arXiv:cond-mat/0111343 v1 19 Nov 2001

Vortex lines at a phase boundary between different quantum vacua

R. Blaauwgeers^{∗,†}, V.B. Eltsov^{∗,‡}, G. Eska^§, A.P. Finne^∗, R.P. Haley^‖, M. Krusius^∗, J.J. Ruohio^∗, L. Skrbek^1 & G.E. Volovik^{∗,2}

∗Low Temperature Laboratory, Helsinki University of Technology, P.O.Box 2200, FIN-02015 HUT, Finland. †Kamerlingh Onnes Laboratory, Leiden University, P.O.Box 9504, 2300 RA Leiden, The Netherlands. ‡Kapitza Institute for Physical Problems, Kosygina 2, 117334 Moscow, Russia.

§Physikalisches Institut, Universität Bayreuth, D-95440 Bayreuth, Germany.

‖Department of Physics, Lancaster University, Lancaster, LA1 4YB, United Kingdom.

1Joint Low Temperature Laboratory, Institute of Physics ASCR and Charles University, V Holešovičkách 2, 180 00 Prague, Czech Republic.

2Landau Institute for Theoretical Physics, Kosygina 2, 117334 Moscow, Russia.

In liquid^3He there exists the unique possibility to stabilize simultaneously two superfluids of different symmetry,^3He-A and^3He-B, separated by a first order phase boundary.^1 We investigate experimentally interactions of topological defects, skyrmions (coreless vortices) in^3He-A and familiar quantized vortex lines with a singular core in^3He-B,^2 with and across the AB interface. The most striking result is the creation of orderparameter singularities from the initial smooth configuration in the B phase when the A-phase skyrmions transform into the B-phase vortices. Remarkably, the creation of defects of inherently quantum nature is triggered by a classical Kelvin- Helmholz instability^3 of the interface between the two superfluids. This is a new mechanism for vortex-line formation in clean bulk systems which can be generalized to other types of interfaces. In addition, the slowly moving interface is found to sweep away defects of the retreating phase: A similar interaction of magnetic monopoles with the interface between two vacua can solve the problem of the overabundance of the monopoles in the Early Universe.^4

3He-A and^3He-B differ both in their superfluid properties and in the structure of topological defects. Superfluid^3He-A is anisotropic in the orbital and spin spaces. Its most common topological defect, which appears under rotation, is an unconventional vortex without singular core: Inside its central part the order parameter amplitude remains constant but the axis of the orbital anisotropy l̂ covers a solid angle of 4π. Such a “soft-core” structure, often called a skyrmion, carries continuous vorticity (∇ × v_s ≠ 0) with n = 2 quanta of circulation in total.^5 The size of the soft core is determined by the spinorbit coupling ξ_D ≈ 10 μm. In contrast isotropic^3He-B supports more usual singly quantized (n = 1) vortex lines which have a singular core, of the size of the superfluid coherence length ξ ≈ 10 nm.

The formation of defects requires concentration of the appropriate energy on the scale of their core size. That leads to much higher flow velocities for the formation of the B phase vortices with small singular cores (v_{cB} ≳ 1 cm/s) than for the fat A phase skyrmions (v_{cA} ≲ 0.1 cm/s). This results in a unique situation: In our rotating sample (Fig. 1) the vortex-free and thus stationary B phase is in contact with the A phase, which is full of vortices and mimics the solid-body rotation (Fig. 2, a). The two superfluids slide along each other without friction. The velocity difference is provided by a layer of A-phase vorticity at the AB interface. At a sufficiently high relative velocity u_c vortices are observed to appear in B phase through a new mechanism of vortex formation mediated by the phase boundary. In the resulting state (Fig. 2, b) vortices from the A and B phases are connected via topological point defects on the interface (boojums),^6 Fig. 2, c.

