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A ocw. rnany-partic1c approach to (he intcraction bctwccn clcelmos and polar aplical phonons in semiconductor nanostructures. in which
the statistical average ayer phonon stalcs is cxnctly pcrformcd. is prcsclltcd. The interaction is ¡hen reduced lo ao effeclive rctarded electron.
clcctron one. AS;ln applicalion. lhe polaron free energy is calcuhlled fmm (he lirsl-ordcr eorreclíon lo Ihe lhermodynamical potential w¡thin
the fr~l1lework 01' ~ lIispcrsivc clcctrocl~stic conlinuum mollel for the long-w~velength polar optical oscillations in a GaAs/AIAs double
heterostructure.

Keywortl.c rolaron free-energy: semiconduclOr heterostructures

Se presenta un nuevo formalismo para el estudio de la interacción entre los electrones y los fonones ópticos polares en heteroestructuras
semiconducloras, en el cu~1 se realiza de form~ e",acla la promediación sohre los estados del subsistema fonónico, de modo que la interacción
electrón-fonón se reduce a una interacción retardada efectiv~ entre los elcclrones. Como aplicación del formalismo se calcul~ la energía
libre del polarón en una hcteroestructura doble del tipo GaAs/AIAs a partir de la corre<'"I..'i(mpcrturbativa de primer orden al potencial
tcrmoJin~ímico en el marco de un modelo electroelástico continuo para las oscilaciones ópticas polares de longitud de onda larga.

/)(,Jcril'tO/"l'.C Energía libre polarónica; hcteroestructuras semiconductoras
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1. Inlroduclion

The polar oplical phonons in semiconductor layercd struc-
tures have hccome a suoject 01" Illuch theoretical investi-
gatioll and several phenomenological models for the long-
wavclenglh polar oplical oscillalions in those systellls have
heen put forward for heleroslructurcs 01" different types of ge-
olllctrics. Wilhin this framcwork, electron-phonon inleraction
Harniltonial1s can he derived under general conditions [1-9].

The problelll of avcraging ovcr phonoll variahles was pre-
scnted for Ihe Iirsl lime hy Feynman [lO], wha applied his
varialional palh-inlegral melhod to study the polaron in hulk
sysletlls, and perforllled an exact reduction 01" the electron.
phollon inleraclion lo a relarded interaction betwcen clec-
trons. Posteriorly, Jillercnt versions of thal melhod were sys-
tcmalieally uscd lo calculale the polaron propertics in the
hulk case [11. 12J.

An alternative procedure for the eliminatioll 01' Ihe
phonon variahles in the polaron prohlem-which is Illathe-
Illatically rigorous and is hased on second quantizalion-was
proposco hy Bogoluhov ano Bogoluoov [13]. In Ihe presenl
work, Bogoluhov's Illethod is extended 10 deal wilh the
many-clcctron systCJ11inleracling with polar oplical phonons
in semiconduclor planar layered heteroslructures, such as su-
perlatticcs, multiple quanlUtll \I,'ells. single and douhlc het-
croslfllclurcs, etc. The consideration 01' planar interfaces is
tiue Illostly 10 simplicity. It will rcsult ohvious that our ap-
proach is vatid for any Iypc of slruclure, independently of its
gcolllclry, so that one eould accounl I"orsyslems tike quan-

lum wires, quantum dots, cte. Thc differences will come from
Ihe speeific forlll of lhe electronic slales and lhe inlcraction
Harniltonian for eaeh particular situation.

The cvaluutiol1 01" the polaron free energy is one of Ihe
dirccl results ol"the palh-intcgral formaJism in hulk syslcms
(see, for instanee, Rcfs. 12, 14 and 15). Hawever, this quan-
lity does nol scelll to have hecn so far widcly calculalcd
in low-dimellsional hCleroslflIctures due lo Ihe explicit dif.
liculties I"or(he application of a Feynman-Jike procedure in
systellls hearing interfaces. An alterna(ivc way is Ihe use of
Ihe perturhativc method coming from a Green's funclion ap-
proach lo Ihe Ihennodynamical pOlential. fn the case ofsemi-
conducling matcrials likc the III-V and I1-VI compounds.
Ihe magnitllde of lhe cleclron-phonon coupling conslanls are
smalI enough to allow for a perturbative trealmenl usually
rcstricled -at most- 10 the second order corrections. There-
rore, such a caIculation process can he carried out as well in
Ihe case 01'scmicOllducting hetcroslructures maJe frum Ihosc
matcrials.

