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The dynamics of melting in two dimensions is studied, assuming that solids melt into liquids
via a sequence of dislocation and disclination unbinding transitions. The hydrodynamics of
solids, hexatics, and liquids in the presence of dislocations and disclinations is described as well
as the dynamical response near the solid-hexatic and hexatic-liquid transitions. Although the
theory is constructed with applications to free-standing liquid-crystal films in mind, it should be
suitable with various modifications for films on solid substrates, lipid monolayers on water, and

other systems.

I. INTRODUCTION
A. Purpose

There is now considerable theoretical and experi-
mental interest in melting of thin films which are
essentially two dimensional. Theoretically, one may
be able to understand melting of these materials in
terms of the dislocation mechanism proposed by Kos-
terlitz and Thouless."2 According to this point of
view, melting occurs when thermally activated dislo-
cation pairs dissociate at sufficiently high tempera-
tures.

Of course, dislocations have long been proposed as
a mechanism for three-dimensional melting.> Indeed,
it is very tempting to view ordinary melting in terms
of a sudden proliferation of dislocation loops in the
solid phase. Shockley® argued that a liquidlike
viscosity would result from the response of a tangled
array of dislocation lines to an applied stress. Unfor-
tunately, little analytical progress has been made in
elaborating this picture of a liquid as a ‘‘heavily dislo-
cated solid.”

The situation is quite different in two dimensions,
where dislocations are pointlike imperfections. Re-
cent theoretical analyses*® have brought powerful
tools developed in the renormalization-group theory
of critical phenomena’ to bear on this problem. In
Ref. 5 (henceforth referred to as 1), it was found that
two separate phase transitions are required to com-
plete the transition from solid to liquid in two dimen-
sions. Dislocations unbind at a temperature 7, into
a phase with short-range translational order, but with
persistent correlations in the orientations of bond an-
gles. The properties of this phase are similar to those
of a nematic liquid crystal, except that triangular lat-
tices melt into a phase with persistent sixfold, rather
than rwofold order. Paired disclinations in this hexatic
liquid-crystalline phase ultimately unbind themselves,
driving a second transition at a higher temperature 7;
into an isotropic liquid.

A precise characterization of the three phases
described above rests on the large distance behavior
of translational- and orientational-order-parameter
correlation functions. Translational order is described
by the local Fourier components pg (T) of the densi-
ty evaluated at a set of reciprocal lattice vectors [G).
For the theories we shall consider here, one can take
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where U(T) is the displacement field at position T.
Sixfold orientational order is characterized by the
complex quantity

G(T) =et0) (1.2)

where #(T) is the orientation relative to some fixed
reference axis of the bond between two nejghboring
atoms (see Fig. 1). Two-dimensional solids are
characterized by algebraic decay of translational corre-
lations at large T, but long-range order in the orien- ~
tations, ‘

(pg(T)pk (D)) ~ 6" (1.32)
lim ((T)p*(0)) =const =0 . (1.3b)

It will be convenient to speak of ‘‘quasi-long-range

P

\\ ) //ie
P - /I \\.

¢

FIG. 1. ‘“‘Bonds’’ (dashed lines) joining a central atom to
its six nearest neighbors. Each such bond makes an angle 6
with a fixed reference axis.
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order”” when correlations decay like power laws as in
the Eq. (1.3a). Translational order decays exponen-
tially in the hexatic phase, but there is quasi-long-
range order in y(T),

(pg(T)pE(0)) ~ D , (1.4a)

.—"6( 7

(W(T)* () ~» (1.4b)

Both quantities exhibit short-range order in liquids,

(pg(Flpg @) ~ /4" (1.5a)

TRy (1.5b)

(P(TIy*(0)) ~e
A schematic and very tentative pressure-temperature
phase diagram is shown in Fig. 2. All of the above
phases appear, together with a vapor phase.

What makes two-dimensional melting particularly
intriguing is the rich variety of experimental systems
which can be investigated. As discussed in I, the
theory is applicable with some modifications to physi-
adsorbed monolayers on a periodic substrate.® The
Wigner crystal of electrons pinned to the surface of
helium observed recently by Grimes and Adams’®
may also melt in a way consistent with the theory.
Free-standing smectic liquid-crystal films'®!' might
provide some of the best realizations of isolated,
two-dimensional liquid and solid phases. Birgeneau
and Litster'2 have suggested that the theory could be
helpful in understanding bulk smectic liquid-crystal
phases. Finally, one might hope that the theory ap-

FIG. 2. Possible pressure-temperature phase diagram for
circularly symmetric molecules with an attractive potential.
Hatched lines indicate first-order transitions. The lines
T,,(p) and T;(p) are loci of the dislocation and disclination
unbinding transitions discussed in the text. Many different
phase diagrams are possible, and this figure represents only
one guess.

plies to lipid monolayers floating on water, provided
transitions associated with the hydrocarbon chains
can be excluded.

To make contact with these experimental situa-
tions, it is particularly important to extend the equili-
brium melting theory to dynamical situations.

Indeed, many experiments actually measure the
response of systems to space- and time-dependent
external perturbations. Moreover, the predicted ther-
modynamic properties are not always particularly
striking or even observable. Although there should
be a jump discontinuity in the shear modulus and
singular behavior in the structure factor at the dislo-
cation unbinding transition, pressure-area isotherms
and specific heat curves should have only unobserv-
able essential singularities. As we shall see, the
behavior of dynamical quantities can be more spec-
tacular.

In this paper, we extend the melting theory to the
time-dependent properties of solids, hexatics, and
liquids, and study the dynamics of the transitions
separating these phases. We shall focus in particular
on situations where most of the conservation laws,
applicable to truly two-dimensional matter, remain in-
tact. Temperature fluctuations are neglected
throughout, although this is not a fundamental limi-
tation of the theory. Our results pertain most directly
to free-standing smectic liquid-crystal films, where
momentum and number density are conserved to a
good approximation.

With suitable modifications, the theory can be tak-
en over to other interesting experimental situations.
For example, melting of a physiadsorbed monolayer
on a glassy substrate could be treated by discarding
the conservation of the momentum variable g(T,)
which enters most of our analysis. One must then
introduce an extra term in the equation of motion for
g which causes it to relax rapidly to a value deter-
mined by the local stress forces,

dai

Here, o is the usual stress tensor associated with a
conserved momentum density and the term propor-
tional to T breaks this conservation of g§. Conserva-
tion of number density must also be discarded, if the
adsorbate is in equilibrium with a dense bulk vapor
phase. .

For lipids or other amphiphillic molecules floating
on water,'® one must solve simultaneously the hydro-
dynamic equations of the liquid substrate, together
with those for the lipid monolayer phase, with suit-
able boundary conditions.'* The transport coeffi-
cients worked out in this paper would enter as input
parameters in such calculations. .The dynamics of
electrons on the surface of helium can be treated in a
similar fashion, provided one takes account of effects
associated with the long-range Coulomb interaction.
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Some support for the equilibrium melting theory
can already be found in recent computer experi-
ments. Frenkel and McTague!d find two distinct
melting transitions, with no observable latent heat, in
a molecular-dynamics simulation with a 6-12
Lennard-Jones potential. A computer simulation by
Morf!6 suggests that the two-dimensional electron
crystal observed by Grimes and Adams’ melts at a
temperature consistent with the theory, provided re-
normalization of the shear modulus is taken into ac-
count. The dynamical results reported here should
also be testable by molecular-dynamics methods.

The dynamical quantities measured by Frenkel and
McTague are discussed in Sec. VIE. Our conclusions
may be especially useful in estimating the times
necessary to reach equilibrium in a computer experi-
ment. There are pronounced *‘critical slowing down”’
effects (divergent relaxation times) near the disloca-
tion and disclination unbinding transitions, so partic-
ular care is required in simulations near these tem-
peratures. A pair of such temperatures, where equili-
brium is reached very slowly, might lead to erroneous
“‘hysteresis loops’’ in computer experiments.

B. Generalized hydrodynamics

Our treatment of melting dynamics consists of two
parts. We first discuss the ordinary, defect-free hy-
drodynamics,'” of the solid, hexatic, and liquid
phases (Secs. II and III, below). This discussion
focuses attention on a few long-wavelength, slowly
varying modes determined by conservation laws,
symmetry considerations, etc. One finds results
parametrized by quantities like equilibrium elastic
constants, and by a set of unknown transport coeffi-
cients.

In the remainder of the paper we concentrate on
the dynamic behavior in the vicinity of the two tran-
sitions 7,, and 7;. Our purpose is to predict the tem-
perature dependence of the transport coefficients ap-
pearing in the hydrodynamic equations, and to
analyze the breakdown of hydrodynamics at finite
frequencies, near the transitions. The treatment here
rests on a generalization of hydrodynamics to include
an equilibrium concentration of defects. Specifically
we regard the system near T, as a solid with a small
concentration of dislocations (bound dislocations for
T < T,; free dislocations and bound dislocations for
T > T,). Near T;,, we consider the system to be a
hexatic together with a small concentration of discli-
nations. For simplicity we consider only the melting
of a regular triangular solid.

The independent hydrodynamic equations in a par-
ticular system are associated with the appropriate con-
served densities, as well as with the ‘‘phases’” of any
order parameters characterizing a locally broken con-
tinuous symmetry. In two-dimensional liquids,

where there are no broken symmetries, four hydro-
dynamic equations describe conservation of the
momentum g(T,7), number density #» (T.r), and en-
ergy density e(T,7). At long wavelengths one finds a
pair of longitudinal sound frequencies, as well as dif-
fusive shear and thermal modes.

Hexatics are characterized by an additional term in
the free energy, relative to that for a liquid, namely,

SFH=_;'KA(T)II§®|2(I2" . (17)

Here, ©(r) is related to a smoothed version of the
microscopic bond-orientation order parameter (1.2),

V(T) = () cen = | W50 | (1.8)

where ( ). means an average over a ‘‘cell’” centered
at T. If there are no free disclinations present, it is
always possible to find cells large enough so that
O(T) is single valued and continuous. Cuts must, of
course, be introduced to make the microscopic
bond-angle field #(T) single valued in the presence
of disclinations. The Frank constant K, (T), which
measures the energy associated with deformations in
O(T), is related to ne(T) by’

Mne(T)=18kg T/wK,(T) . (1.9)

The temperature dependence of K, (7T) between T,
and T; was worked out in I, and is displayed in Fig. 3.
Five hydrodynamic modes emerge when an equa-
tion of motion for ®(T,r) is coupled to the conserved
densities. Longitudinal sound and thermal diffusion
exist, just as in a liquid, but there are two transverse

modes arising from the coupling of @(T,r) to the
transverse momentum density. Just as in a nematic
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FIG. 3. Variation of the renormalized Frank constant
K4 (T) in the hexatic liquid-crystal phase. This quantity
jumps discontinuously to zero at 7; and diverges like .fi as
T —T,. The jump discontinuity is preceeded by a square-
root cusp, and must lie on a line with slope 72/7.
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liquid crystal,'® the characteristic frequencies of these
modes can be either purely diffusive, or else acquire
a real part proportional to wave vector squared. Only
two transport coefficients, in addition to the Frank
constant K, (T), are necessary to completely charac-
terize these excitations at long wavelengths. In Sec.
VIE, we argue that these modes are purely diffusive
near the transition temperature 7; found by Frenkel
and McTague,"’ as well as near T,,.

In solids, the appropriate hydrodynamic order
parameter is an average of (1.1),

56(?)=(pG')ceIIE‘;_)Glé’ia'U(—r.) N (110)

which defines a macroscopic displacement field
U(T). For sufficiently large cell size, this field is
single valued and continuous, provided dislocations
exist only in neutral bound states. The two com-
ponents of U(T), in addition to the conserved densi-
ties, must lead to six independent hydrodynamic vari-
ables in two-dimensional solids. As noticed by Mar-
tin er al.,'® the shear and longitudinal sound waves
(four modes in all), together with the thermal diffu-
sion mode arising in standard treatments®® of solid
hydrodynamics, do not exhaust this number. They
correctly identified the missing mode with a con-
served ‘‘net defect density”> N,(T,1), defined as the
difference between the density of interstitials N; and
the density of vacancies N,

Na(T,0)=N,(T,t) =N, (T ,1) . (1.11)

The quantity N5(T,) is conserved, because vacan-
cies and interstitials are created and destroyed in pairs
in a solid, and fluctuations in N, relax by a diffusive
hydrodynamic mode."’

In Secs. 11 B and III C, where the results of Ref. 19
are rederived, we have found it convenient to elim-
inate 8n (T,1), the local change in the number densi-
ty, in favor of 8N, (r,1),

SNA(_I'.,[)=8”(?,1)+170Uii(?,') . (112)

Here, n is the average number density, and
3N,(T,t) is the local change in the net defect densi-
ty. It is important to include in the free energy a
term coupling 8V, to the lattice dilation Uj;, in addi-
tion to the usual elastic free energy,

Fe|=%fdzl'(2}LRU,'j2+;\RUkzk) , (1.13)
where

and pp and X are elastic constants defined at con-
stant net defect density.

