PHYSICAL REVIEW B 95, 195310 (2017)

Resonance fluorescence and phase-dependent spectra of a singly charged n-doped quantum
dot in the Voigt geometry

F. Carrefio,! S. Maede-Razavi,? and M. A. Antén!
! Facultad de Optica y Optometria, Universidad Complutense de Madrid, Calle Arcos de Jalon 118, 28037 Madrid, Spain
2Department of Physics, College of Science, University of Yasouj, Yasouj, Iran
(Received 3 October 2016; revised manuscript received 29 March 2017; published 19 May 2017)

We report on the resonance fluorescence and phase-dependent spectra in singly charged n-doped quantum
dots in the presence of a strong external magnetic field in the Voigt geometry. The use of a nonresonant laser
field driving two of the four active transitions results in the obtention of fluorescent photons along the four
channels. The fluorescent photons coming from the two undriven transitions exhibit sidebands whose spectral
location can be tuned through the Rabi frequency of the driving field and, most interestingly, their linewidths
remain subnatural even for large values of the Rabi frequency of the laser field. It is shown that those sidebands
present quantum fluctuations below the fundamental limit set by vacuum fluctuations. The numerical findings

are fully explained by considering how the dressed states evolve in terms of the external physical magnitudes:

the detuning, the Rabi frequency, and the dephasing rates.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) are analogous to real
atoms, and their optical properties closely resemble the ones
found in atomic physics. Many quantum optical effects—such
as the coherent manipulation of exciton wave functions [1],
optical pumping [2—-6], resonance fluorescence [7-23], rota-
tions of the spin vector [24-28], coherent population trapping
[29-32], single photon generation [16,20,33,34]—are the
subjects of stimulating experiments which have revealed their
potential in quantum information science.

The possibility of realizing a spin-photon interface has been
stimulated by the demonstration that the scattered photons
by a solid-state emitter are correlated with the quantum
dot spin [9,14]. One key element of a quantum repeater
protocol is the creation of entanglement between two distant
quantum emitters by overlapping spectrally identical single
photons [11]. However, the spectral inhomogeneity of these
emitters poses a significant challenge. An important aspect in
terms of quantum information processing is the tunability of
the resonantly scattered photons. In order to accomplish this
task, an independent knob to ensure the spectral overlap of the
emitted photons is needed.

The experimental observation of all-optical tunable Ra-
man photons [11] was a first step towards the probabilistic
entanglement of two distant p-doped QDs in the Voigt
geometry [35]. The Raman photons were produced in an
optically driven quantum dot characterized as a A three-level
system. It was shown that by detuning the driving laser from
resonance, the frequency of the Raman photons could be tuned
either by changing this external detuning or the lower level’s
splitting by changing the magnitude of the external magnetic
field. However, in single self-assembled QDs charged with a
single excess conduction-band electron and subject to a high
magnetic field in the Voigt geometry, a four-level description
could provide a more accurate description of the system up
to a field strength of a few teslas. In this case both ground
states are optically coupled to the trion states. The four-level
model has been previously considered to analyze the fidelity
of spin-state preparation [4].
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The aim of this work is to extend previous investiga-
tions [11] of the spectral properties of fluorescent Raman
photons scattered by a gated n-doped QD in the Voigt geometry
which is driven by an out-of-resonance laser field, taking into
account the fact that the driving field couples the ground states
to the trion states. We make use of a master equation for
the density matrix equation for the four-level system of a
X'~ in a magnetic field. Our treatment generalizes the usual
analysis which reduces the system to a three-level type as
in Refs. [8,11,21]. We show that even if the driven field
populates the trion states, the strength of the driving field
can be used as an additional knob to tune the center frequency
of the Raman photons, keeping subnatural the linewidth of
the corresponding spectral line. In addition, we analyze within
the four-level scheme the phase-dependent spectrum of the
scattered photons. It is found that the subnatural Raman lines
exhibit a level of squeezing below the limit set by vacuum
fluctuations. We also show how these phenomena can be
explained by moving to the dressed state picture. It is worth
mentioning that in a recent experiment, Schulte et al. have
shown that by using a QD with a large optical dipole moment,
and modeling it as a two-level system, quadrature squeezing
and antibunching have been obtained simultaneously [36]. The
noise spectrum of a QD in close proximity to a graphene
sheet has been analyzed also, showing that surface plasmons
strongly influence the level of squeezing of the scattered
radiation [37].

The paper is organized as follows: Sec. II establishes the
model, i.e., the Hamiltonian of the system and the time-
evolution equations of the atomic operators assuming the
rotating-wave approximation. Section III present the results
of numerical simulations together with a physical explanation
of the different effects found. Finally, Sec. IV summarizes the
main conclusions.

II. THEORETICAL MODEL

We consider InAs/GaAs self-assembled QDs via the
Stranski-Krastanov method with growth direction along the
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FIG. 1. Four-level system including the relevant transitions when
the external magnetic field is applied perpendicular to the growth
direction. Transitions |1) <> |3) and |2) <> |4) are driven by a 7,
polarized laser field (£23), while transitions |1) <> |[4) and |2) < |3)
could be driven by a 7, laser field (not shown).

