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Abstract

A Lie-algebraic approach successfully used to describe one-dimensional Bloch
oscillations in a tight-binding approximation is extended to two dimensions.
This extension has the same algebraic structure as the one-dimensional case
while the dynamics shows a much richer behaviour. The Bloch oscillations are
discussed using analytical expressions for expectation values and widths of the
operators of the algebra. It is shown under which conditions the oscillations
survive in two dimensions and the centre of mass of a wavepacket shows a
Lissajous-like motion. In contrast to the one-dimensional case, a wavepacket
shows systematic dispersion that depends on the direction of the field and the
dispersion relation of the field-free system.

PACS numbers: 03.65.—w, 03.65.Fd

1. Introduction

The quantum dynamics of a particle in a tilted periodic potential, the so-called Wannier—Stark
system, has been the subject of investigation since the beginning of quantum mechanics [1-3].
In the early years the motivation was to understand the properties of an electric current in
solid crystals, while in recent years the realization of semiconductor superlattices and the
experimental progress in manipulating cold atoms resp. Bose—Einstein condensates in optical
lattices has motivated new theoretical studies in this field (see [4] and the references therein).
Especially the generation of terahertz radiation in semiconductor superlattices offers the
possibility for future technical applications of Wannier—Stark systems [5]. Bloch oscillations
are one of the striking phenomena in such systems and an example for a counter-intuitive
behaviour in quantum mechanics [4, 6-12]. While in [4, 6-8] the one-dimensional case is
discussed analytically in a single-band tight-binding model, in [9-12] two-dimensional Bloch
oscillations are considered, however, only partially in an analytical treatment.

The aim of this paper is to supplement the discussion of Bloch oscillations in two-
dimensional lattices by an analytic treatment within the tight-binding model. The Lie-algebraic
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approach to the tight-binding model in [6] is extended to two space dimensions using the
techniques of the algebraic structure theory. Within this model, not only the nearest neighbour
couplings along the axes (the so-called von-Neumann neighbourhood) is taken into account,
but also the interactions along the diagonals (Moore neighbourhood) will be considered and
explicit expressions for the expectation values of the position operators will be derived. It is
shown that Bloch oscillations in two dimensions occur only for special initial conditions and
that typically the oscillation is superposed by a directed motion orthogonal to the field. On
the basis of this examination the results can be extended to the single-band model where all
couplings within one band are taken into account.
A two-dimensional Wannier—Stark system can be described by a Hamiltonian with a
periodic potential V and an additional linear potential:
A2
H= %+V(ﬁ)+F-'F with V(r+r,) =V(r) €]

and 7, = nje; + npep, n; € Z. For simplicity the period in both directions is set equal
to 1. The force F' = Fy + F,(t) consists of a static part and a part with an arbitrary time
dependence. A convenient approximation is to expand the Hamiltonian in a basis of Wannier
functions |n, [) which are localized at site n = (ny, ny) of the periodic potential. The index
[ labels the different bands. Taking into account only a single band and the coupling between
adjacent sites, the Hamiltonian for the one-dimensional system can be written as

. A +00 +00
H=2 3 (m)m+1+m)m —1)+F Y mlm){m], )

where |m) are the one-dimensional Wannier states and A is the band width of the energy
dispersion relation for the field-free system. An alternative tight-binding approach using an
expansion in the eigenstates of the Wannier—Stark Hamiltonian (1) for a constant field can be
found in [13].

The tight-binding Hamiltonian can be easily extended to two dimensions using the two-
dimensional Wannier states |m, n) with (m,n|m’,n’y = 8, w8y ». Then, the Hamiltonian

reads
+00

A A
H=T‘mn;mqm,m(m1,n|+|m,n><m—1,n|)
A +00
+57 D0 (mon)(mon+ 1+ . n) (m.n = 1))
m,n=—o0
+00
+ Y (Fim+ Fan)lm,n)(m, nl. 3)
m,n=—o0
Introducing the operators
+00 +00
Ki= Y mlm.nym.nl, Ky= Y nlm,n)(m,n| )
m,n=—00 m,n=—00
and
+00 +00
Ri= > Imnym+1.nl, Ko=) |m,n)(m,n+1| )
m,n=—o0 m,n=—00

together with their adjoint operators K ; and K ;, the notation can be simplified as

ﬂ:%(k1+kf)+%(k2+k§)+l:‘lﬁl+F2N2- (6)
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The operators K| and K, are unitary, i.e. they fulfil the relation

1%;1 = 12] for j=1,2 (7

and describe the coupling of adjacent sites along the two axes. The Hermitian operators N
and N, can be interpreted as ‘position” operators in direction 1 resp. 2.

