Inelastic resonant tunneling of electrons through a potential barrier
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An exact solution is obtained of the problem of resonant tunneling of electrons at an arbitrary
value of the electron-phonon interaction at the resonance center. If the strain accompanying the
formation of the polaron state on the center is large compared with the amplitude of the zero-
point vibrations of the crystal, a substantial smearing takes place in the energy dependence of the
resonance transparency, and intense inelastic tunneling channels are produced. Nonetheless, the
integrated probability of tunneling for a “beam” of electrons with a broad energy distribution
does not depend on the electron-phonon coupling. The results can be used to analyze
experimental data on resonant tunneling of electrons through an amorphous dielectric layer.

1.INTRODUCTION

The transparency of a barrier to tunneling increases
drastically if it contains localized states that are at resonance
with the tunneling electron.' The probability of an electron
of energy ¢ tunneling “through” a localized state is deter-
mined" by the Breit-Wigner formula?

I‘Z
Trea(e—80)=m7 (1

where ¢, is the energy of the localized state, and I" the width
of the level produced by this state in a barrier of finite thick-
ness d. The value of I" depends mainly on the ratio of d and
the impurity-state radius a:

T'wexp (—dfa,). (1.2)

Being a quantum coherent effect, resonant tunneling should
be sensitive to the loss of phase coherence of the electron
wave function. This circumstance, postulated in the phe-
nomenological approach,? leads to the conclusion that the
resonance-level width and the tunneling probability depend
strongly on temperature. The conclusions of the phenome-
nological approach,’® however, do not agree with the results
of Ref. 4, where an attempt was made at a microscopic analy-
sis of tunneling with the aid of a model potential that varies
harmonically (i.e., in accordance with a prescribed law)
with time.

In fact, electron-phonon interaction (EPI) on a center
leads to the dynamic effect of binding the states of an elec-
tron and phonons into a state of the polaron type. This effect
of formation of a coherent electron-phonon state does not
reduce to loss of phase coherence of the electron wave func-
tion, as suggested in Ref. 3, and the result of the influence of
the EPI on resonant tunneling is thus not obvious. The pres-
ent paper is devoted to a consistent quantum-mechanical
analysis of tunneling through resonant centers that interact
with lattice vibrations. The analysis that follows shows that
a strong EPI leads to a substantial smearing of the resonant
T(¢) line and to the onset of inelastic resonant-tunneling
channels, but does not change significantly its integral inten-
sity. The line shape is not Lorentzian in the presence of EPI.

The magnitude of the EPI at the center is determined by
the dimensionless parameter (u,/u,)?, where uy= (#/
Mo, )"? is the amplitude of the zero-point vibrations and
u, ~A/Mw?a is the characteristic magnitude of the lattice
polaron deformation due to the presence of electrons at the
center (wp, is the Debye frequency, A is the strain-potential
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constant, M is the ion mass, and a is the lattice parameter).
The EPI at the center leads to substantial hybridization of
the quasilocal electronic state and of the phonon degrees of
freedom of the crystal, under the condition

(ualu,)*>1, (1.3)

As a result, in place of a single impurity level, the electron-
phonon states at the center are distributed over an energy
band whose width is estimated at

ea~fwpls/u>hoo. (1.4)

The previously mentioned modification of the picture of the
resonant tunneling is due to the onset of wide resonance
band (1.4). In contrast to (1.1), the width of the resonance
line is determined not by I" but by £, >T'. The maximum
value of the total tunneling probability 7', (¢) as a function of
the initial energy ¢ is estimated by the expression

max T,(e)~T/ea. (1.5)

The magnitude of the EPI does not influence the barrier
integral resonant transparency § deT, (¢). It is of the order
of T, as before, and exceeds substantially the nonresonant
tunneling probability which is proportional to ['%.

Resonant tunneling of band electrons through localized
states in a barrier is best analyzed by tunnel-Hamiltonian
method (all the energies are reckoned here and elsewhere
from the bottom of the conduction band for electrons out-
side the barrier, zi=1):

H=H,+H,+H +H,+H..

