SIAM J. APPL. MATH. (© 2006 Society for Industrial and Applied Mathematics
Vol. 66, No. 4, pp. 1163-1187
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Abstract. We determine the linear stability of a rod or wire on a substrate subject to capillary
forces arising from an anisotropic surface energy for a range of contact angles between —m/2 and
/2. The unperturbed rod is assumed to have infinite length with a uniform cross-section given by a
portion of the two-dimensional equilibrium shape. We examine the effect of surface perturbations on
the total energy. The stability of the equilibrium interface is reduced to determining the eigenvalues
of a coupled system of ordinary differential equations. This system is solved both asymptotically and
numerically for several types of anisotropic surface energies. We find that, in general, the presence
of the substrate tends to stabilize the rod.
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1. Introduction. While stability studies of cylindrical rods have a long history,
they are still a subject of current interest. For example, nanowires (alternatively called
nanorods or quantum wires) are nanoscale crystal structures that are formed by de-
position on a substrate, typically with a high lattice-mismatch that tends to produce
aligned crystals on the substrate. The processing parameters that govern the growth
and stability of the wires are of intense interest. Here we focus on two important is-
sues surrounding nanowire stability: anisotropic surface tension and the contact angle
between the rod and substrate.

The analysis of capillary driven instabilities spurring cylindrical rods to break up
into droplets was initiated in 1873 by Plateau [27], who showed that breakup will occur
when the rod, with isotropic surface energy, is subject to axisymmetric perturbations
whose wavelength exceeds the circumference of the cylinder. Lord Rayleigh [28] deter-
mined that the length scale of the instability is controlled by the perturbations having
the fastest temporal growth rate. The tendency for preferential beading has subse-
quently become known as the Rayleigh instability. A nice review by Michael may be
found in [22]. Molares et al. [23] recently performed an experimental demonstration
using the Rayleigh instability of a nanowire to produce long chains of nanospheres.

The surface energy of a liquid-solid or vapor-solid interface is generally anisotropic
due to the underlying crystal lattice and depends on the orientation of the local normal
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vector at each point of the interface [12, 25, 30]. As a first step in applying the analysis
of Plateau to a nanowire, the effects of the substrate may be ignored, and the stability
of the isolated rod determined strictly by the consideration of anisotropic surface
energy. The experimental studies of Kondo and Takayanagi [18] show an apparent
stability of elongated nanowires that are grown in a bridge configuration, in contrast
to the expected nanoislands or quantum dots predicted by the Rayleigh instability for
the isotropic case.

Cahn [2] studied the effect of anisotropic surface energy on the Rayleigh insta-
bility for isolated rods with circular cross-sections that are subject to axisymmetric
perturbations; the underlying surface free energy was assumed to have transverse
isotropy, resulting in closed-form solutions to the stability problem. Glaeser and
Stolken [9, 32] extended Cahn’s analysis and evaluated the effect of the axisymmetric
surface energy anisotropy on evolution kinetics. Gurski and McFadden [10] considered
general anisotropic surface energies by computing the second variation of the surface
free energy of a freestanding rod whose cross-section is smooth and given by a two-
dimensional equilibrium shape. The analysis was applied to examples with uniaxial or
cubic anisotropy, which illustrated that anisotropic surface energy plays a significant
role in establishing the stability of the rod. It was found that both the magnitude and
sign of the anisotropy determine whether the contribution stabilizes or destabilizes
the system relative to the case of isotropic surface energy.

Previous theoretical studies of the relationship between the morphological insta-
bility of a cylinder that is in contact with a substrate have concentrated on cylinders
with isotropic surface energy. McCallum et al. [19] investigated the linear instability
of a line of film on a substrate. The unperturbed film state was a cylinder of infinite
length with a cross-sectional shape of a segment of a circle. Mass was allowed to flow
by diffusion along the film surface. The results of the study found that the substrate
presence was a stabilizing influence. Roy and Schwartz [31] studied the stability of
liquid ridges on a substrate in the absence of gravity. In this problem the liquid re-
gion had a boundary composed of a free surface with a circular arc for a cross-section
and a solid cylindrical substrate of arbitrary shape. Their results show that when a
particular relationship between the curvatures of the liquid and solid interfaces and
the contact angle is satisfied, the infinite liquid ridge is stable with respect to sinuous
transverse modes, unlike an infinite cylindrical jet.

For an isotropic surface energy, the base state of the system is relatively simple
to describe: the cross-section of the ridge is a circular arc that is determined by the
equilibrium contact angles with the substrate. With surface tension anisotropy, the
situation is more complicated in several respects. The axis of the nanowire relative
to its underlying crystalline axes is a variable to be considered. Once the preferred
orientation of the wire axis is established and the wire is assumed to be in contact
with the substrate, there remains a geometrical degree of freedom represented by a
rotation of the wire about its axis. This rotation exposes different sets of orientations
on the crystal-vapor interface, which in turn affects the total energy of the system.
Therefore, before the stability to axial perturbations of a nanowire on a substrate is
addressed, the selection of the orientation of the wire relative to the substrate must
be considered.

During the deposition process, various wire orientations are observed experimen-
tally, depending on the processing conditions and the composition of the deposited
crystal and substrate [6, 7, 8, 24, 26, 29]. In particular, for a given set of mate-
rial parameters, it is argued that the observed orientations depend on kinetics of
the (nonequilibrium) deposition process as well as on the effects of surface energy and
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surface stress of the crystal-substrate interface [4, 5, 6, 11, 15]. In our simplified model,
we consider an inert (nondeforming) substrate with an isotropic crystal-substrate sur-
face energy and ignore kinetic effects by focusing on equilibrium states.

Even with these simplifying assumptions, the identification of the lowest energy
orientation of a nanowire on a substrate is more complicated than the simpler prob-
lem of determining the lowest energy crystalline orientation of a planar epitaxial
layer deposited on a substrate [5, 15, 29], since a nonfacetted nanowire contains a
range of crystal-vapor surface orientations instead of the single orientation of a planar
film. Within our model, we are able to investigate the low energy orientations of
the nanowire on a substrate and perform a stability analysis to axial perturbations
(Rayleigh instability).