For later convenience, the variable f = F'/h will be used instead of the field F' = (F, F>)
and it is assumed that the components f; and f; of the field f have a rational ratio, i.e.

ﬁ —1 with ¢,r € Z coprime.
faoor

Then, the field can be written as

S _ f q (8)
£~ Jeer \r

with f = |f|. We will assume that the direction of the field is constant in time, whereas its
magnitude f can be time dependent. For the example of Bloch oscillations studied below, the
field is constant in time.

2. The Lie algebra

The commutators of the operators N ; and R ;j can be directly calculated using equations (4)
and (5) and the orthogonality of the Wannier functions. The non-vanishing commutators are

[K;, N;1=K;, [Ki N;]=-K! for j=1,2. 9)
So the operators {1\71, Kl, I%ll 1\72, 132, 12;} form a Lie algebra

L=Li®L =N, K, K]} ® N, Ky, KL} (10)
with [L;, £,] = {0}. Since this algebra can be decoupled into two disjoint algebras which
correspond to the Lie algebra of the one-dimensional tight-binding system [6], this expansion

is trivial. One can achieve further insight into the dynamics of the system by extending the
algebra by the operators

+00

RiKy= ) |m.n)m+1n+1|, (11)
m,n=—00
+00

RiKi= Y Im.n)m+1,n—1| (12)

m,n=—00

together with the adjoints K I R ; and K 1 K,. The ordering of these operators is arbitrary since
they commute. Adding these operators to the system takes couplings between adjacent sites
along the main diagonals into account and, from the algebraic point of view, couples both
algebras £, and £,. The non-vanishing commutators for these operators are

[KiK>, Ni]1 = KK, (K1 K>, N>l = KK,

[1?1133,1\71]=—13¥133 [fifi,ﬁzk—ﬂﬂ (13)
[klkg,ﬁl]zklk; [I%J%Z,I%]:—I?lleg

[131122, N = —RIK, [Iﬂl%z N = KiK.

Thus, this set of operators closes under commutation and forms a Lie algebra
L={N, K\, K}, Ny, K5, R}, KKy, KR, KR, KK (14)
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with the corresponding Hamiltonian

A AL s AV YN

H= TI(K1 + K1)+ TZ(K2 +KY)

As o o RIRI LR R L RIR 9 0
* (KiK, + K| K} + KK} + K| K>) + R fiNy + R foN,. (15)

The factors Ay, k = 1, 2, 3, are the band widths of the dispersion relation in the direction of
the axes (A, A;) resp. the main diagonals (A3). A discussion of the spectral properties of
such two-dimensional tight-binding Hamiltonians taking into account various couplings can

be found in [14].
For later convenience we introduce the notation

K,,=K'KY with u,veZ, (16)
where the commutators read

[Kuvs Ni1= €40 Kun for j=1,2; u,ve’z (17)
with €, , j = ud; | +vd;,. Then the Lie algebra can be written as (cf equation (7))

L ={N, N, Kyol(u,v) € M} (18)
with

M = {-1,0, 1} \ {(0,0)}, 19)

i.e. the identity operator I = K¢ is not included in the algebra. In section 5 the algebra will
be extended by taking into account all possible operator products. Then, the Lie algebra still
has the form (18), but with M = Z2 \ {(0, 0)}.

In this algebraic approach to the tight-binding model, all calculations can be done without
using the explicit representations of the operators in (4) and (5), only making use of the
commutation relations in equation (17). Therefore the calculations are decoupled from the
explicit representation of the algebra in the tight-binding model and the results can be applied
to every system with this underlying operator algebra. Furthermore, the algebraic approach
to the tight-binding model allows a deeper insight into the simple structure of the system
independent of the choice of a basis.

