experiments have shown that Og is an ef-
fective electron acceptor when deposited on the surface
of BizSes [49]. To demonstrate that the accumulation re-
gion SHG can be eliminated and to confirm that SHG is
sensitive to tuning the surface carrier density, we studied
the time evolution of I(2w) after cleaving the sample in
an O environment. Figure 9(a)-(b) show that I(2w) ini-
tially increases to reach approximately 50% of the satura-
tion intensity value in air, then slowly decreases back to
its initial value. These results show that electron trans-
fer from the BisSes surface to the adsorbed O, molecules
takes place only after some finite surface charge has de-
veloped, and that O2 can restore the surface back to an
un-charged state, where 520, but cannot hole dope be-
yond this state [Fig.9(c)]. Figure 9(d) shows that this
hole doping does not occur when the sample is cleaved
in air then immediately exposed to Os, indicating that
the charge transfer only occurs by molecules initially ad-
sorbed on the surface.

Assuming that the surface doping is negligibly small
immediately after cleaving in air (€ ~ 0), we estimate
that the x(®) and x®)€ contributions to SHG are roughly
equal at long times after cleaving in air. We estimate
that the accumulation region penetrates approximately
12 nm into the bulk using the Thomas-Fermi screen-
ing length Arp = (3ne?/2eq.Ef)~1/? [47] as an approx-
imation, where n = 3.68 x 10’7 ¢cm™ is the bulk car-
rier density [Fig.4(b) inset], 4. ~ 113¢q is the dc elec-
tric permitivitty for BixSes [43], and we approximate

E; = Ll (372n)?/3=.013 eV using m* = 0.14m,, [43].

2m

E. Circular Dichroism SHG

Having established that a pure surface x(?) measure-
ment can be performed on the BizSes materials class that
is sensitive to both the surface crystal structure and the
surface carrier concentration, we consider how SHG can
be used to monitor time-reversal symmetry (TRS) at a
topological insulator surface. It has been proposed that
new TRS broken phases can be measured through the
differential absorption of right-(R) versus left-(L) cir-
cularly polarized light [14, 22, 23]. In order to under-
stand whether second harmonic versions of such experi-
ments are feasible, it is necessary to measure the intrin-
sic second-order optical response of BisSes to circular-
polarized light.

Second harmonic circular dichroism (CD), the differ-
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FIG. 10: Normalized ¢-dependent SHG intensity patterns
from BisSes measured 200 minutes after cleavage in air un-
der (a) left-circular in (Lin) Pout and right-circular in (Rin)
Pout, and (b) Lin-Sout and R;n-Sout photon polarization ge-
ometries. Solid lines are theoretical fits to eq.(7). (c) Circu-
lar dichroism (Ir — Ir) corresponding to data in panels (a)
and (b). (d) Difference between circular dichroism measured
at 200 minutes after cleavage and immediately after cleavage
(panels (c)-(d) reprinted from [29]). Normalized SHG inten-
sity patterns from a different sample batch that are likely
crystal twinned in (e) left-circular in (Lin) Pou: and right-
circular in (Rin) Pout, and (f) Lin-Sout and Rin-Sout photon
polarization geometries.

ence in SHG yield using incident R- versus L-circularly
polarized fundamental light, was measured from BiySes
200 minutes after cleavage in air. Figure 10(a)-(b) show
a clear difference between the SHG intensity patterns
measured using R- versus L-circularly polarized input
for both S- and P-polarized output geometries, which
are well described by eq. (8) using the same set of sus-
ceptibility values fitted to Fig.7(a)-(d). By plotting CD
as a function of ¢ [Fig.10(c)], we find that CD varies
sinusoidally, with the S- and P-polarized output com-
ponents out of phase by exactly 180°. Although second
harmonic CD can arise through the interference of higher-
order bulk multipole and surface dipole SHG radiation,
such effects are known to be suppressed when the pho-
ton energy exceeds the bulk band gap [35] and we have
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shown that the bulk multipole contributions to SHG are
negligible. Equation (8) shows that that CD SHG can be
generated by the surface alone.

While CD is generally non-zero, Fig.10(c) shows that
it vanishes when ¢ is an integer multiple of 60°, angles
where the scattering plane coincides with a mirror plane
of the (111) surface [Fig.1]. Such zeroes are protected by
mirror symmetry because R- and L-circularly polarized
light transform into one another under mirror reflection
about the scattering plane. Because a magnetization can
break mirror symmetry, measuring departures from zero
in CD along these specific values of ¢ can be a sensitive
probe of TRS breaking on the surface of BisSes. Re-
markably, we find that CD at a general ¢ is insensitive to
surface charging, as evidenced by the lack of measurable
change as a function of time after cleavage [Fig.10(d)].
This suggests that sensitive searches for TRS breaking
induced CD may be carried out without the need for
careful control of surface charging, which is an important
and robust way of studying the physics of surface doped
topological insulators or buried interfaces between topo-
logical insulators and ordinary materials [1, 2]. We are
currently investigating why CD is insensitive to surface
charging.

