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Mechanism of shakeup processes in the photoluminescence of a two-dimensional electron gas
at high magnetic fields
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We observe shakeup processes in the photoluminescence spectra of a two-dimensional electron gas in a
GaAs/ALGa, _,As 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 [i868163-182807)08439-1

. INTRODUCTION strong magnetic fields.® We show that this symmetry is
also relevant for inter-LL processes.

Shakeup(SU) is a fundamental many-body process that The paper is organized as follows. We first describe our
occurs in optical transitions in the presence of an electrosamples and experimental findings in Sec. II. In particular,
gas. In this process, a recombining electron-hole pair excite4e demonstrate the dramatic reduction of the shakeup inten-
the surrounding electrons via the Coulomb interaction. Thigity at»<2. In Sec. Il this observation is explained and the
results in a decrease of the emitted photon energy by theelation to the hidden symmetry of the electron-hole system
amount left to the electron gas. Shakeup processes in ma§l the lowest LL is established. In Sec. IV we derive the

netic fields were recently reported in the photoluminescencdUantum-mechanical transition amplitude of a shakeup pro-
spectra of a two-dimensional electron g&8DEG) in  CESS from the perturbation theory, which allows us to get

InGa,_As quantum welld3 A series of peaks was ob- some physical insight into the mechanism of shakeup pro-

served, with energies n# ¢ below the main luminescence Coooco: We clarify the origin of the gline and estimate its
' 9 c intensity relative to the intensities of other shakeup lines in

line, wherew;=eB/mc is the electron cyclotron frequency gec v In Sec. VI we experimentally demonstrate the many-

andn=1,2,3, ... .These satellite lines were explained aspody nature of the excitations involved in the shakeup pro-
being due to shakeup processes, where recombination of op@sses.

electron from the lowest Landau lev@lL ) is accompanied
by the creation of a magnetoplasnibiia collective excita- Il. THE MAIN EXPERIMENTAL RESULTS
tion of an electron from one LL to a higher LL.

In this work we report new experimental results on the Our samples consist of a buffer superlattice, a 20-nm
shakeup processes in the photoluminescence of a twdsaAs quantum well, an undopedAGa, ssAs spacer layer,
dimensional electron gas at high magnetic fields. We discusd Si 5-doped region, another layer of 100-nm undoped
the implications of the experimental findings on our under-Alg 3:Ga& gsAS, a 20-nm uniformly doped kGa gAS (Si,
standing of these processes, and present a first-principlés=2.5x 10 cm™®), and a 10-nm GaAs cdf.We studied
model, which gives an insight into the mechanism ofextensively two samples with the same structure except for
shakeup at high magnetic fields. Specifically, we report orthe different spacer width, which was nominally 50 nm in
the first observation of shakeup lines in the GaAs materiabne and 15 nm in the other. The corresponding electron den-
system at high magnetic fields, and clearly demonstrate thegities after illumination were about >210" and
many-body nature. The low background impurity concentra5.5x 10'* cm™2, respectively. The mobility was in excess of
tion of this material system, which is manifested in the high10® cn?/V sec in both samples. The main features of the
mobility of the 2DEG, enables us to investigate the intrinsicexperiment were also observed in several other samples. The
properties of the shakeup process. Our central experimentaicident laser power density was kept very low,
finding is that when the electrons occupy only the lowest<100uW/cn? at a wavelength of 632.8 nm, which results
Landau level,v<2, the intensity of the shakeup lines is in a photon energy below the band gap of thg AGa, g5AS
strongly suppressed. We present a rigorous explanation dfarriers. The measurements were performed at magnetic
this suppression, and show how to estimate the relative infields up b 9 T normal to the 2DEG plane at temperatures of
tensities of the various shakeup lines. In particular, we poin#.2 K and 1.5 K. The light was delivered to the sample and
out the specific processes, which give rise to the giant intencollected back by optical fibers. The photoluminescence was
sity of SU,, the shakeup line just below the main lumines-dispersed by a 0.5-m spectrometer and detected by a
cence peak. We show that the suppression of the shakegharged-coupled-device camera.
intensity belowv=2 is related to a general hidden symmetry  Figure 1 displays several photoluminescence spectra of
of the electron-hole system. This symmetry was previouslythe lower density sample at=4.2 K and magnetic fields
used to explain the suppression of intra-LL many-body proB=1.9, 2.6, and 5.5 T, corresponding to filling facters 4,
cesses in the photoluminescence spectrum of a 2DEG i8, and 1.4, and aB=0. The spectral features marked ¢-L
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1.51 1.52 Magnetic field (T)
Energy (eV) FIG. 2. (a) The energies of the various LL and shakeup peaks as
i a function of magnetic field for the~2x10'%cn? sample atT
FIG. 1. The photoluminescence spectra of the=2  _45K (b) The energies of the excitations involved in Sltti-