Our results depend in detail on the anisotropy of the crystal-vapor surface energy.
Experimental measurements of this anisotropy for metallic systems are uncommon,
although there has been considerable progress recently in atomic-scale simulations of
the surface energy anisotropy, specifically for crystal-melt interfaces [1, 14]. Here we
adopt a simple one-parameter model for the surface energy anisotropy of the cubic
material with a form that is often used to fit the simulation results [1, 14].

In this paper we examine how both the anisotropy of the surface energy of the wire
and the interaction of the rod with a substrate affect the stability of the rod. As in the
work of Roy and Schwartz [31] on the stability of liquid ridges, we use a variational
approach using an energy functional and constant volume condition. Using general
anisotropic surface energies, we derive an associated eigenproblem. The eigenproblem
is described by a pair of coupled second-order ordinary differential equations with
periodic boundary conditions along the axis of the rod and boundary conditions arising
from the contact angles between the rod and substrate. We consider the effects of
the overall orientation of the crystal relative to the substrate and examine a range of
contact angles. The substrate is assumed to be rigid with an isotropic surface energy.
We apply the analysis to a number of examples, including the case of a cubic material,
and compute the stability of the rod to perturbations when the axis of the rod is
aligned parallel to the high symmetry orientations [001], [011], and [111]. When the
anisotropy is sufficiently small, the stability of the rod can be computed approximately
with asymptotics. For larger levels of anisotropy, the solution is computed numerically.

2. The model. We consider the stability of an infinite rod deposited on a pla-
nar substrate below a vapor phase. The rod extends uniformly in the z direction of
a Cartesian coordinate system (x,y, z) with the y direction normal to the plane of
the substrate. The cross-section of the rod is uniform in z and defined by a two-
dimensional equilibrium shape which is determined by surface energy considerations
and the angle of contact between crystal and substrate. The vapor-substrate sur-
face energy is denoted by y and the crystal-substrate surface energy is denoted by
vs. In this model we assume that both ~y and g are isotropic (constants that are
independent of orientation).

Since we will be considering the stability of the rod under an arbitrary shape
perturbation, we need to consider the three-dimensional crystal-vapor surface energy
for general orientations. The crystal-vapor surface energy will be expressed in terms
of the local normal vector to the crystal-vapor interface written in terms of spherical
coordinates (p, 0, ¢) in which z is the polar axis, p = /a2 + y2 + 22 is the radius,
0 the polar angle, and ¢ the azimuthal angle as shown in Figure 2.1. The crystal-
vapor surface energy is assumed to be anisotropic (orientation-dependent) and is
denoted by v = v(¢,0). The unit normal to the unperturbed rod lies in the plane
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Fi1G. 2.1. Schematic diagram of the spherical coordinate system (p, 8, $) used for the definition
of the surface energy v(¢,0).

0 = n/2 and is given by (6,0 = 7/2) = #(¢) = (cos¢,sin,0), with § = —% and
(;3(¢,9 = 7/2) = (—sin¢,cos$,0). The axis of the unperturbed rod is parallel to
the plane of constant y which represents the substrate. Variables with hats are unit
vectors in their corresponding directions.

We restrict our consideration to differentiable surface energies with anisotropies
that are mild enough that the surface of the rod is smooth and does not exhibit any

missing orientations.

2.1. Three-dimensional surface energy: General formulation. In order
to examine the stability of the rod using a variational approach, we will need the
general energy functional. This formula and the constant volume condition will be
perturbed about the equilibrium rod. The higher order terms in this perturbation
expansion will produce a condition for stability. Simply put, for constant volume, if
the perturbation increases the energy, the equilibrium state is stable; otherwise it is
unstable. This approach parallels the method used by Gurski and McFadden [10], who
study the stability of a free rod, but here it is necessary to account for the presence
of the substrate.

We will consider the stability of the rod to small amplitude disturbances in the
z direction of wavelength A\ = 27/k, where k is the axial wave number. Hence, only
the energy and the volume of a portion of the rod of length A need to be determined.
The effect of the substrate on the stability of the rod is local, so only a finite section
of the substrate large enough to contain the perturbed rod needs to be examined. In
particular, we will consider a rectangular section of the substrate of length A in the z
direction and width 2L g in the z direction.

The total energy of our rod-substrate system, F/, can be written as

(2.1) E=FEcy + FEyvs + Ecg,

where Ecy is the energy of the crystal-vapor interface, Ey g is the energy of the vapor-
substrate system, and E¢cg is the energy of the crystal-substrate system. Letting Acg
be the surface area of the crystal-substrate interface, we have that Fcs = vsAcs and
Evs =9v(2A\Lr — Acs).
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The energy of the crystal-vapor interface, Ecy, is equal to the surface integral
of ~ along this interface. If v is constant, the energy equals v times the surface
area of the crystal-vapor interface. We wish to consider the anisotropic case, so
the integral will depend on the orientation of the unit normal to the interface. To
compute the associated surface integral, it is helpful to introduce some notation. Let
X = X(u,v) be the position vector of a point along the surface of the rod, where u
and v denote surface coordinates. The normal vector field to the rod interface is given
by P =X, x X,.

Following Gurski and McFadden [10], it is convenient to introduce a generalized
surface energy function defined by

(2.2) I'(P) = |Ply(®,0),
where
(2.3) O = tan™! ( P2 + P2 /Pz), o = tan"! (P,/P,)

are the corresponding spherical angles based on the normal vector P.
A formula for the surface energy can now be obtained by noting that v(®, ©)dA =
I'(P)dudv. The surface energy Ecy can therefore be written as

(2.4) Ecv ://F(ﬁ)dudv.

