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Tuning a resonance in Fock space: Optimization of phonon emission in a resonant-tunneling device
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Phonon-assisted tunneling in a double-barrier resonant-tunneling device can be seen as a resonance in the
electron-phonon Fock space that is tuned by the applied voltage. We show that the geometrical parameters can
induce a symmetry condition in this space that can strongly enhance the emission of longitudinal optical
phonons. For devices with thin-emitter barriers this is achieved by a wider collector barrier.
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Progress in mesoscopic semiconductor deviessi mo- Let us consider a minimal Hamiltonian,
lecular electronicsis driven by the need of miniaturization
and the wealth of new physics provided by coherent-
guantum phenomena. A fundamental idea behind these ad-
vances was Landauer’s view thatonductance is
transmittance”* Hence, the typical conductance peaks and —Vgcgco(b“r b), (&N
valleys, observed when some control parameter is changed,
are seen as fringes in an interferometer. However, the manyvherechand c; are electron creation and annihilation opera-
body electron-electronefe) and electron-phonorefph) in-  tors at sitej on a(one-dimensionallD chain with lattice
teractions restrict the use of this picture. Tde effects re- constanta and hopping parameterg; ;,,=V. Tunneling
ceived much attention in different context®Vhile interest rates are fixed b¥o.1=Vg andV_, =V, (V (r<V). The
on e—ph interaction remained mainly focused on double-site energies arg; =2V for j <0 and 2/—eV for j>0. E,
barrier resonant-tunneling devicéRTD),® where phonon- = E()— a eVis the well'sground statgincluding the charg-
assisted tunneling shows up as a satellite peak in a valley afg effec) shifted by the electric field. For barrier widths
the current-voltagel€V) curve, recent observation of elec- andLg and well sizel\y a linear approximation for the po-
tromechanical effects in molecular electrofiiosquires a re-  tential profile gives a= (L, +Ly/2)/(L, +Lw+Lg). We
consideration of the-ph problem. Theory evolved from a consider a single LO phonon mode and an interackgn
many-body Green’s function in a simplified model for the limited to the well.b" andb are the creation and annihilation
polaronic statésto quantum and classical rate equationsoperators for phonons. We restrict the Fock space to that
approactf. The latter uses an incoherent description of theexpanded by|j,n>=ch(bT)”/ \/H|o>, which maps to the
e-ph interaction by adopting an imaginary self-energy cor-two-dimensional one-body problem shown in Fig. 1. The
rection to the electronic statés? numbem of phonons is the vertical dimensidh!?The hori-

In this paper, we analyze a quantum coherent solution ofontal dangling chains can be eliminated through a decima-
transport withe-ph interaction. We resort to a mapping of the tion procedur’3leading to an effective Hamiltonian,
many-body problem into a one-body scattering system where
each phonon mode adds a new dimension to the electronic
variable!'? Transmission of electrons between incoming
and outgoing channels with different number of phonons are
then used in a Landauer’s picture where the only incoherent
processes occur inside the electrodes. This allows to develop
the concept ofresonance in the e-ph Fock spaead the
identification of the control parameters that optimize the co-
herent processes leading to a maximized phonon emission. It
also gives a clue as to how “decoherence” arise within an @
exact many-body description. As an application, we con- r
sider a RTD phonon emitter where the relevant parameters H R
are best known. There, the first polaronic excitation serves —~
as an “intermediate” state for the phonon emission. An elec- FL
tron with kinetic energye<eg and potential energgV in 4
the emitterdecays through tunneling intan electron with T
energye +eV—rfiwg in the collectorplus a longitudinal op- B
tical (LO) phonon. The tuning parameter is the applied volt-  FIG. 1. Simple model: dots are states in the Fock space, lines
age while the optimization of phonon emission requires theare interactions. The effective Hamiltonian including two entangled
tailoring of the tunneling rates. polaronic states is represented at the bottom.
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The electron hopping into the electrodes is taken into ac- S 64

count by thee dependence of the retarded self-energy cor- =

rections 3,='3,+RS,. Specifically, =,=|V /V|? <,
X3 (5 —nhag), B3, =|Va/V|ZXS (5 —nhwe+eV), with £
=,
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FIG. 2. Current density as a function of the applied voltage for

While the imaginary parl’=fiv,/a is proportional to the 5 symmetricalthin line) and optimized(thick line) structures with
group velocityv,, in the electrodes, the actual escape rate§  =7a (19.7 A). The dotted line indicates the background current
I’ (ry/h are barrier controlled. For width, gy and attenua- in the region of the satellite peak for the symmetrical structure. The

tion lengthé, T'\ (r) /T =|V| (g V)%= exd —Lyr /€l inelastic processes contributing to the peé&sand (b) are repre-
The retarded Green function connecting stataadn, sented in the inset.
GRi(8)=(0n|(eZ~Hepr(e)) *0i), (4) v v,
has poles at the exact eigenenergieg, Jf)=0 , these are R N fiwg hwg
the polaronic energie€,—|Vy|%/fhwotnhwy. The trans- 210° &= = T :
- F - gl @0 H %o e—Eoti[I'L+T'r] e—[Eothawo]+i[l' +TR]
mission coefficient,, ; from theith incoming channel at left (9)

electrode to thexth channel at right ¥

R R ) L When e +eV>hw, escapes are enabled and its poles in-
Tpi(e)=2Im"Z()][Gpi(2)[2IM["Zi(e)].  (5)  yolve the processes represented in the inset of Fig) Zhe
first term gives an inelastic transmittance at the main peak.

