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Why Quasi-1D Materials?

E - E¢ =-50 meV -105.6 meV
* We want to realize exotic states 0.64c2 1¢3 e
-~ 04. |
* Weak Tlst? < e
* Even numbers of Dirac cones on some surfaces ik ey )
* First realized in 5-Bi,l, ‘L2 8 |1 e
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* HOTIs34 ky (A7) ky (A7)
* Edge state in a-Bi,Br, and a-Bi,l, -110 meV -125 meV
N . 06 {ca = Uh
e Luttinger liquids and exciton condensates -y !
< E
: & 0.2 . 4
1. C.C. Liu, et al. PRL 116, 066801 (2016)
2. R. Noguchi, et al. Nature 566, 518 (2019) 0.0 - - 0 h

3. C. Yoon, et al. arXiv 2005.14710 (2020)
4.]). Huang, et al. PRX 11, 031042 (2021)
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* How to realize a weak TI?

 Stack weakly coupled QSH layers S
« D.F. Mross, et al. PRL 116, 036803 (2016) <
* Quasi-1D material 8 o
« C.C.Liu, et al. PRL 116, 066801 (2016) <
* Higher order Tls =
* F. Zhang, et al. PRL 110, 046404 (2013) - 300 .
 W. A. Benalcazar, et al. Science 357, 61 %E» o0 é 4}
(2017) § 100 | "/ EZO
*+ C.Yoon, etal. arXiv 2005.14710 (2020) = CESESEETAL. . " _
| Strain (%) | N

Talkington ® UPenn Infrared Optical Properties of Quasi-1D Tls



Van der Waals Materials

* Direction-dependent bond strength Graphite
leads to natural cleavage planes

1) strong covalent
bonds between
the carbon atoms
in each layer

* Good cleavage planes makes for easy S o I
access to surface and edge states DU I e rold ne ayers
~@ 12 meV/A? (2)

 Many materials are stacked 2D layers

° Relatively feW in StaCkS Of 1 D Cha | NS Image from J. Clark, Chemistry Libretexts, 14.4 (2021). CC BY-NC-SA 3.0.

* Bi,X,, TaSe;, TaTe,, Nb,Se,, NbCl,, Mol;
D. Brenner, et al. JPCM 14 783 (2002)
Z.

1,
2.Z. Liu, et al. PRB 85, 205418 (2012)
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Structure of Quasi-1D Materials: Bi X

. . . 6 Bi4BI‘4

* Bi,Br, and Biyl, are 1D chains that
align to form 3D materialsl%3
20 meV/A2?

* Two natural cleavage planes (001) surface : : H: :

* (001) surface: trivial insulator® 71~ ' -

 (100) surface: weak/strong TI1 - ' _ H%&zz—t

1. C.C. Liu, et al. PRL 116, 066801 (2016) %HH%

2. C. Yoon, et al. arXiv 2005.14710 (2020) o= i

3. H. G. von Schnering, et al : 1 ‘
Z. Inorg. Chem. 438, 37 (1978). Image courtesy of Bing Lv (100) surface 20 meV/A2

H. von Benda, et al.
Z. Inorg. Chem. 438, 53 (1978).
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Phases of Bismuth Halides

/ High temperature phaAse/ Low temperature phase
ﬂ—Bi4BI‘4 Oé-Bi4BI‘4 5—Bi414

AA Stacking AB Stacking AA Stacking AB Stacking

1. C.C. Liu, et al. PRL 116, 066801 (2016)
2. C. Yoon, et al. arXiv 2005.14710 (2020)
3. R. Noguchi, et al. Nature 566, 518 (2019)

Talkington ® UPenn Infrared Optical Properties of Quasi-1D Tls



STM and ARPES Measurements

* Conclusive evidence for weak Tl on jr ]
(100) surfacel-? o

................

* STM evidence of a QSH state on edges?

