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Defect Formation in Quench-Cooled Superfluid Phase Transition
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We use neutron absorption in rotatifgle-B to heat locally a~100-um-size volume into normal
phase. When the heated region cools back in microseconds, vortex lines are formed. We record
with NMR the number of lines vs the applied superflow velocity and compare to the Kibble-Zurek
theory of vortex-loop freeze-out from a random network of defects. The measurements confirm the
calculated loop-size distribution and indicate that the superfluid state itself forms as a patchwork of
competingA- and B-phase blobs. The consequences toAhe B transition in supercooletHe-A are
discussed. [S0031-9007(98)05361-7]

PACS numbers: 67.57.Fg, 05.70.Fh

A rapid phase transition generally leads to abundanty, ~ &,/vrg ~ 1 ns the order parameter relaxation
disorder and inhomogeneity in a heterogeneous systertime far below 7., and vg the Fermi velocity. The
But even in the ideal homogeneous case, where extrinsiteviation from equilibrium is described by the cooling
influence is absent, a phase transition far out of equilibrate 7o = [T/|dT/dt|lrr, at T., which in our*He-B
rium might result in the formation of defects. This phe-experiment istp ~ 5 us. After the quench the defects
nomenon, if shown to be true, could explain the changeelax, unless an external bias field is applied. In our case
in the early Universe from an initial homogeneous statehe superflow from rotation causes vortex loops to escape
to that at present with large-scale structure [1]. Howeverinto the bulk liquid. There the rings expand to rectilinear
reproducible measurements on the density and distributiovortex lines, which can then be counted with NMR. The
of defects as a function of transition speed are experimerbias for the preference betweéHe-A or *He-B can be
tally a challenging task [2]. controlled with the choice of pressure or magnetic field.

It was recently observed [3] that quantized vortices are Initial inhomogeneity—The Kibble-Zurek (KZ) mech-
created in superfluidHe-B in one of the fastest second anism has been demonstrated to produce random networks
order phase transitions probed to date. Here the transitioof defects in numerical simulations [4]. It has also been
is produced locally in a small volume, within the bulk compared to experiments on liquid crystals [5] and su-
medium far from boundaries, by irradiatiigle-B super-  perfluid “He 1l [6]. However, the KZ model describes
flow with ionizing radiation. The most practical heating an infinite and spatially homogeneous system while any
effect is obtained from the absorption reaction of a therlaboratory sample is of finite size with nonzero gradi-
mal neutron, which creates a local overheating of suitablents. In our’He-B experiment the superfluid transition
magnitude and volume. Vortices are then found to formmoves through the rapidly cooling bubble as a phase front
in increasing number per absorption reaction as a functiowith a width ~[|VT|/T]zL;.. A further important differ-
of the superflow velocity. ence from the KZ model is the existence of the broken-

Homogeneous modekThere are several possible ex- symmetry phase outside the heated bubble. It might thus
planations to this phenomenon. We show that a quarbe the interface between the hot bubble (with a maxi-
titative comparison can be established with the theory omum radiusk, ~ 30 uwm) and the bulk superfluid outside
defect formation in a rapidly quenched second order phas&hich governs vortex formation.
transition which was proposed by Kibble [1] and Zurek Experiment—The measurements are performed in a
[2]. In this time dependent transition the order param-otating nuclear demagnetization cryostat. The sample
eter of the broken-symmetry phase begins to form incontainer is a quartz cylinder of radi&s= 2.5 mm and
dependently in different spatially disconnected regionsheight L = 7 mm [7]. While the sample is maintained
by falling into the various degenerate minima of theat constant conditions, it is irradiated with paraffin moder-
Ginzburg-Landau free-energy functional. Superfluid co-ated neutrons from a weak Am-Be source, to heat the fluid
herence is then established only locally, in causally sepdecally with the nuclear reaction + 3He — p + iH +
rated regions. These grow in size with time and form764 keV. The distance of the source from the sample is
defects at their boundaries when they meet an adjacent radjusted such that the observed absorption reactions are
gion in a different free-energy minimum. well separated in time. At constant neutron flux we record