Our discussion of hydrodynamics, and, indeed, all
the analysis in this paper, neglects well-known prob-
lems?! caused by the slow decay of time correlation

functions in two dimensions. When ‘‘mode-
coupling’’ nonlinearities in the hydrodynamic equa-
tions are taken into account, one typically finds diver-
gences in the Kubo formulas for transport coeffi-
cients. The wave-vector- and frequency-dependent
viscosity mg (k, w) of a liquid, for example, is expect-
ed to diverge for kK =0 at low frequencies,

120, w) ~In'"2(1/w) . (1.15)

Analogous divergences have been found?? in trans-
port coefficients describing two-dimensional solids
and hexatics. It is unlikely, however, that such loga-
rithmically weak singularities have observable conse-
quences at experimentally accessible wave vectors
and frequencies. The theory described here predicts
much stronger divergences in certain transport coeffi-
cients as a function of temperature near the disloca-
tion and disclination unbinding transitions.

Just as in ordinary phase-transition problems,? hy-
drodynamics becomes inadequate near the continu-
ous phase transitions separating solids, liquids, and
hexatics. To determine the dynamical response and
behavior of transport coefficients near 7,, and 7;, we
must generalize our dynamical equations to include
effects of dislocations and disclinations.

Dislocations and disclinations clearly can have an
important effect on the microscopic displacement and
bond-orientation fields. A simple illustration is pro-
vided by a square lattice solid with uniform shear
boundary conditions (Fig. 4). After a sufficiently
long time, dislocation pairs should nucleate, unbind,
and travel to the edges, relaxing the internal
stresses?* (Fig. 4). Although this kind of “‘plastic
flow”’ can be treated using the diffusive model
described in Sec. IV D, we shall focus here on similar
effects produced by motion of free dislocations, re-
garding the hexatic phase as a kind of ‘‘heavily dislo-

(a) (b)

FIG. 4. Relaxation of a crystal under applied shear, by
the motion of dislocations through the sample (plastic flow).
Crystal (b) satisfies the same macroscopic boundary condi-
tions as (a), but there are no internal stresses.
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cated solid.”” We expect a density
ny == €3 (1.16)

of screened free dislocations (with a screening length
of order £,) in the hexatic phase, where £,(T) is the
correlation length defined by Eq. (1.4a). Near T, it
has a very strong temperature dependence,> ¢

£.(T) ~exp(b/|T —T,[036963---) | (1.17)

where b is a constant. If the recent theories of
dislocation-mediated melting are correct, the combi-
nation of free dislocation motion and solid hydro-
dynamics should produce the characteristic excita-
tions of a hexatic, with transport coefficients depend-
ing on n,. At finite frequencies, bound dislocation
pairs will also contribute to the dynamics, both above
and below 7,,.

Disclinations play a very similar role near 7;. Dis-
clination motion couples to the microscopic bond
orientation field in much the way that vortices affect
two-dimensional superflow.?>%¢ Regarding a liquid as
a hexatic with a free disclination density

nf=¢g5? (1.18)
with®
g,=exp(b/|T—T|'1) (1.19)

we can determine the temperature dependence of
liquid transport coefficients just above 7;. Bound dis-
clination pairs must be taken into account at finite
frequencies.

To implement this program we have constructed
‘“‘semimicroscopic’’ dynamical models of solids with
dislocations and of hexatics with disclinations. In
solids, we allow moving dislocations to interact with a
microscopic strain field u;(T,1) and a microscopic net
defect density 8n,(T,1). The coupling to defects is

important, since dislocations ‘‘climb’’ (move perpen- -

dicular to their Burgers vector) only in the presence
of vacancies and interstitials.?* Defects are not re-
quired for a dislocation to ‘‘glide’’ parallel to its
Burgers vector. Disclinations interact with the niicro-
scopic bond-orientation field #(T,1).

Our model equations resemble Maxwell’s equa-
tions, in the way that dislocation and disclination
charge densities and currents couple to the semimi-
croscopic hydrodynamic variables. Just as in the elec-
trodynamics of metals and insulators, constitutive re-
lations are used to eliminate dislocation and disclina-
tion currents, and obtain a closed set of equations.
The form of the constitutive relations is determined
by a temperature-dependent division of dislocations
and disclinations into free and bound pairs. Bound
singularities may be incorporated into a kind of
“‘dielectric constant,”” while free singularities give rise
to a ‘‘conductivity’’ proportional to their density.

C. Results and outline

The principal result of this paper is a semimicro-
scopic model of melting dynamics, which combines
the correct conservation laws and symmetries with
important dynamical effects due to dislocations and
disclinations. The equations of motion defining the
model can be applied to a wide variety of interesting
experimental situations. Of course, the modifications
necessary for systems on substrates described in Sec.
I A must be made. Although applications to specific
experitnents have not been worked out in detail,
there are a variety of interesting results, pertaining
most directly to free-standing liquid-crystal films,
which we summarize here.

Figure 5 shows different regions of the
temperature—wave-vector plane, corresponding to
different kinds of transverse excitations. Below T,,,
one finds the usual shear sound waves, which prop-
agate even above T, at finite wavelengths. This
behavior is consistent with a uniform shear modulus
which drops abruptly to zero at 7,,," %7 but is con-
tinuous and nonzero through 7, at finite wave vec-
tors and frequencies. Damping caused by coupling of
shear sound to dislocations increases until shear
waves become ill defined in a region above T, such
that

g ~=const&z? . (1.20)

Below T,,, we expect that bound dislocation pairs
contribute an anomalous damping to shear waves,
which tends to zero at long wavelengths as a
temperature-dependent power of the wave vector ¢.
Although we have not studied this effect in detail, it
is very similar to the anomalous damping of third
sound worked out in Ref. 26.

q
SHEAR HEXATIC VISCOUS
WAVES MODES DIFFUSION
Tm Ti
T

FIG. 5. Different regions of the wave-
number—temperature plane describing different kinds of
transverse excitations. Transverse sound propagates below
T,, and above T,, up to the blurred region where
k ~const§;2. In the hydrodynamic region (k&,) <<'|
above T, one finds the two diffusive excitations of the hex-
atic phase, which exist also above T; at finite wavelengths
and change into liquidlike excitations for kA < §;'.
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As g tends to zero at fixed T > T,,, one eventually
passes through the region (1.20), and finds the
characteristic excitations of a hexatic. Here, both
hexatic frequencies are diffusive, with no real part,

wy=-—D,q% w_=-D_q% . (1.21)

The diffusivity D_ remains finite for ¢ very small as
T — T,F, while D, diverges strongly,

This behavior is only manifest for ¢ << const ¢32,
however, and may be difficult to observe experimen-
tally. As one would expect intuitively, the viscosity
of the hexatic phase is inversely proportional to the
density of free dislocations, so that the viscosity
diverges as £%, when T — T},

As shown in Fig. 2, the Frank constant K, (7) is
expected to remain finite as 7 approaches the transi-
tion T7; to the isotropic phase. Correspondingly, one
finds transverse hexatic hydrodynamic modes above
T; at finite wavelengths, with a changeover into
liquidlike excitations for

g=§&' . (1.23)

In the liquid hydrodynamic region (¢ << £;'), the
shear viscosity remains continuous through 7;, and
becomes equal to the viscous coefficient n(7) in the
hexatic hydrodynamic equations,

n(T*)=n(T;)=const . (1.24)

There is actually some ambiguity in the definition of
a hexatic shear viscosity, since there are two

transverse diffusive modes. If, following Frenkel and -

McTague,' one defines an effective shear viscosity
mesr in terms of the zero-frequency transverse-
momentum correlation function, the resulting quanti-
ty should jump discontinuously to a larger value as 7
is decreased through 7;. This jump is related to the
jump in K,(T) at T;, and will be rounded off at fin-
ite wave vectors and frequencies (see Fig. 3 of Ref.
15). The relation of the hexatic hydrodynamic
parameters to various macroscopic measurements of
an effective viscosity is discussed in Appendix A.
Gradients in the bond-orientation field relax to zero
more and more slowly as T — T;*, at a rate propor-
tional to &3 _

Important insights into two-dimensional melting
could be obtained by studying the response to a uni-
form, time-dependent shear near 7,,. Such an exper-
iment would be very analogous to the oscillating sub-
strate experiment of Bishop and Reppy,?” which
showed clearly the importance of vortices in under-
standing superfluid helium films. It should be very
straightforward to adapt the analysis of Ambegaokar
et al.® for the superfluid, and predict the frequency-
dependent shear modulus and absorption of energy
near T,,. The necessary equations of motion, which

include effects of free and bound dislocations, are
contained in Sec. V. We expect a peak in the absorp-
tion above T,,, and a finite frequency shear modulus
which is continuous through the dislocation unbind-
ing transition.

The propagation of longitudinal sound near T, is
also quite interesting. Compressional sound waves
propagate with characteristic frequencies,

w,t=t(‘,q—%D/q2/ , (125)

above the dislocation unbinding transition. Below T,
there are additional, nonanalytic contributions to the
damping, similar to those discussed above for shear
waves. The damping constant D, diverges as 7 — T}
in the hexatic hydrodynamic region,

D~ &, (1.26)

and is associated with a diverging viscosity. At the
same time, a mode which becomes defect diffusion
below T, exhibits “‘critical slowing down,’’ relaxing
at a rate £3%. When measurements of D,;(7T) are car-
ried out at finite momenta, we expect a maximum at
temperatures above 7, such that

g =Aexp(—B/|T —T,|036963.-) | (1.27

where 4 and B are constants. The sound velocity
¢;(T) should rise smoothly with decreasing tempera-
tures from its hexatic value to a larger value in the
solid. For reasons explained in Sec. V, the response
to a uniform, time-dependent compression at 7, is
somewhat more complicated than the corresponding
shear experiment. Nevertheless, we expect an
anomalous absorption of energy just above 7, and a
rise in the frequency-dependent bulk modulus with
decreasing temperatures.

The remainder of this paper is arranged as follows:
In Secs. II and III, we describe the long-wavelength
static and hydrodynamic properties of solids, hexat-
ics, and liquids. The capital letters U;, 8N4, and ®
are used to denote the displacement, defect density,
and bond-orientation fields in these sections to em-
phasize that these are macroscopic, smoothed analogs
of the corresponding microscopic fields, with no
singularities due to dislocations and disclinations. A
semimicroscopic model of a solid with dislocations is
described in Sec. IV, where u; and 81, denote micro-
scopic versions of the displacement and defect densi-
ty fields. The model is solved near the dislocation
unbinding temperature in Sec. V. A similar program
is carried out for a hexatic with disclinations in Sec.
VI, where 6 denotes a microscopic bond field.

The relation between the hydrodynamic coefficients
and various measurements of the viscosity in the
hexatic phase is discussed in Appendix A. Some
computational details of our study of the dynamics
near T,, are given in Appendixes B and C.
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II. EQUILIBRIUM PROPERTIES

In this section, we review the long-wavelength
properties of liquids, hexatics, and solids in equilibri-
um. Although liquids and hexatics are quite easy to
treat, care is necessary to properly incorporate defects
like vacancies and interstitials into the description of
a solid. Temperature fluctuations will be neglected
for simplicity.

A. Liquids and hexatics in equilibrium

Following the usual methods of equilibrium statist-
ical mechanics,?® we expect that the probability of
fluctuations in the momentum density, (T), and in
the number density, n (T), are given by a free ener-
gy in the liquid phase of the form,

20w (=24 B 2, =112
fd/[g(r)l +2n§ fdz[&n(r)] )

FL =
2mng

2.1

Here, 8n(r) is the deviation of the number density
from its equilibrium value 1y, and the probability of a
fluctuation is proportional to exp(—F,/kzT). The
quantity m is the mass of the constituent particles,
while the inverse isothermal bulk modulus or isother-
mal compressibility is just

94
ap

where A is the area of the system, and p the two-
dimensional pressure.

According to the results of I, a phase of matter can
exist in two dimensions with residual sixfold order in
bond-angle correlations, but with short-range transla-
tional order. Fluctuations in the average bond-angle
field ®(T) of this hexatic phase may then be
described by a free energy,

L

-1 _
B A

(2.2)

T

FH=FL+—;KA f(lzl'(vg)z , (23)

where K, measures the resistance to long-wavelength
distortions of the bond-angle field. Since disclina-
tions have already been averaged out in this descrip-
tion we can take ®(T) to be a single-valued, continu-
ous function. The stiffness parameter K,(7), which
is analogous to a Frank constant in a nematic liquid
crystal, is expected to have the temperature depen-
dence shown in Fig. 3, as one goes from the solid
transition temperature 7, to the transition to a liquid
at 7,.°

B. Solids in equilibrium

To apply the general formulas of thermodynamics
to solids, we must know the free energy as a function

of the elastic degrees of freedom and the conserved
densities. As was pointed out by Martin er al.,' it is
important to distinguish between local lattice defor-
mations and local changes in the number density. At
any nonzero temperature interstitials and vacancies
are present in finite concentrations, allowing for mass
transport independent of deformations of the lattice.

