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Abstract

Second harmonic generation (SHG) from three-dimensional topological insulators
originates from both surface and bulk, which does not allow probing of surface states
unless the measurement can separate the two contributions. In this study, we used
combined measurements of transmitted and reflected SHG from epitaxially grown Bi,Ses
thin films of different thickness on BaF,, and a bulk Bi,Ses crystal, to deduce surface and

bulk nonlinear susceptibilities of Bi,Se; separately. We found that the surface
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contribution to SHG was comparable to that from the bulk of the crystal, but becomes
dominant in ultrathin films. In the latter case, contributions from both air/Bi,Se; and
Bi,Ses/BaF, interfaces were significant, and exhibited a strong out-of-plane polar
ordering. The bulk contribution came mainly from the space charge region (SCR), which
was formed by Se vacancies aggregated at the air/Bi,Se; interface; its magnitude can
provide an estimate on the field strength in the SCR. Clarification of surface and bulk
contributions to SHG can help nonlinear optical techniques be used as a versatile in situ

probe for topological insulators.



I. INTRODUCTION

Three-dimensional topological insulators have become a research focus in recent
years because of their unique spin-polarized and gapless surface bands,'” which are
protected by time reversal symmetry, thus highly promising as a platform for spintronics
and quantum computing applications.®” Nonetheless, as such surface states are derived
from bulk energy bands, it is impossible to physically single out the surface layer to study.
The surface response of topological insulators is generally overwhelmed by the bulk
response when monitored using conventional transport or linear optical techniques.
Second-order nonlinear optical effects, such as second harmonic generation (SHG), can
be highly surface specific when applied to materials with inversion symmetry in the
bulk.”’ In the presence of a DC field, however, the field-induced second-order
nonlinearity in the bulk can be significant.'"'* This is often the case if a space charge
region (SCR) exists in the bulk, for example, near the interface of a semiconductor due to
band bending. For the topological insulator, Bi,Se;, near the air/Bi,Ses interface, Se
vacancies tend to migrate from the bulk and accumulate at the interface; the resulting
excessive amount of positive surface charges leads to the formation of SCR."”™"* Gedik
and co-workers argued that the SCR contributes as strongly to the reflected SHG as the
interface, and used SHG to monitor the formation of SCR and spin dynamics,'®"® but the

surface contribution relative to the SCR bulk contribution is yet to be determined.



In our study, we would like to separately deduce SHG contributions from the
surface and the bulk of Bi,Ses;. This is possible because the two contributions depend on
sample thickness and experimental geometries in different manners. For example, the
bulk signal increases with the coherent length of SHG in the material, which is much
longer for transmitted than reflected SHG. The surface signal, on the other hand, does not
depend on the coherent length. Therefore, by measuring both transmitted and reflected

SHG, surface and bulk contributions can be separately deduced.”*°

This is the approach
we adopted in our work. We measured transmitted and reflected SHG from a Bi,Se; bulk
crystal, and a set of Bi,Ses thin films of different thickness grown by the molecular beam
epitaxial (MBE) on BaF, substrates.”’ We found, from reflected SHG, that the surface
contribution dominated in very thin films, with strength comparable to that of the bulk
contribution from a bulk crystal.'®'” We also found that upon formation of the SCR, not
only the bulk contribution increased drastically, but the surface contribution also changed
significantly, indicating the existence of a direct connection between the surface
nonlinear optical susceptibility and the SCR. Since the amount of Se vacancies at the
interface was small and would not significantly alter the interfacial structure, the change
of the surface nonlinearity presumably was due to that of the surface carrier density. In

conventional semiconductors, the second-order nonlinear optical susceptibility becomes

sensitive to doping when the Fermi level reaches the less parabolic part of the conduction



or valence band. The same reason may apply to surface SHG from Bi,Ses in connection
with the surface energy bands. We were also able to obtain the value of the bulk
third-order nonlinear susceptibility for the dc-field-induced second-order nonlinearity that
can be used to monitor the surface field in the SCR. Moreover, we extracted contribution

2122 and found it

from the buried BirSes/BaF; interface that is usually difficult to access,
to have a much stronger out-of-plane polar ordering compared to the air/Bi,Ses interface.
The paper is organized as follows: Sec. II describes the experimental arrangement.
Sec. III reviews the theory of SHG from a three-layer system and relates the SHG signals
to surface and bulk nonlinear susceptibilities of Bi>Ses. Experimental results and values
of surface and bulk nonlinear susceptibilities extracted from theoretical fitting as well as

other related physical properties of Bi,Ses; are presented and discussed in Sec. IV and

summarized in Sec. V.