The total energy E is then obtained by substituting (2.4) into (2.1).
It should be noted that the generalized surface energy I' is closely related to the
three-dimensional Cahn—Hoffmann vector [3, 13], £ = V [py(#, 0)]; in fact,

or(P)
oP; -

(2.5) &(P) =

The dimensionless three-dimensional equilibrium shape of a solid particle in a vapor

is given by £(¢,0) for 0 < ¢ < 27 and 0 < 6 < 7, and its normal is p(¢,0). In the
plane § = 7/2, this relation reduces to

(2.6) (o, m/2) = (6, 7/2) (&) + 7o, 7/2) H(0) — Yo (b, 7/2) 2,

where we have used 7(¢) = (cos ¢,sin ¢,0), ¢(¢) = (—sin¢,cos¢,0), and = —Z in
the plane § = /2. Note that here partial derivatives are denoted by subscripts, e.g.,
Vo = 0v/0¢. If v9(¢p,m/2) = 0, then the two-dimensional equilibrium shape defined
by (2.6) is characterized by a constant weighted mean curvature [y + v44] K [33].
Missing orientations can occur if v+ v44 < 0 [35]; here we will assume v+ v44 > 0. If

~Yo(é,m/2) # 0, then the curve g(qb, m/2) is out of the plane z = 0, but its projection
onto the plane represents the two-dimensional equilibrium shape corresponding to
v = 7(¢). These two-dimensional shapes define the cross-sections of our rod. We will
choose the surface coordinates (u,v) = (¢, z), which is a natural choice for studying
the stability of the equilibrium rod along a substrate to small perturbations.

2.2. The equilibrium rod. The cross-section of the unperturbed rod is a por-
tion of a two-dimensional equilibrium shape parameterized by the vector X () (¢) =
(X©(¢),Y©(¢)), where

(2.7 XO) == |5(6.5 ) coso =6 (0.5 ) sing]
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Fic. 2.2. Ellipse rotated an angle of ¢' about the original azes. Contact angles between the
ellipse and substrate are ¥ and Py, .

and

(2.8) YO (g) = = [w (¢, ”) sin g + 7y (¢, W) cos ¢]
Yo 2 2

for Yvp < ¢ < 9, where y(¢,0) is the surface energy, ¢ is a characteristic length
scale, and vy is a characteristic surface energy (see, e.g., [35]). Anticipating the
subsequent perturbation expansion, we associate variables having a superscript (0)
with the equilibrium rod. The rod is in contact with the substrate over the range
XO () <2 < XO(3pg), and the surface of the substrate in this coordinate system
isy =Wy =YO(r) = YO(py). The contact angle that the rod makes with the
substrate thus is described by ¥r and v, as illustrated in Figure 2.2. Winterbottom
[36] (see also [3]) shows that the conditions for equilibrium at the contact line are
satisfied for the choice Wy = (¢/0)[vv — 7s]; we also derive this result below in the
course of the energy minimization. Unless otherwise noted, we will henceforth assume
that all variables are dimensionless, based on the units of length ¢ and energy ~g.

3. Stability under perturbations. We determine the stability of the rod by
computing the total energy of a volume-preserving perturbation to the rod. The
unperturbed interface can be written in the form X (0)(¢) + z 2. As in our previous
development (see [10]), we then consider a perturbed interface of the form

(3.1) X(¢2) = XO@) + 22 + eh(6, 2)7(6) + Fhat(8) + -+

where ¢ is a small parameter, h(¢, z) is the height of the perturbation along the normal
7 to the unperturbed shape, and the constant hy is a second-order shape correction
introduced to satisfy the volume constraint at O(e?). The domain of ¢ is given by
Yr(z) < ¢ < r(z). Note that the contact angles depend on both z and e since the
contact angles are determined by the boundary conditions at the contact point. In
particular, we will assume that i; has a regular expansion in € of the form

(32) 02 = 0 + () + S0 )+
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for i = L, R. At the substrate we have
(33) Y(?,ZJZ, Z) = Wo,
so that at leading order we have
3.4 Wy =Y© UJ(O) = wgo),w 2 sind)(o) + w(O),ﬂ 2 Coswgo)
3 K3 K3 d) 3 3

for i = L, R. The case Wy = 0, LZJ%?) =0, w(LO) = m represents a contact line at
the orientation of an equatorial plane of symmetry of the equilibrium shape and also
corresponds to the upper half of a freely suspended rod [10].

At the contact line the variables X, Y, h, and ¢ are related through (3.1)—(3.3).
Expanding (3.3) to first order yields

(3.5) YO + YO, 2) =0,

where from (3.1) the first-order shape change is given by

(3.6) XW(¢,2) = h(¢,2)cosp, YV(§,2) = h(4,2)sin¢.

Since X( (¢(0 )= —(v+740) bll’ll/) and ngo)(wl(o)) = (v+79¢) cOS 1/)50), (3.5) yields
—h(z/JEO), z) sin wgo)

(7 + Yop) cos

which relates h and (! at the contact line. =
The geometry of the perturbed rod is determined by the two tangent vectors X,

(3.7) Y () =

and )Zz, and their cross product, P = )Z(z, X X'z, which is normal to the interface.
The area element on the interface is given by dA = |]3| d¢ dz. Evaluating the tangent
vectors by using (3.1) and taking their cross product, we find that the interface normal
has the expansion

2
(3.8) P(9,2) = PO () + PN (4,2) + TPD(9,2) + O(e),
where
(3.9) PO = (v —|—’}/¢¢) 7,
(3.10) PW =hit—hed— (7 +7ps) hz 2,
(3.11) P® = hy# —2hh, 2

3.1. Volume. The shape perturbation (3.1) is required to preserve the volume
of the rod over a given length with a period of the perturbation equal to A = 27 /k.
As in Gurski and McFadden [10], we can write the volume as a surface integral by
using the divergence theorem. Then using the expansion (3.1), we find that to O(€?)
the volume is given by

(3.12)

- o

2n/k wL(z) .
/ / ) [X(¢,2) — 22]dpdz
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27 /k
‘% /o Wo [X(Yr(2), 2) — X(¢1(2), 2)] dz

1 2n/k pipr(z) €2 €2
= */ / {|:’Y+€h+ h2:| |:(’y+’)’¢¢)+€h+ h2:| —E’}/¢h¢}d¢dz
2 Jo r(2) 2 2

1 27 /k

= Wo [X(¥r(2),2) — X(¥r(2),2)] dz.

Expanding in € then gives
2
(3.13) V=vO 4y %V(Q) FO() + -,

where

(0)
A A
1) VO=3 [0 o= SO W) - X O

- (0)
I e dpd
(3.15) o h (v +vp¢) dpdz,

an/k gl 2 [k w<o>
(3.16) V® —/ /W {h? + ha ( w+7¢¢)}d¢dz—/o h? tan ¢ (o)

A perturbation h(¢,z) that is periodic in z with mean zero makes V1) = 0, and
the condition V(?) = 0 then determines the appropriate value of the constant hs.
A perturbation h(¢) that is independent of z does not automatically make v =
0. This represents a special case for the stability calculation that is treated in the
appendix.

