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We investigate the emission of multimodal polarized light from light emitting devices due to spin-aligned
carrier injection. The results are derived through operator Langevin equations, which include thermal and
carrier-injection fluctuations, as well as nonradiative recombination and electréadtor temperature depen-
dence. We study the dynamics of the optoelectronic processes and show how the temperature-dgpendent
factor and magnetic field affect the degree of polarization of the emitted light. In addition, at high temperatures,
thermal fluctuation reduces the efficiency of the optoelectronic detection method for measuring the degree of
spin polarization of carrier injection into nonmagnetic semicondutors.
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[. INTRODUCTION of polarized light in GaAs LED in the presence of a magnetic
field. Effects such as spin-polarized carrier pumping, radia-
Advances on control of spin degree of freedom in elective and nonradiative recombination, as well as Zeeman
tronic devices has led to a strong research program in a nesplitting due to the magnetic field are considered in a quan-
branch of technology, so-called spintronics, extending theum Langevin approach:?°
usual electronic. Potential applications such as spin  There is reasonable literature on transport and noise in
transistoré or spin memory storage devicesare among the conventional optoelectronic devices following the quantum
main motivations for such a technological challenge. Sincd-angevin approach, such as Refs. 19-23. Moreover, such
spin decoherence time is much longer than all the relevarapproaches have been quite successfully applied to descrip-
time scale$, a more ambitious proposal is to encode quantion of noise in nonequilibrium quantum optical
tum bits (qubits of information, for quantum computation processed~-?*including those present in light generation and
protocols, on electronic spins bounded to quantum %ots, detection. In this paper we model the quantum processes in
to silicon implanted impurities. nonconventional spin-polarized LED’s with a microscopic
One main obstacle for this technological trend is to effi-description. Particularly we extend the multimodal light
ciently inject (and deteotspin-polarized carriers into semi- emission treatment of Ref. 20 by considering the spin degen-
conductor media through magnetic or semimagnetieracy lifting when a magnetic field is applied on the device.
contact$1% However, recent advances have been reporte@uch approach is quite useful for the understanding of the
with remarkable achievements of efficignp to 86% elec-  relevant microscopic physical processes.
trical spin-polarized carrier injecti8i*~** through a spin We first quantify the intrinsic degree of polarization of the
aligner (spin filte® into a GaAs light-emitting device GaAs light emission as it is strongly affected by temperature
(LED). Despite the many specific details and variety of ma-effects. The temperature dependence of the electgpfac-
terials used as spin aligners, such as BeMnZiSe, tor is responsible for a slight decrease of the degree of po-
ZnMnSe?®® ferromagnetic GaMnAs epilayeté, or double larization, once the decrease of the electrgni@ctor with
barrier resonant tunneling diofé’ the standard technique the temperature decreases the conduction band spin-splitting
for detection of the efficiency of spin-polarized carrier injec- sensitivity to the magnetic field. However, at higher tempera-
tion is the polarization measurement of the device emittedures, thermal photons are also emitted by the GaAs device,
light at low temperature. Selection rules for radiative recom-and the intrinsic degree of polarization decreases abruptly at
bination process in GaAs allow a direct relation betweera threshold temperaturd () asT, is dependent on the spec-
spin-selective injection and the emitted light polarization.tral response of the light detector as defined in Sec. V. The
However, thermal effects such as temperature dependence effect of unbalanced spin injection is also analyzed. We de-
the electrong factor!® noise due to thermal-light emission, velop a quite useful expression for the degree of polarization
as well as nonradiative carrier recombination may blur theof the emitted light, which now shows a dependence on the
detected light degree of polarization, which could cause aspin-aligned carrier pumping, as well as on the radiative and
apparent low efficiency in spin-polarized carrier injection atthe nonradiative electron-hole recombination. Since the in-
higher temperatures. Thus a detailed analysis of thermal efrinsic polarization in GaAs is opposite to that in spin-
fects on the spin-polarized photon emission and detectiopolarizing materials, it decreases the net spin-injection effi-
should be included in modeling the dynamic processes. ciency as reported in Refs. 11,13,14. We model the spin-
In this paper we analyze the temperature and magnetipolarized carrier injection by considering the spin aligner as
field dependence of the GaAs emitted light degree of polara Brillouin paramagnet, and introduce a phenomenological
ization, considering a full guantum model for the generationspin-polarized current density, which is dependent on the

0163-1829/2004/68)/08532211)/$22.50 69 085322-1 ©2004 The American Physical Society



