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Slow excitation trapping in quantum transport with long-range interactions
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Long-range interactions (LRIs) slow down the excitation trapping in quantum transport on a one-
dimensional chain with traps at both ends when compared to the case with only nearest-neighbor interactions.
This is in contrast to the corresponding classical case, in which LRIs lead to faster excitation trapping. The
reason for the slowing down is to be found in subtle changes—due to LRIs—in the spectrum of the Hamil-
tonian. Pertubation theory allows an analytical analysis of this fact.
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Building a quantum system from scratch has become pos-
sible due to recent experimental advances in controlling and
manipulating atoms and molecules. It has actually become
possible to tailor the theoreticians’ favorite one-dimensional
systems using, e.g., ultracold atoms in optical lattices; see [1]
and references therein. From a dynamical point of view, this
allows for these systems to compare the theoretical predic-
tions for the transport of charge, mass, or energy to the ex-
perimental results. In turn, the experimental findings might
eventually lead to a refinement of the theoretical models.

The tight-binding approximation for the transport of a
quantum particle over a regular structure (network) is a
simple description which is equivalent to the so-called
continous-time quantum walk (CTQW) with nearest-
neighbor interactions (NNIs) [2,3]. Recently, several experi-
ments have been proposed addressing the CTQW, e.g., based
on waveguide arrays [4], atoms in optical lattices [5,6], or
structured clouds of ultracold Rydberg atoms [7]. In some of
these experiments one finds long-range interactions (LRIs),
as in Rydberg gases, where also blockade [9] and antiblock-
ade [10] effects have to be considered. Recently, we analyzed
the behavior of CTQWs when the probability of jumps to
other sites depends on the mutual distance R between the
sites, the LRIs being of the form R~ [8]. We found that
CTQWs belong to the same universality class for v>2,
while for classical continuous-time random walks (CTRWs)
universality holds only for v>3.

Coupling a system to an absorbing site, i.e., to a trap,
allows the transport to be monitored by observing the decay
of the survival probability of the moving entity, say, the ex-
citation. In the long-time limit and for NNIs the decay is
practically exponential for both classical systems modeled by
CTRWs [11] and quantum systems modeled by CTQWs
[7,12]. At intermediate times, which are experimentally rel-
evant, there appear considerable, characteristic differences
between the classical and the quantum situations [7].

Here, we study the quantum dynamics of a one-
dimensional CTQW with LRIs in the presence of traps and
use the similarity to a CTRW for a comparison with the
respective classical case. Without traps, we model the quan-
tum dynamics on a network of connected nodes by a tight-
binding Hamiltonian H,,. For the corresponding classical pro-
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cess, we identify the CTRW transfer matrix T, with Hy, i.e.,
H,=-T; see, e.g., [2,3] for details. For undirected networks,
H,, is related to the connectivity matrix A of the network by
Hy,=A,. When the interactions between two nodes vary as
R”, with R=|k—j| =1 being the distance between two nodes
j and k, the Hamiltonian has the following structure:

N n—1
Hy(v) =2 (E R™(|n)}(n| = [n— R)nl)
R=1

n=1

N—-n
+ > R™(In)(n| - |n+R><n|)). (1)
R=1

We restrict ourselves to extensive cases (v>1), i.e., we ex-
plicitly exclude ultralong-range interactions. The correspond-
ing NNI Hamiltonian is obtained for v=o0, in which case
only the leading terms with R=1 do not vanish.

The states |j) associated with excitations localized at the
nodes j (j=1,...,N) form a complete, orthonormal basis set
of the whole accessible Hilbert space ((k|j)=&; and
Sk} (k|=1). In general, the transition probabilities
from a state |j) at time 7,=0 to a state |k) at time ¢ read
(1) = ey (0> = (k| exp[—iHo(v)7]] H]*. In the correspond-
ing classical CTRW case the transition probabilities follow
from a master equation as p;(1)=(k|exp(To?)|j) [2.3].