We shall consider only small deviations from a
state of thermal equilibrium at a temperature 7 and
a reference pressure po. Expanding the free energy F
up to second order in small fluctuating quantities,
and assuming a constant pressure p, at the boun-
daries, we find

1 2 fmf =2
F= 12y
2110mf( llg(r)|

+ 4 [ P 2up U + R UR(T)]

1
———— | @ [8N,(T)]?
2né X f( rlaNa (]

+l’ifd2,- Ui(TI8N,(T) (2.4)
Ho

where Xz and yp are phenomenological coefficients,
and the remaining quantities have been defined
above, in the Introduction and in Sec. IT A.
(Throughout this paper we use a summation conven-
tion on Latin indices, and we use the notation U} to
mean U;U;.)

The physical interpretations of the four terms on
the right-hand side of (2.4) are as follows. The first
term is simply the kinetic energy associated with the
momentum density g. The second term represents
the elastic energy of a deformed isotropic body, as
given by continuum elasticity theory,?® and neglecting
any changes in the net defect concentration N,, de-
fined as the difference between the density of inter-
stitials and vacancies. The third term is the free en-
ergy change due to a change in the net defect concen-
tration when the lattice constant is held fixed. Final-
ly, the fourth term gives the coupling between fluc-
tuations in the defect density and the strain field; it is
the only possible bilinear coupling between the tensor
U, and the scalar 8/V,. Fluctuations in the local
number density n (T) are accounted for by changes
in U; and 8N ,, as mentioned in the Introduction,
and discussed further in Sec. 1 C below.

The coupling between the elastic degrees of free-
dom and fluctuations in the local temperature has
been neglected in (2.4). The strength of this cou-
pling is determined by the relative difference
(C,—C,)/C, of the specific heats at constant pres-
sure and at constant volume. This quantity is usually
small in solids. However, temperature fluctuations
can be easily incorporated into (2.4) by an additional
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term in the free energy?

Cy

1 -
FT=5 T fdzr[ar(r)]2

+a1 fdzl' ST(?)U,,(T.)

ta [ aT(FIaNA(F) . 2.5)

Temperature fluctuations could be accounted for in
the liquid and hexatic phases in an analogous fashion.
Henceforth, we shall neglect temperature fluctuations
in the solid phase.

We may note that at low temperatures, there will
be an equilibrium density of vacancies and intersti-
tials N2 and N, proportional to Boltzmann factors,

NO o VR8T N TE BT (2.6)
where £, and E; are the enthalpy changes associated
with the creation of a vacancy or interstitial. By def-
inition, we have

N8 =NS-NQ . (2.8)

It is easy to show that at low temperatures, the sus-
ceptibility Xy is proportional to (NJ + N°)/kgT,
which is very small for sufficiently small 7.

It will be convenient below, to consider the
response of the solid to a small change in stress ap-
plied to the boundary. For this purpose, one should
add to the interior free energy (2.4) a boundary term,

F“”=§dl o-,,(%ﬁ,l]j+-;—ﬁjU,«+nO"ﬁ[ﬁjZA) , 9

where the integral is along the boundary of the sys-
tem. Here, and throughout this paper, o;(T) is the
deviation of the stress tensor from its equilibrium
value at the reference pressure po. The quantity

U (T) is the displacement at point T, and # is a unit
vector in the plane of the film and normal to the
boundary of the sample; i.e.,

Adl=—3xdT1, (2.10)

where 7 is the normal to the sample, and dT is
tangent to its boundary. The quantity 3,(T) appear-
ing in (2.9) is the net number of extra atoms per unit
length accreted at the surface because of the flow of
interstitials and vacancies to this boundary. Conser-
vation of particle number implies

9%, . -

—a';"—"—ll‘JA N (211)
at the surface and
ON, S
—=-V": , 2.12
o Ja (2.12)

in the interior, where J, is a macroscopic defect

current. Thus

9 - 2 m |
& Gasa-- [y 2.13)
or equivalently

$arsi=—[aron, . 2.14)

Let us now specialize to the situation where the
stress at the boundary is caused by a uniform hydro-
static pressure so that

0‘,~j=—8,15p , (215)

where 8p =p — py. Since U is single valued in the
solid phase (no dislocations are present at this level
of description), we can use Green’s theorem to write

L Gy +mupa=faru, (2.16)

Using (2.14) and (2.16), we can now transform the
boundary free energy li“” to an integral over the
area of the film, F'*)(U, 3,) = F'2)(Uy, 8N,), where

F(o)_:_spfadl.(uﬁ_no—l SNA) . Q.17

We may note that the integral in (2.17) is just 84,
the change in area of the system, relative to the
equilibrium area at pressure p,.

In equilibrium the free energy must be minimized
with respect to small variations of U; and 8N,

S(F+F ) /sU;=0 , (2.18)
S8(F+F')/8(6Ny) =0 . (2.19)

For the pure compressions under consideration,
(2.18) reads

([J,R +;\R)Uii+‘yR8NA/"0=_6p , (220)

describing a mechanical equilibrium, which is reached
in a relatively short time, comparable to the system
size divided by the longitudinal sound velocity. For
complete equilibrium, (2.19) must also hold,

XEISNA/IIQ+7RU,-,~=5p . (221)

The characteristic time scale for this equilibrium to
be reached, however, is given by the defect diffusion
time, which in the long-wavelength limit is much
longer than an inverse sound frequency.

Solving (2.20) and (2.21) for U; and 8N, as func-
tions of 8p, one can express the compressibility (i.e.,
the inverse bulk modulus),

U; SN

L84 __ Ju, 1 9%a (2.22)
A dp dp ng 8p

in terms of yg, Xz and the elastic constants ug, Ag:

B™'=(pr + g —vAXg) 'L+ (ug +Ag +2y)Xr] .

(2.23)
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If one were to measure the bulk modulus at times
long compared to the elastic relaxation time but short
compared to the defect diffusion time, the resulting
equilibrium would be determined by (2.20) and the
relation 8N, =0. The effective bulk modulus in this
situation would be

Ui N
Be_f] =——57;=1/(MR +Ag) . (2.24)

It should be emphasized that in situations where
the strain is nonuniform, the components U,,, U,
and U,, cannot be regarded as three independent
variables at each point. The condition that Uj; is
derived from a single-valued displacement function
U(T) imposes restrictions on the strain. It is con-
venient to express Uy in terms of a nonsymmetrized
derivative of the displacement field,

Uy=~(Wy+ W), (2.25)

Then W, obeys the condition
€0 W;=0, (2.27)

where €; is the antisymmetric unit tensor

L
=11 0

When a net density of dislocations is present, it is
no longer possible to derive W;; from a continuous
and single-valued displacement field U(F), and Eg.
(2.27) is no longer valid.

(2.28)

III. HYDRODYNAMICS

In this section we review conventional hydro-
dynamics for the solid, hexatic liquid crystal and fluid
phases, following Refs. 19 and 29. One first has to
isolate those degrees of freedom whose relaxation
rates go to zero in the long-wavelength limit. In all
three phases the conserved densities of momentum
€, energy €, and number # of particles have to be
considered

an(T.0)=—1/m) T -E(T.0) , 3.1
6,},’,‘(?,f)=aj0'[j(_r'.f) , 3.2)
8,e(T. ==V -TAF,0) . (3.3)

All quantities are averages over a hydrodynamic
volume, small with respect to macroscopic scales and
large compared to microscopic scales.

A. Liquid hydrodynamics

For an isotropic fluid the conserved densities are
the only slow variables. Equations (3.1)—(3.3) have
to be supplemented by constitutive relations for the
stress tensor o; and the energy density current j . 3

oy=—pd;+afs . (3.4)
U‘?is___ [aigj+aj.§’i—(‘—7.'§)5,-j]+ (6'@)8,] ,
mmg . nng
(3.5)
Je=(eg+p)—t——i,; 9T . (3.6)
mng

The quantity «; denotes the thermal conductivity, 5
and { the shear and bulk viscosity, and €, and p, the
equilibrium energy density and pressure. The argu-
ments (T.7) of all fluctuating quantities have been
suppressed. Solving (3.1)—(3.6) in the long-
wavelength limit, one finds in two dimensions pro-
pagating sound (), one heat diffusion mode (w;).
and a decoupled diffusion mode of the transverse
momentum (w,). The eigenfrequencies are

ot =t ek —LiDk? (3.7)
with
ct=B/mn, (3.8)
and
n-{-é Kr Cp
D, = +——1-L2 -1, (3.9)
mng  mnyC, | C, .
wr=—i(kr/mnyC,)k?* , (3.10)
and
w,=—i(n/mng)k? . 3.11)

If the coupling between temperature fluctuations and
sound modes is neglected, the speed of sound is
changed from its adiabatic value ¢, to the isothermal
value and the sound-wave damping has only a
viscous contribution.

B. Hexatic hydrodynamics

Both the static and dynamical properties of the
hexatic phase resemble those of nematic liquid crys-
tals. Because of the underlying sixfold symmetry,
fewer hydrodynamic parameters are required to
characterize the motion than for a nematic.'”'83!
There are five hydrodynamic modes in all, associated
with number, energy, and momentum conservation,
as well as the local orientational order. With the
neglect of temperature fluctuations, we are left with
four independent hydrodynamic equations.
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Hydrodynamic equations of motion for ®@(T,),
g(T,1, and n (T,1) which relax to an equilibrium
probability distribution controlled by Eq. (2.3) are
readily constructed using, say, the methods of Ref.
17. To linear order in these quantities, we find

0dn l & -
von _ _ 1. 12
ot m & .12
@ﬁ=_%KA(Z‘x§)VZ®~£§8;1
t no
+-1 v+ (T8 . (13
mng mn
90 1 )
Y 1 e 3.14
or  2mny €;0i8; V7O, ( )

where 1 and { are shear and bulk viscosities, and ?Z is
a unit vector perpendicular to the plane of the hexat-
ic. The irreversible coupling x can be expressed as
the product of a kinetic coefficient I's and the stiff-
ness K4,

k=T¢K, . (3.15)

The first term of (3.14) just gives the precession of
bond angles in the local vorticity field (see Fig. 6). It
has a counterpart in the first term of (3.13), which
shows that the fluid moves in response to inhomo-
geneities in the bond-angle field. It is easy to check
that, when appropriate Langevin noise sources are
added to (3.12)—(3.14), the system relaxes to an
equilibrium probability distribution given by

exp(— Fy/kgT). The terms coupling the bond angle
and transverse momentum fields together can also be
derived by considering the ‘‘Poisson-bracket’ rela-
tion between © and g.

Projecting Egs. (3.12) and (3.13) onto the trans-
verse and longitudinal parts of the momentum densi-
ty g, one finds the usual longitudinal sound excita-
tions, with characteristic frequencies -

ot (@) =*tcqg—3Dq% (3.16)
where
¢ = (B/mny)'"” 3.17)

FIG. 6 Precession of the bond-angle field ®(s) when
V xg#0.

and
Di=(n+/mny . (3.18)

If temperature fluctuations were considered, an adia-
batic bulk modulus would replace the isothermal one,
and there would be additional contributions to the
damping.

The two transverse modes both involve the
transverse momentum and the bond orientation as in
nematic liquid crystals,*"3? the eigenfrequencies can
either be purely diffusive, or else acquire a propagat-
ing part proportional to ¢2, depending on the sign of
the quantity '

Ki [n__)
A= - -kl . (3.19)
mn mny .
For A negative, the modes are
wt(g)==3Dxq% | (3.20)
with
A L
Di=-"1 +xt||-L —k| ——2 , (3.21)
mng mny mng
while for positive A, they become
o) =t15q’=1Dg% . (3.22)
where
K 21172
6= |—24 - -—*I——K” (3.23)
mhgy mhg
and
D=1+« . (3.24)

mhyg

C. Solid hydrodynamics

In the solid phase we must incorporate the two
components of the displacement field into our hydro-
dynamic description. These quantities relax slowly,
even though there is no genuine long-range transla-
tional order in two dimensions. The bond-angle
field, ®(T,?) is not an independent hydrodynamic
variable in this phase, but is, in fact, slaved to the
displacement field U(T, 1),

0=1(3,U,—9,U,) . (3.25)

In a perfect lattice the time derivative mnoa,ﬁ would
be identical to the momentum density g, implying
n=— rzgdivﬁ. If, however, vacancies and intersti-
tials are present, the number density differs from
that of an ideal lattice by a ‘‘net defect density,”"’
defined to be the density of interstitials minus the
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density of vacancies. With this definition, we have
3 (T,0) =—ngU;(T,1) + 8N, (T,1) . (3.26)

It follows from (3.1), (2.25), and (2.26) that the net
defect density N, (T,r) is conserved and obeys a con-
tinuity equation

JNA(T.) ==V Ta(F.0) , 3.27)
where T5(T,1) denotes a defect current, defined by
(.0 =mned,U(T,0) +mT5(F.0) . (3.28)

We have used the single valuedness of the displace-
ment field in setting

8,U;=%-9,0 . (3.29)

To obtain a closed system of equations we must
specify constitutive relations for TA and o;. Neglect-
ing the coupling to temperature fluctuations, o; is
given by

S S (3.30)

with the same dissipative part as for an isotropic
liquid (3.5) and

v_ OF < 3Ny
ofv= =2up Uy + Mg U +vr A5/.I ,
SU; "o

(3.31)

where ug and Az are the isothermal elastic constants.
For the defect density we assume purely relaxational
dynamics

5F

Tam-rn3 @2
Ja BRFYTYN)

Na

+')’R U,‘,' (332)

- 4}
=—TInvV [XEI
oy

where I' denotes a constant kinetic coefficient. At
the boundary of the sample, the normal component
of the defect current is given by

A Ja=—ndTO8(F +F')/s3,

=TI ng(Xg'"8Na/ng+yr Ui — ayhiih;) , (3.33)

where 7 is the unit vector normal to the boundary
and I'® is a boundary kinetic coefficient. The varia-
tional derivative in (3.33) is taken subject to the con-
straint that a change in X, is accompanied by a
change in N, in the neighborhood of the boundary
with P Zpdl =— ) 8N d?r. Clearly, the defect
current to the surface should vanish when this
derivative is zero.

