RAPID COMMUNICATIONS

Alkali-metal gases in optical lattices: Possible new type of quantum crystals
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Similarities between alkali-metal gases in optical lattices with noninteger occupation of the lattice sites and
guantum crystals are explored. The analogy with the vacancy liyllid provides an alternative explanation
to the Mott transition for the recent experiment on the phase transition in the lattice. The VL can undergo
Bose-Einstein condensatigBEC) with T, within experimental reach. Direct and vacancy-assisted mecha-
nisms of the band motion for hyperfine impurities are discussed. A large concentration of vacancies can result
in the spatial decomposition of the system into pure hyperfine components. Below the vacancy condensation
the impurity component resembléble in *He—Hell mixtures.
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Recently, after the spectacular experimental discovery of This type of transition has been reported in Réf] for
Bose condensation, the study of alkali-metal gases in trapgttices of sizea= w/k~426 nm with recoil energyE,
has become the focal point in atomic, low temperature, ang=#2k?/2m~1 kHz. At low beam intensity, i.e., at large
condensed matter physics. One of the most fascinating feahe experiment revealed a condensate peak in the center of
tures is the possibility of seeing in an experiment some of thehe trap. This peak disappeared at smadlt V,/E, between
phenomena that have been discussed earlier only within the-3 and 22, which might indicate the transition to the Mott
oretical modelgsee the revieWl]). An additional attraction insulator(Ml) phase. However, the identification of the high-
is that the phenomena in ultracold alkali-metal gases are ind phase as the Ml is not unambiguous. The Ml can be ob-
credibly rich and combine features inherent to diverse conserved only when the average number of atoms on the same
densed matter and low temperature systéRef. [2] and  |attice site is integer. If the average population is fractional,
references therejn For example, Bose-Einstein condensa-the highest on-site energy states are not fully occupied. The
tion (BEC) in trapped gases resembles, but is not quite theunneling of the “excessive” particles from a site on which
same as, the transition in other superfluid or superconductinghe highest level is occupied to a site with an unoccupied
systemg2]. Another example is the dynamics of the hyper-|evel cannot be banned by the on-site interaction. The tun-
fine components which resembles the spin dynamics of spimeling of the “excessive” particle from site; to the empty
polarized quantum gas¢s]. neighboring siter, increases the on-site energy blyon the

A new example is an ultracold alkali-metal gas in an op-site r, while simultaneously decreasing it ty on the va-
tical lattice. Alkali-metal atoms are almost localized in mi- cated siter;. Since both sites are translationally equivalent,
croscopically periodic potential wells induced by the Starkthis opens the way to the band motion of the “excessive”
effect of interfering laser beam@Ref. [4] and references particles and to the existence of a partially filled conduction
therein. The tunneling probabilityt between the wells is band. Then the lattice with noninteger occupation stays in the
determined by the depth and size of the wells, i.e., by themetal” or “semiconductor” state even at largel with the
intensity and the wavelength of the beams. Since this in- “excessive” particles in the conduction band. Referef@g
tensity is adjustable, the atoms can be studied in a widgontains experimental proof of a large gap between the filled
range of tunneling frequencigsand effective masses©™*  and conduction bands. However, it is difficult to conclude
~#h?/ta®, from an almost free gas with a periodic perturba-whether in equilibrium the conduction gap is empty or not.
tion to a well-localized “solid” (a=\/2=m/k is the lattice  Below we suggest an alternative interpretation for R6f.
period. Another parameter is the on-site repulsidrfor at-  based not on the analogy with the Mott transition, but on the
oms inside the same well. analogy with quantum crystalCs.

