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Antimony
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Z00 of 2D materials Il

PHYSICAL REVIEW B 95, 081407(R) (2017)

Electronic properties of single-layer antimony: Tight-binding model, spin-orbit coupling, and the
strength of effective Coulomb interactions

A. N. Rudenko."™ M. I. Katsnelson,' and R. Rolddn?

The same buckled structure as for silicene or germanene

Energy (eV)

I DI K I DOS

Holes Electrons Semiconductor. Strong spin-orbit coupling
Method E;E E!gr my mi mr  my  my  mg
DFT 126 157  0.08 045  0.09 0.14 045 039 A =0.34 eV
B 1.15 140 0.06 0.44 0.06 0.13 042 0.36
DFT+SO 099 1.25 0.10 0.19 0.08 0.14 046 040
TB+SO 092 1.14 0.09 0.11 0.06 0.13 043 0.37




What is BP?

For historical and basic review: Ling et al, PNAS 112, 4523 (2015)
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Graphene: zero-gap

Bridgman (1914)

Black P — stable allotrope
of P at ambient conditions

Layered compound, 4 atoms
per unit cell, bond lengths
within layer 0.222 and 0.224 nm,

between layers 0.53 nm

Tunable gap, depending

on number of layers



Other allopropes of phosphorus

Allotropes of phosphorus

White phosphorus

A

Volatile waxy white solid.
Dangerously reactive in
air: glows with a white
light and spontaneously
bursts into flame.

Melting point: 44.2°C

Red phosphorus

8
7

Red powder. Nonreactive
with air at 25°C.

o

Melting point: 590°C

Black phosphorus

Black crystalline solid.
Nonreactive with air at
258G

Melting point: 610°C

White phosphorus i1s most know to a general public

(e.g., “phosphorescence”)
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Computations of electronic structure

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 89, 201408(R) (2014)

Quasiparticle band structure and tight-binding model for single- and bilayer black phosphorus

A. N. Rudenko® and M. 1. Katsnelson
PHYSICAL REVIEW B 92, 085419 (2015)

Toward a realistic description of multilayer black phosphorus: From G W approximation to
large-scale tight-binding simulations

A. N. Rudenko,” Shengjun Yuan, and M. I. Katsnelson

Gap problem: conventional density functional (LDA or GGA) usually strongly underestimates
gaps in semiconductors — more advanced methods should be used like GW

Quasiparticle equation:

(T + Va_e + Vi) + /E(r. v Enk) Unk(Y)dr = Epe k()
L. -~ - S,
Self-energy QP energy

Self-energy in the GW approximation:

2’}T L " i

— " "

Green's function Screened Coul. int.

h [~ -
Wi v w) = H/ G(r.t';w+u') W(r.r ') e“du



Computations of electronic structure |l

Bulk BP
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GW fixes the band gap problem

And self-consistency makes the gap accurate, 0.35 eV!



Computations of electronic structure Il

TABLE I. Band gaps (in eV) for monolayer (n = 1), multilayer (n = 2,3). and bulk BP (n = o¢) calculated at different levels of theory.
In the notation of different methods, G and W, imply that the Green’s function and screened Coulomb repulsion in the GW approach are
calculated non-self-consistently on the basis of wave functions derived from density functional (GGA)) or hybrid functional (HSE) calculations,
whereas G means a self-consistent calculation of the Green’s function. W and W, denote that the screened Coulomb interaction is calculated
by using the general plasmon pole model [39] and RPA [40], respectively.

