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Charged excitons in a low magnetic field in GaAs/Ga12xAl xAs and CdTe/Cd12xZnxTe
semiconductor quantum wells

B. Stébé* and A. Moradi
Universitéde Metz–Institut de Physique et d’Electronique, 1 Boulevard Arago, 57078 Metz Cedex 3, France

~Received 12 July 1999!

We study the influence of an external magnetic field on the singlet and triplet ground states of negatively and
positively charged excitons in GaAs/Ga12xAl xAs and CdTe/Cd12xZnxTe semiconductor quantum wells in the
low-field limit. The energies are determined using a variational wave function for finite values of the band
offsets. We show that there appear additional Landau levels due to the charge of the center of mass. We discuss
the influence of the magnetic field on the exciton and charged excitons transition energies.
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I. INTRODUCTION

Over the past few years, considerable experimental w
has been carried out on charged excitons~or trions! in quasi-
two-dimensional~2D! semiconductor structures, mainly b
cause the understanding of their properties is essential in
optical investigation of a 2D electron or hole gas. Two kin
of charged excitons have been observed: the negati
charged exciton (X2) and the postitively charged excito
(X2

1) resulting, respectively, from the binding of an excito
~X! and a free electron~e! or a free hole (h). After its first
identification1 in CdTe/Cd12xZnxTe quantum wells~QW!,
the singlet state of the negatively charged exciton (Xs

2) has
subsequently been observed2–7 in GaAs/Ga12xAl xAs QW’s.
Later, the observations of the negatively charged exc
triplet state (Xt

2) as well as the positively charged excito
singlet (X2,s

1 ) and triplet (X2,t
1 ) states have also been reporte

It appears very soon that the use of an external magnetic
may be very useful in the identification of charged excit
lines in CdTe compounds8–13 as well as in GaAs
compounds.14–21 It results that charged excitons lines a
exciton lines exhibit a comparable diamagnetic shift thou
the energy difference of the lines increases monotonic
with the applied field.17 The Xs

2 state may be already ob
served at zero magnetic field for electron concentrati
lower than a critical value. However, even for samples
which this concentration is larger, the application of a ma
netic field can enable the observation ofXs

2 . On the other
hand, theXt

2 state is only observed in a magnetic field. T
behaviors of theX2,s

1 and theX2,t
1 states are quite similar to

those of theXs
2 and Xt

2 states. Moreover, it has bee
reported21 recently that though the ‘‘binding energies’’ o
Xs

2 andX2,s
1 are identical at zero field, their spectra are d

ferent at high-magnetic field.
There exists little theoretical work concerning the infl

ence of a magnetic field on charged excitons. Recent th
retical studies22–25on Xs

2 states consider ideal 2D systems
the high-field limit. To our knowledge, the only papers co
cerning QW’s are related toXs

2 andXt
2 states subjected to

strong magnetic field in an infinite26 or a finite27 quantum
well. A common feature of all these papers is that the wa
functions used do not take into account explicitly the int
PRB 610163-1829/2000/61~4!/2888~7!/$15.00
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actions between the three particles which are expected t
important because the quantum confinement enhances
Coulomb correlations. The positively charged exciton h
not yet been studied. The theoretical prediction27 that at high
magnetic fields and in narrow wells theXs

2 state becomes
less stable than theXt

2 state contradicts recent experimen
observations.17 We have previously shown in the case
bulk materials28 and 2D semiconductors29 that in the low
magnetic field limit the energy of charged excitons sho
split into several Landau levels due to the charge of the c
ter of mass.

In the present paper we study the influence of a perp
dicular magnetic field in the low-field region on the neg
tively and positively charged excitons singlet and trip
states in finite quantum wells. We restrict our discussion
GaAs/Ga12xAl xAs and CdTe/Cd12xZnxTe semiconductor
QW’s. To this purpose we extend our previous theories
Xs

2 in 3D and 2D semiconductors in a magnetic field,28,29

and our study in a QW at zero magnetic field.30

II. THEORY

We present explicitly the theory of the negatively charg
excitonX2 (e,e,h), the case of the positively charged exc
ton X2

1 (h,h,e) being quite analogous by interchanging t
electrons~e! and the holes~h! with isotropic effective-masse
me* and mh* . Within the envelope function approximation
the effective-mass Hamiltonian of the system reads

H5
1

2me*
S 2 i\“11

e

c
A1D 2

1
1

2me*
S 2 i\“21

e

c
A2D 2

1
1

2mh*
S 2 i\“h2

e

c
AhD 2

1Vc1Vw . ~1!