3. The time evolution operator

As described in [6, 15], the Lie algebra can be decomposed into a semidirect sum, £L = Z €S,
with

T = {K,.|(u, v) € M} (20)
and
S = {Ni, N»}. (21)

Here, 7 is an ideal of the Lie algebra and S is a subalgebra. The Hamiltonian can be written
as a sum of operators, H = Hg+ H;, with Hg € Sand H; € I:

Hs =nfiN, +hfoN,, (22)
A A] N A A2 A N
H;= T(K1,0+K—1,0) + T(KO,I +Ko,—1)

Az A N N N
+T3(K1,1+K71,71+K1,71+K71,1)- (23)
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In order to find the time evolution operator U with
mgfzﬂﬁ, (24)
dr
one can make use of the algebraic structure, which allows a factorization of the evolution
operator as U = U U with
w8 = As0s, S = (05 A0 25)
(see [15—17] for the details). Thus, the problem of calculating the time evolution operator is
split into two parts. First, one has to solve the differential equation for the subalgebra S and
afterwards solve the problem for 7.
Before we begin with the derivation of the evolution operator, we introduce the so-called
"-evolved operator A, defined by
ezadf"[& _ ezlA"A"eleg
~ A A 12 A A A z3 N A A A
=A+z[I', A]l+ E[F’ [T, All+ g[f‘, [r, [r, Al +- - -, (26)

with ', A e L.
For the Lie algebra £ these expressions can be calculated directly using equation (17).
The non-trivial relations are

ez“dk“*”ﬁj =Nj+z€usjKun and iR, =R, 27)
After these preparations the first equation in (25) can be solved and yields
Ug(l) — e*i(nilwﬁnfzm’z) (28)
with

a _ ' _ q ' _
i = [ A= o [ rode = on.
) = / fa(r)dt = rn,, (29)
0

1 t
N = \/ﬁ/(; f(r)dr.

To solve the second differential equation in (25), one has to evaluate the right-hand side,

(051 A, 05) = S e R g+ e R o]+ 2 e Ry e Ry ]

As. . . 4 . . . ‘ .
+ E [eﬂ(qﬂ)mKu + e“(‘“’)”’K_l,_l + efl(q*r)r/rKl’_1 + e+1(q7r)n,K_l.l]’

(30)
which is an element of Z. The solution of equation (25) then reads
A _ T (1,0) 5 (-1,0) p 0,1 0,-1)
Uiy =exp{—=i[x; "Kio+x, " K_ro+x. 'Koi+x Ko
xR+ T VR xR L+ Xt(_l,l)lefl,l]} (31
with
t
XI(u,D) — g(u,v)/ e—i(uq+vr)n, d'L', (Lt, U) e M (32)
0
and
g&1L0 — ﬁ ©.£) _ ﬂ gELED — g@ELFD _ ﬂ (33)
4n’ 4n’ 4n°
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The function 7, is defined in equation (29). Note that the function X,(_"‘_”) is the complex
conjugate of x“":

K = (34)

Time-independent fields

So far, the expressions are valid for an arbitrary, time-dependent field f. For the time-
independent case, f = const, the integration of (29) yields

w__ 4 4 o__f . (35)

RN " eer

Defining the Bloch time T for the two-dimensional system via

Tp = 27”\/@ (36)

and the Bloch frequency by wp = 27/ T, the evolution operator U ¢(7) can be written as
US(I) — e—in(qN1+r1\72)T. (37)

The functions x,“** can also be evaluated directly,

t
Xt(u,v) — g(u,v)/ e—i(uq+vr)a)gr dr
0

27(14;_':::;605 sin ((uq + vr)’”TB’) e—i(uq+ur>”%’r for ug+vr #0 )
gVt for uq+vr =0.

Since both operators N ; have an integer-valued spectrum, the evolution operator over one
Bloch period simplifies to

U(Tp) = Us(Tp)U (Tg) = U (Tp). (39)

Only if the field is nor directed along one axis or a main diagonal, the operator U (Tp) as
defined in (31) is equal to the identity operator, U;(Tg) = I, since then ug + vr # 0 holds for
all (u, v) € M and therefore all functions X}Z'v) vanish according to equation (38). Otherwise,

there exists one function X;:U) withug+rv = 0, namely x;; _q), that does not vanish according
to X}:fq) = g(”"I)TB.

