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Intersubband plasmon-phonon modes in quantum wires at high temperatures
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Coupled intersubband plasmon-phonon modes are studied in a multisubband parabolic quantum wire at
room temperaturesThese modes are found by calculating the spectral weight function which is related to the
inelastic Raman spectra. We use a 13 subband model. The plasmon-phonon coupling strongly modifies the
dispersion relation of the intersubband modes in the vicinity of the optical phonon frequegclxtra modes
show up as a result of the electron-phonon interaction. We carefully study the density and temperature depen-
dence of these extra modes. We also show that coupled intersubband plasmon-phonon modes should be
observed for temperatures as high as 300 K.
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I. INTRODUCTION The electron-phonon coupling effects were also analyzed

There has been a great deal of interest in studying mampreviousl)?.in calculating the dispersion relations o.f coupled
body excitations in quasi-one-dimensiof&1D) electron intra- and intersubband plasmon-phonon modes in quantum
systems embedded in GaAs/AlGaAs semiconductor heterd?irés atzero temperatureA three subband model was used

structures. Important research results in these systems a?g8d noveld(extra) dcorL]Jplsdlkintra- r?nd intersubband modesl
achieved through the inelastic ligtRaman scattering such Were found around the bulk LO-phonon frequency as a result

as the observatidnof Q1D collective excitations and the of the electron-phonon interaction. These modes arise due to
verification of the predicted acoustic plasmon linear disperin€ €xtra coupled electron-phonon collective excitations oc-

sion relatior? In fact, the Raman scattering turned out to beCurring in the system. They tumed out to be dispersionless

; . : . . aving a strong bulk LO-phonon character for small values
an essential technique in experimentally probing aspects Agf the wave vectoq. They begin getting dispersive as they

many-body excitations of fundamental importance in Sucrhpproach their correspondent single-particle excita (&

systems. Most frequently, these systems are made of polag, vinia . Siill at zero temperature, the plasmon-phonon cou-

semiconductors where the lattice vibration induced polarlzap“ng was also studiéd in a quantum wire in the extreme

tion field couples to Q1D electrons and, as a consequence,fantum regime, i.e., when there is only one subband occu-
strong coupling between the intersubband plasmons and thged with electrons. In this regime, no intersubband coupling
longitudinal-optical phonons occurs whenever their frequeninduced effects are considered. A coupled plasmon-phonon
cies match. mode related to electronic excitations in the sin@eund

The electron-phonon interaction induced effects in Q1Dsubband was found, being of zero frequencygat0. An
systems were also recently studied by means of electron argktra mode, arising as a consequence of the electron-phonon
phonon relaxation ratésThese studies provide one with a interaction, was also found being of finite frequencygat
very insightful information about the lifetime of both opti- =0 and slightly greater than the bulk LO-phonon frequency.

cally and thermally excited electrofisot electron$. The cal-  Its physical nature turned out to be same as those appearing
culation of this lifetime is intrinsically dependent on collec- in Ref. 9.
tive (plasmong and single-particléparticle-hole excitations We focus this paper oroom temperatureffects regard-

occurring in the system and leads to an effective comprehenng coupled intersubband plasmon-phonon modes in a full
sion and control in projecting quantum wire optoelectronicmultisubbandQ1D system The complete understanding of
applications. The plasmon-phonon coupling has also beetemperature induced effects in these systems is crucial in
analyzed in the so-called-doped semiconductors, where projecting novel opto-electronic devices based on polar
level broadening induced effects on the Raman spectrursemiconductor quantum wires which might have several oc-
were showr?. cupied subbands at room temperature. In this regime, a
Among other issues, intersubband coupling and temperastrong intersubband coupling between the low energy sub-
ture induced effects on Q1D electron systems have also abands and the higher unoccupied subbands might signifi-
tracted much attention recenfly? The energy gap between cantly affect even the low-energy coupled intersubband
subbands can be determined by the band-gap engineeringasmon-phonon dispersion relations. Furthermore, the ques-
which leads to the possibility of projecting applications suchtion on how these coupled modes survive with increasing
as ballistic electron transistors, quantum wire-based infraretemperature still remains. We emphasize that they indeed
photodetectors and lasers, quantum wire THZ oscillators andurvive at room temperature and could be seen in the inelas-
modulators. Furthermore, novel applications are certainly retic light scattering for a given region in the-q plane. We
alized at very room temperature, so that the theoretical unstudy them by looking at the peaks of the calculated spectral
derstanding of the temperature dependence of the intersuleight function which is related to the Raman scatteting.
band many-body excitations in these systems is ofMe use a 13 subband model in order to make sure that the
fundamental importance. dispersion relations of the low-energy coupled plasmon-
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phonon modes do not change as more subbands are included. -