II. EXPERIMENTAL ARRANGEMENT

BixSes (111) films of 10 to 30 nm thick were MBE-grown on 1 mm-thick barium
fluoride (BaF,) substrates.” The zero-gapped surface states of the films were confirmed
by the angle-resolved photoemission spectroscopy (ARPES)" * [Fig. 1(a)]. The bulk
single crystalline sample was prepared by the Bridgman method.**

The linear transmission spectra of thin film samples between 350-850 nm were
collected by Ocean Optics USB4000 spectrometer at 45° incidence angle. The schematic
of the SHG measurement is depicted in Fig. 1(b). We used the 800 nm, 35 fs output from
a Ti:Sapphire oscillator (Newport, MaiTai SP) as the fundamental beam. It was focused
to a spot of 100 um diameter on the sample surface at 45° incident angle (8) from the
surface normal (f) with a power density around 0.66 kW/cm?; no change of the SH signal
with time was observed upon such irradiation. The sample could be rotated azimuthally
(¢p) around the surface normal. The SHG output beams were collected simultaneously in
both reflected and transmitted directions by two photodetectors (Hamamatsu H8259)
after filtering out the fundamental beam; a polarizer before a detector was used to
selectively detect the different polarization components of the SH output. The SHG
signals from Bi,Se; samples were normalized against that from a z-cut quartz.>>*® All

measurements were performed in air at the room temperature.



III. UNDERLYING THEORY

A. SHG from a thin film system
For the air/BiySes/BaF, [Fig. 1(c)] material we studied, we can model it as a
three-layer system. The basic theory of SHG from such a system has been well
developed.'”*’ The total SHG signal comes from: 1) the air/Bi,Ses interface (/) and, 2)
the Bi,Ses/BaF, interface (/I), and 3) the bulk of the Bi,Se; film of thickness d (in the
case of a BiSe; crystal, d - o). The SH field, E (2w), in both reflection and

transmission, can be written as:**
E, . Qw) « lf(Zw,z = 0): ¥ L(w,0)L(w,0) + L2w,d): ¥?: T(w, d)L(w, d)
+ f df(zw, 2): ¥ (2): L(w, 2)L(w, 2)dz | Egy (@) Egy (@)
0

= X5 B () Egn (o), (1)
where )71(2), )?f,z ), and )?éz) are the surface nonlinear susceptibilities at / and /7, and the
bulk nonlinear susceptibility in the film bulk, respectively, and f(l:l, z) denotes the
tensorial local field factor of frequency Q at position z (with the air/Bi,Ses interface at
z = 0). The latter relates the local field to the corresponding incoming (w), or outgoing

field (2Zw) in the reflected or transmitted direction, including the phase propagating

factor. For example, we have E, (w) = f(a), 0): Ein(a)), E,, (w) = f(w, d): El-n(a)), and



E s(w,z) = f(a), z): E (W) . The SH signal is given by

2
SQw) x |é(2w) - )?éfc)f é(w)é(w)| , with é([]) being the unit polarization vector at [].

B. Local field correction factors
The local field (and its derivation) in such a thin film system is well known.” In
the lab coordinates (x, y, z) are defined with z along the sample surface normal, and x
parallel to the beam incident plane. For a beam of frequency Q with propagation angles
of B;(J) in the jth medium (with j=1 for air, j=2 for Bi,Ses;, and ;=3 for BaF,)
characterized by complex refractive indices 7;([]), the local field correction factors,