3.2. Energy. The stability of the rod is determined by expanding the total
energy through O(e?) for |e] < 1, and, for a given volume, examining whether the
shape perturbation, constrained to maintain constant volume of the rod, raises or
lowers the energy of the rod. Since the rod is assumed to be infinite in the z direction,
an analysis in terms of Fourier components allows us to consider shape perturbations
that are periodic in z. The contact angle is now a function of z as well, ¥; = 1;(z)
for both ¢ = L, R, and the energy E in the region —L < x < L and 0 < z < 27/k
from (2.1) is given by

27 /k ’l/JL(Z) 4 L
(3.17) E= / dz/ ,2))do + — VIR
o) k

27 /k
v =19) [ XWa(2),2) - X(0n(2),2)]
0
Expanding in powers of €, we find

(3.18) E=EO1epM 45 E )+ 0(e%),
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where
27 /k (O) 4 L
(3.19) E© — / dz/ Y (Y + Yos) o+ WZV
27 /k f>
+ (v —7s) / (ycos ¢ — 4 sin @) dz.
0 vl

The first variation of the energy is
E(l) 2m/k 2
/ dz/ {(v +790)h + 70 (¥ +790) b} do

(0)
L

2n/k Py
(3.20) [ ("(‘“ (s — 7] + [y sing + 7 cos ¢>]})

cos ¢

b
$

where we used (3.7) to simplify the second integral.
The second variational term is

21 /k PO
/ @z / (2 4+ (v + 700) (7 + Yo0)h2 — 2yoahoh + Vhs + 239hh.] o

2n/k
[ {Iha60?) - 200 a6, 2) tan )
0
(3:21) = [hovs(¥R)) = 29 (@ERWE, 2)ha (1)), 2) tan 7]} .

3.3. Three-dimensional eigenvalue problem. Our choice of h(¢,z) makes
the integral of the sum of the second and fourth terms in (3.21) identically zero.
Eliminating hy from (3.21) by using the volume condition, V?) = 0 in (3.16), and
integrating by parts, we find that

271'/k: {0
E® _ / / hLhdg
2
2/ (0) (0) ©) Oy ((0) (0)
+/O {[h( L ,Z)taIle +h¢(¢L s ) 79¢( )hZ(’LpL ,Z)]h(%; 72)
(3:22) - (AR, 2) tan vy + ho(),2) — 0o (W, DR, 2)} dz,
where
(3'23) Lh = h¢¢ + ('Y + 7¢¢)(7 + 799)hzz - 7¢0h¢z - (79¢hz)¢ + h.

Recall that the aim of this calculation is to determine perturbations h such that
E®) > 0. This condition can be satisfied if the eigenvalue problem

(3.24) Lh = ph

with boundary conditions

(3.25) A, 2)sint(” + hy (!, 2) cos ¥ = 7og (W) (117, 2) cos ) = 0
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for i« = L, R has only negative eigenvalues p. The differential operator £ is identical
to that for the isolated rod as given in [10], but instead of periodicity in ¢ we now
have boundary conditions that apply at 1/)5;)) and w(LO)‘

Assuming a discrete set of eigenvalues pu,, and eigenfunctions h,,, forn =0,1,2,...,
we can rewrite the eigenvalue problem (3.24)—(3.25) as

(3.26)  Opphn + (7 + Y99) (v + 700) 0P — Y900p:ln — (Yo$0zhn) 4 + hay = pinhin,

where the eigenfunctions h,, satisfy the boundary conditions given by (3.25) for i =
L, R. Note that (3.26) must also satisfy periodicity in the z direction, which can be
satisfied by assuming the solution has the form h, (¢, z) = H,(¢) sin kz+G,, () cos kz.
Substituting this into (3.26) implies

42 H, , G,

(3.27) it (L= E~(v +790) (v + 700) ) Hn + kwew +k (70¢Gn)y = tnHn,
d2G, dH,,

(3.28) e + (1=K (v + 790) (v +700))Gn — kwew —k(vosHn), = 1tn Gy

with the boundary conditions

dH,,

(3.29) Hysiny” + 7 U+ kg (1) G cos 1" = 0,
dGy,

(3.30) Grsiny” + = cos ” — kyog (4" ) Hy cos " = 0

d¢

for ¢+ = L, R. This coupled system of equations must be solved to determine the
eigenfunctions and eigenvalues. Note that if v is independent of 6, the equations
decouple.

4. Rotation and contact angles. In the next two sections we consider two
related aspects of the stability of a two-dimensional rod on a substrate. We first
consider the preferred, low energy orientations of the two-dimensional rod neglecting
axial perturbations. For this evaluation, we fix the rod axis that lies parallel to the
substrate and compute the energy of the system as the rod is rotated about this axis.
Given the specification of the axis of the rod, we assume that preferred orientations
correspond to minima of the energy as a function of the rotation angle. Once the low
energy orientations are determined, we go on to consider the further effect of axial
perturbations on the stability of rods aligned in the preferred orientation.

4.1. Ellipse. Consider the special case of a rod whose cross-section is given by
a two-dimensional ellipse,
(4.1) =1.
The major and minor axes of the ellipse are then rotated with respect to the x-axis

by an angle ¢, as shown in Figure 2.2. The corresponding surface free energy ~ is
given by

(42) () = \Ja2 cos? (¢ + ¢') + a2 sin® (6 + ).
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FIG. 4.1. Scaled energy versus rotation angle for the ellipse. From the top at ¢’ =0 the curves
correspond to Wy = —1.0,—0.5,0,0.5,0.75.

The surface of the substrate is the plane y = Wy = (v — 7vs), and the ellipse makes
contact with the substrate with two angles ¢z and 11, which are roots of the equation

(4.3) 0 =Wy — [7(¢)sin g + v4(¢) cos ¢].

If ¢ is zero or 7/2, then ¥, =7 — YR.

