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Interstitials, Vacancies and Dislocations in Flux-Line Lattices: A Theory of Vortex
Crystals, Supersolids and Liquids

M. Cristina Marchetti
Physics Department, Syracuse University, Syracuse, NY 13244

Leo Radzihovsky
Physics Department, University of Colorado, Boulder, CO 80309
(February 1, 2008)

We study a three dimensional Abrikosov vortex lattice in the presence of an equilibrium con-
centration of vacancy, interstitial and dislocation loops. Vacancies and interstitials renormalize the
long-wavelength bulk and tilt elastic moduli. Dislocation loops lead to the vanishing of the long-
wavelength shear modulus. The coupling to vacancies and interstitials - which are always present
in the liquid state - allows dislocations to relax stresses by climbing out of their glide plane. Sur-
prisingly, this mechanism does not yield any further independent renormalization of the tilt and
compressional moduli at long wavelengths. The long wavelength properties of the resulting state
are formally identical to that of the “fux-line hexatic” that is a candidate ‘normal” hexatically

ordered vortex liquid state.

I. INTRODUCTION

Both disorder and thermal fluctuations strongly affect
the properties of the vortex array induced in IT su-
perconductors by an external magnetic field.H H. One
of the most striking consequences of thermal fluctua-
tions, particularly pronounced in the high-7, materials,
is the resistive vortex liquid state,il located between the
H5(T) line and the vortex solid iny the magnetic field (H)-
temperature (T) phase diagramm Upon field cooling, a
vortex liquid freezes into an Abrikosov vortex solid. The
nature of the freezing transition and of the resulting vor-
tex solid phase depends on the amount of disorder present
in the material. In dirty samples the vortex solid has been
described as a “vortex glass” H and its translational gor-
relation length is limited by disorder to a finite value.d In
three dimensions, the low temperature vortex glass solid
is expected to be a true superconductor with a vanishing
linearresistivity. For weak disorder, the vortex solid state
is expected to be a topologically ordered “Bragg” glass
state in three dimensions, with logarithmically growing
vortex displacements, but bound dislocation loopsH The
freezing transitig@of the vortex array has been observed
to be first orderthtd in ultra clean samples and continuous
in dirty superconductors.t

In very clean samples, where the disorder-limited
translational correlation length is thousands of intervor-
tex lattice constants, the low temperature phase can be
well approximated by a vortex lattice. Within an elas-
tic description, the primary low temperature excitations
of the vortex lattice are phonons, characterizing two-
dimensional displacements of vortex lines from their pre-
ferred lattice positions. As the temperature (or field) is
raised towards the melting transition, other excitations
become important. By definition, these are defects in
the vortex lattice, i.e. they are not describable in terms

of single-valued vortex displacements. These line defects
are dislocations, disclinations, vacancies and interstitials
and must be included in the model for a complete de-
scription of the melting of the vortex solid and of the
properties of the resulting vortex liquid state.

At low temperatures, in a well-ordered Abrikosov lat-
tice state,H these defects are bound, as the energy of an
isolated line defect diverges with system size. At higher
temperatures entropy can, however, drive a prolifera-
tion of these line defects—in analogy with the melting
of two—di@ensional SOlidS.QE Two melting scenarios are
possible:td (i) a one-stage first order transition from a
solid to an sotropic vortex liquid where both dislocations
and disclinations unbind simultaneously (as it occurs in
the melting of ordinary 3d solids), (ii) a two-stage, pos-
sibly continuous transitiontd, where dislocations unbind
first, leading to a hexatic flux-line liquid with residual
bond-orientational order, vanishing shear modulus, but
finite hexatic stiffness. This first transition would then be
followed by a proliferation of disclination loops, thereby
completing the transition into an isotropic vortex liquid.
The first stage of this second scenario for the melting of
the Abrikosay lattice was first suggested by Marchetti
and Nelson.td While avoiding the subtle question of the
melting transition itself, they adapted_the method de-
veloped long ago by Nelson and Tonertd to describe the
vortex line-liquid state. Marchetti and Nelson described
the hexatic vortex liquid as a vortex lattice with an equi-
librium concentration of dislocation loops, treating the
latter in the Debye-Huckle approximation. Through de-
tailed calculations, they demonstrated that dislocations
drive the long wavelength shear modulus of the system
to zero and computed the effective hexatic stiffuess of the
resulting orientationally ordered vortex liquid.

Vacancies and interstitials constitute another class of
defects that play an important role in solids. In ordinary
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crystals and in 2d vortex lattices, these point defects cost
finite energy and are therefore present in finite density,
at any finite temperature. While their static effects in
these systems are minimal, their density represents an
important hydrodynamic mode which must be included
in the correct description of crystal hydrodynamics.

In strong contrast, in vortex lattices, vacancies and
interstitials are line defects with energy proportional
to their length and thereby diverging in bulk samples.
Hence one expects that at low temperatures their average
density vanishes. At higher temperatures, this positive
energetic contribution to the free energy can, however,
be compensated by a negative entropic contribution as-
sociated with line wandering, which also scales with the
defect gth, in analogy with the Kosterlitz-Thouless
picture.d These considerations allow two thermodynam-
ically distinct crystalline phases, with a sharp phase tran-
sition between them. While in both phases dislocations
and disclinations are bound, and as a consequence there
is long-range translational order (true Bragg spots in an
X-ray scattering experiment) and a finite shear mod-
ulus, line vacancies and interstitials are bound in the
low temperature crystal, but have proliferated in the
high temperature crystal phase. A thermodynamically
sharp distinction between these two crystal phases in
three-dimensional vortex systems was first emphasized by
M.P.A. Fisher and Leetd based on the mathematical cor-
respondence between vortex lines and world-lines of two-
dimensional quantum bosons. In this mapping the low
temperature vortex crystal maps onto a 2d Wigner crys-
tal and the high temperature vortex solid corresponds to
the quantum supersolid phase of 2d bosons, with vacan-
cies and interstitials in its ground state. The quantum
supersolid is quite exotic, in that it is both crystalline
and superfluid. Correspondingly, due to the finite den-
sity of vacancies and interstitials in the vortex supersolid,
vortex lines can move arbitrarily far and entangle, as in
a vortex liquid, and therefore this phase exhibits finite
linear resistivity.

While experiments seem to rule out the existence of
an equilibrated vortex supersolid phase in bulk 2d quan-
tum crystals, baged on detailed calculations, Frey, Nelson
and D.S. Fisher F9 have argued that such a phase is more
likely to exist in flux-line arrays at high fields because of
the layered structure of high temperature superconduc-
tors. These authors conclude that a vortex supersolid
phase will certainly exist in anisotropic superconductors
for magnetic fields above a decoupling field B, where
vortices in different CuOy layers are essentially decou-
pled by thermal fluctuations.Ed Furthermore, even if an
equilibrium supersolid phase was absent, an appreciable
nonequilibrium density of vacancies and interstitials may
still be present in a flux-line lattice, when the vortex ar-
ray undergoes a first order freezing transition upon cool-
ing in a constant field.

In this paper we study the effects of vacancies and in-
terstitials within the vortex supersolid and liquid phases.
As discussed above, in the supersolid phase, aside from

being responsible for its existence, these defects provide
a mechanism for vortex line wandering and consequently
for its finite resistivity. They also are important degrees
of freedom, in addition to phonons, that must be incor-
porated in the correct description of the supersolid. In
Sec. we construct a model of a vortex supersolid, as an
elastic lattice with an equilibrium concentration of un-
bound vacancies and interstitials. We compute the flux-
line density correlation functions, that characterize the
static equilibrium properties of this phase, and extract
from these the effective elastic moduli of the supersolid
phase. We find that the long-wavelength shear modulus
is unaffected by the fluctuations in the density of vacan-
cies and interstitials. This result is consistent with the
vacancy-interstitials’ inability to relax shear, and con-
firms the finiteness of the supersolid shear rigidity which
distinguishes it from a vortex liquid. We also compute
a finite, downward renormalization of the compressional
and tilt moduli by vacancy and interstitial density fluc-
tuations. We demonstrate that as a consequence of the
reduction of the effective tilt modulus, the flux-line wan-
dering is enhanced and, analogously to a vortex liquid,
a bulk vortex supersolid is always entangled, i.e., it does
not exhibit longitudinal superconductivity.

The existence of a vortex supersolid allows for two sce-
narios for the melting transition into the vortex liquid
state. At low magnetic fields, we expecttd this transition
to be directly from the low temperature, non-supersolid
crystal into a vortex liquid phase. As discussed above,
the vortex liquid state itself can be either a fully disor-
dered isotropic liquid or a bond-orientationally ordered
liquid that can further disorder into an isotropic liquid
via disclination unbinding.

isotropic'-‘-"_‘
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Fig.1.Schematic B—T phase diagram illustrating the flux
line crystal, vortex “supersolid” (guaranteed to exist at
fields much higher than the decoupling field B,), the
orientationally ordered hexatic vortex liquid, and the
isotropic vortex liquid.

Alternatively, the non-supersolid crystal can first un-
dergo a transition into a vortex supersolid by a prolif-



eration of vacancies and i terstitials,E and subsequently
melt into a vortex liquid.E4 These two scenarios haV@been
dubbed as type I and type II melting, respectively,ed and
are illustrated in Fig.1.

Very recent experiments investigating vortex penetra-
tion through surface barriers in the presence of a trans-
port current in clean BSCCO samples have indeed indi-
cated that the nature of the melting line may nge at
high field, even in the absence of point disorder.Ed In fact
these experiments suggest the existence of an intermedi-
ate phase between the solid and the liquid at high fields.
This observed regime lies above the first order melting
line determined by equilibrium magnetization measure-
ments, but apparently exhibits a certain amount of six-
fold periodicity, as indicated by neutron scattering.E3 It
is therefore a candidate for either the supersolid or the
hexatic liquid phases studied here.

Although the nature of the type I and type II melting
transitions should be quite different,Ed in either case va-
cancies and interstifials should proliferate in the resulting
vortex liquid state.Ed Hence, in addition to dislocations,
vacancy and interstitial defects must be taken into ac-
count for the proper description of a vortex liquid. They
were not, however, explicitly included in the calculations
of Ref. E When vacancies and interstitials are absent,
dislocation loops in the vortex line-lattice are restricted
to lie in the plane defined by the magnetic field axis and
their Burger’s vector, and can only glide (see Fig.5), but
not climb. One of the consequences of this is that the
effective tilt modulus of the vortex liquid is not renor-
malized by dislocations and in the model of Ref. E is
therefore identical to that of the vortex lattice.