M. C. DE OLIVEIRA AND HE BI SUN PHYSICAL REVIEW B 69, 085322 (2004

nomenologically considered by setting unbalanced number
of carriers in each spin subband, which are in contact to
fermionic reservoirs. In GaAs, the conduction band is two-
fold degenerate and the valence band is fourfold degenerate
(heavy and light hole sp)nSpin degeneracy is lifted with a
magnetic field, while the light-heavy hole degeneracy is
C/ solarized light lifted by confinement®?° The allowed transitions are de-
picted in Fig. 2. Due to the selection rules, electrons with
spin —1/2 in the conduction band recombine with holes of
spin—3/2 or 1/2 in the valence band to emit photons in right
(o™) or left (¢7) circular polarization, respectively. Analo-
gously electrons with spin 1/2 recombine with holes of spin
B —1/2 or 3/2 to emit photons i" or ¢~ polarization, re-
spectively. In GaAs the heavy hole transition is a factor of 3
times larger than that of the light hole.
The extended model describing polarized multimode pho-
tons and carriers in the active layer of the LED in the pres-
ence of a magnetic field is given By?°

photodetector

n-contact

L ( _n-AGaAs (]

i-GaAs

p-AlGaAs

p-contact

FIG. 1. Spin-filtering device.

spin-aligner layer thickness, the applied magnetic field, and H=Hc+Hp+Ha+Hug + Hoan™ Hoansys Hu - (1)
the temperature. We then describe the net polarized light
emission due to both the intrinsic polarization of GaAs andrne carriers free Hamiltonian is given by
the polarized carrier injection.

This paper is organized as follows. In Sec. Il we begin
with describing the model for polarized-multimode photon
emission due to radiative recombination of spin-aligned carHCZE E Sck,ucl,uck,u_FE Sukﬂ’dikﬂldfk#’ ) (2
ries in the active layer of GaAs LED’s. In Sec. Ill we present ko w
the spin-polarized LED Langevin equations in a four-valence

band model for the description of polarized light generatlonwhereCkM andd_,, are Fermionic annihilation operators

which includes light and heavy hole-electron recomblnatlonTor the electron with momenturk and sping and the hole

In Sec. IV we describe the detection process. In Sec. V we". N . )
. - Wwith momentum—k and spinu’, respectively. The spin
analyze the influence of temperature and magnetic field on

the generation of intrinsic polarized light. In Sec. VI we variables arqu=—1/2, 1/2 and,_u =—312, —1/2, 12, 372.
ecku ande,,, - are the conduction and valence band energy,

present a quasiequilibrium equation for inclusion of carrierres ectivelv The multihotonic process is characterized b
injection and nonradiative recombination. Finally in Sec. VII thepHamiItgﬁian P P y

we discuss enclosing the paper.

Il. MODEL Hp= 2 fina a0, 3)
lpup'
The system we study is depicted in Fig. 1 and is consti-

tuted by a spin-aligner material lafét~'3in contact witha , , o

GaAs LED, whose emitted light is then incident on the pho-With @,,,- andw,,,,. being the bosonic annihilation operator
todetector. We model the light emission and detection of &nd the frequency for the photons in mddeith the polar-
GaAs device only, analyzing the intrinsic degree of polariza-'zat'on characten;ed by the allowed spin-indexes transition
tion by setting each subband in quasiequilibrium with bal-# @ndu’, respectively.

anced injection of carriers. The spin-alignment effect is phe- 1he dipole interaction is given by

n
-172

:
Hd:lkz’ A (Gt 1 Chuiuur +H-C), (4
M

where gy, is the dipole coupling constant. Notice that
Ecku» Evku’ » aNdgyy,, are already renormalized to include
the many-body interactioH g (carrier-carrier scatteringn
12 12 a mean-field approximatiofY.For the direct radiative recom-
FIG. 2. Radiative interband transitions allowed in GaAs. bination in GaAs it is sufficient to consideg,, ande ., in

vku
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a parabolic band structure, S_UCh&%ﬁﬂ:ﬁzkz/zmlesg and  The Langevin equations for the dipole operatarf{’
Ekur=hK?I2m;,, wherem is the conduction-band effec- =d_y,Cr.€e"" and for the photon annihilation operator
tive electron mass anth,=m,,,my, is the effective mass (Alw/:alw/ei Y describing the LED in a microscopic
for the heavy and light hole, respectively, describes the scale are given by
renormalized band gap. To simplify the equations we have
included the following zero-ratdorbidden transition matrix i
elementsy|y— 1/2- 1/2= Yik— 1/2312= Jik1/21/2= Jik/2-3/2=0. — gk = —ity— !
Let us choose a general orientation for the magnetic fieldit 7k h (o Eopur —1Ry—fim) ol
and analyze later what transitions are allowed in the Faraday
configuration, where the field is perpendicular to the layers ) )
of the devicealong thez axis) as shown in Fig. 1. The action -l 2| i’ (1N M) Al
of the magnetic field over the device is described by the
Zeeman Hamiltonian &% -

i ' )

— 7 18B [ Ge2 Suu 0k +Gn2 S0l
HMZIU'BB' E E gesc,uvcl,uckv + FMIL, (6)

k nv %
; and
+ E ghsw,v,d_kﬂ,d_kv,), (5) g &

wv . . '

ﬁAlﬂﬂ«’: _?+|(V|_Q|) All—"l’«’_lg grkﬂﬂ,g'/‘k’“ﬂ
where ug is the Bohr magnetoriey, is the electronhole) +F. (7)