Z axis. The QDs are separated from a Fermi sea of electrons
by several nanometers in thick n-doped back contact layer.
An external bias voltage applied between the top gate and the
back contact allows the deterministic charge of the QD [38,39].
The ground spin states are labeled |1;) = |{,) and |2;) = [1,),
while the excited trion states are [4;) = ||, 1, ;) and|3;) =
[\, 1,1,). Here 1,(},) and 1,({,) denote a heavy hole and
an electron with spins along (against) the Z axis. Electron and
trion states share the same energy level in the absence of an
external magnetic field. The energy level diagram of such kind
of QD is depicted in Fig. 1(a). The optical transition |1,) <
|4,) (12;) <> |3;)) isdrivenby ac~ (oF) polarized laser field,
while due to selection rules transitions |1,) <> |3.) and |2,) <
|4,) remain dark. The application of an external magnetic field
along the X axis (perpendicular to the Z axis), in the so-called
Voigt geometry, lifts the degeneracy of hole/electron levels
according to Eg(,fl) 2/,L 38" B,, where EZ(;L) stands for the
Zeeman energy shift relative to B, = 0T, B, being the external
magnetic field, and pp is the Bohr magneton. Quantity g"©
is the Landé€ factor of carrier & (e). The external magnetic
field also causes a reference frame transformation from the Z
axistotheXaxis and we get |2) = |1,) = 1/«/_(|T + 1)
and |1) = =1//2 (1,) — ). Now each ground state
is linked to the two exciton states (|14) = ||, 1,J,) and |3) =
[4.:1:1,)) via linearly and orthogonally polarized transitions,
as depicted in Fig. 1(b).

The Hamiltonian that governs the dynamics of the QD can
be expressed in the rotating-f approximation as

H = Hy + Hiy. ey

The free Hamiltonian H4 of the system reads as

4
HAthwjajj, (2)

where fiw; is the energy of the jth level and o;; are the Pauli
operators.
The interaction Hamiltonian Hy,, written as

Hiy = —h(Q31e " o3y + Qe oy + Hal), (3)
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accounts for the interaction of the QD with the optical field
of angular frequency w; which drives transitions |1) <> |3)
and |2) <> |4), while transition transitions |1) <> |4) and
[2) < |3) remaln undriven. The Rabi frequenmes are given
by Q3 = /,L13 Eoﬁ/2 and Q4 = /,L24 Eoﬁ/2 E() belng the
slowly varying amplitude of the optical field.

Let us consider the following unitary transformation U (¢) =
e~i@L@ntou)! The new Hamiltonian should read as

0
H =U'()HU®t) — iﬁUT(t)aU(t)
= hwio11 + hwrop + h(w; — w1 )o33 + i(ws — @1 )044

— (231031 + Q42040 + H.a)). “4)

Since we are considering a closed system (Z‘;:l ojj = I,
I being the identity operator), Eq. (4) can be rewritten as

H' = hoy I + hawnom + (ws) — wp)o33 + (s — ©1)ou
— (231031 + Q2040 + Hoa). 5
Let us define the optical detuning as § = ws3; — w, thenEq. (5)
can be rewritten as
H' = +hwy 09y + h8033 + (8 — w34)044
— (231031 + Qo + Ha.), (6)
where the constant term fiw; I has been dropped.

The dissipation processes are described through operator
Lp, which in the Linblad form reads as

ISP
Lp = T'poyporn — 7(011,0 + po1r)
[
+ 0120021 — T(Gzzp + p022)
[y
+ 510130031 — 7(033,0 + po33)
Iy
+ L41014p041 — 7(044,0 + 0044)
Iy
+ 320230032 — 7(033,0 + p033)
Lo
+ 40240047 — 7(044/0 + p044)
V22
+ ¥22022002 — 7(022,0 + p022)
Vi1
+ynoupon —7(611P+,0011)- (7N
The terms involving I'y; arise from Linblad operators
L(/Tkjojx) (j =12,k =3,4) and they account for the
spontaneous photons produced along transitions |k) < |j).
The action of a Linblad operator is defined as L(C) = CoCT —
1(pC'C 4+ C'Cp). The term proportional to y; (i =1,2)
accounts for pure dephasing whereas the terms proportional
to I';;, and Ty, arise from an incoherent relaxation process
which couples states | 1) <> |2) bidirectionally. They arise from

exchange interaction with the Fermi sea of electrons in the back
contact giving rise to spin-flip cotunneling.
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The density matrix equations of motion of the system read Let us define the vector U(t) = [020(t), 033(2), paa(t),
as 021(2), p12(1), p31(2), p13(1),  P41(1), P14(2), P32(1), 023(2), Pa2(1),
P2 024(1), p43(1), p34(t)]", where superscript T stands for trans-

Fyal —(M21 + 2oz + (T2 = Ti2)p3s + (Ta2 = T'i2)pas pose. Then we can write Eq. (8) in matrix form as