* Supporting evidence for HOTI on edges* °°[ -
* Limited by spatial resolution of ARPES

12 B=0T
=02t
Away from the edge
0.1+ — Edge

1. R. Noguchi, et al. Nature 566, 518 (2019) I,
2. ). Huang, et al. PRX 11, 031042 (2021) e
3. N. Shumiya, et al. Nat. Mater. 21, 1111 (2022) o5 o i
4. R. Noguchi, et al. Nat. Mater. 20, 473 (2021) ky, (A7)

| | |
—400 0 400
Bias (mV)
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Transport Measurements

* Pressure induced 0.20-

—— 26K— 35K
1 1

superconductivity!-? § ... ’ =
& = - TR
* Field-induced metal-insulator £
transition34 z " i s
2

1. X. Wang, et al. Phys. Rev. B 98, 174112 (2017)
2.Y.Qj, et al. Npj Q. Mater. 3,1 (2018)

Temperature (K)
3.D.Y. Chen, et al. Phys. Rev. Mater. 2, 114408 (2018)

Py (MQ )

4. P. Wang, et al. Phys. Rev. B 103, 155201 (2021)

0 10 20 30 40
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Why Optics?

10°

e Optical responses can both characterize
materials and be used to create devices

%ns %nse

Pbse

Q
SnTe
*raThN * b, Te,,Se
Bi X

’Bi Se

. . . Fr; .HgS
1. Anisotropic and “giant” bulk response! S ’
e 10*/cm at the band edge °
.CdSnAsz &
2. Signatures for surface and edge states o kst
* Elliptic Dirac cone casehs,
1030 0:1 0:2 0:3

3. Quasi-1D surface plasmon polaritons

Bandgap (eV)

0.4

1. H. Xu, et al. Phys. Chem. Lett. 11, 6119 (2020)
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Outline

* Introduction v/
* Model and methods
* Bulk and (100) side surface optics

 Surface plasmon polaritons
* Conclusion
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Methods

Structure
Our group’s
previous work in: J First-principles DFT
C. Yoon, et al. arXiv ™ . . .
2005.14710 (2020) MLWF tlght-blndlng model
J, Best-fit nearest-neighbor tight-binding model
~ Hamiltonians and velocity operators
J Integrate Kubo formula
The current work — Optical conductivity

J Textbook formulas

Optical response properties
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Model: B Bulk

e Construct layer Hamiltonians
* All nearest-neighbor hopping terms
that preserve inversion symmetry

Hyp = Mo, + D + t,o,(sin(qy) + sin(gz)) + t40,5. sin(gy — ¢1)
M = mg + mg(cos(q1) + cos(qz)) + mp cos(q2 — q1)
D = dy + dy(cos(q1) + cos(q2)) + dp cos(q2 — q1)

e Construct bulk Hamiltonians

* Add inter-layer transfer terms that
respect inversion symmetry

Hg = Hyp, + 2(d; + mc0,) cos(q3) + 2t.055, sin(gs)

1. C. Yoon, et al. arXiv 2005.14710 (2020)
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Model: a Bulk

In—1,B) |n,A) |n,B) |n+1,A)

* Dimerizes 7 TR
SSH-like model @ Q@O

[
5 T; -
HY T 00 0 0) 5 ! 2
TF H- Tz 0 0 0
HY — OI TE HI%;' TI_ 0 0 a-Bi1,Br, p-BiX, a-Bi,l
s~o o 7 H T; 0 . . .
0 0 0 TF H Ty A R N
\0o 0 0 0 T H) ° —
* Layers u : u
H* = Hp &+ (to, +t'oys,)
* Hoppings —

Ti = (d. +meo,) £ i(0.8,t.)
TE = (d. +mlo.) £i(0.5,tL)
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Model: Edges and Side Surfaces

* Impose topological boundary

conditions on the bulkl2 (010) (010)
- +
hip1 = hig + 2dc1 + 20tesygc (100) | (001) | (100) @o1) | (0o1) | (201)
ha1 = hg + &1, + (deTe + d. (72 cos(qe) + Ty sin(gqc))) + e - + - +
+ Esy(tety — t'C(Ty cos(qe) — Tz sin(qc)) + +
(010) (010)
* Edge Hamiltonian
* Consistent with surface and bulk
: : (010) (010)
* Onsite and hopping terms _ 4
b = (do = 2da + )1+ 05,0 o Faon]owo || @ [ Ton
+ +