H,= § ekak+ak, Hd=§ |9pdp+dpv
Kk P

1
Hc=[so+m§‘_‘aq(bq+—bq)] cte +2 0qbg*be.  (1.7)
q q

(1.6)

H, = ng(k) (axtctctay),
k

He =Z ge.a(p) (dp*ctetdy). (1.8)

Heree,,a,",andd ;" are the energies and the creation oper-
ators of an electron in the left and right edges of the tunnel
junction (we assume here for simplicity that H, and H,
obey the same dispersion law), &, and c¢* are the same for
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the electron in the localized state, @, and b ;" are the phonon
dispersion law and creation operators, and N is a normaliza-
tion factor (the number of atoms in the lattice). The matrix
element a is connected in the usual manner with deforma-
tion-interaction constant A of the localized electrons (M is
the atom mass):

aq=—iAg/(Mwg)™. (1.9)

The hybridization constants g., and g, are due to the be-
low-barrier “tail” of the wave functions of the band elec-
trons. If the resonant impurity is located at a distance x from
the center of the barrier, we have

8oy Bea@exp{—(d+2z)/2a,}.

(The values of g for an impurity with a small-radius poten-
tial were calculated in Ref. 5). No account is taken in the
Hamiltonian (1.6) of the interaction of the band states with
the phonons. This simplification is permissible because the
phonon renormalizations of the itinerant states are small
compared with analogous renormalization for localized
states to the extent that the parameter w, /qpv~s/v <1 (sis
the speed of sound and v is the electron velocity). To the
same extent that this parameter is small, we can neglect also
the dependences of g, and g., on the phonon variables.
Bearing in mind the case of a sufficiently sharp resonance,
we assume that the hybridization constants are small com-
pared with the characteristic energies of the electronic
states:

gcav gcd<80. (110)
The Hamiltonian H, is diagonalized in terms of the new
operators B ;* and y*:

Qq

Ba*=Ubg*U*t=b,* + Voo

c*e,

9 (by*+bq) }c+.

t=UctU+ = { a
Y exp ~ N,

(1.11)

o
U=exp{ZN,—h;—(bq++bq)c+c}. (1.12)
q q

The operator H. is then transformed into

a 2
H = (80 - Z{Li)th +Z| 0qfq*Pq
q Noq q
and has eigenfunctions
(P{mv n‘l}z(y+),7tn(ﬁq+)nq|0>7 m=01 11 nq=01 11 21 e
q

(1.13)

.(1.14)

It can be seen from (1.11)—(1.14) that in the case of one
phonon frequency w, phonon replicas are produced in the
density of the quasilocal states.>® The hybridization opera-
tors H,. and H , correspond to transitions with creation or
annihilation of a large number of electron-phonon states.
With allowance for (1.11) we obtain, say for H,,.

Heo= Yoga@acy{at Xt (Bo")"— g0} +Ha.,

(1.15)

() o leel)
R o P 2wp° 7'

164 Sov. Phys. JETP 67 (1), January 1988

(1.16)

It follows from (1.15) and (1.16) that at |ap/wp|> 1 the
hybridization matrix element® V, = g(n!)!/?a, is a non-
monotonic function of the subscript n, and reaches a maxi-
mum at

nzn0=|ap/mp|2.
In the region n> n, the value of ¥, decreases like

Vo (no/n) ™2

Equation (1.13) shows that the resonant energy &, of the
electronic state undergoes a polaron shift. In view of the
structure of ¥,, however, the hybridization of the itinerant
and impurity states takes place effectively in an energy band
whose center coincides as before with the resonant value &,.
The width of this band, according to (1.16), is of the order of
ap, and it can be seen from (1.9) that it coincides with £,
see Eq. (1.4). The transitions of the itinerant electrons into
states of this band determine the smearing of the resonant
tunneling line and its inelastic character. The cause of the
latter is easily understood if it is recognized that the matrix
elements of the transitions under the action of H,. and H,,
between states with different phonon occupation numbers
{m,} and {n,} differ from zero. From conservation law for
the total system energy

€x +Z| Nq®q=gp Z MqWq
q q

follows the possibility of energy nonconservation of the elec-
tron in the course of tunneling (&, #¢, ). The characteristic
electron energy loss in tunneling is determined by the value
of n, at which the hybridization matrix element is a maxi-
mum. Under condition (1.3), the energy loss turns out to be
of the order of the polaron-shift energy £, :

1 2
epo,=-1\72 |oq|?/ g
q

At finite temperature, the tunneling process is complicated
by the contributions of processes in which real thermally
excited phonons participate. Analysis of these processes
calls for a more rigorous treatment, which will be carried out
in the next section.

