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Electrophonon resonance in cylindrical quantum wires
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The electrophonon resonancésPR in cylindrical quantum wires are investigated in the presence of
confined optical phonons. A comparison with the bulk phonons reveals a sharp difference between the selec-
tion rules that apply to the bulk and confined/interface phonons. This raises a possibility of detecting phonon
confinement experimentally by utilizing EPR effects.
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The physics of the electrophonon resonafEBR is as- formulal®’ The conductances is a steplike function. The
sociated with the singular nature of the electron density oheight of each step is equal to the quantum conductance
states in one-dimension&lD) systems. Whenever the dif- Go=2€e?/H scaled by a prefactor whose physical interpreta-
ference between two electron energy levels is equal to thtion is that of a transmission probability.An addition of
phonon energy, and provided that the voltage bias is suffieach new step signals on “opening” of a new conductance
ciently high (V>%w,/e), there exists a condition for EPR. channel.

The same sort of singular behavior is also typical for 3D With an increasing bias voltagé, one could expect a
electrons in a strong magnetic field. The resonances that ari§®n-Ohmic behavior of the conductance. A substantial de-

in such systems are known as the magnetophonoMiation of current from the Ohmic value may be expected if
resonances. the ratioeV/ i is not small—cf. Ref. 12. When the effects of

The term EPR was first introduced by Bryskin and carrier-phonon interactions are considered, the EPR current

Firsc)v'3 who had predicted EPR for nondegenerate bulk e|ec(i.e., the amount that deviates from the ballistic current due
tron systems in strong electric f|e|dsf Refs. 4 and E to the EPR in a wire is given as a sum of individual inter-
Although the resonances are achieved by the variation of theubband currents:

electric voltage for the cases of both Refs. 1 and 3, the nature

of the underlying physics is quite different. In the case of

Gurevichet al! as well as the present study, such a voltage ‘]EPR:Z, Jeprnn

can be either the bias voltage across the nanowire or the gate
voltage controlling the electron confinement.

Previous studies of EPR in nanostructures have consid-
ered only the effects of the bulk phonons on EPR. It is well
known that the presence of heterointerfaces affects the char-
acteristic phonon modes, resulting in confinement of both
opticaP and acoustic phonorisin this paper, we investigate
EPR in cylindrical quantum wires and examine the effects of D
optical phonon confinemen®e focus our attention on the . ,
di?‘ferenge in the selection rules in order to examine a possi'—"ere’ B=1KsT, _kB IS th_e BOItham constan)” is the
bility of detecting phonon confinement by utilizing the EPR l€Ctron-phonon interaction Hamiltonian, and
phenomena in quantum wires. A macroscopic dielectric con-
tinuum modéiCis used to describe confined and interface A= —[3F:—f(E'"—u)][3£ 53— F(E— )]
optical phonons. The results are compared with those of bulk
phonons. X(

We consider an EPR configuration where two electron
reservoirs are connected by a long cylindrical quantum wirevhereu ™) is equal tou+eV/2, f is a Fermi-Dirac distribu-
of radiusR and lengthL. Initially the chemical potentials of tion function, N is a Bose-Einstein functiork’ is the z-
the two reservoirs are both equal to An application of a  directional electron wave vectgparallel to the direction of
bias voltage ¥) changes the chemical potentials of the res-the wire, andq is the phonon wave vector. The summation
ervoirs, thus introducing a drop from+eV/2 to u—eV/2  over all the phonon branches is implicit. The term propor-
along the direction of the applied voltage. In the absence ofional to A(*) describes phonon emission, wherg#ls’ cor-
scattering, electron current flows ballistically from the con-responds to absorption processes. The electron ereigy
tact with a higher chemical potential to that with a lower one.expressed ag=E(n,k), wheren (=1,j) is the cumulative
At low bias, this current is described by the Landauerindex of qguantum numbers. In the extreme quantum limit,
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electron energies and wave functions for a cylindrical quan- bulk
tum wire can be represented in cylindrical coordinatest|j ;(7)=——; Yy J dé ng,(X §)J|(X §)Jo(né). (8
(r,¢,2) as

