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ABSTRACT OF THE DISSERTATION

Transport Study of Three-Dimensional Topologicalulators
by
Murong Lang
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2015

Professor Kang L. Wang, Chair

The recently discovered time-reversal-invariapbtogical insulator (TI) has led to the
flourishing of unique physics along with promises innovative electronic and spintronic
applications. However, the as-grown TI materiale aot truly insulating but with a
non-trivial bulk carrier density, which makes diffities to the transport methods. In our
work, we study the fundamental transport propenie$l and its heterostructure, in which
various approaches are utilized to better reveaktirface state properties. In particular, in
Chapter 2jn-situ Al surface passivation of e inside MBE is investigated to inhibit the
degradation process, reduce carrier density arehtelie pristine topological surface states.
In contrast, we show the degradation of surfacest@r the unpassivated control samples,
in which the 2D carrier density is increased by2%8.due to ambienh-doping, the

Shubnikov-de Hass oscillations are completely abhsand a deviation from weak



antilocalization is observed. In Chapter 3, throwgiimizing the material composition to
achieve bulk insulating state, we present the aadipeffect in 4-9 quintuple layers
(Bios7Shy.4392Tes thin films. We also demonstrate the evidence bf/laridized surface gap
opening in (Bs/Sh43.Te; sample with thickness below six quintuple layersotigh
transport and scanning tunneling spectroscopy meamnts. By effective tuning the Fermi
level via gate-voltage control, we unveil a strikincompetition between weak
antilocalization and weak localization at low matgméelds in nonmagnetic ultrathin films.
In Chapter 4, we study the magnetic propertiesigh® surface states in the proximity of a
high T. ferrimagnetic insulator YIG. Proximity-induced nmejoresistance loops are
observed by transport measurements with out-ofepéard in-plane magnetic fields applied.
More importantly, a magnetic signal from the;®2 up to 130 K is clearly observed by
magneto-optical Kerr effect measurements. Our resildmonstrate the proximity-induced
Tl magnetism at higher temperatures, which is aooiant step toward room-temperature
application of Tl-based spintronic devices.

The engineering of a Tl and FMI heterostructur @pen up numerous opportunities
to study high temperature Tl-based spintronic deyjidn which the TI is controlled by
breaking the TRS using a FMI with perpendicular negation component. A YIG film
with out-of-plane anisotropy at > 300 K could pdielly manipulate the magnetic

properties of a TI may even above room temperature.
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Chapter 1

Introduction

In the last few decades, the discoveries of nmagkrial often propelled the progress in
condensed-matter physics. In this regard, the thceliscovered time-reversal-invariant
topological insulator (TI), a novel state of quantunatter, has led to the flourishing of
unique physics along with promises for innovatilectronic and spintronic applicatiohs.

Topological insulator is a class of quantum matéeiaturing with an energy gap in its
bulk band structure and unique Dirac-like metadliates on the surfadé.It behaves as an
ordinary insulator in its bulki.e., the Fermi level falling between the conductiamd a
valence bands. However, the surface (or edge indimm@nsions) of a topological insulator
has gapless states that are protected by timesaveymmetry (TRSY.% ° Consequent to
the TRS, the spin of the Dirac-like surface std&®S) is tightly locked to the momentum,
resulting in a spin-polarized current at the swfat the Tl which is immune to direct
back-scattering. > ®° Furthermore, these topological properties are sbbagainst
non-magnetic external perturbations. Such properiieke Tls perfect candidates for low
dissipation spintronic devices.

In order to appreciate the relevance and the impo# of TIs in condensed matter
physics, it is necessary to study the historicakbeound. In this chapter, we will discuss

several important concepts that preceded the disgaf Tls.

1



1.1. Integer Quantum Hall Effect

In 1980, German physicist von Klitzing, workingthe high magnetic field laboratory
with high mobility 2D silicon-based field effectamsistors developed by Pepper and Dorda,
made the unexpected discovery that the Hall comdtyctvas precisely quantized (no need
of any corrections), as a total surprise to thesfusy communit}. For this significant
finding of integer quantum Hall effect (IQHE), vdfiitzing was awarded the 1985 Nobel
Prize in Physics.

Quantum Hall effect (QHE) usually occurs in tworginsional electron gas systems
subjected to low temperature and high magnetiaddielresulting in the formation of
conducting one-dimensional channels that develdpeaedges of the sample. In QHE, an
energy gap results from the quantization of theeocircular orbits that electrons follow in
a magnetic field. The energy levels, also knowrLasdau level (LL), arising from the
quantization of the orbits take on discrete values:

E, = hwc(N+%) (1-1)
wherew =eB/mis the cyclotron frequency, amdlis a non-negative integ&rThe electrons
inside the material (bulk electrons) become loealifbecause they trace only small and
closed orbits) and the bulk is thus inert like asuiator. However, at the boundary of the
material a different type of motion occurs, whidlows carrier to flow in one-dimensional
edge states, known as chiral edge stafach edge channel in which the carrier flows only

in one direction and avoids dissipation, gives tisea quantized Hall conductance. The
2



number of edge channels in the sample is direetted to the value of the quantum Hall
conductancé® *?

O =V— (1-2)
wheree is the elementary charge amds Planck's constant. The factoiis known as the
"filling factor", and can take on either integer< 1, 2, 3, 32 and fractional = 1/3, 2/5,
3/7, 213, 3/5, 1/5, 2/9, 3/13, 5/2, 12/5 ...) valtieThe QHE was previously believed to only
be observable at temperatures close to absolute Bewever, in 2007, Novoselat al.
surprisingly found that QHE can be observed in beme as shown in Figure 1-1, a

two-dimensional ultra high mobility single sheetgpéphite, even at room temperatuife!

B 300 K
29T

301 4

Pex (KQ)

Ve (V)
Figure 1-1. ny(red) and < (blue) as a function of gate voltagesv() in a magnetic

field of 29 T. (Inset) The LL quantization for Dirac fermions. Aded from Ref. 14.

It is worth to mention that the QHE phenomenon weasognized as a matter of
topology by Thouless, Kohmoto, Nightingale, and #&js (TKNN) in 1982*° Consider a
2D band structure consists of a mapping from th#oBm zone to a Hilbert space, band

structures with finite energy gap separating theuped bands and the empty bands can be
3



classified topologically by considering the equerade classes in Hibert space that can be
continuously deformed into one another without icigsthe energy gap. The TKNN
invariants are also known as first Chern numbelis mathematics, which are closely
related with Berry’s phase, to be explained in ®act.2.1.

n=— [ d2kF (1-3)
where the Berry’s curvatur& = V X A4, and Berry’s connectiof, (R) = - i<n(R)|VRn(R)>
Notice that n in Eg. (1-3) is exactly the samevas Eq. (1-2) The concept of topological
invariance or first Chern number n can be usedassdy different geometrical objects into
broad classes. For instance, a sphere is topolygeguivalent to an ellipsoid, since these
two surfaces can be smoothly deformed into eaclerottithout creating any holés.
Similarly, a coffee cup is topologically equivalé¢ata donut, since they can be transformed
from each othet.2D surface can be classified by their genus nurgbevhich counts the

number of holes. So the sphere or ellipsoid has whie the coffee cup has g=1.

1.2. Quantum Spin Hall Effect

The QH states belong to a topological class whigaks time-reversal symmetry by
the presence of a magnetic field. In recent yearew topological class of matter quantum
spin Hall state, which preserves time-reversal sgtmm has been theoretically predicted

and experimentally observéd: ®*8The QSH state is the cousin of the integer QH%tat



19 but unlike the latter, it does not require th@lmation of a large magnetic field. The

QSH insulators are essentially two copies of thantum Hall system, and the two edge
states form a time-reversed pair to recover theadv€RS. Moreover, the QSH edge states
exhibit the important “spin filtered” property thdte up spins propagate in one direction,

while the down spins propagate in the oppositectdoa as shown in Figure 1-2.

3 & ) e
B QH NoB  QsH
#

Figure 1-2. Analogy between QH and QSH effectga) The QH edge conduction in the
presence of perpendicular magnetic field. The uppge supports only a forward mover and
the lower edge supports only a backward mover. Stheges are robust and go around an
impurity without scattering. (b) The helical edgenduction in QSHE without any external
magnetic field. The upper edge supports a forwasdenwith spin up and a backward mover

with spin down, and conversely for the lower edgedified from Ref. 17.

1.2.1. Helical Edge State and Berry's Phase

In the QSHE, the TRS prevents the helical edgéestérom backscattering. The
absence of backscattering relies on the destrudtitexrference between all possible

backscattering paths taken by the edge electraxsd this brings to another important



concept for topological insulators: Berry's phaseerefore, before further introducing
QSHE, it is worth to discuss its definition and tredation with Tl here. The detailed
derivation can be found in réf.

Imagine a quantum system whose Hamiltortiatiescribes the effects of an unchanged
environment and let the system in a stationaryesthét the HamiltoniarH change by
varying parameteR. Then the system between time8 tot=T can be pictured as transport
round a closed loopR(t) in parameter space, with Hamiltoni&i(R(t)) and such that
R(0)=R(T). The closed loop is denoted as C, short faruiir The Schrodinger equation for
this system is
H[RO]lw 1) = EIROI[w(1)) (1-4)
Suppose thaR changes adiabatically fron¥0 valueR,. Also, assume the natural basis
consists of the eigenst:iaﬂéR)) . The time evolution of the state follows
H[R®]|NR)) = ih§| n(R)) (1-5)
Thugy (t)) can be written as
(1) = exno{‘;i [ dtE, (R(t'))} exp(i, (O] (R() (1-6)
The first exponential term represents the dynantiasp factor. The second exponential
presents the nontrivial effect of the quantum-meata phase accumulated during the time
evolution. The important point here is that its g#g,, is non-integrable, ang;, cannot be
written as a function odR. And J,, is not a single number under the continuation redctine

circuit, i.e, 7,(0)=y,(T).



Substitution of (3) into (1) leads tg_(t) = i<n(R(t))|VRn(R(t))>- R(t) (1-7)
The total phase change ¢f) around the C is given by
| (T)) = exp(iz, (C)) exp{‘;i [ dtE, (R(t)}h// (0) (1-8)
where the geometrical phase change is
yn(C):imC<n(R)|VRn(R)>-dR:—[ﬂC drR Ar(R):—jS ds F (1-9)
The last equality comes from the Stokes' theoresreHve define the Berry connection as
A,(R)=—i({n(R)|V .n(R)) 19
Its curl is the Berry curvaturéB, (R)=Vx A,(R) (1-11)
From Egs. (1-8) and (1-9), one can see that theyBgoshase means the accumulated phase
factor of a quantum-mechanical system after it deteg a closed loop in a parameter space.
At the QSH helical edge, a forward-moving electreith spin up can make either a
clockwise or a counterclockwise turn around theuntp as shown in Figure 1-3. Since only
spin-down electrons can propagate backward, theretespin has to adiabatically rotate by
an angle eithert or — & into the opposite direction. Consequently, the paths differ by a
ful = — (— =n) = 2=n rotation of the electron spin. However, the wauaction of a
spin—1/2 particle picks up a negative sign under aZultrotation. In other words, in the spin
space (spinwave function manifold), the quantumsphar Berry phase through a close loop
accumulates. Therefore, two backscattering paths interfererdesvely, leading to perfect
transmission. Thet Berry’s phase of topological insulator protectesth surface states
against backscattering from disorder and impuriteesd leads to weak anti-localization

7
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Figure 1-3. Two possible paths on a QSH edge whewcastered by a nonmagnetic
impurity. The electron spin rotates by T8®lockwise along the blue curve, and
counterclockwise along the red curve. A geometnitase factor in the spin wave function
manifold associated with this rotation of the siads to destructive interference between the
two paths. In other words, electron backscattednghe QSH edge is suppressed in a way
similar to how the reflection of photons is supgeas by an antireflective coating. Adapted

from Ref. 17.

1.2.2. QSHE in Two-Dimensional Topological Insulato

The idea about Quantum Hall effect without Landawdls was originally proposed by
Haldane in 1988 in a 2D graphite (graphene) sy$tdm2005, Kane and Mele adapted the
earlier proposal by adding spin-orbital couplingrtein which a finite SOC leads to an

opening of a gap at the Dirac point of graph®f@.Therefore, a time-reversed pair of



spin-polarized edge states show up with spin atigared locked to its momentum due to the
SOC, which is often called helical spin-polarizeates. However, the QSH effect was not
experimentally realized in graphene since the SO aphene is too weak.

A subsequent theoretical effort was soon made ém&/ig, Hughes, and Zhang, who
predicted that a CdTe/HgTe/CdTe quantum well, whvets studied as infrared photodiode
in many earlier work?* 2° gives rise to the QSH effettThe barrier material (CdTe) has a
normal band structure, with thetype I's band lying above thp-type I's band, while the
well material (HgTe) having an inverted band pregien where th&€s band lies below the
I's band. In both of these materials, the gap is @s@atiear th& point in the Brillouin zone.
Figure 1-4 presents the quantum phase transiti@naiitical thicknessl, of the quantum
well. For thicknessl < d. (i.e., for a thin HgTe layer), the quantum well is ire tormal”
regime, where the CdTe is predominant and hencéadhd energies at tHe point satisfy
E(s) > E(I's). Ford > d.(i.e., for a thick HgTe layer), the well is in the imted regime,
where HgTe dominates al{l's) < E(I's). As the thickness of the well varies, teandH;

bands therefore cross at certdinand the energy gap @td. vanishes.
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Figure 1-4. (a) Bulk energy bands of HgTe and CdTe near kheoint. (b) The
CdTe/HgTe/CdTe quantum well in the normal regie> H; with d < d., and in the
inverted regimeH; > E; with d > d.. Adapted from Ref. 18. The bandstructure of HgCdTe

can also been found in other earlier work aboutied photodiode/photodetecttt??

In 2007, Konig et al. first provided the experimental evidence of QSHE.
HgTe/(Hg,Cd)Te QW structures were fabricated witkv Idensity and high mobility in
which the carrier conduction fromtype top-type can be tuned, through an external gate
voltage, passing through an insulating regime.tRor quantum wells with well widtll <
6.3 nm (sample 1), has a large resistance in tipeagjdow temperature as shown in Figure
1-5 Samples II-1V are thicker wellsl (> 6.3 nm) in the inverted regime. Samples Ill and
IV exhibit a conductanceeXh associated with the top and bottom edges, with dangth

L=1 um but different widthsv=0.5 and &m, indicating that transport is indeed at the edge.
10



Sample 1l (=20 um) showed finite temperature scattering effectsesehexperiments
convincingly demonstrate the existence of the edgges of the quantum spin Hall
insulator® Note that then/2e® plateau is not completely robust (some fluctuatiares seen

in the figure). This is different from quantum armous Hall effect, in which a precise

guantization has been observed, to be discusssztiion 1.3 and section 4.1.
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Figure 1-5.The longitudinal four terminal resistand®y 3 of various normald = 5.5 nm)
() and invertedd = 7.3 nm) (ll, lll, and IV) CdTe/HgTe/CdTe quantwmell structures as a
function of the gate voltage measured 8r= 0 T atT = 30 mK. The device sizes are
(20.0x13.3)um? for devices | and II, (1.0x1.Q)m? for device I, and (1.0x0.5m? for
device IV. The inset showRi4 23 as a function oW/ of two samples from the same wafer,
having the same device size (lll) at 30 mK (gresamd 1.8 K (black) on a linear scale. Note
that theh/2€? plateau is not completely robust (some fluctuatiares seen in the figure).

Adapted from Ref. 16.
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Moreover, the residual conductance’/B can be destroyed by a small external
magnetic field perpendicular to the 2DEG plé?leFigure 1-6 shows that the
magnetoresistance is strongly anisotropic. A vérgrg conductance peak is observed for
perpendicular field, with the full width at half menum (FWHM) B, rwum = 28 mT. The
peak broadens strongly when the magnetic fieldltsdtinto the QW plane. For fully
in-plane fields, the QSH conductance can be obdeover a much wider magnetic field
range Bjrwhm = 0.7 T)2® Due to the magnetic field, the time-reversal syrmnis broken

and thus turns on a gap between the two helica stiges.
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Figure 1-6. Four-terminal magnetoconductances &, in the QSH regime as a function of
tilt angle between the plane of the 2DEG and magrfetld (inset) for ad = 7.3 nm
HgTe/(Hg,Cd)Te QW structure measured in a vecwldfcryostat at 1.4 K. The residual
conductance &/h can be destroyed by a small external magnetid.fiAdapted from Ref.

16.
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1.2.3. QSHE in Other Material Systems

The search for large-gap quantum spin Hall (QSidliators and effective approaches
to tune QSH states never stops for both fundamemtal practical interests. In 2013, Du
group experimentally realized the QSHE in an ire@relectron-hole bilayer engineered
from indium arsenide-gallium antimonide (InAs/GaSbjmiconductors which retains robust
helical edges up to 4 K and under a strong magfietit.>® Wide conductance plateaus of
2e?/h value were observed by tuning front gate voltabe; plateaus persist up to 12 T
applied in-plane magnetic field without evidence foansition to a trivial insulatd?
Remarkably, the temperature used to observe QSHHyire quantum well was restricted
to 30 mK; however, in InAs/GaSb system, the QSHsiges up to 4 K, two orders of
magnitude higher than the former one.

Several months later, a theoretical work propobgdZhang group indicating that
QSHE can be achieved in another interesting 2Desy5t Based on their first-principles
calculations, it is found that the two-dimensiotial films "stanene" are QSH insulators
with sizable bulk gaps of 0.3 eV. The mechanismtier QSHE in this system is the band

inversion at thé point, similar to the case of a HgTe quantum Véll.
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1.3. Quantum Anomalous Hall Effect

Quantum anomalous Hall effect (QAHE) is a quantizersion of anomalous Hall
effect, which also belongs to the topological fgm8ince QAHE presents the realization of
the QHE in the zero magnetic field, therefore thssigationless quantum transport is
expected in QAH systeff.

