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FIG. 2: (color online) Band structure of a single graphene
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Germanene: the germanium analogue of
graphene

J. Phys.: Condens. Matter 27 (2015) 443002 (11pp) doi:10.1088/0953-8984/27/44/443002
Topical Review
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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. Roldin?

The same buckled structure as for silicene or germanene

Energy (eV)

I
Holes Electrons
Method E;Z E!gr my mi mr  my  my  mg
DFT 1.26  1.57 0.08 0.45 0.09 0.14 0.45 0.39
B .15 1.40 0.06 0.44 0.06 0.13 0.42 0.36
DFT+SO 0.99 1.25 0.10 0.19 0.08 0.14 0.46 0.40
TB+SO 092 1.14 0.09 0.11 0.06 0.13 0.43 0.37

2 M K I DOS

Semiconductor. Strong spin-orbit coupling

A =0.34¢eV



What is BP?

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

Bridgman (1914)
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102.1° ol el o
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TMDC: ~1.5-2.5eV BP:~0.3-2.0eV  Graphene: zero-gap

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

Ay
A

3)
Red powder. Nonreactive
with air at 25°C.
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Melting point: 590°C

Black phosphorus

Black crystalline solid.
Nonreactive with air at
255G

Melting point: 610°C

White phosphorus is most know to a general public
(e.g., “phosphorescence”)

The Hound of the




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:

o

(T + Voo + V) + /E(r. v, Enk) ok (F)dr = Epe pk(r)
- W ¥
Self-energy QP energy

Self-energy in the GW approximation:

2

L. -y L.
— 0 i "

Green's function Screened Coul. int.

ih = )
Wi rw) = b/ G(r.t,w+uw') W(r.r;w') 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 1. 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, Gy 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.

GWy@GGA* TB Model® GWq@GGAh G W, @HSE" GgW[]@GGA“ GGW,]’.@GGA“ HSE! GGAS Expt.
n=1 1.85 1.84 1.94 2.41 1.60 2.00 1.00-1.91 0.80-091 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=3 0.84 0.85 ~1.35 1.20 0.68 ~1.05 0.73-098 0.20-0.40 —
n=0o0 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,i'lllllr'l‘l T
18 B L T
GW,calc. =
— f) A
- I 1 o ] erv strong dependence of the oa
E [.6 TB :TlEgdLl o very g dacp gap
o AT Aexp(-Bn)in"+D — - on number of layers!
- 1.2 ¢ .
i%* : A=171eV B=0.17
,;“ i D=0.40eV (=0.73 I
= 0.8 | :
D 06t .
[].4 i 1 1 1 1 1 1 1 N h |

0 5 10 15 20 25 30 35 oo

Number of layers, n



Computations of electronic structure |V
Cohestve energy: QMC calculations

DO 10,1021 facs.nanokett 5B03615
Nano Lett. 2015, 15, B170-8175

VAW interactions: weak and can hardly be A
described by conventional density functional m o

How can it be? How weak cohesive

£
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S00
. . . m
energy is consistent with a huge dependence I o
. . slackln
of interlayer hopping to the gap?! 0

The Nature of the Interlayer Interaction in Bulk and Few-Layer
Phosphorus

L Shulcnburgcr,_; A.D. Baczewski,” Z. Zhu,* J. Guan,” and D. Tominek*”
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Computations of electronic structure V

Energy (meV)

GW 1s qualitatively important also for single layer

4 GGA (interp.) =

-6 F GGA (orig.) + .
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GW predicts a direct band gap



Mapping on tight binding model |

Single layer BP

_ 4 >80
< 2 =1 60
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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 Il

Minimal model for single-layer BP (phosphorene)

H=>_tclq

i#j

AD(T) ~ 26l + 4
R

I [ Band gap
ty & —15eV; t) = +3.7eV

Band gap appearance
criterion: IQH > 2|t“|

Energy (eV)
e A T R - N

r X S Y r

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



Mapping on tight binding model Il

Minimal model for bilayer BP

H = er:,cj—i—Zt ch.

