aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Smectic order, pinning, and phase transition in a smectic-
liquid-crystal cell with a random substrate
Quan Zhang and Leo Radzihovsky
Phys. Rev. E 87, 022509 — Published 26 February 2013
DOI: 10.1103/PhysRevE.87.022509


http://dx.doi.org/10.1103/PhysRevE.87.022509

Smectic order, pinning, and phase transition in a smectic liquid crystal cell with a
random substrate

Quan Zhang and Leo Radzihovsky
Department of Physics, University of Colorado, Boulder, CO 80309, USA
(Dated: January 23, 2013)

We study smectic liquid crystal order in a cell with a heterogeneous substrate imposing surface

random positional and orientational pinnings.

Proposing a minimal random elastic model, we

demonstrate that for a thick cell the smectic state without a rubbed substrate is always unstable
at long scales, and for weak random pinning is replaced by a smectic glass state. We compute
the statistics of the associated substrate-driven distortions and the characteristic smectic domain
size on the heterogeneous substrate and in the bulk. We find that for weak disorder, the system
exhibits a three-dimensional temperature controlled phase transition between a weakly and strongly
pinned smectic glass states akin to the Cardy-Ostlund phase transition. We explore experimental
implications of the predicted phenomenology and suggest that it provides a plausible explanation
for the experimental observations on polarized light microscopy and x-ray scattering.

PACS numbers: 64.70.pp, 61.30.Hn, 64.60.ae

I. INTRODUCTION
A. DMotivation and background

Research on ordered condensed matter systems subject
to bulk random heterogeneities has been an active
field. Considerable progress has been made, providing
a better understanding of real materials, where quench
disorder is always present [1-8]. Recently, attention has
turned to systems where the heterogeneity is confined
to a surface, e.g. nematic [9-11] and smectic liquid
crystal cells [12] with dirty substrates. These surface
disordered systems are of considerable interest and
exhibit phenomenology qualitatively distinct from their
bulk disordered counterparts.

The commonly observed Schlieren texture [13] is
a manifestation of such surface pinning in nematic
cells. Recent studies also include photo-alignment and
dynamics in self-assembled liquid crystalline monolayers
[14, 15], as well as memory effects and multistability
in the alignment of nematic cells with a heterogeneous
random anchoring substrate [16]. The existence of the
corresponding phenomena in smectic liquid crystals has
been recently revealed in ferroelectric smectic-C cells in a
book-shelf geometry [17, 18]. This latter system exhibits
long-scale smectic layer distortions, driven by collective
random surface pinning, and awaits a detailed theoretical
description.

A schematic of such a smectic liquid crystal cell is
illustrated in Fig. 1, with a “dirty” front substrate
imposing two types of surface disorders: surface random
orientational pinning of local nematic order and surface
random positional pinning of smectic layers. Generically,
such surface pinning leads to elastic and plastic smec-
tic disordering, latter characterized by proliferation of
topological defects, e.g., dislocations. In this paper, we
focus on the simpler limit of weak disorder, where the
topological defects are either not present at long scales
or are sufficiently dilute, that they can be neglected for

a range of experimentally relevant length scales. Clearly
this leaves a rich and challenging regime of strong pinning
to future studies.

FIG. 1. (Color online) A schematic of a half-infinite smectic
liquid crystal cell in the presence of surface random pinning,
with the region enclosed by dashed line indicating a domain
of area &, x & (€. ~ €2/a) within which the perturbative
treatment of surface disorder is valid. The smectic long range
order is destroyed by arbitrarily weak surface disorder beyond
the domain size.

B. Summary of the results

We explore surface pinned smectic cell, focussing on
the bookshelf geometry [with the coordinate system
shown in Fig. 1, where y is perpendicular to the



substrate and points into the cell, x (along smectic
layer) and z (along smectic layer normal) are parallel
to the substrate]. As we will show in Sec. VIII in the
homeotropic geometry, the effects of random substrate
reduce to that of a random field xy model in (d — 1)
dimensions, and are significantly less strong than in this
more common bookshelf geometry.

Using a harmonic elastic description of smectic liquid
crystal order with surface quenched disorder, which
characterizes a thick smectic cell subject to surface
heterogeneities, we studied the distortion of the smec-
tic layers on the surface, characterized by a Larkin
(Imry-Ma)-like [19, 20] length scales given by &,, &, ~
€2/ that relates the distortion along the layer normal
(z) and parallel to the layer (z) from either random
orientational or random positional pinning, A\ = \/K/B
is the standard smectic liquid crystal length, typically
comparable to the layer thickness a [21]. In the regime
of dominant surface orientational pinning we find (with
Ay the associated mean-squared pinning strength)

B2)\3a2
¢ =c X" Al (1)

For the dominant surface positional disorder (of mean-
squared strength A,) we instead find

B2A3a*\ '
gg_(?,c B > ~ VAL, 2)
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where ¢ = % ~ 34.6. In the presence of both types
of surface disorders, the domain size is determined by
a combination of these two lengths as discussed later in
Sec. IV B.

Adapting the standard Imry-Ma-Larkin analysis to the
problem at hand, we find that long range smectic order on
the heterogeneous substrate is unstable against surface
random orientational pinning in a d dimensional system
with d < df,, where

df, =4, (3)

and for the surface random positional pinning in a d
dimensional system with d < dj.., where

e = 6. (4)

Thus, on sufficiently long scales long-range smectic order
in a three-dimensional cell is unstable to arbitrarily weak
random pinning of statistically isotropic (nonrubbed)
substrate. Below these lower critical dimensions ar-
bitrarily weak pinning destabilizes long range smectic
order.  Within the resulting finite smectic domains
the correlations of smectic layer distortions grow as a
power-law of in-plane separation and decay exponentially
into the bulk of the cell, with the characteristic length at
depth y > &, set by y itself.

We employed the functional renormalization group
(FRG) [22-26] to assess the effectively strong nonlinear

pinning physics on scales beyond the smectic domain
size. The most interesting and potentially experimentally
relevant prediction of this analysis is a three-dimensional
(3D) Cardy-Ostlund-like (CO) [27] phase transition at a
temperature Ty, from a weakly disordered smectic for
T > T, (where on long scales the surface positional
pinning is averaged away by thermal fluctuations), to
a low-temperature disorder-dominated smectic-glass for
T < T,. In the latter phase, the positional disorder
flows to a CO fixed line at which the correlations of
layer distortions asymptotically are characterized by the
orientational pinning alone, but with an effective strength
additively enhanced with (T, — T)?. The high- and
low-temperature phases are distinguished by (among
other features) the effective temperature-dependent ori-
entational pinning strength

07 (T) = Ap(T)/ Ay, (5)

given by

57(T) =

o

1, for T' > Ty,
9 & r)° (6)
1+ (1-£), forT<T,

The long-scale smectic layers correlations on the sub-
strate (at y = 0) are characterized by C(x,z) =
([uo(z, 2) — un(0,0)]2), the full behavior of which is given
in Eq. (103) with limits:

o f T/ (D), for 2> V%,
Clmz) = “2{ Vam oD, forz < vz, )

with the temperature dependent sizes

&(T) = €1 /64(T), (8)
&(T) = & /H(T). 9)

These predictions remain valid only on scales shorter
than the distance between unbound dislocations and the
scale ¢NT (> ¢f for weak pinning) beyond which the
nonlinear elasticity may become important.

We also study various experimental features of our pre-
dictions for the polarized light microscopy. We suggest
that the highly anisotropic domain (as shown in Fig. 1)
induced by surface disorder is a plausible explanation for
the commonly observed stripes in thin smectic cells [18].
We further argue that the 3D smectic-glass transition
predicted above (illustrated in Fig. 5) may have already
been observed as the aforementioned precipitous X-ray
peak broadening in cooled smectic liquid crystal cells
with a random substrate [17, 18], which is expected to
have a peak width proportional to &, !(T) as shown in
Fig. 2. Although further systematic detailed studies are
necessary to test this conjecture, based on the robustness
of our theoretical prediction, we expect this transition
to be quite generic in smectic liquid crystal cells with
heterogeneous substrates.

The remainder of this paper is organized as follows.
In Sec. II we present a simple model of a thick
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FIG. 2. (Color online) X-ray scattering peak width (thick
smooth curve, as indicated by the top right inset) as a function
of temperature. The peak broadens below CO transition
temperature 7y. The phase transition is indicated by the flow

of random positional disorder strength to a nonzero fixed line
value A} (T) for T < Ty.

(half-infinite) bookshelf smectic cell with surface het-
erogeneity, and derive the effective surface theory by
dimensional reduction where bulk modes are integrated
out. in Sec. III, Imry-Ma argument is used to estimate
the domain size at which the influence of random
pinnings becomes large. In Sec. IV, the surface
random positional pinning is treated within the Larkin,
perturbative approximation, that allows us to compute
exactly the short-scale correlation functions. In Sec. V
we present a functional renormalization group analysis
to treat fully nonlinear positional pinning necessary
for characterization of long scale correlations. We
demonstrate that at finite T, this analysis predicts
a 3D Cardy-Ostlund like phase transition. Possible
features of observation under polarized microscopy and
X-ray scattering are analyzed in Sec. VI. In Sec. VII,
the importance of nonlinear elasticity is studied using
renormalization group method to show that it is less
relevant, thereby justifying the validity of the harmonic
elastic treatment, and the stability of the orientational
order and relevant length scales are also discussed. In
Sec. VIIT we derive a theory for a surface disordered
smectic cell with layers parallel to the substrates and
show that it mimics a familiar bulk disordered xy model
in one lower dimension. We conclude in Sec. IX with a
brief summary of the work and future directions. The
technical details of our calculations are relegated to the
appendices A, B, C, D, and E.

II. MODEL
A. Bulk elasticity

We will focus on a smectic cell in the experimentally
and theoretically more interesting bookshelf geometry.

v.rx. .Y Y .7

Choosing the coordinate system as illustrated in Fig. 1,
so that the smectic layers lie parallel to the (z, z) plane,
with the average layer normal and director n along the
z axis. The random substrate is located at y = 0 and
running perpendicular to the y axis.

Neglecting elastic nonlinearities [28], we model a
half-infinite bookshelf geometry smectic cell with a
heterogeneous substrate by an energy functional

e K B
Hypui, = /dd_lx/o dy [E(Viu)%r 5(6zu)2 +Hpin,
(10)
in which u(x,y) is the distortion of smectic layer at
position r = (x,y), and in 3D x = (x, z) spans the 2D
random substrate, and y is the axis into the bulk of the
cell.

B. Surface pinnings

The surface pinning energy of the substrate is given by
Hpin = Hy + Han + Hap, (11)

including uniform pinning of the layers, the coupling of
the substrate with the directors 7 and smectic density
p(x) on the y = 0 substrate, respectively.

