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The exact resonant-tunneling transmission probability for an electron interacting with phonons is
presented in the limit that the elastic coupling to the leads is independent of energy. The phonons
produce transmission sidebands but do not affect the integrated transmission probability or the es-
cape rate of the electron from the resonant site. In the Appendixes, we evaluate the Green function
that appears in the expression for the transmission probability.

I. INTRODUCTION

The understanding of transport in small semiconductor
structures relies on the assumption of transmission be-
tween ideal leads. This approximation has allowed the
proper identification of the symmetries of transport
coefficients in a magnetic field,""? quantitative analysis of
four-probe conductance fluctuations,’~® and explanations
of the quantization of conductance through a constric-
tion’~!2 and of the quenching of the Hall effect in narrow
samples.!>!* At the heart of the ideal lead description is
the belief that when an electron enters a lead, it loses
phase coherence so that transport can be described en-
tirely by transmission and reflection probabilities between
leads. However, a complete microscopic description of
this phase randomization does not exist.

To address inelastic scattering in transport from a fun-
damental point of view we study a model problem: reso-
nant tunneling through a single site coupled to phonons.
While inelastic scattering in resonant tunneling has been
addressed before for tunneling through states localized by
disorder!® and for tunneling through a double-barrier het-
erostructure'®!’ (see Fig. 1), all these previous ap-
proaches were phenomenological, with inelastic scatter-
ing included as an effective absorption coefficient. In a
recent paper,'® we introduced a Hamiltonian formulation
for resonant tunneling with the electron-phonon interac-
tion included on a microscopic footing, and presented an
exact solution for the phonon-assisted transmission prob-
ability. Here we explain in detail how resonant tunneling
with inelastic scattering can be addressed and solved as a
scattering problem. First, the transmission probabilities
are expressed in terms of a two-particle Green function,
which factors into two one-particle Green functions in
the case of no electron-phonon interaction. Second, we
find an exact solution for the two-particle Green function
provided the elastic couplings to the leads—roughly the
density of states in each lead multiplied by the square of
the tunneling matrix elements through the barriers—are
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independent of energy. Since the density of states in the
leads will be constant if the band is broad, we refer to the
limit of energy-independent couplings as the wide-band
limit.

From the exact solution in the wide-band limit, we ob-
tain two sum rules restricting T (€) the total transmis-
sion probability in the presence of phonons: (1) the in-
tegral of T, (€) is independent of phonons so that the to-
tal transmissivity of the structure is conserved, and (2)
the first energy moment of T, (€) is also conserved, so
that the center of the transmission spectrum remains
fixed. Importantly, the escape rate of an electron placed
on the resonant site is also independent of the interaction
with phonons. Insofar as the tunneling delay time and
the escape time are the same,!” this implies that phonon
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FIG. 1. Schematic drawing of a resonant-tunneling structure
under bias. The quantum well of width L, has a quasibound
state at energy €. In the absence of electron-phonon interac-
tions, the probability for an electron with energy near g, to tun-
nel through the structure is a Lorentzian of width I" as a func-
tion of the electron’s incident energy.
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broadening of the transmission resonance will not
enhance the speed of tunneling.

The same model Hamiltonian for resonant tunneling
with phonons has been studied independently by two oth-
er groups in addition to ourselves. Glazman and
Shekter?®?! obtained a solution identical to ours via an
equation of motion method, and Jonson,?? using the tun-
neling Hamiltonian formalism, obtained a solution to first
order in the tunneling strength. While the results are in
agreement, the exact representation of the transmission
probability in terms of a Green function is unique to us.
We believe this Green-function approach is easier to gen-
eralize to treat structures with more than one electronic
state than either the equation of motion method or the
tunneling Hamiltonian approach.

This paper is organized as follows. In Sec. II, we
present the Hamiltonian for resonant tunneling through a
single site coupled to phonons and relate the transmission
probability to a two-particle Green function via the S-
matrix formalism. An exact solution for the Green func-
tion in the wide-band limit is obtained in Sec. III, and
sum rules governing the total transmission probability
are derived and illustrated. Section IV is devoted to a
brief proof that the escape rate from the quantum well is
independent of the interaction with phonons. In Sec. V,
we apply the results for the transmission probability to
calculate the current through a quasi-one-dimensional
resonant-tunneling structure, including an interaction
with polar-optical phonons. We generalize our results to
three dimensions in Sec. VI, and calculate the current for
a range of couplings to optical phonons in Sec. VII. Sec-
tion VIII contains our conclusions. :

II. TRANSMISSION PROBABILITY
OF AN ELECTRON COUPLED TO PHONONS

The Hamiltonian we use to model resonant tunneling is
the sum of an electron term H,, a phonon term H;,, and
an electron-phonon interaction term H;,. The electron
Hamiltonian,

H,=ec'e+3 erpelren + 3 kg CARCKkR
k k
+3 VkL(c,ILc +cTckL)+2 VkR(c,IRc+cTckR) ,
P K

(1)

describes a single state of energy g, (e.g., the ground state
of a quantum well) coupled by hopping matrix elements
Vir and V; to states of energy €,; and €, in ideal leads
on its left and right, respectively. As is usual in the
description of transport in small structures, the leads are
referred to interchangeably as ‘“‘contacts,” with subscript
L denoting the left contact and subscript R denoting the
right contact. The phonon Hamiltonian is just a sum of
harmonic oscillators,

Hy=3 #wgala, , 2)
q

and the electron-phonon interaction is restricted to the
resonant site
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Hi=c'cS Myal+a_,), (3)
q

where ¢ and ¢ are the Fermion operators for the electron
on the resonant site.

Central to our analysis of the transport properties of
the model is the noninteracting, retarded Green function
of the resonant site,

GR(1)=—i0(1)(0lc(2)cT(0)]0) , @
where
c(t)zeiHet/ﬁc(O)e——iHet/ﬁ , (5)

and |0) denotes the electron vacuum. Solving the elec-
tronic Hamiltonian is simpler in terms of the Fourier
transform of the Green function,

Ge=[" i;lefﬂ/ﬁcg(z) . ©)

If we treat the tunneling between the resonant site and
the contacts as a perturbation on the bare Hamiltonian,
we find from the Dyson equation??

1
e—gy—2g(e)+il(e)/2 ’

GR(e)= (7
where the elastic coupling to the leads I'(e)=T,(e)
+TI'g(e) depends on the hopping strength and the con-
tact density of states according to

Cp r(&)=27 3 Vi p)|*8(e— €41 kr)) - ®)
k

The real shift in the energy of the resonance,

de' TI'(e)
2R(8)=f3;r— e—¢'

is the Hilbert transform of the elastic coupling I'(g).

In the wide-band limit, in which the bandwidth in the
contacts is much larger than both the resonance width
and the phonon energies, the contact densities of states

» 9)

PrL (R)(E)=28(£_8kL(kR)) (10)
k

will be constant in the region of the resonance. If the
hopping matrix elements also vary slowly with energy,
the couplings to the contacts I'; and I'; will be constant,

Ty =27V, »’pL r)€0) - an

In this special case, I'(g) is independent of energy and the
Green function in Eq. (4) reduces to a pure exponential

GA(n=—iO(p)e'

(12)
The special virtue of the wide-band limit is that the ex-
ponential form of G2(¢) permits us to obtain an exact
solution for the transmission probability including the in-
teraction with phonons.