To realize QAH state, one needs to break timersaéesymmetry with ferromagnetic 2D
TI films. Moreover, in 2D TI, the ferromagneticaligduced exchange splitting needs to be
large enough to drive one set of spin subband bmatke topologically trivial phase, leaving
only one spin channel remaining topological praddiSee Figure 1-7:3°On the boundary
of a QSH insulator there are counter propagatirge extates carrying opposite spin. When
the spin splitting term increases, the spin-dowgeestates penetrate deeper into the bulk due
to the decreasing gap and eventually disappeariniganly the spin-up state bound more
strongly to the edge >’ Therefore, the helical edge state in QSHE evoines chiral edge
states exhibiting QAHE. The QAHE was first predicia a Mn doped HgTe quantum well
system as long as the Mn spins are polariZzedowever, experimentally, an external

magnetic field was still required to align the Mioment in order to observe QAHE.
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increasing |G| and |Gyl

Figure 1-7.Evolution of band structure and edge states uporeasing the spin splitting. For
(a) Ge< 0 and G > 0, the spin-down statels€1,—) and |H1,-) touch each other and then
enter the normal regime. (b) The behavior of thgeestates during the level crossing in the

case of (a). Adapted from Ref. 30.

In 3D TI doped with 3d transition metal elememtse to the van Vleck mechanism such
as Fe, Mn, Cr, a ferromagnetism can be developéu @irie temperature up to ~35 K. A
detailed review of 3D TI will be given in the semsil.4. For those very thin 3D Tl systems,
it will induce the QAH effect if the magnetic exctwge field is perpendicular to the plane and
overcomes the semiconductor gafThrough an optimization of sample growth paranseter
and measurements at ultra-low temperature, the QABEfirst experimentally observed in a
5 QL Cip.15Bio.1Shy.)1.e5Tes film grown on SrTiQ (111) substrates by Xue group in 2613.
Figure 1-8 (a) and (c) shows the magnetic fieldedelence opyx andpyy respectively, at
different Vgs measured a = 30 mK. The most important observation is that zero field
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Hall resistance exhibits a distinct plateau witk tjuantized valué/e?, which is centered
around the gate voltagg = —1.5 V. Sheet conductance are transformed fr(@) andpx(0)

through the relationsyy = py/(py + pxx’) aNd oy =pud (03’ +pxx°) and plot them in Figure
1-8 (d). AroundV go , Oxy(0) has a notable plateau at 0.987h, whereasox(0) has a dip

down to 0.09&%h, similar to the behavior of the correspondingsesices.
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Figure 1-8. The QAH effect measured at 30 mK(a) Magnetic field dependence @} at
differentVgs. (b) Dependence ¢f4(0) (hollow blue squares) apgy(0) (hollow red circles)
onVg. (c) Magnetic field dependence pfxat differentVgs. (d) Dependence afy(0)
(hollow blue squares) ana,(0) (hollow red circles) oW, The vertical purple

dashed-dotted lines in (c) and (d) indicate\tlgénrvgo. Adapted from Ref. 32.
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Soon after the first experimental report of QAHr gwup also successfully observed
QAHE in our MBE grown (Gy1Bio.26Shy 62)2Tes sample with a thickness of 10 Gt.Due
to the chiral nature of the edge modes, the quatitiz of the Hall conductance?(h)
persists in the device with millimeter-scale sizégure 1-9 shows the magneto-transport

results of the 10 QL (GrBio2Sher)2Tes film. By applying the Landauer-Blittiker

formalism |, :e—hzzj:(TnVi ~T,V,)*, we can quantitatively understand the chiral edge
transport in our sample. When the film is magnetiadong+z direction (left panel of
Figure 1-9(a)), the non-zero transmission matreoadnts for the QAHE state afg = Tse
= Tus= 1 %3¢ and the corresponding voltage distributions avergby Ve = Vs = V; =
(h/e)l andV, = V3 = V4 = 0. On the other hand, when the magnetization reseits
direction (right panel of Figure 1-9(a)), the edgarent flows through the"? and &
contacts, thus makiny, = V3 = V; = (h/€®)l andVs = Vg = V, = 0. ConsequentlyR,y =
Ris62=(Ve— W) / | is positive for theM; > 0 case, and change to negative sigizk 0.
When the sample temperature falls below 85 mK,#0eQL (Cip.1Bio26Shye2)2T€3
film reaches the QAHE regime. In Figure 1-9 (b) éo)l it is observed that when the film is
magnetized, the Hall resistanRg reaches the quantized valuehtd (25.8 ) atB=0T,
while the longitudinal resistand®, is nearly vanished. Different from previous wtrka
non-zero longitudinal resistance is detected inthigk 10 QL sample and is found to be

insensitive to external magnetic field, indicatitige possible presence of additional

non-chiral side surface propagation modés.
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Figure 1-9. QAHE in the 10 QL (Cry.1Bio.26Sho62)2Tes thin film. (a) Schematics of the
chiral edge conduction in the QAHE regime. The entriflows from the 1st contact to the
4th contact, and the magnetization of the Cr-dopkdilm is along the z-direction. (b)
Temperature-dependent hystereRig curves. When the sample temperature is below 85
mK, the sample reaches the QAHE regime, wiigyebecomes the quantized value of’h/e
and insensitive to applied magnetic field. (c) Tengpure-dependent magneto-resistance
Rxx curves. As the sample approaches the QAHE stgiedm@matically decreases and
nearly vanishes when the sample temperature isvb@fomK. (This also appears in one of

my publications Ref. 33)
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Almost at the same time, Tokura group also repgotieir observation of QAHE with
devices based on cleaved single crystals of Mn-didigl e;-,Sg. With the application of
both solid-dielectric and ionic-liquid gating, theansport response of the surface states

within the bulk bandgap in the presence of magrietis were revealed.

1.4. Three-Dimensional Topological Insulators

In 2008, the first three dimensional Tl bulk maaémi;—Sh,, a semiconducting alloy,
was experimentally identified by angle resolved tpemission spectroscopy (ARPES)
experiment by Hasan grotipfollowing the specific prediction by Fu and Kafle.

Bismuth antimony alloys have long been studiedHeir thermoelectric properties. Pure
bismuth is a semimetal with strong spin-orbit iatgions. As schematically shown in Figure
1-10 (a), the conduction and valence bands of fmisenuth overlap. The valence and
conduction bands at tHe point, derived from antisymmetric, and symmetrid_s orbitals,
have a small energy gap®® However, if antimony is substituted into bismuttghanges the
critical energies of the band structure (See FiglwvHO (b)). At an Sb concentration of
x ~ 0.04, the gapA betweenL, and Ls closes and a truly massless 3D Dirac point is
realized®® As further increase x, this gap re-opens withraited ordering. Fox > 0.07 the
top of the valence band @tmoves below the bottom of the conduction bant, aherefore

the material becomes an insulator. Once the bamdiaips below the valence band.afat x
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> 0.09), the system is a direct-gap insulator vaitBirac-like bulk band. Ax is increased
further, the conduction and valence bands remagpara¢ed, and fox > 0.22, the valence

band rises above the conduction band, recoveringemimetallic staté.

a) Pure Bismuth (x=0) | E |(b) Bi;.,Sb,, 0.07<x<0.22| E | (c) Pure Antimony (x=1)
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Figure 1-10. Schematic representation of the band structuii0fSh,, which evolves from
semimetallic behavior for x < 0.qa) to semiconducting behavior for 0.0% < 0.22 (b) and
back to semimetallic behavior far> 022 (c). The conduction and valence bangsnvert at

x ~ 0.04. Adapted from Ref. 3.

1.4.1. Angle Resolved Photoemission SpectroscopyRIPES) Measurement

It is well known that ARPES is an excellent toot fobing surface states of 3D Tfs.
4042 ARPES uses a photon to eject an electron fronmelksa and then determines the surface
or bulk electronic structure by analyzing the motnen of the emitted electron.
High-resolution ARPES performed with modulated pmoenergy can clearly isolate the
surface states from that of the bulk 3D band stmegtsince surface states do not disperse

along a direction perpendicular to the surface evtiie bulk states db.
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Figure 1-11 displays the complete ARPES spectii©fShy 1 which can be interpreted
as a map of the energy of the occupied electraaies as a function of momentum along a
path connectingf and M in the projected surface Brillouin zone. The shibddite area
in Figure 1-11 indicates the projection of the bbdnds based on ARPES data, as well as a
rigid shift of the tight binding bands to sketcle thnoccupied bands above the Fermi level.
The yellow circles denote the Fermi crossings @ Hurface state, with the band near
—k, ~0.5A™ counted twice owing to double degeneracy. Moreoivés, noted that there are
five crossings betwee and M which demonstrates that these surface states are
topologically non-trivial. When the number of sudastate crossing is even, the surface
states are topologically trivial since the wealodiler or correlation can remove pairs of such
crossing by pushing the surface states above ombitle E-. On the other hand, when the
numbers of crossing is odd, at least one surfeate shust remain gapless, which makes it
topologically non-trivial. The number of surfacatst crossings in a material is related to the

topological z invariant®®

Topological Hall insulator
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Figure 1-11. Topological surface states in BikShy. ARPES data on the (111) surface of
Bio.oShy.1 which probes the occupied surface states as didanof momentum on the line

connecting the T invariant point‘é‘ and M in the surface Brillouin zone. Adapted from

Ref. 38.

Although Bi-Shyis the first discovered 3D Tl material, the surfaticture of BiShy
is rather complicated and the band gap is smaliclwmotivated a search for topological
insulators with a larger band gap and simpler serfapectrum. Soon after, Zharg al.
performed first-principles electronic structure atdation and came up with a concrete
prediction that BiSe;, Bi,;Tes, and SbTe; are 3D TIs, but SiSe is not/ Experimentally,
Bi,Se* %5 Bi,Tes*® *+ % 4’and ShTe;*” were soon confirmed by detailed and systematic

surface investigations, such as ARPES and STM.

1.4.2. BpSe; Crystal Structure and Band Structure

Among various Tl materials found till now, f8e; has the simplest Dirac cone surface
spectrum and the largest band gap (0.3 eV), wiidarger than the energy scale of room
temperaturé. This indicates that in its high-purity form e can exhibit topological
insulator behavior at room temperature and greatbreases the potential for future

spintronics applications; nevertheless, till nohve tdefects as well as the undesired bulk
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component in this material still prevents it fromagtical applications. In 2009, Xiet al®

used ARPES and first-principles calculations tadgtthe surface band structure of,8&

and observe the characteristic signature of Thenform of a single Dirac cone, as shown in

Figure 1-12, in which (a) and (b) are measuremeonga the M and I-K

momentum-space cuts, respectivéfy.
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Figure 1-12. (a),(b) High-resolution ARPES measurements of amafelectronic band
dispersion on BSe; (111). Electron dispersion data measured witmaidént photon energy

of 22 eV near thel -point along thel-M and - K momentum-space cuts. Adapted

from Ref. 46.

The BpSe has rhombohedral crystal structure with five atgras unit cell. The crystal
structure of BiSe is shown in Figure 1-13 (a), and consists of laglestructure where
individual layers form a triangular lattice. Thegortant symmetry axes are a trigonal axis
(three-fold rotation symmetry) defined as the zsaxa binary axis (two-fold rotation
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symmetry) defined as the x axis and a bisectris &xi the reflection plane) defined as the y
axis! Bi,Se consists of five-atom layers stacked along thérectdon, known as quintuple
layers (QLs). Each QL is about 1 nm thick and ngists of five atoms per unit cell with two
equivalent Se atoms denoted by Sel and 8eFEigure 1-13 (b), two equivalent Bi atoms
denoted by Bil and Bilin Figure 1-13 (b), and a third Se atom denotedsbg in Figure
1-13 (b). The covalent bonding between two atomyets within a quintuple layer is strong,

while that between quintuple layers is much weakér van der Waals force.

a b @ Acsite
z A Bsi_te
| y W Csite
x y
X
Quintuple —
layer

€ e ¢ < Sel
A@—@—@— Sel
B A Bil

C . . Se2

e Bi A& o e i
@ Sel -
@se2 . T { ¢
C < < Sel

Figure 1-13. (a) Crystal structure of B%e with three primitive lattice vectors denoted
asto.s A quintuple layer with Sel-Bil-Se2-Bil'-Sel' isdicated by the red
square. (b) Top view along thkedirection. The triangle lattice in one quintupkyér has

three different positions, denoted as A, B andcCS{de view of the quintuple layer

structure. Along the-direction, the stacking order of Se and Bi atonagers is...
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—C(Sel")-A(Sel)-B(Bil)-C(Se2)-A(Bil1)-B(Sel)-C(sel The Sel (Bil) layer can be
related to the Sel' (Bil') layer by an inversioeragion in which the Se2 atoms have the role

of inversion centers. Adapted from Ref. 7.

To better understand the band structure gB&j the evolution from the atomie,,
orbitals of Bi and Se into the conduction and ve¢ehands of BBe; is schematically shown
in Figurel-14 . Since the states near the Fernmelleve primarily fromp-orbitals, the
s-orbitals are neglected and we start from the atqruitbitals of Bi (6%6p°) and Se (4&p").

" In stage (1), chemical bonding between Bi and ®ena within a QL is considered, which
corresponds to the largest energy scale in thisiena’ First, the orbitals in a single unit cell
are recombined according to their parity, whichde#o three states from each [Serbital

and two states from each Biorbital as illustrated in stage (I)The formation of chemical

bonds hybridizes the states on the Bi and Se atnaspushes down all the Se states and lifts
all the Bi stated.In stage (1), these five hybridized states arelkd a$P];y’Z> ‘ p2: >and

X.y,2
‘PO;,y,z> where the superscripts + represent the parity of the corresponding stdtes.
stage (ll), the effect of crystal field splittingtween differenp-orbitals is added on. Based
on the point group symmetry, tipe orbital is split from theg, andp, orbitals while the latter
two remain degenerafeAfter this splitting, the energy levels closestite Fermi energy turn
out to be thep, levels |P1;)and |P2,) 17 1n stage (Ill), the effect of SOC is added on. The

atomic SOC Hamiltonian is given yso = AL-S with L, S the orbital and spin angular
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momentum, respectively, andthe strength of SOC. The SOC Hamiltonian mixes spid
orbital angular momenta while preserving the t@agular momentum. As a result, the
energy of the‘ PJ;,T(¢)> state is pushed down by the effect of SOC, ancettegy of the
‘PZ;,T (¢)> state is pushed up. If SOC is larger than a ctitiaue > L, the order of these
two energy levels is reversédSince these‘ P];,T(i» and ‘PZ;,T (¢)> levels have
opposite parity, the inversion between them drithes system into a topological insulator

phase, similar to the case of HgTe QWS

P.l;‘ay. T m;—fv,l
xyz +
P1 + +
o P‘Ix-wy,-l' P“X—I‘V,T
o
Bi e P21PZ, ‘
F2, P17+ P'I; i [

sz_ﬂ",f,“ PZ;—Ey,J
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PZ;

Ay,

' sz_—iy.T

FO,

XYz

M an (D)

Figure 1-14.(a) Schematic picture of the evolution from thenaitopy,,, orbitals of Bi and

Se into the conduction and valence bands gb&iat thel’ point. The three different stages
(O, (1 and (11) represent the effect of addimgp chemical bonding, crystal field splitting,
and SOCconsecutively. The blue dashed line represes Fermi energy. Adapted from Ref.

7.
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The BpSe thin films were grown by molecular beam epitaxy (E)Bto study the
crossover behavior of surface states from a 3DoTitst 2D limit? The energy gap opening
was clearly observed from ARPES when the thickmesglow six quintuple layers. Figure
1-15 (a) to (e) show a series of ARPES band maji,8&; films from 1 to 6 QL measured
at room temperatufeThe gap size between the upper and lower surtatessdecreases as
thickness increases from 1 to 5 QL . and the gampietely disappears at 6 QL..
Interestingly, at 3 QL, the upper surface statessplit into two branches. The splitting is

prominent at larger wave vectors but disappearmatf point. This is a Rashba-type

splitting, in which the two sub-bands with diffetespins shift along thek,, axis in opposite

directions and degenerate ﬁtpoint. For thicker films at 5 and 6 QL (Figure 1-@d,(e)),

the outer two branches of the split upper surfaae sade out graduafly

a

Binding energy (eV)

0

k,, (A7) k,, (A1) k,, (A k,, (A7)

Figure 1-15 ARPES spectra of thickness dependen88&ifiims at room temperature. (a)

to (e), ARPES spectra of 1, 2, 3, 5and 6 QL altbnagf— K direction measured at 300 K.

Adapted from Ref. 4.

