
PHYSICAL REVIEW B VOLUME 50, NUMBER 16 15 OCTOBER 1994-II
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Longitudinal-optic (LO) phonon and Fermi-sea shake-up excitations are studied in the magneto-

optical spectra of In„Ga& „As-InP quantum wells. The final-state excitations are observed as low-

energy satellites in photoluminescence spectra in magnetic fields up to 20 T. Clear resonant interactions

between the LO-phonon and shake-up sate11ites are observed. In the low-density sample (n, = 1.15X 10"
cm ~) studied, interaction between the shake-up satellite, corresponding to promotion of an electron

from the S,=0 to the S,=1 Landau level, and the LO-phonon satellite of the N, =0 Landau-level tran-

sition, is observed. The other two samples investigated have high carrier density of 9.2 X 10"cm '; one

sample has strong disorder and strong hole localization and the other weak disorder and weak hole lo-

calization. The sample with strong hole localization exhibits a Fermi-energy-edge singularity in its pho-

toluminescence (PL) spectrum at zero magnetic field, and has strong phonon and shake-up satellites.

The other high-density sample has a very weak PL signal at the Fermi energy and phonon and shake-up

satellites at high field at least an order of magnitude weaker than in the sample with strong hole localiza-

tion. This behavior arises since the strength of the Fermi edge singularity and the coupling to the LO
phonon and shake-up excitations both depend on the degree of hole localization in the system. In addi-

tion to resonant interaction between the LO-phonon and shake-up satellites, interaction of the phonon

satellites of partially filled Landau levels with the N, =0 electron to Nq =0 hole recombination line is re-

ported. A marked variation of the intensities of these satellites with magnetic field is observed. It is sug-

gested that the variation of Landau-level filling with field plays an important role in determining the in-

tensities of these satellites of partially filled Landau levels. A theoretical treatment that explains the
variation of the intensities of the shake-up satellites with field, at low magnetic field in the low-density

sample, is also presented.

I. INTRODUCTION

It has been shown recently that a variety of final-state
excitations can be observed in the magneto-optical spec-
tra of semiconductor quantum wells (QW's). ' Both lat-
tice (longitudinal-optical-phonon) and Fermi-sea (shake-
up) excitations, have been detected in photoluminescence
(PL) spectra of QWs containing high densities of carriers.
The use of high magnetic field has played a key role in
permitting the observation of these excitations.

In magnetic field the conduction- and valence-band
densities of states are quantized into Landau levels. The
dominant recombination observed in PL arises due to
transitions between occupied conduction- and valence-
band Landau levels. In the experiments considered here
the quantum wells contain a relatively high density of
electrons in the range from 10" to 10' cm . The
recombination of this high density of electrons with a low
density of photocreated holes ( —10 cm ) is then ob-
served. Under such conditions, the energy of the photon
detected corresponds to the energy separation between
the conduction- and valence-band Landau levels,
modified by many-body interactions (band-gap renormal-
ization). When recombination destroys an electron in a

filled conduction-band Landau level, the final state of the
electron system then corresponds to the series of filled
Landau levels, with one hole quasiparticle in the Landau
level from which electron recombination occurred.
However, other final states of the system can also arise in
which either lattice (LO-phonon) excitations, or excita-
tions of the Fermi sea are emitted in the recombination
process. When such an additional excitation is emitted
during recombination, the photon which is detected will
have lower energy in order to conserve total energy dur-
ing the recombination.

The subject of LO-phonon-satellite excitations in semi-
conductor PL spectra has a long history, and has recent-
ly been discussed for quantum wells. ' It has been
shown that the strength of the coupling to LO phonons
by the Frohlich interaction is strongly enhanced by the
degree of localization of the holes which participate in
the recombination; a localized hole causes greater polar-
ization of the lattice and thus leads to strong LO-phonon
coupling in the PL spectra. '

Excitations of the Fermi sea, by so-called shake-up
processes, are more dificult to detect in PL spectra. At
zero magnetic field, in a shake-up process an additional
electron is excited across the Fermi energy during
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electron-hole recombination. Since there is a continuum
of available states into which the additional electron can
be excited, shake-up leads to a broad low-energy tail to
PL spectra at zero field. In semiconductors there are
many other sources of low-energy tails, with the result
that the attribution of a low-energy tail to shake-up is un-

certain, and is usually based upon detailed analysis of the
PL line shape. " However, we have shown recently in ex-
periments on an In Ga, As-InP quantum well that in

magnetic field the situation is transformed and shake-up
can be observed in an unambiguous way. ' Due to the
Landau-level quantization, electrons can only be excited
from discrete Landau levels below the Fermi energy to
discrete Landau levels above the Fermi energy. As a re-
sult the low-energy shake-up tail is transformed into a
series of discrete shake-up satellites. At high carrier den-

sity the width of the observed PI. band is governed by the
electron Fermi energy, due to band filling effects. As a
result any phonon satellites also will be very broad. '

Landau quantization in high magnetic field leads to a
discrete line spectrum and removal of the free-carrier
broadening, and as a result much clearer observation of
LO-phonon as well as shake-up satellites.

Phonon satellites and shake-up satellites have thus
been reported in separate observations in quantum-we11

PL spectra. ' ' It has also been shown recently that the
two types of final-state excitations show strong interac-
tion in magnetic-Geld ranges where the emission of either
LO-phonon or shake-up excitations leads to final states
which are very similar in energy. ' ' Under such condi-
tions resonant interactions between the two types of
final-state excitation are observed.