Lll(l:l; Z), are:zg

1. For the incoming beam (w) at z inside the film,

— N3 C0S84—z—1N3SINEG—5
Ly(w,z) =2n for/=x
”( 2) 1 e, cos8g—16_sindy 24
nqicosPq €
= L (w,2)  Bacoshs & for [ =z. (2a)

npcosPB, €

2. For reflected SH beam (2w) generated by a polarization sheet at z inside

the film,
R _ MC0S84—z—1M3SiN6q—z
L;Cw,z) = 2ny ; forl=xy
€4 cos8g—1€_sin by
_ N3C0S84—z—1n,sin84q—, €4
= 2n, -—=  forl=z (2b)

€+ Ccosbg—1€_sindy €

3. For transmitted SH beam (2w) generated by a polarization sheet at z

inside the film,



_ TNyc086;—1nq5in b,
LY Qw,z) = 2n for/=x
ll( ’ ) 3E+ cos §g—1€e_sin 8y Y
_ nqpcos8,—1m,sind, €
g, BmbiotnGs 6 gy )

2 €4 cos8q—1e_sindy €/

Note that for simplicity in writing, we have defined 7; differently in different equations:

n; = C(Z’ﬁ for / = x and z (P-polarized beams), and n; = fi;cosp; for / =y (S-polarized
J

ny[Jcos — — — — — — — 2
beams). We have also defined 6§, = %ﬁz "Z, €, =NyNy, + NyNn3, €. =Nynz +n,,

1_€2(€2+5)

and €’ = €, in the film, but €
€Ex+

at both interfaces due to reduced screening.”
For the two interfaces, local field factors at the air/Bi,Se; boundary are f, O =
f(l:l,z = 0), and those at the Bi,Ses/BaF, boundary are f,,(l:l) = f(l:l,z = d). All these
quantities appearing in the expression of fu([l) should be evaluated at frequency []. As
Eq. (2c¢) describes the transmitted SH field inside BaF,, the transmission Fresnel

coefficient from BaF; to air is to be applied for the field detected in air.

C. Surface and bulk nonlinear susceptibilities of Bi2Se3 in the lab coordinates

Crystalline Bi>Se; bulk belongs to the centrosymmetric point group D4 and its
second-order nonlinear susceptibility vanishes under electro-dipole approximation. In the
presence of an SCR near the air/BixSe; interface [Fig. 1(c)], however, a non-negligible
bulk contribution can arise from electric-field induced nonlinear susceptibility in the
SCR.'" %1% 17 The SCR is formed by accumulation of Se vacancies upon exposed to

air.'” ' Because the interface between BirSe; and BaF, has only little amount of



vacancies or defects,”” we neglect the SCR effect near that interface. If Egcp(2)Z
denotes the DC electric field at z in the SCR, the bulk nonlinear susceptibility at z appears
as )?éz) (2) = )?ég) [ZEscr(2), where )?23) is the third order bulk nonlinear susceptibility
of BixSes. Here we neglect the bulk electric quadrupole and magnetic dipole contributions
in comparison with the SCR contribution.”’

We consider the case that the crystalline Bi,Ses is oriented with the 3-fold rotation
(c) axis along z. The resulting C3, symmetry then leads to the following nonvanishing

Z(gz) elements in the lab coordinates: )(l(;,)cxx = _XL(;))cyy = —)(l(fj),xy = —)(L%),yx ,

2 _ 2 _ 2 _ (2) @ _ ., _ @ _ (2
XByyy = “XByxx = “XBxyx = ~XBxxy > XBxxz = XBxzx = XByyz = XByzy >

Xlg%;xx = Xlgz';yy, and )(l(;z)zz.16 If the C3, symmetry of BixSe; is preserved at the

interfaces, then the surface nonlinear susceptibility )?éz) (S = I or II) has the same set of

.o . @ _ 2 _ 2 _ 2 2 _
nonvanishing elements, 1i.e., )(Slgxx = - )(gjgyy = - )(é';xy =— )(fq;yx , )(goayy =

@ _ @ _ (2) @ -, _, & _ @ @ _,@
“Xsyxx = " Xsxyx = “Xsxxys Xsxxz = Xsxzx = Xsyyz = Xsyzy> Xszxx = Xszyy> and