27



1.4.3. Scanning Tunneling Microscopy (STM) Measureants

Bi,Te; has also been predicted to be a 3D Tl with rolaumst unique surface states
consisting of a single Dirac cone at the point/ ARPES and scanning tunneling
microscopy (STM) experiments have confirmed th& sirface states of Hies have a
single non-degenerate Dirac cone with a linearediipn in momentum spad®** ¢ 4
However, unlike BiSe, the surface state of Bies is a bit more complicated and the Dirac
point is embedded underneath the top of the valeaod. Therefore it is difficult to probe
the surface state near the Dirac point without dpelisturbed by the bulk carriers. Another
difference between these two materials is thattrestant energy contour of the Dirac cone
is almost spherical in Bbe;, while it presents significant hexagonal warpingBi,Te; as
shown in Figure 1-16(&) Starting from the Dirac point, the contour chanfem a circle
to a hexagon, and becoming warped above atl®ut-100meV, which exhibits the
deviations from a simple Dirac cone due to a comftem of smaller band gap (0.15 eV)
and a strong trigonal potentfaf® In addition the ARPES characterization of 3D TT\MS
and scanning tunneling spectroscopy (STS) alsoigeosurface-sensitive technique to
probe the surface states. The comparison betweBhd®BTS and ARPES was carried out
by Alpichshevet al in Bi;Te; sample. It is found that the integrated densitystats
obtained from ARPES (Figure 1-16 (b)) agrees waeththe differential conductance/dV
obtained from STS measurements (Figure l—lég(a.om such comparison, the energy

levels Er, Ea, Es, Ec andEp) can be accurately identified.
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In addition, STS/STM work about compound mateii&a5p), Te; carried out by our

collaborator Yeh's group will be detailed showrtlvapter 3.
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Figure 1-16. DOS of Sn-doped BTes. (a) ARPES-measured constant-energy contours of

1
-400 -300

1 1
-200  -100 0 100 200
E-E; (meV)

the SSB. Strength of DOS grows from blue (no DQSydrk red (strong contribution to

DOS). Arrows point to the position of maximum in BQnote sixfold symmetry). (b)

Integrated DOS from ARPES. Hele: is the Fermi levelk, is the bottom of the BCEEg

is the point of the “opening up” of the SSEt is the top of the BVB; anH, is the Dirac

point. (c) Typical STS spectrum of a 0.27% Sn-dopede; sample similar to (b). Note the

shift of all energies by 40 meV as a result of dgpiof BpTe; reveal a hexagonal

deformation of surface states. Adapted from Ref. 48
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1.5. Topological Insulator Material Synthesis Methds

1.5.1. MBE grown thin films

For the growth of high-quality epitaxial thin fisrof TI materials, MBE technique is
usually employed. So far, our group has succegséutbwn single crystalline Bbe;,**>*
Bi;Tes,””  (BixShix)oTes™ > (BixSbin)2(S§Tery)s, Cr-BiSe, Cr-BiTes” and
Cr-(BixShi.,),Tes®® . For epitaxial growth, the lattice matching betwele substrate and
the grown material is usually very important. Hoeevdue to the van der Waals gap
between the QLs, the lattice matching with the sabs is not crucial since the substrate
and the films are only weakly bonded with the vam Waals force. Till now, we have
grown high quality TI thin films on various subges, such as Si; *°sapphire, GaA%>*
56.57Cds5 %8 np, Y3Fe04,,°° SITiO,, as well as mica. Tremendous MBE efforts were also

made by other groups, for example, Xue grodg’*?Samarth groug’>® Ando groug® ¢’

and other® ™

1.5.2. Bulk Single Crystals

Bridgman methods were also widely used to growk Bl TI materials. In this method,
the temperature of the melt is gradually reducetdenkeeping a temperature gradient in the
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tube, hence the crystallization starts at the celdl and the crystal grows as the
solidification proceeds from this end. Cava grospdithis method to produce high quality
Tl materials including BiSh,x alloy, BLSe, Bi,Te;, ShTe; crystals in the early stage of
3D TI discoveries® “¢ 4" The mechanical exfoliation method, also calledtatdape

method, was also applied to cleave the TI thindlitkm the bulk by the adhesive tafe’®

1.5.3. Nanoribbons and nanoplates

Tl nanoribbons are usually synthesized by goladlgaed vapor liquid solid (VLS)
technique. Typically, BSe; powder is placed in the hot center of a tube feendorough
which Ar gas flows and transport evaporategSRj, while the Si substrates coated with Au
nanoparticle are placed in the downstream sidéefurnace. The growth of nanoribbons
proceeds along with the Au nanoparticles absogBdéivapor and leave crystallized Big
nanoribbons underneath théfn’>When there are no Au nanoparticles serving adyséata
nanoplates can be obtained instead of nanoribl@uisgroup has been utilized this VLS

method to grow high quality TI nanostructures aatoricated them to nanodevices?
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1.6. Topological Surface State Properties
1.6.1. Dirac Fermion Physics

The Dirac fermions nature of topological insulat@ve been confirmed by the above
mentioned ARPES and STS experiments. Similarly, matmtransport measurement is
another prominent method to detect the existenceudfice state through Landau level
quantization of energy states by large magnetidgierhe quantization occurs follofis

E,(N)=+(2enV B)N 12)

whereN = 0, 1, 2, .... This means that in Dirac fermieystems, the LL spacing is not a
constant but changes«ég, as opposed to ordinary metals in which the LLcspa is
simply 7@, (w,=eB/ m) and is independent of the Fermi level (as shaw&q. 1-1). Also,
Eq. (1-12) indicates that there is the Oth LL with= 0, which is located at the Dirac point.
Therefore, the Landau quantization of massless cDieamions is characterized by the
occurrence of the zero-energy and the symmetrippearance ofx/ﬁ states on both the
positive and negative energy sides of the Diraotpti

When the Landau quantization takes place, thecaded quantum Hall effect becomes
unusual, and the Hall plateau between the Nth aNdél)h LLs is quantized to
Oy = —e—hz(N%) (1-13)
which is called half-integer quantizatibhyhich can also be understood as a result oftthe

Berry phase, in theZspinwave function manifold. This indicates that first Hall plateaus
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on the positive and negative energy sides mustaapgu®i-symmetrically, becausgy is an

odd function of energy.
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Figure 1-17. (a) 2D Dirac conep is the Fermi level. (b) Landau quantization of ieac
cone. LLs belowu are filled with electrons. Note that the spacirgween LLs change as
\/Nand the N = Oth LL is pinned to the Dirac point) (o a larger magnetic field, the
spacing between LLs increases 48 . (d) Schematic behavior of, andoyy in the quantum
Hall regime of 2D Dirac fermions. the situationpibted in panels (b) and (c) are marked by
arrows. Notice that the minima &« indicates a complete filling of up to Nth LLs. Mbdd
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from Ref. 80.

1.6.2. Onsager Relation

We have accounted of the quantization of the mdactnotion, which restricts the
permissible states and is the basic cause for ¢barence of Shubnikov-de Hass (SdH)
oscillations. Following the semiclassical approathOnsager and Lifshit¥; we assume
that the orbits in a magnetic field are quantizgdtiite Bohr-Sommerfeld relation. The
guantization rule for a periodic motion is
$p-dr=(N+y)2n i (1-14)
wherep andr are the canonically conjugate momentum and posi@riables,N is an
integer and the integration is to be taken roumdraplete cycle; the phase is related to
Berry phase. For an electron in a magnetic fielle tppropriate meanings @f is
p = hk-eA (1-15)
where A is the vector potential of B.

Hence $(7 k- eA)dr=(N+y)2nh (1-16)
Transform the first term in the integral

¢ 7 k -dr=qPrxB- dr=-qBPrxdr=-2q® (1-17)
and Stokes’ theorem to transform the second, vk fin

q$A- dr=q [ curl A- do=q [ B- do=q® (1-18)
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Add (1-17) and (1-18)
$p dr=-2 9=(N+y) 2n 1 (1)19

Therefore, the quantized magnetic flux is

@, =(N+y) 21 /e (1-20)
dk _ dr
From hE:qEXB 71
h
dr = —dk (1-22)
qB

The real space of cross section is thus related kvifpace cross section
h 2
A, = (q_B) Sn (1'23)
Hence, the quantized magnetic flux is
h ,1
0n=(=)*=S,=(N+y) 2 /e (1-24)
qB” B
The quantized Fermi area is
Sn=(N+7) 2;—613 (1-25)
which is also known as Onsager relaffon.
The incremenn\B for two successive orbits, N and N+1, gives thme area in k space on

the Fermi surface. Hence Eq. (1-25) can be dedased

SGom ) =5 1-26)
where S is the Fermi area, therefcﬁ% = %% (1-27)
Particularly, for TI material S ®k%, therefore

1 _ 21 _ 4me 1 (1-28)

B pki b K
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wherek; is the Fermi vector.

1.6.3. Quantum Oscillations

When the Landau quantization of energy statesreceith large magnetic fields, the
DOS become periodically modulated as a functiomagnetic field, which leads to quantum
oscillations. In particular, the oscillations oatog in conductivity are called SdH
oscillations and the oscillation follows
A/B)=el(hny) (1-29)
A@l/B)=4re/ K h (1-30) (sameEag (1-28))
whereB is magnetic flux densityN,, is the 2-D carrier densityk is the Fermi vectorg is
the electron charge, and is the plank constant. In 3D Tl magneto-transgtuties, the
SdH oscillations are often used to selectively ab@rize the 2D metallic surface states
which coexists with 3D bulk states. By analyzing thscillations data with Egs. (1-29) and
(1-30), various surface states parameters cantbeceed, such as, Fermi Level positid)(
Berry phasey), surface state 2D carrier concentratiogp).

To date, numerous effort has been devoted to nagrasport measurements,
especially through SdH oscillations to probe thdame states propertiég’® 40 44 46,51, 70,78,
8290 However, the real TI materials always have impesi@nd defects such as vacancies

and antisites’® °* % Therefore, the as-grown materials are not trusulating but with a

bulk carrier density, which makes difficulties tbet transport methods. To reach the
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intrinsic Tl surface state, various efforts haverbenade to reduce the bulk carrier density,
such as gating effect to deplete the bulk carrigusface passivation to protect Tl surface
from doping and oxidation, and counter doping tmpensate the additional carriers, which
will be further discussed in chapters 2 and 3.

Gate controlled SdH oscillation has been obsemwdl,Te; nanowires by Xiwet al as
shown in Figure 1-18 (&} correspondingly, the fast Fourier transform (FEf¢ctra show
dominant oscillation frequencie$s{«(T), Figure 1-18 (b)), in accordance with the SdH
periodicities (Figure 1-18 (a)). The SdH amplitudes a function of temperature were
analyzed to obtain more information about the sigrfstates under constant voltages of +80
V (Figure 1-18 (c)). Oscillation amplitudes at botbltages decrease rapidly with a

temperature increase from 1.4 to &K.
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Figure 1-18. Shubnikov-de Hass (SdH) oscillationsnia nanoribbon FET. (a) The
oscillations become more pronounced as the gatagemincreased from -60 V to +80 V at

T=1.4 K. (b) The purple arrows in the correspondifJ spectra indicate the frequency of
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the SdH oscillations which represent the surfaagest The green solid dots indicates the
possible presence of other oscillation frequencidsich are developed when the bulk
carrier concentration increases under negative gateges. (c) The oscillations also
become more pronounced as the temperature is decré@m 8 K to 1.4 K at gate voltages

of + 80V. (This also appears in one of my publimasi Ref. 88)

1.6.4.Weak antilocalization and weak localization

As mentioned in session 1.2.1, th@&erry phase associated with the Tl surface carriers
leads to the Weak antilocalization (WAL) effect. WAs always related to strong spin-orbit
scattering or coupling , and was first derived bikari, Larkin and Nagaok®. In the
quantum diffusion regime (mean free path system size ~ phase coherent length), an
electron maintains its phase coherence after bsgaitered by static centers for many
times® As a result, the destructive quantum interferecae give an enhancement to the
classical electronic conductivity, leading to WRLApplying a magnetic field tends to break
the destructive interference, giving rise to a megamagnetoconductivity (MC), a key
signature of WAL.

In the limit of strong spin-orbit interaction inD2electron systems, the standard
Hikami-Larkin-Nagaoka (HLN) theory is often appliefbr weak-field conductivity

variation®
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where y is the digamma function, and the prefactwrshould be equal to -1, 0, 1/2 for
the orthogonal, unitary and sympletic cases, rdsmdyg. One topological surface that
carriers az Berry phase should give am =1/ 2. In the weak interband coupling limit,
multiple independent bands with WAL should add apgive biggera, e.g, a=1 (2
surface states)o =1.5 (2 surface states + decoupled bulk).

On the other hand, weak localization (WL) arisesaaesult of the gap opening at the
Dirac point. Either the hybridized gap or the mdgnscattering can drive MC of the
system from WAL to a parabolic dependence on thgnetic field 8%). Further increasing
the gap (A )/Fermi energy ) ratio may drive the system to WL regime. A cra&drom
WAL to WL is expected tunable by the TRS-breakirap @r the position of Fermi level.

The relation of the Berry phase with the gap andEr is determined by

A
¢ = ﬁ(l—EJ (1-32)

It givesn for WAL when A/2E£=0, and 0 for WL whenA =2E.

1.7. Organization

The contents of this dissertation are arrangdadlkmsvs. Chapter 1 provides a historical

background of the discovery of Tls starting from BQHQSHE to QAHE. We also discuss
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the basic physical properties related to 2D andT3® as well as their characterization
methods. In chapter 2, we show tliatsitu Al passivation inside a MBE chamber could
reduce the environmental doping and surface deticedarocess, in order to reveal the
pristine topological surface states. In contrast,slvow the degradation of surface states for
the unpassivated control samples, in which the 2Dier density is increased 39.2% due to
ambientn-doping, the SdH oscillations are completely ahsant a large deviation from
WAL is observed. Chapter 3 presents the evideneeswirface gap opening in Tl thin films
of (Bios7Shy.432Tes below six quintuple layers through transport andnsing tunneling
spectroscopy measurements. By effective tuningFémeni level via gate-voltage control,
we unveil a striking competition between WL and WAL low magnetic fields in
nonmagnetic ultrathin films. Chapter 4 focuses be study of magnetic properties of
Bi,Se surface states in the proximity of a highferrimagnetic insulator YIG. A magnetic
signal from the BiSe up to 130 K is clearly observed by magneto-opti€afr effect

measurements. The conclusion of this dissertatigiven in Chapter 5.
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Chapter 2

Revelation of Topological Surface States biyn-situ Al Passivation
2.1. Motivation of Surface Passivation in Tls

Among all reported 3D TI materials, Big; offers a large bulk band gap of 300 meV
and a simple Dirac cone surface spectrum, and ftirereserves as a good candidate to
investigate 3D TIS. To date, extensive magnetotransport experimenBi-i8e; reveal its
novel surface states by angle-dependent SdH damilka in single crystaf8 and
Aharonov-Bohm interference in nanoribbdnsNevertheless, the degradation of surface
states continuously presents as a critical chalefgy the further development of
topological physics and practical devices. For eplemAnalytis et al®® reported the
absence of pronounced SdH oscillations after ~Ir'fi@tmosphere exposure. They also
claimed that air exposure cause n-type doping uBdion the surface. Taskiat al®’
measured SdH oscillations in the sample 5 houes afeavage ag type, and changed to
type 725 hours later in air exposure at 300 K.

X-ray photoelectron spectroscopy (XPS) demonstrétes the rapid formation of
native oxide (BiQ) served as the physical origin of surface degradand environmental
doping on BiSe®. In order to examine the physical origin of theieznmental doping on
Bi,Se, surface chemistry probe XPS was used to charaeténe composition at the

surface of BiSe; nanoribbons and bulk single crystals. For as-graamoribbons (Figures
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2-1 (a) and (b)), a bismuth iabe (BiC,) peak was observed. The Rifeak k@t growing as
the air exposure time increases, correspondinpearicrease of Biy thickness. Seleniul
oxide (SeQ®) was also observed (Fure 2-1(b)) in the nanoribbons exposed in air fo
days, an XPS stydwas performed on bulk single crystals 0,Se; with low carrier
concentrations. The B$e; crystal was loaded into the XPS sample chamber right
cleaving (within 10 s) and pumped down to vacuurthwigr-purity N, gas flux. The Bi
signal wasclearly observed in the final spectra (ures 2-1(c) and (d)), indicating th
formation of the “native” oxide is really fa®® Therefore surface passivationT| material
is of great importance for surface related transgtdy, which brings to the theme of t

chapter.
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Figure 2-1 XPS studies on L,.Se; nanoribbons with Bi 4f (a) and Se 3d (b) spec
including samples after synthesis, aged in air2falays, and aged for 5 daxXPS studie:
on a B}Se; single crystal with Bi 4f (c) and Se 3d (d) specineluding samples right aft:
cleaving (< 10 siaexposure), etched with Ar plasma for 5 min, aged in air for 2 day:

Adapted from Ref. 98.
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In addition, hydroxyl groups were also reportedsasface impurities under humid
ambient condition&® Therefore, the passivation of topological surfatates is of great
importance for Tl study.

In this chapter, we will present an effective aygmh to passivate the Bie; surface
with 2 nm aluminum (Al) deposition, immediately exftthe growth of BiSe;thin films in
MBE chamber (without breaking the ultra high vacyum order to understand the role of
the Al passivation, control samples (without Al dspion) were grown under the same
condition for comparison. Dual evidences from bdBuH oscillations and weak
antilocalization (WAL) suggest that non-trivial fare states are better revealedititu
Al passivation, as it prevents native oxide (Bi@®rmation and isolates the film from
ambient charges/impurities or contaminations inghbsequent fabrication proc&ds™ ¥’
Our results hence demonstrate that surface paissiviatcritical in Tl surface states related
transport studies, which could pave the way for theire practical applicationg,e.,
thermoelectric, low-noise interconnects, with pbsisy of extending into the

low-dissipation electronicg? 399101
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2.2. Material Growth and Sample characterization

2.2.1 MBE Growth of BLSe on Si with and without Al Passivation

High-quality single crystalline BSe; thin film was conducted in a PerkinElmer MBE
system; MBE is a proven powerful and reliable téghe to produce ultrathin TI films
down to a few quintuple layéfs® The highly resistive Si (111) substrate with sisvity
>10'Q-cm was cleaned by the well established RCA procethefere loading into the
MBE chamber. High-purity Bi (99.9999%) was evapedaby conventional effusion cells at
480°C, while the Se (99.99%) sources was evaporateddrgcker cell from SVTA at 230
°C, and Si (111) substrate was kept at 280during the growth. The atomically flat
layer-by-layer growth of BEe; was monitored by real-time reflection high eneejgctron
diffraction (RHEED). After growing 8 QLs (~8 nm) &,Se;, a post-annealing was carried
out at 400°C. The thickness of 8 nm was chosen to preserveofiwogical surface stafes
while minimizing the contribution from the heavilgoped bulk by increasing the
surface-to-volume ratio. After the f8e; growth, a 2 nm Al wasn situ evaporated to
passivate the surface at room temperature. Al filas later naturally oxidized to form
Al, O3 after the sample was taken out of the chamber gpdsed in air, whichlso further
served as a part of the highdielectric oxide in the atomic layer deposition_(® process.
Control samples withouh situ Al evaporation were grown under the same conditAdh

the samples were exposed in air for 1 day befdmedation process.
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2.2.2. Atomic Force Microscope Characterization

Atomic force microscopy (AFM) was performed to éstigate the Al passivated and
un-passivated Bbe; thin film surface morphology. Figure 2-2 (a) shoawsypical AFM
image of thein situ Al capped 8 quintuple layers (QLS) :Bi film with ~400 nm
large-scale triangle-shape terrace. Due to theraltiformed ALO; coverage, the terrace
edge is not as sharp as that in the un-cappediltmnas shown in Figure 2-2 (c). Figures
2-2 (b) and (d) display the height profile of tleslrand blue lines marked in Figure 2-2 (a)
and (c), respectively. The uniform formation of tAé,O; layer is confirmed by the
sub-nanometer roughness of the height profile guife 2-2 (b). For both films with and
without Al capping, the height of each step is 50rim, which is consistent with the

reported thickness of one Bie; QL .*%: %8 102
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Figure 2-2 (a) AFM image of the in-situ Al passivated 8 QBg&Se;, with ~400 nm
large-scale triangle-shape terraces. Due to therage of the thin AD; layer, the terrace
edge is rounded. (b) The height profile along tlidsred line marked in (a). The
sub-nanometer roughness of the profile demonstidesuniform formation of the thin
Al,Oslayer. (c) AFM image of 8 QLs B%e without Al passivation, which shows sharp
and clear terrace edge. (d) The height profile glitve blue line marked in (c), showing a

step size of ~0.95 nm. (This also appears in omayopublications Ref. 86.)
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2.2.3. Device Fabrication Methods

To investigate the transport properties and exptbe surface states in the passivated
and un-passivated e thin film, top-gate field effect transistor (FETevices with a
six-terminal Hall-bar geometry were fabricatedselsematically shown in Figure 2-3 (a).