The transmission matrix. We will calculate the proba-
bility T'(e',e) that an electron with energy € incident
from the left lead will be transmitted to the right lead
with energy €', the difference in energy, £¢—¢’, being
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“left” in the phonon system. T'(&’,e) is referred to as the
transmission matrix as it is a function of both the incom-
ing and outgoing energies of the electron. Because the
electron-phonon interaction is confined to a finite region
of space, we can apply the S-matrix scattering formal-
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ism?* to evaluate the transmission matrix T'(¢’,e). We
find (Appendix A) that T'(g',e) is given exactly by the
product of the elastic couplings to the two leads and the
Fourier transform of a Green function for the resonant
level,

T(e',e)=T (el g (") [ [ [LTBA pitieerrver—esliag(z,s,q) . (13)

20H

The transmission Green function in Eq. (13),
G(7,5,6)=0(5)0(t)c(r—s) (t)c()c(0)) , (14

is evaluated on a state with no electron present, but with
a thermal ensemble of the phonons. The electron opera-
tors are in the Heisenberg representation,

C(t):eiHr/ﬁc(o)e—th/ﬁ , (15)

and contain the full electron-phonon interaction.

It is important to note that Eq. (13) applies in both the
“‘coherent” limit, in which there is no electron-phonon
interaction, and in the ‘“incoherent” limit of strong in-
teraction where the probability of inelastic scattering is
high. The factors of I'(¢) and I'(¢’) represent the tunnel-
ing strength of the incoming and outgoing electron
through the barriers, while the Green function G(r1,s,t)
includes all the dynamics, including the existence of the
resonant level. In the absence of electron-phonon in-
teraction the transmission Green function reduces to the
product of two single-particle Green functions,

Go(7,5,6)=GR([GR()]* , (16)
and the noninteracting transmission matrix is given by

I (e)Tg(e)d(e—¢")
[e—gp—3g(e)P+[T(e)/2]*

T%e )= 17)

The peak shape of the transmission probability 7°(¢’,e)
will be Lorentzian as long as the resonance shift 2y (¢)
and the elastic coupling I'(¢) are not strongly energy

J

2

it —s)A
G(7,5t)=G2(t)[G2(s)]*exp ———h—————§ %w_q
with
fq(T’s’t)=2_e~iwq1_eiqu+e~iwqr(1~eimqt)(1_eiqu) ,

dependent, in which case I'(g;) can be identified as the
elastic resonance width.

From the S-matrix calculation, one can also obtain an
expression for the interacting reflection matrix, describ-
ing the probability a particle incident with energy € will
be reflected with energy €. As shown in Appendix A,
Eq. (A19),

', (e")T(e,e)
I'r(g’)
+6(e—e"){1+2I', (e)Im[Gg ()]} , (18)

R(e',e)=

where Gg(¢) is the Green function of the resonant site in-
cluding the electron-phonon interaction.

III. EXACT SOLUTION IN THE WIDE-BAND LIMIT

The problem of evaluating the Green function of a sin-
gle site coupled to phonons is well known in the context
of core-level x-ray emission.>~?® In the case of energy-
independent couplings, I'; and I'g, the techniques
developed to treat the interaction of a stationary core
hole with phonons can be adapted directly to evaluate the
transmission Green function G(7,s,t) defined in Eq. (14).
The restriction to constant couplings is necessary so that
the noninteracting Green function in Eq. (4) is a pure ex-
ponential, G2 (t)=—iO(t)exp[(—ig,—T /2)t/#], where
=T, +Tx. The exponential form of G (¢) allows us to
evaluate G(7,s,¢) by a canonical transformation?® or by
exponential resummation of low-order perturbation
theory (Appendix B). We find

[(142N,, JRe(f)+i Im(fg)] | , (19)

where A=3 (M é /tiwg), and N o is the Bose-Einstein occupation factor for a phonon mode of energy #iw,.

Although direct evaluation of the transmission matrix 7'(¢’,€) in Eq. (13) for the general phonon spectrum will re-
quire three numerical Fourier transforms, the evaluation of the fotal transmission probability T, (&) requires only a
single Fourier transform. T, (¢) is defined as the transmission probability of a particle incident with energy €, regard-

less of its final-state energy,

Ttm(e)=fde’ T(€',e)

drdsd
—fdsFL(eFR(a)fff ;ﬂ_;t

[(e——e')T+e't*as]/ﬁG(T’s’t) . (20)
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In the wide-band limit, the couplings to the contacts will be energy independent and the integral over final-state ener-
gies €' can be performed first to give a 6 function 8(¢z — 7). Using the 8 function to integrate over 7, we find

Tmt(e)=rLFRffiilT‘”e"“"sVﬁG(t,s,t).

(21)

- It is possible to reduce expression (21) for T, (e) to a single integral by changing to sum and difference variables

T=(t+s)/2and o=t —s:

2

w do e dT 7T ile—gt+A)o q
T, =r, T — — ——+ - 1+ R +il
wt(E)=T Tz N I exp p P % i, {( 2qu) e[fqlo)]+iIm[f ()]} |,
(22)
and integrating over the sum variable T gives
_I''TR rw do Tlo| , ile—g+A)o M, 2 .
Tole)=—2 [ 7 SFexp | =2 F 3 |Gy | [+ 2N Rel/(@)] i Imlfoo)} |, @3)
T
where Sum rules. Certain sum rules and simple analytic re-
—io.o sults valid for all phonon spectra in the wide-band limit,
S q(U )=1—e . (24) i.e., where the energy dependence of I" can be neglected,

Since in many cases of interest, e.g., calculation of a
resonant-tunneling current, only the total transmission
probability is required, it may be convenient to evaluate
T, (€) directly from Eq. (23) rather than first calculating
the full transmission matrix 7(g’,e). From Eq. (23) it is
straightforward to confirm that the noninteracting total
transmission probability in the wide-band limit is a
Lorentzian,

are derivable from the general solution (19) for G(7,s,?).
First, integrating the total transmission probability
T(€) in Eq. (23) over incident energies were find

[de T (e)=2aT T /T, (26)

independent of the electron-phonon interaction. Second,
the center of the transmission resonance is fixed at

r

(e)= fdseTm(e)———eo, 27

To(e)= rj L =, (25) 2Ll _
(e—gg)*+(I'/2) also independent of the electron-phonon interaction. To
prove this, rewrite T,,(g) in terms of T(g',e) from Eq.

as required for an isolated resonance.? (13):
J
(e)='2—7,7r_~r‘—r~—fda’fd£ el Tr [ [ ig—f;‘lﬁs—;‘—’e"“a—ﬁ"fﬂ"*ESVﬁG(T,s,t) : (28)
LR

The factor of € can be turned into a time derivative by
ge  =/f=i#(d /ds)(e '®/%). Following integration by
parts over s, the energy integrals can be performed to
produce 8 functions of the time arguments, yielding

(e)=—il [dt (29)

d
s G(t,s,t)

s=t

The derivative of G(t,s,t) is straightforward to obtain
from Eq. (19),

4

s G(t,s,t)

s=t

=[O(t)ie,—T/2)/#+8(t)/2]e T/*,  (30)

so that by inspection (&) =g, The same procedure ap-
plied to the second energy moment gives the phonon
broadening of the transmission resonance,

2 =__.__r.‘__ 2 70
5(e?) 27T, Ty fdee [Tor(€)— T (e)]
=2]Mq|2(1+2N,,,q), 31
q

a quantity which is evidently always positive. Although
the second moment of T (e) itself cannot be defined be-
cause the line shape decays as 1/¢? in the tails, a useful
estimate of the phonon-induced broadening can still be
obtained from Eq. (31) if the important contributions to
8(€?) are from the region near the resonance. This con-
dition is satisfied in the case of an Einstein band of
phonons—which we analyze next—where 8(&?) ap-
proaches its asymptotic value within a few phonon ener-
gies of the resonance center.

