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Exploring a Metal-Insulator Transition with Ultracold Atoms in Standing Light Waves?
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We suggest the possibility to realize an optical quasicrystal with ultracold atoms in far-detuned,
bichromatic standing light waves. If the optical potentials created by the individual light waves have
sufficiently different strength, one obtains an atom-optical realization of Harper's model. This model
exhibits a metal-insulator transition at a certain value of the site-to-site hopping integral. Since this
hopping integral is effectively renormalized by an additional oscillating force, one can switch from
the regime of extended states to the regime of localized states by varying the amplitude of that force.
[S0031-9007(97)02994-3]

PACS numbers: 32.80.Pj, 42.50.Vk, 71.30.+h

An atom with massM in a monochromatic, one-  We will proceed in three steps. First we will show
dimensional standing light wave detuned sufficiently farthat periodically forced optical lattices exhibit dynamic
from a dipole-allowed transition and oriented in the localization [7,8] as a consequence of the collapse of the
direction can be described by an effective Hamiltonian ground state quasienergy band [9]. In a second step we

p Vo suggest to realize Harper's model [10,11] with ultracold

H(x) = 7 + & cod2kx), (1) atoms in bichromatic standing light waves. This model

where p is the x component of the center-of-mass Originally appeared in the description of Bloch electrons
momentum and; is the light wave number. The depth in @ magnetic field; it serves as a paradigm for the physics
V, of the optical potential is proportional to the intensity Of incommensurate structures. The most striking feature
of the light field and inversely proportional to the detuning©f this model is that it shows a metal-insulator transition,
[1]. The atomic de Broglie wavelengthr/i/p becomes 1.€., a transition from extended to localized states. The

large compared to the lattice constant= 7 /k; when possibility of an atom-optical realization of Harper's model
p? B2k thus implies the possibility to investigate such a transition
M < 4 M = 4FEg, (2)  with atomic matter waves. In the third step we combine

fdhe results of the previous two: Since the quasienergy band

i.e., when the kinetic energy associated with the motio oo ) :
ollapse stems from the renormalization of the site-to-site

in the direction of the standing wave is smaller than or a
most comparable to the single-photon recoil enekgy

solid state physics [2—4]: the initial momentum distribu- X '
tion of a dilute atom cloud can be predetermined, therdY Varying the strength of the force. An experimental
are no lattice defects and, hence, no unwanted scatterifgp"firmation of this scenario, although certainly quite
processes, and at the end of the experiment the optic&MPitious, does not seem to be entirely out of reach.

potential can simply be turned off, thus allowing a clean () Forces can be exerted on atoms in standing light

measurement of the momentum distribution of the finalV@ves by introducing a small, time-dependent frequency
lifferencedv(r) between the two counterpropagating laser

states. Moreover, the atom-atom interaction remains ne | ! ;
eams that generate the optical potential [2—4]. A peri-

ligible, so that one can probe single-particle effects by~*¢ ; a X
performing measurements on an ensemble. odic frequency modulatiov (1) = k. Kisinw?)/M o

In two recent landmark experiments, constant force&eSults inan eszectlve Hamiltonian
were exerted on atoms in optical lattices in order to ex- _p Vo K
plore Bloch oscillations [3] and Wannier-Stark ladders Hx,1)= oM * 7C05<2kL[x+ M w? COS(M)D’
[4]. In this Letter we suggest to employ ultracold atoms 3)
in periodically forced optical lattices to study the effect
of a strong, oscillating force on the Bloch dynamics. Ex- 5 v
periments aiming in this direction are presently being per- 7 _ P Y
formed with electrons in semiconductor superlattices that HG. 1) 2M " 2 Cos2k..x) + Kixcoswr).  (4)
interact with strong terahertz fields [5,6]. But whereasLet us now fix the potential depthy/Er such that the
these experiments are inevitably plagued by dissipationVannier stated¢) building up the lowest band of the
lattice defects, and the non-negligible Coulomb interacoptical lattice have appreciable overlap with their nearest
tion, ultracold atoms in standing light waves can be exneighborsl¢ = 1) only. Next, letiw be large compared
pected to show basic effects with paradigmatic clarity. to the width A of this band, but still much smaller than

which is unitarily equivalent to
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the gap between the lowest two bands. As long as the 0.5
amplitudek; is weak, the dynamics then remain restricted

to the lowest band, so that we can invoke the single-band
tight-binding approximation: the Hamiltonian

A —~~ _> »
Hoy=—-—>(e+ Dl +loe+1) 6 8
+ % € 00/
governs the dynamics in the unperturbed band, and ~
Hyp(1) = Hy + Kicodwr) D [€)¢d(t| (6)
¢

approximates (4). The properties of this model system /i

are well known. Because it i§-periodic in time, with 05 i i,

T =27/w, there is a complete set of Floquet states 70 1 2 3
Ui (1) = up(r)exd —ie(k)t/h] with T-periodic functions

ui(t) = ui(t + T) and quasienergies(k). These states K1d / (h(!))