In the present paper, experiments on the

In, Ga&, Ga-InP quantum well in which shake-up was

first reported' are extended from magnetic fields of 9.6 T
up to 20 T. Extension to the higher field range permits
observation of shake-up-LO-phonon satellite interaction
in a sample containing a relatively low density of elec-

trons of 1.15 X 10" cm . Results are then presented for
two highly doped In„Ga& „As-InP quantum wells con-

taining 9.2X10"cm carriers, one with strong disorder
and hole localization in the quantum well, and one with

weak disorder. The much higher carrier densities in

these samples mean that the quantum limit, where only

the lowest electron Landau level is populated, is only

reached at high magnetic fields of —19 T. The fact that a
number of electron Landau levels are populated at lower

field means that a wider variety of phonon satellites and

shake-up excitations can arise. %e observe resonant in-

teraction phenomena of very similar form to those first

reported for Al„Ga, „As-In Ga, „As-GaAs strained-

layer quantum wells containing similarly high carrier
densities, ' although in the present work sate11ites of
different Landau levels are involved. Strong enhance-
ments of the intensities of the phonon satellites of the

X, =1 Landau level as they approach the energy of the

recombination involving the X,=0 Landau level are also

observed. The satellites observed for the two samples
with either strong or weak hole localization are contrast-
ecl.

The paper is organized in the fo11owing way. The ex-

perimental details and main sample characteristics are
summarized in Sec. II. Then in Sec. III A the magneto-
PL results for the low-density In Gal „As-InP sample
are discussed, together with the presentation of a
simplified theoretical treatment of shake-up processes.
This is followed by the results for the two high-density
samples in Sec. III B and III C. Finally in Sec. IV the
main conclusions of the paper are summarized.

III. RESULTS AND DISCUSSION

A. Sample A, n, =1.15X10"gm

The magneto-PL spectra for this sample were reported
in Ref. 1 up to fields of 9.6 T. In this section the results

up to 9.6 T are described briefiy in order to set the foun-
dation for subsequent discussions. Once these prelimi-
nary remarks have been made, results up to field of 20 T
are presented. A simplified theoretical treatment of
shake-up is also presented.

The PL spectrum at B=0, published in Ref. 1, consists
of a zero-phonon line (ZPL) at 847.7 meV, and LO-
phonon satellites in the 800-820-meV region to lower en-

ergy. In magnetic field, splitting of the ZPL into n =0
and 1 Landau-levels (LL's) is observed, with the n = 1 LL
depopulating at 2.4 T. At this field all electrons reside in

TABLE I. Characteristics of the three samples grown by at-

mospheric pressure metal-organic chemical-vapor deposition.

Sample
We11 width

A

150
100
100

1.15 X 10"
9.2X 10"
9.2X 10"

II. EXPERIMENT

The experiments were carried out on nominally lattice
matched In, „Ga„As-InP (x =0.47) quantum wells

(QWs) grown by atmospheric pressure metal-organic
chemical-vapor deposition. The most important charac-
teristics of the three samples A, B, and C are summarized
in Table I. Sample A is a nominally undoped 150-A QW,
with carrier density of 1.15X10" crn arising in the
well due to a persistent photoconductivity effect under

0
optical excitation. '" Samples B and C are 100 A wide
modulation-doped quantum wells with InP spacer layers
of 100-A thickness, and contain the same carrier density
of 9.2X10" crn under illumination. In all cases the
carrier densities are those determined from the magneto-
PL experiments described in the following sections. Fur-
ther details of the samples can be found in Refs. 1, 13, 14,
15, and 16.

PL was excited at 4.2 K using -25 mW/cm of 633-
nm radiation from a He-Ne laser, dispersed using a grat-
ing spectrometer, and detected using a cooled Ge photo-
diode. Magnetic fields up to 10 T were obtained from a
horizontal bore superconducting magnet, and up to 20 T
using a water-cooled Bitter magnet.
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FIG. 1. Transition energies against magnetic Seld for sample
A. T&, T2, and T3 shake-up satellites and In„Cra& „As quan-
tum well and InP barrier LO-phonon satellites are observed.
The splitting between T& and the ZPL is expressed as an ap-
parent effective mass m,* in the inset, as a function of magnetic
6eld. The deviation from the quantum-well band-edge effective
mass of 0.049mo arises due to coupling to qAO magneto-
plasmon excitations which occur at energies greater than the
Landau-level separation fico, .

the lowest electron LL, corresponding to a Landau-level
filling actor of v=2 (the spin splitting is not resolved).
From the observation of v=2 at 2.4 T, the carrier density
in the QW was deduced in Ref. 1 to be 1.15 X 10" cm
In magnetic field GaAs and InAs LO-phonon satellites
(33 and 27 meV) from the In„Ga, „As QW and InP sa-

tellites (43 meV) from the barrier are clearly resolved. '

In addition to the ZPL and phonon satellites, shake-up
satellites, labelled T, , Tz, and T3 in Ref. 1, are observed.
These satellites arise from Fermi-sea shake-up in which
an additional electron is promoted from the partially
filled n =0 LL to higher n =1, 2, or 3 LL's, in a process
accompanying the electron- valence-band-hole recom-
bination. As discussed in Sec. I, the energy of the pho-
non emitted in the presence of shake-up is lower than in
its absence, the extra energy being lost in the promotion
of the additional electron to the higher LL.

