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Electron scattering due to confined and extended acoustic phonons in a quantum wire

Norihiko Nishiguchi
Department of Applied Physics, Hokkaido University, Sapporo 060, Japan
(Received 22 March 1996

Electron scattering due to confined and extended acoustic phonons is analytically investigated for a quasi-
one-dimensional GaAs quantum wire embedded within bulk AlAs. It is found that the deformation coupling
between electrons and confined phonons is extremely small in comparison with that between electrons and
extended phonons. Consequently, the electron scattering processes are governed by the extended phonons, and
the magnitude and electron energy dependence of the scattering rates are almost the same as those due to the
usual three-dimensional bulk phonohS0163-18206)08627-4

Recent analytical studies on acoustic-phonon modes of tion |k,) is given, within the infinite potential well modé&t,
quasi-one-dimension&R1D) wire within another bulk ma- by
terial have revealed that the embedded Q1D wires support

confined and interface acoustic-phonon motfeas well as 1 Jo(kop) o\,
rlk,)= e'*z?, 2
extended phonon modes. The extended phonon modes are (rlkz) JaReL,, J1(K,R) 2

also modulated by the Q1D wire structures, and resonant

modes related to the_ wire dimensions appe@hese results in the cylindrical coordinatesp(,z). Here, Jo(1y(x) de-
show that the acoustic-phonon modes of the embedded Q1fye5 the first kind of the Bessel function of the order zero
wires are different from the usual 3D bulk phonon mOdeS'(unity) and L,, is the wire lengthk, is the lateral wave

However, the modifications in acoustic-phonon modes werg, , \ber given by the smallest root &§(k,R) =0.

overlooked and thg usual 3D bulk phonon modes were as- gjnce the translational symmetry in tf’;e lateral direction of

sumed for the studies on electron transport phenomena of th&e system is lost due to the wire structure, neither longitu-

Q1D wires. _ _ dinal (LA) nor transverse acoustifA) waves is a normal
The effects of confined acoustic phonons on electron,,,non mode. These acoustic waves are coupled at the wire-

transport in a Q1D free-standing wire have been theoretlcallyéurrounding interface, being a normal mode. Assuming iso-

,StUd'ed' and the scattering rates are found to sut_)gtantlallyopic elasticity of the constituent materials, phonon modes
increase, due to confined phonon emissiéhin addition,

insulating substrate, where extended and confined phononsiy gilatational and torsional modes and azimuthally varying

coexist. Hence, we may expect modifications n eIeCtror’l'nodes termed flexural mod&sThe total rotational symme-
transport phenomena of the embedded Q1D wires by thgy pout the wire axis of electron wave functions and
confined acoustic phonons, similar to theolncrease of Scatteﬁcoustic-phonon modes has to be conserved for emission and
ing rates in QID free-standing wir83) while optical absorption of acoustic phonons via the deformation potential.
phonons confined in embedded quantum well structureggqyse the rotational symmetry of electron wave functions
slightly affect electron transpott~**In this paper, we make o 1aing unchanged for intrasubband transitions and because
clear the modifications in electron scattering of the embeds,q torsional mode does not induce volume change, only the
ded Q1D wires, due to the emission and absorption of bothyjj4tational mode is responsible for intrasubband transitions.
confined and extended acoustic phonons, by examining the ¢ gigplacement vector fieldof the dilatational mode is
electron scattering rates within the lowest-energy S”bbangxpressed in both the wire and surrounding medium in terms

via the deformation potential. In this work, we model the . .
i . o of a scalar potenti and a vector potentialr as
Q1D wire to be a cylinder, where acoustic-phonon modes, as P bae) P AlB)

well as electron wave functions, can be rigorously derived. -

Considering electrons confined in a %ylindri)éal GaAs HalI) = Xar ¥V $all)+ Xat VXV XWLAT), ®
guantum wire A) with radius R within bulk AlAs (B), for «=A and B. The vector potential’(r) is given by
where the wire axis is taken as thaelirection, the electron e, (r), wheree, is the unit vector along the wire axis. The
energy of the lowest subband is given within the effective-potential functionsp,, andy, obey wave equations of scalar

mass and parabolic-band approximations by fields with sound velocities of LA wavas,, and TA waves
V.. Fespectively, given by the Bessel and modified Bessel
ﬁ2k§ functions of order zero. Applying the boundary condition of
Ekz:m' @ continuity of displacement and stress fields at the wire-

surrounding interface, we obtain confined and extended
wherek, is the longitudinal wave number and* denotes modes;~3as the normal phonon modes of this system. Inter-
the effective mass. The corresponding electron wave fundace phonon modes do not exist for the combination of