When taking into account the detailed band structure,
hole kinetic energy term may become more complicated
depends on the valence-band Luttinger parameters. In
case, strictly speaking, the symmetry between theX2 and
X2

1 theories is no longer present, because of the differ
wave functions of the electrons and the holes. However
our numerical calculations, we will, in the framework of th
effective-mass approximation, use mean hole masses
2888 ©2000 The American Physical Society
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tained from the experiment or using the Luttinger para
eters. This approximation is expected to lead to reason
qualitative results. The potential vectorsA i of the electron
and hole are expressed as a function of the uniform magn
field H in the Coulomb gauge byA(r i)5 1

2 H3r i ( i 5e,h).
In the following we assume that the magnetic field is
rected along the growth axis. The interaction between
three particles is modeled by a Coulombic potentialVc
screened by the dielectric constantk:

Vc5
e2

k S 1

r 12
2

1

r 1h
2

1

r 2h
D . ~2!

The total well potentialVw arising from the band offsets i
described by the sum of three square-well potentials. Us
the in-plane relative and in-plane center-of-mass coordin
r , R, and R0 related to the in-plane coordinatesr i ( i
51,2,h) by

r5r12r2 , R5
r11r2

2
2rh ,

R05
me* ~r11r2!1mh* rh

2me* 1mh*
, ~3!

the Hamiltonian can be expressed as

H5H01H11H2 , ~4!

where

H052
\2

2m
D r2

\2

2M
DR2

\2

2M0
DR0

2
\2

2me*
~Dz1

1Dz2
!

2
\2

2mh*
Dzh

1Vc1Vw , ~5!

H152
ie\

cme*
FA~r !•“ r1

122s2

112s
A~R!•“R

1
2s~11s!

~112s!2
A~R!•“R0

1~11s!A~R0!•“R

1
s

112s
A~R0!•“R0G , ~6!

H25
e2

2c2me*
F1

2
A2~r !12

112s3

~112s!2
A2~R!1~21s!A2~R0!

14
12s2

112s
A~R!•A~R0!G ~7!

with

m5
me*

2
, M5

2me* mh*

2me* 1mh*
, M052me* 1mh* . ~8!

We remark that the HamiltonianH commutes with the pro-
jection Lz of the angular momentum along thez axis, but
-
le

tic

-
e

g
es

does not commute with the 3D momentum operatorP0.
However, it appears that the components of the in-plane
eratorp(px ,py),

p5p11p21ph2
e

c
@A~r1!1A~r2!2A~rh!#

52 i\]R0
2

e

c F2
11s

112s
A~R!1A~R0!G , ~9!

wherepi are the in-plane free-particle momentum operato
commute withH but do not commute with each other. W
choose that the componentpx and the Hamiltonian may be
simultaneously diagonalized. Thus we can transform
wave functionC by eliminating the in-plane coordinateX0
of the center of mass:

C~z1 ,z2 ,zh ,r ,R,R0!5UF~z1 ,z2 ,zh ,r ,R,Y0!, ~10!

where the unitary operatorU is expressed as

U5 expi F H K1
2e

c\

11s

112s
A~R!J •R02

eH
2c\

X0Y0G .
~11!

We remark that the functionF is independent ofX0. We
have introduced the in-plane vectorK[(Kx,0), which must
not be confused with the 3D wave vectorK0 of the center of
mass without the magnetic field. The transformed Ham
tonianH8 reads

H85U21HU5H181H281H381H481H58 , ~12!

where

H1852
\2

2m
D r2

\2

2M
DR2

\2

2me*
~Dz1

1Dz2
!2

\2

2mh*
Dzh

1Vc

1Vw
e ~z1!1Vw

e ~z2!1Vw
h ~zh! ~13!

is the zero field contribution. The second term is the con
bution due to the linear Zeeman effect:

H2852
ie\

cme*
FA~r !•“ r1

122s2

112s
A~R!•“RG . ~14!

