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Coherent optical control of correlation waves of spins in semiconductors
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We calculate the dynamical fluctuation spectrum of electronic spins in a semiconductor under a steady-state
illumination by light containing polarization squeezing correlations. Taking into account quasiparticle lifetime

and spin relaxation for this nonequilibrium situation we consider up to fourth order optical effects which are
sensitive to the squeezing phases. We demonstrate the possibility to control the spin fluctuations by optically
modulating these phases as a function of frequency, leading to a non-Lorentzian spectrum which is very
different from the thermal equilibrium fluctuations in n-doped semiconductors. Specifically, in the time-domain
spin-spin correlation can exhibit time delays and sign flips originating from the phase modulations and corre-

lations of polarizations, respectively. For higher light intensity we expect a regime where the squeezing

correlations will dominate the spectrum.
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I. INTRODUCTION

When a semiconductor absorbs circularly polarized light
an average collective spin polarization (S(z)) is induced in
the conduction band—a phenomenon known as optical
orientation."? In direct-gap III-V semiconductors this is a
result of optical transitions of electric dipole type across the
electron-hole gap. In this process there is a net transfer of
angular momentum from the helicity of the photons to the
angular momentum of the electrons. The optical selection
rules are such that for the circularly polarized light the exci-
tation rate for electrons with one spin projection is larger
compared to the other, resulting in a net spin polarization in
the conduction band. Following the post excitation spin dy-
namics one can investigate spin-relaxation mechanisms us-
ing techniques such as time-resolved Faraday rotation and
time-resolved photoluminescence.>* It is also possible to
monitor the space resolved distribution of spins, their orien-
tation and magnitude, as well as coherently control these
quantities.>”’

The next interesting object to study is the fluctuation of
the spin in a semiconductor. In thermal equilibrium these
fluctuations were measured by employing the Faraday
effect.® A linearly polarized probe beam that passes through
the sample is affected by the instantaneous magnetization of
the sample, and its vector of polarization acquires a rotation,
proportional to the magnetization.” By measuring the spec-
trum of the polarization fluctuations, it is possible to relate it
to the spin fluctuations.

Here we propose to go beyond the equilibrium and to
study dynamical fluctuations of the electronic spins which
are induced by external optical field. In the way similar to
the average spin induced by the polarization of absorbed
light, we wish to consider how fluctuations of the light po-
larization produce upon absorption dynamical fluctuations of
electronic spins. We will consider polarization-squeezed light
which has a predetermined spectrum of two-photon correla-
tions. We find that the dependence of the spin structure factor
((S(1)S(z"))) on the time difference r—¢' is sensitive to the
phase of the squeezing correlations of the light [Eq. (29)].
We demonstrate that by modulating the frequency depen-
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dence of the phases, the dependence on 7—t' can deviate
significantly from exponential behavior (Figs. 5 and 6).
Since in practice these phases indeed can be modulated, this
opens new possibilities for a coherent control of spin fluc-
tuations in bulk semiconductors.

In the past theoretical suggestions to observe quantum
optical effects in light-matter interaction involved models
with squeezed radiation reservoirs interacting with atoms and
semiconductors.!%!? This, however, requires a high quality
squeezed reservoir, which experimentally remains challeng-
ing to achieve. Another quantum optical effect which does
not involve a reservoir is related to two-photon absorption of
squeezed light by a three-level system'>'* and was demon-
strated experimentally by Georgiades et al.'> Other works
explored the aspect of transmission of squeezed light through
bulk media'®~'® and photoionization.!” Schemes for transfer-
ring correlations from light to matter have recently been de-
veloped in atomic and molecular optics (AMO) both
theoretically?*2! and experimentally.?>?* These schemes em-
ploy either coherent optical dipoles of atomic V systems or
ground-state coherence of A systems, leading to a second-
order dependence of the spin fluctuations on the squeezed
optical field.

Unfortunately, in semiconductors one is faced with strong
dephasing of optical dipoles as well as valence-band spins
due to Coulomb, electron-phonon, and spin-orbit interac-
tions, rendering the above atomic optics schemes impracti-
cal. We note, however, that the dephasing and relaxation of
the conduction-band spins are much slower. In addition, con-
tinuous energy bands in semiconductors have very different
level structure and optical selection rules. In contrast to the
AMO schemes, we suggest using this and employing fourth
order optical effects to manipulate the collective spin of the
conduction-band electrons through the process of two-
photon absorption.

For simplicity and to isolate the transfer of fluctuations
from the average, we assume in this work that the semicon-
ductor is irradiated with the light which is on the average
unpolarized but possesses nonvanishing squeezing cor-
relations between different polarization amplitudes. Such
light (polarization-squeezed vacuum) was discussed by
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Karrasiov,”* Lehner et al.,>> and Korolkova et al.?® and gen-
erated in several experiments.”’?® In this paper we demon-
strate [see Eq. (29)] that by externally manipulating the
phase of the frequency dependent photonic correlations a
possibility opens up of optical coherent control of spins in
semiconductors. The essence of this effect lies in controlling
the interference between quantum amplitudes related to
many pairs of different optical frequencies. We predict that in
order to observe this effect it is not necessary to have squeez-
ing in quantum sense, i.e., below the shot-noise limit. This
should allow for easier measurements since such light can be
generated with higher intensities. Nevertheless we anticipate
that also in the quantum optical regime interesting features
should appear in the spectrum following our previous predic-
tions for the static spin correlations.?

The feasibility of observing spin effects in semiconduc-
tors relies on the relatively weak coupling of the conduction-
band spins to the environment, i.e., slow spin flipping pro-
cesses. This has been experimentally demonstrated in various
situations in the past.>*30-33 We also rely on the fact that for
the holes the situation is different with the corresponding
rates estimated to be several orders of magnitude higher.!=
Accordingly we have neglected the contribution of the hole
spins to the total spin correlations. To observe induced spin
fluctuations it is necessary to extend the experimental capa-
bilities of measuring spin fluctuations to the nonequilibrium
regime. In principle two beams should be employed in such
an experiment, i.e., a correlated light pump and a linearly
polarized probe acting at the same time. In addition to the
measurement of the induced magnetic moment, it is neces-
sary to have phase manipulation capabilities in the incoming
pump beam, similarly to those demonstrated recently for
squeezed vacuum.>*

In this work we have taken into account scattering effects
of nonradiative processes in a semiphenomenological way
via relaxation times. However, our results do not depend in
an essential way on the details of the interactions and the
main qualitative features that we demonstrate should be re-
producible even in a more detailed study. This claim is sup-
ported by a separate diagrammatic calculation® which repro-
duces qualitatively the main results that are presented here.

The structure of the paper is as follows. In Sec. II we
introduce the two-band model of electrons interacting with
the driving field. In Secs. III and IV we calculate the second
and fourth order contributions (in the optical field) to the
spin fluctuations, assuming zero lattice temperature and phe-
nomenological description of relaxations. In Sec. V we de-
velop physically motivated simplifications of our results and
discuss their meaning. In Sec. VI we explore the conse-
quences of phase modulations of the squeezing correlations
on the spin-fluctuation spectrum. In Appendix A we give
details concerning the dipole matrix elements which appear
in the light-matter Hamiltonian. In Appendix B we explain
the physical nature of our phenomenological approach and
how it affects the results. Finally in Appendix C we discuss
the calculation details of additional fourth order contribu-
tions which are small and not included in the main calcula-
tion.
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II. MODEL

Valence and conduction bands of a direct-gap semicon-
ductor (III-V) interacting with the light are modeled by the
Hamiltonian