To stabilize the bookshelf cell geometry, a uniform
component of the pinning is realized on the y = 0
substrate via

/
i, = [ a5 ) 12)

which dictates the layers to be perpendicular to the
substrate. In experiment, this is imposed by a uniform
structureless treatment of the substrate [29, 30].
Generically, the interaction between the substrate and
the liquid crystal also includes the coupling between the
nematic director n and the local random pinning axis,
g(x) = (92,94,92), as well as the coupling between
the smectic density p(x) and the local random scalar
potential U(x). These are determined by the substrate’s
local chemical and physical structure (composition,
roughness, rubbing, etc...). The nematic director 7 is
pinned by the local random pinning axis g(x), with

Han = — / =1z [ g(x)). (13)

We approximated this weak pinning by specializing to
the smectic state, with the layer normal n taken along
2v/1—=6n?+dn and on =~ —V v [7, 12]. With this, Hg,
becomes

Han~ [ d{ [2(x) — 2(%)] (Ds)?
+ [93 (x) — g; (X)] (3yu)2 — 292(%) gy (%) (02 1) (Oyu)

129, (x)g. (x) (0s0) + 29, (x)g- <x><ayu>}. (14)



For a rubbed substrate used in the experiment [18, 30],
the alignment is highly anisotropic such that |g.| >
|gz] ~ |gy| and pinning of layer normal along % is
imposed. Combining with Eq. (12) and averaging over
microscopic scales, we find

Hy+Hgy, ~ /dd_lx [%(Byu)Q + %(8111)2 —

(15)

in which

W=W'+2g2(x) = g3(x) |

Wo =2 260 — 269 (16)

h(x) = —2¢,(x)g.(x).

For strong pinning %-(d,u)?, the linear terms in (0,u)
in Eq. (14) can be neglected and dyu taken to be 0.
Determined by local chemical and physmal structure,
h(x) is expected to be short ranged, with variance
h(x)h(x') = A6l (x — x), (17)

where = is ensemble average and 84~ (x) isa(d—1)
dimensional short ranged function set by the scale on
the order of the molecular size a. The precise form of
§9=1(x) has no qualitative effect on the long scale (longer
than its range) behavior which is our focus here, and the
effectiveness of field description of the system already
averages out details on scales shorter than a. Thus it
can be replaced by a delta function §?~!(x) without loss
of generality.

Similarly, the local random scalar potential U(x) is
also expected to be short-ranged, and we thereby take it
to be Gaussian characterized by variance

U)UK) =Apddt(x —x') = Apd?Hx —x), (18)

with strength Ay. As studied in the context of bulk
disorder for smectics in e.g., aerogel [6, 7], it couples to
the smectic density on the y = 0 substrate [with ug(x) =
u(x,y = 0) the surface layer displacement)

p(x) = po+ 3 Re{ppemol=tnotl} (19

n=1

through

Hg, = —/ddflwp(X)U(X) ~ —/dd*lxv[uo(x)vx]'

(20)
We also take the random positional pinning potential
V[uo,x] to be Gaussian with short-ranged variance

Vuo(x), X]V[ué( ), %]
2

xAUsd 1(x x)
= Ry(uo — u6)5d lx —x), (21)

)0,

in which the nonlinear variance function R, (ug — ug) is
given by

Ry (uo—ug) = Ay (po + Z cos {nqo [uop(x) — uo(x’)]}> ,

(22)
with the first dominant term corresponding to gy as
studied in Sec. V B.

Putting these terms together, the surface pinning

energy is given by
Hyn = [ @10 {52 0,02 - Vi }.
(23)

where we take the random fields h(x) and V[ug(x),x] to
be characterized by a Gaussian zero-mean distribution
with variances given in Eqgs. (17) and (21), and impose
Oyu = 0 on the y = 0 substrate to satisfy the strong
pinning in Eq. (15). More generically, the random surface
torque h may also be a function the layer distortion u,
with a periodic variance Ay(up — u(). However, as we
will show in Sec. V B, such generalization is unnecessary
at long scales.

h(x)0,u —

C. Effective surface model

Since the surface disorder is confined to the front
substrate at y = 0, no nonlinearities (within harmonic
elastic treatment) appear in the bulk (y > 0) of the
smectic cell. Consequently, it is convenient to exactly
eliminate the bulk degrees of freedom u(x,y) in favor
of the layer distortion field on the random substrate,
uo(x) = u(x,y = 0). This can be done via a constrained
path-integral method by integrating out u(x,y) with a
constraint u(x,y = 0) = wug(x), thereby obtaining an
effective (d — 1)-dimensional Hamiltonian for ug(x) [31].
Equivalently (for 7" = 0 properties), we can eliminate
u(x,y) by solving the Euler-Lagrange equation

KEViu— Biu= f(x)d(y), (24)

with f(x)d(y) representing the boundary condition that
imposes ug(x) on the substrate. To this end, we Fourier
transform wu(x,y) over (x,y), obtaining an algebraic
equation for

u(q, qy) = / A wdyu(x,y)e XMWY (25)



whose solution after Fourier transform over g, becomes
(as shown in Appendix A)

u(@,y) = uo(ge, gz )~ Vo V VA GETERAE

[\/\/Vq;* +a2 + A2
X

\/ Nqd + g2 — \g?

+ cos (%\/ Ny + a2 — )\q%)]
= UQ(Qz7 q,z)¢(qu y)7

where A = (/K/B is the length that, deep in the
smectic phase is comparable to the microscopic length
a (determined by the layer thickness or molecular size)
and we defined a shape function ¢(q, y) that characterizes
the extension of surface-imposed distortions into the bulk
(y > 0). In obtaining Eq. (26), for strong surface
pinning (W — oo0) in Eq. (15), we also imposed a
constraint d,u = 0 at y = 0. More generally, the relative
importance of the sine and cosine contributions depends
on the system and the homogeneous transverse pinning
strength W.

After substituting the above solution into (10) and
integrating out the y (bulk) degrees of freedom in a
half infinite system (0 < y < o), the energy functional
simplifies to an effective surface energy

d*2qydq. T'q + Woq?
Hsurface 7\/1 d—1 4 @ |u0
(2m) 2

2
(2 42)]

- / d4 e [h(x)0puo + V(uo, x)],  (27)

confined to the random substrate at y = 0, with

Tq = BV2XA/A2¢2 + qNW%;‘; + ¢ + Mg

The resulting effective surface Hamiltonian is convenient
for studying the surface properties of the system, with the
bulk properties obtained from Eq. (26). Equivalently,
this result can be obtained by solving the Euler-Lagrange
equation and specifying the boundary conditions, as in
the nematic liquid crystal cell with surface disorder [11].

By comparing the induced surface elastic energy I'q ~
K¢ (g. < Ag?) with surface pinning due to rubbing on
the substrate, Wgq?2, we obtain an important length scale

K
=

(28)

lw (29)

On longer scales, the surface rubbing dominates, and I'q

can be approximated by I'q ~ B\/2/\q§/2

the effective kernel is given by

. In this regime

Tq+ Wog? ~ BV2Ag? + Wod?, (30)

with an anisotropic “elasticity” for small ¢,, quite
different from the bulk smectic elasticity and I'q surface
smectic elasticity without a rubbed substrate.

sin (o[ VP 2 - ha2)

(26a)

However, for a weak pinning Wg this scale can be
much larger than the sample region and thus Wy can be
neglected. For the remainder of the paper we will focus
on this more interesting non-rubbed substrate limit.

D. Replicated model

In treating random heterogeneous systems it is often
convenient to work with an effective translationally-

(26b) invariant field theory. This is possible via the standard

replica “trick” [32], at the expense of introducing n
replica fields (with the n — 0 limit taken at the end
of the calculation). The disorder-averaged free energy is

given by F = —TInZ = —T lim,,_,o £, with
77 = [ ldug] = 1T, (31)

where the effective translationally-invariant replicated

Hamiltonian H (r)

sur face [Ug] is given by

- dd_Zdeq,z r o 2
= Z/Wf [ug (G, q2)]
1
+—Z/dd_2xdzAf
4T o

_% Z/dd72xdzRv {ug‘(:zr,z) — ug(Lz)} '
a,p

Oy [ug‘(x, z) — ug(:v, z)] ‘2

(32)

The advantage of the dimensional reduction in Sec. II C
is that formally the problem becomes quite similar
to the extensively studied bulk random pinning model
[22-24, 33] in one lower dimension but at the expense of
a modified long range elasticity encoded in I'q, Eq. (28).
As we observe from the coarse-graining procedure, in
general the random orientational pinning may also be
field dependent, with A j[ug(z,z) — ub(z,z)] a generic
periodic function. We therefore generalized to the form
in (32).

III. ESTIMATE OF THE FINITE SMECTIC

DOMAIN SCALES

The qualitative features of the response of the smectic
cell to a heterogeneous substrate can be understood
through a generalization of the Imry-Ma argument [20]
to the surface-pinning problems [9-11]. In this section,
we estimate the characteristic length scales beyond which
pinning energies become significant in distorting smectic
order.



A. Bulk Imry-Ma analysis

For an ordered region of L, X L, on the heterogeneous
substrate the distortions decay into the bulk within a
depth of L, ~ L,. Consequently, the elastic energy cost
of such region scales as

E.~ LI 'L, [K(a/L2)* + B(a/L.)?] . (33)

The two elastic contributions balance for L2 ~ AL,
(where A = \/K/B), as an expression of a Virial theorem,
justified in detail in in Sec. IV B. With this anisotropic
scaling the elastic energy reduces to

E. ~ Ba? 21973 ~ Ba?\d+D/2[(d=3)/2, (34)

In such region, the interaction of the layers with the
random positional pinning can lower the energy by a
typical value

(d—1)/2
Ey ~ Vo /N, ~ AV L4720, 20

Zald=1)/2
~ ALYV
-~ A$/2)\(d—2)/4Lgd/4)7 (35)

where V,, is the typical random pinning strength with
zero mean and variance A, ~ VZ2/&7' (& is the
pinning correlation length) and N, is the number of
surface pinning sites. Comparing between E, and E.
shows that for dimension d < dj., = 6, arbitrary weak
random positional pinning always dominates over the
elastic energy on sufficiently long scales,

Ly > & ~ (B?/ M)V (679, (36)
and
L.> & ~ (B?/A,)? 679, (37)

Thus, long-range smectic order is always destabilized
on these long scales by an arbitrarily weak random
positional pinning.

Similarly, the random orientational pinning can lower
the energy through interaction with the layers by a
typical amount

1/2 - 1/2 1 (d—

Ef ~ Vi/Nya/Ly ~ AY2L3270 o A2 L2/
(38)
Comparing E¢ and E., we find that arbitrarily weak
random orientational pinning destroys long range smectic

order for d < d'lfc = 4 on sufficiently long scales

Ly > & ~ (B*/Ap)Y 079, (39)
and

L.>& ~ (B*/Ay)* 04, (40)

Reassuringly, as we will see, these length scales,
identified through the Imry-Ma argument, are consistent
with the domain sizes given in Egs. (61, 62), obtained
through a detailed field theoretical calculation.