Now, let the nodes m (me M and M C{l,...,N}) be
traps for the excitation. Within a phenomenological ap-
proach, the new Hamiltonian is H(»v)=H,(v)—il, with the
trapping operator iI'==il'Y,,_ ,|m)(m| (see Ref. [7] for
details). As a result, H is non-Hermitian and has N complex
eigenvalues E;=€—ivy, (I=1,...,N) with >0, and N left
and N right eigenstates, denoted by |¥,) and (¥,
tively. The transition probabilities follow as

, respec-

7y () = | exp(= yn)exp(— i)k W)T )", ()
1

where the imaginary parts y; of E; determine the temporal
decay. Note that traps do not lead to decoherence but to
decaying probabilities. For the incoherent classical process
the description by CTRWs is quite similar: The new transfer
operator reads T(v)=Ty(v)-I'=—=A,(v)-TI", which is real
and symmetric, leading to the eigenvalues —\; (\;>0) and
corresponding eigenstates |®;). Note that due to the different
incorporation of the trapping operator in T(») and H(v) the
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corresponding eigenvalues and eigenstates will differ. With-
out trapping we have Ty(v)=—Hy(v) and thus \;=E; and
@) =|W).

In order to make a global statement for the whole net-
work, we calculate the mean survival probability for a total
number of M trap nodes,

My =——3 3 =m0, 3)

N_MJ¢M ke M

i.e., the average of m;(¢) over all initial nodes j and all final
nodes k, neither of them being a trap node. Classically, we
will consider Py, (t)=1/(N=M)Z ;. pZpe mPi;(t). For inter-
mediate and long times and a small number of trap nodes,
IT,,(¢) is mainly a sum of exponentially decaying terms [7]:

N

1
Ty (1) = N_—M]E exp(=2y1). (4)
=1

If the imaginary parts y; obey a power law with an exponent
u (y;~al*), the mean survival probability scales as
I1,,(t) ~ Ve

In Ref. [7] an experimental setup was proposed, which is
based on a finite linear chain of clouds of ultracold Rydberg
atoms with trapping states at both ends (m=1,N). There, the
dynamics was approximated by a NNI tight-binding model,
which—for a ring without traps—has been shown to behave
in the same fashion as systems with LRIs of the form R™" for
which v>2 [8]. The Rydberg atoms interact via dipole-
dipole forces, i.e., the potential between two atoms decays
roughly as R73.

For the finite chain with m=1,N, Fig. 1 shows a compari-
son of the quantum mechanical I1,,(r) and of the classical
P,,(t) behaviors for different v and I', which were obtained
by numerically diagonalizing the corresponding Hamiltonian
H(v) and transfer matrix T(»), respectively. Clearly, for both
I' values the LRIs lead to a slower decay of I1,,(7), i.e., to a
slower trapping of the excitation, which is remarkable since
the opposite effect is observable for classical systems where
the decay of P,(f) becomes faster for decreasing v. The
classical behavior can be simply understood since, at least
for short and intermediate times, increasing the probabilities
for long-range jumps also increases the probabilities for vis-
iting new nodes and hence to encounter a trap. By increasing
the trapping strength I', the difference between the quantum
and the classical behavior becomes even more pronounced
[compare Figs. 1(a) and 1(b)]. Generally, for II,,(z) the
change in T results mainly in a rescaled time axis, since the
imaginary parts vy, are of the same order of magnitude when
rescaled by I'. For the specific case of the Rydberg atoms
(v=3 and I'=1) one observes the largest difference between
the I1,,(¢) and the P, (f) behaviors. To understand this phe-
nomenon, we continue to analyze I1,,(r) within a perturba-
tion theoretical treatment.

When the strength of the trap, I, is small compared to the
couplings between neighboring nodes, we can evaluate the
eigenvalues using perturbation theory; see, for instance, [13].
Let |\I’§0)> be the /th eigenstate and E;O) € R be the Ith eigen-
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FIG. 1. (Color online) v dependence of the quantum mechanical
IT,,(r) and the classical P, (t) decay behaviors for a chain of
N=100 sites; here I'=(a) 0.001 and (b) 1. The inset in (a) shows a
closeup picture of the region where IT,(¢) and Py(¢) cross. The
inset in (b) shows power-law fits (see arrows) to IT;,(¢) in the inter-
mediate time regime with exponents 1/u, where the u are taken
from Fig. 3(b).

value of the unperturbed system with Hamiltonian Hy(»). Up
to first order the eigenvalues of the perturbed system are
given by