The results presented in Sec.@ remedy the limitations
of Ref. @, by explicitly including vacancies and intersti-
tials in the description of a vortex liquid. Vacancies and

interstitials renormalize the tilt and compressional mod-
uli and allow dislocation loops to climb out of their glide
plane by absorbing and emitting these defects. At long
wavelengths, however, the coupling of dislocations to va-
cancies and interstitials does not yield any additional in-
dependent renormalization of the tilt and compressional
moduli. Whether this is a general property of the vor-
tex lattice, or an artifact of the quadratic model and
the Debye-Huckel approximation used here, remains an
open question. Our work yields a complete description
of a bond-orientationally ordered hexatic vortex liquid,
whose tilt and bulk moduli are renormalized by disloca-
tions, vacancies and interstitials, and whose shear modu-
lus is driven to zero by the proliferation of these defects.

Our results characterizing the properties of the vari-
ous phases shown in Fig.1 are summarized in the two
tables below. We stress that hexatic I and hexatic II are
not two distinct hexatic phases, but rather two differ-
ent regimes within the same hexatic phase, distinguished
by a high and low concentration of vacancy/interstitial
defects, respectively. The crossover between these two
regimes is indicated in Fig.1 by a dotted line. The re-
sults quoted in Table 1 for the hexatic I phase are those
obtained by Marchetti and Nelson in Ref. E assuming
that no vacancy/interstitial defects are present in the
system. These results, however, only apply well below
the dotted line in Fig.1, very close to the solid-hexatic
phase boundary. As the transition to the isotropic liquid
is approached, the large number of interacting disloca-
tion loops present in the hexatic will invitably generate
vacancy /interstitial defects as well, leading to the break-
down of the model of Ref. [L6. The type of long-range
order present or absent in each of these phases is sum-
marized qualitatively in Table 2.

shear | compression tilt (W?2) (Eq. (3.28))
crystal C66 c11 C44 0
—1 2 12 2
: cux_ " —v caa K—v noksT
supersolid || ces | oy | e tKF2y K
_ caaK—~" | niksT (cas—7")?
hex 11 0 C11 C66 caat K127 Caa 1 =+ cas K72
niksT
hex I 0 C11 — Ce6 Cq4 e

Table 1. A summary of our results for the elastic constants and the winding number in the various phases of Fig. 1.



Translational|Orientational| Longitudinal
LRO LRO Superconductivity
crystal yes yes yes
supersolid yes yes no*
hex I no yes no
hex 11 no yes no
liquid no no no

Table 2. This table displays the presence or absence of translational and orientational long-range order (LRO) as
well as longitudinal superconductivity in each phase. The asterisk serves to emphasize that although the supersolid
does not exhibit longitudinal superconductivity, the degree of screening of longitudinal currents in this phase is
substantially different from that of the vortex liquid phase (see Table 1).

II. ELASTIC PROPERTIES OF DEFECT-FREE
VORTEX LATTICES

A. Model

We begin by recalling the properties of an ordered,
defect-free vortex lattice, which we expect to be stable at
low temperature and field in a clean superconductor.H As
discussed in the Introduction, long-scale degrees of free-
dom of this system are uniquely characterized by a single-
valued vortex displacement field, u(r). With the convec-
tion in which the external magnetic field Hy (aligned
with the ¢ axis of the superconductor) points along the
z axis, the two-dimensional vector displacement u(r , 2)
is confined to the xy plane.

The long-wavelength properties of a triangular flux-
line lattice are characterized by the elastic free energy
functional

1
Faw = 5 /dl‘ {QCGGU% + (11 — 2c66)Upy + Caa(0-0)? ],
(2.1)

where

1
uij = 5 (wij + w;i) (2.2)

is the symmetrized two-dimensional strain tensor, with

Waj = Oalj, (2.3)
a 3 X 2 hybrid strain tensor. Greek indices take on the full
three-dimensional set of labels z,y, z, and Latin indices
are reserved for the purely two-dimensional set x,y. We
will use this notation throughout the manuscript. The
parameters cgg, c11 and cqq appearing in the Eq.@ aﬁ
the shear, compressional and tilt modulus, respectively.

In contrast to ordinary crystals, in a flux-line lattice
vortex interactions extend over a range of order of the
London penetration depth, A, which can be quite large,
especially in high T. superconductors. A phasized
in the extensive literature on the subject,EEm on scales
shorter than A, this leads to wavevector-dependent elas-
tic moduli. For a detailed comparison with experiments,

inclusion of these nonlocal elastic effects can be impor-
tant, especially at high fields, and they can be eas-
ily incorporated into our results by replacing all of the
bare elastic Qoduli by the proper wavevector-dependent
expressions.

When the lattice contains no vacancies nor interstitials,
the number of flux lines equals the number N of sites in
the triangular lattice. On the average, the flux lines are
aligned with the external field and the equilibrium mag-
netic flux density field is given by By = 2By = z¢gno,
where ¢g = he/2e is the flux quantum, ng = N/A=1/a,
is the equilibrium number density of vortex lines and a.
the area of the primitive unit cell.

Fluctuations in the local induction §B(r) = B(r) — Bg
can be described in terms of fluctuations in the areal den-
sity of flux lines, dn(ry, z) = n(rL,z) — ng, and of a tilt
vector field t(r |, z), with the relation

0B, = ¢06n7
BL = ¢0ta

valid in the long wavelength ¢\ << 1 limit.@ In the ab-
sence of vacancies and interstitials, the areal density of
flux lines and their orientation relative to the applied field
direction are entirely determined by the local strains, ac-
cording to

(2.4)
(2.5)

dn/ng = —0A/A = —uy,,
t/no = 8211.

(2.6)
(2.7)

The condition V - B = 0 translates into a “continuity”
constraint for the flux lines,

8.0n+ V-t =0. (2.8)

As can be seen from Eqs.@ and @, this continuity con-
straint is identically satisfied in the defect-free vortex lat-
tice, where the displacement u is single-valued.

B. Correlation and response functions

Thermal fluctuations in the density and tilt field are
characterized by the density-density correlation function
(the structure factor),



1
Sa1,¢:) = 37 (On(@)dn(-q)), (2.9)
and the tilt field correlation function,
1
Tij(a1,4:) = 3 (ti@t; (—a)) (2.10)

= TL(qJ_u Qz)Plg((AlJ_) + TT(qJ_u qz)qu_Z;(qL)u
where

(2.11)
(2.12)

Pi(aL) = Guidu; ,
PE(@L) =6i — 4uidyy

are the longitudinal and the transverse projection oper-
ators, respectively, 1 = qi/q., and V is the volume
of the superconductor. In light of the constraint, Eq.@7
the longitudinal part of the tangent field correlator is
proportional to the structure function, with

2

q
—55(%_7 q,z)
a7

Ti(qr,q:) = (2.13)

The brackets (.. .) in above expressions and throughout
the paper indicate a thermal average with a Boltzmann
weight e F/%8T /7 with F the free energy functional and
Z = Trace[e”¥/#8T] the corresponding partition func-
tion. In the defect-free (non-supersolid) vortex lattice, F’
is given by Fiast, Eq.d7 and we denote the correspond-
ing thermal averages by (...)o. Using EqsP.q and P.7,
the structure function and the tilt field correlation func-
tion can be expressed in terms of thermal averages of the
phonon field u, and are therefore easily computed, with
the result,

0 qf_"g N 2
S%a) = = {laL - u(@) o
n2ksTq?
=—5—L (2.14)
€119 + Ca4aq;
and
0 ‘12”% T
Tr(q) = ZV Pij(QL)<ui(Q)uj(_q)>0 (2.15)
nékpTq?

————.
ce6q ] + caaq?

The structure function S(q) can be probed in a neu-
tron scattering experiment. The tilt correlation function
T;;(q) is directly connected to the experimentally mea-
surable linear magnetic susceptibility tensor, x;;(q), ac-
cording to

2

y 5% g
47TX1J(QJ_7QZ)— 6zg+4ﬁkBTTw(q1_uq,z)' (216)

Equation holds in the long wavelength g\ << 1
limit. A more general relationship between susceptibility
and tilt correlation function that applies at scales shorter

than A in an anisotropic material can be found for in-
stance in Ref. @ The first term on the right hand side
of Eq. represents a perfect diamagnetic (negative)
Meissner response, which, in a mixed state is consider-
ably reduced by the “normal” paramagnetic vortex tilt
response 15, contained in the second term. The linear
susceptibility relates the transverse flux density 6B (q)
induced by an external perturbation field dH, (q), ap-
plied perpendicular to the field Hy = zH, responsible
for the onset of the vortex state, with

0BLi(q) = [0ij + 4mxij (a)]0H 1 j(q) -

From Eq., appropriate for a perfect, defect-free
flux-line lattice, we observe that the long wavelength
limit of the transverse part of the tilt field correlation
function is nonanalytic, with

(2.17)

TL2]€BT
TIO’(qJ_ =0,q.) = 0044 ’

TIO‘(QLQZ = O) =0.

(2.18)
(2.19)

The nonanalyticity of the tilt correlation function re-
flects a drastically different linear response of the defect-
free vortex lattice to two types of transverse field
perturbations.

The transverse field response in the limit ¢; << g, —
0, corresponds to a tilt perturbation of the flux lines,
induced by an applied transverse field Vg, 0dH i (g2)
that is spatially homogeneous in the xy plane. The
corresponding long wavelength transverse susceptibility,
XT = ngl-j, is given by

1[1 B2 ]

Cdr

lim x7(q1 = 0,¢.) = (2.20)

q.—0 4.7TC44

If the second term in brackets on the right hand side
of Eq. were absent, the superconductor would ex-
hibit perfect screening of the transverse perturbation.
Such a behavior can for instance occur in flux-line ar-
rays pinned by aligned damage tracks. In the pres-
ence of such correlated disorder, the vortex lattice is
replaced by a thermodynamically distinct “Bose” glass
phaseBd that is characterized by a divergent tilt mod-
ulus cq4 and exhibits a transverse Meissner effect, with
lim,, o x7(q.) = —1/4w. In the absence of anisotropic
pinning of the vortex lattice, such a perfect transverse
diamagnetic response is spoiled by the finite vortex tilt
response, that leads to only a partial screening of the
transverse field, displayed in Eq.R.20.