: T
H= E ezczgcko+2 El]:’vk’g-vk’a'+HLM+HC+HSO’ (1)

ko Ko

where the operators ¢, and vy, denote annihilation opera-
tors of the electrons in the conduction and valence bands,
with quasimomenta k, k' and total angular momentum o. The
index o in the second term enumerates both the degenerate
valence bands and their spin degeneracy. The effect of the
spin-orbit (SO) interaction in the valence bands is usually
accounted for by Luttinger model for degenerate bands.
This model takes into account the mixing of the angular
momentum j=3/2 states due to spin-orbit coupling. As we
explain in Appendix A, we will take into account the heavy-
hole valence-band transitions with the energies € being de-
generate with respect to the spin projection and renormalized
due to the SO interaction in the valence band. Generally
important also are the Coulomb interaction (H.) between
electrons, which is responsible for excitonic and scattering
effects, and the spin-orbit interaction in the conduction band
(Hgp). We will focus here on effects related to the light-
matter interaction (Hj,,) in the dipole approximation. We
study optically excited electrons in the conduction band with
energies above the ionization level of the exciton. These
electrons are well described as quasiparticles with a finite
lifetime arising from the momentum scattering induced by
disorder and Coulomb interactions. We will show in Appen-
dix A that to a good approximation it is possible to write the
light-matter interaction as

HLM(t) = E [d](::pplt,k+p,o‘bp,treiﬂk’pt + dl(::;b;,crpk,k+p,ae_iﬂk’p[]’
k.p.o

2)

where the operator Pk,k+p,U:UZ,ng+p,a is the interband polar-
ization. ) ,=€;, ,— € —w, are the differences between qua-
siparticle energies and the photons and b, , are optical-field
amplitudes with wave number ¢ and polarization o. For
these transitions it is sufficient to use one index (o), denoting
projection of conduction-band spin (*=1/2), projection of
valence-band total angular momentum (*3/2), and helicity
(%1), depending on the context where it appears. We also
show in Appendix A that for most purposes the interaction
transition matrix element dj , can be taken as independent of
the direction of k and of s and simply denoted as a constant
d.

The spin-orbit Hamiltonian (Hgg) is responsible for the
D’yakonov-Perel’ (DP) and Bir-Aronov-Pikus (BAP) spin-
relaxation mechanisms, which are described by the following
effective Hamiltonians:?

1 > > T
H(S%P) = Ehz [R(k) : O-]s,s’ckscksr’

’
5,8
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(BAP) _ 7 o~ t ¥
HC —A 2 2 (J O')S’sr‘j’jrck’sck_'_qysvk/’jvkr_q‘jr,
kk'.q s.s'j.j'

(3)

where R(k) and A are parameters depending on the material,
dimensionality, temperature, and details of the optical exci-
tation. We discuss in Sec. III the main effects of Hgg and H
on the optically excited spin correlations. Note that the Cou-
lomb interaction between electrons in the conduction band
(cfecte), which is not included, does not affect the relaxation
of the total spin, since it is not interacting with external de-
grees of freedom. Even though in principle there are addi-
tional spin-relaxation mechanisms such as Elliot-Yafet, the
dominant mechanisms for spin relaxation are D’yakonov-
Perel’” and Bir-Pikus® when the electron gas is nondegenerate
(nonmetallic regime). For observing the effects which we
discuss here, materials with a relatively long spin lifetime
such as GaAs are advantageous. Spin-relaxation times of the
average spin have been measured by different techniques for
different materials and experimental conditions.>° These in-
clude n-GaAs quantum wells with different widths,* doping
levels,3” materials,’!*2 as well as bulk n-GaAs.>> In these
experiments spin lifetimes ranging from hundreds of pico-
seconds to tens of nanoseconds have been reported. In some
cases the long lifetimes were measured even in room
temperature.’® The contribution of the valence-band holes to
the driven spin fluctuations is assumed throughout to be
small. This assumption is realistic in bulk semiconductors
from the group III-V, where the spin-flip rates for the holes
are up to 3 orders of magnitude faster than for the
conduction-band electrons,> with estimates and measure-
ments placing the hole spin lifetime at around 1 ps. These
rates lead to very broad distributions of the holes spin fluc-
tuations in Fourier space with negligible contributions near
w=0. It is very difficult in experiments to capture such
(10° GHz) fast oscillations, so in a realistic experiment we
can neglect their effect.’’

Polarization properties of photons are described by the
Stokes parameters®®3® which in the circular polarization ba-
sis are written as time averages of

2 b;;)\(o-i))\)\'bq’)\” (4)

q.q" NN

where o,y 3 denote the unit and Pauli-spin matrix. The av-
eraging is over a time which is longer than the typical cor-
relation time of the field. We consider a collinear pump beam
with a range of frequencies w,* B/2 above the electron-hole
gap and time and bandwidth averaged Stokes parameters
<p0>=(27TC/LB)Eq)\NqM <P1>=<P2>=<p3>=07 where Nq)\ is the
average photon occupation per mode and L is the mode
quantization length. This is unpolarized light with the Stokes
vector fluctuating around the origin of the Poincaré sphere.
The fluctuations are described by the covariance matrix p;;
=(p;p;)» which for a Gaussian-type field depends on the nor-
mal (b;)\bqr)ﬁ as well as anomalous (b,\b,\:) correlations;
the latter constituting the main characteristics of squeezed
light* 1In addition to normal correlations (b:;)\bqw)

=N,6\\6,, they possess four generic anomalous correla-
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tions: two for the same-polarization squeezing (b,+b,: )
—M(l)ﬁq +q', 2405‘"(1 +o,. 20 and two for the opposite-
polarization squeezing (b,+b, =)= Mq+ i+ 2q05wq+w 2wy
where M(1 2 are complex functions and wy=cq,. It can be
shown*"- i that for quantum fields |M (1.2 <N A N, +1
while |M(1 J|=N,, for classical fields, which we discuss
here. We w1ll later remark on the possible effects of the
quantum regime in Sec. VI. This type of light is also called
polarization-squeezed vacuum?® or two-mode squeezed-
vacuum state of type 112542

We begin by deriving the Heisenberg equations of motion
for the spin waves in the conduction band. The spin-density

operator®® is given by

S(r0)= > ¢l (r,0)6,

r
S,

_ 2 2 e—t(k k' )rck l)

58" kk

s’lps’(rat)

7€t 1 (2) )
and we define the ¢ component of the spin as

S(q.0 = J LreS(rn) = X cf, (06, (@), (6)

kys,s'

Without the optical excitation, the spin correlations are
zero when the lattice temperature is T=0 because there are
no electrons in the conduction band. When the electric field
of the light is stochastic with a zero average, so is the aver-

age spin component <§(q,t)) and therefore we study the cor-
relations. As we will discuss in Sec. IV, due to the optical
selection rules only the averages (S.(¢q.1)S.(q".t')), with
S.(g,t)= Ek[ck_q 1€k cl 4.1Ck, 1} are affected by the squeez-
ing correlations of the light beam (directed along the Z direc-
tion) and therefore we will focus on them. The function
(S.(g.1)S.(q",t")) is related to experiment in a similar way
that the dipole fluctuations {o(¢),o(¢')_) of an atom are re-
lated to the measurable fluorescence spectrum** through the
first-order correlation function of the optical fields,* assum-
ing we have a suitable spectrometer at hand. In our case of
the spins one way that comes to mind is making use of the
Faraday effect, which is customarily used to measure opti-
cally injected spin in semiconductors.