Einstein phonons. We have explicitly evaluated the
transmission matrix T'(¢’,€) for the simple case of an Ein-
stein band of phonons with energy #iw, at zero tempera-
ture (Appendix C),,
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0 m
T(e',e)=T,;Tre 23 & _§(c—¢'—mbiny)
L* R 1 0
m=0M: j=0

where the coupling constant g =2q|M q /#wy)|%. In Fig. 2,
we have plotted T, () for the Einstein model with cou-
pling constants g=0.1, 0.2, 0.5, and 1.0 and with no
electron-phonon coupling for comparison. The sum
rules, Egs. (26) and (27), imply that the integrals under all
the curves are equal and that their centers are at the same
energy. At zero temperature, no phonons are present and
the phonon-assisted resonances appear only at energies
above the elastic resonance. The centers of the transmis-
sion curves remain fixed, however, because of the overall
shift downward in energy by A =g#iw, associated with the
deformation of the lattice about the tunneling electron.
In Fig. 3 we have plotted the phonon-induced broaden-
ing,

8(e?) == [* de Ty (0)~T(e)],  (33)

27TFLFR —A

for the transmission spectra from Fig. 2 as functions of
the cutoff Ae of the region of integration in €. While the

1.2 B e | B a—
- (a) - (b) 1
0.8+

0.4

T?of
D
-
.
e
-
L

0.8

04r

——— e e

*Zhwo 0
€-€4

FIG. 2. Total transmission probability T, (€) vs incident en-
ergy for an electron interacting with Einstein phonons as it tun-
nels through a double-barrier structure, for four different cou-
pling strengths: (a) g =0.1, (b) g=0.2, (c) g=0.5, and (d)
g=1.0. In each case, the elastic resonance width is I'=0.2%a,
and the noninteracting probability is plotted as a dashed curve.
If the couplings to the leads, I'; and I'k, are not equal, then the
transmission probability is reduced by a factor 4I'; Tz /T". The
phonon-assisted transmission resonances lie one or more pho-
non energies above the main, elastic resonance. Because the lat-
tice temperature is 7=0 K, there are no resonances associated
with phonon absorption. Sum rules guarantee that the integrat-
ed transmission probability and the center of the transmission
curves in energy are independent of the electron-phonon in-
teraction.
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EO% [[a—(so—m—(jl+1)ﬁmo]+ir/z ’ (32)

-

transmission probabilities all have diverging second mo-
ments [recall that the noninteracting transmission spec-
trum T, (¢) is a Lorentzian (25)], the broadening 6{&?)
is always well defined, and reaches its asymptotic value of
g(#iwy)* within a few phonon energies of the resonance
center.

IV. ESCAPE RATE FROM THE QUANTUM WELL

In addition to the sum rules governing T, (), another
model property that proves to be independent of the
electron-phonon interaction in the wide-band limit is the
escape rate of a particle from the resonant site. If an
electron is placed on the site at ¢, =0, then the thermally
averaged probability of finding it still there at time >0
is

—BEa,,
P()=3 e—z—“|(0,af|c(t)cT(O)|O,ai)|2
af,a,-
={(c(0)c'(1)e(r)cT(0)) . (34)

The expectation value for P(z) in Eq. (34) is just a specific
case of the Green function G(r,s,t), namely G(t,1,t).
From Eq. (19) we can immediately determine the proba-
bility of remaining on the site since f q(t, t,t)=0,

1.0
0.8
S5¢e?y 08~
(hwg)® 04

0.2

FIG. 3. Differences 8(&?) between the normalized, second
energy moments of the interacting and noninteracting transmis-
sion probabilities plotted as functions of the energy range Ae
over which the differences are calculated, (33). The curves cor-
respond to the different couplings used in Fig. 2: dotted,
g =0.1; dashed-dotted, g =0.2; dashed, g=0.5; solid, g=1.0.
In all cases, 8(&?) approaches its asymptotic value g(#iw,)?
within a few phonon energies of the resonance center. There-
fore, formula (31) for 8{&?) provides a useful estimate of the
phonon-induced broadening, even though the transmission
probabilities decay as 1/¢? in the tails so that only the difference
in second moments can be defined.
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P(t)=G(t,1,t)=|G3(t)|>=e " T!/# (35)

A particle placed on the resonant site escapes into the
contacts with a decay lifetime #/T", independent of the
strength or spectrum of the phonon coupling.

By considering the elastic transmission amplitudes as
analytic functions of energy, Price’ showed that each
transmission resonance of a one-dimensional potential is
associated with an exponentially decaying solution of the
Schrodinger equation. The elastic escape lifetime 7,
which is the inverse of the rate of decay, is therefore
necessarily related to the elastic transmission width I" by

Try~% . (36)

The results of the preceding two sections demonstrate
that this equality does not extend to the inelastic
transmission width and escape lifetime in the presence of
phonons. From Eq. (35) the inelastic lifetime and the
elastic lifetime are equal, but the inelastic transmission
width is always greater than the elastic width (31). In the
case of an Einstein band, the interaction with phonons
generates transmission sidebands each of which still has
the elastic width I". Relation (36), therefore, applies to
each sideband individually, but does not apply to the to-
tal transmission spectrum since its width is set by the en-
velope over the sidebands. In the case that the phonon
frequencies are smaller than the elastic width so that the
sidebands overlap, there will appear to be a single broad
resonance; however, the resonance width which deter-
mines the characteristic decay time will continue to be
that of the individual sidebands, i.e., I".

V. THE RESONANT-TUNNELING CURRENT

To predict the experimental effects of electron-phonon
interaction in a resonant-tunneling structure it is neces-
sary to calculate the current. Since our calculation of
tunneling probabilities to this point has been restricted to
one dimension, we will first evaluate the current for
a quasi-one-dimensional resonant-tunneling structure.
Efforts are presently underway®® to observe one-
dimensional resonant tunneling by transverse confine-
ment of the electronic wave functions. Already, in the
GaAs/Al,Ga,_, As system, electrostatic confinement to
approximately 600 A has been achieved.’! We calculate
the one-dimensional current for the important case of
polar-optic phonons using the result, Eq. (32), for the
transmission probability T, (¢) in the presence of an Ein-
stein band of oscillators. The signature of optical-phonon
interactions is found to be the appearance of phonon re-
plicas of the main elastic peak in the valley region follow-
ing the first transmission peak in the current-voltage
characteristic. We begin by calculating the electron-
phonon coupling constant g appropriate for polar-optical
phonons in a quasi-one-dimensional structure.

The coupling of a localized electronic state to the
three-dimensional phonons of the host material is well
known in solid-state physics.’> Since the dominant
electron-phonon coupling in GaAs and other polar semi-
conductors is to longitudinal-optical (LO) phonons, we
focus on these modes. Because of their flat dispersion

INELASTIC SCATTERING IN RESONANT TUNNELING
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near the zone center, the LO phonons can be approximat-
ed by an Einstein band, for which the transmission ma-
trix T(g',€) is given in Eq. (32). It remains to determine
the coupling constant

2

g= 2 (37

hwo

which appears in T'(¢,¢) in terms of the confinement size

of the electronic state and known material parameters.
For the case of longitudinal-optical phonons of energy

#iw,, the electron-phonon matrix elements reduce to

_ Mp(q)
q—~q—l-‘/’—l%—, (38)

where V is the volume, p(q) is the qth component of the
electron density, and the coupling strength M can be ex-
pressed in terms of of the high- and low-frequency dielec-
tric constants as

i—i]. (39)
€

=2re’#w
0
© €o

Since g is sensitive only to the size of the electronic state,
not to the detailed shape, it is convenient to assume a
spherical wave function

(L )1/2 1

T r2H(Ly/2)?

o(r)= (40)
which has a characteristic full width L, at half max-
imum. The electron density at wave vector g then has the
simple form

plgy=e "7 41)

Consequently, we find the coupling of a localized state of
width L to longitudinal-optical phonons to be

M 2

ﬁwo

e2

7TL Oﬁwo

1 1

€5 €p

(1—e okoy

g= 2

(42)
The correction e “*"° comes from the cutoff of the pho-
non spectrum at the Debye wave vector g, and is negligi-
ble for a state which extends over many lattice constants.
For the III-V compound semiconductor GaAs, the
relevant material parameters are3* fiwy=36 meV,
€, =10.9, and €,=13. 18, leading to a coupling strength

8Gans =2.02/Lo(A) , 43)

where L, is the full width in angstroms of the localized
state. The coupling to optical phonons is stronger in the
I1I-VI compounds. In the case of CdTe, the material pa-
rameters are> #iwy=21.2 meV, €,=7.21, and ¢=10.6,
leading to

Gcare =9.59/Ly(A) , (44)
an enhancement of almost a factor of 5 over GaAs.

