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Mechanism of shakeup processes in the photoluminescence of a two-dimensional electron ga
at high magnetic fields

Gleb Finkelstein, Hadas Shtrikman, and Israel Bar-Joseph
Department of Condensed Matter Physics, The Weizmann Institute of Science, Rehovot 76100, Israel

~Received 20 May 1997!

We observe shakeup processes in the photoluminescence spectra of a two-dimensional electron gas in a
GaAs/AlxGa12xAs quantum well at high magnetic fields. We find that when the electrons occupy only the
lowest Landau level these processes are strongly suppressed. We show that this behavior can be accounted for
by first-principles calculations. We use the same considerations to explain the giant intensity of the shakeup
line, which appears just below the main luminescence line.@S0163-1829~97!08439-7#
a
ro
it
h
th
a

nc

-
e
y
as
f o

he
tw
u
er
ip
o
o
ria
he
ra
gh
si
n

es
is
n
i
in

te
s
ke
try
s
ro

our
lar,
ten-
he
em
he
ro-

get
ro-

in
ny-
ro-

nm

ed

for
in
en-

of
he
The
,

ts

etic
of
nd
as

y a

of
I. INTRODUCTION

Shakeup~SU! is a fundamental many-body process th
occurs in optical transitions in the presence of an elect
gas. In this process, a recombining electron-hole pair exc
the surrounding electrons via the Coulomb interaction. T
results in a decrease of the emitted photon energy by
amount left to the electron gas. Shakeup processes in m
netic fields were recently reported in the photoluminesce
spectra of a two-dimensional electron gas~2DEG! in
InxGa12xAs quantum wells.1–3 A series of peaks was ob
served, with energies;n\vc

e below the main luminescenc
line, wherevc

e5eB/mc is the electron cyclotron frequenc
andn51,2,3, . . . .These satellite lines were explained
being due to shakeup processes, where recombination o
electron from the lowest Landau level~LL ! is accompanied
by the creation of a magnetoplasmon,4–6 a collective excita-
tion of an electron from one LL to a higher LL.

In this work we report new experimental results on t
shakeup processes in the photoluminescence of a
dimensional electron gas at high magnetic fields. We disc
the implications of the experimental findings on our und
standing of these processes, and present a first-princ
model, which gives an insight into the mechanism
shakeup at high magnetic fields. Specifically, we report
the first observation of shakeup lines in the GaAs mate
system at high magnetic fields, and clearly demonstrate t
many-body nature. The low background impurity concent
tion of this material system, which is manifested in the hi
mobility of the 2DEG, enables us to investigate the intrin
properties of the shakeup process. Our central experime
finding is that when the electrons occupy only the low
Landau level,n,2, the intensity of the shakeup lines
strongly suppressed. We present a rigorous explanatio
this suppression, and show how to estimate the relative
tensities of the various shakeup lines. In particular, we po
out the specific processes, which give rise to the giant in
sity of SU0, the shakeup line just below the main lumine
cence peak. We show that the suppression of the sha
intensity belown52 is related to a general hidden symme
of the electron-hole system. This symmetry was previou
used to explain the suppression of intra-LL many-body p
cesses in the photoluminescence spectrum of a 2DEG
560163-1829/97/56~16!/10326~6!/$10.00
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strong magnetic fields.7–9 We show that this symmetry is
also relevant for inter-LL processes.

The paper is organized as follows. We first describe
samples and experimental findings in Sec. II. In particu
we demonstrate the dramatic reduction of the shakeup in
sity atn,2. In Sec. III this observation is explained and t
relation to the hidden symmetry of the electron-hole syst
on the lowest LL is established. In Sec. IV we derive t
quantum-mechanical transition amplitude of a shakeup p
cess from the perturbation theory, which allows us to
some physical insight into the mechanism of shakeup p
cesses. We clarify the origin of the SU0 line and estimate its
intensity relative to the intensities of other shakeup lines
Sec. V. In Sec. VI we experimentally demonstrate the ma
body nature of the excitations involved in the shakeup p
cesses.