Using the Hamiltonian (1) and (2) the equations of motion
which define the spin waves are given by

d

k0= 10 € o F i>[-dPl,_ . b

'—p.k, o PT
P

+ d*b;a'Pk—p,k’,O'] + l.[Hso,n]i’k,yo_] + l.[Hc,i’l;;!k,’a_],

d v v l

- ) T . i

dtnk,k’,a_ (0€, 11V} Uk o+ ’2 [dP ’,k+p,0'b[70'
P

+ i[HSO’nZ,k’,o-] + i[Hc,nZ’klyo_],

B Prny]
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Epk’,k,a = Eck,avk’,a

. + . R * c v
= lAék,k’Ck,g'Uk’,(T— id E bpo'[nk,k'+p,(r_nk—p,k’,(r]
P

+i[Hso. Pl )+ ilHe Py, (7)

with 8¢ ., =€~ €., A€ 1 =€,—¢€,, and ”Z,kr,(FC;t,ng',a-%

We treat the interaction between the electrons and the
optical field in perturbation theory. The spin operator in
Heisenberg picture can formally be written as
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S.(g.1t) = Sz(q,t)(o) + Sz(q,t)(') + Sz(q,t)(z) + Sz(q,t)(3)
+S,(g.0%+ ... (8)

We shall see in Sec. III that to second order the spin
fluctuations are proportional only to the photon occupation
(b*D) and therefore are not affected by squeezing, where the
latter only makes an effect in the fourth order. When using it
to expand (S.(q,7)S.(¢",t')) we have to take all the possible
combinations which contain the optical interaction an even
number of times, since the spin operators conserve the num-
ber of particles

(S-(q,05.(q" 1))y =(sV(q,08(q" 1)) + (Mg, (g 1)) + (8D (q,0)S D (g 1)) + (P (q. SN (q" 1))
+(8W(g,08q" 1)) +(5P(q,0)8 1 (g" 1)) + (8P (q,1)SP (g 1)) (9)

However, at T=0 the combinations 0 X0, 4 X0, 0X4 are
zero since the spin operator (on the “0” side) would be acting
on the empty conduction-band state. Therefore we are left
with

(5:q.08(q" 1) = (5 q.05 (g .1"))
+(5P(q.08P(q" 1))
+(sM(q,08%(g" 1))
+(8q.0sP (g 1)), (10)

i.e., only second and fourth order contributions. The former
are not affected by squeezing and contribute to the back-
ground of the fluctuation spectrum. The latter, however, is
affected by the g-dependent phase modulations of the func-
tion M(qli’z), through a microscopic process of double absorp-
tion (see Sec. IV). This process is illustrated in Fig. 1 show-
ing two cases of opposite and same polarizations. Two
quantum amplitudes related to absorption of two different
pairs of photons proportional to M"?(w) and M2 (w+Q)

\\?V M (0+Q) M2 (0+Q)
Q e Q T
ﬁj] \J‘{ﬁj]

@) \\\ Cr
/\ M) /\

FIG. 1. (Color online) Illustration of double-photon excitation
processes (long gray arrows), with yellow and red colors for the two
pairs, which excites spin-polarized electrons (short arrows). The left
(right) figure describes absorption amplitudes of photons of same
(opposite) helicity. The interference of these amplitudes creates a
spin-correlation wave with a frequency ().

M (@)

will be shown to appear in interference terms such as
M*(w)M(w+€)) which bring into effect their externally con-
trolled phase difference.

We shall derive the Heisenberg equations of motion up to
fourth order in the optical field by writing formal solutions
and substituting back to the previous order. Then we will use
the resulting expansion to calculate the averages in Eq. (10)
order by order, taking into account the nature of the optical
field. An important part of the model is the treatment of
electron and spin lifetimes, which we will discuss in Sec. III.

III. CALCULATION OF THE SECOND-ORDER
CONTRIBUTION

This physical optical process, of the lowest order, is re-
sponsible for generating carrier and spin densities in the con-
duction band of a semiconductor. It is convenient to analyze
their space-time profile in Fourier space (¢, w), given by the
correlation function of S,(¢,w) operators. The perturbative
correction which we discuss here turns out not to depend on
squeezing or coherent properties of the light field and will
ultimately just serve as a background for the more interesting
higher order processes (2 X 2). At the last stage of the calcu-
lation [see Eq. (19)] we neglect the momenta of the spin
wave (g) and the photon (p) compared with the typical elec-
tronic momentum (k) in places where they appear together as
a sum (e.g., k+p—k). Within this approximation the only
angular dependence that remains is that of the dipole matrix
element (see Appendix A), which amounts to renormaliza-
tion of the value of the matrix element. Now we use Eq. (7)
to construct the equation for the spin, with b, ; (b, ) denot-
ing right (left) polarizations, respectively. The first equation
then reads
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d , .
ESZ(q,t) =2 ie_ ek (ng_  —nf_, .|
k

+> [12 (—d P/Tc—p,k—q,quT + d*b;TPk—p—q,k,T)
k P

- iE (-d P;—p,k—q,ibpl + d*b;lpk—p—q,k,l)
4

+i[HSO’Sz(q’t)]+i[HC’Sz(Q7t)]~ (11)

The first term on the right-hand side describes a free evolu-
tion of the spin wave with typical frequencies of vyg, where
v is the electron velocity at k, the latter being the quasimo-
mentum of the electron optically excited by the photon of the
middle frequency w,. Since the light induces spin correla-
tions with the dispersion of cg, we are physically motivated
to neglect the slow free evolution (vyg) in the following
treatment.

Instead of developing a microscopic theory for the relax-
ation of the spin wave S, and interband polarization P, we
replace the combined effect of Hgn and H- by a quasiparticle
description with a width y=7"" and a phenomenological re-

'

t
(Sq.0S.(q",t')? = |d|2e‘75(’+")f dt,eys’lf
I

) 0

X2 X (D)7 Y, by XPicp g ko) Py (1))

kk" p.p'.o.0’
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laxation y,=17;'. Under broadband excitation conditions, and
when the electrons kinetic energy is large compared to the
electron-hole exchange energy, it is reasonable to model
them as quasiparticles with a finite lifetime (7). This lifetime
enters the model through the level width of the electronic
energies €. In addition to 7 it is physically plausible, and
supported my many experiments, to assume the existence of
another macroscopic relaxation time (7,) of the spin wave
which is usually much longer than the electron lifetime 7
> 7 for semiconductors such as GaAs. The spin lifetime can
be entered as a phenomenological decay term (—7,S,) in the
equation of motion for the spin operator S, [Eq. (11)], simi-
larly to a decay term in a quantum-Langevin equation of
motion. Equivalently, it can enter as an additional imaginary
part (broadening) to the frequency w, of the spin wave. We
explain in Appendix B the limitations of the phenomenologi-
cal approach and how to reconcile it with the results that we
obtained for the static correlations in the previous work.?’
The averaging of (S.(¢q,1)S.(¢’,t’)) over the ground state of
with T=0 leaves only the terms (PP'). The general expres-
sion reads

Vil
dtze 52

(12)

where 1, is the initial time when the system was in the ground state before the optical fields were turned on. Given that N,
is the photon occupation function, vy is the quasiparticle lifetime and o,0'= = 1/2; we also have

* = i — —iNe i p_o(t1=12) ,— V11—t
<b1717bp'0"> = 5P>P’50'70',NP0'<Pk_P_q»ks0'(t1)Pk’—p’,k’—q’,a”(t2)>_ 50.’0.7 5k—p—q,k’—p’5k,k’—q’g IR € k—p- 61(1 Z)e Y 1 2"

(13)

Working with this expression it is straightforward to get for #' >t and steady state t—#,>y™!, 7;1:

e (Qp V' =D) y

e—'ys(t'—t)

(Sg.08.(g" NP =|dPs, 2N

k.p P 7? - (’y+ i‘()k,p,q)2

where N,=2,N,, ,and  , ;=w,—€+€_,_.. Note that since
d is the interaction matrix element of the light-matter inter-
action, it scales like V~'2 because of the electric-field nor-
malization. Therefore the correlations scale with the volume
as V and are dimensionless (with our definition of S.). It is
instructive to study the structure of the expression inside the
brackets in Eq. (14). First we note that it is stationary since
the electronic correlations in Eq. (13) and the optical fields
are also stationary. For a fixed k and p we expect naturally
for the frequency () , , to appear with —¢' (the first term).
However, we also expect a buildup of a constant carrier den-
sity in the conduction band, which carries an inevitable static
spin-density fluctuation (Sf). Therefore we expect the spin
fluctuation to have a dc Fourier component (the second
term), balanced by the spin relaxation 7, and this indeed will

X , 14
=i, =7 (14)

turn out to be the case when we evaluate the Xk summation
(see below Sec. V).