First, let us consider how the energy depends on the angle of rotation ¢’ and the
parameter Wy. Since the volume of a rod with an elliptical cross-section will vary as
Wy varies, we must find a normalization for the energy

YL
@) E=[ () do— AW (X(br) - X(4r) + DL,
R
The corresponding formula for the volume of the rod is
A 3n/2 Yr+27T X ¢
ws) v atrunas—r [ -y Bl
2 —m/2 L 8¢
Using these definitions, we can define a normalized energy Fg as
E 2Ly S5y (3 + 760) di — Wo (X () — X (1))
(46) Es= V T VRt2 X
2VA \/f 2 (Y 760) dé—2 [T (Wo = Y) (¢)d¢

For our numerical calculations we set a, = 1, a, = 2. Figure 4.1 shows that when
Wo > 0, the lowest scaled energy Fg is attained when ¢ = 90 (i.e., the major axis
is horizontal) and the highest scaled energy is reached when ¢ = 0 degrees (i.e., the
major axis is vertical). Since Wy = vy — s > 0, the lowest energy state of the ellipse
will be where contact between the crystal and the substrate is maximized and where
contact between the substrate and vapor is minimized, i.e., when the semimajor axis
is horizontal. The scaled energy is independent of ¢’ when Wy is zero, showing that
when vy = g, there is no preferred rod orientation. When Wj is negative, the scaled
energy is higher at ¢’ = 90 degrees and lower at ¢ = 0 degrees as the crystal orients
itself to minimize the crystal-substrate interface.
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4.2. Cubic materials. A simple model of the surface energy anisotropy for a
cubic material is given by the dimensionless expression [20]

(4.7) v, my,nt) = {1 +dea([ng]* + [ny]* + 2]},

where we employ a primed coordinate system that is attached to the crystal axes.
We will consider rod directions z that coincide with the high symmetry orientations
[001], a fourfold axis; [011], a twofold axis; and [111], a threefold axis. We will
use appropriate preliminary rotations of the crystal axes in each case to bring these
axes into alignment with the z-axis of the rod, which will be fixed in the unprimed
coordinate system.

The shapes are smooth for —1/18 < €4 < 1/12 (see [20]). For €4 < 0 the shapes
resemble rounded cubes, with [110] edges first forming at e, = —1/18 &~ —0.0556. As
€4 decreases below —1/18, the edges extend toward the [111] directions, merging to
form a corner for e, = —5/68 &~ —0.07735. For €4 > 0 the shapes are octahedral, with
[100] corners first forming at ¢, = 1/12 ~ 0.0833.

4.2.1. Rod axis parallel to [001] orientation. If the axis of the rod is aligned
with the [001] orientation of the crystal, the dimensionless surface energy resulting
from (4.7) is given by [16, 17, 21]

(4.8) Y($,0) = 1+ €4 [4cos* 6 +sin 0 (3 + cos 4¢)].
In the plane § = /2,
(4.9) v = (1+ 3e4) + €4 cos 4.

If we allow the crystal to rotate on the substrate, we must include the effect of
the rotation angle ¢/,

(4.10) v =(1+3es) + escosd (¢ + ¢').

We can determine the scaled energies using (4.6). Results are shown in Figure 4.2 for
several values of €4 in the range of —0.0556 to 0.0833. The two extreme heights of
Wy = £Wy, where

(411) Wy = min (0.95\/X(0)2 TV (0)2,0.95 /X (1/2)2 + Y(7r/2)2) :

are shown. When Wy is near —Wjy, i.e., the origin of the coordinate system is nearly
at a maximum height above the substrate surface, the effects of rotation are very
slight, with maxima at ¢’ = 0, 90, 180, 270, and 360 degrees for negative e4. When ¢4
is positive, these maxima switch to minima. The plot of the scaled energy versus angle
of rotation for ¢4 = —0.0556 has the largest oscillations with an amplitude of 0.001.
The fourfold symmetry of the [001] oriented crystal is responsible for the 90 degree
spacing. When W is near W), the location of the maxima and minima reverse with
respect to their locations at Wy = —Wj,, and the effect of the rotation becomes more
pronounced.

4.2.2. Rod axis parallel to [011] orientation. If the axis of the rod is aligned
with the [011] orientation of the crystal, then an appropriate rotation of the crystal
axes relative to the rod axis is given by [20]

n’, 1 0 0 Ny
(4.12) n, | =10 1/v2 1/V2 ny
n’, 0 —1/vV2 1/V2 n.
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F1c. 4.2. Scaled energy versus ¢' for the [001] cubic orientation. (a) From the bottom,
the curves are e4 = —0.0556, —0.02778, 0.0, 0.02778, 0.0556, 0.0833. Wy = —Wys. (b) From
the top, the two dashed curves are e4 = —0.0556 and —0.02778, and the solid curves are €4 =
0.0, 0.02778, 0.0556, 0.0833. Wy = Wj,.

This rotation gives

4 4

n
(4.13) v=1+4ey ni+7y+%+3n5n§ ,

which reduces to

(414) v=142¢ (cos4 0 + 6 cos? 0 sin? O sin” ¢ + 2sin 0 cos* ¢ + sin* f sin* (;5)
When 6 = 7/2 and rotation of the crystal about the substrate is included, then

(4.15) y=1+eé %+cos2(<b+¢’)+%cos4(¢+¢’) )

The rod is smooth for —5/68 < e4 < 1/12, which is a larger range than the [001] case.
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(b)

F1c. 4.3. Scaled energy versus 0’ for the [011] cubic orientation. (a) From the bottom, the
curves are e4 = —0.0556, —0.02778, 0.0, 0.02778, 0.0556, 0.0833. Wy = —Whyyr. (b) At 0" =0 from
the bottom, the two dashed curves correspond to e4 = —0.0556 and —0.02778, and the solid curves
correspond to €4 = 0.0, 0.02778, 0.0556, 0.0833. Wo =W

We can determine the scaled energies using (4.6). Results are shown in Figure
4.3 for several values of €4 in the range of —0.0556 to 0.0833 for the two extreme
heights of Wy = £Wj,. The twofold symmetry of the [011] crystal is apparent in
the spacing of maxima and minima shown in Figure 4.3. When ¢4 is negative, the
minima (maxima) are located at 0, 180, and 360 degrees for Wy = —Wy (+Way).
When ¢4 is positive, the minima are located at 90 and 270 degrees for Wy = —W)y,.
At Wy = Wy, maxima are maintained at 90 and 270 degrees for positive ¢4. We see
that secondary local maxima form at ¢’ = 0, 180, 360 for positive €4 at Wy = Wy,.