)(é,zz)zz. Because )?éz) and )?ﬁz) have the same symmetry, they cannot be distinguished

from measurements relying on symmetry only.*

D. Relations between nonlinear susceptibilities in the lab and crystal coordinates
The crystal coordinates (a, b, c) are defined with ¢ along the three-fold symmetric

axis of Bi,Se; and a parallel to a mirror plane containing ¢ [Fig. 1(b)]. The lab (x, y, z)
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and the crystal (a, b, ¢) coordinates are related by @ = cos¢% + sing9, b = —sing® +
cos¢y and ¢ = Z, with ¢ being the azimuthal angle of x from the a-c plane [Fig. 1(b)].
Coordinate transformation connects second-order nonlinear susceptibilities in the lab and
crystal coordinates with the expression )(l.(jzlz = Yimn )(l(rzn)n(i- D({ -m)(l;-ﬁ), where
i,j,k € {x,y,z} and I,m,n € {a,b,c}. The set of relations for the nonvanishing

elements of )?gz) S = 1 and 1l is:

2 _ 2 _ 2 _ @ _ @ 2 _ 2 _ @ _
Xsxxx = “Xsxyy = “Xsyxy = " Xsyyx = XS,aaaC053¢ s Xsyyy = " Xsyxx = “Xsxyx =

@ _ @) @ _ ., _ @ _ @ _ @ @ _ @ _
_XS,xxy - XS,aaaSIHB(p’ XS,xxz - XS,yyz - XS,xzx - XS,yzy - XS,aac ’ XS,zxx - XS,zyy -

)(élzc)aa, and )(fq’zz)zz = )(g,zc)cc. The same set of relations hold for )71(32).30

In our experimental study, we focus on the independent, nonvanishing elements
X_E‘,Za)aa and )(é'zc)aa (S =1 and 1), )(Igi)ma and )(l(;c)aa that can be more readily deduced
from SHG measurements with SSS, SPP (S for the 2w beam, P for w), PSS (P for 2w,

S for w) polarization combinations, where S is along y and P in the x-z plane. The

relations between nonlinear susceptibility elements )(Sc)f(SSS) , )(S%C(SPP) , and

ij)f(PSS) and the )?éz) and )?gz) elements in the crystal coordinates can be obtained
from Eq. (1). To simplify the expressions, we define:
CS(SSS) = LS,yy(Zw)Lg,yy ((U)a

CS (SPP) = LS,yy (Zw)Lg,xx (a))COSZﬁw,

Cs ani (PSS) = iCOSBZ(ULS,xx (Zw)Lg,yy (w),
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Cs 150 (PSS) = Sinfau L2z (20) 1%, () (S =Tand I, (3)
with B, and f,, referring to the incident and exit angles of the input fundamental
output SH beams, respectively. The “+” and “—” signs in Cs4,;(PSS) are for
transmitted and reflected SHG, respectively. Note that Lg’s in Eq. (3a) depend on film
thickness. For the bulk, we have )(l(fc)ma = XI(SZ,;c)laaCESCR’ and X](Bz’gaa = )(SgaacESCR in
terms of nonvanishing )71(33) elements.'® With Egcr(2) = Egcr(0)eger(2), we define:

Cp(SSS) = [ Ly, (2w, 2)L3, (w, 2)escr (2)dz,

Cy(SPP) = c0s?B,, [ Ly, (2w, 2) L2, (w, 2)escr (2)dz,

Cp,ani(PSS) = 08Py, [} Lex(20,2)L3, (@, 2)e5cr(2)dz, and

Co150(PSS) = sinfay, [ Lpy (2w, 2) 13, (0, 2)escr(2)dz, (3b)
Note that the Cg’s are dimensionless, while the Cp’s have the unit of length. We then
find:

X5 (558) = | Ci(SS)x{2aa + Cu(SS)Xfaaa + C5(SS)XfaaacEscr (0) |sin3s

= X5 4ni(SSS)sin3g,

X (SPP) =

|C1(SPPY X2 + Cu(SPPYX P + Ca(SPPYX S rqac Escr(0) |sin3¢

= )(é?}'Ani(SPP)sin3¢,
Xepr(PSS) =

|Cani (PSS)x o + Citami (PSSt raa + Ci,ani (PSS)X S naac Escr(0)]cos3¢p

L,aaa 1l,aaa
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+|Ciso (PS)x2na + Cit150(PSS)X 200 +