Conversely, the limit ¢, << g, — 0, describes a mag-
netic response to a transverse field Vo, odH | (qy) that
is homogeneous along the z-axis, but is spatially varying
in the xy-plane. The induced z-directed screening cur-
rents lead to a shear perturbation of the flux-line array,
with the response in a defect-free lattice given by

1

1

lim x9(q1,q. =0) = (2.21)
q1—0



Thus the flux lattice exhibits perfect screening in re-
sponse to this z-independent transverse perturbation.
Since the screening currents involved in the shear pertur-
bation run parallel to the applied field Hy || 2, a perfect
Meissner response to a shear perturbation has also been
termed longitudinal superconductivity. It follows directly
from the fact that, in contrast to a liquid, a vortex lattice
is characterized by a finite shear modulus cgg.

For comparison, we recall that in a flux-line liquid, the
long wavelength limit of the transverse part of the tilt
correlation function is analytic, with

lim Tilpiquid(qqu =0) = lim Tilpiquid(qL =0,q.),
q1—0 q.—0
- nngT

~  liquid
Caq

(2.22)

As expected, a vortex liquid, being qualitatively identical
to the normal state, albeit highly conductive, exhibits
neither transverse Meissner effect, nor longitudinal su-
perconductivity. We will return to this point again in
Sec.m.

Finally, we note that in the latter ¢, << ¢; — 0 limit,
the transverse part of the tilt correlation function corre-
sponds to the world-lines winding number (W?2) studied
by Pollock and CeperleyEd in their path integral approach
to the superfluid transition in quantum boson systems.
In such an approach, dating back to Feynman, the super-
fluid phase is identified with an entangled state of boson
world-line trajectories,

lim Tr(qL,q. =0) = (W?), (2.23)
q1—0
hng
= 2.24
= (2.24)

and ns the boson superfluid density. The well-known
identification of physical parameters under the boson—
vortex mapping is given by

he kgT, (2.25)
me &, (2.26)
h3 e L, (2.27)

with m the boson mass, €; the core energy per unit of
length of a single vortex line, § the inverse boson temper-
ature and L the vortex sample thickness. Utilizing this
mapping, together with the approximate local expression
for the tilt modulus cqqy = ngé€;, we reassuringly find that
the defect-free flux-line lattice (in which vortex lines do
not entangle and the sample exhibits longitudinal super-
conductivity) corresponds to the “normal” boson crystal
with vanishing superfluid density ns = 0. The entangled
flux-line liquid, on the other hand, corresponds to the su-
perfluid phase of bosons with ns = ng, and does not ex-
hibit longitudinal superconductivity. We stress, however,
that the mapping described above, as well as Egs.
and , only apply to a model of the vortices that ne-
glects the nonlocality of the intervortex interaction along

the field (z) direction.ﬁ A more general approach to the
derivation of vortex liquid hydrodynamics, directly from
a “kinetic theory” of interacting flux lines was developed

in Ref. Bd.
i
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Fig.2.Sketch of an idealized experimental setup to probe
longitudinal superconductivity.

Figure 2 shows a sketch of an idealized experimental
setup that could be used to probe longitudinal supercon-
ductivity. An external field Hy is applied along the axis
(z in our coordinate system) of a cylindrical sample and a
uniform vortex state with flux lines running along z is set
up. A current I confined to a wire running along the axis
of the cylinder and producing an additional azimuthal
magnetic field 0H | (r;) = 21z x r, /(r? ¢), which pro-
vides the shear perturbation described above, can there-
fore probe the g, = 0 field response of the vortex state.
The longitudinal superconductivity can then be studied
by measuring the induced azimuthal component By (7))
of the local induction inside the sample. This may be
possible by placing radially-directed row of Hall sensors
at the top of the sample. In the defect-free crystal, which
is a longitudinal superconductor, we expect By = 0 ev-
erywhere in the bulk of the sample, deeper than the pen-
etration length A from the surface of the cylinder. In con-
trast in the supersolid and hexatic phases there will be a
nonvanishing azimuthal response By(r ) everywhere in
the sample.

III. ELASTIC PROPERTIES OF SUPERSOLIDS



A. Model

As discussed in the Introduction, we expect that upon
increasing the temperature and the external magnetic
field, the defect-free vortex crystal will undergo a ther-
modynamically sharp transition into a vortex supersolid,
characterized by the coexistence of crystalline order and
a finite_equilibrium density of vacancy and interstitial
defectsg Our goal here is to develop a continuum de-
scription of the long wavelength elastic properties of such
a supersolid phase.

Once vacancy and interstitial line defects proliferate in
the supersolid, their positions and orientations represent
new and important low-energy degrees of freedom, inde-
pendent of the lattice displacements characterized by the
field u(r). At finite temperature, these defects will lead
to fluctuations in the local induction, independent, but
energetically coupled to, local elastic strains. To incorpo-
rate such defect ﬂuctuatlons we ada@téw hydrodynamic
methods developed for vortex lines to the hydrody-
namics of the vacancy and interstitial line-liquid.

At finite density, i.e., within the vortex supersolid
phase, the low-energy vacancy and interstitial configura-
tions can be parameterized by z-directed conformations
(r%(z),z), (with @ = i,v denoting interstitial and va-
cancy, respectively) as they traverse the sample along the
direction of the applied field, in close analogy to vortex
lines themselves. Long wavelength properties of a gas of
N, vacancies and NN; interstitials can then be described
in terms of a net areal density of defects,

ng(ry,z) =ni(rL,z) —ny(ry,z), (3.1)
and a two-dimensional tilt vector field,
ta(ri,z) = ti(ry,z) —t,(re,2), (3.2)
where
Na
(re,z) §P(ry —15(2)) (3.3)
n=1
and
N,
o(re,z 2: $2 —7%(2)) . (3.4)

Here ng(r, z) represents the net number of defect lines
crossing a unit area perpendicular to the field direction,
while t4;(r, z) is the net number of defect lines crossing
a unit area normal to the ¢-th direction, with ¢ = x,y.
Since the interaction among vacancy and interstitial de-
fects is short-ranged, we expect that a liquid of such de-
fects be characterized by a compressibility (inverse de-
fect bulk modulus), x, and a finite tilt modulus, K. The
corresponding long-wavelength free energy functional is
therefore given by

P = 1/&[(Mﬁ+KWF,

702 (3.5)

with dng = ng — nY, and n the mean net defect density
in equilibrium.

In the presence of these defects, fluctuations in the lo-
cal magnetic induction (or in the corresponding fluz-line
density n(r) and fluz tangent field t(r)) can be brought
about by changes in both the local lattice strains wq;
and the defect densities ng and t4, as

on = —ngw;; + ong , (3.6)

and

li = NoWz; + tai - (3.7)

In this case the continuity equation (P.§), arising from
V - B = 0 yields the nontrivial constraint

0,0ng+V, -ty=0, (3.8)

that defect lines cannot start nor stop inside the sample.
The elastic strain drops out from Eq.@, as it identically
satisfies the constraint due to the single-valuedness of the
displacement field u(r).

Since motion of defects microscopically corresponds to
hopping of vortex lines, we expect an energetic coupling
between fluctuations in the density and orientation of
defects and the elastic strain field. The lowest order cou-
pling allowed by symmetry corresponds to the following
interaction part of the free energy functional

1
F = p— /dr [fydndV ‘u+vtg-0ul, (3.9)
0

where v and «' are positive phenomenological coupling
constants with dimensions of elastic moduli. Ignoring a
weak coupling to fluctuations in the local temperature,
the free energy functionals Fj,; and Fjy, together with
the elastic part Fiatt, Eq.@, completely determine the
long-scale elastic properties of the vortex supersolid.

It is important to mnote that the parameters
€11, C66, C44, Y, 5 X, and K, appearing in our mqdel, are
functions of the mean net defect density ngr,@ which,
within the supersolid phase, can in principle be deter-
mined through detailed microscopic calculations of the
type presented in Ref. @ At the vortex-crystal to su-
persolid transition, we expect these parameters to dis-
play a nonanalytic behavior as a function of the distance
from the transition, |T' — T,ss| (where T,ss denotes the
crystal-to-supersolid transition temperature), of the form
illustrated for cgs(ny(T)) in Fig.3.
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Fig.3. A sketch illustrating the behavior of the elastic
shear modulus cg¢ near the vortex crystal to vortex su-
persolid transition. The proliferation of vacancies and
interstitials is responsible for the softening of the effective
shear modulus inside the supersolid phase.

In addition to these mean-field effects, the coupling
of the elastic degrees of freedom to the fluctuations in
defect density (around the average n3) and orientation
field, Eq.@, yields further renormalization of the elastic
constants, study of which is in part the focus of our work
here.