flere, wc arc going to use the many-parlicle Green's
fUlletion-oased formalism rcslllting from the e"'lension of Ihe
Bogoluoov's tllclhod lo evaluate the polaron free cnergy as
;¡ fUllction of Ihe Icmperature in Ihe case of a GaAs/AIAs
qualllUlll \vell. Thc paper is organized as follows. In Seco 2
\vc start dcscrihing Ihe Harniltonian of Ihe eleclron-phonon
systclll and Ihen discuss Ihe rcduction ol' Ihe slatislical oper-
:11maflcr lhe avcraging over phonon variahles. Section 3 is
dcvotcd lo the slutly of Ihe one-electron Green's funclion ano
Ihe suhsequcnl dcrivation of (he Ihermodynamical pOlcntial.
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In See. 4. lhe approaeh is applied lo lhe evalualion of lhe po-
Iaron free cncrgy in lhe mcntioncd systcm. according lo the
so-called dispersive eleclroelaslie eonlinuum model (DECM)
fm lhe polar oplieal phonons [16J. Seelion 5 conlains lhe eon-
c1usions 01' lhe work.

2. Redueed statistieal operator of the eleclronie
slIbsystcm

Thc Harniltonian foc lhe clectron-phonon system in lhe hC1-
crostructurc is

( I )

as

The faelor Cq., is similar In lhal oflhe usual hulk Fr6hlieh
Hamiltonian ami

P¿',«(k,'1) = (k + q,c'I<I''1,(z)lk,(). (5)

Q(,«(k.'1) = (k - q,('I<I'~,(z)lk.(). (6)

(2)

(7)

(9)

(8)

Let liS delinc now Ihe reduccd statistical operator ¡, of
the electron suhsystem trough p = TR(ph)li,. Herc, TH(ph)

rncans lhe trace ovcr u complete set of statcs of the phonon
suhsystcm. In onlcr to cvaluatc this trace. we first define lhe
opcrators

where (3 = (kllT)-¡ amI TR mean s lhe lraee. Using lhe
inlcraction rcprescntation and the imaginary time chronolog-
kal ordering of the opcrators [17, 18], we muy write

Bq,(T) = Cq, "L P¿\(k,q)ot+q,o,(T)Oko(T), (10)
k,n,n'

and apply Ihe Slrukov-Fedyanin idenlily [19J

b,¡,(T) = C~, "L Q(,«(k,q)ftt_q,o,(T)Oko(T). (11)
k,n,n'

The modulalion fllnction 11)'1s(.=) contains the cffect 01' the
presence of the interfaces along the z-direction upoo Ihe os-
cillations. It is, preciscly, lhe clement of distinction helwcen
this class al' Hal1liltonians ¿¡ndthc hlllk ane, and also hetween
themsclves.

Thc statistkal opemtor ti! and the statistkal surn ~ of the
clectron-phonon systcm, in therm<t!equilihrium, are given hy

(3)
"

H. = "L Ek,(ot(Ok(.
k,(

Thc Hamiltonian ilph corresponds to the non.interacting
phonon suhsystem. Regardless the particular long-
wavelenglh model lo be eonsidered far Ihe sludy of lhe
polar oscillations, the dispersion relations can hc desig-
nalcd, in gcneml, hy ws(q), where lhe in-plane w<lvevcctor
'1 = ('1" 'lv) and lhe index "s" parlieularizes Ihe specine
molle. The form of this Hamiltonian is

Now, i'qs anu b~s ;:1rethe annihilalion operator 01' a phonon
in lhe siate 1'1. s) and lhe erealion operalar of a phonon in lhe
slale 1'1, .). respeelively.