The energies of all the observed recombination lines
are plotted in Fig. 1 as a function of inagnetic field from 0
to 20 T. The LO-phonon satellite energies run parallel to
those of the ZPL as a function of magnetic field, but at
27, 33, and 43 meV to lower energy. The energy separa-
tions of the T„sh ake-up satellites from the ZPL increase
with increasing magnetic field, as the inter-Landau-level
separation increases with field. The splitting between the
ZPL and T„AE, can be expressed in terms of an ap-
parent effective mass m,* by use of the expression
b,E=AeBlm«'. The variation of m,' with 8 is shown in

the inset to Fig. 1. m,' is seen to vary from 0.038mo at
2.3 T to 0.047mo at 9.6 T.' The strong increase of m,*

from 2.3 to 4 T corresponds to the strongly nonlinear

f;,(q)= f" dz, f" dz lp;(z, )111(' (z )I'

Xexp( —
q lz, —zi l ), (2)

where g, (z) and «I(i(z) are the wave functions for the
lowest subbands of particles i and j. 8(«o) is the Heavi-
side step function. e(q, c0) is the dielectric function in-
cluding both the static dielectric constant and the screen-
ing due to the two-dimensional electron gas (2DEG) in
the magnetic field. The optic-phonon contribution to the
dynamic screening is neglected, so that this theory in-
cludes only the electronic excitations of the 2DEG, and
does not allow for the interaction of these excitations
with phonons. n(p) is the probability density for the lo-
calized hole in the plane of the QW, with p=(x,y), and
n(q)= Jd pexp( iq p)n(p—) is the Fourier transform of
n(p). A hole radius of 20 A is deduced from the theory
of LO-phonon satellites and the strength of the GaAs-like
LO-phonon satellite reported in Ref. 1.

The overall strength of the shake-up satellites, com-
pared to the principal PL line, is modified by refinements
of the many-body theory ' not included in Eq. (1) and be-
cause only some of the photocreated holes are strongly lo-
calized. ' ' Only the localized holes contribute to S(«o),
whereas the principal PL line has contributions from all
the holes. However, these more sophisticated treatments
do not alter the form of the shake-up spectrum or its
qualitative dependence on magnetic field, and so we shall
briefiy discuss these in terms of the relatively simple for-
mula of Eq. (1).

In a magnetic field, the satellites T„occur because
—ImE '(q, co) is sharply peaked at the magnetoplasmon
frequencies, close to but greater than or equal to nm„ for
all q. At zero magnetic field, in contrast, —ImE '(q, co)
does not include sharp peaks when integrated over q, and

variation of the ZPL —
T& splitting with field in Fig. 1 in

this field region.
The T& satellite intensities decrease strongly with in-

creasing magnetic field, froin, for example, 0.4%%uo of the
ZPL at 3.6 T to 0.13% at 7.2 T [see Figs. 1(c) and 1(d) of
Ref. 1]. This behavior, together with the importance of
hole localization in enhancing the intensity of the shake-
up satellites, can be understood from the following
theoretical treatment. The simplest calculation of the
shake-up effects due to a localized hole is Langreth's
first-order treatment of the screened Coulomb interac-
tion, ' which has been adapted to a quasi-2D geometry
by Hawrylak. ' The result of this calculation is that the
PL intensity S(co), due to shake-up, at energy fico below
the principal PL line, is

S( )
1 d2

l ( )lz
I ~ ««q 8( )f'( )

irz««i 4irso f — — 2q f„(q)
X [—Ime '(q, co)],

where the intensity of the principal PL line integrated
with respect to oi is unity. f„(q),f,«, (q) are form factors
for the electron-electron and electron-hole interactions
for particles in the lowest subbands of the QW, and are
given by
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R„(q)=
neo +EO

z f dco[ —ImE '(q, oi)) .
(n oi )~ ncu,

(4)

R„(q) is a measure of the pole strength of s '(q, co) divid-
ed by (neo, ), or, in physical terms, it is a factor which
determines the strength of the hole-magnetoplasmon cou-
pling. The intensity of T„can thus be written

I.= ' d'q q'' '"'R.
q

~2iri 4~so 2q .(q
(5)

The ~n(q)~ term in Eq. (5), the Fourier transform of the
hole probability density in real space, expresses the
dependence of the shake-up satellite intensity on hole lo-
calization; strongly localized holes in real space, corre-
sponding to large spread of the hole wave function in
wave-vector space, lead to strong coupling to magneto-
plasmon excitations and thus to strong shake-up satel-
lites. This expression for the strength of the shake-up sa-
tellite is similar in form to that for the strength of the
LO-phonon satellite due to a localized hole. The formu-
las differ only because the strength of coupling to excita-
tions (magnetoplasmons or LO phonons), as a function of
q, is different for the two cases.