B. Correlation and response functions

The elastic properties of supersolids can be character-
ized in a number of distinct ways, reflecting a variety
of experimental probes that couple differently to the su-
persolid degrees of freedom. The simplest of these, from
the theoretical and experimental points of view, is the
extension of the equal-time equilibrium correlation func-
tions S(q) and Tj;(q) defined by Eqs.p.9 and R.10, re-
spectively. They directly measure fluctuations in the lo-
cal magnetic induction B(r), related to the fluctuations
in the total vortex-line number and tilt densities, via re-
lations (R-4) and (R-§). These latter quantities are de-
termined by both the local elastic strain and the defect
density fields through Eqs.@ and E, and lead to

(3.11)

In the above, the brackets denote a thermal average
evaluated with the total supersolid free energy functional
which includes both the elastic and the defects degrees
of freedom, given by

Fss :Eatt+Fd+Fint . (312)
To ensure the condition of V - B = 0, these averages
must be carried out under the nontrivial constraint that
defect lines do not start nor stop inside the sample, given
in Eq.@

Utilizing this constraint to explicitly eliminate % in fa-
vor of 6ng4 and re-expressing the strain tensor w;; in terms
of the longitudinal and transverse single-valued lattice
displacements

q.-u(q), (3.13)
u(q) , (3.14)

which are the independent finite wavevector elastic de-
grees of freedom in the bulk, we obtain the total free
energy characterizing the supersolid

ur(q) =
ur(q) = (2 xqu)-

Fo= [ %{2&( (@ + ST a)us (@)
+ 21(2){<x_1+Kq
[<”ﬂh -

- v’qzth(q)uT(—q)} } :

) ool + KIE (@)

1

)Md( Jus(—a)

(3.15)

In the above we have defined the transverse and longitu-
dinal wavevector-dependent stiffnesses

(3.16)
(3.17)

T'r(q) = ceeq? + caaq?
I'r(q) = c11qt + caaq? .

and not surprisingly found that the transverse and the
longitudinal degrees of freedom decouple. After re-
expressing the S(q) and Tr(q) in EqsB.10 and in

terms of these same independent degrees of freedom,

s 1 9 these correlation can be easily computed by inverting the
5% (aq) = v {Inowii(a) = dna(a)[*) , (3.10) corresponding 2 x 2 matrices that can be read off from the
os 1 expression for Fyy, Eq.. For the structure function of
T (a) = V«”me‘(cﬂ + tai(q)) (now=;(—q) + t4(—=a))) - the supersolid we thereby obtain
ss 1 . 2
S*%(q1,q:) = V<| —inoqrur(q) + éna(q)|”) ,
_ oy o (endd +eudd) + (X ad + Ka2) + 2(vat —'a2)
=noksTqL 2 D102 + Ka2 2 72)2 (3.18)
(c11q? +casa?)(xat + Ka2) — (va? —7'a2)

Similarly, the transverse part of the tilt correlation function is given by



1.
TTS’S(qu QZ) = _<|ZHOQZUT(q) + tg(q)|2> )

V
- kBTn%

It is convenient to define defect-renormalized elastic
constants that characterize the effective elastic proper-
ties of supersolids. One choice of such a definition, that
naturally arises in experiments which measure fluctua-
tions in the total magnetic induction B (e.g., neutron
scattering experiments), is in terms of the static correla-
tion functions given in Eqs.B.1§ and B.1d, identified with
their defect-free lattice counterparts, Eqs. and

2
nOkBT
= SSS(qJ—7qZ = 0) )
et (q1)

(3.20)

and

)= 7°(qL =0,qz) . (3.21)

Similarly, the effective shear modulus cf% of the super-
solid can be defined in terms of another equilibrium
equal-time correlation function

kT

C?ﬁ(ﬂ)

=V~ [{wi (@wij (—q)) — (wii(@)w;; (—a))]
=V~ 1¢t Pl (@) (ui(@)u;(—a))lg.=o ,
= V¢t (lur(q)?)

3-=0

which can be easily evaluated by performing a Gaussian

thermal average with the free energy functional, Eq[3.15
B.19 to-

in the Boltzmann weight. Using Eqgs.p.14 and B.19
gether with the definitions, Egs, and B.21], we find

-1 2
R C11X -
= 3.23
c1i(qu) cntx L+2y] ( )
and
C44K — ’7/2
cinle) = T ey (3:24)

From these expressions we observe that for vanishing cou-
plings v = +' = 0, the effective elastic moduli of the su-
persolid are the corresponding moduli of the lattice and
the liquid of defects, added in “parallel” — a physically
appealing result. For weak coupling this implies that the
effective bulk and tilt moduli of the supersolid are always
smaller than or equal to the minimum of the correspond-
ing moduli of the two subsystems, the lattice and the de-
fects. Hence we find that for -y, 7’ small compared to the
elastic moduli of the lattice and the defects, fluctuations
of vacancy and interstitial densities always reduces the
effective longitudinal and tilt moduli of the supersolid,
relative to that of the defect-free crystal.

(1 —9'/K)?

@2 ce6 + ¢2(cas — V% /K)’

)
q-=0

(3.19)

The typical behavior of the supersolid bulk modulus
ekl for ¢11 # x~ ! as a function of v is displayed in Fig.4
(¢, behaves similarly as function of /). The figure shows
that the supersolid modulus grows (decreases) linearly
with positive (negative) coupling, at weak coupling. At
an intermediate positive value of vy, it reaches a maxi-
mum at the value of the smallest of the moduli for the
two subsystems. In the strong coupling regime (both
positive and negative) the effective modulus decreases,
vanishes and even changes sign, indicating an instability
in the quadratic model of the supersolid. In our model,
this instability is a signal of a (spurious) phase transi-
tion within the supersolid phase, which in the case of the
bulk modulus ¢, corresponds to additional proliferation
of defects and change in the lattice density. However, as
we show in Appendix A, for a physical vortex supersolid,
the elastic moduli (cgg, c11, Ca4, X, K,7,7") that appear
in our model are constrained to lie outside of this unsta-
ble range. In the special degenerate case of c1; = x 1,
the effective bulk modulus of the supersolid behaves as
el = (c11 +7)/2, with an analogous result for the tilt
modulus cy}.

The calculation of cg%, as defined in Eq., shows
that, not surprisingly, vacancy and interstitial density

(3.22) fluctuations do not renormalize the shear modulus, and

ch6(q1) = ceo - (3.25)

In contrast to dislocations (to be considered in the next
section), vacancies and interstitials are unable to relieve
a shear stress.

R
11
1,

0. 8;

-27-1.5 -1 -0.5
-0. 2} Y
Fig.4.The behavior of the supersolid bulk modulus as

function of the coupling v between the elastic and the
defect degrees of freedom, for ¢;; =1 < xy 1.




The presence of vacancy and interstitial defects also al-
ters the response to a transverse magnetic field. The long
wavelength limit of the transverse part of the tilt corre-
lation function, T3°(q. , ¢,), remains nonanalytic, as in a
defect-free crystal, and yields

lim 5 (g1 = 0,.) = —— {1 B } (3.26)
im =0,¢.)=—— 11— ——=1|, .
g XT = 5 47 4l

1 B?
lim v35(qy,qs = :——[1— } 2
tuHEOXT (g1,4-=0) Am 4K (3.27)

Since, as discussed above, these defects soften the lat-
tice by decreasing both the longitudinal and tilt moduli
the penetration of a transverse field is enhanced, as seen
from Eq.. A more dramatic effect of the defects is
the presence of the second term on the right hand side of
Eq. . In the vortex supersolid vacancy and interstitial
defects allow flux-line wandering and entanglement, and
as a result there is no perfect screening of weak trans-
verse fields uniform along the z axis, and consequently
the phase does not exhibit longitudinal superconductiv-
ity. The supersolid is both crystalline (cgs # 0) and
entangled (T77°(¢1,q. = 0) # 0), as argued by Frey, et
al.B and consistent with nonvanishing winding correla-
tion function

(W?) = qug}OTT(QLyfh =0), (3.28)
kgTn2
= 21, (3.29)

We stress that the definitions of the effective elas-
tic moduli characterizing a vortex supersolid is far from
unique. This is related to the variety of experiments that
probe different physical properties of the vortex super-
solid. Instead of the correlation functions S*°(q) and
T;7(q) defined in Eqs.p.10 and B.11], we could have in-
stead focused on

~ "’L2
5%(a) = 52 (lwila) ) (3.30)
_ 2
T3 (@) = T (wail@w; (-a) (3.31)

which probe only fluctuations in the lattice positions and
not the total vortex density (related to magnetic induc-
tion B). These latter correlation functions are more
difficult to probe in a physical experiment, but can be
straightforwardly measured in a numerical simulation.
Making the identification between the effective elastic

moduli of the supersolid and the corresponding corre-
lation functions, in analogy with Eqs. and , we
define
ndkgT ~
~1§ B = S%(q1,q. =0), (3.32)
&rilgL)
and
7’L2 kBT ~ 88
i = 17°(q1 = 0,¢.) (3.33)
Cia (¢z)
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Simple computation of 52 ) and T}S (q), together with

these definitions leads to@

&l =cn —7x, (3.34)
12

Gy = Cas — o= (3.35)

e = cep - (3.36)

Another experimentally relevant way to probe elastic
properties of vortex supersolids is through the linear re-
sponse to a constant stress o,; applied at the boundaries
of the system. For simplicity, we confine our discussion
here to a two-dimensional stress o;; applied to a bound-
ary lying in the zy-plane. To study the response, we first
need to decide to which physical quantity does such stress
couple. In a defect-free crystal, the answer is simple: the
stress 0;; couples to the lattice strain u;;. In a supersolid,
there is, however, a number of possibilities, depending
on the nature of the experiment one seeks to describe
(as was the case with the correlation functions discussed
above). In a real (as opposed to a numerical) experiment
the stress on the vortex lattice is produced through an
electromagnetic interaction and therefore couples to the
magnetic induction, which involves both the elastic lat-
tice strain tensor and the defect contribution. Arguments
similar to those found in Ref. @ indicate that the linear
response of the supersolid can be studied by adding to
the free energy Fy, in Eq. a part due to the external
stress,

1
F, = —/dr 0 (uig = 5, -0ij0na) , (3.37)

and then by minimizing it with respect to the indepen-
dent elastic strain and defect degrees of freedom.

Before proceeding with the calculation, some remarks
are in order. Invoking the fluctuation-dissipation theo-
rem, one might naively conclude that such a static re-
sponse function is identical to the corresponding equal-
time correlation function S**(q), Eq.p.10 that we stud-
ied above. However, this is in fact not the case, in gen-
eral, even for a defect-free crystal. To understand this
difference, we consider for simplicity the case of a two-
dimensional crystal. Bulk correlation functions probe the
fluctuations of the bulk degrees of freedom at finite (al-
beit small) wavevector. The elastic degrees of freedom
of the lattice or supersolid are the two components of
the lattice displacement phonons uz(q) and uy(q) (or
equ1va1ent1y ur, and ur(q)). Hence in the definition
of $%°(q), Egs. ﬁ and @ the average is over the two
1attice d1sp1acernents as well as over the defects), not
the components of the strain tensor, wy;, which can be
written as derivatives of the displacements and there-
fore are not independent degrees of freedom. In contrast,
the response functions, that most directly relate to ex-
perimental probes of elasticity, measure the response to




a (often uniform) stress applied at the boundary of the
solid. The corresponding ¢ = 0, uniform deformations
are described by three zero-mode independent degrees of
freedom, corresponding to three macroscopic strains u;,
Uyy and ug, that can be independently induced in a solid.
As a consequence, for a supersolid (or a crystal in gen-
eral) the equal-time correlation functions differ from the
corresponding static response functions, as we now ex-
plicitly demonstrate.