The electron-phonon interaction Hamiltonian in the com.
riele second-quantized form can be written in a general fOfln

I

ii.(, is lhe Hamiltonian of lhe non-interacling clcctronic suh-
systcm which consists of lhe clcctrons in a givcn energy
hand. Thc onc.clectron statcs are dcscrihcd within lhe envc-
Jope fUlletínn approximation and obey ccrtaín cffcctivc mass
diffcrcntial cquation. In aplanar layered hclcrostruClurc, lhe
appropriatc quantum !lumbees which describe these states are
Ihe in-planc wavcvcctor k = (kXl ky) and (, a quantum !lum-
hce associalcd to lhe mol ion uf the electron along th,c growth
direction (assumed to he "z"). Ir we introduce Qk( and aL(:
Ihe annihilation operator and the creation operator, of <Inelcc.
lron in Ihe slale Ik, (). respeelively. lhe \lamillonian H, is
wrilten <lS

Texp { -.t tlT [B'I,(T)bq,(T) + bq,(T)b~,(T)] } = ex!, { - .t tlTbq'(T)CT<~.(q)'i)~,}

x exp {-1° tlTBq'(T)e-T'W.(ql'i,q.,} ex!, {10°tlT¡ .[" dT,Bq.'(T¡)bq,(T2)eT,~.(q)(,,-,¡)}. (12)
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rile phonon 0pcfalors in (12) are in !hc Schr~ingcr picturc. ¡.e., lhey do not dcpend 011 rime. Henee. Ihe T-opcrator in p will
only ordcr lhe clcclron operators in DqH and Dqs. 1I follows.

and

- 1 -Oli II { -¡ - --¡ -- 10 10 - - }fl = ~e r TH.(ph)exp -(Jftws(q}bqsbqs - Dbq.~ - Buqs + dT¡ dT"2Bq.~(TI)Dq.~(T:derl"- .• (qHT';l-TI),
qs o o

\),,'hcrc,

Í3 = lO dTÍ3",(T) cxp[-rtW,('l)Tj,

The trace over phollon states in (13) givcs

T"(ph)CXP {-f3rlw.('l)b~,bq. - Db!" - Í3i'q,} = 1 _ e-~ll,~.(q) exp ["or,w~~_ 1] ,

anl! lhe cxprcssion for jJ hccol11cs

ji = "o(n-iT.)t"iJ,

n hcing lhe thcnnodynamical potcntial of lhe electron suhsystcm:

The uperalor V is given hy [201

r(TI - T2) gcncrically designates a function which dcpcnds on lhe quantulll 11lll11hcrsk 1, k:¿, (1, (;, (2. (;, q, s

( 13)

( 14)

( 15)

( 16)

( 17)

(18)

Exprcssions (16)-( 19) resume lhe reuuetion of the cle~lron-phonoll systclll 10 an eleclronic one. In this systelll any pair
01"cleelrons internel Ihrough a retarueu potenlial given by V. The statistical average 01' any operalOr is evaluatetl by using Ihe
reduccd slalislical operator p anu every elcmentary act of inleraction Illay he represented hy a lerm of lhe form

Al lhe time T'l, an electron wilh quantulll numhers k:h (2 an-
nihilates and another electron with wavevcclor k2 - q and
lJuantum numher (~ (nol nccessarily elJuals lo (2) is created.
The lransfcrrctl llloll1cnlum rlq anu energy propagate with lhe
lIeld until inslant TI when they are absorhed hy another elee-
trono The second scattering pmcess involvcs Ihe annihilalion
of an clcctmn in thc state Ik] + q, (;). This elcctron.eleL'tron
inlera<.:tion Ihrough Ihe crystal latlice is also applied lo lhe
elt::clron sclf.inlcraction. i.e.; the cxcilalion crcatcd al T'l (ex-
prcsscd in IcrlllS (lf phollon emission and absorplion) prora-
galcs in Ihe lattice and acls upon the sarne eleclron at lime TI.

At Ihis point. it should he remarked thal Ihc rcduclion
01' lile electron-pllOnon interaClion lo an effeetive eleclron-
clcclron onc. ohtainctl along the lines of lhe procedure ahove
dcvelopcd is an exacl result. No approximalion has beell pcr-

formed whcll slIlllming ovcr phonon variables wilh the use
of idenlity (12), exccpt for lhe general assulllption lhat the
clcclron-phonoll inleraclion Hamiltonian is Fróhlich-like.