II. THE MAIN EXPERIMENTAL RESULTS

Our samples consist of a buffer superlattice, a 20-
GaAs quantum well, an undoped Al0.35Ga0.65As spacer layer,
a Si d-doped region, another layer of 100-nm undop
Al0.35Ga0.65As, a 20-nm uniformly doped Al0.35Ga0.65As ~Si,
n52.531018 cm23!, and a 10-nm GaAs cap.10 We studied
extensively two samples with the same structure except
the different spacer width, which was nominally 50 nm
one and 15 nm in the other. The corresponding electron d
sities after illumination were about 231011 and
5.531011 cm22, respectively. The mobility was in excess
106 cm2/V sec in both samples. The main features of t
experiment were also observed in several other samples.
incident laser power density was kept very low
&100mW/cm2 at a wavelength of 632.8 nm, which resul
in a photon energy below the band gap of the Al0.35Ga0.65As
barriers. The measurements were performed at magn
fields up to 9 T normal to the 2DEG plane at temperatures
4.2 K and 1.5 K. The light was delivered to the sample a
collected back by optical fibers. The photoluminescence w
dispersed by a 0.5-m spectrometer and detected b
charged-coupled-device camera.

Figure 1 displays several photoluminescence spectra
the lower density sample atT54.2 K and magnetic fields
B51.9, 2.6, and 5.5 T, corresponding to filling factorsn54,
3, and 1.4, and atB50. The spectral features marked LL0
10 326 © 1997 The American Physical Society
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and LL1 are due to a recombination of electrons from the t
lowest LL’s with the photoexcited holes. It can be seen t
the intensity of the LL1 line is greatly reduced atn,2, where
there are almost no electrons left on the corresponding
The mixing of the valence-band LL in high magnetic fiel
partially breaks the selection rules and allows transitions
tween electrons from LL1 and holes from different LL. This
is manifested in the fine structure of the LL1 line. A similar
behavior is observed at the LL2 line. When extracting the
energy of the LLn transition we take the lowest-energy pe
from the corresponding set. Then the difference betw
LLn11 and LLn is the electron cyclotron energy\vc

e .11

Let us turn to the discussion of the shakeup lines. Zoo
ing in on the low-energy tail of the emission spectrum,
observe two shakeup lines SU1 and SU2 below the main
recombination peak LL0. The SU1 and SU2 energies decreas
linearly with magnetic field~Fig. 2!. Following previous ob-
servations we associate these shakeup lines with a reco
nation of one electron accompanied by shaking another e
tron to a higher LL.1–3 Here we denote the shakeup lin
which appears at energy;n\vc

e below the main lumines-
cence line as SUn . This is to our knowledge the first obse
vation of shakeup lines in the GaAs/AlxGa12xAs quantum
wells at high magnetic fields.

Following the SU1 line, we observe a remarkable redu
tion in its intensity in a narrow magnetic-field range arou
n52 ~inset of Fig. 1!. It can be seen that the SU1 line at

FIG. 1. The photoluminescence spectra of then'2
31011/cm2 sample at several filling factors andT54.2 K. The
sharp feature at 1.515 eV is the bulk GaAs exciton. Inset: T
intensity of the SU1 line as a function ofn at T51.5 K.
t

L.

e-

n

-

bi-
c-

e

FIG. 2. ~a! The energies of the various LL and shakeup peaks
a function of magnetic field for then'231011/cm2 sample atT
54.2 K. ~b! The energies of the excitations involved in SU0 ~tri-
angles!, SU1 ~squares!, and SU2 ~circles!, measured as an energ
separation of the corresponding shakeup lines from the LL1 line.
We subtracted the measured\vc

e and 2\vc
e from the last two en-

ergies. The solid line is\vc
e , measured as the energy differen

between LL1 and LL0 peaks and the dashed line is the calcula
\vc

e .

FIG. 3. The photoluminescence spectra of then'5.531011/cm2

sample atB59 T and temperatures ofT51.5 K and 4.2 K. Inset: A
schematic description of a resonant process which contributes to
SU0 line.
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10 328 56FINKELSTEIN, SHTRIKMAN, AND BAR-JOSEPH
n51.4 is;50 times weaker than atn53 and 4~Fig. 1!. The
understanding of this abrupt drop in intensity will be t
main focus of our paper. We shall show that it sheds light
the mechanism of the shakeup recombination in 2DEG i
magnetic field.

