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A theory of electron spin-flip Raman scattering (SFRS) is presented that describes the Raman spectral signals
shifted by both one and two times the electron Zeeman energy under nearly resonant excitation of the heavy
hole excitons in semiconductor nanoplatelets. We analyze the spin structure of photoexcited intermediate states,

derive compound matrix elements of the spin-flip scattering, and obtain polarization properties of the one- and
two-electron SFRS common for all the intermediate states. We show that, in the resonant scattering process under
consideration, the complexes “exciton plus localized resident electrons” play the role of main intermediate states
rather than tightly bound trion states. It is demonstrated that, in addition to the direct photoexcitation (and similar
photorecombination) channel, there is another indirect channel contributing to the SFRS process. In the indirect
channel, the photohole forms the exciton state with the resident electron removed from the localization site while
the photoelectron becomes localized on this site. The theoretical results are compared with recent experimental

findings for ensembles of CdSe nanoplatelets.

DOLI: 10.1103/PhysRevB.102.235432

I. INTRODUCTION

Spin-flip Raman scattering is an electronic process of in-
elastic light scattering with the initial and final states being
the different spin states of electrons and/or holes. In semi-
conductors, spin-flip Raman scattering (SFRS) was predicted
by Yafet [1] in 1966 and first observed by Slusher, Patel, and
Fleury [2] in InSb. The observed Raman scattering mecha-
nisms in semiconductors and semiconductor nanostructures
include spin flip of mobile carriers [1,2], resident and pho-
toexcited, or carriers bound to shallow donors and acceptors
(via exciton-involved processes) [3-5] as well as spin flip of
excitons mediated by bulk acoustic vibrations [6].

In addition to numerous publications on the single-electron
SFRS, there are a few publications on the double spin-flip
Raman scattering in bulk semiconductors, namely CdS [7]
(see also Refs. [3,4]) and ZnTe [8,9]. In Ref. [9], in addition
to single- and double-electron SFRS, there was observed a
triple spin-flip scattering process in which three spins of donor
electrons are reversed.

Recently, this kind of scattering with a Raman shift
twice the single spin-flip energy has been observed in CdSe
nanoplatelets [10], a new type of two-dimensional nanocrys-
tals that emerged a decade ago [11]. In Ref. [10] we have also
proposed a theory to explain the experimental findings, first
of all the polarization properties of the SFRS. In this paper we
extend a brief theoretical consideration of Ref. [10] to a full
scale presentation of the theory of SFRS mediated by excitons
interacting either with one or two resident electrons localized
in a nanoplatelet (NPL).

The theory of multiple spin-flip Raman scattering proposed
by Economou et al. [12], and published in the same issue of
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the Physical Review Letters as the experiment [7], is based
on the exchange interaction of two or more donor-bound
electron spins with the electron spin in the photoexcited ex-
citon. Here we extend the theory to consider the single and
double spin-flip scattering processes in colloidal nanoplatelets
hosting more than one localized resident electron. Moreover,
as compared to Ref. [12] we analyze the compound matrix
elements of the spin-flip scattering, taking into account the
spin and orbital structure of the resonant intermediate states,
derive simple polarization properties of the one- (le) and
two-electron (2¢) SFRS common for all intermediate states,
and discuss reasons for violation of these selection rules.

The rest of the paper is organized as follows. In Sec. II,
we describe the geometrical setup of the spin-flip Raman
scattering process, the Zeeman states of one and two resident
electrons in the NPLs, as well as the exciton eigenstates. In
Sec. III, we analyze the structure of the three-particle inter-
mediate state (III A), derive the general expression for the
single SFRS compound matrix element (III B), and consider
two limiting cases corresponding to the trion and “exciton
plus localized resident electron” intermediate states (II1C).
We discuss in Sec. III D the origin of different contributions
to the single SFRS coming from direct and indirect photoex-
citation and recombination channels. In Sec. IV, we derive the
compound matrix elements for the double SFRS mediated by
the complex “exciton plus two localized resident electrons”
including the direct (IV A) and indirect (IV B) channels as
well as by the “singlet trion plus localized resident electron”
complex (IV C). Section V presents a derivation of simplified
expressions for the resident electron, exciton, and trion wave
functions, allowing us to obtain estimations for the efficiency
of different mechanisms of SFRS and compare the theory with
experiment. The discussion of polarization selection rules and
their comparison with the experimental observation is given in
Sec. VI. Finally, we summarize our findings in Sec. VII. The
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expressions for the absorption and emission matrix elements
are presented in Appendix A. Appendix B contains integral
relations used in the estimations of Sec. V.

II. THE SCATTERING SETUP AND ZEEMAN SPLITTING

The schematics of the single and double SFRS spectra
and the setup of the scattering processes under consideration
are reproduced in Fig. 1. The z axis of the laboratory frame
of reference (x, y, z) is fixed parallel to the substrate surface
normal. Without loss of generality, we choose the normal
(z direction) incidence of a monochromatic polarized light
wave of the frequency o and the backscattering geometry;
orange and blue wavy lines in Fig. 1. The unit vector c¢ is
directed along the normal to the nanoplatelet, it is defined by
the polar angle 6, and azimuth angle ¢.. As a rule, the CdSe
nanoplatelets crystallize in zinc-blende structure and have Cd
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FIG. 1. (a) Schematic illustration of the Raman spectra (Stokes
processes) with single (11¢) and double (I**) SFRS signals which
can be observed in the NPLs with at least one and two resident
electrons, respectively. (b) Geometry of the experiment: the x, y, and
z axes represent the laboratory frame, ¢ is the unit vector normal to
the NPL surface, the axes x., y., and z. || ¢ represent the NPL frame,
and the red arrow shows the direction of the external magnetic field.
The excitation beam propagates along the z axis and the SFRS signal
is measured in the backscattering direction.

terminated and acetate-passivated (001) surfaces on both sides
[13—15]. The theory takes into account the anisotropy of the
electron g factor and an arbitrary orientation of the NPL with
respect to the z direction, lying flat, standing straight, or tilted
on the substrate surface. To define the orientation of a NPL
we use a second set of Cartesian axes X, Y., Z- With z. || c.
Unless otherwise specified, we extend the D, point symmetry
of the platelet lattice to the axial symmetry in which case all
orientations of the rectangular axes x. and y. in the plane of
the NPL are equivalent.

The Zeeman spin splitting of the resident electron states is
described by two components of the electron g factors: g, .. =
gy and g . = gy.,. = g.. In the magnetic field B making the
angle ®p with the normal ¢ the splitting is given by gugB,
where pp is the Bohr magneton and g is the effective electron
Landé factor,

g:\/giSiH@%—l—gﬁCOS@%

= /& + (& — )b o, (1)

and b = B/B is the unit vector along the magnetic field. In
accordance to the experimental data of Ref. [10] we take the
values of g, and g both positive. With allowance for the g
factor anisotropy, the spin eigenstates are oriented along and
against the unit vector

b= (g.1b, +gb)/e @

where b, and b are the in- and off-plane components of the
vector b. In the following we denote the eigenspinors by |, and
1. In the spin flip scattering observed in CdSe NPLs [10], the
resident electron spin reverses from | to 1 (Stokes process) or
from 1 to | (anti-Stokes process).

In the next section we use the expressions

V=A e +HA oo T=A e HA- L (D)

of these two-component columns via the spin-up and spin-
down states 1, |, attached to the ¢ axis. Since the spin states
(3) are orthonormalized, the four coefficients A;; (i, j = %)
satisfy the identities

Asi P+ AP = AP+ A =
AL AL =—AL A, |ALA L=

)

sin ©, 4)

Ap P = AP =1A__P— AP =cos®=b-c,

D= =

where © is the angle between the vectors ¢ and b. It fol-
lows from the definition (1) that cos ® = (g1/8) cos ©p and
sin ® = (g /g) sin Op.