Finally, we note that the situation is different in a lig-
uid, where dislocations have proliferated and act as addi-
tional degrees of freedom. The proliferated dislocations
lead to multi-valued lattice displacements and thereby
allow for a transverse part of the strain w;;, which (for
the first index 7), is forbidden in the supersolid. As a re-
sult, in a two-dimensional liquid, all three components of
the symmetric strain (uyy, Uy, and uy,) are independent
degrees of freedom.

Returning to the derivation of the linear response to
a perturbation described by Eq. , we treat w;j, w;
and the defect densities as independent degrees of free-
dom and minimize the total free energy, Fi, = Fss + F,
with respect to them, to obtain

0 Fot Y
St = 2ce6uij + 0ij(c11 — 2¢66)Urk + Oij n—05nd — 05
=0, (3.38)
5Ftot + ! ¢
= cpqwy; + —tgi
5ij 44 Wz 4 0 dj
=0, (3.39)
6Fot  x7! gl 1
==590 — ~—0ij0ij
ong ng ma + no Uik + 2n9 391
=0, (3.40)
0 Fot ’Y/
= Kt 7 — Wz,
Ota; @i+ ’rLQw
=0. (3.41)
Given that the applied stress o;; is purely within the
ay-plane equations (B.39) and () give
ty; =0, (3.42)
Wi =0, (3.43)

and the response is z independent. Solving the remaining
equations for the strain and the defect density, we find

1+9x
Ugk = Okk » 3.44
H 2(c11 — c66 — ¥2X) * (3.44)
5 _
ong _ x(enn — cee +27) - (3.45)
ng 2(c11 — 66 — 7*X)
which, when used inside Eq. give

where R;7}, is the uniform static response function given
by

11

(2c66 — c11)(1 +vx) + 2yx(c11 — ce6 +7)
4egs(c11 — ce6 — ¥2X)

ss .
RS =

17,

030kt

1

3.47
2666 ( )

As a check we observe that for x — 0, which freezes
out the defects, R}, reduces to ﬁe well-known response

function for a defect-free crystall

2c66 — C11)
Rg‘rystal — ( 61' 5
gkl 4egs(c11 — cos) K
1
— ;104 . 3.48
+ 200 kO 1 ( )

Consistent with our discussion above, R;?}, differs from
the corresponding g, = 0 equal-time correlation function,
computed with the lattice displacements as the indepen-
dent degrees of freedom.

Using Eqs. and we can now compute the re-
sponse to any uniform stress, o;;. For example, a uniform
hydrostatic pressure dp corresponds to

Oi5 = —(Sp&ij N (349)
and we obtain the bulk modulus for the vortex supersolid
as

1 164
Bss  Adp’

_1dn

B ) 5p ’

- ULk 1 57’Ld

p  ng op
B 142
_ 7];;’7(1 _J;Q” : (3.50)
where B = c¢11 — cgg is the standard definition for a

defect-free crystal bulk modulus. We note the similar-
ity in form with the correlation function S**(q, , ¢, = 0),
that we used to define £, Eq.. As discussed above,
the computation of the uniform static response function
gives the bulk modulus, c11 — cgg, while the equal-time
correlation function (at g, = 0) defines the longitudinal
phonon modulus, ¢17.

As we observed above for the effective ¢ff in Eq.p.24],
here too in the absence of interaction between the defects
and the lattice (7 = 0), the supersolid bulk modulus is
simply determined by the bulk moduli of the two systems,
added in parallel, B;,! = B~ + y.

Significant caution must be applied in comparing ex-
pression (B.5() with experiments. If, for example, the
compression is performed on a time scale that is slow
compared to the relaxation time of the elastic degrees of
freedom, but fast compared to that of the defects (which,
being a conserved “charge” density, relaxes only diffu-
sively), then the defects are effectively frozen on the time
scale of the experiment. In this case, corresponding to



x = 0, only elastic degrees of freedom can respond and
the result for B, is simply B of the defect-free crystal.

The vortex supersolid shear modulus cg§ can be probed
by applying a constant force normal to two opposite lat-
eral boundaries of a rectangular xy-crossection sample.
The corresponding stress is given by

Uij = 0'51'153‘1 . (351)
Such stress induces both the longitudinal (ur) and the
transverse (ur) deformations of the lattice. The shear
modulus is defined in terms of the normal strain, ., —
Uyy, S

1 Uyy —

SS
C66

Yoz (3.52)

g

Consistent with our earlier calculation that used equal-
time correlation function, we find here that
ng = C66 (353)
i.e., the shear modulus remains unrenormalized by fluc-
tuations in density of vacancies and interstitials.

IV. DISLOCATION LOOPS IN A VORTEX
SUPERSOLID: A MODEL OF VORTEX LIQUID

We now turn to the description of a vortex liquid. This
is a disordered, dissipative state of the flux-line array,
that results from either a direct melting of a defect-free

vortex crystal or (possibly) a continuous meltingtd of a
vortex supersolid, discussed in previous secti@s.
Following ideas of Kosterlitz and Thouless,t4 extended

in Ref. E to three-dimensional vortex systems, we de-
scribe a flux-line liquid as a supersolid with a finite
equilibrium concentration of unbound dislocation loops
and vacancy/interstitial defect lines. Such an approach
nicely complements the more conventional hydrodynamic
description of the vortex liquid studied in Refs. @@
While somewhat more involved, the advantage of the
approach taken here is that it provides a more direct
connection between the vortex liquid and vortex ordered
phases (crystals), in which the defects are bound, thereby
presenting a unified description. It also provides a valu-
able detailed “microscopic” characterization of the dis-
tinction between vortex liquids and solids.

The properties of a flux-line lattice in the presence of
an unbound gas of dislocation loops, but no vacancies
nor interstitials, were studied in Ref. [L§. In the absence
of vacancy and interstitial defects, dislocation loops are
constrained to lie in a plane spanned by their Burger’s
vector and the z axis. These planar dislocation loops
can only relax applied stresses by “gliding” along the z
axis. Clearly, once dislocation loops proliferate on all
scales, vacancies and interstitials will also unbind and
both of these defects will exist in the resulting bond-
orientationally ordered liquid. The goal of this section
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is to incorporate vacancies and interstitials into a com-
plete description of a vortex liquid. We will explicitly
demonstrate that a finite concentration of vacancy and
interstitial defects allows for “climb-like” distortions of
dislocation loops, which can move out of the z-b plane
by absorbing and emitting vacancies and interstitials.

A. Model

To construct a complete model of a vortex liquid we
now proceed to incorporate dislocation loops into the
model of a supersolid, presented in Sec.. We do this by
allowing multi-valued lattice displacement fields, u. The
loop integral of u,

f du;(r)

enclosing a dislocation line, fails to close by a Burger’s
lattice vector, b. The direction of integration around the
contour is that of a right-handed screw advancing paral-
lel to a unit tangent vector 7 to the dislocation line. The
peculiarity of dislocation in a lattice of z-directed lines
is that while the Burger’s vector is two-dimensional and
by definition lies in the zy plane, the t@ nt 7 to the
defect line is a three-dimensional vector.E

To study properties of the system on scales that are
long compared to the spacing between dislocation lines,
we use a continuum description. We consider a small hy-
drodynamic volume and introduce the Burger’s “charge”
density tensor ag;(r), whose integral over an open sur-
face .S, gives the total Burger’s vector of dislocation lines
directed along the surface normal ng and enclosed by a
contour C' bounding the surface,

/SOéﬁjngdA = Z bgn) .

For a single dislocation line, directed along the tangent
78, with Burger’s vector b;, the defect density tensor is
given by ag; = 730:6®) (). The rectangular (3 x 2) den-
sity tensor a;(r) is therefore a measure of the number of
dislocation lines with Burger’s vector b; crossing a unit
area normal to the dislocation tangent 73. We remind
the reader that Roman letters i, j, k, ... are used to de-
note indices that run only over the values x and y, and
Greek letters a, 3,7, ... are reserved for indices that run
over the three-dimensional set z,y, z.

By definition, dislocations in the z-directed line crystal
must have their Burger’s vectors lie in the zy plane. Con-
sequently the three-dimensional vector a,;(r), (j = z,y)
describes z-directed edge dislocations. Edge dislocations
lying in the xy plane are described by the antisymmetric
part of the two-dimensional tensor ozfj (r), (i = z,y and
Jj = z,y, with ag; (afj,ozzj)). In the absence of va-
cancies and interstitials, however, these type of zy-plane-
directed edge dislocations correspond to a branching or

—b;(r) (4.1)

(4.2)



merging of flux lines, which necessarily involve fractional
or double flux-“charged” vortex lines, both energetically
forbidden. In contrast, vacancies and interstitials allow
for this type of edge dislocations, as we will demonstrate
below. Screw dislocations, on the other hand always run
normal to flux lines, i.e., they lie in the xy plane, and lead
to entanglement of the vortex lines.Ed They are described
by the symmetric part of af; (r).

By rewriting Eq.@ in differential form and then av-
eraging the resulting equation over a hydrodynamic vol-
ume, containing many dislocation lines, we relate the dis-
location density tensor ag;(r) to the local lattice strain

wgj (I‘),

€apyOpwyk(r) = —aak(r) . (4.3)
Hence in the presence of dislocations (ag; # 0), the strain
tensor wg; contains a singular part that cannot be writ-
ten as a gradient (J3) of a single-valued displacement
field w;. Finally, dislocation loops must either close or
terminate at sample boundaries. This amounts to the
condition
(95045]' (I‘) =0. (4.4)
We now proceed to incorporate the dislocation degrees
of freedom into the model of the supersolid studied in
Sec.. We first recall that the fluctuations of the lo-
cal magnetic induction dB = (B_,dB,) are related to
the changes in density and orientation of flux lines, with
contributions from both local strains and vacancy and
interstitial defects. In the long wavelength limit these
relations are obtained inserting dn and t given by

b
Eqs.B.d and B.7 in Eqs.ﬁ and P.3,

0B, = ¢o[—nowii(r) + dna(r)] ,
0B = ¢g [nowzi(r) + tdi(r)] .

