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Response of a particle in a one-dimensional lattice to an applied force:
Dynamics of the effective mass
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We study the behavior of the expectation value of the acceleration of a particle in a one-dimensional periodic
potential when an external homogeneous force is suddenly applied. The theory is formulated in terms of modified
Bloch states that include the interband mixing induced by the force. This approach allows us to understand
the behavior of the wave packet, which responds with a mass that is initially the bare mass, and subsequently
oscillates around the value predicted by the effective mass. If Zener tunneling can be neglected, the expression
obtained for the acceleration of the particle is valid over time scales of the order of a Bloch oscillation, which are
of interest for experiments with cold atoms in optical lattices. We discuss how these oscillations can be tuned in

an optical lattice for experimental detection.
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I. INTRODUCTION

In the absence of scattering due to impurities and phonons,
the wave packet associated with a crystal electron accelerates
in response to an external force F (homogeneous in space
and constant in time) as a particle with an effective mass.
This observation is justified by the effective mass theorem [1],
which in the simple case of a one-dimensional lattice is

F
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where (a) is the expectation value of the acceleration of

the wave packet and m’ (k) is inversely proportional to the
curvature of the band energy,
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However, Pfirsch and Spenke [2] argued that (a) does not
satisfy (1) at all times when the force is suddenly applied;
instead, the initial response of the expectation value of the
acceleration is characterized by the bare mass of the electron.
There should be subsequent oscillations around the value
calculated from the usual effective mass (2), which have a
period inversely proportional to the energy gap. They die
off after a characteristic time that roughly decreases with
decreasing bare mass and lattice constant [2].

In typical solid-state systems, the femtosecond scale of
this characteristic time and the scattering due to impurities
and phonons make it difficult to observe these oscillations.
Atoms in optical lattices constitute a much simpler system,
where the time scale is expected to be longer and decoherence
can be minimized. In these systems a constant force can
be introduced by accelerating the lattice uniformly so that
the atoms experience an inertial force in the lattice frame.
Many experiments with ultracold atoms have been carried
out to examine interesting phenomena caused by the band
structure in one-dimensional optical lattices [3—8]. Here we
discuss the possibility of detecting the oscillatory behavior of
the expectation value of the acceleration in ultracold atoms
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in a one-dimensional optical lattice when an inertial force is
suddenly applied.

Assuming that Zener tunneling is not significant, we write
an approximate semianalytical expression for the expectation
value of the acceleration valid for times as long as one
Bloch period [see expression (48)]. Our approach is based
on constructing a wave packet from modified Bloch states that
take into account the first order interband mixing due to the
external force. These modified Bloch states are constructed
using a diagonalization scheme to decouple the bands to some
given order in the external force [9], following ideas first
introduced by Adams [10-12], Kane [13], and Wannier [14].
To first order, we write an explicit expression for the desired
expectation value of the wave packet acceleration. We find
that at early times it reduces to the result found by Iafrate
and Krieger in their study of the motion of crystal electrons
shortly after a dc field is applied [15-18]. We discuss the
validity of our perturbation approach, comparing with the
results obtained from a full numerical calculation, and confirm
that our approach is still valid for longer times. We identify
the effect of changing the different physical parameters
of the optical lattice, such as the bare mass of the atoms and
the lattice constant, and find some sets of parameters that we
believe would lead to experimentally measurable effects.

To the best of our knowledge, the type of oscillations
described here have not been measured experimentally. Al-
though the observation of this phenomenon in optical lattices
is an interesting problem on its own, we believe it can also
help to understand how such oscillations could be detected
in solid-state systems where the femtosecond time scales are
becoming more accessible through ultrafast pulses [19].

In Sec. I we summarize the strategy to calculate the
expectation value of the acceleration, in terms of modified
Bloch states, and illustrate its behavior for a one-dimensional
Mathieu potential with parameters adjusted to resemble those
of the band structure of a semiconductor. The method used
for the full numerical calculation is sketched in Sec. III. In
Sec. IV, we show an application of the formalism to cold
atoms in an optical lattice with several examples, illustrating
the relevant parameters that control the oscillations. We present
some conclusions in Sec. V.
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II. THEORETICAL FRAMEWORK

We consider a particle in an infinite one-dimensional lattice
described by a wave packet with spread in quasimomentum
smaller than the extension of the Brillouin zone. In this section
we describe the formalism employed to include the effect of
an external homogeneous force acting on the particle.

A. Hamiltonian and modified Bloch states

The Hamiltonian that describes the system is
H:HO_F(I)X» (3)

where H,, corresponds to the unperturbed part of the Hamilto-
nian,

K2 d2
 2m dx?

The potential V(x) has period b. We will treat —F (¢)x as a
perturbation, but in a particular sense that will be described
later.

If we wanted to solve this problem in the crystal momentum
representation we would expand the wave function of the
system W(x,?) as a wave packet of Bloch functions, ¥, (k,x),

H, = + V(x). “)

W(x,1) = Z/dkcn(k,t)wn(k,x), (5)

where the integral is over the Brillouin zone. The Bloch
functions can be written as

Yn(k,x) = wn (k,x)e™, (6)

1
V2m
where u,(k,x) has the periodicity of the one-dimensional
lattice. The Bloch functions are eigenstates of the unperturbed
Hamiltonian H, with energies &, (k). They do not diagonalize
the full Hamiltonian when we include the force term, which
destroys the periodicity of the system and is divergent for
|x] — oo. Therefore, some care is required to express the
position operator in the crystal momentum representation [20],

/ w:(kvx)an'(k/vx)dx
—0Q
. 8 ! !
= Suw (—J@S(k —k )) + 8(k — k)& (k), (7N
where &,,/(k) is the Lax connection [21],

b
& (k) = / u, (k x)l un (k, )C) ®)

In the crystal momentum representation the Hamiltonian (3)
becomes

/ Yk, x)YHp (K, x)dx
= Huyw(k;1)8(k — k') — 8, F(1) (—i%ﬁ(k - k/)> )

where we have introduced the matrix elements

Hy (k1) = EX k3 )8 — F()Enn (k). (10)
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Here ER(k; 1) denotes the band energy renormalized by the
diagonal part of the Lax connection,

Ef ;1) = Ey(k) — F(1)&un (k). (1)

The time evolution of the amplitudes c,(k,) is given by the
time-dependent Schrodinger equation,

9 9
ih— n\K, = Hnn’ s n’\K, —iF 5 Cn\K,1). 12
lhatc (k,t) Z (k) (k,t) — i (t)akc k,t). (12)

Now we look at the case where the force F(t) is constant
for all times, that is,

F(t) = F, fort € (—00,00). (13)

Consider a general unitary transformation U,,,, (k) of the Bloch
states, V¥, (k,x),