— Q4024 + 12, P42, d
) 42 P24 4242 EU(t) = MU(t)+B’ (9)
03 . -
233 —(T30 + T'31)p33 + iQ231 013 — i 25,031,

aat with M being an (8 x 8) matrix and B a column vector whose
(27 . . coefficients can be determined from Eq. (8). Steady-state
ot ~(Car + Tan)pas + Q224 = iU a2, values for populations and coherences are derived through
9p21 - . U(c0) = M~'(=B).
o —Fy1p01 + 082 041 — 1823123, We are interested in determining the spectral properties of
5 the fluorescent photons, in particular the so-called resonance
o F31031 —iQ231(033 — pi1), fluorescence spectrum (RES) of the QDs. In the steady-state
dt regime, this spectrum is proportional to the Fourier trans-
dpa1 . . formation of the correlation function lim;_, o (E. (r,t' + 1) -
Tor = —Fapu +iQaopn = iQ315, Ej(r,t)), where Es‘(r,t)/E;L(r,t) is the negative/f)ositive fre-
903 . . quency part of the radiation field in the far zone. The radiation
o T —F3p3n — Q24034 + 231012, field consists of a free-field operator and a source-field operator
5 that is proportional to the atomic polarization operator [40].
9a _ Furpar — i Quo(pas — pa2), Therefore, the steady-state RFS can be expressed in terms of
ot the atomic correlation function
05— Fppus — iQp01 + 192 @) =
oy = Faps 13041 42023 5, (@) o Re[lim f (E“;m(t/ - E;fm(t))e"“”/dt']
In writing the above, we made use of the following abbrevi- oo
ations: Fp; = 1/2(Ty1 + T2 4+ yo + y11) + i, F31 =1/2 (m = x,y), (10)

a1+ T+Ti+y)+is, Fau =1/204 + T + T2 + . .

VD) +i(8 — ang),  Fyo = 1/2(Ts1 + Tap + Doy + yao) + (s Where Re[ ] denotes the real part of the magnitude enclosed in
— 1), Fip=1/2(Cag + Tap + Dop + y20) +i(8 — w3y — square brackets, and E_, (f) is the negative frequency part
wn), and Fi3 = 1/2(T4; + Tap + D31 + T3) — iosa. i of the fluorescent field which in the far-field zone (|F| >

c/wij, k =3,4, j = 1,2) reads
|

P 2
2 o w3 S - Wy S > —iw(t—
E; (F.1) = | 53031t — |Fl/c) + = fiaaoan(t — [F|/c) [e /),
’ c?r] c?lr
I (1)%2 wzzu ; .
E;\(r.) = |:62—|7|M23032(l —Irl/o)+ c2_|7|m4041(t - |V|/C)]€_’w(t_r/‘), Y

and E;fm(t) = (E; m(t))T (m = x,y). In what follows we will assume that w3; & w3y =~ w41 X w4, and introduce the spatial

factor f(r) = :2’% .

In writing Eq. (10), we abbreviate w — w;, by w, but we should interpret w as a frequency measured relative to the laser
frequency wg,, since we will assume that the QD is driven by a 7, polarized laser field. The calculation of S, ,)(w) requires us to
evaluate two time correlation functions, which can be performed by means of the quantum-regression theorem [40—-42].

Now we may study the optical properties of light scattered by the atom, such as the spectral normally ordered field variance
of Ey or the squeezing spectrum, which was defined in Refs. [43—46] as

N 1 o0 : S L=
(: Sk (F,w,0) 1) = E/ dre " T(: Exo(F,1),Exo(rit +1):) (k=ux,y), (12)
—00

where (A,B) = (A B) — (A)(B) and T is the time ordering operator. Squeezing is characterized by the condition that the normally
ordered variance (: Si(7,w,0) :) of the electric-field quadrature component E 4 is negative. For this purpose, the operator of the
electric field at the observation point 7 is required. We introduce the slowly varying electric-field operator with phase 6 as

Exo(F.t) = LES G0 + VES (Fe @0 (k = x.y). (13)
In the case of considering the 7, polarized optical transitions, we first calculate the integrand of Eq. (12),
T(: EcoFit),Eco(Fit2) 2) = TG ES ()™ 4 B (e OV ES ()l + ] (e r2+0] )
= T(: Ef (1), Ef (1) e @220 L (0 B (1)), E; (1) 1)e o)

+ TG EL (1), Ef (1) e 07 4+ T E (1), Ey (1) e @429, (14)
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Now taking into account the time ordering, Eq. (14) can be recasted as

T(: Exo(F.t1)Exo(F.12) 1) = (Ef (1), ES (1))t OtDP0Q(1y — 1) + (EF (02), E}f (1)) 02001, — 1)

F(E; (1), E; (t)e R0 1) 4 (E- (1), E; (1)) " @Ot¥209(1, — 1))
+(EL (1), EL (1) ([0t — 1) + O(r — 11)]
+(E; (). E; (1) ™[0(t) — 1) + Ot — )], (15)

where ©(¢) stands for the Heaviside function.
Inserting this last expression in Eq. (12), we obtain

2
G S Gy = 20

= Re/ dt(e' + e (ui5(o13(t + 1).013(1)) + [h13 - floa(013(t + T),024(1))
0

+ 13 - fBoa{024(t 4 7),013(1)) + 34 (024t + T),004(1))) 2T+ U3 (031 (F + 1), 013(D))
+ 13 - faa(o31(t + T),024(0)) + [i13 - fhaa{oaa(t + T),013(1)) + w3, (ot + 1),004(1))]. (16)

As for the 7, polarized transitions, we arrive at the following expression:

f
4

(: Sy(Fw,0):) =

2 o)
(;) Re/ dr(e'" + e_im)[(Mi;(UM(l + 1),014(1)) + 14 - o3 {014(t + T),023(1))
0

+ fig - a3 (023t + T),014(1)) + 35 {o23(t + T),023(f)))€i2(0+w”/c> + udy (o (t + 7),014(1))
+ g - 23 (041 (t + T),023(0) + [h14 - fh23 (032t + T),014(1)) + 3503 (t + ),023(1)]. (17

Itis worth mentioning that Eq. (16) is a particular case of the
general expression obtained in Ref. [47], where the effect of
spontaneous generated coherence was considered; i.e., Eq. (12)
in [47] reduces to Eq. (16) in the case with p = 0. However,
the noise spectrum along the diagonal channels of Eq. (17)
was not considered in Ref. [47].