In the NPLs of 3 to 5 monolayers thickness, the size quan-
tization along the z axis is very strong allowing us to consider
only the two-dimensional envelope functions for the lateral in-
plane states of the resident electrons. We use here the notation
¢(p) for the scalar envelope of the resident electron at the
in-plane quantum size level and ¢, (p) for the resident electron
localized at a NPL defect (presumably, near the platelet edge).
In both cases, the lowest energy state of the resident electron
in the external magnetic field is the spin-down |, state.

The observed double SFRS [10] can be understood only by
assuming the presence of at least two resident electrons in a
NPL. The pair of electrons cannot be unlocalized and occupy
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the same lowest size-quantized level in the NPL because, in
that case, their ground state would have been spin singlet (see,
e.g., Ref. [16]), and the scattering with the photon energy
shift by 2gugB would have been impossible. Therefore, our
model implies an existence of two resident electrons localized
at different in-plane sites in the platelet. We use the notations
¢1(p,) and ¢, (p,) for the in-plane scalar envelopes of the first
and second localized resident electrons. The overlap between
¢1 and ¢, is assumed to be weak so that the singlet-triplet
energy splitting of the resident electrons is much smaller than
the Zeeman energy in moderate magnetic fields. Thus, the
lowest two-electron spin state in the external magnetic field B
is the triplet double-down pair |1 |>with spins oriented along
b.

Both single and double spin-flip scattering processes ob-
served in CdSe NPLs [10] involve the photoexcitation of the
excitons. In the model under study the incident photon gener-
ates an optically allowed (bright) exciton formed by a heavy
hole with the angular momentum projection j, = £3/2 on
the z || ¢ axis. According to the selection rules, the optically
active states are the bright NPL excitonic states with the
angular momentum component +1 along the z. axis and the
envelopes

lIJ-&-l =~Lcﬂ q)exc(pa ph)’ w_ ZTC‘U’ qDexc(pa ph)v (5)

where the double arrows {} and | represent the heavy
hole states with j. =3/2 and j, = —3/2, respectively,
Dexc(p, p,) is the two-particle scalar envelope, and p =
(x¢, o) and p;, = (Xp.¢, Yn.c) are the electron and hole in-plane
coordinates. In the absence of any resident electrons, the ma-
trix elements of the optical transitions into the states Wy are
given by

0 0
KRt NG

V2

where £° and e are the amplitude and the polarization unit
vector of the initial light electric field,

M (X, )€ = —dey

Ty = / Berc(p. P)p. )

dey is the interband matrix element of the dipole moment
operator, e(S|x|X) = e(S|y|Y), with S, X, Y being the Bloch
functions at the I" point of the Brillouin zone. In general, the
incident light generates in each arbitrarily oriented NPL the
exciton [17]

0 0
V= (¥, +e, V¥ 2)s
W+
v, = +T, Wy, = lT- ®)

The dark exciton states described by the functions

\I’+2 :Tcﬂ (Dexc(pv ph)’ “Ij72 :i«cu q)exc(ps ph) (9)

do not interact with light in the absence of the resident elec-
trons or spin-flip inducing perturbations.

The bright-dark exchange splitting AEay is assumed to be
much larger than the Zeeman energies and the uncertainty of
the exciton level Al

gupB < T < AEar. (10)

W -

The same condition is also valid for the Zeeman splitting of
the exciton states gex pB cos Op, where gex is the longitudinal
component of the exciton g factor (the transverse component
is negligible). Since a NPL has a rectangular shape with dif-
ferent sides, the long-range electron-hole exchange interaction
results in an anisotropic splitting A,, of the bright exciton
sublevels [18]. Mostly, in this paper we also assume this
splitting to be much smaller than AI".

The important precondition for the SFRS process is the
nonvanishing overlap between the resident electron and ex-
citon envelopes, implying also the nonvanishing exchange
interaction energy J,, between the resident electron and elec-
tron in the exciton. Depending on the relation between J,, and
AEF, different intermediate states consisting of three or four
particles can be formed. We consider first the single SFRS
for the arbitrarily relation between J,, and AEar. Then we
consider single and double SFRS processes in the two limiting
cases of strong and weak electron-electron exchange interac-
tion. The proposed model is as much simplified as possible
but still reproduces the main features of the spin-flip Raman
scattering phenomenon.

II1. SINGLE SPIN-FLIP RAMAN SCATTERING

The equation for the efficiency of Stokes single SFRS can
be written in the following form:

)12
119 |Vf<},. ["8(hwy — hw — gusB)f. a1

Here Vf(.fie) is the compound matrix element of the scattering
from the initial state i to the final state f, wy and w are the
frequencies of the initial and secondary light waves, f| is
the occupation of the initial spin-down state |, of the resident
electron undergoing the spin flip transition,

fi =11+ exp(—gusB/ksT)]™", (12)

kg is the Boltzmann constant, and T is the temperature. For
the anti-Stokes process the sign of the Zeeman term in the
8 function of Eq. (11) is reversed, and the occupation f
replaced by the occupation fy =1 — f| of the spin-up state
1.
In the second-order perturbation theory the compound ma-
trix element has the following general form:
M}fj)(e)M,gf‘}’”(eO)

— E, — hwy — ikl '

Vf(}:) — 50 (13)

Here n is the intermediate three-particle state formed by a
resident electron and a pair of photoexcited electron and hole,
and E, is the excitation energy of the intermediate state. For
the Stokes process, the initial state includes an incident photon
of the energy /iw, with the polarization unit vector ¢ and a
resident electron in the spin-down state | with the envelope
@(p) or ¢.(p); the final state includes a scattered photon
of the energy fiw with the polarization e and the resident
electron in the spin-up state 1 with the same envelope. The
photon absorption and emission matrix elements, Mnf‘}’ (e%)

and M}f’nm)(e), depend linearly on the unit vectors e” and e*.
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A. Three-particle intermediate states

The structure of the intermediate three-particle states n
depends on the relative strength of the electron-electron and
electron-hole exchange interaction. Neglecting the effect of
the external magnetic field, one can find the energies and the
wave functions of the intermediate states as the solutions of
the spin Hamiltonian

N . . . A ]
He-e-n = He-e + Hoe-ny  He-e = —Jee (sl ©82 — Z)a

Hae-n = =5Jenaq 81,2,z (o1 — p1) + 82,2,z 8(0y — Py,
(14)

where we have omitted the common energy shift of all states,
§1., are spin operators of the first and second electrons, J,_ is
the diagonal 2x2 matrix with the components 3/2 and —3/2
corresponding to the projection of the heavy hole spin on the
Z. axis, Jop, is the effective energy of the electron-hole interac-
tion, and qj is the lattice constant included to have the constant
Jen in energy units. In the absence of the interaction with
the resident electron, the energy splitting, AEsr = Ep — EF,
between the bright, £ = Ea, and dark, E1, = Ef, neutral
exciton states is given by

N / ®2_(p. p)dp. (15)

In turn, the energy J,, can be written as the difference
Jee = Es — E7 (16)

between the energies Es = J,., Er = 0 in the singlet (S) and
triplet (7') configurations of two electron spins if the electron-
hole exchange interaction is neglected. In this limit, J,; — O,
the eight eigenstates of the heavy hole three-particle Hamilto-
nian H,-.-, have the form
1
\Iji3/2(_3/2) = E(Tmic,z - ic,ch,z) ﬂ (lL)CDS(P], P2, Ph),
1
"I’JTF3/2(73/2) = E(Tc,li«c,z + de1le2) T (L)Dr (01, P2, py),

\1'[15/2(—1/2) =Te1te 2t (LPr Py, P2, P4)s
W s =betdeatt D1 (o). 02, o). (17)

Here the envelopes ®s(p;, p5, p,) and ®r(p;, p,, p;,) are
respectively symmetric and antisymmetric under the co-
ordinate interchange p, <> p,, they are solutions of the
e-e-h three-particle static Coulomb problem. The indexes
+1/2,£3/2, £5/2 show the total angular momentum com-
ponent m = s, + 52, + Jj... The heavy hole columns {} and
| in the right-hand sides of Eqs. (17) correspond to the states
with positive and negative values of m.