0163-1829/96/5)/14944)/$10.00 54 1494 © 1996 The American Physical Society
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The interaction Hamiltoniam .y, is given, in terms of

annihilation and creation operators of phonmtEwL and

Lt
aqz‘”L' by

2
L
Heph=—E2 (—) ag L aw(r)
e-ph = o \va, [ quLXA,/¢A,qu

+ 8 XA PRlau(D)], ©

whereZE is the deformation potential, which is set to be 7 eV
in this paper.

The scattering rates of an electron with, due to acous-
tic phonon emission+{) and absorption<), are calculated
from Fermi’s golden rule as

8 w52

fLUA’/4

W) =

EL: > |XA,/|2wﬁ[NwL+%i%]F(qA,p)z

ké Az, o

X 8,1 k,7q,0(Ex; — By, Fhoy). (6)

FIG. 1. Dispersion relations of confined and resonant acousticN, 1S the Bose-Einstein distribution function for phonons.
phonon modes. The dashed lines are the dispersion curves of tfiche radial wave numbeg, , of acoustic phonons is defined

confined dilatational phonon mode. The thin and thick solid linespy (]/“):1/|(L,2_,)A2 /q22|_ F(x) is the overlap integral of the

denote the dispersion curves of resonant modes. The dot-dashefectron wave function and the potential function of
lines are the dispersion curves of bulk LA and TA waves of GaAsphonons and becomes

and AlAs. The dispersion curves of confined modes begin with the
cutoff longitudinal wave numbers, at which the dispersion curves R

1
intersect the bulk TA waves of AlAs. F(Qa,,) = WJ’O Jo(kpp)zl o(da,,p)pdp, (7)
p

GaAs/AlAs? The coefficientsy are determined by the for w<va .0, and
boundary condition and the following normalization condi- "
tion: 1 R

- 2
PO = B30 R) JO 3o(k,p)*Jo(0a p)pdp,  (8)

f
[emi o ma=50 @ o g
The scattering rates, due to the usual 3D bulk phonons,
where the mass densig/(r) takes a valu@ , in the wire or  can be formulated straightforwardly, by means of the same
o5 in the surrounding medium. Herg, and w are the lon- approximation for electron wave functiof®), as

gitudinal wave number and an angular frequency of phonons, 5
47E° 1

respectively.L denotes the confined and extended phonon (+)_ =S [N, + }+1]

modes. Figure 1 shows the dispersion relations of the con- 0 pava L Ve T 272

fined dilatational modddashed lines They are limited to 2

the frequency region between the dispersion curves of the ><F(qp)25kzr,kziqz5(5k;—Ekziﬁwq), (9)

bulk TA waves of wire and surrounding materials, and each
dispersion curve of the confined mode begins with the finitavherew,=v, ,|q|.
cutoff longitudinal wave numberg.. The reduced cutoff Figure 2 shows the scattering rates, due to both confined
longitudinal wave numbeqyR is 3.67 for the lowest phonon and extended acoustic phonons versus electron energy for
subband and 8.60 for the second subband. Confined phondt=50 A at temperature 77 K, as well as those due to the
modes withg, smaller tharg.(=3.67R) do not exist. usual 3D bulk phonons. The resultant scattering rates vary
Extended phonon modes have a large amplitude in themoothly with respect to electron energy, and there is no
wire region at certain frequencies and longitudinal wave peak of scattering rates. As for the magnitude and electron
numbersq,. We refer to the extended modes, with suchenergy dependence of the scattering rates, there is not a no-
large amplitude in the wire region, as resonant mddesl ticeable difference between the results and the scattering
term the trajectories of the frequencies and longitudinal waveates owing to the usual 3D bulk phonons.
numbers in thev-q, plane the dispersion relations of the  To examine these results, the scattering rates solely attrib-
resonant modes, which are also illustrated in Fig. 1 by thiruted to the confined phonons of the lowest phonon subband
and thick solid lines. It should be noted here that the ampli-are plotted in Fig. 2. The electron scattering processes, due to
tude in the wire region on the thick dispersion curves be-emission or absorption of confined phonons, take place at
comes an order of magnitude larger than that in the vicinityabove an electron enerdy,=74.4 meV. This stems from
of the dispersion curves, leading to a substantial increase d¢fie absence of confined phonons with small longitudinal
the electron-extended phonon coupling. wave numbers. A change of longitudinal wave numbers of
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FIG. 2. The scattering ratgg{igl, due to confined and extended FIG. 3. The scattering rates due to confined acoustic phonons in
acoustic phonons of a cylindrical GaAs wire with=50 A within  a cylindrical GaAs wire withiR=50 A versus electron energy, and
bulk AlAs versus electron energy, together with thegg) due to  the corresponding relative magnitude of the coefficiehyg, |*/
acoustic bulk phonons. The scattering ratés). ,solely due to  (Ixa|*+xad?)-
confined phonons are also plotted.