These constitutive relations complete the hydro-
dynamic description of the solid phase. Altogether
there are five slow modes (six, if temperature fluc-

tuations are taken into account) with the 'equations of
motion

g N 8N
T=a,- 2up Uy + Mg Uidy; + 8,y 2
t o
+——"—6,[8,-g,~+8,.¥,r—(‘3'@)50]
mig
4 3,(V-8) . (3.34)
mng
3N 3N
9 ONa =1 v?|xz! a +yr U".] . (3.35)
ot ny o
U, &i 1 8N,
— =" 4T, = 4 " .
ot ningy 0 | X 7 veUy e

The system (3.34)—(3.36) decouples into two
transverse modes and three longitudinal ones. The
transverse displacement can be recovered from the
strain field UU(E) by taking the projection

(Kn€niki/ kD) Uy(K) = 2 ike U, (K) (3.37)

Solving the coupled equations for the transverse
momentum and displacement components, one finds
the usual sound excitations with the dispersion
relation,

wf=+ck —ik/2mn, . (3.38a)
where
cr=pup/mngy . (3.38b)

The longitudinal modes involve coupled excitations
of the defect density and the longitudinal components
of momentum density and displacement field. The
characteristic frequencies are

wt =tk —5ik?D, (3.39a)
with

= Qug +Xg)/mngy . (3.39b)

YL SR/ S (3.39)

2z 2up + g

and

wpa=—iDsk? (3.40a)
where

Da=TXg'—y30/Qug +Xz) ~Txg' . (3.40b)

For sufficiently small temperatures (small Xz ). longi-
tudinal sound and defect diffusion decouple.

Note that the longitudinal sound velocity is given
in terms of 2ug + Ag, instead of the bulk modulus B
discussed in Sec. I1 B. This result is certainly to be
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expected, since defect diffusion times are slow com-
pared to inverse longitudinal sound frequencies at
long wavelengths. Indeed, the coupling of the defect
density to longitudinal sound in a solid without tem-
perature fluctuations is rather analogous to the cou-
pling of thermal fluctuations to longitudinal sound in
an ordinary liquid. In the latter situation, the sound
velocity is usually given by an adiabatic rather than
isothermal compressibility, since temperature fluctua-
tions relax so slowly compared to sound propagation
frequencies.

IV. MICROSCOPIC MODEL: A SOLID
WITH DISLOCATIONS

Close to higher-order phase transitions, hydro-
dynamics must be generalized to include any addi-
tional strongly fluctuating variable responsible for the
phase transition. In this section, we give a precise
formulation of a model of a solid with dislocations,
interacting with microscopic versions of the momen-
tum, strain, and number-density fields described in
Sec. III. As will become clear in the next two sec-
tions, the model reduces to the hydrodynamic
description of either a solid or a hexatic at long
wavelengths, depending on whether or not the dislo-
cations are bound. Many microscopic models are
possible; we describe here only the simplest one
which gives the correct physics. In Sec. V, we shall
use this model to determine the temperature depen-
dence of various hydrodynamic parameters near 7,,.

A. Microscopic fields in the presence of dislocations

When isolated dislocations are added to a solid
phase, it is no longer possible to define a single-
valued, continuous-displacement field U(F). If the
dislocations are all bound in pairs (or other charge-
neutral entities), however, one can define a continu-
ous, single-valued displacement field by smoothing
over regions of space large compared to the pair
separations. Although dislocations will indeed be
paired for solids in thermal equilibrium, we must
construct equations of motion for microscopic strain
and displacement fields in order to treat the transition
into the hexatic phase, where dislocations are un-
bound.

Consider a set of M dislocations at a discrete set of
points [R™'}, v=1,2, ..., M, with Burgers vector
b’. We may define a single-valued (but discontinu-
ous) displacement field W(T), provided we introduce
cuts K. terminating at R'*, such that @ () jumps
by aob ™ upon crossing K ,. in a direction counter-
clockwise with respect to rotations about ﬁ(" . The
quantity a, is the lattice constant of the triangular
crystal, which we have introduced so that our Burgers

vectors are dimensionless. The derivative of the dis-
placement w;(T) is then defined at all points not on
a cut by

V‘,j(?)‘:a,‘llj(—r.) , (41)

in analogy to the macroscopic relation (2.6). At the
cuts, we define w;(T) as the limit of (4.1) as a cut is
approached from either side, thus excluding a 5-
function contribution. The same definition would
arise if we took w;(T') to be the derivative of a mul-
tivalued definition of the displacement field. Note
that w; (T') is single valued and continuous at all
points T except the locations (R} of the disloca-
tions themselves. If C is a contour enclosing ﬁ("’,
then we have

é‘( wy dr;=agh ) . (4.2)
It follows from (4.2) that
€diwy =3,b"ad(F—R") (4.3)

so that the compatibility condition (2.27) is violated
for these fields at isolated points.

A local, microscopic strain field u;(T) can now be
defined as

u,.j=%(w,-j+wj,) , (4.4)

and we can determine a local excess defect density
8n,(T) from

3na(T)=n(T) +nou;(T)=8n () +now; (T) ,
(4.5)

where 81 (T) is the local fluctuation in number den-
sity.

We shall use the symbol €(T), as in the previous
sections, to denote the local momentum density.

B. Microscopic free energy and equilibrium results

The microscopic fields defined above reduce to the
macroscopic hydrodynamic fields of Secs. Il and III in
the absence of dislocations. We shall also assume a
microscopic free energy analogous to (2.4), namely,

1 Lo~
Frie=7 f d?r Quou? + Xoud ) + ﬁ fc/zr g2
. o

+ 12Xalf(/2/'(8l1A)2+ﬂfd2r w;dny
2ng "o
(4.6)

where the dislocation degrees of freedom enter
through the constraint (4.3). Equation (4.6) then
reduces to the hydrodynamic result (2.4), provided
dislocations can be neglected. As will become ap-
parent later, Eq. (4.6) also agrees with the results of
continuum elastic theory when dislocations are
present.?*
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The equilibrium properties associated with (4.6)
were, in effect, worked out in I. To make contact
with the results of I, we first integrate exp(— Fp;./
kg T) over the defect number density 81, and the
momentum density g. The resulting elastic free ener-
gy Fg, with a constant term suppressed, is

F£=-‘2— fdzr(2p0u,}+)\ouk7k) , (4.7)
where \g is given by
)\0= X()"' X()‘)/(z) . ) (48)

To understand the physical significance of A, imag-
ine a pressure force 8p which acts to change the lat-
tice constant, but does not couple-directly to the mass
density. Assume that there are no dislocations but
that vacancies or interstitials are present. Equilibri-
um is then determined by an equation analogous to
(2.20), but also by an equation analogous to (2.21)
with the right-hand side set to zero. The resulting
““elastic’’ bulk modulus then measures the Lamé

Fp - Ky

coefficient Ao,
By =pmo+ N . (4.9)

The shear modulus is unaffected by the coupling to

vacancies and interstitials. Dislocations renormalize

wo. as well as Xg. yo. and X, in the combination (4.8).
To study this point further, one can decompose

u; (T) into a smoothly varying part ¢;(T) and a part

due to dislocations,

ui(T) =, (T) +ufs(T) (4.10)
The free energy F then breaks into two parts,

Fe=Fy+Fp . (4.11)
with

FO:% f‘lzl'(zl‘-0¢5+)\o¢/§k) (4.12)

and where F) is a vector Coulomb gas of interacting
dislocations,

kBT 87

The summations in (4.13) are over, say, a square lat-
tice of possible sites for dislocations with lattice spac-
ing equal to the core diameter a. The Burgers vector
b(T) on site T may be written

b(F)=m(T)E +n(T)E, , (4.14)

where m (T) and n (T) are integers (possibly zero)
and €, and €, are unit vectors spanning the underly-
ing triangular lattice. The coupling K is

4o o +rolagd

- JHo AT Rordo (4.15)
O Quo Ak T

while E.= — kg T Iny, is the core energy of a disloca-
tion. When evaluating the partition sum associated
with (4.13), one must sum over distinct complexions
of Burgers vectors satisfying a charge neutrality con-
dition,

35(T)=0 . (4.16)

The elastic constants w, and Ay are supposed to in-
clude effects due to excitations like vacancies, inter-
stitials, and phonon anharmonicities, but not disloca-
tions. To take dislocations into account, renormaliza-
tion equations were constructed in Refs. 5 and 6, us-
ing a procedure which effectively increases the dislo-
cation core radius from a to ae’. A renormalized
Coulomb-gas Hamiltonian results, with effective cou-

plings K (/) and y (/), which are solutions of differen-

NN £ B
r )b(,r ) (I' l') +_c_2|b(T)|2 (413)
IT—712 s T =

i

tial recursion relations,>®
dK™" 3 5 kpsep | K 32 ksmy | K
dl —77{)’6 IOET— —T’ﬂy( 1| —8;

(4.17)

dy K 2 K/16 K
A | Y UNES 4.18
di [ 87 Y e Ngr ( )

where /o(x) and /,(x) are modified Bessel functions.
The solutions K (/) and y (/) must, of course, agree
with Ko and yo when / =0. For K < 167 (above a
temperature 7 = T,,), there is an instability toward
large y (/) signaling the dislocation unbinding transi-
tion predicted by Kosterlitz and Thouless.'

Two other results from the static theory will be of
importance here. First, length-dependent elastic con-
stants w (/) and A(/) may be constructed, which are
related to K (/) in the same way that w, and \, are re-
lated to K, in Eq. (4.15). The recursion relations
for w(/) and A (/) are’

2 -1
ayg dp ) K
=3mylek /i | = 4.19
kgT dl e 0 8w ( )
) - :
ag dlp+n)"" 2 K /8w K K
kgT di =3mye lo 87 / 87
(4.20)

The macroscopic ‘‘renormalized’’ elastic constants are



22 DYNAMICS OF TWO-DIMENSIONAL MELTING 2527

then given by
;LR(T)=Ilimp.(/), AR(T)=Ilim A(D . (4.21a)

These formulas imply that uz and Az jump discon-
tinuously to zero at 7,,, preceded by a cusp singulari-
ty, and that

dur (g +Ag)ad

lim ——mm =167 . (4.21b)
=7~ (Qug +Ag)ksT

Second, one finds that translational correlations decay
above T,, with a correlation length that diverges as T
approaches 7,, from above as :

£.(T) =aexp(C/”) , (4.22)
where
t=(T-T,)/T,, v=0.36963 ... . (4.23)

Although this correlation length controls the behavior
of the structure factor above 7, it also determines
the density of free dislocations ny,

I7fz§;2 . (424)

It can be shown’® that the dislocations unbind into a
‘““hexatic’’ phase with quasi-long-range order in the
bond-orientation field. The hydrodynamic descrip-
tion of this phase was described in Secs. IT A and
III B. The bond-orientation Frank constant K, (T)
diverges as T approaches T, from above,

Ky~ni'~ €% . (4.25)

C. Equations of motion

In order to study the dynamics near 7,,, we must
construct microscopic equations of motion for the
time evolution of wy, 81,, and g in the presence of
moving dislocations. To determine these equations,
we first define a Burgers-vector charge density,

&) =35"s(r-R") . (4.26)

If the dislocations move around in space, we hdve a
Burgers current of the /ith component of dislocation
charge in the jth direction, namely,

, dr,™ =
J;=2b,-‘"’#s(?—k‘ . 4.27)

v

Conservation of the total Burgers charge requires an
equation of continuity,

=9, . (4.28)

One further equation can be obtained by taking the
time derivative of the integral of w;(T) around a

large contour C enclosing a surface S

A g 2R 2, j
" Cw,-jd/,—aod’j;dl(Bj————fsdzBkJ,{ao .
(4.29)

Transforming the surface integral to one over the
contour C, we have

dw; ;
§C atj —agepi|dri=0 . (4.30)
It follows that
aw ~ -
6"’ —aoe;k./,’(=-—8,»:j B (431)

where E(T) is a single-valued function of position.
Inside a dislocation core, we expect that dw;;/d1 is

It

dominated by e J, so that 9,E; is unimportant.