The AB interface is stabilized in a smooth-walled quartz container (length 11 cm, radius R = 0.3 cm) with a magnetic barrier (≤ 0.6 T) as explained in Fig. 1. The sample is cooled by a rotated nuclear demagnetization cryostat. From the simultaneously measured nuclear magnetic resonance (NMR) spectra the number of vortices in each phase is independently determined using established procedures.^{5, 7} The spectrometers for A and B phases operate in static magnetic fields of 10 mT and 35 mT, chosen for the best sensitivity of the vortex

FIG. 1. Stabilization of the phase boundary between 3He-A and^3He-B. The A phase is preferred in higher magnetic fields and temperatures (see phase diagram on the left). During cooldown initially the whole sample goes from the normal state to the A phase. Subsequently the B phase appears in the coldest place at the bottom and the AB boundary starts to ascend in the sample. It is stopped by the magnetic barrier at a height z where the magnetic field H(z) = HAB (T, p), the field of the thermodynamic AB transition at the sample temperature T and pressure p (see the magnetic field profile H(z) on the right). In the top part of the smooth-walled sample the A phase remains in metastable supercooled state.^{16} On further cooling the boundary disappears from the sample when HAB (T, p) > max H(z). For p = 29 bar and H(z) shown in the figure the stable AB boundary exists in the range T = 1.33 – 2.07 mK.

FIG. 2. Boundary between A and B superfluid phases of^3He in a rotating sample. a, At low rotation velocities Ω vortices in the A phase form first. They represent continuous variations of the order parameter field (skyrmions) on the relatively big scale of ξD ∼ 10 μm and have low critical velocity. The B phase remains vortex-free since B-phase vortices have singular cores of ξ ∼ 10 nm size and concentration of the required energy on this scale is not possible. The A-phase vortices bend at the interface and form a vortex layer. b, When Ω is increased vortices appear in the B phase at significantly lower velocity than in the absence of the AB interface. c, Each singly quantized (n = 1) B-phase vortex is connected via a point defect of the AB interface (boojum) with one leg of the n = 2 A-phase vortex. d, In the boundary vortex layer A-phase vortices dissociate to two n = 1 legs. Each of these surface vortices is a bound pair of n = 1/2 components. The projections of the orbital anisotropy vector l̂ to the xy (green) and yz (blue) planes are shown. e, When the circulations in A and B phases differ, the two superfluids slide over each other without friction. In the (a) configuration B phase is at rest vsB = 0. The A phase simulates solid-body rotation vsA = Ωr in the region filled with vortices r < Rcl while outside this cluster of vortex lines vsA decreases. (Vortices do not fill the A phase completely because of the finite critical velocity in the A phase.) Thus the maximum sliding velocity u is at the edge of the A phase vortex cluster. f, The critical value of the sliding velocity uc at which vortices appear in the B phase coincides with the Kelvin-Helmholtz instability of the AB interface. At this velocity the interface grows spontaneously wave-like corrugations. g, Simultaneously the vortex layer at the interface is destabilized by the Magnus force and a few vortices are pulled into the B phase. That reduces the relative velocity of the A and B phases and the interface returns into the uncorrugated state (b).

signal.

During increasing rotation vortices appear in the A phase in a regular process one by one,^5 while in the B phase they appear only much later in small bursts of several lines simultaneously, as shown in Fig. 3. The latter process occurs each time when the maximum relative velocity between the sliding superfluids reaches the critical value u_c, which does not depend on the absolute rotation velocity Ω within 5%. After each burst the relative velocity of the superfluids drops and further increase of Ω is needed to achieve u_c again.

The measured value of u_c quantitatively agrees with the Kelvin-Helmholtz (KH) instability of the interface between two sliding fluids,^3 Fig. 3. This shear instability is one of the fundamental phenomena of hydrodynamics and magnetohydrodynamics.^8 The interface is destabilized by inertial effects, which normally are balanced by gravity g and surface tension σ. This leads at the relative velocity u_c to wave motion on the interface. The onset of the instability is given by

u^4_c = 4σF (ρ_1 + ρ_2)^2/ρ^2_1ρ^2, (1)

where ρ_1 and ρ_2 are the densities of the two fluids and F = g(ρ_1 − ρ_2). In the case of the AB interface ρ_1 = ρ_{sB}, the superfluid density of B phase, ρ_2 = ⟨ρ_{sA}⟩, the anisotropic superfluid density of^3He-A, averaged over the vortex layer on the interface, and the role of gravity is played by the gradient of the applied magnetic field H, due to the difference in the susceptibilities χ_A and χ_B(T ) of the two phases. The effective ‘gravity’ is F = (1/2)(χ_A − χ_B(T ))∇(H^2) and it can be regulated by changing H, ∇H, or T .