Pulk.x) =D Y (k. X) Uy (k). (14)

In terms of these modified Bloch states, the wave packet (5)
becomes

W(x,t) = Z/dk by (k,t)p,(k,x), (15)

where

by(k,t) = Z U, (ke (k,t). (16)
From (12) the evolution of b, (k,t) is given by

. 0 x
lhabn(k,t) = Z (% Umn(k)Hmm () Uy ()

_ZU,j;n(k)zF 0 o7 Unw (k))b (k.1)

0

iF 3kb,,(k,t). (17)
In order to decouple the amplitude for the band n from the
rest of the bands, it would be desirable to find a transformation
U, (k) that diagonalizes the term in parentheses in (17),

> U (R) Hypy () Uy (k)

mm’

. ki
U* (k)i F -

mn

mn’(k) = Bnn/ Wn(k) (18)

If this equation could be solved, the solution to (17) would be

bu(k.t) = by(k — —FtO)e o Walk=F =) /e’ (19)

Wannier proved that it is possible to find a transformation
that satisfies (18) using an expansion of (14) in powers of
F, and described a recurrence procedure to construct it [14].
Such a power series expansion is only valid if Zener tunneling
between bands is not significant [9,14]. This is appropriate for
the physical situations we will discuss here, where the force
is small enough so that the wave packet remains essentially in
one band. In the appendix we summarize Wannier’s procedure.
To first order in F, the unitary transformation U, (k) is

Un’n(k) ~ Sll’n + An/n(k)v (20)
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where A, (k) is a k-dependent dimensionless parameter that
compares the interband position matrix element times the force

with the energy difference between bands, &, (k) = &, (k) —
gn (k)7
F. én’n (k)
Apn(k) = —(————(1 = 8yn). (21)
Enn(k)
The first order approximation for W, (k) is
W, (k) ~ ER (k). (22)
Hence, the solution (19) valid to first order is [14]
1 .
bu(k.t) % by(k — = F t,0)e k=i F 1.0 (23)
where
Yalic,t) = / ERGe += Ft ydt', (24)

withk =k — Ft/h.
Adams and Argyres [10,11] used the modified Bloch states
(14) with the first-order approximation (20),

Pk, x) 2 (k) + > Y (ko ) A (K, (25)

to construct states where the expectation value of the acceler-
ation,

2 o0
(a(t))E d / WH(x,t)x W(x,0)dx, (26)

obeys the effective mass theorem (1). The parameter (21),
which controls the mixing between the bands, is assumed to
be small but it is necessary to dress the particle in the periodic
potential to establish the effective mass.

The expectation value of the acceleration can be written as

F(1) P L
m

(a()) = / W) [p Ho W 0dx, (27)

where p denotes the momentum operator and the force F(t)
can have any time dependence. For a wave packet of the form

Wi (x,t) = /dk by(k,t)pn(k,x) (28)
and a constant force (13), the expectation value (27) becomes
(a(®)) = — + /dk IbN(k,t)IZ%}'NN(k), (29)

where we defined
Fon (k) = ;71 Z Ui (&) P (k) Epamy (k) Uy (k) (30)

mm'’

in terms of the momentum matrix elements,

b hod
pnnf(k)E%/ Yok, x) = — Y (k,x)dx. (€29)
0 l dx

To first order in A, (k), Fp (k) is
Fun )~ 2 (& a0+ 3 P 00 () A B
nn h nn pnn ~ pnm nm mn

- A (k)p,,m«k)smn/(k)). (32)
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Forn =n' = N, Eq. (32) simplifies to

m
Fnnk) = F - -1, 33
nw (k) (m’,‘v(k) ) (33)
as a result of the well-known sum rule [21]
prm (k)pn Vl(k)
— . 34

Therefore, the expectation value of the acceleration for the
wave packet (28) satisfies

F(1)
m} (k)
with ¢y(k,x) in the approximation (25). This corresponds to

a particle accelerating with the usual effective mass (2) at all
times [10,11].

(a(t)) = / dklby (k.0 35)

B. Expectation value of the acceleration and effective mass

We are interested in the situation where the wave packet is
prepared initially in one band only (denoted by N),

Y(x,0) = / InR)YN(k,x)dk, (36)

and the external (constant) force is suddenly applied at t = O,
that is,

F(t) = O@)F, (37)

where O(t) is the Heaviside function. The function fy (k) is
assumed to have a spread smaller than the size of the Brillouin
zone; for instance, in the numerical calculations presented in
the next sections we will assume a Gaussian shape (centered
atk = 0),

Ink) = e i, (38)
o

characterized by the width o.

For the initial wave packet (36) the term involving the
commutator in (27) vanishes because the momentum matrix
elements in the crystal momentum representation are diagonal
ink,

/ Y, (k,x) p Y (k' x)dx = py()8(k — k). (39)

Hence, the particle accelerates initially with its bare mass,
m [2]. Naively, we might think that the wave packet for r > 0
would be of the form

Wy(x,t) = /dch(k,t)sz(k,x), (40)

with cy(k,0) = fy(k) to satisfy the initial condition (36),
but then the wave packet (40) would describe a particle
accelerating at all times with the bare mass. This seems
to contradict the effective mass theorem (1); however, the
contradiction is only apparent because the Bloch states of one
band only are not the appropriate states to describe the particle
in the presence of a homogeneous force.

The modified Bloch states (25) include the effect of the
interband mixing due to the external force (to first order)
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and allow us to construct a wave packet that describes a
particle accelerating according to the effective mass theorem
for a constant force as shown in (35). This property suggests
that such states form an appropriate basis even when the
force is turned on instantaneously at ¢ = 0; thus, instead of
a wave packet of the form (28), we use an expansion of the
form (15), including the amplitudes b, (k,t) for n # N, and
impose the initial condition (36), which forces the particle to
respond initially with its bare mass. For later times we use the
result (23) to describe the evolution of the amplitudes b, (k,t)
in time.

We find that the initial amplitudes b, (k,r = 0), correct to
first order in A, (k), are

by (k,0) = fn(k), (4D
and
b, (k,0) ~ — fy(k)A,N(k), forn # N. (42)
For later times we have
by(k,t) ~ fy()e T, (43)
and
bu(k,1) ~ = fy () Ay (k)e™ "0 forn # N, (44)

where k = k — F t/h. Within this approximation, the ampli-
tude for the modified Bloch state N is of zeroth order while
the amplitudes for the remaining modified Bloch states are of
first order. The same is true for the amplitudes (correct to first
order) for the usual Bloch states in the expansion (5),

enh,t) & fiy(ic)e D, (45)
and
calk,t) & f()( Ay (ke VD
— Aun()e™ 7 ® D) forn £ N. (46)

These solutions do not include Zener tunneling from the
initial band N to the neighboring bands because the ampli-
tudes in the latter remain at higher order in the expansion
[9,14].