IV. EFFECTS OF SQUEEZING

Let us now turn to the fourth order contribution to the
correlations. Using expression (C1), we first average over the
electronic T=0 ground state of the semiconductor (denoted
by (-)e). This averaging can be done on S.(¢,#)® indepen-
dent of S,(¢",t')? since for T=0 there are no connected
parts between the operators ny}, in (5.(g,0?S.(q",1")?).
This gives, for steady state (t—1,> v, 7. "):

(S.q,0) @)y = LR [Skp.o=1 = Skpo=1]> (15)
k.p
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_ e—i(wp—wp,q)tb;_ngpo_
[y —i(w, = 0, )y = i(Ag_gup— wpy)]
+ e i("’l’_“’pw)tb;zrb prqo
[ys+ i@, — wp ) Ly +i(A€spg— ©pig)]
(16)

(S.(q.08.(q" ' NP

=ld'> >
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where we introduce 7, vy, already at the operator level as in
the Heisenberg-Langevin approach, this being mathemati-
cally equivalent to adding them at the end as representing a
single-particle level broadening and spin-wave frequency
broadening. For the spin correlations we have the following
dependence on fourth order correlations of the photon fields
((-) denotes full averaging)

—i(@y=w,_p)t =iw,r=w,r_ T % * _{(p* S A
e e [<bp—q>\bp>\bp’—q’>\bp’>\> <bp—q>\bp>\bp’—q’>\bp’>\>]

kp ' p' N

[7s - i(wp - wp_q)][)’— i(Aek—q,k—p - wp—q)][')/s - i(wp’ -

(L)p/_qr)]['y— i(Aek'—q’,k’—p’ - (,()pl_qr)]

i(w —o )t i(w —w . Nt * * % o .
e\ Pp Wprg)lo!\@p = Wpl g [<bp>\bp+q>\bp'>\bp’+q’>\>_<bp>\bp+q>xbpr)\bp’+q’>\>]

+ ; ; ; :
[75 + l((})p - wp+q)][7+ I(Aek,k—p—q - wp+q)][7s + l((})pr - wp’+q’)][7+ Z(Aek’,k’—p’—q’ - wp’+q’)]

—i(w

) i(w 1—w, 1, Nt * * * * _
i pg)l g p = p! gt [<bp—q)\bp)\bp’>\bp’+q’>\> - <bp—q>\bp>\bp’§bp’+q)\>]

= i(wy = @y )y = iAoy — w0y )7, + iy —

wpr+qr)][’}/+ i(Aek’,k’—p’—q’ - wpr+qr)]

i(w,—w, , )t —~i(w,—w )t * * * * _ -
e rtate p P —q [<bp)\bp+l1)\bp/—q’)\bp’)\>_<bp)\bp+q)\bp'_q')\bp’)\>]

+
[75 + i(wp - wp+q)][7+ i(Aek,k—p—q - wp+q)][7s - i(wp’ - wp'_q')][)’— i(AEk’—q’,k’—p’ - wp’—q’)]

where each photon correlator can be factorized into products
using intensity <b21-}‘1bq1’)‘l> and squeezing (b, b, ,) since
the field distribution is Gaussian for light which is down-
converted using a x® nonlinearity.>® As in the case of static
spin correlations,” we assume a symmetric distribution of
the correlations as functions of wave vectors, i.e., g+¢’
=2p,y, which holds for nondegenerate (broad spectrum)
down-converted light.** We can write for the correlations
<b;—q,TbP,Tb1;’,pr’—q’,T>=N Np0,

r=q4"'p©q.q' “p.p’

(1) 5 (1)
+ Mﬁ—qu 54,4’ 5p’+p—q,2p0’

<bp—q’TbP»pr'+q’,TbP'»T> =Np—qu5f1»q’ P=4.p’
(1) 5 #(1)
+ MM, 0 8y,
N
p+q,pr’,T p’—q',T> =NyNpig04.q' g p

()% #(1)
+Mp Mp+q5q,q'5p’

(b, 1b

+[7v217()’

<bp,pr+q»pr’+q',pr’,T>=Npr+q5q,q’ P’ .p
(D 0(1)
+Mp Mp+q5qsq’ P +p+q.2pg°
(18)

where p is the central wave vector of the optical spectrum,
and note we omitted the = index assuming M;?:Mf]ﬁ) for
simplicity. In Fig. 2 we can see a diagrammatic representa-

: (17)

tion of the microscopic processes that lead to the “N” and
“M” terms in expression (18). These are essentially two
particle-hole excitations which are correlated through the ex-
istence of photonic correlations. These photon correlations
are spectral functions, which can be externally controlled at
the source.?®?® Given these functions it is possible to char-
acterize the fluctuations of the Stokes vector, whose average
is assumed to be zero in this calculation (unpolarized).?’
We note that there is also a (S,(¢,7)VS,(¢",#')®) contri-
bution which we discuss in detail in Appendix C. This con-
tribution has a much smaller phase space compared to
(8.(q,0PS.(q",t')?) and therefore we neglect it. Also, we
have shown® that a direct diagrammatic evaluation of the
fourth order diagrams, Fig. 2, done in the Keldysh two-time
formalism gives a result similar to expression (17), with the
only difference being the replacement y,— . The reason for

o A A o -
?v, NN/ r\ ' /? L q “/“‘, E‘ ;
s@ve ik K j\ san save kL kj S@')
\| s N
PR i -
N M1,M2

(@) (b)

FIG. 2. (Color online) A diagrammatic representation of the
resonant interaction processes in the normal and anomalous chan-
nels leading to spin correlations. (a) The normal channel is related
to the autocorrelation function N of optical modes with themselves,
whereas (b) the anomalous channel involves a correlation between
different optical modes, either of same polarization (M) or of op-
posite polarization (M,).
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FIG. 3. (Color online) The spin-fluctuation spectrum (second-
order contribution) plotted as a function of (¢,w) for excitations
with a wave vector parallel to a unidirectional beam, scaled with the
central electronic wave vector k, and the spin-relaxation rate 7y,
respectively.

this is that in the microscopic calculation we have not taken
into account explicitly the spin-relaxation mechanisms,
which is a topic for further research.

V. DISCUSSION AND RESULTS

We would like now to discuss and simplify the expres-
sions for the spin-spin correlations obtained above. We begin
from the second-order contribution (14) which is quite a
complicated integral when the vector nature of k,p,q is
taken into account. First note that for the problem we have in
mind p<k, since typically p~1 um™' whereas k,
~30 um™! for electrons with kinetic energy of 30 meV. In
Fig. 3 results of numerical evaluation are shown for the time
Fourier transform of Eq. (14), assuming a unidirectional
beam pllZ and spin-wave vectors in the direction of the beam
gllp. We see that the ¢ dependence is very slow for ¢ <<k,
and similarly it can be shown that the integrand dependence
on p is negligible for p <k,. Therefore a reasonable zeroth

2 tafteen)
2 2
h (wq + yf) B

(D% 4 4(1) (1) 5 #(1)
+ Mp_q’_Mpy_ + Mp,_ M

<Sz(q’ t)Sz(q, ’ t’)>(4) = 5‘]’—61’

>[N, yiNys+ Ny Npiy s+ N,y N, _+N, N

(2) (2) (2) (2) (2)# 3 #(2)
prg— " Mp—q,+Mp,+ -M Mp,— - Mp,+ M
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approximation would be to neglect p and ¢ altogether with
respect to k. If we further restrict ourselves to small spin-
wave momenta ¢ <B/c (B is the optical bandwidth in units
of frequency), then ¢<<p and certainly this approximation is
valid. We will also assume a constant electronic density of
states in the energy range ()= * vy where the integrand is
appreciable and get a simple expression for the spin-spin
correlations (per unit volume, and restoring missing 7’s)

7T|d|2Pe12p Np
q/

_ _!
el
Ty,

(Sq.08Lg",1)P =5,

(19)

where pel(eo)=vm/ﬁ3|geo is the electron-hole density of
states per unit volume in the bulk, taken at the central energy
of excited electrons 60=hw0—Eg, with m the reduced e-h
effective mass and e the excess kinetic energy of the e-h pair
above the gap. Denoting ((S?),N):F.T.[(Sz(q,t)Sz(q’,t’))]
we obtain

27T|d|2Pe12p Np

2 2
<(Sz)q,w> - ﬁ(a)2+ ’y%)
27T|d|2pelf dw,popt(wl)N(w’)

- h(w® + 7)) - (20
where N(w') =N,|,-., is the photon distribution function in
frequency space and po,(w)=w?/ mc? is the free space opti-
cal density of states per unit volume.*’” The contribution for
long wavelengths is thus a Lorentzian background whose
width is determined by the spin-relaxation time.

