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Coupled plasmon—-LO-phonon modes in GalnAs quantum wires

N. Mutluay and B. Tanatar®
Department of Physics, Bilkent University, Bilkent, 06533 Ankara, Turkey

(Received 16 April 1996; accepted for publication 20 June 1996

We study the collective excitation modes of coupled quasi-one-dimensional electron gas and
longitudinal-optical phonons in GalnAs quantum wires within the random-phase approximation. In
contrast to the higher-dimensional systems, the plasmon—phonon coupling is found to be strong at
all linear carrier densities of interest. We calculate the oscillator strength of the numerically
evaluated coupled modes and the Raman scattering intensity. The effect of phenomenological
LO-phonon broadening on the collective excitation spectrum is also investigatedl99®
American Institute of Physic§S0021-897@6)02019-]

I. INTRODUCTION calculation of coupled plasmon-phonon modes in GalnAs.
Our results for the dispersion and spectral properties of the

In a degenerate polar semiconductor, suchnagpe collective excitations are provided in Sec. Ill. We conclude
GaAs, the longitudinal opticdLO) phonons of the underly- with a brief summary.
ing lattice couple to the free carriers in the system. Macro-
scopically, the electric dipole moment associated with LO
phonons couples with the electric field of the collective
charge oscillationgplasmong On a microscopic level the We calculate the total longitudinal dielectric function
electron—LO-phonon interaction results in a many-bodys{(q,w) of the Q1D electron gas at zero temperature in a
renormalization of the collective modes as well as variougpolar semiconductor with two LO-phonon modes. The col-
other single-particle properties of the free carriers. Thdective modes of the system will be given by the poles of
coupled collective excitations in doped semiconductors ar®d e1(q,w)]=0, in the region where Ifz+(q,w)]=0.
experimentally probed by such methods as Raman scatteringyithin the (RPA) the polarizabilities of the phonon and elec-
energy-loss spectroscopy, and transport measurements. Ttien subsystems are additive and we express the total dielec-
plasmon—phonon coupli?ﬂg in GaAs has been studied extertric function as
sively by Raman scatteringThe ternary compound GalnAs, _
on the other hand, is a two-mode system and has been found e1(0,@)=epn(@) = V(A xo(q, @),
suitable for electronic device applications such as high elecwhere e ,(w) is the phonon part of the dielectric function,
tron mobility transistors, heterojunction bipolar transistors,V(q) is the Coulomb interaction between the electrons, and
and for optoelectronic applications like photodetectors andyo(q,w) is the complex dynamic susceptibility for the non-
lasers?> A vast amount of research activity on this and interacting system.Note that we do not make the large fre-
related materials reflects the potential in such possibilities. quency approximation tq(q, ). Using bulk, dispersion-

In this work, we study the coupled plasmon—LO-phononless phonon modes the phonon pay is given by®**

IIl. PLASMON—-PHONON COUPLING

modes of a GalnAs-based quantum wire system within the 2 2 2 2 2
random-phase approximati¢RPA). The main motivation is eon(w)=1— Z("TC’;’”L_O_ w_;o M_
to explore the interplay between the quasi-one-dimensional P wio— 0’ —iyo wig wTo,—wz—iyw
(Q1D) character of the charge carriers and the various pho- (1)

non modes in the system, which is expected to yield a strong, the above wLo and wyo denote the InAs-like phonon

mode coupling. Q1D electron systems as they occur in Semhodes, whereas o andwo denote the GaAs-like phonon

conducting structures are based on the carrier confinement |jgdes. We have also added a phenomenological phonon
transverse directions, causing the electrons to move freely iHamping term characterized by. Letting y—0 renders
one space direction. The chief motivation for studying thes%ph(w) purely real.

Iow—_dimensional §ystems comes fror_n their_ technological po- * oy the Q1D electron gas, we consider a cylindrical wire
tential such as high-speed electronic devices and quantunis, radiusR and infinite potential barrier The electrons
wire lasers. Work on coupled plasmon—phonon modes iRre embedded in a uniform positive background to maintain

