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guintessential
straintronic material

d Intro. 2D materials phosphorene

d Calculations: 1) band gap :
2) strain effects -~

3) deformation = |

h ool

d Summary
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3 a number of 2D materials preparec s £ 5 ¥ ¢ & S i !W'
- exfoliation - | R4 maw el omn, | B8
- epitaxial growth
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Nobel prize for yis (2010

Geim & Novoselov
[ electronic properties:

metals< semimetalk=|semiconductorks wide gap insulator

Pd, Rh graphene TMD h-BN
phosphorene

A high carrier mobility

O often direct gap
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P& 2D materials tuning

A 20 matsnal 18 deposied on e
cemer of 0 clostic substrale
2D materials highly sensitive &irain S
Tre substrata i dongated
o . . . x E:m =
2D materials casustain strainswell in excess 01.0%: graphene=25%and MoS ~11% &
R. Roldan, A. Castellanos-Gomez, E. Capelluti, and F. Guinea, J. Phys.: Condens. Matter 27, 313201 (2015)
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tuning properties via strain - band gapfor given applications M e R
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Y. S., Y. Chen, and C. Jiang, InfoM&, 397420 (2021)
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R-)( 2D materialsphosphorene gc

accuracy. quasiparticle band gap
example monolayer phosphorene

free-standing sample

2 54 = ® QMC: 253+0020 (DMC with SD@PBE nodes)
2.0 GW: 1.6-24 determined ahead of experiment
D, 1.5+
e .
< DET: 0.8-1.7
1.0
0.5

E. Gaufrés, F. Fossard, V. Gosselin, L. Sponza, F. Ducastelle, & Gi. Louie, R. Martel, M. C6té, and A. Loiseau, Nano Lett. 19, 8303 (2019).
T. Frank, R. Derian, K. Tokar, L. Mitas, J. Fabian, and 1. Stich, Phys. Rev. X 9, 011018 (2019).
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how can the band gap be calculated?

- quasiparticle band gap

2D crystal is in reality 2D+h system

neutralizing background ?7? 1108 1/36 1/24
1/N
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how can the band gap be calculated?

- excitation/neutral band gap g qr
LUMO
—~ 8 s s
A mEj=Ej - E o ©
what does that correspond to: VAAAAAAAN i PRSI
1.25- HOMO
273 6x6 = no exciton possible!!!
> 2504 5%5
(]
Wil o - in 2D size larger than supercell
" optical .
g OPH ’ - e-h pair cannot be formed from
%1 oI excitation single-particle Bloch states
G000 0,008 uﬁ: HEr i Q2o ) DMC gapS@PBE nodes

gaps@hybrids equal
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R-)( 2D materialsphosphorene gc

accuracy. quasiparticle band gap
example monolayer phosphorene

free-standing sample
asd = ® QMC: 2,53 +0.020
209 GW: 1.6-2.4 need accuracy better than
= DFT & GW: quasiparticle gap = QMC
154 - GW-BSE: for excitons
} DFT 08-17 = under strain bia}s bound to increase
theory & experiment
1.0+
0.5+

E. Gaufrés, F. Fossard, V. Gosselin, L. Sponza, F. Ducastelle, & Gi. Louie, R. Martel, M. C6té, and A. Loiseau, Nano Lett. 19, 8303 (2019).
T. Frank, R. Derian, K. Tokar, L. Mitas, J. Fabian, and 1. Stich, Phys. Rev. X 9, 011018 (2019).
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gualitative picture: pre-screened by DFT-PBE DFT

~ b (armchair)

T=r : ] 0 f.

'Era;) eV

-5 )] ¥ s i
/ - }
S& YEN)
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gualitative picture: pre-screened by DFT-PBE DFT

plethora of other excitations

'Eta;) eV
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guantitative picture: FNQMC (SD with DFT-PBE nodes)

" 25 U the strain band gajoiningis quitestrong
cisy . [:'1%1 U quasiparticle band gagrales linearly wittthe appliedstrain
1004 s 2.5 il

e 0,0 il O highly nontrivialasthe band gaps are differences between ground-
e -] 1% .
and excited-state PESs.

