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Periodically Dressed Bose-Einstein Condensate: A Superfluid
with an Anisotropic and Variable Critical Velocity
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We consider a two-component atomic gas illumined by two intersecting laser beams which induce
Raman coupling between the components. This spatially periodic coupling modifies the dispersion re-
lation of the gas. Properties of a Bose-Einstein condensate of such a gas are strongly affected by this
modification. Using the quasiparticle excitation spectrum derived from a Bogoliubov transformation, the
Landau critical velocity is found to be anisotropic and can be widely tuned by varying properties of the
dressing laser beams.
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In numerous physical systems, particles confined to a  gas; i.e., we consider using laser beams which effect Ra-
medium can be treated as free particles whose properties = man rather than Bragg transitions. An atomic gas in this
are modified by the medium. For example, electrons in a ~ medium is characterized by a tunable dressed-state disper-
periodic solid can be treated as particles with properties  sion relation. In creating a Bose-Einstein condensate of
which can be engineered by modifying the periodic struc-  such a gas, one may explore how the nature of free single-
ture. In this Letter, we consider similarly the task of engi-  particle excitations can modify macroscopic properties of
neering novel macroscopic quantum behavior in an atomic ~ a quantum fluid. In particular, we show that this novel
gas by placing the gas in a properly constructed periodic ~ quantum fluid has a variable and anisotropic superfluid
medium. critical velocity.

A periodic potential for an atomic gas can be produced Let us consider a uniform dilute gas composed of atoms
by intersecting two or more laser beams. A polarizable  of mass m with two internal ground states, |a) and |b),
atomic gas illuminated by two intersecting off-resonant  separated by an energy /Zwy, and an excited state |e)
laser beams with identical polarization and frequency  (Fig. 1). This gas is exposed to two laser beams (labeled
experiences a spatially periodic potential proportional to 1 and 2), with wave vectors k; and k; and frequencies
the light intensity; i.e., the atoms reside in a crystalline  w; and w», respectively. The beams are polarized so that
medium made of light. Atoms in such media have been ~ beam 1 connects states |a) and |e) and beam 2 connects
studied in the nondegenerate [1] and quantum degenerate  states |b) and |e), while both beams have a large detun-
[2] regimes. A small frequency difference @ = w; — w,  ing A from these transitions. These laser beams can in-
between the laser beams can induce Bragg transitions  duce Raman transitions between the two internal ground

between identical internal but different momentum states. states. A transition from state |a) to |b) results in a mo-

Such Bragg transitions have been used to probe Bose-  mentum kick of ik = /fi(k; — kz). Such coupling can

Einstein condensates [3]. be represented in position space as a spatially periodic
In this Letter, we present a different scheme for engi-  coupling between the two internal states, proportional to

neering properties of an ultracold gas. Rather than consid-  e’*T|b)(a| + e *|a)(b].

ering a spatially periodic potential, we consider a spatially A gas exposed to these beams can be described by the

periodic coupling between two internal states of an atomic |, second-quantized dressed-state Hamiltonian [4]

h2q? hwoo) 4 h2q? oo, 4 + 1 + 1
H = %[(—zm — —2 >aqaq + <—2m + —2 >bqbq} + hw1<6161 — N; — 5) + hw2<6262 — N — 5)

Tt Tt
+ Z(ECqu+k/2claq—k/2 + €°clag xpcrbgik/) - (1)
q
Here aq and bq (a:; and b(;f ) are the annihilation (creation) |
operators for atoms with wave vector q in internal states

a Raman transition. The notation indicates that for state

. T .
|qr> or |b), respectively. The operators ¢; and ¢; (c; and  |q,) there are N; + 1 photons in beam 1, N, photons
¢, ) are photon annihilation (creation) operators for photons ~ in beam 2, and one atom is in state |a) with momen-
in beams 1 and 2. tum /iq — /ik/2. These two states have the same total

Now define states Iaq) = |[N; + 1;Nz;a,q — k/2)and momentum [5], which we define as 7iq by a choice of ref-
|bq) = IN1; N2 + 1;b,q + k/2) which are connected by  erence frame.
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FIG. 1. Engineering properties of a periodically dressed
atomic gas. (a) Laser beams of frequency w; and w, induce
Raman transitions between internal states |a) and |b). (b) Such
a Raman transition imparts a momentum transfer of 7k =
h(k; — k), where k; and k, are the wave vectors of the
Raman coupling lasers.