Compared to (29), there are some additional terms in the
new expression for the expectation value of the acceleration
(27). For t > 0, the acceleration is

F 1
() = —+ " f dk b, (k.0 — Fo (k)

1
+ 3 [k Relb b, nFo) @)
X m
nn;iénn/
where Re[-] denotes the real part. In the first-order approxima-
tion we find that (47) reduces to

m
m (k)

F 2

() ~ / dk fy (o) (
E M IyNn(Kk,t) >

o ;;:v (En ()2 Re [ pyn (k) pan (ie)e' 0] ),

(48)
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where we have used (32), (33), (43), and (44). As be-
fore we use k =k — Ft/h and additionally we introduce
ynn(k,t) = yn(k,t) — yu(k,t). The first term in (48) describes
the acceleration with the usual effective mass while the
second term contains the oscillations predicted by Pfirsch and
Spenke [2]. Using the sum rule (34) it can be verified that
(a(t = 0)) = F/m as expected [15,17,18].

C. Example

Having presented the general formalism for a one-
dimensional periodic potential, we will now assume a Mathieu
potential to illustrate the behavior of the acceleration (48).
Therefore, we set

V(x) = Vpsin?(k.x), (49)

where Vj is a constant that determines the strength of the
potential, and k; = /b identifies half of the Brillouin zone.
The eigenvalue problem for the unperturbed Hamiltonian H,,
can be rewritten as Mathieu’s differential equation. The two
linearly independent solutions of Mathieu’s problem can be
combined appropriately to construct Bloch-type solutions (6)
analytical and periodic in k over the Brillouin zone [—k k]
for each band index [22-25].

The energy scale can be characterized by the kinetic energy
associated with the wave vector k; ,

Eg= , (50)

and we can write Vy = sEg, where s is a dimensionless
constant. An example of the band structure calculated for
s = 101s shown in Fig. 1. For future reference, the bands will
be labeled in order of increasing energy starting with n = 0
for the lowest band.

Because of the inversion symmetry of the potential V(x)
and the procedure used to find the Bloch functions, the diagonal
part of the Lax connection appearing in the renormalized

22

18 n:3
&
w
5 14 o, _
=
& 10}
g n=1
g =

6 -

n=0
2 1 1 1 1 1 1 1

-1 -0.75 -05 -0.25 0 0.25 0.5 0.75 1
k (units of k)

FIG. 1. (Color online) First four energy bands (n = 0,1,2,3) for
a potential strength s = 10.
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band energies (11) vanishes [23] and the momentum matrix
elements (31) are purely real. For such a potential, (48)
simplifies to

m
iy (6)
2 Enn (K
+ Z Z ﬁpNn(k)pnN(K) cos yNn(K’t)) :
n#EN S

F 2
mm%;/mmmw

(5D

For times short enough after the force is applied, the
variations of the momentum matrix elements and the energy
differences as « changes with time can be neglected and
we recover the expression found by Iafrate and Krieger for
an electron in a dc electric field, using a vector potential
gauge and accelerated Bloch states [15,17,18]. However, as
will be seen in some examples in Sec. IV, the expression
(51) gives a good approximation to the behavior of the
acceleration for longer times, over which the variations of the
momentum matrix elements and the energy differences cannot
be neglected, as long as the wave packet remains mainly in
the original band. Such long times might not be of practical
interest for typical solid-state systems where it is difficult
to maintain coherence over times comparable to the Bloch
period,

1 = h/bF, (52)

which is the time necessary for a wave packet to return to
its original position in the Brillouin zone under the action
of a constant force [1]. Experiments in optical lattices, on
the other hand, can access the dynamics on time scales
of the order of a Bloch period relatively easily [3,4], motivating
the study of the oscillations of the effective mass as the atoms
perform a full Bloch oscillation. This will be discussed in
Sec. IV.

We now illustrate some of the features contained in the
result (51) for an electron in a one-dimensional potential
(49) with parameters adjusted to resemble those of the band
structure of a semiconductor; specifically, we choose s = 10
and b = 0.5 nm. For this example the initial wave packet is
centered at k = 0 in the band N = 2, which resembles the first
conduction band of a semiconductor (see Fig. 1). We use a
force that corresponds to a strong dc field of 1.7 x 107 V/m
and the band gap &(k = 0) is of the order of an electron
volt (here Ex = 1.5eV). Using the result (51) with these
parameters, we plot the effective mass of the wave packet,
defined as

() = — (53)
{a()’
in Fig. 2; note that this is to be distinguished from the effective
mass for an energy band (2). In this case we expect the first-
order approximation to be valid close to the center of the
Brillouin zone.

This example displays the features discussed by Pfirsch
and Spenke [2]. Notice that the system behaves initially with
the bare mass and, afterward, the effective mass (53) oscillates
around the usual effective mass (2) averaged over the extension
of the wave packet. Although there is a superposition of various
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time (units of 1g)
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021 b\ / \\ 1
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§ 0.18 | \\ // \ 1
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time (fs)

FIG. 2. (Color online) Time-dependent effective mass (53) for
an electron wave packet (o0 & 0.2k, ) initially at the center of the
Brillouin zone in the band N =2 of a one-dimensional potential
(49) with s = 10 and » = 0.5 nm, calculated from the first-order
approximation (red solid line); the blue dotted line corresponds
to the usual effective mass associated with the wave packet. For
reference, the time is given both in femtoseconds and in units of
the Bloch period (here tp & 485 fs). The first-order approximation
is essentially indistinguishable from the full numerical calculation
result (see Sec. III). We show both results for a smaller time interval
in the inset, where the red solid line corresponds to the first-order
approximation and the green crosses correspond to the full numerical
result. The units in the inset are the same as in the main plot.

oscillations in the second term of (51),

2F
aoct) = 2 Y [ akiser
n#N
EnN(k)
AN
En(P

associated with the different neighboring bands, Fig. 2 shows
a distinctive oscillation with period

_h
[Enath)l’

given by the energy difference between the initial band, N = 2,
and its next neighbor band, # = 1, in the region near the center
of the Brillouin zone. For the example in Fig. 2 the period is
Tosc(0) & 1.30 fs. The remaining oscillating terms have small
contributions because of the much larger energy difference
with respect to the band N = 2.

For the same system but with the electron starting in the
lowest band, N = 0, the acceleration is also described very
well by the first-order approximation (51) as shown in Fig. 3.
Compared to the previous example, the effective mass of the
initial band N = 0 in this case is larger because this band
is flatter than the band N = 2 discussed before. Due to the
larger effective mass, the average value of the acceleration is
smaller and the expectation value of the acceleration goes to
zero several times. Therefore, it is more convenient to plot the
acceleration instead of the effective mass (53).