£2K2 The wave vector of the scattered electron, which satisfies the

conservation of the quasimomentum, is given by

2

—ﬁ kR=k’'R+gR
=5 [+ (KR, (3 q
2mR 2m*R2 1/2 2k/2 1/2
1 r ikz :< /2 ) (EU N ;0)—E(I,J;0)—ﬁwo+W
:WTJI(X] R) il ﬁ, (4) (9)
NTREY]

. | For simplicity, we ignore the dispersion of bulk optical
where 1=0,1,2,...,j=1,2,3,..., X is the jth zero of the  honons: je., we assume,=wg. In our calculations,
Ith-order Bessel function of flrst kind|(x); i.e.,J (X) 0. the Bessel function identitye™™ sf=} o(X)+25;(=i)
and Y;=J;, 1(X]). As expectedJepg diminishes the total X Jj(X)cos(6) is used and only thd, term in theed"" ex-
current. pansion survives.

Detailed balance guarantees a vanishing EPR contribution For an accurate description of EPR in guantum wires, the
for the equilibrium distribution function when both the tem- pulk Frehlich Hamiltonian given in Eq(5) needs to be modi-
perature and the chemical potential are constant. As a resufied. At the heterointerface, where the phonon energy differ-
the distribution functiorf gives a finite contribution to the ence between the long-wavelength optical phonons of the
collision, if and only if thez components of the electron two materials is quite large, the optical phonons of each re-
initial and final wave vectorsk( andk) are of opposite sign; gion cannot propagate into the other region. Such penetrating
i.e., their chemical potentials are different. This means thaphonon modes decay within a few monolayers of the hetero-
the only nonzero contribution to the dissipative current is dugnterface. This type of phonon is called a confined
to the phonons that backscatter the electrons, requiring theéhonon®° There is another kind of a phonon mode as well,
integration range fok” to shrink to a half space in E(L). I which is localized at the interface. It is called the interface
low-impurity polar semiconductor materials, the Fiioh in-  (IF) phonon®!° Since the dimensions of the quantum wires
teraction(i.e., the electron—polar-optical-phonon interaction ysed in our EPR studies are sufficiently large relative to the
is the most important scattering mechanism. Therefore, weattice spacing, we use a macroscopic dielectric continuum
limit the focus of this study to EPR effects that are due to themodef® to describe phonon confinement effects in this pa-
Frohlich interaction. However, the method employed hereper.

can be easily extended to include other interactions as well. The Frdilich Hamiltonian for confined phonon modes is
The Frdnlich Hamiltonian for bulk phonon modes is given given b)?

by
! —iq. ~ ,\T — —_—
Hbulk { Vv € th( €., 6_5) % H e ' r(aq+a—q)1 conf q,m,n €yx €Eg \ T Ym
® x—l Jm| X i
where V is the volume of the quantum wire V( Vo2 + (XMR)? m “n R
=mR?L), w, is the longitudinal-optical phonon frequency, o R
ande,. (e is the high-frequencystatid dielectric constant xeMm?el9qa, (q)+ak (9)]. (10
for the quantum wire material. From E(.), the EPR current
for the bulk phonon case is The EPR current for the confined phonons is given by

Jepr=—JdL Y 2 2 e V2 sini(BeVI2) 81 1 6 ki ki qo Jerrm =3 D S S S 26 6eV2 sinn BeVi2)

