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Enhanced inelastic backscattering of electrons from disordered media
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The backscattering of electrons undergoing single inelastic collision in disordered medium is con-
sidered. It is shown that apart from the usual weak-localization correction to the backscattering angular
spectrum, an additional backscattering enhancement should exist. In contrast to the weak-localization
correction, the angular width of the new interference correction is found to be about tens of degrees.

Inelastic quantum transport of the fast (in comparison
with conduction electrons) charged particles in the disor-
dered media has recently attracted attention. ' In these
works the angular spectra of electrons of intermediate en-
ergies (from hundreds to thousands of eV) reflected by a
disordered sample with fixed energy loss fico owing to a
single inelastic collision were considered. It has been es-
tablished that, in distinction to an elastic scattering chan-
nel, two types of interference corrections arise to the
backscattering angular spectra in inelastic channel.

First, the weak localization correction' was shown to
remain under the condition of strong interference co «y
(here y is the frequency of electron collisions) and be al-
most as pronounced as in the pure elastic backscattering.
This kind of the coherent angular feature is connected
with the diffusive nature of electron motion in a medium
and can be interpreted as a result of the interference of
particle wave fields associated with different realizations
of scattering processes in an inelastic channel. Namely,
for arbitrary particle trajectory T that involves at least
double elastic scattering along with a single inelastic col-
lision, one can always find such a complementary trajec-
tory T' (or set of trajectories) which will interfere con-
structively with a given trajectory T in the narrow vicini-
ty of backward direction: T~ T'. Thus, if we consider
for simplicity the scattering processes which start or end
with single inelastic collision i and include double elastic
scattering on the scatterers e

&
and e2, then four possibili-

ties exist to represent the propagation of electron in the
mediu~: i e1 2 2 e1 1 e2 and

e2 —e
&

—i. In this approach the pairs of trajec-
tories (i —e, —ez ) == (e2 —e, i) an—d (i —e2 —e, )

=(ei —e2 i) with re—versed consequences of scattering
events will interfere near the backscattering situation,
giving rise to the weak localization correction. This as-
sertion is true for any relationship between the charac-
teristic wave vector q, of inelastic excitation and the elec-
tron mean free path l. It can be shown' that the interfer-

I

ence of trajectories (i —e i
—ez ) (i —ez —e i ) and

(ei —e2 i) ~— (e2 —e i i) —contributes to the weak locali-
zation correction only when q, l « 1.

Second, the wide-angle correction to the backscattering
angular spectra was discovered in Ref. 2 for the first
time. It was shown that wide-angle correction arises at
some scattering angles which are determined by the na-
ture of the inelastic collision. The angular width of this
correction is much larger than the width of the correc-
tion connected with usual weak localization. Moreover,
unlike the weak-localization correction, for which the
role of the multiple elastic scattering is crucial, the wide-
angle correction was already found to be manifested in
the approach that only involves single elastic and inelas-
tic collisions and interference between them:
(i —e)~(e i) —This. mean that a relevant correction
can even exist in the absence of diffusionlike motion of
electrons in the medium. Recently an attempt was made
to analyze the inhuence of multiple elastic scattering on
the wide-angle correction.

Hitherto weak localization' and wide-angle ' quan-
turn corrections were treated separately in the different
approximations, whereas they can comprehensively be
studied in the framework of common formalism. Below
we shall consider both corrections jointly in the limit of
strong interference, co«y, when they are emphasized
most strongly.

In order to do this we shall use the formalism
developed in Ref. 1 in the approximation of isotropic
elastic scattering. If the characteristic wave vector q,
transferred in inelastic collision is much larger than the
inverse electron mean free path l ', q, l ))1, and much
smaller than electron wave vector k, q, «k, three terms
contributing to the angular spectrum of electrons
rejected with energy loss A'co from the disordered sample,
which occupies half-space z )0, can be extracted from
Eq. (38) of Ref. l. The first term

2 dqd
J;..(po~lpl, ~)= f ' ~;,i(q~~, q. ,~)f f««'[&(z z')+l "—(o,z,z')) I+,&

I(z)I—vl„m (2~)3

X [F (v, v, z', z')+F~(v', v', z, z))
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(2)

corresponds to the wide-angle correction and results from the interference of single elastic and inelastic collisions only.
This circumstance emphasizes the nondiffusive origin of J;d, in the present case. The third term

J „k(go~I((tl, co)= — Re W
& qll'q 'co dzdz'I '"'(kll+kdqIIdq, inel

Vl e) 171 (2'�) co co

contains no coherent effects and arises from single inelastic and multiple elastic collisions, which are strictly successive
relative to each other (ladder approximation). The second term

2
2

J;d.() o I) l, ~)= — Re, W;..)(q((, q. ,~) dz I+„(-)(z)I le~(z) I
F (v, v', z, z)

2m A' d ql~dq, 2 2

Ul el P7l (2'�) co

X %z (z)V),(z')F q(v, v', z', z')

has weak localization nature, kl ))1. In Eqs. (1)—(3) we
have use notations from Ref. 1. Here v and v'

)=
kii Ik.'I)] a« the velocities

(wave vectors) of incident and inelastically reffected elec-
trons, respectively, po and. p are cosines of incidence and
emission angles, l,I is the electron elastic mean free path,
W,.„,&(q((, q„co) is the probability of inelastic scattering per
unit time with wave-vector transfer q =

(q~(, q, ) and ener-

gy loss A'co, %z(z) =exp(ik, z)exp( —zk /2I k, I
1), and

exp[ iq, (z——z') ]F q(v, v', z,z')=
A' (co+vq)(co+ v'q)

co+v'q
X 1 —exp iz

U

scattering the backscattering enhancement is more pro-
nounced in the weakly absorbing samples.

