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Tuning electrical and optical anisotropy of a monolayer black phosphorus magnetic
superlattice
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We investigate theoretically the effects of modulated periodic perpendicular magnetic fields om
the electronic states and optical absorption spectrum in a monolayer black phosphorus(phospho-
rene). We demonstrate that different phosphorene magnetic superlattice (PMS)(orientations can
give rise to distinct energy spectra, i.e., tuning the intrinsic electronic anisotropy. The Rashba
spin-orbit coupling (RSOC) will develop a spin-splitting energy dispersion in this-phesphorene mag-
netic superlattice. Anisotropic momentum-dependent carrier distributions dlong/perpendicular to
the magnetic strips are demonstrated. The manipulations of these exotic electronic properties by
tuning superlattice geometry, magnetic field and the RSOC term are addressed. systematically. Ac-
cordingly, we find bright-to-dark transitions in the ground state electrén-hole_pairsitransition rate
spectrum and PMS orientation dependent anisotropic optical absorption spectrum. This feature
offers us a practical way to modulate the electronic anisotropy in phosphorene by magnetic super-
lattice configurations and detect these modulation capability by using the optical technique.

PACS numbers: 68.65.Hb, 71.35.Ji, 78.20.Ls

I. INTRODUCTION

Two dimensional (2D) semiconductor materials have
unique layer structure, in which each layer is vertically
stacked by van der Waals force. As a result, the crystal
can be scaled down to atomic layer scale with signifi=
cant changes in the physical properties. The changeable
bandgap and high mobility in some 2D materials offer ex=
citing opportunities for development of high pérfermance
electronic and optical devices. To develop these fascinat-
ing applications based on their unique electronic andvop-
tical properties, a scheme of superlattice to manipulate
the electronic states and charge flows in a»2D material
based nanostructure has attracted an inereasingresearch
interest. Since the work by Esaki and Tsu,' a greatydeal
of attention has been devoted to super]%gice graphene,
where external spatially periodic electric®™® and/or mag-
netic fields are applied to a graphenenondlayer.® 13 In
these previous studies, people haverdemonstrated effec-
tive band engineering and optical modulation by the real
superlattice structure as well as‘periodic external fields.

Recently, black phosphorus(BRs), a rare allotrope of
phosphorus, is a new gype of 2D materials. The high
electronic mobility has. already been confirmed in few-
layer BPs and applied to the applications of field-effect
transistors (FET)™.Thé layér striicture of BPs held to-
gether by van-der-Waals forces can be exfoliated from
few layers togmonolayeri(phosphorene), with the layer-
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FIG. 1: (Left) Schematic diagram of a PMS with periodic
magnetic stripes along the z direction (armchair direction)
and the y direction (zigzag direction) respectively. (Right)
Strongly anisotropic energy spectra of pristine phosphorene,
z-direction PMS, and y-direction PMS.

dependent direct band gap from 0.3 eV!® (bulk) to 1.52
eV16 (monolayer), leading to potential applications in op-
toelectronics, especially in the infrared regime. Interest-
ingly the concept of utilizing strong anisotropic proper-
ties of 2D materials for novel optoelectronic and elec-
tronic device applications has been proposed. Strongly
anisotropic conducting behavior!” 2!, anisotropic exci-
ton??23 or optical response®* 2%, anisotropic Landau lev-
els?7, anisotropic Rashba spin-orbit coupling?®, as well as
anisotropic structural flexibility??, have been observed.
Inspired by the supperlattice structure where external
spatially periodic electric and/or magnetic fields are ap-
plied to a graphene monolayer, people pay attention to
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the supperlattice BPs with varying external periodic po-
tentials and the dependence of BP anisotropy on the pe-
riodic perturbation. The transmission probability of the
wave packets with normal incidence can be tuned and
controlled.?® An analytical model is presented to relate
the decrease in the direct band gap to the different or-
bital characters between the valence conduction band.3!
Beside electric controlling, the effects of magnetic fields
on BP’s electronic and optical properties have also been
studied.?? 36 However periodic magnetic modulations, es-
pecially for the experimental measurable quantities, like
conductance, optical absorption spectrum, have not been
investigated thoroughly until now.