Our theoretical results indicate that intersubband @) aEBIm[sb(w)Xaﬁ(q,w)], @
plasmon-phonon modes should be observed in the Raman o o o )
scattering for temperatures up to 300 K. We found proWherea=(i,i’) ands=(j,j’) are the coupled indices with
nounced peaks in the spectral weight function due to théh® subband indices, i’, j, and j’. In Eq. (2), the
coupled intersubband plasmon-phonon mode related to elefequency-dependent dielectric functief(w) models the
trons in the first subband. We found the whole spectrapolarization of the background polar semiconductor. It can
weight function getting broadened with increase temperaturf€ written as a simplified forrh,
because of the increase in the particle-h@imgle-particle 02— 2
decay rates caused by the presence of thermal excitations. ep(w) = 1+2T02—L,°,
The boundaries of the single-particle excitation continua can w"— wotloen
no longer be realized at room temperatures because the SRfhere  is the phenomenological parameter which has been
continua are thermally smeared over all the| plane. These introduced to take into account phonon mode damping ef-
excitations are then responsible for Landau damping thgects in the crystalline structure.
coupled intersubband plasmon-phonon modes. The tempera- The density-density correlation function,s(d, w) is ob-

ture itself serves then as a broadening parameter for the coljjned through the generalized random phase approximation
lective modes at finite values gf But we show that some of (Rpa) equationt

them survive at room temperatures for a wide range region in
the w-q plane. e i (G ) xi i (0, @) =1 (0, ) 6 6/ (4)
The paper is organized as follows. In Sec. Il we present n

B e S anaJieh involves the elecoric cieectic funciona. )
: pr . and the 1D multisubband irreducible polarizability,
We conclude in Sec. IV with a summary.

fi[Ejr (ke + @)] = fi[Ej (ko]
E]‘I(kx+ q) - E](kx) + 0)+|’}/

3

Il. THEORETICAL FORMULATION kx
] . ) . .__Here, f(E) is the noninteracting Fermi-Dirac distribution

We. conS|de.r a parabollc po_tentlal desc.rlblng .the confines nction andy is the phenomenological damping constant
ment in they direction of a originally two-dimensiond2D)  ihicating level broadening due mainly to the electron scat-
electron gas embedded into a polar seml_conduct(_)r. We als@ring by impurity centers. We take=10"'w, and 7
assume the electron system is of zero-thickness ire ttiie =102w, throughout this paper, which are as realistic as
rection since the energy gap between the two lowest levelg, e in experimental conditio.
due to the confinement in this direction is safely assumed {0 gjng1e_particle excitation continua are those regions in the
be greater than the confinement eneagyn theyd|re_ct|on w-q plane where the imaginary part of the polarizability
of most samples. A 13 subband model is used with & conpy 17 )]+ 0. These excitations are responsible for Lan-
finement frequency given b =7 me_V. The energy eigen- yay damping the collective modes as they apprdqacten-
values of an electron in the system is then given by ter) their correspondent contindadThe boundaries of these

continua are well defined by doing some algebra in 4.

within the clean limit, i.e.,y— 0.12 This algebra is straight-
)ﬁwo. (1) forward at zero temperature, since the Fermi distribution

function in Eq.(5) is given by the step functiod(E; - Eg)

with Eg being the Fermi energy. The existence of a sharp
wherek, is the electron wave vector in thedirection and  Fermi edge leads to a well-defined curves in the plane
(n—%)wo is the electron energy levels due to the confinementiescribing the boundaries of the single-particle excitation
in they direction, withn=1,2,..., being the subband index. continua. Higher values of should continuously broad these
We consideri=1 throughout this paper. curves.