CB,ISO (PSS)X]F;(,)'aa(;ESCR (O)]

= XSC}'AM(PSS)COSB(p + ch)f,lso (PSS). (3¢)

As seen in Eq. (3¢), )(S)f(SSS), )(g)f(SPP) are proportional to sin3¢, )(S)f(SPP) is

composed of an anisotropic term proportional to cos3¢ and an isotropic term
independent of ¢ . Correspondingly, the SH signals S(SSS) and S(SPP) are
proportional to sin?3¢), which exhibits a 6-fold symmetry with respect to ¢, and
S(PSS) has a 3-fold symmetry with respect to ¢ due to interference between the

. . . . 11,12,16, 1
anisotropic (e cos3¢) and isotropic terms.'" > %17

IV.  RESULTS AND DISCUSSION
A. Extraction of nonlinear susceptibility tensor elements
Figure 2 displays the anisotropic patterns of SHG versus azimuthal angle from
various samples taken with various polarization combinations (labelled at the head of
each column). Figures 2(a)-(c) are for thin films of 10, 20, and 30 nm, respectively, with
black (red) dots referring to the SH signals collected in the reflected (transmitted)
directions. Figure 2(d) is for the bulk crystal with SHG in the reflected direction. All

signals were normalized against the maximum SSS signal from a z-cut quartz.”>*® The

13



11, 12

anisotropy patterns are consistent with Eq. (3c) and with those reported in Refs. and

1617 From fitting of the patterns with Eq. (3¢) (solid curves in Fig. 2), the anisotropic and
isotropic components of the effective surface susceptibility, )(gc)f an; and )(S%C,ISO, for
different polarizations can be deduced. The results for different film thicknesses are
plotted in Fig. 3 (red circles for transmitted SHG and black squares for reflected SHG;
data points at film thickness of 500 nm refer to the bulk crystal). The film thickness in
Fig. 3 refers to d in Eqs. 1 and 3. As d decreases, the SH signal from thin films becomes
larger than that from the bulk crystal. This is because the local field factors (Sec. I1IB) are
greatly enhanced by constructive interference of multiple reflections at the two interfaces.

We then use Eq. (3¢) to fit the data points in Fig. 3, taking the four nonlinear

and ¥ (S =1Tand I, y& = x®  Er(0),

susceptibility elements, )((2) S caa Boaaa = XBaaac

S,aaa

and )(lgzo)’ caa = )(Sgaa <Escr(0) in the equation as parameters to be determined. In our

calculation, we first calculated the C coefficients in Eqgs. (3a) and (3b) versus the film
thickness with the help of Eq. (2) and the linear optical constants of bulk Bi,Se;. Because
RHEED showed that thin films and bulk samples share nearly the same lattice constants,
we assumed they have the same linear optical properties as well. To be sure of that, we
calculated the transmission spectra of our thin film samples using the bulk refractive
index,'® and found good agreement with the experimental data [Fig. 1(d)]. We also

adopted the SCR field distribution, egx(z) ~ e 2/tscR reported in Ref. '° with

14



tscr =®4.5 nm. The calculated magnitudes of various C coefficients versus the film
(bulk) thickness d for transmitted and reflected SHG are depicted in Fig. 4. They vary
strongly with d, and the field enhancement at small d due to the constructive interference
of multiple reflections is clearly seen; also they approach constants as d goes above 100
nm, at which the contribution from interface I becomes negligible and the sample can

be regarded as semi-infinite.