The MBE grown 8QLs BBe; thin film was patterned into a micron-scale Hallr ba
geometry using conventional optical photolithognapimd a subsequent dry etching (20 s
CHFR; etching). The 18 nm AD; dielectric layer was conformally deposited by AlaD
150°C to serve as the highgate dielectric. Six Hall channel contacts (10 Titanium (Ti)
and 90 nm gold (Au)) were defined by e-beam evamorafter dry etching the ADs in
the contact areas. The top-gate metal was defiyedniother step of photolithography,
followed by metal deposition (Ti/Au 10nm/90m) tmdiize a top-gate FET fabrication

process.

2.2.4. Device Measurement Setup and Methods

Standard four-point Hall measurement was carrietl to eliminate the contact
resistance with a constant AC current flow ofiA at 11.58 Hz. The measurements were
conducted in a Quantum Design Physical Propertieasdrement System (PPMS) with the
application of tilted magnetic fields. The temparatrange was varied from 1.9 to 300 K,

and the magnetic field was up tb9 T. Figure 2-3 (b) presents an optical image ef th
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device structure. The diagonal two electrodes wepegate electrodes, while the rest
electrodes were connected to the Hall bar. A zaowiew of the Hall bar (1@qm (L) x 20

um (W)) is shown in the inset, with a 1@n scale bar.

Figure 2-3. Top-gate FET structure and measuremergetup. (a) Schematic diagram of a
top-gate Hall bar device structure with 8 QL3 sample (red) on highly resistive Si (111)
(purple) with measurement setup. The total thickrasALO3 (blue) is ~23 nm. The ADs
covers the whole substrate except the six Hallcbatact area. Here, the /8; coverage is
purposely reduced for clarity. A standard four-pomeasurement was carried out with
constant AC current flow ofdA. (b) Optical image of the device structure witie 50um
scale bar. Inset: A zoom-in view of optical imadelee Hall bar with the size of 1m (L)

x 20um (W). (This also appears in one of my publications. Béf)
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2.3. Transport Comparison Between Samples with andwithout Al

Passivation

2.3.1. Temperature Dependence of Resistances

Figure 2-4 (a) and (b) present the temperatureentignt sheet resistancds~T) of
Bi,Se thin films with and without Al passivation. Thes@o curves exhibit common
features in the high temperature range (between R58nd 35 K). First, the sheet
resistances of both samples exponentially increasetemperature decreases in the
temperature range from 250 K to 180 K, which isilsimwith the Rs-T curves of low bulk

13 reported. Second,

carrier densities ranging from f@ém? to 10"’ cm? that Analytiset a
between about 35 K and 180 K, the sheet resistatexease with the reduced temperature,
implying a typical metallic behavior, in which thphonon scattering mechanism
dominates™ %¢ 1%However, below 35K, th&-T manifests a dramatic difference between
these two samples: the device withsitu Al passivation displays more resistive behavior,
revealing that the bulk carriers further freeze, and therefore surface conduction is
enhanced at this temperature range. But the assdaativation energf, cannot simply
be extracted byR ~ &='*" owing to the presence of multiple-channel condudfavhereR

is the channel resistande, is the Boltzmann constant. In contrast, the shesistance of

the un-passivated sample continuously decreaseshavis a shallow local minimum at 10

K. This behavior was also observed in higher dogiagcentrationr( ~ 10*°cm®) Bi,Se;
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crystals by other® 1t is noted that un-passivated devices shows matia reduction in
sheet resistivity compared with the sample withpaksivation, which is believed to be

associated with the increase of the carrier detsibe discussed later.

2.3.2. Gate Voltage Dependence of Resistances

The gate dependence of Hall carrier densiijes both samples at 1.9 K are extracted
from n, =(R, 8™, whereRy is the Hall slopeg is the electron charge. In Figure 2-4 (c),
the bulk carrier density is reduced as the gatéagel decreases, indicative retype bulk
Bi,Se; which has been believed to be associated withaBancies® * %For the device
with Al passivation, the 2D carrier density can heed from 5.45x 16°cm? to
7.58x 106°cm? (with a carrier density change of 39.1%), by sviegmate voltage\()
from -10 to +10 V. In comparison, the un-cappedicewshows a 39.2% higher carrier
concentration at zero gate bias with a relatively gate modulation of 13.2%. This implies
that the difference of the carrier concentrationgsea from the unintentionally
environmentaln-type doping which contributes to the transpdrt: As aforementioned,
other surface impurities/oxides such as hydroxglugs®® surface native oxide (BiR*®
trapped charges and impurities from ambient as a&ltontaminations in the fabrication
process may all contribute tetype doping. Hence, the original surface propsrtannot

be easily revealed if the surface is directly exgoso air or chemicals during the device
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fabrication. Figure 2-4 (d) presents tRevs. Vy at various temperatures for the Al capped

device. The inset of Figure 2-4 (d) shows the slopthe sheet resistance as a function of

the gate voltage at 1.9 K, indicating a sharpereiase in resistance beyond -4 V. This

enhancement of the gating effects strongly sugdhatsthe Fermi level is approaching the

edge of the conduction band at a gate voltage d. Beyond -4 V, a large portion of bulk

electrons are depleted as the Fermi level is movedhe bulk bandgaff
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Figure 2-4. Transport properties in passivated andin-passivated devices(a)(b) Sheet

resistances as functions of temperature, for thecdewith (a) and without (b) surface

passivation. TwdRs-T curves ((a) and (b)) show similar behavior at higimperature, but

present a dramatic difference below 35 K, as inditeby the dashed line. The sheet

resistance of the passivated device increases rapetature reduces; while for the
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un-passivated sample, tRe continuously decrease and shows a shallow locainmim at

10 K. (c) Gate-voltage dependence of 2D Hall cadinsity for devices with (circles) and
without (squares) Al passivation. The Hall cardensity n, increases 39.2% at zero bias
for un-passivated sample over the passivated dh&heet resistance vs. gate voltage at 1.9
K, 3K, 4 Kand 6 K. Arrows were used to guide #yes, showing the sharper increase of
resistance with/y < -4 V. Differential resistance vs. gate voltageshown in the inset to
highlight the enhancement of gating response. (&lsis appears in one of my publications

Ref. 86.)

2.3.3 Shubnikov-de Hass Oscillations in Al passivadl BL,Se; samples

Aiming to probe the surface electronic states Wboth devices, magnetotransport
measurements with an out-of-plane magnetic fieldewsonducted at low temperatures.
Both gate voltage and magnetic fielB) (dependences of longitudinal and transverse
resistanceR. andR,,, were recorded at various temperatures. Hggehas a positive value
at positive B field. Interestingly, in the sample withn situ Al capping, the
magnetoresistance (MR) exhibits significantly erdeahSdH oscillations with the decrease
of gate voltage (-9 ~ -12 V). However, SdH osditlat are completely absent in the control
samples without Atapping. One possible reason is that a higherezaroncentration of the

un-passivation sample suppresses the contributiom fthe surface state in the total
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conductivity, and thereby the surface property asked® % Another possibility could be
the surface oxidation of Bbe; in air which obscures the surface state propedies to
interfacial defects or trapped chard@s.

Figure 2-5(a) presents the derivative of the trarse magnetoresistanatR{,/dB) as a
function of 1/B for thein situ Al capped device. The amplitudes of the SdH csadhs are
gradually enhanced with the gate bias changing #@no -12 V, suggesting that the bulk
contribution is reduced by the external gate bid® periodicity of such oscillations at 1.9
K are monotonically reduced by a decreasing gatéag® from -9 to -12 V, which
corresponds to the shrinking cross sectional afdeeomi surface %) in the momentum
space as the Fermi levéld) approaches the Dirac point. The gate-voltage rtdge Fermi
wave numberk. can be extracted through(l/B)=2e/K#h8" for Dirac electrons,
yielding the k. values from 0.067 Ato 0.055 A" as gate voltage is swept from -9 to -12
V, where 7 is the normalized Planck’s consténdivided by 2z .

Landau Level (LL) fan diagram is usually examingd study the Berry phase in
graphen&* % and surface states of ¥{s® 1% Here, we assign Landau level number
(n+1/2) to the minima (maxima) in the oscillationsd®,/dB shown in Figure 2-5 (a), in
which n indicatedN+1/2-th LL, whenEr is precisely between adjacent f% Based on the
Onsager equation2z(n+y)=S %81 (see EqQ. 1-25 in session 1.6.2), we linearlyH# t
SdH oscillation data in the LL fan diagram to obtai , where then is then-th Landau
level, and theSis the cross sectional area of Fermi surfage.s directly related to the
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Berry phase. For a parabolic energy-momentum (BskEhd structure,y equals O,
corresponding to a zero Berry phase; for the lirke#t relationship of Dirac fermionsy
equals%, corresponding to az Berry phasé® %’ Particularly, for Tl surface states, the
linear fitting of LL fan diagram should theoretibalextrapolate to 1/2 on the n-axis.
Experimentally, in Figure 2-5 (b), the LL fan diagr represents the values B at the
minima (maxima) irdR,/dB as a function oh (n+1/2) atVy=-12 ~-9 V afl = 1.9 K. The
frequencies of gate dependent SdH oscillationgrghwy the slopes of the linear fitting, are
extracted as 98, 112, 135, 148 T, under gate wliag= -12, -11, -10 and -9 V,
respectively. The inset shows the gate bias demeedef the intercept, , which yields a
finite Berry phase.y is close to 1/2 a¥y=-12, -11 V, while it deviates away from 1/2 as
the gate voltages increases, implying that the Flavels are moved from Dirac-like E-K
dispersion & Berry phase) towards quadratic E-K dispersionoZerry phase)’® This

intercept deviation was also discussed in otherattire$> 8% 1%
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Figure 2-5. Gate-modulated SdH oscillations for theAl passivated sample(a) dR,/dB
vs. 1/B under gate voltag¥y= -12 ~ -9 V at 1.9 K, where all curves are veitjcahifted

for clarity. Strongly enhanced oscillations areated when the gate bias is at -12 V. (b)
Landau level fan diagram for oscillationsdR./dB at Vy= -12 ~ -9 V. The minima (solid
symbols) in dR/ dE are assigned to their indices n, while maxima ifopgmbols) are

assigned to n+1/2. The lines correspond to a lifietw the solid and open symbols. Inset:

n-axis intercept, as a function of gate voltage. The black dashesliidicate , =1/2. (c)
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Fermi energy E; as a function of Surface 2D carrier density, extracted from
corresponding SdH oscillations. (d) ARPES intensitggp of the surface states of,8&
thin film near the I' point with an incident photon energy of 52 eV. Hemi levelEg for
transport measurement (horizontal lines) shiftsat@ls the Dirac point as the gate voltage is

decreased from -9 to -12 V. (This also appearsienal my publications Ref. 86.)

Figure 2-5 (c) displays 2D surface carrier density as a function of Fermi enerdae.
n,,is effectively tuned from3.58x 16°cm® down to 2.37x 16°cni® by sweeping the
gate voltage from -9 to -12 V, providing a pictdioe the evolution of the carrier depletion
by the gating effect. Heren,, is deducedria f =2z7%n,, /e (also see Eq. 1-29 in session
1.6.2), wherd is the above-mentioned SdH oscillation frequeratained from the slope of
the linear fitting in Figure 2-5 (b). The Fermi egye Er corresponding to each gate voltage
is given by E; =V;:fik., which can be swept from the conduction band dewh33 meV

above the Dirac point under gate bias from 0 V11 V. Here, the Fermi velocityr is

estimated as3.7x 10m /s, atEr ~140 meV above the Dirac poimia V. =%3EF

ARPES data shown in Figure 2-5 (d), which is cdesiswith literatures reported dat¥"

from

83.91 as summarized in Table 1. The Fermi level at galiageV,= -9, -10, -11 and -12 V

are sketched (horizontal lines) in Figure 2-5 (@jch are shifted towards the Dirac point
asVydecreases.
Table 1.Fermi velocityVe of Bi,Se; surface states from ARPES.
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Reference VE(x10° m/s) Remark

Ref. 4 3.4+ 0.3 Calculaec*
Ref.* 4.F Reporte
Ref, 891 4.2 Reporte:
Ref. %8 3.5+ 0.2 Calculaec*
Our sample 3.7+ 0.1 Calculaec*

*Note: calculated locaVr at ~140meV above the Dirac point.

2.3.4. Angle Dependence of Magnetoconductivity

We next explore the WAL effect for Al capped sampiich has also been observed in
other materials systems with a strong spin-orhifpting ** % 1°8*1% The occurrence of WAL
in TIs reflects the nontrivial topology of the saré states, in which backscattering is
minimized owing to the destructive interferencewssn two time-reversed loops, arising
from the = Berry phase. When a magnetic field is applied @edpcular to the film, the
time reversal symmetry is broken while the possibibf backscattering increases and the
WAL is suppresseao.' % However, the experimentally observed magnetorasist may be a
collective result from both surfaces and bulk cldst' The bulk channels do not
necessarily contribute to the WAL effect. The tltmagnetic field measurements allows us
to distinguish the 2D WAL effect associated witle tiopological surface states from the 3D
bulk effect'*® The normalized low field MCAo(B)=o(B)—oc(0) conducted in tilted

magnetic fields at 1.9 K is shown in Figure 2-6 (@here WAL effect strongly depends on
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the tilting angle. WhemB field applied in the film plang,e.f =0, the magnetoconductivity
(MC) sharp cusp feature disappears completely &edMC shows a paraboliB field
dependence. By subtracting the in-plane backgrdwomd the MC obtained at perpendicular
magnetic field, the WAL effect from the 3D bulk che excluded. Moreover, the 2D TI bulk
channels may result in the unitary behavior (MCpprtional to the square of the magnetic
field) or even weak localization (WL) effect duette relatively large gap, which has been
theoretically demonstrated by lat al*** This unitary behavior or even WL effect of bulk
channels may explain why the bulk channels conteilsmall MC although they actually
dominate the transpatt*
Therefore, we conclude that the close to 0.5 (Figure 2-6 (b)) ¥ = -11 V, obtained

by numerical fitting is mainly due to the top sweéaconduction. This is in agreement with

recently experimental studies on the WAL in$&'° and BpTes™*2
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Figure 2-6. (a) Normalized magnetoconductivit%f(B):U(B)_G(O)) as a function of
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tilted magnetic field al = 1.9 K,Vy = -11 V. When # =90 (out of plane magnetic field), the
MC shows sharp cusp (WAL effect) arouBd0, while when §=0" (in plane magnetic
field), MC shows a paraboliB field dependence. (b) In-plane background suldchéfiC
(Ac(B)=0(0=90,B)-c (@@= 0,B)) as a function of perpendicular magnetic fieldTat
1.9 K, Vy = -11 V. Black curve is the low field numericaltifily result based on

Hikami-Larkin-Nagaoka (HLN) theory.

2.3.5. Gate Dependence of Weak Antilocalization

As shown in the inset of Figure 2-7 (a), the glpendence of MC under low magnetic
field was measured for tha situ Al passivated device. Through in-plane MC backgrbu
subtraction, the low field MC Ao(B) =c(60=90,B)-o (0 ,B)) conducted at 1.9 K was
shown in Figure 2-7 (a), to exclude the 3D bulk Weédntribution, whereéd is the angle
betweenB field and the film plane. Theo(B) vs.B curves are surprisingly identical for
all different gate biases except below -9 V, ev@ugh there are more than 30% changes in
the Hall carrier concentratiom, (See Figure 2-7 (c)). This can be attributed tostindéace
conduction significantly enhanced when the bulkieardensity is sufficient low\(y< -9
V), i.e,, the Fermi level approaches the Dirac p&int-

The HLN equation (1-31) gives a perfect fit to tile MC curves with various gate

biases at 1.9 K shown in Figure 2-7(a), where thasp coherence lengtt) and the
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prefactore are two fitting parameters. The numerical fitted valuesr and | ; as
functions of gate voltages are plotted in Figuré @), respectively. The phase coherence
length |, of 58 nm and the prefactowr of 0.49 are obtained at -12 V and 1.9 K,
indicating that there is only one surface contitiutto the 2D WAL effect. This is in
agreement with the recent studies on the WAL is8B/° and BjTes'*2 The contribution

to the WAL effect from the bottom surface seemsligidge since thel, of the bottom
surface is reduced possibly due to defeats caugdbeblattice mismatch between,Bg
and Si substrat€: ®” **One may also notice that the slightly decays andx deviates
from 0.5 with increasing gate voltage, which ish@ably due to the fact that the 2D bulk
carriers contribute more to the overall conducyivitf the system, with increasing gate
voltage. The estimated gate dependences of thacsudtates parameters obtained from
both SdH oscillation and WAL &t = 1.9 K for the Al passivated device are summalrire
Table 2.

Table 2. Estimated parameters of surface states from thedadHations and WAL for the

in situ Al passivated sample &@t= 1.9 K. The cyclotron mass is obtained fram = ?;(F :

F

while other parameters are calculated as showheirieixt. (This also appears in one of my

publications Ref®.)