X 10'Ycn? sample at several filing factors anfi=4.2K. The  angles, SU, (squarel and SUY (circles, measured as an energy
_sharp_feature at 1._515 eV is thc_e bulk GaAs exciton. Inset: Theseparation of the corresponding shakeup lines from the litle.
intensity of the Sy line as a function o at T=1.5K. We subtracted the measuréa¢ and 2:w¢ from the last two en-
. ergies. The solid line i% S, measured as the energy difference
and LL, are due to a recombination of electrons from the tWopetween Ll, and LL, peaks and the dashed line is the calculated
lowest LL’s with the photoexcited holes. It can be seen thay; .
the intensity of the LL line is greatly reduced at<2, where
there are almost no electrons left on the corresponding LL.
The mixing of the valence-band LL in high magnetic fields
partially breaks the selection rules and allows transitions be-
tween electrons from LLand holes from different LL. This
is manifested in the fine structure of the Lline. A similar
behavior is observed at the Lline. When extracting the
energy of the LI, transition we take the lowest-energy peak
from the corresponding set. Then the difference between
LL,., and LL, is the electron cyclotron energyw®.*

Let us turn to the discussion of the shakeup lines. Zoom-
ing in on the low-energy tail of the emission spectrum, we
observe two shakeup lines $ldnd SY below the main
recombination peak L§. The SU and SU energies decrease
linearly with magnetic fieldFig. 2). Following previous ob-
servations we associate these shakeup lines with a recomb
nation of one electron accompanied by shaking another elec
tron to a higher LL1~3 Here we denote the shakeup line T=4.2K , \
which appears at energy nfog below the main lumines- 1.51 1.52
cence line as SY This is to our knowledge the first obser- Energy (eV)
vation of shakeup lines in the GaAs/&a _,As quantum
wells at high magnetic fields. FIG. 3. The photoluminescence spectra ofihe5.5x 10'Ycn?

Following the Sy line, we observe a remarkable reduc- sample aB=9 T and temperatures d=1.5 K and 4.2 K. Inset: A
tion in its intensity in a narrow magnetic-field range aroundschematic description of a resonant process which contributes to the
v=2 (inset of Fig. J. It can be seen that the $Uine at Sy, line.

PL intensity
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v=1.4 is~50 times weaker than at=3 and 4(Fig. 1). The
understanding of this abrupt drop in intensity will be the ~ ARm= > V&e, albyaa+ > Vin, albama,
main focus of our paper. We shall show that it sheds light on L Hk!
the mechanism of the shakeup recombination in 2DEG in a bt oh ot
magnetic field. _2 Viimk.1Pi ambka_E Vi mik,1 i axbmby

