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Partial dephasing in interacting many-particle systems and current echo
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Current echos as a response to a sequence of two ultrashort voltage pulses and their delay dependence are
studied for interacting particles. The echo amplitude is reduced compared to its noninteracting counterpart, and
decays even without an external bath coupling. However, it ends up with anonzerovalue in the large-delay
limit. This partial dephasing can be traced back to correlated energy differences in the many-body system. It is
expected for all echo phenomena in small isolated systems. The time-dependent Hartree-Fock approximation
fails to describe the current echo’s dephasing even qualitatively.@S0163-1829~98!02307-8#
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I. INTRODUCTION

The ultrafast kinetics in interacting systems became
perimentally accessible in the last few years. This stimula
theoretical efforts to go beyond simple concepts like deph
ing rates. Generally dephasing, i.e., the decay of a signa
function of time elapsed between two events~excitations,
measurements, etc.!, is attributed to one or more of the fo
lowing aspects:~i! bath coupling,~ii ! thermodynamic limit
for the system size, and~iii ! complex internal structure of th
system.

Paradigmatic for the measurement of ‘‘real’’ dephasin
as opposed to signal cancelation due to inhomogene
broadening, are echo experiments performed with spin1 or
optical2 excitation. A conceptually particularly simple an
astonishing echo is the recently predicted current echo3 ~also
see Ref. 4, which discusses current echos for classical
ticles in inhomogeneous magnetic fields!: A finite current
can appear spontaneously at time 2t in a disordered system
as a response to a sequence of two short voltage pu5

separated by a time delayt. The authors of Ref. 3 based the
prediction on properties of ensembles of independent
ticles. Only results up to third order in the driving fields ha
been presented (x (3) level!. An experimental verification of
this echo effect is still missing. In fact, it is not clear so f
whether the current echo still exists for large exciting pul
which might be required in order to obtain a recordable e
signal. Such pulses can no longer be treated withinx (3). It is
even more questionable whether the echo survives in
presence of Coulomb interaction, as investigated for the p
ton echo in Refs. 6 and 7.

We present results that rest on an exact treatment of
interaction in terms of system eigenfunctions of small int
acting many-particle systems. It is shown that, at least in
spatial dimension, a current echo exists for small or w
localized systems even in the presence of the Coulomb in
action. The signal is, however, reduced compared to the n
interacting case. Furthermore, and in contrast to
noninteracting situation, the echo amplitude decreases
time starting from the noninteracting value down to afinite
570163-1829/98/57~8!/4299~5!/$15.00
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fraction thereof.8 This suggests that in general particl
particle interaction in isolated and finite systems leads
dephasing which, however, is not complete. For comparis
we also present results within the time-dependent Hart
Fock ~TDHF! theory.

II. THEORY

As a model system, we consider a one-dimensio
Pariser-Parr-Pople9 Hamiltonian with disorder or, equiva
lently, Anderson’s disorder Hamiltonian with addition
Coulomb interaction. It is written as

H5(
i ,s

T~ci 11,s
† ci ,s1H.c.!1(

i ,s
uici ,s

† ci ,s

1
1

2 (
i , j ,s,s8

v i j ci ,s
† cj ,s8

† cj ,s8ci ,s ~1!

in terms of electron creation operatorsci ,s
† for sites i ( i

51, . . . ,N) and spin directionss5↑,↓. The on-site energies
ui are Gaussian distributed uncorrelated random numb
with variance^ui

2&5W2. For the interactionv i j a modified
Coulomb form10 with a finite on-site value is used:v i j

5e2/(4pe0esAu i 2 j u2a21b2), with dielectric constantes
and lattice spacinga. A constant positive background charg
is added to ensure charge neutrality on average. The stre
of the interaction can be controlled by assigning toes values
between those of order of unity up to very large values. O
numerically exact calculations for interacting systems
volve all eigenstates, and therefore are restricted to sm
systems. Thus we can not disentangle the effects of the sh
and long-range parts of Eq.~1!. This issue can, however, b
addressed in the TDHF scheme, which allows the treatm
of much larger systems, and would also allow the inclus
of interchain coupling and local-field effects.