E=EQ-il X [m| W) (5)
meM

Therefore, the correction term determines the imaginary
parts y,, while the unperturbed eigenvalues are the real parts
€=E\". Having only a few trap nodes, the sum in Eq. (5)
contains only few terms. Moreover, from Eq. (5) we also see
that the imaginary parts 7, are essentially determined by the
eigenstates |‘If§0)> of the system without traps. A change in
these states will also lead to a change in the y;. As we pro-
ceed to show, this is exactly what happens by going from
NNIs to LRIs: With decreasing v some of the unperturbed
eigenstates |‘I’§O)) become more concentrated within the
system, i.e., they have a lower contribution from the nodes
m=1,N. This, in turn, leads to the slower decay of the sur-
vival probability, because the imaginary parts are related to
[(m | ¥ )2 by Eq. (5).

Without loss of generality, an eigenstate of a finite chain
with NNIs can be written as (I=1,...,N)
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( 2 i) for

\/72 cos[(2j —1)6/2]|j) else,

I=N,
W)=

(6)

where for convenience we take 01 w(N-1)/N €[0,]; the
corresponding eigenvalues are E( =2-2 cos 6, (note that the
smallest eigenvalue is E(O) 0). Thus, in first-order
perturbation theory we obtam from Egs. (5) and (6) as
imaginary parts yy=2I'/N and vy,=(4/N)cos*(6,/2)
=(2I'/N)[1+cos 6] forI=1,...,N—1, which for [ <N yields
¥~ I In this case the mean survival probability will scale in
the corresponding time interval as IT,,(¢) ~¢'2.

Formally, we can perform the continuum limit N— o (by
taking now 4I'/N=a finite). Then the sum in Eq. (4) turns
into an integral such that

1 a
IT,,(¢) ~ e“";J dfe s V== (at), (7)
0

where Ij(at) is the modified Bessel function of the first kind
[14]. From this we get for large ¢ that IT,,(t) ~ "2, which
confirms the previous results. Note, however, that for small
N the smallest 7y, value is finite and, therefore, the scaling of
v, holds only in a quite small interval of / values. Hence, also
the time interval in which I1,,(¢) scales with the exponent
—1/2 is rather small. A lower bound for scaling is given by
the behavior of 7y, for [=N/2 (corresponding to smaller
times than for /<< N). Here, 7, is linear in /, which leads to a
lower bound of n=1 for the scaling exponent. An exponent
m which is valid over a larger [ interval will therefore be in
the interval [1,2] and, consequently, the exponent for IT,,(z)
will lie in the interval [—-1,-1/2].

In the case of periodic boundary conditions, one finds
translation-invariant Bloch eigenstates regardless of the
range of the interaction [8]. In the case of Eq. (1), however,
the eigenstates for LRI differ from the ones for NNI [Eq.
(6)]; in Eq. (1) the finite extension of the chain destroys the
translational invariance. As is immediately clear from Eq.
(5), this also implies that the imaginary parts of the eigen-
values, evaluated based on first-order perturbation theory,
will change.

For large exponents v we can regard the LRI as a small
perturbation to the NNI, i.e., having Hy(v)=H,+H,, where
H, contains only the correction terms to the NNI case H,,.
This allows us to calculate from the unperturbed states |\If§0))
the perturbed eigenstates |¥,) up to first order. Taking the
states | W) to be the eigenstates of the LRI system without
traps, we readily obtain the imaginary parts v, for small trap-

ping strength from Eq. (5) as y,=2I|(1|W¥)|?, where
N (¥ (0)| | (0)> 0
(1w =)+ 2—0 o (). ®
r#l

It is straightforward, although cumbersome, to calculate
the corrections to the imaginary parts vy, from Eq. (8). For
large v the coupling to the next-next-nearest neighbor is by a
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FIG. 2. (Color online) Correction term {1|W¥;—(1 |\I’§0)) for
N=100 and for v=(a) 10 and (b) 5. The direct numerical evaluation
(solid black line) is compared to the perturbation theory expression
Eq. (8) (dash-dotted green line) and to the approximate expression
Eq. (9) (dashed red line).

