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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 witinzerovalue 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 qualitatil®9163-182608)02307-9

[. INTRODUCTION fraction thereof This suggests that in general particle-
particle interaction in isolated and finite systems leads to
The ultrafast kinetics in interacting systems became exdephasing which, however, is not complete. For comparison,
perimentally accessible in the last few years. This stimulate¥e also present results within the time-dependent Hartree-
theoretical efforts to go beyond simple concepts like dephag=0ck (TDHF) theory.
ing rates. Generally dephasing, i.e., the decay of a signal as
function of time elapsed between two everiéxcitations, Il. THEORY
measurements, ejcis attributed to one or more of the fol-
lowing aspects(i) bath coupling,ii) thermodynamic limit
for the system size, an(di) complex internal structure of the
system.
Paradigmatic for the measurement of “real” dephasing,
as opposed to signal cancelation due to inhomogeneous
broadening, are echo experiments performed V\_/ithlsp'rn H=2, T(cl, 1 Cist H.c)+ X Uicl Ci s
opticaf excitation. A conceptually particularly simple and is is
astonishing echo is the recently predicted current ¢hiso
see Rgf. _4, which discusses curr(_ant.echos .fo_r classical par- +} 2 vijc-T cf <C.sCis (1)
ticles in inhomogeneous magnetic field#\ finite current 2
can appear spontaneously at timeif a disordered system
as a response to a sequence of two short voltage Pulse terms of electron creation operatocs for sitesi (i
separated by a time delay The authors of Ref. 3 based their =1, . .. N) and spin directions=T, | . The on-site energies
prediction on properties of ensembles of independent paM; are Gaussian distributed uncorrelated random numbers
ticles. Only results up to third order in the driving fields havewith variance(u?)=W?. For the interactiorv;; a modified
been presentedy(?) level). An experimental verification of Coulomb form® with a finite on-site value is usec;;
this echo effect is still missing. In fact, it is not clear so far =% (4meqes\/|i —j[?a%+b?), with dielectric constante,
whether the current echo still exists for large exciting pulsesand lattice spacing. A constant positive background charge
which might be required in order to obtain a recordable echds added to ensure charge neutrality on average. The strength
signal. Such pulses can no longer be treated wighih. Itis  of the interaction can be controlled by assigningjwalues
even more questionable whether the echo survives in thbetween those of order of unity up to very large values. Our
presence of Coulomb interaction, as investigated for the phaaumerically exact calculations for interacting systems in-
ton echo in Refs. 6 and 7. volve all eigenstates, and therefore are restricted to small
We present results that rest on an exact treatment of thgystems. Thus we can not disentangle the effects of the short-
interaction in terms of system eigenfunctions of small inter-and long-range parts of E@l). This issue can, however, be
acting many-particle systems. It is shown that, at least in onaddressed in the TDHF scheme, which allows the treatment
spatial dimension, a current echo exists for small or well-of much larger systems, and would also allow the inclusion
localized systems even in the presence of the Coulomb inteof interchain coupling and local-field effects.
action. The signal is, however, reduced compared to the non- The current echo can only be observed on time scales
interacting case. Furthermore, and in contrast to thesmaller than that of external interactiofimth phononsi.e.,
noninteracting situation, the echo amplitude decreases wittm the ultrashort-time regime. Further, the current echo is
time starting from the noninteracting value down tdirdite  visible only in the total response from amsembleof many

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

ij,s,s
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sented in this paper.

\ -V\ﬁ— This expression is the basis for the numerical results pre-

Next we proceed to identify the contributions in E)

00 | i which produce the echo. The crucial step in the analysis is to
(b) keep only certain terms which in the ensemble average are
05 Lo \ L not subject to destructive interference. The underlying ratio-
0 200 400 600 800 nal is that of a random-phase approximati@®@PA) in the
t (fs) original meaning!

Besides contributions which are strongtatr, we find

FIG. 1. Ensemble-averaged current as function of time for six-constructive interference at=2r from the “cross terms’”
site chains(a) without and(b) with interaction and parameters ap- n’=m, m’ =n, yielding
propriate for polyacetyleneaE0.122 nm,b=0.158 nm, ande
=1.5, andW=T=2.4 eV corresponding th/T~0.3 f9. The insets .
show on a 1-fs scale the direcF: curre?lt responsei re@r andt Jerosy) = — >, e 1En-Emt-2ng R 12g b g S,
=7=300 fs, and the echo ne&a#27=600 fs. Note the sign rule, nm ®)
Eq. (10), to be fulfilled.