The current echo can only be observed on time sca
smaller than that of external interactions~bath phonons!, i.e.,
in the ultrashort-time regime. Further, the current echo
visible only in the total response from anensembleof many
4299 © 1998 The American Physical Society
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4300 57SAUTER-FISCHER, RUNGE, AND ZIMMERMANN
chains with different disorder realizations and thus differ
oscillations. Figure 1 shows that the directly induced curre
neart50 andt5t decay rapidly to zero due to the ensemb
average. However, att52t, a clear echo signal with sym
metric shape is seen.

For a theoretical understanding, the current echo is b
discussed in the basis ofmany-particleeigenstatesHuCm&
5EmuCm&. A short pulse with a duration shorter than th
inverse transition energies centered aroundt1 with integrated
strengthf15(a/\)* t120

t110eE1(t)dt acts on the single- and

many-particle wave functions in the real-space representa
mainly as a phase factor. Ford pulses, as considered below
this is exact. ForM particles the wave function right afte
and right before the pulse are related by

C~x1 , . . . ,xM ,t1
1!5eif1S i xi /aC~x1 , . . . ,xM ,t1

2!. ~2!

This mixes the eigenfunctions with transition amplitudes

Snm
~1!5^Cnueif1S i x̂i /auCm&. ~3!

Starting with the ground stateC0 at t502, we have after
the first pulse att150 (\51, henceforth!,

uC~ t !&5(
m

uCm&e2 iEmtSm0
~1!. ~4!

After a second pulsef2 at t25t, for t.t,

uC~ t !&5(
n,m

uCn&e
2 iEn~ t2t!Snm

~2!e2 iEmtSm0
~1!, ~5!

FIG. 1. Ensemble-averaged current as function of time for s
site chains~a! without and~b! with interaction and parameters ap
propriate for polyacetylene (a50.122 nm,b50.158 nm, andes

51.5, andW5T52.4 eV corresponding to\/T'0.3 fs!. The insets
show on a 1-fs scale the direct current responses neart50 and t
5t5300 fs, and the echo neart52t5600 fs. Note the sign rule
Eq. ~10!, to be fulfilled.
t
ts

st

on

yielding, for the expectation value of the displacement c
rent operator,̂ Ĵ&52e] t^X̂&,

J~ t !5 (
n,n8,m,m8

e2 i ~En2En8!~ t2t!e2 i ~Em2Em8!t

•Sm80
~1!* Sn8m8

~2!* Jn8nSnm
~2!Sm0

~1! , ~6!

with

Jn8n52 ie~En82En!K Cn8U(
i

x̂iUCnL . ~7!

This expression is the basis for the numerical results p
sented in this paper.

Next we proceed to identify the contributions in Eq.~6!
which produce the echo. The crucial step in the analysis i
keep only certain terms which in the ensemble average
not subject to destructive interference. The underlying ra
nal is that of a random-phase approximation~RPA! in the
original meaning.11

Besides contributions which are strong att't, we find
constructive interference att'2t from the ‘‘cross terms’’
n85m, m85n, yielding

Jcross~ t !52(
n,m

e2 i ~En2Em!~ t22t!uSnm
~2!u2Sn0

~1!* JnmSm0
~1!.

~8!

We usedJmn52Jnm , which is true for finite systems in on
dimension, to exclude, e.g., ‘‘diagonal’’ terms withn85n
andm85m. As a function of real time, Eq.~8! gives a sym-
metric peak aroundt52t, with the width determined mainly
by the energy-level distance distribution. The peak height
in this approximation, independent of delayt.

Additional information on the sign of the echo current c
be gained by comparison of Eq.~8! and the current right
after the first pulse@see Eq.~4!#,

J~ t501!5(
n,m

Sn0
~1!* JnmSm0

~1!. ~9!