(1.17)

2.DYNAMIC EVOLUTION OF ELECTRONIC STATES IN THE
COURSE OF TUNNELING

Calculation of the probability of resonant tunneling of
an itinerant electron from the left to the right edge requires
an analysis of the decay of the “‘pure” itinerant state k due to
its hybridization with a set of local electron-phonon states.
To describe the dynamics of this process it is convenient to
introduce the amplitudes #,, (o0 = a,d) and  of the probabi-
lities of the transition of a state @, |0) specified at the initial
instant of time into the states d ;" |0) and c*|0). We repre-
sent the wave function of the system with the Hamiltonian H
[see (1.6)] in the form

W ()= { Y (e (90, + a1 d%) +§(t)c+} 10>

(2.1)

(#,, and D are operators in the phonon variables). The fact
that ¢*|0) is not an eigenstate for the Hamiltonian H, leads
to a nontrivial dependence of u,,, and v on the operators & ;-
and b,. This dependence is determined by the evolution
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equations that follow from the Schridinger equation ex-
pressed in the interaction representation (relative to the
free-phonon Hamiltonian

m- —Z Wqbq*hq)

, 3050
ot

[0+ N:/ Zaq b mq‘

+ chc (p) Bpo-
po

= gpllpotLeo (p) v,

-unqt)] p

(2.2)

In accordance with the considered tunneling problem, we
choose the initial conditions for Egs. (2.2) in the form

Hpo(t=0) =8psBos, V(t=0)= (2.3)

The evolution equations (2.2) can be greatly simplified if the
energies transferred by the scattering are low compared with
the characteristic energies of the electrons

(2.4)
This simplification is easiest to track by transforming in rela-
tions (2.2) to Fourier components #,, (») and d(w) with
respect to time. After solving the first equation of the system
(2.2) for @1,,, (@) we obtain a closed equation for the Fourier
component d(w):

(0—€e+il) v (0) —12 8ea (k)

The operator of the electron “energy renormalized by the
hybridization is defined by the relation

|ex—ep| €ex.

__.—”"“(t=0) (2.5)
—E&x

A 1
0@ =[e+V.2. 3l th P2 |00)
po
+ S do, S dte‘“’l‘E % [e™94'b} — €'°a'bq] 0 () + 0).
—00 0 q

(2.6)

The damping I' of the electronic states at the center is of the
form

Pt |gur(k) |6 (0—ex) =T\ +T,
ko

T, ;»exp{—(d=*2z)/a,}. (2.7)

I') and T, are the partial widths of the resonance level and
are due to electron departure to the left or right edges. Under
the condition (1.10) one can neglect the hybridization-re-
normalization of the electron energy [the term proportional
tog”in (2.6)]. The condition (2.4) allows us to neglect the
frequency dependence of the damping I [I' (@) = const].
This neglect simplifies substantially the analysis of the dy-
namics of the electronic states. Putting I'(w) =T and trans-
forming to a temporal representation, we obtain simplified
equations for #,, (¢) and 9(¢) in the form

. 08y

ot = epllpsTgeo(P) v,

t

—ir+ Z o (bae' ™ — b4 |

+ 3 gea () By (1 =0) ™
14

.

(2.8)
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The solution of the first equation of the system (2.8) under
the initial condition (2.3) takes the form

o (1)= 40 (0) " — goo (P) Beq (k) ™"

T
S dt,exp {— i (e, —ep— i) 74} S drgexp {i (e,
0 0
— ex — iT) 75} By (73) 05" (Ta) Bk (0). (2.9)

The operator §,(7) is then the solution of the Cauchy prob-
lem

. 0D Qq 1+ i0gt ~igt
i — N (bge™9" — bge ') Do
o(t=0) =1. (2.10)

Equation (2.10) can be reduced to a linear differential equa-
tion of first order by changing to the coordinate representa-
tion for the operators b ;5 and b, (the Bargmann representa-
tion®). Solving the last equation by the trajectory method we
get

1 aq’ .
D, (t) =exp {T Z Nquz (0t — sin wq?)
rals

gl 1t 10 gl
+ZN,/(O (1 — o) b+ (1 — e q)b“]}‘;(z.ll)

Relatlons (2.9) and (2.10) make it possible to find the prob-
ability amplitude U, __, (¢) of the resonant tunneling:

Useop () =—gea (k) gea (D) exp {i (Ex—e) £}

XI dviexp{—i(e,—ep—il') 14}

X 5d1,'a oxp {i(eo—ex—il") Tz} Vo (T4) o~ (Ta).
(2.12)

Calculation of the k— p transition probability per unit time
requires averaging over the operator U !, * U, _, over the
initial states of the phonon system at the instant of time
t = 0. Assuming these to be equilibrium states and recogniz-
ing that at the initial instant the local level is empty and there
is no renormalization of the phonon modes [see (1.12)] we
obtain for the transition probability per unit time W, _, the
expression