The oscillations decay as a consequence of the spread of
the wave packet in k [2]. It is possible to derive a simple

PNa(K)pan (k) cOS ynn(i,1),  (54)

Tosc (k) = (55
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time (units of tg)
0 0.004 0.008 0.012 0016 002 0024 0028 0032

5000 0.029 0.08 0.031 0.032 0.033 |
1200 P T T T E

4000 | soo pf\ [
400;/ \/ \/\

of VU U YT
-400 : : :

3000 |+

2000

1000

<a(t) > (nm/psz)

-1000

-2000 ©

4 6 8 10 12 14 16
time (fs)

FIG. 3. (Color online) Expectation value of the acceleration for
the same electron wave packet described in Fig. 2 but starting in the
lowest band, N = 0. The first-order approximation (51) corresponds
to the red solid line and the value predicted by the usual effective mass
corresponds to the blue dotted line. The light blue slash-dotted line
corresponds to the envelope function in (58), adjusted to give the right
initial value of the acceleration. As for the example shown in Fig. 2,
there is excellent agreement between the first-order approximation
and the full numerical calculation result (see Sec. III). We show both
results for a smaller time interval in the inset, where the red solid line
corresponds to the first-order approximation and the green crosses
correspond to the full numerical result. The units in the inset are the
same as in the main plot.

approximate expression for the envelope of the decaying
oscillations of the acceleration while the wave packet is
moving close to the center of the Brillouin zone. If we consider
only the contribution from the next neighbor band, 7, and
neglect the change of the momentum matrix elements and
energy differences in Eq. (54) [2] we can write the approximate
expression

2F (pan(0))®

Aosc (1) ~ ngﬁN(O)

/ dk| fu () cos (%m(k)r) .
(56)

The energy difference associated with the frequency of the
oscillations can be estimated approximating the band energies
close to k =0 by parabolas, characterized by the usual
effective mass,

h2k2 1 1
Enn(k) ~ — + Ena(0
i~ = <m}*v(0> m:;<0>> wn(0)
h2k2
= —Zmﬁsdﬁ(O) + Ena(0), (57)

where we introduced the reduced effective mass m’ed (k)
associated with the original band N and its closest nelghbor l.
Using this approximation and the Gaussian quasimomentum
distribution (38), Eq. (56) can be evaluated analytically,
yielding an oscillating term with an envelope function that
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controls the decay. The approximation for (54) reduces to

2F (pay (O)) cos [w + 5 tan”! (ﬁ;’d(%))]

m2E;n(0) [1 + ( ngzo) >2i| 1/4

Aosc (1) ~

(58)

The oscillations are characterized by a frequency |En7(0)|/ k,
but there is an additional contribution to the phase of the cosine
in (58). This contribution, however, is small in the time ranges
where the approximation is appropriate.

Naturally, the approximation (58) is limited because we
have not included the contributions from the remaining bands
or the motion of the wave packet through the Brillouin zone,
but it describes appropriately the form of the decay as shown,
for instance, in Fig. 3. We use the time it takes the oscillations
in (58) to reduce by half,

\/_ mred (O)
Tdecay = Lzoz | s (59)

as an estimate for the decay time of the oscillations of the
acceleration around the value predicted by the usual effective
mass. For the examples shown in Figs. 2 and 3 the estimated
decay times (59) are 1.89 fs and 4.78 fs, respectively, which
correspond to a small fraction of the Bloch period.

III. FULL NUMERICAL CALCULATION

According to the discussion in Sec. I A, the usual effective
mass can be understood as the result of a “dressing” process
of the wave packet in one band with small amplitudes over
the neighboring bands [10,11]; the initial response of the
wave packet, according to the bare mass (instead of the
usual effective mass), produces the oscillatory behavior shown
in expression (51). However, this simple picture is valid
only if the wave packet remains mainly in one band. The
approximate solution (46) for the amplitudes associated with
the neighboring bands predicts a small second-order correction
for the probability of finding the wave packet in those bands.
Hence, situations where the population of the neighboring
bands becomes important due to Zener tunneling cannot be
described within this scheme. In order to verify that the
effects of the population of neighboring bands beyond our
approximate solution can be neglected in our examples, we
compare the results from (51) with a full numerical calculation
that solves the time-dependent Schrodinger equation for the
Hamiltonian (3) assuming that the force has the form (37) and
the initial condition is given by (36).

For a full numerical calculation we use the split-step
operator method in its original version, where the evolution
due to the kinetic energy term of the Hamiltonian is done
in Fourier space [26,27]. The full Hamiltonian, given by (3)
in the position representation, corresponds to the operator
H = p*/2m + V(%) — F %, where p and £ are the momentum
and position operators, respectively. It is convenient [4] to
transform it to a new version,

HKQ::SRQHSU)—ihSWﬂgEgz (60)
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according to the unitary operator

S(t) = e WP/ =B /R iy (/1 (61)

where a(t) = art?/2, B(t) = mayt and y(t) = ma?t* /3. The
constant g, is set by the force, according to F = —may . The
new Hamiltonian H’(¢) is time dependent for 7 > 0 and has
the same periodicity as the unperturbed Hamiltonian. It can be
written in the position representation as

1
+ s Eg sin? |:kL <x - 3aL tz):| . (62)

In the case of an electron in a dc electric field, this transfor-
mation is equivalent to a gauge transformation where the new
Hamiltonian is written in terms of the vector potential, as was
done by Krieger and lafrate [16—18].

The results presented in Figs. 2 and 3, calculated from
expression (51), are in almost perfect agreement with the full
numerical calculation, confirming that (51) is appropriate for
short times after the force has been suddenly applied. In the
next section we will show that (51) is also a useful estimate for
longer times of the order of a full Bloch oscillation, which are
relevant for experiments with cold atoms in optical lattices.

2 2

2m dx?

H(t) = —

IV. COLD ATOMS IN OPTICAL LATTICES

As illustrated in Sec. IIC, the oscillations displayed in
Figs. 2 and 3 decay in a few femtoseconds for electron motion
in a semiconductor, a time scale that is difficult to resolve
experimentally. We will see that the corresponding time scales
in optical lattices are of the order of microseconds. Considering
the additional advantages of tunability and low decoherence
that experiments in optical lattices offer, we believe that
such systems are excellent candidates to study the oscillatory
behavior of the acceleration (51).

In experiments with cold atoms in optical lattices, a constant
and homogeneous force can be introduced by uniformly
accelerating the lattice with a linear increase in time of the
frequency difference between the two interfering laser fields
that create the lattice [3]. The appropriate Hamiltonian to
describe the system in the laboratory frame is H'*(¢) = H'(t),
introduced for convenience in Sec. III, with a; now being the
acceleration of the lattice [4].