~ Away from all dislocation cores, however, J; van-

ishes, and we must examine the form of &;.
Far away from dis]oAcation cores, we can define a
local defect current j (T) by

() —no%l—:— . (4.32)

For T on a cut K,, we interpret 8U/d¢ to be the lim;
iting value of this quantity as T approaches the cut,
so there are no delta-function contributions arising
from the motion of cuts. It follows, however, from
(4.32), that away from these regions,

1 B,gj—a,-_/'jA . (433)

9, -
”Q—WU’—”’;

ot

Comparison with (4.31) then gives the identification,

I
|
>

g+—j (4.34)
nom Ho

so that it follows more generally that

Iw; _ 1
ot nom

aigj—”:(]‘ai./j“-i—aoe,-k];{ . (4.35)

This result, which is fundamental to our subse-
quent analysis, may be checked by using it to evalu-
ate 9n,/0r. Since one always has

on__ 1

=——v-7, 4.36
ot my & (4.36)

we can combine (4.5) and (4.35) to find,

dna _ 9n Iw;

a o o

=—§‘TA+/7oaoe,k.l,i . (4.37)

This equation identifies TA as the current associated
with a defect density n, which is conserved in the ab-
sence of dislocation currents. The term €,J; acts as
a source which breaks this conservation law. Equa-
tion (4.37) reflects the well-known fact that a disloca-
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tion moving perpendicular to its Burgers vector (in
the climb direction) must act as a source or sink of
vacancies and interstitials.

Our final equation of motion is just the conserva-
tion of momentum,

9g,/0r =90 , (4.38)

where o; is to be determined. Equations (4.28),
(4.35), (4.37), and (4.38) constitute the basic equa-
tions of motion of a solid imbedded with moving
dislocations.

D. Constitutive relations

To complete our discussion of equations of motion
on a microscopic scale, we must specify constitutive
relations for j°, o, and Ji. For j* and o, we
simply extend the macroscopic relations of Sec. I C
to microscopic length scales of order the vortex core
diameter. For T , We write,

Th=—Tond  (8F mic/na) + T;A( T,
=—I‘onof7 (Xg'8na/ng+you;) + ?;'A( T, ,
(4.39)

Y . . .
where 7 (T,1) is a Gaussian Langevin noise source
with mean zero and

<njA(?,')nJA(?I,fl)> =2I‘B TFOII(?SU-S(T'——T'I)B(I -fl)
(4.40)
On the boundary we assume

AT =nol8 (X5 8n s/ no+ you; — amf) . (4.41)

in analogy to (3.33).
Away from the boundaries, the reversible part of
the stress tensor is given by

iy (T.1) = 8F e/ Sty = 2oty + NotiaBis+ o (814/n) 8

(4.42)

When the argument T approaches a point on the
boundary of the sample, o;(T,/) must equal the
external stress at that point. Strictly speaking there
should be a dissipative term in o, analogous to Eq.
(3.5), and a corresponding noise source. These
terms are negligible, however, in the limit k —0,
when dislocations are present.

To model dislocation motion producing the current
density J/, we consider a collection of M dislocations
moving in the Peach-Koehler force.?*3* We shall
only consider dislocations whose Burgers vector 5’
is one of the six elementary lattice vectors of the tri-
angular lattice. We designate these Burgers vectors

with the symbol '®’, with a=1,2, . .. ,6, and

- - 1

b =—5"=|| . (4.432)

FYo—5@-| 2 (4.43b)

- V32| :

_1

w0 _ e 2

57 =-5"~1__ 55| - (4.43¢)

s =) i . .
The position R™*" of a Burgers vector of species « is
assumed to obey a Langevin equation of the form

dR;"” Dy () (a) 02 N v
il ks (b e +b' e ) o (R +p(RY) s +n7(0) (4.44)
[
where with variances given by the diffusion tensor D,-}"",
FF) =m0 2™ — (x5 by (F) yous (T . (4.45) (nf(Dnf (1)) =208 =11) (4.46)

SHA

(Note: We shall continue to use the index v, with

I =<v =M, to label the various dislocations and the
symbol « to designate which of the six species is in-
volved. Our notation implies summation over Latin
indices, which denote Cartesian components, but no
summation over Greek indices.) The quantity p and
the stress tensor o, appearing in (4.44) should be in-
terpreted as the average over a small circle enclosing
R "), so that one excludes the singular angle-
dependent contribution from the dislocation at R".
The {n?(t)} are fluctuating Gaussian noise sources

We assume there is no correlation between the noise
sources for different dislocations.

The coefficient Df*/ky T in (4.44) is the mobility
tensor by the Einstein relation. The factor multiply-
ing the mobility is the “‘driving force’ for the dislo-
cation motion. The terms proportional to o, give
the usual ‘‘Peach-Koehler force,’’?* 33 because of
stress in the lattice; the term involving p arises be-
cause dislocation motion in the climb direction neces-
sitates a change in the net number of defects (inter-
stitials minus vacancies). Note that if the defect den-
sity n, is allowed to reach thermal equilibrium in a
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syst_e.rAn under a uniform hydrostatic pressure, so that
A+ j =0 at the boundaries, then (o +pd4) =0
[cf. Eq. (4.41)]. We find then that there is no driv-
ing force to cause dislocation motion, as one would
expect.

In an isotropic medium the diffusion tensor D;}®’
may be written,

Di}a) =D"bi(a)bj(a) +D1(5’_j - bi(a)bj(a)) . (447)

Decomposing dﬁ("()/dr into components parallel and
perpendicular to b M,

= "

dR Dy
T ‘=_a0mbi(a)bj(a’(bk(a)€lj+bl(a)5kj)0'kl
+(H5H) (4.482)
and
=(y) 1
dR D, (@) (a)
=—ay—=(8,;— b b«
o), T T e BT )

X (b;(‘“)el, +bl(a)€kj)(0'k, +p_8k1)+ (ﬁ(w)fl
(4.48b)

we can identify D, and D, as the glide and climb dif-
fusion constants. Glide motion does not involve a
change in particle number and proceeds more rapidly
than climb motion, which can only occur by the ab-
sorption or emission of defects. Consequently, D, is
usually much smaller than D,.3*

To complete our microscopic description of disloca-
tion motion we should take into account processes by
which dislocations are created or destroyed, e.g.,
processes in which a pair of dislocations with opposite
b are created or destroyed at some point of the sys-
tem, processes where two dislocations combine to
form a single dislocation whose Burgers vector is the
sum of the first two, etc. These events change the-
number of dislocations of the six species
(a=1,...,6) but do not change the total Burgers-
vector density ®(T). This latter quantity is all that
will be needed in the following section.

To obtain a constitutive relation for the dislocation
current density J/, one must, in principle, solve the
Fokker-Planck equation for the dislocation charge
density following from (4.44). In practice, one can,
in fact, guess the form for small deviations from
equilibrium. The form of the dislocation current
depends crucially on whether or not free dislocations
exist in equilibrium. Indeed, the situation is not un-
like that in electrodynamics, where very different
conductivities are used to describe the current in
metals and insulators. The precise form of J} ap-
propriate above and below the dislocation unbinding
temperature 7, will be discussed in the next section.

V. DYNAMICS NEAR THE DISLOCATION
UNBINDING TRANSITION

In this section we establish the relation between
the microscopic description of a solid with disloca-
tions, developed in the preceding chapter, and the
macroscopic hydrodynamics of Sec. III. We show
that in the long-wavelength limit the microscopic
dynamics reduce to the macroscopic description of a
solid or hexatic liquid crystal, depending on whether
free dislocations are present or not.

We first consider the motion of free dislocations in
detail and discuss the dynamics immediately above
the melting temperature. In particular, we explain
how the presence of free dislocations leads to a
nonhydrodynamic decay of fluctuations in the defect
density and a discontinuous change in the longitudi-
nal sound velocity accompanied by an anomalous
damping. We describe in addition how propagating
transverse sound evolves into two diffusive modes in
the hexatic-liquid-crystal phase.

To investigate the dynamics below the melting
temperature we propose a simple approximation for
the dynamic polarization of bound dislocation pairs.

A. Dynamics of free dislocations

In the hydrodynamic region above 7,,, relaxation
effects are dominated by free dislocations at a density
ng~ £72. We define a smoothed Burgers-vector den-
sity

G(E0) = <EB‘"’5( T - i‘”’)> 5.1)

as the average over the microscopic fluctuating noise
5. The quantity (B(T,r)) can be written as the sum
of the densities I''“’(T,¢) of dislocations with a par-
ticular Burgers vector b ',

6
(B(T,0) =3 b T @(F,01) . (5.2)
a=1
'@ (7,1) obeys a Fokker-Planck equation of the
form

~(a) (7
LD g0 (7.0 40 (T . (53)
where 7' is the current and Q'® the net production
rate of dislocations of type 5'®. Conservation of
(®(T,1)) implies

6
3 0 @(F.N=0 . (5.4)
a=|

We shall neglect the detailed interactions between the

dislocations, and assume that each dislocation dif-

fuses independently and drifts under the influence of
the macroscopic stress field o;(T) and ‘‘defect pres-
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sure”’ p. Using the Langevin equation (4.44) the
current can then be written

Dl_j{a)ao

~l_(a) -",) —_
Ji (T ko T

(bk(a)ilj + b,(“)ekj)

X(G’k, +58k,)l"“”(?,f)
_Di}a)aj[‘(a)(?‘[) X (5.5)

In the present investigation we shall restrict ourselves
to linear deviations from equilibrium. We can then
replace the quantity I'‘® in the first term on the
right-hand side of (5.5) by its equilibrium value —(l,n,.
We shall also restrict ourselves, for the moment, to
situations where the time scale for variations is long
compared to the mean collision time between free
dislocations, so that equilibrium between the dif-
ferent species is established and I'® (F,1) — <, is
determined by the averaged Burgers-vector density
(B(T.0):

DT, =¢np+ 56 (@(T.0) . (5.6)
We then find
6
(UM =3 b == Clyou+pdu) — DI (®)
a=|
(5.7)

where

Cly=(nsao/4kgT)[(Dy— D))yt (Dy+3D )8 ue;]

(5.8a)

Djf= %(Du =Dy) (8,84 +8xdi)+ % (Dy+3D)8udum -

(5.8b)

For purposes of illustration we shall assume a sim-
plified model, in which Dy=D,;=D. In this case Eq.
- (5.7) may be written

<./,-"(—r',’)> = - (Da0’7f/k8T)€li((rnl +p—8"1)
-D9;(®,(T,1)) . (5.9)

By means of the conservation law (4.28), the
Burgers-vector density (@) may be expressed in
terms of the current (J). After a Fourier transfor-
mation, one finds

Dagny
kgT

(J,"(i,w))=— €1,-(O‘,,1+55,,/)

+ ik;ek; (@ +iDk?)™!

D2a0I7f

X

(outpdy) . (5.10)

(The general case Dy # D, is discussed in Appendix
B.) With (J/") expressed in terms of o; and p, the
system of dynamic equations closes and we can
proceed to study the dynamics immediately above 7,,.

B. Transverse excitations above T,

The set of equations (4.28), (4.35), (4.37), and
(4.38) can easily be separated into sets of three and
five equations decoupled from each other. The form-
er set describes transverse excitations of momentum
and displacement field coupled to the longitudinal
Burgers-vector component. For example, if we take
K in the x direction, the nonzero variables will be
W Wik, &, ®x), (J¥), and (J)). The equations
of motion are

—io(®y) =—ik (JF) , (5.11)

ikwyy = (®By)ag , (5.12a)
—iowy, = (ik/nom)g, + (S} a, , (5.12b)
—iwgy=ikpo(wgy +wy)=ikay, . (5.13)

The equation for the time derivative of w), is redun-
dant with (5.12a) and (5.11) and has not been exhi-
bited. With the approximation of a diagonal diffu-
sion tensor we have

() =—(volag)oy , (5.14a)

(JFy =(wo/ag) oy (1 + Dk w)™" (5.14b)
where it has been convenient to define

vo=(D/kgT)nsaf — £3* . (5.14¢)

Solving (5.11)—(5.13) in the limit (k&) << 1,
one finds two diffusive modes and one relaxational
mode with eigenfrequencies

o, =— ik 2ngmvy~—i(kép)? (5.15)
wy=—iDk? | (5.16)
wy=—i2ugro~— i€ . (5.17)

The relaxational mode exhibits critical slowing down
with the same temperature dependence as £32, and
describes the decay of fluctuations in the density of
free dislocations. The two diffusive modes describe
coupled excitations of the transverse momentum and
the bond-orientation field. One of the diffusion coef-
ficients diverges like £%.

It is instructive to compare these results with hex-
atic liquid-crystal hydrodynamics which was discussed
in Sec. III B. There we found two eigenfrequencies
with a k2 dispersion, but it was impossible to discrim-
inate between propagating and purely diffusive
modes. The results (5.15)—(5.17) show that close to
T,, the latter case is realized. In Appendix C, we
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compare the hydrodynamic equations more closely
with Egs. (5.11)—(5.13), and we conclude that 5
diverges like £%, and « remains finite at 7,,. In terms
of the actual parameters of our model, we find

=), (5.18)
k=3D , (5.19)
KA=D/v0=kBT/nfa§ . (520)

Note that K, also diverges like &%, as predicted by
the static theory.’