2. C.Yoon, et al. arXiv 2005.14710 (2020)
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Kubo Formula Integration

e Kubo formula

oH | , oH
i _liif dk 1 (S,k‘hm S,k)(S,k‘ha—kv S,k)
k4 h £ Jpz (2m)dim e, — ¢ hw — (egr — €5) + in

* Numerically integrate
* Low temperature, low scattering rate limit
* Need many points 108-10° points to converge
* Only some regions of the Brillouin zone are relevant (the Z to M line)
* Method

e Uniformly sample Brillouin zone
* Recursively refine over regions with energy conserving transitions
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Bulk Band Structures

Bulk Tight-Binding Energy Bands

* BiyX, are bulkinsulators ~—Bubn o-BLbrs BBuL, acBly
* The energy scale is the IR _ ™ w \X/
L —0.041
* Low-energy physicsison * | ff\ /JX M ﬁf\
the Gamma-Z-M plane S IR A U A A W B R R U I Y S
. KX 'z LM Y J KX 'z LM YJ] KX Iz LM Y J KX 'z LM YJ
* SuggeStS Fhere W'” be Bulk Density of States
anlsotroplc OptICS 6 B-BiyBry a-BiyBry B-Biyly a-Bigly
n 5
e
= 3]
Al
O s 04 00 04 08 08 —04 00 04 08 —08 —04 00 04 08 —08 04 00 04 08
E (eV) E (eV) E (eV) E (eV)
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Anisotropic Bulk Response

e Strand direction
Bulk Optical Conductivity

conductivity
. -Bi4Br a-Bi,Br -Biyl a-Biyl
domlnates over 00 1O,um55,um4 S,u;ln 2um 00 10um5um43,ufn 2um 00 10,um5€m1 433111 2um - oo 10pmbpum 43;%111 2pm
. 0 15' _______ Re(O’aa) 1 1 1 N
other directions _ T N SN
= t —— Re(0c) e T e
* Optical SR / ,.’ |
. . = 61 ! i~
conductivity = |/ | | e | /
b ] 17 / [ l"
above the band £ B |4 | s
. 0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 03 04 0.5 0.6 0.0 0.1 0.2 0.3 04 0.5 0.6
edge is large o (V) o (V) o (V) o (V)

e Absorption is
about 10%/cm
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Comparison to Experiment

* Experiment

* Crystals grown on CaF, substrate by
flux method

* Linearly polarized light shined on
exposed (001) surface

* Measured absorbance

 Model

* Fermi energy 137 meV below center
of the bulk band gap

e Beer-Lambert Law
cA=(1-R)(1-e'N

Ablsg)rbance at Center of 805 nm Thick a-BisBry, Sample

— As; Measured
0.8
=
=
a
= 0.6 - a-BisBr, Bulk Energy Bands
> Gap from lower 0.50 1
C
© bands to upper// _ |
_8 0.4 - % 0.25
o Z 0.2 eV
B o 0.00
< 2 ,
0.2 w —-0.25
-0.50
KX rz Lm Y )
0.0

010 015 020 025 030 035 040 045
Photon Energy (eV)

Experimental data from P. Mao, et al. arXiv:2007.00223 (2020).
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(100) Surface Band Structure

(100) Surface Tight-Binding Energy Bands

° LOW energy phySiCS 5—B14B1"4 Oé—Bi4B1"4 ﬁ—Bi4I4 Oé—Bi4I4
happens around g,=0 ™ | | |~
since UF > Vg = B |

2 - -

* Two Dirac cones at e o .

different energies 60 |
: R 7 r 7 7 r 7 7 r 7 7 r 7z
(One in STI ’B BI4I4) (100) Surface Densities of States