Cs

In the general case J,. # 0, J.;, # 0, the eigenenergies
Eg, Er are replaced by

Ay Ay
E:ES/Z =T EL/z =5
1
Eﬁs/z = E(Jee + V AZh + Jeze)’ (18)
1
Eis/z = _(Jee - AZh +Je2e)’

2
where

Aeh = 2Jeha(2) -// dpdprq)s(pr7 p’ p)q)T(pr7 p’ p)v

Ay = 2 pay /f dpdp,®7(p,. p. p). (19)

Note thatin the case J,, = 0, A1 & A,; & AE,r (see Sec. V),
and the above energies of the bright and dark excitons are
given as EA = AEAF/Z, EF = —AEAF/2

For J,, #0, four of the eigenstates, W! with m =
+1/2, £5/2, retain their form while the remaining four states
become linear combinations of W1, , and W1, , as follows:

A DS 2wl
ll’i3/2 =C' )“I’ﬁ/z +C )‘I’ﬁ/zv

\I"L/z = :FC(Z)‘I’jsza/z + C(l)\IJL/z, (20)
where
co= LY co_ 17V
2 7 2
and
Jee
Y= ——
Azh + Jeze

The states with m = £3/2 comprise the antiparallel spins
of two electrons in the singlet (S) or triplet (7') configurations
mixed by the electron-hole interaction into states comprising
bright (A) and dark (F') exciton states, while the states with
m = £5/2, £1/2 have the parallel triplet spin configuration
of two electrons. The states with m = +5/2 do not interact
with light. The absorption and emission matrix elements for
all other states are given in Appendix A. They involve the
optical overlap integrals, Zg and Zr, for two electrons and a
hole in the singlet and triplet configurations, respectively. For
the estimation of Zg and Zr one need to know the envelopes
@y and O7 of the three-particle states.

While making estimations it is instructive to consider an
important special case of the complex “exciton plus localized
electron,” where the envelopes of the single resident electron
and the exciton are fixed and the Coulomb interaction between
them can be treated as a perturbation. In this case the en-
velopes @7 (p;, p,, p,) and Ds(p,, p,, p,) can be presented
in the “decoupled” form

(I)S(pl’ P25 ph) = ﬁ[d)r(p])q)exc(pzv ph) + d)r(pz)@exc(plv ph)],

Cr
Dr(py, 02, o) = —=

7

2

3 [¢r(p1)q)exc(p2’ ph) - ¢r(p2)q)exc(pls ph)]a
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FIG. 2. Schematic illustration of the three-particle spin configurations (in the middle) and energy levels in the two limiting cases: tightly
bound trion (|J,.| > AE,r, left) and “exciton plus localized resident electron” complex (|J,.| << AE4F, right). The ordering of levels is shown
for J,. < 0. Red thin and blue thick arrows show, respectively, the directions of the electron and hole spins relative to the ¢ axis.

where Csr = 1/4/(1 £D,) are additional factors differing from unity because of the overlap between the first and second

functions in the brackets,

Pr= / / / $r(p1)Pr () Pexc (P 1) Pexc(2, 01)d p1d p2d - 22)

One can show that the positive value of D, does not exceed
unity. For the functions (21), the integrals (A4) are reduced to

Cs CT

Is = —=(To + T,). =L

s NG P NG

where the electron-hole overlap integral Zo is defined by
Eq. (7) and

Ir = —7=To -1, (23)

= / / ¢ (0)Pr () Pexc(p, p)dpdp'. (24)

The value of Z, as well as the values of the overlap integrals
D, and Zy are estimated in Sec. V. Spin configurations of all
the states are illustrated in Fig. 2 (middle). The structure of en-
ergy levels is shown schematically for the two limiting cases,
tightly bound trion (left) and “exciton plus localized electron”
complex (right). Here it is worthwhile to refer to the study
of the spin-flip Raman scattering in p-doped GaAs/GaAlAs
quantum-well structures [5,19] where two different mecha-
nisms were identified to contribute to the bound-hole-related
scattering. The first process involves three-particle complexes,
AYLE, which can be considered as a localized exciton neigh-
boring a neutral acceptor and weakly affected by the acceptor,
while the second process is associated with excitons bound to
neutral acceptors, AX, acting as intermediate states.

(
B. Single SFRS compound matrix elements

The compound matrix element (13) can be presented as a
sum, V'O + V19 4 v {19 of three terms:

f tVeme)|wy,

E® — iy — iRl pm,

My

W [V Ee0)i, )
(le) 50 n=

s

(25)
where « =T,A,F and mpy =1/2,my = mp =3/2. The

summation over +m, in the numenator is performed by using
Egs. (A3) and (A6), and results in

Yo (ot Ve @y [V @i, 4)

m==%1/2
= 2id?, (e;‘( e, —e, &) )AL A_LTF,
Yot |V<em><e>|w;z)<%W“'”)(e‘))u, )
m==%3/2

=_§dc2v(e eg —ey e, )A* Ay

x (Is/1 £y £Ir /1 Fy)%, (26)
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where the upper and lower signs at the right-hand side corre-
spond to & = A and o = F, respectively, |A% | A_| is given
by Eq. (4), and the overlap integrals Zs, Zr are defined in
Eq. (A4). The combination e ¢) — e} ¢} is the z. component
of the vector product e* x e°. Therefore, the efficiency of the
single SFRS depends on the scattering geometry as

119 o sin® O (e* x €°) - ¢|*. (27)

Importantly, the rule (27) is independent of the parameter y
and the strength of the electron-electron exchange interaction,
while the structure of the intermediate three-particle state and
the values of Zg, Zr, of course, depend on y. The above results
can be used to obtain the single SFRS cross section for any
value of y. We will discuss two further limiting cases in order
to get insight into the SFRS mechanisms involved.

C. Single SFRS: Two limiting cases

Let us consider first the limit of strong electron-electron
exchange interaction (|y|~ 1) exceeding the electron-hole
exchange interaction. Such a case is realized, e.g., for the
exciton bound to a neutral donor, D°X complex, or a tightly
bound trion state. The negatively charged trions were shown to
dominate the low-temperature PL spectra of CdSe/CdS NPLs
with thick CdS shell [20] and coexist with the exciton PL in
an ensemble of bare core CdSe NPLs [10,21-25]. In this case
the three-particle energies (18) transfer to

E%,, = Es = Jo,
ﬁ;3/2 T F (28)
Eisp Eyypp Efzp = Er — 0,

as shown at the left part of Fig. 2, and the matrix element (13)
reduces to

i z

V{9 (ee) = id2 £%1(e" x €°) - cIAY, A+<

E() - th - lhrtr,T EO + Jee — hw() - lhrtr,S

where Ej is the excitation energy of the intermediate state n, neglecting the exchange interactions (14). The damping rates I'y
describe both the radiative and nonradiative recombination processes as well as the relaxation to the lower energy levels. Since
the triplet level is higher in energy its decay rate Iy, r is expected to exceed I'y; 5, in which case only the singlet trion contribution
to the SFRS is important.