To explore the properties of the wide-angle correction
in the limit of strong interference, let us compare J„;d,
with the contribution of that part J„„ofEq. (1), which
contains 5(z —z'), and therefore is associated with single
elastic collision. Integration over z in Eqs. (1) and (2) and
elementary algebraic transformations yield

J„.,(1 o IVI ~)
dq=JoRe W;„„(q,co) [M q(v, v )+M„q(v', v') ],(2'�)'

. , co+vqX 1 —exp —iz'
U

(4)
J;d.(s o~l) l, ~)

dq= —JoRe W;„,((q, co)[M (v, v')
(2m )I'"" and I "=I'""I

o are the so-called diff'usion propa-
gators for half-space z,z') 0, which for co «y=u/l can
be written as Here

+M q(v', v)] .

r -~(Q„,z.z )
3 1

21/„+Q2+ p2

X [exp( —1/ Q((+P z —z'I )

—exp( —QQ((+P Iz+z'I)] .

M q(v, v')= 1
t

U U

co+ vq
U

T

su+ v'q
I

U

co+ vq i

pl
(9)

Here

l . co+i-
y

3p= —,2

l

spinel

(6)

I;„,I is the electron inelastic mean free path, and

Re+Q((+p )0. Equations (1)—(6) take into account the
surface effect on electron motion in a disordered sample
and describe both wide-angle and weak-localization
corrections.

As regards the weak localization correction it has al-
ready been shown' to manifest itself in the case of strong
interference, (u «y, and be displaced from an "exactly
backward" direction at the oblique incidence of electron
on a disordered sample surface in accordance with the
equation lk((+kI(I=0. As in the case of pure elastic

Jo =2~P A'1/um '1„,and p= I(M (Mo/( l pl+(Mo).
The angular distribution J„„contains angular depen-

dence caused by surface inhuence only, whereas J„;„„be-
cause of M q(v, v'), yields to the backscattering spectrum
an additional dependence on scattering angle y =v, v' due
to the interference of single elastic and inelastic collisions
if the inequality q, l ))1 is fulfilled. This dependence on
scattering angle y remains even in the infinite disordered
medium and is defined by the nature of single inelastic ex-
citation. In the opposite lixnit, q, l «1, this nontrivial
angular dependence on y disappears and only dependence
remains, which is associated with surface inAuence.
[Really, dependence on g results from the second brack-
ets in Eq. (9) because of the term (v'q)/u, ' —(vq)/u, . As
col/v «1 one can disregard the terms co/u, and co/U,

' as
compared to the imaginary quantity i /pl'. The remaining
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terms (vq)/U, and (v'q)/U, ' can be neglected as well due
to the inequality q, l « 1.] Therefore in the limit q, l « 1

there is no sense in distinguishing J„,d, from the total
spectrum, and the concept of wide-angle correction loses
its meaning.

Equations (7)—(9) allow us to estimate relative contri-
butions of J„;d, and J„„ in the backward direction.
Since from Eq. (9) it follows that

M (v, v'= —v) = —M (v, v) 1+i-
~oq ~ toq r

and

M (v'= —v, v) = —M ( —v, —v) 1 i-
coq

y

one immediately obtains from Eqs. (7) and (8) that in the
strong interference limit in the backward direction
(y=m)
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FIG. 1. Enhancement factor as a function of emission angle
for normal (Ho=0', curves 1 and 2) and oblique (|90=40, curves
3 and 4) incidence. Parameters: kl=200, q l=9, co/@=0.1,
a =(1+l„/l;„„) ' =0.95.

J;d, (y=7r, CO) =J„„(y=7T,CO) . (12)

Thus, under the condition of strong interference J;d,
contributes in the backward direction as large as J„„,
reaching its maximal value. This means that in the
strong interference limit the maximum of wide-angle
correction lies in the backward direction.

Of course, to be observable, the wide-angle correction,
associated in the scattering regime q, l »1 with single
elastic collision, must be comparable with the contribu-
tion (J;„,—J„„s) of multiply scattered electrons. It is
well revealed that absorption decreases the contribution
of scattering processes of high multiplicity into back-
scattering intensity (see, for example, Ref. 6). Therefore
appreciable absorption is needed for observation of the
wide-angle correction. On the contrary, in weakly ab-
sorbing samples the multiple elastic scattering will dimin-
ish the relative contribution of J;d, to the full angular
spectrum of inelastically rejected electrons.