For optical lattices the physical scales change drastically
compared to the electron case described in Sec. II C, but the
behavior of the oscillations in (51) is qualitatively the same. In
order to compare the two cases, it is appropriate to consider the
ratio of the initial oscillation period (55) to the Bloch period,

Toe(0) _ DF ~7'[I:" ’ 63)
Tp 1ENa O] [Ena(0)]
and the ratio of the decay time (59) to the Bloch period,
Taecy VIS DF|mELO)] /15 F|my5(0)] 64

7h’o? 4 G2

In (63) and (64) we included the ratios in terms of the scaled
wave vector, energy, and mass:

ik e
© ana gy = M ®)
Eg

TR 2

k (65)

m

k 5 -
—, & (k) =
kL (k)
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Note that since o is the spread in quasimomentum, the corre-
sponding scaled variable is 6 = o/ k. We also introduced the
scaled force [28],

bF
nE R ’

F

(66)

that compares the energy drop over a unit cell, bF, with the
characteristic energy of the system, Eg.

For the example shown in Fig. 2 the ratios are 7, (0)/75 ~
0.003 and 7gecay(0)/ 75 ~ 0.004, while for the example shown
in Fig. 3 they are 7o5(0)/7p ~ 0.001 and Tgecay(0)/73 ~ 0.01.
In both electron cases the ratios are small because F ~ 0.002
is also small, even though we employed a high electric field
to provide the force. In contrast, for cold atoms in optical
lattices it is easy to make these ratios bigger, while maintaining
coherence over times of the order of a Bloch period.

Consider, for example, the expectation value of the acceler-
ation calculated for rubidium atoms prepared at the center of
the lowest band N = 0 of an optical lattice with b = 390 nm,
s = 7, and acceleration a; = 24.2 m/s’. The ratios (63) and
(64) are now larger than in the electron case due to the increase
in the force parameter to F ~0.173. Here 7os(0) /T &
0.105 and tgecay(0)/Tp ~ 0.425, which correspond to 7, (0) ~
SI.1 us and Tgecay(0) ~ 207 us. Figure 4 shows how the
atom’s acceleration oscillates around the behavior expected if
the atom responded with the usual effective mass at all times.
Similarly to the example shown in Fig. 3, the acceleration goes
to zero several times so we plot the acceleration instead of the
time-dependent effective mass (53). It is important to point
out that expression (64) does not apply here strictly speaking
because in this case the decay occurs as the center of the
wave packet has moved through a considerable portion of the

time (units of 1g)
0 01 02 03 04 05 06 07 08 09 1

<alt)> (m/sd)

0 60 120 180 240 300 360 420 480
time (us)

FIG. 4. (Color online) Expectation value of the acceleration of a
wave packet (o = 0.2k, ) initially at the center of the Brillouin zone
in the band N = 0 for a rubidium atom in an optical lattice with s = 7
and b = 390 nm, calculated from the first-order approximation (red
solid line), the full numerical solution (green dashed line), and the
usual effective mass (blue dotted line). The acceleration of the lattice
is 24.2m/s?, which corresponds to F ~0.173 [see (66)]. Notice
how well the approximate calculation reproduces the full numerical
solution.

053412-7



FEDERICO DUQUE-GOMEZ AND J. E. SIPE

Brillouin zone. Nevertheless, the result (64) still gives a rough
idea of the initial decay time (see Fig. 4).

However, one of the most striking features of Fig. 4 is the
revival of the oscillations as the wave packet returns to k = 0
completing a Bloch oscillation. This is not surprising when
we consider expression (51), which predicts oscillations with
frequencies and amplitudes periodic over the Brillouin zone.
The revival is also present in the example shown in Fig. 3 for
the electron wave packet when the acceleration is plotted for
a full Bloch period. In the situation shown in Fig. 2, however,
we cannot use Eq. (51) to describe the behavior of the electron
wave packet for an entire Bloch oscillation because the gap
with respect to the band n = 3 (the closest band in the region
near the edge of the Brillouin zone) becomes increasingly
small as the wave packet moves closer to the band edge (k = 1)
and significant Zener tunneling occurs.

In the context of cold atoms, the wave vector k;, corresponds
to the wave vector of the optical lattice, and the energy Eg,
defined in (50), corresponds to the recoil energy, which is
the energy gained (lost) by absorbing (emitting) one photon
of the lattice. In (65) we used these quantities to define
scaled variables for the wave vector and the energy. We can
also employ them to introduce additional scaled variables for
position and time:

. ._ Eg
X = ka and 7 = 7t. (67)

Since the acceleration has units of force over mass, the
corresponding scaled acceleration is [29]

(a@®) = b (a(n) = 2m—23( () (68)
a(r)) = <Ex a(t)) = P a(t)).
From (51) we have
oo A B AN
{a()) F/dk|fN(K)| <"MUE)
gnN(l;) ~ =\~ ~ ~ ~
4> —=———pna(k)pn (K1) ).
- ; Gy P B Pux (@) 08 (& f))
(69)
Here we have introduced the additional scaled quantities:
k=k—FTi, (70)
~ b4
In®) = \/;fN(K)a (71
- b
ﬁnn’(k) = h_pnn’(k)a (72)
b4
Pnn(R, D) = ynn(k,1). (73)

In many experiments that study the motion of cold atoms
in optical lattices, the measured variable is the velocity of the
wave packet rather than its acceleration [3-8]. In Fig. 5 we
show a plot of the velocity for the same parameters as Fig. 4.
Asbefore, we include a plot of the prediction based on the usual
effective mass, which clearly shows a full Bloch oscillation.
Note also the good agreement between the prediction based
on the first-order calculation discussed in Sec. II and the full
numerical solution, even for long times after the force was
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time (units of 1g)

0 01 02 03 04 05 06 07 08 09 1
08 —— —— —————
" 0 02505075 1 1 o012
Y
[\ Ny, 0.05 0.01 1 0.08
04 ]I Y o fi 0
— "\ -0.05 F -0.01
K - r, -
£ 02 4__.\'\/ Lol e 0.04 &
E \ o A 2
=~ ok t, 0 120240360480 /] ¢ A
< % F =
Voo y 004 Y
X _
04| kY A LY
Nl o 1{-0.08
06 | N X
{-0.12
-0.8 L L L L L L L L

0 60 120 180 240 300 360 420 480
time (us)

FIG. 5. (Color online) Expectation value of the velocity of
rubidium atoms in the same situation described in Fig. 4, calculated
from the first-order approximation (red solid line), the full numerical
solution (green crosses), and the usual effective mass (blue dotted
line). The inset shows the difference between the first-order approxi-
mation and the usual effective mass prediction. The units in the inset
are the same as in the main plot.

suddenly applied for both the acceleration (Fig. 4) and the
velocity (Fig. 5).