3. The unc-clectron Grecn's functiun and the
thcrmodynamical potcntial

Thc one~parliclc Green's funclion in the inleractinn represen.
lation is givcn hy 11i, 18]

Hcrc, Ihe average is pcrfonncd with the use of the stalistical
opcrator of Ihe non-intcracling cleclron suhsystcm. Wick's

ReI'. Mex. f'í,. ~6 (3) (2000)25X-26~
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theorelTl can oc applied and, as usual, the contrioution 01"dis-
connected tenns canccls with Ihe dcnorninator, resultillg in

(:(k, (; T) = ¿G(ni(k,(; T),
11=0

(21 )

where 111 = 1,2, ... , lahels Ihe sel 01'discrele oplical phonon
molles which appear uue lo the presence 01'the interfaces ami
(', ( laoel the different electronic siates in the wel!. The fac-
lor Cqm is given oy,

4. I'olarnn free energy in a GaAs/AIAs dOllhle
hctcrostrllctllrc

is Ihe Ihcrlllodynarnical polcnlial corresponding 10 the nOI1-
inlcracting electron suosystelll, lhe correclion ~U = 1! - Uf'
associaleLl to lhe electron-phonon interaction will he given hy

Here, S is lhe transverse arca, el is lhe well width, and (<Xl,

WTO antl W¡.o are, respectively, lhe high frequency dielectric
constanl, lhe freqllency of the lranversal optical phonons anLl
lhe frequency of lhe longitudinal oplical phonons in the bulk
GaAs. w",( '1) are the charactcrislic dispcrsion rclations ofthe
differenl oscillation modes [16.211.

On the olher hand.

!qlll-the electrostatic pOlenlial-is a real function which dc-
pcnds only 0111«1. 11'lhe l)uanlum well is chosen to he sYIll-
Illetric wilh respect lo :: = O, lhe funclion fqm will repre-
sent cither odd potcntial slates or even pOlential slales for tlle
phonons 1211.

The conduclion hand electronic st:ltcs in lhe GaAs/AIAs
DHS are c;:lIculatetl lIsing a ¡¡nile oarricr quantum-well
model, explicilly cOllsidering lhe difference oetwecll lhe ef-
fective lI1asses in hoth materials (see Ref. 22, for instance),
The oarrier height is taken lo he \í) =- 915 mev' Addition-
aHy, it ''''il! he also assllrned that lhe elcctron is in the r hand
cvcn whcn il is rcally Ihe X lhe lo\\'cst conduction hand.
This is done lllos1ly 1'01'lwo reasons. The first one is that we
are inlcresled in Ihe dynamics around k=O in lhe wel! oe-
cause Ihe interaclion with Illechanically conllned GaAs-likc
phonon modes should parlicipale more strongly in lhe rcnor-
malizalion cffcCI nf lhe ooltom nI' lhe conduction band in lhis
material. Thc use of the oarricr heighl corresponding to Ihe
X poinl in AIA~ (567 llleV) would not aClually represent
thal situation. The second reasoll is of much more praclical
characler: to avoid lhe exlra cOlllplicalion coming from lhe
consideralion 01' an indirecI gap, amI it has oeen takcn inlo
accounl in previous works as well [231.

In a nnilc barrier model l)U:1Il1UIlIwcll, lo sum over aH
inlcnnediate sl;:¡les is a less practicahle proccss. Howevcr, Ir
we are inleresled. rOl"inslance, in polaron corrections to the
firsl sllohand (( = 1) encrgy, laking only the ver)' nrst tenns
in lhe SUllllllalion is enough for lhe nUl11ericalevaluation ami,
in mosl cases, keeping only the contri out ion from lhe firsl ex-
ciled level (( = 2) will do. This second contrioution is highcr
1'01'wider quantlJl1l wel!s where lirsl :lIld second suhhands are
closer and the comhined lhenllal :lI1J optical-phonon cner-
gics result lo he h...•.'m(q) + "liT;;: f2 - El, lhus giving the
possioility 01'a Illore intense intersuohand scattering proccss.

(2(, )

(24)

(25)Cl.O= ~ ro do ¿{G(k.(;T)
¡i./o n k.( (:(Oi(k. (; T)

Cl.O= -~ {(Tu"V):;"n - 1}.

In <1\1 Fr(ihlich-like prohlellls, lhe expansion of (,0 can oc
viewed as a series in lhe electron-phonon coupling conslant
o, in such a way thal lhe H-lh order terlll in lhe expansion for
lhe Green's function is proportionallo lhe 'I-th powcr 01'o.
This feature allows us to write

where

thus expressing through lhe olle-electron Grcen's functioll
the correction to the electronic lhermodynamical pOlelllial
due lo Ihe interaclion wilh the phonons. From (25) il can oe
derived the usual series 01'.'olloole" diagrams corresponding
In Ihis l)uanlily (1,. 18J.