factor of (3/2)" smaller, for v=10 this is about one and a half
orders of magnitude. Taking, for fixed v, only nearest- and
next-nearest-neighbor couplings into account allows us to
obtain simple analytic expressions. The perturbation term
H, is now tridiagonal. Its nonzero elements are
(j=2|H,|j)=(+2|H,|j)=-2"" and its diagonal elements
follow from (j|H,|j)=-2«i|H,|j), thus (j|H,|j}=2"" for
2<j<N-1 and (j|H,|j)=2""*! else. We hence obtain from
Eq. (8)

(1|w) = \/%COS( Z ) +277 \/% sin(26,)sin<%). 9)

Figure 2 shows the difference (1|W,)—(1|¥{") for
N=100 and for v=(a) 10 and (b) 5. The numerical exact
value (solid black line) is obtained by computing separately
(1|P)) and (1 |‘If§0)) and subsequently taking the difference;
the result is then confronted with Eq. (8) (dash-dotted green
line), determined numerically, and to Eq. (9) (dashed red
line). For v=10, the agreement between all three curves is
remarkably good [see Fig. 2(a)], which justifies the assump-
tions leading to Eq. (9). For smaller v [¥=5 in Fig. 2(b)]
there is still a reasonable agreement between Eq. (8) and the
exact result; however, taking only nearest and next-nearest
neighbors into account leads to evident deviations, see the
dashed red line in Fig. 2(b).

Now, from Eq. (9) we get

Y=y + 277V 1 027, (10)

where y is the NNI expression given above and

1)—(SF/N)cos(0]/2)s1n(2¢9,)sm(49,/2) the correction due to
the LRIs. Again, the smallest vy, values are those for which
<N, which leads to a decrease of the imaginary parts 7,
because 7,1><0 for /<N. Here, one can approximate the
imaginary parts by a power law, i.e., y,~[*. A rough esti-
mate of the scaling exponent w, assuming »>1 can be
readily given. For this we note that from Eq. (10) we

have Iny,,— ln'yl~lny§8)1 In '}’10)+2 (’}’51)/7’”1 '}’11)/?’1 ).
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FIG. 3. (Color online) Imaginary parts y; (symbols) in ascend-
ing order for LRI systems with »=3,4,5, and for NNIs for N
=100 and I'=(a) 0.001 and (b) 1. The inset shows the power-law
behavior of the 7, in the intermediate / region with the appropriate
exponents u.

Moreover, the term u®=(In 752)1 —In ygo))/ [In(/+1)-In1]
gives the exponent for the NNI case and the term u(V
= (YN /9 =799 /[In(i+1)~In 1] is the LRI correction.
Thus

_Iny-Iny

~ ~ uO 4277y, 11
m(l+1) -1 " “ (1)

7
Since u'" is strictly positive for small /, the inclusion of
LRIs leads to a decrease of y; when compared to the NNI
case. In turn, this results in a slower decay of I1,,(z).

Figure 3 shows the imaginary parts 7y, for a chain of N
=100 nodes with LRIs (»=3,4,5), and with NNIs. For small
[ and NNIs, the 7y, obey scaling with the exponent u=2, as
discussed above. Introducing LRIs, i.e., decreasing v, in-
creases the scaling exponent to w>2. Consequently, the
scaling exponent 1/ u for IT,,(z) decreases, leading to a slow-
ing down of the excitation trapping due to LRIs.

In the classical case decreasing v leads to a faster excita-
tion trapping, which is observable in a quicker decay of
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P,,(2). This can also be deduced from a perturbation theoret-
ical treatment. As can be seen from Fig. 1 (see also Fig. 2 of
Ref. [7]), the decay of P,,(¢) is exponential already at inter-
mediate times and is dominated by the smallest eigenvalue
\y and the corresponding eigenstate |®,) of the transfer op-
erator T(v):

RGNS

ke M

> (kD)

ke M

N
1

Pyt)y=—"— -\t

w(?) N—MgeXp( it)

2

~ 1 exp(-ny) (12)

N-M

Calculating Ny and the prefactor |Z; . (k| ®p)|* for large v
and small I" shows that with decreasing v the smallest eigen-
value \y increases while the prefactor decreases. Together,
this confirms our numerical result of a quicker decay for
P, (1), see Fig. 1.