We used),,= — Jnm, Which is true for finite systems in one
chains with different disorder realizations and thus differentdimension, to exclude, e.g., “diagonal” terms witii =n
oscillations. Figure 1 shows that the directly induced currentindm’=m. As a function of real time, E(8) gives a sym-
neart=0 andt= 7 decay rapidly to zero due to the ensemblemetric peak arount= 27, with the width determined mainly
average. However, dt=2r, a clear echo signal with sym- by the energy-level distance distribution. The peak height is,
metric shape is seen. in this approximation, independent of delay

For a theoretical understanding, the current echo is best Additional information on the sign of the echo current can
discussed in the basis ofiany-particleeigenstatesd|¥,,)  be gained by comparison of E¢S) and the current right
=En|¥m). A short pulse with a duration shorter than the after the first puls¢see Eq.(4)],
inverse transition energies centered aroundith integrated
strength ¢1=(a/ﬁ)fgfge51(t)dt acts on the single- and J(t=0+)=E S%)*Jnms%- 9
many-particle wave functions in the real-space representation nm
mainly as a phase factor. Férpulses, as considered below, Each term in sunt9) also occurs in Eq8) multiplied by the
this is exact. FoM particles the wave function right after negative factor-|S{2)|2. This leads to théeuristic sign rule
and right before the pulse are related by

J(t=~27)~—J(t=0"). (10

This heuristic derivation can be developed into a rigorous

This mixes the eigenfunctions with transition amplitudes ~ proof only for thex® limit, keeping terms~ £,£%, but under
extreme conditions the sign rule is expected to fail.

W(Xp, ... Xyt )= P33 (x, o xy,t). (2

Sin= (W |ele=xi /g . 3
I1l. NUMERICAL RESULTS

Starting with the ground stati, att=0", we have after For norinteracting systems, chains with up to a few hun-

the first pulse at, =0 (%=1, henceforth dred sites, and ensembles of many thousands of chains, can
easily be handled with desktop workstations. Thus the cur-
|T(t))=2, |V, )e Emgl) (4)  rentecho in a noninteracting system has been studied exten-
m sively in detail’?> However, in the figures of the present

work, we only show results for small, half-filled systems
After a second pulse, att,=r, for t>r, with N=6 particles, to allow a direct comparison to the re-
sults for interacting particles. However, for their interpreta-
W (1)) = ¥ Ve Ent-Ng2a-iEnrgl) 5 tion, We_W|II benefit from Refs. 12 and 3. _
) nzr:n V) nm 0 ® The time-dependent current of an ensemble of noninter-
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FIG. 2. Current echo peak as function of the delay time for 1.0 - T
different effective interaction strengths,=1.5 and 100; other pa- 05 | .
rameters are as in Fig. 1. Thick lines: exact results, thin lines: 0.0
TDHF approximation. Below 10 fs, the echo cannot clearly be sepa- 0.0 1.0 2.0 3.0
rated from the direct current response. The inset shows exact results ® (1015Hz)
for e,=100, 200, 500, and 1000. Note that the decay time needed to
reach the lower echo level is proportional &g. FIG. 3. Fourier transform of the polarization current of a single

chain for the(a) noninteracting systentb) exact solution including
interaction, andc) solution within the TDHF approximation; pa-

acting chains is shown as Fig(al The echo peak in Fig. rameters as in Fig. 1

1(a) is considerably smaller than thg® estimate (not

shown), but coincides within a few percent or less with the Coulomb interaction with the other occupied single-particle

RPA value[Eq. (8)]. Itis _found o be independent of The stategCoulomb splittingdc). The energy differences within
strongest echos per unit length occur when the wave funcs—uch a Coulomb bundle are approximately the same. and for
tions are localized within a few lattice constants, calling for bp y !

short chain length or sizable disorder. This is fortunate, agmes below#/ ¢ not only the cross terms survive in the
um (6), but nearly resonant ternis,— E,,~E,—E, as

for interacting particles we are restricted to such short chaing : ; ) .
in any case well. Processes involving the simultaneous excitation of two

Now we turn to the interacting case. Again, rather strongSpén'i%%enler?;e sLng![Ie-par:]lclethstatets aIregd;ll gor::]nbgfce n
disorder (W=T) and a chain length dfi=6 are used. Only 2/ 2c“2¢1- 'l e Pnoton €cho, these terms Inciude the biex-