Another_important parameter is the localization length But the sharpness of the Fermi edge is destroyed with
Yo=Ky'=11/2m* w, of the electrons in thg direction, with  increasing temperature due to thermal excitations and, as a
m* being the effective electron mass in the GaAs. For theconsequence, one cannot longer find the boundaries of the
confinement parametewn,=7 meV, both the longitudinal- single-particle excitation continua by manipulating Eg).”
optical (LO) and the transverse-opticdTO) phonon fre- These boundaries can no longer be realized at high tempera-
quencies, w 0=36.25 meV andw;p=33.29 meV, respec- tures because the SPE continua are thermally smeared. At
tively, should be easily reached by the intersubband plasmofinite temperature, the imaginary part of the polarizability
branches in the system, leading to a strong plasmon-phondm([II(g,®)]# 0 atany point in the w-q plane, even in the
coupling around frequencie®e=5 w,. We use, therefore, clean limit® As a consequence, one has to calculate the spec-
bulk phonon modes throughout this work. tral weight function concerning each plasmon-phonon mode

A safer manner to analyze collective excitations at finitefor all values ofw andq in order to study the temperature
temperatures in multisubband systems is to look directly ainduced Landau damping in the system. As we mentioned
the so-called spectral weight functién, above, spectral functions should be broadened with increas-

hAE ( 1
Enko=—— +|n-=
n(k ame \"72
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ing temperature, corresponding to an increase in the single-
particle decay rates caused by the presence of thermal exci-
tations.

On the other hand, the phenomenological parameter rep-
resented byy in Eq. (5) is responsible for smoothing the
singular nature of the one-dimensionélD) density of
states:* This smoothing is observed when the optical spectra
is broadened byy. It also suppresses the divergence of the
plasmon emission threshold which is seen in the hot-electron
energy relaxation rate. We then point out the equivalence
between the temperature and the phenomenological damping
parametery. Thermal excitatior{as well as the phenomeno-
logical parametely) broadens the plasmon modes by stating
that ImM{I1(qg, w)] should be finite for all values af andw. In
that strict sense, they both are smoothing the singular nature
of the 1D density of states. We will show below that high o B
temperature values are responsible for strongly broadening 0 2 4 6 38
the less weighted peaks which appear in the spectral weight al10k]
fun_ction. We_ will 3'50 show that t_h_ose pea_ks in the spectral FIG. 1. (Color onling The plasmon dispersion relations ob-
weight function with great intensities survive at room tem- . ined from the peaks i) Q. ) and (b) %q, ) for T
perature. o ) , , ) =50 K andN=1C° cm*. Thin solid lines show the dispersion re-

The electronic dielectric function,5(q, ) in EQ. (4) IS |ations without an electron-phonon  interaction. The horizontal
written as a summation of the two contributions: thegashed lines indicate the frequencies of LO and TO phonens,
electron-phonon interactiofffirst term and the electron- =517, andwro=4.7500, respectively. The inset shows the vicin-
electron interaction(second term It has the following ity of w=w, o. The intensity scale there is changed according to the
form:11 change in thew-axis scale.

Saﬁ(qaw) = 8b(w) 501[3 - Vaﬁ(q) : HB(va)l (6) 8aﬁ(q,w) - O, (9)

for i+i’+j+j’=o0dd. The dielectric matrix can then be de-

where

_2¢? , , coupled into two submatricessq, ») ands2%{(q, w) with
an,jj/(Q)—Zfddey () i (Y)Ko(aly =y') bothi+i’ and j+j’ being even and odd numbers, respec-
, , tively. The even(odd) dielectric submatrix involves only that
X i(y") ey (y') @) electron-electron interaction which describes the first elec-

is the Coulomb electron-electron bare interaction in the 1Dt_ron Stzait_e/rlngd;)ron;_lsutl%band to SUbband'b W'th I+tlt d
geometry. Hereg., is the high-frequency dielectric constant _ cvor\ +! =9 W e gfecon .OU?_'S €ing scattere
of the backgroundg is the electron chargeg;(y) is the from subband to j" with |+ ‘eVGU(J” —oplo[).As a con-
single-particle wave function of the electron in the subbiand sequence O.f that, the sp?ctral weight function can be treated
andK(qly—y’|) is the zeroth-order modified Bessel function separately into two parts:
of the second order. One is allowed to write Eg). provided S, w) = N0, w) + %q,w). (10)
the polarizabilities for both the electron and the phonon sys- } . _ .
tems are additives when they are written within the RPA. The 1he peaks in the functio(q, ) provide one with the
only assumption in its derivation is that the electrons hactoupled plasmon-phonon excitations and, from theposi-
electron-phonon and electron-electron interactions. Th&ion, one is able to obtain the dispersion relations of the
electron-electron and the electron-phonon interactions ar@0des. By showing all excitation modes througy, »),
treated on the same footing. Notice that, by settipw) one provides a very efficient guide of what should be observ-
=1 in Eq. (6), i.e., without an electron-phonon interaction, @ble in the experiments. These observations are certainly de-
the dielectric function of the Q1D electron gas within the Pendent on external probee.g., light polarization The
RPA is obviously recovered. Within this approach, all tem-duantity S(q, ) is directly related to the opticalsuch as
perature dependence comes out from the electron polarizabiRelastic light scattering specjrand transportsuch as con-
ity I15(q,w) through the Fermi-Dirac function. ductivity) properties.