Q1D GaAs systems has revealed many interestingnarge neutrality. We treat the electron system as a Fermi
properties’. Specifically, GalnAs quantum wires are begin- liquid, i.e., with a well-defined Fermi surface at zero tem-

ning to be manufacturétiOther than the practical implica- perature and interaction via Coulomb potentfalwhich
tions, electrons in Q1D structures offer an interesting manygeems to be supported by the experimental observatiohs
body system for condensed-matter theories. collective excitations in GaAs quantum wires. The linear
The. rest of this article is organized as follows. In Sec. ll gjectron densityN in the wire is related to the Fermi wave
we outline the model of a quantum-wire structure and th,ecior byN =2k, /. We also define the dimensionless elec-
tron gas parameter r¢=m/(4kgaf), in  which
dElectronic mail: tanatar@fen.bilkent.edu.tr ag =e../(e°m*) is the effective Bohr radius in the semicon-
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wherel,(x) andK,(x) are modified Bessel functions. We
FIG. 1. The dispersion of couplédolid lineg and uncoupleddashed lines

note that the choice of a cylindrical geometry is largely im- _ .
. . . LT .o lasmon—phonon modes in GalnAs quantum wire with radas100 A,
material since the obtained results are qualitatively similar tcgnd for carrier densitiet) N=5x 10° cm™* and (b) N=10° cm L. The

those using different quantum wire modéIEor more real-  region bounded by the dotted lines shows the particle—hole continuum for a
istic structures self-consistent calculations could be emiD system.

ployed to determine the Coulomb potenfialWe assume

that only the lowest subband in the quantum wire is occu-

pied. This will hold as long as the difference between theq until they reach the particle-hol@—h) continuum defined
second and first subbands,; remains much larger than the py the shaded area, after which they are Landau damped and
temperaturel (we take Boltzmann constakg=1). their energy decreases. We also note that the coupled phonon

The collective charge excitations of an uncoupled quanmodes never cross the respective TO-phonon frequencies. In
tum wire systentelectronic part onlyat zero temperature is Fig. 1 the low-energy excitationshown by the solid lings

given bye[q,wy(g)]=0. At T=0, one obtain® belong to the coupled plasmons. For comparison the un-
w2 eF@_ 2 coupled plasmon mod&'® is indicated by the dashed line
wgl(q)= W, 3 and it asymptotically approaches the upper boundary of the

particle—hole excitation region. For the uncoupled system,
where w.=|g%2m* +qk:/m*|, and F(q)=(mq/m*)/ this mode becomes the one that lies outside the p—h con-
V(q). The Iong—wavelengthlgimit of the plasmon dispersionstinuum. For small,
(in the RPA are given by QP ~ (w10l 0) (w10 @0 wp(),
wu(@) 8 ,, 0 2\ o
= —rl2— (T” , (4)  where the uncoupled plasmon moakg(q) is given in Eg.
Er 7 ° Ke qR (4). It undergoes Landau damping at a critical wave vector
where r,=1/(2Na}) is the electron gas parameter. Thedc [dc~1.5¢ and 0.%q in Figs. Xa) and Ib)], respec-
above result follows from the high-frequency expansion oftively) as it enters the p—h continuum. It is evident from

the 1D polarizability and smatj limit of the Coulomb po-  Figs. Xa) and Xb) that mode coupling is strong at both den-
tential. sities and at wave vectors away from the resonance where

the uncoupled plasmon mode equalgy or w o . Such a
strong 1D plasmon-phonon coupling is a consequence of the
Il NUMERICAL RESULTS AND DISCUSSION logarithmic singularity in the 1D polarizability, which
We evaluate the coupled plasmon—LO-phonon modes ifnakes it possible for the uncoupled plasmon mode to exist
the GalnAs quantum wire system by solving for the zeros ofor all wave vectors. The other plasmon mode which lies

Rde7(q,Q4)]=0. Specializing to the compound inside the p—h region is heavily damped for all wave vectors.
Galn;_,As wherex=0.47, we use the values =233 This led Hwang and Das Sarfén a different but related

cm ! and w7o=226 cm'! for the InAs-like LO and TO contexj} to coin 0% to be the true coupled plasmon mode,
modes, ando o =272 cn® and wro =256 cni' ! for the  and to dismis€{" altogether on the grounds that it would
GaAs-like LO and TO modes, respectivéRt' The effective  be unobservable. In general, the wave vector dependence of
mass of electrons is taken to Ine* =0.047m,. Altogether the collective excitations we obtain is qualitatively similar to
we find four modes{" and O refer to the GaAs and that found* for GalnAs heterostructures.

InAs-like coupled modes, wheres>) andQ{» are coupled In order to better assess the relative importance of the
plasmon modes. Figure 1 shows the calculated coupled arfpllective modes in a GalnAs quantum wire system, we cal-
uncoupled modes for the linear carrier densities5x10°  culate the oscillator strength given by

cm ! [Fig. 1(a@] andN=10° cm™! [Fig. 1(b)] in a quantum P -1
wire with radiusR= 100 A. The LO-phonon modes and plas- A(q)=mw 3% Re{sT(q,w)
mon excitations for the coupled system are shown by the @
solid lines. We find that the GaAs-like coupled phonon moden Figs. 2a) and Zb) we show the oscillator strength(q)
starts off at a slightly higher energy that the uncoupledfor densitiesN=5x10°> cm ! and N=1C° cm™ %, respec-
w_ o Which is indicated by the topmost horizontal dashedtively. We observe that for all wave vectors most of the
line. The InAs-like phonon mode, on the other hand, isweight is carried by the GaAs-like LO-phonon mode
slightly lowered in energy for smalj values compared to (le), denoted by the dashed linehere its weight gradu-
w| - Both coupled phonon modes increase with increasinglly increases until it enters the p—h region. The InAs-like

