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Strong resonant polaron coupling phenomena in the magnetophotoluminescence (magneto-PL) spec-
tra of modulation-doped quantum wells are reported. The polaron interactions arise between hole

quasiparticles in otherwise filled electron Landau levels, and LO phonons of the quantum-well materi-
al. This type of many-body polaron coupling phenomenon is expected to be a universal feature of the
magneto-PL spectra of quantum wells with electron Fermi energy greater than the LO-phonon energy
of the well material.

New resonant polaron coupling (RPC) phenomena in

the magneto-optical spectra of quantum wells (QW's)
containing high densities of free carriers are reported.
The phenomena have a many-body character, since the
resonances arise from the Frohlich interaction between
hole quasiparticles in otherwise filled electron Landau lev-
els (LL's) and the LO-phonon modes of the QW material.
It is shown that a common requirement for the observa-
tion of RPC in the magnetophotoluminescence (mag-
neto-PL) of QW's is that the carrier density should be of
suScient magnitude that the electron Fermi energy is of
the order of, or greater than, the LO-phonon energy of the
QW material.

RPC has been much studied in both three-dimen-
sional'2 (3D) and quasi-2D (Refs. 3-6) systems, princi-
pally in cyclotron resonance (CR) experiments. In such
cases, the RPC is usually observed as a strong cyclotron
mass enhancement, the result of electron-LO-phonon in-
teractions which lead to pronounced anticrossing between
unoccupied LL's (LL index N,. &0) and the N„=O plus
one-phonon state. '" ' In the present work, the resonant
coupling is observed as an interaction between LO-phonon
satellites of recombination involving electrons in upper LL
states (LL index N„) 2) and PL transitions from the
W,, =O LL. '' Large values for the resonant polaron in-
teraction strength, in comparison with CR experiments,
are observed. This is attributed to the absence of LL oc-
cupation eAects" ' for the hole quasiparticles.

The magneto-PL experiments were carried out on a
series of asymmetric, modulation-doped AI, , Gai —,As-
I n„Ga~ —,As-GaAs (y =0.23, x =0.1) strained-layer

QW's with high n, values ranging from (0.8-1.6) x10'
cm 2 and well widths of 150-250 A. Zero-field results
are discussed elsewhere. ' ' The particular sample inves-
tigated in detail has a QW width of 150 A and
n, =I.6X. 10' cm (EF =56 meV), determined from
Shubnikov-de Haas measurements. Magneto-PL mea-
surements were carried out at 4.2 K in magnetic fields (B)
up to 10T.

The PL spectrum at B =0 is shown in Fig. 1(a). It is
composed of two bands, E~ ~ and E2~, arising from recom-
bination of electrons in the n=1 and n=2 subbands, re-
spectively, with photocreated holes thermalized in the
lowest heavy-hole subband close to k =0. The spectra ex-
tend from the bottom of the n =1 subband at E ~ up to an
energy corresponding to EF. The h, k & =0 in-plane wave-
vector selection rule is broken by disorder (or hole locali-
zation) effects' ' giving rise to the E~~ transitions, ob-
served with strongly decreasing strength above the n =1
subband edge.

Eq~ transitions are seen since the EF of 56 (+ 1) meV
is very close to the E2 E~ subband sep—aration (56~ 1

meV), with an upper limit to the n =2 population of
5 x 10' cm deduced from the absence of any LL split-
ting of the Epi PL. The E2i peak is —3 times stronger
than Eii principally because of the larger overlap of E2
electrons with the photocreated holes than that for Ei
electrons. '

In magnetic field the Ei i PL breaks up into a series of
LL peaks, labeled (N„,O)~, as shown in Figs. 1(b)-I (e),
arising from recombination of electrons in LL s (index
N„) with holes in the lowest valence-band LL. The
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FIG. 2. PL energies of transitions in Fig. I as a function o
magnetic field. The Wl. transitions are one LO-phonon energy
below the (N,„O)i peaks. The resonant coupling between t ee 3

and 4i satellites and (0,0)i is clearly visible. Triangles denote

E t nsitions and solid circles denote lV, , transitions.ra . '

LO0 b 1 denote weak transitions. No features atopen sym o s

are observed,

PHOTON ENERGY (eV)
FIG. I. PL spectra as a function of magnetic field. (a) n = I

and n=2 subband E) i and E2) recombination is observed at
B=O. In (b)-(e) splitting into LLs (N, ,O)i is observed. LO-
phonon satellites Ni of (N„O)i are observed with resonant
enhancement of intensity as they approach (0,0)i.

hN=0 selection rule is broken by disorder for the same
reason ath t nonvertical transitions occur at zero el . '

N, ) I)The energy spacings of the higher LL transitions (
are given by the electron cyclotron energy hro, . , where
ro, . =eB/m, with m, , =0..069mo. ' The Eqi peak shows

s rotrong oscillations in intensity with eld see Figs.
rted bI (b)-l(e)], of very similar form to those reported y

Chen and co-workers. ' ' The interpretation of these os-
cillations will be discussed in detail elsewhere.