S,=0 basis states contribute, and a 4680 matrix has to citon (n_: biexciton,n” andm': exciton,_m: ground stafe
be diagonalized. Figure() shows that current echos are We find that the total echo scales like
possible in interacting systems, too. oy _ 252422
However, the magnitude of the current echo peak is sub- J(t=27)~A+B exp(— 1 5c/h7), (D
stantially reducedFig. 2). It depends on the delay time, the whereA/B decreases rapidly with the number of transitions
interaction strength, and pulse strengths. As a function of théhduced by the second pulse. A very good fitalb the data
delay time, a surprising behavior is seen: At very short dein the inset of Fig. 2 is obtained with/ .= e 1.7 fs.
lays the response is close to the corresponding ensemble of |t should be stressed that forfil) is based on the as-
noninteracting chains. After falling rapidly to a considerably sumption of two separate energy scales. One, given by the
lower level, it stays almost constant at a value dependingistribution of the noninteracting single-particle levels, i.e.,
only weakly ones. The delay time needed to reach the lowerpby T and W, guarantees that the echo is a well-defined fea-
echo level, however, scales directly wigh (the inverse in-  ture in real time; the other, much smaller one, given by the
teraction strength Coulomb splitting -, determines the echo peak decay
Qualitatively, these results can be described as a partighephasingas a function of delay time.
dephasing, in contrast to noninteracting systems, which show This scenario is strongly supported by the Fourier decom-
no dephasing at all(Note that any bath coupling is ne- position of the actual current from a single chain, which is
glected, which, in general, would lead &xternaldephas-  shown in Fig. 3. Clearly the single-particle excitation ener-
ing.) This result is of importance for our general understandyies [peaks in Fig. 8)] split into groups of many-particle

ing of dephasing in finite and isolated systems. excitation energiefpeaks in Fig. ®)].
The echo in interacting systems is expected to be reduced
due to the larger number of different energy eigenvalues. For IV. TIME-DEPENDENT HARTREE-FOCK
weak interaction, the obvious delay dependence of the echo APPROXIMATION
can be explained as follows: The many-particle spectrum is
highly structured in the sense thattergy differenceare cor- One might wonder whether the time-dependent Hartree-

related. A large number of transitions between many-particlé-ock approximation yields a current echo. The Hartree-Fock
eigenstates correspond to a particular single-particl@epproximation trivially becomes exact for noninteracting
transition'® Their energies are only slightly modified by the systems, and we expect the TDHF approximation to show a
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current echo in this limit. In fact, the TDHF approximation strengthy and the amount of redistribution of occupation

in the form of the semiconductor Bloch equations h lsin._ which les lik 2
(SBE),**"*®has widely, and quite successfully, been applieddone by the second pulsin;, which scales likdé,|%

to echo-related phenomena in semiconductors. On the other
hand, echo phenomena are often discussed in terms of an
effective time reversal for at least part of the wave function.For short delay times and/or low excitation, the residual ex-
The force fields from the HF energies are manifestly notponents in Eq.(13) are small, but for large delay times
time-reversal invariant, suggesting that the current echo imnd/or high excitation density, the right-hand side terms of
the TDHF approximation should decay at large delays. Eq. (13) do not longer interfere constructively, and the echo
Starting with an iteratively determined HF ground state,disappears on a time scale of
the single-particle wave functions or, equivalently, the den-
sity matrix, are propagated in time with a Runge-Kutta pro- 2
cedure. The thin lines in Fig. 2 show the ensemble-averaged TIDHF~ ——— (15
TDHF current echo peak far;=1.5 and 100. Starting again v on,
with the noninteracting value at=0, the echo peak falls to
zero, as a signature of a complete dephasing—in clear COTl
trast to the exact calculations. Even the initial decay time ig.
qualitatively wrong(too long, and has been found to depend b
on the excitation level.
The Fourier decomposition of the single-chain current,
Fig. 3(c), helps to understand the dephasing behavior of th

> . . . . Most applications of the TDHF approximation to the pho-
TDH.F apprOX|mat|on.' The smglg-parﬂcle trangﬂon ENer9€S5n echo and related phenomena solve for the full time de-
of Fig. 3(@ broaden into a continuum. In this respect, the

) endence but employ certain approximations. In particular,
TDHF result corresponds to what is expected for a systerg pioy bp P

coupled to a bath. This, again, emphasizes the importance i]enomenologlcal dephasing rates are introddtedith

) . Tespect to four-wave mixing experiments, the incomplete
hlg?er—ordhgrhcorrelatlotrr;s tbfeyct)rr:d fthlf Hagltree-.F?ck aﬁpr%x'éancellation in the exponent of E413) implies a signal
Ejnoar:g?élz\tl IiIEe ?::éjcr)?n fiildgr € full problem internal fie Sdecay, as long as the density dependence of the energies is

For a discussion of the validity of the TDHF approxima- kept. This is true, even if one retains only terms linea€jn

tion and the SBE, it is useful to distinguish different uses of2nd focuses on the directionk2-k;) of the diffracted sig-
these terms. The TDHF approximation, in the form of annal. Only if all the excitation dependence of the Hartree-

equation of motion, defines at any given time a unitary transFOCK interaction is neglected,

e?—eD~v on,. (14)