Landeg factor andS, and S, are spin 1/2 matrix for elec-
trons and spin 3/2 for holes, respectively. In addition to lift- _ _ , .
ing the spin degeneracy by introducing the Zeeman splittingthe field decay rate, whil&;* andF, are the fluctuation
the magnetic field also induces spin-flip between carrierdéerms for the carriers and the field, respectively. In @2,
subbands. Although magnetic fields above 1 T are considerdd the passive-cavityactive layey frequency-®
in this paper, since we are only interested in a qualitative Following Eq.(6) the magnetic field induces spin-flip be-
view of the optical transitions close to the band edge weween each subband. However, choosing conveniently the
simplify the model by not taking into account Landau levelsFaraday configuratioimagnetic field orientated along the
quantization. device,B=B,k) S, involves only diagonal elements and the
In our model, the reservoir is constituted by three termsgq. (6) is simplified to
one for the photonic modes and the other two for electrons

In these equationy is the dipole dephasing rate armﬂ is

and holes. The corresponding Hamiltonian terr#, 4, and d o0 N p!
Hpatnsyd are conveniently eliminated in a Markovian ap-  dt“% 7 (Beut o ~1RY = hiv) o
proximation for the reduced dynamics of the devit@he

photonic reservoir is assumed in a thermal distribution, while i E| Ot (1= N — n’thLk)Al,u,u’

the carriers reservoir are considered in quasi-Fermi-Dirac
distributions, where the carriers are in equilibrium in each i
subband, but not between two of them. _ gMBBz(gesﬁ,mUﬁ“ +gh55wﬂ/0'km )
+F ®

Ill. SPIN-POLARIZED LED LANGEVIN EQUATIONS AP

and no spin flip is present.

Here we consider the dynamics of the dipole operator and Now considering the regime where the dipole dephasing
for the photon number operator. The interaction with the carrate is much smaller than the field decay rate «” we can
rier reservoir is considered in the Langevin approach, whichake the solution of Eq8) in the slow varying regime for the
includes fluctuations in the carriers and photon populationsadiabatic approximation

. ’ ’
|2 917 kpup (Nt nﬁ_k—l)A,,M,+Fﬁ:;‘
) I

ot = , 9
H A
7+'[,U«BBz(geSc,L,ﬁfghsiﬂrﬂ/)+8cku+ ek —hv)]Ih
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and substituting it into Eq(.7) we obtain for the photon an-

nihilation operator GV :; Gl E; D|kwrgrkwrg|'kwf
d , , , X (nkA+nt  —1), (12)
Gt == k2= Q) IA+ X G Ay +FA 4, - XMect oy L
I and we defined a new fluctuation term
(10
, FA'=—i> g% Diuu F** 12
where the polarized gain matrig//* is defined as ol ; s P’ o 12
with
D ! (13
Ik = . .
M il seBAGeShut GnS, )t Eck T Bokur —im I
|
The photon number Langevin equation is obtained imme- d
diately from Eq.(10) and reads 2D =g (AuAY) — (DA —(ALD,) (21)
d _ 0 2 wp' pt
an"‘“'_ — K nmw + < (G”, Al,u,u’AVM,U«/ + HC) and
+ | 2 PR A +HC. (14) (FL(DF,(t"))=2D,,,8(t—t"), (22)
o

Equation(14) explicitly shows the polarizationg and u’ which is a manifestation of the fluctuation-dissipation
dependence, while the dissipative term is independent of padheoren?®
larization onceK|°= 1, /Q, where Q is the cavity (active Referring back to the Ed8) we find the following diffu-
layen quality factor. sion term:

Correlations between distinct modes can be important, as
for example in the generation of sub-Poissonian Iigkt q
however, for our interest here, we consider the simple situasqy#e’ _ = ; tuux' oo’ tup' _pp'N _ Z ou
tion when correlations between distinct modes ca[; be ne-ZD”l"k’ dt<ak o )2l o) dt<neknh_k>
glected, and thus

; + 2NNk (23
<A|,u,,u,’(t)A|'pp'(t)>:<n|>5”'5/1[)5/!./[)' , (15)
) , ) Assuming the quasiequilibrium condition
(o (Ol (1)) =(NENE ) 8118,,8, s (16)
’ ’ ’ d
-1- ! ’
(ol (D" (0)=((L=nE)(L=n{_ 1)) 81 8upSurpr s a<ngk”#—k><27<”gkn#—k>v (24)
(17)
(N (NE (1) =(NE) Skk B s (18  we obtain
Fluw' () FP (1)) =2D™ 8(t—1')8,,8,1, S - , , :
(P (O (01720, XU DO B 1y (FOF (0) =2 )81y 50 Sk
k
(25)
To determine the fluctuation terms we have to recall the
generalized Einstein relatidf.If the generalized Langevin Anal |
equation is given by nalogously
d )
’ T r
GA=DLtF, (20 (Fow (OF " (0)=2¥/(1=nG)(1=nf)
then the generalized Einstein relation will be XO(t—=t")8,,0,1 p 0.k (26)
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For the light-field Langevin-force, considering the non- The steady state solution of E(5) is readily obtained, to