X Sf)f,Ani(SPP) ’

Knowing the C coefficients, we then calculated )(gc} Am.(SSS)|,

)(e(,?f Ani (PSS) |, and )(S%CJSO (PSS)| versus d, using Eq. (3¢c) and the corresponding
nonlinear susceptibility elements in the crystal coordinates as adjustable parameters, to fit

data points in Fig. 3. For example, for SSS, we have two sets of data (7 points in total)

corresponding to the reflected and transmitted SHG, respectively [Fig. 3(a)], and we fit

©) ()

Laaa’ XII,aaa’

(2)

B0O,aaa’

them simultaneously by the three adjustable parameters, y and y
using the first equation in Eq. (3c). The best fit is displayed as curves in Fig. 3(b). The
same procedure was followed to fit the data for SPP and PSS [Figs. 3(b) and 3(c)],
respectively. The values of the nonvanishing nonlinear susceptibility elements in the

crystal coordinates extracted from different polarization combinations are listed in Table I,

showing good consistency in the deduction.

B. The separated surface and bulk contributions

15



Figure 5 displays the surface-bulk-ratio in the reflected direction, defined as

|CS )(fqz) /Cg )(1(320) in various cases. It shows that for the semi-infinite crystal, the

anisotropic surface and bulk contributions are comparable (|C5 )(;Zgaa / Cy )(z(azo),aaa ~ 1)

[Fig. 5(a)]. The isotropic surface contribution, on the other hand, is in general larger than
that of the bulk, especially for very thin films.

For films thinner than 50 nm, the SH contribution from interface II is detectable
[Figs. 5(b)]. This buried interface is difficult to access by usual means,*"** but it is part

of the topological surface of Bi,Se; and should contribute to the transport properties of

the Bi,Ses/BaF, system. We found that | )((2) ~| Xl(il)aa is

II,aaa

(Table 1), while [y

©)

Icaal|- Since Xﬁf)a and )(é?a are measures of the out-of-plane and

much larger than | X
in-plane nonlinear polarizabilities, respectively, the above result indicates that the
Bi,Ses/BaF, interface has an appreciably stronger out-of-plane polar ordering compared
to air/BiSe;. Our result is in line with the previous TEM study showing that the
Bi,Ses/BaF; interface is highly ordered with an atomically-sharp boundary with very few
defects.* It is also possible that lattice mismatch may slightly change the out-of-plane
bond length and affect the interfacial polarity, leading to the observed change in
nonlinear susceptibility.

For films thicker than 50 nm, the SHG signal is predominantly from interface I

and its adjacent bulk SCR. The SCR is believed to originate from accumulation of Se

16



vacancies at the BiySe; surface upon exposure to air.'® '” In Ref. 17, the reflected

anisotropic SHG signal from a cleaved bulk Bi,Se; crystal was found to gradually

13-15, 31

increased by about 2 times after cleavage in air. This change is not only from the

bulk due to formation of SCR, but also from the surface. Right after cleavage (t = 0),

there is no SCR in the absence of Se vacancy; so xp )(t = O)| = 0 and the SH signal for

2
the SSS polarization is S(SSS)|;=o |C,(SSS))((2) (t = O)| . After stabilized in air

lL,aaa
L,aaa

(t = ), the SCR is formed, and the signal becomes S(SSS)|;—e X |C,(SSS))((2) (t=

2
o) + Cp(SSS) Xl(?z()),aaa(t = 00)| . Our measurements were carried out at t = oo, and we

found  that  |C;(SSS)X\pa(t = 90)|/|Ca(SS)KSonaalt = )| = 1.17 . Knowing

Laaa BO,aaa

S(SSS)|t2co~25(SSS)|;=o from Ref. ", we obtained |X1aaa t = 00)/)((2) (t=0)| = 4.

I,aaa

Similarly, we found | Xt =00) [y (t = 0)| ~ 4. Obviously, formation of Se

Icaa
vacancies has a significant effect on the surface nonlinearity of Bi,Se;. It is known that
carrier contribution to the nonlinear susceptibility of conventional semiconductors
increases when the Fermi level moves toward the non-parabolic region of the conduction
or valence band.’> ** Thus, surface doping of Bi,Se; may indeed lead to appreciable
change of its surface nonlinear susceptibility. Further theoretical and experimental studies

of how surface doping affects surface nonlinear susceptibility in relation to changes of

surface band structure and surface carrier density will be useful.
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Finally, we can derive values of Bi,Se; susceptibilities using quartz as a

25,26

reference. In our experiment, the input photon energy was 1.5 eV, and the outgoing

photon energy was 3.0 eV, both being well above the bulk bandgap. We found

2

|X1,aaa ~1.4x1071" m?/V for the air/ Bi,Se; interface.