If we allow for different diffusion constants for
climb and glide, the results (5.15)—(5.20) are slight-
ly modified. The single diffusion constant D must be
replaced by the quantity (-;D" + %Dl) where it ap-
pears in Egs. (5.14¢) and (5.20), by the quantity D,
where D appears in (5.19) and by the quantity
(%D,,+%D1) where D appears in (5.16) and in
(5.21) below. (See Appendix C for details.)

At wave numbers k > £¢32 above T,, the dislocation
density again decouples and shows purely diffusive
motion

w=—ikD . (5.21)

In addition we recover the propagating shear waves
of the solid phase for k >> £32. However, the polari-
zation of bound pairs becomes important in this re-
gion. We expect a renormalization of the sound
velocity, as well as additional contributions to the
damping of sound waves. This point will be dis-
cussed in Sec. VD.

It is interesting to contrast these results with those
suggested by straightforward application of the
dynamic scaling hypothesis.?*** Since the shear
modulus is finite even at T,,, we would expect prop-
agating shear waves with a linear dispersion at finite
wave vectors above T, provided k¢, > 1. If the
characteristic frequencies w,i(k§+) of transverse ex-
citations were to scale, it would then have to be with
dynamic scaling exponent z =1, 0=k Q+(kEy).

In view of the expectefd hexatic behavior described in
Sec. III B, it is very tempting to assume propagating
hydrodynamic shear excitations above T,, with the
dispersion relations (3.22). Dynamic scaling would
predict that the real part of w,t dominates near T,
with ¢, « £4. The analysis of this subsection, howev-
er, shows that this is nof the case. The dynamic scal-
ing hypothesis fails near T,,.

C. Longitudinal modes

We now proceed to solve the five coupled equa-
tions for longitudinal excitations near 7,,. Choosing
k in the x direction, the nonzero variables are
Weer Wy By). g (J), (J)), and 8na. The equa-

tions of motion read v

—io(®)=—ik(R) . (5.22)

wyy =—i(ao/k) ®B,) , (5.23a)

— oWy =i(k/nom)g,

—Tk2XG'8n5/no+yo(we + wy) 1+ ao(J3)

(5.23b)

—iwge = ik [2moWe + No(Wee + Wy, )+ ydna/ngl
(5.24)

—iwdna/ng=—Tk[Xg'8na/no+yo(we +w,,)]

+ao((JF) = (1)) | (5.25)

With the aid of (5.10) the required components of
the Burgers-vector current can be worked out

Uy =—(wolag) (o +p) (5.26a)
(W) = (vo/ag) (o) +p) (1 +iDk?*/w)™" , (5.26b)

where we have assumed a diagonal diffusion tensor.
The equation of motion for the redundant variable
wy, has not been displayed.

The free dislocations present above T,, provide a
local source or sink for the defect density and allow a
stress to relax by the process of dislocation motion.
The decay of fluctuations in the defect density and
the strain field becomes nonhydrodynamic, as is evi-
dent from the relaxational terms proportional to
vo~ ny in (5.23b) and (5.25). However, the total
number density, 8n = — ngu; +8n,, as well as the
longitudinal component of the momentum density
are still conserved. We therefore expect two hydro-
dynamic and two relaxational eigenfrequencies. Solv-
ing (5.22)—(5.25) in the region (k£4) << 1 one
finds for the latter

) =—2ipgry ~ €37 (5.27)
and
(1)2=—2lll/()([.4,0'+';\()‘*'xa’‘{"2’)’())"'f:.2 . (528)

Both modes exhibit critical slowing down with the
temperature dependence of ¢£32. The other two
modes are longitudinal sound excitations with disper-
sion relations

wt=+ck —iDk? (5.29)
with
De-Ltagr (5.30a)
Hf

+Xo— ¥dX
mnocf = Mo T Ao ™ YoXo =B,

= (5.30b)
14+ Xo(2yo+ po + Ao)
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Comparing (5.30b) with Eq. (2.23), we see that By is
equal to the bulk modulus of the solid within the
current approximation, where we neglect the renor-
malization due to bound dislocations. (In fact, we
expect the bulk modulus and all its derivatives to
vary continuously as one passes through 7,, from the
solid to the hexatic phase,’ so that By is a good ap-
proximation to the bulk modulus in both phases.)

The sound velocity is determined by the bulk
modulus, since above T, fluctuations in 81, now re-
lax rapidly compared to the inverse sound frequency,
due to the presence of free dislocations and since the
shear modulus is zero. Thus, there is indeed a
discontinuous change in the longitudinal sound vel-
ocity at the dislocation unbinding transition as was
suggested by the results of Sec. III. The discontinu-
ous change in the real part of w,i is accompanied by
a sound-wave damping constant D, diverging like £3.
Such a remarkable temperature dependence should
be readily detectable in sound-absorbtion experi-
ments.

The eigenfrequencies (5.29) and (5.30) correspond
to the longitudinal hydrodynamic excitations
(3.16)—(3.18) found in hexatic liquid crystals. The
divergent damping constant D; implies a divergence
of m +{ near T, in the liquid-crystal phase.

In the more general case of different glide and
climb diffusion constants the relaxation rates w, , are
changed to

wl="‘i(D|1+Dl),l.L()I1f(I(%/kBT“‘§IZ ) (531)
w2=-—i2D1(;.L0+X0+X0"+270)nfa0/kBT~§12 .
(5.32)

Solving (5.22)—(5.26) in the region (k&,) > 1
above T,, we recover the solid hydrodynamic modes
of Sec. III C, and find in particular that the speed of
longitudinal sound is ¢, = [(2u¢+ Xg)/nem]'/2. The
dislocation density decouples and shows purely dif-
fusive behavior

w=—ip(Dy+3Dk? . (5.33)

However, just as in the case of the transverse excita-
tions, the polarization of bound dislocation pairs
must be taken into account to describe this region
completely.

D. Dynamics of bound dislocation pairs

Thus far we have only considered the effect of free
dislocations, which dominate the dynamics above 7,
in the long wavelength, low-frequency region. Just
above T, for short wavelengths (k£,) > 1, as well as
in the hydrodynamic region below 7, the dynamic
polarization of bound dislocation pairs becomes im-
portant.

We restrict ourselves for the moment to a situation
below 7,, where no free dislocations are present and
consider a bound pair in an applied oscillating stress
field o;(w). The stress tends to polarize the pairs,
giving rise to a Burgers-vector current J/. It is con-
venient to introduce a symmetrized current

Ji=(eadl +exdi) | (5.34)

which, in linear approximation, is proportional to the
driving field o +p ¥,

],-j(w) =iwXp(w)loy(w) +p(w)dy] . (5.35)

Having separated out a factor iw from the general-
ized susceptibility X, (w), the latter should be finite
at zero frequency, if there are no free dislocations
and therefore no current in a static field. In fact, the
situation is quite analogous to a more familiar prob-
lem in electrodynamics: the dynamic polarization of
bound charges in an insulator.

In principle X% (w) can be calculated from the
Fokker-Planck equation for the number density of
dislocation pairs, as was done by Ambegaokar and
Teitel*® for the dynamics of vortex pairs in superfluid
films. Since such an analysis is rather involved due
to the coupling between different Burgers vectors, we
limit ourselves to a simple approximation for X, (w).

Let us consider in particular the response to a pure
shear o, (w), which can be relaxed by dislocation
glide and climb. We assume that these processes can
be characterized by two relaxation rates v,(r) and
v;(r), which we estimate to be of order Dr~? and
Dr~2. Both processes can be approximately
described by a two-pole function

o0 - Dul‘_z Dll‘_z
Xy (@) = dr x(r)
oy 1O j:‘o rAY —io+Dy™?  —iw+D;r?
=X,(w) . (5.36)

The diffusion of dislocation pairs tends to relax the
strain field u; according to (5.12a) and (5.12b). Ap-
plying Eq. (4.35) in the limit K — 0, we have

—iw(wy +wy) =— iw2ley=inXyXyO'xy . (5.37)

To ensure the correct static response we choose

oo o “1/ .
Xy (0 =0) =2L0 dr >.<(/')=LO dr i&#

A

’

(5.38)

where du~'/dr is determined by (4.19) with r = age’.
To study the effect of bound dislocation pairs on
propagating transverse sound, one should investigate
the response to a nonuniform applied stress and gen-
eralize (5.35) to finite wave numbers. As in the case
of third sound in superfluid films?® it is possible to
approximate X, (k, w) by X,(k =0, ») in the regions
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of interest here. To see this, we have to estimate the
characteristic length scales for the diffusion of dislo-
cations and defects and compare it to the wavelength
of transverse sound. During one period of sound a
dislocation can glide over a distance 8, ~ (Dy/w)"?
and climb a distance 5, ~ (D,/w)"2 In the hydro-
dynamic region 8, and 8, are much smaller than the
wavelength of transverse sound A =¢,/w, which is
therefore perceived as an effectively uniform pertur-
bation by dislocations.

Climb motion is necessarily accompanied by a local
change in the defect density n,(T). However, a uni-
form shear leaves the macroscopic defect-density un-
changed. Using the same arguments as above, one
can show that transverse sound appears as an effec-
tively uniform shear for defects, provided o is suffi-
ciently small. Therefore, defect diffusion and
transverse sound decouple in the hydrodynamic re-
gion below T, and above T,, for (k&) >> 1.

We therefore approximate the contribution of
bound dislocation pairs to the current J,, by

Jo (T, 0) =iwX,(0)oy (T, o) . (5.39)

Inserting this expression into (5.11) and (5.12) and
solving for T < T,,, where no free dislocations are

present, one finds the following dispersion relation
for transverse sound

k*(w)=+le, ()] 0/c, (5.40)
with
e lw)=1+Xx,(0)puo . (5.41)

Below T,, the imaginary part of €,(w) is much small-
er than its real part. Expanding (5.40) in
Ime,(w)/Ree, (w) one finds

Ime,(w)
+ _ o 1o B
k*(w) =2 c(w) 3 c(w) Ree,(w) (5.42)
with
o)=L B (543

Ree, (o) " mng Ree, (o)

The real part of €,(w) renormalizes the sound. veloci-
ty and the imaginary part determines the damping.
To discuss the damping of transverse sound due to
bound dislocation pairs, we estimate the real and im-
aginary part of €,(w). Below T, we follow Ref. 26
and introduce a correlation length ¢7(7T), which close
to T, diverges like £ (T) ~exp(c/|T =T, |%),

where ¢ is a nonuniversal constant and v is given by
(4.23). For r > ¢ one finds
4=Kp/4m)

prt=u ) ~r (5.44)

At T,, and for length scales r < £~ below T,, we use
the results of Ref. 5 for the recursion relations in the
vicinity of K = 16#. There a small deviation x (/)

was defined
K=Y =/16m)[1+x(N] (5.45)

in terms of which the recursion relation for u™' is ap-
proximately given by
d -1
A ey~—1— (5.46)
di (1 +an?

where ¢ is another nonuniversal constant.

Estimating Ree, () and Ime,(w) as in Ref. 26
and expanding (5.42) in the ratio Ime,(w)/Ree,(w)
one finds for 7 < 7,

w0 (k) =+ c,(0)k — iDkk “R*T7P (5.47)
where near T,,, (Kg/8m—2)~I|T~T,|". D, can
be related to the climb and glide diffusion constants.
We have neglected dissipative couplings in the hydro-
dynamic equations (4.42), which would give addition-
al contributions to the damping proportional to k2.

At T,, we find with the help of (5.46)

w=1c¢(0)k —iD/k/In*(kay) (5.48)

so that transverse sound is indeed propagating in the
long-wavelength limit.

For T > T, and (k&) >> 1, €,(w) is effectively
constant and can be replaced by its value at T,
€,(w) =e€.=po/ur(T,). Solving (5.11)—(5.13) in
this approximation we recover the results of Sec. III C.

VI. HEXATICS WITH DISCLINATIONS

The hydrodynamic description of the hexatic phase
described in Sec. 111 B should be applicable (neglect-
ing long-time tails) for small wave vectors q any-
where between T,, and T;. Indeed, since K,(T) is
finite just below 7;, we expect that qualitatively simi-
lar hydrodynamic modes will persist even above T;,
provided ¢ = &;'. A finite density n/® ~ £;2 of free
disclinations destroys quasi-long-range order in 6
above T;, however, and reduces the number of hy-
drodynamic modes which persist as g tends to zero.
To study this further we must incorporate disclina-
tions into a microscopic dynamical description. This
will be done in close analogy to the treatment of third
sound in superfluid films by Ambegaokar er al. %
with, however, qualitatively different results.