(:ini(k,(:T) = -2,(t{;¡kdT);¡t«o)vn})~"n. (221
11.

Now, following the standard proccdure 01'Ref. 17, if
1 .

Oc = - -In Tu,,-Oll. (23)
(3

In lhis section, the many-oody approach developeJ in Secs. 2
and -' will oe applied lo the calculation of the polaron cncrgy
in a GaAs/AIAs double heleroslructure (DHS) 1<><hOlh zero
and finitc temperalure. This is going to he done wilhin the
framework 01'the DECM rol' lhe long-wavelength polar opli.
cal phonons r l.tJ. The GaAs-like phonon moJes are ncilher
purcly connncd slah modes nor inlerface moJes. There is a
mixed characler and cerlain modes are rather mOfe inlcrface-
Iike than the others. Funhennore, we only can say that lhe
modes may oe predominanlly "longitudinal" (qllasi-L) in
sOllle cases 01' predominanlly "lransversal" (quasi.T) in olh-
ers oecallse lhe polarizalion also exhibilS a mixed chmac-
ler. The corresponding electron-phonon interaction Hamillo-
nian is

j¡,'-ph = L L CqmP¿:«(k,«)
k,(' ,( q,m

Re,'. Me .•. I'Ú. 4(, (3) (2(XXI) 25X-2i>4



262 M.E, MORA-RAMOS

The evaluation of (28) leads to lhe following function fm the square malr;, elemenls:

1m () .f> ( ) ( 21\t\b )' { 2h sin 2" ( 1 ('os 2"" )
J J (1 =. ~n (j f.' + 2h"h"'b + f{ ros 21\. + "b sin 2n: 4,...2 _ ~::'/) rus kl- + 1.-1• /,.2 - ,t,.,.2 _ ¡,-2 sin kL

• l. L

eL ([2~Sin2~ ((COS2~ 1)] ,COS'~ }'--e- ') .)rosh~+ .) ')+- sillh~ +2Coe-(~+:'l\:b) .
( 4~- + (- 4~- + (- ( 2~b + (

I:~:(I/) = B' ('1) ( 2~~" ) ( 21/1/1, )
• m ti. + 2"~1\b + H Cos 2n. + "'b sin 21\ J} + 2'1'11, - 1] ('os 2'11 - 1/1,sin 2'1'

x [Sin(~ + 1) - kd + sin(~ - '/ + k¡J + sin(~ + '/ + k¡J sin(~. - ,/- k¡J
~+1)-kL "-'I+kL 1i+,/+kL 1i-1/-l'L

_ S {(1 .'() [ sin(" + '7) sin(l/ - Ii) ]
1, + " " ( )" +" ( )'e + ,,+ '/ - (- + '/ - /{ -

(
_'() [,,+. '1 C05("+'/) ,/-" COS(I/-li) ]} S sinl/COSIi._I(+K+ J)'- 1 - e -- ---- + -- +? o-----.e ,ry, (29)

(("C(Ii.+'/l' (('+(I/-li)' - (+"1,+'/',

In rcssions, thc quantilics ~ = qd/2.

/{ = (1II''''/2TI')£I, lib = (m;'lf'/2"')(l'o - rd.
'/ (111''''/2,,')0'' and 'lb = (1II;'d'/2"')(\\, -r,)
h.IVt: occn introJuccJ; [1 (£2) bcing lhe cncrgy of lhe first
(sccond) level in lhe quantum \Vell. 11l. Ihe conduction band
c1lcctivc lIlass of lhe GaAs. and mi; Ihe r-roinl conduction
hallo clTcCli\'c m<:lSSof the AlAs. The quanlity kL is givcn by

SI. = ~~jllkl. + kl. coskL;

_ J':L
('o = ('oS J"L sillh ~ + - sin kL ('osh~;

(

k
So = Sill¡",_cosh~ - t coskLsinh~. (30)

\Vilh ¡JI. = :t2 x lO!:> cm/s, nnd

""',=-. 2
W~O -w;n(q)

(Ji

Finally, Am is cerlain t¡.depcndcnt normalization conslant for
lhe cvcn potcntial oscillation moJes, and Bm is the corrc-
sponding nomalization conslant in the case 01' the oscillalion
modes with mld elcctroswlic potential11G, 21J.