converged ground- and excited-stBteSs

parallel; only vertical & lateral offsets

I'—T excitation

: 0.0% [ diagonal
@ experimental 3D structure g

L] T
=00 (L] LR e L .00
qiki

— 4 parameters, b, x, andy

bracketted by at least 25 QMC points
$
fixing all 4 parameters, b, x, andy: quadrivariate paraboloid functidgy(a, b, x, y),minimize w.r.t.x, andy for each(a, b) = E4(a, b)

excited state Fonly computedatthe minimum w.r.tx, andy = E;(a, b)

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and 1. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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structural approximants & finite size scaling:
7 points bracketing the minimum

I'-I/T->I"
approximants: 11 prim. u.c. | 4D
16 prim. u.c. |[4D . A
18 prim. u.c. | 4D 66 ] : !
22prim. u.c. |4D | 18]
'
|
'-X i -
approximants: 14 prim. u.c. |4D per: ==
16 prim. u.c. | 4D /I-M\ 7 3
18 prim. u.c. |4D / R
22 prim. u.c. | 4D \\/’
B i

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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structural approximants & finite size scaling:
7 points bracketing the minimum

I'-I/T->I"
approximants: 11 prim. u.c. | 4D :
16 prim. u.c. |[4D 4
18prim. u.c. | 4D 2
22prim. u.c. |4D :
6
7
r-X
approximants: 14 prim. u.c. |[4D

16 prim. u.c. | 4D
18 prim. u.c. |[4D
22 prim. u.c. | 4D

2 g . __fiig -8 " =

Ino twist averaging possible! 0 122 I8 116 1114 T

I/N

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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equlilibrium propertie

2-layer phosphorene

armchair

partially chemical interlayer bond
(between loan pairs on P‘s)

a = 3.30+0.003A
b = 4.614+0.006 A
r = 0.405+0.001 A
y = 2.109+0.001 A

X QMC
O DFT-PBE
O DFT-HSE
DFT-B3LYP
[
4
]
—
"55' 2
= ]
L a1
-4 E] I
"E—ﬁ -4 -2 0 I 4 & - "
£ (%] expt.
a
QMC 1lcell | QMC I6cell | QMC 22-cell [DFT-PBE|3D-BP
ground state
a| 6.220+0.008 | 6.238+0.002 | 6.23040.002 [ 6.235 |6.2618
E 86510017 | 8.688+£0.008 | 8.707+0.006 8711 | 8.2700
T | 0.748+0.005 | 0.750+0.002 | 0.765+0.001 0.770 | 0.6367
y| 3.987£0.007 | 3.978+£0.003 | 3.98540.002 3975 | 4.0280
E3|-716.5630.002|-716.4084-0.0008 | -7 16.A00L0.0007 | 717711 | NA
excited state
a| 6.227£0.027 | 622240003 | 622440003 | 6222 | NA
b| 8515£0.178 | S.607£0.012 | 8.664+£0.010 8543 | NA
| 0.72840.044 | 0.74740.003 | 076140002 | 0739 | NA
y| 4.053£0.01%8 | 4.03140.002 | 4.02040002 | 4051 | NA
Ef|-716.415+0.005|-716.375+0.0007 | -716.375£0.001 | -717.643 | NA

E. Gaufr'es, F. Fossard, V. Gosselin, et al., Nano 188303 (2019)

not known experimentally

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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equlilibrium propertie

=X

QMC
j DFT-PBE
O  DFT-HSE 2-layer Mo$
. DFT-B3LYP
- . e (- rd -
S s Ve 4 5 1 v armgnam =
A . feu ol ol o e B a e = |
—2 RS D I SRR S
EE- - , ?“}J o j é{b _‘.?'-‘-‘? A
— ] | > e was
sl PO \
1'.- m“" A ’ .Wﬁ 4
- D g r,ﬁ- .{J .L: ™ - : v
i. MY ,i'. e A S “J pure vdWinteraction
=i W NN
% 4 -2 0 2 4 6 [, o VL E LD {,
expt.
L, 1%] P
QMC 1lcell | QMC I6cell | QMC 22-cell [DFT-PBE|3D-BP
ground state o e P
a| 6.220+0.008 | 6.228+0.002 | 6.220£0002 | 6235 ]6.2618 a = 3.30+0.003A
8.651£0.017 | s.688+0.008 | s7or+0006 | 8711 |s.2700 b = 4.614+0.006 A not known experimentally
T | D.748£0.005 | 0.75940.002 | 0.765+0001 | 0.770 | 0.6367 = 0.4054+0.001 A
y| 30870007 | 3.078+0.003 | 3985+0002 | 3075 |4.028%0 y = 2 10040001 J-ix
E3|-716.5630.002|-716.4084-0.0008 | -7 16.A00L0.0007 | 717711 | NA '
excited state
a| 622720027 | 622240003 | 622440003 | 6222 | NA
b| 851520178 | 8.607£0.012 | 866440010 | 8543 | NA
o | 072840044 | 074740003 | 0.761+£0002 | 0.739 | NA
y| 4.053£0018 | 403140002 | 402040002 | 4051 | NA
E7|-716.41540.005|-716.375£0.0007| -716.375+£0.001 | -717.643 | NA

