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First-order quantum phase transition driven by rotons in a gaseous Bose-Einstein condensate
irradiated by a laser
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O'Dell et al.in recent work[Phys. Rev. Lett.90, 110402(2003] have proposed that laser-induced dipole-
dipole interactions may drive a gaseous Bose-Einstein condensate to an instability against a periodic density
modulation. We discuss the possibility that the instability is preceded by a first-order quantum phase transition
to a modulated state.
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In a recent stimulating contribution O'Dedtt al. [1] have For a crude estimate of the location of the first-order
shown the emergence of a roton minimum in a dilute bosorphase transition we appeal to the measured v8lyg=1.4
assembly under intense laser irradiation. In their model, théor superfluid*He at freezind5]. From the plot in Fig. 1 this
application of a suitably polarized laser beam induces arocates the transition in a laser-irradiated Bose-Einstein con-
effective dipole-dipole interaction among the atoms, givingdensate at a laser intensity 0.635 W/cm. This value cor-
rise to an intensity-dependent attractive part of the interparresponds to the lowest curve for the dispersion relation in
ticle potentialv(k) for a narrow range of wave vectoks  Fig. 2 and to the uppermost curves for the structure factor
Using the Bijl-Feynman model relation between the excita-and the density-response function in Figs. 3 and 4. It is worth
tion dispersion relatiom(k) and structure factoB(k) to dis-  remarking that at this laser intensity a free energy cost is still
play S(k) for various values of laser intensity O’Dell et al. to be met in modulating the fluid density at the wave number
note that an instability against a periodic density modulatiorcorresponding to the peak i&k) and x(k). However this
occurs ag is increased to 0.654 W/dywherew(k) touches  free energy expense, according to the density wave theory of
thek axis and the main peak of the structure factor divergesfreezing[2], is balanced by a free energy gain coming from

Here, we appeal to the density wave theory of freezingd discontinuous change in the average particle density, which
[2], which yields a Verlet-like criterioi3] that a first-order ~should accompany the phase transition and make it a first-
phase transition occurs from a fluid to a periodically modu-order one.
lated state when the height of the main peak in the structure A related result was found by Pomeau and Rica for a
factor attains a certain value. For classical fluids this value is
known to be around 2.p4]. For quantum fluids the available 3 : : :
body of information is much less, but appeal to data on the
freezing of superfluidHe [5] suggests a value of about one-
half of the classical result. Such a phase transition should
actually be characterized in a quantum fluid by the height of
the main peak in the density-density response functido 2+ i
[6], but in fact bothS(k) and (k) are closely related to the
dispersion relationo(k) within the Bijl-Feynman model. R

Therefore, to estimate the location of the phase transitionosé
in the model of O'Dellet al.[1] we show in Fig 1 a plot of
the maxima of the structure facteersuslaser intensityl.

The points in this plot are obtained from the relatisk)
=#hk?/[2mw(k)] using the dispersion relation calculated from
the model for various laser intensities as shown in Fig. 2.
The corresponding values of the structure factor and of the
static density-response functiop(k) =n#k?/[2mw?(k)] are

shown in Figs. 3 and 4. The points nearest lig,, 03 06 08 1
=0.654 W/cn in Fig. 1 can be fitted by the relation I/ Lmas
Smad 1) & (Fmax= 1), 1) FIG. 1. Peak valu&,,,, of the structure facto8(k) (in arbitrary

where« is found to be 0.51, which suggests a “mean-field-Units) as a function of laser intensity(in units of the intensity .y
like” exponent for the instability in the model of O'Dedit for which the roton gap vanishe®iamonds: numerical calculation

al. [1]. An explicit analytical proof is given belo\7]. giilri]c?lit:g ’fﬂov‘\j,ﬁ:l ?r:‘g f:hnectisg%iflll))ﬁg?atfﬁlOfX)Oa‘Blhl- [1].
. a - ma .
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. . . o . . FIG. 4. Static density response functiopk) (in units of
FIG. 2. Bogoliubov dispersion relatiofin units of the recoll nh/E,.Q as a function of wave numbée (in units of k) for a

energy Es ? fun%tllonl of wave .numt?fk (lndurluts ((j)ftllqaser v;/ave dipolar gas using the model and the system parameters of Gébell
numberk,) or, a dipofar gas using the model an € system pa, [1]. The curves from bottom to top are for the same values of the
rameters of O'Delkt al. [1]. The curves from top to bottom are for

various values of the laser intensitlytl =0, 0.22, 0.44, 0.66, laser intensity as in Fig. 2.
0.88, 0.92, 0.947, and 0.975.

is that, when we consider the structure fact in Fig. 3 in
dilute Bose gas interacting via a soft-sphere potefi@alin  relation to the curves in Fig. 3 of Refl], we can clearly
their model they found that at increasing density a rotorwrite as a useful representation
minimum develops in the dispersion relation and the fluid

undergoes a first-order transition to a spatially modulated S=5+S(l), 2)
phase as the roton energy gap decreases below a critical
value. whereS, is obtained from the Bogoliubov dispersion relation

A further remarkable feature of the model of O’Detlal. wy(K) for 1=0, andS(1) is the “remainder.” Why the separa-
tion made in Eq(2) is interesting physically is because, as
O'Dell et al. stress, the laser irradiation at intensitglters
the dipole-dipole interactions in the boson assembly. It is
seen from Fig. 3 tha&(l) has appreciable magnitude only
over a finite range of wave numblerAn interesting question
is, therefore, whether analytical predictions from simple
models such as that proposed by O’Detl al. [1] for an
elongated condensate or its spherical analog utilized recently
by Granik and Chaplingd,10] may have some import on the
more difficult structural problem posed by the strongly inter-
acting, dense superfluitHe in its ground state.

The natural starting point for the ensuing, relatively brief
discussion is the pioneering neutron diffraction experiment
of Henshaw[11]. There, it became plain that as liquitie
was cooled through the transition, changes in the measured
S(k) were truly small. As Henshaw emphasized, the small
changes observed were in fact such that there is less spatial
ordering below thex point than is found foiT >T,. Further

0.0 ‘ L ; neutron diffraction measurements that were subsequently

0.00 020 . 040 made by Svenssoet al. [12] confirmed Henshaw’s findings
and their results were compared with computer simulation

FIG. 3. Structure facto(k) (in arbitrary units as a function of ~ data obtained by Whitlockt al.[13] using a pair potential of
wave numbek (in units ofk, ) for a dipolar gas using the model and the simple Lennard-Jones form. Both the measured and
the system parameters of O'Del al. [1]. The curves from bottom model structure factors depend on the force law through the
to top are for the same values of the laser intensity as in Fig. 2. sound velocity in the long-wavelength region and, in the
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largek region for the dense bulk liquid, through the size andputer studies of the role of the details of the force law in

hardness of the atomic core. What is remarkable in the lightletermining the detailed shape of the liquid structure factor
of the discussion given above on the basis of @jis that, of “He may thus be worthwhile.

from Fig. 15 in Ref[12], the further details of the force law
are apparently playing a discernible role only in the neigh- This work was partially supported by the Istituto Nazio-

borhood of the main peak & k) in liquid “He. Although the  nale di Fisica della Materia within the PRA-Photonmatter
computer data refer to the ground state—ile=0 while the Initiative. N.H.M. made his contribution to the present study
experiments are at 1 K—the possibility of temperature ef-during a visit to Scuola Normale Superiore and is greatly
fects was discounted by Svensseinal. [12]. Further com- indebted to the Scuola for generous financial support.
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velocity for =0 andF(k) is a negative function describing the
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