We turn now to the limit of weak electron-electron interaction, |y| < 1, or strong electron-hole exchange interaction in the

exciton. In this case, the energy levels are (Fig. 2, right)

T T
E:I:l/2 = _E:I:S/Z ~ )

_AEyp

(30)

! 1
Efly, ~ 5 (BEsr + Jee). Ely, ~ —5(AEar — o).

For the multiplicative envelopes (21), the compound matrix element is

Vi (eh) = idZ,E(e* x €°) - c]AT A

[ C;(Zo — T,)
X

73 Tz } 31)

Es — liwy — Ty Ex+ (Jee/2) — hwo — ifTs  Ep + (Jue/2) — hiwy — ihTx

where Z¢ and Z, are defined by Eqgs. (7) and (24) and

r

To 7,
Iy = T(CS +Cr)+ ?(Cs - Cr),
(32)

r

To 7,
Ir = T(CS —Cr)+ ?(CS +Cr).

Again, the damping rates I'y r describe the recombination
rates and the relaxation from the bright to dark exciton state
and AEsr > I'y > I'p [21].

To start the analysis of Eq. (31) it is worthwhile to empha-
size that, for negligibly small Z,, Cs = Cy = 1 and |/,.|/2 <
hl4, Eq. (31) can be derived in the third-order perturbation
theory. Such a theory considers the single spin-flip scattering
process as a three-stage process that involves two intermediate
states n and n’ and is described by the compound matrix
element

v x) ="y MY X, €8 M, (X, )
fi (Es — hag — ihT4)2

(33)

(

Here M,E?}’S)(X, e%) and M}f;’,)(X, e) = [M,(lf’.t;f)(X, e)]* are, re-
spectively, the matrix elements of the exciton generation by
a photon and photon emission by an exciton neglecting any
resident electrons; see Eq. (6). In the first intermediate state n
the spin of the resident electron | remains unchanged but the
photon is replaced by the exciton W,,, of Eq. (5) with the angu-
lar momentum component m,, = 1 or m, = —1. In the second
intermediate state n’ the resident-electron spin | reverses to
1 due to the exchange interaction H,-.; see Eq. (14). The
exchange matrix element A,,, describes the flip-stop process.
In the e-e exchange interaction a spin flip of the electron in the
exciton is neglected because of the assumed large value of the
bright-dark exciton splitting. The equation for A, , is given
by

A = —JouAS A _ys.., (34)

where s, = —m, /2.
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D. Discussion of the contribution due to the integral Z,

The presence of the integral Z, in Eq. (31) is an original
result of this work and it needs an additional analysis. Neglect-

J

Vi e =

ing D, < 1 and setting Cs = Cr = 1 in Eq. (32) we simplify
Eq. (31) with Z} = 72 and 77 = Z? to

id2,E%[(e* x €”) - c]A% [ A_y
(Zo — T,)? T3 12 (35)
X —_ — .
Ey — hwo — iRy Ex 4 (Joe/2) — hawg — i 4 Er 4+ (Joe/2) — hwy — AR

The contribution proportional to Z2 has been analyzed in the
previous subsection, Eq. (33).

Here we give an interpretation of the contributions o
(—2Z¢Z,) and If in Eq. (35). For this purpose we can set
Jee = 0. In this case the level E4 becomes fourfold degenerate
and the denominators in the first and second terms of Eq. (35)
coincide. While deriving Eq. (35) we took Cs =Cr =1,
which allows us to take the basis of fours states at the level
E4 in the separable (factorized) form

Wi =le1 &r(p1) Le2lh Pexc(02, 1),
Va2 =Te1 &r(p1) Te2d Pexc(p2, 0),
Was =11 &r(01) et Pexc(p2, o1,
Vaa=lc1 & (p1) Te2l Pexc(p2, )

(36)

The explanation is based on the fact that electrons are
indistinguishable. Let us consider the optical generation of
an exciton in the presence of the localized resident electron
with the initial spin 1, or |, oriented along c. There are two
channels of the generation of the states W4 ; and W, », with
o, and o_ polarized light, respectively. We call them “direct”
and “indirect” and schematically illustrate in Fig. 3. The first,
direct, channel is the standard one and can be thought just as
an excitation of the four exciton states (36) as a bound state of
the photoelectron and photohole. The optical matrix elements
are given by Eq. (6); they are independent of the envelope
¢-(p), and the resident electron remains unchanged. The con-
tribution V(]e)(X X) x 1-2 arises from direct processes both
in absorptlon and emission and can also be called the “gemi-
nate” process of scattering, because the hole recombines with
the “same” electron that participates in the photogeneration.

However, for the transition from the initial state i = |,
to the intermediate state W4 ; or from the initial state i = 1,
to the intermediate state Wy ,, there is another channel in
which the photohole forms the exciton state with the resident
electron removed from the localization site with the envelope
¢-(p), while the photoelectron is localized on this localization
site. The absorption matrix elements for the second, indirect,
channel are

'bf A < .
M (Xina. €0) = (Va1 V)i =) = devel.

X / dp¢.(p) / dp' e (p)Pexc(p, p)

Ira

= cve

M5 (Xina, €0) = (Wanl V)i =) = deved I, (37)

(

and s1m11ar e uations are written for the emission matrix
elements M w1 Xing, @), Mfflzn)(de, e).

It follows then that the contribution o —27¢7, to the SFRS
arises both from the “direct-indirect,”

Vi Xing, X) o< ME™ (Xina, )M (X, €9),
and “indirect-direct,”
VAIX, Xing) 0 ME™ (X, )M (X, €9),

processes of the absorption and emission. The two con-
tributions are equal, providing the factor 2. For the real
initial and final spin states | and 1 given by Eq. (3), the
compound matrix elements are obtained as linear combina-
tions of V( e)(de, X) and V(]e)(X Xina), which results in the

factor A* A,+ in Eq. (35) Similarly, the term Z? comes
from the indirect absorption and indirect emission. Note that
this particular “indirect-indirect” process provides the SFRS
from the dark exciton level m, = +2; see the last term
in Eq. (39).

e —_—
AREN
[ 1
e

FIG. 3. Illustration of (a) “direct,” o Zs, and (b) “indirect,” o
Z,, channels of generation of the complex “exciton plus localized
resident electron.”
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In contrast, there is no simple physical interpretation of  from unity. It is just worthwhile to mention that the
corrections arising in Eq. (31), with respect to Eq. (35), value of D, in Eq. (22) is of the same order as Irz; see
from the difference of the normalization factors Cs, Cr Sec. V.

J
IV. DOUBLE SPIN-FLIP RAMAN SCATTERING

The double SFRS scattering cross section for the Stokes process is proportional to
1%9 o [V P8 (hay — heo — 2gunB) i, fo. - (38)

Taking the same g factors for the two resident electrons j = 1, 2, we can rewrite the product of occupations fi | f> , as the
squared occupation f| defined by Eq. (12). Both resident electron spins can flip, taking into account the exchange interaction of
each of them with the electron spin s in the exciton,

N .. 1
A= Y Jgje(s . Z)' (39)
j=1,2
As compared to the single SFRS, the matrix element Vf(zf) involves additional intermediate states and requires more complex
consideration. Therefore, it is instructive to start with the calculation of V;zie) for the simplified conditions which have allowed

us to derive Eq. (33) and terms &« —2Z4Z, in Eq. (35) for V;’]f).