B. Surface Imry-Ma analysis

A complementary (but equivalent to bulk) way of
estimating the surface-pinning and bulk ordering compe-
tition is by using the substrate model derived in Sec. IT C.
From the effective surface theory given in Eq. (27) (with
the pinning of Wy neglected), for an ordered region of
L, x L, on the heterogeneous surface, the elastic kernel
I'q scales according to

Ty~ BANL;? ~ BAY2L;%/2, (41)
Therefore the elastic energy cost is given by
E, ~ LY2L,BNa®L,® ~ BA\?a*Le73 (42)
or in terms of L,
E, ~ LY72L BAY2a2L73/% ~ BAY2a2LU=3)/2 (43)

with the same scaling as Eq. (34). Comparing with the
scaling of the random pinning energies given in Egs. (35)
and (38), the Imry-Ma argument of effective surface
Hamiltonian leads to the same critical dimension and
characteristic lengths as in Sec. IIT A.

IV. SHORT SCALE “LARKIN” ANALYSIS:
RANDOM FORCE APPROXIMATION

A. Random force (linear) approximation

The importance of surface pinning can be assessed

by computing smectic layer distortions (u2) at y = 0
surface (dominated by the zero-temperature distortions)
within the Larkin approximation [19], which amounts
to a linear random force approximation, F(x) =

O V [10(x), X] to the random potential V{ug(x), x|,
U():O
with inherited Gaussian statistics and variance

F(x)F(x') = A0 Y (x —x') = —R/(0)6%(x — X).
(44)
In momentum space the pinning energy becomes

d* g, 7.
Hpin —/W{u]mh(%mq,z)_F(Qmuq,z) UO(_QJM_QZ)'
(45)

Within this approximation, the correlation of the layer
distortion on the random substrate (y = 0) is

T qui + A,

c arkin - - ) 46
Larkin (Q) T, + T2 (46)
including the thermal contribution
T
Cr,Larkin(9) = =, (47)

Tq



and the contributions from both types of surface disor-
ders

Arg2 + A,

= (48)

OA,Larkin(Q) -

At long scales of interest, the contribution from
thermal fluctuation is clearly subdominant to the zero
temperature random pinning driven distortions. We
therefore focus on this latter disorder dominant contri-
bution.

1. Power counting

For various ranges of ¢, and ¢., the elastic kernel I'q
exhibits the following asymptotics

/2N 3/2 2
BfA @ AE >

We note that there is a 2 : 1 ratio in the powers of ¢, and
(-, that reflects the anisotropy of the underlying smectic
state. This anisotropic scaling is crucial in our estimates
below the critical dimensions for the importance of
surface pinning.

The correlation function contribution from random
orientational pinning is given by

Asgy Asqs
2 2"
T (Bv2Aa2? + BvaNg)
(50)

Thus, the scaling of smectic zero-temperature distortions
is approximately given by

d—2
U2 A / d Qw dqz
/Lm Q;E

OA,Larkin(Q) -

~ I (51a)

d—2
T2y A/ gzd qdquLg‘*—d)/?, (51b)
/Lz qZ

and leads to the lower critical dimension d{c = 4 for the
random orientational pinning.
For the random positional pinning, we have

A, A,
=~
Ya (Bv2ag” + BVINgY)

OA,Larkin(q) - 2 (52)

which gives

- dd72 zd .
Wy ~A, [ BT psd (53w
1/L, 4z
- dd72 xd .
@2) ~ A, » % ~ LE=D/2, (53b)

leading to d]. = 6 as the lower critical dimension for the
positional pinning.

This agrees with our Imry-Ma analysis of the previous
section and is to be contrasted with the bulk predictions

of Ref.[7], that finds
Feny [ [
(43 L. @ v

a5 +q2)*
(54a)
WNAU/ ddilqgcdq,z N/ qu%c NL7id,
(z+a2)?*  Jir, & !
(54b)
with df’g““ = 5 and 7 for for bulk orientational and

positional random pinnings, respectively. Thus, similar
to the surface disordered nematic cell discussed Ref. [10
and 11], here too the restriction of the pinning to a
surface reduces its lower critical dimensions down by one.

B. Domain size

The utility of the Larkin approximation is that it
predicts the range of its own validity, limited to length
scales where the distortion of ug is small. From Egs.
(51) and (53) it is clear that below the respective dj.., the
distortions diverge at long scales, signaling an instability
of the smectic state and associated breakdown of Larkin
approximation.

We identify the substrate extent L, and L, at which
these smectic distortions grow large to the order of the
layer spacing a as (the so called) Larkin domain lengths
& and &, [3, 34]. More specifically, Larkin lengths are
defined as

(u%(x,z» = a27 (55)

that clearly depends on both surface orientational and
positional disorder [22-26, 35]. Thus, the values of &, .
depend on the relative strengths of these two types of
disorder. For L, < /AL, in 3D, a simple analysis (with
details relegated to Appendix B) gives

Arg2 + A 1 A 1 A
2 ~ 4z Voo v 3 f L
(o (x) /q T2 3¢ BZN3 * T BN
(56)
with ¢ = 2%5 ~ 34.6, leading to the equation for &,
1 A, i 1 Af 9

In the opposite limit of L, < L2/\ we instead get

1 Ay

Ar2+A, 1 A
2 ~ 4z v 3/2 L 1 /2
v = /q 12 T3t gt
(58)
that leads to the equation for a &,
1A, 3/2 1 Af /2 — 42 (59)

3¢ B2A3/2%F T B2)\5/25E



As discussed in Appendix B, above equations are to
be understood in the scaling sense and not as precise
quantitative conditions.

The Larkin lengths &, , in Eqgs. (57) and (59) give
the size of the smectic domains on the random substrate
within which the elastic energy dominates over the pin-
ning, which is effectively weak and Larkin approximation
is valid.

More generally, in the presence of both types of
pinning, the smectic domain size is determined by the
minimum of 5572 and &Y _, calculated in Appendix B

T,z

o =&2(E ., €0 ) »min{¢] .. €0}, (60)

in which
2
f ~ [Bz)\s/zaz}
L b (61)
f B?*\3a? f
51} = C Af ~ A§27
and
v 233/2,2 2/3
&~ [sealet]
(62)

/3
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The highly anisotropic domain constructed by &, and
&, is illustrated in Fig. 1.

& =

C. Surface correlation at short scales

As shown in Appendix C, with Eq. (46) the C(z, 2) =
([uo(z, z) — un(0,0)]2) can be easily calculated within the
Larkin regime (x < &, and z < &), and along the
layer (z) and layer normal (z) direction the orientational
pinning contribution is given by

Cy(x,0) ~ ma’x/¢],
Cp(0,2) =~ 2ma? z/&l ~ 2oma®VAz /e,

(63)

where ¢/ , are given in Eq. (61). At short scales 2 < &,
and z < £, the behaviors of these correlation functions
are plotted in Fig. 3. The contribution from random
positional pinning is

Cyp(x,0) =~ 3&2%,
'mz L\3/2 (64)
V8ma (@) ,

Cy(0,2)

%

in which &} , are given in Eq. (62). At short scales, » <
& and z < &, these correlation functions are plotted in
Fig. 4.

Thus, within finite smectic domains (z,z) < & ., on
the random substrate we predict anisotropic power law
correlations given above.

C+(x,0)

X/l

0.2 04 06 0.8
Ct(0,2)

f
! ! ! ! ! Z
0.2 0.4 0.6 0.8 10 /%2
FIG. 3. (Color online) The correlation functions on the
heterogeneous substrate along and perpendicular to the
layers, with dominant orientational disorder valid for (z, z) <
&z,~. On longer scales nonlinear nature of pinning needs to be

taken into account, that we do via RG and matching methods
in Sec. V.

D. Estimate of distortions into the bulk

The nature of the distortions in the bulk of the cell,
y > 0, can be deduced from the u(q,y) in (26) and the
distortions uo(q) on the heterogeneous surface computed
above. The main feature of the u(q,y) is that the
amplitude of distortions at wavevector q = (¢z,qz)
exponentially decays into the bulk with length

9\ 1/2
muqz> -

where D(q) = \/%\/ A2t +q2 + N2

For surface smectic order limited by domain size
(&x,&.) the characteristic substrate surface wavevector
qr is set by (¢;1,671) and leads to

&~ [DEheh ™

§q =1/D(q) = <

1/2
2
- < e +A€;2> ~ &,  (66)

in which &, ~ /A&, is used. Thus we predict that for y >
&y (ignoring the more subtle distortions on scales beyond
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FIG. 4. (Color online) The correlation function on the
heterogeneous substrate along and perpendicular to smectic
layers, with dominant positional pinning, valid only inside
Larkin domains, (z,z) < &3,.. On longer scales an RG
analysis is necessary.

the Larkin scale, see Sec. V) smectic surface distortion
will anneal away into the bulk.

This allows us to define a y-dependent smectic domain
size via Larkin criterion on

A2 5 dg,dq.
- | e
alwetw Ta (2m)2

T o\ dq.dq.
~ (luo(q)|? ye 2Pt TS
/sm%y),szl(y) (2m)?

~ & W) el el (67)

x

lp(a, y)

where we assume dominant orientational pinning (posi-
tional pinning can be similarly analyzed).

As usual &, (y) is set by (u%(y)) ~ a?, thus we have

€aly) = Eoe®/ =), (68)
A self-consistent solution for this equation is simply
&z (y) ~ max (§LE7 2y)7 (69)

showing near healing of smectic order (but see Sec. V) at
a distance &, into the bulk.

V. PHYSICS ON SCALES BEYOND SMECTIC
DOMAINS

On length scales longer than the crossover scales &, ,
the distortions of ug grow into a nonlinear regime, where

random force (Larkin) approximation is inadequate, and
the effects of the surface disorders must be treated
nonperturbatively. ~As with bulk disorder problems,
this can be done systematically using an FRG analysis
[22-26].

A. Renormalization group analysis

We employ the standard momentum-shell RG trans-
formation [36] by separating the layer distortion field
into long and short scale contributions according to
uf(z,2) = uf(z,2) + ufs (z,z) and perturbatively in
the surface disorder integrate out the high wavevector
fields u§ (z, ) that take support in an infinitesimal shell
AJb < qr < A = 1/a, with b = ¢°*. We follow this with
a rescaling of lengths and of the long wavelength part of
the field in real space:

r=ba, (70)
z2=b"7, (71)
ug (b’ bV2") = boud (', 2'), (72)
and in momentum space
¢ =b""q, (73)
q> = b_wq;, (74)

uf (b7 g b7 al) = VP G (gp, 0, (T5)

so as to restore the UV cutoff back to A = 1/a. Because
a smectic liquid crystal is periodic under translations by
a multiple of the layer spacing, it is convenient to choose
the arbitrary field dimension ¢ = 0 [7] and take w = 2
so that the associated smectic period and length A\ =
v/ K/B are not rescaled under the RG transformation.