In this work, we propose a monolayer black phospho-
rus (or phosphorene) based PMS, which is an ideal sys-
tem to archive anisotropic two-dimensional electron sys-
tem with high flexibility and controllability. We show
that the anisotropic energy dispersions of the phospho-
rene can be effectively tuned by different magnetic stripes
configurations, the strength of the magnetic fields as
well as the RSOC interactions. Accordingly we illus-
trate the impacts of such a periodic magnetic field on the
anisotropic transport properties including the effective
mass. We moreover demonstrate that the correspond-
ing energy states of e-h pairs and optical transition rates
can also be controlled by the periodic magnetic stripes.
Besides the crystalline induced anisotropy along the two
real-space orthogonal axes, the magnetic fields break the
time-reversal symmetry and develop an in-line anisotropy
along the reciprocal-space axes, e.g., the bright-to-dark
transition in optical transition rate of e-h pairs whichfalso
can be tuned by different magnetic stripe configurations
and the RSOC interactions.

II. THEORETICAL MODEL

We consider phosphorene(BP monolayer) coated by
periodic magnetic stripes along the plane dizection as
shown in Fig. 1. The magnetic field ig applied perpen-
dicular to the layer. The low-energy dispersion jof bulk

~
|
0 0
0 0
Hr = iRk, iR, ) 0
0 i(Rosks + iRoyky)

in which R., = 0.0ldeVA/R., = 0.0017eVA, R,, =
0.0109¢V A, and Ry = 0.0036eV A.22 The last term
Hz; = gupo - B représents the familiar Zeeman effect.
And therefore our full Hamiltonianis H = Hy+Hr+Hz.

The envelope functions may be combined into a four
component spinor ¥ = (U, 1,0, 1,9, |, ¥, |) which
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BP can be well described by a two band k- p effective mass
Hamiltonian due to the Dy, point group invariance3”,

H:H()(p+€A)+HR+Hz, (1)

where Hy, Hr, Hyz are the two-bandheffective Hamil-
tonian, the RSOC term, the Zeeman termnrespectively.

The first term is given by,3% 40
_ [Ee+ acky + Beky ks

The band parameters are agl= h? [2mcr, Be = h2 /2Mey,
ay = h?)2mye, By = 52/2mvy, Meg =10.793mc, Mey =
0.848me¢, My, = 1.363me, My, = 1.142m.. The z-
direction periodic PMS induce periodic magnetic fields
of pointing up and down sequentially. Accordingly the
vector potential A impeach cell are given by,

~

(0,0,B); ze[-%,0)

B = (0,0, -B); z e [0,%] (3)
(0a070); z ¢ *%77]
(0,Be+ B 0); ze[-%,0)

Ap= {00, £Bz+ X2 0); =z €0, ] (4)

S
(0,0,0), l'¢ [7%a%
in.whichhl is the width of each magnetic stripe, L is the
periodie length of the PMS. Similar form for y-direction
periodic PMS,

(0,0,73); yE [7E’0)
B ={ (0.0,B); ye 0, (5)
(0,0,0); y ¢ [-%, %

A

(By + %£,0,0);  x€[-%,0)
(*BZJ‘F%,0,0); x
(0,0,0);

Then we include only the most important anisotropic
Rashba SOC term which is linear in momentum as given
by28,

—i(Regky — iReyky) 0
0 —i(Rusks — iRyyky)
0 0

satisfies a Dirac equation H¥ = EWV. The electron wave
functions are expanded in a plane wave basis confined by
the large hard wall box. The wave function ¥ for electron
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FIG. 2: (a) The low energy dispersions of pristine phosphierene without RSOC in a wide range; (b) The same as (a), but with
RSOC in the vicinity of I point; (c) The low energy dispersions of a x-direction PMS along the periodic direction with k+ = 0;
(d) The same as (c), but along the transverse direction with\k|"=:0; (e) The low energy dispersions of a y-direction PMS,along
the transverse direction with k| = 0; (f) The same as (e) but alongythe periodic direction kt = 0. k|| (kT) denote the wave
vectors along (perpendicular to) the periodic dir€etion, respectively. The PMS parameters are fixed with B =1 T, W = 10
nm, L =20 nm. For (d) and (e) the band minima are move back to the I point for paired comparison analysis.