For the present paper, the most important information
is contained in the low-energy peaks labeled NI =1&, 21,
3I, . . . . These NI satellites arise very close to the GaAs
LO-phonon energy of hoot~=36. 7 meV below the corre-
sponding (N, ,O)i transitions. The energy of the GaAs-
like mode of the QW, which contains only 9% In, will cor-
responpond closely to this value. The PL transition energies
are po el tted as a function of field in Fig. 2. T e

satelliteLandau fan is reproduced by the Nl LO-phonon sa e i e

lines displaced to lower energy by Acomia. Very marked
resonant anticrossing between the lower-lying N,„O ]

transitions and the Nl lines is observed around fields of
4.4, 5.5, and 7.3 T given by the "magnetophonon" reso-
nance condition AN, , 6 co,. = A cot ~. '"

h, N,, is the diA'erence

in Landau index between the parent LL of the JVI satellite
and the N, , level with which resonance occurs.

In the region of resonance, clear exchange of oscillator
strength occurs between NI and (N,„O)i, as seen in Figs.
I (b)-1(e). Away from resonance the satellite 3t for ex-
ample, has & l% of the (0,0)i intensity. As 3I ap-
proaches (0,0)i from lower energy its intensity increases

~ ~

un i at 1 t resonance where the two transitions are at their
minimum separa iseparation [AE =4.4 meV for 3I with

i s. I c and4].the intensities are approximately equal [Figs. I (c) an

Beyond this field the lower component is pinned to the en-

ergy of the unperturbed (0,0)i transition while the 3I
character is transferred to the upper component and its in-

tensity decreases. Near resonance, the NI satesatellite inten-
sities far exceed those of the weak parent (N,., O i zero-

honon transitions. The pinning behavior and exchange
of oscillator strength are characteristic of hybridizing
states in general and specifically of the coupled LL-LO-
phonon states involved in RPC. "
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Almost identical resonance behavior is found in a simi-
lar sample which has slightly lower n, (1.45X10' cm
EF =48 meV) and only one occupied electron subband.
Two further asymmetric QW's of widths 200 and 250 A
with E~ between 35 and 40 meV also gave qualitatively
similar resonances. In addition, strong resonant enhance-
ment of LO satellites has been seen in an (In, Ga)As-InP
QW (n, =.10' cm, width 100 A). '

Unlike conventional CR measurements, in the present
experiments both the parent LL of the NI satellite and the
N, , level involved in the resonance are, generally, fully oc-
cupied. The resonant coupling occurs in the final states of
the PL transitions between quasiholes (unoccupied elec-
tron states) which occur in the otherwise filled electron
LL's as a result of recombination. The interacting states
are shown schematically in Fig. 3 and consist of (i) one
"hole" in the N,.=0 LL of the Fermi sea and (ii) one
"hole" in the N, & 1 LL, plus one LO phonon emitted in
the PL process. Here N,, &1 is the parent LL of the
resonating Ni phonon satellite. The two states are cou-
pled together by the Frohlich hole-LO-phonon interac-
tion. The resonance condition /tN„Itru„=hruLo will be
fulfilled in the magneto-PL of all systems where the elec-
tron Fermi energy Ep is ~ hruLo such that the energy sep-
aration between/lied LL's can be tuned through the en-
ergy region of AcoLg.

In Fig. 4, the normalized relative intensities of the NL
satellites [NNI intensity divided by the NI. plus (0,0)~ in-
tensities] are plotted against the estimated unperturbed
transition energy separations. The relative NI intensities
of Fig. 4 are obtained from the observed peak intensities,
after subtraction of the (0,0) ~ contribution, assuming con-
stant PL linewidths with field. The accuracy is limited to
approximately +30% in the relative intensities, particu-
larly close to resonance because of the difficulty in

separating the contribution from two closely overlapping
lines.