For simplicity and clarity of presentation we focus
on an infinitely thick cell with the Hamiltonian given
in Eq. (32), where both disorder strengths are general
functions of ug(z, z), and employ the functional renor-
malization group method. The above rescaling leads to
zeroth order RG flows of the effective couplings, that for
a thick cell are given by

I, (b) = bTyg, (76)
B'(b) = b*73B, (77)
"(u,0) = bT A (u), (78)
R (u,b) = bR, (u), (79)

where T is kept fixed, and A¢(u) is a periodic function
of the field u.

The Hamiltonian can be separated into three parts

H(T)

surface

=Ho+ Ha,; + Ha,, (80)



where Ha, and Ha, are given by

1 _ a
Ha, = T Z/dd 2rdz Ay [uo (z,2) — Ug(%z)}
a,f

X |0y {ug‘(x, z) — ug(:zr, Z)] ‘2 , (81)
a,f

(82)

and Hy have already been defined above, Eq. (32).
We limit the FRG analysis to one-loop order,

Do p (1, ) = (d — 2)Ap(u) + 1A () — o RI(u)R

2A

e

v
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performing the momentum shell integration over the
high-wave-vector components ug. perturbatively in the
nonlinearities A ¢[u§(z, z) — ug(x, z)] and Ay[u§(x,z) —
ug(x,z)] The change in the Hamiltonian due to this
coarse-graining is given by

T 1 2 ¢
SH() = (Ha,), + (Ha,), — 5= (HR,)
1 2 c 1

‘ﬁ< 200 7 (Ha,Ha,)S +....(83)

>

Relegating the detailed calculations to Appendix D,
this coarse-graining procedure leads to functional RG
flow equations for Ay(u) and R, (u)

(u) = AaAg(u) A7 (u)

5[ A (A 0) = AAGO) A OA](0)] - ds | 3508 () ~ Aj(wx;(0)

FA [ AR () — AYO)RY(u) — A () RL(0)] (34)

OuR (10 1) = R, (1) = CA () 4 nRW) + A | FRIGR) ~ RUORLO)| + s [3A5(0)85 ()

Ay (U)Af(o)} — A5 [Ap(u)Ry(u) = Ap(0)Ry(u) — Ap(u) R (0)], (85)

i 3 _ _T _ T—2 .
in which n = BN A= S B7APKS, and other. coefficients
are non-universal constants given in Appendix D.

B. Single harmonic form of positional pinning

In general, the fully nonlinear functions Af(u) and
R,(u) in (32) need to be treated under the functional
renormalization group coarse-graining [7, 22-24]. How-
ever, at finite temperature and in 3D, it is clear from
Eqgs. (84) and (85) that at long scales, the pinning is
dominated by the field independent Ay and the lowest
harmonic of the positional disorder [7],

R, (u) = A, cos (QOU)/qgv (86)

where gy = 27 /a is the smectic wave number. Because
at finite T, i is nonzero, all higher, n > 1 harmonics
of Ry(u) in Eq. (22) are less relevant with eigenvalues
An =3 —nn?g3 < A1 and can thus be neglected.

With these considerable simplifications, the flow of the
surface disorder strengths in Eqs. (84) and (85) reduce
to

A
(%Af = Af + quAg, (87)
Ay = (3—nq3) Ay — AGAZ. (88)

The dimensionless coupling of the random positional
pinning, A, = A¢g3A, = 672(a/&Y)? which is dimen-
sionless measure of the random positional pinning, flows

according to

2
Taking an ansatz A, (¢) = f(é)e(?”%)l, the solution to
this flow equation can be readily obtained:

N q2
(3 - ;g\) Ay (0)e =28

Ay (l) = (90)

~ q2 ’
(3- o285) + Au(0) {e@—iw - 1]

Thus we find that A, decays to the A* = 0 fixed line for
T > 67BN/ ¢ = Ty, and flows to fixed line

A * qu
Ay = (3 27TB/\> (01)
for T' < Ty, as illustrated in Fig. 5.

We therefore predict that a 3D surface disordered
smectic cell exhibits a Cardy-Ostlund-like [27] phase
transition at T, = 6w BA/q3, between a high temperature
thermal smectic phase, in which at long scales the
surface positional pinning is averaged away by thermal
fluctuations and a low temperature random-pinned
smectic-glass phase controlled by the nontrivial A¥(T)
fixed line. This surface pinned state (and the associated
transition) is quite similar to the super-rough phase of
a crystal surface grown on a random substrate [37], the
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FIG. 5. (Color online) RG flow of A, in d = 3: for

T < T, = 61B)\/q3, it flows to a fixed line A} = (3 — %)
and for T" > T, it flows to disorder-free fixed line Ar =o.
This corresponds to a glass transition at T, from a high
temperature thermal smectic phase to a lower temperature
randomly-pinned smectic-glass.

141 vortex glass phase of flux-line vortices (confined to a
plane) in type IT superconductors [34, 38], and 3D smectic
liquid crystal pinned by a random porous environment of,
e.g., aerogel [7].

The dimensionless coupling of the surface random
orientational pinning, Ay = AgiA; = 8rta/¢l, flows
according to

Ay = Ay + AL (92)
From this equation, we learn that even if the bare value
of Ay is zero, under coarse-graining, at long scales the
random field pinning, A,, generates a nonzero random
orientational pinning Af(¢). Since for T > T,, A, — 0,
the flow of A; reduces to dA; = Ay, with a trivial
solution As(¢) = Ajef. Tt is clear that the random
orientational pinning is strongly relevant even in the high
temperature phase, T > T}, latter distinguished by the
irrelevance of the positional pinning, A, = 0.

In contrast, in the low temperature phase, T' < T,
the dimensionless strength of surface positional disorder
approaches a non-zero value, A, — A% > 0. Replacing
A, in Eq. (92) by its fixed point value we obtain

Ap(t) = [Ap + 72(A)]ef - (AL (93)
Similar to the bulk disorder result [7], as £ — oo this has
the same asymptotic behavior as in the high temperature
phase, A foeé , but with the enhanced nonuniversal
amplitude A fo acquiring an additional contribution that
scales with (T, — T")% for T < T,.

C. Matching analysis

As discussed earlier, correlation function on scales
shorter than the Larkin domain size can be computed
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within the random force approximation in Sec. IV.
However, at scales longer than the domain size effective
pinning grows large (compared to the elastic energy) and
can therefore no longer be treated perturbatively within
the random force model. Nevertheless, we can utilize the
RG and matching method to effectively overcome this
difficulty. It allows us to establish a relation between a
correlation function at long scales (beyond the domain
size), which is impossible to calculate directly due to the
aforementioned infra-red divergences, to this correlation
function at short scales (below the domain size), which
can be easily calculated in a controlled perturbation
theory [7, 11, 23, 24, 37, 39, 40] of Sec. IV.

For T' < Tq, the surface positional disorder is relevant.
However, near the Cardy-Ostlund transition T, (3 —
ngs) < 1, and the fixed point value of dimensionless
positional pinning is small (A* < 1). Making use of
the matching method, we establish a relation between
replicated correlation functions at short and long scales:

Cap 42,423 Tq(0), Af(0), Ay (0)]
B <u8(qgcaqz)ug(Qzaqz)>
B P CEX)
= G [, g Tall), Ag(0), A(0)] - (94)

We then choose the value of ¢ = In(A/g;) so that the
rescaled momentum ¢, is at the cutoff A and therefore
the correlation function on the right hand side of the
above equation can be safely evaluated perturbatively.
This gives

CozB [Qmuq,m ( ) Af( ) A, (O)]
A

1+w
= () Cos [0 Mo smy ). A0 2000
(95)

and for ¢/ — oo corresponds to long scales with ¢, — 0,
where £* is big enough so that the disorder strengths on
the right hand side can be replaced by their fixed values.

Safely calculating the correlation function at the cutoff
scale on the right hand side using the Larkin analysis of
Sec. IV A we obtain

Cap [N (AN/q2)* 4z To (), Ap(€7), Ay (€]
~ Téap Ap(E)A% + A, (0%) (96)
Lq(€%) I5() ’
where the ¢* dependent parameters the recursion rela-
tions Eq. (77-79) at £* = 1n (A/q.):
o (A
o) = (&) Ta (97)
Ap(r)y A [ 2 . 2]
As(lF) = =— [Ar+—(A))"|, (98
f( ) A(g*)qé Gz f Aqé( ) ( )
Ay (1) = Soll®) Ay (99)




Here A(¢) = A is a constant given by Eq. (D13). In
the last two equations we have taken ¢, small enough
and therefore ¢* large enough so that the A,(¢*) has
flowed to its fixed point value given in Sec. V B, and the
low temperature solution of A;(¢) is used, with ¢* large
enough that the second term in Eq. (93) can be ignored.
Combining these ingredients we therefore find

CozB [Qwu QZ;an Afv A ]

2 3 ~
A [1—1—8 (a; } 2+ G A
= e . (100)
T r2

in which I'g is the bare long-range surface elasticity kernel
given in (28), Ay is the bare strength of orientational

disorder strength, and Ajj is the fixed value given in

(91). It is easy to see that the Z—%A: term arising from
the random positional pinning is negligible as ¢, — 0
compared with the contribution of the surface orienta-
tional pinning. Thus, the smectic phonon correlation
functions in the high and low temperature phases are
only subtly distinguished by the enhanced amplitude of
surface orientational pinning from Ay to

s a1 (3]

(101)

T /T,
06 07 08 09 10 11 12

FIG. 6. (Color online) The exact correction to the long
scale dimensionless strength of the orientational pinning as a
function of temperature, obtained by numerically integrating
Eqgs. (90, 92) for different “bare” values of the positional
disorder: AU = 0.1 and AU = 0.2. As a comparison, dashed
curve is the approximation based on the fixed point value of

A, used in Egs. (5, 6, 93).

The above matching calculation gives the long-scale
momentum-space surface correlation function

Asdr(T)g3

Cla) = L0 (102)

in which 6;(T) = Ay(T)/Ay, as given in Eq. (6),
distinguishes the high- (" > T,) and low- (T' < T,)
temperature phases.
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Moreover, the correction to the orientational disorder
at long scales, Af(T) — Ay, that we approximated in
Eq. (92) by the fixed point value of the positional disorder
which is zero for T' > T, and quadratic in (T4—T") for T' <
Ty, is quantitatively inaccurate. The exact solution of the
flow equation for A; given in Eq. (92) with A, (¢) in (90)
leads to a long scale correction of A ¢ in the correlation
function that depends on the “bare” value of A, and is
non-zero for T' > T, as shown in Fig. 6. This difference
does not change the qualitative behavior of the system,
e.g. experimental feature of the X-ray scattering peaks
described in Sec. VIB. However, it may be important for
quantitative comparison with experiments.

D. Surface correlation function at long scales

f(t)
n(n—2)
1.6f

1.4r
1.2r

1.0

08 : : : -t
0 1 2 3 4

FIG. 7. (Color online) The value of dimensionless function
f(t) with t = \z/2?, which has limiting behaviors given in
Eq. (105).