The symmetry of the confinement potential in thdirec-
tion leads to the electron-electron Coulomb interaction,

Vas(@ =0, ® We show in Fig. 1 the dispersion relations of the coupled
wheni+i’+j+j’ is an odd number. As a consequence, theplasmon-phonon mode®pen-dot curves They are taken
dielectric matrix elementgboth the real and the imaginary from the peaks ifa) S®1q, w) and(b) $°%Yq, w) for differ-
parts, ent wave vectorg. The temperaturd=50 K and the elec-

IIl. NUMERICAL RESULTS
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tron densityN,=1.0x 10° cm™. The colors indicate the in-
tensity of the spectral weight calculated for the entira
plane. They go from navy blu@ark) with zero intensity to

red (soft dark, which indicates a variation of 10 times in the
spectral intensity. FON,=1.0x 10° cmi™%, two subbands are
occupied with the lowest one having the most electron den-
sity. This helps us to identify the most weighted peaks in Fig.
1(a): the coupled intersubband plasmon-phonon mdtiess,
(1,5, and(1,7) as well as the intrasubband offel). These
modes are related to electrons in the lowest subband. Extra
coupled modes labeled &5,1)', (1,3)', (1,5’, and(1,7)’

are better seen in the inset. They show up in the vicinity of
w o as a result of the electron-phonon interaction. On the
other hand, Fig. (b) shows the dispersion relations of the
intersubband coupled modé&k?2), (1,4), (1,6), and(1,8). The
extra modeg1,2)’, (1,4)’, and(1,6)’ also appear in the
inset as a result of the interaction between electrons and LO
phonons. These novel modés,n)’ serve as a complement
to the modegm,n) since they also correspond to coupled
collective excitations involving the same subbands. They are
not present in the absence of the electron-phonon interaction
(solid lines. They show up due to the strong electron-
phonon coupling occurring in the reststrahlen region of the
GaAs. Notice also that the branches ab@velow) w, g shift

to higher (lower) frequencies when the electron-phonon in-
teraction is considered. The presence of bulk LO phonons in
the system is responsible for such a shift. This effect is also

observed at zero temperatirdhe upper panels in Fig. 1 temperature (solid lineg obtained from the zeros of(a)
detail the vicinity ofw o=5.17wq. The intensity scales in the deﬂsi‘;‘f’tq,wﬂ:o and (b) deliez%d(q,w)|=0. Open dots represent

uppe.r panel are c.:hang.ed according to the change in ﬂ}ﬁe plasmon dispersion relations obtained from the peak&)in
w-axis scale. In this region, only the modes related to elec—se\,e,(q,w) and(b) g, w). The electron density is the same as in

trons in the first Sgbband are of notlcea’ble mten_S't'e_S' B_Ut W%ig. 1. The horizontal dashed lines indicate the frequencies of LO
show the less weighted extra mot& 8)" appearing in Fig. 54 10 phononsy o=5.17w, and wro=4.750, respectively. The
1(a), while the mode(2,7) is seen in Fig. (b). We mention  jnset shows the vicinity ofs=w,o. The green(dark and yellow

that these modes are being seenTat50 K due to their  (pright) regions describe the SPE continua related to the first and
strong phononlike character. Notice that our model dealsecond subbands, respectively.