In other words, if the coupling in the direction orthogonal to the field vanishes, g>~9 = 0,
resp. is not included into the model, the evolution operator over one Bloch period is equal to
the identity operator with the consequence that the dynamics of every initial state is periodic
in time.

In addition, it should be pointed out that in the time-independent case the evolution
operator can be directly written as

U(t) = exp{—iHt/h)
= exp{—ilg" P (K10+ K_10) +g" (K01 + Ko 1)
+g" V(R + K+ K+ K1)+ il + foalN5]t)

=exp{ —i Z g"“VR,+quwpN, +roghN, | 1 (40)
(u,v)eM
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with g(~*~* = g®¥)_ The connection between this equation and the product form U (1) =

Us(t)U(t) is given by the application of Taylor’s theorem introduced by Sack [18]:
exp{k(A + AB)} = e exp{(AB/a)(1 — e %)} 41)

where A is a shift operator, [A, l§] = aB and A, k,a (a # 0) are complex numbers. This

relation can be directly extended to an arbitrary number of commuting shift operators B « With
[A,B,l=a,B, (a, #0)and [B,, B,] =0:

exp {K (A + ZM&) } =4 ]_[exp{(xﬂéﬂ/aﬂ)(l — e 7Ky}, (42)
123 "

Identifying
A= N+r1\7,]§ :Ie(”'”), K = —lwpt,
! (u1 v) ’ : ’ (43)
Ay =8""/wg, a, = —qu —rv,
the evolution operator can be written in the product form
. R . e—i(qu+rv)w3z 1 .
U(t) = exp{—iwg(gNy +rN)t} [ exp {gw’")—Ku,U} , (44)
(qu +rv)wg

(u,v)eM
which is of course identical to U(t) = US(I)UI(I) given in equations (28) and (31).

4. Expectation values

In this section the time evolution of the expectation values is discussed in order to get a better
understanding of the dynamics. The time dependence of the expectation values is derived in
the Heisenberg picture. Using the expressions in equation (27) the following calculations can
be carried out without difficulty; however, the expressions appear somewhat extensive due to
the number of operators involved. The Heisenberg operators for N, (t) resp. N»(r) read

Nit) =0 NO@) =0;" 0N U (1)
=N+ i[X;(l’O)IeLo xR o+ PR = TR
+ xR = xR (45)

G Pre G P & LT 0 p 0,—1
Ko@) =07 MU (1) = Ny +i[ "V Rot — 1"V Ko
LD p —1.-1) p L-1) p —LD) p
+ xR — Ry — xR+ 1 )K—l,l]- (46)
Operators in the Heisenberg picture are indicated in the notation by the explicit time argument.
The only differences between the operators N, (¢) and N,(¢) are the changed sign for the term
with the operators K | _; and K_; | and the expressions X,(O’il)KO,il instead of x,(il’O)KiLo.

More involved is the calculation of N %(t) = [1\7 1()]%, which can be obtained by squaring
equation (45):

R20) = 82+ 20 P 42D 2 (9% 205 R
I 1)) IV LIc) SOV L c SN
xRy o+ TR L+ i[Xt(l’O)jl — x0T VTR o
X a2 Rt — 103 ] - 2000 R
- ZXz(il,O)Xt(il’il)[e—Z,—l + Z(Xt(l’O)Xt(ilﬁl) + Xt(71’0) Xt(l’il))leo,—l
+2(Xt(_l.O)Xt(l!]) + Xt(I’O)Xz(_H))KO,I - 2Xt(lY0)Xt(ly_])Ie2,fl
20O % TR o+ 20 T R o+ 26T T TV R (@)
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Here, the operator J ; is the anti-commutator of N ; and K iy
jj:[Nj,I%j].'.:Njkj'l'Ieij. (48)

The expression for sz(t), obtained by squaring N,(z), has the same structure as Nf(l).

Instead of the functions Xt(il’o) the functions X,(O’il) appear and, analogously, the indices of

A

the operators K, , are exchanged.