The standard Hubbard model for electrons predj&is There is a strong similarity between the ultracold particles
that the alkali-metal atoms in an optical lattice should exhibitin optical lattices and atoms in QCs, such as solid helium, in
an analog of the Mott metal-insulator transition dft  which the tunneling is sufficiently high to ensure band mo-
~b5.82 (z is the number of nearest neighbpr&t U>t, the  tion of atoms unless prohibited by large on-site repulsion
system should become an “insulator” without interwell tran- (see the revieW7] and references therginin helium crys-
sitions (the particle tunneling between the lattice sites in-tals, atomic band motion is banned, as for all MIs, when all
creases the on-site energy byand is energetically prohibi- the lattice sites are occupied ligentical particles with oc-
tive). At U<t, the on-site interaction does not restrict cupancy equal to 1. If, however, some of the lattice sites are
tunneling between the sites and the atoms are in the “metalémpty, nothing prohibits tunneling of atoms from the occu-
phase. Then, at sufficiently low temperature, the system capied onto the vacant sites, leading, as a result of translational
undergo BEC into a lattice superfluid. The energy parametersymmetry, to the band motion of vacancies, i.e., to the for-
U, t, and the potential weN/, are often measured in units of mation of peculiar band quasiparticles—vacancy waves.
the recoil energyE, =#%2k?/2m. A typical example is[5]  Similar quasiparticles are formed when some of the atoms
t/E,~0.07 andU/E,~0.15 forV,/E,=15. occupy interstitial sites and can tunnel through the QC. A
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slightly different situation occurs when some of the latticeand similarly for excessive atoms. A good extrapolation be-
sites are occupied by atoms of a different kind from the hostween these two limiting cases is

matrix (impurities. The impurities can also tunnel through

the QC despite the fact that each site still has occupancy Tc=6-634tunf/3(N—nu)2/3- 3
equal to 1. The tunneling constant for impurities is smaller

than for the vacancies since the exchange of places betwegii, the above values &, anda, the estimate for the BEC
the impurity_ahnd_r;]ostdatog:s invol_ves high-energy iﬂtermedilransition in the vacancy liquid (VL) is T,

ate states with either double on-site occupancy or the atom in —7 2301 _ \2/3 —a3n i

an interstitial position. The impurity-host exchanges could be}raiﬁolr? (t/E)x;, (1-x,)"" K, wherex,=a’n, is the
so low that a more efficient mechanism of impurity motion
could be vacancy-assisted diffusion. The behavior of va
cancy and impurity waves in QCs is well understdad.
However, the most exciting possibility in QCs—superfluidity
and BEC in a system of vacancy waves—has not been re
ized for “classical” QCs, namely, solidHe, despite two
decades of intensive effortRefs. [8,9] and references

t/g?:raerg?:ielhﬁl rse(‘;jllis(;irh: twhl"f:; tg:;?e:;?n nciezrﬁr%'rtaetrl?&er?&rgystem is close to integer occupancy. Second, the effective
. 9 P ’ mass of vacancy waves or excessive particlest

concentration of vacancies drops exponentially, always re'=h2/2ta2:m(E,/7r2t), could be much larger than the mass

maining insufficient for BEC. of the free atomsm. In an experiment, one has limited con-

.The alkall-metal_ atoms in opt.lcal Iatt|ce§ resemble QCStrol over the vacancy concentration. On the other hand, the
with a very appealing difference: the BEC in the system of,

LT . tunneling frequency depends exponentially on the intensity
vacancy or “impurity” waves could be_ within reach. When of the laser beams. This makeg a readily adjustable pa-
the occupancy of the individual wells is close to an integer.

the system resembles a QC with either a small concentratiobiz]g:\?;tt)?eat can make the superfluid transition in the(3)L

of vacancies or “excessive” atoms. If the occupancy is . .

: . B All this suggests a probable alternative to the Mott tran-
slightly below t_h_e integeK, K=1+ In_t[n/l\_l], wheren and sition for the experiment6]. At larget, the experiment con-
N are the densities of atoms and lattice sites, then the densify 4 o presence of BEC, probably in the “free” alkali-

01‘( vacc(jemfrl]esi I;stlwl,:rKnN ;BﬁNt'h 'fntthhe 3‘3%“%&”0]}/“ S)':ght'yiv metal gas rather than in the VL. At smallthe experiment
exceeds the integeér number, then e density o "exCesSIVey, 1 ad the absence of a condensate. However, the experi-
atomsn,=N-—n, is ng=n—NInf{n/N]<N. Since the tun-

i babilities th ; . qe ment, by design, cannot distinguish between the Ml and the
ne ",1,9 probabililies are the Same Tor vacancies and "exces-y,) = “ig possible that the experiment showed the
sive” atoms,t,=t. (in both cases, an atom tunnels to an

. ) ._superfluid-VL transition rather than the superfluid-MI transi-
empty sitg, many properties of the system are symmetric

tion.
with respect to the vacancies and excessive at@miss is ;
. ; ; L . The analogy with QCs allows one to make several other
not so for the usual QC in which the lattice potential is built 9y Q

. . ; T predictions. First, the role of “impurity waves” can be
of the atom mterac’f‘lon and_thti potential relief is different forplayed by atoms in different hyperfine states. Experimen-
a vacancy and an “excessive” atom.