A. Double SFRS, direct absorption, and emission
Extending the scattering mechanism involving both the direct absorption and direct emission of photons to the double SFRS
in the platelets containing two resident electrons, we obtain in the fourth-order perturbation approach

(em) (@] (j) p(abs)
VX ) =YY M, )AL AT M (X, €°)
fi M (Ex — Fwg — ihT4)3

j n'n'n

2,

* 0 x 0 2
= Er — hoo — il )05, 10
E4 — hiwy — ihT4 (ex(.exf + eyce},c)Q ) (40)

Here j = 1,2, the index j indicates the resident electron different from the jth one, the matrix element of the exchange
interaction between the jth resident electron and the electron in the exciton is defined similarly to Eq. (34) by

AP =€js €= —Jo AL A, @1

and
1 €1€2

¢ 2 (Ej — fiwg — ihil4)* “2)
In this case, three intermediate states n, n’, and n” involve the same photocreated exciton and differ by the spin configuration of
two resident electrons, namely, two spins down |1, antiparallel spins | ;1 ;, and two spins up 1;12.

The direct mechanism of the double SFRS is similar to multiple spin-flip Raman scattering observed in diluted magnetic
semiconductors, e.g., [26-30], and recently also in colloidal CdSe/CdMnS nanoplatelets [31], where Z, is certainly negligible
as compared to Z¢, because the d-electron shells are tightly bound to the Mn ions. It is also worthwhile to mention that Egs. (40)
and (42) agree with the theory of the resonance shift quantum spin noise spectroscopy and multiple spin-flip Raman scattering
[30], according to which

2
ler€a]
|Eexe — hay — ifTal*

01f% = ($2(0)82(v))

2Q°

where S. = §,. + 8., S.(7) is the Heisenberg operator, and the final factor in the right-hand side is the Fourier transform of the
correlation function (3'22 (O)S'Zz(t)) and equals ff /4.
The expression in the parentheses of Eq. (40) can be rewritten as e* - €” — (e* - ¢)(e” - ¢) or, equivalently, as a scalar product
of the vector products (e* x ¢) - (¢° x ¢), or as an explicit function of the angles 6, and ¢,
sin? 6.
2
Finally, the dependence of the SFRS efficiency on the scattering geometry is given by

129 o sin* Ole* - e — (e* - ¢)(e” - o).

[(ere) + €e?) sin 2 + (efe) — efe)) cos 2¢.]. (43)

%(1 + cos” 0.) (efe) + efel) —

(44)

235432-8



THEORY OF SINGLE AND DOUBLE ELECTRON ... PHYSICAL REVIEW B 102, 235432 (2020)

B. Double SFRS, indirect absorption or emission

For the mechanism related to the indirect spin-flip channel of either absorption or emission and contributed by Z,, the
corresponding part of the matrix element for the Stokes process has the form

VI = VE) (Xing, X) + VI (X, Xina), (45)
where

MERT (Xina, )AL M (X, €0)
V) (Xing, X) = L *
7 Kind, X) XI:Z (Ea — ha — ihTy)? o

n'n

and the second term is obtained by the interchange X < Xjuq.

In Eq. (46), in the first intermediate state n the photon is replaced by the exciton. The exchange interaction (39) between the
electron in the exciton and two resident electrons transforms the quantum system from the state with the initially parallel spins
112 to the second intermediate state n” with a pair of the antiparallel spins of the resident electrons and the unchanged exciton.
The emission matrix element in Eq. (46) is proportional to the integral Z,; given by Eq. (24) in which the function ¢,(p) is
replaced by the localization envelope ¢;(p).

The summation over m,, = =1 in the numerator of (46) leads to

. . 1
YN MEE) X, AT, MY (X, €0) = —SAAALA (e + e ) )T > el 47)
Jj o omy==%1 J

The polarization and geometry dependence coincides with that for the direct double SFRS, Eq. (44).

C. Double SFRS, trion mechanism

Here we consider the double SFRS with a trion as an intermediate state and assume that, in the applied magnetic field, the
initial state is formed by two spin-down resident electrons, one of them in the localized state described by the localization
function ¢,(p) and another one in the nonlocalized state described by ¢(p). The exchange interaction between the exciton
electron and nonlocalized resident electron is expected to be much larger than the electron-hole exchange interaction as well
as the energy level uncertainties. Therefore, we consider the intermediate states n and n’ formed by the singlet trion described
by the functions W3, /> and the spin-down (state n) and spin-up (state n’) resident electrons, respectively. Because of the singlet
configuration of the electrons in the trion, the spin flip of the resident electron from # to n’ can occur only due to the electron-hole
flip-stop exchange interaction

A

2 N
He-h = _gjeha(%(ﬁr,zgjzf)s(pr - ph)s (48)

where §,.., is the operator of the spin projection on the ¢ axis of the localized resident electron.
The form of the scattering matrix element is similar to that in Eq. (33):
(em) (eh) 3 g(abs) , 0

Mf,n’ (e)An’,nMn,i (e )

(Ey,s — liwy — ifly 5)%

Vf(Zie,tr) — go

n'n

(49)

where the absorption and emission matrix elements are proportional to Zg and are given in Appendix A by Egs. (A3) and (A6),
respectively. The exchange matrix element is given by
2
h .
Al(le/,n) = __ehAiJrA_"‘-]Zr"

3 (50)

€n = Jona} // B} (p)P5(p1. Py, p1)dPidprdpy,.

The estimation of Zg and ¢, for the trion state is given in Sec. V B. The exchange energy €, between the resident electron and the
hole is apparently smaller then the energy J.. entering the exchange matrix element for the exciton-mediated single or double
SFRS. The influence of the polarization and the measurement setup on the properties of the light scattering is identical to the
previous two mechanisms.

V. THE MODEL SIMPLIFICATIONS: EFFICIENCY OF the ratio between the direct to indirect matrix elements for the
THE EXCITON AND TRION SFRS MECHANISMS Single SFRS.

Here we are going to introduce some model simplifications
in order to estimate the overlap integrals entering the trion and A. SFSR mediated by “exciton plus localized electron” complex
exciton optical transitions and the electron-hole and electron-

. . . We start with the representation of the threeparticle state
electron exchange energies, as well as to give an estimation of

as the “exciton plus localized electron complex” with the
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envelopes Wy r described by Egs. (21). If the two-dimensional
(2D) exciton Bohr radius a%D is small as compared with the
in-plane dimension of the platelet then the exciton envelope
function can be factorized as follows:

Pexc(0es 1) = f(0e — p)F (Ren), (G

where the 2D radius-vector of the exciton center of mass is
given by

Ry, = el by (52)
me + my,

where m, and my, are the electron and hole effective masses.
The functions of translational and relative motion are approx-
imated by

2 Xe Yve
FRe) = cos ot o e (53)
LiLy L L
121 3
f(pe - ph) =1\ - = e—\ﬂg—phl/a’ (54)
T a

where L and L, are the lengths of the NPL rectangle sides
along the x, and y, axes, and X,;, Y., are the components of
R.,. We assume the area 7@ to be much smaller than the
in-plane area of a rectangular platelet S = L;L,. For the sake
of simplicity, we take the envelope of the resident electron lo-
calized around the point p? in the form of exponential function

as well,
21 .
O(p) = = — el (55)

also assume wa*2 « S and consider two limiting cases, d@ <
a* and a* < a.