The properties of I„as a function of magnetic field can
be deduced from Eq. (5). R„(q) vanishes at q =0 and as
q~ ~, and peaks at q-t~ ' where l~ =(AleB)' is the
magnetic length. This behavior of R„(q) dominates the q
dependence of the integrand of Eq. (5): the hole radius is
20 A, much smaller than lz, and so n(q)-1 for all q at
which R„(q) is significant; also f,„(q),f„(q) are not re-
duced by much from. their unity small-q limit because this
would require lz to be smaller than or comparable to
L/3, where I. is the well width. We use a simple
random-phase approximation (RPA) expression for
s(q, co), which is adequate for the present sample at finite
frequencies (i.e., for n )0). ' In the quantum limit, the
form of c., expressed as a function of ql~ and co/~„ is in-

dependent of 8, except for a B variation of the
strength of the n &0 poles of c in the ~/~, plane, and a
more complicated behavior of the n =0 pole. Applying
this result in Eq. (5), one finds that, approximately,
I„~B . Quantitative agreement with experiment is not
expected, given the approximations mentioned above;
however, the qualitative trend of a rapid decrease of I„
with B is in excellent agreement with experiment at low

magnetic fields, ' where the T, shake-up satellites were
found to decrease strongly in intensity with increasing
magnetic field, as mentioned earher from 0.4% of the

so the shake-up spectrum forms a continuum. '

The intensity of T„relative to the principal PL line is
neo +EoI„=f dcoS(co)

C

where Eo is sufficiently large that the integral includes
the peak in —ImE '(q, oi) for all q. Different energies
within the range of integration are not resolved in the PL
experiment. Performing this integral on the co-dependent
factors of Eq. (1) and approximating co= neo, in the o~

factor in Eq (1.), gives

InGaAs —InP quantum well

n = 1.15 &10 cm

(a

10

I

20
I

30 40 50

ENERGV FROM ZERO PHONON LINE (meV)

FIG. 2. LO-phonon and shake-up satellites relative to the in-

tensity of the zero-phonon line for sample A at 8.5, 10 and 19 T
in 2(a), (b), and (c), respectively. The T, shake-up satellite in-

tensity decreases strongly in intensity up to 10 T. It is observed

again at 19 T, with a similar intensity to that at 10 T due to res-

onant coupling with the GaAs-like LO-phonon satellites. 0.1%
of the intensity of the zero-phonon line (ZPL) is marked by the
vertical bar on the figure.

ZPL at 3.6 T to 0.13% at 7.2 T [see Figs. 1(c) and 1(d) of
Ref. 1].

Spectra in the LO-phonon and TI satellite region at
higher magnetic field are shown in Figs. 2(a), 2(b), and
2(c), at 8.5, 10, and 19 T, respectively. The decreasing
trend of the T, intensity with field is much more rapid
than B between Figs. 2(a) and 2(b), with a factor of
2—3 decrease from 8.5 to 10 T, with the T& satellite only
just visible at 10 T. At 8.5 T, the TI and GaAs LO-
phonon satellites have 0.045% and 0.3%, respectively, of
the intensity of the ZPL. Above 10 T the T, satellite is
no longer visible until 18 T, when it reappears with a
similar intensity to that observed at 10 T.

The extremely rapid decrease of I, from 8.5 to 10 T
and beyond, together with the rough equality of I, at 10
and 18 T, contradict the approximate 8 law predicted
in the absence of optic phonons, and are attributed to res-
onant mixing between the relatively strong phonon satel-
lites and the T, satellite. As seen in Fig. 1, the T, satel-
lite crosses the phonon satellites in the 14—16-T region.
Both forms of satellite arise from final-state excitations of
the system; either a LO-phonon lattice excitation or an
inter-Landau-level magnetoplasmon excitation is emitted
during the recombination. In the 14-16-T region the
two final states of the system are nearly degenerate. As
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reported for Al„Ga, „As-In„Ga, „As-GaAs strained-

layer quantum wells in Refs. 2 and 3, coupling between
the two final states arises due to LO-
phonon —magnetoplasmon mixing. ' Resonant mixing
between the T, and the much stronger LO-phonon sate1-
lites leads to the observation of the T, satellite in the
8=18—19.5-T region. Further very clear evidence for
the interaction between the rnagnetoplasmon shake-up
and LO-phonon satellites is presented in Secs. III B and
III C for the modulation-doped In„Ga, „As-InP QW's.

The value of m,' of 0.047mp at 9.6 T is close to the
band-edge effective mass m&E of 0.049mp measured for
the modulation-doped quantum well of Sec. III B grown
under very similar conditions to sample A. The deviation
of the ZPL-T, energy splitting from irido, =keB/msE at
B (9 T, and hence the small values of m,' in the inset to
Fig. 1, arises since the shake-up process is a many-body
magnetoplasmon excitation of the Fermi sea. As dis-
cussed in Ref. 1, following the theoretical treatment of
Kallin and Halperin and Macdonald, the energy of
the magnetoplasmon excitation is only equal to fico, for
in-plane wave vector q=0. The strongest coupling to
magnetoplasmons occurs at q —ls ', close to the max-
imum in the magnetoplasmon density of states (the mag-
netoroton maximum) which is expected to occur at
0. 17ve /els above ijico„ for filling factor v= 1, where e is
the dielectric constant and ls =(AleB)' is the magnetic
length. The factor v/ls varies at B'~ /B=B '~, and
thus the deviation from fico, is expected to decrease with
increasing magnetic field. This is exactly the behavior
observed in the Fig. 1 inset, where m,* increases marked-
ly with increasing magnetic field. At v=1 (4.8 T),
m,' =0.0435mp is calculated from the energy of the max-
imum of the magnetoplasmon density of states at
fico, +0.17ve~/sls, in good agreeinent with the experi-
rnental value of 0.0430mp. The particularly strong varia-
tion of m,* from 2.3 to 4 T probably arises from the
strong variation of the energy of the maximum of the
magnetoplasrnon density of states with filling factor in
this region. Using the theory of Kallin and Halperin of
Ref. 25, a value of m,* of 0.032mp is predicted at v=1
(4.8 T), and 0.0435mii at v=2 (2.4 T), in qualitative
agreement with the variation of 0.038mp to 0.043mp ob-
tained from the experiments.