4.2.3. Rod axis parallel to [111] orientation. If the axis of the rod is aligned
with the [111] orientation of the crystal, then an appropriate rotation of the crystal
axes relative to the rod axis is given by [20]

2 V2/V3 0 1/VBY [
(4.16) m, | =|-1/v6 1/v2 1/V3||n
: —-1/V6 —1/vV2 1/v3/) \n.
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This leads to the form

n

<

4
n
z 2,2 2,2 2,2
+ 3 +ngny + 2ngn; + 2nyn;

ol

(4.17) v=1+4e <1§ +
+ %ﬂninz — 2\/§nmn§nz>,

which reduces to

(4.18) v=1+414e (il)) cos* @ + 2 cos? fsin? 6 + % sin @ + ¥ cos A sin® 6 cos 3(;3) .

Although the [111] orientation is not isotropic, in the § = 7/2 plane,
(4.19) v =1+ 2¢.

Therefore, the effect of the ¢ dependence is lost and the surface energy for the [111]
orientation is unchanged by a rotation of ¢’ about the substrate.

5. Linear stability calculations. Next we investigate the linear stability of
the system by examining the eigenvalue problem associated with diagonalizing the
second variation of the energy for a fixed orientation of the rod on the substrate.
We consider a number of examples, including an ellipsoidal surface energy anisotropy
and several variants of cubic anisotropy. The three-dimensional study includes both
numerical and asymptotic results. A discussion on the effect of rotation on stability
is covered in the appendix.

5.1. Ellipsoidal anisotropy. We first discuss an anisotropic surface energy that
leads to an ellipsoidal equilibrium shape described by

2 2 2
X z

(5.1) !
az ay a3

We consider an axisymmetric shape with a, = a, = 1. The corresponding surface
free energy is given by v(¢,0) = y/sin® 6 + a2 cos2 6, and in the plane § = 7/2 we

have v = 1, Y46 = 0, 794 = 0, and ypp = a? — 1. The eigenvalue problem (3.27)—(3.28)
decouples, leading to the single equation

0’H,,
0¢?

where K = a,k. The boundary conditions for i = L, R are

+ (1 - KQ)Hn = ,Uanv

(5.2)

(5.3) H, () singp{” + Hyg (1h{”) cos ! = 0.

We solve this problem numerically using a pseudospectral Chebyshev method for
a range of contact angles determined by solutions to (4.3), where —1 < Wy < 1. To
eliminate the change in length scale with the contact angle, we define Kk = K R, as the
dimensionless axial wave number based on the effective radius of the cross-section.

In Figure 5.1(a) we show the most unstable mode (i for a range of contact angles
1R as a function of k. The results indicate that the ellipsoid is stabilized with respect
to long wavelengths for large . In Figure 5.1(b) we plot the square of the critical
wavenumber k¢, which corresponds to the transition between stable and unstable
behavior, as a function of the contact angle ¢ .
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Fic. 5.1. (a) Figenvalues for n = 0 versus k = ReK for the ellipsoid case. From the lower

curve at Kk = 0: wg-? = —89,0,30,60,75 degrees. (b) The square of the rescaled wave number, n2c,
versus g for the ellipsoid.

5.2. Cubic materials. For numerical determination of the eigenvalues we used
a pseudospectral Chebyshev discretization of the (3.27), (3.28) with boundary condi-
tions from (3.25) for contact angles, where —m < ¢ < m. For this problem we may
choose a value g, thereby fixing the value of Wy. If we restrict ¢ between —m /2
and 7/2, then vy, is the solution to

(5-4) Wo — (7(¢) sin ¢ + 74 () cos ¢) = 0

for a value of ¢ between 7/2 and 37/2. Therefore, fixing the value of ¥z determines
the value of ¥r,.

Since y varies with respect to €4 for each of the three high symmetry cubic orienta-
tions [001], [011], and [111], we must determine the effective radius of the cross-section
R.. To eliminate the change in length scale with €4, we set kK = kR,, which is the
dimensionless axial wave number based on the effective radius of the cross-section.

In addition, we performed an asymptotic expansion of the problem with a plane
of symmetry at ¢ = 7/2, i.e., when ¢y, = m — 9g. The results for the numerical cal-
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culation will be compared to the results for the asymptotic expansion in the following
sections.

5.2.1. Rod axis parallel to [001] orientation. The dimensionless surface
energy is given by (4.8) for the [001] orientation. In the plane § = 7/2, we then have
Yoy = 0, and

(5.5) v = (14 3e4) + €4 cos 4,

9 45
(5.6) (v +7e0) (v + Yo0) = (1 — 6ey — 263> — (18¢4 — 126€3) cos 4¢) + ?ei cos 8¢.

The rod is smooth for —1/18 < ey < 1/12.
For this orientation, vs4(¢, 7/2) vanishes, leading to a decoupling of (3.27), (3.28)
that leaves a single equation,

0H,
(5.7) P + (1=K [1+ e2A1(8) + €5 42(9)]) Hy = pn Ho,
where
(5.8) Ay = —6[1+3cosdd], As= —g[l — 28 cos4¢p — 5 cos 8¢].

For the asymptotics, we assume a symmetry condition about ¢ = 7/2. If —w/2 <
Yr < 7/2, then ¥, = m —1r. Then the boundary conditions become

(5.9) H, (Yr)sinyr + Hpy(Yr) costpr = 0,
(5.10) Hyo(m/2) = 0.

We take the simple expansions of H,, and u, in terms of small e4:

(5.11) Hy(¢) = HO(¢) + eaHV (¢) + O (€3),
(5.12) pin = 1 + eaul + O(3).

The formal asymptotic expansion gives

(5.13) Hp(¢) = Crcosfy (m/2 — ¢) + O(eq),

L 2 By [ sin(el) — )
(514) =1k @n“‘*{Gk (o & s ) {Sm‘“/”* )
sin(41/)g3) + 1) 2
G ro.

where 71, = 26, (7/2 — g))) and the value of 3, must satisfy

cos B (7/2 — Rr) sinyg + Bp sin By, (7/2 — r) cos(r) = 0.