7 Nl

-

-

e il
intralayer term  interlayer term

tl ~ —15eV: tl ~ +3.7eV : i ~ 0.5eV
6
4
ti- accounts for the %ﬁi
narrowing of a gap in E_g
multilayer BP 4
¥

r X S Y r
A. Rudenko, M. Katsnelson, PRB 89, 201408 (2014)




Mapping on tight binding model IV

TABLEII. Intralayer (¢!) and interlayer () hopping parameters
(in V) obtained in terms of the TB Hamiltonian [Eq. (1)] for
multilayer BP. d 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. tl (eV) d (A) N. No. tl (eV) d (A) N, No. tL (eV) d (A) N,

I —1486 222 2 6 0186 423 1 1 0524 360 2
2 3729 224 1 7 —-0.063 437 2 2 0.180 381 2
3 —0252 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 0.000 544 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

20 — 20 :
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Effect of interlayer bias: anisotropic Dirac cones |l

Energy (eV)

Insulator-semimetal transition with formation of
anisotropic Dirac cones

(b) -1.0 -0. 0.0 0.5 1.0

S. Yuan, MIK, R. Roldan, PRB 93, 245433 (2016)

k[ 1/ax]



Experiment: K deposite

Observation of tunable band gap and

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,2

Hyoung Joon Choi,>* Keun Su Kim"**

Energy (eV)

14 AUGUST 2015 « VOL 349 ISSUE 6249
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High-frequency laser fields

Quickly oscillating strong electric field means quickly oscillating effective hopping

[ie & oy = l
[, —>1; exp EJ‘d?_ﬂ; ;)[
"3

At very high frequency effective static Hamiltonian should exist

Classical analog: Kapitza pendulum

- 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/£2) for the effective static Hamiltonian

. - 1 | Hy  H_ |
Hy = Hy, H2=—;Z - ,
- m=0

37T

- m==0

l UHm. Hypm|. H_y]
+ i Z Z mn *

T m#0n#0,m

F] | Z [[Hm!HO]aH—m]

+ 1
Hm — d_T{JH."IT H(I]

m? 7 2x €

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



Laser-induced topological transitions |l

Single-particle Hamiltonian (only bands), Peierls substitution

A(t) = (A, cos Qrf, Ay sin|Qt — ¢],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

¢ =0 b=n/2

[ Em SM e, s

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 (TT) 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 fk — Tk nk|fa|mk><mkb |nk)

QB NkQ “mk — Snk © mk_ﬁnk_(hw—i_"'”}

® R-space (tight-binding propagation method)

E—.,Su.: 1 oo
0ap(w) = lim / e “Tsinwt
0

e—0+ w
<2 1m (IF (H) Ja (£)[L — £ ()] Jsle) e

Chebyshev polynom expansion, etc. — up to 107 sites

PHYSICAL REVIEW B 82, 115448 (2010)

S

SUCCCSSfuuy aPPhed to gfaPhene Modeling electronic structure and transport properties of graphene

with resonant scattering centers

Shengjun Yuan,'* Hans De Raedt.>" and Mikhail 1. Katsnelson'-*



Optics |l

Two approaches for oy, (w):

o GW (k-space)

44 4

- -

| oo

3

e TB (R-space)

0.7 pm

3 =

0.7 um

primitive cell
(four atoms)

large supercell
(~10" atoms)

Excellent agreement up to w ~ 2.5 eV

==

0.5 1 1.5 2 25 .3

Frequency, @ (eV)

[ ()

n=1 —-

n=2 —

n=3
=100 —

0.5 1 1.5 2 2.5
Frequency, wieV)

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



Just to remind:
crystallooptics

Hyperbolic plasmons

k, = % det‘nzdj —nn;, —&; (a)){
47
gl.j(a))z J; +—c7ij(a))
@
If ¢&¢£,<0
2 k2
k5 , k>k, (c—> o)
5| e

Hyperbolic plasmons

0



Hyperbolic plasmons in black P

E. Van Veen, A. Nemilentsau, A. Kumar, R. Roldan, MIK, T. Low, S. Yuan, Phys. Rev. Appl.
12, 014011 (2019)

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

0
. . . r'-' - 1‘_".'
Manipulations by strain tii(ri;) = ti; (ng) (1 — Bij | zj| ~ i

Or by optical gain (nonequilibrium occupation)

Quasi-equilibrium distribution

E E
29 +Ap)+0(—E)f(E — 79

np(E) = 6(E)f(E + — Ap)

1
') — T =300 K




Hyperbolic plasmons in black P |l

2
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a) 1]
—9 4 Re(ozz) “J:' —— Re(ayy)
———- Im(0zz) ———- Im(oyy)
0 1 2 3 4 5
w (eV)
2
(NN]_
—~ Apl
=
=0
- A*A
Ly d
r
L