. . . . L tally, such impurities can be studied by means similar to the
Below we consider the situation with large on-site inter- y b y

action U, when the lattice system with integer site occupa NMR methods fofHe diffusion in solid *He. In principle,
. ' : > “impuriti m n rticl r r h m
tion would become a MI, making the BEC transition impos- purities become band particles spread across the syste

) : . with tunneling frequency; . However, when the on-site in-
sible. _The analogy W'th QCs automatically echL_ldes fu"yteractionU is large,t; for direct exchange of impurities with
occupied lowest on-site states and does not require the co

cept of countersuperfluidity0]. the host atoms and, therefore, the impurity wave bandwidth

2 .
P W B appcsimaton for vacands n a ST Sl o et CU=t wrene
simple cubic lattice, y large, g

of unoccupied highest on-site states.

Although T, for the VL can be quite high, there are two
reasons whyf .. is lower than the BEC temperature for a free
gas. First, the density of participating particles is lowatly

he vacancies or the excessive atoms in the highest on-site
tate are subject to condensajiom the experimenf6] with
the occupancy between 2 and 3, this leads, at least, to a
factor 5 2% in T, and even stronger lowering df, if the

garded.
If the number of upper-state vacancies is noticeable, the
€,(p)=A/2—2t D cogp.alh) (1) vacancy-assisted processes dominate the impurity motion
v v | 1

with an effective intersite tunneling rate~tvxu>t§/U (in

this context, the asymmetry of the vacancy-assisted motion
where A=12t, is the bandwidth. At largeU, the fixed [11] is not important At T>T., the vacancy-assisted pro-
chemical potential, is finite, in contrast tqu, =0 for ther-  cesses are responsible for independent tunneling transitions
mally activated vacancies in solid helium. Whenis small,  between the adjacent sites. This is not a band motion but a
the BEC transition temperature for the vacancies can be danore traditional impurity diffusion with an effective diffu-
termined using the standard equations for lattice gases witsion coefficient
low band filling:

T.=6.6a%t,n?" ) : @)

viv !

051602-2



RAPID COMMUNICATIONS

ALKALI-METAL GASES IN OPTICAL LATTICES: . .. PHYSICAL REVIEW A 68, 05160ZR) (2003

For vacancy-assisted impurity tunneling, in contrast to thelecoupled from the deformation of the lattice. As a result,
pure systent3), t; and the mean free paths are not symmetricthe low-frequency collective modes above and below the
with respect ton,—0 andn,—N. In the former limit, the BEC are decoupled from the lattice variables.

free paths are atomic while in the latter limit the impurities ~ An important issue for QCs is the sensitivity of the
recover their band properties with the large mean free patharrow-band particles to external fields. Since the energy of
determined by impurity-impurity scattering or the scatteringpand particles cannot change by more than the bandwidth
by the few remaining upper-state host atoms. the external field)(r) makes the motion finite and localizes

The situation changes drz_imatica!ly after the vacancy syshe particles in an area of sizér ~aco, o=A/(dQ/dr)a.

tem undergoes the superfluid transiti@. Then the impu- o the ysual QC, the important fields are the particle inter-
rity becomes a completely delocalized quasiparticle in a V@3action, lattice deformation, and external forces. In the optical

cancy superfluid background similar tle impurities in the lattice. the most important field is the trapping potenfial
superfluid “He [12]. The effective mass of such quasiparti- =%ar’2. In wide trapZ(smalla) this trappin%ppogtleﬁtial does

—_0n * 22 :
Cliﬁ at'l('j—o IS My Z/Zt’fi?” afn ?hgo\?s u?] with tr?(;n?]erzi':n?r not cause noticeable Umklapp processes and the overall
with a decrease in density of the vacancy condensate. r‘\f‘lamiltonian of a particléor a vacancyin the optical lattice,

interaction effects in this quasiparticle gas are negligible, and, ™ 12 . . .
the properties of the system can be evaluated using the stan-. €(p) +;ar®, can be treated quasiclassically. Analysis of

dard equations for an ideal lattice gas of quasiparticles. Alhis H§m|l_ton|ar_1 can EE E)e;forn;ed in the momentum repre-
low enough temperatures, this impurity component of denSentation in whictg ar®= 57V and the problem reduces

sity n; will also undergo its own BEC with to that for a particle with “mass” 1¢ in the “potential”
e(p). The quantum problem is simplest near the band
T.=6.62,a%n,n?*=a%nn?"T, (50  minima where the quantized motion is harmonic with the