®

Qg
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FIG. 2. The oscillator strengtA(q), of coupled modes fofa) N=5x 10° FIG. 4. The electron energy-loss function [%(g,w)] for N=1C°
cm~* and(b) N=10° cm™*. The solid and dotted lines indicate the true and cm™ ! GalnAs quantum wire afg) q= 0.4k and(b) q=0.7g . The dotted
heavily damped plasmon modes, whereas the dashed and dotted-dashat solid lines represent the scattering intensity with and without the phe-
lines indicate the GaAs- and InAs-like coupled modes, respectively. nomenological phonon broadening, respectively, takep-a6.05, . Ver-
tical thin lines show the TO-phonon frequencies. The locations of nonbroad-
ened collective modes are indicated by small arrows.

coupled mode @gz)) is represented by the dotted-dashed ] o o

line and it carries a relatively smaller weight. That the InAs- ~ The influence of a finite relaxation time for the unper-

like mode is very weak has been observegitype GalnAs  turbed phonon modes on the energy-loss function is depicted

samples. The solid line shows the oscillator strength for the in Fig. 4 for (@) q=0.4 and (b) q=0.7, for N=1(_)6

true plasmon modélﬁf‘) which vanishes as the mode entersCM - The solid curve corresponds to the result without

the Landau damping region. The second plasmon modBroadening and the dotted curve is the energy-loss spectrum

QgA) which is heavily damped is denoted by the dotted line," the presence of phonon _broadenlng Wlth a typical value of

and it has the smallest weight. y_=0.0EF_,:: The spectrum is not appreciably altered for the
The dynamic structure factd(q, ), which gives the single-particle excitation regiofibroad low-energy pealbgt

spectral weight of the collective modes and single-particldn€ sharp LO-phonon modes are smoothed. The locations of

excitations, is a central quantiyin light-scattering experi- the collective modes in the absence of phonon broadening

ments. The various peaks 8(q, ) are associated with the are indicated by.arrows of which the spectral weights may be

collective excitation energieS(q,w) is proportional to the réad off from Fig. 2. Furthermore, at the TO-phonon fre-

imaginary part of the inverse dielectric function, and in Fig. duencies(indicated by thin vertical lingsthe spectrum at-

3 we display Inﬁs{l(q,w)] as a function ofw for N=10° tains finite values because of the _broader_ung.

cm ! andR=100 A. We expect to see peaks corresponding The frequency of the collective excitations are often

to the coupled phonon and plasmon modes, as well as tH@€asured as a function of the electron denbitat a fixed
contribution from the single-pair excitation region. As the Wave vector. Since the long-wavelength limit is most easily

previous oscillator strength analysis reveals the heaviAccessible experimentally, we choage 0.2k to show the
damped second plasmon moﬁl{f’) should not show any density dependence of tf(11e) couplc(ag modes in Fig. 5. The top
significant weight. In Fig. 3 curves from bottom to top indi- IWO curves represent tié,” and(Q4~, resp)ecnvely, and the
cateq/ke=0.2, 0.4, 0.6, 0.7, and 0.8, respectively. As thePottom curve the coupled plasmon mad§’ . For compari-
wave vectorg is increased the low-energy peak which is theSOn the uncoupled LO-phonon modes and the plasmon mode
contribution from the single-particle excitations moves to-a'€ also shown by the dashed lines. There are several note-
ward higher energies and its width broadens. BHanction ~ Worthy features. The frequency of the InAs-like coupled

peaks of the collective excitations are indicated by arrows, mode varies very little with the linear carrier density. The
GaAs-like mode exhibits a peak around~2.4x10°

5_IllTllIl|||I|||I|IIIIIII_ 50_|||||||||||/|.|_

3 4M o :
3 C ] = . ]
g 3F 3 o 30FE -
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FIG. 3. The electron energy-loss function as a function of frequency forFIG. 5. The dispersion of the collective excitations as a function of the
different values of the wave vector. From bottom to topg/ke=0.2, 0.4, carrier densityN atq=0.2kg . The thick lines, from top to bottom, indicate
0.6, 0.7, and 0.8. The arrows indicate the undamped collective excitationthe coupled mode® ", O, andQ(¥, respectively, whereas the dashed
which appear a$— function peaks. lines show the corresponding uncoupled modes.
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