The contributionH38 represents the quadratic diamagnetic
fect:

H385
e2

c2me*
F1

4
A2~r !1l~s!A2~R!G , ~15!

where

l~s!5
114s~11s!~21s1s2!

~112s!3
, ~16!

with s5me* /mh* . The fourth termH48 describes the action o
the magnetic field on the motion of the charged center
mass:

H4852
\2

2M0
]Y0

2 1
M0vCM

2

2 S Y02
\c

eHKxD 2

. ~17!
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2890 PRB 61B. STÉBÉ AND A. MORADI
It is analogous to the Hamiltonian of a harmonic oscillator
massM0 and circular frequencyvCM5eH/M0c oscillating
around the pointY0

05(\c/eH)Kx . Its contribution will lead
to a splitting of the energy levels into Landau levels. Fina
the fifth term

H5852\vCM

11s

112s F2 iX]Y0
1

M0vCM

\
YS Y02

\c

eHKxD G
~18!

arises from the coupling between the relative and cente
mass motions.

Due to the occurrence of the coupling termH58 , the in-
plane relative and center-of-mass motions remain coup
We have previously shown28,29 that at low enough magneti
fields, the influence of this term may be neglected so that
in-plane motion of the center of mass may be separated f
the relative motion. In this approximation, we can write t
envelope wave function as the product of the wave funct
of the relative motion and the in-plane motion of the cent
of-mass:

F~z1 ,z2 ,zh ,r ,R,Y0!.c~z1 ,z2 ,zh ,r ,R!FCM~Y0!.
~19!

The relative wave functionc results as a solution of th
following equation:

H relc5~H181H281H38!c5Erelc. ~20!

The wave functionFCM describing the oscillatory motion o
the center of mass satisfies the equation

H48FCM5EL
NFCM . ~21!

In this paper we concentrate essentially on the diamagn
effect. Thus we neglect the orbital Zeeman contribution
well as all spin effects. Thus the total energy reads

Etot5Erel1EL
N , ~22!

whereErel denotes the relative energy and where

EL
N5\vCMS N1

1

2D , N50,1,2 . . . ~23!

stands for the Landau energies corresponding to the in-p
motion of the center of mass. We remark that the coupl
term H58 does not give rise to any contribution in ou
approximation becausêcuXuc&5^cuYuc&50 with relative
wave functions of cylindrical symmetry, and w
can also verify that ^FCMu]/]Y0uFCM&5^FCMuY0
2(\c/eH)KxuFCM&50.

We have determined the relative ground-state energyErel

within the variational method using the same kind of t
relative wave function that we used previously30 in our study
of X2 in a quantum well at zero magnetic field. It is expect
that this function remains well adapted to the present c
because of its axial symmetry. It reads

c~s,t,u,z1 ,z2 ,zh!5 (
lmnpqr

clmnpqrf lmn~s,t,u!

3upqr~z1 ,z2 ,zh!, ~24!
f

of

d.

e
m

n
-

tic
s

ne
g

se

where l ,m,n,p,q,r are positive integers or zero. The bas
functions are chosen as products of functionsf lmn depend-
ing only on the in-plane coordinates and functionsupqr de-
pending only on thez coordinates. The in-plane functions

f lmn~s,t,u!5e2k(s/2)slumtn ~25!

are Hylleraas-type basis wave functions. Thez-dependent
part of the wave function is chosen as follows:

upqr~z1 ,z2 ,zh!5 f e~z1! f e~z2! f h~zh!