In the rest of this section we discuss the behavior of the
velocity in various situations realizable in experiments with
cold atoms, where the natural scale for the velocity is given by
the recoil velocity,

hm
= —. 74
VR= (74)
Accordingly, we use the scaled velocity
o {v(@))
(0(0) = , (75)
UR

which results from integrating the dimensionless acceleration,

(0(7)) E/O di'{a(f). (76)

Note that we assumed the wave packet’s initial velocity is zero
because it starts at the center of the Brillouin zone in all the
examples considered here.

The deviations of the actual expectation value of the
velocity from the usual effective mass approximation value are
controlled by the amplitude of the oscillations of the scaled
acceleration (69) and the recoil velocity (74). First, we fix
the product of the mass and lattice constant to that used in
the previous example (rubidium atoms with » = 390 nm) and
explore the effect of changing (G(7)). The recoil velocity in
this case is vg &~ 5.89 mm/s.

According to expression (69), (a(f)) for a given initial band
N depends only on the width of the quasimomentum distri-
bution; the strength of the periodic potential, characterized
by s; and the scaled force F. For fixed values of these three
parameters the oscillations preserve their shape and are only
rescaled when the physical parameters, such as the bare mass
or the lattice constant, are changed.
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time (units of tg)

PHYSICAL REVIEW A 85, 053412 (2012)

time (units of tg)

0 01 02 03 04 05 06 07 08 09 1 032 01 02 03 04 05 06 07 08 09 f
1 T T T T T T T T T ] A 0 025 05 075 1
4 0.15 a / —T— i
o8| ) \ \ f\ i o1 1002 7004
[/ 0.2} / f 0.05 0.01
06| 0.1 Aop \ o .
0al/ . ; \ [ 005 001 4 0.02
a [ 0.05 7 01 { /\ ; ( 0.1 -0.02 o0
2 02 o e \ f ) oasELY L L ’ &
€ ok 0 Z £ \ t/ 0 120 240 360 480 =
£ 1 A = ofF l \ \ { 4] {10 A
A 0 025 05 0.75 - A t 1. A \ =
~ 02} = —_ b \I - \ - 54
= 005 % = E S AN v
> -04f v V /
01} j 4
.06 F 0 T 0.1 \“ ; f -0.02
0.8} . -0.05 ! \ ;
0. -0.1 1015 02r \‘/ \ ! \ ! /
Tr 0 40 80 120 160 ) 3 1-0-04
A2 . . . . . ; . 402 v \
0 20 40 60 8 100 120 140 160 035 60 120 180 240 300 360 420 480
time (us) time (us)

FIG. 6. (Color online) Expectation value of the velocity for a
wave packet (o = 0.2k, ) initially at the center of the Brillouin zone
in the band N = 0 for a rubidium atom in an optical lattice with
s = 7 and b = 390 nm, calculated from the first-order approximation
(red solid line), the full numerical solution (green dashed line),
and the usual effective mass (blue dotted line). The acceleration
of the lattice is 72.6 m/s?, which corresponds to F ~ 0.520. The
inset shows the difference between the first-order approximation and
the usual effective mass prediction; this difference oscillates with a
period approximately given by expression (63), 7, (0) ~ 0.31575 ~
51.1 ps. The units in the inset are the same as in the main plot.

The width of the quasimomentum distribution and the
reduced effective mass control how fast the oscillations decay
according to (64). However, as pointed out before, the estimate
(64) does not take into account the motion of the wave
packet through the Brillouin zone over one Bloch period since
it was derived from the approximation (58), which misses
completely the revival of the oscillations of the effective
mass. The decay can be minimized or even removed if the
oscillations of the effective mass do not have time to decay
before the periodicity of the terms in (51) (over one Bloch
period) returns the amplitude of the oscillations to the initial
value.

From (64) we would expect the decay time to become
comparable to the Bloch period when increasing the scaled
force F and the reduced effective mass 13 (0). The first case
is illustrated in Fig. 6 where we show how the increase of F,
keeping the other parameters fixed, eliminates the decay shown
in Fig. 5. The second case is shown in Fig. 7 where, instead of
changing F, we increase s in the parameters used for Figs. 4
and 5 so that the bands N = 0 and 7 = 1 become flatter and
the reduced effective mass increases. In both Figs. 6 and 7 the
spread of the wave packet is the same as for Figs. 2-5. We can
control the decay by changing the spread of the wave packet
as shown in Fig. 8, where we plot our results for sodium atoms
with F 2 0.173 and s = 7 (as in Figs. 4 and 5) for a very small
spread of the initial wave packet (6 = 0.004). Notice that in
this case, instead of a decay of the oscillations after half a
Bloch period, there is a slight increase of the amplitude of the
oscillations due to the higher sensitivity of the wave packet to
the changes of the momentum matrix elements and the energy
differences at the center of the wave packet as it moves through

FIG. 7. (Color online) Expectation value of the velocity for a
wave packet (o = 0.2k, ) initially at the center of the Brillouin zone
intheband N = 0 for arubidium atom in an optical lattice withs = 13
and b = 390 nm, calculated from the first-order approximation (red
solid line), the full numerical solution (green crosses), and the
usual effective mass (blue dotted line). The acceleration of the
lattice is 24.2 m/s?, which corresponds to F 2 0.173. The inset
shows the difference between the first-order approximation and the
usual effective mass prediction; this difference oscillates with a
period approximately given by expression (63), Tos.(0) & 0.085975 ~
41.8 ps. The units in the inset are the same as in the main plot.

the Brillouin zone. Such small width in quasimomentum can

be achieved experimentally in Bose Einstein condensates of
sodium atoms [30].

time (units of 1g)
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FIG. 8. (Color online) Expectation value of the velocity for a
wave packet (o = 0.004k,, as has been achieved in [30]) initially
at the center of the Brillouin zone in the band N = 0 for a sodium
atom in an optical lattice with s =7 and b = 295 nm, calculated
from the first-order approximation (red solid line), the full numerical
solution (green crosses), and the usual effective mass (blue dotted
line). The acceleration of the lattice is 800 m/s?, which corresponds
to ' ~ 0.173. The inset shows the difference between the first-order
approximation and the usual effective mass prediction; this difference
oscillates with a period approximately given by expression (63),
Tosc(0) & 0.1057t3 ~ 7.73 ws. The units in the inset are the same as
in the main plot.
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FIG. 9. (Color online) Expectation value of the velocity of a wave
packet (o = 0.01k,) initially at the center of the Brillouin zone in the
band N = 1 for a sodium atom in an optical lattice with s = 13 and
b = 295 nm, calculated from the first-order approximation (red solid
line), the full numerical solution (green dashed line), and the usual
effective mass (blue dotted line). The acceleration of the lattice is
800 m/s2, which corresponds to F' & 0.173. Parameters are as in [7].
The inset shows the difference between the first-order approximation
and the usual effective mass prediction. The oscillations shown in
the inset start with a period approximately given by expression (63),
Tosc(0) = 0.17675 ~ 12.9 us; then they squeeze as the wave packet
moves through the edge k = k; of the Brillouin zone (where the gap
between bands N = 1 and n = 2 increases); and finally they return
to the starting period. The units in the inset are the same as in the
main plot.

