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Screening effects on the confined and interface polarons in cylindrical quantum wires
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We study the contribution of confined and interface phonons to the polaron energy in quantum-well wires.
We use a dispersionless, macroscopic continuum model to describe the phonon confinement in quantum wires
of circular cross section. Surface phonon modes of a free-standing wire and interface phonon modes of a wire
embedded in a dielectric material are also considered. Polaron energy is calculated by variationally incorpo-
rating the dynamic screening effects. We find that the confined and interface phonon contribution to the
polaron energy is comparable to that of bulk phonons in the density mirge0®—10' cm~ 1. Screening
effects within the random-phase approximation significantly reduce the electron-confined phonon interaction,
whereas the exchange-correlation contribution tends to oppose this trend at lower densities.

[. INTRODUCTION Watt et al! have found experimental evidence of phonon
confinement in semiconductor structures.
The study of quasi-one-dimension@1D) semiconduc- The energy and the effective mass of an electron in a

tor structures has been an intense field of study in receuantum wire including the subband effects was calculated
years. As the carrier motion is quantized in the transversé the presence of electron—LO-phonon interaction by De-
directions, these systems exhibit one-dimensional charactegani and Hipéto.'® The ground-state energy of the Q1D
istics along the free direction. Their restricted phase spacpolaron gas in a rectangular quantum-well wire has been
gives rise to many interesting physical phenomena and opemsilculated by Campos, Degani, and Hifm' and very re-
up possibilities for high-speed device applications. Progressently by Haiet al? The latter group has investigated the
and developments in the fabrication techniques such agolaron energy in different quantum-well wire models and
molecular-beam epitaxy and lithographic deposition havehe effects of screening. In most previous works, LO
made possible the realization of such Q1D systéms. phonons were treated in the bulk, neglecting the phonon-
In low-dimensional semiconducting structures, the inter-confinement effects. Effects of phonon confinement in a
action strength of electrons with LO phonons is strongly af-quantum-well wire were considered by Zhu and GDe-
fected by phonon confinement, as well as by the changes igani and Faria&? Li et al,'® and most recently by Klimin,
the electronic wave function brought about by the confiningPokatilov,and Fomitf using various models and approxima-
potential. Phonon confinement causes changes in thions. We have reportéfithe influence of screening and con-
electron-phonon interaction, modifying properties such adined phonons on the polaron energy in a quantum wire with
scattering and relaxation rates compared with the bulk phoa rectangular cross section. In the present calculation, the
non case. Similarly, phonon modes such as those that occefectrons are coupled to the confined and interface phonon
in the interfaces of heterostructures are also found to exhibinodes of a cylindrical quantum wire and we are interested in
properties different from those of the bulk. Stroscio andthe combined effect of phonon confinement and carrier
co-workeré have applied the dielectric continuum model to screening. We note that the polaron energy is not a directly
describe the confined LO phonons in rectangular quanturobservable quantity in itself, but the results of our calculation
wires. The application of the dielectric continuum model towill provide insight about the relative contribution of the
rectangular wires is, however, rather more involved leadingarious LO-phonon modes in quantum wires. Inelastic light
to “edge” modes, which are important in electron-phonon scattering measurements of KI€and Tseret al!® suggest
interactions(see Ref. 3 for a more detailed discusgidror  the importance of confined phonon and interface modes.
wires with circular and elliptical cross sections Laplace’sHot-electron energy-loss studf@ffer a possibility to dis-
equation is separable and standard techniques can then tieguish the phonon modes involved in polar semiconductors
employed to discuss both interface and confined modesf reduced dimensionality. The experimentally more relevant
within the dielectric continuum modét* Confined and inter- problem of magnetopolarons, especially in connection with
face phonon modes in cylindrical quantum wires werethe cyclotron resonance measurements, were explored by
treated by Constantinou and Ridfeynd Wang and L&8iwith  several group$!
various continuum models. Confined and interface phonon The main purpose of this paper is to investigate the con-
scattering rates taking the finite potential barrier into accountribution of confined and interface phonon modes to the
and multisubband nature in quantum wires were presenteground-state energy of an electron-phonon system in Q1D
by Jiang and LeburtohMicroscopic calculation for rectan- structures and in particular to assess the role played by
gular wires are reported by Rossi al.® Fasolet al.® and  screening effects. It has been kndwthat screening plays a
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very important role in the polaronic properties of low- phonon dispersion, and the wave veatpis along the wire
dimensional semiconductor structures. In Q1D systems, efdirection. In the above expressids(q) is the static structure
fects of screening on the bulk electron-phonon interactiorfactor determining the screening properties of the electron-
were considered by Haet al'?> Phonon confinement and phonon system. Settin(q) = 1, in the unscreened limit, we
screening in rectangular quantum wires were studied byecover the perturbation theory result for the polaron energy.
Tanatar and Geen?’ In this paper we present a comparative  In the extreme quantum limit, when the electrons are in
study of screening effects on the Q1D confined and interfacéhe lowest subband, the Q1D electron-phonon interaction
polarons. Many-body effects in the form of exchange andmnatrix element, for bulk phonons of an infinite potential,
correlation are included in our description of the interactingcircular cross-section quantum-well wire%ig?