III. NUMERICAL RESULTS

We consider the four levels of the electron-trion system in
the Voigt geometry. The system is driven by an off-resonant 7,
polarized laser field detuned by 6 from the |3) <> |1) transition.
The excited level relaxes to both ground states with decay
rates I'3; and I'3,. The same laser also drives the transition
|[4) <> |2) in a more off-resonant way, which in turn results
in a small pumping of population in the opposite direction
with decay rates I'4; and I'4,. In what follows we assume that
Iy =Ty =T3 =I5 =0Iy=1.2 ueV, and we consider
the g factors g¢ = —0.46 and g" = —0.29, as in Ref. [4].
Dephasing rates y;; = y2; = 22 MHz and cotunneling rates
', = I'y; = 1.2 MHz are taken from Ref. [8]. We also assume
that transition dipole moments are equal, i.e., j113 = [i24,
which in turn results in 213 = Q4 = Q.

The obtention of subnatural lines in the RFS has been
experimentally shown to be feasible provided that the system
is driven out of resonance [11]. On the other hand, it is
well known that the RFS is related to the level of population
achieved in the upper levels, thus our first step in our analysis
is to determine how populations are distributed among the
different levels under off-resonant excitation of the continuous
wave (CW) driving field. The results obtained in the case
of considering an external magnetic field of Bey =2 T are
shown in Fig. 2(a) in the case with 6 = —5T"; there we can
appreciate that the two upper levels almost share the same

(

level of population while level |2) is highly populated at a
particular Rabi frequency (£2,,), where optical pumping is
high in spite of driving the system out of resonance. The
results when the optical detuning is set to § = +5I"; are shown
in Fig. 2(b), which reveals that the off-resonant pumping
of level |2) is less effective in this particular situation and
the optimum Rabi frequency (SZ;’pt) shifts to lower values,
ie., ijt < Q- If we kept the optical detuning § fixed and
increase the external magnetic field, the previously described
tendency is maintained, the main differences being (i) the
higher level of population transferred to level |2) due to
off-resonant pumping and (ii) the change in the values of the
optimum Rabi frequencies.

Now we focus on the spectrum of scattered photons along
the vertical and horizontal transitions. The results obtained for
a moderate off-resonant driving field (§ = —5T"y) are shown
in Fig. 3(a): the solid curve corresponds to the spectrum of
the driven transitions and is made up of the central line and
two blue detuned and two red detuned sidebands, whereas
the dashed curve arises from the undriven transitions and
consequently it lacks from the central line and is made up
of a quadruplet. The innermost sidebands of the undriven
transitions are the ones that exhibit subnatural linewidth. The
use of a positive detuning driving field modifies the spectral
location of the sidebands, although the subnatural narrow lines
are now the outermost sidebands along the undrived channels,
as depicted in Fig. 3(b).

The spectral features depicted in Figs. 3(a) and 3(b) can be
explained by moving to the dressed-state picture (DSP). It can
be shown that the eigenvalues of the quantum system plus the
coherent part of the Hamiltonian are provided by finding the
roots of the polynomial

+ A+ 523+ boAZ + bh + by =0, (18)
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FIG. 2. Steady-state population of the states versus the Rabi frequency of the driving field €2: |3) (solid curve), |4) (dashed curve) and |2)
(dashed-dotted curve). Numerical values used are: Beyy =2 T, ['g = 1.2ueV, y11 = y2» =22 MHz, ' = ') = 1.2 MHz. (a) § = —5T, and

(b) § = +5T.
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FIG. 3. Steady-state RFS of the system [S;(w), where j = x,y] driven out of resonance when Q2 = 2I'y: S,(w) (solid curve) and S,(w)
(dashed curve). (a) § = —5T and (b) § = +5T. The dotted curve in both panels stands for the spectrum computed in the dressed state picture
[SESP(a))] as defined in the Appendix. The rest of the parameters are as in Fig. 2. (c) Transition between dressed states accounting for the blue
detuned sidebands in S?SP(w). (d) Sy(w) for the blue detuned sidebands depicted in (c) where § = —5I'y, and 2 = 2I'y. The thin solid lines

account for the different contributions in Eq. (AS5).
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with b = —(wy1 — w34 +28), by = w8 + (wr1 + 8)(§ —
w3g) — 292, by = Q28 + QX (w21 — w34 + 8) — 218(8 —
w34), and by = Q2[Q? — w11 (8 — w34)]. The roots are labeled

as A; (j =a,B,y,8) and are sorted in ascending order, i.e.,
Aoy < Ag < A, < As. The corresponding eigenstates are

o) = ara|2) + asal4),
1B) = aigll) + asg|3),

(19)
ly) = aiy|1) + a3y |3),
[8) = a2s12) + ass|4),

where the coefficients are given b =4t

g Y @2 + N Q2+ (w21 — 1o )?