For the assumptions (51)—(55), the overlap integral D, in
Eq. (22) is approximated by

2
D, = f dph[ / dpe¢>r(pe)‘1>exc(/>e»ﬂh)}
= 87 F?(p°) min{a*?, &%}, (56)
where

0 0
Ty,

overlap integrals, Z¢ and Z,, reduce to

8 28
1y = /(Dexc(p’ P)dp = f(O)/F(R)dR ==\ =2
T ma

Ir == // dpedph¢l‘(pe)¢r(ph)(DEXC(pe’ ph)

if ad <« a*,

:
=2v Z”F("?){ if @ < a.

4a*? /@

Note that Irz =D, ifad <« a*, and If = Dr(4a"‘/&)2 ifa* « a.

The ratio Z, /Z is smaller than unity and can be estimated as

I, mEe) @  ifa<a,

To 28 |4a** ifa* «a.

For the electron-hole exchange interaction in the three-
particle complex we obtain

(58)

Aoy = 2o / f @5(p,, p, PYP7(p,, P, P)dpdp,

_ Jud3f?(0) (1 _FA)

1-D, 12(0)
so that in the case of weak electron-electron interaction
Y X Jee/ Ao X Jee/ AEAF. In a similar way, we obtain A ~
AEjp.

The exchange interaction energy J,, entering the spin-spin
operator 7—26_6 can be found from

Jee = (@s|Hr exc| Ps) — (D7 Hy exc | Pr)- (59)

) ~ AEsr,

The three-particle Hamiltonian reads
ﬂr,exc == Tr + j\; + Th - Vr(pr) - V;(Pe) + Vh(ph)
—Up, —pp) —U(p, — pp) +U(p, — p.), (60)

where operators T stand for the kinetic energy of the particles,
—V, and V}, for the interaction of electrons and a hole with the
center localizing electrons, and +U for the two-particle repul-
sive and attractive interactions. Below we consider two types
of the interaction, namely, the planar two-particle Coulomb
potential

82

Uc(p) = —, (61)
Kp

where « is the dielectric constant assumed to be the same
inside and outside the nanostructure, and the Rytova—Keldysh
potential Ugg [32,33].

In the Heitler-London approach, (see e.g. Refs. [34,35]),
we obtain

2,0 4 2,0 0 7T)Cr
Foy) = 5&87(0;),  §(p,) = cos = cos (57)
! 2 Q+A Q-A 2A-D.Q)
Jee:ES_ETzl D _1 D - 1 D2 , (62)
While deriving Eq. (57), and in the following estimations, we + D - -
use the integral relation (B1) given in Appendix B. The optical where
J
Q - /// ¢r2(pr)q>§xc(pe, ph)U(pr’ p()’ ph)dprdpedph’
A= /// ¢r(pr)¢r(pe)cbexc(pr’ ph)cbexc(pe, ph)U(p,, P ph)dprdpedph,
U(prv Pe> ph) = U(pr - pe) - U(pr - ph) - Vr(pe) + Vh(ph) (63)
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In brief, we present the final result for the case of two-particle Coulomb interaction U¢:

7 F> (o)

Jee =
1-D?

F2 0y %2 2 * B 2
Joo= AT & (o % pafav, — 2]+ 162000, — )
1-D2 | «ka* a ' b4

Here we use the notations for five integrals involving the
potentials V,(p) and V,(p) given in Appendix B. Equations
(64) are obtained with the help of Egs. (B1) and (B3).

Note that Q,, and @, cancel each other and make no
contribution to J,.. The same is true for the electrostatic parts
of the differences Vi — V. and v, — vj. Apparently, the
terms in brackets of Eq. (64) proportional to F 2(/’9) o« §~!
can be ignored in the qualitative estimations. We can make
additional simplifications considering that, for bound states,
the average kinetic and potential energies have the same order
of magnitude and assuming the short-range parts of V,(p)
and V,(p) to be comparable in strength. It follows then that,
for a < a*, the difference V)5 — V.4 can be neglected as
compared to &2 /(ka), and, for @ < a*, the integral Vhﬁf and
the energy ¢?/(k@) are smaller than V,. Thus, for the sake of
estimation, Eqgs. (64) are reduced to

2,0 e *
Jee = (Bn — 16)F“(p,)a— ifa K a”,
K

2 2.
Joe = TF2(p0)a* (37re— — 4 —v,a*> ifa* < a. (65)
K T

One can see that, in the case @ < a*, J,, is certainly negative
while in the opposite case a* < @ it can change sign and
vanish at 37 /7 (€?/k) = 43/2V,a*.

For a thin nanostructure like a CdSe NPL, one has to take
into account the difference between the large dielectric con-
stant «;, inside the NPL and the smaller dielectric constant x
of the surrounding organic ligands [21,25,36]. In this case it is
preferable, instead of the potential (61), to take a more general
Rytova-Keldysh potential [32,33] with the Fourier image

27 e?

kq(1 +gro)’
where the signs £ correspond to the repulsive and attrac-
tive interaction, respectively, and ry is called the dielectric
screening length [25,37]. For this kind of the potential, the
final result for the electron-electron interaction J,. has the
structure of Eq. (64), but with the integrals (B3) replaced by
the integrals (B4) containing different numerical factors sy, s,
and s3.

We are now ready to compare the direct (o< Ié) and mixed
(or direct-indirect, o« —2Z¢Z,) exciton contributions to the
single SFRS. For @ <« a*, their ratio at fiwyg = E4 can be
estimated as

2|Vii Kina X)|dRT, T,
|V(1.e)(X,X)| |Jee| I¢>

+Urx(q) = (66)

hFA Ka
E(p?) &’

Since the Coulomb energy e?/(ka) is expected to exceed by
far the energy uncertainty /il'4, the indirect mechanism can be

(67)

N

2
{e—~(3n' —16) + 16[Vig — V,.p + F2(p)) (v, — vh)]} ifa < a*,
Kka

if a* < a. (64)

(

important only if the localization center lies close to the NPL
boundary, where a value of |£(0?)| is small. In the opposite
case a* < a, the value of |J,| can vary in a wide range
and even vanish for tightly localized states at 37 /7 (¢? /) =
4+/2V,a* independently of the value of £(?), in which case
the scattering efficiency is reduced and the indirect mecha-

nism becomes important. Similar considerations apply to the
double SFRS.

B. Estimation for the trion-mediated SFRS

In order to estimate the scattering efficiency due to the trion
intermediate states, Eqs. (17), we use a factorized trion wave
functions

Dgry(p15 P2, 1) = Fsa)(P1ps P2)F (Ryr), (68)

where pjn = |p; — pyl (G = 1, 2), Ry = (Xur, Yi) are the trion
center-of-mass coordinates obtained from Eq. (52) by replac-
ing m, by 2m,, and the translational motion envelope F (R )
is given by the function (53). Here we perform estimation for
the singlet-trion probe envelope function chosen in the form
proposed by Chandrasekhar [38,39],

Pin P21
Js(pins pop) = /Cs|:exp <—_ _ _)
aj a)
+ exp (—& - @)]<1 n M)’
ap ai a3

(69)

where a1, ay, and aj are the trial parameters, Ky is the normal-
ization factor which can be approximated by ~/2(waja;)"
and, for definiteness, we take a; > a,. Clearly, the factor-
ization (68) implies the conditions wa?, wa3 < S. The trion
optical overlap integral (A4) is given as

2 2
T, = 2n/cs[a%<1 + ﬂ) +a§(1 n ﬂ)}
as as
X/dpw(p)F(p)-

For a resident electron quantum-confined in the platelet, the
envelope ¢(p) is similar to the function (53) and the integral
[dpe(p)F(p) = 1.If the resident electron in the initial and
final state is localized according to Eq. (55), the integral in the
right-hand side has the form

4 2ma* é(p())

NS v
Therefore, the trion mechanism is more efficient for the single
SFRS in the NPLs containing nonlocalized resident electrons.

