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Layered van der Waals Materials

Graphite

strang covalent
bonds between
the carbon atoms
in each layer

* Direction-dependent bond strength
leads to natural cleavage planes

* Good cleavage planes makes for easy 1 L weakerforces
b G o hold the layers
access to surface and edge states - Ly il together
12 meV/AZ (2)

* Many materials are stacked 2D layers

Image from J. Clark, Chemistry Libretexts, 14.4 (2021). CC BY-NC-SA 3.0.
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Quasi-One Dimensional Bismuth Halides
ﬁ—Bi4BI‘4

* Bi,Br, and Bi,l, are 1D chains that
align to form 3D materials?3
20 meV/A2
* Two natural cleavage planes (001) surface
 (001) surface: trivial insulator?
* (100) surface: weak/strong TI!
C\_} z :
1. C.C. Liu, et al. PRL 116, 066801 (2016) &
2. C. Yoon, et al. arXiv 2005.14710 (2020)
3. H. G. von Schnering, et al Z. Inorg. Chem. 438, 37 (1978).
H. von Benda, et al. Z. Inorg. Chem. 438, 53 (1978).

(100) surface \ 20 meV/A2




Phases of the Bismuth Halides

6—Bi4BI‘4 a-BiyBry /B-Bi414
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Bulk Conductivity

* Bulk optical conductivities

are anisotropic
* Op,~ 0,4~ 10-50 o,

* Kubo formula calculation

 Single particle
* Low Temperature
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Comparison to Experiment

Ablsgrbance at Center of 805 nm Thick a-BizsBrs Sample

* Experiment —— Aas Measured
* Crystals grown on CaF, - Asa Predicted
substrate by flux method = P iy
* Linearly polarized light shined :,% " 'ﬁmu BUlk Energy Bands
on exposed (001) surface @ Gap from lower 5504
* Measured absorbance & bands to upper// _ s
5 O] g 0.2 eV
2 0.00
* Model 2 l
w —0.25 1
* Fermi energy 137 meV below = ‘ .
center of bulk band gap J B -
* Beer-Lambert Law "°olo ols 020 o035 03 035 o040 045
¢« 4 = (1 _ R)(l _ e—lc/l) Photon Energy (eV)

Experimental data from P. Mao, et al. arXiv:2007.00223 (2020).



(100) Surface o

e Strand direction is much
more conductive than
inter-strand conduction

e We can model as an
elliptic Dirac cone

e Conductivity is large

e Graphene in Dirac-cone
limit is e /4h
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Elliptic Dirac Cone

e Let there be distinct Fermi
velocities in x and y

 Optical absorbance

v
i Adir = T L

* If we multiply/divide by
V& /VpV,, We should see
the same behavior

Optical Absorbance (na)
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Methods

B Structure
Our group’s . o
previous work in: J First-principles DFT
C. Yoon, et al. arXiv : T
200(;(_){14;1;(2%;(',\; MLWEF tight-binding 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




Kubo Formula Integration

e Kubo formula (non-interacting, non-relativistic, low temperature):

_ l_zj 1 (s, k|nD,|s’, k)(s', k|aD, |s, k)
BZ (Zﬂ)dlm €s! — €5 hw — (€5 — €5) +in

* Velocity operators (in gradient approximation):
oH
6ku
* Hamiltonians were obtained in our group’s previous work!
1. C. Yoon, et al. arXiv 2005.14710 (2020)

U, =



Conclusions

* Bi,X, are quasi-1D materials with easy access to surface and edge states
* Our predictions for the bulk agree with experiment for hw > gap

* We predict that the (100) side surface exhibits anisotropic optical
conductivity by a factor of ~15 due to anisotropic Fermi velocities

* The peak optical conductivity for (100) surface states is predicted to
exceed that of graphene in the infrared region by factors of 10-20
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Bulk Tight-Binding Energy Bands

Bulk Tight-Binding Energy Bands for BizX4 Systems

B-Bi4Br4 a-Bi4Br4 B-Bi4|4 (X—Bi4|4
V4

0.50 1 1 1
S 0257 \J - \/\J 1 U \:/
L
& 0.001 1 1 1
]
G -0.25 ] 1 1

—-0.501 1 1 1

KX Tz LM Y] KX rz LM Y] KX T[Z LM Y] KX rz Lm Y



(100) Surface Tight-Binding Energy Bands

(100) Surface Tight-Binding Energy Bands for BigX; Systems
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Monoclinic Lattice and Reciprocal Lattice

(5-BiyBry Brillouin Zones




Bulk bb absorbance

Ablsgrbance at Center of 805 nm Thick a-BisBrs Sample
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Reprocessing Bulk o