Turning now to the fourth order contribution, we observe
that in certain physical situations it, Eq. (17), can be simpli-
fied considerably. This happens if the excess energy of the
light above the electron-hole gap (hwy—E,) is large com-
pared to the exciton binding energy. In this regime, using the
correlations (18) and assuming that k> p,q, we get for the
only important contribution the following approximate
simple expression

1) 1 1) #(1
pNpsq+ M2y My MM

(2)%24(2)
P=q.- prgr ~ Mp- Mp+q,—]’ (21)

where p,, is the electron-hole joint density of states at A, =7 w,. Since the field is unpolarized N,=N_, and assuming again for
simplicity the symmetric case M;i)=Mgf)=Mg“), to which we always refer from this point on. Therefore we can omit the

polarization indices

sl
2 2
h (wq + yf) »

1o\ (4) _
<Sz(Q7t)Sz(q N3 )>( )_ 5q,—q/ pP=q'p

>IN,_N,+NN

P¥p+q

(1) y,7(1) (1), 7(1) ()% ),7(2) 2)%),72)
My My My My = M My = M Mp+q]'

(22)
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The restriction ¢’ =—¢ which reflects translational invariance
leads to (S.(¢,0)S.(q",t'))=(S.(q.t")S.(q",1))". The right
hand side of Eq. (22) indeed obeys this if the summation
over p is real, which can be shown explicitly by using the
symmetry property M,=M,, _, of the squeezing correlation.

It is useful at this point to compare the decay and oscil-
latory time dependences of Eqs. (19) and (21), respectively.
The second-order contribution (19) describes part of the spin
fluctuations which is only due to the effect of the environ-
ment. The spin remains temporally correlated over a time
scale 7, that it takes for the relaxation processes to be effec-
tive. As can be seen from Fig. 4, the two orders of the inter-
action with the light are not sufficient to affect the dynamics
of the correlation function (S.(¢,7)S.(¢",t')). The contribu-
tion of the fourth order processes is physically different.
Here the spin-correlation dynamics reflects directly the cor-
relations of the polarization of the light. This can be under-
stood also diagrammatically from Fig. 2. In the fourth order
contribution there is no electronic propagator temporally
connecting S,(q,?) and S.(¢',t') (see Fig. 2). Only the cor-
relation functions of the light are connecting the two elec-
tronic diagrams, and the dynamics of the light is affecting the
two-time dynamics. We see that the spin relaxation vy, does
affect the weight of each spectral component S.(g,7). Fast
spectral components w,> v, are independent of vy, and their
weight is OCa);z, i.e., fast oscillations do not have enough
time to be affected by the spin relaxation. In contrast, slow
spectral components w, <y, are building up slow enough to

471'2p§1|d|45(w— cq)
(o’ +9) 5

(82, )W =

PHYSICAL REVIEW B 78, 205204 (2008)

S(-q)
S(q)

FIG. 4. Diagram of the second-order contribution to the spin-
spin correlations. The electron in the valence band (dashed line) is
excited into the conduction band (solid line) by the photon correla-
tion (dotted line). The only possible dynamics between the times
t,t" in this order of perturbation theory is due to the phenomeno-
logical spin relaxation (7).

be balanced by 7, and their weight is approximately o ygz. In
particular, without the spin relaxation in the model we would
have a divergence of the g=0 component, which corresponds
to an unbalanced accumulation of spin-correlated charges in
the conduction band due to the double absorption process.
Note that there are also other diagrams of the fourth order
where 7y, can affect the time dependence, however they have
a much smaller contribution due to electronic phase-space
considerations (see discussion in Appendix C and
elsewhere?).
The spectral function looks like

g1 g Wrpg(D) _ r2pr(2) _ g r(2)%71(2)
2NN,y + NNy + MM+ M M) MM = P M) . (23)

ptq

The & function reflects the dispersion of the light. The p summation can be transformed to a frequency integral (so now the left

hand side is per unit volume)

4o plld|* 8w - w,)
h(0? + 77)

(82" =

do' poy(@")[N(0' = )N(w') + N(o")N(o' + w) + MV (0" - )MV (w')

+ MY* (0" )Mo + 0) - MP* (0" — 0)MP(0") - MP* (0 Y MP (o' + o)]. (24)

We see that as the phases of M"? are modulated as a function of frequency, the spectrum of the driven spin fluctuations
is also modulated. The spin structure factor in these situations is in fact coherently controlled using the phases of the
w-dependent squeezing. Combining the second (20) and fourth (24) order contributions, defining

Cw) = J do'[N(o' = ©)N(o') + N(0')N(0' + ©) + M (0’ = 0)MD(0') + M (0 )M (0" + 0) - MP* (0" - 0)MP (o)

- MP* (0" M0 + w)]

(25)

and taking the optical density of states as approximately constant, given by pq,=pop( @) from the middle of the spectrum, we

obtain

27T|d|2pelpo t

2
<(S§)q’w>(2+4)= —E[f do'N(w') +4ﬂ2%5(w—cq)C(w) ) (26)

(@’ + 7))
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Note that this result is valid for long wavelengths (¢<<B/c),
which is also the range where the spin structure factor is
largest.

Let us now choose as direction of light propagation Z and
integrate over ¢, setting ¢,=¢,=0. Since our approximations
are only valid for small g, we will use a cutoff B/c on the ¢,
integration, which means that the result is the w spectrum
spatially averaged over the coherence length ¢/B in z direc-

PHYSICAL REVIEW B 78, 205204 (2008)

tion and the x-y plane. Physically, this is motivated by hav-
ing in mind a Faraday probe beam passing through the
sample and measuring the spin fluctuations. For small fre-
quencies w << B this integration will smear out the S-function
singularity. We assume that the sample is much smaller com-
pared to the coherence length of the light /., so the averaging
is effectively done over the whole sample. This integration
gives the following spin spectral density:

e 4mld] perpopB 4 pgd]?
S2 (2+4):f d SZ (2+4) elFopt fd /N ’ + el C . 27
<( Z)w> e qz<( )qw> |qY —0 ﬁc(w +’y32) w ((1)) LB ((1)) ( )

In order to estimate the strength of the coherent effects
compared to the background of second-order fluctuations we
need to calculate the ratio of the fourth order to the second
order
4pad”  Clw)

fdw'N(w’)

R(w) = , (28)

which at w=0 can be approximately estimated for strong
classical squeezing (e.g., M=N) to give 167 pyd*N/%B,
where N is the average photon occupation inside the optical
bandwidth. Since this is a perturbative calculation, we expect
the result, Eq. (27), to be valid as long as the second term is
much smaller than the first one. This will generally put a
restriction on the intensity, or photon occupation function
N(w), for a given optical bandwidth B. For an optical exci-
tation which generates conduction-band electrons with ki-
netic energy of about 30 meV, and an optical energy of ap-
proximately 1.5 eV, we can estimate that for an optical
bandwidth AB=~10 meV the average photon occupation
should be 10™*-107> for the second term to be 1/10 of the
first one [R(w=0)=0.1]. Usually if one uses correlated pho-
tons from down-converted light, the spectrum is very wide in
the nondegenerate case, and therefore the average photon

number per mode (N) is very small. For example as dis-
cussed in Wang et al.*® for type-I down-converted light, a
counting rate of 10* photons/s was reported over a band-

width of 10'2 Hz, which corresponds to N=10"%. In more
recent experiments, Bowen et al.,** Heersink et al.,”® and
Marquardt et al>® reported higher intensities for
polarization-squeezed light.