|’,j’ |,j 1 ¥ JI 5 h T
« [ iR [ damstar-aR) [ dia Ry, R X Oy 1r-rega| AR
|F|b,u”r(|J(QJ_ )|2 1 1 conf (q )|2
(+) (=)y —_ I’ "j _
7 a oz (AT A ) 6 J (+) (-)
@R+, R” 'R © ) AR e Rz,
where o(qR—q;R)
W, (11
J =|2e hog e? 1 i) m* L (7
ah3 T €, e ’ whereg,=X™R and
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‘ 2 1 " ment in EPR currents. The lower curves represent the non-
Foli(m=—r— f dé £ (X, E) (X6 (7). resonant cases. It is worthwhile to note that the EPR phe-
Y Yy o nomenon is extremely sensitive to the change in confinement
(12 radius. A 1% change of radius results in a significantly re-
N : duced EPR current.
theF(t))rog]:mrgngn?\r/\]/E)SI(talIJ::tcr)gr'l tﬁ&gﬂg%g\g‘gﬂ? gﬁ'éween We also calculated EPR curre_nts Wit_h th_e lowest modes
(I, .];)—is equal to the phonon energy, i.&(1; 'j’_ 'Ik=0) of IF phonons, although the detailed der|vat|on§ are not pre-
R If k= 0)=%wr. Th itions between the other SENted- The EPR current due to the IF phonon is too small to
E(ly,];k=0)=fwo. The transitions eﬁween the other e visible for the linear scale of Fig. 1. The EPR currents for
subbands are nonresonant. Furthermore, in order for EPR Re IF phonon are roughly severéour to five) orders

occur, the initial state must be occupied, i.E(;,};;0) smaller than those for the bulk and the confined phonons.

>,u_+eV/2, Wh'.le the final state_ musf[ be vacant. This can beThis can be understood easily since the IF phonons are lo-
reallzed_ by adjusting the applied bias voltage betw_een thgalized near the radial boundaries of the wire and, accord-
reservoirs. We can calculate the resonant vol¥geequired __ingly, IF phonons are more important for extremely narrow

%uantum wires. Therefore, in a case when a wire has a radius
of a few hundred angstroms, there is little interaction be-
2 2 tween the electrons—which are confined in the wire—and
V,==[E(l;,ji;0)—u]==[E(s,j;;0)+hwo—p]. (13) the IF phonons—which are localized primarily at the quan-
e e tum wire boundaries. Furthermore, the extreme quantum

our numerical results are obtained for GaAs guantu limit used for the electron states leads to underestimates of
q Mhe electron interactions with IF phonons as a result of the

wires. The EPR currents due to interactions with the bull& . , :
, . . truncation of the electron wave functions outside the quan-
and confined phonons are calculated as functions of applied

. . tum wire.
voltage and radius withi wy=36.25 meV, €,=10.8%, . . . .
.=13.18,, and m* =O.067m0.14 my is the electron rest Figure 2 depicts EPR currents with confined phonons for

. : . three different cases:A) nonresonant R=220.0 A), B)
mass ande, is the dielectric constant for vacuum. The resonant where the resonant voltage is equal to the onset

r\'?oltage R=118.7 A), and C) resonant where the resonant
voltage is not equal to the onset voltage=340.0 A). The
Bnset voltage at which electron currents start to flow to the
lowest subband is given by

chemical potential, and optical-phonon energy; that is,

is assumed to be very lovkfT=1 meV) in this calculation.
The EPR characteristics are largely affected by electro
and phonon statistics through tb&*) terms given by Eq.
(2). At low temperature, the phonon occupation numies
negligibly small; therefore, thel(*) term is dominant over 2
the A7) term. Sincelgpg depends linearly on the quantum Vo,== [E(l",j";0) = u]==[E(lg,j0;0) +hwo—pu], (14
) : e e
wire lengthL throughJ, , we have normalized the currents
by J, (i.e., Jgpr/J.) to eliminate the dependence on arbi- where the subband quantum numbgy, ;) represents the
trary choices. ground state; i.e.lg=0, jo=1, and (",j") represents any
Figure 1 shows the EPR currents for two values of radiusxcited state with energy greater tham, above the ground
as a function of applied voltage. Solidashedl lines denote  state. For caseR), the two subbandsl{,jo) and (”,j")
the results with confinedbulk) phonons. The upper two coincide with the resonant subbands,{;) and (;,j;), re-
curves of this figure correspond to the resonant cases for bo#pectively, while the two sets of electron subbands do not
the confined and bulk phonons with a significant enhancecoincide for case ¢). The rapid increase foR=340.0 A
near 72.6 meV corresponds to a resonant transition between
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FIG. 1. EPR current vs applied voltage between two reservoirs