/dp @ (P)F(p) =
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The energy ¢, entering Egs. (49) and (50) for the double
SFRS trion mechanism is estimated by

en ~ JagF(pY) = AEArF2(p%)/f*(0) < AEsp.  (70)

Since the electron-hole exchange energy splitting AEp
(~4 meV in a 4 monolayer (ML) thick CdSe NPL [21])
is much smaller than the exciton binding energy (~ 200-—
300 meV in a 4 ML thick CdSe NPL [25,36]), one has ¢, <
Jee and the trion-involved double SFRS is less probable than
the double SFRS via the exciton intermediate state.

Estimations for the triplet trion can be obtained in a simi-
lar way by using a reasonable antisymmetric probe envelope
introduced by Eq. (8) in Ref. [39].

It is important to note that, in the CdSe/CdSe core-shell
NPLs where the PL is dominated by the trion emission, only
the single SFRS was observed [20]. Both single and double
SFRS was observed in the bare core CdSe NPLs under the
excitation at the exciton resonance energy or slightly above
[10]. We conclude from the above consideration that the dou-
ble SFRS involves the exciton plus two resident electrons as
an intermediate state. The exchange interaction between two
resident electrons is negligible as the observed Raman shift
for the double SFRS is exactly 2 times the shift of the single
SFRS [10]. Therefore, both resident electrons are localized
and at least one of them is at the edge of the NPL. The single
SFRS can be observed from the singly charged and/or doubly
charged NPLs; in the latter case each of the resident electrons
may contribute to the signal.

VI. POLARIZATION SELECTION RULES AND THEIR
VIOLATION

In this section we discuss the polarization and geome-
try selection rules for single and double SFRS and compare
them with the experimental observations of Ref. [10]. First
of all, it can be noted that all considered mechanisms both
for single and double SFRS do not change the spin direction
of the photocreated hole, and therefore conserve the angular
momentum quantum number m, = +1 or m, = —1 of the
intermediate exciton state or the sign of the total angular
momentum component m for the three-particle intermediate
states (17). Therefore, all considered mechanisms predict the
copolarization selection rules for the circular polarized light
in the case when all NPLs are laying flat at the surface with
sin 8, = 0 for both single and double SFRS. This can be easily
seen from the obtained polarization rules given by Eqgs. (27)
and (44), respectively, having in mind that e, = Fie, for o4
polarized light, respectively.

For the single SFRS, the copolarization rules for the circu-
lar polarized light as well as the cross-polarization rules for
the linearly polarized light remain strict also for the whole
ensemble of NPLs as

* 0 _ * 0 * 0

(e" xe’) -c=cosh, (exe} - e}ex)
It is important to note that the circular copolarization rule for
the SFRS with the flip of the resident electron allows one to
differentiate between this process and the SFRS with a flip
of the exciton as a whole mediated by the interaction with

acoustic phonon. The latter process was observed in quantum

well structures with strict circular cross-polarized selection
rules in the Faraday geometry B || z [5].

Another important difference comes for the geometry se-
lection rules. One can easily see that the dependence of the
single SFRS intensity on the NPL orientation is proportional
to sin? @ cos? 6, = sin? 6. cos? 6, for the Faraday geometry.
Therefore, the single SFRS with the resident electron is for-
bidden in the Faraday geometry for the NPLs with sin6, = 0
(horizontally lying on the surface; the face-down NPLs) as
well as for the NPLs with cos 6, = 0 (vertically standing on
the surface; the edge-up NPLs). However, the single SFRS
is allowed in the Voigt geometry B L z with an energy shift
determined by g = g, for the face-down NPLs and can be
observed in the Faraday geometry from the slightly tilted
face-down NPLs (with g ~ g|) and the slightly tilted edge-up
NPLs (with g & g, ). The analysis of the g-factor difference
from g, observed in Ref. [10] in the ensemble of CdSe NPLs
with 4 ML thickness allowed us to conclude that the main
orientations of the NPLs were face down and slightly tilted
face down. While the polarization selection rules observed in
Ref. [10] for the single SFRS were mainly in agreement with
the scalar triple product (e* x €°) - ¢, a certain violation for
both the linearly and circular polarized light was observed in
both the Faraday and Voigt geometries.

A. Violation of the polarization selection rules for the single
SFRS

As mentioned before, the NPL in-plane anisotropy may
result in an anisotropic splitting of the exciton state with
eigenstates described by the functions W, and W, from
Eq. (8) with the energy difference E, — E, = A,. Note,
that A,, is positive in the case L; < L, and can be related
to the anisotropy of the long-range electron-hole exchange
interaction [18]. The value of A,, can be affected also by the
exciton localization at anisotropic islands with the area less
then S [40]. Up to now, we have neglected the effect of the
anisotropic splitting, assuming it to be smaller than AI". Its
account for the three particle intermediate state “exciton plus
resident electron” can be done within the perturbation theory
as follows. Let us consider the perturbation H,, mixing the
+1 exciton states as (Wi |Han|W+1) = Agn/2. This perturba-
tion modifies the sum over the m,, = 1 intermediate states
and results in anisotropic corrections rSV(le 0 (¢h) to both the
direct and mixed (or direct-indirect) ex01t0n contributions to
the single SFRS compound matrix elements given by

OVIE™eh) A (epe

e* ()L)
V (le) h thI
fii (6 ) A

(e* X eO) c

(71)

Note that the correction to the polarization selection rule,

* 0
e e . te e

= cos@c[(e e +e e )cosZ(pC

ey (e*e(y) — ete?) sin2¢,].

depends on the NPL in-plane orientation with respect to
the laboratory frame x,y, and the intensity of the polar-
ized light should be averaged over the azimuth angle ¢, in
the ensemble. The anisotropic correction violates both the
co-polarization rule for the circularly polarized light and the

cross-polarization rule for the linearly polarized light for
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the face-down NPLs. After the averaging over all in-plane
orientations, we obtain

I(l_e,an) [(le,un) Az
a lU+ — 2 Hl‘{ — Zan . (72)
. T T

In the experiment [10], for the nonresonant excitation the ratio
Iéﬁiﬂ /1), is estimated by 0.2 in the Faraday geometry and
1/7 in the Voigt geometry. It means that A,, is of the same
order as hil'y4.

Additional violations of the selection rules for the linearly
polarized light in the Faraday geometry may come from the
account of the Zeeman splitting of the intermediate states in
the external magnetic field, neglected up to now. Indeed, in
the Faraday geometry a large value of 1,(1],3) /11(115) = 0.5 was
observed in the magnetic field 5 T even under the nonreso-
nant excitation [10]. For the “exciton plus resident electron
complex,” only the the Zeeman splitting of the exciton is
important. It is controlled by the exciton effective g factor
and might be additionally affected by the exchange interaction
of the electron in the exciton with the resident electrons not
involved into the single SFRS process (when there is more
than one resident electron in the NPL) or with the surface
spins [22]. Within the perturbation theory, it is instructive to
consider the Zeeman perturbation A leading to a splitting
of the +1 excitonic states, (Wi |Hz| W) = +Az/2. The
allowance for this perturbation does not change the circular
polarization of the emitted light but modifies the sum over
the m, = £1 intermediate states and results in Zeeman cor-
rections (SV(lf’Z)(eh) to the both direct and mixed exciton
contributions to the single SFRS compound matrix elements,
given by

BV;,lie'Z)(eh) Az (e* xc¢)- (e x¢)

73
Vf(.lf)(eh) 2T, (e* xe€Y)-¢ (73)
Note that, for the slightly titled face-down NPLs,
(e xc)- (" xec)~ered + e;eg.
This brings us to the crude estimation
I(leA,Z) A2

1 - 2
119 41}

and Az ~ hl'y in the magnetic field 5 T. For the singlet trion
intermediate state, the Zeeman corrections are related to the
Zeeman splitting of the hole states controlled by the hole g
factor. However, this splitting does not violate the polarization
selection rules for the circular polarizations.