Each term in sum~9! also occurs in Eq.~8! multiplied by the
negative factor2uSnm

(2)u2. This leads to theheuristic sign rule

J~ t'2t!;2J~ t501!. ~10!

This heuristic derivation can be developed into a rigoro
proof only for thex (3) limit, keeping terms;E1E1

2, but under
extreme conditions the sign rule is expected to fail.

III. NUMERICAL RESULTS

For noninteracting systems, chains with up to a few hu
dred sites, and ensembles of many thousands of chains
easily be handled with desktop workstations. Thus the c
rent echo in a noninteracting system has been studied ex
sively in detail.12 However, in the figures of the presen
work, we only show results for small, half-filled system
with N56 particles, to allow a direct comparison to the r
sults for interacting particles. However, for their interpre
tion, we will benefit from Refs. 12 and 3.

The time-dependent current of an ensemble of nonin

-
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57 4301PARTIAL DEPHASING IN INTERACTING MANY- . . .
acting chains is shown as Fig. 1~a!. The echo peak in Fig
1~a! is considerably smaller than thex (3) estimate ~not
shown!, but coincides within a few percent or less with th
RPA value@Eq. ~8!#. It is found to be independent oft. The
strongest echos per unit length occur when the wave fu
tions are localized within a few lattice constants, calling
short chain length or sizable disorder. This is fortunate,
for interacting particles we are restricted to such short cha
in any case.

Now we turn to the interacting case. Again, rather stro
disorder (W5T) and a chain length ofN56 are used. Only
Sz50 basis states contribute, and a 4003400 matrix has to
be diagonalized. Figure 1~b! shows that current echos a
possible in interacting systems, too.

However, the magnitude of the current echo peak is s
stantially reduced~Fig. 2!. It depends on the delay time, th
interaction strength, and pulse strengths. As a function of
delay time, a surprising behavior is seen: At very short
lays the response is close to the corresponding ensemb
noninteracting chains. After falling rapidly to a considerab
lower level, it stays almost constant at a value depend
only weakly ones . The delay time needed to reach the low
echo level, however, scales directly withes ~the inverse in-
teraction strength!.

Qualitatively, these results can be described as a pa
dephasing, in contrast to noninteracting systems, which s
no dephasing at all.~Note that any bath coupling is ne
glected, which, in general, would lead toexternal dephas-
ing.! This result is of importance for our general understa
ing of dephasing in finite and isolated systems.

The echo in interacting systems is expected to be redu
due to the larger number of different energy eigenvalues.
weak interaction, the obvious delay dependence of the e
can be explained as follows: The many-particle spectrum
highly structured in the sense thatenergy differencesare cor-
related. A large number of transitions between many-part
eigenstates correspond to a particular single-part
transition.13 Their energies are only slightly modified by th

FIG. 2. Current echo peak as function of the delay time
different effective interaction strengths,es51.5 and 100; other pa
rameters are as in Fig. 1. Thick lines: exact results, thin lin
TDHF approximation. Below 10 fs, the echo cannot clearly be se
rated from the direct current response. The inset shows exact re
for es5100, 200, 500, and 1000. Note that the decay time neede
reach the lower echo level is proportional toes .
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Coulomb interaction with the other occupied single-parti
states~Coulomb splittingdC). The energy differences within
such a Coulomb bundle are approximately the same, and
times below\/dC not only the cross terms survive in th
sum ~6!, but nearly resonant termsEn2En8'Em82Em as
well. Processes involving the simultaneous excitation of t
spin-degenerate single-particle states already contribut
orderE2

2E1. In the photon echo, these terms include the bi
citon (n: biexciton,n8 andm8: exciton,m: ground state!.

We find that the total echo scales like

J~ t52t!;A1B exp~2t2dC
2 /\2!, ~11!

whereA/B decreases rapidly with the number of transitio
induced by the second pulse. A very good fit toall the data
in the inset of Fig. 2 is obtained with\/dC5es 1.7 fs.