P — i L SPexP=BHR 10,5 (1) Uaey (1)
kep = AT Sp{exp[—BH)1}
(2.13)

The mean values in (2.13) are calculated in the same manner
as in the theory of the Mdssbauer effect.'® Taking (2.11) and
(2.12) into account, we obtain ultimately from (2.13)

Wk-ﬂ!:Igcu(k) [zlgcd(P) le(Bk—Hs,,),

F(ex—e,) =2n j dty exp{i(ep—ex) s}

-

x | dt, exp{—i(zr—ex—iT)1s)
0

Xf dt; exp {i (Fo—ext+il) ts} V (L, to, 1),
: 0 k 3 2y b3 (2-14)
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zqu e 9q ‘:)

V(¢ ta ts):eXP{—ZMHi —
q

0 (=10t _ 1y12 ot Q0
+ (¢ 1) |2cth 5T

oal2 »
—_ |20;112 [euuqt, —e m)qt]

q

+ eiwqt,(1 _ eiwqts) (e-i@q‘z — 1)) — c.c.,]} ,
(2.15)

where £, is the energy of the resonance level with allowance
for the polaron shift (1.17):

Fo=80—Epol + (2.16)
[The factors 1/N preceding the sums over q in (2.14) and
elsewhere will henceforth be omitted; we assume these fac-
tors to be included in the definition of the summation proce-
dure.] It is easy to verify that in the absence of EPI (a, = 0)
the relations (2.14) and (2.15) determine the elastic-tunnel-
ing probability described by the Breit-Wigner formula. At
a, #0 the inelastic-processes probabilities become different
from zero. For T'= 0, Eq. (2.15) takes the form

2 N
V (¢4, ta t3) = exp {— Z l—z:—:—zl— [a (tg, t5) — b (tg t3) e‘u)qh]} ,
q

a(tz, ta) =2_ei¢nq t,__e—iu q t,,

b(ty, ts)=(e"a 2—1) (e“a"—1). (2.17)

Expanding formally ¥ in powers of exp(iw,¢,) we obtain
terms of the form exp (inw,t,), but with integer positive n. It
is seen from (2.14) that this leads to W, _, =0at ¢, > ¢,.
This property agrees with the general premise that there is
no phonon absorption® at 7= 0.

Relation (2.14) permits calculation of the partial pro-
babilities of the tunneling:

1
T (e—ey) =Z Wi.p0(ex—e) 0 (ep—ey) = ;I—z—F,I‘,F (e—ey).
k,p

(2.18)

and the total tunneling probability. We present here equa-
tions for each of these quantities.

a) Total tunneling probability

Integrating (2.18) over the energy transfer, we obtain
the total probability for tunneling of an electron of given
initial energy &:

T,(e)= S de,T (& —>€,)

I+ 1T

—o L, { dtexp(—T|t]+iE—2)0)

X exp {— Z lz_qzlz [(2ng + 1) — (ng + 1) eiogt
q

q
_ nqeimqt]} ,
(2.19)

where

166 Sov. Phys. JETP 67 (1), January 1988

nq=[exp (0/T)—1]"".

At |a, | €w, the contributions to T, (¢) with participation of
n phonons decrease like |a, /o, |*". Taking only one-phonon
processes into account, we get

T'(e) = (1_0) Trn(e_go) +Z AqTru(E—E'o—O)q)
+Z’ B.,T,..,.(e—éo'i'ﬁ)q),

4T T,
Tro(e) = ——tt A= (%“'_
q

2
(T +T,)? (nat1),

(2.20)

aq | ?

By= Rq, C=Z (44t+By).
q

In the case |@, | > w, the multiphonon contributions are im-
portant. The integral (2.19) can be determined by asympto-
tic expansion of the argument of the exponential in powers of
wqt~|w,/a,|* <1 uptosecond-order terms. Under the con-
dition

<e, (7)) = Z |ota|?(2nqt1) (2.21)
we obtain
T.(e)=2%x"(I\T',/Tes(T))exp {—(e—eo)?/2es*(T)},
(2.22)

As seen from relation (2.22), the electron-phonon interac-
tion leads to a substantial broadening of the resonance. It
will be shown below that this is due to inclusion of inelastic
scattering channels. It is important to note that such radical
changes of the character of the scattering do not change the
integrated transparency of the barrier. Using (2.19), we can
directly verify the correctness of the following sum rule:

5 de Ti(e)= § de T, (e) =4al, T,/ (T,+T,), (2.23)

which is obtained for any value of the parameter |, |/w,.

b) Probability of elastic tunneling

We can separate in the total probability T, (¢) a term
T., () corresponding to the contributions of elastic pro-
cesses that conserve the electron energy, and the partial con-
tributions of the inelastic processes:

T(e—e)=Tu(e)d(e—e,)+Tim (e—e4).
According to (2.14) and (2.18) we obtain for T, (¢)

T. (e)=4IT, jdti j.dt2 exp{i(g,—e) (t,—ty)
=T (ti+t2) }V(tn tz) '
(2.24)

where

1 ¢ (2.25)
V(ti, tz) = llm"— j dT V(T, th tz) .
1= 00 2t —t

From expression (2.15) for the function ¥(7,t,,t,) and from
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Egs. (2.24) and (2.25) it follows that
Tel(e) =4F1Fr |t%el(s) |27

Ao (8) = S dtexp{—Tt—i(e—&)t}
0
=Xl
{35
q

— (ng+ 1) — nqei“’Q’]}- (2.26)
Comparison of (2.19) with (2.26) allows us to express the

total probability 7,(e) in terms of the elastic-tunneling
probability amplitude:

I T,
r+r,

this being a consequence of the optical theorem.?

The difference between (2.26) and the Breit-Wigner
formula is determined in the weak-EPI limit by small correc-
tions of order |a,|*/®2, which correspond to a decrease of
the probability of elastic tunneling on account of inclusion of
parallel inelastic channels.

In the multiphonon scattering regime (|a,/w, > 1),
when inequality (2.21) is satisfied, the elastic cross section
can be represented in the form

2

1)

T!(B)z el-(e)]y

2

T. (e)=(4I'\T,/e*(T)) | Sdr exp{—t*tit(e—e,)/es(T)}
(2.27)

It follows from (2.27) that under conditions of strong EPI
the relative contribution of the elastic processes to the total
tunneling probability at |¢ — ;| S &, (T) is small in terms of
the parameter I'/e, (T) €1 and the principal role is played
by the elastic channels (see Fig. 1).

The transformation of T, (¢) with increase of the EPI
force is easily seen. At |a,/w, | €1 we have a resonant Breit-
Wigner peak at £ = £,, with wings corresponding to resonant
tunneling with participation of virtual phonons. With in-

) | | |
-c, -¢,(T) -r 0 r e(T)  e-g

FIG. 1. Energy dependences of the resonant-tunneling probabilities.
Curve (1) corresponds to the Breit-Wigner formula, which is valid in
the absence of EPI; curves (2) and (3) correspond to the total and
elastic cross sections T, (¢) and T, (¢) for strong EPL, ", =T,.
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crease of |a, | the intensity of the wings increases and the
position of the resonance peak shifts in accord with the in-
crease of the polaron shift £,,. For strong EPI, the main
contribution (2.27) to T, (¢) is due in fact to the wings. The
“memory” of the Breit-Wigner peak remains only in the

form of the correction
2
{ Z,I %l (2nq+1)}

6Ty (8) = —rbir
(2.28)

(e—g0) T )z-l-I‘z

This correction is integrally small. Under the condition
lag/wq|*>1n(e, (T)/T), which differs from the strong-
EPI condition (1.3) only by a logarithmic factor, the ampli-
tude of the correction (2.28) is also small compared with the
maximum value of (2.27).

c) Partial cross sections in inelastic channels

The quantity 7;,(¢—¢,) depends on the detuning
€ — goand on the energy E = ¢ — ¢, transferred to the phon-
ons. In the case of strong EPI the T, are largest when the
absolute value of the detuning does not exceed €, (7). The
characteristic energy transfers E are due to multiphonon
processes and therefore exceed w,, substantially. We there-
fore present first an expression for T;, (¢ »¢,) obtained for
the values € = £yand E> wp, . Using the saddle-point method
and the last inequality to calculate the integralsin (2.14), we
get

n (T, T,/T)
ea(T) (Ae|E])"

ol 12 o)
(2.29)

Tin(E) lz—eo:

Here

Ae =Z |otg|2q/T™
q

The saddle-point asymptote in (2.14) and expression (2.19)
are valid under the condition (2.21) and for energy transfers
|E | €€,01- In the case of a sufficiently short electron lifetime
at the center (I'"'€wj ') there is not enough time for po-
laron renormalization of the quasilocal-state energy and the
characteristic value of |E | is determined by Eq. (2.30). In
the opposite case I' <w,, the characteristic |E | =€, . At
these values, the saddle point method cannot be used in
(2.14), but an order-of-magnitude estimate of the cross sec-
tion T, (E~&,, ) can be obtained as before with the aid of
Eq. (2.29). The “tail” of T}, is exponentially small for large
energy transfers E > 2¢,,,, and is determined at I' €wp, by the
relation In T;, (E) ~ — (E — 2¢,, )/€5 (T). Note that the
cross section (2.29) is asymmetric in E all the way to tem-
perature T~¢,, that exceed the Debye temperature sub-
stantially. This is due to the decisive contribution of multi-
phonon processes to the scattering. At small energy transfers
E S wp and low temperatures T<wp, the correct relation is

not (2.29) but
Ton (B~ —5 1a( 22) o.s),

€4°0p E

In the case of weak EPI the formula for (¢ —»£,) can be
simplified by expanding ¥V in (2.15) in powers of the small
parameter |a, /o, |*. Greatest interest attaches to the limit

(2.30)

(2.31)
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I' €wp, when the central peak is much narrower than the
resonance-line wings. The cumbersome equation for
T(e—e&,) takes then the simpler form

T(e—~+e,)
41T, '
(e—&,) *+ (I, +T,)*?
[ 4T, 41T,
(e—8o)*F(TAT,)?  (8,—&) (T, 1))

X[ Z, Ab(e—ei—aq) +Z| B8 (e—e,twq)—C6 (s—a,)] .

(2.32)
The quantities 4., B, and C are defined in (2.20).

3. TUNNELING THROUGH AN AMORPHOUS DIELECTRIC
LAYER

We have clarified above the character of the influence of
the EPI on the elementary resonant-tunneling act. The
manifestations of the EPI in experiments depend on the spe-
cific method of formation of the tunnel layer and the reso-
nance states. On the basis of the experiments of Beasley et
al.™'* we consider resonant tunneling through an amor-
phous dielectric interlayer containing a large number of lo-
calized states. Their energies are distributed in a wide inter-
val. The states participating in the transport of the charge
through the junction are those whose energies are close to
the Fermi level within the limits of the temperature-spread-
ing or of the energy unbalance due to the voltage % applied
to the junction.

We consider first the manifestations of the resonant
tunneling in the conductance G of the junction in the absence
of EPI. The states actively participating in resonant pro-
cesses are those localized near the midpoint of the barrier
(|x| Sa,) and located (for T=0) within an energy band
~T near the Fermi level. The two-dimensional density of
such states is ng ~N(ep)a I, where N(&f ) is the density of
states in the amorphous layer and & is the Fermi energy
determined by the edges of the junction. The conductance

a/d,

|
a
} n(s/5,)
in(S,k7) tn(h%maZT)

FIG. 2. Different regions of the characteristic areas S of the junction and
the dielectric thickness d. The conductivity is determined by direct tun-
neling in the region a and by resonant tunneling in region b; the fluctu-
ations of G are large in region c. The dashed line separates the regions b
andcat T=0.
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concept has meaning for junctions of area S» n3 '. In the
opposite case the characteristics of the junction depend on
the specific arrangement of the impurities in it (the fluctu-
ations of G are large). Taking into account the order-of-
magnitude estimate I' ~ (#*/ma?)exp( — d /a,), we obtain
the conditions that the parameters S and d must meet for the
fluctuations of G to be small (see Fig. 2):

In (S/S,)>d/a,, So=maolh2N(8F)- (3.1)

At a finite temperature 7> I the fluctuations are small for
samples with area S> (N(&f)a,T) ™.

Consider now the case of large-area junction, when the
fluctuations of G are small. For the resonant component of
the current

I,»Sngwexp (—d/a,)
to predominate in G over the usual tunnel component

I,,»Skg* exp(—2d/a,),
the insulator thickness should satisfy the condition® (see
Fig. 2)

d>d,, dy=a,1n (Siks*). (3.2)
If the inequality is reversed, direct tunneling through the
barrier prevails. Thus, for a set of junctions with increasing
value of d and fixed area S>.S2 k% a crossover should be
observed, viz., a transition from a relation In G(d) « — 2d /
ayatd <dytoln G(d) « — d /ayatd>d, (thecrossover cor-
responds to passage through line 1 of Fig. 2).