Time-independent case

Now we turn back to the time-independent case in order to analyse the Bloch oscillations in
more detail. The expectation values for the operators K ,, ,,, J1 K, and K{'J, can be decomposed
as

(I%u,u> = Ku,v = |Ku,v| eiK“’U (49)
(iK}) =T, =T, (50)
(Ri*D) = Ly = |Ly| ™, (51)

where the operator K 1 resp. 132” corresponds to K .0 TESP. K 0.v in the alternative notation
(16). The expectation value <K h Jz) only appears in the expression for (sz) , (cf equation (61)).

All expectation values including only the unitary operators K, , have modulus smaller than 1
except for the eigenstates of these operators where they have exactly modulus 1.

In order to calculate the expectation values for the operators Ny (1), N, (t) and N 12 (1) the

functions X,("’”) are also decomposed into their moduli and phases,

and Xt(—uﬁ—v) — |Xt('4,v)| e+i(uq+ur)wTB ) (52)

(u,v) w,v)| —i(ug+or) 28
t t |e " 2

X =|x

Then, the desired expressions for the expectation values read

A

~ . wpt

(N1)r = (N1)o +2|Xz(l’0)||K1,0| sin <CIT - Kl,o)
. wpt

+2|Xr(1’1)||K"l | sin ((q +r)T — KH)

_ . wplt
+2|x 7 V[IK 1 i sin ((q - r)TB - xl,_l) : (53)

A

~ . wpt

(N2)r = (N2)o +2|Xz(0’1)||Ko,1| sin (VTB - Ko,1>
. wpt

+2| x| 1K1 sin ((q +r) - m)

_ . wpgl
— 2|k | sin ((q — r)TB - KH) (54)
and

(R2), = (§7), +2]x 0 [1 — |Kso] cos <2quBt _ Kz,o)]

2 wpl
+2[xY| [1 — |Ka| cos (2(q +r)73 - KM)}
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D2 wpt
+2| x| [1 — |Ks, | cos (2(q —r)TB —K2,2>}

. wpt . wpt
+2|)(,(]’0)||-10| sin (QT - MO) + 2|)(,(1’1)||J1| sin ((q + V)T - Ml)

+2|Xt(1,71>||1_1| sin <(q — r)wTB[ - M_1)

_ 4’)(;(1’0))(;(1’1)“[(2’1 | cos ((2q + r)wTBt - Kz,l)
+4|X;(1’0)X;(1’”||K0,1|COS (r%Bf B Ko,1>
—4|X;("1)Xt“'_l)|le,o|COS (26]0)78[ B Kz’o)
+4|Xr(1'0)xf(1’71)|lKo,1|COS <erBf _K0’1>
_4’Xt(1,0)Xt(1,71)“Kz,_l | cos <(2q — r)wTBt - Kz,_1>

_ wpt
+4|X,(1’1)X,(1’ 1)||K0,2| cos (ZrTB — Kog) . (55)

It should be pointed out again that the functions X,(”’U) depend only on system parameters
(g™ and f) while |K, | and «,, resp. |J,| and p, are determined by the initial state.
As long as the field is not directed along the axes or the main diagonals, i.e. ¢ # 0 # r,
and g +r # 0 # g — r, the expectation values (N;),, (N»);, (le)t and (1\722>t and therefore

the widths Ajz\,j (t) = (N3), — (N;)?, j = 1,2, are periodic in time since all functions xev

are periodic according to equation (38). Thus, the results from the one-dimensional case
concerning Bloch oscillations and breathing modes remain valid: a wavepacket performs a
two-dimensional Lissajous-like oscillation which shows no systematic dispersion, i.e. A%,] @)
is bounded in time.

More interesting is the case that the field is directed along one axis or a diagonal, i.e.

(g,r) =(1,0), (0, 1), (£1, £1), (1, £1). (56)

According to equation (38), the function x,” % grows linearly in time, x" " = g=9¢.
Since the argument (ug + vr)wgt/2 of the related sin-function in the expressions for the
expectation values (N}, (cf equations (53), (54)) vanishes for all times ¢, only the phase factor

kr,—q remains. This has the consequence that the term containing X,(q’fr) in the equation for
(1\7 1): Tesp. (Nz), increases linearly in time as far as the corresponding phase factor «, , does
not vanish either.

Thus ((N;);, (N»);) performs an oscillatory motion (due to the remaining terms) with a
superimposed linear motion orthogonal to the field direction.