A. Microscopic model: A hexatic with disclinations

To exploit the analogy with superfluidity, we con-
sider the dynamics of a microscopic vector field
analogous to the superfluid velocity,

T, (T.0=V0(T,1) , (6.1)



2534 ZIPPELIUS, HALPERIN, AND NELSON 22

rather than the dynamics of the bond-angle field it-
self. In the presence of disclinations, #(T,7) can be
made single valued only by introducing jump discon-
tinuities across cuts in the xy plane. The gradient of
0(T,1) is a smooth function of T except at the isolat-
ed points occupied by disclinations. It is defined to
exclude the delta-function contribution at the discon-
tinuities of #(T,7). Since the integral of V, around
any closed path must be —Jl-vr times the enclosed in-

teger ‘‘disclinicity,”” we must have
¥ xV,(T,0=8(T,1) , (6.2)
where S (T,1) is a disclination charge density,
S(F.)=+m 3s5,8(F—R"(1) . (6.3)

In Eq. (6.{32, the summation is over disclinations at
points {R”'(1)} carrying ““disclinicity’’ s, =0,

+1, .... We can also define a disclination current
density

- o (v) —~(y

To(70=4n S5, L8 Ws@ R () . (64)

Because disclinations can be created or destroyed
only in pairs of opposite sign or at boundaries, we
have a continuity equation

S = -

— +V: Jg=0 . 6.5

a1 6 (6.5)
Since Egs. (6.5) and (6.2) can be combined to read

— dav, =

Vx[ m”—sz6 =0, (6.6)

the quantity ¢ V,/dr —2 x T must be the gradient of
a smooth scalar function without singularities. To re-
cover the results of Sec. III B in the absence of discli-
nation currents, we take this function to be the
right-hand side of Eq. (3.14) and find

0V, __1
ot 2mnyg

ﬁ(eijaigj)+xﬁ(v-7,,)+z” XT(, .

(6.7)

The two remaining hydrodynamic equations are un-
changed,

dn _ _1g. -
o mV g, (6.8)
98 k9 xD)(T-9,) - B Tan
t ngy
+- 1 v+ - T(T-7) . (6.9)

— 9

Note that the ‘“‘conservation of V,’’ is broken expli-
citly by disclination currents. Below T;, where discli-
nations are bound and J4 vanishes at long

wavelengths, we recover our previous hydrodynamic
description. The microscopic field #(T,7) can then be
replaced by the macroscopic quantity @(T,r), if we
neglect renormalizations due to bound pairs.

B. Interacting disclinations in equilibrium

The microscopic probability distribution, to which
our hexatic equations of motion must relax, is pro-
portional to exp(— F;;/kz T), where

FH=FL+8FH . (610)

Here, F, is the usual liquid-free energy Eq. (2.1),
and

sFy =14 [ a(T0)? . 6.1

Decomposing #(T) into a smoothly varying part
¢(T) and a part due to disclinations, we can rewrite
(6.11) in the form

8F), = gkffdlr'(ﬁqs)z

— —»I
r—r

K
36

S s(T)s(F)in
' a
TET

+ESS T5H(F) (6.12)

where E£/® is a disclination core energy. The vectors
T run over the sites of a lattice whose only physical
significance is to provide a short-distance cutoff.

The statistical mechanics of (6.12) is isomorphic to
the scalar Coulomb-gas model of superfluidity and
XY magnetism treated by Kosterlitz,?” except that dis-
clinations play the role of vortices. Taking over his
renormalization equations to the present situation, we
have

KO -1
&;(/I—))—*=1441r3y62(1) , (6.13)
((V(,(/) T 0
l —[2—£KA(/) y(,(/) ’ (614)
where
v6(0) =exp(—ES 9 /kgT) (6.15)

and K?(1) and y¢(/) describe ‘‘partially dressed”’ cou-
plings with fluctuations on scales a to ae' integrated
out. Here a is the disclination core diameter.

Using these results, it is straightforward to show’
that the renormalized Frank constant K, (7) is

K,(T) = Jim KD (6.16)

and that disclinations unbind at temperature 7;, such
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that

Tlimr K (T)=T2kgT;/7 , (6.17)

driving a transition into an isotropic liquid phase.
The Frank constant K, vanishes above this tempera-
ture. Bond-orientation correlations then decay ex-
ponentially, with a diverging correlation length,

£,(T) ~—exp(b/|IT—T,|'?) , (6.18)

just above 7;. At all temperatures in the hexatic
phase, one has the result quoted in the Introduction,

m6(T) = 18ks T/mK((T) . (6.19)

Just above T;, the density n/® of free dislocations

can be expressed in terms of (6.18),

nf® = ¢(T) . (6.20)

C. Equations of motion for disclinations

Physically, we expect that disclinations will move in
response to inhomogeneities in the bond-angle field.
To proceed further, we need a model of disclination
motion which allows us to calculate the disclination
currents produced in the presence of a finite V,,. Fol-
lowing arguments which lead to the Magnus force on
vortices®® and the Peach-Koehler force on disloca-
tions,>* we ask for the force on a disclination at R
with charge s, in the presence of a “‘velocity” field
v, (T,1). The requirement that this force gives the
correct energy for a disclination pair leads to a discli-
nation force

5 (v)

Fo(R”.)=—1aKds,2x V(R0 . (6.21)

We now associate a simple Langevin equation for
the disclination position with this force, namely,

=(v) 0
wKiD¢ . _ =)
dR =5, x 7, (R"”

(v)
= D+7 1), (6.22
p T D+%5 (), (6.22)

where Dy is a diffusion constant, and the 7, (1) are
fluctuating Gaussian noise sources with variance

(0 (1) =2D 58,0t —1') . (6.23)

Equation (6.22) represents diffusive disclination mo-
tion with a mean velocity proportional to the magnus
force F},. Just as in Ref. 26, these equations could be
used in conjunction with (6.7) to study the response
to homogeneous, time-dependent perturbations.
Here, we are interested instead in hydrodynamic exci-
tations at long wavelengths in the presence of a dilute
gas of free disclinations.

To study this situation further, we consider the
Fokker-Planck equation implied by (6.22) for the dis-

clination charge density Sg..(T,7) averaged over a
small hydrodynamic volume, which must be of the
form

9S - -

e 4 T Tetree=0 . (6.24)

or

to ensure conservation of Sg.. For small deviations
from equilibrium, the current of free disclinations
must take the form

.I(,'free(_r’,[)=‘)’0£th(?,f)—D6§Sﬁ-ee(_r‘,f) , (625)

where Dy is the disclination diffusion constant and vy,
is proportional to a disclination mobility.’®> We re-
quire that zero-current results from the equilibrium
distribution So(r) associated with a uniform vector
field ¥,. This quantity is

So(T) = n/® exp(=Fe- F/ksT) , (6.26)

where 1/ is the density of free disclinations, and

Fo=—1mKJs, (3 x7,) . (6.27)

This constraint of zero current gives the Einstein
relation

yo=mK{Dent®/3kyT . (6.28)

In what follows, we assume that D¢ remains finite
near 7T;, so that the dominant temperature depen-
dence in yo comes from n/® = ¢£32.

D. Dynamics above T;

In order to use the results for Sge. and T(,, free
derived above, we first break the currents and
charges in Egs. (6.2) and (6.7) into free and bound
parts, and assume that bound disclinations can be
taken into account by a bound dielectric constant €.
Taking over the standard treatment of free and
bound charges in, e.g., Maxwell’s equations,*’ these
equations become

ecv X Vi =Sfrec » (6.29)
0V 1

ﬁ(e,jafgj) +}\v(§7 Vh)‘*‘f XTﬁ,free ,
ot 2mny

(6.30)

while (6.8) and (6.9) are unchanged.
Passing to Fourier transformed variables
Vi(T, »), S(T,w), etc., we can close the system of
equations (6.30), (6.8), and (6.9) by first solving
(6.24) for
iyoq X V4 (T, ®)
Stee(q, 0) = ——m——— . (6.31)

fee( T —iw+Dgq?

One then finds from (6.25) that

Dﬁqiqlelj J(=
—————= 1 (T, 0) .(6.32)
——iw+D6q2 @

J:’:,free (fl', o) =Yo|€ij —
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Inserting this into (6.30), and projecting the equa-
tions of motion onto the longitudinal and transverse
parts of vV, and g, we find five distinct eigen-
frequencies. The transverse momentum and longitu-
dinal part of V, couple to give the analog of the cou-
pled vorticity-bond orientation modes discussed in
Sec. I B. As ¢ tends to zero, free disclinations now
produce one viscous shear mode

w7 (g, &) =— (n/mny)g?i , (6.33)

and a frequency which controls the relaxation of v,

w(q &) == (yole)i~— &5 . (6.34)

Note that the coefficient of ¢? in (6.33) remains fin-
ite as- 7 — T;*, in contrast to the behavior of the
viscosity near 7,,. The frequency w;", on the other
hand exhibits pronounced critical slowing down. It is
interesting to note that (6.33) and (6.34) are what
could be expected on the basis of dynamic scaling ar-
guments®® applied to this problem: Since K, is finite
at 7,7, one expects the hydrodynamics sketched in
Sec. III B to be qualitatively correct even at 7;".
Hence, if dynamic scaling is to hold at all, frequen-
cies must scale with a characteristic exponent

Equations (6.33) and (6.34) are the only results con-
sistent with this exponent and liquid hydrodynamics.
The transverse part of V,, which decouples from
the remaining four variables, has the characteristic

frequency

wo(q, &) =—[(yo/e) + Deg?li

=—(yole.)i ~— &% . (6.36)

According to (6.29), this is also the relaxation rate
for Spee(T,1). We can think of this frequency as
describing in a rough way the relaxation of fluctua-
tions in the amplitude of the hexatic order parameter.
[i.e., in ¥y, where = oexp(6i6)], since these fluc-
tuations are represented in the present model by the
vortex cores in Spee.

The longitudinal modes decouple from the disclina-
tion dynamics in this approximation, and we recover
the longitudinal eigenfrequencies quoted in Sec. IIT A.
One would not expect longitudinal sound to couple in
an important way to vorticity—bond-angle excitations,
since it relaxes much more rapidly. Indeed, the situ-
ation seems rather analogous to first sound near the
X temperature in superfluid helium.*' Because of
mode coupling nonlinearities, neglected in the above
analysis, compressional sound can, in fact, decay into
vorticity and bond-orientation modes. One might ex-
pect a small anomaly in the damping due to these
nonlinear effects.

E. Hexatic dynamics in a Lennard-Jones fluid

Our discussion of dynamics near the disclination
unbinding transition has left open the question of
whether the transverse hexatic frequencies just below
T; are purely diffusive or have instead a real part pro-
portional to ¢%. The answer to this question is
nonuniversal, depending on hydrodynamic parame-
ters not fixed by the theory. However, with slightly
more information, obtained from experiment or com-
puter simulations, it is possible to make a prediction.
Frenkel and McTague'® have studied a two-
dimensional Lennard-Jones fluid, and found evidence
for a hexatic phase bordered by low-temperature solid
and high-temperature liquid phases. They examined,
in particular, the relaxation of transverse momentum
currents in the liquid and hexatic phases. It is possi-
ble to estimate the transverse hexatic frequencies just
below T7;, from their measurements of the w =0
transverse-momentum autocorrelation function.

To make contact with this simulation, we calculate
the transverse-momentum autocorrelation function
below T;, by adding appropriate Langevin noise
sources to the equations for the transverse hexatic
modes. Since disclinations are bound, we neglect dis-
clination currents, and use the linearized hydro-
dynamic equations discussed in Sec. Il B. Upon de-
fining

er(@0=9xg(q,0/q , (6.37)
and
v=mn/mngy , (6.38)
we have
3¢ (T, 0
JiIaTq~—=-w,2gr(a,z)+—;1<,4fq3o(a’,f)+g(a,z)
(6.39a)
a—mq‘—’)=—xq2()(a,l)+ ! iqer(q,0) +Y(T.1) ,
LI 2mng

(6.39b)
where the Gaussian noise sources {(q,t) and Y(T,1)
satisfy
(LG0T 1)) =2mkp Tq?8(G+T )81 —1")
(6.40a)
(Y(G,0Y(G ) =2l ek TH(T+T )81 — 1)
(6.40b)

From these equations, one readily finds the
transverse-momentum autocorrelation function,

Grlg. o) = (g (q, 0) |2/ (kygT2mn,)
vg2(w?+Kk2q*) + (K, /4mng)kq®

- (6.41)
|A(q, ©)]? '
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where
Alg,w)=0’+(v+k)gtio—lvk+ (K, /4mny) 1q* .

(6.42)

There are poles in G7(g, ) at the characteristic hy-

drodynamic frequencies w2 (q) discussed in Sec.

III B. Fourier-transforming in time, one sees im-

mediately that G;(q,t) is a weighted sum of rwo ex-

ponential decays, with characteristic times w,*(¢).
Upon defining an effective viscous parameter

VerrE‘}iEO[‘IzGT(‘I'w=O)]_I , (6.43)

it follows immediately from (6.41) that
Ve = et/ mno=vl1 + (K, /4xvmny)] . (6.44)

Remembering that v =n/mn,, we see that this is the
same effective viscosity that would be measured in
the macroscopic ‘‘free boundary condition’ experi-
ment discussed in Appendix A.