for bulk phonons and confined phonons with the resonant case for FIG. 2. EPR current vs voltage for various radiesonant
the radius of 197.7 A and the nonresonant case for the radius afases: 340.0 and 118.7 A, nonresonant case: 220.0dhfined
199.6 A (which is 1% larger than 197.7)AChemical potential is phonons are used in these calculations. The arrows indicate the
taken to be 15 meV and temperatukgT, is 1 meV. Soliddashedd  resonances with participating electron subband quantum numbers.
lines correspond to the confing¢dulk) phonon case. Chemical potential and temperature are the same as in Fig. 1.
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TABLE I. Values for resonant radius, resonant voltage, electron 0.6 [
states involved in the resonance, onset voltage, and electron states E
involved in transitions at onset voltage for the two types of transi- 0.5 ¢
tions corresponding to caseB)(and (C). 2 04 E
o [
Resonant Resonant Resonant Electron Onset ™. 03 E
radius electron voltage states voltage H& :
Type (A) states (,j) (meV) atonsetl,j) (meV) . 02F Confined Phonon
x Bulk Phonon
B 118.7 (0,1)-(1,1) 89.1 (0,1-(1,1) 89.1 0.1 [
B 1977 (0,1)~(0,2) 594 (0,1)+(0,2) 59.4 T T
B 3307 (0,1)-(0,3) 485 (0,1}-(0,3) 485 o o 120 140 60
C 340.0 (0,2}-(1,3) 72.6 (0,13-(0,2) 47.8 o
Radius (A)
two resonant states;(j;)=(1,3) and (;,j;)=(0,2). Table | FIG. 3. EPR current vs radius for a fixed voltagd/ (

summarizes the relations between the resonant radius, resg400 mV). The sharp peak at 118.7 A indicates the resonance
nant voltage, onset voltage, and resonant transition subbanfgtween the electron subban@sl) and(1,1) for the confined pho-

for the two tvpes of transitions corresponding to casd non, while the resonance for the bulk phonon at this radius is pro-
and (C) yp P g B ( hibited by the selection rule. Chemical potential and temperature

The most distinctive differences between bulk and con®® the same as in Fig. 1.

fined phonons are the selection rules. Electron intersubbangntial for the electron only changes both the resonant elec-
transitions between differehtquantum numbers are forbid- tron subband energies and the resonant radius but not the
den for the case of bulk phonons, but they are allowed for theelection rule itself.

case of confined phonohEgs.(6) and(11)]. From the reso- In summary, we have studied EPR phenomena in cylin-
nant condition, we can easily obtain the radius at which resodrical quantum wires. The results show that EPR is con-
nances can occur: trolled by changing the confinement radius and there exist
three types of EPRone nonresonant and two resonant
B h? I\ 2 l\2 v types. We have compared the EPR with two phonon
R= 2m*hw [(Xif) _(in) 1 (15 representations—bulk phonon and confined-IF phonon—and

found that different selection rules apply to these two cases.

Figure 3 shows how the EPR current changes as a functiofyje syggest that electron transport experiments can deter-
of radius when the applied voltage is fixed at 100 meV. Théyine if the confined-IF representation is a more appropriate
confined phonons exhibit a peak near 119 A, which is due t@eament than the bulk phonon representation. This will be

the transition between the electron states of quantum numbgg, interesting and novel test since phonon confinement is
(1,1)=(0,1) and(1,1), whereas a bulk-phonon resonance g a|ly measured experimentally by optical methods such as
transition is forbidden by its selection rules. This propertygaman scattering.

facilitates the design of experiments that clearly separate

confined and bulk phonon effects that influence electron- The authors gratefully acknowledge many discussions
phonon transport. These characteristics are not altered hyith Professor G. J. lafrate. This work was supported, in

adopting a finite quantum-barrier potential for the electronpart, by the U.S. Army Research Office and the Office of

instead of the infinite quantum barrier, since a different po-Naval Research.
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