It is interesting to note that according to the above esti-
mates there appears to exist an experimentally accessible re-
gime where the perturbative approximation breaks down
(N=hB/167*p.d?). In this regime higher orders in the light-
matter interaction become important, leading to a strong non-
linear response to the driving field. It is an intriguing direc-
tion for future research, especially since strong correlated
light sources are becoming increasingly available.”’?% An-

other interesting direction to explore is related to effects of
nonclassical squeezed light |M|>N on the spectrum, which
we showed to have a unique effect on the static spin
correlations.?

Although unexplored in this work, light in the quantum
optical regime may have a unique effect on the temporal spin
fluctuations. In another reference?® we showed that the total
(static) spin fluctuation can be reduced when the polarization
fluctuations of the light are below the shot-noise limit. We
believe that it is therefore reasonable to expect similar reduc-
tion to show up as negative values in the spectrally resolved
contribution (24). A calculation of the quantum optical re-
gime requires treating the light as a quantum field and taking
into account its dynamics up to the fourth order.

VI. EXAMPLES OF PHASE MODULATIONS

The quantity C(w) appearing in Eq. (27) is sensitive to the
squeezing phases, i.e., the phases of M(w) [cf. Eq. (25)]. In
the general case arg[ M(w)] can be expanded in a power se-
ries so initially it makes sense to focus on the linear and
quadratic dependences. First let us rewrite the spectral spin
density (27) as

Blc
[ 59,00 el (2 1+ i

0
(29)

where w=w/B, a—mfd 'N(w'), and 7= 4772 pe y,ec
with the electron- hole recombination rate Y,..=3 poptd2 /ﬁ

the average photon occupation N, and C(&)=B"'N2C(B&).
In the linear case we take 6(w—wy)=T|w-w,| with a
phase modulation parameter 7=2X10* s, small average

photon number N=10"*, optical bandwidth #B=20 meV,
average electron kinetic energy €,=30 meV, and spin-
relaxation time 7,=0.2 ns. The photon correlation functions
were taken to be Gaussian N(w)=exp{-[(w—w,)/B]*} and
M(w)=N(w)exp[iT|w— wy|]. One possible experimental real-
ization of a phase modulation of squeezed light is by using a
pulse shaper.* With these parameters such a pulse shaper has
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FIG. 5. (Color online) (a) w dependence of the spin structure factor for a linear phase modulation of the squeezing phase of the field
(insert: the dependence of the phase on the frequency). The figure depicts the second-order contribution (dashed blue) and phase-sensitive
fourth order contributions for same-polarization (red) and opposite-polarization squeezing (green), respectively, compared to no squeezing
(dashed black). (b) In the time domain we clearly see that the phase modulation parameter 7=20 000 s determines appearance time of the
second correlation peak. The correlation between polarizations determine whether this peak will be positive (red) or negative (green).

to turn the squeezing phase a full cycle of 27 every 1.6 GHz.
In Fig. 5(a) we draw the right hand side of Eq. (29) divided
by « as a function of @. We see that the spectrum develops as
additional oscillatory structure with a frequency T~!, which
depends on the type of squeezing (same or opposite polar-
ization). The linear phase modulation in frequency space can
be thought of as a time shift in the optical field in time
domain [Fig. 5(b)]. This is somewhat similar to a retardation

«S),>fa

(a)

800000

of part of the random polarization signal, leading to the sec-
ond rise of the spin correlation exactly after that time (7).
This analogy is however not exact since the frequency shift
is a symmetric function."!

In the quadratic case (see Fig. 6), we take O(w—wg)
=T(w—wy)*> with a phase modulation parameter 7=2

X 10* s2, small average photon number N=10"*, optical
bandwidth #B=20 meV, and average electron kinetic en-

(b)

-00010 .~ -0.0005 0.0005

8(wB)
<SHSO)e R /
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\\ 0.010 /
‘-\\\ 0005 "/ ,/,
. | . e S D N
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FIG. 6. (Color online) (a) w dependence of the spin structure factor for a quadratic phase modulation of the squeezing phase of the field
(insert: the dependence of the phase on the frequency). The figure depicts the second-order contribution (blue) and phase-sensitive fourth
order contributions for same-polarization (red) and opposite-polarization squeezing, respectively, compared to no squeezing (green). (b) In
time domain, in contrast to the linear case, the chirped phase modulation endows the spin correlation with a long tail of correlation
determined by T rather than by 7, and starting immediately after the time 7,. Again the polarization correlation determines the sign of the

long-range temporal correlation.
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ergy €,=30 meV. The photon correlation functions were
taken to be again Gaussian with the squeezing M(w)
=N(w)exp[iT(w—-w)?*]. In this case it is clear that the effect
of “chirping” in w space leads through the nonlinear formula
Eq. (27) to an enhancement (reduction) of the correlations
around the dc component of the spin correlations when the
light is endowed with same (opposite) polarization correla-
tions. In the time domain we see that there are two time
scales, y;l and 7, that govern the behavior of the spin cor-
relations. For opposite-polarization correlations we observe a
qualitative difference: on short-time scales r<y;' the corre-
lation is positive but for longer times 7> T it becomes nega-
tive. This change only happens in the opposite-polarization
case when the squeezing phase is modulated on a scale much
smaller than the spin-relaxation rate (T-' <1y,).

With the experimental parameters estimated above, 7
~0.1 and @~ 10° s/m* To estimate the strength of the total
spin fluctuations we can look at the prefactor /@’
+(v,/B)?] for @=0 or at the integrated power, depending on
what kind of experiment is performed. For the first case we

get that the prefactor scales such as NB2, while 7<N/B, so
the overall strength of the spin fluctuations can be increased
while keeping 7 small. Since light with frequencies above
the e-h gap is strongly absorbed with a typical attenuation
coefficient of the order of 1073 ¢cm™' for GaAs, it is prefer-
able to assume a thin slab, for example, with a thickness of
5 wm and a beam of light with an area of 1 mm?. For this
geometry and the other parameters given above, the strength
of the spin fluctuations around w=0 would be between 10
and 1000 in units of A%, with the range reflecting an uncer-
tainty of several parameters. This is the strength of the com-
bined contribution of the second and fourth orders, so the
signal (the fourth order) is estimated from 7 to be around
10%. Even though the total spin is very small for a macro-
scopic sample, we note that recently even a single spin has
been measured with the Faraday rotation technique.’' In or-
der to detect the features of the coherent modulation dis-
cussed here, it is necessary to sample the Faraday signal at
least every B~! seconds and also to detect slow changes of
the order of 7 at the same time. In the amplitude domain, it
is necessary to detect changes of the order of a few percent in
the signal, as can be seen from Fig. 5.

VII. CONCLUSIONS

We calculated the steady-state spin fluctuations for a two-
band semiconductor model driven by external light that con-

PHYSICAL REVIEW B 78, 205204 (2008)

tains polarization correlations. We find for the spin structure
factor a sensitivity to the phases of external optical correla-
tions that can lead to time delays and oscillations. We believe
that this application can be useful in optospintronics for ad-
ditional control of spins beyond optical orientation. Addi-
tional interesting directions for research are the quantum op-
tical regime, so far only explored for static spin correlations,
and the regime of strong optical fields, which require a non-
perturbative approach to the light-matter interaction.