with bulk phonons being independent of the temperature and,
as consequence, coupled modes with a strong phononlikban those depolarization shifts of the modésn). As a
character should be the less affected by the temperature. consequence, the coupled modes related to electrons in the
At zero temperature, this system presents the second subecond subband are seen with much smaller intensities in the
band occupied with about 24% of the total amount of elecspectral weight function ai=0. They are then the best can-
trons. The depolarization shiftvhich is the energy differ- didates to be affected by thermal excitation induced effects
ence between the intersubband SPE continua and itwhich definitely occur in the vicinity of the yellow regions.
correspondent coupled intersubband modg=l) presented By comparing Figs. 1 and 2, we show that most modes
by the modeg2,n) are then relatively smaller than those (2,n) are indeed damped by the temperature and, as a con-
depolarization shifts presented by the coupled maden) sequence, only the coupled intersubband mdétles) related
because there are relatively more electrons in the first sulie electrons in the first subband are seen with noticeable
band. For the sake of clarity, we show in Fig. 2 the zero-intensities atT=50 K. The temperature damps those inter-
temperature dispersion relations of the coupled plasmonsubband modes which are of a small depolarization shift.
phonon modessolid curve$ which are given by the zeros of Furthermore, the temperature damping on then) peaks
the determinant of the dielectric tensae s;;'1q,w) and  also contributes to the vanishirigamping of those small
(b) si%d(q,w). The most weighted peaks appearing(@  peaks, even in the long wavelength limit. A higher spectral
SveNq, w) and (b) 94q, w) for T=0 are also indicated by weight (red regiongis then found for coupled intersubband
open circles. The upper panels show the plane around modes(1,n) related to the first subband at small wave vec-
0 0=5.17w,. Figure 2 also shows the greésark) and yel-  torsq. Those(2,n) modes not appearing in Fig. 1 have been
low (bright) regions describing the single-particle excitation Landau damped due to the increasing of thermal excitations
continua(at T=0) related to the first and second subbands,n the system.
respectively. We see that depolarization shifts regarding Notice that Landau damping is characterized by the en-
coupled intersubband modéa,n) are about 4 times smaller ergy transfer from the collective mode to particigarticle

FIG. 2. (Color online The plasmon dispersion relations at zero
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FIG. 3. The spectral weiglit) S¥°1q, w) and(b) 9q, w) for g 8 0 2 4 _16 8
0=0.05%, and T=50 K. The electron density varies frodM,=1.0 a[107k] a0 k]

X 10° cmi! (the lowest curvk to Ng=2.35X 10° cmi! (the top

curve with a difference of 0.1% 10° cmi L. The insets indicate the FIG. 5. (Color onling Intersubband coupled modés,n) ob-

position of the peaks as a function Bf. Vertical and horizontal ~ tained by mapping the spectral weight functipfe) and (c)]

dashed lines indicate the frequencies of TO and LO phonons.  S7*d, ) and[(b) and (d)] $°(q,w) at T=300 K. The electron
density in(a) and (b) is Ne=10° cm™%, while we takeN,=2.22

holeg traveling at the same velocity as the phase velocity of< 1&° cm™ in (c) and(d). Horizontal dashed lines indicate the fre-

the collective mode& As a consequence, Landau dampingduencies of TO and LO phonons.

at a finite temperature can be significant if the Fermi distri-j35mon_phonon mode,2) at zero temperature can be well
putlon funcUonf[vm‘n(.q)] is non-negligible, wittvy,,(Q) be-  fiyeq by a linear dispersion relation in the long wavelength
ing the phase velocity of the moden,n). That means the |t 135 phase velocity, ,~ N, is, therefore, independent
Landau damping is strong if the phase velocity is less than ot the wave vector, bemg'mosﬂy dependent on the electron
in the order of the thermal velocity. For instance, the coupleqjensity in the second subbahy. Since this phase velocity
does not change with increasiggthe thermal velocity easy
reaches, ,(q) at T=50 K, leading to the strong damping of
the mode(2,2), even at smalf. In the same way, tempera-
ture induced Landau damping over the md@e?) should
also increase as the number of electrons in the second sub-
bandN, is reduced. Furthermore, the coupled intersubband
modes(2,n) present phase velocities which can be written as
van(d)~ A, /g in the long wavelength limit, wherd, , is
the depolarization shift of the mod&,n).1®> This depolariza-
tion shift depends directly on the electron density in the sec-
ond subband. For extremely low densities in this subband,
A, is very small and, as a consequence, the phase velocity
v can be finite even for small values gf Hence thermal
velocities at room temperature can indeed reagchand, as
a consequence, the Landau damping should play its role over
T[lffo w100 [Kz]ou the intersubband modég,n). We should mention, however,
that in cases in which the phase velocitigg,(q=0) — < all