can be expanded as

U(ka, ky) =Y Cntn (ki)

8
= Z Cn%ei(z’z’“+kzx)e%\y7 (8)
L

where k, (k) is the wave vector in thesx (y) direction,
and the expansion coefficientt Cypa four-component col-
umn vector. The wave funé€tionnean becalculated numer-
ically in the basis set with the periodic boundary condi-
tions in the x (y) diréction. Then the band structure
can be obtained withrthis plane wave basis set. To make
quantitative assessment/of the modulated anisotropy in
PMS, we define an anisotropy index Ry, = Mgy/Myy,
in which the effective masstensors are directly extracted
from the energy dispersions.

The interaction Hamiltonian between the Dirac
fermion andythephoton within the electrical dipole ap-
proximétion is Hy, = H (7 + eA) — H(p) , where the
vector potential A = (A; £iA,)e” ™t corresponds to the

o+ circularly polarized light. |¢ > denotes the initial
states in the lower cones that are hole or valence like,
|f > denotes the final states in the upper cone states
that are electron of conduction like. Now the electron-
light interaction induces transition from |i > to [f >,
li > and |f > are written as W, ,(ky, ky). The resulting
optical transition rate of e-h pair between valence and
conduction band is | < f|H;ue|i > |. The transition rate
is given by,

wip = 210(Ef — B — hw)| < f|Hineli > 2. (9)

in which < f|Hi7Lt|Z' >= En,m C—‘r,n(b?nHintCi,'rn(//)i,'rn-
Finally we can obtain the optical absorption rate by the
integral of transition rates in k space,

o=

> wipdkzdk,. (10)

vouf
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III. NUMERICAL RESULTS AND
DISCUSSIONS

In pristine phosphorene parabolic energy bands reflect
the existence of massive 2DEG with a direct band gap
about 1.52 eV at the I' point, being different from their
counterparts of massless Dirac fermions in another well
known 2D material graphene of hexagonal symmetry.
The electron-hole symmetry is broken owing to the inter-
band coupling. The conduction band valence band cou-
pling effects influence the band structure effectively and
lead to distinct electronic and optical properties rather
than being observed in graphene. We start by investi-
gating the energy dispersion relationships of a pristine
phosphorene monolayer without any external magnetic
field or with periodic magnetic field modulations along
the  direction (armchair direction) and the y direction
(zigzag direction) respectively. As sketched in Fig. 1, we
find strongly PMS direction dependent energy bandgap
enlargement, cone shift and dispersion modulation, which
we will discuss below in details. First we plot the energy
dispersions of pristine phosphorene in Fig. 2(a) and (b).
Note that the different slopes of the energy dispersions
along two orthogonal k, and k, directions indicate the
anisotropic group velocities and effective masses in phos-
phorene (see Fig. 2(a)). This unique feature is also absent
in graphene. When the RSOC interaction is incorporated
into the calculations, we can find the expected spin split-
ting in the conduction and valence bands as shown by
the dashed lines in Fig. 2(b). The spin splitting energy is
proportional to the wave vector k. Its impact on the band
structure of phosphorene is very small near the I' point
on the order of magnitude of 10 ueV. The spin splittings
due to the RSOC are also antitropic for conduetion and
valence bands.

Next we investigate the energy dispersions of a'PMS
with periodic orientations along the twérerthogonal crys=
tal axes, with fixed B = 1 T, W = 10 am, L = 20
nm. In Fig. 2, we can clearly see thatthe band min-
ima are shifted away from the I' point along the trans-
verse directions of the two type PMSs due to the time
reversal symmetry breaking. To obtain a direet observa-
tion of energy dispersion modulation by PMS, we move
the center of shifted energy cones back to/I' point, see
Fig. 2(c) - (f). When the periodic magnetic field varies
along the x direction, the energy dispersion of PMS with
given magnetic fields is almost unchanged as compared
to that of pristine phosphorene. Since the periodic per-
turbation on the off-diagonal interband coupling term is
absence as indicated by Eq. 2sand 4. For a y-direction
PMS, i.e., the periodic/magnetie.field varies along the
y direction, the corresponding gauge potential appears
in the electronshole coupling term and thus significantly
affects the energy dispersions as shown in Fig. 2(e) and
(f). PMS show peculiar behaviors of gap modulation
at the I' point. Imeonventional phosphorene superlattice
with eléetric potentials, the energy gap is reduced®'. Our
proposal of magnetic phosphorene superlattices, however,