If the Fermi energy <V, Eq. (3) becomes . - —
(b) The second term provides a satellite peakeatEg

S(e)~—il'(e=¢gg)0(e) (6) +hwy, associated to a polaronic excitation followed by its
) decay into an escaping electron and a phonon left behind.
and thed function may cancel some’s. Around this satellite peak

To obtain theelastic transmittancevhen g=(vg/ﬁw0)2
<1 and g, I' +T'r) <% w,, we need,

4T\ T'g
GR 1-g N g [e—(Eotfiwo) ] +[I' +Tg]
00~ = — — ,
e~ Eotill' +Tg] 8_[E0+ﬁw°]+'[rL+FR](7) showing that phonon emission israsonance in the Fock-

space(see bottom of Fig. 1 A maximal probability T, ,
evaluated with the first two polaronic states. Hefd, =1) requires equal rates of formation and detay,
=gl'L andEg=Eg—|Vy|?/fiw,. The first term contains the =I'r, Which in our RTD implies

main resonance associated to the build up of the polaronic

ground state. The second term contains a virtual exploration

into the first polaronic excitation. It is noteworthy that when Lr=L_ +2£&In
I'=0, this Green function would cancel out at an intermedi-
ate energy giving rise to aantiresonancé***This concept
extends the spectroscopic Fano resonandesthe problem

of conductancé® For g<1, this effect is less important and
in the whole energy range,

v, | (12)

Hence, thin barriers with this generalized symmetry condi-
tion haveT, ;=1 over a broad energy range.

The application of the Keldysh formalisfto our Fock
space gives an electrical currelpf expressed as a balance
equatioft in terms of the transmittances of E(f) and the

To~ _ 4r' I'r +0(g) ®) electrochemical potentials. The experimental condition of
00 e —EgJ2+[T +Tr]? high bias and low temperaturee{>er>kgT), rules out
_ right-to-left flow, whileZw,>¢er, enables the in Eq. (6)
describes the main resonant elastic peak=ak,. preventing inelastic reflection and overfl§of the final

The inelastic transmittance T, can be evaluated from states. Thus,
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The “decoherence” introduced by thleph interaction on the & g4l - 4'/ ,of"""'\'*'-.\,\_ i, | \ N
former single-particle description can be now appreciated. g ] './'—A—LL=15 @ el '
One aspect, valid even fiw,—0, is that in Eq.(12) the -~ 010l 4 —s—L =124 !
outgoing currents cannot interfere. Another is  the phase- = 0.3 _._LL=7 ¢ 1 : ]
shift fluctuations and “broadening” of the one-particle reso- < 1L =7 — : ; ) !
(= =/a 1L/ /20 I
nant energy induced by the virtual processes in the elastic = 0.2- L =74 R . -
channel of Eq(7). | R t
At the satellite peak, the main elastic contribution to the & [~~~ L=15a X i
current is provided by the off-resonant tunneling through the —L,=19a |
ground state, i.ely=2e/h4l' T'rer/(fwe)?. The inelastic T L,=244
current determined by Eq§10) and(12) is 0.0
0.0 0.1 V (V) 0.2 0.3
e 4TLFR 2 EE
l1= A (T +TR) X ;arcta 2(F +TR) FIG. 3. Power emitted as LO phonons as a function of the ap-
plied voltage forL, =7a (19.7 A) and different values of . The
e . - - efficiency as a function of the right barrier width is shown in the
g4FLFR/(FL+FR) for eg>(I' +Tg) inset.
~ SNGE) | | .
ET Yo for ep<(T +Tx) ergy dep(_andences of a typical RT[_). A discrete 3[_) model is
h L0"°F FEALTER defined in terms of the effective massi* with V