E. Gaufr'es, F. Fossard, V. Gosselin, et al.,

Nano 1818303 (2019)

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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2-layer phosphorene

X QMC
O DFT-PBE
O DFT-HSE
DFT-B3LYP
[
4
]
—
'ﬁ‘? 2
= ]
L a1
-4 E] I
"E—ﬁ -4 -2 0 I 4 & - "
£ (%] expt.
a
QMC 1lcell | QMC I6cell | QMC 22-cell [DFT-PBE|3D-BP
ground state
a| 6.220+0.008 | 6.238+0.002 | 6.23040.002 [ 6.235 |6.2618
E 86510017 | 8.688+£0.008 | 8.707+0.006 8711 | 8.2700
T | 0.748+0.005 | 0.750+0.002 | 0.765+0.001 0.770 | 0.6367
y| 3.987£0.007 | 3.978+£0.003 | 3.98540.002 3975 | 4.0280
E3|-716.5630.002|-716.4084-0.0008 | -7 16.A00L0.0007 | 717711 | NA
excited state
a| 6.227£0.027 | 622240003 | 622440003 | 6222 | NA
b| 8515£0.178 | S.607£0.012 | 8.664+£0.010 8543 | NA
| 0.72840.044 | 0.74740.003 | 076140002 | 0739 | NA
y| 4.053£0.01%8 | 4.03140.002 | 4.02040002 | 4051 | NA
Ef|-716.415+0.005|-716.375+0.0007 | -716.375£0.001 | -717.643 | NA

armchair

equlilibrium propertie

partially chemical interlayer bond
(between loan pairs on P‘s)

-

a = 3.30+0.003A
b = 4.614+0.006 A
r = 0.405+0.001 A
y = 2.109+0.001 A

- Ay =

2.5340.020 eV < 2,46 eV

E. Gaufr'es, F. Fossard, V. Gosselin, etal., Nano 18t8303 (2019)
Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).

|

not known experimentally

experimental value for
freestanding phosphorene

(almost)chemical precision
(novibronic and zero-point corrections)
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band gap I'>T excitatiion gauge factor
T B P = T 1 i
385
3.61 s - i
14 as L PFT-BILYP
321 a3 L DFI-HSE
3.01
2.8 — w2t DFT-PBE
2.67 % w1
24 — o0k
2.2 )
E‘z.u Al
o1 .-U== 02|
18] FRFESS
2 b [
nearly parallel =] [
R L5 -
08 A6 |
06
0.4 efe
-{LE L ~ 1 L '} L 1 L
2 Py TR 3 4 -2 0 1 4 [
Ca 1%]
gdlm;olnl [%a]
QMC consistently givedarger gap than any gauge factor(change ofA;) very similar to DFT
common DFT functional (PBE, HSE, B3LYP), (if computed against the respective minimum)

I = 0 agrees with experiment!
large gauge factor *100 meV/%

main straintronic materials MoS,: 64+5/68t5 meV/%

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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R->< strained qar

quantitative picture: QMC T'-»I' I'-I" I'>X boundaries = band gap phase diagrams
: ¢ - =

' - . 4
\ "\ \ b f'.," // Q,\](‘
N large gauge factor

+
huge tuning area

L)

L R N L I
——— Y

\ )
T

colossaligap respons
to strain

4330011 4r 70y wne xleVtuning
Ll mainly in
tensile strain

DFI-PBE

strain tuning area
in DFT much smaller

S

— DFT-PBE
— DFT-HSE
DFT-B3LYP

4 32401 23430 EYIONNR

L%l
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Xo deformation enerqie

o OMC a »l OMC b
o DFI-FBE "l DFT-HSE
: :
A L]
P 3 X QmMC
=
& % 1 DFT-PBE
- M O  DFT-HSE
ol + L DFT-B3LYP
-4 + 3D
-6

EleV)
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R')( deformation enerqie