The change of slope of the variation of m,' with B from
8 to 9.6 T, with m,' increasing to 0.047mp at 9.6 T, may
arise from repulsion of the T, satellite by the LO-phonon
satellites, as TI approaches the interaction regime with
the phonon satellites. It should be noted, however, that
even at 19 T the value of m,* of 0.047mp is still less than
the value of m SE of 0.049mp, as required by the rnagne-
toplasmon interpretation of the shake-up satellites.

In physical terms, the breakdown of wave-vector con-
servation in the shake-up process, which permits ef5cient
coupling to q&0 magnetoplasmon excitations, is enabled
by the localization of the hole, whose wave function con-
tains Fourier components at the required wave vectors.
The strength of the shake-up process and of the phonon
satellites is strongly enhanced by hole localization, which
is probably due to alloy disorder in the In„Ga, „As QW.

The effects of disorder were also invoked by Pinczuk
et al. to explain the strong coupling to qAO excitations
in light scattering experiments in the quantum Hall re-
gime. In Sec. III B, the effects of hole localization and al-

1oy disorder are also discussed for a modulation-doped
QW which shows a strong Fermi-energy-edge singularity
in its PL spectrum.

B. Sample B n =9.2X10"cm

The PL spectrum from sample B was first reported, to
our knowledge, in Ref. 15. It consists of a broad band of
width close to the electron Fermi energy of 45.0 meV,
corresponding to n, =9.2X10"cm . EScient recom-
bination of electrons at the bottom of the band at k =0
up to the Fermi wave vector at 2.4X10 cm ' is permit-
ted by the strong hole localization in the In Ga, As
QW, mentioned in Sec. II. The hole localization prob-
ably occurs in alloy fluctuations in the In„Gai „As QW.
The PL intensity is enhanced toward E~ due to the
Fermi-energy-edge singularity' ' ' ' in this system with
strong hole localization.

In magnetic field the spectrum breaks up into a series
of Landau levels, as reported in Ref. 29. The transitions
are labeled (N„O) where N, =0, 1, 2, 3, etc. is the elec-
tron Landau-level number, and the zero in the brackets
labels the lowest localized hole state. Transitions be-
tween the X, & 0 electron Landau levels and the localized
hole level are made allowed by the disorder in the sys-
tem. Only transitions from the lowest hole level are ob-
served due to thermalization to this state at the sample
temperature of 4.2 K.

Spectra from 3.1 to 9.6 T were reported in Ref. 29, and
from 10 to 19 T are shown in Figs. 3(a) to 3(e). The varia-
tion of the transition energies with magnetic field is sum-
marized in Fig. 4. With increasing magnetic field, succes-
sive electron Landau levels depopulate as the inter-
Landau-level separation (A'co, =ReB /m aE ) and the
Landau-level degeneracy (2eB/h including spin) increase
with field. The carrier density in the QW of 9.2X10"
cm is deduced from the fields (9.55 and 19.1 T) at
which the X, =2 and 1 Landau levels depopulate, at
filling factors of v=4 and 2, respectively. No spin split-
tings are resolved at any magnetic field. The splittings
between the various (N„O) transitions correspond to an
electron effective mass of 0.049mp, as mentioned in Sec.
III A. The shift rate of the (0,0) transition is equal to one
half of the (1,0)-(0,0) splitting of irieB/m aE =iiico',"'"'",to
within experimental error (+2%). The (0,0) shift rate is
therefore equal to —,'fun", ""'".Thus the shift rate of the
recombining hole level with field is negligibly small, con-
sistent with the strongly localized nature of the hole
state, as discussed above.

Two features are noteworthy in the variation of the
(N„O) transition energies with field. First we observe os-
cillations of the (N„O) transition energy, for N, filled,
about the linear variation indicated by the full lines of
Fig. 4. These oscillations arise either from variations in
the exchange and correlation energy with Landau-level
filling factor (minima are observed at odd v), ' or possibly
from osci11ations in the self-consistent potential with
filling factor. Second, when the parent Landau level be-
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same field range, and is unobservably weak at 19 T, when
the N, =I level is nearly depopulated [Fig. 3(e)], thus
providing strong evidence that the 1~ transition is indeed
a satellite of (1,0).