As discussed in Appendix E, the full behavior of the
real-space long scale correlations can be summarized as

Af(T)

Clx,2) = A2 B2)\3

zf(t), (103)
in which ¢t = % and f(t) (plotted in Fig. 7) is given by

f&)=m(r—2)+nr [2 + 2¢~ 7\t — merfc (2%/%)}

+3—\/\/§E [3tr (—%) r (2) 1F (_i % #)

1
2’
1 5 137
- (Z)F(zl)le (4 24 64t2” (104)

where 1F2(a1; b1, ba; x) is the generalized hypergeometric
function. The limiting behavior of f(t) is given by

_ m(r—=2)
ft)~ { 2.641/1,

In the (z,z) plane, the above limits correspond to
regions near the x and z axes, where simple asymptotic

—4nt?, for t < 1,

for t > 1. (105)



C(x.2)

FIG. 8.  (Color online) The long-scale surface phonon
correlation function C(z,z), exhibiting limiting behavior
C(z,2z) ~ x and /7 for small and large value of ¢ = \z/x?,
respectively.

form of the correlation function C(x,z) is available, as
shown in Fig. 8. In real space along z, it is given by

(r = 2)A(T)
4m2B2X3 2
= 1a?0;(T)z /€] = ma’z /& (T),
where &,(T) = &/ /54(T). Along z we instead find

C(0,2) ~ 2&25,»(T)\/; \/ﬁif
= \/%aQ V Z/gz(T)v

where &, (T) = 55/5?(T). Thus at long scales the
correlation function asymptotically scales identically to
that in the Larkin’s perturbative regime, (63), but with
an amplitude enhanced below 7}, as illustrated in Fig. 9.

Within the harmonic elastic theory (i.e., neglecting
elastic nonlinearities and dislocations) we expect above
predictions to be asymptotically exact. We explore the
role of elastic nonlinearities in Sec. VII A, where we show
that they indeed are expected to modify our predictions
on scales longer than the nonlinear length scale &y, but
leave the challenging problem of their study to future
research.

C(z,0) =2
(106)

(107)

VI. EXPERIMENTAL PREDICTIONS

We next explore the experimental signatures of our
predictions for the surface pinned smectic cell, focussing
on the polarized light microscopy and X-ray scattering.

A. Cross-polarized light microscopy

In smectic cells with weak random substrate pinning,
the molecular orientation is expected to vary slowly
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FIG. 9. (Color online) The two-point smectic phonon

correlation function along x and z axes on the random
substrate at y = 0. For temperature 1" > T, the correlation
is the same as the short scale result, (63), while below T} it
is modified by the enhanced amplitude 6¢(T"), (5, 6).

in the bulk, and under standard conditions we expect
the Mauguin limit be valid with polarization of light
following local optic axis.  Under such conditions,
a convenient geometry to probe the substrate-driven
smectic distortion is that of crossed polarizer-analyzer
pair, with the polarizer aligned with a well rubbed back
substrate. In this geometry, the transmission vanishes in
the absence of smectic distortions. Thus, transmitted
light directly images the optic axis distortions on the
front heterogeneous substrate [10, 11]. This provides
a sensitive way to investigate statistics of the surface
smectic layer distortions Oyug(z,z) in a smectic cell
weakly pinned by a dirty substrate.

Here, we only consider smectic order distortions on
the short scales (within the Larkin regime) of thick
smectic cells where the effects are most pronounced.
The subtle long scale asymptotic behavior predicted here
is unlikely to be accessible in current experiments, as
it requires currently unavailable detailed quantitative
analysis. Short-scale treatment below can also be readily
generalized to long scales. We take the back substrate
to be rubbed and therefore with the optic (nematic)
axis well aligned along the 2z axis, while near the
front y = 0 substrate the smectic order is subject to
random orientational and positional pinning of the dirty
substrate.

As alluded to above, in this weakly pinned Mauguin



limit optical transmission is determined by the azimuthal
distortions of the optic axis (layer normal) orientation
¢o(z,z) = ¢(x,y, 2)|y=o0 on the random substrate. In this
geometry with the polarizer at the back substrate along
the z axis, and analyzer at the front substrate along the
x axis, the transmitted optical field is given by

0
Eout(w, 2) = Ein sin go(x, 2) —Em%’z). (108)
x
This gives polarized light microscopy intensity
Iout(.’II,Z) ~ Iin|amu0($7z)|2' (109)

Thus the average transmitted intensity is proportional to
the variance of the smectic layer normal fluctuations on
the heterogeneous substrate,

~

U [0y (x, 2) 2.

11
T (110)

From the local intensity we can also obtain a correlation
function of the transmitted intensity, related to spatial
smectic phonon correlations:

Clx—al 2 -2

)
)Iout( )
)

~ zn|8 UO(.I,Z | |8I/u0(x Z)|

= out(

2

<7 {11 [BRE )
|0z uo(z, 2)|?

, (111)

where we utilized Gaussian approximation valid at short
scales.

1. Surface random orientational pinning

For a dirty substrate where the orientational pinning
dominates over positional disorder, the transmitted
intensity averaged over the Larkin domain can be
straightforwardly calculated and is given by

L
dq.dq., 1
‘M/ffiw
_ 1/a
— 7(;23;?3]( /1 o dqs
~ CB%i 5 (112)

The smectic bulk modulus dependence can in principle
be probed through its well-understood temperature
dependence [8, 41].

In the regime of dominant orientational disorder,
the transmission intensity-intensity correlation function
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along x axis, C1(z,0) can be straightforwardly computed
by noticing that

; - 7 1/a
Putold LE 90D o [ cos (g
Batio(z,2) P 0
_ sin(z/a)
=2l (113)

and thus we find

Cl(x,0) =T, {1 2 [wr} '

Similarly, the light intensity-intensity correlation along

z axis is given by
5 2
[Ta z
—C — 115
2z ¢ ( wa)} » (115)

where Cp(2) = [; cos (mt?/2)dt is the Fresnel integral.
These correlatlon functions probe surface orientational

order, that for weak pinning is long range ordered, with

structure only on the scale of the layer spacing a.

(114)

Cl0,2) =T, d1+2

2. Surface random positional pinning

For cells dominated by positional pinning the average
transmission intensity is given by

Tout Ta . 7. N9
= 81} ) 2
2 = (e, )
_ (m=2)A, /1/“ dg
 4n2B2)3 e, 02
(m—2)A,
~N—"t—C,, 116
42 B2 )3 ¢ (116)
where we cutoff the average by the smectic domain size,
&x ~ &2, given in Eq. (62).
The intensity-intensity correlation function along the
x axis calculated from (111) is given by:

2
1 1/a .
/ cos (g I)dqm
gz 1/&s qz
rz\’
1+211——
’ ( 2@”

where we have extended the upper bound of integral to
infinity

Cl(z,0) ~ Ty 142

(117)

ifwmw%x
1

e, @

(118)



valid for 0 < @ < = < &, and where Si(z) = [; 20 gy
is the sine integral function.

Similarly, at constant x along the layer normal the
intensity correlation function is given by

2
1/a
Cl0,2) =T, d1+2 | — cos4:2) ]

2VE Jige. g2
2
Tz
)
—2 TZ Tz
=1 3—4 —
out < 252 =+ §z) )
valid for 0 < a <€ 2z < .. The intensity-intensity
correlations decay to their asymptotic (transmission)
value on the scale of smectic domains &; ;.
In fact, we expect the intensity-intensity correlations
predicted by Egs. (114), (115), (117) and (119) to be

observable in crossed polarized light microscopy on a
thick smectic cell with a single dirty substrate.

=2
~ Iout

re2(1-

(119)

B. X-ray scattering and characteristic lengths

Experimental studies of a smectic cell [17, 18] observed
that the smectic X-ray scattering peak broadens signifi-
cantly as temperature lowers towards the A-C transition.
In this section, we analyze the X-ray scattering utilizing
the smectic cell model and its analysis from earlier
sections.

Following standard treatment of X-ray scattering of
smectic liquid crystal [42-44], for a wave vector k,
near k, = +qo = £27/a, the scattering intensity is
proportional to the structure function S(k) which is
the Fourier transform of the density-density correlation
function. The smectic density p(7) periodic along z can
be represented by
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From this we obtain:
S(k) o< > p2 / die= R Teiin? (ian [P —uO))  (191)

Focussing on the lowest order n = 1 peak at qg, and using
Gaussian approximation for the statistics of u distortions
(expected to be valid on short scales) we find:

S(F) o / die—ilk=—a0)z—ifL 7 =~ S TP (199)

For smectic distortions confined to the vicinity of the
random substrate [45], the structure function reduces to

_ 2
—ikyz—iky -z —W0C(2,z
dxdze e~ 2 ),

S(ky, k) =
in which IEZ =k, — qo.

A detailed analysis of the peak requires the full form
of the phonon correlation function C(z, z), which is only
available at long-scale but is somewhat complicated to
analyze. However, as discussed by Chen and Toner
[44] the behavior near and away from the Bragg peak
is respectively controlled by long and short length scale
correlations.

For k, < /\*UEZ, the main contribution to the
structure function comes from = > vz > &, thus
approximation C(z,z) ~ ma’x/&,(T) can be used. At
finite k, we thereby have

(123)

S(k;m ];z) ~ Sw(kw) = /d(Eeiikzzeizﬂsz/EZ(T)

__ AY/&(T)
R+ 4nSle (D))

(124)

where the peak width is given by Ak, = 2m3[¢,.(T)] 7! «
3¢ (T)-

2\ — iqn [z+u ()] -
p(r) = Z Pne ’ (120) For v/ A~1k, < k., similarly, long-scale phonon correla-
" tion can be approximated as C(x, z) ~ v/2ma?\/z/&.(T),
where ¢, = ngy = 2nw/a and at finite k, the structure function
S(ky, k) ~ S, (k)

_ /dzefifczzef%rzx/ﬁ\/ﬂ/fz(T)

2 3 . T 2 5 2 2 5 2 2
:L(??/Q cos{N T ] 1—2Fc [ —— +sin[~ } 1— 2Fg T

[fo6.(7)] 4(T) E£.(T) (1) E£.(T)
- 2

_&(D) 15 [kzgz(T)} .
25 610 , for k,&.(T) <« 1, (125)

in which Fe(x) and Fg(z) are Fresnel integrals. Thus

we find that Sz(lgz) peak width is given by Ak, o
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FIG. 10. (Color online) Structure function from Egs. (124),
(125) and (127), showing X-ray scattering peak profile at
finite k, and I;:Z for T > Ty and T' < Ty, in which the position
of the plotted profile function is shown on the Bragg peak by
dashed line in the inset of each figure. The peaks broaden at
temperature below Tj.

[€=(T)]~F o< 63(T).