The total current J through a quasi-one-dimensional
resonant-tunneling structure in the absence of scattering
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can be expressed as a difference between right- and left-
flowing currents. Specifically,

Jo=(q/m) [ “dky vy T (e )f (e 1= Fr (e )]
—(g/m) [ "dkg ver T e ) r (e 1= F1 (24 )] »
(45)

where ¢ is the carrier charge, v,; and v,, are velocities,
fr(€) and fr(e) are the occupation functions in the left
and right contacts, and T, (¢) is the elastic transmission
probability. By changing variables to energy, the density
of states factors cancel the velocities, v, =(1/%)d¢,; /dk,
leaving

Jo=(g/mh) [[de T (e)[ fL(e)— fr(e)] . (46)

The fact that the transmission probability at a given ener-
gy is the same for left- and right-going particles®® ensures
that no net current will flow at equilibrium. Typically,
the incident distributions will be of Fermi-Dirac type, in
which case

Jo=(q/mh) [de T (e) frple)—frple+Ap)], (47

where Apu is the difference in chemical potentials between
the two leads, as indicated in Fig. 4. Energies are mea-
sured with respect to the conduction-band edge in the
upstream lead so that 7%, (¢)=0 for & <0.

In the interacting system, the expression for the current
as a sum over independent channels is no longer exact.
Since electrons can scatter during tunneling, both the ex-
clusion principle and Coulomb shifts of the resonant-level
energy influence the transmission probability. At the
high biases typically required to bring the resonant level
below the Fermi energy, however, both the backward
current from the right lead and the exclusion from filled
final states will be small effects, causing contributions to

—Au/ky T
the current of order e B

. The current in the pres-

Dp

T101 (6)

FIG. 4. Schematic drawing of a resonant-tunneling structure
carrying a current J between two doped contacts with Fermi en-
ergies €. The current as a function of bias Ax depends on the
interacting transmission spectrum T (€), an example of which
is sketched in the well region.
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ence of electron-phonon interactions is therefore approxi-
mately given by

J=(q/mh) [[de T py(e)fpple) , (48)

where the elastic-transmission probability 70 () has
been replaced by the total transmission probability

Ti(e)= [de T(e¢) (49)

with T, (e)=0 for € <0. Under the assumption that the
elastic couplings I'; and I'y can be taken constant, the
exact solution for T'(¢’,e) obtained for an Einstein band
of phonons (32) can be substituted into Egs. (48) and (49)
to obtain the current including the interaction of the tun-
neling electrons with optical phonons.

In Fig. 5, we have plotted the current J in Eq. (48) for
four different coupling constants, versus the energy of the
resonant level. To make direct comparison to experi-
ment, one must additionally relate the resonant-level en-
ergy to the total bias via a calculation of the self-
consistent potential.37 However, since the relation be-
tween resonant-level energy and bias is smooth, the shape
and magnitude of the structure due to electron-phonon
interaction will be the same in a current-voltage plot as in

06

L

AL L ~

0
2hwg 0

-2hwg
€o-leg/2)

FIG. 5. Current vs resonant-level energy for a quasi-one-
dimensional resonant-tunneling structure, at four different cou-
pling strengths: (a) g=0.1, (b) g=0.2, (¢c) g=0.5, and (d)
g =1.0, calculated from Eq. (48). In each case, the Fermi ener-
gy is taken to be half the optical-phonon energy £z =0. 5%, the
resonance width is I'=0.2%w,, and the dashed curve is for no
electron-phonon interaction. The replica peaks to the right of
the main current peak are due to phonon-emission-assisted reso-
nant tunneling of electrons beginning one or more optical-
phonon energies above the resonance. At 7=0 K there are no
thermal phonons to give rise to phonon-absorption peaks. The
first, Eq. (26), and second, Eq. (27), sum rules governing T(€)
ensure that the normalization of the current and its first energy
moment (g,) =¢er/2 are independent of the interaction with
phonons. For convenience the current is plotted in units of
2qT T rep /% T so that the integrals are normalized to 1.
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a plot versus resonant-level energy. Even for the smallest
coupling constant, the current has a phonon-assisted
transmission peak at an energy for which there is
insignificant elastic transmission. In a current-voltage
plot, this peak would fall in the valley region between the
first and second transmission resonances and could there-
fore be clearly resolved. Because the transmission proba-
bilities T, (e) are evaluated at T=0 K there are no
peaks due to phonon absorption.

The sum rules in Egs. (26), (27), and (31) governing the
total transmission probability T (e) have counterparts
governing the current as a function of resonant-level en-
ergy. Because T,,(¢) in the wide-band limit depends
only on the energy difference € —¢, the integral over € at
fixed g, and the integral over g, at fixed € are equal.
Therefore, the following sum rules apply to the one-
dimensional current (48) at T=0 K:

2qT; Tre

fdsOJ(so)=% , (50)
degeg(gg)

(80)____[0—028_1: , (51)
fdeo.](eo) 2
[deoed[J(e))—Joleg)]

8(e5) = =3IM,>. (52

q

[ degJd(eo)

It is to illustrate these sum rules that the currents in Fig.
5 are plotted in units of 2qT; T e /#w,l, giving an
overall normalization of 1, and are centered at
(go) =¢€p/2.

In Fig. 6, we have plotted the current for a coupling

3.0

2.0

-

1
.ok !

r T 1
ALK ] \
- N b4 L '~

0 L
2ﬁw0 0 —Zh(.UO 0
€0'(€F/ 2)

- 2ﬁw0

FIG. 6. Current vs resonant-level energy as in Fig. 5, for a
coupling g=0.5 at four different Fermi energies: (a)
ex=0. 1%y, (b) e =0.2%w,, (c) € =0.5%w,, and (d) e =1.0%w,,
calculated from Eq. (48). The dashed curves are for no
electron-phonon interaction. The units of current are
2qT ;T rep/#wol so that the integrals are normalized to 1. In-
creasing the Fermi energy leads to an increase in the real
current, but blurs the separation between phonon replica peaks.
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g=0.5 over a range of Fermi energies. Because of the
factor of €5 in the normalization, the true current in-
creases with Fermi energy; however, the resolution of the
peaks is diminished. The width of each peak is roughly
€, the separation between peaks is fiw,, and the falloff of
each peak occurs over an energy I'. The peaks can there-
fore only be resolved as long as the Fermi energy is small
compared to the phonon energy. In typical structures
the elastic width I" is much smaller than either €5 or #iw,.