In Figure 5.2, the first two terms of the asymptotic expansion for the most unsta-
ble mode, ug, are compared against the numerical value for several choices of contact
angle, wg)), for ¢4 = 0.20. The asymptotic results, shown by the dashed curves, are
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F1G. 5.2. Eigenvalues for n = 0 versus the rescaled wave number k = Rek for the [001] orienta-
tion. Reading from the solid lower curve to the solid upper curve at k = 0, the corresponding values
of Yr are —90,0,45,63 degrees as indicated. The solid curve represents the numerical solution, and
the dashed curve represents the asymptotic solution for es4 = 0.020.

close to the numerical results represented by the solid curves. These results show
that the larger contact angles are more stable with respect to large dimensionless
axial wave numbers. In addition, the [001] orientation is more stable with respect to
the isotropic case for negative €4 and destabilized for positive €4. The ¥ = 0 case
corresponds to the free rod discussed in [10].

The corresponding critical wave number k¢, defined where p is zero, as a function
of €4 has the form ko = R.k. If we define 07(11) = k27, then the critical dimensionless
wave number is as follows:

(5.15) ke = R2(1— B2 (1 + e47) + O(€3).

Figure 5.3 shows the results for the square of the rescaled critical wave number versus
the contact angle . The isotropic case, where €4 is zero, matches the results found
in McCallum et al. [19] for the isotropic rod in contact with a substrate. It is clear
from Figure 5.3 that the negative values of €4 stabilize the rod for all contact angles
with respect to the isotropic rod, while the positive values of €4 destabilize the rod.
This behavior also was observed for the freestanding rod [10].

5.2.2. Rod axis parallel to [011] orientation. The dimensionless surface
energy, v, for the [011] orientation is given by (4.15). In the plane § = 7/2, we then
have vg4 = 0, and

9 3
(5.16) ¥ = (1 + 4€4> + €4 cOs 29 + 164 cos 4¢,
(5.17)
3
(v +786) (v +700) = (1 + 564[5 — 12 cos 2¢ — 9 cos 4¢)]

+ %ei[lG? + 136 cos 2¢ — 148 cos 4¢ + 312 cos 6¢ + 45 cos 8¢]).
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FiG. 5.3. The square of the critical rescaled wavenumber, m%, versus ¥ for the [001] orientation
for e4 = —0.0556,—0.02,0,0.02,0.05,0.0833. The solid curves represent the numerical solutions
and the dashed curves the asymptotic solutions. The asymptotic solutions are given only for e =
—0.02,0.0.02.

The asymptotic expansion for the [011] orientation is similar to the [001] orienta-
tion. Therefore, we merely state the results for the first two terms of the eigenvalue
expansion:

(5.18) ul) =1-k -3,

15 9k23 3
1) _ —ka 9 Pn 24in 2 (0) 2 dind (0)
D = e [+ fma
2s5in 2y 3sindyl)\
S\ g1 g4 )
203, cos 21/)530) 303, cos 41/1%,-?) .
(5.19) —< -1 + 203 — 1) sinmny, |,

where 7, and §,, are as defined for the [001] orientation. Figure 5.4(a) shows nu-
merical results for the range —0.05 < ¢4, < 0.08 and the asymptotic results for
€4 = —0.02,0,0.02. The extreme ends of the smooth ¢4 range present some nu-
merical difficulties and are therefore not shown. Likewise the extreme case, where
g is approaching 90 degrees and the cross-sectional area of the rod is approaching
zero, prevents us from calculating over the entire range of ¥r. The curve ¢4 = 0
corresponds to the isotropic case. The substrate acts as a stabilizing influence on the
rod; even the negative €4 case, while less stable than the positive €4 case, is less un-
stable than it is for a freestanding rod. The large wave number instability associated
with negative values of (v + 7pg) seen in the freestanding rod [10] when €4 is in the
range —5/68 < ¢4 < —1/18 is possibly related to the growing Iigc values observed for
€4 = —0.05 over a positive range of ¢ g.

5.2.3. Rod axis parallel to [111] orientation. If the axis of the rod is aligned
with the [111] orientation of the crystal axes relative to the rod axis, then v is given
by the following in the plane 6 = 7/2:

(5.20) v =1+ 2¢4,
(5.21) (7 + 760) (v +700) = 1 + 12€4 + 20,
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o ‘ ‘ ‘
-90 -45 0 45 90
YR

Fic. 5.4. The square of the critical rescaled wave number, ﬁ%, versus Ypr for €4 =
—0.05,—0.02,0,0.02,0.08 for (a) the [011] orientation and (b) the [111] orientation. The solid curves
represent the numerical solutions, and the dashed curves represent the asymptotic solutions. The
asymptotic solutions are given only for e4 = —0.02,0.0.02.

The asymptotic expansion for this orientation differs from the expansions for the
[001] and [011] orientations since in the [111] orientation (3.27) and (3.28) are coupled
through the nonzero term

(5.22) Yoo = 8V 2e48in 3.

The zeroth-order conditions and results are the same as those for the [001] and [011]
orientations, as expected, so only the details for the first-order terms are shown here.

We begin with the equations that must be solved to determine ug ).

(5.23)  — HY (o)u(wo) + HY ($o)ug(to)

/2
_ ‘/w(o) [( 511) + 12k2)H7(10) _ k79¢(¢)G510¢3 . k(79¢(¢)GSLO))¢}Ud¢ —0
R
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and
(5.24)  — GO @MW) + GO W yus ()

/2
= [ 04 120G+ ko (9L + KO0 ) HE) s = 0
R

with the boundary conditions

5.25 HY(/2) =0,
G(r/2) =0,
HM (") sing ) + Hyy (0)) cos v + ks (v )G cos ) =0,

ngl)(w%))) sin ¢§$) + GSQZ( g))) cos wg) — k"y%(w%)))H 9 cos ng) =0.

n

5.26

(5.25)
(5.26)
(5.27)
(5.28)

Concentrating on (5.23), one sees that the equation can be rewritten as

(5.29)  —(HYWW) + ks (GO W) ulw)) + HO @ F yug (05

T/ /2

2
— () + 12k2) o H50>ud¢+k/

s e

166 (0) GO u() — Y06(6)G P ug(6)] dd = 0.