Figure 3 displays the photoluminescence spectra of the Ll R
higher-density sample &=9 T and temperatures of 1.5 and oh
4.2 K. In this sample we also observed the,Sihd SUY ~ 2 Vinmk, 181Dk - (€)
peaks(not shown, at energies that depend on the magnetic ’
field in a way similar to that of the low-density sample. A
prominent feature of the photoluminescence spectra in Fig. Blext, we calculate the matrix element of the left- and right-
is a peak, marked as QUjust below the Zeeman split ;L hand sides of E(2) between the wave functiofiy and|f):
recombination line. This peak is seen also at the lower-
density sample photoluminescence spectra, as a broad shoul- . .
der atZ>2 (Igig.pl). In both samples itpis larger by an order (Et~ED(f|Rm[i)=—~[Egaptfi(wc+ wf)(m+1/2)J(f|Ryi)
pf magnit.ude or more as compared to thel$hl_e. The SY +(f|ARy|i). (4)
intensity is also strongly suppressedvat 2, similarly to the
SU, behavior. This line was also observed as a shoulder in _ ) )
InGaAs quantum wellé.It was explained as being due to HereE¢—E; is the energy difference between the final and

of a magnetoplasmon with energy# o®. servation it is equal to the energy of the emitted phdEgp.
We may thus expresd|R,|i) in terms of(f|AR,[i) in the
form
Ill. THE THEORETICAL MODEL
The important observation in Fig. 1 is the strong suppres- (F|AR, i)
sion of the Sy and Sy lines atv<2. In this section we (f|Rli)= m (5)

h .
present a model that explains this behavior and provides an Egapt 7 (0¢+ ) (M+1/2) = Epp

insight into the mechanism of shakeup at high magnetic
fields. Our goal is to calculate to the lowest order the transi-
tion amplitudeW,(f(SU,)|R|i), where|i) and|f(SU,))
are the initial and final states of the electron system in g SU
recombination process anB=X, ;an(q)bn(—Qq) is the

The derivation so far did not relate to any specific final
state. To apply it to the case of the shakeup process we have
to consider the final states where an electron-hole pair re-

lectron-hol binati or. The shak line i combined and another electron was excited to a higher LL.
electron-hole recombination operator. 1he Shakeup IN€ Nk, g ch final states only the first two terms in E8). are

tensity will be straightforwardly given bM”|2' We assume .important. The next two terms are nonzero only if two holes
that both electrons and holes are delocalized and characterize, present in the initial state and are irrelevant to our ex-

them by the LL ”“mbe'”.‘ anq the wave vectoq in. the periment.(They result in a shakeup intensity proportional to
Landau gauge. The Hamiltonian of the system is given by the square of the laser intensjtyThe fifth term is a two-

fermion operator and gives shakeup only in higher orders of

H=Ho+H.=S Zoqm+1/2)a’ the perturbation theory, due to LL mixing. Substituting the
0" hint g‘a wc(m )am(@)am(d) first two terms of Eq(3) into Eq. (5) we get

+ X, [Egagt hol(m+1/2) 1] (q)brm(q)
ma iZkI Vﬁ-rﬁ,k,|<f(sun)|a;rbmaka||i>

1 W.=
+ E 2 Vﬁfk’|ara}aka| " %

Eqapt

gap

1 e h
m-+ > fi(wct+ o) —Epp

+> veh afb'b,a . _
R iEH Ve (F(SUy albrama i)

1 +2 (6)
+5 2 Vbbb ) "o

+

e h
gap ﬁ(wc+wc)_Eph

i
mr3

We first calculate the commutator between the Hamiltonian
and the recombination operatlf,=>qam(q)bm(—q) of an  In our experiment the hole in the initial state is assumed to
electron and a hole from thath LL. It can be easily shown be on the lowest LL, so thah=0 in the first term andk=0
that this commutator can be written as in the second one. Let us also assume, that the electron-
electron and electron-hole Coulomb interactions in the plane
[H,Rp]=[Egapt i (wi+ o) (M+1/2)]R,+ AR, (2)  are equal in absolute value, yieldir\gey'jry‘kyl: —Vij - We
then may interchange indexksandm in the second term of
where Eg. (6) and combine the two terms to finally get
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initial intermediate final