. a-Bi4Br 4 exhibits 2o 53-BiyBr, a-BisBry B3-Biyly a-Biyly

multiple van Hove 7] | |

singularities versus

the other structures =" | | |
which only exhibit two 2 | | |

Y02 =01 00 01 02 —02 —01 00 01 02 —02 —01 00 01 02 =02 —01 00 01 02
E (eV) E (eV) E (eV) E (eV)
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Elliptic Dirac Cone Model

Optical Absorption of Graphene in the Elliptic Dirac Cone Limit

Let the incident energy flux be (in Gaussian units):

* Universal optical conductance of 2D Dirac Fermions Ve =50

And the absorbed power be:

2 Wabsorbed = {w)hw (1.2)
e Where Fermi’s Golden rule gives the transition rate at low temperature (Ey = fiw/2 is the final energy):
o = — w= 2T\ D(Ey) (L3)
4 h Now for graphene in the elliptic Dirac-Cone limit with § = arg(v,k, + ivyk,):
Hy = h(vyk, 0, + vykyoy) (1.4)

=n < g vaka Bw”ky> (1.5)

* For elliptic Dirac cones this becomes (quick to derive) R (5 )
ﬂ 2 2 As above, we consider the perturbatio:;: o e .
_(vp)ee -

Y he Oky c

Ouu = :
o Fermi’s Golden rule gives (for both dir = z,y):
HH vg v g 4‘ h - (”C“"A')z 26" (6) + 2008(6) gy - X (”%"A')ZD(E» —(wa)  (19)

h c

The number of states per volume is (with E = hy/(v.k;)? + (vyky)?) (recall the area of ellipse is 77175):

* For (100) surface states we have v2 > v ey T
 Very large (small) and anisotropic response M |
- zgid(eZLd;'A')2 O (113)

Which is 7o when v, = vy,.
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Anisotropic (100) Surface Response

oo 40pm20pum 12pm

(100) Surface Optical Conductivity

Oé—Bi4BI‘4
Sum

[-Biyly

oo 40pm20pum 12um Spum

Oé—Bi4I4

0o 40pm20pm 12pm Spm

* Optical conductivities . wubimib s
are qualitatively like ; )
the Dirac conductivity =, ,_
of graphene S

* Except a-Bi,Br, . R

oo
.

-
o

e

e Different JDOS

[ o
0 30 60 90 120 150

0 30 60 90 120 150

0 30 60 90 120 150

hw (meV) hw (meV) fiw (meV) hw (meV)

* Strand direction Scaled (100) Surface Optical Conductivity
CO n d u Ct IV I ty d O m I n.at.e S oo 40umg(;p]LEIgI}4E132€ﬁn S,u'm oo 40um62%,t];131114E1321;‘ﬁn 8ulm oo 40Hm2€{;r§l%12?m 8/1'111 oo 40/'11112?)61;11];131%12%1111 8,u'm
t ransverse con d u Ct VI ty ) Re(03)/3.82 1 ; ------- Re(03)/6.43 | — Re(0y)/3.76 | — Re(01,)/8.63

0.8 ---'- Re(0ec) % 3.82 ":‘ I\‘----- Re(o¢)%x6.43 -=== Re(0c)x3.76 -——- Re(0e) x 8.63
. . Py { 1]

* Directions are almost ~ =u| /| i 4
related by a scalar N R A\
multiple (elliptic Dirac) **|’ S I Y AN B [

0030 60 90 130 150 0 30 60 90 150 150 0 30 60 90 120 150 0 30 60 90 120 150
hw (meV) hw (meV) hw (meV) hw (meV)
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Surface Plasmon Polaritons (SPPs)

* Plasmon polaritons are near-field
quasiparticles that form in materials with
negative permittivities

* 3D plasmons are forbidden in Bi X, since
the imaginary part of the optical
conductivity is never positive, so the real
part of the permittivity is never negative

* Plasmons are described by a quality factor

_ Im(o)
Cp = Re(o)

1. N. Hesp, et al. Nat. Phys. 17, 1161 (2021)
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Anisotropic SPPs from (100) Surface States