GW,@GGA* TB Model® GWg@GGAh G Wy @HSE* GgW[]@GGfK“ GUW‘;@GGA“ HSE' GGAS Expt.
n=1 1.85 1.84 1.94 2.41 1.60 2.00 1.00-1.91 0.80-0.91 2.050
n=2 1.16 1.15 ~1.65 1.66 1.01 ~1.30 1.01-1.23 0.45-0.60 —
n=23 0.84 0.85 ~1.35 1.20 0.68 ~1.05 0.73-0.98 0.20-0.40 —
nH=00 0.35 0.40 0.43 0.58 0.10 0.30 0.18-0.39 0.00-0.15 0.31-0.35
¥This work
2 T T T T T T T l,-"IIII.-"I|l T
13 [~ 1 7]
GW,cale. =
— 0 A
< ! 1 5 1A very strone dependence of the oa
E 1.6 TB :l’lEgdLl © y g p gap
o AT Aexp(-Bn)n™+D — 1 on number of layers!
. 1.2t :
g* 1 A=171eV B=0.17
é“ I D=0.40eV (=073 I
£ 08| :
D06t '
[).4 i 1 1 1 1 1 1 1 i h ]
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Number of lavers, n



Computations of electronic structure IV
Cohestve energy: QMC calculations

OOl 10,1021 facs.nanolkett5b03615

The Nature of the Interlayer Interaction in Bulk and Few-Layer
Nano Lett. 2015, 15, 8170-8175 Phosphorus

L. Shulcnburgcrf A.D. Baczewski,” Z. Zhu,* J. Guan,” and D. Tomanek**
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Computations of electronic structure V

Energy (meV)

GW 1s qualitatively important also for single layer
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GW predicts a direct band gap



Mapping on tight binding model

Single layer BP
6 2 (%)
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e Valence and conduction band edges are isolated

e ...and have predominantly p, character

@)y

multiorbital single-orbital
Hamiltonian Hamiltonian



Mapping on tight binding model |l

Minimal model for single-layer BP (phosphorene)

H=3_ el

i#j

AP (M) ~ 2t) + 41!
N —

Band gap

tl~ —15eV: t) ~+3.7eV

Band gap appeara nce

criterion: r2|| > 2|t |

Energy (eV)
= N TR R R )

r X S Y r

A. Rudenko, M. Katsnelson, PRB 89, 201408 (2014)



Mapping on tight binding model IlI

Minimal model for bilayer BP

ti- accounts for the
narrowing of a gap in
multilayer BP

| 1 L f
H = Zrﬂ-c,-f:j +Zt&-c,.q

I#j i#j
N N—

intralayer term  interlayer term

r|1| ~ —1.beV ; t:|2| ~ +3.7eV ; ti ~ 0.5eV

Energy (eV)
= S R

A. Rudenko, M. Katsnelson,

PRB 89, 201408 (2014)



Mapping on tight binding model IV

Optimal TB model for multilayer BP vs GW

e Perfect agreement with
GW in low-energy region

e Applicability to BP with
arbitrary number of layers
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A. Rudenko, S. Yuan, M. Katsnelson, PRB 92, 085419 (2015)




Mapping on tight binding model V

TABLEII. Intralayer (') and interlayer (f*) hopping parameters
(in eV) obtained in terms of the TB Hamiltonian [Eq. (1)] for
multilayer BP. 4 and N. denote the distances between the corre-
sponding interacting lattice sites and coordination numbers for the
given distance, respectively. The hoppings are schematically shown

Intralayer Intralayer Interlayer

No. t! (eV) d (A) N. No. t! (eV) d (A) N, No. t1 (eV) d (A) N.

I —1486 222 2 6 0186 423 1 1 0524 360 2
2 3729 224 1 7 0063 437 2 2 0180 381 2
3 —0.252 331 2 8 0101 518 2 3 —0.123 505 4
4 0071 334 2 9 —-0.042 537 2 4 —-0.168 508 2
5 —0.019 347 4 10 0073 549 4 5 0000 544 1

The main difference with graphene: a very large and positive second-neighbour hopping in plane;
interlayer hopping is roughly of the same order of magnitude