Vg fsan N2p mc ke Er VE |¢ a

V) (T (10%cm?  (my) (A (meV) (10°m/s) (nm)
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-12 98 2.37 0.170 0.055 133 3.7 57.7 0.49

-11 112 2.71 0.182 0.058 142 3.7 56.1 0.51
-10 135 3.26 0.199 0.064 157 3.7 55.8 0.52
-9 148 3.58 0.209 0.067 164 3.7 55.5 0.54

2.3.6. Temperature Dependence of Magnetoconductiyit

Next, we investigate the temperature dependenddé®iinder a fixed gate voltage of
-11 V. From the systematic trend of the MC curvegigure 2-7(c), it is noticed that the
MC cusp at low magnetic field is broadened as teatpee increases, might due to bulk
carriers are increasingly dominant at higher temjpee; hence, the WAL effect arises from
the nontrivial surface states is weakened. Thigitiean also be seen in the phase coherence

length |,, which monotonically decreases from 56.1 nm to93fm as temperature

¢ 1
increases from 1.9 K to 8 K. This similar behavicas also reported in literatut¥. The
prefactor « changes from 0.51 to 0.67 as temperature increasepresented in Figure

2-7(d). a larger than 0.5 at higher temperature is possthlg to the increasing bulk

carrier contribution.
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Figure 2-7. Gate voltage and temperature dependenseof WAL for the in-situ Al

passivated sample. (a) In-plane background subtracted magnetocondtycti
(Ao(B)=0(0=90,B)-c (0 ,B)) at 1.9 K under a set of gate biases, from -129 Vv
with 3 V a step, showing nearly identicalo(B) vs.B curves for gate biase> -9 V.
Inset: conductivity vs. magnetic field, frony = -12 V (bottom curve) to&/y = 9 V (top

curve). (b) Fitted phase coherence lengfh(solid red squares) and coefficient (open
blue circles) from Eq. (1-31) as functions of gatdtage at 1.9 K.« larger than 0.5 at
higher temperature is possibly due to the increpdoulk carrier contribution. (c)
Background subtracted magnetoconductivity at adfixeltageVy = -11 V measured at
different temperatures (open cycles). Lines atediturves by the HLN theory. (d) Fitted
|, (solid red squares) and (open blue circles) as a function of temperaturéya -11 V,
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showing the WAL effect is weakened as bulk carrimake more contributions at higher

temperatures. (This also appears in one of my pafintins Ref. 86.)

The fitted coefficienta agree very well with the theoretical value at 1.QihderVy=
-12, -11 V,re-confirming the existence of surface states lier Al passivated sample. On
the other hand, the device without Al passivatighilgits a large fitting deviation from the
HLN theory at 1.9 K with various gate voltages &gl Therefore, it may further verify our
claim that it is more challenging to probe and edvbe topological surface states in the

un-passivated Tl material.

2.4. Summary

In summary, we present the differences of transpesults in MBE-grown BBSe
samples with and withoum situ Al passivation. Passivated 2D metallic topologeaiface
states are better revealed with dual evidences tr@mrSdH oscillation and WAL effects.
Un-passivated samples exhibit higher carrier dgnsibsence of quantum oscillations as
well as large deviation from WAL, suggesting thdtpassivation is an effective way to
preserve the topological surface states from enmiental degradation. Hence our

observation provides an important step towardseh#zation of future nanoelectronics and
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dissipationless spintronics devices, which may bke @ take advantages of the exotic

surface states in Tls.
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Chapter 3

Competing Weak Localization and Weak Antilocalizaton in

Ultrathin Topological Insulators
3.1. Motivation

Massless topological surface states have beemimgmally identified and extensively
studied in binary and ternary TI materi&l& 40 44 46.51.70. 78.824Q5ra recently, the exotic
and interesting physics associated with the cogpliatween the top and bottom surface
states in the two-dimensional (2D) limit of thed® Bls has attracted new attentibf®
14118 However, only a few experiments have been camiadon ultrathin TI films, and
most of them focus on angle-resolved photoemissipectroscoplyand ST$® On the
contrary, magneto-transport measurement, as an riamgoapproach to establish the
low-dimensional electronic characteristics, remdauaging.

In this chapter, we demonstrate the opening @&freargy gap in the surface states due to
the hybridization of top and bottom surfaces in thathin (BiSh4),Te; films with
thicknesses below 6 quintuple layers (QLs). Thaiokthe nearly bulk insulating state of
(BixShy)-Tes system’” **'the surface Fermi leveEf) can be electrically tuned through the
surface bandgap and consequently the transporéegiep of intriguing gapped surface can
be investigated. WhekEr is located inside the surface gap of ultrathin gas) the overall

unitary behaviors are revealed at high magnetitd, fien contrast to the pure weak
65



antilocalization (WAL) signals obtained in thickemes. More importantly, manipulated
electric gating, a competition between WAL and wedagalization (WL) is strikingly
revealed in ultrathin films at lower magnetic fiaddie to the change of the Berry phase,
presenting a unique way to study the surface stdtdee ultrathin Tl with a gap opening at

the Dirac point in the quantum diffusive regime.

3.2. Material Growth and Sample Preparation

3.2.1. MBE Growth of (Biy5:Sky 43)2Te€s.

High-quality single crystalline (Bk:Shy439.Tes thin films were conducted in a
PerkinElmer MBE system under an ultra-high vacuumvirenment; MBE is proven to be a
powerful and reliable technique to produce ultmrafhi films with accurate thickness control
to a few quintuple layers: °® 3 Intrinsic GaAs (111) waferp (> 1F Q-cm) were cleaned
by a standard Radio Corporation of America (RCA)cedure before being transferred into
the growth chamber. Then GaAs substrates were kthea the chamber under
Se-protective environment at ~580 °C to remove rthive oxide on the surface. After
removing the native oxides, the GaAs substrateshasvn clear 2D pattern with a bright
specular spot (Figure 3-1(a)), indicating the e@idy surface for subsequent growth.
During growth, Bi, Sb and Te cells were kept at, 4395 and 328 respectively, while

GaAs (111) substrate was set at ZDO(growth temperature). Figure 3-1(b) shows a
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large-scale atomic force microscope (AFM) imageanfas-grown (Bis/Sky.43-.Tes film
with a thickness of 9 QL, exhibiting terraces 0880 nm in size. The surface consists of
triangle-shaped terraces and steps, indicative tefxagonal crystal structure inside (0001)
planes.

In-situ growth dynamics are monitored by reflection higtergy electron diffraction
(RHEED) measurements. Digital images of the RHEE&encaptured using a KSA400
system made by K-space Associate, Inc. Growth catebe estimated as 1 QL/min from
the periodic RHEED oscillations which started froine first layer of the growth (Figure
3-1(c)).D-spacing of surface lattice change dumimgwth after ¥ (Bigs:Shy49.Tes layer
growth as indicated in Figure 3-1(d). 2 nm AluminyAl) was subsequently deposited
in-situ at 20 °C to protect the epi-layer from unintengibdoping induced by ambient
environment® Al film was later naturally oxidized to form 4D after the sample was
taken out of the chamber and exposed in air, wdilieh further serves as a good seeding
layer of the high-k dielectric oxide stack grown the atomic layer deposition (ALD)

process.
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Figure 3-1. (Bbs/Sho4392Tes compound growth characterization. a, RHEED pattern
along [11_20]direction of an as-grown surface of {BiShy43).Tes with a thickness of 9
QLs. b, An AFM image of the TI thin film with terrace gizZxceeding 500 nns, RHEED
oscillations of intensity of the specular beam. Tseillation period is found to be 60 s,
corresponding to a growth rate of ~ 1 QL/mdnD-spacing of surface lattice change during
growth. The arrow indicates that the surface moligeyohas converted from GaAs to after

1% (Bio.s.Shy 492 Tes layer growth.

3.2.2. Cross-section TEM, EDX and Device Structure.

To investigate the quality of the thin film, higlsolution scanning transmission
electron microscope (STEM) experiments were peréatran a FEI TITAN Cs corrected
STEM operating at 200 kV. Figure 3-2(f&ft) shows a high angle annular dark field

(HAADF) image of the single crystalline (B#Bio47)2Tes film and the GaAs substrate,
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where the sharp interface without any amorphousrléyclearly revealed. The QLs of this
ternary Tl system is further manifested in the nifaggh TEM image (Figure 3-2(a), right),
demonstrating the same tetradymite structure ais gagent compounds of Bie; and
ShTes.”” The thickness of each QL is estimated to be ~arb2as indicated by two parallel
white lines. Additionally, the energy dispersivera§+ spectroscopy (EDX) was performed
to examine the film composition. Prominent Bi, Siddal'e peaks are revealed in Figure

3-2(b). Quantitative analysis shows that the precise @toatio of Bi/Sb/Te is 1.35:1:3.4.

a

Intensity (a.u.)

2 4 6 8 10 12
Energy (keV)

Figure 3-2. Cross-section TEM, EDX and device struare. a, Left: A high-resolution
TEM picture for the (Bjs:Shy.43.Tesfilm and GaAs (111)B substrate. An atomically sharp
interface is also observed. Right: A magnified TEiage showing the quintuple structure
with ~1.02 nm lattice spacing between (0003) planes Energy dispersive X-ray

spectroscopy of the film composition, which is nigicomposed of Bi, Sb and Te.
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3.2.3. Device Fabrication.

The MBE-grown (Bi s:Shy.43)2Testhin film was first patterned into a micron-scalalH
bar geometry using conventional optical photolittamiyy and a subsequent CHF
dry-etching of 15 s. Hall bar contacts were defilydphotolithography and followed by
e-beam evaporation of 10 nm chromium (Cr) and 100gahd (Au). A 25 nm-thick AlO3
dielectric layer was conformally deposited by ALD250°C to serve as the high-k gate
dielectric. Another step of photolithography wa®aded to open window, and dry etching
was carried out to etch the 8k in the contact area with subsequent dip in 5%tedHF.
Finally, the top-gate electrode and Hall channeitacts were defined and followed by

metal deposition of Cr/Au (10 nm/100 nm).

b D 4

Photolithograhy+ Etch Hall bar Photolithograhy+Deposit Hall bar contact Cr/Au Gate oxide 25 nm Al,O; deposition

Photolithograhy to open window +Etch the contact Photolithography+Deposit gate and contact pads
oxide away

Figure 3-3.Fabrication processes of Tl based higRET by photolithography.
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3.2.4. Device Characterization Methods

High magnetic field and low temperature measurésesere conducted at Tallahassee
National High Magnetic Field Laboratory with thepdipation of DC magnetic field up to
* 18 T. The temperature range is from 0.3 to 60 En&ard four-probe measurements were
carried out with an ac current sourced from a Keyt6221. Multiple lock-in-amplifiers
were used to measure the longitudinal and transvessstance.

To explore the transport properties of this matethe device measurement setup is
schematically shown in Figure 3-4(djigure 3-4(b) (left) shows an optical microscope
image of the typical device structure. The diagdmal electrodes are top-gate electrodes,
whereas the rest electrodes are connected to thle bda A zoom-in view of the
eight-terminal Hall bar (mm (shorter longitudinal length between two Halhterals) or 15

um (longer longitudinal lengthy 5 um (width)) is shown in the right panel.

Figure 3-4. a,Schematic diagram of (Bi:Shy.43-Te; (red) on highly resistive GaAs (111)
(dark blue) top-gate Hall bar device structure withasurement setup. The total thickness

of Al,Os(light blue) is ~25 nm. A standard four-point me@snent was carried out with
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constant AC current flow of fA. b, Left: An optical image of the device structureiwi00
um scale bar. Right: A zoom-in view of the Hall éth the size of um (L) x 5 um (W),
with 10 um scale bar. Note: the Hall bar channel cannotidearly seen in the figure since it

is underneath with top gate area.

3.3. Ambipolar Effect

3.3.1 Thickness Dependent (Bk:Shy 43)2Tes; Thin Films

A characteristic ambipolar field effect is obsehia thin films with thickness ranging
from 4 to 9 QL as displayed in Figures 3-5(a)-fy. applying a top gate biag, Er can be
effectively tuned across the surface Dirac poing &oth the carrier type as well as the
carrier density can be easily controlled. Remarkahl giant gate modulation of ~1500%
with a sharp peak resistancByf,) of ~70 K2 is observed in the ultrathin 4 QL film
(Figures 3-5(a), upper panel). Compared with the gaodulations in the thicker samples
shown in Figures 3-5(c)-(f) (upper panels), thighhon/off ratio can be attributed to the
extreme low density of states in the 4 QL sampleaa®sult of surface gap opening.
Furthermore, the Hall coefficier®R{) (open squares) extracted from the Hall slopersege
its sign wherRy approaches its maximum, corresponding to the loweiscarrier density
achieved. Alternatively, the 2D carrier density= -1/(eR;) (wheree is the elementary

charge) is calculated to further illustrate thisbgmolar effect, as indicated in Figure 3-5(a)
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(lower panel). Here, the unipolar conduction (omlge type of dominant carrier) is
manifested in the linegr-type {g< -3 V) andn-type region Yyg> 5 V); whereas in the
ambipolar region{3 V <V4< 5 V), Ry crosses zero angy changes sign from to n-type,
suggesting the coexistence of two competing car(iectron and holé$:

For the 5 QL sample (Figure 3-5(b)), the resistapeak broadens arh.x decreases
to ~14 K2 due to a smaller gap opening. Moreov&(V,) shows a much reduced
modulation signature of only ~250%. As the filmctness further increases (Figures
3-5(c)-(f), upper panel)R(Vy) exhibits a much weaker tunability afha.x decreases its
magnitude, indicating the disappearance of theasarhybridized gap and an increased bulk
denisties. In particulaiRqax of the 9 QL film is suppressed by one order of nitagle
relative to that of the 4 QL film, accompanied by iacrease of minimum carrier density
Nmin from ~ 8x106' cm? (4 QL) to 1x18°cm®(9 QL). Remarkably, a sudden risergf, at
thickness > 7 QL may be attributed to the appearance of baliduction, which could no
longer be fully depleted by gating due to the reddy short depletion width in TI

materials®® 7’
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Figure 3-5. Transport properties of thickness depeatent (Biys:Shy 432Tes at 0.3 K. a-f,
Upper: Longitudinal resistancByy (lines) and Hall coefficienRy (open symbols) as
functions of gate voltag¥y corresponding to different thicknesses from 4 tQIS%. The
largest peak oR« Vvs. Vgand giant gate modulation of ~1500% are observetierd QL
sample. As film thickness increases, the peak EomadndRy.x decreases greatly. EaBh

is extracted from the Hall traces at +4 T for aaierVy. Lower: Unipolar conduction (only
one type of dominant carrier) is manifested in lthear regions ofiy vs. V. While in the
ambipolar regionny starts to diverge at the bias (changing sign fpota n), where the net
carrier density is significantly reduced, indicgtithe ambipolar behavior. In short, the

ambipolar effect presented above reveals a giaet g@dulation and an ultralow carrier
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density in 4 QL film wherkEg is tuned through the hybridization induced surfgap. (This

also appears in one of my publications Ref. 53.)

3.3.2. Peak Resistance and Carrier Density vs. Thigcess

The thickness dependent maximum resisnkobtained from Figure 3-5 presents an
abrupt change at 4 QL, as indicated in Figure Bt8l QL, Ryna reaches ~ 70k, owing to
the surface bandgap opening (~180 meV) at the Opoact. As film thickness increases,
Rmax decreases monotonically as the surface gap vagistid continuously increased bulk
contribution.

At the same time, the 2D carrier concentratipmemains low value < 2510 cmi?
for thickness below 8 QL, where bulk contributiangreatly suppressed. However, it is
noted that they; suddenly jumps to 7:8102cm? att > 8 QL, above which gate may not
effectively modulate the charge carrier densityhef entire film any more. Hence, in order
to suppress bulk contribution and achieve low dgnBi sample, film thickness should be
kept below ~8 QL. This is consistent with the ke that by solving Poisson equation,
the first order estimated maximum depletion widtis3- 11 nm, beyond which a portion of

carriers cannot be fully depleted by gating efféct.
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Figure 3-6. Rmax and ny as functions of film thickness.The largesRmax is obtained at 4
QL and it rapidly decreases as thickness increaseremains < 2.510cm? for 4 to 7

QLs, and suddenly increases tox15*2cm? att > 8 QL.

3.4. Quantum Oscillations from Top and Bottom Surfae States

At 0.3 K, quantum oscillations can also be seetiné10 QL (Bjs/Shy.492Tes sample.
To emphasize the gate dependent oscillations aaliniinate the MR background, we have
used the second derivative Rf; (0°R.dB’) in Figure 3-7. The first thing to notice is that
there are gate voltage dependent peaks as acamhtibnatthe white dashed lines. These
peaks (valleys) originate from the formation of Han levels of Dirac fermions on the top
surface states; the gate dependent shift is duketalecreasing of the top surface carrier
density as the Fermi level approaches the Diraatpéi the same time, there are other gate
independent peaks at high magnetic field, as imelicdy the black dashed lines. These

peaks are attributed to those from the Landau $evkthe bottom surface states. The strong
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screening effect arises from the high dielectriostant of TI materials prevents the bottom
surface states from being affected by the gaté'Bjassulting in little or almost no change
of carrier density and correspondingly constantllasion frequencies. It is also interesting
to notice that the top and bottom surface statee liifferent oscillation frequencies (and
carrier densities). This may be explained by thtedint band bending at the interfacé
These two independent quantum oscillation frequesnairising from the top and bottom
surface states have been very rare to be seee iitataturé'® **° because it requires very

high quality for both two surface statés.

30 40 50 60 70 80 90 100
1000/8 (T-1)
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Figure 3-7. Shubinkov-de Haas oscillations from théop and bottom surface states.
d’R.,dB? as functions of B and Vy. Both gate dependent and independent peaks are
observed. The features which change wighoriginate from the formation of the Landau
levels of Dirac fermions on the top surface sté@éste dashed lines, the Landau levels 2 to
5 are marked). Th&gindependent features come from the Landau levethe bottom
surface states (black dashed lines). The colopbesents the value afRdB? for each

gate voltage and magnetic field. (This also appeaosie of my publications Ref. 54.)