Wn: 2 Vﬁfm+|,0,m,l<f(SUn)|ag+m+|boamal|i>

m,| a - 1 o
e E g MP
1 et ) 00 Ty

mg
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1 ‘: -
Egagt Eﬁ(“’5+ 0g)—Eph R L
4 S [ -
1
1 . @)
h
Egapt| M+ 5 h(wgt+ wg) —Epp
In Eq. (7) we have substitutet=n+m-+1. This is a direct b \ .
consequence of energy conservation: in the matrix elemen UCOUEUUL U U .
(f(SU,)|a'bgama|i) we eliminate two electrons with ener- 00 :
gies~miwg and~lAw and create an electron atifiwg. v
Since we are considering an emission of a photon at an en — T

ergy ~nfiw: below the main luminescence line, then
i —(m+1) should be equal to.

Equation (7) gives the total transition amplitude of the
shakeup process. It is now easy to see why the shakeup pr
cess is suppressed ak 2. At these filling factors the elec-
trons occupy only the lowest LL, so the indexasand| of
the annihilation operatora,, and a; in the matrix element
(f(SUy)|a)', s boamal|i) should be zero. However, if

m=0 the two terms in the square brackets of Et).exactly filling factor range the matrix elemext(SU,)|AR|i) van-

cancel egch o.the.r, anw, vgnishes. We note f[hat the ishes(to the lowest order and Eq.(2) effectively reduces to
shakeup intensity is nonzero in this case due to hlgher—ordaéq_ ®).

processes or due to deviations form the assumptions we
used. In particular, it occurs due to the LL mixing, hole
localization, and the difference between the absolute values IV. THE MECHANISM OF A GENERAL
of the electron-electron and electron-hole interactions. As a SHAKEUP PROCESS
result, SY is still observed as a very weak line @& 2. The In order to illustrate the physical meaning of Eg) we
situation is clearly different av>2, where there is a finite 5cylated to the lowest order the transition amplitudeby
occupation of higher LL’ST- Then the indew of the annihi-  peyrbation theory. We neglect in this simplified calculation
lated electron iff(SUy)|ay . m+Poama|i) may be nonzero, the inter-LL mixing due to the Coulomb interaction. This
so there is no cancellation in E(¥), and the shakeup prob- assumption is valid for integer filling factors. There are two
ability is finite. general processes which give rise to the emission of a photon
It is interesting to consider our results in the context of thegt the S\ energy. In the first, the magnetoplasmon is excited
hidden symmetry of the electron-hole system on the lowespy the valence-band hole, while in the second—by the re-
LL. 91t was shown that there is a special commutation reombining electron. These two processes are described sche-
lation, matically in Figs. 4a) and 4b), together with the corre-
[H.Ry]= — EoRo ®) sponding Feynman diagrams. The transition amplitudes

associated with these processes are
between the projection of the Hamiltonian of an electron-
hole system on the lowest LL and the recombination operator 1) ehls
from the same level, whetE,, is the exciton recombination W “EX: (FSUDIRDNXIHTD/(Ei=EW), (9)
energy.[This result directly follows from Eq(2), if all the
LL indexes are set to be zefoThis commutation relation
shows that if the initial s_tat¢|> is an eigenfunction of, WP > (£(SU |RIXN(X|HEE]i Y (E; — Ey)
then the final statéR,|i) is also an eigenfunction with an x
energy lowered byE.,. Thus the optical spectrum is not
affected by the many-body interactions and consists of only +> (F(SUHEEIX)(XIR[i )/ (E;— Ex— Epp).
one line at exactlyE,,.”~® The basic assumption of Refs. X
7-9 is that there is only one LL, i.éh0¢, ﬁw2—>oo. In our (10)
derivation we go beyond this approximation and take higher
LL's into account. As a result, the exact commutation rela-The two terms of Eq(10) correspond to the two possible
tion of Eq.(8) does not hold anymore. At>2, this breaking time orderings of the recombination and electron-electron
of the hidden symmetry is manifested in the appearance dfcattering processes. Let us neglect the Coulomb corrections
the shakeup lines. The suppression of the shakeup intensity the energy differences in the denominators, which corre-
at v<2 indicates that the hidden symmetry is partially re-spond to higher orders in the perturbation parameter. Then