Effect of interlayer bias: anisotropic Dirac cones
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Effect of interlayer bias: anisotropic Dirac cones Il
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Insulator-semimetal transition with formation of
Anisotropic Dirac cones

k[ 1/ax]
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S. Yuan, MIK, R. Roldan, PRB 93, 245433 (2016)
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Observation of tunable band gap and

Experiment: K deposite

anisotropic Dirac semimetal state in

black phosphorus

Jimin Kim,' Seung Su Baik,””* Sae Hee Ryu,"* Yeongsup Sohn,"* Soohyung Park,”

Byeong-Gyu Park,” Jonathan Denlinger,® Yeonjin Yi,”

Hyoung Joon Choi,?? Keun Su Kim'**
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Calculations: K deposite

Emergence of Two-Dimensional Massless Dirac Fermions, Chiral

Pseudospins, and Berry’s Phase in Potassium Doped Few-Layer Black  DOI: 101021 /acs.nanclett Sb04106
Nano Lett. 2015, 15, 77887793
Phosphorus

Seung Su Baik,”* Keun Su ij:‘é’" Yeonjin Yi,” and Hyoung Joon Choi*"™*
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Indeed, very similar to just perpedicular electric field effect



High-frequency laser fields

Quickly oscillating strong electric field means quickly oscillating effective hopping
je % _ - ]
I, —> 1, exp Efﬁ Al7 !}i
At very high frequency effective static Hamiltonian should exist

Classical analog: Kapitza pendulum

F One needs to develop efficient

perturbative theory in inverse
frequency of the laser field

In classical mechanics: Bogoliubov, Krylov ...

I Development for matrix Hamiltonians:
A. P. Itin & A. I. Neishtadt, Phys. Lett. A
378, 822 (2014)

http:/ /butikov.faculty.ifmo.ru/Russian/ParamPendulumKIO.pdf



Laser-induced topological transitions

C. Dutreix, E. A. Stepanov & MIK, Phys. Rev. B 93, 241404(R) (2016)

In bilayer, electric bias creates insulator- Averaging over high-frequency field:
semimetal transition; but with high-frequency  » p 14, & MIK, Phys. Rev. Lett. 115, 075301 (2015)
laser field one can make it for the single layer

S€ YT . Dutreix & MIK, Phys. Rev. B 95, 024306 (2017)

High-frequency expansion (in 1/L) for the effective static Hamiltonian

~ ~ 1 [Hm*H—m]
Hy=Ho. H;= ) Z m ’
- m==0

7T

- m=0

l UHm, Hym|. Hy]
+ i Z Z mn "

© m#0 n#0,m

~ l [[Hm-.HO]sH—m] )
Hy=-) H, = [*7 4¢imt H(7)

m?2 _n 2

Very important: NN and NNN hopping are renormalized differently, and both are
very relevant fpr the electronic structure!



Laser-induced topological transitions Il

Single-particle Hamiltonian (only bands), Peierls substitution

A(t) = (A, cos Qf, Ay sin[ Q2 — ¢].0) Second-order effective static Hamiltonian

On can pass from band insulator to topological insulator or to semimetal

Elliptic polarization: topological insulator
Linear polarization: semimetal, no gap

10+ ¢ . 10¢ ¢=n/ .
B T B SM

— Bl — Bl

Lowest-energy bands in
semimetallic phase

4

A::: 10 0 A::; 10

FIG. 3. Phase diagrams for electric fields with elliptic (left) and

linear (right) polarizations. Light purple areas refer to band insulating

(BI) phases characterized by ¢'"¢ = +1. Dark purple areas correspond

to semimetallic (SM) and topological insulating (TI) phases in which
¢’ = —1. Components A, and A, are given in Al




Optics

Two approaches for oy (w):

@ k-space (based on GW approximation)

ih ZZ mk nk nk|fa|mk><mkl.f |Hk}

o
aﬁ NkQ Emk — Snk Emk — Enk — (M + in)

k mn

® R-space (tight-binding propagation method)

ey

L ePw—1 o
Oap (W) = E|_I>r'l{’]'l+ 3 /0 e “"sinwt
<2 1m (| F (H) o () [1 = F (H)] J]p) it