correlation between modes, as is well kndwn give the steady average photon number in the node
(FIOF (1)) = klng(m) 8(t—t") 8y, (27) — ((FHALHHC))Y (A, +H.C))
_ N =
whereny(v)) is the number of thermal photons. For the car- " K+ ((Rhg)y — (REX"))
riers Langevin force, we obtain the time correlation (36)
: . . . To calculate the correlations(F4* (t)AlM (t)) and
PP ($7)\ —
(Fhe ()Rt )>—§ Oikepeper 91k’ e’ Pty Pikc s’ <F|(t)A|W (t)) we assume that
X(FI (F (1)) A =A A L dtALL (), 3
% g'{( |,U~,U~I(t)_ IM/-L/(t_ t)+ At t |,u.,u.’(t ), ( 7)

where At is an interval much shorter than/ but much
longer than the correlation time of the field reserddiSub-
stituting Eq.(10) into (37) we can calculate the above corre-

_ * *
- % glk,u,,u’g|k/,U«,U«'le,u,u’DW',U«M'Z’y

X (A Onf Y at—t') )6,pSurpr k.’ lations, which then are given by
—2 |91kjur |2 Piker 12275 (DN ) <Fl(t)A|TW'(t)+H-C->:K|OF0(V|), (39
X S(t—1') 8,81, - (28) (FU (DA, (D +H.c)=(Re). (39)

Rewriting it in terms of the Lorentzian line Shamﬂﬁﬂr Substituting these correlations into E§6) we finally obtain

=2 2 issi i
=D , and the s ontaneous emission rate into the — ’
7 i b — Kf’no(vl>+<Rs§i>

model due to the transitionu’, Rspl , given by M = (40)
KIO+(<Rgbsl> <Rspl >)
Rg‘p’ﬁ =— E |91k 2L+ n nh K (299  which shows exactly how the absorption and emission rate
contribute to the steady average photon number in niode
we get As it is expectedngy(v,) coming from a thermal reservoir

(thermal photonsdoes not contribute to a specific polariza-
(FI (OFS (1)) =(RESY8(t—1)8,,0,1, . (30)  tion. In the device working regiméR4"))> kno(v), the
radiative recombination process determines the light polar-
ization. However, the increase of temperature may blur the
T,Jp _/pun _ light polarization. We further analyze this point in the next
(Fof" (D" (1)) =(Rabs)) (=) updrpr - (3D section for the measurement of the polarized light.

Similarly

where the absorptlon rate is defined as
IV. MEASUREMENT OF SPIN POLARIZATION BY

DETECTION OF EMITTED LIGHT
Rabs.— Elgmw 20 (1-nk)(1-nt ). (32 CTION © G

At this point it is interesting to analyze the degree of
Neglecting I #1” (intermod@ correlations the photon- polarization of the emitted light as a function of the carriers

number Langevin equation is then written as recombination. For that we will focus on tlhenode photon
flux N, at the photodetectdsee Fig. 1, which we assume as
d 0 . placed at the wall of the semiconductor active layer
Gt M =~ KM+ (GRE +Gpe Iy “microcavity.” ?° The input-output theo”)?*3! determines
that the relation between the output, input and the cavity field
+[(F +FDA] L +H.cl, (33  isgiven by
and noticing that VI = 1Py —F el (41)
G| ! + Gl —Rg'ﬁ'—Rabsl, (34 wherer"" is the photon flux of mode from the cavity
(active layer of the LEDandF, is the input field fluctua-
then tion, which in our case is a thermal white noise. Now the
d o , ) relation between the emitted flok““" and the detected flux
a”w': = KNy — (REfG — Rgle N N{"‘" is given by
+HL(FA +F)A],, +H.cl. (35) NE# = g(Vie'y, (42)
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whereé& =£(v)) is the transmission coefficient of motleg, and so, the photon flux at the detector is
is related to the spectral response of the photodetector. A

nonhomogeneous-detection process reflects a structured re- W{LM,:B()[KPHO(V|)+RQF':§,]. (44)
sponse due to a narrow-band photodetector. In the case of ) o
homogeneous detection, or a broad-band detegter, is Following Ref. 13 the spectral degree of polarization of

a flat distribution over the frequenci&sWe shall consider the detected light in modeis given by
only this last situation. Thus the total detected photon num-

ber is N““'=E|N|‘”’“/=,802<V|‘“’“/). Since we did not con- Pv) = ——,
sider correlations between modes, the total detected photon T+
number is a summation of the photon number of each mOd%Nherel “=N{/¢, is the light intensity at the detector. Sub-

Therefore, from now on it is enough to consider the calcula-

tions for one mode only the extension for the multimodesStitUting Egs.(41) and (42) into Eq.(45) for a broad band

being a simple exercise. The electroluminescence intensity iqetector, we obtain the spectral degree of polarization in

right (c*) and left (¢~) circular polarization are given by terms of the average photon-number in mode

N'Jr - N'i Ry ﬁ'l/} * and N'i N N'i e N'UZ(S/Z)’ re- E— 12-3pt Ellz— 1/2_F|7 1/2(1/2)_F|1/2(3/2)
spectively. We simplify our treatment if we consider the low Ply) == — — —
injection limit K|0><R§k§g; - RQ;j’), where we can rewrite Eq. Mi-12-3i2F Maz- 12 M- 27202 Nsz(are) (46
(40) simply as