For (¢, r) = (1, 0) it is clear that the linear motion is orthogonal to the field, since the
linearly growing function | X,(0‘1)| = | XZ(O’_I)| appears only in the expression for (N,),;. The
same argument holds for (g, ) = (0, 1). If the field is directed along one of the main diagonals
the motion is also orthogonal to the field as can be checked directly. In general, the velocity

of the directed motion is determined via equation (27) by the commutators (17) and can be
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written as

v =2¢""D|K,_,| sin(ky._g) (6"“) =2g"9|K,_y| sin(k,_,) ( ’ ) . (57)
6r,7q,2 —q

Independent of the initial state, (N7) grows quadratically in time due to the second up to
fourth term in equation (55). The contribution from the other terms is at most linear. The case
that the factors cancel each other can be excluded because this requires |K, ,| = 1, which is
only fulfilled if the initial state of the system is an eigenstate of the shift operator K uv- But
these states are delocalized in a basis of Wannier states and can therefore be excluded. With
(N?2) also the variance A%v/ (1) = (N?), = (N;)2, j = 1,2, grows quadratically in time. Only
for states with special initial phases «,, and amplitudes |K,, ,| a localization effect can be
achieved. But this is not a systematic effect, i.e. not depending on the field and the coupling
constants, but only caused by a specially prepared initial state. In section 6, this behaviour is
analysed in more detail for a Gaussian initial state.

Separable case

Before we conclude this section, a brief discussion of the separable case, where only couplings
along the axes are taken into account, allows further insight into the dynamics. Here, we also
assume that the field is time independent. For the separable system with A3 = 0 in the
Hamiltonian (15), the expressions for the expectation values, equations (53) and (54), simplify
drastically:

~ ~ . wpt
(N = (Mo + 20" V11K ol sin (qT —Kl,o)

A A t t
2% (K)o + —1|Ky ol sin (q o5l ) sin (q o8l _ K1.0)
quwp 2 2 ’

= (Ni)o + |K 1,0l [cos (gwgt — k1,0) — cos(ki0)] . (58)

1
2qwp
— ©.1) . wgl
- t s A s
(N2); (N2)o +2|x: " '||Ko,1| sin (r > K01>

r£0 o Ay
2 (Ny)o +
2rwp

|Ko1| [cos (rawpt — Kko.1) — cos(ko,1)]. (59)

If the field is not directed along one of the axes, the result is a Lissajous-like oscillation of the
wavepacket depending on the field direction (g, r) and both initial phases «; ¢ and «p; (and
not only the phase difference A¢ = «1 ¢ — ko,1). According to equation (54), the expectation
values for ]\Alj2 (t) read

(N3), = (ND), +2[x" °>yz [1 |K5.0| cos <2quBt - Kz,o)]
+2] x| ol sin (q%” —uo), (60)
(N ) <N2 +2}X(O 1)|2 [1 |K()’2|COS <2erBt —K0,2)1|

t
+2[x V| Lo| sin erB — v0> . 61)
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These are periodic functions of time if the field direction is not along one of the axes. The
variances AIZQY (t) can be calculated directly:
J

2 wpt
Afvl (1) = A?Q] ©) + 2| [1 — |K2,0| cos (2qT - Kw)
. wpt . wpt
—2|K; 0)* sin’ (617 - K1.0>] +2|Xz(1’0)| |:|Jo| sin (CIT - Mo)

N . wpt
— |K10l{N1)osin (qTB - Ml,o)} : (62)

2 wpglt
AL (1) = A% (0) + 2| "] [1 — |Ko.2| cos (2r73 - KM)

3 wpl N . wpt
—2|Ko1|? sin® <rT - KO,l)] +2|Xz(0'1)| [|L0| sin (617 - vo)

" . wpt
— |Ko,11{N2)o sin <VT - Mo)] . (63)
For a field direction along one axis, e.g. the first, a wavepacket shows dispersion in the
direction of the second axis due to x”" = g©V¢. Besides, (N>), can also increase linearly
in time, if the initial state provides a phase ko | # nm, n € Z.