In the presence of dislocations, the strain tensor wg; is
given by the sum of a regular, longitudinal (on first,
Greek index) part, defined in Eq.@ in terms of the
derivatives of a single-valued displacement field u;, and a
singular, transverse (on the first, Greek index) part, ws,,
due to dislocations
Waj = Oty + Wh; - (4.7)
By imposing the V-B = 0 condition and using Eqs.@
and [.d, we obtain
0,0ng+ V) -tg= —no(—azwji“g + 6iwziing) . (4.8)
It is important to note that, in contrast to the defect-
free crystal and the supersolid, where the elastic part wg;
(Opu;) identically satisfies V - B = 0, here this condition
imposes a nontrivial constraint that couples dislocations
and vacancy-interstitial defects. This becomes apparent
by using Eq.@ to eliminate wg; from the constraint in
favor of the dislocation density tensor, with the result
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6z5nd + VJ_ . td = noeijaf; (I‘) . (49)

This important condition is one of the main results
of our work and is an essential ingredient in the com-
plete “elastic” description of the vortex liquid state.
We first note that in the supersolid phase, where dis-
location loops are bound and lattice displacements are
singe-valued, ag; = 0, and the constraint reduces to
the vacancy-interstitial line continuity condition, Eq.@.
On the other hand, in a description of a vortex liquid
which ignores vacancies and interstitials it reduces to the
eijafj = 0 condition of Ref. , enforcing the constraint,
discussed above, that in the absence of vacancies and
interstitials, dislocation loops are confined to lie in the
plane defined by their Burger’s vector and the average
external magnetic field. In the presence of vacancies and
interstitials Eq.@ explicitly demonstrates that these de-
fects provide a mechanism by which the dislocation loop
can effectively climb out of this plane. They do this by
emitting or absorbing vacancy and interstitial line de-
fects. The allowance of nonplanar dislocation loops in
vortex supersolids and liquids then removes the artifi-
cial condition of a vanishing antisymmetric part of the
dislocation density tensor and in general eijaﬁ; # 0 in
these phases. As anticipated above, this allows zy-plane-
directed edge dislocations to proliferate upon melting.

The above constraint, Eq.@, is one way that the ad-
ditional degrees of freedom associated with proliferated
dislocations enter the description of the vortex liquid.
Dislocations of course also contribute directly through
the “elastic” free energy in a way that we now derive.

The free energy F of a lattice with dislocations and
vacancy/interstitial defects is given by Fys = Flatt + Fa+
Fipnt, but with derivatives of the phonon field replaced by
the total strain tensor given in Eq. @, ie.,

1
F = §/drwaiCaiﬁjwﬁj

/dr [x_l (6nq)? + K(td)ﬂ

(4.10)

L1
2n3
1 /

+— [ dr[ywidna + 7 wsita]
no

+FCOYC’

To make the notation more compact, the purely elastic
part of the free energy, given by the first term on the
right hand side of Eq. , has been written in terms of
the elastic tensor,

Cuigj = 66(dap — 002082)0i; + C6600;0i
+(c11 — 2¢66)00i035 + €1490:08:0i; - (4.11)

We have also added to the free energy of the defective
lattice a term Fope representing the core energy of the
dislocations, given by

Fcore = /dr[Eea;- + Esai- + E;aijaij + Eé(eijaij)2].

(4.12)



The core energy Fioe has been written on the basis of
symmetry considerations. It incorporates terms account-
ing for the edge and screw dislocation core energies per
unit length, E., E., Es and E.. As discussed in Ref.
[[d, although E. = E/ = 0 for a single dislocation line,
nonzero values of E/ and E!, are required to describe short
range interactions in the hydrodynamic limit. The val-
ues for the core energies are estimated to be-E. ~ cg6b?,
Es ~ E. ~ \/MbQ and E/, ~ \/MbQ.

While the elastic part (Oqu;) of the strain tensor iden-
tically satisfies Eq.7 the singular part is found by “in-
verting” this equation in Fourier space. This gives

i

wy;(Q) = —?eam%aw(q) +igati(a),  (4.13)
where 1; is an arbitrary function, reflecting the fact
that the solution to Eq. is only determined up to
an arbitrary longitudinal part. This is analogous to
the gauge freedom that appears in electromagnetism (or
other gauge theories) when, for example, Maxwell equa-
tion V - E = p is solved for the electric field E in terms
of the charge density p.

One convenient and natural choice of v; is obtained
by requiring that the corresponding wg,; minimizes the
total free energy F, Eq.7 with respect to lattice dis-
placements. Such a choice is mathematically convenient
for computing thermodynamic averages, because it re-
moves all couplings between the phonons u; and the de-
fect degrees of freedom. Physically, this choice of wy;
corresponds to elastically equilibrated defects.

To compute 9; corresponding to this convenient gauge
choice, we insert wq;, Eq.@ into F, Eq., and re-
quire that the linear terms in u vanish, which of course
is equivalent to the requirement that w$, minimizes F'.

The resulting Euler-Lagrange equation is given by

oF
5’(1,1'

/
= —0a0ui — L 0i0ng — L.ty =0,  (4.14)
no no

where

Oni — aiﬁjwﬁj (415)
is the corresponding stress tensor. The solution is more
conveniently written in Fourier space, where it is given

by

1

1/)1((1) - 3 (Ail)ijqacajﬁkeﬁ'mq'yank (q) (416)

(=

+— (A7), [a50na(a) +7'g:tai(@)].
no

Here A~! is the inverse of a 2 x 2 matrix A, with
Aij = ¢aCaigjqs- Its elements are given by,

-y b [ (e —coe)
A = @ ™ To@

where I'r(q) and I',(q) are the transverse and longitu-
dinal elastic elastic stiffnesses, defined in Egs. B.16, B.17.

With this choice of 1;, by construction, the total free
energy breaks up into two parts

qriqis|, (4.17)

F = Fagw + Fdef7 (418)
where Fl.t¢ is the defect-free elastic part of the free en-
ergy given in Eq. EI and rewritten here for convenience
in Fourier space,

3
_ l/(d_q [Pr(@lur (@) + T (a)us (a)
(4.19)

This involves only phonons degrees of freedom, as for a
defect-free crystal. The second, defect part, Fyet, is the
free energy of an interacting gas of dislocation loops and
vacancy-interstitial line-defects. It is given by

1 S S
Faet = 3 /drwaicaiﬁjwﬁj (4.20)

+2—711(2J/dr[xl(5nd)2+K(td)2}

1
+n_ /dr [’waiénd +7/w§itdi},
0

where w?, is the singular part of the strain tensor, given
by Egs. Z@ and . This defect free energy must
be supplemented with the continuity conditions Eq.@
and Eq.@ for the vacancy/interstitial defect lines and
the dislocation lines, respectively. The constraint (f.9)
can be directly incorporated into the free energy by us-
ing it to explicitly eliminate the longitudinal part of the
vacancy-interstitial defects tangent vector,

th(@) = a. -ta(q) (4.21)

i
= ——=0nq4(q) — q—lnoéijafj(Q) ; (4.22)

in favor of the defect density dnq(q) and the antisymmet-
ric part of the dislocation density tensor af; (q). Finally,
using Eqgs. and to eliminate the singular strain
field in terms of the defect degrees of freedom in Eq. ,

we obtain

Faer = & / _da_ {RM (@i (@i (—a) + A(@)dna(@)dna(—aq) + C(@T (@)t (—q)

2 ] @)

+ iD,i(a) [ oi (~@)oma(@) — us(@ona(—a)| + iGuila) | o (~a)t] (@) — i (@)t (~a)] } ,

(4.23)

where t2(q) = tqs(q) — .15 (q) is the transverse part of the defect tangent vector.



The kernels R,.;.,;(q), A(q), C(q), D,i(q) and G,i(q)  brackets in these correlation functions now denote a ther-
depend in a complicated way on the elastic moduli mal average with the free energy Flatt + Faer, with Fyer
(ce6, €11, ca4) of the lattice, and on wavevectors ¢; and given by Eq. . The average is carried out by inte-
q-, and are given explicitly in Appendix B. grating over all configurations of dislocations, described
by the components of the dislocation density tensor, ag;,
and vacancy/interstitial lines, described by the defects
density, dngq, and tilt field, tJ. The integration must be
done subject to the constraint that dislocation lines are
closed, given by Eq. @ The “continuity” constraint

In this section we evaluate the renormalization of the for defect lines, expressed by Eq. @, has already been
elastic constants of the flux-line lattice due to dislocations incorporated into the free energy Fyer. The computation
and vacancy/interstitial defects. The renormalized elas- of correlation functions is conceptually simple but tech-
tic constants are defined by Eqs. (B.201B.29), but with  nically quite involved and was carried out using Mathe-
the understanding that the correlation functions are now  matica symbolic manipulator program. Only the results
those of a lattice with an equilibrated concentration of  will be given here.
defects and dislocations. This means that the structure The full expression for the density, tilt field, and other
function and the tilt correlation function are formally  correlation functions are too “horrifying” to be shown
given in terms of the strain tensor and the defect fields here, and we therefore only display their long wave-
by the same expressions and used for the su- length limits, which determine the renormalized elastic
persolid, but the strain tensor w,; is now the total strain constants, according to Egs. (@—)
given in Eq. @, including the singular part. The same The structure factor vanishes as q; — 0, as required
holds for the correlation function that determined the by the density sum rule. The renormalized longitudinal
shear modulus defined on the first line of Eq. . The modulus as defined by Eq. () is given by,

B. Correlations and response functions

- (4.24)

1 1 {1 + ci[2¢66(c11 — co6) + c11Eeqd | + 2cg6x " + (v + 2¢11) (2¢66 + Eeq?) }
1 (qu) €11

X" 2¢s6(c11 — co6) + c11Eeq? ] — v2(2c66 + Eeq?)