-

(45

o o / which is independent of the transmission efficiengy. In
Ny =No(1) + (RS 1 7). (43 the low injection limitx{>(RAL —REA"), Eq. (46) writes
|
—1/2-3/2 1/2-1/2 —1/2(1/2 1/2(3/2
<Rsp,l +Rsp,| _Rsp,l w2 Rsp,l( )>

—1/2-3/2 1/2—-1/2 —1/2(1/2 1/2(3/2 (o :
<Rsp’| + RSpJ + RSp,| ( )+ RSD,|( )> + 4K| no( V|)

P(v))= (47)

The role of the material dipole matrix for the degree of po-ization. For a sufficiently broad spectral response, as the tem-
larization is made clear trough the spontaneous emission rapeerature is raised the unpolarized thermal photons become

Ré’“p’j/ from Eq. (29), as well as the polarization dependenceMore and more important in the process, decreasing the de-

on the thermal photon number. Notice that the broader is th@'€€ of polarization of the emitted light.
detector spectral response the stronger will be the counter

effect of thermal photons over the intrinsic degree of polar-
V. INTRINSIC POLARIZATION

25 Let us focus our discussion on the analysis of the intrinsic
polarization of the GaAs electroluminescence spectra as a

function of the temperature and the applied magnetic field. In

2.0 Fig. 3 we plot the electroluminescence spectra with right and
) left circular polarization, for several magnetic fiel@s 1, 4,
S and 8 T) with the temperature set ib=4.2 K. To estimate it
S 15 quantitatively we have assumed that the dipole matrix ele-
s ments are given by th&-p theory in the parabolic band
= model, being
2
& 1.0
£
(0) : (49
Ok’ = Qi ,
0.5 pre S +h2k2 1+ 1
e —
9 2 m# m,u’
00 1 1 1 1 1
1510 1.515 1.520 1.525 1.530 where
Photon Energy (eV)
FIG. 3. Intrinsic electroluminescence spectra of GaAs as func- 91 u.(0)= 1€Ppup (49
tion of the magnetic field. e Moey
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10 =[dyP(v)). In Fig. 4 we plot the GaAs intrinsic degree of
o polarization varying the magnetic field with the temperature
= -08p set to 4.2 K. Figure 4 shows an almost linear behavior of the
5 degree of polarization for a weak magnetic fida<1 T.

s 08} However, as the magnetic field is increased the polarization
B attains a polynomial shape. The calculated intrinsic polariza-
‘—g 0.4 tion for carrier radiative recombination corroborates qualita-
o tively with the experimentally measured photoluminescence
O .02} intrinsic degree of polarization for GaAs given in Ref. 11 and
g 42K quantitatively for electroluminescence measurements given
D o0 - - - in Ref. 33.

a 0 2 4 6 8

The variation of the intrinsic polarization with the tem-
Magnetic Field (T) perature is plotted in Fig. 5 for a magnetic field set to 8 T.
The temperature dependence of the electrgrfctor is the
main responsible by the slightly decrease of the degree of
polarization shown in the figure, once the GaAs electrgnic
factor decreases with the temperature Gs= —0.44+5
is the dipole momentum at the center of the band, witar X 10" *T,*® turning the conduction band spin-splitting less
the electron charge, anpl,,. for the electron momentum sensitive to the magnetic field. Within our model a threshold
given by the selection rules. All parameters are set to matcfor the decrease of the polarization is observed arotind
optical transitions in GaAs. =235 K, whereT, is a critical temperature dependent on the
From Fig. 3 we observe that this simple parabolic bandspectral response range of the light detector. For the present
model is reasonably good enough to give a qualitative piccalculation we have fixed the detector frequency range to 1
ture of the spectra of the polarized light emission, includingeV, which is a reasonably good range for detection of the
light-hole and heavy-hole featur&in Fig. 3 the solid line  central carrier radiative recombination features. The thresh-
stands for right-circular polarization emission, while the dot-old is due to thermal photons emission. At higher tempera-
ted line stands for left-circular polarization emission. Bt tures thermal photons are largely emitted, washing out the
=0 T there is no light polarization and both componentspolarized emission around 1.519 eV and the intrinsic degree
have the same line shape. As the magnetic field is increasest polarization decreases abruptly as in the inset of Fig. 5.
a slight splitting of both spectra are noticeable and at 8 TThe slight increase of the polarization before the threshold at
they can be completely distinguished. We have observet, is due to the fact that thermal photons start to contribute
from our calculations that the strongest contribution for theat lower frequencies from the left side of the emission spec-
deformation of the polarized-light spectra is due to thetra (Fig. 3 washing out first the central peak feature polar-
heavy-hole feature, as it is expectéd®Notice that some of ization and then only a right-lateral feature contribution en-
the spectral features have opposite polarization, reducingrs into the computation of the degree of polarization. The
thus the net light emission polarization as confirmed experidependence of the critical temperature with the detector
mentally by Jonkeet al.** Those line shapes can be strongly spectral response is an interesting issue, and is going to be
modified by the variation of the width of the GaAs quantumaddressed elsewhere. Anyhow, in addition to the well known
well in the AIGaAs/GaAs/AlGaAs LED, which mainly af- mechanisms preventing efficient spin injection at room tem-
fects the energy splitting of the heavy- and light-hole bandsperaturg(see, e.g., Ref. 33the observation of spin polarized
The intrinsic degree of polarization of the GaAs is givencarrier injection by means of optical polarization is also
by integrating Eq.(47) over the frequency range®  highly inefficient at those temperatures, since thermal pho-
tons emission reduces the net optical polarizatfone note

FIG. 4. Intrinsic degree of polarization of GaAs in function of
the magnetic field.