FIG. 3. Critical velocity uc for the creation of singular B-phase vortices mediated by the AB phase boundary as a function of temperature. The pressure p = 29 bar and the magnetic field is as shown in Fig. 1. The NMR absorption in the B phase is measured at a fixed frequency where the sensitivity to vortex lines is at maximum while Ω is slowly increased (Ω̇ = 5 · 10^{−4} rad/s^2 ) starting from the state of vortex-free B-phase (Fig. 2, a). The appearance of vortices in the B phase is manifested by jumps in the NMR absorption record (insert). The angular velocity Ωc of the cryostat, corresponding to the first jump, is converted to the respective critical velocity uc (Fig. 2, e): uc = vsA(Rcl) − vsB(Rcl ) = R √ Ωc(Ωc − ΩcA), where Rcl is the radius of the A phase vortex cluster and ΩcA = 0.12 ± 0.02 rad/s is the critical angular velocity for vortex formation in the A phase. The solid line shows the prediction of Eq. (1) for the Kelvin-Helmholz instability of the AB boundary. No fitting parameters are used: The values for σ(T ), χA − χB (T ) and ρs(T ) are obtained from accepted references,^{2, 17, 18} while H and ∇H are taken from the profile H(z) at the point of the thermodynamic AB transition^{19} HAB(T ), see Fig. 1.

Unlike normal liquids, superfluids are described by two-fluid dynamics with superfluid and normal components, which leads to additional forces acting on the vortex lines. This does not change significantly the onset velocity of the KH instability, but does change its outcome: In the course of the development of the instability the vortex layer at the corrugated interface is destabilized by the Magnus force and some vortices are pulled into the B phase as schematically shown in Fig. 2, f-g.

The number of B-phase vortices formed in such an event can be odd or even, Fig. 4. From this we conclude that the layer of vorticity coating the AB interface on the A-phase side is likely to have a structure which differs from that of the usual n = 2 bulk A-phase skyrmions. Indeed, topological analysis shows that the deconfinement occurs at the interface: The two n = 1 constituents, which are bound in the bulk n = 2 vortex, become separated at the interface and can be independently connected with n = 1 B-phase vortices. Those n = 1 interfacial A-phase vortices which do not have B-phase partners consist of bound pairs of two half-quantum (n = 1/2) vor-

FIG. 4. Number of vortex lines δN formed in the B phase in each consecutive instability event of the AB boundary. (Left) Series of instability events observed during two separate slow accelerations of the sample. The total number of vortices N is measured with single vortex resolution by recording the whole NMR spectrum of the B phase after each instability. The numbers on the plot show δN for each event. (Right) The distribution of 139 instability events over δN. Measurement conditions are the same as in Fig. 3.

tices, schematically shown in Fig. 2, d. This is the first experimental indication of the n = 1/2 vortices in superfluids – analogs of the Alice cosmic string:^9 A particle that moves around an Alice string continuously flips its charge, or parity, or enters the ‘shadow’ world. In the case of the A phase the charge is the projection of the particle’s spin on the l̂ axis. So far lines carrying half of the magnetic flux quantum have been observed only in high-temperature superconductors.^{10}

The number of B phase vortex lines δN created in one instability event, can be estimated from the corrugation wave length λ_c,^3 as the circulation along a path of length λ_c/2 divided by the circulation quantum κ = h/2m_3, δN ≈ λ_cu_c 2κ , 2π λ_c = u^2_c 2σ ⟨ρ_{sA}⟩ ρ_{sB} ⟨ρ_{sA}⟩ + ρ_{sB}

. (2)

From Eq. (2) we find that about 25 vortices can be created per event at u_c ∼ 0.3 cm/s. This is consistent with the measured distribution of δN in Fig. 4.

The mechanism for the formation of singular vortices through the KH instability may be applicable to different kinds of interfaces, in particular to the normal state – superfluid boundary. Such an interface naturally appears, for example, as a boundary of a gaseous Bose-Einstein condensate. Thus the KH instability may be the origin of the surface instability, which leads to the nucleation of vortices in rotating condensates.^{11} We can also argue that the traditional mechanism of singular-core vortex formation on the rough sample boundary at the spontaneous critical velocity v_{cB} is an example of such a case: When the bulk superflow instability limit is reached at the sharpest surface spike,^7 a bubble of normal liquid is created around this spike. The bubble’s interface with respect to the surrounding superflow, which moves at a high relative velocity, then undergoes the KH instability.