Finally, we comment on the impact of our results on the
experiment proposed in Ref. [7]. Here, clouds of laser-cooled
ground state atoms are assembled in a chain by optical dipole
traps [15], which are then excited into a Rydberg S state (see
[7] for details). The Rydberg atoms interact via long-range
dipole-dipole forces which is advantageous in many ways.
As can be deduced from Fig. 1, the time intervals over which
the decay follows the power law are enlarged by the LRIs.
For v=3 the transition to the long-time exponential decay
occurs at times which are about two orders of magnitude
larger than the ones found for the NNI case. The difference
between a purely coherent (CTQW) and a purely incoherent
(CTRW) process is enlarged due to the LRIs, allowing for a
better discrimination between the two when clarifying the
nature of the energy transfer dynamics in ultracold Rydberg
gases.

In conclusion, we have considered the quantum dynamics
of excitations with LRIs on a network in the presence of
absorbing sites (traps). The LRIs lead to a slowing down of
the decay of the average survival probability, which is re-
markable since for the corresponding classical process one
observes a speedup of the decay. Using pertubation theory
arguments we were able to identify the reason for this slow-
ing down; it results from changes in the imaginary parts of
the spectrum of the Hamiltonian.

Support from the Deutsche Forschungsgemeinschaft
(DFG) and the Fonds der Chemischen Industrie is gratefully
acknowledged.

[1] I. Bloch, Nat. Phys. 1, 23 (2005); 1. Bloch, J. Dalibard, and W.
Zwerger, Rev. Mod. Phys. 80, 885 (2008).

[2] E. Farhi and S. Gutmann, Phys. Rev. A 58, 915 (1998).

[3] O. Miilken and A. Blumen, Phys. Rev. E 71, 016101 (2005).

[4] H. B. Perets, Y. Lahini, F. Pozzi, M. Sorel, R. Morandotti, and
Y. Silberborg, Phys. Rev. Lett. 100, 170506 (2008).

[5] W. Diir, R. Raussendorf, V. M. Kendon, and H. J. Briegel,
Phys. Rev. A 66, 052319 (2002).

[6] R. Coté, A. Russel, E. E. Eyler, and P. L. Gould, New J. Phys.
8, 156 (2006).

[7] O. Miilken, A. Blumen, T. Amthor, C. Giese, M. Reetz-
Lamour, and M. Weidemuller, Phys. Rev. Lett. 99, 090601
(2007).

[8] O. Miilken, V. Pernice, and A. Blumen, Phys. Rev. E 77,
021117 (2008).

[9] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan, D. Jak-

021115-4



SLOW EXCITATION TRAPPING IN QUANTUM TRANSPORT...

sch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 87, 037901
(2001); K. Singer, M. Reetz-Lamour, T. Amthor, L. G. Mar-
cassa, and M. Weidemuller, ibid. 93, 163001 (2004).

[10] C. Ates, T. Pohl, T. Pattard, and J. M. Rost, Phys. Rev. Lett.
98, 023002 (2007); Phys. Rev. A 76, 013413 (2007).

[11]J. Klafter and R. Silbey, J. Chem. Phys. 72, 849 (1980); P.
Grassberger and 1. Procaccia, ibid. 77, 6281 (1982).

[12] R. M. Pearlstein, J. Chem. Phys. 56, 2431 (1971); D. L. Hu-
ber, Phys. Rev. B 22, 1714 (1980); 45, 8947 (1992); P. E.

PHYSICAL REVIEW E 78, 021115 (2008)

Parris, Phys. Rev. Lett. 62, 1392 (1989); Phys. Rev. B 40,
4928 (1989); V. A. Malyshev, R. Rodriguez, and F.
Dominguez-Adame, J. Lumin. 81, 127 (1999).

[13] J. Sakurai, Modern Quantum Mechanics, 2nd ed. (Addison-
Wesley, Redwood City, CA, 1994).

[14] Handbook of Mathematical ~Functions, edited by M.
Abramowitz and I. A. Stegun (Dover, New York, 1972).

[15] R. Grimm, M. Weidemiiller, and Y. B. Ovchinnikov, Adv. At.,
Mol., Opt. Phys. 42, 95 (2000).

021115-5