Concluding, for a field directed along an axis or the main diagonal the Bloch oscillation
of the centre of mass of a wavepacket is superposed by a directed motion orthogonal to
the field. Only for special initial conditions this directed motion is not present and one
finds strictly periodic oscillations. Nevertheless, the projection of the motion onto the field
direction is always periodic. For other field directions the Bloch oscillations still remain, since
the couplings orthogonal to the field, g>~9), are not included into this tight-binding model.
However, extending the tight-binding approximation by taking into account the coupling to
more directions leads to a superposed directed motion also in these cases, as will be seen in
the next section.

5. Single-band models

As in the one-dimensional case (cf section 9 in [6]) one can add an arbitrary number of
additional shift operators

RiK\ Ky, Ri KoKy, KR KRy RIK RS, (64)
to the algebra. Physically these operators couple adjacent sites in the directions given by
their indices (K, ,, with « and v coprime, is the coupling in direction (u, v)) or describe the

coupling to further sites (1% nunvs With n € N and u, v coprime, is the coupling to the nth site
in the direction (u, v)). Generalizing expression (18), the Lie algebra can be written as

L ={Ni, Ny, Ky o|(u, v) € M} with M = Z2\ {(0, 0)}. (65)

The corresponding Hamiltonian is a direct extension of the tight-binding Hamiltonian and
reads

H= )" g“YR.+ fiNi+ ol with gt =g (66)
(u,v)eM
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The evolution operator can be calculated in the same way as in section 3, U (1) = U s(t) U, (1)
with U g(¢) defined in equation (28) and

Ui0y=expy—i Y x""Ruug. (67)
(u,v)eM

Instead of only eight functions Xt("‘v) in the tight-binding approximation, one gets infinitely

many functions. Therefore, for every rational field direction (gq,r) there exist pairs
(nr, —nq), n € 7Z, so that X,("’”) = g(“*“)t with the same consequences as in the tight-binding
approximation. In particular, the velocity of the directed motion is given by equation (57).
But one has to keep in mind that for realistic potentials, as investigated for example in [10],
the factors g“¥) decrease exponentially with increasing |u| + |v| so that the directed motion

and the dispersion are very small compared to the oscillation.

6. Case study of a Gaussian initial distribution in a Wannier basis

In this section, the results from section 4 will be applied to an explicit representation of the
initial wavepacket in a basis of Wannier functions,

(@) =Y cma(®)lm, n). (68)

The expectation values can be calculated using expressions (53), (54) and (55). The

A

expectation values (K, ,) = K, , can be evaluated as
(Kuw) = (WIRIRS 1Y) =" chy yCmsunsn (69)
m,n

with ¢, , = ¢ ,(0) (cf equation (5)). In the following, we will assume that the initial

distribution is Gaussian, i.e.

m? + n?
402

with normalization constant &« € R. Then, the expectation value (69) can be written as

Cm.n = O EXP {— +i(kym + kzn)} (70)

(Kuy) = o2 eltkiu+kav) Z e7(m2+n2+(m+u)2+(n+v)2)/(4z72)
m,n

— |Ku,v| ei(k1u+k2v) (71)
and the phase factor in equation (49) is given by
Ky =kiu + kpv. (72)

Reconsidering the expressions for (N}); and (N,), in equations (53) and (54), the behaviour
of the wavepacket depends crucially on this phase «, ,. The function X,(r’fq), which describes
the coupling strength in the direction orthogonal to the field, grows linearly in time according
to equation (38). Then, depending on the argument of the related sine function, sin(x, _,), this
linearly growing term contributes to the expectation value or is cancelled by sin(x, _;) = 0.
If «, _, is an integer multiple of 7, this term does not contribute and the expectation value is
periodic in time. This means that for a given field direction (g, r) one has to make sure that

the condition

Kr—q = kir —kog =nm with neZ (73)
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Figure 1. Left: time dependence of the expectation values ({(N1);, (N2),) for a field direction
g = r = 1 and three different initial conditions. The dashed line shows the trajectory
for (ki, k) = (/2,0), the dashed-dotted line for (ki, k) = (7, 7) and the solid line for
(k1,k2) = (w/2,—m/2). Right: trajectories ({x), (y)) obtained by a direct integration of the
time-dependent Schrodinger equation and the Hamiltonian (1) with potential (80) for the same
parameters and initial conditions as on the left-hand side.

is fulfilled to get a periodic centre of mass motion. If this condition is not fulfilled, the
periodic motion is superposed by a directed motion orthogonal to the field. The left-
hand side of figure 1 illustrates this behaviour. Displayed are the expectation values (N;)
and (N,) as a function of time which are obtained by a direct numerical integration of
the time-dependent Schrodinger equation for the Hamiltonian (15) and parameter values
h=2.81/2n, F =0.1, Ay = A, = 1/4, A3 = 0.008.