Figure 3 displays the photoluminescence spectra of
higher-density sample atB59 T and temperatures of 1.5 an
4.2 K. In this sample we also observed the SU1 and SU2
peaks~not shown!, at energies that depend on the magne
field in a way similar to that of the low-density sample.
prominent feature of the photoluminescence spectra in Fi
is a peak, marked as SU0, just below the Zeeman split LL0
recombination line. This peak is seen also at the low
density sample photoluminescence spectra, as a broad s
der atn.2 ~Fig. 1!. In both samples it is larger by an orde
of magnitude or more as compared to the SU1 line. The SU0
intensity is also strongly suppressed atn,2, similarly to the
SU1 behavior. This line was also observed as a shoulde
InGaAs quantum wells.2 It was explained as being due t
electron recombination from LL1, accompanied by creatio
of a magnetoplasmon with energy*\vc

e .

III. THE THEORETICAL MODEL

The important observation in Fig. 1 is the strong suppr
sion of the SU1 and SU0 lines at n,2. In this section we
present a model that explains this behavior and provide
insight into the mechanism of shakeup at high magn
fields. Our goal is to calculate to the lowest order the tran
tion amplitudeWn}^ f (SUn)uRu i &, where u i & and u f (SUn)&
are the initial and final states of the electron system in a Sn
recombination process andR5(m,qam(q)bm(2q) is the
electron-hole recombination operator. The shakeup line
tensity will be straightforwardly given byuWnu2. We assume
that both electrons and holes are delocalized and charact
them by the LL numberm and the wave vectorq in the
Landau gauge. The Hamiltonian of the system is given b

H5H01H int5(
m,q

\vc
e~m11/2!am

† ~q!am~q!

1(
m,q

@Egap1\vc
h~m11/2!#bm

† ~q!bm~q!

1
1

2 ( Vi , j ,k,l
e-e ai

†aj
†akal

1( Vi , j ,k,l
e-h ai

†bj
†bkal

1
1

2 ( Vi , j ,k,l
h-h bi

†bj
†bkbl . ~1!

We first calculate the commutator between the Hamilton
and the recombination operatorRm5(qam(q)bm(2q) of an
electron and a hole from themth LL. It can be easily shown
that this commutator can be written as

@H,Rm#5@Egap1\~vc
e1vc

h!~m11/2!#Rm1DRm , ~2!

where
n
a

e

c

3

r-
ul-

in

-

an
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i-

-

ize

n

DRm5(
i ,k,l

Vi ,m,k,l
e-e ai

†bmakal1(
i ,k,l

Vi ,m,k,l
e-h ai

†bkamal

2(
i ,k,l

Vi ,m,k,l
h-h bi

†ambkbl2(
i ,k,l

Vi ,m,k,l
e-h bi

†akbmbl

2(
k,l

Vm,m,k,l
e-h albk . ~3!

Next, we calculate the matrix element of the left- and rig
hand sides of Eq.~2! between the wave functionsu i & andu f &:

~Ef2Ei !^ f uRmu i &52@Egap1\~vc
e1vc

h!~m11/2!#^ f uRmu i &

1^ f uDRmu i &. ~4!

Here Ef2Ei is the energy difference between the final a
the initial states of the electron-hole system. By energy c
servation it is equal to the energy of the emitted photonEph.
We may thus expresŝf uRmu i & in terms of^ f uDRmu i & in the
form

^ f uRmu i &5
^ f uDRmu i &

Egap1\~vc
e1vc

h!~m11/2!2Eph
. ~5!

The derivation so far did not relate to any specific fin
state. To apply it to the case of the shakeup process we h
to consider the final states where an electron-hole pair
combined and another electron was excited to a higher
For such final states only the first two terms in Eq.~3! are
important. The next two terms are nonzero only if two ho
are present in the initial state and are irrelevant to our
periment.~They result in a shakeup intensity proportional
the square of the laser intensity.! The fifth term is a two-
fermion operator and gives shakeup only in higher orders
the perturbation theory, due to LL mixing. Substituting t
first two terms of Eq.~3! into Eq. ~5! we get

Wn5(
m

(
i ,k,l

Vi ,m,k,l
e-e ^ f ~SUn!uai

†bmakal u i &

Egap1S m1
1

2D\~vc
e1vc

h!2Eph

1(
m

(
i ,k,l

Vi ,m,k,l
e-h ^ f ~SUn!uai

†bkamal u i &

Egap1S m1
1

2D\~vc
e1vc

h!2Eph

. ~6!