electron system. Many-polaron effects in the bulk LO-

phonon approxim?ltion were also calculated by Campos, De- | E ZQwEO ) @
. « 7 e . _ . . .- M ) — F ,
gani, and Hip&to “ using the self-consistent field approxi (g —2m*w o (q

mation of Singwi and ToéF (STLS).

We treat the confined and interface optical phonons of gyhereF(q) is the form factor of the Q1D system describing
Cylindrical wire within the dielectric continuum mOd@l.The the Coulomb potentia|a/ is the Frdnlich Coup”ng constant
actual spectrum for phonon modes in confined structures ignd m* is the effective mass for electrons. We use the ex-
more complicated than those described by the macroscopjgression obtained by Gold and GhaZatippropriate for cy-
models. In fact, comparisons between the microscopiindrical wires. The matrix elements for the confined
Calculationgs and the dielectric continuum model in |ayel’ed phonons are eva'uated in the die|ectric Continuum mode| by

structures show that for calculating the electron-phonon scainatching the appropriate boundary conditions, yielding
tering strengths, the dielectric continuum model gives very

good results. The reason the dielectric continuum model

_ 2awig 2|Py|?
works so well in describing the electron-phonon interaction IM(q)]?= > 5,
is due to a sum rule first discussed by Mori and Afidor V2m* o o J1(Xon) R7(Q°+ 0gp)

undoped 2D systems. In the electrostatic model, the standaeLghere the form factor evaluated in the Gold-Ghaadip-

(©)

boundary conditions are applied to the electrostatic potential R4
This gives rise, for the LO phonons, to traveling waves in th
direction of the wire and standing waves in the confined
transverse directions. We employ a variational approach t

roximation to the wave functions is given
Pn(q)=(48/x8n)J3(x0n). The matrix element for the inter-
I)ace phonon modes is described*by

estimate the confined and interface phonon contribution and 2 2
. i : ot 2e?|P(q)| €
investigate the effects of screening, which includes exchange IM(q)|?= . @)
and correlation. aRb(aRIL(aR) € g€ _ € €2
For the Q1D system of electrons we consider a cylindrical 20w low

guantum wire of radiuR with infinite barriers. It may be “
built, for instance, by embedding a thin wire of GaAs in awhereP(q)=4813(qR)/(qR)3. The subscripts 1 and 2 refer
barrier material of AlAs. We restrict our attention to the to the wire(GaAs and embedding materighlAs), respec-
extreme quantum limit, where only the first subband is ocdively. If the AlAs-like interface phonon modes are sought,
cupied. This approximation will hold as long as the subbandve need to interchange the indices. Finally, the surface
separation remains much larger than the phonon energy imodes of a free-standing, circular, quantum wire are ob-
guantum wires. Furthermore, we assume for simplicity aained by lettinge,=1 in the above expression, and in this

complete, confined phonon picture. case we only have GaAs-like surface phonons. We have used
dispersionless LO phonons in the description of confined
Il. THEORY phonon modes for simplicity, but retained the full wave-

] _vector dependence in the case of lowest-order interface and
We study the Q1D polaron gas using the Lee-Low-Pinesiface modeé

unitary transformation approach as introduced by Lemmens,

Devreese, and BoseASand Wu, Peeters, and Devre®sia 1 , , , ,
application to 3D and Q2D systems. Since the treatment ofw;(q)= m(w Loy T ©To) T K7( 0 o)+ ®To1)
dynamical screening within the perturbation thedrys 7

i iati . 2 2 2 2 2
rather intractable we emplcl)%/lghze; \2/§\r|at|onal method. We fol o Loy~ @Tor2 T K@ 0~ ®T0)]
low the usual procedut&!®1"2"28of assuming that the , , , , /
ground state may be written as a product of the phonon +akn(wiom — 0lom) (@10~ 7o)} (6)

vacuum state and the ground-state wave function of elec-
trons, and minimizing the energy with respect to the varia'"

tional parameter, we arrive at the ground-state energy of the. A .
P g 9y signs in the above formula refer to the AlAs-like and GaAs-