Clear evidence for resonant interaction between the T&

shake-up satellite and the OL phonon satellite is seen in
Fig. 4 from 13 to 18 T in the 820—835-meV region.
Representative satellite spectra plotted as a percentage of
the intensity of the (0,0) transition are shown in Fig. 5. It
is seen that the OL and T, satellites have 1 —2 % of the in-
tensity of (0,0), the relatively great strength of the satel-
lites arising due to the strong hole localization in this
sample. Marked anticrossing between the magneto-
plasrnon (shake-up) and LO-phonon lattice excitations is
observed in Fig. 4 in the 13-18-T field region, with a
splitting at resonance of 9 meV. This behavior is very
similar to that reported for Al Ga& As-In„Ga& „As-
GaAs modulation-doped structures in Ref. 3, where a
splitting of the 1L and T& modes at resonance of 8 meV
was observed. The smaller effective mass in
Ina 53Ga0 47As (0.049m 0 ) than in Ina &9Gaa 9&As

(0.07m0} leads to larger inter-Landau-level separations,
at a given magnetic field, with the result that the OL -T&

fundamental resonance is observed at 13-18 T, whereas
for the strained-layer QW's of Ref. 3 the 0/-T, reso-
nance would be expected outside the easily accessible
field range, at 8 )21 T. A small reduction in the fields of
the OL-T, interaction also occurs since the GaAs-like

LO-phonon energy is 33 meV in the In053Ga047As-InP
structures, as opposed to 36 meV in the Al Ga, As-

In0 09Ga0»As-GaAs samples.
Resonant interaction between the 2L, 1L, and 1~ satel-

lites and the (0,0) transition is also observed. This is ob-
served as a resonant repulsion of the satellites by (0,0) in
Fig. 4. In addition, there is a marked enhancement of
the satellite intensities as they approach the energy of the
(0,0) transition. The enhancements are clearly seen for
lL and lz in Figs. 3(b) and 3(c) at 13 and 15 T, respec-
tively. The enhancements of satellite intensity are shown
more clearly in Fig. 6, where the intensities of the 1L and

lz satellites, relative to the parent (1,0} intensity, are
plotted (the triangles and circles} as a function of the en-
ergy separation from (0,0). Plotting the 1L, 1„ intensities
relative to that of (1,0} provides a reliable correction for
the decreasing N, =1 population through the magnetic-
field region of relevance from 11 to 17 T.

A strong increase of the lz /(1, 0) and 1& j(1,0) ratios
is observed as the satellites approach the energy of the
(0,0) transition with increasing magnetic field. Away
from resonance with (0,0), the phonon satellites of (1,0)
have -2% of the intensity of their parent recombination
line. The ratios increase to 16 and 28%, respectively, be-
fore the lines are no longer observable at high field. 1L is
not observable above 14 T when it becomes unresolved
from (0,0), whereas 1„ is not observable above 17 T due
to depopulation of the N, =1 state.

The enhancements of 1L and 1& as they approach the
energy of (0,0) are strongly reminiscent of the resonant
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FIG. 6. Intensities of 1L and 1& phonon satellites (33- and
43-meV phonons, respectively) relative to the intensity of the
(1,0) parent line as a function of the energy separation from
(0,0). Triangles and circles represent 1& and 1& for sample B,
and the squares 1& for sample C.
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enhancements of satellite intensity due to mixing with
(0,0) which have been observed for Alo z3Gao 7&As-

Ino Q9Gao»As-Gas modulation-doped QW's, and which
were ascribed to mixing of hole quasiparticles, by the
Frohlich interaction, in the (0,0) and XI final states of the
PL recombination. As for the T, -OI interactions de-
scribed above, this resonance occurs in the final state of
the recombination since, e.g. , in Fig. 6 the 11 and (0,0)
transitions are only in near degeneracy after emission of
the LO phonon in the lz transition. In Ref. 35, the
XI-(0,0) interaction was observed as a resonant an-

ticrossing and an exchange of intensities between the two
recombination lines, as the magnetic field was swept
through the resonance region.

For the samples studied in Ref. 35 the X~ lines which
interacted with (0,0) were satellites of filled Landau levels,
and so both transitions could be observed for magnetic
fields on either side of the resonance value. In the present
case, the 11 and 1& lines are satellites of the partially
filled N, =1 Landau level, and can be observed only at
magnetic fields below the resonance value, because the
N, =1 level empties at a magnetic field lower than that
required for resonance.

Within the resonant mixing model, the behavior of
Fig. 6 would imply a much stronger resonant interaction
of 1 „with (0,0) than that of lr with (0,0); stronger reso-
nant mixing would explain why the 43-meV satellite of
(1,0) is so strong relative to the 33-meV satellite in sample
B, whereas for sample A the 43-meV InP satellite of the
(0,0) zero-phonon line is seven time weaker than the 33-
meV GaAs satellite of the zero-phonon line. However,
such a greater coupling strength for a 43-meV phonon
relative to a 33-meV phonon is very difBcult to explain
within conventional models of the Frohlich interaction.

A particularly striking feature of Fig. 6 is that the 1„
satellites have approximately equal intensity to the 11-
GaAs satellites, at energy separations from (0,0) which
are approximately 11 meV greater than those of 1~. This
energy is nearly equal to the energy difference between
the 43 meV (1& ) and 33 meV (11 ) satellites, and implies
that at a given magnetic field the two satellites have near-

ly equal intensity. This is seen, for example, by inspec-
tion of Fig. 3(b) at 13 T, and more clearly in Fig. 7 where