Note the density dependence, which is not present in Eg.
1. In passing, we state that this is different from the exci-
tion induced dephasing of Refs. 17—-19: A prepulse would
e irrelevant here, insofar as only the difference of the
phases accumulated during the intervg8*,7~] and

7+,27] matters.

formation of the occupied single-particle orbitalp 2)_ (1)_ (0) (16)
=1,... M. These can be expressed, analogously to(E. =% “¢
as is the result an echo, which is independentrofThis final

simplification towardstrict () relies on the argument that
the prefactors()* s(*s(2)s() is already of orders;|&,|2.
This clearly demonstrates that, even for weak excitation,
higher orders in the exciting fields can become relevant for
wherep, g, andr refer to eigenstates of the Hartree-Fock large (delay times. Closely related to thistrict interpreta-
operators calculated with the momentary particle distribution of x®®) is the following: If one retains the excitation

2 i (2 2) —ieM. (1
os0)= 3, e e s, a2

tions at times<0, 0<t<r, andt>r, respectively. dependence of the Hartree-Fock single-particle energies but
Again, an echo results from the constructive interferencéXpands the exponent up to second order, one might obtain a
of cross terms('=q, q’' =r), quadraticallygrowing signal®

In the existing literature on echo phenomena in semicon-
ductors dealing simultaneously with disorder and interaction,
long- and short-range disorder are usually treated
differently?>! The former is assumed to yield an inhomo-
geneous broading and is treated as such, but the latter is
lumped into a phenomenological dephasing timewhich
_ ) _ 2 also acounts for other dephasing, e.g., by phonons, and
where the single-particle matrix elemesty” of the opera-  which might well dominate the dephasing seen in experi-
tor exp{¢, x/a) have been expanded to the lowest orderments. The importance of Coulomb effects outside the
which contributes to the echo. This expansion of the matrixTDHF approximation as, e.g., the biexciton contribution, has
elementss was only for illustration and similiarity to stan- been stressed recenf{The inclusion of disorder beyond
dard procedures. The following arguments are based only otihe TDHF level, however, remains a challenge.
the form of the exponential factors, and are much more gen- To summarize, qualitative and quantitative deviations of
eral. Now the cancellation of the exponentgat2+ in Eq.  the TDHF behavior from the exact results exist, and TDHF
(13) is not complete because the Hartree-Fock potentials besalculations of echo phenomena have to be looked at criti-
fore and after the second pulse are different. This differenceally, although for realistic system sizes no better approach
is, to lowest order, determined by the average interactioiseems to be feasible today.

(2)

< —i(e —7—6(1)7'
<¢p<t>|1|¢p<t>>~€1|52|22q e i(&" (=N —eTn

xR, 13
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V. CONCLUSIONS AND OUTLOOK silicon or in semiconductor quantum wires, which are other

We conclude with a few ideas on the possible experimen—SyStf:)mS worth Iook_mg at. . . .
tal verification of the current echo, even though the phenom.- Fnjally, we mention that the main concl'us!ons of _th|s pa-
enon of gpartial dephasing is in no’ ways restricted to current P<" (|)”th¢ existence of the current echo in mteract!ng Sys-
echos?® The current echo as presented in Ref. 3 is part of thete.ms’(”) its delay-depend_gnge due to C_oulomb sp_llttmg of
respoﬁse to longitudinal homogeneous electr.ic fields such ;gngle-pgrhcle Ievels_, a_ndn) its only par’ugl dephasing, as
generated in a condenser. An intrinsic difficulty for the ex-We“ as_(lv)_the quahtatlvely_wrpng behavior of the TDHF
perimental realization is that the echo response cannot be proximation (syrongly excitation-dependent echo de)cay
nd its explanation, are fully supported by the behavior of

spatially separated frqm the strong direct excitation, N €ON% o drastically simplified but rather different models which
trast to the well-studied photon echo, where the signal is

detected in the background-free diffracted direction. can b_e SOIVe.d ana_lytu_:ally almost Compl_etéﬁyan gnsemble
. of N=2 chains with internal Coulomb interaction, and an
In the numerical results presented here, we chose as pa- e i
o ensemble of many two-level systems with infinite range in-
rameters those of polyacetylene, because this is an expetls - i
. ) . ) . eraction between all of them.
mentally widely studied disordered one-dimensional system.
Another, experimentally even more promising, candidate
would be a semiconductor superlattice, where the vastly
smaller hopping energy, <100 meV, and the larger super-
lattice period,a=5 nm, reduce the necessary field strength We thank Peter Thomas for initiating this work as well as
considerably and increase the characteristic times involvednany members of the Marburg Semiconductor Theory
The one-dimensional character with disorder, which helps t&roup, in particular W. Niggemeier, for valuable discus-

localize the electronic excitations, is well realized in poroussions.
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