The Landau fan diagram for various gate voltageesis plotted in Figure 3-8(a), in
which the 1/B values corresponding to the maximumFigure 3-8(a) is plotted as a
function of Landau level inder® 103 120121 plegse refer session 2.3.3 for Landau fan
diagram. The solid symbols represent the datalfertbp surface states, demonstrating a
systematic shift depending on gate biases. The spmbols represent those for the bottom
surface states, which show no dependence on gage bigure 3-8(b) displays the top
surface carrier densityas a function of Fermi enerdg:. Thenyp is effectively tuned from
1.61x10* down to 1.0%10'>cm? by sweeping the gate voltage from 11 V to 2 V. A
quadratic relationship dr o n'’? can be observed, as indicated by the red lingfjroting

the linear E-K relationship of the Dirac-cone.
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Figure 3-8.(a) Landau fan diagram of the peaks. The peaksaginetoresistance of the top
surface states (solid symbols) show systematic gdgmmepending on the gate voltages,
while those of the bottom surface states are almosstant. Inset: The interceptas a
function of gate voltages. The black line indicates0.5. (b) The carrier density of the top
(circles) and bottom (triangle) surface states danation of Fermi energ¥r extracted
from the corresponding SdH oscillations for varigage voltages. A quadratic relationship

is shown. (This also appears in one of my publicestiRef. 54.)
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3.5. Quantum Interference in Ultrathin Topological Insulator Films
3.5.1 Crossover from WAL to WL in 4 QL by Gating Effect

Next, we present the striking influence of thefate gap on the magneto-transport
properties of the ultrathin Tl films in the quantuhffusive region. Figure 3-9 displays the
dramatic contrast of normalized magnetoconductiitiyC) Ac(B)=o0,,(B)—0c,(0)
between thick (6, 7, 9, 10 QL) and thin (4 and 5)Qims at their Vgiac (the Vy
corresponding t&nay) as a function of perpendicular external magneid applied afl =
0.3 K. On one hand, for > 6 QL, all the MC curves display a sharp negativspc
characteristic of WAL, consistent with the nontaiviopology of the surface states carrying
a Berry phase of.%% 70887 19 he data can be analyzeid the HLN formula (also see Eq.
1-31)3

a€’ h 1 h

Ao =_—— In(4e—BLf)_W(E+FI3f) (3-1)

27°h
As indicated in the inset of Figure 3-9, the figtiresults yield|a|z1 for the thicker
films, suggesting the coexistence of two fully degied channels in this system,
contributing ¢| = 1/2 eacH' *?? The slight increase ofy|| as the film gets thicker, is
possibly owing to the additional bulk channel malyi coupled with the surfacés: **0n
the other hand, consistent with R&f.when the film thickness is reduced to the 2Difdi
and 5 QLs), the MC curves at th&f,.c change drastically from the sharp WAL behavior

to a unitary behaviord ~ 0), suggesting the opening of a surface gap in BiX ITls. It
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should be emphasized that for the gap-opened 2D dinTlIs Eq. (3-1) is no longer valid
and additional correction to MC can acquire both M&nd WL contributions, which, for
the case of weak surface and bulk coupling, acguairmodified HLN equation given in Eq.
(3-2), to be discussed later. We further note itabntrast to the study in R&f that was
limited to a fixed Fermi level, our current apprba controlling the Fermi levelia gating
provides further confirmation and a more complattupe of the combined WAL and WL

contributions to MC for massive Dirac fermions, alhiwe elaborate below.

-2 -1 0 1 2
B(T)

Figure 3-9. Quantum interference competition in 4 Q (Bios/Shy49.Tes at 0.3 K.
Normalized magnetoconductance (M@o(B)=0,,(B)—0c,(0) for 4 ~ 10 QL measured
at theirVgirae The conductivity is significantly suppressed wtiea thickness is reduced to
4 and 5 QLs. Inset: the thickness dependefitted from one component HLN theory
shows an abrupt change tas 6 QL, which suggests the opening of a surfaqeiga2D

limit TIs. (This also appears in one of my publicat Ref. 53.)
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The gate voltage dependence of resistance in 4s&phple is shown again here in
Figure 3-10 (same as Figure 3-5a). The band steidar the gapped surface state with
respect to theifEr, is schematically shown in the inset in three ed#ht gate voltage
regimes. The dots on the curve represent the s@pegéte biases applied for each
corresponding magneto resistance measurementsgureFi3-11(a). Strikingly, at low
magnetic field (B < 0.4 T), we observe an intriguialectric field controlled quantum
interferences competition between WAL and WL efi@eshown in Figure 3-11(a) for the 4
QL film and Figure 3-12(a) for the 5 QL one, bottmdnich exhibit great differences from
thicker ones. For the 4 QL film, in the ambipolagion (-6 V < Vy< 3 V), whenEr is
inside/close to the surface gap, the MC first eixbiia WL-like behavior at low field (B <
0.2 T), and then bends over to WAL at higher figske also note that aty= 3 V, where
Rmax IS obtained, the weakest magnetic field dependehd®dC (unitary-like behavior) is
achieved, implying the absence of interference ligea@f an insulating state. However, as
Er is moved deep into the unipolar regioNg£ 10 and -10 V), the WL signal vanishes
completely, and the MC curves recover the WAL withgative cusps, similar to pure

Dirac-like surface states.
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Figure 3-10. Gate voltage dependence of resistangethe 4 QL sample.The dots on the
curve represent the specific gate biases applie@doh corresponding magnetoresistance
measurements in Figure 3-11(a). The insets shoensatics ofEr positions relative to the

gapped surface states. (This also appears in omg pliblications Ref. 53.)

In particular, we extract the relative strength WAL and WL contributions as a
function of gate voltage by fitting the measured M@ves to the two-component HLN

theory!*

Ao(B)= f[( ;—In(:—z)} (3-2)
01 7 A

Here, the coefficientsy and a; in Eq. (3-2) stand for the weights of WAL and WL
contributions from the two surfaces (top + bottongspectively, andl, is the
corresponding phase coherence length. The WAL datexhMC ideally has prefactaus=
-1/2 anday = 0, while the WL dominated MC leads dg= 0 anda, = 1/2. Equation (2-2)

gives excellent fit to all the gate voltage dependdC curves in Figure 3-11(a) as shown
83



by solid lines. Figure 3-11(b) summarizes the etiiuof ap anda; of the 4 QL sample as
functions of applied gate voltage. Whémnmoves positively or negatively away frofiac,
loo| increases whilex; decrease, indicating the WL contribution is grealyppressed
whereas the WAL contribution becomes more pronotinBeecifically, alvy= 10 V, asEr
lies high into the upper branch of surface statererar Berry phase is recovered, WAL
dominates the MC curve with negligible WL componémi= -0.582 + 0.015, and
=0.0412 + 0.025), and a similar scenario can atssden in the other end of the bisg<
-10 V). On the contrary, WL contribution is maximizeshile WAL is minimized o= -

0.383 + 0.039 and; = 0.365 + 0.095) a¥y approache¥piac= 3 V.

a b
-0.35fF
-0.40f i % %
of 045 i
= -0.50f % :
~g -0.55F -
NCD § ?
‘o -0.60 1 1 1 1
S
< oaf L
g- 03} b |
< 5 i
0.2f I
. E_ircle'::_ltztx;c)jt. \ 0if . i
N ine: Fitte
L o
-0.2 0.0 0.2
\A

B(T)

Figure 3-11. a,Evolution of low field MC as a function of gateltage for the 4 QL
film. In the ambipolar regionVg= -6, -3, 0, 3 V), the MC curves first show WL-like
behavior at low field (B < 0.2 T), and then benceioto WAL at higher field. The MC
recovers their WAL characteristics again whgnis high or low enough to be in the
unipolar regions \(j = -10 and 10 V).b, The evolution of WAL coefficientyy (upper
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panel) and WL coefficient; (lower panel) as functions of gate voltage obtaibg fitting
using Eqg. (3-2). The two competing WAL and WL bebay coexist and compete with each
other in the ambipolar region. The WAL contributilesl enhances whew, moves from the
ambipolar to the unipolar region, whereas the| |representing WL contribution

monotonically decreases. (This also appears irobney publications Ref. 53.)

The observation of WL in the ultrathin films isrpsing. In fact, for an ideal Tl film
without bulk conduction in the diffusive regime (amefree path« system size ~ phase
coherent length), WAL is obtained in a numeridaiudation!® 2|t has been suggested
that a WL contribution can be obtained from thekhtiit is weakly doped and decoupled
from the surfacé? However, our result does not seem to be consistéifit a bulk
contribution because the bulk contribution is dgseatippressed in ultrathin films wheg
is near the surface bandgap. Alternatively, thiseobed behavior can be understood in

terms of Berry phasep() acquired by electrons over closed trajectoridsckvis dependent
: . : A .
on gate voltage for gapped Dirac fermions, in thenf of ¢:7r(1—£], where A is

the surface gap anBk is the measured Fermi level position relativehte birac poinf?
When Er is close to the Dirac pointyp approaches 0 and therefore resulting in the

dominance of WL. Tuningr from Vp;rac deeper into the surface band takgsfrom O tor,

which one might expect to correspond with the ftitarsfrom WL to WAL % 111125
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3.5.2. Quantum Interferences Competition in a 5 QlSample

Moreover, we also observe the electric field colied WAL/WL quantum interference
competition in the 5 QL film as manifested in Fig8-12(a). We further remark that the
WAL behaviors reported in the literature for sansple< 5 QL is consistent with the
conditionE.* >> A%, suggesting that the chemical potential of thasames typically lies
far outside the surface stafe®® On the contrary, for thicker films=(6 QL), WAL clearly
manifests itself in various gate voltages, consisigith the absence of surface gap, as
shown in Figure 3-13.

The inset of Figure 3-12(b) presents the gate geltéiependence of resistance, in which
we roughly define the ambipolar region (-12 Wg< 4 V) andn-type region Yy > 4 V).

In Figure 3-12(a), in the ambipolar region, the Ni@ves firstly display WL-like behavior
at low field, and then bend over to WAL at highiedd, similarly as 4 QL case. The WAL
characteristics prevail at the unipolar region,sgay because nor moves into the upper
surface state brancfihe evolution of both (upper panel) and; (lower panel) fitted by
Eq. 3-2as a function of gate voltage is present in Fi@e(b). The WAL contributioru)|
enhances wheiVy; moves from the ambipolar to the unipolar regiohereas theoj|

representing WL contribution monotonically decrease
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Figure 3-12. Quantum interference competition in 5QL (Bios/Shy43).Tes at 0.3 K. a,
Evolution of normalized low field MC as a functiofigate voltage. In the ambipolar region
(-12 V <Vy4< 4 V), whereEe is close to the surface band gap, the MC curvstyfishow
WL-like behavior at low magnetic field, and thembdeover to WAL at higher field. The
WAL characteristics prevail in the unipolar regifvy> 4 V) whenEr moves into the
surface state upper brandh). The evolution oty (upper panel) and; (lower panel) fitted
by Eq. 2as functions of gate voltage. The WAL contributjas) enhances whev; moves
from the ambipolar into the unipolar region, whar&dL contributiond;| decreases. Inset:

gate voltage dependence of resistance for the Sa@iple. (This also appears in one of my

publications Ref. 53

)
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3.5.3. Theoretical Calculation of Two Parametersy and a;.

In the two-component HLN thoery, the two parametgranda; present the weight of

WAL and WL, respectively, and both of which depemdthe position oErrespective to

the surface Dirac point. According to the R¥f.*! ¢, and oy are derived as following

forms. Here we obtained these simplified formulaasguming that the magnetic scattering

length |, — 0, since magnetic impurity is absent in our samples.

o = a'b’ o _(@+b)(a-b)°
°T @ +b)a+0-ah) 2@ +b - ab)’

Al2-BIK

—— . WhereA is the
E: — DK

where aECOS%, bzsin%. Here,® is defined ascos® =

surface band gap and- B measured in reference to the Dirac poBitand D are the
parameters in the model Hamiltonian in REf , in which B represents thé“2order
correction to the gap size at non-zero momentum Rrwbrresponds to the bulk kinetic

energy dispersion coefficient. At the Dirac poitle relation can be simplified as

COS@zA/2 .

The corresponding Berry phase as shown in Refis 7given by
F

¢=rn(l-cos@)).

As discussed in Ref. 8, the quantum interferenceatser (WAL/WL) is mainly
controlled by cos® . In the limit whenEg is far into the upper surface state (conduction)
branch or the lower (valence) brancke, cos® — 0, corresponding tapy= - 1/2,a;= 0,
one has only WAL with a negative MC cusp. HowewsrEr is moved toward the surface

gap controlled by applying the gate voltages® increases and consequently drive the
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system first into the unitary regime; and evenguaflach the WL regime with a positive

MC cusp whencos® — 1(oo= 0,01 =1/2).

3.5.4. Weak Antilocalization in 6 ~10 QLs Thin Filns

Figures 3-13(a)-(dilemonstrate detailed gated voltage dependenceeafidimalized
magnetoconductivity (MC)Ao(B) =o,,(B)-0,,(0) of 6, 7, 9, 10 QLs films af = 0.3 K.
All samples present clear weak antilocalization \y/Aignature, in whichAc(B) has a
cusp-like maximum aB = 0. The 6 QL sample showsore dramatic gate dependence of
Ac(B) than thicker ones owing to its lower carrier den&it One component
Hikami-Larkin-Nagaoka theory (Eg. 1 in the maintjeg applied to fit the prefactorr and
phase coherent length . || in Figures 3-13 (e)-(h) show their maximla|~1) asEr is
tuned close to the Dirac point, implying the tomptal properties is clearly revealed at
charge neutrality point. A& moves far away, it corresponds to the case of reoltlg
coupled bulk and surface electron states since rholle carriers are accumulated, hence
|a| and I¢j reduces. Furthermore, as film thickness incream,gate—dependedbc|
increases from 0.57~1.04 for 6 QL to 1.01~1.1910rQL, suggesting increased channel

separation with the thickness of the films.
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Figure 3-13. Gate voltage dependence of and l in 6, 7,9, 10 QLs samples at 0.3

K. a-d, The gate voltage dependence of normalized magnedoctance of 6 Qla), 7

QL(b), 9 QL({), 10 QL ). Inset: The gate voltage dependence of resistémcehe

corresponding thin film, where the solid circleegent the corresponding gate voltages

applied.e-h, Fitted phase coherence length (squares) and coefficient (circles) from

one component HLN theory (Eq. (1)) as functiongjafe voltage for 6 Qla), 7 QL({), 9

QL(c), 10 QLO).

3.6. Scanning Tunneling Spectroscopy Measurements

To determine the Dirac energy and surface bandgegming in the ultra-thin 4 QL

(Bips57/Shy.432Tes sample, low-temperature spatially resolved STSeurigh vacuum was

carried out. The sample with 2 nm passivategDAwas first etched in 5% HF solution for

90



10 seconds and immediatly transferred to the cnyiogerobe of a homemade STM sample
holder in argon environment. The STM is then pumgedn to 8&10° Torr vacuum and
then cooled down to 77K.

A detailed survey of the tunneling conductancecspewas acquired over a 10 nim
10 nm area with 64 64 pixels at 77 K. The Dirac enerdyp) estimated from the mid-gap
energy isEp= -0.17 £ 0.07 eV throughout the areas of our invasiig as shown by the
histogram in Figure 3-14(a). Figure 3-14(b) preseat typical tunneling conductance

(dI/dV) spectrum that manifests a surface hybridizatiandgap ~180 meV in the 4 QL

sample.
20
15 .
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Figure 3-14. Scanning tunneling spectroscopy of 4 LQ (Bios/Sho432Tes, a, The
histogram of Dirac energy Ef) estimated from the mid-gap energy to be
E, =-0.17+ 0.0%eV throughout the areas of our investigation, ahe telative large
variation is probably due to the surface terrabe# typical tunneling conductancel(dV)

spectrum taken at 77 K, showing a surface bandpeping in the 4 QL thin film. Here the
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small tunneling conductance in the gap region maatiributed to the thermal smearing

effect. (This also appears in one of my publicai®ef. 53.)

3.7. Summary

In conclusion, we have demonstrated the ambidad effect of electrically surface
manipulation in high quality and low carrier degsMBE-grown (Bb.57Shy.43)2Tes thin
films. Due to the hybridization-induced surface gégg MC of 4 and 5 QL ultrathin films
are greatly suppressed, exhibiting overall unitdeg-behavior wherke is located inside the
surface bandgap. By tunirig: position relative to the gap, the striking crossolbetween
WL and WAL is observed in nonmagnetic ultrathinnfd at low field region, a
characteristic feature of quantum interferences pmiition. Hence, our observation is of
great importance for further understanding the oflsurface state hybridization in ultrathin
Tls, and these hybridized surface states can haigireg for the realization of edge states

for demonstrating the quantum spin Hall effect dissipationless spintronics in 3D Tls.
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Chapter 4

Topological Insulator/YIG Heterostructure
4.1. Magnetic Topological Insulator

Breaking TRS introduces axion electrodynamics isysianifested by a gapped Dirac
spectrum as well as the topological magnetoeleetifiect, which gives rise to the direct
coupling of electric and magnetic fields. Variou®tc phenomena, such as the quantum
anomalous Hall effe¢f ** 3?giant magneto-optical Kerr effet®f chiral mode conduction
channel$: **” and magnetic monopole efféfthave been experimentally discovered or
theoretically predicted. As an effective way todk¢he TRS in Tls, substantial efforts have
been made to introduce ferromagnetic order in hyTdloping 8 transition metal elements

such as Cr, Fe, and Mf}.>7 61 62,129,130

It has been proposed that in magnetically dopesy¥tems, ferromagnetic moments
can be developed through two major mechanismsvaheVieck mechanism from the TI's
valence electrord" and the RKKY interaction between neighboring maignienpurities,
which is mediated by itinerant carritfs **3 In the former case, due to the large spin
susceptibility of the valence electrons in the Tatemials, the magnetic impurities in the
bulk can be directly coupled through local valeraectrons without assistance from

itinerant electrons, and thus exhibit a prominentdmagnetic moment. Consequently, this
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“bulk ferromagnetism” is independent of the carrigensity®’. On the other hand,
neighboring magnetic ions can also be coupled hagethrough the mediation of

conduction carriers and is coined as the carriesiated RKKY interactioft* 3¢

From the gate-modulated magneto-transport measuatsme&e have demonstrated
the presence of both the hole-mediated RKKY cogphind the carrier-independent bulk
van Vleck magnetism in magnetic Tl systems. Impulya it is possible to separate and
operate each interaction mode through the alteradioCr doping levels and electrical
gating. By controlling the Cr doping levels durin§IBE growth, we prepare
Cry(BixSh).Tes samples with sanve = (1-y/2)/2 film thicknessd = 6 QL, but different Cr

doping levels.