Diagonalizing the Hamiltonian in the subspace of states
lag) and |bgy) yields the dressed-state atomic eigenstates
|*4) with energies

. R, k2> i < hq~k>2
. = + — = = - + Q2
hog = 5 <q 4 2|2 m 0%,
(2
where 6 = (w1 — w2) — wyg is the  detuning
from the Raman resonance. We define O =

2€,/(N; + 1)(N, + 1)/ as the (real) two-photon Rabi
frequency, while € is related to the product of dipole
matrix elements which couple states |a) and |b) to the
excited state |e). Creation operators 7q (for state |+g4))
and puq (for state |—g4)) are defined as

T N

where R(0y/2) = e~ 1%/ (g, is a Pauli matrix) rep-
resents a rotation by the angle 64/2 where tanf, = 1/
(6 + hiq - k/m).

The dressed-state dispersion relation [Eq. (2)] is shown
in Fig. 2. The ground state occurs in the lower dressed
state at a wave vector Q, which is near either =k /2 de-
pending on the sign of J.

Let us now consider the effects of Raman coupling on
a two-component Bose-Einstein condensate, which is now
formed of a macroscopic population of atoms in the low-
est energy state |—q). This condensate has a two-branch
excitation spectrum, reflecting the presence of two inter-
nal states (and, correspondingly, two dressed-state levels).
As with a scalar Bose-Einstein condensate, weak repulsive
interactions should yield phononlike excitations at low en-
ergies and a free-particle-like dispersion relation at high
energies. However, we expect properties of a periodically
dressed Bose-Einstein condensate to reflect the anisotropy
of the dressed-state dispersion relation.

Let us now treat explicitly the effects of atomic colli-
sions by writing the many-body Hamiltonian as

H = Z(qu_,u,f;,u,q + hw; 77';7711) + Hipe. 4
q
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FIG. 2. Dressed-state dispersion relation: single particle ener-
gies K a)(f vs (normalized) wave vector ¢/k parallel to the mo-

mentum transfer k. Energies are scaled by E;, = h%k?/2m.
For the traces shown, A8/E; = 3/2 (solid lines), 0 (dashed
lines), or —1/2 (dotted lines), while for all traces 7Q)/E, = 1.
For 6 # 0, the dispersion relation is asymmetric. As & changes
sign, the momentum of the lowest energy state changes discon-
tinuously. For 6 = 0, the ground state is degenerate.

Considering only elastic binary collisions (which conserve
the number of atoms in each of the internal states) charac-
terized by identical s-wave scattering lengths a, we may
write the interaction Hamiltonian H,,, as

Hipg = % S (ngn-q — N). (5)
q

Here g = (4mh*a/mV), V is the volume occupied by the
gas, and N is the number of atoms in the gas. We express
ng = Zk(alﬂlak + qubk), the spatial Fourier trans-
form of the density operator, as

O — 0 )
ng = %‘_ (7Tl1g-+q /th-kq)R(%) < Iu,i > . (6)

Note that elastic collisions do not generally conserve the
number of atoms in the upper and the lower dressed state,
respectively.

We now make use of the Bogoliubov approximation [6]
in which we assume a macroscopic population of Ny atoms
in the lowest energy state of wave vector Q and substitute
no = ,u,:r) = /Ny. To proceed, we consider the four-
component vectors v = (1Q+q; i/L(Jr)_q, TQ+q» img_q)
and w = (,u:SJrq,i/LQ_q, 7T(-£+q,i7TQ_q). The Bose com-
mutation relations of the dressed-state annihilation and
creation operators can be expressed as [v;, w;] = 8;;. Iso-
lating terms of order N2 and N, we may now approximate
the Hamiltonian as

H = hwgN + %(NZ—N)

wiH: v ‘
+ Z % + ha)a?TQWQ, @)

q#0
where H is a 4 X 4 matrix of the form H;; = E;; +
pmx;xj. The diagonal matrix Z;; has entries fq_, —f__q,
S, and —E7,, where E; = i(wg+q — @g). The
chemical potential is given by u = gN, and we define
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the four-component vector x = (cosAq, —icosA_g,
sinAg, —isinA—_q), where Aq = (6g+q — 6q)/2.

The quasiparticle energies and their creation and anni-
hilation operators are found by diagonalizing the matrix
H [7]. The eigenvalues of H are found to be fidg+q.
—hdqg-q hd)&rq, and —hd)a_q, by which we define the
lower and upper quasiparticle excitation energies at wave
vector Q * q.