VI. THREE DIMENSIONS
AND TRANSVERSE SCATTERING

The results in the previous section for the one-
dimensional resonant-tunneling current are predictions of
what will be observed in structures with strong transverse
confinement of the electron wave function. The body of
existing measurements, however, has been performed on
structures with no confinement in the transverse direc-
tion. While it is straightforward to derive an expression
for the transmission matrix for three-dimensional struc-
tures, it is no longer possible to evaluate the transport
Green function G(7,s,t) exactly, even in the wide-band
limit. There are two ways to confront this difficulty: (1)
In order to treat one-phonon, or two-phonon, processes
the perturbative expansion in Appendix B can be general-
ized to three dimensions, or (2) if the transverse scatter-
ing is confined to small wave-vector changes, the change
in the transverse part of the energy of the tunneling parti-
cle can be neglected, and an exact solution again exists in
the wide-band limit. In this section we will present the
formulas obtained from a perturbative expansion in the
electron-phonon coupling strength and the solution for
the wide-band limit obtained by neglecting changes in
transverse momentum. .

In three dimensions, the electronic Hamiltonian for
resonant tunneling is

_ i i p
H,=3 & cx cx, T 2(exrckr e T EkRCkRCKR)
k K
t

+2[VkL(CILck, +C£,CkL)
Kk

"‘VkR(CERCk,‘*‘CLCkR)] , (53)

which differs from the one-dimensional Hamiltonian only
in the addition of a transverse degree of freedom labeled
by momentum k,. Tunneling is assumed to conserve k,
so that the hopping matrix elements V,; and Vi con-
nect only states with the same transverse momentum.
The phonon Hamiltonian is unchanged from the one-
dimensional form,

= T
H, =2 fiwga qga
q

a> (54)

since the phonons were always taken to be three dimen-
sional. The electron-phonon interaction Hamiltonian is

H,. =3 Mq(aq-!-alq)kz CIH”LC“, , (55)
q t

which allows the tunneling electron to exchange trans-
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verse momentum as well as energy with the phonons, but
explicitly conserves the total transverse momentum of the
system.

In order to describe tunnehng through a three-
dimensional structure, the transmission matrix 7'(g’,¢)
must be generalized to include the transverse degrees of
freedom. We define a new transmission matrix T(k’,k)
to be the probability, per unit final longitudinal momen-
tum k;, that a particle incident with momentum k will be
transmitted with momentum k’. It is convenient to treat
the transverse momenta as discrete quantum numbers
while allowing the longitudinal momenta to form a con-
tinuum; this facilitates comparison with the one-
dimensional case in the limit of a single transverse state.
The total transmission probability for an electron in-
cident with momentum k will therefore be

To(k)=3 [dk; T(k'k) . (56)
kl

The S-matrix derivation of the transmission matrix (Ap-
pendix A) is unchanged by the addition of a transverse
degree of freedom; the result is

deyg

T(K',k)=T, (k)T (k')
LETR dk}

fff d‘rds dt eille—ertet—es)/a

XGk;kt('r,s,t) , (57)

where e=¢,; and €' =g,z are measured with respect to
the same zero, the elastic resonance widths are

T, k=273 VpL <k'R>|28k;,k18(ek—sk'L wr)) > (58)
<

and the interacting Green function is

G /kt(T,S,t)=9(s)9(t)(ckt(7-s)cl:

Y (), (1)ey (0)) .

(59

The only changes from the one-dimensional result, Egs.
(13) and (14), are the additional transverse-momentum la-
bels and the density-of-states factor |dey.p /dk/| which
appears because T'(k’,k) gives the transmission probabili-
ty per unit final longitudinal momentum instead of per
unit final energy.

The leading terms in a perturbative expansion of
Gk: K, (7,s,t) correspond to the four diagrams appearing in

Fig. 7, which differ from their one-dimensional counter-
parts in Fig. 9 (in Appendix B) only by the inclusion of
transverse-momentum labels. In the absence of electron-
phonon interaction, the two-particle Green function fac-
tors into the product of a one-particle Green function
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(0) o
GKY ky thkf
T-s kf T k'1 ky
1 o
(0] k¢ t ky ki
(2) (3)
G
ki ky ki ky Ky+ay
*——— o
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Ki+ Q4

FIG. 7. Diagrammatic representation of the leading terms in
a perturbative expansion of the interacting Green function

k X, (7,s,t) for three-dimensional resonant tunneling. The dia-

grams differ from those appearing in the one-dimensional prob-

lem (cf. Fig. 9 in Appendix B) only in the presence of

transverse-momentum labels. As in the one-dimensional case,

the first diagram G )} consists of an electron Green function
tt

and its complex conjugate and is the sole term in the absence of

electron-phonon interaction. The second diagram G(k',’k in-
ot

cludes a phonon line connecting the two electron lines and

represents the emission or absorption of one real phonon. The

last two diagrams G:{z’k and GL”k describe the effects of dress-

ing of the electron lmes by a v1rtua1 phonon.

and its complex conjugate, represented by the first dia-
gram,

G“” ('r,s t)= th(t)[Gﬁ,(s)]* , (60)
where the noninteracting one-particle Green function is .

defined by

Gy, (1)=—i0(t)(0lc; ()c] (0)]0) , (61)
with
ey (0)e T (62)

The second diagram corresponds to emission or absorp-
tion of a single phonon. Since each phonon line between
times ¢, and ¢, contributes a factor of

qu(tz" —iwq(t2~tl)

3 IM, N, e "’+<1+Nwq e 1,
q

where the sum is subject to conservation of transverse
momentum and where N, is the Bose-Einstein occupa-

tion factor for phonon mode q, the second diagram
represents
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(1) - 2
Gk;k'(’r,s,t) Eak:yk,+q,|Mq|
io T © , , , —iw (s —s') 0 R R N\ Tiegt
X [Na,qe qa f_wds[Gg:(s —s'I*[G}, (s")]*e fogis s f_wdt Gg;(t—t )Gy (t')e 10
+A+N, )e"""q*f_”mds' (G}, (s —=s"]*[GY, (s)]*e
© R , R t
X [7 dr Gy —i)GY (e |, (63)

as in Eq. (B1). Similarly, as in Eq. (B2), the effect of renormalization of the electron propagation due to virtual-phonon

processes is represented by the third diagram,

G2\ (s, )=8,,  [GY ' TIMP [ © di; [ i} 6§ (1 —13)Gy 1, (13— 11)GY (1])
q

lk[

X[que

Finally, from the symmetry between the last two terms in
the perturbative expansion one finds

Gy (B, 1)=[G 5 (1,2,5)]* . (65)
The formulas in Egs. (60) and (63)—(65) provide a starting
point for the quantitative modeling of one-phonon pro-
cesses in existing three-dimensional resonant-tunneling
structures.

If one is interested in high-order electron-phonon pro-
cesses, the perturbative approach becomes rapidly im-
practical. An alternative scheme is to neglect changes in
the energy of transverse motion caused by scattering,
which is reasonable if the interactions involve only small
momentum transfers—as is the case for polar-optical
phonons which couple most strongly near zone center
(38). Within this approximation, the transverse momen-
tum factors out of the transmission probability and the
one-dimensional result applies to each transverse channel
independently. The exact solution obtained in the wide-
band limit in one dimension can consequently be em-
ployed to treat multiple-phonon processes in three di-
mensions.

In the wide-band limit, the approximation that changes
in transverse momentum are negligible is equivalent to
replacing all the single-particle Green functions in Egs.
(60), (63), (64), and (65) by

(—igg —T/2)t/%
G(t)=—iB(t)e ' , (66)

where k, is the initial transverse momentum. The prob-
lem is therefore reduced to the one-dimensional case so
exponential resummation of the leading diagrams is exact
(Appendix B), and one finds

T(k{,k;)=3 T(k',k)=
kl

T(gp,g) , (67)

deyg
dk;

t

where €, =e—#*k}/2m* and €;=¢'—#*k,?/2m* so the
energy associated with transverse motion does not appear
in the transmission matrix.