4
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FIG. 3: (a) and |(b) The same as Fig. 2 (e) and (f), but
with different superlattice period lengths. The width of the
magnetic stripe W.¢hangesiaccordingly, W = L/2. (c) and (d)
Anisotropic_effective 'mass in y-direction PMS as a function
of the supérlattice period length for both electrons and holes.
Re,zy = me,zz/me,yy; Rh,,xy = mh,,xac/mh,yy~

are-different in that the band gap is increased due to the
external. magnetic fields. The slopes of the conduction
and(valence energy bands decrease with the existence of
magnetic field. Along the periodic direction, a small gap
is opened at the boundary of each superlattice Brillouin
zone, e.g. ky(k) = £n/L + 2n7/L, due to the per-
turbation potentials coming from the periodic magnetic
fields. In the transverse direction, the energy spectrum
Lk (kr)] becomes slightly asymmetric with respect to
ky = 0, which is absence in phosphorene superlattice
with electric potentials. It comes from the vector po-
tentials accounting for time-reversal symmetry breaking
by the magnetic fields, and therefore becomes more dis-
tinct as we increase the magnitude or the active area of
the magnetic fields as we will discuss later. This fea-
ture is in consistent with previous studies on a single
quantum well between two electric/magnetic/strain bar-
riers*'43. For a preliminary summary, the impacts of the
PMS with different configurations on the energy disper-
sion relationships are quit distinct. The energy spectrum
in y-direction PMS (corresponding to the transport di-
rection along the zigzag direction) is much more sensitive
to the external periodic magnetic fields than that in its
counterpart z-direction PMS.

Then we focus on the energy dispersion and anisotropy
modulation in y-direction PMS; since its interband cou-
pling term gives rise to more pronounced response to the
periodic vector potential perturbations than that in z-
direction PMS. Heuristically, the magnetic fields tend
to bend the carriers away from motion direction and
thus suppress the group velocities of charge carriers as
well as reduce energy dispersion. To get an quantitative

Page 4 of 9
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FIG. 4: (a) and (b) The same as Fig. 2 (e) and (f), but with
different magnetic field strength. (c) and (d) Anisotropic ef-
fective mass in y-direction PMS as a function of the magnetic
field.

assessment of the modulation effects on the electronic
properties from the superlattice structure and magnetic
field strength, we then plot the energy dispersions of y-
direction PMS along k, and k, with different periodic
lengths and magnetic fields in Figs. 3 and 4. As the
magnetic strip period increases, the aforementioned bi-
directional anisotropy along the transversal direction (see
Fig. 2(e)) becomes increasingly spectacular and develops
two band minima being adjacent to the I' point.as shown
in Fig. 3(a). We note en passant that it is"a magnetic
field induced in-line anisotropy*?, rather than the intrin-
sic in-plane anisotropy in pristine phosphorene. Along
the periodic direction, more band gaps are,opened aris-
ing from the periodic perturbation effect~at a reduced
Brillouin zone boundary. When the periodic lengths L
is very large, the first subband is rather flat along the
periodic direction, indicating the présencéofsheavy quasi
particles in such a y-direction PMS. While the energy dis-
persion along the transversal direction almost remains.
Therefore the effective mass and anisotrepy can be effec-
tively tuned by the proposed PMS as shown in Fig. 3(c)
and (d). Alternatively wefCamebserve'similar effects by
increasing the strength of the magnetic fields. In addi-
tion band gap enlargement is more pronounced at the '
point and at superlattice Brillouin zone boundaries. This
trend is in contrast withthe periodic electrical potentials
modulated phosphorene?®:3! )