11 /(1, 0) and 1„/(1,0) intensity ratios are plotted as a
function of magnetic field. It is seen that the 1~ and 1~
intensity ratios increase in a very similar way with in-

creasing magnetic field.
The behavior of 11 is at least qualitatively consistent

with the resonant polaron coupling model of Ref. 35. It
is the 1~ line which is particularly anomalous; it is
enhanced in strength at an unexpectedly large energy sep-
aration from (0,0), and is approximately equal in strength
to 11 over a range of magnetic fields. The observations
mentioned in the preceding paragraph suggest that the
magnetic field, or a property which is strongly magnetic
field dependent, also contributes to the strong enhance-
ments of satellite intensity between 12 and 16 T. The
filling of the N, = 1 Landau level varies very strongly over
this field range. The X, =1 LL is full at v=4 at 9.55 T
and empty at v=2 at 19.1 T. The resonant polaron cou-
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FIG. 7. The 1& /(1, 0) and 1~ /(1, 0) intensity ratios of Fig. 6,
but plotted as function of magnetic field, and hence Landau-
level filling factor. As for Fig. 6, triangles and circles represent
11 /(1, 0) and 1& /(1, 0) for sample 8, and the squares 1& /(1, 0)
for sample C. The N, =1 parent Landau level is full at v=4 at
9.55 T, and empty at v=2 at 19.1 T. The fields at which v=4
and 2 are the same for the two samples. The good agreement
between the three ratios when plotted as a function of field sug-

gests that the Landau-level filling plays an important role in

determining the magnitude of the enhancement of satellite in-

tensity.

pling is expected to be proportional to the number of
hole scattering states which is proportional to (v —2),
which decreases with increasing magnetic field. This fac-
tor is proportional to the (1,0) intensity by which the data
of Fig. 7 are divided before plotting. Figure 7 suggests in
addition a separate factor, proportional to the number of
electron-scattering states [proportional to (4—v), the
number of unoccupied electron states] which increases
with increasing magnetic field. However, the dependence
on the number of electron-scattering states does not ap-
pear to have a simple explanation within the theory of
resonant polaron coupling since processes involving emp-

ty states in the E, =1 Landau level are not expected to
contribute to the resonant interaction at low tempera-
ture.

To summarize this point, the reason for the strong
enhancements of 1~ and 1 ~ intensities as they approach
(0,0) remains unclear. A full theory for the interaction
between the phonon satellite of a nearly empty Landau
level and the transition arising from the filled X, =0 level

is needed before definitive statements can be made. Nev-
ertheless, the nearly equal intensities of the 33- and 43-
meV satellites of (1,0) observed at a given magnetic field

suggest that the filling of the parent X, =1 Landau level

plays an important role in determining the coupling
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InGaAs-InP modulation doped quantum welt
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FIG. 10. Transition energies against magnetic field for sam-

ple C. Splitting of the PL spectrum into (N„O) Landau-level
transitions is observed. To lower-energy 1& satellites, enhanced
by resonant interaction with (0,0), T& and T2 shake-up satellites,
and 0L phonon satellites are observed. By comparison with
sample B in Fig. 4, GaAs-like LO-phonon satellites are much
less prominent, 1L being absent, and 0L probably only observed

by resonant mixing with Tl at high field.

magnetic field is similar to that reported in Fig. 4 for
sample B. The Landau-level splittings at a given magnet-
ic field are —15% less than for sample B, and correspond
to an electron effective mass of m~E=0. 057mo. The
reasons for this higher efFective mass (0.057mo compared
to 0.049mo ) are not understood since the transition ener-
gies, and hence alloy compositions in the two samples,
are very similar. As for sample B in Fig. 4, the (0,0) tran-
sitions in Fig. 10 show oscillations in energy as a function
of filling factor, and deviation of the (1,0) energy below a
linear variation when the N, = 1 level is partially filled.

The shift rate of the (0,0) transition with field is 0.56 of
the (1,0)-(0,0) splitting AeBlmBE, as opposed to 0.50 of
the (1,0)-(0,0) splitting for sample B. The greater shift
rate of the (0,0) transition is indicative of a finite shift rate
of the recombining hole level with field for sample C( this
was zero for sample B), consistent with the weaker hole
localization for sample C. An apparent hole effective
mass of 0.48mo for the localized hole state is deduced
from the observed (0,0) shift rate with field. No evidence
for hole LL splittings is observed, due to thermalization
to the N& =0 level at the sample temperature of 4.2 K.

The most interesting difference in the spectra com-
pared to those of sample B is found in the satellite region
and is that the GaAs LO-phonon satellites are observed
to be much ~eaker than for sample B. For this reason
and also because the inhomogeneous broadening of the
PL is larger in sample C than in sample B, the 1L phonon
satellites are never resolved, and OL is only seen in the re-
gion of interaction with T& above 14 T. The intensities of
OL relative to (0,0) at 17 T for the two samples are 0.5%
(sample B) and 0.05% (sample C), respectively. As dis-
cussed in Secs. III A and III B and in Refs. 1, 8, and 9,
the strength of the phonon coupling is related to the de-
gree of hole localization and hence disorder in the sys-
tem. As already deduced from the form of the 8 =0 PL
spectra, sample C has much weaker disorder and hole lo-
calization than sample B, and thus the weaker phonon
coupling is not unexpected.