In certain samples, the ¢-dependence of I(2w) with cir-
cularly polarized light exhibited additional features that
cannot be accounted for by eq.(8) [Fig.10(e)-(f)]. These
appear to be smaller SHG extrema that are shifted from
the extrema exhibited in Fig.10(a)-(b) by 60°. However,
the ¢-dependence of I(2w) in the linear polarization in-
put configurations in the same samples appeared to be
unaffected due to the 60° periodicity of the SHG extrema.
The origin of these features is likely due to crystal twin-
ning and further confirmation is underway.

IV. SUMMARY AND OUTLOOK

We have presented a theoretical and experimental
study of second harmonic generation from the topologi-
cal insulator BisSe3. By performing a crystal symmetry
analysis we identified the nonlinear electric susceptibil-
ity tensor elements that contribute to SHG. The analy-
sis showed that the process is forbidden in the bulk of
BisSes owing to the presence of inversion symmetry, but
can be generated at the surface where inversion symme-
try is necessarily broken. We also found that SHG can
be generated near the surface in the accumulation re-
gion where the band-bending electric field breaks inver-
sion symmetry over the depth that it penetrates into the
bulk. We incorporated the symmetry analysis results into
a phenomenological model and showed that the relative
magnitudes of the susceptibility tensor elements can be
determined by measuring the SHG intensity and polar-
ization as a function of the in-plane crystal orientation
and incident laser polarization.



To test the model, we performed SHG experiments on
bulk single crystals of BisSes. We first described the
sample growth process and reported the characterization
results. We also determined the complex index of re-
fraction in the visible range, which is a necessary input
parameter to the theoretical model, by performing spec-
troscopic ellipsometry measurements. We described the
experiment we designed to isolate the SHG signal and
characterized the first-order linear optical response. We
measured the radiated SHG intensity and polarization as
a function of crystal orientation and incident laser polar-
ization, and the results are consistent with our theoretical
model. We fit the data and reported the relative contri-
butions to SHG from each of the nonlinear susceptibility
elements.

To confirm that the surface and accumulation region
are the dominant source of SHG and to quantify their
relative contributions, we performed a surface doping de-
pendence study. When the sample was cleaved in air, the
SHG intensity in all polarization configurations monoton-
ically increased on the hour time scale before saturating
and remaining constant out to at least several hours. We
attributed this behavior to the slow formation of the SHG
generating accumulation region that results from the in-
trinsic band-bending in BiySes after cleaving [8, 17]. We
estimated from the results that the surface and accumu-
lation region contributions to SHG were comparable at
long times in air. When cleaved in an oxygen environ-
ment, the SHG intensity initially increased then slowly
decreased back to its initial value. This is consistent with
ARPES results showing that depositing oxygen on the
surface of BisSes lowers the surface carrier density and
hence the magnitude of the band-bending electric field
that induces SHG in the accumulation region [49]. These
results show that SHG can be used to monitor changes
in the surface Fermi level.

We finally investigated the SHG response using circu-
larly polarized light as a function of the in-plane crys-
tal orientation. We found pronounced circular dichro-
ism at all crystal rotation angles except along planes
of crystal mirror symmetry where the circular dichro-
ism vanished. We proposed that sensitive searches for
time-reversal symmetry breaking could be performed by
monitoring the SHG circular dichroism along these mir-
ror planes.

The theoretical description and experimental realiza-
tion of surface second harmonic generation from the
BisSes materials class provides a novel contact-free probe
of the electrical response from a single surface of a topo-
logical insulator. The ability to perform such surface
sensitive experiments with tuning control of the surface
carrier concentration in ambient conditions is promising
for future technological applications of topological insu-
lators.
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V. APPENDIX
A. Symmetry analysis of tensor components

Similar to the procedure used to find the x*) com-
ponents, the non-vanishing x(? tensor elements can be
found by transforming x(®) under the Cj, rotation and
mirror symmetry operations [Fig.1] via eq.(2) and equat-
ing the resulting tensors. We find that x(?) assumes the
form [31]