Independent of the phase (72) of the initial wavepacket, the width of the wavepacket
increases quadratically in time. Considering for example equation (55) and a field along the
second axis or one of the main diagonals this can be seen in the following way. The relevant
term for the quadratical dispersion has the form

2"V = 1Koy, —ag | cO8(K2r,-24))- (74)
Together with the relevant term for (Ny),,
2| x| 1K g | sin(ir—g) (75)
one gets for the width of the wavepacket
A% (1) = (NF), — (M)}
~ 20"V = Kar oyl 008 (ar,2g) — 21K sin® (i ). (76)
The phase factor x5, 5, can be written as 2«, _, using equation (72) so that the following
inequality holds:
1= K29 | €08(kr,—2) — 2|Ky—g | sin® (k)
= 1= QIK. 4 = K —2g]) $in*(icr. ) = |K2r. 29| €08’ (icr, _¢) > 0. (7

Here we also used that |K, ,| < 1 and 0 < 2|K, |*> — |Ka.2,| < 1 for a localized initial
state. The second relation can be shown by using equation (71) and the relations for the
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¥ -function. Inserting this inequality into equation (76) shows that the quadratically increasing
term |x" " |? contributes to A%, (¢) for every value of K, , resp. k,,. Therefore, every
Gaussian initial wavepacket shows a quadratic dispersion.

The tight-binding results can be compared with a direct integration of the time-dependent
Schrodinger equation for the Hamiltonian (1). The right-hand side of figure 1 shows the
trajectories of the expectation values ((x),, (y);) for a Gaussian wavepacket

Yix,y) = (27102)_1/2 e—(x2+y2)/4<72+ik1x+ik2y (78)

with o = 10w, which is projected onto the first Bloch band:
Yi(x, y) = (X, y[¥n) = Y _(m,nl¥)(x, ylm, n) (79)

m,n
for three initial momenta (ki, k) = (7/2,0), (7w, ), (7/2, —7/2). The system parameters
areh = 2.81/2x and F = 0.1 in scaled units. The potential

V(x,y) = cos(2mx) + cos(2my) — cos(2mx) cos(2my) (80)

generates a lowest Bloch band in this dispersion relation with width A; = A, = 1/4 along
the axes and a width A3z = 0.008 along the main diagonals, so that the results can be directly
compared with the tight-binding calculations on the left-hand side of figure 1. The small
distortion compared to the tight-binding results can be explained by the couplings to further
sites in the single-band model.

7. Concluding remarks

In the present paper we have investigated Bloch oscillations in a two-dimensional tight-
binding resp. single-band model. Using an algebraic approach, the evolution operator has
been expressed in a product form for an arbitrary time-dependent field. It has been shown
analytically for the expectation values that an initial state in general does not perform a
strictly periodic centre of mass Bloch oscillations in the single-band approximation. While
the projection of this motion onto the field direction still oscillates, the projection orthogonal
to the field additionally shows a directed motion. Only for special conditions that depend
on the initial wavepacket and not on the system parameters the strict periodicity of the
Bloch oscillations can be restored. The width of a wavepacket behaves similarly: it shows a
systematic quadratical dispersion orthogonal to the field that can only be suppressed for special
initial wavepackets.

Finally, the similarity to the one-dimensional tight-binding system with an additional
harmonic driving, F (t) = Fy+ F cos wt, should be emphasized. For an integer ratio between
the Bloch frequency and the driving frequency, wp = qw (¢ € N), a wavepacket shows
a systematic dispersion. But, in contrast to the two-dimensional dispersion, the dispersion
can be suppressed by adjusting the field strength F; and the driving frequency w (dynamical
localization) [19-21]. Therefore, the two-dimensional tight-binding system with an additional
time-periodic driving can be expected to show a multitude of interesting phenomena which
have to be analysed in more detail.
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