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(oyy) < 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, = 0.7 eV
Bilayer, p =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



Large scale TB simulations for disordered BP

PHYSICAL REVIEW B 91, 115436 (2015)

Transport and optical properties of single- and bilayer black phosphorus with defects
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Shengjun Yuan,  A. N. Rudenko, and M. 1. Katsnelson

N L LI L L L B L B ]
07T F o .
- Single-layer n =0 ]
L Point Defects * ]
0.6 ¢ n=0.1% 7
0.5 F n=0.2% -
0.4 _ —n=0.5%
' n=1% ]
03 F .
02 F \\\ ]
3 ) - ]
0.1 F y‘ f fl—/"" .
0.0 : PR TR T A ;I.IIJ_;.L'U\,-';'_I 1 l.l:l_|_l_|_|_|_|_I_|_|_|_|_:
=2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E (eV)
0.3 LA L BN LN BN L BRI
Single-layer, Electron-hole Puddles
A=5eV, d=5a
L nn=[] J
0.2 —n,=0.1% =
i \a ——n,=0.2% 1
n,=05%
0.1 | |f -
L S
O L1 e T e T I
200 <15 -l0 05 00 0.5 1.0 1.5
E (eV)

), F

0.6

= = =
b I i

DOS(1/eV)

0.2

=

DOS(1/eV)

0.0 b=

LIS B AL B L B B BN L B
r  Bilayer —n =0
o Point Defects ——n,=0.2% ]
r n,=0.5% E
n,=1%
3 | n,=2%
. _H\ 1
g i Jl A -
_ |
\PA---.4../'-'1\\'“#..“...“.
1.5 10 035 00 05 1.0 1.5
E (eV)

B BB A o e B S
Bilayer. Electron-hole Puddles
A=SeV, d=5a

—n=0

hcz'[:'.1 Yo
nc=0.2qfru
n,=0.5%

il S — e TN I

-1.5 0.5 0.0 0.5 1.0

E (eV)

1.5

1 Point defects: missing

atoms

Puddles: Gaussian
electrostatic potential




STM observation of vacancy states

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

F s

L ] . [ L

gL A " -

STM image of bulk black P —

atomically flat surface

eE
— 4 =}
5 o
83 =
32} =
o ©

Tr c

0

[010]

-0.1 0 0.1 0.2 0.3 0.4 Gap 0.32 eV

Bias (V) [100]



STM observation

of vacancy states ||

e

b

h=0.165 nm

h=0.105 nm

h=0.065nm

didV (a.u.)

1 . ) -4
4 i
» 1
\ | ’// Pristine
| ! Lattice

C Bias (V)
- &
e
N A — A Ve —
== =———— i~ —
© —
L =
0.1 0 01 0.2 0.3 01
Bias (V) Bias (V)

Friedel oscillations around vacancies

Vacancies in sublattice A and B, first and second layers



Co atom at black-P surface

ARTICLE o NATURE COMMUNICATIONS | (2018)9:3904

An orbitally derived single-atom magnetic memory

Brian Kiraly1, Alexander N. Rudenko1'2'3, Werner M.J. van Weerdenburg1, Daniel Wegneﬂ,

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

[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 Vi, =320 mV - Vi = 320 mV f "

50

O iy =
Ml <

100 =50

50 -100

20 40 60 80 100 0 20 40 60 80 Adsorption distance

200

150

(PA)
Energy

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, (Ve = —400 mV, Iy =20 pA, scale bar =1nm).
¢ Two atoms from b have been switched into Jy pigh (Vo= 400 mV, I, =20 pA, scale bar =1nm). d Switching characteristics from Jy jow t0 J high With
V=420 mV and e Jy high to Jy jow 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 I

|"'H,Iow l"'.H,high

m=1.44p, m=1.00p . m=234u,
n,=8.1 28 na,_=-_8.266_ nd =7.819
n,=0.396 n_=0254 : n,=0.310

Clo)

h i
f d=1.01A f d=1.37 A

DFT+U calculations (U = 4 V) confirm two metastable states for Co in hollow site
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Co atom at black-P surface llI
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Exchange interaction of Co atoms

D. Badrtdinov, A. Rudenko, MIK, V. Mazurenko (2020)
STM switching

Change of effective exchange 2 Jiz<0

Hl? =.J 128 1 82 interaction via orbital states
of Co atoms

Different signs of interactions for high spin and
low-spin configurations

Configuration HH HL LL
Exchange interaction (meV) | 13.3 4.8 -51.2
Co-Co distance R (A) 4.34 4.47 4.37
Co-BP distance d (A) 1.37 1.34/1.00 1.01
Total magnetic moment (ug)| 4.20 3.00 2.00
Adatoms moments (ug) 1.91 1.91/0.55 0.81
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Distance dependence of [