The parameters F and s also control the amplitude of the
oscillations of (G@(7)) and (#(7)). From expression (69) it is clear
that the amplitudes scale linearly with F (compare Figs. 5
and 6). In the range of s values explored here (from s =7
to s = 14), the effect of modifying s on the amplitude of
the oscillations is much smaller than the effect of F (compare
Figs. 5, 6, and 7). Thus, in an experimental setting, the
oscillations can be made more visible by increasing the force
within the limits where Zener tunneling is not significant.

The velocity deviations tend to be larger for lighter atoms
and smaller lattice constants since the recoil velocity is larger.
For instance, the expectation value of the velocity calculated
for sodium atoms in an optical lattice with b = 295 nm for the
same s, &, and F as in Fig. 5 is a simple rescaled version of
the results in that figure according to the new recoil velocity
of the system (vg ~ 29.4 mm/s). Some other examples of
calculations for sodium atoms are shown in Figs. 9 and 10 with
parameters previously used in experiments that investigate the
acceleration of Bose Einstein condensates [6,7]. The detection
of the oscillations shown here imply resolving deviations from
the usual Bloch oscillation that are small compared to the
recoil velocity and probably within the uncertainty in the
measurements in those references. '

'The predicted oscillations are even smaller for other experiments
with rubidium atoms such as the ones in [3,4].

PHYSICAL REVIEW A 85, 053412 (2012)

time (units of tg)
0 01 02 03 04 05 06 07 08 09 1

20 ' " o o025 o5 o7s 1 008
2r [\ h 2 R 0.06
Wi / : g:gg 4 0.06
1.? _/ \\ / \ / \\ :-g.oz { 0.04
%o.sf | [ AR 192 L oce
L VN L
%-05 I \\ // \\,'// \ / \ .......... / ......... \ / . 0023
T ) \ / \ / \ / 1-0.04
15} \ / /
ol \\ ] \/ 1-0.06
25 . . , . M . . 1-0.08

0 4 8 12 16 20 24 28 32
time (us)

FIG. 10. (Color online) Expectation value of the velocity for a
wave packet (o = 0.01k,) initially at the center of the Brillouin zone
in the band N = 0 for a sodium atom in an optical lattice with s = 14
and b = 295 nm, calculated from the first-order approximation (red
solid line), the full numerical solution (green crosses), and the usual
effective mass (blue dotted line). The acceleration of the lattice
is 1700 m/s?, which corresponds to F = 0.369. Parameters are
as in [6]. The inset shows the difference between the first-order
approximation and the usual effective mass prediction; this difference
oscillates with a period approximately given by expression (63),
Tosc(0) 2 0.17673 ~ 6.10 wus. The units in the inset are the same as
in the main plot.

Figure 9 illustrates the case where the initial band is N = 1
instead of the ground-state band used in all the other examples
for cold atoms. An important difference with respect to the case
with N = 0 is the increase of the amplitude of the oscillations.
Compare, for instance, the insets of Figs. 7 and 9 in terms of the
scaled velocity (75). Although Fig. 7 corresponds to rubidium
atoms, in scaled units it is equivalent to a plot of the velocity
for sodium atoms with the same s = 13 and F & 0.173 but
with the wave packet starting in the band N = 0 with spread
& = 0.2. One of the reasons for this increase is the smaller gap
between bands N = 1 andn = 2 atk = 0. Both figures predict
almost no decay, but the reasons are different. For the situation
in Fig. 7 the cause is the small curvature of the band N = 0,
which increases the reduced effective mass associated with
N =0and 7 = 1. In Fig. 9, on the other hand, the cause is the
small spread in quasimomentum and not the curvature of the
bands; in fact, the larger magnitudes of the curvaturesof N = 1
and 77 = 2 make the absolute value of the reduced effective
mass associated with them smaller, and therefore the decay
would be faster if the spread & were the same as for Fig. 7.

The last example, shown in Fig. 10, corresponds to a
situation where the wave packet is again in the lowest band,
N = 0, but under a force that is approximately two times larger
than the one used in previous examples with sodium atoms
and produces an acceleration @ = 1700 m/s?; the strength
of the potential is set to s = 14. Accordingly, the amplitude
of the oscillations of the velocity is approximately doubled
compared to the cases shown in Figs. 8 and 7 (for the latter the
comparison is in terms of the scaled velocity). The first-order
approximation works very well due to the large gap between
the bands N =0 and 7 =1 for s = 14 and the deviations
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FIG. 11. (Color online) Probability of the rubidium atoms in the
optical lattice described in Fig. 6 to be in (a) the initial band N =
0 (red solid line) and (b) the next two neighboring bands: 7 = 1
(green dashed line) and n = 2 (blue dotted line). All the populations
were calculated using the full numerical solution. Notice that the
probability for the band n =2 (< 0.07%) is significantly smaller
than for the other two bands; we have not included the populations
for higher bands since they are even smaller. The time is in units of
the Bloch period.

with respect to the full numerical solution shown in Fig. 6
(s = 7) when increasing the force do not occur. In Fig. 9 using
s = 13 is not enough to prevent deviations with respect to
the full numerical solution because the gap between the bands
N = landn = 2 atk = Ois smaller than the energy difference
between bands N =0 and 7z = 1.

The validity of the first-order approximation (69), relies
on the populations in the bands n # N being small because,
according to (46), there is no population of these bands to
first order in A,y(k). In all the examples shown here the
probabilities in the bands n # N do not exceed 2%, justifying
the good agreement in most of the cases. The largest deviations
occur for Figs. 6 and 9, although in both cases the first-order
approximation describes correctly the overall behavior.

Figure 11 shows the populations of various bands as they
change in time for the case presented in Fig. 6. Notice that
near the middle of the Bloch oscillation the population of
the band 7 = 1 overshoots the population at the end of the
Bloch cycle. This overshooting has been discussed before
([31], and references therein) when studying Zener tunneling
for much stronger forces. The additional oscillations in the
population observed in our case are related to the oscillations
of the expectation value of the acceleration (and the velocity)
around the prediction from the usual effective mass. Only
a certain combination of amplitudes in the different bands
yields a wave packet behaving with the usual effective mass
as discussed in Sec. IT A [see expression (28)]; thus, we would
expect that the oscillations of the population are accompanied
by oscillations in the dynamical response around the usual
effective mass prediction.