Poissonis ratio

6 ';h
i ] 9 . =
positive Poison’s rati | — L,
AL " i -' L |_I i
= |
) i — % positive in-plane
B | B . . .
r Y - Poissoris ratio
ii agf ? negative out-of-plane
"‘] . ""'.___. L Y J
Fl i auxetic material
L I
X =B I «fi L =4 ‘ =z I 1] I i L 4 ‘ L] I B L |

Y. Huang, A. Faizan, M. Manzoor, J. Brndiar, L. MithsFabian, and I. Stich, Phys. Rev. Reserach 5, 033223 (2023).
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consider only diagonal straim)

— 2 parameters, b

fixing 2 parameters, b: bivariate paraboloid functidgy(a, b), minimize w.r.t.b for eacha = Ey(a)

excited state Fonly computedatthe minimum w.r.tb = E;(a)

spin-orbit couplings (SOC) smailut nornebligible = SOCadded a posteriogerturbativelybased oDFT-PBE

Eacrpy [e']
i =

.....

DFT-I'BE

A
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gualitative picture: pre-screened by DFT-PBE DFT

band gap phase diagram SOC splittings:
s i I & =1
b 1l (3] =l
as| | DFT-PBE | L |
2 : <[ |
] g
1 | |
| I ]
: = 1 |
| @ o |
(1< " < |
by | I |
- . . ==

Y. Huang, M. Manzoor, J. Brndigand 1. Stich, Phys. Rev. Research 6, 013007 (2024).
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K —>K exitation

=X

- TFT-FEE

Alev]

LU LS
IFT-IrEE

A, champe [V
=
=

COEnpERsIvE BT il
i 1

LI

Y. Huang, M. Manzoor, J. Brndigand 1. Stich, Phys. Rev. Research 6, 013007 (2024).

TR

DFT-PBE rigid band gap offset byl eV

qualitativly similar results
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R->< band gapstrained gap boundarie

band gap phase diagram

45w compressive o tensile OmAC _uh _ DET-PRE

T gauge [actor

oA transitioff QMC | GW | PBE [HSE|B3LYP| exp

E_ K—K [136/60fi3z/600 10447140 | 145 [40-125
"“ r—K 997 | 271 | 108 Juos| 106 | -
LS K—K/2 | 42 83 40 [l41 | 41 =

= qualitativly similar results — ??2oincidence or trentbr ALL TMDs and TREATMENTS???

Y. Huang, M. Manzoor, J. Brndigand 1. Stich, Phys. Rev. Research 6, 013007 (2024).
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R->< band gapstrained gap boundarie

comparison of band gap phase diagrams

GW: tuning only incompressive strain

QMC

DFT-HSE: tuning mostly intensile strain

DFT-B3LYP: tuning only in
compressive strain

D ED

b DFT-HSE cik® DFT-B3LYP

ol ol

L5 BB K—h2
xe k—=K2 g — i
ir_i . E: i‘as ~
d_.m 3 Do

15 p .5 B

1.0 i b

osp 3

£ %

T

qualitatively similar phase diagraﬁ

gauge factor
transition| QMC | GW | PEE |HSE|B3LYP| exp
K=K 136/60|138/60(104/47) 149 | 145 |40-125 — gjmilar gauge factors
I'—=K 227 271 198 [ 198 | 196 =
K—K/2 42 B3 40 | 41 41 -

&1 1 z n 2 i h B
L, [a]
J
7 D
NS x
S o
o 2
=> excitations similar response to strain v <
= 0
. . . [
——=> excitations different values - 237
=
= relation between different oo
excitations different 5 =
— 5
9

Y. Huang, M. Manzoor, J. Brndigand 1. Stich, Phys. Rev. Research 6, 013007 (2024).
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R-)( band gaptake home messac

 excitation/neutral gap = quasiparticle gap
optical gaps in 29 order theory

] electronic& atomicstructureof 2D materialscanbe studied
ultra-accuratelywith FNQMC mehods

O directband-gap tunabilityn tensilestrain

U quintessential straintronic materigloS, tunability 10x smaller
than inphosphorene

 tuability of phosphorenes colossal
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