Most strikingly, however, in the interaction regime
with (0,0), the 1& satellite of (1,0) is observed with very
similar intensity relative to its parent (1,0) transition to
that in sample B. It shows a very similar repulsion from
(0,0) (see 10—17-T region in Fig. 10, compared with the
same field range in Fig. 4), although its energy separation
from (0,0) at any given magnetic field is about 5 meV
greater than in sample B. The greater energy separation
arises since the (0,0) to (1,0) separation is smaller in sam-
ple C due to the larger value of m uE (0.057m o compared
to 0.049mo ). As a result the 43-meV satellite of (1,0) will

be at a greater energy from (0,0). The intensity ratio of
the 1 „satellite to that of its parent line (1,0) is plotted as
a function of its energy separation from (0,0) in Fig. 6
(the squares), and as a function of magnetic field in Fig. 7.
As discussed in Sec. III B, the good agreement between
the intensity ratios for the 1L, 1 ~ satellites investigations
in sample B, and for 1~ in sample C, when plotted as a
function of magnetic field, suggests that Landau-level
filling plays an important role in determining the strength
of the enhancement of the N, =1 satellites.

One consequence of the relative weakness of the
GaAs-like LO-phonon satellites in sample C is that the
shake-up satellites are observed more clearly, particularly
in the 10—13 T anticrossing region. The strengths of the
T, satellites of Figs. 9(a) and 5(a), at 9.6 and 9 T, respec-
tively, are comparable [0.6 and 1.2% of (0,0)], respective-
ly. In the case of sample C, T, may gain intensity by
mixing with 1„,and for sample B by mixing with OL also.
The fan diagrams of Figs. 4 and 10 and the spectrum of
Fig. 9(b) show that the T„ 1 „,and 01 lines are closely in-

teracting in the field region around 10 T. %ith increasing
field for sample C, the T& and T2 satellites become much
weaker. At 17 T, the T, satellite has only 0.03% of the
intensity of (0,0), with 01 having a similarly low intensity.

By contrast, for sample 8, the 1I and OL LO-phono&
satellites are relatively strong over the whole field range
(see Figs. 3 and 5) due to the strong hole localization in

this sample. At high field the T, satellites are probably
observed strongly in sample B due to resonant mixing
with the phonon satellites. T, has 0.25% of the intensity
of 40,0) at 17 T due to mixing with Oz, compared to
0.03% in sample C where OL is very weak.
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IV. CONCLUSIONS

A photoluminescence study of Ino 53Gao 47As-InP
quantum wells in high magnetic fields up to 20 T has
been reported. Results for three samples, one containing
1.5 X 10 ' cm free electrons, and the other two contain-
ing 9.2X10" cm electrons, have been presented. One
of the high-density samples has strong disorder and
strong hole localization, and the other weak disorder and
weak hole localization. These carrier densities in all the
samples studied are sufficiently high that many-body in-
teractions play a very important role in determining the
form of the observed magneto-PL spectra.

In quantizing magnetic field, a number of low-energy
satellites of the principal Landau-level transitions are
seen, arising from difFerent final-state excitations of the
system. In the recombination process both lattice (LO-
phonon) or Fermi-sea (inter-Landau-level shake-up) exci-
tations can be emitted, and lead to the low-energy satel-
lites observed in the magneto-PL spectra. When the en-
ergies of the two final states in which either LO-phonon
or shake-up excitations are emitted, become close in ener-

gy, clear resonance anticrossing between the satellites is
observed. Such mixing between the LO-phonon and
shake-up excitations is observed for all three samples in-
vestigated.

The strength of the coupling to both types of excitation
is enhanced by the degree of localization of the photo-
created hole which participates in the recombination.
This is shown particularly clearly in the comparison of
the satellite spectra for the two heavily doped samples,
one with strong and one with weak hole localization. At
high magnetic field, the satellite spectra are at least an or-
der of magnitude stronger for the sample with strong
hole localization. In the heavily doped sample with weak
disorder, the phonon satellites of the lowest-energy
Landau-level transition are very weak, and are only ob-
served in the field region of resonant mixing with the
principal shake-up satellite.

Resonant anticrossing between the phonon satellites of
the N, =1 Landau level and the lowest-energy (0,0) tran-
sition is observed for the two heavily doped samples.

Strong enhancements of intensity of the satellites are ob-
served through this field range. The enhancements are of
similar magnitude for the GaAs-like 33-meV phonon sa-
tellites of the quantum well and for the 43-meV phonons
of the InP barrier material at a given magnetic field. This
behavior is surprising since the 43-meV barrier satellites
are 10 meV further away in energy from (0,0) than the
33-meV well satellites. Although this behavior is not ful-

ly understood, it is suggested that Landau-level filling
which depends only on magnetic field, as well as the ener-

gy separation from the interacting (0,0) level, plays an im-
portant role in determining the resonant enhancements of
the N, = 1 phonon satellite intensities.

Interactions between the T„satellites and LO-phonon
satellites, and perhaps the origin of the 1„satellite, could
be examined in a theory that gives a unified treatment of
the electron-phonon and electron-electron interactions:
such a method has been used, for example, to study cou-
pled plasmon-phonon modes in quantum wells. ' In
contrast, our simple theory of the shake-up satellites
presented in Sec. III A ignores the electron-phonon in-
teraction, and so can only be applied to the shake-up sa-
tellites at low B in the low-density sample: at low B, the
T& energy is well below the LO-phonon energies, and so
interactions of this shake-up satellite with the LO-
phonon satellites of the same principal PL line are ex-
pected to be weak. Furthermore, in the low-density sam-
ple, in contrast to the high-density samples, no complica-
tions arise from the interaction of T& with the phonon sa-
tellites Nl of higher Landau levels. A theory of the
high-density samples, or of the low-density sample at
high magnetic fields, will require the unified treatment of
electron-electron and electron-phonon interactions men-
tioned above.
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