In order to illustrate the conclusions obtained we turn
to the results of numerical calculations based on the in-
tegration of Eqs. (1)—(6) under the realistic assumption
W~„,i(q, co)-q O(q —q) (here q is a maximal wave
vector of inelastic excitation). We have computed the
enhancement factor g„„s(go~ ~ p ~, co ) = 1+J;d, /J„„s in
the simplest approximation of single elastic collision
and the enhancement factor g „i,(~up~ ~iu, ~, co)
= 1+(J „i,+J;d, ) /J;„, taking into account multiple
elastic scattering. This allows us to trace the effect of
multiple scattering on the interference corrections.

For the case of weakly absorbing samples, l;„,I » l,&,

the results are plotted in Fig. 1 for different angles of
electron incidence on the surface of disordered sample.
In this case the behavior of both corrections is defined by
the decisive role of multiple elastic scattering in the for-
mation of the angular distribution of electrons backscat-
tered by weakly absorbing sample. Thus, the weak-
localization correction is strongly pronounced. Compar-
ison of curves for g„„with those for g „I, shows that in
this scattering regime the wide-angle correction is practi-
cally suppressed by the multiply scattered electrons.
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FIG. 2. Enhancement factor vs emission angle, co/y=0. 1,
a=0.40. Other parameters coincide with those in Fig. 1.

The numerical results for strongly absorbing samples,
l;„,1 l,1, are presented in Fig. 2. Unlike in the previous
case, the wide-angle correction with broad maximum in
the backward direction is not suppressed by multiple
scattering since in the strong absorption regime the angu-
lar distribution of backscattered particles is mainly
defined by the scattering processes of low multiplicity.
Despite this the weak-localization correction is pro-
nounced as well, but its relative height, being renormal-
ized to the altitude of its pedestal (as it has been done in
Ref. 1 and in the theories of backscattering enhancement
in an elastic scattering channel), is smaller than in the
case of weak absorption.

Let us stress that in the case of strong absorption the
relative magnitude of the new coherent effect is apprecia-
ble (-2), and this result is of most interest. Indeed, the
fact that under the above-noted conditions the wide-angle
correction J;d, has a maximum in the backward direc-
tion (see Fig. 2) tells it essentially from the incoherent
part J;„, of angular spectrum, which always has a max-
imum in the direction normal to the surface of the sam-
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pie. This attests that the phenomenon of backscattering
enhancement in the inelastic channel can even take place
in the absence of multiple elastic scattering, although the
width of the corresponding angular features is about tens
of degrees.

Experimentally, such specific backscattering enhance-
ment might be found by means of reAection of electrons
of intermediate energies from strongly absorbing amor-
phous or polycrystalline samples, I;„,& « I,&. Two angular
spectra must be recorded under the condition of oblique
incidence of electrons on the surface of the sample: the
angular spectrum J,&

of electrons reAected elastically and
the angular spectrum J;„,& of electrons rejected with
small energy loss, co «y, associated with single inelastic
collision. Since in the very strongly absorbing samples
the multiple elastic collision practically do not give rise
to angular distribution of backscattered electrons, the ra-
tio J;„,&/J, &

being independent of real elastic electron-
atom cross section, must manifest the same angular
behavior as does the enhancement factor g„„calculated
above.

In summary, we have shown that two types of back-

scattering enhancement exist in the inelastic scattering
channel under the condition of strong interference. First,
the enhancement, associated with multiple elastic scatter-
ing, manifests itself in the backscattering of electrons
from weakly absorbing samples (weak localization correc-
tion). Second, the enhancement, connected to the in-
terference of single elastic and inelastic collisions, is
found to be pronounced in the opposite case of electron
reflection from the strongly absorbing samples (wide-
angle correction). Both corrections have appreciable
magnitude and depend on the nature of the single inelas-
tic collision. In contrast to the weak-localization correc-
tion the wide-angle one not only modifies the angular dis-
tribution of inelastically backscattered electrons, but also
can significantly change the integral cross section of
backscattering in the inelastic scattering channel. This
circumstance must play an important role in the quanti-
tative analysis of experiments on inelastic backscattering
of particles by disordered samples.

This work was supported by the Ministry of Science
and the Arts of Israel.

E. Kanzieper and V. Freilikher, Phys. Rev. B 51, 2759 (1995).
B. N. Libenson, K. Yu. Platonov, and V. V. Rumyantsev, Sov.

Phys. JETP 74, 326 (1992).
V. V. Rumyantsev and V. V. Doubov, Phys. Rev. B 49, 8643

(1994).
4E. Kanzieper, Sov. Phys. JETP 76, 887 (1993); Phys. Scr. 47,

823 (1993).

5The authors of Refs. 2 and 3 have used the term "new (or
different) type of weak localization. " In order to avoid a con-
fusion with usual weak localization we shall use the term
"wide-angle correction. "

E. E. Gorodnichev, S. L. Dudarev, and D. B. Rogozkin, Sov.
Phys. JETP 69, 481 (1989).