3e2ae(z1
2
1ze

2)2ahzh
2
~z1

pz2
q1z1

qz2
p!zh

r ,

~26!

where f e and f h are the ground-state eigenfunctions of t
electron and hole in a quantum well. For the singlet grou
state,c has to be symmetrical with respect to the interchan
of the two electrons. In this casen must be even. On the
other hand, in the case of the triplet states,c has to be
antisymmetric with respect to the interchange of the t
electrons, andn must be odd. Further, because of the inv
sion symmetry in thez direction, our wave function mus
have definite parity in all cases. It is expected that for
ground state the even function will lead to the lowest ener
Thus we choosep1q1r to be even. The linear paramete
clmnpqr as well as the positive nonlinear variational para
etersk, ae , andah will be determined using the Ritz varia
tional method. We have calculated the energiesEtot of the
singlet ~triplet! ground state of the charged excitons using
symmetrical~antisymmetrical! 66-term~39-term! wave func-
tion defined byl 1m1n<4 and$pqr%5(000,101,110).

The case of theX2
1 charged exciton is quite analogou

All of the above discussion remains valid in this case
interchanging the electrons and the holes. For the sak
simplicity, we choose an analogous wave function for theX2

1

charged exciton. However, it is expected that this atomicl
wave function becomes less well adapted in the case of v
heavy holes, i.e.,me* /mh* &0.1.

In order to estimate the influence of both the quant
confinement as well as the magnetic field on the Coulom
correlations, we have defined the ‘‘correlations energie
EX2

c , EX
2
1

c
, andEX

c of the charged excitons and the excito

EX2
c

5EX2
rel

22Ee,L
0 2Eh,L

0 ,

EX
2
1

c
5EX

2
1

rel
22Eh,L

0 2Ee,L
0 , ~27!

EX
c 5EX

rel2Ee,L
0 2Eh,L

0 ,

whereEe,L
0 and Eh,L

0 are the electron and hole fundamen
Landau energies in a quantum well. It may be verified t
the conditions of stability against dissociation into an excit
and a free electron or hole may be written as

WX25EX2
c

2EX
c 1

s

112s

\ve

2
<0,

~28!

WX
2
15EX

2
1

c
2EX

c 1
s

21s

\ve

2
<0,
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where2WX2 and2WX
2
1 are theX2 andX2

1 binding ener-

gies. We remark that contrary to what happens at zero m
netic field, the binding energy is no longer equal to the d
ference of the exciton and charged exciton correlat
energies. In order to verify these stability conditions, it
necessary to know the values of the excitonic relative ene
EX

rel with an accuracy comparable to what we get in the ca
of charged excitons. To this purpose we have performe
variational calculation for the excitonic ground-state ene
using a similar wave function:

cX5 f e~ze! f h~zh!e2br2beze
2
2bhzh

2

(
pr

cprze
pzh

r , ~29!

whereb, be , bh , andcpr are variational parameters, andp
and r are positive integers chosen such thatp1r is even. It
was found that the use of a nine-term wave function, defi
by the conditionp1r<4, yields to the same accuracy th
we obtained for the trions.

We have shown previously31 that in the 2D case, the mag
netoabsorptions between initial ‘‘free’’ electron or ho
states and a finalX2 or X2

1 state reduce to Dirac peaks.
may be shown that the same behavior is expected in the
of semiconductor QW’s and that the corresponding transi
energies are given by

hnX25eg1EX2
rel

2Ee2
11s

112s S N1
1

2D\ve ,

~30!

FIG. 1. Plot of the correlation energies of the exciton and
lowest LandauXs

2 singlet state against the well widthL for differ-
ent values of the magnetic field in a GaAs/Ga12xAl xAs QW.
g-
-
n

y
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se
n

hnX
2
15eg1EX

2
1

rel
2Eh2s

11s

21s S N1
1

2D\ve ,

whereeg is the zero-field band gap of the well material.Ee
andEh denote the zero-field electron and hole energies i
quantum well.ve5eH/me* c corresponds to the electron cy
clotron frequency. The corresponding exciton transition
ergy is given by

hnX5eg1EX
rel1

\2Kp
2

2M
~31!

while K p is the in-plane exciton center-of-mass wave vect
which vanishes for transitions atT50 K in direct gap mate-
rials. M is the total exciton mass. So it appears that
charged exciton ‘‘localization’’ energies corresponding
the lowest (N50) Landau levels are given by

Dhn5hn2hnX52W1
\2Kp

2

2M
. ~32!