It should be stressed that form~11! is based on the as
sumption of two separate energy scales. One, given by
distribution of the noninteracting single-particle levels, i.
by T andW, guarantees that the echo is a well-defined f
ture in real time; the other, much smaller one, given by
Coulomb splitting dC , determines the echo peak dec
~dephasing! as a function of delay time.

This scenario is strongly supported by the Fourier deco
position of the actual current from a single chain, which
shown in Fig. 3. Clearly the single-particle excitation en
gies @peaks in Fig. 3~a!# split into groups of many-particle
excitation energies@peaks in Fig. 3~b!#.

IV. TIME-DEPENDENT HARTREE-FOCK
APPROXIMATION

One might wonder whether the time-dependent Hartr
Fock approximation yields a current echo. The Hartree-F
approximation trivially becomes exact for noninteracti
systems, and we expect the TDHF approximation to sho

r

:
a-
lts
to

FIG. 3. Fourier transform of the polarization current of a sing
chain for the~a! noninteracting system,~b! exact solution including
interaction, and~c! solution within the TDHF approximation; pa
rameters as in Fig. 1.



n
ns
ie
th
f
n

no

te
en
ro
g
n

co

d

n
th
ie
he
te
e

ox
ds

a-
o

an
ns

ck
bu

c

e
tri
-
y
e

b
nc
tio

n

ex-
s
of

ho

Eq.
ci-
uld
he

o-
de-
lar,

ete

es is

e-

t

on,
for

n
but
in a

on-
on,
ted
o-
r is

and
ri-

the
as

of
F

riti-
ach

4302 57SAUTER-FISCHER, RUNGE, AND ZIMMERMANN
current echo in this limit. In fact, the TDHF approximatio
in the form of the semiconductor Bloch equatio
~SBE!,14–16 has widely, and quite successfully, been appl
to echo-related phenomena in semiconductors. On the o
hand, echo phenomena are often discussed in terms o
effective time reversal for at least part of the wave functio
The force fields from the HF energies are manifestly
time-reversal invariant, suggesting that the current echo
the TDHF approximation should decay at large delays.

Starting with an iteratively determined HF ground sta
the single-particle wave functions or, equivalently, the d
sity matrix, are propagated in time with a Runge-Kutta p
cedure. The thin lines in Fig. 2 show the ensemble-avera
TDHF current echo peak fores51.5 and 100. Starting agai
with the noninteracting value att50, the echo peak falls to
zero, as a signature of a complete dephasing—in clear
trast to the exact calculations. Even the initial decay time
qualitatively wrong~too long!, and has been found to depen
on the excitation level.

The Fourier decomposition of the single-chain curre
Fig. 3~c!, helps to understand the dephasing behavior of
TDHF approximation. The single-particle transition energ
of Fig. 3~a! broaden into a continuum. In this respect, t
TDHF result corresponds to what is expected for a sys
coupled to a bath. This, again, emphasizes the importanc
higher-order correlations beyond the Hartree-Fock appr
mation, which ensure that for the full problem internal fiel
do not act like random fields.

For a discussion of the validity of the TDHF approxim
tion and the SBE, it is useful to distinguish different uses
these terms. The TDHF approximation, in the form of
equation of motion, defines at any given time a unitary tra
formation of the occupied single-particle orbitalsp
51, . . . ,M . These can be expressed, analogously to Eq.~5!,
as

uwp~ t !&5(
r ,q

uw r
~2!&e2 i er

~2!
~ t2t!srq

~2!e2 i eq
~1!tsqp

~1!, ~12!

where p, q, and r refer to eigenstates of the Hartree-Fo
operators calculated with the momentary particle distri
tions at timest,0, 0,t,t, andt.t, respectively.