The renormalized tilt modulus defined by Eq. ) only vacancy and interstitial defects. In other words,

is somewhat surprisingly, the coupling of dislocations to
, vacancy /interstitial defect lines does not yield any addi-
L lim T —0) = cag + K — 2y 4.95 tional renormalization of the tilt and compressional mod-

= = lim Tr(q.,qL =0) = & - (4.25) : o X : ) )
c(q.)  a-—0 cuK —~ uli, even if it does make it possible for dislocations to

relax stresses by climbing out of the (b, z) plane and al-
We find that in the long wavelength limit both ¢ and lows for (otherwise forbiddingly costly) xy directed edge
ck are identical to the elastic constants of a lattice with ~ dislocations. Finally, the renormalized shear modulus is

R 11 N El . X enn(en — 2¢66) — 73 (11 — 4ces) ' (4.26)
ces(arL)  ces edl ¢ [Xfl (2¢e6(c11 — co6) + c11Eeq? ) — v*(2c66 + Eeqi)}
Dislocations renormalize the long wavelength (¢ — 0) ( 1 ) — 1 + 1 (4.28)
shear modulus to zero, yielding liquid-like response to cfi(qr)/v=y=0 K N
shear stresses. 1 1
. . e ( R ) o = TMN (429)
We now discuss various limiting cases for our re- 6(qL)/v=r=0  cgg
sults. I.n the fibsence of coupling betv'veen the gaslof Va-  where we have denoted by the superscript “MN” the elas-
cancy/ {nterstltlal dgfects an<.1 the lattl'ce (v = 0,7 =0), tic constants of a lattice with an equilibrium concentra-
the various correlation functions are simply given by the tion of unbound dislocations, but with aconstraint for-
sum of the contributions from a lattice with an equilib-  1iqding vacancy and interstitial defects,E given by
rium concentration of unbound dislocations (correspond- )
ing to the constmifi:@ hexatic line liquid discussed by 1 _ L{ 2¢56 ] (4.30)
Marchetti and Nelsontd) and from a liquid of defect lines. AN en 2ce6(c11 — co6) + cr1Feq]
The corresponding elastic constants add in parallel, with 1 1 1 (c11 — 2ce6) (4.31)
= 4 31
e Eeqt  2ces(cr1 — ces) + c11Eeq]
1 ) 1 1 1
=X+ <> 4.27 —_— = —. 4.32
) W20 aF = (432
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The elastic constants of a supersolid, i.e., the lattice with
only vacancy and interstitial defects, can be obtained
by letting all the dislocation core energies go to infin-
ity (Ee, E., Es, Bl — 00). It is easy to see that in this
limit we recover the results discussed in Sec. II. Finally,
when y~! — oo and K — oo vacancy and interstitial de-
fects are forbidden and the elastic constants reduce again

to those given in Eqs. [t.30H£.33.

We recall that the coupling of dislocations to vacancy
and interstitial lines allows dislocations to relax stresses
by climbing out of the (b, z) plane via the emission or ab-
sorption of vacancies and interstitials — a mechanism for
relaxing stresses that @forbidden in the hexatic liquid of
Marchetti and Nelson.

y X

Fig.5.Gliding of an edge dislocation loop, allowed even in
the absence of vacancies and interstitials. For simplicity
we have sketched the dislocation loop for the case of
a square lattice. The dotted vertical lines refer to the
defect-free square lattice and serve as a guide for the eye.

Figure 5 shows a planar dislocation loop wit = bx
of the type considered by Marchetti and Nelsontd. This
loop lies in its glide plane (the zz plane) and can easily
relax a shear by gliding in this plane. The climbing of the
same dislocation loop out of its glide plane is described
pictorially in Fig.6.

16

X

X

Fig.6.Climbing of an edge dislocation loop in a square
lattice, only allowed in the presence of vacancies and
interstitials. The Burger’s vector of the loop is in the +x
direction. The lattice configuration at two cross-sections
z1 and 2z shows the climbing in the y direction, normal
to the Burger’s vector.

It is clear that climb can only occur via the emission
or absorption of vacancy or interstitial defects, as sum-
marized by Eq.@. Such climb “motion” can occur in
response to the force on the dislocation loop resulting
from applying a uniform external tilt to the lattice, cor-
responding to a constant stress o$X' = §;,0,,05t. The
force on a dislocation line due to a uniform stress o§*' is
the familiar Peach-Kohler force, given by

F5™ = €apy 705t b;. (4.33)
Equation differs slightly from the corresponding ex-
pression found in textbooks as the stress tensor in a flux-
line lattice is not a symmetric (or even a square) matrix.
The Peach-Kohler force on the rectangular loop shown
in Fig.5 due to a uniform tilt in the xy plane is normal
to the plane of the loop (along y) and there is no force
on any segment of the loop parallel to z. Specifically, for
T =%, we find FPKHt — _5xthg and for 7 = —%, we
find FPKUI = 5eXtpg Tn other words, the Peach-Kéhler
force acts as a couple and tries to rotate the loop out of
its glide plane. The screw components of the loop run-
ning along +X can glide in any plane that contains them.
In particular, they will glide in the ¥ or —y direction un-
der the action of the force. For this to happen the edge
sections must climb out of the glide plane by emitting or
absorbing vacancies and interstitials, as shown in Fig.6.
By gliding out of the sample along the y direction, the
screw dislocations can relax a uniform tilt of the lines
towards 2. We note that if one thinks of z as a fic-
titious time, the constraint @ is formally identical to
the temporal continuity equation for the density of point
vacancy /interstitial defects, diffusing in the presence of
dislocations in a two-dimensional latticeld. Dislocations



provide a source of point defects as they climb across
the sample. The renormalization of the tilt modulus can
therefore occur only when vacancy and interstitial defects
are allowed.

It is also instructive to consider the behavior of another
typical dislocation loop, shown in Fig.7. This loop has
b = bx and lies in the yz plane. The two edge segments
running parallel to z lie in two different and parallel glide
planes. The loop is closed by segments running along y
which are also edge dislocations in nature, as b L 7.

This is an example of a dislocation loop characterized
by ei‘jaf‘; # 0. Such a loop is not allowed in the absence
of vacancy and interstitials, as without such defects the
edge segments running along y would require a row of
vortex lines to merge or split into single lines carrying
twice or half a flux quantum — an energetically forbidding
configuration. Denoting by z1 < 22 the vertical location
of the two segments of the loop running along y, we can
understand the existence of the loop as arising from a set
of interstitial defects that are randomly distributed in the
xy plane for z < z; and z > 29, but organize themselves
into a vortex sheet for z; < z < z2, acting like an extra
row of lines in this region. In the region near z; and z9,
clearly 0,nq # 0, corresponding to a nonvanishing value
of €;; ozfj. Under a constant stress 02" from a uniform tilt
applied to the system, the Peach-Kohler force on the loop
consists again of two forces of equal magnitude applied
on the sections running along y and directed along +zx,
as there is no force on the sections of the loop running
along z. Under the action of this couple, the loop rotates
out of its plane. While this motion occurs in the glide
plane for each section of the loop, it requires “diffusion”
of vacancies and interstitials according to Eq. [L.9.

Tr(qi,q. =0) =nlksT

K+ cys + 2(Es + EL)g% — 2

y X

Fig.7.An edge dislocation loop described by a nonvan-
ishing af;eij, allowed only in the presence of vacan-
cies and interstitials. The bottom figure showing a side
view of the loop emphasizes the equivalence between va-
cancy/interstitial defects and a nonvanishing ozilj €;;. The
loop can be thought of as arising from an insertion of
a row of “finite-length vortices”, which correspond to a
wandering of interstitial defects.

The addition of dislocations also removes the nonana-
lyticity of the transverse part of the tilt-tilt correlation
function, present in both the defect-free vortex lattice
and the vortex supersolid. In fact we obtain

and

(W?) qlimo Tr(q1,q. =0) (4.35)
L_)
nngT
ko
with ¢, given by Eq. [.2§. As indicated in Eq. P.23,
lim,, —0Tr(q1,q. = 0) determines the winding number
(W?) and the corresponding superfluid density ng of the
equivalent boson system, (W?) = fing/m. The analytic-
ity of the transverse tilt-tilt correlator at long wavelength
indicates that ns = ng, i.e., the bosons are in the super-

Kegy +2K(Es + Eé)qi — 2
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(4.34)

fluid state. Conversely, this corresponds to an entangled
flux-line array, with no longitudinal superconductivity.

For comparison, in the model of a constmﬁed hexatic
line liquid, studied by Marchetti and Nelson,= where the
absence of vacancy/interstitial defects prevents disloca-
tion loops from climbing out of the (b, z) plane, one ob-
tains

nngT
caa +2(Es + EL)g?’

7Y™ (q1,q- = 0) = (4.36)

and



2
nekpT
lim Tp™ (gL, q. = 0) = 22—,
q1—0 Cq4

(4.37)

We find that independent of whether or not vacancy and
interstitial defects are included in the description of the
hexatic vortex liquid, the transverse tilt-tilt correlator is
analytic and limg | —o Tr(qL,q. = 0) is finite, indicating
that both systems are entangled. Vacancies and intersti-
tials do, however, decrease the tilt modulus, further en-
hancing the entanglement of the vortex array. Although
vacancy and interstitial defects must be incorporated in
a consistent description of a flux-line hexatic, they do
not change the qualitative properties of the hexatic lig-
uid, which even in their presence maintains a vanishing
long-wavelength shear modulus and does not exhibit lon-
gitudinal superconductivity.

To further characterize orientationally ordered liquid
it is useful to define a characteristic length scale £ , that
determines the typical transverse size of a disentangled
flux-line bundle. This is a region of the flux array where
the lines remain locally disentangled in the limit of infi-
nite sample thickness along the field (z) direction. In the
absence of vacancies and interstitials, Eq. ([.3d) gives

JIYIN ~ \/2(E5 +Eg)/044. Using E, ~ Eg ~ \/044066(727
we find &N ~ ao(ces/caa)'/*, with ag \/1/ng the
mean intervortex separation. In flux-line arrays we typi-
cally have cgg << cq4 and the flux-line hexatic is entan-
gled over all macroscopic scales.

The coupling of dislocations to vacancy and interstitial
defects renormalizes this entangling length £, , as can be
seen from Eq., which for small ¢, is given by

n2kgT
Tr(qe,0) ~ "= [1 - gid], (4.38)
Cy4
with

R /

Cyq | K — /|
= . 4.39
&t \/ 2B, + EL) cas + K — 29/ (4.39)

It is easy to see that for all physical parameter values,
&1 < &MV, Not surprisingly, we find that vacancies and
interstitials therefore decrease the typical size of a disen-
tangled flux bundle.

Finally, we have also studied the effects of vacancy and
interstitial defects on the properties of the orientationally
ordered hexatic liquid. Although the finite wavevector
behavior is considerably modified, we find that at long
wavelength the effective hexatic stiffness is still given
by the expression obtained in Ref. [l6. This result is
consistent with the lack of long-scale orientational order
and therefore a vanishing orientational stiffness in the
isotropic line-liquid of vacancies and interstitials.