__,7_ T
— * —— e — -2
L[| b ' -k 4
1
o = - -
Lol i \ H —
L [ N ] 1 L | L _
! ! i
- ! — H —_ —
! 1 1 —
L B -4 | -k -
h_ ! " o
— ) p = ] - ke
I ; N 1T i
!
(— \ — - — = —
¢ | 4
L : ‘ _ L -F B 4
— __ ‘_ I‘“ q I[.. Iooum
L ! \ﬂ i ._ 5]
' a ' 1 I \ 7
i \ ' \
— i — ' S v — I~
k_ i \ 1 1
oo * - % - i ® -
i 1 i B
\ |
— i - =i/ —
Lo \ 4 4 © 4L ) i
. \ L4 \ N
|..~ r —_ ,_ [} IIFI// —
/ \ R o
L - * i ~x -
L] ~ .
\ . ~
— \ — - ~ — ~ — =
Ay ~ ~
L / L o 2L ~. _
\ = » T
|% ,t||H ||u — N
__ 7_ ___ _ _____ 1 _______
Us] [==] Wy [=] w < < =] < [ o =] =] (=] <
- \ = = a & F ® & &
| 1 [l i ¥ — —
l |
(Asu) T (Aow) 2if (Aow) zif
T T T T T
T _
— ' —
I
- ! |
e & ]
[ H —
o '
L |® @ ! N
)
i
— i —
1
L
- ) .
'
'
— | > —
- ) -
’
— ; . —
. |
- I | -
1
] ‘
L ' h |
1 I
oL | il A
i 1
I 1
® L ; ]
I I
I
L . i
1 1
' 1
I \ —
I 1
= I 1 =
o 4 :
— & |
' ¥
Ih A —
N
o \
— \ —
AN
A
- N
\
[ = .
[ ]
= ~ o o [ | |
= W = uy
— |

(AQw) 2

(H — high spin, L. — low spin)

w
g
o

B
=

£

oy
b

2

g}

£
12
e
P

g}

v
o0
b
c
<
@)




Exchange interaction of Co atoms Il

Model analysis in two-site Anderson model

H=H, +Ha+Hpa, Hy= 3 dlaster 4 - wa

13:

o.iF]

Hpa =V Y Y (d]'e] +&7Td7 +d3tes + ¢77dg)

a

Magnetic force theorem 1

EF
= dey AC AGT
/\ spin splitting 127 9592 / €3 2 (6)AG (€))

t=50 meV

b E

Eol |A

Phosphorene . AFM . AFM

i

1 1 I 1 I 1 I L ‘ L I 1 I 1 I I I
0 02 04 06 0 02 04 06 0 02 04 06
V (eV) V (eV) V(eV)

A =1 eV in all calculations



Screening and plasmons

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 €xs(qz, qy) calculated for electron-doped (left), undoped (middle) and hole-doped
(right) 11-BP. Each plot shows distribution of 5y over the whole BZ. Doping in both electron- and hole-doped cases corresponds
ton =103 cm 2.
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FIG. 5. Diagonal element of the screened Coulomb interaction FIG. 6. Oun-site (Wyo) and nearest-neighbor (Wp1) screened
matrix W calculated in real space along z— (blue) and y— Coulomb interaction in 11-BP shown as a function of electron
(red) directions of 1L-BP. Unscreened (bare) interaction 1V (r) doping ne. Red and blue lines are guide for the eye.

is shown for comparison.
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FIG. 7. Wave vector and frequency resolved loss function L(q,w) (shown in color) calculated for 1L-, 2L-, and 3L-BP. Left

and right part of each spectrum corresponds to y— and xz— direction, respectively. Red horizontal line marks an energy gap for

each system. Note different scales along vertical (w) axis. In all cases, electron-doping was used, corresponding to n. = 1013
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Anisotropic screening: experiment

Alex Khajetoorians group (Nijmegen)