Slarling fmm Ihc Eq. (25), with thc use ol" (27), amI tak-
ing the ollc-clcclron limit, it is possiblc lo wrítc for the firsl-
order polaron free cncrgy COlTcclion in the DHS, Ihe follow-
ing cxprcssion:

4' R '¡' [~ I"'() ¡"I'_."__IIW_' e_-_'_' __ ¿¿ /':LJJ....!L ¡.,-.;l'lrD (,),_f/2R2x(l_f).F(I)(t) - _. LO (lJ (.I( I/m.1 ( 1
- d" _e-f!)/T¡"",.o ..

L..) . fll 1=1,2' (J """flm. O

(31 )

wherc r = 'lwl.U¡~is a dimcnsionless tcmperaturc.dcpcndcnt
vari;¡hlc and W.,m = wm(q)/c.lho . .6." = (f/ - fl )/f,WLO'

amI H = (!1/21l1-wl.o)I/'2 is lhe hulk polaron r¡¡dius. Thc
SUllllllatioll ovcr index j comes from the quasi-2D cxprcssioll
rOl"Ihe exponential (,¡ti!. Again, it is rcstriclcd lo go ovcr lhe
discrctc cllcrgy Icvcls 01' the wcll. The function DIIl,,(.r) is-
acconling to (19)-

I
Thc inlcgration over lile variahlc .1" can he perfonncd and cx-
presscd through Ihe cITor fUIH.:tioll integral

f" (,,,',',,,,.= :rr erfi (lI.r).
. 11 -(1

(32) ¡hus altO\••..ing lo wrilc

Rt'I'. Me.\'. Fú. '¡(j (3) (2(X)()) 25X-26.t



A MANY-PARTlCLE APPROACH TO THE ELECTRON-PHONON INTERACTION IN SEMICONDUCTOR NANOSTRUCTURES 263

20¡;¡r!WLO
dLj e-t~j/rtWLo

" "1~1,',('1) {exp [-(r¡' R2 + "'" - wq",)]L L dq--- --~--~-~-~--
o wqmt exp(w,/m) - 1

ni 1=1,2

X [erti ('¡' ¡¡2 + ""1 - w'I'" Ii) + erti (wq", - "'" Ii)]
2IJR 2'1R

+ _eX_-I_J~[-_(rJ_2_R_2_+_"'_"_+_W_q_"'_)]_[prti(,¡'JI' + 6" +w'I'" Ii) _ erti (wq", + 6"1i)] }.
1 - exp( -wq",t) 21JI! 2'1R

(33)

FI(iURE l. Rcl.Hivc polaron free encrgy as a funclion of the GaAs
quantum wcll width (in nanorncters). Curves, in dccreasing ordcr,
corrcspond rcspcctivcly lo 613 K. 420 K, 300 K. ami O K.

In Ihe calculalions, lhe valucs wLO = 291.D cm-l;
IJJTO = 273.8 cm-1; to = 13.18: (OC) = 10.89; 1Jl =
0.06651/10. anu o = 0,068 wcrc takcn for GuAs. For the wcll
harricr crfCClivc Illass we used m- (AIAs)= 0.151110. 1110hc-
ing the harc electron mass.

In Fig. I lhe rclative polaron frcc-cncrgy Fr is shown as
a fum:lion 01' Ihe quanlum wcll wiJth d fm diffcrcnt valucs 01'
Ihe lemperature. FI" is defined as Ihe ralio F(I)(t)/ Fii1(1);
whcrc F:~:;(t).Ihe rolaron frec-encrgy in first order for hulk
GaAs is givcll hy:

100 heen includcd. This curve is obtaincd fmm Ihe expression re-
sulling when laking Ihe limil t -> 00 of Eq. (32), which pre-
cisely coincides with lhe Raylcigh-Schrodinger-perturhalion-
Iheory equalioll presenteu in Ref. 22.