Above details of the peak profile are summarized
in Fig. 10. We thus predict that the X-ray peak
widths along k, and k. will be broaden with reduced
temperature below the CO phase transition temperature
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T,. This prediction for the finite smectic order charac-
terized by &, .(T'), may have already been observed as
the aforementioned precipitous X-ray peak broadening
in cooled smectic liquid crystal cells with a random
substrate [17, 18]. More detailed experimental studies
are necessary to verify this conjecture.

Away from the Bragg peak, the structure function is
dominated by short-scale correlation, well approximated

2 ~
by e~ FCEA) a1 — @C(z,z). At large k, and k. we
thus obtain

Sy, k) ~ %Oc (ko k2), (126)
with limits
S(ky, k)
@A A, VR R R
T2 28N ROKE+R)
71'2 =
~ Thie é for ki > VA k., (127)

2(A K240, —
TS L for by < VA,

as illustrated in Fig. 10.

N w

VII. LIMITS OF VALIDITY
A. Analysis of elastic nonlinearity

So far we have limited our analysis (see Sec. II) of
a smectic cell with a random substrate to a harmonic
elastic description neglecting the nonlinear elasticity.
However, these are known to be important in smectic
systems in the presence of thermal [28, 46] and quenched
random [7, 47] fluctuations. In this section, we formulate
the treatment of these nonlinearities and estimate their
effects in surface disordered smectic cells.

A complete description that includes elastic nonlinear-
ities and random surface pinning (latter limited to Larkin
harmonic description) is captured by the replicated
energy functional
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H(T) = Hbulk + Hpin
0 2
= Z/dd_2xdz/ dy {E (Viu"‘)2 + B {(’“)zuo‘ _1 (VLuo‘)ﬂ }
- 0 2 2 2
—% Z/dd_2xdzdy5(y) {Af(’“)mug(x, z)(’“)mug(:v, z) + Ayuf(z, z)ug(ac, z)]
a,p
o K B
= Z/ddfzxdz\/\ dy |:5 (Viuo‘)2 —+ 5 (8Zu06)2:|
- 0
1 n
~oT Z/ddfzzcdzdy(S(y) [Afazug‘(:c, z)@zug(x, z) + Ayug(z, z)ug(:zr, z)]
a,p

- Z / ddfzxdzdyg (8.u®) (VLu®)? + Z / ddiQxdzdyg (Viu®)! (128)

= Hy+ H;. (129)

To assess the influence of H; nonlinearities we perform correlation function derived in Sec. IV,
(d — 1) dimensional coarse-graining at fixed y, pertur-
batively in Hy, which allows us to utilize the harmonic C(q:4=59)

= (Ju(gz, q=,9)|?)

T Argz + Ay
= a = ) ’ 1

where ¢(q,y) is given in Eq. (26). The lowest nontrivial
correction is given by

2
0H = —% <H12>c> = —4B—T Z/ddfzxdydzdd72x/dy’dz/ [0,u™(z,y, 2)] [8zu5(:17/, y', 2]
a,f
2
x (Viw G,y AV (g N ) (131)

where the correlator of short scale modes is given by [see (130)]

0@, 5, 2] o @ )]s
d—2 2
_ / d szlkz (T(Saﬁ + Asz 2+ Av)kieikz(acfx')
(27T)d 1 Fk Fk
xe™= gk, y)g(k, y). (132)

Redefining variables X = (z +2')/2, da = o — 2/, Z =
(z+2)/2 and 6z = z — 2/, the dominant contribution is
given by

1

5H:2

> / -2 X dz / dydy §B(y, ') [0-u* (X, y, Z)] [0-u”(X. /. Z)] (133)



where
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A2k, dk,
- (I‘k

2T ] (2m)d¢2 2¢

a*~252dsz (¥ w (e, y, AV, P @ 2] ).

Ak 4 Ay 2 ,
SR Ko 1) ) (134)
kp¢? (k, )% (k, y/). (135)

O ) N
—B I‘3
k

22 2

Fourier transform with respect to X and Z, (133) gives

d—
Z/d qxdqz /dydy §B(y,y" )z |ug ()|

)
Z / (deqz
in which the momentum dependent correction to the

2ﬂ_ d—1
smectic compressional modulus in the effective surface
theory, 0B(q), is given by,

B(a)qz|ug (), (136)

6B(q) = /dydy'5B(y,y’)¢(q, y)o(a.y')

A2k, dk, Apk? + A
= -pB? L e T a2 (g, k
/ @mi22r 13 @ (a, k),
(137)
with the function b(q, k) given by
vak) = [Cdienoay).  (139)
0

We thus obtain the effective randomly surface pinned
smectic model that includes the effect of smectic non-
linear elasticity. Although formally well defined, so far
we have not succeeded in systematically treating this
correction analytically. We leave such analysis to future
studies.

Focusing on the leading exponential contribution
allows us to carry out y and 3’ integrals, giving

5B(q) ~ /dd Yhpdk, A2 HA,
(2m)4=" T3 [2D(k) + D(q)]”>

(139)

where D(q) = ﬁ\/ A2q2 + g2 + M\¢2, and thus in the

q — 0 limit it gives

A2k, dk, Ask? + A,

B? )
5B(q — 0) ~ 6By ~ _T/ e
~ ﬂLi*d + %L;*d (140)

Equating §Byq? to the harmonic kernel in Eq. (28)
allows us to define nonlinear crossover length &np g
beyond which nonlinear elastic effects must be taken

into account. Focusing on orientational pinning (that
we showed is dominant at long scales, see Sec. V) we find

2
6B0qz |qz:(ENL,z)’1 ~ F‘l?

i (Enpe)® T ~ K(énpa) 2,

e (141)

which gives

ENpa ~ (K2 /Ap)H D, (142)
as the length above which the nonlinear elasticity
dominates [48].

Based on this we expect that although nonlinear
elasticity is relevant below d¥* = 4 for the orientational
pinning, it is only relevant at length scales much larger
than the (Larkin) domain size &,. Thus, to study system
properties at length scales smaller than the nonlinear
length &nr 4, it is safe to ignore the nonlinear elasticity.
Here we employed this approximation and left the full
analysis of nonlinear elasticity for future study [49].

B. Stability of orientational order

All of the above analysis of smectic (positional) order
was predicated on the assumption that the long-range
nematic (orientational) order is stable.  Below we
examine this assumption.

In the limit of dominant orientational pinning, the
mean-squared distortion of orientational order on the
heterogeneous substrate at y = 0 is given by

(Ion(x)[?) = (|0zu(x)[*)
:Af/d‘hdq,z 4 1

(2m? T3
_ 1/a
_ (= 2)Af/ das
47T2B2)\3 l/L
cB2)\3a
=a/tf < 1. (143)

Evidently, orientational order is indeed long-ranged for
weak orientational pinning.

In contrast we find that for dominant positional
pinning, the distortion of nematic director diverges at



long scales according to
(Ion(x)[?) = ([0zuo(x, 2)[?)
_ (7T B 2)Av L/a d%
T 4r2B2)3 /M 2
~ (7T — 2)Av
T Ar2B2)3

This implies that the orientational order is destroyed at
scales above

(144)

€00 = cB2)\3
O,x — Av

1
=3Er/e*>g,  (145)
set by the condition on L such that én ~ 1. Similarly
along z, the length scale beyond which the mean squared
orientational distortion (|dn(x)|2) grows to order 1 is

(B2 v
.~ () ~upme

Naively this purely harmonic calculation implies that
the analysis and prediction of previous sections are only
valid up to this finite nematic domain scale, o , and
€o,.. However, based on Eq. (100) and the supporting
RG and matching analysis, we note that at long scales
the positional pinning becomes subdominant to purely
orientational pinning, whether it is relevant for T" < T},
or irrelevant for ' > T, (in the former case just modifying
the strength of the effective orientational pinning). Thus,
we conclude based on this and Eq. (143) that the
orientational order is indeed stable for weak smectic
surface pinning.

VIII. SMECTIC CELL WITH HOMEOTROPIC

ALIGNMENT

So far our focus has been on a smectic cell in
the bookshelf geometry, corresponding to molecular
alignment parallel to the substrate, with the smectic
layer normal lying in the plane of the substrate. As
we demonstrated in previous sections, random surface
pinning in this geometry has significant qualitative effects
on the smectic order even in the bulk of the cell,
destabilizing it on random substrate.

In this section, for completeness, we also analyze
a cell with a homeotropic alignment, with smectic
layers running parallel to the substrate. As we show
below, in this geometry the problem reduces to that
of surface-pinned xy model. It thereby maps onto the
previously studied planar nematic order with surface
random pinning [10, 11].

In this homeotropic geometry the cell is described by
the Hamiltonian

Hgp = /dd_lx/ dz [g(viuﬁ + g(azu)ﬂ + Hpin,
0
(147)
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with the layer normal Z perpendicular to the substrate.
Substrate randomness introduces distortions in the pre-
ferred layer normal

n = (0ng, ony, 2)/

L+ dn2 + onZ, (148)

leading to pinning energy
Hpin
~ /dd_lxdzé(z) (Wi 22— [f-g@] - V(wr)}

~ /ddilxdzd(z) [ -W+ %(57@ +6n2) —h(x) - én

()]

~ /dd_lxdzé(z) [%(VLUF —h(x) - (Viu) — V(u,x)
(149)

Above we made use of the approximate relation between
gradient of the smectic layers and the nematic director
deviation on = (dng,dn,,0) ~ V,yu, and in the
last equation ignored irrelevant constants. The first
pinning term encodes the average substrate homeotropic
alignment, [7 - g(r)]* ~ h(x)-(V 1) captures the random
orientational pinning on the substrate, and the last term
is the random positional pinning at z = 0.

As for the bookshelf geometry, it is convenient to
carry out the dimensional reduction to the surface field
u(z,y, 2)|.=0 = uo(z,y) at z = 0 in a half-infinite cell.
To this end we solve the corresponding Euler-Lagrange
equation subject to the substrate boundary condition,

val_u(xv Y, Z) - BazQU(Ia Y, Z) = 07
whose solution for a thick cell is given by
7)\1122'

u(q, z) = up(q)e (150)

Plugging this back into the bulk Hamiltonian and
integrating over the z degrees of freedom for z > 0, we
obtain the effective surface Hamiltonian

sur dzq Lo
Hsmf:/(2ﬂ_)2 7q2|u0(q)|2

- / A" wdz0(z) [h(x) - (Vi) + V(u,x)],
(151)

where

Toy=VEKB+W. (152)

In the momentum space the random pinning is given by

mm——/ﬁﬁ%thWMMH%FQWMW

(2m)?
(153)



Thus as anticipated in the Introduction in this
homeotropic geometry the effects of the random sub-
strate in a smectic cell reduce to that of a well-studied
random-field 2D xy-model [22, 27, 33, 37, 50] for the
displacement of the smectic layer in contact with the
random substrate. In a weak pinning limit (where effects
of dislocations and of nonlinear elasticity can be safely
neglected) it is predicted to lead to weak breakdown
of long-ranged smectic order with log-squared phonon
correlations [34, 37, 51]. The random substrate pinning
is significantly less disruptive in this geometry and can
be used to test numerous theoretical predictions for the
2D random field xy-model [10, 11].