. ’ . ’
uoq(tz— —lwq(tz—

t')+(l+qu)e 0y (64)

VII. THE CURRENT IN THREE DIMENSIONS

In this section, we will calculate the phonon effects on
the current in a three-dimensional resonant-tunneling
structure. Since the dominant electron-phonon interac-
tion in a polar semiconductor such as GaAs is with the
longitudinal-optical phonons near zone center, we will
use Eq. (67) to estimate the three-dimensional transmis-
sion matrix T(k’,k) in terms of the one-dimensional
transmission matrix T'(g},g;) for Einstein phonons, (32).
As in the one-dimensional case, in order to calculate the
current J we assume that the total current at high bias
can be written as a sum over momentum channels in-
cident from the left lead,

7=2% [ “ak, [ d*, vif (60 Tk (68)
T

where A is the cross-sectional area, v, is the longitudinal
velocity, and the total transmission probability is

To(k)=3 [dk; T(k',k)= [de; T(ej,e;) . (69)
k;

At low temperature, the integral over transverse momen-
ta gives a factor of 4mm *(ep—¢,;)/#*. Changing the final
integral over longitudinal momentum to an integral over
energy yields

* EF
J= ’Z’Z;’; fo deep—e) T lE)) (70)
where T, (g;)=T,,(k) is the total interacting transmis-
sion probability found from Eq. (32).

The sum rules on the total transmission probability in
Egs. (26), (27), and (31) give rise to sum rules governing
the three-dimensional current J in Eq. (70) as a function
of resonant-level energy. Specifically, at zero tempera-
ture we find,

Agm*eil, Ty
fdﬁo-l(ﬁo)z"_‘{;ﬁ‘g‘r—““ ) (71
deOE()J(So)
(gg)=——F———=¢;/3, (72)
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FIG. 8. Current vs resonant-level energy for a three-
dimensional resonant-tunneling structure at four different cou-
pling strengths: (a) g =0.1, (b) g=0.2, (c) g=0.5, and (d)
g=1.0, calculated from Eq. (70). For comparison, the dashed
curves are for no coupling to phonons. In each case, the Fermi
energy is taken to equal the optical-phonon energy € ="#w, and
the resonance width is I'=0.2%w, Because of the sum rules
governing the current given by Egs. (71) and (72), the integrated
weight under the curves and their average positions {&g,) =¢5/3
are independent of the interaction with phonons. The three-
dimensional current is plotted in units of Agm*I' Tre%/
27#i*w,I so that the integrals are normalized to 1.

[ deoedlT(eg)—Jo(e0)]
8(ed)= fd =3
EoJ(Eo) q

In Fig. 8, we have plotted the current J versus
resonant-level energy for four values of the coupling con-
stant g. The elastic resonance width is taken to be
I’'=0.2%iw, and the Fermi energy to be ep=%w, The
currents are plotted in units of Agm *T'; T e /2m#i*w,T,
giving an overall normalization of 1, and are centered at
(gy)=¢€p/3 to illustrate the sum rules. The successive
peaks in the current correspond to the one-phonon, two-
phonon, and three-phonon emission replicas of the main
elastic peak. While the single-phonon peak has been seen
experimentally by several groups,’®* to our knowledge
there has as yet been no observation of multiphonon pro-
cesses in resonant tunneling.

IMg1>. (73)

VIII. CONCLUSION

In summary, we have applied scattering theory to ob-
tain an expression (13) for the resonant-tunneling
transmission probability 7T'(e’,e) in the presence of inelas-
tic scattering. In the wide-band limit, in which the densi-
ty of states in the leads is constant and the tunneling ma-
trix elements are independent of energy, an exact solution
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was obtained for T(g’,e) valid for any phonon spectrum,
coupling strength, and temperature (19). Several sum
rules in the wide-band limit were identified from the ex-
act solution; in particular, the energy integral of the total
transmission probability T, (e) and the first moment of
T,,.(e) were found to be independent of the interaction
with phonons. Also found to be independent of the pho-
nons in the wide-band limit was the escape rate of an
electron from the resonant site. Using the results for the
transmission matrix 7'(¢’,e) in the presence of an Ein-
stein band of phonons (32), we calculated the resonant-
tunneling current expected for a quasi-one-dimensional
structure including the interaction with polar-optical
phonons. To facilitate the eventual comparison to exper-
iment, we extended the scattering theory for transmission
to three dimensions and again calculated the current in
the presence of polar-optical phonons. At present, in ex-
perimental GaAs/Al, Ga,_, As resonant-tunneling struc-
tures the couplings to phonons is typically weak enough
that the lowest-order perturbative results found in Egs.
(60) and (63)—(65) are sufficient for purposes of modeling.
What remains unsolved is the problem of strong cou-
pling to phonons when the electronic Hamiltonian is
more complicated than a single level coupled to two wide
bands. We hope that some of the methods we have
developed may prove useful in the study of more realistic
structures than those represented by the single-site mod-
el. For example, it is clear from the derivation in Appen-
dix A that transmission through a series of quantum
wells or through one quantum well with multiple levels
can also be expressed in terms of a two-particle Green
function. Our belief is that an exact formulation of
transmission probabilities in terms of two-particle Green
functions similar to G(r,s,t) is possible for arbitrarily
complicated structures connected to ideal leads.
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APPENDIX A: REDUCING T'(¢’,€)
TO A GREEN FUNCTION VIA THE S MATRIX

We apply the S-matrix formalism to find a practical ex-
pression (13) for the transmission matrix 7T(g’,e) intro-
duced in Sec. II. Since the single-site model for resonant
tunneling is already in the form of a scattering
problem —free particles incident on a localized region of
scattering—the S-matrix?* theory can be applied direct-
ly. The result is an exact formula for the transmission
matrix in terms of a Green function of the resonant site.
Existing techniques can then be applied to evaluate the
Green function.

Scattering theory dictates that the Hamiltonian first be
divided into bare and interaction parts, Hy+H;. The
Hamiltonian for resonant tunneling is accordingly divid-
ed into a noninteracting part,
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Ho=¢ecTc+S e clpen
k
+3 eurcireir +3 fivgala, (A1)
k q

and an interaction part that contains both the electron-
phonon interaction and the electron tunneling between
the resonant site and the contacts,

H, =cTcz Mq(a];—!-a‘qH—z Vielcle +cfer,)
q k

+3> VkR(cch-i—cTckR) . (A2)
k

The noninteracting electron eigenstates are standing
waves confined in either the left or right contact plus a
single localized state, e.g., an impurity level or the
ground state of a quantum well. For convenience, we will
label the basis states by energy instead of wave vector; in
our notation |g,a,L (R)) denotes an electron of energy €
in the left (right) contact with the phonon system in state
a. States in different contacts are orthogonal since they
have no spatial overlap, while states in the same contact,
say the left, are normalized according to

(¢',a',Lle,a,L) =38, ,8(¢ —¢) .

The second step in the application of the S matrix is to
form an initial incoming wave packet from the nonin-
teracting states in the left contact,

E—Eg;
Ae

|$ep i, L) = [ de le;a;, L), (A3)

1
VAe ¢

where the wave packet is normalized to represent a single
particle,

J aulgptu)?=

The energy width Ae of the incident wave packet is ini-
tially assumed finite to allow the particle to be localized
far from the interaction region. Eventually, the energy
width will be taken to zero, after the final state of the
wave packet has been determined.

The S matrix acts on an initial incoming wave packet
to produce the final outgoing state that will be realized in
the distant future,

wa)=Sl\l’i> .