Chebyshev polynom expansion, etc. — up to 107 sites

PHYSICAL REVIEW B 82, 115448 (2010)

S

Modeling electronic structure and transport properties of graphene
with resonant scattering centers

Successfully applied to graphene

Shengjun Yuan,!-* Hans De Raedt, 2" and Mikhail 1. Katsnelson!-*



Optics |l

Two approaches for oy (w): 35— —
sfp@  n=l T [GWol|
e GW (k-space) _25] n=3 |
- 44 A - é‘? 2; == i
B 157} P
. o i i
- oo primitive cell Ly _. |
= 05 | A S
(four atoms) Sl e —
0 0.5 1 1.5 2 2.5 3
Frequency, w {eV)
35 : . . : .
| ic) n=1 ——-
3t TB model
I n=2
e TB (R-space) as| n=2
- T :c 5 n=100
=15
: large supercell S 1
i (~107 atoms) 05 ]
0 0.5 1 1.5 2 25 3
Excellent agreement up to w ~ 2.5 eV Frequency, @ (V)

A. Rudenko, S. Yuan, M. Katsnelson, PRB 92, 085419 (2015)



Hyperbolic plasmons

. . - %)
Just to remlfld. K=k, ky=— det‘n25ij — NN, — & (a))‘ =0
crystallooptics C
4
Eij (a)) =0y + ;Gij (w)
Main axes glj = g|5” If gxgy < O
i 2k
, _2‘92 X — y y k >> ko (C%w)
n
LLLT “9 V‘ e
g, &

Hyperbolic plasmons



Hyperbolic plasmons in black P

E. Van Veen, A. Nemilentsau, A. Kumar, R. Roldan, MIK, T. Low, S. Yuan, arXiv:1812.03062

Black P is anisotropic — one can find the region where &6, <0

0
L] L] L] I‘Ilr - I‘.I'II'
Manipulations by strain tij( 1'-.:;_-;’) =t j(rgj) (l — [3; i | z.;'| 0 i )
rij

Or by optical gain (nonequilibrium occupation)

Quasi-equilibrium distribution

E E
S+ AW +0(—E)f(E——F = Ap)

ng(E)=0(E)f(E+

1
') — T = 300 K
f(E P':) e(E—Pi)/kT 11




Hyperbolic plasmons in black P I

0 1 2 3 4 )
w (eV)
2
(NNL
2Ap = | Anul
0
-~ B A’LA
T \“\I —2 /
1.5 2.0 r
w (eV) k

FIG. 2. (a) The optical conductivity of bilayer black phos-
phorus with photo-doping Ap = 0.5 eV. (b) A close-up of the
region where Re(ogy,) < 0, showing a new hyperbolic region
(shaded) for w < 1.27 eV. (¢) The corresponding band struc-
ture around the I'-point, with the population-inverted pockets
shown in blue and orange.

Monolayer

Monolayer, strain -5%
Monol., bias 4.3 V/nm
Monolayer, ;1 = 1.0 eV
Bilayer

Bilayer, strain -5%
Bilayer, strain 5%
Bilayer, bias 1.0 V/nm
Bilayer, bias 2.6 V/nm
Bilayer, p = 0.7 eV
Bilayer, =14 eV
Bilayer, Ay = 0.5 eV
Trilayer

Tetralayer

FIG. 3. The hyperbolic region (indicated in black lines) for
different tuning parameters. The visual spectrum is indicated
in color.