V. CONCLUSIONS

In this paper we have studied the effects of vacancy
and interstitial line defects in the supersolid and the lig-
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uid phases of flux-line arrays in the mixed state of type-I1
superconductors.

The transition from a fully ordered Abrikosov crystal
phase into the vortex supersolid phase takes place at a
critical temperature or magnetic flux density, at which
vacancy and interstitial defects proliferate, providing a
mechanism for vortex entanglement and yielding finite
resistivity. In order to study the long wavelength elastic
properties of the supersolid phase, we modeled the super-
solid as a lattice with an equilibrium concentration of un-
bound vacancy and interstitial defect lines and computed
the renormalization of the elastic constants due fluctu-
ations in the density and orientations of these defects.
As expected, at long wavelengths, we find that vacancy
and interstitial density fluctuations do not renormalize
the shear modulus, confirming the finiteness of the su-
persolid shear modulus, which distinguishes it from the
vortex liquid. In contrast, these defect fluctuations yield
a finite downward renormalization of both the compres-
sional and tilt moduli. The renormalization of the tilt
modulus stems from the fact that the liquid of vacancy
and interstitial defects promotes flux-line wandering. We
explicitly demonstrate that this defect-based vortex line
delocalization mechanism spoils the Meissner response to
a shear tilt perturbation, characteristic of the defect-free
vortex lattice. In other words, the vortex supersolid does
not exhibit longitudinal superconductivity and, in this
respect, similarly to the vortex liquid, is always entan-
gled.

It is clear that the vortex liquid phase, where unbound
dislocation loops have proliferated, is also characterized
by a finite density of vacancy and interstitials, which
must, therefore, be included for a consistent description
of such a resistive phase. A model of the vortex-line liquid
as a solid with an equilibrium concentration of unbound
dislocation loops, but no vacancies and intergtitials, was
previously studied by Marchetti and Nelsontd. As a con-
sequence of no-vacancy /interstitial constraint implicit in
their model, only planar loops, that cannot climb out of
their glide plane, were included. We have generalized this
model by allowing for a gas of vacancy and interstitial line
defects, coupled to the dislocation loop gas and the elastic
(phonon) degrees of freedom, to be present in the orien-
tationally ordered vortex liquid. We explicitly demon-
strated that a finite concentration of these vacancy and
interstitial defects allows the dislocation loops to climb
out of their glide plane by emitting and absorbing vacan-
cies and interstitials, and allows for new types of edge
dislocations (otherwise forbidden), thereby significantly
increasing the entropy of topological defects characteriz-
ing the vortex liquid. This physical result is mathemati-
cally summarized by Eq.@, in which non-planar disloca-
tion loops and horizontal edge dislocations, with Burger’s
vector in the xy-plane, act as sources for vacancy and in-
terstitial line defects. This resulting climb-like motion
provides a mechanism for the relaxation of an externally
applied tilt, not present in the model of Ref. E We



find, however, that at long wavelengths there is no in-
dependent renormalization of the tilt and compressional
moduli by dislocations, other than that already induced
in the supersolid by fluctuations in the density and ori-
entation of vacancy and interstitial defects. This result
is somewhat puzzling and may be a consequence of the
Debye-Huckel approximation used to here. We are cur-
rently investigating the extension of the model presented
here beyond the (quadratic) Debye-Huckel treatment of
defects in order to answer this question. The coupling
of dislocations to vacancy and interstitial defects does,
however, affect the response to a shear tilt perturbation
that probes longitudinal superconductivity. While both,
the vortex supersolid and the vortex liquid fail to exhibit
longitudinal superconductivity, and are therefore always
entangled, in the supersolid it is only the response of the
vacancy and interstitial defects (which form only a small
fraction of the total vortex-flux density) that spoils the
Meissner effect, as
1
4 (1

where K is the tilt modulus of the vacancy-interstitial de-
fect gas. The transverse susceptibility x77, while larger
than —1/47— the value required for a perfect Meissner re-
sponse — remains negative (diamagnetic) and finite. We
expect therefore still an appreciable screening of longitu-
dinal currents, running along the applied field direction.
In contrast, for the orientationally ordered hexatic vortex
liquid (where dislocations loops also unbind), we find

(g
R

where cyy is the significantly reduced vortex liquid tilt
modulus, given by Eq.. At all, but very low vortex
densities ¢y ~ B? /471 and the diamagnetic susceptibil-
ity is therefore vanishingly small. Hence, as expected,
the fully entangled vortex liquid has essentially normal
response to a shear tilt perturbation and exhibits no lon-
gitudinal superconductivity.

We hope that the results for the properties of the su-
persolid and hexatic phases, and as well as for the tran-
sitions scenarios from and into them, presented here,
will serve as a useful guide for identifying these exotic
phases in experiments£d and simulationstd of vortex sys-
tems. It is also likely that the equilibrium analytical
description developed here will be useful for incorpo-
rating defectsg the current elastic theories of driven
vortex latticestdtd, as well as for interpreting and char-
acterizing s@Eresults of experiment;@r and numerical
simulationst?™ on these rich nonequilibrium systems.

B2
B 47TK)’

lim x5 (¢1,q. =0) = (5.1)
q1—0

B?
lim /5" . =0)= -— 5.2
Jim 7 (g1, g= = 0) yr— (5:2)
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VII. APPENDIX A: DETAILS OF COUPLING
CONSTANTS APPEARING IN THE
SUPERSOLID MODEL

In this appendix we study the phenomenological cou-
plings that appear in our model of a supersolid, defined
by the effective free energy Fis, Eq@ Our goal is to
determine the range of values that these parameters can
assume in a physically realistic model of a supersolid. In
Sec. we found that the effective supersolid moduli
ek and cf, Eqs., vanish at intermediate values
of the couplings v and +/, suggesting a vortex density
instability within the supersolid phase. The purpose of
this appendix is to show that such an instability is only
apparent and arises from our definition of parameters.

As we have seen in Sec.7 the supersolid effective
free energy consists of the elastic lattice part, Fjatt, the
vacancy-interstitial defect part, Fy, and a coupling be-
tween the elastic and defect degrees of freedom, Fiy,
given in Eq.@. The form of Fj,¢ was dictated by sym-
metry, with v and +' unknown phenomenological param-
eters. We argue here, however, that in a more realis-
tic model of a supersolid, the coupling between elastic
degrees of freedom and defects arises from fluctuations
in the magnetic induction, 6B, and therefore should be
written as an expansion in powers of dB. To lowest
(quadratic) order, such energetic contribution, when ex-
pressed in terms of vortex line density fluctuations dn
and t, lead to Fi,; given by

Fing = 2—711% / dr[a(on)? + o (1] (7.1)

Inserting the expressions for én and t given in Eqs.@ and
in Fiye, expanding the resulting expression and com-
bining it with Fiat and Fy, we find Fis = Flatgt + Fq + Fint

1 K 27 25/
/ dr [Qaﬁﬁufj + (611 — 2666) U2y + Ea(00)2 + —5 (0na)? + 5 (62)% + LongV - u+ Lty - [Lu} . (1.2)
XNg ng no no



Clearly Eq. E has the same functional form as Fyg stud-
ied in the main text. The coupling constants, however,
are given by

We can now reexpress the renormalized supersolid
moduli c¢f and ¢fy, given by Eqs. and , respec-
tively, in terms of the couplings of the model defined here,

with the result

i1 =cnnta, (7.3a) -1 —1
s cux '+ (e +x a
C66 = C66 » (7.3b) Cﬁ = ot ) (7.4a)
&44 = 044 + a/ s (73C) C44K + (C44 + K)a/
=y 7.3d ciy = : (7.4b)
X X  ta, ( : ) cqs + K
K=K+d, (7.3e)
S g (7.3f) which clearly do not vanish (or diverge) for any pos-
:t N , ' itive values of « and «’. Hence the instability found
7= (7.3g) in Sec. was spurious, an artifact of expressing our

results in terms of v and +" and allowing these coupling
constants to access values that are unphysical in a generic
model of a supersolid.

and they all depend on the two independent parameters
a and o', which are always positive.

VIII. APPENDIX B: THE DEFECT FREE ENERGY

Here we give the expressions for the various kernels contained in the defect free energy of Eq.. The nonlocal
kernel R,; g; is given by

N 1
Raipj(a) = q_gBai,ﬁj(q) + A (Q) + Eai g, (8.1)

where
Baipja) = {Caiﬁj - Caikav(Ail)lenCnlﬁj} €arpdr€perde, (8.2)

describes the long-range interaction between dislocation loops in the absence of vacancy and interstitial defects, while

1 Vg2 Yok ) .
Avivi(@) = — (K - —z)ezaifwj - [Ezkaiﬂiézﬁj + fzkﬁlujézm'] (8.3)
a1 I'n q
/ ~
Y 429u9~9 Lk
qz2ql1;L [CﬂkViEVVOZEZﬁj + CHijerﬁezai} . (84)

is the part of such interaction mediated by vacancy and interstitial defects. The matrix E,; g; describes the dislocation
core energy and is given by

Eai,ﬁj = 2Ee5o¢z5ﬁz5ij + 2E55ai5ﬁj + 2E;5a5(1 - (SQZ(SQZ)(L'J‘ + 2Eéemiezgj. (85)

The effective interaction between the vacancy and interstitial defects is described by the two scalar kernels

Lo @ 2}
A :—[ Lok (2 —L}, 8.6
(a) X el (v=7'¢/a1) (8.6)
and
1 V2

Cla) = — | K - =E|. 8.7
(@ = [K ~ 5 (3.7)

Finally, the tensors D,; and G, describe the coupling between the dislocation loop gas and the liquid of vacancy-
interstitial defect lines, and are given by

1 . qL 2/ 2\ - . KA 2/ 2
Dai(q) = 109 { [’7551' - '7/63ZQJ_iQZ/qJ_] - T, (’7 - VIQZ/QL)QMQJ_iCMjBi}EﬁvaqV - n_O [E + T, (’7 - VIQZ/qL)} Czavis (88)
Goi(@) = 2 [105.C1 — 22, Corii] €mad 8.9
ai(d) = g V082U FTqu i nisi | €8yaly; (8.9)

with éi =€;;G1j and e = QS/‘L
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