The expected domain size of the inhomogeneity, or thehe NMR absorption as a function of time. The height of a
characteristic length scale in the initial random networksudden jump in the NMR absorption measures the number
of defects [2], isé, = §0(7Q/70)1/4. Hereé, ~ 20 nm  of new vortex lines which are formed in a neutron absorp-
is the zero temperature superfluid coherence lengttion event. Because of the large absorption cross section
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of the%He nucleus, the mean free path of thermal neutrons P (bar)
in liquid *He is about 0.1 mm. Most reactions occur thus 0 5| IIO 1|5 2|0 25
within a short distance from the side wall of the cylinder. H=11.7 |

. . . 4 = 7 mT l"’,__
Here the superflow velocity is; = QR with respect to |

the wall, when the cylinder is rotated in the vortex-free
state at an angular velociQ [8]. When a vortex line is
formedv, decreases. The reduction is taken into account
as described in Ref. [7]. In the worst case the measuring
accuracy isAv, = +0.04 mm/s. 2
Pressure dependenee-Vortex lines are detected only

Vep (mm/s)

if the superflow velocity exceeds a threshold (T, P, H), | 21.2 bar
which is plotted as a function of pressufe and mag- ' ' J ' '
netic field H in Fig. 1. Experimentallyv,, is a well- 4| ©Ven=29+2910"H 18.0 bar

B = 10452
defined quantity which estimates the effective radius ® Ven=1.8+6.0-107H

R, of the heated bubble: The largest vortex ring, é
which fits into the bubble, has a diameter = 2R,,. If g 3
the flow exceeds; = v., ~ (k/27D)In(D /&), where 5
k = h/2m is the circulation quantum ang(7,P) =
&(P)(1 — T/T,)~'/2 the coherence length, a ring, with !
the correct sign of circulation and oriented perpendicular

to the flow, expands into the bulk liquid. The pressure 1 < +
dependence in Fig. 1 displays an abrupt increase at about 0 10 20 H3(OmT) 40 1 mK)
21.2 bars, the pressurBpcp 0Of the polycritical point:

Above Pycy 'Hed s stable in zero fied below. be- [13-1. Teshold veoeiy v for e onsel of vor
tween the normal an@t phases. Thus, although the Mea- (7o) The pressure dependence displays a steep change

surements in.Fig._ 1 are carried out well in tBepha_se, at Ppcp (although the B-phase properties are changing
vortex formation is reduced when the quench trajectorysmoothly as a function of pressure). At < Ppcp, the
crosses the stablé-phase regime [trajectorfy:) in the in-  curves representv., = (ex/4mR,)IN(R,/€), where R, =
set of Fig. 1. (3/2em) YV (Ey/C,THV3(1 — T/T.)""* is obtained from

s : _ the spherical thermal model with all of, = 764 keV
Magnetic field dependence.The parabolic depen transformed to heat. The fitted scaling factor is

dence ofv., on the applied field7 in Fig. 1 supportsthe ¢ — 51 (Bottom) The dependence on the magnetic
same conclusion. The only major influence of small fieldsfield is parabolic and reminiscent of the equilibrium state

on a quench at low pressures [traject@by in the inset of A — B transition TABSE’H) szc(P)(l — aH?), where
Fig. 1] is to make’He-A stable in a narrow interval from @(P) ~ (0.5 = 10) X 107° (mT)~* [14]. (Inset) Phase dia-

. R o gram of3He superfluids with superfluid transition &t, A — B
T down to the f'rSt orden B transition aHAB(E’H)' transition atT,3(0) in zero and afyz(H) in nonzero field, and
The magnetic field lowers the-phase energy minimum o quench trajectorie:) and (b).