B. Kiraly et al, PRL 123,
215403 (2019)

Ordering of K at black P surface

K (dose) 5K (anneal) C 73K d 13.4 K

LE

G
*
o
M~

I

~

=

e 44K g 82K h 148 K

n,= 1.4x10'2 cm2

] 44K k 57K | - 80K m 148 K

n,= 2.0x10"2 cm™
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Potassium atoms form chains in the directions where screening is the strongest

n, = 7.0x10" cm™ n, = 1.4x10"? cm? n, = 2.0x10" cm= n, = 1.8x10" ecm?
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Figure 3. Density-dependent mean interaction potentials. Mean interaction potentials for varying K
adatom density (nx) are shown after annealing the samples to 13.4 K (lowest density), 14.8 K (medium
and high density), and approximately 18.0 K (highest density). (a) Mean interaction potential for lowest K
density (nk = 7.0x10"" cm) showing isotropic screening behavior. (b) Mean interaction potential at nk =
1.4x10"? cm™, revealing the onset of screening anisotropy. (c), (d) Mean interaction potential for nik =
2.0x10"? cm™ and nk = 1.8x10"* cm™, respectively.
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a b

n,=1.8x10™ cm? n,, = 8.0x10" cm?
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Supplementary Figure 8. Comparison between theoretical and experimental Friedel oscillations.
(a) Mean interaction potential with nk = 1.8x10" cm2 showing elliptical oscillatory envelope characteristic
of free-carrier scattering on the Fermi surface. (b) Numerical calculation for charge-density redistribution
around a single point charge on monolayer BP with Er located 0.05 eV above the CB minimum
(corresponding carrier density n.p = 8.0x10'2 cm2).

Anisotropic screening in agreement with theoretical predictions



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. Caslro,l H. Ochoa,l M. L Kalsn{:ls,on,2 R. V. Gorbach{:w,f,3 D.C. E]jas,3 K. S. NOVOSC]OV,3
A.K. Geim,? and F. Guinea'

I 2 | T TTTT T | T T
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FIG. 3 (color online). (a) Electron transport in suspended T (K) T (K)

eraphene. Graphene resistivity ¢ = R(w/I) 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

FIG. 2 (color online). (a) Contribution to the resistivity from
flexural phonons (blue full line) and from in-plane phonons (red

inset shows a scanning electron micrograph of one of our dashed line). (b) Resistivity for different strain. The in-plane
suspended device. The darker nearly vertical stripe is graphene contribution (broken red line) shows a crossover from a low to a
suspended below Au contacts. The scale is given by graphene high—7T regime. In both cases, the electronic concentration is

width of about 1 wm for this particular device. n=10"2 ¢m?
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A. N. Rudensko, S. Brener, MIK, PRL 116, 246401 (2016) What about black P?

Kubo-Nakano-Mori formula (corresponds to variational solution of Boltzmann equation)
Phonon energies at q = 2kg are supposed to be much smaller than kg T

2 - o F — [J’ a H‘r]
_° r2 of 1 _ 1 VEhy )
Ozx = ; - Trz‘?-’k ( -—5‘» ) T - {Jg}e / dt{Fr(f,]Fa:f B i

= E’Z Lk — “Lkaﬂ kl{’ckck’ ~ af T X Y2 /| 1eff |2
Kk’ 1 > ki 0(Ek — £xr) ~ Pen (vic — vie: ) ([ Viaer [7)
Tex R x2 (  8f
k=k'+ q e Zl{ Uk ( l’_'-.ft'k)

Parameters of interactions with in-plane and out-of-plane phonons are calculated from
first principles

Continuum-medium derscription for in-plane and out-of-plane phonons
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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 (m?Z, m{f] 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). (c,d)
Fermi contours ep = &(ky, 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 ¢* at T' = 300K (see text for details).
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Conclusions:

(1) Contrary to graphene, single-phonon processes are more important @RT;
(2) Intrinsic limit of mobility @R25() (700) cm? Vs ™! 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. I. Katsnelson
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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. I. Katsnelson

o ,
Electron self-energy 2(E,p) = /ﬁy(p - q,p,9,.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)

ox L. ~ 0% d’q K2(q)
v(p,p,O,E) =1- 3_E Ward identity 2(E) = (1 - a_E) o7 E €q2_ STES

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

€q = 2-9(]3 + 0-05(1,2, + 13_2qj (atomic units)

Very anisotropic spectrum!
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FIG. 1. DOS per unit cell per spin for T = 100, 200, 300 and
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.
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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 electronic structure by hohg-frequemcy fileds?!

(6) Hyperbolic plasmons?!

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

MANY THANKS
FOR YOURATTENTION
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