Figures 4-1(a)-(d) summarize the electric-fieldtcolled AHE results of additional
four samples with Cr% = 5%, 10%, 15%, and 20%, eesigely. *® Although increasing the
Cr doping concentration introduces more impurifiies., the 2D Hall densityn,p varies
from 1.2 x 16? cm® to 2.2 x 16° cm? at 1.9 K), such range is acceptable to maintaén th
Fermi level inside the bulk band gap and effectjpsge modulations in all these four
samples are obtained (Figures 4-1(e)}#)}* From the extracte#li. — \j curves, in the
moderate doping region (5%, 10%, and 15%), the dped (BbsShys).Tes thin films all
exhibit hole-mediated RKKY magneto-electric respoms the sense that the anomalous

Hall resistancdr,, loop reduces its coercivity fieldHf) when the holes are depleted. When
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the samples are further gated deep intonthygpe region (i.eE->50 meV above the Dirac

point), Hc gradually saturates at finite values of 150 Oe=§36), 375 Oe (Cr=10%), and

685 Oe (Cr=15%), 1000 Oe (Cr=20%) respectively.tRerchromium doping concentration

of 20% in Figure 4-1(d), even though the gate maiiuh reaches 50% and the surface

Fermi level has been effectively tuned by 50 mens€t of Figure 4-1(h)), the hysteresis

window (Hc) remains a constant of 1000 Oe and does not shgwlange with respective

to the gate bias any more (Figure 4-1()).
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Figure 4-1. Gate-dependent AHE resutls for 6 QL Crdoped (BhxShy).Tes thin films

with different Cr doping concentrations (a) Cr = 5%, (b) Cr = 10%,(c) Cr = 15%, and

(d) Cr = 20%.(e)-(h) Gate-modulated coercivity field changes in these samples. Inset:
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Indication of Fermi level position controlled byethop-gate voltages ranging from -12V to

12V. (This also appears in one of my publicatioes$. B6)

Even though the ferromagnetism of Tls can be weititrolled by the electric field, to
date, the Curie temperatur&:) of magnetically Tls has only reached ~35 K, whish
significantly lower than required for practical rotemperature applications.®? 3 130
Figure 4-2 shows thel, as a function of Cr doping concentration, in whigh
monotonically increases with Cr concentration. Hegre on one hand, too much Cr doping
concentration may drive the Tl system from topataginontrivial to trivial state; on the
other hand, it also greatly affects the TI film stllinity, and leads to Cr segregation.
Hence, the realization of magnetic order in Tidigher temperatures remains one of the

major challenges in the field.

5¢ I I L

5 10 15 20 25
Cr(%)

Figure 4-2. The Curie temperature of Cr doped Tl sample in@gasonotonically as Cr
doping concentration increases. However, the Cingpponcentration cannot exceed 30%
to avoid segregation or tuning the Tl material it@tpological trivial.
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4.2. Magnetic Proximity Effect

One promising approach to achieve the breakingR# in Tl at higher temperature is
to utilize a magnetic proximity effect at the irisere of the Tl and a topologically trivial
magnetic material. While theoretical work suggehkss legitimacy of this approacf 242
limited experimental work has been reported in literature®” *****Recent efforts on
EuS/TI heterostructure strongly suggest the presemnanagnetic proximity effects at the
interface. However, the effect is limited to lowngeratures (< 20 K) due to the low Curie
temperature of EuS lay&¥ *° In this chapter, high-temperature (~130 K)
proximity-induced magnetic order at the interfacetween BjSe and a high T,
ferrimagnetic insulator (FMI), yttrium iron garn@tIG, Y3Fe0;,) is demonstrated. This is
a significant step towards realizing Tl-based spmts at room temperature. By a
combination of temperature dependent magneto-tmhspmeasurements and
magneto-optical Kerr effect (MOKE) magnetometry, wmvide direct evidence of the
correlation between the magnetization of the YI@etaand the transport properties of
Bi»Se. A butterfly shape or a square shape hysteretignetaresistance (MR) is observed
for the external field perpendicular or paralleltb® sample plane, respectively, which is
correlated with the magnetization reversal of thé& M-urthermore, the MOKE data suggest

that a magnetic order develops in the Tl at therfate with its spin presumed to be anti
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parallel to the magnetization of the YIG up to @adt 130 K. Consistent with numerical
simulations, while the YIG substrate shows in-plamsotropy at room temperature, a
canting of magnetization toward out-of-plane dii@ttis clearly observed at lower
temperatures by Polar MOKE, most likely due to negarystalline anisotropy. The
magnetic configuration of YIG is expected to befukt control the TRS of BSe; surface
states, due to the coupling of magnetic order betwthe YIG and the Bbe at the

interface.

4.2.1. Material Growth and Characterization

The YIG was a 50 nm-thick single crystal film gmovepitaxially by pulsed-laser
deposition on a paramagnetic Gallium Gadoliniumnea(GGG) (111) substrate at 650 °C.
YIG is a well-known ferromagnetic insulator (FMI)ittv T, well above the room
temperatureT;~ 550 K) and has been extensively studied as afype magnetic insulator
for spin waves and magnonic physics including Sgebeck and spin-Hall effecf§:*4°

Before pulsed laser deposition of YIG films, staachetric YIG targets were prepared
by mixing Y>O3; and iron oxide, ball milling, calcination and siring at 1400 °C. 50
nm-thick YIG films were pulsed-laser deposited dimin x 10 mm Gallium Gadolinium
Garnet (GGG) (111) substrates (Supplier: MTI Crgstinc.) under 5 mTorr oxygen

pressure (3. Torr base pressure) using a KrF Coherent excinser kvith 400 mJ pulses at
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2 Hz pulse rate at 650°C with 18,000 laser shoterAyrowth, the chamber was cooled in
oxygen ambient. Low deposition rate (< 1nm/min) amdilar lattice parameters of YIG
and GGG (mismatch < 0.2%) allow epitaxial and lawface-roughness (< 0.3 nm rms)
growth of YIG films on substratés’

Atomic force microscopy showed that the YIG laywd a surface root mean square
roughness less than 0.3 nm over the scanned aréauafx 1 um, as shown in Figure
4-3(a). X-ray diffraction, Figure 4-3(b), showed™with a (111) orientatioft! and no
other phases were observed. Figure 4-3(c) dispthgs room temperature magnetic
hysteresis loops measured by a vibrating samplenatameter (VSM), showing the YIG
films are magnetically soft and isotropic in thinfiplane. An in-plane saturation moment
(M) of 142 emu/crhand coercivity less than 5 Oe were measured at teotperature.

To form a TI/FMI heterostructure, 8 quintuple ley€QLs) of single crystal Btes
were grown on the YIG/GGG substrate in a PerkinElmelecular beam epitaxy (MBE)
system under an ultra-high vacuum environmént® ® High-purity Bi (99.9999%)
was evaporated from conventional effusion cellgl&2°C, while Se (99.99%)was formed
from a cracker cell from SVTA at 240, and the YIG/GGG (111) substrate was kept at
200°C during the growth. The pseudomorphic growth ofS&j was monitored by real-time
reflection high energy electron diffraction (RHEER) 2 nm Al wasin-situ evaporated to

immediately after the growth of Tl film in MBE chdo@r to protect the film for oxidation
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and environmental dopimd:. ®® For comparison with the B$e/YIG sample, 8 QLs of
Bi,Se films were also prepared on highly resistive Sil(jlusing the same technique.

Figure 4-3(d) shows the high angle annular dagkdf{HAADF) images of YIG/GGG
and BpSe/YIG interfaces, acquired by a Fischione HAADF d#te. The atomically sharp
interface indicated by the dashed line in the pefbel of Figure 4-3(d) demonstrates the
high-quality epitaxial growth of YIG on the GGG stitate. The right panel shows
magnified quintuple layers of B$e; grown on YIG, in which the sharp interface between
the BiLSe and YIG is indicated by the red dashed line. hdiéfusion of materials at the
interface is not expected due to the high stabdityylG and the large difference in the

growth temperatures.
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Figure 4-3. AFM, XRD, VSM characterizations of YIG/GGG and STEM of
Bi.Se/YIG/GGG. a, A typical AFM image of 50 nm YIG thin film growan GGG (111)
substrate. The YIG layers have a surface rms raegghtess than 0.3 nm over the scanned
areas of lumx 1um. b, XRD spectrum of YIG grown on GGG 20 scans betweerf2-

40° to 130°. The peaks of the film and substrateevadigned in most cases because of
epitaxial growth. Inset: a spectrum with an expahdegle scale, which indicates that the
YIG film has a (111) orientatiom, Magnetic hysteresis loop for 50 nm in-plane maigedt
YIG measured by VSM at 300 K. The in-plane satorathoment is 142 emu/érand the
coercivity is less than 5 Oal, A typical STEM-HAADF image of BiSe/YIG/GGG
heterostructure, showing atomically sharp intedaaeYIG/GGG (yellow dashed lines, left
panel) and BiSe/YIG (red dashed lines, right panel). (This alsgpegs in one of my

publications Ref. 59.)

The BipSe/YIG/GGG interface and crystalline structure werbamacterized by
high-resolution STEM and EDX mapping experimenisried out on a FEI Probe Cs
corrected Titan operating at 200 kV. The high arajlaular dark field (HAADF) images
were acquired by a Fischione HAADF detector and EHX maps were acquired by
ChemiSTEM Technology with four windowless SDD débes. The typical
STEM-HAADF image of BiSe/YIG grown on GGG is shown in Figure 4-4(a).

Specifically, the colored distribution maps of eaatlividual element are shown in Figures
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4-4(b)-(h). All the elements display a distincttdizution pattern: Bi, Se locate at the top of
the map; Y and Fe locates at the middle; Gd andoGate at the bottom; O locates at the
middle and bottom parts of the map. The distributid every element is uniform and there

is no inter diffusion between two layers.

Figure 4-4. a, STEM-HAADF image of BiSe/YIG grown on GGG.b-h, EDX maps of
individual element B{b), Se(c), O (d), Y (e), Fe(f), Gd(g) and Ga(h), corresponding to
the area ofa). The distribution of every element is uniform ahdre is no inter diffusion

between two layers.

Quantitative maps (QMaps) showing the atomic cotragon of elements based on the
guantification result of each pixel, indicating thes no intermixing at the interface as

shown in Figure 4-5°2Multiple linescans have been acquired to verifyititerface.
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Figure 4-5. Atomic concentration of elements based on the dfization result of each

pixel obtained from the EDX mapsdicating there is no intermixing at the interface

4.3. Transport Measurement of TI/YIG Heterostructure

4.3.1. Temperature Dependence of Resistance and @ar Density

To investigate the magnetic response GBBiIYIG heterostructure, the samples were
patterned into standard Hall bar devices withub® length and 1Qum width. Four-probe
magneto-transport measurements were conducteBRMS.

Figure 4-6(a) provides temperature dependencengfitudinal resistance in linear and
logarithmic (inset) scales of the Bie/YIG sample. The channel resistance initially
decreases with the temperature, showing a typiaghlit behavior in the temperature

range of 50~300 K% 15315%jn which the phonon scattering dominates (Figw&(a)).
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When the temperature drops below 50 K, the resist@xperiences an increase, primarily
due to the carrier freeze-out effect similar tostn@bserved in lightly-doped fSie; similar

to the low temperature region R-T behavior of34/Si shown in session 2.3'2 We have
attempted to extract the activation enekyyin the temperature range of 2~50 K, where a
nearly linear relation exists f&~ &' (Figure 4-6(a) inset, logarithmic scale). It is et
that our fitting result yields only a small actiiat energy less than 1 meV, which cannot be
simply explained by the impurity levels inBe. Instead, at this temperature range the
surface conduction can be enhanced compared tatth&ggher temperatures, thus becoming
a non-negligible component. Hall carrier densitigsre extracted fromy = (Rye)*,where

Ry is the Hall slopee is the electron charge (see Session 2.3.2). lar&ig-6(b), the carrier
density reduces as temperature decreases in tipetamre range of 2 ~ 100 K, resulting in
the dominance of surface transport at low tempegatThe carrier density of the
Bi,Se/YIG sample was ~8:2.0'* cm? at 2 K, comparable to the density of38?cm?in

the BLSey/Si sample, indicating the similar sample quality.
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Figure 4-6. 3 Temperature dependence of longitudinal resistandieear and logarithmic
(inset) scales of Bbey/YIG sample.b, Hall carrier densities as a function of tempeetu
extracted from the Hall traces at +4 T at each tampire point. This indicates at T < 6 K,

the surface conduction is predominating.

4.3.2. Magnetoresistance of Bse/YIG

Figure 4-7(a) presents the longitudinal MR meas@ms of a non-magnetic control
sample, BiSe/Si. With an out-of-plane magnetic field, the MR héited weak
anti-localization (WAL) behavior with a sharp cusp the low-field region. WithH
(magnetic field) applied in the plane, however, th#R cusp feature disappeared
completely. Instead, the MR showed a parabblifadlependence, which results from the
Lorentz deflection of carriefs? These are characteristic transport features eagedot a

non-magnetic TI, which have been reported previofesi high quality TI thin filmg® 7"

112, 156

In sharp contrast to the non-hysteretic MR ot3&¥/Si, the longitudinal MR of
Bi,Se/YIG showed hysteresis loops in the low field regidistorting the WAL and
parabolic MR backgrounds, with the application d@rgendicular and in-plane field,
respectively (Figures 4-7(b)-(c)). In Figure 4-7(khe hysteresis loop shows a butterfly

shape with two separate minima of M& H,,;, = £90 Oe, most prominent at 2 K. The
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magnetic feature in the MR of the Tl indicates finresence of the proximity effect at the
interface. As the temperature increased, the loap gradually obscured by the background
MR signal and could not be clearly resolved abdvé&kqSee Figure 4-8). The reduction of
the hysteretic signal is attributed to the incnegdransport contribution of the bulk Bie;
channel at higher temperature. This indicates miterfacial origin of the hysteretic loop
presumably with contribution of the topological fewe states. On the other hand, lthg,

of each hysteresis loop showed a weak temperatpendience, to be discussed in detall
later, implying that the magnetic property may stavto higher temperatures, due to the
high T, of the YIG.

With an in-plane magnetic field, however, the Mygteresis loops were square shaped
with two sharp steps within each sweep (see Figdréc)). For instance, sweeping from
negative to positive field, a sharp increase in Mipeared aH, = —1.45 kOe following
by a sharp drop aH; = 1.84 kOe, as indicated by the arrowd, andH; did not vary much
as the temperature increased, which can be atdiiotthe modest temperature dependence
of YIG magnetization within this temperature rangehe comparison between the
temperature dependence of the two MR geometrigsi(@s 4-7(b)-(c)) suggests that while
their hysteretic MR shared a common origin in thexpnity effect, the switching process
of the YIG differed for different applied magnefield directions. Moreover, we have
performed in-plane rotation magnetic field measwetmatH=4 kOe, in which the MR
results of BiSe/YIG exhibit an anisotropic MR (AMR) behavior asosin in Figure
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4-7(d). The AMR ratio of BiSe/YIG is measured at ~0.2% while the control sample
(Bi,Sey/Si) does not exhibit any AMR as expected. Itngortant to note that the ~1%
amplitude of the hysteretic MR (Figure 4-7 (b)-(s))much larger than AMR ratio of 0.2%,
which indicates that the AMR is not a dominant nagém in the hysteretic behavior.
Nevertheless, both MR and AMR strongly suggesiptiesence of magnetic order in the TI

induced by the magnetic substrate.
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Figure 4-7. Magnetoresistances (MR) of Bbey/Si (control sample) and BiSe/YIG
with out-of-plane and in-plane magnetic field appked. a The non-hysteretic WAL
behavior is obtained with out-of-plane field apglie Bi,Sey/Si. The parabolic MR curve is
observed with in-plane field applied Bi,Se/YIG. b, Temperature dependent MR with an
out-of-plane field applied. The hysteretic featassociated with the magnetic property of
Tl bottom surface disappears above 25 K, as th8eBbulk component starts to dominate
at higher temperature. Inset: An optical image éfadl bar device structure with a 1én
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scale barc, Temperature dependent MR with in-plane field sgeplSimilarly, due to the
increasing bulk conduction contribution, the squahaped feature cannot be observed
above 25 K.d, Anisotropic mangnetoresistance in®e/YIG sample atH=4 kOe , with

AMR ratio ~0.2%. (This also appears in one of mplmations Ref. 59.)

In order to clearly investigate the temperaturepesielence of the hysteretic
magnetoresistance (MR) in &Bie/YIG, the detailed analysis is performed as shown i
Figure 4-8. The MR ratio used to characterize ty&dretic behavior in MR, is defined as
(Rmax Rs)/Rmaxx100%, whereRyax and Rs are obtained fromAMR after background
subtraction. HereRmax presents the maximum resistance\MR, while Rs is the resistance
at saturation region. For both out-of-plane anglane case, the MR ratio reduces as
temperature increases as shown in the red curtgure. 4-8(a)-(b), suggesting that the
diminishing of the hysteretic signal &t> 25 K is presumably due to the dominant transport
through the bulk BiSe channel. Moreover, the temperature dependencés$ &r both
out-of-plane and in-plane field are consistent vilile MOKE results. With out-of-plane
magnetic field (Figure 4-8(a) blue curvéjs increases as temperature arises; while with

in-plane magnetic field (Figure 4-8(b)Js decreases as temperature increases.
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Figure 4-8. a-b, MR ratio (red square) anids (blue circle) as a function of temperature
with out-of-plane (a) and in-plane magnetic fiel) @pplied. For both out-of-plane and
in-plane case, the MR ratio reduces as temperatareases as shown in the red curves in
(a) and (b). With out-of-plane magnetic fields increases as temperature arises (a); while
with in-plane magnetic fieldils decreases as temperature increases (b), consistkrihe

MOKE data.