— 4 @ihe - @i—he —

Q4o =+ N L@ —10)? a2 N Q2+ (w21 —he)? ’ aas
Q Ap

+——2 =42, ap= L,
QZ+(a)21 A. )2 Qz+}\ﬁ Qz+}\ﬂ
Q
=+—~L—,and a3, = +——.
/_2 ’ 14 /o021 32
Q24 A Qz-l—}\ﬂ

We can shed light on the features found in the spectra
when considering the so-called secular approximation, which

Q5+ (units of Ty)

(a)_q

22

0 (units of T'y)

5 10 15 20
Q (units of T'y)

2T'5 (units of Ty)

V]

0.20 0.40
oo (units of 1"0)

-

0 (units of Ty)

%0
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consists of obtaining equations of motion of populations and
coherences while ignoring the coupling between them (the
details are provided in the Appendix). Under such conditions,
the spectra of photons associated with the x and y polarized
channels [S,(w) and Sy(w)] can be split as a superposition
of up to eight Lorentzians whose spectral positions are
givenby Qi = A; — Ar (j,k = a,B,y,8) plus the central line.
Figure 3(c) shows the energy diagram of the dressed states and
the transitions between adjacent manifolds, which account for
all the blue detuned sidebands at a particular value of € and
are valid for the case with § < 0.

The validity of the secular approximation can be checked
by comparing the spectrum obtained using such a procedure,
[S]y)SP(w)], with the one determined in the bare basis, [Sy(®)].
Here we can assess the closeness of the spectrum predicted in
the DSP, plotted in Figs. 3(a) and 3(b) as a dotted line, to the
one in the bare basis, which appears as a dashed line. In the
case considered in Fig. 3(a), transitions |8,N) <> |a,N — 1)
and |y,N) < |a,N — 1) have a negligible contribution and do
not show up in the spectrum in the dressed basis (dotted line).

2I'5, (units of T)

(b)_1 1.4
1.2
S 1
Gy
S)
® 0.8
k=
=
- 0.6
0.4
-10 0.2

5 10 15 20
Q (units of T'y)

2I'5, (units of T)
(d)

W

0.008 0.20 0.40 0.77
o2 (units of 1"0

—_ iy
o I\D

—_

Q (units of T'y)
o o

FIG. 4. (a) Spectral location of the narrow sidebands £2;,, versus the Rabi frequency €2 and the optical detuning §. (b) Linewidth of the
narrow sidebands 2T's, versus the Rabi frequency €2 and the optical detuning 8. (¢) Linewidth of the narrow sidebands 2I';,, versus the dephasing
22 and the optical detuning § in the case with Q = 2I'y. (d) Linewidth of the narrow sidebands 2I's, versus the dephasing y,, and the Rabi
frequency 2 in the case with § = —10T.
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This latter effect is better appreciated in Fig. 3(d), where the
individual contributions to [S;)SP(a))] are displayed separately.
In addition, the subnatural narrow line is obtained along
transition |§,N) <> |y, N — 1), which corresponds to the inner
sideband, whereas the outer sideband arises from transitions
|§,N) <> |B,N — 1). Note that although the full spectrum
along the diagonal channels (dashed curve) only shows two
blue and two red detuned sidebands, the spectrum in the DSP
consists of up to four blue and four red detuned sidebands
[see Eq. (A5)], but two of the Lorentzians have a negligible
contribution and are shadowed by the ones mentioned above.

The adequateness of the DSP to describe the RFS also
holds for the case of a negative detuning, as shown with the
dotted line in Fig. 3(b): in this case the Ramman photons
are produced along transition |§,N) <> |8,N — 1) and the
spectrum exhibits up to three detuned blue sidebands while the
fourth one, coming from transition |y,N) <> |o,N — 1), hasa
vanishing contribution. Although not shown, the evaluation of
S, (w) in the DSP [SESP(a)) as given in Appendix] fits well the
numerical findings of Figs. 3(a) and 3(b).

It is worth noting the asymmetry in the peak values of
the two subnatural sidebands. This asymmetry becomes more
evident for the case with negative detuning in panel 3(b)
and its origin can be attributed to the the different couplings
and populations of the dressed states. By picking the terms
in Eq. (A4) responsible for the blue and the red detuned
sidebands [which are proportional to {0, (00)) and {oss(00)),
respectively], we can check that the two Lorentzians share
the same linewidth but have different coefficients due to the
asymmetrical coupling of the dressed states to the driving laser.

The change of either the detuning or the external magnetic
field was shown to allow the frequency tuning of the Raman
photons [11]. Here we show that the change of the Rabi
frequency is an additional parameter which allows us to tune
the center frequency of the subnatural sidebands. Figure 4(a)
presents a contour plot of the center frequency €25, versus the
Rabi frequency €2 and the optical detuning §, while Fig. 4(b)
displays the linewidth of such sidebands (2I';,, ) predicted in the
DSP. These two figures indicate to us that there is a wide range
of parameters (£2,6) which allow one to obtain subnatural
Raman photons over an interval of frequencies [141, 22I].

0.20

(a) _Tg - 70r/2

0.15

<3 S?/( 79) )

-50 -30 -15 0 15 30 50
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This indicates to us that the subnatural linewidth is obtained
even for large pumping fields and is not dramatically modified
through power broadening.

Since QDs are known to be prone to dephasing, it is essential
to consider whether obtaining subnatural Raman photons is
limited by this mechanism. Figure 4(c) presents a contour plot
of the linewidth 2I's, versus the optical detuning § and the
value of y,, obtained for the case with 2 = I'y and assuming
that y;; = y2,. The interval of variation for y,; has been taken
to be from one tenth to ten times the one used in Fig. 3.
Figure 4(d) presents a contour plot of the linewidth I's,, versus
the Rabi frequency €2 and the value of y,, obtained when
considering an optical detuning of § = —10I'g. These two
figures are useful to determine the range of parameters where
subnatural photons can be obtained.