One can manipulate black (hyperbolic)
regions



Hyperbolic plasmons in black P lI

Gain, w = 1.08 eV
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Large scale TB simulations for disordered BP

PHYSICAL REVIEW B 91, 115436 (20153)

Transport and optical properties of single- and bilayer black phosphorus with defects

Shengjun Yuan,” A. N. Rudenko, and M. 1. Katsnelson
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Large scale TB simulations for disordered BP I

Optical conductivities in monolayer and bilayer BP
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STM observation of vacancy states

Probing Single Vacancies in Black Phosphorus at the Atomic Level
Brian Kiraly, Nadine Hauptmann, Alexander N. Rudenko, Mikhail 1. Katsnelson, FTTERS

and Alexander A. Khajetoorians*®

Figure 2. (a) Three-dimensional representation ot a constant-current
STM image with a distribution of single vacancies in black phosphorus
(Vg =—0.1V, I, =200 pA, size = 62 nm X 48 nm, color bar = 0—0.2
nm). (Inset) Line profiles taken across the vacancies labeled 1L, 2L,
and 3L in (a). Constant-current STM image of a single vacancy at (b)
sublattice A and (¢) at sublattice B (Vg = —0.1V, I, = 200 pA, scale bar
= 2 nm). (d) Tight-binding calculations of the charge density of a
single vacancy in black phosphorus located at (d) sublattice site A and
(e) sublattice site B (scale bar = 1 nm).

Comparison with calculations
allows to attribute peaks to
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STM observation

h=0.165 nm

h=0.105 nm

h=0.065 nm

didV (a.u.)

h=0.045 nm

. = 1 . f
! : - o S v A
k I
\‘ : ’/{ Pristine
) Lattice

01 0 01 02 03 01 0 01 02 03
Bias (V) Bias (V)

d
.OOI h=0.150 nm : 'DOE h=0.150 nm
; = X

j
— /
=] —
«©
S TA— A
== =

—
__—/
0.1 0 0.1 0.2 0.3 -0.1 0 0.1 0.2 0.3

Vacancies in sublattice A and B, first and second layers Friedel oscillations around vacancies



Co atom at black-P surface

ART'C . NATURE COMMUNICATIONS | (2018)9:3904

An orbitally derived single-atom magnetic memory

Brian Kiraly!, Alexander N. Rudenko?3, Werner M.J. van Weerdenburg!, Daniel Wegner!,

Mikhail I. Katsnelson' & Alexander A. Khajetoorians' i

[100]

Several metastable configurations
of Co atom, switching between
them is possible betweet two
states of hollow sites
(top site is separated from them)

d e
IV, = 320 mV f i J
iloen
200 Hhigh
50 JHJUW
ol &) o
z 150 R o! B =
e g 2
100 =~ -50 t
&5 -100
0 20 40 60 80 100 0 20 40 60 80 Adsorption distance

Fig. 1 Adsorption and switching of Co on BP. a Six Co species on BP as deposited at T<5 K (V. = 400 mV, Iy = 20 pA, scale bar = 1nm). Boxed atoms
show species related through mirror plane along [010]. b Four atoms from a have been switched into Jy o, (Vs = —400 mV, I, =20 pA, scale bar =1nm).
¢ Two atoms from b have been switched into Jy pigh (Vo= —400mV, Iy =20 pA, scale bar =1nm). d Switching characteristics from Jy jow t0 Ju high With
Vo =420mV and e Jy high to Iy 10w With Vs = —680 mV. Approximate threshold biases for switching (Vy;,) are noted. Orange circles indicate the tip position
during the switching sequence. The inset images showing before and after configurations are 4 nm x 4 nm in size. f Schematic representation of adsorption
energy curves for Co species on BP



Co atom at black-P surface Il

b |J'H‘Iow c JH,high
m=1.44y, o m=1.00p f . . m=234y,
n,=8.128 n,=8266 n,=7.819
" |

DFT+U calculations (U = 4 V) confirm two metastable states for Co in hollow site



Co atom at black-P surface lli
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Plasmons: role of defects