9.16 — that even the 2% efficiency of spin polarized carrier_ injection
'R o8 at room temperature observed by optical means in Ref. 33
2 9 06 was calculated by considering only lateral features of the
c 914} -0.4 emission spectrum. Indeed, the net polarization calculated by
-% 013 gi consid(_aring their whple spectrum is drastically reduced to
N T 050 100 T50 200 250300 approximately zero, in complete agreement with our calcu-
c_’g 912 lations (inset of Fig. 5.
Rl
o VI. CARRIER PUMPING AND NONRADIATIVE
3 910F oo RECOMBINATION
§' -9-09O 2'0 4'0 GIO 8I0 1(')0 120 A. Carrier Langevin equation and light emission polarization

rate
Temperature (K)

It is interesting to analyze the problem of polarized elec-
FIG. 5. Decreasing of intrinsic polarization of GaAs as a func-troluminescence if an unbalanced carrier injection is taken
tion of the temperature. into account. In such a nonequilibrium case, fluctuation ef-
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fects of carrier pumping and recombination are very imporand G’ is also an implicit function oh“ . Depending on
tant. For that we also write a Langevin equation for the elecy,qo process involved in the nonradiative recombinatigify,

tron number ~operator including carrier ~pumping, can also baef, dependent. For simplicity we have taken both

nonradiative recombination and dissipative effects as well. I, . . jiative and nonradiative recombination rates as con-
light emitting devices, contrarily to laser diodes, there is very

lite optical feedback(if any), and so stimulated emission stants, and as such independent of the magnetic field. In this

and absorption can be neglectéonradiative recombina- regime the average \{alue for the carrier number is given as a
. S ) . function of the pumping rate as
tion is introduced phenomenologically, following Refs.

19,20. The Langevin equation for the carrier occupation A%

ili i _ _ —(AE 4+ R+ Yt
probability can be written as (nE(1))={ (n£(0))— ——————— | e~ Pe* mr* %
) ) Aget Wrt ¥r
d
. T !
&ngk:Agk(l_ngk)_'y/NLRngk"_; (|g|*kW,A|W,o-{j“ N Ay (55
y2a ’
" At Wrt v
+H.c)+F4, (50)

whose stationary solution is

where A% is the pumping rate due to a current injection,

(1—n¥,) is the pump blocking;yir is the nonradiative re- (Nh)e=—— .

combination parameter included phenomenologically, and At Rt Y

Fex is the u-polarized electron number fluctuation term.  Similarly the equilibrium hole occupation probability is
Using again the quasiequilibrium conditi¢®), we obtain  given by

AM
ek (56)

"
Ahfk

AR+ YRt Y

&ngk: Ag(1=Nng) — YNRrNek (NE_eq™ (57
whereAf{“Lk is the hole pumping rate amzﬁ’R and yﬁ" are

the nonradiative and radiative hole recombination rate, re-
spectively. Thus the expected spontaneous emissiori2gjte

* t
_”2:, [leﬂ.u’glkﬂﬂ’gl'k;m’Al;m'Al’ML’
)73

X (n&+ nﬁlk—1)+ H.c.] can be simply given by
. * t ! ' Y
+% (|D|kwlg|kw,A|W,Fﬁé‘ +H.c)+FE&. (REsy = > ; |g|kw'|2
oY , ABAE
This last equation can be further simplified by neglecting X LR . VI PR
correlation between modes, such that (At yNrt Y (Mot YR )
(58)
ﬁngszgk(l— N4 ) — ylonk — >, (G’kﬁ’(' + G’k*,{“")mwy To use this last expression, it is convenient to write the spec-
' tral light polarization as given by Ed47) in the following
; compact form:
. * !
+; (I D O A Fi2 +H.C)+FL
m , ’
52 2 (= n')RE)
. . . . . P(w) = , (59)
Since the third term of the right-hand side of E§2) is due S (REE'y+ 4
to the radiative recombination we can simplify it by just = (Regi )+ 4no(1)

relating it to the radiative decay rate as folloWs?
where we must remember that the elemeRg,” '
=R, /¥A=RLI3?=RIIY=0. sSubstituting Eg.(58)
into Eq.(59) the spectral light polarization is finally given in
function of the balance of electron and hole injection as

angk: AL(1=ng) — YNrNek— ¥rn&+Fé&, (53

where we have also included the fourth term of E&f) in
the definition ofF%,, and obviously,y* is a carrier occupa-

tion number dependent function as > (M—M')Igm##rlzﬁ,"k"’l“{f"'
k!
oo P()= . (60
> (G + G M > ik | LI TR +8N0(w))] y
! o=
=" . (54 ol
Mek where we have defined
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’ 0.5
Flkj“’U“,E AgkAlfl‘lL—,k : — (61) (a) d =300 nm (b)
(Agt WrT YO (ARt Rt ) 0l T
as the pumping to recombination rate. As before the light '
degree of polarization is given by integrating E60). osb
B. Pumping rate modeling a” :
o2} !