So, the proposed PMS can effectively tune the
anisotropy of energy dispersion and effective mass, since
the energy dispersion along the transversal direction of
the superlattice is,almost immune to magnetic fields
while the one along the longitude direction of the su-
perlattice, is effectively modulated. Beside the unique

5
0.055 (@) x-direction PMS
k=+K
- - - W. Zeeman
— k=K
- - - W. Zeeman
0.045
N; -0.5 0.0 0.5
T o010 () <
4 N 4 AY
; N ,
h R A |
’ Al / \

4 N ’ \

’ L \ k =+K or -K

. v \ i

0.05 s V7 - = - W. Zeeman 0.05 -
;
715 \
- - S W.Zeeman \
‘\
\
.
. 0.00
-0.5 0.0 0.5 -0.5

x/L

FIG. 5: The probability distribations of ground-state elec-
trons with specific wayé vectors in a superlattice cell, i.e.,
wave vector sampling (a) along the periodic direction, (b)
along transverse direction of a z-direction PMS, (c) along pe-
riodic direction, and (b) and along transverse direction of a
y-direction' PMS, K ="« /L is half the length of the PMS
Brillouin.zone.
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FIG. 6: The same as Fig. 5, expect for turning on/off the
RSOC term rather than the Zeeman term

anisotropy between the highly anisotropic band struc-
tures along the two crystalline directions of phosphorence
, in-line bidirectional anisotropy is induced by the mag-
netic fields. Importantly, here we address that modula-
tion capabilities of different PMS periodic orientations
are also highly anisotropic as we have discussed about
Fig. 2. For the configuration of y-direction (zigzag direc-
tion) PMS, band structures more sensitively depend on
the magnetic fields strength B and periodic cell size L.
Next we turn our focus to the carrier probability dis-
tributions in a unit cell of the PMS with different config-
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urations. The projected charge distribution of the elec-
trons in the first conduction band with certain k, and
k, are shown in Fig. 5 and Fig. 6. With the wave vec-
tor along the magnetic strip (perpendicular to the pe-
riodic direction of the superlattice), the probability dis-
tributions exhibit anisotropic dependence on the wave
vector as shown by solid lines in Fig. 5 (a) and (c) for
z-direction periodic and y-direction periodic superlattice
respectively. For a z-direction (or y-direction) PMS, the
electrons from the first conduction band with positive k,
(or k;) tend to locate near the edges of a cell where no
magnetic stripe is coated above. While for negative k,
(or k), the electrons tend to locate in the center. This
behavior directly arises from the Hall effect in the pro-
posed PMS. Note that the spatial separation of electrons
moving in the opposite direction is more pronounced with
periodic magnetic modulations along the y direction as
shown in Fig. 5 (c¢). This feature is unique in phospho-
rene, since the effective vector potential (A,) has dis-
tinct effects on the off—diagonal elements in Hamiltonian
Eq. 2, while this impact is absence in z-direction PMS.
Along the superlattice direction, the probability distri-
bution are isotropic for positive or negative wavevectors
regardless z-direction or y-direction superlattice config-
urations (see Fig. 5 (b) and (d)). The electrons tend to
distribute in the central region of a cell underneath the
magnetic stripe. Since the perpendicular magnetic fields
develop circular electron orbits and prevent them trans-
mitting away. By incorporation the Zeeman term, we find
that it has negligible impact on the energy spectrum but
change the probability distribution apparently as shown
by dashed lines in Fig. 5. In the plane wave basis, the
diagonal matrix elements of Zeeman term are canceled
out and the off-diagonal elements are imaginary numbers
with the given periodic magnetic field profile. Therefore
the Zeeman term can hardly affect the eigenvalues but
changes the eigenvector effectively. The RSOC term ¢an
also hardly affects the density distributiens with wave
vector along the direction of magnetic stripes.as shown
in Fig. 6 (a) and (c). But it tends to push the electrons
with wave vector along the superlattice direction out of
the phosphorene plane resulting in<the squeezed distri-
butions as shown in Fig. 6 (b) and (d).