Again, an echo results from the constructive interferen
of cross terms (r 85q, q85r ),

^wp~ t !u ĵ uwp~ t !&;E1uE2u2 (
r ,q

e2 i ~er
~2!

~ t2t!2er
~1!t!

3e2 i ~eq
~2!

~ t2t!2eq
~1!t!, ~13!

where the single-particle matrix elementssqp
(1,2) of the opera-

tor exp(if1,2x̂/a) have been expanded to the lowest ord
which contributes to the echo. This expansion of the ma
elementss was only for illustration and similiarity to stan
dard procedures. The following arguments are based onl
the form of the exponential factors, and are much more g
eral. Now the cancellation of the exponents att52t in Eq.
~13! is not complete because the Hartree-Fock potentials
fore and after the second pulse are different. This differe
is, to lowest order, determined by the average interac
d
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strength v̄ and the amount of redistribution of occupatio
done by the second pulsedn2̄, which scales likeuE2u2,

eq
~2!2eq

~1!; v̄ dn2̄. ~14!

For short delay times and/or low excitation, the residual
ponents in Eq.~13! are small, but for large delay time
and/or high excitation density, the right-hand side terms
Eq. ~13! do not longer interfere constructively, and the ec
disappears on a time scale of

tTDHF'
2p

v̄ dn2

. ~15!

Note the density dependence, which is not present in
~11!. In passing, we state that this is different from the ex
tation induced dephasing of Refs. 17–19: A prepulse wo
be irrelevant here, insofar as only the difference of t
phases accumulated during the intervals@01,t2# and
@t1,2t# matters.

Most applications of the TDHF approximation to the ph
ton echo and related phenomena solve for the full time
pendence but employ certain approximations. In particu
phenomenological dephasing rates are introduced.20–22 With
respect to four-wave mixing experiments, the incompl
cancellation in the exponent of Eq.~13! implies a signal
decay, as long as the density dependence of the energi
kept. This is true, even if one retains only terms linear inE1

and focuses on the direction (2kW22kW1) of the diffracted sig-
nal. Only if all the excitation dependence of the Hartre
Fock interaction is neglected,

ep
~2!5ep

~1!5ep
~0!, ~16!

is the result an echo, which is independent oft. This final
simplification towardstrict x (3) relies on the argument tha
the prefactors(1)* s(2)* s(2)s(1) is already of orderE1uE2u2.
This clearly demonstrates that, even for weak excitati
higher orders in the exciting fields can become relevant
large ~delay! times. Closely related to thisstrict interpreta-
tion of x (3) is the following: If one retains the excitatio
dependence of the Hartree-Fock single-particle energies
expands the exponent up to second order, one might obta
quadraticallygrowing signal.6

In the existing literature on echo phenomena in semic
ductors dealing simultaneously with disorder and interacti
long- and short-range disorder are usually trea
differently.23,21 The former is assumed to yield an inhom
geneous broading and is treated as such, but the latte
lumped into a phenomenological dephasing timeT2 which
also acounts for other dephasing, e.g., by phonons,
which might well dominate the dephasing seen in expe
ments. The importance of Coulomb effects outside
TDHF approximation as, e.g., the biexciton contribution, h
been stressed recently.24 The inclusion of disorder beyond
the TDHF level, however, remains a challenge.

To summarize, qualitative and quantitative deviations
the TDHF behavior from the exact results exist, and TDH
calculations of echo phenomena have to be looked at c
cally, although for realistic system sizes no better appro
seems to be feasible today.
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V. CONCLUSIONS AND OUTLOOK

We conclude with a few ideas on the possible experim
tal verification of the current echo, even though the pheno
enon of apartial dephasing is in no ways restricted to curre
echos.25 The current echo as presented in Ref. 3 is part of
response to longitudinal homogeneous electric fields suc
generated in a condenser. An intrinsic difficulty for the e
perimental realization is that the echo response canno
spatially separated from the strong direct excitation, in c
trast to the well-studied photon echo, where the signa
detected in the background-free diffracted direction.2

In the numerical results presented here, we chose as
rameters those of polyacetylene, because this is an ex
mentally widely studied disordered one-dimensional syst
Another, experimentally even more promising, candid
would be a semiconductor superlattice, where the va
smaller hopping energy,T,100 meV, and the larger supe
lattice period,a*5 nm, reduce the necessary field streng
considerably and increase the characteristic times involv
The one-dimensional character with disorder, which help
localize the electronic excitations, is well realized in poro
tt.
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silicon or in semiconductor quantum wires, which are oth
systems worth looking at.