are un|f0rm|y extended over the Iatt|Ce and Chal’aC'[erizeﬁ|G_ 1. Quasienergies for the Hamiltonian (4) W[t’h/ER =

by a quasimomenturk; the dispersion relation is [9,12] 5.0 and /iw/Er = 1/2, at the band edge&/k, = 0 and 1.
Kid\ A Arrows in the left margin indicate the quasienergies at the
e(k) = _JO<L>_ cogkd) modiiw . (7)  edges of the ground state band; a further arrow indicates the
ho /) 2 band collapse ak,d/ho ~ 2.35.

Hence, the quasienergy band collapses when the ratio . T . .
Kd/lie equals a zero of the ordinary Bessel functin ffon [15], dynamic localization in optical lattices would be

Then there is no dispersion at afiny initially localized a genuine single-particle phenomenon, and probably the

wave packet will stay localized; that is, we have dynamicde‘.".meSt possible rea|_|zat|on of the original prop_osal [71.
(i) Next, we consider ultracold atoms in kichro-

localization [7,8]. / : . ) .
The crucial question now is whether the driving matic standing light wave generated 1Py sur()grlmposmg
strength required for a band collapse in an optical latticéWo Standing waves with wave numbég’ andk;” along
can still be compatible with the assumption of single-bandh€x axis. We assume that each of the two laser frequen-
dynamics. An example shows that it can: ¥y = 5Ex cies is appropriately detuned from a dipole-allowed tran-
the width of the unforced lattice’s lowest band becomesition [¢) — le1) or [g) — |e2), respectively. Employing
A = 0.264ER; the gap between this band and the next isthe_rotatlng wave approximation, and adiabatically elimi-
2.44Eg. We then fix the frequency = Ex/27, so that hating the amplitudes of the excited stateg and|e,) as

fiw exceedsA by a factor of almose, but is still roughly ~ usual [16], one obtains an eg‘}‘)ective Hamiltonian
2

5 times smaller than the gap. For cesium atoms in optical D Vo (1)

lattices generated by 852 nm laser light, as employed in H(x) = oy T o coskr x)

the recent Bloch-oscillation experiment [3], this corre- e

sponds tow /27 =~ 1 kHz, which has to be compared to + % cos(2k£2)x + 1), (8)

a spontaneous emission rate of less than'. It should h . h if th b
then be possible to study the time evolution over severaf/"€'e€ Is a phase. Ift e(gum(l)er
100 cycles without having to consider the detrimental g = ki [k (9)

effect of spontaneous emission [13]. is irrational, this provides an atom-optical realization
Figure 1 shows quasienergies computed fromftle ot 5 one-dimensional quasicrystal. Let us now fix the
Hamiltonian (4) with the above parameters for the bandyarameters such that the first light wave creates a tight-
edgesk/k, =0 and1 [14]. Arrows in the left margin in-  pinging system (5) as before, and that the additional
dicate the quaS|energy.bandthgtorlglnates from'the grourﬂotential generated by the second light wave is merely a
state energy band. This band is very well described by thgeak perturbation. If we approximate the Wannier states
approximation (7): there is a band collapsekatl/iw =~ | ¢y py harmonic-oscillator ground states, we can estimate

2.35, quite close to the first zerfy, ~2.405 of Jo. Only  hai the second potential effectuates a change
for even higher amplitudes an avoided crossing signals the

onset of strong interband effects, i.e., the breakdown of the v(€) = vocod2mgl + n) (10)
single-band approximation (6). We conclude that it shoulcbf the on-site energies, with

be possible to observe dynamic localization with ultracold V(g2) 5 m

atoms in periodically driven optical lattices. Signatures of Vo= 5~ ex;{—g /NVo ' /Er ) (11)

dynamic localization have recently been detected in experi- . i L

ments with semiconductor superlattices [6]. But whereas® that the single-band approximation to (8) becomes

a proper theory of dynamic localization in these systems Hiarper = Ho + Z 16yw(€) (€] . (12)
¢

requires a consistent treatment of the Coulomb interac-
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This is exactly Harper's model, which is usually encoun-under conditions where the modulation of the hopping in-
tered in the theory of two-dimensional Bloch electronstegrals is not negligible.

in a magne.tic field. In that case is the ratio between' (|||) One COUld, in princip|e’ reduce the Streng(éz) re-

the magnetic flyx per unit c_eII and the flux quantum; N quired for the transition by increasirfggl) (and thus re-

our case it is simply the ratio (9) between the two wavey,cinga). However, this means employing stronger lasers
numbers. Wherg s irrational, this model exhibits a 54 hence increasing the spontaneous emission rate, which
metal-insulator transition: gll eigenstates are extended if},,,1d be avoided. But there is another possibility. Ac-
vo/A < 1/2, but localized ifvo/A > 1/2[11]. . cording to (7), the effect of the oscillating forég cogw )