The boundary terms vanish since the operator is self-adjoint. In addition, since

G%O)(gb) and u(¢) differ only by a constant, the second integral vanishes as well. Thus
one finds that

(5.30) ) = —12%2,

Applying similar logic to (5.24), one finds the same result.

The numerical results for the [111] orientation for —0.05 < e4 < 0.08 and the
asymptotic results for e, = —0.02,0,0.02 are shown in Figure 5.4(b). The extreme
ends of the smooth €; range present some numerical difficulties and are therefore
not shown. Figure 5.4(b) shows that for nonnegative €4, the substrate is a stabilizing
presence, but even this added stability is unable to overcome the instability associated
with positive values of €.

6. Conclusion. We have examined rotation effects and the linear stability of
a rod on a substrate, in which the rod has a uniform cross-section given by a two-
dimensional equilibrium shape. This work extends our previous treatment of a free-
standing rod, where the stability analysis produces an associated eigenvalue problem
with periodic boundary conditions. The effect of the rod making contact with the
substrate involves instead mixed boundary conditions for the eigenvalue problem. The
eigenvalues are determined numerically with asymptotic solutions given for the limit-
ing case of small anisotropy. The eigenproblem is a coupled pair of second-order ordi-
nary differential equations with coefficients that are periodic along the axis of the rod
and depend on the second derivatives with respect to the orientation variables. We as-
sumed a weak anisotropic surface energy to eliminate missing orientations on the rod.

As was found in our previous exploration of the freestanding anisotropic rod, the
magnitude and the sign of the anisotropy determine the relative stability in com-
parison to the isotropic case. The overall effect of the substrate is stabilizing to
the anisotropic rod. In general, as the contact angle 1 tends to 90 degrees, the
rod on the substrate becomes more stable, which is analogous to the stability of a
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three-dimensional planar film, where the anisotropy is not strong enough to make the
problem ill-posed. In particular, the rod on a substrate with any of the high sym-
metry cubic orientations maintains the same relationship as the freestanding rods as
to whether or not a positive or negative anisotropy enhances or diminishes stability.
When the contact angle ¥ between the rod and the substrate approaches —90 de-
grees, the stability does not revert to that of the freestanding rod. In this limiting
case, the rods are pinned to the surface at one point, and this single point of contact
increases the stability of the rod with respect to the unpinned case. This effect was
also seen by McCallum et al. [19] for the isotropic rod.

We have considered the effect of rotation on the stability of a two-dimensional rod
whose cross-section is either elliptical or a shape determined by one of the three high
symmetry cubic orientations. In order to describe these cross-sections, the coordinate
system is fixed to the center of the rod, thereby defining a substrate height above
this center. When the major axis of the ellipse is horizontal, the ellipse is most stable
with a positive substrate height (see Figure 2.2) and is least stable with a negative
substrate height. For this elliptical case, the observation is consistent with the remark
above that contact angles near 90 degrees are more stable than contact angles near
—90 degrees. But the observation concerning substrate height applies to more general
cases. In particular, the stability of rods whose cross-sections are determined by high
symmetry cubic orientations mimic this reversal of stability when the substrate height
is at a maximum over the coordinate axes in comparison to a minimum. Similar to
the linear stability results, the stability under rotation of these rods with the [001] and
[011] cubic orientations depends greatly on the sign and magnitude of the anisotropy.
Negative anisotropy corresponds to a rod with a cross-section of a rounded cube;
positive anisotropy corresponds to a rod with a smoothed octahedral cross-section.
In general we observe that for the [001] cubic orientation, the more negative the
anisotropy, the more unstable the rod. The situation is reversed for the [011] and
[111] cubic orientations.

The two- or fourfold symmetry of the orientations is reflected in the effect of
rotation of the rods on the stability. The stability of the rod with the [111] cubic
orientation is found to be unchanged by rotation.

These results may be potentially useful in the manufacture of stable long rods
or wires with an axis oriented along the high symmetry orientations [001], [011], and
[111].

Appendix. The effect of rotations on perturbation stability. In this
section we discuss the effect of rotating a crystal on the second variational energy
of the contact line problem. We start with a study of the two-dimensional shapes
from sections 4.1 and 4.2: an ellipse and three two-dimensional cubic crystals in high
symmetry orientations. For the ellipse, the major and minor axes are rotated with
respect to the x-axis at an angle of ¢’. Additionally, the substrate may be moved
upwards from the original z-axis at a distance of Wy. In this particular case the effect
of Wy will be seen indirectly, as it does not appear explicitly in the relevant equations.
However, W, determines the contact angles ¥ and 1 that the crystal makes with
the substrate.

In two dimensions the stability problem (i.e., the second variation of the energy)
reduces to the following:

(0)
L

(A1) 5= | Thos(0) + h()h(6) do

2 o
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with the boundary conditions
(A2) B ) sin g + hy (1) cos ¥ = 0
for ¢ = L, R, subject to the constraints where

P

(A3) [ MO b6+ 6) 4 00t + )] do =0,
Yr
and where
%
(A1) o ¥(6)do
YR

is minimized.
Therefore we can formulate the problem as

(A.5) hoo (@) + (@) = ph(d) + 7 V(@ + &) + 70(d + )]

with the boundary conditions given as above in (A.2). We solve this problem using two
different numerical techniques. The first uses a pseudospectral Chebyshev calculation
[34] to determine a basis of eigenvectors for the problem

(A.6) heo(@) + h(9) = ph(g),

subject to the boundary conditions, that are orthogonal to the vector

(A7) (@ + &) +vg0(0 + ¢).

In addition, we can solve (A.2), (A.5) with a double shooting method.

The unstable eigenmodes are those where p, > 0. We find that the largest
eigenvalue, g, is zero to numerical accuracy for all cases, indicating that none of the
modes are unstable. Analytically we can obtain some insight by noting that (A.6)
admits solutions of the form

(A.8) —n?+1=p,,
(A.9) hn(9) = Ay sin(ng) + By, cos(ng).

Note that p, is negative for n > 2, resulting in stable shape perturbations. The
boundary conditions show that if n = 0, then hg = 0. The next allowed n is n =1,
which gives y1 = 0 and h; = Bj cos ¢, an allowable solution. This is an eigenmode as
long as it satisfies the orthogonality constraint given in (A.3).
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