PHYSICAL REVIEW B 92, 115440 (2015)
Kubo formula,
Screening and plasmons in pure and disordered single- and bilayer black phosphorus TB propagation
Fengping Jin,'! Rafael Roldan,>" Mikhail 1. Katsnelson,® and Shengjun Yuan®-f methOd
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FIG. 2. (Color online) Static dielectric function of single- (left) and bilayer (right) BP. The chemical potential is set to be . = 0.4 eV for
single layer and 0.73 eV for bilayer. The temperature is fixed as the room temperature T = 300 K. Plots (a) and (b) correspond to pristine
BP, (c) and (d) correspond to samples with resonant scatterers originated from a concentration of n, = 0.2% vacant atoms, and (e) and (f)
correspond to samples with long-range disorder potential with a concentration of n, = 0.2% Gaussian centers.



Plasmons Single Layer Il
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FIG. 3. (Color online) Electron-hole continuum as defined from the noninteracting polarization function (a) and (b). and energy loss
functions (c)—(h) of single-layer BP along zigzag (left) and armchair (right) directions. The simulations are done for (a)—(d) pristine BP, (e) and
(f) samples with resonant scatterers, and (g) and (h) samples with long-range disorder potentials. All the results are calculated at T = 300 K.
We notice that the apparent discretization of the spectrum in some of the plots is an artifact due to finite size limitations in our calculations.

Chemical potential =0.1 eV above the bottom of conduction band (0.4 eV for single layer,
0.73 eV for bilayer)
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FIG. 4. (Color online) Energy loss functions of single-layer BP along zigzag (left) and armchair (right) directions. Panels (a) and (b)
compare the loss function of pristine single-layer BP with that of samples with different concentrations of point defects. Panels (c) and (d)
correspond to LRDP. All the results are calculated at T = 300 K.
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FIG. 6. (Color online) Electron-hole continuum as defined from the noninteracting polarization function (a) and (b). and energy loss
functions (c)—(h) of bilayer BP along zigzag (left) and armchair (right) directions. The simulations are done for (a)—(d) pristine bilayer BP,

(e) and (f) samples with resonant scatterers, and (g) and (h) samples with long-range disorder potentials. All the results are calculated at
I =300K.

“Acoustic” and “optical” plasmon branches, with square-root and linear dispersion, respectively
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Plasmons: Biased Bilayer
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FIG. 9. (Color online) Energy loss functions of biased bilayer BP along zigzag (left) and armchair (right) directions. The strength of the
biased potential is given in each panel.

Plasmon velocity is sensitive to bias (may tune plasmons be electric field!)

Plasmon have larger spectral weight in semimetal phase

Strong anisotropy of plasmon spectrum, essential difference betwen zigzag and armchair directions



Plasmons: Matrix formulation (local field effects)

D.A. Prishchenko, V.G. Mazurenko, MIK, and A.N. Rudenko, 2D Mater. 4, 027064 (2017)
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FIG. 4. Macroscopic static dielectric function epr(gz, ¢y ) caleulated for electron-doped (left), undoped (middle) and hole-doped
(right) 1L-BP. Each plot shows distribution of ey over the whole BZ. Doping in both electron- and hole-doped cases corresponds

ton = 10 cm 2.
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FIG. 5. Diagonal element of the screened Coulomb interaction
matrix W calculated in real space along x— (blue) and y—
(red) directions of 1L-BP. Unscreened (bare) interaction V()
is shown for comparison.
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Coulomb interaction in 11-BP shown as a function of electron
doping ne. Red and blue lines are guide for the eye.