The connection between the oscillations in the population
and the oscillations of the effective mass is more evident after
comparing Figs. 11 and 12. The latter shows the oscillations
of the populations for the case discussed in Fig. 9, which
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FIG. 12. (Color online) Probability of the sodium atoms in the
optical lattice described in Fig. 9 to be in (a) the initial band N = 1
(dashed green line) and (b) the next three neighboring bands: n =
0 (red solid line), n = 2 (blue dotted line), and n = 3 (light blue
slash-dotted line). All the populations were calculated using the full
numerical solution. We have not included the populations for higher
bands since they are smaller than the populations for the bands shown
here. The time is in units of the Bloch period.

are faster as expected for faster oscillations of the velocity
shown in Fig. 9 compared to Fig. 6. This relation between
the oscillations of the population and the dynamical response
is found in all the other examples, where the amplitudes are
smaller than those shown in Figs. 11 and 12.

Figure 12 also explains the discrepancy between the full
numerical solution and the first-order approximation in Fig. 9,
near the end of the Bloch period. Compared to the example
with rubidium atoms in Fig. 6, where the main deviation occurs
for the amplitude of the oscillations, the deviations in Fig. 9
clearly show a superposition of faster oscillations. Such faster
oscillations are a clear indication that the population of the
neighboring bands n = 0 and n > 3 for the example in Fig. 9
are more important than the population of the bands n > 2 for
the example in Fig. 6. Consistent with this observation, the
probability in Fig. 12 for the band n = 3 (< 0.30%) is larger
than the probability in Fig. 11 for the band n = 2 (< 0.07%).

V. CONCLUSION

In summary, we have studied the effect of an external
homogeneous force acting on a particle prepared initially
in one band of a one-dimensional periodic lattice when the
force is suddenly applied and remains constant afterward. As
predicted by Pfirsch and Spenke [2], the expectation value
of the acceleration responds initially with the bare mass, and
oscillates around the value predicted using the usual effective
mass.

Using the perturbation scheme of Adams and Wannier
[10,14] for a wave packet located initially in one band only,
we derived an expression for the expectation value of the
acceleration that is valid over a full Bloch oscillation, provided
that Zener tunneling is not significant. In this picture, the wave
packet responds with the usual effective mass as it acquires
certain small components of Bloch functions from neighboring
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bands, but due to the initial condition, which requires the wave
packet to respond with the bare mass, the expectation value of
the acceleration (48) has various terms oscillating around the
usual effective mass prediction (35) with different frequencies.
For the cases considered here, the most important contribution
in the sum over the different bands in (48) comes from the
closest band to the initial one; accordingly, the frequency of the
oscillations is governed by the energy difference between these
two bands as the wave packet moves through the Brillouin
zone. The oscillations can decay because of the spread of
the wave packet in quasimomentum, but the periodicity of
the momentum matrix elements and energy differences in
(48) produces a revival of the oscillations as the wave packet
completes a full Bloch oscillation.

We presented calculations for a toy model of a one-
dimensional semiconductor illustrating the features described
by Pfirsch and Spenke. The initial decay in this case is very fast
(femtosecond time scale) and occurs while the wave packet has
moved over a small portion of the Brillouin zone, allowing
us to write a simple expression for the envelope function
that controls the decay of the oscillations according to the
predictions by Pfirsch and Spenke [see expression (58)].

We also showed an analysis of the oscillations in a system
of cold atoms in an optical lattice, where the time scales
of the oscillations and the decay are much longer (of the
order of microseconds) and comparable to a Bloch period.
We analyzed the effects of tuning the different parameters,
such as the force, the strength of the potential, the spread
of the wave packet in quasimomentum, the bare mass of
the atom, and the lattice constant. Since the velocity of the
atoms is a good candidate for experimental measurements, we
plotted its expectation value, showing how the deviations from
the usual effective mass prediction can be comparable to the
oscillations calculated from the usual effective mass alone.
Since the decoherence in optical lattices is much smaller than
in typical solid-state systems, it would be possible, in principle,
to detect the oscillations during times of the order of a Bloch
oscillation. In the case of optical lattices, the decay can be
easily minimized or even suppressed when the revival of the
oscillations of the effective mass is faster than the decay due to
the spread of the wave packet in quasimomentum. This feature
could be exploited to determine how much decoherence occurs
during one Bloch oscillation.
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APPENDIX: WANNIER’S PROCEDURE

In this Appendix we sketch the method developed by
Wannier to decouple the bands to any order in the force F' [14].
Equation (18) can be rewritten as

[HO _F (x + l;—k)} k) = Wok)go(kox), (Al

for the modified Bloch states (14). Notice that Eq. (A1) takes
the form of an eigenvalue problem, but with the peculiarity
that both the operator [acting on ¢, (k,x)] and W, (k) depend
on k.

The parameter F introduced in (66) is appropriate to
characterize how strong the external force is with respect to
the lattice potential. For convenience, we use the other dimen-
sionless variables defined in (65) and (67), and accordingly we
introduce H, = H,/Ex and W, (k) = W, (k)/Eg. The Bloch
states are kept unchanged so we can write 1},1 (k%) = Y (k,x)
in the new variables. The same is assumed for the unitary
transformation, U,, (k) = U,,(k), and therefore ¢, (k%) =
Gu(k,x).

With these definitions (A1) can be rewritten as
- - d Y o s
|:Ho - F (i + iﬁ)] Gu(k,X) = W, () (k,X).  (A2)
We attempt to solve this equation expressing

On(R) ~ Y Uy () F*

v

(A3)

and

W, (k) ~ Z W (k) FY

v

(A4)

as power series in F. It is assumed that the zeroth order
corresponds to the usual Bloch states and band energies. Thus,
Uy (k) = 8y (AS)

and
WO (k) = &,(k). (A6)
Replacing the expansions (A3) and (A4) in (A2) and
collecting terms with equal powers of F' we can find a recurrent
system of equations. To first order it is found that, in the
original coordinates, the unitary trfmsformation Uyn(k) is
given by (20) [10,14]. Note that if F' is small we expect the
parameter |A,,(k)|, defined in (21), to be small because the
Lax connection is of the order of the lattice constant b, while
the energy difference is of the order of Eg. The first-order
approximation for the energy W, (k) is simply the band energy
renormalized by the diagonal part of the Lax connection [see

Egs. (11) and (22)].
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