Phase-dependent spectra of the Raman photons

Another interesting aspect which, to our knowledge, has not
been previously addressed relates to the level of fluctuations
of the Raman photons. To this end we consider the phase-
dependent spectra of the fluorescent photons produced along
the diagonal transitions, (: Sy,(w,6) :). We are analyzing the
squeezing spectra given in Eq. (17), therefore we assume that
the scattered radiation field is frequency filtered [46,48].

The most relevant finding is that the scattered field along
the undriven transition exhibits reduced fluctuations at certain
frequencies. Specifically, the use of a negatively/positively
detuned driving field results in the obtention of squeezing
at the sidebands where the Raman photons are obtained for
the out-of-phase/in-phase quadrature, as shown in Fig. 5. This
phenomenon has no counterpart in a two-level system, where
we deal with the scattered field along the transition which is
also pumped by the external laser field.

We have shown in Fig. 4(b) that the same linewidth of
the Raman photons can be obtained along the |§) <> |y)
transitions for different pairs of values (§,€2). Let us examine
how the phase-dependent spectrum is modified for a selected
set of pairs (8,€2) chosen such that I's, remains constant.
The results of the numerical simulations are displayed in
Fig. 6(a), and indicate to us that the most favorable situation

0.20

—0=0
(b) =0,
0.15 !
{
i
= 0.10 }
S} }
3 E
> 0.05 H
0
00850 -5 0 15 30 50

w (units of T'y)

FIG. 5. Squeezing spectra for the undriven transition (: S, (w,6) :): in phase quadrature (solid line) and out of phase quadrature (dashed
line). The Rabi frequency of the field is set to &2 = 2T, and the optical detuning to 6 = —5T in (a) and to § = +5T in (b).
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FIG. 6. (a) Squeezing spectra for the undriven transition (: Sy(w,0 = 7/2) :) for the out-of-phase quadrature for different pairs of (8,£2)
(in units of I'y) such that I's,, = 0.22I'y: (—=3.9,1.9) (solid curve), (—5.8,2.8) (dashed curve), (—7.4,3.4) (dashed-dotted curve), and (-9.1,4.2)
(dotted curve). Other parameters: y,, = 0.08T. (b) Detail of panel (a) around the blue detuned sideband associated with the Raman photons.
Squeezing spectra for the undriven transition (: Sy(w,0 = 7/2) :) and different values of the dephasing: y,, = 0.008T (solid curve), y,, =
0.08Ty (dashed curve), and y,, = 0.8y (dashed-dotted curve). Other parameters are (c) § = —9.1I"g and Q2 = 4.2I"¢; (d) § = —3.9T" and

Q= 1.9I.

for maximizing the level of squeezing relies on the use of
a large detuning at the expense of increasing the power of
the driving field. This is better appreciated by inspecting the
detailed view of the squeezing spectrum centered around the
frequencies where the Raman photons are obtained, shown in
Fig. 6(b).

It is to be noted that the (global) time-ordered variance or
quadrature squeezing can be obtained by integrating Eq. (12)
in the frequency domain [45,46,48] according to

—+00

<:(Ey,9(?))2:)=/ do (: S,(F,0,0):).  (20)

—0Q

The integral in Eq. (20) can be numerically computed (its
analytical evaluation in the bare basis is unmanageable) and
reveals that there is no quadrature squeezing for the photons
produced along the diagonal transitions: ( : (I;"y,g(F))2 1)y > 0.
Under the secular approximation, the evaluation of Eq. (20) is
straightforward using the residue theorem and confirms that
the quadrature squeezing is always positive for any values of
6 and Q. It is worth noting that a recent experiment has found

non-null quadrature squeezing from photons scattered from a
neutral exciton transition of a single quantum dot [36].

Finally we address the question of how dephasing modifies
the obtention of squeezing at the sidebands where subnatural
photons can be obtained. Figure 6(c) shows the effect of
dephasing rate y»; on the level of squeezing obtained at the sub-
natural photons for the case with § = —9.1T"y and 2 = 4.2T.
Here we can see that a reduction of the dephasing rate y», by
an order of magnitude results in an increase of the negative
peak value, while the increase of y», of an order of magnitude
makes the peak value no longer subnatural, but fluctuations at
that sideband remain negative. This behavior is obtained for
other pairs of values (8, 2), as illustrated in Fig. 6(d).

IV. CONCLUSIONS

In this work we present a theoretical description of the
spectral properties of the fluorescent photons in singly charged
n-doped QDs in the Voigt geometry. The QDs are modeled
as a four-level atomic system and we consider the system
to be driven by a single laser field which couples the vertical
transitions. The characteristics of the fluorescent photons along
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the driven and the undriven channels are analyzed. When the
system is driven out of resonance (§ # 0), we show through
numerical simulations that the RFS of the undriven transitions
can exhibit up to two or three resolved sidebands depending
on the sign of the detuning, one of them having subnatural
linewidth. It is shown that the center and linewidth of such
a narrow spectral line can be tuned by changing the Rabi
frequency of the driving field. These spectral features are fully
explained by moving to the DSP in the secular approximation,
where it is shown that the RFS can be decomposed as a
superposition of Lorentzians whose center, amplitudes, and
linewidths account for the different numerical findings. In
addition, we have determined the phase-dependent spectra of
the fluorescent photons when § # 0, showing that under certain