This effective viscosity is enhanced over its value
in the liquid, due to the coupling to the slowly relax-
ing bond-orientation field. Frenkel and McTague ac-
tually observe a shoulder in v at 7; which can be
understood in this way. Above T;, where vegp=v,
they find a viscosity which is roughly temperature in-
dependent, !’ :

v=150vVe/m |, (6.45)

where o, €, and m are the length, energy, and mass
parameters of the Lennard-Jones system. Since the
dynamical theory of the previous subsection suggests
that v is nondivergent as T — 7;*, we assume that v
has roughly this same value below 7;. As observed
in Ref. 15, vy increases by about 50% upon passing
through 7;. From Fig. 3 of this reference, we esti-
mate that

Ver == 2.30e/m (6.46)

just below T; in the hexatic phase. According to Eq.
(6.17), one further piece of information can be ex-

tracted from the value of the disclination unbinding
temperature, kg7;=0.57¢. One must have

K (T7)=(12/m)kgT;=13.1€ . (6.47)

Substituting Egs. (6.47), (6.46), and (6.45) into Eq.
(6.44), together with the appropriate density
(ny=0.80"2), we can solve for the only remaining
hydrodynamic parameter just below T;,

k=5.loVe/m . (6.48)

Substituting these results into the formulas com-
piled in Sec. III B, we find two purely diffusive

transverse hydrodynamic frequencies,
ot (g)=—4.10Ve/mq?i , (6.49a)
w7 (g)=—250Ve/mq?i (6.49b)

The necessary inequality for diffusive modes (3.19)
(K, /mng) < (k—v)? holds close to T; because of the
rather large value of «. This is the product of a relax-
ation rate I'g and K4, which is bounded from below
by (72/m)kgT. This product will be rather large if I'q
and kgT; are of order unity in Lennard-Jones units.
As T,, is approached from above, the analysis of Sec.
V B shows that v as well as K, diverge like £%, while
x remains finite. Therefore, close to T, the inequali-
ty holds due to a large value of v. Hence x —v must
vanish for some temperature 7, T,, < Ty < T;, so
that the transverse eigenfrequencies acquire a real
part over some temperature interval within the hexat-
ic phase. The imaginary part probably dominates at
all temperatures, however. From calculations of veg
only one cannot infer whether at some temperature 7
the hexatic modes are actually propagating or over-
damped. Further information on the dynamic auto-
correlation function Gr(g, w) is needed.

From Eq. (6.44) we see that vy diverges like &% as
T — T,f. Frenkel and McTague'’ do in fact find a
strong increase in vey near 7,,. Finite size effects in
a numerical simulation will, however, change the ex-
ponential increase of vy in an infinite system (6.36)
to a rise in v from its value in the hexatic phase to
a very large value in the solid phase. (The value of
verr should be infinite in the solid but is limited by
finite-size effects in the numerical simulation).
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APPENDIX A: VISCOSITY IN THE HEXATIC PHASE

In this appendix, we examine the relation between
the transport coefficients of the pexatic phase and the
results of a conventional viscosity measurement ap-
plied to a film in the hexatic state. We shall see that
the results depend on details of the experiment.*?

For an idealized experiment let us consider a sys-
tem which is infinite in the p direction, and confined
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by walls (i.e., lines) at x =0 and x = W. We assume
that the wall at x =0 is stationary, while the wall at
x = W is moving in the y direction at a velocity V.
For a conventional fluid, in the limit where W is
large compared to the atomic scale, and where V,/W
is small, compared to atomic relaxation rates, the
steady state will have a momentum density g,, which
increases linearly with x, with

0, x=0
&= nomV,, x=W. (A1)

If the force per unit length on the walls is f, then the
stress tensor is given by

Oy =0ux=/[, (A2)
and the liquid shear viscosity can be obtained from
n=o,W/V, . (A3)

Boundary effects can be separated from the viscosity
that one wishes to measure, by repeating the mea-
surements for several values of W, and extrapolating
appropriately to the limit of infinite W.

Let us now consider the results of such a measure-
ment when the film is a liquid crystal, obeying the
hydrodynamic equations (3.12)—(3.14). The relation
for the stress tensor, which leads to (3.13), may be
written as

U'U-=%KA(f,'kakaj@'i’ijakai@)
+ (m/mne) 19,8+ 9,8 — (V- £)5;1
+(/mng)s; 7 -8~ (B/ng)dn . (A4)

In the present geometry, g, =8n =0, and we may as-
sume that all quantities are independent of y. Then

ayx=—%K48,3(~)+(n/mno)6xgy . (AS)

For a steady state, we assume 9g,/d¢ =0, and
9%0/9x0t =0, whence, using (3.13) and (3.14):

3xopx=—5K,030 + (n/mng)dlg, =0 ,  (A6)
(1/2mng)d3g, +x330=0 . (A7)

From these equations it follows that 370 =92g, =0,
and hence from the boundary conditions (Al):

& (xX)=mngV,x/W . (A8)

The value of 320, and thence the stress tensor
(AS) depends on the boundary condition for .

If we assume "free boundary" conditions on 0,
which is to say 9,0 =0 at x =0 and x = W then we
find 8,0 =98]0 =0, everywhere, and o,, =nV,/W.
The effective viscosity measured under these condi-
tions is given by

Neff = Wo'yx/ Vy=7’ . (Ag)

Note that under these conditions, Eq. (3.14) be-
comes

00 vy
o1 W (A10)
Thus the bond orientations precess at a constant rate,
everywhere in the sample.

A different situation occurs if we assume that the
bond orientations are pinned at the walls, so that
90/97 =0 for x =0 and x = W. Now a steady-state
solution requires 90/97 =0 everywhere, and hence,
from (3.14),

020 =— ( 1/2mnok)d, 8, . (A1)

Under these conditions we find an effective viscosity

Nefft = Wo'yx/Vy=n+‘lKA/K . (A12)

This is identical to the quantity n.y defined in terms
of the momentum-density correlation function in Eq.
(6.44).

As one approaches the temperature 7,, from the
hexatic side, the coefficient n and K, are predicted to
diverge as ¢, while k remains finite. Thus, the two
terms on the right-hand side of (A12) are found to
have the same temperature dependence.

The viscosity of an isotropic fluid can also be ob-
tained from the viscous penetration depth in an ac
experiment. For example, if a wall at x =0 is made
to oscillate at a frequency w, and if the width W is
sufficiently large, then the momentum density g will
vary exponentially with x, as

g (x) o™, (A13)

a=(wmny/n)'"? . (A14)

In the hexatic phase, when Eq. (3.20) applies, there
will be two exponential decaying modes at the given
frequency w. The inverse decay lengths are given by

a+=Qw/D)'? (A195)

where D + are given in Eq. (3.21). At large distances
from the wall, only the slower exponential is impor-
tant, corresponding to the choice D, in (A15). Close
to the solidification transition (7 — 7,}) the value of
D is equal to 2m/mny, so that ay is then related to 7
by an expression identical to that applicable to the
liquid phase, Eq. (A14).

APPENDIX B: BURGERS-VECTOR CURRENT
WITH D, # D,

In this appendix we evaluate the Burgers-vector
current (J") for the general case D, # D,. Using the
conservation law for the total Burgers-vector density
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(4.28), we can write (5.7) as

(J,-") = Ci’ll(l( Tkl +[76k1) - iD,—7"(k,kj/w) (ij) .
(B1)
To eliminate k;(Jf) in terms of (o4 +p58y) we mul-

tiply both sides of (B1) by &;
(GF'PI(K) + G PEO) Yk (D) == ki Cly (o + Do)
(B2)

where PJ/*(K) are transverse and longitudinal
projectors

PIK) =8, —koki/k? . P5(K)=kuki/k* , (B3)

J
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and
2 Dy+3D
Gil=1+ 2
) 4
(B4)
2°3Dy+D
GL_‘SI i*‘l‘————“"‘—iEB .
w

The matrix [aP] (k) + BPL(k)] is easily inverted, to
yield k;(J}) in terms of o +p38,. Equation (B1) can
then be rewritten

_ i 1 = 1 = _
U ==Chlon +p5kl)+;lDi'rﬁkt “;PIL( k) +EPI£;1( Kk Clis(ogs +D8s) (B5)
For K in the x direction, the four independent components of (J/') are given by
Dy+D
Ngedy ] 1
(5 = m‘z—ﬂxyGL , (B6)
(J},’)=—(Jf>[1+(,‘k2/w)D”] , (B7)
D,+D (Dy+3D))
nra I 1 1
By ==L G | (o 4 5)— —— (o +27) (B8)
kg T 2 4
D,—D D,+D .2 ,
w _ Mro I 1 y25)— I 1 +5 k2
(Jy> kBTGT ‘““4 (0',, [7) 2 ((Txx IJ) 1+ ° D|| (Bg)
[
APPENDIX C: TRANSPORT COEFFICIENTS but independent of position, while
AND TRANSVERSE MODES NEAR T, (@) = ®,) = (J22) = (J2) =0 .
From Eqgs. (5.11) and (5.12), we see that in this
We present here the method used to obtain the geometry
transport coefficients of the hexatic phase and the
trans'\'/erse hydronnamic ques, near T,,, from the 1 & +ag((J) — (J2)) =_6_(wa +wy) . (CD)
equations of motion of the dislocation plasma, nom 09X ot
developed in Sec. V, Egs. (5.11)—(5.14). Actually, . . .
we shall use rather than (5.14), the constitutive rela- ?lCnlC)e (wy + Wxy )h—' 0{;]/#«0, t’fzie rlg'htt-hal?d Sldg of
tions developed in Appendix B, for the more general (B1) mt:ist(sv;n;s mf' ; steady state. From Eqs.
case where Dy # D,. The analysis of the longitudinal an -ca) we
modes can be carried out in a similar fashion. (JEy=— () =voag' oy . c2)
Before we analyze the equations of motion at finite where
k and w, let us calculate the viscosity n in the hexatic nead Dy+D)
phase by analyzing the dc experiment described in Vo= f 0" - (C3)
Appendix A, in which the substance is bounded by a ks T 2
stfitionary wall at x =0 a!’fj a moving W?” at x = W, Note that Egs. (C2) and (C3) reduce to Eqgs.
with free bOL.mdary gondltlons on the orientation an- (5.14a)—(5.14c) in the case Dy=D,. Using Egs.
gle ®. In this experiment, we Ireach a steady state, (A9), we see immediately that
with o, a constant, and g, =g¢'x, where
g =nomV,/W. We expect, by symmetry that the n= A (C4)
Burgers-vector currents (J¥) and (J}) will be nonzero, g vy
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which is the result quoted in (5.19). Close to T,,, where v, is small, we find
If instead of free boundary conditions we had as-

i
sumed that dislocations could not be created or des- 7D+=1/2wy) (1D
troyed at the boundary, we would have had to intro- Ip =p (C12)
duce a nonvanishing gradient of the Burgers-vector 2 '
density (®,), so that the current (J¥) would vanish. For frequencies of order k2, in the hydrodynamic
The analysis in that case would lead to a result for the limit k — 0, the three equations (C5) can be reduced
effective viscosity (A12). to two. From the first row of (C5), we see that in

Let us now consider the dynamic equations this limit,
(5.11)—(5.13), (A6), and (A7), at finite k and w. A |
For simplicity we shall choose units where 2vgo =ikg + ik (Dy+D)(®B) (C13)

nom =ag=1. After some manipulation, we can ob-
tain three coupled equations for the quantities
Oy &, and (®,), which we write in matrix form as

where we have suppressed the Cartesian indices on
the variables. We can then use this to eliminate o,
from the second and third rows of (C5) giving

2vopmo — ik po "%ik(Dll+Di)M0 Ty

T K2 kADy+D))
+io| g [=| -k 0 0 g |- j0g = 2y + (@) (C14)
- 3 1 . 2 2V0 4VU
<(Bx) il\'V() 0 (TD”'F:Dl)k (&x>
iw(®) =— kg +5DkH(®B) . (C15)
(C3)
The eigenvalues of this equation are the roots of the In order to compare directly with the hydrodynamic
cubic equation equations for the hexatic state, we would like to elim-
inate (®) in favor of the variable 9=%(wxy - Wy ).
) NP2
(i)’ = (i) (Dk* +2wopo) Using Egs. (5.11)—=(5.13), (B6), and (B7), one finds
that
- 2+ wok?) — woDk*=0 , (C6)
¥ (i) (vouoDik ™+ pok™) =g 200 =kD(®) — kg . (C16)
where
<, . After some algebra, one can obtain from
D=3Dy+5Dy . (&) (C14)—(C16) two equations of the hydrodynamic
fi )
In the limit K — 0, the eigenvalues become orm
iy =LK K30 — k2o
0=—2ivopo (©8) iwg =5iK k0 —nk’g (C17)
— = l ke — -2
with

where n is given by (C4) and K, and « are given by
wo+ povoDy £ [(wo+ povoDy)? — 8udvoD 1'72 /

1
D= - k=5Dy . (C19)
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