FIG. 4. (Color onling The temperature dependence of the peaks™:N) peaks should be observed g0. But we were not
in (@ S°Nq,w) and (b) $99q,w) for q=0.0%, and N,=1.0  able to numerically find them in Fig. 1 fay=0 since the
% 10f cmi L. The colors and the horizontal dashed lines indicate thdemperature broadening over tfie n) peaks also contributes
same as in Fig. 1. The insets show the vicinity of the frequencyto the vanishing(damping of those very small peaks in
W= o S, o).
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We show in Fig. 3 the spectral weigtd) S*'(q,w) and  creases As a consequence, the peaks of the intersubband
(b) S%q,w) as a function of frequencies aroung, for  coupled mode$l,n)((2,n)) related to the firstsecond sub-
several values of the electron dendity. The temperature is band shift to lower(highep frequencies due to the decrease
the same as in Fig. 1 and we take the wave vecfor (increas¢ of the depolarization shift. Such a change is
=0.0%,. The density varies from 1:010° cmi* (the lowest  mainly induced by the redistribution of the electron density
curve to 2.35x10° cm™ (the top curvg with a step of in the different subbands. However, the extra modes)’
0.15X% _106 c_m‘l. The spectral intensity scale _in I_:ig. 3is al- gpg (2,n)’, which are seen in the insets and appear below
most five times smaller than those scales indicated by thg, '~ ,resent the opposite behavior. This is the same signa-
colors in Fig. 1. Intersubband modés,n) indeed represent o' \hich appears in the previous figure. The clearer regions

the most weighted peaks appearing in th? spectral Weignﬂdicate the survival of the intersubband coupled modes
function. But we, nevertheless, keep looking closer at th 1,n) for room temperatures

vicinity of w o where the extra modes are seen. The lowes P
- , , , For the sake of completeness, we compare, in Fig. 5, the

cu:jvelwé !:lg.hf_ﬁla) E_howsb th? mlodeﬁlj) t’h(2,8) ’t(l"?’)h’t d dispersion relations at=300 K for two different electron
and(1,9", while Fig. )cear.y Shows the most Welghted  yonsities. We show in Figs.(® and 8b) the intersubband
peaks due to the coupled intersubband plasmon—phono&)umed modes(1,n) for No=1.0x 10° cm'%, while Figs

’ ’ ’ ’ ’ € ' ' )
modes(1,6) and(l,.6) ' The r_nodgs(l,Z) (2,97, (1,9, 5(c) and 3d) show the same faN,=2.2x 1f cm™%. Spectral
and (2,7 are also identified in Fig. 8), but they are of a \eignt intensities decrease as the wave vegtancreases,

very small spectral weight, even for the highest density. Iy, ;i they are still clearly noticeable %t 300 K (red region
Fig. 3(a), we see the coupled extra mo@&,9)’, related to for botr¥ densities. y ( gions

electrons in the third subband, gaining spectral weight when

the third subband is getting occupied. This happensNor IV. SUMMARY
=1.9x 10° cm L. For lower densities, this mode is also seen,
but with smaller intensity. In summary, we have mapped out theq plane concern-

The inset shows the energy position of all peaks as #"9 coupled intersubband plasmon-phonon modes at room
function of total electron densiti{,. We point out that the te€mperatures in multisubband Q1D quantum wires based on
coupled intersubband plasmon-phonon made® and(2,7) polar semiconductor structures. We analyzed them by look-
shift to higher frequencies as the density increases due to tHad at the peaks of the spectral weight function. We studied
enhancement of the depolarization shift. At the same timethe temperature dependence of the extra coupled plasmon-
the complementary extra mod@s m)’, which lie belowa, o phonon modes which arise as a consequence of the electron-
shift instead to lower frequencies. This sort of dependence iBhonon interaction. We also studied them as a function of the
due to the strong electron-phonon coupling occurring in thi€lectron density in the vicinity of Iong|tud|nal-opt|_cal pho-
region. It can be interpreted as a signature of the electror?ON frequencyw o. We remarkably found coupled intersub-
phonon interaction. b_and plasmon-phonon modes r.elated to the first subband sur-

We further explore this system by showing in Fig. 4 the ViVing up to temperatures as high as 300 K.
position(open dot curvesof the most weighted peaks (a) ACKNOWLEDGMENTS
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