I,caa

~4.6x107 m?/V and |12

They are comparable to | ng) |~1O_18 — 107 m?/V for a monolayer of rhodamine dye

34, 35

molecules at the lowest electronic resonance.’” For the bulk nonlinear

~9x10712 m/V. If

B0O,aaa BO,caa

~1.6x107°m/V and [xS5

susceptibilities, we found | )((2)

we take ESCR(0)~0.O3ﬁ as in Ref. °, we obtained |)((3) ~5x10717 m?/V? and

B,aaac

3
|XB,caac

~3x1071 m?/V? for Bi,Ses. These values are of the same order of magnitude
as those of the corresponding nonlinear susceptibilities of Si (~1071° m?/V?]) and Ge
(~10718 m?/V?), both with input wavelength at ~1000 nm.*> ** *® 37 With |Xz(33)

determined, in principle we can then use SHG as an in situ and quantitative probe of the

SCR electric field in Bi,Ses.
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V.  CONCLUSION

To summarize, we separately determined the surface and bulk contributions to
SHG from MBE grown Bi,Ses thin films on BaF, and a bulk Bi,Ses crystal. We found
that the surface contribution was comparable to the bulk in the crystal, but dominated in
very thin films. Being able to distinguish surface and bulk contributions, SHG could be
used to investigate the effect of surface doping on both bulk and surface structures of
topological insulators, including that of the buried sample/substrate interface which is
usually hard to access by other means. The technique could serve as a versatile tool for
studying topological insulators if a microscopic theory on their surface and bulk

nonlinearities were available.
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TABLE

|X§2aa (10718 m2/v) |)(](Zc)aa (10718 m2/V)
j I 11 BO (nm™) I 11 BO (nm™)
SSS 47 34 1.6
SPP 47 34 1.6 / / /
PSS 45 35 1.5 0.14 0.54 0.009

TABLE. I Nonlinear optical susceptibility tensor elements extracted from different

polarization combinations. The uncertainty is ~10% in average.
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FIG. 1.: (a) The ARPES data of a 30 nm-thick thin film of Bi,Ses. (b) Schematics of the
SHG experimental setup and definitions of geometric parameters. Inset shows the lattice
coordinates of BiSes; with ¢ || (111). (c) Nonlinear susceptibilities, )(1(2) )(1(12 ) and )(](32),
that characterize contributions to SHG from the air/Bi,Se; (I) and Bi,Ses/BaF, (II)
interfaces, and the bulk Bi;Ses, respectively. The last one is dominated by nonlinearity
induced by a dc electric field (Escg) in SCR formed by Se vacancies aggregated at the

air/Bi,Se; interface. (d) Measured and calculated linear optical transmission spectra of a

30 nm-thick Bi,Se; film on BaF,.
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FIG. 2.: Azimuthal anisotropy patterns of normalized SHG signals taken from (a) 10 nm,
(b) 20 nm, and (c¢) 30 nm-thick Bi,Se; thin films, and (d) the bulk single crystal. The
polarization combinations are SSS, SPP, and PSS, respectively (labeled on the top of
each column). Black and red dots are the reflected and transmitted signals, respectively.

Solid curves are fits by Eq. (3¢).
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FIG. 4.: Magnitudes of calculated local field factors: (a) |Cs(SSS)|, (b) |Cs(SPP)|, (c)
|C5,4ni(PSS)|, and (d) |Cs150(PSS)|; (e) IC5(SSS), () ICx(SPP)I, (2) |Cp,ani(PSS)|,
and (h) |C B Iso (PSS)|, for reflected (solid curves) and transmitted (dashed curves) signals
versus the film thickness. In panels (a)-(d), black curves are for the air/Bi,Ses interface (/),

red curves are for the Bi,Ses/BaF, interface (/1).
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