Finally, we mention that the main conclusions of this p
per, ~i! the existence of the current echo in interacting s
tems,~ii ! its delay-dependence due to Coulomb splitting
single-particle levels, and~iii ! its only partial dephasing, a
well as ~iv! the qualitatively wrong behavior of the TDHF
approximation ~strongly excitation-dependent echo deca!
and its explanation, are fully supported by the behavior
two drastically simplified but rather different models whic
can be solved analytically almost completely:26 an ensemble
of N52 chains with internal Coulomb interaction, and a
ensemble of many two-level systems with infinite range
teraction between all of them.

ACKNOWLEDGMENTS

We thank Peter Thomas for initiating this work as well
many members of the Marburg Semiconductor The
Group, in particular W. Niggemeier, for valuable discu
sions.
s
too,
ny

.

ys.

.

on-
1E. L. Hahn, Phys. Rev.80, 580 ~1950!.
2N. A. Kurnit, I. D. Abella, and S. R. Hartmann, Phys. Rev. Le

13, 567 ~1964!.
3W. Niggemeier, G. von Plessen, S. Sauter, and P. Thomas, P

Rev. Lett.71, 770 ~1993!.
4I. S. Oliveira, Phys. Rev. Lett.77, 139 ~1996!.
5For a possible realization of ultrashort voltage pulses, see, e.g

A. Ignatov, E. Schomburg, J. Grenzer, K. F. Renk, and E.
Dodin, Z. Phys. B98, 187 ~1995!.

6M. Lindberg, R. Binder, and S. W. Koch, Phys. Rev. A45, 1865
~1992!.

7V. L. Gurevich, M. I. Muradov, and D. A. Parshin, Europhy
Lett. 12, 375 ~1990!; S. V. Gantsevich, V. L. Gurevich, M. I
Muradov, and D. A. Parshin, Phys. Rev. B52, 14 006~1995!.

8A somewhat related long-time behavior of coherent wave pac
in small disordered quantum dots was discussed recently b
N. Prigodin, B. L. Altshuler, K. B. Efetov, and S. Iida, Phy
Rev. Lett.72, 546 ~1994!.

9R. Pariser and R. G. Parr, J. Chem. Phys.21, 466~1953!; 21, 767
~1953!; J. A. Pople, Trans. Faraday Soc.49, 1375~1953!.

10K. Ohno, Theor. Chim. Acta2, 219 ~1964!; G. Klopman, J. Am.
Chem. Soc.86, 4450~1964!.

11D. Bohm and D. Pines, Phys. Rev.92, 609 ~1953!.
12S. Sauter-Fischer, Ph.D. thesis, Humboldt-Universita¨t zu Berlin,

1997.
13If correlations between energy differences exist already on

single-particle level, e.g., for short chains of given lengthN with
fixed t and weak random on-site disorder, echolike phenom
ys.

A.
.

ts
V.

e

a

can occur even fortÞ2t. The following discussion suggest
that a t-dependent decay can be found in such systems,
provided the current matrix elements connect sufficiently ma
states.

14S. Schmitt-Rink and D. Chemla, Phys. Rev. Lett.57, 2752
~1986!.

15H. Haug and S. W. Koch,Quantum Theory of the Optical and
Electronic Properties of Semiconductors, 2nd ed.~World Scien-
tific, Singapore, 1993!.
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