(|11)E we start again from an optlca.l potent!al W'th on the tight-binding model (5) is just a renormalization of
Vo /Er =5, so thatA/Eg =0.264, and if we arbitrarily  the hopping integrals: the driven lattice with hopping in-
set ¢ = (v/5 + 1)/2, then the conditionry/A = 1/2  tegralsA/4 behaves as an undriven lattice with hopping
yields V¢ /vi" = 0.17: at the transition, the strength of integralsAJo(Kd/fiw)/4—the effective bandwidth thus
the second potential should be abdyt of that of the becomes smaller than the original[17]. But since the
first. This is not small, and the approximation (12), whichratio »o/A governs the metal-insulator transition, it must
takes into account only the on-site changes of the opticdle possible to drive the system through the transition by
potential, might not be sufficient. We therefore alsovarying the amplitudek; of the oscillating force. Sup-

change the hopping integral connectify and [¢ + 1)  pose thaw/\” is quite small compared 6", so that (12)
fromA/4to A/4 + 5(¢), where is a good approximation to (8), and all states are extended,
8(0) = fvocod2mg(€ + 1/2) + n]. (13) since vo/A is much smaller tharl /2. h_‘ _then a force
K codwt) acts on the system, the transition should occur
The parameteyf is a dimensionless perturbation strength.when
We then compute the eigenstatgs=> , aé")|€> numeri- o 1 K,d
cally for a lattice with1500 sites, and calculate for each TN Jo(a) ’ . (14)
iatian™ ite- i . . . . . . .
state the standard deviation'” of the site-occupation This reasoning is confirmed in Fig. 3. For a lattice

probabilitieslaﬁ;”)lz. The average valug, normalized by  of 1001 sites €min = —500, €max = +500) We compute
the standard deviation, for a uniformly extended state, \ygve functionsy (1) = 3, ce(r) [€) for the periodically
provides a measure for the degree of localization. Figure riven Harper model, and compare them to wave func-
showsa /g as a function ofyy/A, for f = 0.0,0.2,049,  tions for undriven models with renormalized hopping in-
and0.5. The curves foy < 0.5 almost coincide; a violent tegrals. We sed/fiw = 0.385, vo/hiw =0.1, g = (/3 +
change of behavior occurs only fgr= 0.5, which is by 1)/2, and n = 0; the initial condition isc¢(0) = 8¢, for
far larger than realistic. This result is quite important: thegach run. Figure 3(a) shows the evolution of the fourth
modulation of the hopping integrals does not destroy th%omentsM4(t) =3, ¢*lco(t)|? for the driven system:
self-duality of the Harper model, which is a crucial ingre- Kid/liw varies in steps ob.l from 1.3 to 1.9 (top to
dient for the explanation of its metal-insulator transitionbottom)_ Figure 3(b) depicts the moments for the cor-
[11]. Hence this transition remains clearly visible eveNresponding undriven, renormalized systems. The agree-
ment speaks for itself. Sincey/A = Jy(1.5)/2, we find
1.0 ' the expected change of behavior f&id/hiw ~1.5: a
wave packet made up of localized states only must stay
£=05 localized, so that,(¢) remains bounded; a packet made
up of extended states delocalizes, so thair) grows
/ indefinitely.
Figure 4 shows the wave functions for the driven
— 05} system after000 cycles, forK d/hw = 1.4 (thin line)
o f=0,0.2,049 and 1.6 (heavy line). In the first case the wave function
spreads over all the lattice, but in the second case it stays
localized. The almost perfect exponential decay, clearly
developed over no less thab orders of magnitude,
leaves no doubt that we are dealing with a genuine,
' amplitude-controlled localization effect.
0.0 0.5 1.0 In general, the time-evolution operatdf(s,0) for a
Vo /A periodically driven quantum system can be written as
. o P(t)exp(—iGt/h) with P(r) = P(¢r + T); the eigenvalues
FIG. 2. ~Average, normalized standard deviation for theqs ihe time-independent operat6rare the quasienergies.
squared expansion coefficients of eigenstates of Harper's modg the dri tight-bindi t 6). thi ®
with hopping integrals modified according to (13} oo = 1 ror the driven ug Inding system ( )’_ IS operator
indicates completely delocalized states. Note that curves fo¥s just the undriven Hamiltonian (5) with renormalized
f < 0.5 fall almost on top of each other. hopping integrals. But for the driven Harper model,
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(b) ent amplitudes of the force—would certainly not be easy.

But in view of the rapid development of atom optics, there
is room for cautious optimism.
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