(A4)

(AS)

The scattering matrix T'(g,¢; ), defined as the probability
per unit final state energy that a particle of energy €; in-
cident from the left contact will be transmitted with ener-
gy € into the right contact, can therefore be written

dt, dt2 —n(!tlH—Izzl)

(ep,ar,R|S|e, a,,L)———tff

=—Vilep )VL(s)f [— dtzdt‘
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(ef,af,R le

~n(ltll+|t2|)ei(sftz——srl)

11 845
~BE,
e ! i
T(Ef,ﬁ,'): 2 TI(Ef,af,R lSl¢g‘.’ai’L >I2
as,a;
1 £
= Jde' | de—¢* | ——
f € f “Ae ¢ Ae ]
—¢; ,
X¢ “As P(es,e'se) , (A6)
where Eai is the energy of the phonon system in state a;,

Z is the phonon partition function, and
~BE, '
Vo= e ' ' *
P(Ef,E ,E)-— 2 —Z“_<€f,af,R |SI€ ,ai,L >

ap,a;

X(es,ap,R|Sle,a;,L ) . (A7)

The weighted sum over initial phonon states serves to
average the transmission probability over a thermal dis-
tribution of phonons. The lattice is therefore assumed to
be in equilibrium as the incident electron approaches the
tunneling structure.

One way of writing the S matrix that leads naturally to
a Green-function expression for the transmission matrix

is24

S=1-—if°° dt, :Hotl/ﬁHl ~iHot /A, =ity
w dt dtz o Hot2/#
_lf f Ot2 HI@R(tZ_tl)
XHle—iHotl/ﬁe~n(|tl|+tt2§), 0+ ..
(A8)

The one-particle Green-function operator for the resonant
level,

Gr(t)=—iO(r)e ~HI/% (A9)

includes both tunneling into the contacts and the
electron-phonon interaction. Only the last term in the
S-matrix contributes to the transmission probability be-
cause it takes at least two factors of the interaction Ham-
iltonian H; to hop the particle from the left contact onto
the resonant site and then into the right contact. Also,
because the only piece of H, which acts on an electron in
the contacts is hopping onto the resonant site, the brack-
eting factors of H, in the last term of S must be hops,
first out of the left contact and finally into the right con-
tact. Therefore, the matrix element in P(es,e',e) be-
tween an initial state on the left of energy € and a final
state on the right with energy ¢ is

iHt, /%

HIGR(tZ —-t}l )Hle —iHgt; /ﬁl

,a",L )

o(t,—1){0,a,lc(ty)ct(2)I0,e;) ,  (A10)

where |V, g/ (€)= |Vir «kr)|*8(e—g,p, (kR)) properly includes the density of states in the contacts in the hopping
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matrix elements. The expectation value (0,a|c(t,)c '(2,)10,a; ) is taken between states of phonon occupation a; and
a, with no electron present. In general, the expectation value will be nonzero because the time evolution of the elec-

tron operators,

i —iH
c(t)y=eH/fic(0)e ~H/A |

(A11)

includes the emission and absorption of phonons through the electron-phonon interaction in H.
Substituting the matrix elements of the S matrix back into P(e 1 g’,¢), one finds

=V (VNP [ [ [ [———2

P(eg,ee)

Xe(sz—sl)(c(sl)cT(sz)c(tz)cT(tlﬁ ,

where the angular brackets indicate a state with no elec-
tron present and a thermal ensemble of the phonons. The
expectation value apparently depends on four times, but
must be unchanged by an overall time translation since
the Hamiltonian is time independent. To remove the ex-
tra time dependence, make the change of variables,

toztl, t=t2’—t1, ’T:.S'z_tl, §=8, 8 . (A13)
The integration over ¢, now yields a & function of ener-

gies as p—07,

Ples,e',e) =V (e)V} ()| Vr(e,)|?2m(e’ —¢)

Xfff dT:: dtei[(s’—ef)r+ejt—e’s]

XG(r,s,t), (A14)

where the expectation value of electron operators has
been identified as the Green function,

G(1,5,1)=0(5)0(t){c(r—s)c (T)c()cT(0)) . (A15)

Substituting P(e r,€',€) into expression (A6) for the
transmission matrix T'(eg,¢;), and letting the energy
width of the incident wave packet go to zero,

2
16|+ l —8le—e;) (A16)
yields
T(epe;)=Tp(g,)Tgley)
Xfff d;;l;;it ille,~ep)rtept —¢;s1/h
XG(T,s,t) , (A17)
where
Ty rie)=2m|Vy gfe)l?
=21r§ Vir ier)|*0(e—€xr (kr)) - (A18)

Equation (A17) is a formally exact expression for the
transmission matrix, including electron-phonon interac-
tion, in terms of a two-particle Green function of the res-
onant site. The familiar tools of Green-function analysis
can now be employed to carry out the evaluation of
T(eys,e;).

ds, ds2 dt dt,

~7l(|s |+1s, |+t 1+ e, 1) ile's, —e, 5, —€t, +e,1,)
! 2 r 2 e ! 72 ! fze(tz'—tl)

(A12)

One obtains a reflection matrix R(ey,¢;) defined in
analogy to the transmission matrix, by taking the projec-
tion of the final state |¥,) onto the left contact in Eq.
(A6) instead of onto the right. The analysis is identical to
the case of transmission with the one additional compli-
cation that the first term of the S matrix cannot be
neglected for the case of elastic backscattering. The re-
sult is

I (ef)T(ey,¢;)

R(e,,g;)=
(ef &) FR(F’f)
+8(€,~€f){1+2FL(€,)Im[GR(E,)]} ’
(A19)
where
Grle)= [ FeeM—i0(t)(e(nec )] . (A20)

APPENDIX B: SOLUTION OF G(,s,t)
BY EXPONENTIAL RESUMMATION

One method of solving the transmission Green func-
tion G(7,s,t) in Eq. (14) is to resum the results of a low-
order perturbative expansion in the electron-phonon cou-
pling. While it is only in the wide-band limit that resum-
mation provides an exact solution, the leading terms in a
perturbative expansion are valid for any bandwidth in the
leads or hopping matrix elements V;; and Vg, provided
the coupling to phonons is weak. We begin this Appen-
dix by expanding G(r,s,t) perturbatively to lowest order
in the electron-phonon coupling, and then carry out the
procedure of exponential resummation in the wide-band
limit.

The perturbative expansion of the interacting Green
function is a standard application of many-body pertur-
bation theory,*

G(1,5,)=0()0(1){e(r—s)U (r,7—5)

xe fmewu0e o)) , (B1)

where the @s and ¢ s are operators in the interaction
picture,
iH 1 /# —iHyt /%
2(n=e"""c(0)e ", (B2)

and U(g,t,) is the time-evolution operator,
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Ulttg)= 3 (B3)

s ¢ ’ ’ m
T[—tft ' B, (1 )] /m!.
0 (1)
In the Hermitian adjoint of the time-evolution operator
uvt, to), the time- ordermg operator T becomes an anti-
time-ordering operator 7~

Ult)= 3 T [ift;dt’ﬁim(t')]m/m!.
m =0

The bare Hamiltonian H, includes the tunneling matrix
elements, so H, int contains only the electron-phonon in-
teraction on the resonant site,

(B4)

Ao (n=2¢fen)S M lalin+a_ 0], (B5)
q
where
ag(0=age " and al(n=ale’" (B6)

The interaction Hamiltonian A, int 18 zero when there is no
electron on the resonant sn:e, so there is no time-
evolution operator between ¢ () and 2(¢) in the expecta-
tion value in Eq. (B1).