The KH instability as a vortex formation mechanism is intrinsic to the clean bulk system similar to the quenchcooling mechanism suggested by Kibble^{12} and Zurek.^{13} The KZ mechanism, in which the vorticity is created during rapid cool down from the normal to the superfluid state, has also been studied experimentally in^3He- B.^{14} Besides cooling through T_c in nonzero external drive these two mechanisms appear to be the only experimentally confirmed intrinsic processes by which a vortex line with a singular core can be formed from an initially smooth order-parameter field in the clean bulk limit.

The investigation of the interaction of topological defects with interfaces between different vacua is of importance to studies of defect formation in the Early Universe. Below the KH instability vorticity cannot propagate across the AB interface separating the two different ‘vacua’ of^3He. Thus topological defects in A phase are swept away by a slowly moving AB interface.^{15} This provides a condensed matter illustration of the ‘monopole erasure’ mechanism^4 which removes the overabundance of magnetic monopoles: Monopoles formed in the Early Universe by the KZ mechanism^{12} can be swept away by interfaces, which then subsequently decay.

[1] Buchanan, D. S., Swift, G. W. & Wheatley, J. C. Velocity of propagation of the^3He A-B interface in hypercooled 3 He-A. Phys. Rev. Lett. 57, 341–344 (1986).

[2] Vollhardt D. & Wölfle, P. The Superfluid Phases of^3He (Taylor & Francis, London, 1990).

[3] Lord Kelvin. Mathematical and Physical Papers, Vol.

IV, Hydrodynamics and General Dynamics (Cambridge, England, 1910).

[4] Dvali, G., Liu, H. & Vachaspati, T. Sweeping away the monopole problem. Phys. Rev. Lett. 80, 2281–2284 (1998).

[5] Blaauwgeers, R. et al. Double-quantum vortex in superfluid^3He-A. Nature 404, 471–473 (2000).

[6] Volovik, G. E. Singularities in rotating^3He. Physica B 178, 160–167 (1992).

[7] Parts, Ü. et al. Single-Vortex Nucleation in Rotating Superfluid^3 He-B. Europhys. Lett. 31, 449–454 (1995).

[8] Chandrasekhar, S. Hydrodynamic and Hydromagnetic Stability (Oxford University Press, New York, 1961).

[9] Schwarz, A. S. Field theories with no local conservation of the electric charge. Nucl. Phys. B 208, 141–158 (1982).

[10] Kirtley, J. R. et al. Direct imaging of integer and halfinteger Josephson vortices in high-Tc grain boundaries. Phys. Rev. Lett. 76, 1336–1339 (1996).

[11] Madison, K. W., Chevy, F., Bretin, V. & Dalibard, J.

Stationary States of a Rotating Bose-Einstein Condensate: Routes to Vortex Nucleation. Phys. Rev. Lett. 86, 4443–4446 (2001).

[12] Kibble, T. W. B. Topology of cosmic domains and strings.

J. Phys. A 9, 1387–1398 (1976).

[13] Zurek, W. H. Cosmological experiments in superfluid helium? Nature 317, 505–508 (1985).

[14] Ruutu, V. H. M. et al. Vortex formation in neutronirradiated superfluid^3He as an analogue of cosmological defect formation. Nature 382, 334–336 (1996).

[15] Krusius, M., Thuneberg, E. V. & Parts, Ü. AB phase transition in rotating superfluid^3He. Physica B 197, 367–389 (1994).

[16] Schiffer, P. & Osheroff, D. D. Nucleation of the AB transition in superfluid^3 He: surface effects and baked Alaska. Rev. Mod. Phys. 67, 491–501 (1995).

[17] Osheroff, D. D & Cross, M. C. Interfacial energy between the superfluid phases of^3 He. Phys. Rev. Lett. 38, 905– 909 (1977).

[18] Wheatley, J. C. Experimental properties superfluid^3 He.

Rev. Mod. Phys. 47, 415–470 (1975).

[19] Tang, Y. H., Hahn, I., Bozler, H. M. & Gould, C. M. Magnetic suppression of the B phase of superfluid^3He. Phys. Rev. Lett. 67, 1775–1778 (1991).

This collaboration was carried out under the EU-IHP programme (ULTI 3). It was also supported by the ESF network COSLAB.