—_ 2 * A2 i ; ;
The first line diff_ers from the result of rate equations in Ref. . :S/E(Zirg 5?1 gw: r:r? t%%t?:;g gfr([)jil;e gzlr,_ fhﬁRd::]gdosal ;rger
8 by the factor in brackets, fundamental to resolve extrem e number of sites in the left and right barriers and the well,
regimes. Wher> (T +T'g) the inelastic current becomes the associated widths atge=N;a. For translational symme-
geometry independent in the wide rangese&T'r>T, . try along the interface, we con5|der a single phonon mode
the opposite casd;, and hence the power emltted as per transversalparallel to the interfagestate, with fre-
phononsi wgl ; /e, becomes determined by the transmittancequencyw, and localized in the structure region. While con-
at resonance, which is maximized by the generalized symservation of transverse electron’s momentum might not be
metry condition of Eq(11). fully realistic® it constitutes a first approximation yielding
Each current term,l,.o, contributes with n useful results consistent with the main experimental features. The
phonons, whilely’'s energy degrades fully into electrode current components are obtained from EtR) by integra-
heating. Then, one might seek a maximal ratio between thdon over the transversal modes. The parameters in our cal-
inelastic powerP;, and the total poweP, culations are chosen to simulate the case of a
GaAs-Al,_,GaAs structure. The effective mass* is
ﬁon n— 0.06M,, the LO phonon frequencyiwy=36 meV, a
in n>0 =2.825 A, and the hopping parametés7.125 eV. A typi-
=P = T (14 cal e-ph interaction strength af~0.1 is obtained withv
=10 meV. For a well of 5& A , barrier heights of 300 meV
which is the efficiency to transform the electric potential en-and =10 meV, the inclusion oh<3 warrants good nu-
ergy into LO phonon energy. At the voltage tunlng the reso-merical convergence.
nance at the satellite pealo=(E()—|Vg|*/fiwo+hwg For wide left barriers(of about 2&=70 A or more, we
—eg/2)/a, the lowest order ofp has two factorsl;/(lo  found that the maximum value &, varies slowly with the
+1,) andwy/eVy. The first is small for narrow barriers width of the right barrier. Hence, consistently with our dis-
because nonresonant tunneling dominates over phonogussion of the 1D model, there is no substantial gaifjn
assisted tunneling. For wide barriers, it goes to ond’'as by choosing an asymmetric structure. Consequently, a high
+I'r—0 . The second decreases with increasing right barriphonon emission rate should be sought for thin barriers.
er's width because it requires a highég. Thus, asl'y is A thin left barrier of L, =7a (19.7 A), gives a tunneling
decreased, two effects compete: the switch from nonresonaptobability T, (eg) =I", /I'~0.03. Figure 2 shows the-V
to phonon-assisted resonant tunneling and an excess in tiggrves for symmetric and asymmetric RTD’s. In Fig. 3 we
electronic kinetic energy in the collector. Hence, as long ashowP;, —V for various right barrier width& . The peaks
the left barrier is not extremely thin[( >%wg),  can not  are shifted to higher voltages &g is increased, because the
depend much on geometry. With this restriction in mind, aresonant energies are lowered approximatelyal®y. We
device designed for phonon production should maximize thean also see that the peak valueRyf as a function of the
emitted power according to E¢l1). right barrier width exhibits a maximum. THeV curve for
Let us compare these basic predictions with the numericahe optimal configuration is shown in Fig.(Beavy ling. The
results of a description involving geometry, voltage, and eninset of Fig. 3 shows the dependencespfevaluated at the
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optimal voltage, on the right barrier width for various left the presentproposal does not require such an accurate device
barrier widths wherd’| <#wo. In agreement with our theo- geometry. Instead, operation in the phonon emission mode
retical analysis,» keeps the same magnitude for all the onlyrequires the tuning of the many-body resonance with the
shown geometrical configurations. The main result of Fig. xternal voltage. Geometry just improves its yield by impos-
is the confirmation that, for a giveln, satisfyingl', <#w, INg a generalized symmetry condition in the Fock space. For
andgl’, +'g>s, the phonon emission rate is enhanced by2 typical Ah_,GaAs emitter barrier of 20 A this would
a factor 2.5 by choosing a wider right barrier as prescribed€duire a 54 A collector’s barrier. We expect that our results
by Eq. (11). This may explain the unusually large satellite could stimulate the search for excited phonon moges.
; 1% with Raman spectroscopyin operational RTD’s as a func-
peaks of asymmetric structures. i f th lied volt in th . i i
An RTD optimized for phonon emission might have many 0N ©f the applied voltage in the various configurations.
applications. In fact, in Al ,GaAs-GaAs RTD these pri- While for simplicity we have restricted our analysis to a
PP LO h h *Xh af[ life tif%eand d ; tp model RTD, our analysis applies to other problé&nnsolv-
mary phonons have a short lite timeand decay into a ing electronic resonant tunneling in the presence of an inter-
pair of LO_and_ transverse acoustitA) phonons_. This phe- action with an elementary excitation.
nomenon inspired the propo$afor the generation of a co-

herent TA-phonon beam in an RTPalled a SASER?! That We acknowledge financial support from CONICET,
devicerequired an energy difference between the first two SeCyT-UNC, ANPCyT, and Andes-Vitae-Antorchas. H.M.P.
electronic states in the welf; — Eq=%wo.*?! In contrast, and L.E.F.F.T. are affiliated with CONICET.
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