Each term in the perturbation expansion of G(7,s,t) in
powers of H, , can be represented by a diagram, as indi-
cated in Fig. 9, where each solid line corresponds to an
electron Green function and each vertex corresponds to
one appearance of the electron-phonon interaction Hj,.
A phonon line connecting two vertices at ¢, and ¢, there-
fore contributes a factor

1o,
E’Mqlz[que 4
q

iw,

(t,—t,) - (t,—t,)
2 U+ (1+Nyde 2 ],
q
where N, is the Bose-Einstein occupation factor for

phonon mode q. The leading term, with no phonons
present, is the Green function in the absence of electron-

le

GI(T,S,I):E‘MCIIZ [
q

l(uT

(1+N
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T[T ds'[6R(s —s*[GR(s)]*e

T dsIGR(s —s I [GR(s" )1 e "
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FIG. 9. Diagrammatic representation of the leading terms in
a perturbative expansion of the interacting Green function
G(1,s,t). The first diagram G,(7,s,t)—the sole diagram in the
absence of electron-phonon interaction—consists of two uncou-
pled single-particle Green functions. The second diagram
G,(7,s,¢t), which has a single phonon line linking the two elec-
tronic Green functions, represents the emission or absorption of
one real phonon. The last two diagrams G,(7,s,t) and G,(7,s,t)
describe the propagation of an electron dressed by a virtual pho-
non.

phonon interaction,

Go(7,5,t)=GR()[GR(s)]* . (B7)

There are three separate terms which involve the
electron-phonon interaction at second order; there are no
first-order terms because in Eq. (B1) all phonon emissions
must be balanced by phonon absorptions. The first in-
teracting term represents the emission or absorption of
one real phonon,

—iw, (s — ot
twq(s s') @,

U7 dr Gt —1)GR(1e

x')f_wwdt’G,%(t — )G (t")e'
(BS)

The second and third terms, which are obviously related, represent the change in the propagation of the electron due to
the presence of a virtual phonon. The second term is given by

G’z(f,s,t)-——[G'lg(s

and the third term is the complex conjugate of the second
with the last two times interchanged,

G3(T,S,I)Z[Gz(‘l’,t,s)]* (Blo)
For a weak electron-phonon coupling, the sum of the

four terms represented by the diagrams in Fig. 9, will be a

W SIM [ 7 dry [ ar; Ggu—z'z)a,%(z;—t;)Gg(t;)[zv,,,qe"“’q"z
q o0 — 0

. ’ ’
—zwq(tz—ll)

TV (14N, e 1,
q

(B9)

[

good approximation to the full interacting Green func-
tion G(r,s,t). For a strong electron-phonon coupling,
one can extend the results of low-order perturbation
theory by a technique called, alternatively, exponential
resummation, or the cumulant expansion, or the linked-
cluster expansion.*' Instead, of approximating G(7,s,t)
by the first few terms obtained from the expansion of the
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evolution operators, one reinterprets these terms as the
beginning of the expanded form of an exponential series
for G(r,s,t). Schematically, if a Green function G(#)
has an ordinary perturbation series in powers of an in-
teraction g,

G()=Go(t)+ 3 g'F(1) (B11)
=1
then there may exist another expansion
G()=Go(tlexp | S g'W;(1) (B12)

=1

which converges much more rapidly than the original
series. Once the F(¢)’s are known it is straightforward to
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will be rapidly convergent if the important high-order di-
agrams are well approximated by products of low-order
diagrams.*! In our case, exponential resummation of the
perturbative results yields

G(1,5,0)~Gy+G,+G,+G,

(G,+G,+G,)/G,

~Gye (B13)

In the wide-band limit, where the noninteracting
Green function is an exponential,

ieg—T/2)t /fi

G2(1)=—iO(1)e'~ , (B14)

the higher-order diagrams are given exactly by products
of the three interacting diagrams in Fig. 9, so that the ex-

calculate the W (¢)’s by matching the expansions order by ponential resummation in Eq. (B13) is exact. In the
order. The exponential form of the perturbation series wide-band limit, we find
J
2
G, (1,5,8)=Gy(,s,t 2 [N, e T(1—e“’”qs)(1—~e““’q’)-(1+N,,,q)e““’qT(1—e’”’qsxl—e““q’)] ,  (B15)
q
and
2 . .
G,(7,5,0)=Gy(r,5,1) |ith—S, [N, (1—e””q’)+<1+Nw N1—e “]|, (B16)
q fiwq q
I

where A=3, (M} /#iw,). Recalling that Gi(7,51)  an exact solution for the interacting Green function

=[G,(7,t,5)]*, we substitute the above expressions into
Eq. (B13) and obtain the solution for G(r,s,?) given in
Eq. (19).

APPENDIX C: TRANSMISSION MATRIX T'(¢',¢)
FOR EINSTEIN PHONONS AT T'=0K

For the special case of an Einstein band of phonons
with energy #iw, we derive a simple expression for the
transmission matrix 7T(e’,e) in the wide-band limit.
From Sec. II, Eq. (13), the interacting transmission ma-
trix is given by

T(e',e)=T,(e)Tx(e fff d;:;;z’s i[(e—¢)r+e't —es)/f
XG(1,s,t) , (C1)

where
G(1,5,1)=0(5)0(t){c(r—s)c (r)c()cT(0)) . (C2)

In the wide-band limit, in which the couplings to the con-
tacts I'; and I'y are independent of energy, there exists

J

T(s',s):rLrRe—ngowﬁ‘;iexp{[ueo—e—x)—

xfo“’%F(s,t)exp{[—u

'/2]s /%i+ge

go—e—A)—T /2]t /fitge —

G(1,s,t) [see Eq. (19)]. For the Einstein band at zero lat-
tice temperature, we find

G(T,S,I)ZGI% (t)[ng (S)]*ei(zfs)}»/ﬁ‘gf(f,s,t)

(C3)
with
flr,s,t)=2— ),

where G (t) is the noninteracting Green function of the
resonant site,

— iyt iwys —iwyT iwgt fwgs
- e

+e (1— W1—

(—ieg—T/2)t/%

G (1)=—iO(t)e (C4)

The electron-phonon interaction appears in Eq. (C3) via
the coupling constant g, which depends on the electron-
phonon matrix elements M according to

g=3IM,/fw| .
q

The expression for T'(¢’,e) obtained by combining Egs.
(C1) and (C3) above can be simplified considerably. To
begin, separate the integrals so that the 7 integration can
be performed first,

1 LL)OS

J

ile—e)t/h} , (Cs)
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where
— [ A7 ie—erirn
Flon=[7 ooge™
Xexp[_ge—iwof(l_eiwot)(l_eiwos)] .
(C6)

Expanding the second exponential in F(s,t) and integrat-
ing over 7 yields

F(S,t)= i %"_:_eimwot[(l_e—iwot)(l_eiwos)]m

m =0

X8(e—¢e'—mtiw,) . (C7)

After interchanging the sum on m with the two remain-
ing integrals, the factor of exp(imwgyt) in F(s,t) cancels
the factor of exp[ —i(e—¢')t/#] in Eq. (C5), leaving the
integrals as complex conjugates. The transmission ma-
trix can therefore by compactly rewritten as

© !

1
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T(e',e)=T Tre %
X S E—8(c—e'—miwy)|D,,(e)?, (C8)
m=OM!
where
o dt —iwgt
D, (e)= [ TS (1—e ym
m(e)= [ TS (1—e )
Xexp{[—ileg—e—A)—TC /2]t /%
+ge ' . (C9)
The relations
—iwgt, O M~
(1—e "= (—1V|; |e (C10)
=~ J
j
and
—iw, i d —ilw,
exp(ge )= —%e oo (C11)
[=0 **

permit the integral for D,, (¢) to be turned into a sum,

g
2l!

J =0

j=

m lm
Dm(s)=i2(1—)".
j =0

This is the expression that appears in Sec. II, Eq. (32).

[e—(gg—A)—(j +Dtiwg]+iT/2 | °

(C12)
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