with respect to that of thé® phase and again this trans-
lates to a reduced yield of vortex lines at any given valuesettle in different regions intad- or B-phase local
of the biasv;. free-energy minima. Blobs of siz&, of A and B phase
Consequences-The results in Fig. 1 support the KZ are formed. Their relative number depends on the differ-
mechanism and allow us to exclude other explanation®ence between thd- and B-phase energies. In ambient
The most compelling of these is the superflow instability atconditions, where onlyB phase is stable, thd-phase
the warm boundary of the heated bubble, where the liquidlobs shrink away. However, here th&B interface
is still in B phase. This instability occurs at tiele-B  appears as an additional defect, which is formed where
pair-breaking velocity. (T, P) = v.o(P)(1 — T/T.)'/?,  theA- andB-phase blobs meet. It is known from experi-
wherev.o(P) = 1.61(1 + F}/3)kgT./pr[7]. Inthebulk  ments with a movingAB interface that the penetration of
liquid vy < v., but at the warm bubble boundanry.  vortex lines through the phase boundary is suppressed [9].
is necessarily exceeded. However,, in Fig. 1 does Thus we expect that-phase blobs reduce the volume of
not follow the smooth pressure dependencevgf(P). the initial vortex network, which is confined within the
Together with the field dependence of,, this suggests B-phase blobs, and that vortex formation is impeded.
that it is not the boundary condition, but the interior Figure 1 suggests two conclusions: (1) The KZ mecha-
of the heated bubble, which determines,. This is nism is the fastest process to create defects, before
understandable since the KZ mechanism should inherentlgthers become effective. Even in an inhomogeneous ini-
be orders of magnitude faster than the hydrodynamitial state with large thermal gradients, we may assume
process for creating a large vortex ring with radRys that the KZ mechanism dominates defect formation [10],
The KZ interpretation for Fig. 1 is the following: if the velocity at which the phase front moves through
During cool down throughl. the order parameter may the heated bubble;; ~ R,/79 ~ 6 m/s, is comparable
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to the critical valuevy, ~ vg (T()/TQ)I/4. (2) In super- play a universality property. The fitted expressions are
cooled®*He-A the KZ mechanism starts with finite proba- of the formN, = y[(v,/v.,)® — 1], wherev,, (T, P, H)
bility the A — B transition. Suppose the initial state is carries all dependence on the experimental variables. A
supercooledHe-A in ionizing radiation. The final state number of tests showed no background contribution in the
is then the stabléHe-B, although the boundary condition absence of the neutron source.
favors *He-A. The deeper the supercooling, the larger The most detailed information is the dispersion into
the proportion ofB-phase blobs formed in the quench, events in which a given number of lines is formed. In
and the more likely it is that some of them merge to aFig. 3 we plot the rate#/,; of events which produce up to
bubble which exceeds the critical diameter and starts the = 5 lines. These data display large statistical variation,
A — B transition, as is observed [11]. This explanationbut after averaging we get a curve for each value,of
[12] does not require (or exclude) [13] Leggett’s invertedwhich is shifted to successively higher velocities, peaks at
“baked Alaska” temperature distribution within the heateda maximum, and then trails off. The curves start from
bubble [11]. a threshold velocityv,,;, plotted in the inset. At and
Velocity dependence-Measurements of vortex-line immediately aboves., = v.,; only single-vortex events
formation as a function of the applied superflow velocityoccur. This means that the heated bubble resembles
v, allow a quantitative comparison to the KZ theory. Inin shape more a sphere than a narrow cigar which is
Fig. 2 we have counted per unit time the total number ofandomly oriented with respect to the flow.
vortex linesN, (top), the number of those neutron absorp- Simulation—The initial distribution of loops in a
tion eventsN, which produce at least one line (middle), random vortex network with intervortex distanée= ¢,
and the number of lines extracted from each absorption
event (bottom). The rates increase rapidly with At
vs/ve, = 4.5, close to the maximum velocity limit im- T