which we have definedk=¢€5./€1,, and 5(q)
o(qR)K1(qR)/[Ko(gR)11(qR)]. The upper and lower

polaron gas > I i . :
like interface modes, respectively. In general, there is an in-
||v|n(q)|252(q) finite number of interface modes, as in the case of confined
Ep=—2> > T (1) phonon modes as discussed by Endeffeand Knipp and
7 7@ o(q)S(q)+g/2m Reinecke®

where the sum over the discrete label is due to confined or The static structure fact@®(q), which enters the polaron
interface phonon modesgy(q) is the confined or interface energy, is obtained from the full frequency-dependent dielec-
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P08 EIEREN A 31 R=200A within the RPA. The dotted line indi-
- . ’ :“‘ . N\ b cates the interface phonon mode for a free-
C | N a TTRaL N . standing GaAs quantum wire.
0.0 1 4 111t 1 L 0.0 1 11 |IHI| “I..\I‘I
10°® 108 107 10°® 108 107
N (cm™) N (cm™)

tric functione(q, w) by integrating over all frequencies; thus the relative contributions of various phonon modes to the
it inherently carries dynamic information. For Q1D electron polaron energy change. Figurébl shows a quantum-well
systems the collective excitatiojglasmons have a strong Wwire of radiusR= 200 A. In this case, the contribution of the
wave-vector dependence without damping. Thus, along wit§onfined phonon modes is comparable to that of bulk
the single-particle excitations, contributions due to plasmong®honons, whereas the AlAs-like interface phonons become
have to be taken into account explicitly in the calculation ofless important. The polaron energy due to the surface phonon

S(q). We use the computationally efficient expression mode_s of_ a free-standing GaAs wire is similar to that of
AlAs-like interface modes. We also note that for the range of

0>+ w2 radii of interest the contribution of GaAs-like interface
+ . F— .
In|——— phonons is negligible for an embedded wire.

ot o” We plot in Fig. 2 the polaron energyn the RPA as a

g *®
S(Q)z_qﬂ_zfo dw 2F(q)
1+ Tq[l—G(q)]In

w’+ o]’ function of the quantum wire radius, for an electron density
=2 of N=5x10°cm~1. We observe that the AlAs-like inter-
CERCE face phonons and surface modes of free-standing wire domi-
®  nate for small wire radii. AR increases, the bulk and con-
where r = /(4kpag) is the 1D electron gas parameter, fined phonon modes give the most contribution. Shown also
w.=02+2qke, and we have expressed in E@) wave IS It'rc]jel're§UIt of bulk polarons in the no-screening liftitin
vectors in units of the effective Bohr radiag=(e?m*)~1  SOICINE). .
and energies in units of Rydberdd Ry:1/(2m*a§)]. In Fig. 3 we show the bulk GaAsésolid) and the bulk

. ' . AlAs (dotted polaron energy as a function of wire radius, at
G(q) is the local-field factor describing the eXChange'afixed carrier density. For ready comparison, the bulk AlAs

correlation effects to be discussed later. calculation is performed assuming the GaAs effective elec-
tron mass (the Frdilich coupling constant for AlAs is
Ill. RESULTS AND DISCUSSION a pas= 0.084). The dashed curve represents the sum of con-

. . ! _ fined GaAs, AlAs-like, and GaAs-like interface phonon

We illustrate our calculations of confined and mterfacemodes_ We observe that for large wire radii this sum ap-
phonon contributions to the ground-state energy of a quansroaches the bulk GaAs polaron result. In the limit of small
tum wire by choosing a GaAs system embedded in an AIARR  on the other hand, the sum of confined and interface
medium for which the relevant material parameters may anodes approaches the AlAs p0|aron ene«%h GaAs ef-
found in the literaturé® In the following we consider two
cases. The first one is GaAs wire surrounded by AlAs mate- 2.0
rial, for which one gets confined phonon modes and GaAs-
like and AlAs-like interface modes. In the second case we

\'v_"|""|""|""

have a free-standing wire made up of GaAs and only con- I~ 15
fined and GaAs surface modes exist. vé

In Fig. 1(a) we show the polaron energy of a quantum - 1.0
wire with radiusR=50 A. The contributions of the electron- clﬂ‘“

phonon interaction to the ground-state energy of a polaron 0.5
gas is plotted as a function of the 1D carrier densltyThe