We illustrate now the modification of the junction be-

havior by the EPI. The contribution from each resonant
state to the current through the junction is given by

I((%) = -n—eh-j de‘ de T1 (31_’82)

i) - 2]

YRR PN R

( f, is the Fermi distribution function of the electrons at the
edges). For alarge junction area [see (3.1) ] the fluctuations
are small and a reasonable mean value of (% ) is the value
of T; (¢, &,) averaged over the locations and energies ¢; of
the defects:

d/2 © =

(T (e,—8,)>=N(er) ST* j. dacj~ dt, Sdtz exp{i(e.—e) b

—d/2 —o

—2T ch (z/ao) t:} V (¢4, b2y ). (3.4)

It can be seen from (3.3) that at temperatures 7'<max
(e5,wp ) the order of magnitude of G is determined by the
elastic part (T (e,—¢,) )., of the transition probability:

G= (ez/ﬂh)<T(EF”’8F) >e!-

In the case of strong EPI (1.3) we easily obtain with the aid
of (2.15), (2.21), and (3.4)

(T(er—~>er)Ya=N(er)Sao1n(es/T) /e, (3.5)

and consequently In G(d) « — 2d /a,, just as in the case of

-nonresonant tunneling (only the pre-exponential factors in

G differ), and there is no crossover.
Crossover as a function of In G(d) was distinctly ob-
served'>!* in samples with S~ 10~* cm?. An estimate of d,
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from Eq. (4.2) using the values'® a,~8 A, N(e;)~10"
eV~ '-cm™? agrees very well with the experimentally ob-
served'* value® d,~70 A. The crossover is evidence of suffi-
ciently weak EPI in the experiment of Ref. 14. We restrict
ourselves to this case. Using (2.32) and (3.4) we get

KT (e,~¢,) >=N(BF)SF(10'4TL2{ (1-C)6(ey—e,)

+2 Aqé(ei—ez—mq)-i-z Bqﬁ(e,—ez+mq)}.
B g (3.6)

It is seen from (3.6) that the conductivity agrees, apart from
small corrections ~ (a/wp )?, with the value of G in the ab-
sence of EPI, G,~ (*/7#)N (e )Ta,S. It is just these cor-
rections, however, which determine the temperature depen-
dence of G(¢). Being interested in the region of sufficiently
low temperatures T<€wp,, we take into account in (3.6) only
acoustic phonons. The sign of the increment §G(T) =G(T)

— G(0) is not obvious beforehand, since the increase in the
number of inelastic channels with rise of temperature can be
offset by the decrease of the intensity of an elastic channel on
account of the temperature dependence of C(T) in (3.6).
Simple calculations enable us to verify that there is no com-
plete cancellation and that §G(T) > 0. The quantity 6G(T)
can be represented in the form

8G(T)/G (0) ~ (an/hwn)* (T/hwp)*.
The characteristic value of a;, is determined here by the

relation
(ap/hop)*=A*/Mhs'qp.

(3.7)

The conclusion that G(T') is a quadratic function at low
temperatures agrees with the experimental results of Ref. 13.
The temperature dependence of G(T) in the case of strong
EPI differs substantially from (3.7), for it follows from
(2.31) and (3.4) that

8G(T)/G(0)~(T/Twp) In (hwo/T).

Another manifestation of EPI is its influence on the
behavior of the current-voltage characteristics (IVC) of the
junction. For large-area junctions, at small displacements
e% ,the nonlinearity is due entirely to the EPI. At e % <#iw,,
the nonlinearity of the conductivity can be estimated from
(3.7) by replacing T'init by e% . More interesting manifesta-
tions of EPI appear, however, in the case

S8 (Soks*) %,

when the IVC of the junction reflects a definite realization of
arandom distribution of the resonant states in energy and in
space. Let us assess the influence exerted on the IVC at low
temperatures (7SI") by one resonant level for which
€y — Ep=A>0. In the absence of EPI it would lead to the
appearance on the IVC of a step of height

8I,~el'/nh (3.8)

at a voltage % = 2A/e on the junction. The width of this
stepis ~I'/e, and the derivativedI /d % is equal to zero both
ahead of and behind the step (see Fig. 3). Weak EPI, while
hardly changing the size of the step (3.8), determines the
change of 1(% ) past the step. With the aid of expressions
(2.32) and (3.3) we easily obtain
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FIG. 3. I(%) dependence for one resonance center: 1) I(%) for
a, =0;2) I(%) for weak EPI with acoustic modes and a local one.