Plasmons: Matrix formulation 1l
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Intrinsic mobility in single-layer BP

In graphene, two-phonon processes involving flexural phonons are more important that
single-phonon processes involving in-plane phonons (except very low temperatures)

week ending

PRL 105, 266601 (2010) PHYSICAL REVIEW LETTERS 31 DECEMBER 2010

Limits on Charge Carrier Mobility in Suspended Graphene due to Flexural Phonons

Eduardo V. Castro,l H. O{:hoa,l M. L K.*:llsrwl:a;ml,2 R. V. GOTbﬁChCV,3 D.C. E]jas,3 K. S. 1\Icn,roscl(w,3
A.K. Geim,? and F. Guinea'
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FIG. 3 (color online). (a) Electron transport in suspended
graphene. Graphene resistivity 0 = R(w/[) as a function of
gate-induced concentration n for T'= 5, 10, 25, 50, 100, 150,
and 200 K. (b) Examples of w(T). The T range was limited by
broadening of the peak beyond the accessible range of n. The
inset shows a scanning electron micrograph of one of our
suspended device. The darker nearly vertical stripe is graphene
suspended below Au contacts. The scale is given by graphene
width of about 1 gm for this particular device.

0
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FIG. 2 (color online). (a) Contribution to the resistivity from
flexural phonons (blue full line) and from in-plane phonons (red
dashed line). (b) Resistivity for different strain. The in-plane
contribution (broken red line) shows a crossover from a low to a
high—T regime. In both cases, the electronic concentration is
n= 10" cm?



Intrinsic mobility in single-layer BP I

A. N. Rudensko, S. Brener, MIK, PRL 116, 246401 (20106) What about black phosphorus?

Kubo-Nakano-Mori formula (corresponds to variational solution of Boltzmann equation)
Phonon energies at q = 2k are supposed to be much smaller than kT (the most relevant case)
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Parameters of interactions with in-plane and out-of-plane phonons are calculated from
first principles



Intrinsic mobility in single-layer BP Il

Single-phonon processes

_ 1 . .
E = E [ dgr [Clluim + nguiy + QGIEU'.r.ru'yy + 46'66“-3—;;] Elastic energy

L"I:l‘-*[‘f = G, U G Tex Deformartion potential of interactions with acoustic phonons

Ce6(72qz + 79y — 24:349245) + (Co27z + C17, — 2C12823, 424,
Co6(Cr1q2 + Caaqf — 2C12¢22) + (C11C22 — CH)a2q?

(V5T [) = kT



Intrinsic mobility in single-layer BP IV

Double-phonon processes

-] 9%h *h 9%h 5%h
E=— [ dr|k(=—)+& + 2k,
2 / g [h (8-_1'2 j (Sy "+ 2 Y922 Oy? ] Elastic energy
Trj':l = Yags f a3 '[‘:[:l Deformartion potential of interactions with acoustic
flexural phonon
Shir) Oh(r) p §
fap(r) = G4

|Tl LH| Z ’g.rk].:{' - JE’J-':l..:r:zl + ﬁykly{QLr _ kly J]‘E

(h'lﬁ h_k, }'{hlﬁ —qhq—lﬁ )- (10)
For simplicity: kpT

Kry = /Fzhy Valt—a) = (Vk,.GF + VE,q5)?

Logarithmic cutoff of small qis requred (like in graphene)



Intrinsic mobility in single-layer BP V

Ab initio calculations

(a) P armchair

FIG. 1. (Color online} (a,b) Elastic energy and (e,d) band
edge shifts as functions of in-plane and out-of-plane deforma-
tions in monolayer BP used to determine the elastic constants
and deformation potentials involved in the calculation of car-
rier mobility. CBM and VBM stand for the conduction band
minimum and valence band maximum, respectively. Points
correspond to DFT ecalculations, whereas lines are the result
of fitting with the constants shown in the insets. In-plane
deformations are induced by direction-dependent strain (u),
whereas out-of-plane deformations are characterized by the
wave vector ¢ and amplitude h of a sinusoidal corrugation
along the armchair (z) and zigzag (y) directions [32].
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Intrinsic mobility in single-layer BP VI