It is worth pointing out that the localization energy, whic
may be deduced from experimental observations, is not e
to the differenceEX

c 2EX2
c of the exciton and charged exc

ton correlation energies. Indeed, we get, for instance, in
case of theX2 trion,

DhnX25EX
c 2EX2

c
2

s

112s

\ve

2
1

\2Kp
2

2M
. ~33!

e

FIG. 2. Variations of the total energies of the first Landau lev
of Xs

2 as a function of the magnetic field in a GaAs/Ga12xAl xAs
QW.
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III. RESULTS AND DISCUSSION

In the case of GaAs/Ga12xAl xAs QW’s, we use the fol-
lowing material data:32 me* /m050.0665 for the electron
mass andmhh* /m050.34 for the heavy-hole mass. Thus, t
value of the electron-to-hole effective-mass ratio amount
s50.196. The bands offsets are given byVe5QeDeg and
Vh5QhDeg , whereQe50.57512Qh . Further we assume
that the band gap differenceDeg and the aluminum concen
tration x are related by33 Deg51.155x10.37x2 eV and we
use the valuek512.5 for the dielectric constant.34 In the
case of CdTe/Cd12xZnxTe, we use the electron mas
me* /m050.096, resulting from cyclotron resonanc
measurements35 in CdTe, and the in-plane heavy-hole ma
mhh* /m050.19, deduced from the Luttinger parametersg1

54.11, g251.08, andg351.95, obtained36 by two-photon
magnetoabsorption in CdTe. The effective electron-to-h
mass ratio is thus given bys50.505. For x50.16, the
conduction- and valence-band offsets are37 Ve571.4 meV
and Vh524.1 meV. Figure 1 shows the variations versusL
of the X andXs

2 correlation energies for three different va
ues of the magnetic field in a GaAs/Ga12xAl xAs QW. It
appears, as expected, that the quantum confinement as
as the magnetic field increase the Coulomb correlation.
remark also that the exciton and charged exciton ener
behave quite analogously and that the energy difference
mains quite constant. Further, theXs

2 state remains alway
stable for the reported values ofL and B. Indeed, although
the binding energyW is not equal to the difference of th

FIG. 3. Comparison between the theoretical and experime
transition energies of the exciton and singlet and triplet state
negatively charged excitons as functions of the magnetic field
GaAs/Ga12xAl xAs QW.
to

,

le

ell
e

es
e-

exciton and charged exciton correlation energies, it can
verified that in our case the last term in Eq.~28! amounts to
0.1 meV/T, and can therefore be neglected. In Fig. 2
report the variations of the total energies, Eq.~22!, of Xs

2 as
a function of the magnetic field in a GaAs/Ga12xAl xAs QW.
We observe the expected quadratic behavior of the diam
netic contribution as well as a splitting due to the in-pla
motion of the charged center of mass. This result is qu
analogous to what we obtained previously28,29 in the case of
3D and 2D semiconductors. The possibility of the existen
of charged exciton Landau levels has never been repo
previously. In Fig. 3, we report the theoretical and t
experimental6 transition energies forX, Xs

2 , andXt
2 states in

a GaAs/Ga12xAl xAs QW with heavy holes and withx
50.33 andL530 nm. Our theoretical values for theXs

2

states are lower than the observed energies, even at
magnetic field. We discussed this point in our previo
paper.30 The discrepancy may be due to the material para
eters we used, but also to the fact that we neglected
electron-hole exchange interaction, which we expect to
more important in QW’s than in 3D materials. However, w
observe a qualitative agreement between the slope of
theoretical curve corresponding to theXs