APPENDIX A: OPTICAL TRANSITION MATRIX
ELEMENTS

We summarize here for convenience the calculation of the
dipole interaction matrix elements d; , that appear in Eq. (2)
for optical transitions in direct-gap semiconductors. In the
spherical version of the Luttinger-Kohn model® for degen-
erate valence bands we can choose the angular-momentum
quantization axis Z to be parallel to the optical beam 7. This
model takes into account the spin-orbit interaction in the
valence band, which leads to mixing of the heavy-hole (HH)
and light-hole (LH) states (j=3/2). For the fourth order cor-
relation processes which we consider, the strongest contribu-
tions from LH— C transitions are still weaker by a factor of
1/3. For this reason and for simplicity we consider only
HH— C in our model. Let us start with a given electronic
wave vector k near the I' point in the valence band. The wave
function can be written as'

W= X (R, (A1)
N

where u,m==*3/2 denote the HH eigenstates, yx,,,(k)

=D§2/,i)(go, 6, ¢) are rotation matrices® (6, ¢ are polar angles

of k, ¢ a global phase), and ”Z are angular-momentum eigen-
functions of J,. The quantum number m= *3/2 denotes the

angular-momentum projection in the direction of k and )i
=*3/2 is the projection in the direction z. Using the usual
notation for the wave functions of s and p orbitals, u5,=
—é(X +iY)] and uﬂ3/2=é(X —iY)|. For the conduction band
Y =€™u,, where uf,=S1 and u’,=S|. The electronic
parts of the dipole matrix elements are then given by

WD ) = B 2 XDy, (A2)
Y23

where D=er is the dipole moment operator. Let us consider
the matrix elements for the transition into the state k,s
=1/2:

- -1 . -1 .
(W 1IDI) 300 = S| Xaznaan(k) STID] - E(X"' iY)T )+ Xs32-32(k) ST|D|,_E(X— iY)|
i '\’

- D A - A
= Ok Xs312,432(K) N3 (X+1iy),
N
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> -1 . -1 .
(W 1nlDIW 300 = 5k,/<'[X—3/2,+3/2(k) S1|D| - \_E(X+ iY)T )+ x-32.-32(k) ST|D|\*’_E(X_ iY)|

- D A . A
= 5k,k')(—3/2,+3/2(k)_5 (£ +1i9),
'\’

where we used the fact! that the only nonzero matrix elements are (S|D

(A3)

=D due to the spatial sym-

metry of these integrals. We see that due to spin orthogonality only one of the orbital angular component u=+3/2 contributes
to the transition into +1/2 state (a similar expression can be derived for s=—1/2). The full interaction matrix elements are

. \,S,m
given by d;’;_ —Ewk .

,éx-<13>i”z1,, where A==+ denotes the helicity and &,,

o= Vhw,_i1/2e,V. We see that \ is determined by

the conduction-band spin, i.e., s<& \, while for an arbitrary direction of k both m= +3/2 contribute to the transition. We can
therefore omit the index N and summation over it and continue with a simplified interaction Hamiltonian

> dy

kp s.m

Ck+[” prvkm+HC

(A4)

where we now use s also for the helicity. By applying a transformation to the basis where angular-momentum projection is

along 7i with new operators Uy ,;:

Vkom = Xm+32(K) 0k 432 + Xin—32(K) 0 312,

the interaction appears as

> i Chp sl p s X432 ()0 430 + Xon=32(K) 0y 3] + H.oc.

k.p s.m

(AS)

3 32 _
= 2 E Crapsbpildr, X323 (K) 0430 + iy 2 Xs32.-32 (k)T 3]

-3 ~ 312 ~
+ [di P X—3/2 32(K)0 432+ dy » ! X-32-32(K)0y _32]} + H.c.

= E E Capsbp ALy X330 (K) + Ay, X312 430 () 030 + [ Xaan.-0 (k) + d ) Xo3/2,-30(0) 10 310} + Hec.

The rotation matrix element can be written as?

D(’) W@, 0,0)= e ‘Pdm (0)e’m¢ (here d is not the dipole
matrix element). By usmg the symmetry relation d(’) (0
=(=1)" "”dE’m,’_m(ﬁ) and setting ¢=0, it is stralghtforward
to show that the coefficient in front of ¥y .3, vanishes when
s==1/2 and the coefficient of 0} _3, vanishes when s=
+1/2. Therefore there is a one-to-one correspondence be-
tween the projection of angular momentum of the initial
valence-band state w and the projection of the spin of the
final conduction-band state s. Renaming 0 as v, we can re-
write the interaction term as

E E clt+p,sbp,s(_ S)Dgwp[X?,s(k) + X?,—x(k)]vk,s +H.c. >
kp s

(A7)

where a common index s=* 1< *1/2< = 3/2 is used for
angular momentum, spin, and helicity. In cases where the
angular dependence does not lead to other consequences
other than some numerical prefactor (in cases where an iso-
tropic approximation for all the other parts in the integrand is
reasonable), we just omitted it and assume that D absorbs the
prefactor.

(A6)

APPENDIX B: PHENOMENOLOGICAL LEVEL WIDTHS

The fourth order contribution (S(t)S(t’))if‘s)v which we cal-
culate here should match our previously calculated injection
rate of static correlations? in the limit #' — . Indeed it can be
shown that they give the same result if in the previous cal-
culation a finite level width T:,l is incorporated for the finite
state propagator and the intermediate-state level width is
taken to zero. To explain the source of this problem we need
to compare the two approaches. Previously we calculated the
static correlation (r=¢") directly using a second-order pertur-

(a) (b) (c)
Yoo
VooV - t ! - v
>

FIG. 7. A schematic for the time evolution for (a) direct evalu-
ation of the static correlations via second-order perturbation theory.
(b) The two-time spin-fluctuation function with a dissipative part
shown in gray, and (c) the evaluation of the same correlation with
equations of motion method.
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bation expansion of the wave function. In interaction picture
the static correlation can be written as [see Fig. 7(a)]

(el U'(t,- ”)S(f)éU(t, — )| Y1) fietd

while here we calculate the two-time correlation, which is
defined as [see Fig. 7(b)]

U U (2,— ) S(2)oU(2,¢")S(t )oU(t',— )| ¢herVsictas
(B2)

(B1)

where S(z), denote operators in the interaction picture. Since
a direct evaluation of Eq. (B2) is very difficult for fourth
order processes, we use the equations of motions for
S(¢),S(¢"), which means actually that we split the intermedi-
ate time evolution into a product which gives [see Fig. 7(c)]

(| U (2,= ) S (1)U (1, — )

XU (1, = )S(t")oU(t' .~ )| ) sieras

which is in principle equivalent to Eq. (B2) due to unitarity.
The difficult issue is how to account also for the relaxation
processes in such calculation in the simplest way while re-
taining consistency. In our calculations we added them ex-
plicitly as level broadenings (). However when the relax-
ation is added to the time evolution it is no longer possible to
claim that unitarity applies

(B3)
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FIG. 8. Diagrammatic representation of the 1 X 3 excitation pro-
cess with correlated photons. The diagram shows the emitted spin-
wave (wiggly lines to the left and right of the diagram), pump light
correlations (wiggly lines inside), and particle-hole excitations
(solid dashed lines, respectively).

U(t,—o0;y) U (1, = 59) # Ult,1';y) (B4)

and therefore in principle different approaches can give dif-
ferent results. Specifically for the limit 7—1" the evolution
depicted in Fig. 7(a) might not give the same result as going
along (r——%—1) in Fig. 7(c). In principle this shows that
adding dissipations phenomenologically in higher order per-
turbation theory is very tricky, and it would be better to have
a microscopic model instead. We have shown? another ap-
proach with Keldysh diagrammatic formalism that is prom-
ising to lead in the future to a derivation in which the dissi-
pation processes will be derived from a microscopic
Hamiltonian and will not suffer from such ambiguities.