IX. CONCLUSIONS
A. Summary

Motivated by a number of liquid crystal experiments
on smectic cells [17, 18], in this paper we studied
the smectic liquid crystal order perturbed by a ran-
domly heterogeneous substrate. Demonstrating that
the resulting random surface pinning comes in two,
orientational and positional forms, we introduced a
general model for a heterogeneous smectic cell and
analyzed the response and stability of its smectic order
to a random substrate. We thereby demonstrated
rigorously that smectic long-range order in a thick
cell (without a rubbed substrate) at long scales is
unstable to arbitrarily weak surface disorder, replaced
by random smectic domains whose size and correlations
on the heterogeneous substrate and in the bulk we have
computed. We showed that for weak random pinning the
smectic order is thereby replaced by a three-dimensional
smectic glass-like state, that undergoes a temperature
and pinning-driven Cardy-Ostlund-like phase transition
between a high-temperature weakly-pinned smectic and
a low-temperature smectic glass, where smectic layers
in bookshelf geometry are strongly pinned by the dirty
substrate.

We computed the statistics of the induced positional
and orientational distortions within and on scales beyond
the smectic domains. We also analyzed the transmission
signal in the polarized light microscopy and the X-ray
scattering structure function in such a smectic cell.
We showed that these can be used to experimentally
probe our predictions of the finite smectic correlation
length and the statistics of the substrate induced
smectic textures. Based on this, we suggested that the
precipitous broadening of the X-ray peak with reduced
temperature observed by Jones and Clark [17, 18] may
be associated with the predicted smectic glass phase
transition. More systematic experimental and theoretical
studies are necessary to explore this further. Finally, we
also demonstrated that in the geometry where layers run
parallel to the random substrate, the distortions on the
substrate are governed by the well-studied 2D random
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field xy-model.

B. Future directions

While our current study makes significant progress
toward understanding of randomly surface-pinned smec-
tics, it also stimulates a number of interesting open
questions, that we leave to future research. Probably
the most challenging of these is the nature of the locally
smectic state in the presence of strong random surface
pinning. This regime will exhibit distortions beyond
the elastic approximation, resulting in the proliferation
of dislocations that are notoriously difficult to treat
analytically, requiring sophisticated numerical analysis.

A more systematic (e.g., RG) treatment of nonlin-
ear elasticity, that we only briefly touched on via a
self-consistent scaling analysis, is another challenging
problem requiring a simultaneous treatment of pinning
and elastic anharmonicities.

Throughout this manuscript we have also assumed
that the average strain of the pinned smectic state
vanishes. While this is true in equilibrium, experimental
observations [17, 18, 52] suggest that the system may
have difficult time equilibrating as the bulk layer spacing
changes significantly with temperature, while the layers
remain pinned at the random substrate. Thus, as the
system is cooled into the smectic state, we expect a
significant build up of strain near the random substrate,
with relaxation rate limited by nucleation and motion
of edge dislocations. It is clear that accounting for this
background strain is crucial for a detailed understanding
of cwrrent experiments [17, 18]. We are currently
exploring this interesting effect [49].

Finally, our earlier work on nematic cells [10, 11] and
current study of smectic cells [12] lend themselves to
generalizations to a broad array of other liquid crystal
phases, such as for example the cholesteric and smectic-C
states. The effect of the random substrate depends
qualitatively on the nature of the phases and we leave
their analysis to future studies.

We hope that the present study will stimulate further
theoretical and experimental work on these and many
other open questions.
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Appendix A: Solution of the Euler-Lagrange
equation

In this appendix, we study the solution to the
Euler-Lagrange equation of the smectic liquid crystal
cells subject to a boundary condition of a random surface
texture u(z,y = 0,2) = up(x, z) or equivalently random
force f(x,z) as in (24),

KV4iu - Bo?u = f(z,2)3(y),

where we used a surface pinning force

Hpin, = —/dwdydz&(y)f(x, 2)u(x,y, z), (AI)
to encode the boundary condition w(z,y = 0,z) =
uo(x, 2).

In Fourier space Eq. (24) reduces to
(K(q; +q)° + Bi2| w(qa: ¢z, ay) = [z q:),  (A2)
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giving

f(4z,42)
K(q2+q¢2)> + Bq?

w(qa, qzr qy) =

Then, for y > 0 we have

(g, q y):/oo dgy _ f(4z,qz)e"™”
o oo 27 K(q2 +q2)? + Bg?

- f(qm,qz)/ ’ el
2B J o N2+ q2)? + ¢

:f(Qmaq,z)/ i7 e'tY
2BV Jooo Y (AZHT)? + 2

with the associated length A = /K/B, g, = Vg,
and 7 = y/v/\. As shown in Fig. 11, (A4) can readily
evaluated by a contour integration, closing the contour
in the upper half of the complex plane. Defining ¢, =

vV —Ag2 + iq., the four poles are given by +¢, and +q,,.
Closing the contour in the upper half plane we find

, (A4)

(e gery) = 2202 / dg o
Y 2BV Jooo (@, — @)@, — 93) @, + a)(@, + q;)
iqpY *“ﬁﬂ
2BV A (=) +a)ap+a;) (=g —a)(—a —a)(—q; + qp)
f(qerq2) . e'wy

2BV !
f(qgcvfh) 1

ei‘ng

and

. i|m—arctan q—z>i|
¢y = —AG; +1iq: = |qp|e | (32 ., (A6)

2BV 2Re<qp>1m<qp>Re[ @

e 14,
- + —
4digyRe(gp)Im(gp) 4’Q;RG(QP)Im(QP)]

|\ (45)

I
with |¢2| = v/A2¢% + ¢2. Noting that

a9 = ()\211;l + q§)1/4 ei[%_% arctan (*qqz% )] , (A7)
/4 . |1 q-
Re(gp) = ()\QQ;l +¢2)" sin {5 arctan <)\q% ﬂ

1
_ \2gh 2 _ N2
\/5\/\/ @z + @ — A3,

1 2
Im(g,) = ()\Qfli + qf) Y% cos [5 arctan ()?q% )]

1
= —=\/ VA2t + ¢+ N2
\/5\/ 4+ a4z + g

We find



f(qz,q2) 1

U Ty 4z =
(402 82:9) 2BV2A @/ N3¢t + ¢
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e~ vV VAt +Ag

X [\/\/ N2qy + 2 — AgZ cos (\/Lz_/\ \/\/ Ny + a2 — Aq%)

VR4 dgzsin (VR a2 a2 |

-V _Aqxz_iqz

L
Ll

-V _Aqx2+”.QZ v —quz—iqz

FIG. 11. (Color online) The integral (A4) represented by
contour integral closed in the upper-half of the complex plane
with poles shown.

On the y = 0 substrate,

uO(qI;qZ) = u(qzanay - O)

i+ a2 — A3

2BV2\ G/ N2k + ¢2

Combining this with Eq. (A10) allows us to express
u(qz, qy,y) in terms of this substrate deformation

-y A2g4 21 \g2

u(‘]maq,zay) :’UQ(qm,qz)e mm

l\/ N2qt+ g2 + A2
X

(Y
sin A2qt + 3—/\3)
\//\2q;‘+q3—/\q% (V2’\\/ e

Yy
+cos(— N+ g-xg) ,
@\\/ 4z + 42— Aq

given as Eq. (26) in the main context.

Appendix B: Domain size in the surface disordered
smectic cell in bookshelf geometry

In this appendix we present the details of the analysis
of the Larkin lengths setting the domain size and shape
within which smectic order is stable and the weak random
pinning is treated perturbatively. To make analytical
progress we focus on extreme limits of dominant posi-
tional pinning A, or dominant orientational pinning A,

(A10)

but not both. The calculation here is only precise in the
scaling sense and is not quantitatively accurate.

1. Larkin lengths for dominant surface
orientational pinning

Focussing on the case of dominant random orien-
tational disorder and generalizing the analysis to d
dimensions with (d — 2) dimensional z, we find that the
smectic phonon variance is given by:

A [ d70ude: >/ N0z + 42— Mg

S
wolr:2) = 5523 | TEmEt T @00 + )

This integral is divergent at small ¢ and needs cutoffs
set by the domain size L, and L,. For L, < /AL,
one can integrate g, out, cut off the IR integration by
gz ~ 1/L,, and find

Af dd_zqm T™—2

A7 B2\ ) (2m)4=2 N2q2
_ (m=2)A; Sa /1/“ ¢t 3dg,
B2 (2m)d2 J, T 2
(7T - 2)Af 1 4—d
= B Gty gl (B2)

diverging for d < d;. = 4, where S is the surface area of a
d-dimensional unit sphere, and Cy = Sg/(27)?. Defining
the Larkin domain size &/ as the length scale over which



Urms 18 on the order of smectic layer spacing, we find

o [ 44— d)m B2)\3a2}1/(4*d)
(

gx - T — 2)Od72 Af 9 (B3)

that for the physically relevant case of d=3 is given by

B2)\3a?
e =g (B4)

7_‘,2
An% ~ 34.6.

in which ¢ = ::
At the lower critical dimension of d = 4, ., diverges
logarithmically leading to

4m (2m)2 B2X3a?
T—2 SQ Af

& = aexp [ (B5)

Similarly for the Larkin length along z, integrating over
q. first, we find

<U3(

- / dq.
a 232,\

dd2
27Td21

2qt +q2 — M2
(Mgt +q?)

VA2 + 2 = A\ i1

_ Ar  Sq-2 /dqz/ d
2B2)\ (27)d—2 Z(\qz + ¢2) o G
B Ay Sa—z T(5 = DT(§) — 7/ sec(4f)
B 27TBQ)\d/2+1( )d 2 47
1/a d_3
></ dq-q?
1/L.
1 Ay LT
= ! : (B6)
2B(d) B2\4/2+t12 — d/2
in which
1 1 Sgo D(E—90(4) — 73 sec(4r) (B7)
B(d) 7 (2m)d-2 4\/m
This gives
BQ}\d/QJrlaQ 2/(4—d)
¢ =|u-oBa——="" ", @
f

which in the physically relevant three dimensions reduces
to

(525 (B)

Ay

where B(3) ~ 37.5 is roughly the same as c¢. At the lower
critical dimension we instead find

(B10)

) 2 B232
{g—aexp[ /\a]

B(1) Ay
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2. Larkin lengths for dominant surface positional
pinning

For a smectic cell where positional disorder dominates,
the variance of smectic distortions is given by

/dqx/ dg. Ay VNq3+q2 = Ng;
’LLO ZZ? Z
21 282\

2 (Naz +a2)
A, / dg, m—2
T 4xB2) | 2r A2q¢

A, 2(m=2) Ya dg,
T 4nB2)\ 27mA2 / g
_(m=2)A, ;4
C1272B2N\3 T

which diverges as L3 in 3D.
Consequently, the Larkin length along z is given by

1/L. ik
(B11)

BZ)\3a2q1/3
b= 3 | B12
& = [ g (B12)
Similarly, the Larkin length along z is instead given by
B2)\3/2 2,2/3
&= Ae =", (B13)
A,
where A(3) = ﬁ 39.83, roughly the same
as c.