Close to resonance, the satellite intensities are described
quite well in terms of the hybridized (0,0) ~

and 1VI final

hole +

LO phonon

N = 0

hole

1I

Fnefgy of
fina( state

FIG. 3. Schematic diagram showing the resonating quasihole
energy levels involved in the final states of the PL transitions.
The final states without and with emission of an LO phonon are
shown on the left- and right-hand sides of the figure, respective-
ly.
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states, treated as a two-level coupled system. This is a
marked simplification of RPC theory, "' ' ' but describes
behavior similar to that predicted by perturbation theory
close to resonance. "' Using the value /t E/2=2. 2 meV
(from Fig. 2) for the electron-phonon mixing potential,
the variation of intensities with energy separation, sho~n
by the dashed curve in Fig. 4, is obtained. This provides a
reasonable fit to the experimental points in Fig. 4, and
demonstrates the expected exchange of oscillator strength
between two interacting levels which anticross at reso-

77
nance. —

It is instructive to draw comparisons of the LL-LO-
phonon coupling phenomena observed in magneto-PL
with previous studies in CR. In pure 2D, the electron-
LO-phonon interaction is expected to be enhanced relative
to 3D, but due to the nonzero spatial extent of the electron
wave function normal to the layers and to screening, the
electron-phonon coupling strength in real doped hetero-
junctions (HJ's) (and QW's) is reduced to values close to
or less than those observed in 3D." ' ' The most de-
tailed studies of resonant polaron eA'ects in GaAs-
Ga~ —,Al,-As HJ's have been carried out by Langerak et
at. ' These workers studied the cyclotron mass enhance-
ments close to resonance for n,. from 0.8 to 5.4x10"
cm . The values for CR mass enhancements can be ex-
pressed in terms of the splitting (AE), assumed sym-
rnetric, between the upper and lower polaron branches at
resonance. A very strong reduction of h,E from -5.0
meV at 3.4x10'' crn, to about a factor of 2 smaller at
5.4x10'' cm -', was observed in Ref. 5. The value of hE
at 3.4X 10' i crn

—2 is close to that found at 4X 10'' crn
by Sigg, Wyder, and Perenboom. At still higher densi-
ties (9X10" cm ), Ziesmann, Heitmann, and Chang
found no evidence for polaron coupling at resonance from
CR in a 200-A InAs QW.

These results for the magnitude of the RPC in CR with
increasing n,. are in strong contrast to the present PL re-
sults, where hE =4.4 meV is observed for the 31.-(0,0)~

—12 -8 —4 0 4 8

ENERGY SEPARATION (me V)

Ffo. 4. Plot of NI. satellite intensity divided by sum of lV(.

and (0,0) ~ intensities as a function of unperturbed energy sepa-
ration between the two transitions. The dashed curve is a fit to a
model of two interacting states with mixing potential AE/2 =2.2
meV.
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resonance, at the much higher density of 1.6x10' cm
The contrast between magneto-PL (resonance with N„=3
LL) and CR (resonance with N„= I LL) is even greater
when account is taken of the likely scaling of h, E with
Landau index. AF, has been calculated to vary as N,
(Ref. 21) leading to predicted hE values 3 i =2 times
smaller for magneto-PL in the present experiment (reso-
nance with N,. =3 LL) than for CR (resonance with

N, , = I LL).
The very large strength of the resonant polaron interac-

tion for the hole quasiparticles in PL, by comparison with
CR, can be understood qualitatively by consideration of
the role of LL occupation effects. " ' In CR such occu-
pation effects are very important. The resonant coupling
arises between the N, , =l LL and the N,, =O, 1-LO-
phonon state. As the N,, =0 population increases with n,
(in Ref. 5, LL filling v=0.67 at 3.4&&10'' cm, v=1 at
5.4&10'' cm -' at resonance), the polaron interaction will

be increasingly quenched, due to the occupation of the
necessary scattering states in N, =0. At complete filling,
the resonant contribution to the CR mass enhancement is

absent. ' Good agreement has been found in Ref. 5 with
calculations in which the occupation effect is the dom-
inant many-particle factor.

By contrast in magneto-PL such occupation effects are
not important, since the scattering of the holes occurs be-

tween otherwise filled LL's; all states within the resonat-
ing levels are available for the quasihole scattering since
the hole levels are unoccupied. Coulomb screening alone
acts to reduce the strength of the polaron interactions.
Extrapolation of the predictions for iJF. for a 100-A QW
in Ref. 10 to n, =1.6x10' cm, including only the n,
dependence of the screening (no occupation effects), leads
to reasonable agreement with the value of hE =4.4 meV
observed in magneto-PL. However, a more detailed
analysis of the present polaron phenomena clearly re-
quires a theoretical treatment specifically directed to-
wards the present case of hole-quasiparticle-LO-phonon
coupling.

In conclusion, new resonant polaron coupling phenome-
na have been observed in the PL spectra of filled Landau
levels in modulation-doped QW's. The results are inter-
preted in terms of hole-LO-phonon coupling in the final
state of the Fermi sea. Such hole-quasiparticle- LO-
phonon coupling is expected to be a universal feature of
the magneto-PL spectra of all QW's with electron Fermi
energy equal to or greater than Ant g.
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