In our experiment the hole in the initial state is assumed
be on the lowest LL, so thatm50 in the first term andk50
in the second one. Let us also assume, that the elect
electron and electron-hole Coulomb interactions in the pl
are equal in absolute value, yieldingVi , j ,k,l

e-h 52Vi ,k, j ,l
e-e . We

then may interchange indexesk andm in the second term of
Eq. ~6! and combine the two terms to finally get
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Wn5(
m,l

Vn1m1 l ,0,m,l
e-e ^ f ~SUn!uan1m1 l

† b0amal u i &

3F 1

Egap1
1

2
\~vc

e1vc
h!2Eph

2
1

Egap1S m1
1

2D\~vc
e1vc

h!2Eph
G . ~7!

In Eq. ~7! we have substitutedi 5n1m1 l . This is a direct
consequence of energy conservation: in the matrix elem
^ f (SUn)uai

†b0amal u i & we eliminate two electrons with ene
gies;m\vc

e and; l\vc
e and create an electron at; i\vc

e .
Since we are considering an emission of a photon at an
ergy ;n\vc

e below the main luminescence line, the
i 2(m1 l ) should be equal ton.

Equation ~7! gives the total transition amplitude of th
shakeup process. It is now easy to see why the shakeup
cess is suppressed atn,2. At these filling factors the elec
trons occupy only the lowest LL, so the indexesm and l of
the annihilation operatorsam and al in the matrix element
^ f (SUn)uan1m1 l

† b0amal u i & should be zero. However, i
m50 the two terms in the square brackets of Eq.~7! exactly
cancel each other, andWn vanishes. We note that th
shakeup intensity is nonzero in this case due to higher-o
processes or due to deviations form the assumptions
used. In particular, it occurs due to the LL mixing, ho
localization, and the difference between the absolute va
of the electron-electron and electron-hole interactions. A
result, SU1 is still observed as a very weak line atn,2. The
situation is clearly different atn.2, where there is a finite
occupation of higher LL’s. Then the indexm of the annihi-
lated electron in̂ f (SUn)uan1m1 l

† b0amal u i & may be nonzero,
so there is no cancellation in Eq.~7!, and the shakeup prob
ability is finite.

It is interesting to consider our results in the context of
hidden symmetry of the electron-hole system on the low
LL.7–9 It was shown that there is a special commutation
lation,

@H,R0#52EexR0 ~8!

between the projection of the Hamiltonian of an electro
hole system on the lowest LL and the recombination oper
from the same level, whereEex is the exciton recombination
energy.@This result directly follows from Eq.~2!, if all the
LL indexes are set to be zero.# This commutation relation
shows that if the initial stateu i & is an eigenfunction ofH,
then the final stateR0u i & is also an eigenfunction with a
energy lowered byEex. Thus the optical spectrum is no
affected by the many-body interactions and consists of o
one line at exactlyEex.7–9 The basic assumption of Refs
7–9 is that there is only one LL, i.e.,\vc

e , \vc
h→`. In our

derivation we go beyond this approximation and take hig
LL’s into account. As a result, the exact commutation re
tion of Eq.~8! does not hold anymore. Atn.2, this breaking
of the hidden symmetry is manifested in the appearanc
the shakeup lines. The suppression of the shakeup inte
at n,2 indicates that the hidden symmetry is partially r
nt

n-

ro-

er
e

es
a

e
st
-

-
or

ly

r
-

of
ity
-

stored, when only the lowest LL is occupied. Indeed, in t
filling factor range the matrix element^ f (SUn)uDRmu i & van-
ishes~to the lowest order!, and Eq.~2! effectively reduces to
Eq. ~8!.