electrons, due to emission or absorption of an acoustic ph ween electrons and confined acoustic phonops, therefore,
non, which is approximately equal td2, is equivalent to ecomes very small, a_nd the electron scattering processes
the longitudinal wave numbex, of the phonon, i.e., due to confined acou_stlc phonons, as a result, merely take
2k,~(,. Because the longitudinal wave numlsgrof con- place as compared W|th_those due to extended phonons.
fined acoustic phonons is greater than the cutoff wave num- In contrast to the confined phonons, t.he extended phonons
ber q., the scattering processes owing to confined acoustiflduce local volume change. In particular, the resonant
phonons should occur at above the critical electron energinodes of the thick dispersion curves are almost the LA
E=(h2/2m*)(q./2)?. The critical electron energg,, for ~ Wwaves, i.e.,|xa/|%(Ixa/*+|xad®)~1, and have a large
the lowest phonon subband yields 76.6 meV Rx50 A,  amplitude in the wire region,as mentioned above. This
which almost agrees witk,, and that for the second sub- leads to large electron-extended phonon coupling, then we
band becomes 421 meV. Thus, the electron scattering pranay expect some modification in electron scattering rates,
cesses associated with confined phonons take place aboglae to the resonant mode phonons. However, there is not
E. . In contrast, there is no cutoff wave number for acousticconspicuous behavior of electron scattering rates because the
phonons of free-standing wires. Then electron scattering preeffects of the resonant mode phonons on electron scattering
cesses due to confined acoustic phonons in a free-standisge smeared by the integrated contribution of all extended
wire occur whenever the momentum and energy conservgshonons.
tion laws are satisfied. In conclusion, although the acoustic-phonon modes in the
Figure 2 also shows that the scattering rates only due tQ1D wire embedded within another bulk material are re-
confined phonons are two orders of magnitude smaller thamarkably modified, the modifications in acoustic-phonon
those due to both confined and extended phonons. The dilanodes are not reflected in electron scattering rates. The re-
tational confined mode consists of the LA and TA waves, asultant scattering rates almost coincide, in both magnitude
described above. The LA wave component, which is imporand electron energy dependence, with the scattering rates
tant for the deformation potential scattering, varies with fre-assuming the usual acoustic bulk phonons. It is because the
quency and longitudinal wave numbeFigure 3 illustrates deformation coupling between electrons and confined
the relative contribution of the LA wave to the dilatational phonons is very small, in comparison with the coupling with
confined mode. The absolute magnitude of the coefficient oéxtended phonons. Since, as mentioned above, confined
LA wave, | xa |, becomes 0.06y,;| at most, and decreases acoustic phonons cause the detectable modifications in elec-
with increasing electron energy. From that fact, the confinedron transport in a free-standing wire and wires on a sub-
phonon modes are found almost to be the TA waves, inducstrate, the weak coupling between confined acoustic phonons
ing little local volume change. The deformation coupling be-and electrons is peculiar to the embedded wires. The weak
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coupling stems from that the confined acoustic-phonorproximation is found to be valid for electron scattering in the
modes are effectively the TA waves, which is independent oembedded Q1D wires like electron scattering with optical
the wire dimensions. Hence, the bulk acoustic-phonon apphononst?~14
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