VII. CONCLUSION

To summarize, we have developed a theory of single and
double SFRS observed recently in 2D nanoplatelets contain-
ing resident electrons. The derived theory is valid for arbitrary
orientation of the NPLs in the ensemble as well as for arbi-
trary direction of the magnetic field with respect to the light
incidence direction. It has been shown that the compound
matrix elements for the single SFRS mediated by the trion
states or by the complexes “exciton plus localized resident
electron” can be considered as the limiting cases of the gen-
eral compound matrix elements mediated by the three-particle
states with arbitrary relation between the electron-electron
and electron-hole exchange interaction energies. We have ob-
tained the compound matrix elements for the double SFRS
for both limiting cases and concluded from the comparison
with the experimental date that the observed SFRS signals are
mediated by the excitation of “exciton plus localized resident
electrons” complexes. An important feature of the single-
electron SFRS distinguishing it from the exciton SFRS is the
copolarization selection rule for the circularly polarized light,
which can be slightly violated because of the splitting of the
exciton states in the rectangularly shaped NPLs.

The analysis of experimental data on the SFRS based on
the theoretical foundation allows one to access information
about the electron g-factor values and anisotropy in an indi-
vidual NPL as well as about the orientation of NPLs in the
ensemble [10,20]. Here we have additionally shown that the
SFRS studies can be used as a tool to get information about
the state of the resident electron in the NPL, in particular to
determine if it is localized at the edge boundary or spread
over the NPL area. We have found that, for the intermediate
states “exciton plus localized resident electron,” the indirect
photoexcitation and photorecombination channels of the scat-
tering can play an important role. The developed theory can
be extended for the NPLs containing resident holes as well as
dangling bond spins at the NPL surfaces or edges.
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APPENDIX A: ABSORPTION AND EMISSION MATRIX ELEMENTS

Here we apply the secondary quantization method [41-44] to derive the absorption and emission matrix elements for few-
particles states. In this approach the operators of the electron-photon interaction for the photon absorption and emission are

presented as

5 (abs 0 0 T
A (0 b’ k,ﬂach,Lc + ea,bik,uakﬁc)chwo,eo’

+ 70—

yem

= _dcv (e:;ak,icb—ksﬂ + e:,aks%b—k;ll)c;m),e'
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Here a;i 1o bT Lk Ghtes b_ 4, etc. are the electron and hole creation and annihilation operators, and chw > Chag,e0 are similar
operators for the photons. Hereafter we use the notation

0 _ e;)c + ie.?c * g;k( + ie;k( (Al)
eai_—\/i , eai——\/§ .

Initial and final states for the single SFRS are
i) = Cal b wl0) 1f. 1) = Cyal 1l 10 (A2)

where C, is the Fourier component of the resident electron envelope.
The intermediate states (17) in the secondary quantization approach are

(T) T ’r
Wisn12) = f > ol 1., 1P 4 0)10):
919293
e a4t
qj+l/2( -5/2) = \/_ Z 0-9:.0:%,. 1. %, 1. qsmll)'())’
919293

T _ (T) ¥
Yiancsm = D Cofnasa 19,1 ba 0|00
919293

S _ S) T
Vancsm = D Covtnasd 1.9 bas |0
919293

Here C{7)  and C*)  are the Fourier images of the triplet and singlet envelopes ®7(p;, p,, pj), Ps(py, pa, py,) in Egs. (17).

The factors 1/+/2 in the first two equations provide the normalization condition.

Taking into account the properties of the creation and annihilation operators we can calculate the exciton absorption
matrix .elen.lents. It is clear tha.t the. states !T+1, mH=wr tspand [Ty, ) = wr ~s,, do not absorb or emit photons in the dipole
approximation. For the remaining six matrix elements we obtain

(W1, 5 [VEi) = V2de IrA__e)
(qul |V(dbb)|> dchTA +€ L,
(W55 [VEi) = dey TA_y€) )
(‘IJS3 |V(dbs)’> —doTsA__€°
(\Ij |V(ab8)|> deITA +e o
(\I—’T |V(dbs)’> d ITA__e y
where
Is = CotiCa= / / Os(p. 0. )9, (0)dpdp,
kq
Ir = ZC;Tk)* «Ca = // @7(p, o', 0P (p)dpdp, (A4)

kq
and the coefficients A__, A_ are introduced in Eq. (3). In the case of the nonlocalized resident electron in the initial and final

states, the envelope ¢,(p) in Eq. (A4) should be replaced by ¢(p).
For excitation of the mixed states (20) we have

(\pg‘ES/znﬂabS)u): cO(wi |V<ab”|z)ic<2>( 2|V<*‘b”|l) (A5)

and similar equations for W}, ,.
For the initial state with the resident electron in the spin-up state 4, the matrix elements (|V @*¥|1) are obtained from those
in Egs. (A3) by the replacement A__,A_, — A, _,A;,.
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The matrix elements (f|V©™|n) for the transitions |n) — |1) with the photon emission are obtained from (4 |V©™|n) and
read

(F[VEmL, ) = V2de Ir A% el

(F|vem|w, 2) deVITA++eU ,

<f“7(em)}\p+3/2> dCVISAJFJre[7 , (A6)
(FIVeEm|ws, ) = —doTsAT e

(FVemwl; ) = deZrAY €

(FVEmwT, ) = doIr A% €}

APPENDIX B: INTEGRAL RELATIONS AND NOTATION

Here we give the integral relations and explain notations used for the estimations in Sec. V. The first integral relation reads

[21
Z- / e Plidp = 24/ 2ma. (B1)
T a

Notations for integrals involving potentials V, and V}, are
U — U = / [V:(0) = Vi(p)ldp,

Vip = / Vio)p2(0)dp, Vi = / V()62 (p)dp,

(B2)
Vir = [ Voo = o).
. 1
Now we present integral formulas for the Coulomb potential Ug,
2 3 2 2
i // Uc(p, — p,)ef(p"Jr”r)/”dpEdp, = ie_’
ma’ 2 «
2
e
[ veorstorin =227 (B3)
5 2¢%
Uc(p)f~(pydp = —,
Ka
and for the Rytova—Keldysh potential Ugk,
2 2
— 3 // URK(pe - pr)ei(peerr)/adpedpr = e_sl’
wa K
&2
[ vorsiortn = s (B4)

/ Urc(0)f2(0)dp = “—s5.

Ka

Here

3 b4 1
0 2 4 2 4
8 a

s?: , L=—.
1+ 023+ 23+ 02)] ro
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For the unscreened Coulomb interaction (ry — 0), the coefficient s; tends to 3772 /2. The other two factors are defined as follows

]2 * dx
n=\n) wn

n=aelola) ol

where R = 1 + 5> — 2nx + x* and
nx+1—n? 1

2
= \/;n[G(oo, n — G, n)l,

nmy],_d
272 9 ro’

(B5)

2(1+n* = nx+ /(A +n*)R)

G(x, — _
(x, n) RN/

n
(1+n?)}

X

To find the definite integral in Eq. (B5) we have used the indefinite integral of the function 1/(xR>/?) presented, e.g., in the book

[45].
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