characteristic frequency? = (2ta)¥?a/%. Since the effec-

where T, is the temperature for the vacancy condensationjye (tunneling massm* =#2/2ta? is larger than the mass of
(2). The emerging two-condensate system should exhibifee particles, this frequency isn{m*)¥'2 times lower than
properties similar to those of |i0|UlaH(_9j4He mixtures with  for the free particles. The quantization in the trapping poten-
two condensates below théHe transition[13]. Since this tja| ((r) is usually not important and the motion is close to
BEC is based on vacancy-assisted tunneling, this twogassical. At larges the motion is unrestricted. Whea
condensate system is different from the one considered In, 1 even the classical motion becomes compressed toward
Ref.[10]. o _ the multiwell shells around the center of the trap , with

This picture of vacancy-assisted impurity motion works 4iying the thickness of the shell, to which the particle motion
well when the concentration of the hyperfine impuritigs s restricted, in terms of the well size In the experiment
=a®n; is low. At higherx; the vacancy motion in this trans- [6], wk~75(t/E,)¥2 Hz and is small, whiler=100(/E,).

lationally inhomogeneous environment is accompanied byrne shelis narrow to a single well layer at the beam intensity
host-impurity permutations suppressing the band motiong, .\ hich t/E.<0.01
,=0.01.

This Is similar.to the vacancy motion in solifHe with a . The inhomogeneity of the trap also leads to the nonuni-
disordered spin system. Then the vacancies autolocalizgm spatial redistribution of particle®,15]. If the change
within homogeneous domains of size of the trapping potential from well to well is large in com-

5 15 parison with the temperatureA(To>1), the shells with
R= wh (6) lower energy are fully filled, have integer population, and
2m*NT[(x;— 1)In(1—x;) —xInx]| become a MI. The rest of the shellmost likely, but not

necessarily, the outer onewill have noninteger population

which are filled by particles in one hyperfine stédagaoka and resemble a VL with a rather large density of vacancies.
polarons. If the density of vacancies is largel®R=1, this  In the experimenf6], the parameteA/To~ 10" 19T with T
should lead to the decomposition of the system into macroin Kelvin. If it is small, the redistribution of particles be-
scopic hyperfine domains. The difference between this detween the shells is insignificant. If this parameter is large, the
composition and the vacancy-driven spin polarization ofsystem represents a thick shell wittr=100(@/E,) of
solid 3He [14] is that the transition takes place when thecoupled well layers in the quasi-two-dimensional VL state
concentration of the zero-point vacancies and the “polarizawith the rest of the shells in the Ml state with filled upper
tion” (the concentration of hyperfine componerase fixed. levels. This may actually increase the BEC temperature for
In contrast to the formation of dynamic, transient domains inthe VL since the VL, although restricted to a lower number
experiment[3], this decomposition leads to stationary do- of shells, can have a higher density of vacancies. To resolve
mains. If the hyperfine impurities are bosons, this decompothis issue experimentally one should measure the tempera-
sition is not always necessary below the vacancy BEC.  ture T. To avoid this issue entirely, one can minimize or

One feature of the optical lattices is quite different from eliminate completely the overall trapping potential which be-
more “traditional” QCs such as helium. Since the periodic comes unnecessary when the atoms are localized within the
potential in QCs is built of atomic interactions, the vacancyoptical lattice.
motion is tied to the deformation of the lattice. For alkali- In summary, we explored the analogy between alkali-
metal atoms in optical lattices, the lattice is the external pometal gases in optical lattices with noninteger occupation
tential of the laser beams and the particle displacement iand large on-site interaction and QCs. This analogy provides
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an alternative explanation for the experimgdas a transi- on whether the system is above or below the BEC tempera-
tion between the BEC and VL states. BEC transition for theture for the VL. At even lower temperatures one can observe
VL is predicted. The transition temperature seems to b@ transition to the state with two—vacancy and impurity—
within experimental reach. The presence of a large numbefondensates, which is different from R¢10]. One of the

of unoccupied states provides a vacancy-assisted mechanidigys o identify the VL phase is to study tieseudgspin

for diffusion of hyperfine impurities and can sometimes lea iffusion by methods similar tg3].

to a spatial decomposition of the system into pure hyperfine The work was supported by NSF Grant No. DMR-
components. The properties of the hyperfine mixture depend077266.
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