As expected, the polaron free energy raises with increas-
ing quanlum well width. The rale of incremenl varies for
dilTerenl lempcratures indicating thal lhe way by which the
GaAs-likc phonon modes contrihulc dcpends on the tcmper-
ature as wcl!. Nevcrthclcss, it can he observed a tendcncy
to changc the Illonolony, which reverses lowards a Iimiling
hulk-value for d suflicienlly large. This decreasing behav-
ior is slrongcr al high Icmperalures-as il is shown in Ihe
curve corresponding lo Tv-, whilc is much more subllc for
T = O K. Thc range of wcll width values selected repre-
senls Ihe region of greatcr inleresl for the effeel here studicd.
Furlherlllorc, there cxisls anolhcr rcason -Ihis lime al' prac-
lical character: for higher values oI' d. the number al' eigen-
l1lodes associatcd lo the charaClcrictics equations increases
vcry rapidly. and the calculation proccss bccomes really te-
dious [lG. 21. 22].

Rclalive polaron free cnergy is nol reporled for el helow
'2 nm fOl"in IMatregion a macroscopic conlinuum model for
the GaAs long-wavelenglh oscilla1ions would ccrtainly not
work well. and ils validily is douhlful. When d -> O. only Ihe
hulk AlAs is prescnt. However, in lhis study we have nol con-
sidered so far (he contribution 10 lhe electron-phonon ¡nlerac-
lion coming I'rol1llhe cleclric potenliai of lhe harrier modes.
Ir laken into accounl. il will signilicalivcly change (by in-
crcasing) the polaronic correclion for lhe smalles1 values of
d; huI in the case ofwell widlh around 10 nm and beyond lhe
main cOlltribulion should come from GaAs-like polar oplical
mmles.

14

(3~)

12

t/1(1)( ) "r''''LO r.l 1 D(.r)F:m f = - --- v t (.f -co=,===,fii o V".(I - .r)

\vhcrc

(35)

In (he I¡mil T = ()K (t = 00), cquation (35) givcs precisely
Ihe hulk rolaron hinding cncrgy valuc -0'1•.•..'1.0 (18].

Thc lhrcc uppcr curves in Ihe figure correspondo fromlop
(() l10ItOIll. lo lhe Dchyc tcmpcraturc 01" Ihe GaAs (TI) =
613 K), the LO-rhonoo tempcraturc 01' (he material (TJlh =
r,w,.o/ hu = 420 K). and lo T = 300 K. rcspeclively. Be-
sidcs (he room tcmpcraturc valuc. Ihe othcr 1\\.'0 wcre cho-
sen hccausc lhey constitulC significativc lcmpcralurcs for Ihe
material. For lhe sakc al' comparisoll. a lowcst curve, corrc-
sponding lo lhe T = ()K rolaron rclalivc hinding cl1crgy has

5. Cnnclusions

\Ve llave presenled a new formalislll ror a many-body 1reat-
Illenl of Ihe elcclron-phollon inleraction in semiconduclor
laycrcd hcteroslruclures. The sil1lplest application of Ihis for-
malisl1l is lhe study of Ihe polaron propertics. \Ve chose. as
a particular case, a model (Ierived in Refs. 16 and 21 for lhe
polar optical oscillations in a GaAs/AIAs DHS. Thc rcsults
ohtained within this model indicatc lhat Ihe effect of the mml-
ificatioll 01'lhe phonoll speclflIm tlue lo Ihe existence 01'inter-
faces is relevanl only rOl"layer thickncss not loo largcr Ihan

RCI'. Mex. Fú. -t6 (3) (2000) 25X-26~



264 ME. MORA-RAMOS

100 angslroms. Significan! diffcrcnccs with lhe 3D valucs are
ohtaincd for a GaAs-laycr width 01' a few tcns of angstroms.
For wide cnough wclls. lhe use al' Ihe hulk Frohlich Hamilto-
nian \vould provide good rcsults.

In our opinion. lhe advantagc 01' Ihe reduetion 01' Ihe
clcctron-pholloll ¡ntcradion 10 an cffcctivc clcctron-clcclron
onc ('ould he 01' inlcrcst wllcn studying lhe many-clcctron
syslcm in hctcrostructurcs-including hoth Ihe Coulomh in-
tcracLion and ¡Ilat \Villl Ihe phonons-. as well as ror lhe
stutly of anothcr propcrlics likc the clcclrnnic Illohility. hy
lIsing the Kuho formula [181. As il \Vas already IIlcnliollcd in
Seco l. lhe formalisrn can he adaptcd in straightforward l11an-
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