Energy dependence of effective masses are

important (non-parabolic bands)
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FIG. 5. (Color online) Energy dependence of the effective
masses used in this work to approximate anisotropic disper-
sion (mE, mi;’] and band velocities (mY -m; ) related to holes

and electrons in monolayer BP.
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FIG. 2. (Color online) (a,b) Energy dispersion of electrons
and holes in monolayer BP along the armchair (z) and zigzag
(y) directions with the related densities of states (DOS). (e,d)
Fermi contours e = =(kz, ky) shown for the irreducible wedge
of the Brillouin zone. Points and thick lines are the result of
GWy calculations [32], whereas thin black lines correspond to
the model used in this work. Gray area marks the phonon
cutoff wave vector g* at T' = 300K (see text for details).
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FIG. 3. (Color online) (a,b) Intrinsic carrier mobility (g, ) of
monolayer BP shown as a function of the carrier concentration
(n) calculated along the armchair direction for different tem-
peratures (1'). (c,d) Anisotropy of the carrier mobility rep-
resented at a ratio between the mobilities along the armchair
and zigzag direction (pzz/ptyy) shown for different T. Solid
lines correspond to the contribution of both single-phonon
and two-phonon scattering processes, whereas dashes lines to
the single-phonon processes only. The lowest depicted density
corresponds to the regime with In(k/q") > 1.

(1) Contrary to graphene, single-phonon processes are more important (@WRT;
(2) Intrinsic limit of mobility @RT 250 (700) em?V s for holes (electrons)

contrary to 10,000 for graphene;
(3) Anisotropy of mobility is much strongre for holes than for electrons

(2),(3) seem to be in qualitative agreement with experiments on a few-layer phosphorus



Flexuron tail of density of states

PHYSICAL REVIEW B 82, 205433 (2010)

£

Flexuron: A self-trapped state of electron in crystalline membranes

M. 1. Katsnelson

At finite temperature,
membranes are rippled

Snapshot: graphene (@RT S Seaaa
Sesteb B
- NS

Interaction with intrinsic ripples — the same as

two-phonon processes

Average position of band edge is shifted and fluctuation
tail appears (flexuron states)



Flexuron tail of density of states Il

PHYSICAL REVIEW B 95, 041406(R) (2017)

Effect of flexural phonons on the hole states in single-layer black phosphorus

S. Brener, A. N. Rudenko,” and M. 1. Katsnelson

o ,
Electron self-energy 2(E,p) = /ﬁy(p - q,p.q,E)K2(q)G(E,p - q)

Without vertex corrections: self-consistent Born approximation. To take into account
fluctuation tail (idea of L.V. Keldysh)

0% _— _ 0% g Ka(q)
V(p,p,0,E) = 1- —= Wardidendty 2(E)= (1‘ a_E) @ E- ¢ - 5(E)

Applied to holes in phosphorene, parameters from ab initio calculations:

€q = 29(ﬁ + 005(],2, + 132qj (atomic units)

Very anisotropic spectrum!
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A 0.1 = 200K K. Note the different scale for the two plots.
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FIG. 1. DOS per unit cell per spin for T = 100, 200, 300 and .
ripples

400 K. For reference, the DOS corresponding to bare disper-
sion without the inclusion of the flexuron tail is shown. The
Van Hove singularity in the latter manifests the aforemen-
tioned quasi-one-dimensionality of the holes in black phos-
phorus. It isto a large extent smeared by the flexural modes.



Resume

(1) Completely ditferent physics from both graphene and transition-metal
dichalcogenides

(2) Strong difference of elecrtonic structure from monolayer to bulk despite
small cohestve energy

(3) Insulator-semimetal transition under bias/potassium doping with
anisotropic Dirac cones in bilayer black phosphorus

(4) Very interesting defects, especialy Co adatoms (single-atom orbital
memory?!)

(5) Tunable plasmonics?!

(6) Mechanisms of intrinsic mobility quite different from graphene, much
stronger interaction with acoustic phonons, strong limits on mobility

MANY THANKS
FOR YOUR ATTENTION
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