LENLINLINL LI LI LA B L
[ 74 I A |

solid, dashed, dot-dashed, and dotted lines denote the bulk Y A T e e
mode, the confined mode, the AlAs-like interface mode, and “0 50 100 150 200
the surface mode of the free-standing GaAs wire, respec- R (&)

tively. The random-phase approximati@RPA) static struc-

ture function is used in the calculations. It is seen that both  £iG. 2. polaron energy due to bulkhick solid), confined

the AlAs-like interface modéfor the embedded cas@nd  phonons(dashetl and AlAs-like interface(dot-dashey phonon

the surface mode of the GaAs wifeee-standing cag&on-  modes as a function of the quantum wire radRysfor an electron
tribution are quite significant, especially at low densities. IndensityN=5x 10° cm~* within the RPA. The dotted line indicates
general, screening reduces the electron-phonon interaction & interface phonon modes of a free-standing GaAs quantum wire,
the carrier density increases. As the wire radius is increasegshereas the thin solid line shows the unscreened limit.
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change and correlation effects. Recently, the screening ef-
fects in Q1D electronic systems were studied utilizing the
STLS self-consistent scheriéThe local-field correction in
the Hubbard approximation is given by

1 V(Vg?+kd)

Gu~5 g ™

1.5;\'\||||||||||||

N=5x10%cm™!
1.0

III!IIIIIII

—E, (meV)

0.5

The physical nature of the Hubbard approximation is such
3 that it takes exchange into account and corresponds to using
ool b by ] the Pauli hole in the calculation of the local-field correction
0 100 200 300 between the particles. In the generalized approximation of
R (A) Gold and Calmelé? on the other hand, we have

1 1 V(Jg?+g2/C?)

FIG. 3. Polaron energy for GaAsolid) and AlAs (dotted bulk Geal(Q)= _ , (8)
phonons as a function of the wire radiusNat 5x 10° cm~L. The 2mNR Cy V(q)
dashed line is the sum of confined and GaAs-like and AIAs-IikeWhereC11 andC,, are tabulated parameté&tshat depend on
interface phonon modes in quantum wire. the electron densitj\ and wire radiusR and qo=2/ag\/re.

Correlation and exchange effects are includedSiga(q).
fective mass This result illustrates that the Mori and Arfdo  The local-field effects are implemented in the calculation
sum rule holds even in doped semiconducting systems.  with the replacement of the effective Coulomb interaction

The static structure facto®B(q), as set out in Sec. Il, V(q) by V(q)[1—G(q)] in the expressions foB(q).

describes the screening properties of the electron-phonon The dependence of the bulk phonon energy on various
system. It has been known that the RPA, although exact impproximations of screening is illustrated in Figay Dot-

the high-density limit, fails to take into account properly theted, dashed, and solid lines are for the random-phase, Hub-
short-range electron correlations in the lower-density regimebard, and generalized approximations, respectively. Confined
We improve the RPA by introducing the vertex correctionsphonon and AlAs-like interface phonon energies are shown
(to the dynamic susceptibilijyin the mean field sense using in Figs. 4b) and 4c). For all phonon modes considered, the
the local-field correction&(qg). Among the various approxi- electron-phonon interaction is reduced significantly. The dif-
mation schemes to calcula®(q), we use the equivalent of ference between the approximations describing the correla-
the Hubbard approximation in one dimensidand the gen- tion effects becomes negligible fot>10° cm~1. Correla-
eralized approximation of Gold and CalméfsThe Hubbard tion effects are more evident at lower densities. It also
approximation takes only the exchange into accountappears that AlAs-like interface modes are affected slightly
whereas the generalized approximation includes both exmore than the confined phonons by electron correlations.
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Qualitatively similar results were found by Campos, Deganito the polaron energy and effective mass. Our results indicate
and Hipdito'? for bulk phonons in quantum-well wires, the importance of interface modes in Q1D structures.
where they have used the self-consistent field approximation

in S(q). IV. CONCLUSION
It has been noted that the static screening has a stronger '
effect in the renormalizatioffof polaron energy and mass In summary, we have calculated the polaron energy in a

than the dynamic screening because in the static approxim&®1D GaAs quantum-well wire, using the bulk, confined, and
tion only the long-time response of the system is taken intanterface phonons. We have included the screening effects
account. Similar conclusions were reached by etal?in  within the RPA. Corrections to the RPA using model local-
their calculation that takes into account the dynamic screerfield corrections are also employed to investigate the impor-
ing effects(only in the RPA for Q1D systems. We have not tance of electron correlations on the polaron energy. We find
attempted a perturbative calculation that includes dynamicahat the local-field effects, which include electron correla-
screening, but expect the polaron enefgyto increase in tions, tend to change the magnitude of the polaronic correc-

magnitude if such an approach is considered. tions significantly at low densities.
For the Q1D electron system we have used the infinite
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