2 (N50) state and
theXs

2 experimental curve. In particular, we get a minimu
near 1 T, which appears also in the experimental curve. T
behavior may be explained by the fact that when the m
netic field goes to zero, the transition energy, Eq.~30!, be-
haves like the last linear term which decreases when
magnetic field increases. However, at higher magnetic fie

al
of
a

FIG. 4. Comparison between the transition energies of the e
ton and the singlet negatively and positively charged excitons
functions of the magnetic field in a GaAs/Ga12xAl xAs QW.
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PRB 61 2893CHARGED EXCITONS IN A LOW MAGNETIC FIELD IN . . .
the quadratic positive second term becomes more impor
and leads to an increase of the transition energy when
field increases. In the case ofXt

2 , the contribution of the
second term is more important because the triplet state is
bound than the singlet state. Indeed, the quadratic term
proportional to the spatial extension of the wave function
that it is more important forXt

2 than for Xs
2 states for a

given value of the magnetic field. Nevertheless, the exp
mental results reported up to now do not display our p
dicted Landau splitting, though shake-up processes h
been reported18 in the luminescence spectra ofXs

2 states at
moderate magnetic fields. But the most important resul
that theXt

2 state is stable even at zero magnetic field. T
result contrasts with the fact that, up to now,Xt

2 lines have
only been observed in a magnetic field. In Fig. 4 it appe
that theXs

2 (N50) andX2,s
1 (N50) transition energies ar

very close in a GaAs/Ga12xAl xAs QW regardless of the val
ues of the magnetic field, and they become quite identica
zero field. This result is in agreement with rece
observations.21 It may be explained by the fact that the qua
tum confinement localizes more theX2

1 states than theX2

states because the holes are more heavy than the elec
Thus the Coulomb repulsion is more important for the ho
than for the electrons. This explains why theX2

1 state be-
comes less stable in a QW than in 3D materials. We obse
also that theXs

2 curve passes through a minimum which
not the case for theX2,s

1 state. This is due to the fact that th
quadratic diamagnetic term in the transition energy is m
important for theX2,s

1 state. In Fig. 5, we report the theore

FIG. 5. Comparison between the theoretical and experime
transition energies of the exciton and singlet and triplet state
positively charged excitons as functions of the magnetic field i
GaAs/Ga12xAl xAs QW.
nt,
he

ss
is
o

i-
-
ve
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s

s
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t

ns.
s

ve

e
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a

FIG. 6. Plot of the correlation energies of the exciton and
lowest LandauXs

2 singlet state against the well widthL for differ-
ent values of the magnetic field in a CdTe/Cd12yZnyTe QW.

FIG. 7. Comparison between the theoretical and experime
transition energies of the exciton and the singlet negatively char
excitons as functions of the magnetic field in a CdTe/Cd12yZnyTe
QW.
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2894 PRB 61B. STÉBÉ AND A. MORADI
ical and the experimental2 transition energies forX, X2,s
1 , and

X2,t
1 states in a GaAs/Ga12xAl xAs QW with heavy holes and

with x50.33 andL530 nm. The same discussion holds
for Fig. 3. In particular, it appears also that theX2,t

1 state is
stable even at zero magnetic field, though its observation
not yet been reported at low magnetic fields. In Figs. 6 an
we report our results obtained in the case of
CdTe/Cd12xZnxTe QW for heavy holes and withx50.16
andL510 nm. Our results are essentially the same as th
reported in Figs. 1 and 3 in the case of a GaAs/Ga12xAl xAs
QW. However, we remark that our theoretical transition e
ergies are higher than the observed energies,9 even at zero
magnetic field. This discrepancy may be due to the mate
parameters we used. We observe a qualitative agreemen
tween the slope of theXs

2(N50) theoretical and experimen
tal curves.

We must remark that all our above results have been
S
r

a

o

as
7

se

-

al
be-

b-

tained neglecting the spins as well as the Zeeman eff
Therefore, our transition energies have to interpreted as
proximations of the mean values of the transitions energ
corresponding to the different Zeeman components. On
other hand, it must be stressed that our results are only v
in the low-field limit. At higher magnetic fields, the com
parative behavior of the singlet and triplet states may beco
different. Nevertheless, our main result is that we predict
existence of a Landau splitting for negatively and positive
charged excitons in the low-field regime. Further, our calc
lations show that the triplet statesXt

2 and X2,t
1 are always

stable at zero fields and in the low-field limit.
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