* Complex dielectric function

A7
e=1+1—o
w

e Other properties follow from
textbook formulas

Where the diagonal elements of the refractive index ten-
sor are given by:

N (W) = \/|€uu(w)’ +2Re[ew(w)] (8)

and the diagonal clements of the cxtinction cocfficient
tensor k are given by:

l€un(w)| — Rele,, (w)
Kup(w) = \/ o= 9 S (9)
The absorption coefficient is:
2w
Auu(w) = 7’€u,u (10)

Following the Beer-Lambert law, the absorbance per
length 7 is:

App(w) = (1 —Rp,)(1 —exp(—£A,,)) (11)

The reflectance is:

2

1-7n
Roup(e) = [t (12
[
_ (e 1) (13)

(1?48,



Reprocessing Surface o

Re(Uuu)

A, =21

e?/h

R _ nMM
B

14+ 58P + 21 oy, /(€2 /R)
1 -7 — 2rao,,/(e2/h)

2

1+ 7seP + 2w 0y, /(€2 /h)

Tun = Re(ﬁi:;tb)

14+ 758 + 210y, /(€2 /h)



Bulk Operators |

For all bulk systems v* = v{ and v = ,U%_

Layer

Hp =Mo,+ D +t,oy(sin(qr) + sin(qz)) + t0,5, sin(gz — q1)
M = mg + mqa(cos(q1) + cos(qz)) + mp cos(q2 — ¢1)
D = dy + dq(cos(q1) + cos(qz2)) + dp cos(ga — q1)

(U% = [_ (7naaz g da-)(Sin((Il) T Sin(qZ)) 5 ta()’y(COS(ql) g e COS(q-Z))]a/QTL
’U% = [—(mpo, + dp) sin(qz — q1) + tpo.S. cos(q2 — q1)]b/2h
v; =0



Bulk Operators II

Beta

HB = HL + Q(dc e 7”’6(72) COS((IS) + Ztr:o-zsy Sill(q:;) (7)

vg = [—2(dc + mco2)sin(qz) + 2t.0.5, cos(gs)]c/h (8)
Alpha Bismuth Bromide

f]g = Hp + (dec + meo.)[Te + (7o cos(qs) + 7y sin(gs))] + teowsy[ry — (1, cos(gs) — 7 sin(gs))] 9)

H,p = flg + (dy + m{o,) T, + thoysy[—Te + (T2 cos(gz) + 7y sin(qz))] + (d. + mlo.)s,[r, + (7, cos(gz) — 7, sin(gs))]
(10)

Vo gy = [(de + meos + thoysy) (—Te sin(gs) + 7, cos(qs)) + (teor — d. — mlo.)sy (1, sin(gs) + 72 cos(gs))]c/h

(11)

Alpha Bismuth Iodide
Ho1 = Hp +togm, +toysyt: + [(de + meos) 72 + (d. +mlo.) (2 cos(qs) + 7, sin(g3))] (12)
+ opSylteTy — th(Ty cos(q3) — 7o sin(gs))] (13)

Vax = [(di. +meo.) (=74 sin(gs) + 7 cos(qs)) + 0w syt (7, sin(gs) + 74 cos(gs))]c/h (14)



(100) Surface Operators I

Beta Bismuth Bromide

hg pr = (do — 2d, + dp)1 + ntps.qp + 2d,. cos(q.) + 2nt.3, sin(g.)
’U%_Br = ntps.b

vGpy = [—2dcsin(qe) + 2ntesy cos(ge)]c

Beta Bismuth Iodide

hg1 = (do — 2d, + dp + 2d.)1 + ntps.qp + 2nt.5yq.
/1,'5/’3_1 = ntps,b

C — % 7oy
Vg1 = 2ntcsyc



(100) Surface Operators I

Alpha Bismuth Bromide

ho:-Br - (d() - 2da + db)l + 77tb(92(11) + dC(T.II + (Ta: COS(QC) + Ty Sin((IC)))
+ Ntesy(Ty — (14 cos(qe) — Tz sin(qe))) + disy (Ty + (74 cos(qe) — Tz sin(qe))) + dy 72
V2 B, = Ntps.b

C

Ve Br = [de(—T sin(ge) + Ty cos(ge)) + ntesy(7y sin(ge) + 72 cos(qe)) — désy(ry sin(q.) + 7z cos(q.))]e

Alpha Bismuth Iodide

ho1 = (do — 2dq + db)1 + Ntps.qp + (deTs + di (72 cos(ge) + Ty sin(ge))) + Nsy(tety — to(Ty cos(ge) — 7o sin(ge)) + N7,
oo — .
Vgt

&

Vet = [d(=7a sin(ge) + 7 cos(qe)) — ntesy(7y sin(ge) + 7z cos(qe))]e