APPENDIX C: CALCULATION OF THE (5{"(¢,)$(¢’,¢')) CONTRIBUTION

We begin by writing explicitly the second contribution to the spin-wave operator

t t
Sz(q,t)(Z) - _ |d|ze—ystf dtle—yrleystlf dt2eyt2 E {ez(Ask_q,k_p—wp)t1e—z(Aek-‘1’k-p—wpr)tzb:,T[nz_q’k_erp/’T(tz)O - nZ—q—p’,k—p,T(tz)O]bPT
t

‘o 0 kp.p'

+ e_i(Aek,k—p—q_“’p)flei(AEk,k—p—q_a’p’)tzb*
_ ei(AEk—q,k—p_wp)t]e_i(AEk—q,k—p_wp’)le*

— e_i(AekAk—p—q_ wp)t 1 ei(AEk,k—p—q_wp' )IZb*

¢ v
pL[nk_p_qﬂ,f,k,l(tZ)O - nk_p_q’k_p”l(tZ)O]bp’l}'

[ v
m[nk_,,_qJ,pgk,T(fz)o - ”k_,,_q,k_pw(tz)o]bm -

c v
p' l[n k—q,k—17+p’,l(t2)0 T Mgp’ kp.| (12)0lby)

(C1)

In order to derive the third order contribution S.(g, 1)@ it is necessary to formally solve the equations of motion for the various
operators that appear in the second-order contribution (C1). We start by writing integral expressions for nZ’Z,, again employing
the basic equations of motion (7), and repeat the approximations of static spin waves by neglecting the free evolution of 7y s

terms

4}
— . T gy ¥
ni—q,k—p+p’,(r(t2) =e VIZJ d[3eyt3lz [— de—p+p’—p",k—q,(r(t3)ObP”U(t:‘;)O + d*bp”u—(t3)OPk—q—p",k—p+p’,U(t3)0]
1

0 p/l

7}

_ —yt V3T (A€ g hpip — =@t ¥ —i(A€p_ 0t g = Mty L E
= E e zf dt3€ 3[[ e k=q.k=p+p’=p P 3de—p+p’—p”,k—q,0'bP"0'+ e k=p+p".k=q-p P 3d bp”o-Pk—q—p",k—[H—p’,(T]

P to

_ Ay f_prp =@y T (A’ gy =@y TE
e q.-k=p+p —p P de—p+p’—p",k—q,0'bp”(T e PPk 4 d bp”g—Pk—q—p",k—p+p',0' (CZ)

= . . >

P v+ I(Aek—q,k—p+p'—p" - (,UPH) Y- Z(Aék—p+p',k—q—p" - (l)p/r)
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)
— . T *
ni—p+p’—q,k,a'(t2) =e sz dt3eyt3lz [— de—p",k—p+p’—q,o'(t3)0bp”0'(t3)0 + d*bp"(,-(t3)0Pk—p+p’—p”—q,k,a(t3)0]
N o

5]
=D em J drze?3i[ — &' O ek-prr-ga-p"=pM3q P by + e Bekhprp=p"-g= "5 ", P
po plo
” 1

—p" k=p+p'—q.o k=p+p'-p"-q.k.o
V4 0
_ LA k=@l T —i(A € e pry ' —g= @)y TE
2 e p+p'—q.k—p’ P de—p”,k—p+p’—q,0bl7"0' e k=p+p —p—q Tp d bp”g—Pk—p+p’—p"—q,k,0' (C3)
= . . ’
o v+ I(Aek—p+p’—q,k—p" - (.L)prr) Y- l(Aek,k—p+p’—p"—q - a)pu)
5}
n ()=e" | dize™i2, [dP] (13)0bpro(13)0 = d"B (13 P (13)o]
k=p’ g k-p,o\12) = 3 k=p.k=p'—q+p".0\'3/07p"a\'3)0 p'o\ 30T k=p! —q k=p+p".01t3)0
fo [7"
)
_ — vt taof i(Ae_ 1 "o = )t T —i(Ae,_ "1 —w )ty 7
=Xe sz dtze?5il e/ A iy p)3de—p,k—p’—q+p",0'bP"U'_e eicpsp oy p"sd bp”ng—p’—q,k—p+p”,u]
p// to
i(Aek_ ’_ ] u)tz ¥ —i(Aek_ " e —g— @ ")tZ kg K
2 e P'=q+p" k—p~“p de_p’k_p,_qup,,’pr,,U e p+p"k=p' =g~ Op" 12 bp"ng—p’—q,k—p+p”,<r %)
—_ . - . ’
o v+ l(AEk—p’—q+p",k—p — Wy Y- Z(Afk_p.;.p”,k_p’_q - (x)pn)
o)
n (1) =e | die™i2 [dP} (13)0byo(13)0 = d°B (3P o o(13)0]
k-p—q.k—p',0\'2 3 k-p' k-p+p"-q,a\'3/07p"a\*3/0 p"o\'3/0% k=p—q.k—p'+p",0\*3/0
fo pn
5]
- i " r—w i —i o —w )i %%
= E e f dt3eyt3’[elmek_” w'akep' =30 P IL—p’,k—p+P”—q,abp”tr_e Byt ko™ n"sd bp”aP kp-gkp'+p".0]
pri to
i(Aep_ iy 1= )t ¥ N T PR
2 e\ kp+p"=q.k=p"~%p 2de—p',k—p+p"—q,abp"tT e k=p'+p" k=p-q~p" )12 bp”ng_p_q,k_p;eru’o ©5)
o v+ l(AEk—p+[7”—q,k—p' - wp//) Y- Z(AEk—p'+p",k—p—q - wp//)

When now substituting nZ,f, in the expression for SS)(q,t), we only need the <P’ terms because in the correlation 1 X3

only averages of the form (PP") are contributing for zero temperature, leading to

t 1
S(q.)® == |d|e™! f dre™"eh f dhe™ Y, | e Akpig e Aepimgmepap’”
1

p'1
fo 0 kp.p'.p"
_ i(Aek_ [ ) n)lz ¥ i(Aek_ ) n)[z T
" e ptp’ k-q-p"~Pp de—p+p’—p”,k—q,pr”T e p+p" k=p'—q~Pp de—p,k—p’—q+p”,pr"T )
] B i Pl
'y+ l(Aek—p+p’,k—q—p" - a)pr/) 'y+ l(Aek—p+p”,k—p'—q - (x)pr/)
+ e_i(AEk—P—qu_wl’)t‘ei(AEk—P—qvk_wP’)tzb;T
_ i(Aek_ 0] )ty ¥ i(Aek_ g k! =@ )ty T
o e P+p —q.k=p 14 de—p”,k—p+p’—q,TbP”T e PP —q.k=p r de—p’,k—[H—P"—q,TbP"T b
, - ) p'T
v+ l(Aek—p+p’—q,k—p" - wprr) v+ l(Aek—p+p"—q,k—p’ - (,L)pu)
_ gi(Afk—p,k—q_’”p)lle_i(Afk—p,k—q_“’p’)12[)*/
r'l
_ i(Aek_ ) u)12 ¥ i(Aek_ " ! —g— @ n)[z T
X ¢ v de‘PJrP'—P"sk—q,le"l € e de—p,k—p’—qw”,lb” " b
. - . pl
v+ l(Afk—p+p’,k—q—p" - (,L)prr) v+ l(Afk—p+p",k—p'—q - (,L)prr)
_ g‘i(Afk—p—q,k_“’p)llei(Afk—p—q,k_wp’)’zb;l
_ (A€ ke~ @)ty DT (A€ i g ke’ =@ty DT
¢ e de—p”,k—p+p’—q,le"l ¢ pev'akp T AP k—p’,k—p+p”—q,LbP"l
X - by |- (Co)

v+ l(Aek—p+[)’—q,k—p" - O)pu) v+ l(AEk—P+[7”—q,k—p' - (1),,//)

The contraction (Sgl)(é ,t)Sf)(q,t)) leads to contractions such as
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(bbb, X P57 iP, ), (C7)

k=p+p'-p".k—q

which result in the constraint k=k—g, which restrict the phase space of k,k summation considerably compared to the 2 X2
contribution. Diagrammatically, these fourth order contributions can be described as one fermion loop diagram (see Fig. 8).
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