Figure 3 shows the quasiparticle spectrum calculated
for excitations parallel to the Raman transition momen-
tum transfer. In choosing parameters for this calculation,
we have in mind an experimentally convenient realization
with a Bose-Einstein condensate of 8’Rb. One may choose
the internal ground hyperfine states |a) = |F = 1,mp =
—1)and |b) = |F = 2,mr = 1) which can be connected
by a two-photon Raman transition. Choosing these states
has the benefit that the Raman transition frequency is
insensitive to magnetic field fluctuations, both hyperfine
states are magnetically trappable, and, specifically in 8’Rb,
inelastic collisions are scarce. Furthermore, the scattering
lengths for all elastic collisions are nearly the same, jus-
tifying the assumption made in Eq. (5). We consider the
case of counterpropagating Raman laser beams which are
nearly resonant with the D, transition (k = 477 /A, where
A = 780 nm). The chemical potential w = h X 2.5 kHz
corresponds to a condensate density of 3 X 10'* ¢cm™3.

As shown in Fig. 3, the quasiparticle energies are higher
than the free dressed-state energies due to the repulsive
interactions between atoms. Comparing the quasiparticle
spectrum to that for the two-component condensate in the
absence of Raman coupling () — 0), one sees that the ef-
fect of the dressing lasers is to introduce avoided crossings
to the spectrum. The spectrum for quasiparticle excita-
tions near the condensate momentum Q (i.e., wave vec-
tors Q + q for small q) is linear, describing phononlike
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FIG. 3. Bogoliubov quasiparticle dispersion relation of a
periodically dressed Bose-Einstein condensate. We consider a
gas of ’Rb exposed to counterpropagating Raman beams, with
hé = —Ey/2, hQ =E;, and p = 0.3E, = h X 2.5 kHz.
Excitations parallel to k are considered. Lower and upper quasi-
particle excitation branches are shown (solid lines). The quasi-
particle energy spectrum is higher than the free dressed-state
dispersion relation (dotted lines). Compared to the dispersion
relation in the case of no Raman coupling (dashed lines), the
effect of Raman coupling is to induce a level anticrossing.
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excitations. For excitations parallel to the direction of mo-
mentum transfer and making small ¢ approximations to the
Hamiltonian, we find the lower excitation spectrum to have
the limiting value id g4 = ¢*hig, where ¢* = Ju/m* is
the Bogoliubov speed of sound corresponding to an effec-
tive mass m" determined by the curvature of the dressed-
state dispersion relation at its minimum. We note further
that the complex matrix H which appears in the Hamil-
tonian has two positive and two negative real eigenvalues
[8], as is required for the stability of the condensate.

Finally, we consider the implications of the dressed-state
dispersion relation for the superfluidity of the periodically
dressed Bose-Einstein condensate. An explanation for the
dissipationless flow of a superfluid below a critical veloc-
ity vy was provided by Landau, who used kinematic ar-
guments to define v; = minE(q)/kq, where E(q) is the
quasiparticle excitation energy at wave vector q [9]. For
weakly interacting scalar Bose-Einstein condensates, the
Landau critical velocity v is equal to the speed of sound
¢ = y/uu/m. This contrasts with the behavior of super-
fluid “He, for which there exists a secondary minimum in
the excitation spectrum corresponding to rotons [10]. The
Landau critical velocity in that case is set by the roton
minimum [11].

The dispersion relation of periodically dressed Bose-
Einstein condensates suggests an analogy to superfluid
“He and a reduction of the superfluid velocity below the
speed of sound. Figure 4 shows the Landau critical veloc-
ity calculated for flow parallel to the Raman momentum
transfer k, as the Raman laser detuning 6 is varied. For
large values of |8], the critical velocity equals the speed
of sound \/u/m. As |8] is lowered, the critical velocity
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FIG. 4. Landau critical velocity in a periodically dressed
Bose-Einstein condensate. Velocities aligned with (positive vy)
or counter to (negative v;) the Raman momentum transfer k
are considered, and we take 7{) = E;. At large detunings
[8], vy has the same magnitude for flow in both directions,
with a value approaching the Bogoliubov speed of sound
¢ =+/u/m =33 mm/s for a ¥Rb condensate at the density
of 3 X 10" cm™3. At smaller detunings, an anisotropy in v
develops. For {6 > 0,v; > 0} and {6 < 0,v; <O}, vy is
determined by the effective speed of sound c¢*. In the regimes
{6 > 0,v; <0} and {6 < 0,v; > 0}, the magnitude of vy
is lowered due to the secondary minimum in the dispersion
relation.
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becomes anisotropic. In one direction, v, = ¢* = \/u/m*
as determined by phonon scattering. In the other direction,
vy is dramatically lowered due to scattering at the sec-
ondary minimum (an “artificial roton”) in the dispersion
relation. We may approximate the artificial roton mini-
mum as occurring at energy /|8| and quasiparticle mo-
mentum /ik, obtaining |v,| = |5/k| in this regime. Thus,
the superfluid properties can be controlled by varying the
detuning and by changing the relative angle between the
Raman laser beams.