T T
1 H=11.7mT -

posed by the spontaneous nucleation threshold [7], thel e N
are almost no unsuccessful (and unobserved) absorptic | * 21 T7=094-095T, 5 14
events left:N,(») — N,(4.5v.,) = 0. The data also dis- 2} rO o 5
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FIG. 2. Rates of vortex line formation vs normalized Super-gi 3. Ratesv,; of vortex line formation, grouped according
flow velocity x = v/v.,: (Top) Number of linesV, and (mid- o the number of linesi formed per absorption event per
dle) neutron absorption evemis per minute; (bottom) number minute, plotted vsv,/v.,. The solid curves are spline fits
of lines per event=N,/N,). All three rates have been deter- to the simulation data. (Inset) Threshold velociiy,;/v
mined independentlyffrom discontinuities in the NMR absorp- for the onset of an event with lines, plotted vs the number
tion. The solid curves are independent fits to the data, givewf lines i. The solid curve represents the fit,;/ve =
by the expressions in each panel. [2.0G — 1) + 173,
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can be established with a standard simulation calculation In the simulation we assume that each sufficiently
[4,15]. We use a “cubic bubble” which is subdivided large loop withS > 0 will escape and produce as many
into a grid of unit sizeZ, with up to 200° vertices. A  observed vortices as the length of its projection in the
random phase is assigned to each vertex initially, to modgdlane perpendicular te, divided by the length of the
the randomly inhomogeneous order parameter. On theritical (smallest) ring. This is checked for different
boundary of the bubble the phase is fixed, to ensure thatalues of the applied velocity;. Results are plotted in
no open-ended loops are formed. The results have bedfigs. 2 and 3.
checked by averaging over up to 1000 different initial The scaling calculation is justified in so far that the later
configurations. We use a continuous phase variable rathewvolution of the network is orders of magnitude slower
than restricting it to some set of allowed values. Thethan7,. The latter has to be described separately with a
distribution of the phase is extended to the edges of thealculation of the vortex dynamics [16], including mutual
grid according to the shortest path on the phase circldriction and the polarization of the vortex tangle by the
Line defects are positioned to cross through the center dfuperflow. We have performed preliminary calculations
those grid faces for which the phase winding is nonzero. on small lattices (up td0 X 40 X 40) and find that even

As usual, we assume that the initial loop distributionclose toT. the scaling law (1) remains valid at larger loop
is preserved during the later evolution [15], when the aviengths! > 4¢ and that the result foN, (v,/v.,) does
erage intervortex distancg(r) increases, but the network not change qualitatively.
remains scale invariant, independently of the momentary Conclusion—We have established quantitative agree-
value of £(r). This property we use below when consid- ment between measurement and the KZ mechanism. It
ering the escape of loops from the network. Two scalingappears to be the fastest process by which a random net-

relations of standard form hold for the networks: work of defects is formed, before other phenomena, such
— B - - as the superflow instability at the boundary of the heated

() = CI7 (€~ 029, B ~23), @ bubble or superfluid turbulence within its interior, have a

D) = AI® (A = 0.93, & ~ 0.47) ) change to develop. A bias field of sufficient magnitude

- will select the type of defect, which remains stable while
where we put = 1,/ andD are the length and average gthers relax. In superflow these are vortex loops. In su-

straight size diameter, and(/) the density of l00ps percooled?He A it is blobs of>He-B, which have a finite
with length /. The numerical values of the parameterspropability to start thet — B transition.

depend slightly on the size of the bubble, due to boundary
conditions, but in the limit of a large bubble they are close
to those obtained for networks with mostly open-ended
strings [4,15]. For a Brownian random walk in infinite lems. 117334 Moscow
space the values @8 andé are5/2 and1/2. L "Permanent address: Landau Institute for Theoretical
Vortex loop escape-The energy of a loop is given by Physics, 117334, Moscow.
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