The anisotropy energy spectra and charge distribu-
tions are hard to measure directly. “However they ap-
parently can affect the Photoluminescence (PL) Spectra.
We therefore investigate the effect of the PMS on the en-
ergy to form electron-hole (e-h)“pairs by o+ circularly
polarized light and the tramsition rate. Figs.7 and 8 plot
them as functions of the wavewvector k, (k,) with peri-
odic magnetic field modalatiens along the z (y) direction
respectively. When)considering the transition between
two (accounting for both-spin up and spin down states)
highest valence bandséto two lowest conduction bands,
we can see the parabolic energy spectra of e-h pairs as
shown indfig. 7 (a)yand the transition rates of low energy
e-h pairs are isotropic in k, and rather bright when k,
approaches 0. For larger k, away from 0 it becomes dark
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FIG.T: (a) The energy dispersions of e-h pairs as a function
of wavewvector k, with B = 1 T, Ry = 0 around the band
bottom, in & z-direction PMS. (b) The optical transition rate
of e-li pairs @ a function of wave vector k.. (c) and (d) are
thefsame as (a) and (b) but including the RSOC term. (e)-
(h) are the corresponding energy dispersions and the optical
transition rate as a function of the wave vector k.

arising from the electron distribution in the conduction
and valence band with different k, as shown in Fig. 5
(¢). When k, is not zero, the charge carriers from con-
duction bands or valence bands tend to locate along of
the edge of a superlattice cell where no magnetic stripe is
deposited above regardless of positive or negative k. It
results in small overlap integral of the wavefunctions and
small transition rate in Fig. 7 (b). When k, approaches
zero, the charge carriers tend to distribute equally in a
superlattice and thus increase the overlap integral of the
wavefunctions. Then the optical transition rate is en-
hanced. Next we examine the effect of the RSOC term,
one can see the expected spin-splitting in the e-h pair
energy spectrum (inset in Fig. 7 (c¢)). Accordingly the
RSOC term can affect the electron distribution at the
supperlattice BZ boundaries (Fig. 6 (c)) and reduce the
transition rate spectrum of the low-energy e-h pairs, so
we can find larger transition gap as shown in Fig. 7 (d).
We also plot the e-h pair energy as function of k, in
Fig. 7 (e), the asymmetrical behavior in the e-h pair en-
ergy spectrum is due to the anisotropic energy spectrum
as shown in Fig. 2. The optical transition rate spectrum
along k, (kr) exhibits an in-line asymmetrical behavior
with a dark-to-bright transition when the k, varies from
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FIG. 8: The same as Fig. 7, but in a y-direction PMS. (a) The
energy dispersions of e-h pairs as a function of wave vector
ks with B = 1T, Ry = 0 around the band bottom. (b) The
optical transition rate of e-h pairs as a function of wave vector
k. (c) and (d) are the same as (a) and (b) but including the
RSOC term. (e)-(h) are the corresponding energy dispersions
and the optical transition rate as a function of the wave vieetor
ky.

negative to positive. The electrons with positive,k, tend
to locate aside the superlattice cell while the ones with
negative k, tend to locate in the centeras shown in Fig.
6 (a) and (b). Different distributions result, in different
overlap integral of wavefunctions and thus"determine the
optical transition rates as we observed./When the RSOC
term is considered, we can find the spin splitting in the
e-h pair energy and optical transition raté*spectrum in 7
(g) and (h). The optical transition raté is enhanced the
same as that in Fig. 7 (d) due to thefsame reason.