J

PHYSICAL REVIEW B 95, 195310 (2017)

conditions the narrow sidebands can exhibit fluctuations below
the limit set by vacuum fluctuations. The level of squeezing
found is shown to depend on both the detuning and the Rabi
frequency of the driving field. The influence of dephasing on
the RFS and the phase-dependent spectra is also analyzed,
showing that this is a limiting factor to obtain narrow spectral
lines of the scattered photons along the undriven transitions.
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APPENDIX: RESONANCE FLUORESCENCE AND SQUEEZING SPECTRA IN THE DRESSED STATE BASIS

To obtain the spectra we need to transform the atomic operators o;;(t) (i,j = 1,2,3,4) to the dressed basis through

0ij(T) = 04a(T)Aiaajo + 0pg(T)aigajp + 0y (T)aiyajy, + 055(T)ai5a 5 + 0ap(T)Aiadjp + 0 (T)Aigajo + Oy (T)Aiaajy

+0ya(T)aiyajo + 00s(T)ainajs + 050 (T)aisAjo + 0y (T)aigaj, + 0yp(T)aiyajp + 0gs(T)aigajs + osp(T)aisajp

+oys(t)aiyajs + os,(T)aisa;, .

(AD)

With the help of Eq. (A1) we can derive the equations of motion for populations and coherences in the secular approximation,

which read

d{0ya(t))
dt

d{ogg(t))
dt

d{oy, (1))
dt

d{opy (1))
dt

d{ogs(1))
dt

d{ogs(1))
dt

= _(FmS - iQa8)<Ua8(1)>,

= —(Igs — 1R2p5){0ps(1)),

= _(Fﬂa — iQﬂa)<0ﬁa(t))a

= Poa(0wa®)) + Tauplops®)) + Ty (0, (1)) + 10,
= [pa (0aa(0)) + L5 (055(0)) + Lg, (0, (1)) + T,

= I')aloua(®) + Typlops() + 1y {0y, () + 10,

d{oyq(1)) :

GTT = —(Tyq — i2a)(0ya(1)),

W = _(Fﬂy — iQﬁy)(Gﬁy(t)>v

d

W e —(Fy(g — iQy(S)(O-yé(t)>7 (A2)

where Qjr = A; — A (j # kand j,k = «,8,y,8) stands for the effective Rabi frequencies in the new basis, and the coefficients

appearing in Eq. (A2) involving populations read

e

0o _ 2 2 2 2
wa = tlna5,a55 + ynay,ay,

> "> = = 3 D
< = = =O R )
IS < = = = R

=

vy

_ 2 2 2 2 2 2 2 2 A
Isiajgas, + ynaijgay, — Tmajgays — Toajgay;, T

2 2 2 2 2 2 2 2 4
—(Us2 + I3paz, — (T2 + yiay, — Taay, a3 — Taay, ags + 'siay, a3, + ynay,,

2 2 2 2 9 2 o 2 2 4
= —(Lg + Tapay, — (To1 + va2)as, — vnasy, — vnayass — Tpas,ags + Upay,ag, + voas,,
2 2 2 2 2 2 2 2 A _ 2 02 2 2 2 2 2 2
= Ipajy,azg + Nnajgay, — Toay,ais — ynayass, oy = Unay,asz, + naj,ay, — Loay,ais — ynas,ass,
2 2 2 2 n 2 2 2 2 2 9 2 2
= tluajgags + Taajgay, Upe = Luajgag, + Maajgay, — Laajgags — Faajgas,,

= —(Tsy + Tanazy — (T2 + yi)aiy — Taajgazs — Taaigags + Taaizas, + ynags

0o _ 2 2 2 2
yy = Tlaay, ags + Iaay, as;,

_ 2 2 2 2 2 2 2 2 S 2 2 ) 2 2 2 2
F4]a1ya4a + FZlalyaza - I*41511)/“45 - FZIalyaZ(S’ Iyp = F3la1ya3ﬂ + vuajgay, — F41a1ya46 - lealya26’

(A3)
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whereas the coefficients appearing in Eq. (A2) involving coherences read

I +Ty 2 Fy+Ty 2 o+ ym 22 T2+ i 2

Iga 5 B 7 Y 5 % + > %ip
' +T Fyp+T Iy + '+

Fya _ .3 . 31a§y 42 : 41 aia 21 . J/zzaga + 12 . V11a%y’
Cy1 + Ty o+ ym

Cos = T(aia + ai;) + T(ai, + a%a) — Y0a3,ays — Tiroaarsaqaus,
3 +T3,, ) Fio+vii, » ) s 2

Ly = T(“w +a3,) + ————(ajs +ai,) — ynaj,aiy — Taaigar, azpas,,
Fyp+IT31 , Taoo+Ta , Ta+yn 2 Fio+yi o,

Lgs = ) azg ) Ay ) dys ) aig,
32+ T3 Fyp+ Ty Foi + v T+ v

s = > a32.y 5 ‘14%5 + > agg + > alzy. (A4)

The RFS spectra along the diagonal and vertical channels in the DSP are derived by making use of Eq. (A2), and the final
results read as

Fﬂa <Gﬂﬂ(oo)) 2 2 Fﬁa (Gaa(oo)>
2 5 T aipdiy =5 >
o T (0 + Qﬂa) Fﬁ + (0w — Qﬂa)