Xzzx 0 Xzxz
0 —Xzzz 0
Xzzxz 0 0
O _ancac O
X(2) = —Xzzx 0 Xzxz
0 Xzxz 0
Xzzx 0 0
0 Xzzx 0
0 0 Xzzz

which contains four non-zero independent components:
Xzzx (:—Xxyy = _nyy)v Xzzx (:XZyy)v Xzzxz (:nyz)v
and X..., and x, y and z refer to the crystal coordinates
defined in Fig.1. Here we choose the tensor representa-
tion where the index ¢ represents the row, j the column,
and k the row within each 7j element. Since we perform
experiments by rotating a sample about its (111) axis,
we transform x(? from the sample coordinate frame to
the laboratory coordinate frame using eq.(2) with 7" sub-
stituted by the rotation matrix [31]

cos(¢) —sin(¢p) 0
R($) = | sin(@) cos(9) 0
0 0 1

This yields [31]



@
Xzzx COS(3¢) —Xzzx Sln(3¢) Xzxxz
—Xazz SIN(30) —Xazzz €0s(3¢) 0
Xzxz 0 0
—Xzzz SIN(3Q) —Xzaz COS(39) 0
—Xzzx COS(3¢) Xzzx Sln(?’(b) Xzzz
0 Xzxz 0
Xzzx 0 0
0 Xzzx 0
0 0 Xzzz

We now impose the same symmetry conditions on y (%)
as was done above for (2. Unlike odd rank tensors, all
components of even rank tensors do not necessarily van-
ish under inversion symmetry. Therefore, the x(3) con-
tribution to SHG does not necessarily vanish in the bulk.
However, SHG will only be generated by x(3) over the

finite accumulation region that the band-bending field g

penetrates into the bulk. In general y® has 81 com-
ponents. Under the transformations by the symmetry
operations of D3, this is reduced to the following form

3 6 G

o_ | B8
S
X31 X32 X33
where [51]
(3) Xxxxac O _Xzyyz
Xll = 0 Xm;nyy 0
_wazy 0 Xzzzz
3) ; Xayey O
X12 = Xzzzx — Xmmuu - Xmuwu 0 meyz
Xayzy
(3) —Xzzyy 0 Xzzxz
X13 = 0 szyy 0
Xzxzzz 0 0
(3) 0 Xzzze — Xmmuu - me;ﬂy 0
X21 = | Xzyzy 0 Xzyyz
0 Xzyzy 0
Xazyy 0 Xaeyyz
3) _ 5
X220 = Xzzzrx
Xzyzy 0 Xzzxzz

12

Xzz,yy
X23 - szyy szxz

XIZZI

Xzzyy szcz
X31 szuu
XZ:IJZ(IJ

szyu
X32 - szyy Xz;E;Ez

Xzxzx

Xzzzz 0 0
Xg;) = 0 Xzzzz 0
0 0

Xzzzz

which contains 17 independent components [50]. In the
laboratory coordinate frame, x(®) transforms according
to [51]

GO

X1 —
Xzzzx 0 ~Xzyyz COS(3¢)
0 Xazyy —Xayy- Sin(30)
_Xzyzy COS(3¢) _Xzyzy Sln(3¢) Xxxzz
3
ng)
0 Xayzy —Xayy=Sin(3¢)
Xzzxxx — Xmmuu — Xzyzy 0 Xzyyz COS(3¢)
—Xayzy SIN(30) Xayzy €08(30) 0
(3) _szyy COS(3¢) _Xaczyy 81n(3¢) Xzxzxz
X135 = | —XazyySin(3¢)  Xazyy cos(39) 0
Xzzzzx 0 0
3
Xél)
O Xxxxer — Xxxyy - Xzyzy _Xzyyz 81n(3¢)
Xayzy Xayy= €08(39)
—Xayzy Sin(3¢) Xayzy €03(39) 0



Xayyz SIn(30)

Xzxxzz

3
Xéz) - 0

XIIII

Xayzy COS(30) Xazyzy sin(30)

—Xazzyy SIN(30) Xazyy cgs(?;gb) 0
Xzzyy COS(3¢) XIZyy Sln(3¢) Xzxzxz
0 Xzzzx 0

X5

—Xzzyy COS(3¢) —Xzzyy Sln(3¢) Xzzzxz
~Xzayy SIN(30)  Xzzyy c0s(39) 0
Xzzzx 0 0

x5 =

13

~Xzayy SIN(30) Xzzyy cos(30) 0

X§32) - Xzzyy cos(3¢) Xzzyy $in(3¢) Xzzaz
O XZIZI O
XZZII O O
X59 = 0 Xezaw O
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