Compared to the z-direction periodic PMS, the mod-
ulation effects by a y-direction PMS are much more pro-
nounced. The ground state e-h pairs energy as function
of k, is asymmetrical due to the time-reversal symmetry
breaking in the presence of a magnetic field as shown in
Fig. 8 (a) and spin slitting duetothe RSOC interaction in
Fig. 8 (c). Because the glectron with negative or positive
ky shows separate'distributions as'shown in Fig. 5 (c)
and 6 (c¢), we can find the.dark-to-bright transition of the
ground state e-h pair gransition rate spectrum in Fig. 8
(b). The RSOC term has small effect on the transition
rate spegtrum in kz.accounting for its limited impact on
the ele¢tron distribution ( see Fig. 6 (b)). Correspond-
ing e-h'pair energy spectrum in k, are symmetrical as

7
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FIG. 9: The optical absorption speetrum for the phosphorene
magnetic supperlattice with, different magnetic stripe config-
uration and magnetic fields =

shown in Fig. 8 (e)."The e-h pairs energy spectrum and
optical tramsition rate spectrum of y-direction periodic
superlattice possessdarger gaps at the supperlattice BZ
boundaries as,shown Fig. 8, due to the enhanced inter-
band. coupling by the vector potential of the PMS. The
optical transition rate spectrum of the ground e-h pairs is
not bright (see Fig. 8 (f)) due to the marginal distribution
as shown in"6 (d), regardless whether k, is negative or
positive. Although the spin splitting is shown in energy
spectrum but can not been distinguished in the transition
rate spectrum as shown in Figs. 8 (g) and (h). In brief
summary, the optical transition rate of y-direction PMS
is different from that of z-direction PMS as we discussed
about Fig. 7. Obviously the anisotropy can be adjusted
by the strength of the external magnetic field, the peri-
odic length and the RSOC term. So we can realize an
external field controlled magneto-optical device base on
different PMS configurations.

Finally the optical absorption spectrum of such a phos-
phorene magnetic supperlattice is calculated which can
also be measured directly. In our calculation, we set
the fermi level at zero energy which is between the con-
duction and valence band. It means the occupation for
the valence band is full, while that for the conduction
band it is empty. We use broadening factor of 0.15
meV to smoothen the absorption spectrum. The opti-
cal absorption spectrum indicates useful band structure
information guaranteed by the selection rule expressed as
d(Ef — E; — hw) in Eq.9. In Fig. 9, Different configura-
tions of periodic magnetic strips show different absorp-
tion characteristics. For a z-direction periodic superlat-
tice, the optical absorption spectrum with one wide step
indicates transition rate enlargement arising from the
charge distribution modulations as we discussed before.
For a y-direction PMS, we can find much higher absorp-
tion peak in low energy region and more oscillations when
increasing the energy (frequency) of the incident light due
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to modulations from the y-direction PMS. Stronger cou-
pling between the electrons and holes enhances the inter-
band transition and optical absorption. Increasing the
magnetic field can also increase the absorption rate. We
note en passant that, for a linearly polarized light, the
optical absorption is negligible when light is polarized
along the y-direction**. Since the y-direction linearly
polarized light (A, = 0) can not affect the optic-electric
interaction matrix in the off-diagonal element. We note
that even in our PMS proposal, the y-direction linearly
polarized light still has no effect on optic-electric interac-
tion matrix, i. e., no enhancement on the transition rate
calculated in Eq. 9. Therefore, the y-direction PMS can
hardly enhance absorption spectrum of the y-direction
linearly polarized light. The distinct optical absorption
spectra of circular polarized light provide an effective way
to detect the anisotropic energy properties of PMS with
different periodic orientations. The phosphorene mag-
netic supperlattice is a promising platform for potential
application in anisotropic magneto-optical devices.

IV. CONCLUSIONS

In this work, we theoretically investigate the electronic
and optical properties of PMS utilizing the k - p' method.

8

Our numerical results show that the anisotropic energy
dispersions can be tuned by the PMS configurations, e.g.,
orientation, periodic length, strength. Accordingly the e-
h pair energies also exhibit distinct differences between
two configurations. We demonstrate that y-direction
(zigzag direction) superlattice gives rise{to more pro-
nounced modulation via the vector potential appeared
in the electron-hole coupling term. Astcompared fo the
energy dispersion, charge distribution is much, more sen-
sitive to the external magnetic field or electric field (via
RSOC). The magnetic field§hand periodic orientations of
the PMS proposed in this workwplay important roles in
determining the e-h transition ratessrand optical absorp-
tion spectrum. Our theoretical results shed new light on
potential applications of magneto-optical devices based
on the anisotropic PMS.
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