IV. THE MECHANISM OF A GENERAL
SHAKEUP PROCESS

In order to illustrate the physical meaning of Eq.~7! we
calculated to the lowest order the transition amplitudeWn by
perturbation theory. We neglect in this simplified calculati
the inter-LL mixing due to the Coulomb interaction. Th
assumption is valid for integer filling factors. There are tw
general processes which give rise to the emission of a ph
at the SUn energy. In the first, the magnetoplasmon is exci
by the valence-band hole, while in the second—by the
combining electron. These two processes are described s
matically in Figs. 4~a! and 4~b!, together with the corre-
sponding Feynman diagrams. The transition amplitu
associated with these processes are

Wn
~1!}(

x
^ f ~SUn!uRux&^xuH int

e-hu i &/~Ei2Ex!, ~9!

Wn
~2!}(

x
^ f ~SUn!uRux&^xuH int

e-eu i &/~Ei2Ex!

1(
x

^ f ~SUn!uH int
e-eux&^xuRu i &/~Ei2Ex2Eph!.

~10!

The two terms of Eq.~10! correspond to the two possibl
time orderings of the recombination and electron-elect
scattering processes. Let us neglect the Coulomb correct
to the energy differences in the denominators, which co
spond to higher orders in the perturbation parameter. T

FIG. 4. Right: the Feynman diagrams of the transition amplitu
Wn for a SUn process. The electron, hole, photon, and Coulo
interaction are shown by thin, thick, dashed, and wavy lines, res
tively. Left: a schematic description of the two contributions to S1

at n.2.
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we may sum over the intermediate stateux&. Assuming that
the hole in the initial state is at the highest valence-band
we obtain

Wn
~1!}(

m,l
Vn1m1 l ,m,0,l

e-h ^ f ~SUn!uan1m1 l
† b0amal u i &/@n\vc

e

1m~\vc
e1\vc

h!#, ~11!

Wn
~2!}@~12n0/2!1n0/2#

3(
m,l

Vn1m1 l ,0,m,l
e-e ^ f ~SUn!uan1m1 l

† b0amal u i &/n\vc
e .

~12!

Note, that the two terms of Eq.~10! give complementary
contributions, proportional to (12n0/2) andn0/2, wheren0

is the lowest LL filling. SubstitutingVi , j ,k,l
e-h 52Vi ,k, j ,l

e-e we
finally get

Wn}(
m,l

Vn1m1 l ,0,m,l
e-e ^ f ~SUn!uan1m1 l

† b0amal u i &

3F 1

n\vc
e 2

1

n\vc
e1m~\vc

e1\vc
h!G . ~13!

This result coincides with Eq.~7!, except for the approxi-
mated form of the denominator.

The derivation of Eq.~13! enables us to trace the physic
meaning of the indexes in the matrix eleme
^ f (SUn)uan1ml

† b0amal u i &: it is the electron from LLm that
recombines with the valence-band hole. This process is
diated by the excitation of another electron from LLl to
LLn1m1 l . We also recover the cancellation of the two term
in the square brackets atm50. We note that the two terms i
the square brackets of Eq.~13! originate from Wn

(1) and
Wn

(2) . Thus the vanishing ofWn is due to the fact that thes
two transition amplitudes exactly cancel each other.

We may understand the physical reason for the supp
sion of the shakeup intensity when the recombining elect
is from the lowest LL (m50) by the following intuitive
argument. Let us view the hole as a lack of an electron in
valence band.7–9 In this picture, the recombining electro
descends from the lowest LL in the conduction band to
highest LL in the valence band, retaining its wave functio
This process does not create any perturbation of the ch
distribution in the 2DEG, and thus does not result
shakeup. On the other hand, if the electron recombines f
another LL, then the charge distribution is suddenly p
turbed, and the shakeup excitation may be created.

V. THE SU0 LINE

It is now straightforward to understand the nature of
SU0 line and the reason for its giant intensity atn.2.12 For
simplicity we shall discuss the case of 4.n.2, werem51.
The SU0 process can be viewed as a recombination of
electron from LL1 with the valence-band hole and an excit
tion of another electron across the cyclotron gap. The res

ing photon energy isEph5Egap1
1
2 \(vc

e1vc
h)2DE, where

DE,\vc
e is a correction due to Coulomb interaction. Su
L

t

e-

s

s-
n

e

e
.
ge

m
-

e

n

lt-

-

stitutingEph in Eq. ~7! one can easily see that the first term
the square brackets is proportional to 1/DE, while the second
term is much smaller, proportional to 1/(\vc