FIG. 4. Right: the Feynman diagrams of the transition amplitude
/i, for a SU, process. The electron, hole, photon, and Coulomb
Interaction are shown by thin, thick, dashed, and wavy lines, respec-
tively. Left: a schematic description of the two contributions to, SU
atv>2.

stored, when only the lowest LL is occupied. Indeed, in this
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we may sum over the intermediate stptg. Assuming that
the hole in the initial state is at the highest valence-band LL
we obtain

ng)oc % Vﬁfm+l,m,0,l<f(sun) | al+m+lb0amal | i >/[nhw§

S
h =
+m(hwi+hol)], 11 g
E
W o[ (1 vg/2) + vo/2] g
X% Vi Emet omi{F(SUD @} s myiboamayiYnfi o .
12 . .
(12 - -4 2 0
Note, that the two terms of Eq10) give complementary nergy difference (meV)
contributions, proportional to (% vo/2) andvy/2, wherev, _ _
is the lowest LL filling. Substituting\/f"jhk,= _Vie—kejI we FIG. 5. The photoluminescence spectra of the lower-density
finally get e e sample around the Slénergy at 1.5 T for two gate voltages. The
energy is measured from the main photoluminescence line. The
upper and lower curves correspond to the metallic and insulating
Wnoc; Ve omi(F(SUDIal, . boamayli) states of the 2DEG, respectively.
1 1 stitutingEy, in Eq. (7) one can easily see that the first term in

(13 the square brackets is proportional ta [/, while the second
term is much smaller, proportional to ﬁ/@§+hw2). (One

This result coincides with Eq.7), except for the approxi- of the relevant processes is schematically depicted in the

mated form of the denominator. inset of Fig. 3) The probability of the Siprocess is there-

The derivation of Eq(13) enables us to trace the physical fore proportional taAE 2. Similarly, the probability of Sl
meaning of the indexes in the matrix elementprocesses is proportional td ) 2. Thus, the Siline is
(f(SUy)|al . mboamayli): it is the electron from L, that  enhanced due to the resonant denominator by a factor
recombines with the valence-band hole. This process is me~[ (%4 w¢)/AE]? with respect to the nonresonant Spro-
diated by the excitation of another electron from o  cess. ExperimentalyAE is of the order of the energy split-
LLn+m+1 - We also recover the cancellation of the two termsting between Ll and SY in the photoluminescence spectra.
in the square brackets at=0. We note that the two terms in For AE~0.% ¢ this factor gives an order of magnitude
the square brackets of E4L3) originate fromW" and  enhancement of Siith respect to SY The measured ratio
W2 Thus the vanishing oV, is due to the fact that these of SU, and S intensities is in reasonable agreement with
two transition amplitudes exactly cancel each other. the above estimation.

We may understand the physical reason for the suppres- It is interesting to compare the gline shape at 4.2 and
sion of the shakeup intensity when the recombining electrorl.5 K (Fig. 3). It can be seen that the low-energy part of the
is from the lowest LL (n=0) by the following intuitive line exhibits a strong enhancement with decreasing tempera-
argument. Let us view the hole as a lack of an electron in théure, which we do not understand. We note, however, that
valence band=® In this picture, the recombining electron the characteristic temperature at which this enhancement de-
descends from the lowest LL in the conduction band to thevelops is very small=0.5 meV, suggesting that it is related
highest LL in the valence band, retaining its wave function.to a spin splitting or to some many-body effect.