Before proceed further we need to discuss the phenom d,.<3nm
enologically introduced pumping rate in detail. When sum- h JUUTT L
ming overk the pumping and pump blocking term for the 01F; Jags
carrier (#=e, or h), must be related to the spin polarized I 4 o
current density,, (Refs. 19,23 by ook

0 2 4 6 8
nJM Magnetic Field (T) Temperature (K)
2 AG(1-ng)= o4 (62

FIG. 6. Normalized polarization of injected carriers into LED
from a Brillouin magnetic semiconductdir) Carrier injection po-

where 7 is the total quantum efficiency that the injected larization dependence with the applied magnetic field and magnetic

carriers contribute to the populatiqn of the. subbandp is semiconductor thicknesh,s at T=4.2 K. (b) Carrier injection po-
the electron charge, ardlis the thickness of the active re- |ization dependence with the temperaturedgg= 300 nm.
gion. Assuming that by the time the injected carriers reach

the active region they collide often enough to be in equilib-

rium within each subband, it is reasonable to assume the g oo K e GempBdus -

quasiequilibrium conditiot??%such that n=7 TdusiGensubys 2kgTdy |’ (695
Agk—n;’_‘]“fako, (63)  WhereJ, is the n_et current density without a magnetic_field.

edNy The net current is alwayd,, but each component ¥, is

increased or decreased;if=1/2 or —1/2, respectively. Re-

where Ny and f ., are the total carriers density and the ) : ;
0 K0 y mark that instead of ; we included the fractiodys/dg as a

Fermi-Dirac distribution function, respectively, at zero bias.: ' : o ST
fitting parameter, wherdy is a fitting length, which is more

7y IS the transport part of the quantum efficiency, giving the ¢ ! >
efficiency that the injected carriers reach the active regionConvenient for our purposes. If we define the polarization of

s could include a spinorial dependence to take into accouri{'® iniected current by

dephasing and decoherence mechanisms at the spin-aligner

material and GaAs interfac8.However, such mechanisms Jip—I_1p

are not concerned in the present work. The spin dependent PjEWa (66)
current density,, is related to the spin-alignment efficiency Y212

of the material cap laydiFig. 1). Spin-aligner materials such o ] -
as Bg_,_,Mn,Zn se!! zn, Mn.Sel® or ferromagnetic which is the rate between spin and charge current densities,
GaMnAs epilayer€ show giant magnetoresistari@@®Thus ~ We obtain by Eq(65)

J,, must take into account the magnetic field strength relating

spin aligned carrier injection into the GaAs LED. From Refs. 1 X G ugBd
11-14,33 the spin aligned current injection follows closely P, =—dys-GLusBys L’V‘S)’ (67)
the profile of a Brillouin paramagnet, whose net magnetiza- Jo X 2kgTdo

tion is phenomenologically given By
which then shows a Brillouin function dependence with the
magnetic field, the inverse of the temperature, as well as a
) (64) linear dependence with the spin-aligner material thickness as
observed experimentally:**1433Notice that instead of in-
where G| is the magnetic material electronicfactor, Sis  cluding the temperature dependence in the magnetic semi-
the magnetic material spifs is a S-Brillouin function, and ~ conductorg factor we have assumed this dependence in the
xIx is the molar fraction of Mn contributing to the saturation Pheénomenological magnetizatiéfiln Fig. 6 we plot the nor-
of the magnetization and, is a fitting temperature to scale malized  polarization Py =P;Jox/xdoGepg, i€,
with the experimental magnetization cur/eSince the de- (dsm/dg) By G amsB/2kgT), as function of the magnetic
gree of polarization of the injected current is directly propor-field in Fig. 6a) and the temperature in Fig.(l§. These
tional to the magnetization and also directly proportional tofigures clearly show the observed injection polarizatidoy
the magnetic semiconductor layer thickndgs, we assume varying B, T, and the magnetic semiconductor spin-aligner
the following phenomenological electronic injection currentthickness, justifying our pumping rate modeling through Egs.
density: (63) and (65).

G upSB
kg(T+Top)

X
M= ;g ;u“BSBS(
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C. Net light emission polarization 5 ,
2 (Iu’_lu’,)lg”(,u/.l,'| ﬁﬁ(#

k!