e1\vc
h). ~One

of the relevant processes is schematically depicted in
inset of Fig. 3.! The probability of the SU0 process is there-
fore proportional toDE22. Similarly, the probability of SU1
processes is proportional to (\vc

e)22. Thus, the SU0 line is
enhanced due to the resonant denominator by a fa
;@(\vc

e)/DE#2 with respect to the nonresonant SU1 pro-
cess. Experimentally,DE is of the order of the energy split
ting between LL0 and SU0 in the photoluminescence spectr
For DE;0.3\vc

e this factor gives an order of magnitud
enhancement of SU0 with respect to SU1. The measured ratio
of SU0 and SU1 intensities is in reasonable agreement w
the above estimation.

It is interesting to compare the SU0 line shape at 4.2 and
1.5 K ~Fig. 3!. It can be seen that the low-energy part of t
line exhibits a strong enhancement with decreasing temp
ture, which we do not understand. We note, however, t
the characteristic temperature at which this enhancemen
velops is very small,&0.5 meV, suggesting that it is relate
to a spin splitting or to some many-body effect.

VI. THE MANY-BODY NATURE
OF THE SHAKEUP EXCITATIONS

Let us discuss now the nature of the excitations of
2DEG, involved in the shakeup processes. We have sh
that at n.2 the shaken electron is excited from LLl to
LLn1m1 l , creating an excitation with energy;(n1m)\vc

e ,
where m.0. In particular, the excitations created durin
SU0, SU1, and SU2 processes at 4.n.2 have energies o
;\vc

e , ;2\vc
e , and;3\vc

e , respectively. However, Fig
2~b! clearly shows that the energy of the excitation involv
in each SUn process is larger than (n11)\vc

e . This excess
energy was explained as being due to the collective natur
the magnetoplasmon.2 Examining the data in Fig. 2~b! we
can see that the excess energy is almost independent o

FIG. 5. The photoluminescence spectra of the lower-den
sample around the SU1 energy at 1.5 T for two gate voltages. Th
energy is measured from the main photoluminescence line.
upper and lower curves correspond to the metallic and insula
states of the 2DEG, respectively.
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shakeup numbern. This finding is rather surprising in view
of the different dispersions of the variou
magnetoplasmons.5,6 A weighted average of the magnet
plasmons dispersion curves should be done to check the
sistency of our results with the theoretical calculations
should also be noted that the final state of the recombina
process contains not simply a magnetoplasmon, but ra
two quasiholes and an electron, for which a mutual thr
body interaction might be important.

To prove that the excess energy is indeed due to ma
body interactions, we experimentally realized a situat
where these interactions are absent. This is done by appl
a gate voltage, causing the electrons in the 2DEG to bec
localized. We have previously shown that at this insulat
state the photoluminescence becomes excitonic, consistin
a neutral and a negatively charged exciton line.10 Applying a
magnetic field, one observes shakeup lines, associated
the negatively charged exciton: when one electron in
complex recombines with the hole, the remaining electro
excited to a higher LL. This excitation is of asingle particle,
and therefore the shakeup lines should appear at an en
n\vc

e below the charged exciton line.13 Thus, by varying the
gate voltage we should be able to observe the change in
nature of the shakeup processes, from being due to a s
particle to a collective excitation.

Following the evolution of the SU1 line with gate voltage
at B51.5 T we observe clear changes in its energy and li
n-
t
n
er
-

y-
n
ng

e
g
of

ith
is
is

rgy

he
gle

-

shape~Fig. 5!. The energy drops from'1.5\vc
e for a me-

tallic 2DEG to'\vc
e for a negatively charged exciton, im

plying that the excess energy indeed vanishes. The line in
metallic state is much broader, reflecting the excitation d
persion. One can, therefore, conclude that the many-b
nature of the shakeup excitation is indeed manifested in
shape and energy of the shakeup lines.

VII. SUMMARY

In conclusion, we have presented a coherent picture of
shakeup processes in a high-mobility 2DEG. We have
served and explained the suppression of the shakeup lin
electron filling factorn,2. The same considerations helpe
us to clarify the origin of the giant SU0 line. We have proved
the collective nature of the excitation involved in th
shakeup process, but a detailed theory, which would re
the shakeup energies to the theoretical magnetoplasmon
persion curves, is still needed.
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