This process does not create any perturbation of the charge

distribution in the 2DEG, and thus does not result in VI. THE MANY-BODY NATURE

shakeup. On the other hand, if the electron recombines from OF THE SHAKEUP EXCITATIONS

another LL, then the charge distribution is suddenly per-

turbed, and the shakeup excitation may be created. Let us discuss now the nature of the excitations of the
2DEG, involved in the shakeup processes. We have shown

V. THE SU, LINE that at v>2 the shaken electron is excited from |Lto
LLnymy, Creating an excitation with energy(n+m)#A wg,
It is now straightforward to understand the nature of thewhere m>0. In particular, the excitations created during

SUO line and the reason for its giant intensityla\rk 2.12 For SUO' SU]_, and SQ processes atAv>2 have energies of
simplicity we shall discuss the case ob4>2, werem=1. ~hws, ~2hot, and~3%eS, respectively. However, Fig
The Sl process can be viewed as a recombination of ap) clearly shows that the energy of the excitation involved
electron from LL; with the valence-band hole and an excita- j, each SU process is larger tham@ 1)%w®. This excess

. e.

tion of another eIecFron across the cyclotr:n gap. The resultsnergy was explained as being due to the collective nature of
ing photon energy i€ ,,=Egait 3% (wi+ ) —AE, where  the magnetoplasmdnExamining the data in Fig. (B) we
AE<fiw¢ is a correction due to Coulomb interaction. Sub-can see that the excess energy is almost independent of the

X - .
nfiw® nho+miod+hiol)
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shakeup numben. This finding is rather surprising in view shape(Fig. 5. The energy drops from=1.5 ¢ for a me-

of the different dispersions of the various tallic 2DEG to~#w¢ for a negatively charged exciton, im-
magnetoplasmor’s? A weighted average of the magneto- plying that the excess energy indeed vanishes. The line in the
plasmons dispersion curves should be done to check the cofretallic state is much broader, reflecting the excitation dis-
sistency of our results with the theoretical calculations. Itpersion. One can, therefore, conclude that the many-body
should also be noted that the final state of the recombinatiofature of the shakeup excitation is indeed manifested in the

process contains not simply a magnetoplasmon, but rathghape and energy of the shakeup lines.
two quasiholes and an electron, for which a mutual three-

body interaction might be important.

To prove that the excess energy is indeed due to many-
body interactions, we experimentally realized a situation |n conclusion, we have presented a coherent picture of the
where these interactions are absent. This is done by applyinghakeup processes in a high-mobility 2DEG. We have ob-
a gate voltage, causing the electrons in the 2DEG to becomserved and explained the suppression of the shakeup lines at
localized. We have previously shown that at this insulatingelectron filling factorv<2. The same considerations helped
state the photoluminescence becomes excitonic, consisting @k to clarify the origin of the giant Sline. We have proved
a neutral and a negatively charged exciton ff\&pplyinga  the collective nature of the excitation involved in the
magnetic field, one observes shakeup lines, associated wihakeup process, but a detailed theory, which would relate
the negatively charged exciton: when one electron in thishe shakeup energies to the theoretical magnetoplasmon dis-
complex recombines with the hole, the remaining electron ipersion curves, is still needed.
excited to a higher LL. This excitation is ofsingle particle
and therefore the shakeup lines should appear at an energy
nfw? below the charged exciton lié Thus, by varying the
gate voltage we should be able to observe the change in the This work was supported by the Israeli Academy of Sci-
nature of the shakeup processes, from being due to a singéce. We wish to acknowledge very helpful discussions with
particle to a collective excitation. A. Stern and |. Ussishkin. We are grateful to J. M. Calleja

Following the evolution of the SUline with gate voltage and M. S. Skolnick for discussion of their results. G.F.
atB=1.5T we observe clear changes in its energy and linethanks D. Orgad for his constant interest in this work.

VIl. SUMMARY
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