To further investigate the magnetic propertiethef TI/FMI bilayer and verify the role
of broken/preserved TRS in the spectrum of TI, MOKEasurements were performed at
various temperatures to study both the out-of-plgméar mode) and in-plane components
(longitudinal mode) of the magnetic moment of thi& Yayer and the BSe/YIG bilayer.
The sample was mounted in a cryostat and coole@d4t& at zero magnetic field. A laser
beam with wavelength of 750 nm was focused eitinethe YIG or the BiSey/YIG portion

of the device and MOKE measurements were perform@ttreasing temperatures.
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4.4. MOKE Measurements of TI/YIG Heterostructure

4.4.1. Polar and Longitudinal MOKE Measurement Setp

Magneto-optical Kerr effect (MOKE) describes raiat of polarization plane of a
reflected light of an object with respect to theelrly polarized incident light due to its
interaction with the magnetic moment of the obj@etl thus can be used to directly probe
the magnetization of materials; a well-establishexperimental technique. In our
measurements, we used a linear polarized 750 ner lasam for incident light and
employed a half-wave plate and a Wollaston prismesmlve the Kerr rotation along with
Si balanced photodetector for detection(see Figth@&)-(b)). While the Kerr rotation with
an out-of-plane external field and normally incitéght (Polar MOKE) is dominated by
the out-of-plane component of the magnetic momtrg, geometry of in-plane magnetic
field and angled incident light (Longitudinal MOKEan reveal field-dependent behavior of
the in-plane component of the magnetic moment at Wke magnetic field range we

applied is+6 kOe for the setup.
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Figure 4-9. a-h Polar (a) and Longitudinal (b) MOKE measuremeattp. While the Kerr
rotation with an out-of-plane external field andrmally incident light (Polar MOKE) is
dominated by the out-of-plane component of the raignmoment, the geometry of
in-plane magnetic field and angled incident lightorfgitudinal MOKE) can reveal

field-dependent behavior of the in-plane comporméhe magnetic moment.

4.4.2. Temperature Dependence of Polar and Longitugal Mode of YIG

We show comprehensive temperature dependent aothlongitudinal MOKE of YIG

data in Figures. 4-10a-b. The magnetization of ¥iMBstrate is tilted from perfect in-plane
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to canted out-of-plane during cooled down proc@sss can be confirmed by comparing
the saturation fieldHs) of polar and longitudinal MOKE hysteresis loopie Hs obtained
from polar MOKE data (Figure 4-10a) increases agptrature arises, and are summarized
in the red curve in Figure 4-10c. While tHe of longitudinal mode hysteresis loops (Figure
4-10b) decreases as temperature increases, irdlitgtethe blue curve Figure 4-10c.
Comparing the temperature dependenceHgfof both curves in Figure 4-10c, the
longitudinal one shows relatively steeper slope lavtihe polar one shows relatively
constant change. The opposite temperature depemaéhi; for the polar and longitudinal
modes is mainly due to the fact that the out-ofiplanisotropy is weakened while the
in-plane anisotropy is enhanced as temperatureases. The detailed mechanism will be
explained in session 4.4.3. It should be noted fhratemperature >200 K, the out-of-plane
moment cannot be measured by MOKE within the ramfgavailable magnetic field ~6

kOe.

112



Polar MOKE Longitudinal MOKE

(@[50 (b)) 300k
20 4 s 250K
i 200K
130K
15F 4 20} 160K
100K 430K
T 1.0 L 77K 13
e . g
£ . £
& 05 <
ook \ 44K
-05 ] ] .:‘--l--‘ ] ]

4 2 0 2 4
H,(kOe)

—- Longitudinal
—@— Polar

H,(kOe)
= =
o Ul
o o
o o
I I

al

o

o
I

o
1N

T(K)
Figure 4-10. a-b,Temperature dependence of polar (a) and longiti@maviOKE of YIG
substrate. All curves are vertically shifted foardication.c, Saturation field as a function
of temperature, extracted from the hysteresis Idop®s a-b. The blue curve indicates the
longitudinal mode, while the red curve indicates golar mode. (This also appears in one

of my publications Ref. 59.)
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4.4.3. Micromagnetic Simulation of YIG

The presence of out-of-plane magnetization in iGlow temperature is explained
below. The YIG anisotropy includes three componeatshape anisotropy, favoring in
plane magnetization; a magnetocrystalline anisgtrdavoring magnetization along the
<111> axis which are at 90° and 35° to the filnmglaue to the negati\ (magnetoelastic
anisotropy coefficient) at low temperature; and agmetoelastic anisotropy which favors
out-of-plane magnetization because the YIG is undeplane tension due to thermal
mismatch with GGG. Based on bulk values of satonathagnetization, magnetocrystalline
anisotropy constants, magnetostriction lattice parametet® and thermal expansion
coefficients of the YIG and GG&" ** the shape anisotropy is the dominant term for
160 kA/m, Kgy = 1.6<10% J/n?) promoting an in-plane easy axis at low tempeestulhe
magnetoelastic term is small because both the niagmietion coefficient and the strain of
the YIG are small. The YIG and GGG lattice paramsetare well matched at room
temperature, 12.376 A for YIG, 12.375 A for GB& but GGG has a larger thermal
expansionp= 10.4<10° for YIG, 8.96<10° for GGG at room temperatdré so the YIG
will be under in-plane tensile strain and out-adf# compressive strain at low temperature.
The magnetostrictiofy;1 = -2.5<10° at 4 K" and Young's modulus of 200 Gi84leads to
a weak out of plane anisotropy. The magnetocryseatnisotropyK; = -2500 J/m at 4
K157

is expected to produce a canting of the magnéizawith significant out-of-plane

component.
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=== Magnetocrystalline anisotropy

== Magnetoelastic anisotropy

mmm  Shape anisotropy

Figure 4-11. The YIG anisotropy at low temperature includes¢éhcomponents: a shape
anisotropy, favoring in plane magnetization; a nedgarystalline anisotropy, favoring
magnetization along the <111> axis which are at &3 35° to the film plane, and a

magnetoelastic anisotropy which favors out-of-plaregnetization.

A micromagnetic model of a 50 nm thick, 1 um seuaf YIG using parameters
characteristic of YIG at low temperature is showrFigure 4-1Zor an out-of-plane field.
The model used the OOMMF code from NIST with cedés of 5 nm by 5 nm (in plane) by
25 nm (in the out-of-plane directioryls was 175 kA/mKiwas -2500 J/f) and damping
constant was 0.5. The model included magnetoctystalnisotropy, which required a
coordinate rotation of the film to model the (1btientation of the film, but magnetoelastic
anisotropy was neglected. The model showed ligtteanence, but did reproduce hysteretic
features near saturation similar to those seemeanpblar MOKE data of YIG/GGG, and
which were associated with the magnetization divecthanging from the <111> out of
plane direction to a <111> direction closer tofilre plane as the field decreased.

The calculations predict a predominantly in plamegnetization at remanence with an

out of plane canting resulting from the magnetaaflise anisotropy. However, this is
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based on bulk parametetmperfect stoichiometry in the YIG film would likg raise the
magnetostriction as a result of the presence ofnetaglastic Fe ions with valence st

other than 3+, which could provide a stronger-of-plane contribution to the anisotro

-500 -300 -1 100
ield (mT)

w

Figure 4-12. OOMMF model of YIG film, 1 um square and 50 rthick, for an out o
plane field. Snapshots of the magnetic configuratice shown for different fielc The blue
background indicates the M 0 while the red background indicates th, > 0. The arrow:

present the xplane projection cmagnetization in YIG.
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4.4.4. Temperature Dependence of Polar and Longitutal Mode of

Bi,Se/YIG

The polar and longitudinal MOKE signals of,8&/YIG differed from those of YIG in
the sign of the MOKE signal as well as the shap¢heflongitudinal loops. However, the
switching fields were the same as those of the WiGs, and hysteresis occurred up to at
least 130 K for the polar signal and 77 K for theditudinal signal (Figures 4-&3l). Due
to a decreased signal-to-noise ratio at higher ¢ézatpres, the polar MOKE of E8ey/YIG
does not provide conclusive evidence of survivaihef proximity effect above 130 K. The
data indicate a contribution to the MOKE signalnfrdhe B}Se layer, suggestive of
magnetic order induced by the proximity effectls BpSey/YIG interface. This could be
explained by exchange interactidre., hybridization between thp-orbital of BLSe; and
d-orbital of Fe in YIG at the interface, which indigca spin polarized state on the3#}
side. The direction of spin polarization of thiatstis presumed to be opposite to the YIG
magnetization, as suggested by a recent theoretmdd on proximity effect between a Tl
and a ferromagnetic insulat? However, the possibility of an optical origin fohe
reversal of the sign of the polar MOKE cannot bepletely ruled out. In order to clarify
microscopic origin of the proximity effect, compeeisive theoretical investigation is

required.
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Figure 4-13. Temperature-dependent magnetization byMOKE measurements. ab,
Polar and longitudinal MOKE of YIG substrated, Polar and longitudinal MOKE of
Bi».Se/YIG heterostructure. All curves are vertically fabd for clarification. The hysteresis
loops ofa andc show different signs, suggesting that the exchamoggling induced spin
polarization of BiSe; is opposite to YIG magnetization. The out-of-planagnetization of
Bi,Se/YIG can be clearly seen up to 130 &), (indicating the high temperature magnetic

order of Tl induced by proximity effect. The longitinal MOKE of BpSe/YIG can be
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measured up to 77 Ki), presenting a coupled but distinct switching hédrafrom that of

YIG (b). (This also appears in one of my publications. B6f)

In addition, to exclude any contribution from G@&Bbstrate, we performed MOKE
measurements for B3e/GGG control sample. Linear paramagnetic signalevedserved

for both GGG and BE5e/GGG.

1.0 —
= GGG
—®- Bi,Se,/GGG

o
&

0.0

Kerr rotation (a.u.)

400 800

-1.0 :
-800 -400

0
H(Oe)

Figure 4-14. Longitudinal MOKE of GGG substrate and,B&/GGG showing a linear
paramagnetic signal at=77 K, which excludes any magnetic contributionnir&sGG

substrate.

Breaking the TRS requires an out-of-plane compboéthe magnetization of the YIG
which is readily available in our case owing to ttamting of the magnetization. This can

introduce a gap in the bottom SS due to proximiguced magnetic ordering from the
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exchange coupling between the.®s bottom surface and the top surface of YIG. Figure
4-15 schematically shows the coupling betweepSBj and the perpendicular component
of the magnetization of the YIG, in which up andwiomagnetization is indicated by the
red and blue arrows respectively. At fields bel@tusation, domain walls in the YIG can
be formed, as illustrated in Figure 4alSn the middle of the wall, the out-of-plane
magnetization vanishes leading to a gapless ragfitime SS, shown schematically in Figure

4-1%.

Figure 4-15. a,Schematic of the BEey/YIG heterostructure in the presence of YIG domain
pattern. The red and blue arrows indicate up ansndmagnetization, respectiveli,
Cross-sectional view of B3e/YIG interface. B}Se; bottom surface state is gapped through
exchange interaction by YIG out-of-plane magneitimatat domain regions, while SS
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remains gapless at the center of domain wall. (alge appears in one of my publications

Ref. 59.)

4.5 Comparison Between Transport and MOKE

To explore the influence of the YIG on the tramspd the surface states of the TI, we
compare the low temperature MOKE measurements thf BeSey/YIG and YIG with the
corresponding magnetotransport measurements inreFiguL6.59 For sufficiently large
negative perpendicular magnetic figfd(region| in Figure 4-1@), the YIG substrate is a
single domain with perpendicular magnetic momergating a gap in the SS at the bottom
interface of the T1%? As the field decreases in magnitude, the perpetatiecnagnetization
component of the YIG and the Bie/YIG drops abruptly at -90 Oe (Figures 4ailf). At
the same perpendicular magnetic fielg instead of continuing the WAL behavior, a sharp
rise of the longitudinal MR is observed, as showrsbbtracting the WAL background in
Figure 4-1€. The multi-domain configuration during the revénseocess of the YIG may
lead to gapped surface states within the domaimk gapless SS in the domain walls,
resulting in a spatially non-uniform spectrum fhetsurface statés® This may introduce
additional scattering for SS carriers which resuitan overall increase of resistance in the
device. As the perpendicular component of magntizancreases with increasing of the

positive field, the number of domains decreases l@te theAMR of Tl is gradually
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reduced as shown in Figure 4el€inally, when the field enters regidih (~0.5 kOe), the
YIG substrate is saturated in the opposite direcéind the MR of the Tl rejoins the WAL
background. The right panel of Figure 4-16 illustsaa similar comparison of MOKE and
MR measurements of both YIG and TI/YIG with an lafe magnetic fieldHy. In contrary

to the out-of-plane case, with in-plane field, RS is restored at larger magnetic fields
(regionsl andlll') causing a gapless spectrum of the SS. In relgjoagain, the domain
nucleation leads to a rapid increase in the MR gwinthe multi-domain formation of YIG.
Figure 4-16 presents the resistance after subtraction of #nabplic background. There is
no appreciable change in tA&R at regionll with an in-plane field, which is consistent

with the constant magnetization of YIG (Figure 4)l&nd TI/YIG (Figure 4-16).

iBi,Se,/YIG

' 4
1
]

Bi,Se,/YIG
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Figure 4-16. The comparison between MOKE and magnetransport of Bi.Sey/YIG at
4.4 K. a-b In Figure 4-16 regionsl andlll, the YIG substrate is single domain with
magnetic moment aligned with the perpendicular reigriield H,. When magnetic field is
swept from regiorl to ~ -90 Oe, as indicated by the dashed line, threaih nucleation is
initiated in the YIG substrate, which is illustrdtly a sharp increase in the polar MOKE of
YIG (a) and correspondingly the sharp drop in theSBYYIG (b). ¢, WAL background
subtractedAMR shows a shape increase of resistance at ~9Wideh is influenced by the
multi-domains in the YIG substraté-e, In-plane magnetization of YIGl)] and BpSe/YIG

(e) measured by a longitudinal-mode MOKE setup. Teakp in the hysteresis loop may
come from the domain nucleatiof). Parabolic background subtracted MR with in-plane
field applied, clearly displaying two resistancates. The switching field in the MR data is

consistent with the MOKE datd+€). (This also appears in one of my publications. Bef)

The presence of domain walls during the reversatgss of the YIG can result in the
formation of additional chiral mode conducting chahin the Tl bottom surface states, as
theories predictet],® which will lower the resistance. However, our expental results
show an increase of resistance in redlgrsuggesting that the chiral modes conduction has
a minor contribution here, which could be due ® fifact that the device dimension is much
larger than the domain size of YIG estimated indhader of 100 nm. As mentioned before,
the smaller AMR ratio (~0.2%) compared with thiR ratio (~1%) in Figures 4-IGandf
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suggests that the hysteretdMR is not dominated by AMR. In addition to AMR and
increased scattering due to spatially non-unifonspectrum, another possible effect that
could contribute to the increase of MR is the doamwall resistance due to the mistracking
of carriers spin and the background magnetizagatute®® As the spin and momentum is
perpendicular locked for surface state, the spistracking could be especially non-trivial
when the background magnetization is not alongsthiéace state spin direction. In order to
clarify the possible different mechanisms in thesthyetic MR, further theoretical and

experimental work is required.

4.6. Summary

In summary, a BBe/YIG heterostructure has been used to cleanly ptbhbesurface
magnetic behavior of Bbg due to the magnetic proximity effect. Our measusatterfly
and square shaped magnetoresistance loops prosided evidence of magnetic coupling
between the insulating YIG and JBies. More significantly, for the first time, magnetic
ordering at the BBe&/YIG interface has been demonstrated at tempemsatypeto at least
130 K by MOKE measurements. Consistent with nuna¢régimulations, while the YIG
substrate shows in-plane anisotropy at room tenyeraa canting of magnetization toward
out-of-plane direction is clearly observed at loviemperatures by Polar MOKE, most

likely due to magnetocrystalline anisotropy. Thegmetic configuration of YIG is expected
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to be useful to control the TRS of ,;Be; surface states, due to the coupling of magnetic

order between the YIG and the,8g& at the interface.
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Chapter 5

Conclusion

Tl is a rather complex system along with intriguiphysics and intrinsic material
defeats. The work presented in this dissertatieuged on the fundamental transport study
in 3D topological insulators. Numerous MBE efforasvfocused on reducing bulk carrier
density and improving thin film quality. In partiew, in-situ Al surface passivation of
Bi,Se; inside MBE has been studied to reduce the cadessity and reveal the pristine
topological surface states. To achieve the bulklaigg state, (Bs7Shy.43.Tes material
has been grown and optimized, in which we obsetliecambipolar effect in 4-9 QLs thin
films. We have demonstrated a crossover from wediloaalization to weak localization in
4 and 5 QLs (Bs/Shy.492Te;s thin films by sweeping gate voltage. Moreoverrdalize the
room temperature operation, we have studied the t@mperature magnetic properties in
Bi,Se/YIG heterostructure by both magnetotransport ai@K¥E methods.

Specifically, in chapter 2, we show thatsitu Al passivation inside a MBE chamber
could inhibit the degradation process and reveaitistine topological surface states. Dual
evidence from SdH oscillations and weak antiloedion WAL effect, originated from the
n Berry phase, suggests that the helically spinfjrald surface states are well preserved by
the proposed in situ Al passivation. In contrast, show the degradation of surface states

for the unpassivated control samples, in which2Decarrier density is increased 39.2% due
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to ambienin-doping, the SdH oscillations are completely ahsamdl a large deviation from
WAL is observed.

In chapter 3, we demonstrate the evidence of faseigap opening in Tl thin films of
(Bios7Shy.4392Tes below six quintuple layers through transport aménsing tunneling
spectroscopy measurements. By effective tuningFéreni level via gate-voltage control,
we unveil a striking competition between WL and WAL low magnetic fields in
nonmagnetic ultrathin films, possibly owing to tlhange of the net Berry phase.
Furthermore, when the Fermi level is swept into sheface gap of ultrathin samples, the
overall unitary behaviors are revealed at highegmeéic fields, which are in contrast to the
pure WAL signals obtained in thicker films. Thesedings show an exotic phenomenon
characterizing the gapped TI surface states anat poithe future realization of quantum
spin Hall effect and dissipationless Tl-based ajapions.

In chapter 4, we study the magnetic propertieBiglhe; surface states in the proximity
of a high T, ferrimagnetic insulator YIG. Proximity-induced berfly and square-shaped
magnetoresistance loops are observed by magneispte measurements with
out-of-plane and in-plane fields, respectively, @aad be correlated with the magnetization
of the YIG substrate. More importantly, a magneignal from the BiSe; up to 130 K is
clearly observed by magneto-optical Kerr effect sueaments. Our results demonstrate the
proximity-induced TI magnetism at higher temperesyran important step toward
room-temperature application of Tl-based spintrat@vices.
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The future work will be focusing on the enginegrof a Tl and FMI heterostructure to
study high temperature Tl-based spintronic devigaswhich the TI is controlled by
breaking the TRS using a FMI with perpendicular n&gation component. A YIG film
with out-of-plane anisotropy at > 300 K could pdiaity manipulate the magnetic

properties of a TI may even above room temperature.
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