+a 2 Fya <ny(oo)> 2 2 Fya <Gaa(oo)> 2 2 }/5 (088(00)) 2 2 FyS <Jyy(oo)>
3y Ay Fz + (w + an)z ly A4y F2 4 (w _ Q )2 ly Ay an + (Cl) + Q 8)2 3y 28 1—,28 + (w an)z’

(AS5)

L g5 (055(00)) L2 Fﬁa(Gﬁﬁ(OO»
Y1p T2+ (0 + Qps)? a5y P2+ (0 — Qps )2

DSP, N o 4 2 2
Sy (w) =~ +azgay,

[gy (0gp(00)) gy {0y, (00)) Los (0aa (00))
SESP(w)%—}-a%ﬂafy 5 By \UBp . +a§yaf,3 : By \Oyy - +a 4a 28 5 -
Fﬁy + (0 + Q2g,) Fﬁy + (0 — 2g,) s + (0 + 245)
»  TDas{oss(00))

+aka + So.x (W), A6
BT (5~ ) 0,x (@) (A6)

where the term Sy (w) accounts for transitions between adjacent manifolds of dressed states, i.e., from |j,N) to |[j,N — 1)
(j = a,B,y,8), thus the frequency of these transitions is located at wy. .

To determine the contributions to the central line Sp.(w), let us define the vector U;;(r)=
[(00a(T),0};(0)),{08p(T),0;(0),{0),(7),0;;(0))] (j =«,B,y,8). According to the quantum regression theorem and
taking into account the Bloch equations for populations appearing in Eq. (A2), the vector U;;(t) satisfies the following
equation:

dU;i(t) .
where the matrix M is given by
f‘aa 1,—\‘ozﬁ l/—\oty
M= Tp Tpg Lpy (A)
Fya Thp Ty

By making use of the Laplace transform of Eq. (A7), we arrive at U ;(s) = (sI3 — 1\;1)71 [U;;(0)], I being a 3 x 3 identity matrix,
where we should make the replacement s = iw. Finally the contributions to the central line read

Sox(@) = Re[ + a3,a3, U iw) + adyat, UL (iw) + a3, af, USiw) — adsals (Uss (i) + U (iw) + U3 (iw)) ], (A9)

where U;];)(i w) stands for the kth element of vector U;;(iw).
The squeezing spectra along the diagonal and vertical channels in the DSP are derived by making use of Eq. (A2), and the
final results for the in phase cuadrature read as

. DSP N g
(: SN (w,0 =0): )= i) [02a03ﬁ(05ﬁ(00)) + alﬂa4a<aaa(oo)) + a1a38 020040 ({00 (00)) + (055(00)))]
I
+ %[025035 (ogg(00)) + 01,3045 (055(00)) + a18a3pa25a45({035(00)) + (Tp5(00))]
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T'Yo
T2, + (0% Qye)?
Ts,
T3, + (£ Qs

_I_

Faé
+ 2 2
T2, + (0 £ Qus)

Fﬂy
y T (w £ Qg )2

+ S,?(w),

(:SPP(0,0 =0):) =

(a7, a4, (0aa(00)) + 03,3, (6, (00)) + a1y a3y 20 se((Taa(00))

[leyais(ﬁsa(oo)) + a§5a§y {0y, (00)) + ary a3y, arsass({055(c0))

(@350}, (00 (00)) + a3,azs (055(00)) + 20 a25aaq a5 ({Tua(00))

(a7, a3, (0pp(00)) + aigaz, (0, (00)) + arparyaspaz, ((055(00))
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+ (Uyy(oo)>)]

+ (oyy (00)))],
(A10)

+ (055(00)))]

+ {0y, (00)))]

(Al1)

S%w) being the contribution to the central line. The expression for this component obeys the equation

S)(()(a)) Re[ + 2a2aa4a(U(l)(1a)) + U(l)( la))) + 2a35a1ﬂ( (2)(1 )+ (2)(—160)) + 2a3yaly (U(3)(lw) + U(3)( la)))
—2a35a% (U (i) + U (i) + U (i) + Uy (—iw) + U (—iw) + US (—iw))]. (A12)
The formulas for the out-of-phase quadrature reduce to
DSP [pa
(187 (w,0 =m/2):) = ENCETIS: (43,034 (0p8(00)) + @7 4 (00 (00)) — 153502040 ((0ua(00)) + (05p(00)))]
U'sp 2 2 2 2
+ m[azsaw (0pp(00)) + ajgay; (055(00)) — aigazpassass((0ss(00)) + (ops(00)))]
3
[ya 2 2 2 2
+ I Tt 2)? [a1ya4a (Oaq(00)) + Ay, a3, {0y, (00)) — a1y a3, 2440 ({04a(00)) + (ny(OO»)]
o ya
r
o (ajl oy (a7, a4 (055(00)) + a3sas, (0, (00)) — aryasyazsass((055(00)) + (0y, (00))],
Sy
(A13)
Ly
(:SPP(w,0 =7/2):) =+ e i P [a353, (0ua(00)) + a3,a35(055(00)) — A2a2501atas({0aa(00)) + (035(00)))]
ol a
r
5 T £y 3 (o (00N + alya (0 (000) — gy aspas (o (o0))
+ (%(OO)))]- (Al4)

Note that in the secular approximation the out-of-phase quadrature for the spectrum corresponding to the vertical transitions

lacks the central component.
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