Plasmon Quality Factor for (100) Surface States
B—B14BI‘4 Oz—Bi4BI‘4 ﬁ-Bi4I4 Oz—Bi4I4

o QP fo r p I a S m O n S i n t h e 0 40/’Lm20/'un 12;'1m 8;{m o0 401'111120/'1,111 12/'un 8;1'111 o 40;'Lm20;'m1 12/'Lm 8/1:111 o '40;'1m20;'1m 121'1111 8,u'm
. . L et E | ettt S | e S L R e e et S o
strand direction and the | 4 — | A -
. . . 10" - f R SRR A
perpendicular direction = [ _ \ e — N
< 1094 \v" \\\‘._‘ ———————— . !\ A e E R NV
b diff t W A T A
Can pbe very airrerent, 0] - A I
. Y !
Correspondlng to the (] I A— — — b
0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15
anisotropy of the material s (&) s (&) s (&) f (V)
i Plasmon Wavelength for (100) Surface States
* This may lead to the £-Bi\Bry o-BisBry B-BiyL, a-Bidl,
. . 00 40/',Lm20,€m1 124;111 8/,€m oo 40Hm20,€un 124Lm S,u'm oo 40Hm20,€tm 12Hm 8,u'm oo 40Hm20;'un 12['1,1’11 8,u'm
formation of quasi-1D i) I - wl T - vl T - o R »g

SPPs that decay more 7
quickly in one direction -

than the oth . o | —
dain e other o] o A | AN j“"h | | I I
0.00 0.03 0.06 0.09 0.12 0.15  0.00 0.03 0.06 0.09 0.12 0.15  0.00 0.03 0.06 0.09 0.12 0.15  0.00 0.03 0.06 0.09 0.12 0.15

hiw (eV) hiw (eV) hw (eV) hw (eV)
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Result 1: Large and Anisotropic Bulk Response 2

* Optical conductivity and 3
gain surpass conventional £-BiyBry
HgCdTe photodiodes by an co 10pmopm  Spm  Zpm .-
order of magnitude | 77 Re(0) " S.nse %os
— 121 ==~ Re(ow) _ QraT“NgnTe* sszTezse
» Compared to other . f T Reled | Yes i
materials with similar band < I g .
inversions the responseis = Y] ' ; B se,
anisotropic © 31 e o ok
e Speculative possibility for 0 A — "3322;2
00 0.1 02 03 04 05 0.6 . . . ,
0.1 0.2 0.3 0.4
Bandgap (eV)

polarization-dependent

hw (eV)

charge coupled photodiodes

Infrared Optical Properties of Quasi-1D Tls

Talkington ® UPenn




* Side surfaces are Tls with one (strong)
or two (weak) Dirac cones

* This leads to characteristic
conductance and absorbance features

Optical Absorbance of B-BisBrs (100) Surface State

* These materials are quasi-1D 0] — a8
3.5 — Pcc(w) X 3.
* Conductance features are anisotropic ERS
e Enhanced in strand direction n:
* Suppressed perpendicular to it %1,5_
810

0.5 1

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Photon Energy (eV)
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Result 3: Quasi-1D Surface Plasmon Polaritons zse

* SPPs have been proposed as a
platform for room-temperature
quantum emitters!

e Speculatively, quasi-1D SPPs on
the (100) surfaces of Bi,X, may
provide an avenue for highly
polarized quantum emitters?

1. T.Hoang, et al. Nano. Lett. 16, 270 (2016)
2. Q.Wang, et al. Nano. Lett. 21, 7175 (2020) Image from IEEE Spectrum
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https://spectrum.ieee.org/novel-onchip-quantum-emitter-provides-key-building-block-for-a-quantum-internet

Outlook 26/27

* Quasi-1D materials, as exemplified by Bi X,
exhibit a rich and unusual set of electronic states
and properties

* Real space, momentum space, and transport
studies of these materials have elucidated the
properties of these materials

* A speculative frontier for Bi4X, in optoelectronics
* Polarized large gain charge coupled diodes
* Polarized quantum emitters
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