61~79(—~A){1-—2' Xa [ (fzm,—ﬁ+A)
e(nmq_fﬂ—A)]}

It follows from (3.9) that acoustic phonons lead to a smooth
growth of 6I( % ) at e > 2A. If the resonance level is close
enough to the Fermi level (2A < #iwp, ), the current jump 61
is accompanied by a derivative jump

s dl | el' | ap \2_ A
d(e%) QY=2A nh h(ﬂn (flo.h))2

(3.9)

(3.10)

(see Fig. 3). Under the condition 2A > fiw, the last factor in
(3.10) mustbe replaced by (e % — 2A)/#iwy, ,ie.,d*I /dU?
also has a jump. An increase of the derivative dI /d % after
each step on the I( % ) plot was experimentally observed in
Ref. 14.

From relations (2.32) and (3.3) follows a small value
~|ap /fwp |*(T /fiwy )? of the temperature corrections to
the value of (3.8), i.e., the heights of the resonance peaks on
the plot of dI /d% vs % should vary insignificantly with
temperature. This agrees likewise with the experimental
data of Ref. 14.

If the phonon spectrum contains a local mode of fre-
quency o,;, which interacts with the resonance center, the
main step on the I(% ) plot is accompanied by additional
steps—phonon replicas (Fig. 3). Analyzing expression
(3.9), we easily see that under the condition 7w, > 2 there
are two replicas at displacements e% |, = 2(fiw, — A) and
e ,=2(fiw;, + A). The height of the additional steps is

~|a,/#w, |?81,. We point out that the positions of the
main step e% = 2A and of the replicas are related by

U—U=2%U,. (3.11)
If, however, #iw;, <2A, there remains only one phonon re-
plicaat 2 = %,.

Well resolved individual 7( % ) steps and, correspond-
ingly, peaks on the plot of dI /d% vs % were observed in
Ref. 14 in samples with S~1.8-10"°cm? and d = 51 A. A
sharp peak was observed for one of the samples at a rather
low voltage % ;= 3.8 mV. One cannot exclude the possibility
that the two succeeding peaks of lower intensity, at voltages
% ,~10 mV and % ,=17.5 mV and corresponding to the
condition (3.11) are phonon replicas of the first. The cited
voltages lead to a reasonable value #iw, ~6.9 mV. The ratio

of the peak amplitudes leads to an estimated ratio
|a,/ﬁa),|z06

L. I. Glazman and R. |. Shekhter 169



4.CONCLUSION

The results of the present paper for electron tunneling
through a barrier can also be used, following obvious modifi-
cations, to calculate the cross section for resonant scattering
of carriers by impurities in a conducting medium. We note in
this context that, as shown above, strong EPI with the impu-
rity leads to a considerable smearing of the line and to the
appearance of inelastic scattering channels. A similar con-
figuration of the energy dependence of the scattering cross
section and onset of a temperature dependence of the cross
section should influence strongly the temperature and field
dependences of transport processes in conductors with reso-
nant scatterers. In addition, at sufficiently high density of
the centers (e.g., in compounds with intermediate valence),
such a broadening should be accompanied by a temperature-
dependent broadening of the peak in the density of the elec-
tronic state, and be reflected by the same token in the kinet-
ics of such systems. An experimental study of the discussed
effect of polaron renormalization of resonant scattering is
possible with the aid of tunnel and microjunction injection of
hot carriers. Note that besides the contributions to transport
effects, a specific “phonon emission’” from resonant impuri-
ties is produced and records the passage of the electron
through scattering centers.

The authors thank K. A. Kikoin, I. O. Kulik, A.I. Lar-
kin, I. B. Levinson, M. E. Raikh, A. A. Slutskin, and D. I.
Khomskii for numerous helpful discussions of this paper.
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YEquation (1.1) is written for the case of a symmetric location of the
impurity center relative to the barrier boundaries.

YNote that at g~ g, = 1/a the parameter |w,/w,| is of the same order as
the previously introduced parameter u, /u, [see Egs. (1.3) and (1.9)].

¥Note that equations similar to (2.14) and (2.15), derived less rigorously
(by a modification of second-order perturbation theory'"'?), were used
by V. V. Khizhnyakov to investigate Raman scattering of light by exci-
tons. This circumstance was pointed out to the author by I. B. Levinson.

“At much larger thicknesses d ~ S 5%, which we shall not consider, two-
impurity configurations become important.’

$'Under the conditions of Ref. 14, S,=~10~"'' cm? and the characteristic
area (see Fig. 2) is Sy(Sok %) =10~ cm?
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