One may also vary the intensity of the Raman beams,
thereby changing (). An important impact of changing the
Raman coupling strength is not only altering the Landau
critical velocity, but also controlling the degree to which
quasiparticles in the lower or upper excitation branches
can be created by scattering off an obstacle. That is, the
Landau criterion determines the onset of dissipation for a
moving superfluid but does not describe the strength of
such dissipation. A large Raman coupling would enhance
scattering into the secondary minimum of the lower excita-
tion branch, while in the limit {} — 0, this scattering rate
clearly vanishes. A detailed calculation of this dissipation
rate (similar to Refs. [12—14]) will be given elsewhere.

In summary, we have described a means of engineering
anovel quantum fluid composed of dressed-state atoms in a
spatially periodic Raman coupling medium. This quantum
fluid should be amenable to study using current techniques
for probing ultracold atomic gases, such as methods for
studying collective excitations at various length scales [15]
and for probing aspects of superfluidity [13,16]. Further
theoretical work should address a number of issues such
as the effect of a trapping potential, the behavior near the
Raman resonance where the ground state is degenerate, and
the possible extension of our scheme to condensates with
more than two internal states, such as spinor Bose-Einstein
condensates [17].

J.H. acknowledges support from the NSF.

[1] K. W. Madison et al, Appl. Phys. B 65, 693 (1997);
M. Raizen, C. Salomon, and Q. Niu, Phys. Today 50, No. 7,

090401-4

30 (1997); M. Ben Dahan et al., Ann. Phys. (Paris) 23, 111
(1997).

[2] L. Deng et al., Phys. Rev. Lett. 83, 5407 (1999); S. Burger
et al., Phys. Rev. Lett. 86, 4447 (2001); B. P. Anderson and
M. A. Kasevich, Science 282, 1686 (1998); C. Orzel et al.,
Science 291, 2386 (2001).

[3] D.M. Stamper-Kurn and W. Ketterle, in Coherent Matter
Waves, edited by R. Kaiser, C. Westbrook, and F. David
(Springer-Verlag, New York, 2001), pp. 137-218.

[4] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg,
Atom-Photon Interactions (Wiley, New York, 1992).

[5] If the laser beams are treated as an external perturbation
rather than as part of the quantum system, one should more
properly speak of the quasimomentum.

[6] N.N. Bogoliubov, J. Phys. (Moscow) 11, 23 (1947).

[7]1 Given the invertible matrix M for which MHM ™' = H
is diagonal, transforming ©; = M;jv; and W; = wiMijl,
we find the Bose commutation relations [7;, w;] = 8;; to
be preserved for the quasiparticle creation and annihila-
tion operators (fiq, ,a:;, Tqs 7~TJ ) defined by the elements of
¥ and w.

[8] Taking the characteristic polynomial as P(A) = det(H —
Al), one finds (1) P(A — *o) — oo, (2) P(0) > 0, and
(3) by evaluating P(A) at plus or minus the dressed-state
eigenenergies, one finds P(A) crosses zero for some A > 0
and A < 0. Thus, P(A) has four zeros on the real axis.

[9] L.D. Landau, J. Phys. (Moscow) 5, 71 (1941).

[10] P. Nozieres and D. Pines, The Theory of Quantum Liquids
(Addison-Wesley, Redwood City, CA, 1990), Vol. 2.

[11] L. Meyer and F. Reif, Phys. Rev. 123, 727 (1961); D.R.
Allum et al., Philos. Trans. R. Soc. London A 284, 179
1977).

[12] E. Timmermans and R. Cote, Phys. Rev. Lett. 80, 3419
(1998).

[13] A.C. Chikkatur et al., Phys. Rev. Lett. 85, 483 (2000).

[14] W. Ketterle, A.P. Chikkatur, and C. Raman, in Atromic
Physics 17, edited by E. Arimondo, P. De Natale, and
M. Inguscio, AIP Conf. Proc. No. 551 (AIP, Melville, NY,
2001).

[15] Bose-Einstein Condensation in Atomic Gases, Proceedings
of the International School of Physics “Enrico Fermi,”
Course CXL, edited by M. Inguscio, S. Stringari, and C.E.
Wieman (IOS Press, Amsterdam, 1999).

[16] K. W. Madison et al., Phys. Rev. Lett. 84, 806 (2000);
M. R. Matthews et al., Phys. Rev. Lett. 83, 2498 (1999);
C. Raman et al., Phys. Rev. Lett. 83, 2502 (1999).

[17] J. Stenger et al., Nature (London) 396, 345 (1998).

090401-4