Now we can include the spin-aligned carrier injection, as P(y)= : (68)
described above, in the polarized light emissi@d). The > |g|kwy|2£ﬁ<“
spin aligned carrier injection reflects as an unbalanced carrier kup'

population through Eq63). We must remark that due to the which is a saturation for the emitted light polarization, since
reduced spin-orbit coupling in the conduction band, spin indn that limit all the electronic and hole states are occupied, as

jection of electrons is more efficient than holes. Thus welllows from Egs.(56) and (57), leaving no free state for
arrier injection. The polarization is then dependent only on

simply set a balanced constant pumping rate for holes frorﬁ1e spectral shape of the GaAs light emission and corre-
the drain lead, while considering an electronic spin-aligneiponds to the intrinsic emission we studied before, in the
injection. For the following calculations we fixed the tem- |imit of high occupancy. On the other hand, for the regime of
perature tol =4.2 K, where the thermal photons emission isweak pumping, when/#s>A* | the pumping to recombina-
negligible, and thus can be simply disregarded from(EQ). K
In working device regime radiative recombination rate is
always much higher than nonradiative recombination rate as , Ag‘kAﬁLk
the former is dominant and the latter is a disturbance due to I By (e
the impurities and other undesirable material defects. Thus ONRF Y (it )

nonradiative recombination rate is always smaller thanyhich is the limit where all the electronic and hole states are
pumping rate, even in the low injection limit. The radiative almost unoccupied, due to the fast recombination process. In
recombination rate, however, play a crucial role for the lim-this situation the net light emission polarization is then

iting regimes for the pump to recombination r469). First ~ strongly dependent on the polarized carrier injection, but

let us consider the regime of strong pumping rate whefe V‘(ith the GaAs light .e'T”iSS.iO” _features. This limit is also con-
u , g g pump g. - het sistent with the low injection limit we have taken before. The
<A“k. Thus F;kL'U' saturates to 1 and EQGO) Slmp|lfles to net Spectra' po'arization is then given by

tion rate reads

<1, (69

D (= )| G LI ferol o/2+ sl s(XIX)G L paeBya G b preB e/ 2KeTdo) ]
k!
P(v)=

: (70)
2 G [PLEE ferol Jo/2+ wds(XIX)G LupBrA G eppB s/ 2k Tdo)]
kpp'
|
from where we obtain by integration the net light emission VIl. CONCLUDING REMARKS
polarization as plotted in Fig. 7 by varyirgjanddys. Due
to the low value of the Landg-factor for electrons in GaAs,  In conclusion we have shown that the Langevin approach

the Zeeman splitting is very small, but it is contrary to theis quite useful for the microscopic description of spin-
splitting of the spin-aligner material, decreasing the polarizamediated polarized light emission. We have quantified the
tion, which contributes to the decreasing of the saturationntrinsic degree of polarization of the GaAs light emission,
value for the net degree of polarization. Both the polarizationyeing it strongly affected by temperature effects. We have
of the spin-injected electron$() and that due to intrinsig hown that the temperature dependence of the electgpnic
l_‘actor(P) increase in ”_‘agnit“ eas the applied magneti_c fieldactor is responsible for a slight decrease of the degree of
increases, howeveR; is opposite toP. In our modelP; is -, a17ation, once the decrease of the electrgrfactor with

?Oc;r;mt?]r;t urﬁ)etto 7;;’9;2:{5% Saotltlc:atsesz?smed\ZSZnncc:atathg(e_eri the temperature decreases the conduction band spin-splitting
mentallyll'13’14(sge the inset of Fiz }7The spin-aligner mg- sensitivity to the magnetic field. However, at higher tempera-

fures, thermal photons are also emitted by the GaAs device,

terial layer thickness is also an important feature for the ne S o
degree of polarization. We note that for this figure we hav nd the intrinsic degree of polarization decreases abruptly at

considered both light and heavy hole states, and thus tHf'® threshold temperatureT(). The effect of unbalanced
highest polarization possible to be attained is 50%. Had wéPin injection was also analyzed reflecting the dependence
neglected light-hole states the polarization could be as higQn the spin-aligned carrier pumping, as well as on the radia-
as 100% depending on the spin-aligner material layer thickiive and the nonradiative electron-hole recombination. Since
ness. Fody s=300 nm the higher attained efficiency of po- the intrinsic polarization in GaAs is opposite to that in spin-
larization would be approximately 85%, which is in com- polarizing materials, it decreases the net spin-injection effi-
plete agreement with the observed value of 86% from Refciency as reported in Ret$*!4 We have modeled the spin-
11. polarized carrier injection by considering the spin aligner as
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FIG. 7. Net light polarization with inclusion of spin-aligned car-
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As a final remark, throughout this paper we have assumed
the dipole quasiequilibrium regime for analyzing the light
emission polarization. That means we have considered that
each electronic spin component is in equilibrium inside each
subband when radiative processes take place. This is actually
the situation for working devices regime. However, the non-
equilibrium regime, where the dipole dephasing and decoher-
ence rate are taken into account, is interesting for the treat-
ment of optical detection of spin relaxation proces$eghe
formalism here developed can be readily applied to these
problems and could bring some enlightening on the micro-
scopic mechanism related to spin relaxation in semiconduc-
tors media.

rier injection. The degree of light polarization is dependent on the

magnetic material layer thickness. The inset shows the decrease
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