More generally in d dimensions the variance is given
by

— A, d?=2q, -2
(W@ 2)) = o
ArB2X | (2m)d=2 N2qd
_ (m—2)A, Sa-s /”a a5 dg,
47 B2)\3 (271')‘1*2 /L. q
(77 - 2)Av 6—d
= B 2o dL”” ’ (B14)

which is diverging for d < dj,
length along x given by:

= 6, leading to the Larkin

4(6 —d)mr  B2\3a?71/(6-d)
v = . Bl
& [(w —0)Cus A, ] (B15)
And similarly along z
o [(6—d)A(d) B2XY/2q?12/(6-d)
gz - |: 3 A’u :| ) (B16)
in which
11 Sip PA- DL(F2) = 7% ese(F)
A(d)  m(2m)d—2 127
(B17)

At the lower critical dimension d = 6, Uy,s diverges
logarithmically leading to

4 (2m)* B2)\3a?
EY = aexp |:7T—2(S4) A ], (B18)
24 BQ 3,2
& =aexp [# 2 ¢ } (B19)



Appendix C: Calculation of correlation functions at
short scales (Larkin regime)

Here we present the details of the correlation function
of smectic phonons ug(z, z) on the dirty substrate, y = 0,
focussing on the short-scale Larkin regime. In 3D it is
given by a Fourier transform of Eq. (48)

C(x,z)
= ([uo(z, 2) — u0(0,0)]?)

/ dq,z d& qu% + A’U (1 _ eiqzw-i-iqzz)
21 21 (Tq)? ’

(C1)

where within the Larkin regime the integrations are
bounded by the intermediate length scales &, . given in
Sec. IVB. We treat the two forms of orientational and
positional pinnings individually, for simplicity assuming
one or the other (but not both) dominates.

1. Dominant surface orientational disorder

With dominant surface orientational disorder the
correlation function is given by

Cr(x,2)
= ([uo(x, z) — u0(0,0)]?)

_ / dg: dg: Argz VAqz + a2 — A3 (1= gitweian sy,
21 27 2B2X\  2(N%qt + ¢2)
(C2)

For the dependence along x, we first integrate out g,
obtaining (for » < &)

- (m— Q)Af > -2
Cy(z,0) ~ ZW ", 4z ~[1 = cos (¢22)]dgx

(m—2)Ay mx
4m2B2)\3 2

~ ma’z /¢ (C3)

For the dependence along z, we instead have
/ 1 —cos(q.2)
2 /— Jet 3/2

~V2ra?\/z/€, (C4)

where the definition of §£)Z is given in Sec. IVB.
These correlation functions with dominant orientational
disorder are plotted in Fig. 3.
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2. Dominant surface positional disorder

With dominant random positional pinning the corre-
lation function in 3D is given by

Cy(z, 2)
= ([uo(z, 2) — UO(O 0)]?)

_9 / dg. dq. VA2 + 2 — M2
- 27 27 2

¢ (Nqz +q2)
Focussing first on the x dependence at z = 0, we integrate
out ¢, and find

Cy(z,0)
(m—2)A, /OO —4
O A i
42BNy, T

—2)A, 1/x . o
~olm—2) V q;“(q z)’ dg +/ qqux]
1/€8 2 1/a

4m2B2)\3

o (ﬂ— - 2)AU€UI2

© 4m2B2)3 7
where we simplified the integral by separating it into
gz < 1/x and ¢, > 1/x parts with corresponding ap-
proximations. Utilizing the condition from Sec. IV B and
Appendix B that EJ,z?zAAs = 3a%/(£Y)3, the correlation
function reduces to a simple form

( _ ein-'wJFiQZZ)'

B?A
(C5)

[1 — cos (¢zx)] dga

(C6)

22
(&)
Equivalently, this integral can be evaluated exactly in

terms of special functions and then small z < &2 limit
taken. Consistent with the above estimate, we find

Cy(x,0) =~ 3a* (C7)

Cy(z,0)
(x - 2)A, /°° .
22— gy [l — cos (gzx)|dgy

B 2%{ (&) + %55 [2% —2(£2)?] cos (5%)

xr
3
. x x
-28
gelePsin () - 7 |- 2| |
2
x
~ 3a? ,
(5”)2
where Si(z fo sin ( t)% is the sine integral function.
To obtaln the short-scale z dependence of the correla-
tion function, we instead first integrate over q,, obtaining

(C8)

A, 16T2(2) _ it
Col0,2) % 25553 2\/_ / e qz/—2
AU 16F2(Z) —V 7T 2\/ Y 3/2
z
412 B2\ 2V T 3

\/_ [ 2 3/2
~ V8ma (g_”) s (Cg)



where the definition of £ from Sec. IV B was used. The
correlation functions with dominant positional disorder
are plotted in Fig. 4.

As discussed in the main body of the paper, the validity
of this perturbative analysis is limited to short scales of
the Larkin regime. To understand the behavior at longer
distance, where the Larkin treatment breaks down, we

<HAf

fo s
/d

>
%3

K u0> z)7u§>(x,z)]

_ b
AT
L
AT
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utilize the renormalization group analysis.

Appendix D: FRG analysis to the second order

In this appendix we present the details of the FRG
analysis by evaluating each term in Eq. (83). Averaging
over the high-wave-vector fields in the surface orienta-
tional disorder term in Eq. (83) we find

§ (2,2)—uf (z,2)]

Oy {ug‘(:zr, z) — ug(x, z)} ‘2>>

d— 2de/Af zn[u0<(mz) u0<(mz)]

a B a B 2
Ox [u0<(x, z) — up (T, 2) + ugs (2, 2) — up- (2, Z)} ’ >
>

_TZ/dd—2xdz/Af(ﬁ)ein[ug<(m,z)—u§<(m,z)]<ein[u8‘>(m,z)—ug>(m,z)]
a,f K

g

in which the cross term is linear in u~ and thus vanishes
in momentum-shell RG. The key part of the first term in
the above equation is

<€i“[“g>(z=z)*“§>(z=z)]>>
Zl> /[du e infug (v.2)~ugs (.2)] ,~H /T

— e K faﬁ7

(D2)

in which Z7 is the partition function of the high-wave
vector components of the system

7y = / [dug]e 75 /T (D3)
and f,p is given by
Jap = Taa( ) — GTaﬁ( )
A d—2
d " dqg, T
SR e
pe—se (2m)a=2 | 2w Ty
=n(1 — dap)dL. (D4)
For d = 3 it is easy to show that n = %, which is

a constant under the renorrrgalization flow. We can see
that with the expansion e fo# =1 — k2f,5 + -+, the

Oy {u8‘< (x,2) — u§<(x, z)} }2 +

0y [t (2,2) = ufs (@, 2)] ’2} >>’

zeroth order term contributes through rescaling and the
first order term leads to the random orientational pinning
nonlinearity

IA (u) = nAf (u)se,
with / indicating derivation respect to .
Clearly, the average in the last term of Eq. (D1)
contributes to the surface positional pinning nonlinearity
R, (u). To lowest order, we calculate the average

(D5)

<eil~e[u8‘> (z,z)7u§> (z,z)]
« B 2
< Ox {u0>(:17, z) — ups (1, z)} ‘ >
>

_y /" d'"q, /°° dg: Tgz |
Ae—5L (27T)d72 — 0 27 Fq

2¢(1 — 6,3)0¢,

0. [, 0.2) ~ oo, 9)] )

Q

— dap)

(D6)

while for d = 3 we have ¢ = which contributes

2 B)\’
SR (u) = —(Ag(u)st (D7)

We now consider the surface positional disorder in
Eq. (83),
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1
== 57 d%dz {Rv [u0<(a: z) —ug( z)] R [ Oz, 2) —ug<(:17 z)] <[u0>(x z) — ugps ( z)] > },
a,fB >
(D8)
[
in which the first term gives a correction through contribution, and the last term
rescaling, the linear order term in g, makes a vanishing
SR (u) = Ry (u)dt, (DY)

[together with Eq. (D7)] gives a first order contribution
to the surface positional disorder.

To study the second order contribution in the RG, we
start with the (R,)? term in (83) and obtain

~57 <Hiu>c> = - (2;) Z /dd 2:wlz/dd 2a'dy <RU [ Yz, 2) — ul (:v,z)] R, {u8‘2 (2, 2') — ul? (:v’,z’)] >C

>
ai,f1,a2,82

1
=37 Z / / , RY {u0< x,z) u0<(x z)} RY [ugi(x’,z’) — ugi(x’,z’)}

ai,f1,az,B82

xi <{ugé(x,z) ugl (=, z)]2 [ug‘i(x’,z’) - ugi(x’,z’)r>c : (D10)

in which the average is given by

i <[ug;(x,z) ugl>(:17 z)r {ugi(:zr/,z) ugi(:zr z )r>c

>
= [O’l>" (5$, 5’2)} ? (5041042 =+ 60&104265152
_5a1525ﬁ1ﬁ2 - 5a2ﬁ155152)a (Dll)

where 0x = x — 2’ and 6z = z — 2/, and the three replica
correction contributed by 4,4, term is irrelevant relative
to the two-replica terms and is thus neglected. Then
the second order contribution from the random positional
pinning becomes



—2RY [u8‘<(:v,z) uf_(x, z R" 0)}
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_ﬁ<Hiu == 8T3Z/ /xz, C’> ox, 52)} {R” {u0<(a: z) — ug<(:17 z)] RY {u0<(a: 2"y — ug<(:17 z)}

_1 «
~373 Z/ /6 S C'> ox, 5z { ub (2, 2) u§<(x,z)} R/ [u0<(x,z) —ug<(x,z)}
0675 xr,0z

1 @
+§R;’ {u0<(:v, z) — “0<

RIEA
)

—2RY [u8‘<(:v,z) u0<(:v z)] R!(0

-

With
2 2
Adl = /5 . [CF (62, 62)]
o [ A [T T o)
2T2 Ae—5¢ (27T)d72 — 0 27 F(2_17
and
1 2
Aol = — / 62)? [C7 (6,02
2 4T2 51)52( ) [ T( )}
L] /A d'2q, /°° dg: T°q;”
TAT? Jpose (2m)32 ) 2w T2
(D14)

with only the main part of contribution, then we have
the second order contribution from the random positional

1 9 \©
‘ﬁ<HAf>> =

3
32T ar,fB1,a2,B2

xAp [ug(a!, 2') = uf? (!, 2)]

a1
awuol 1

* 5y (w5

m’uo

(astu™)

S [ LA

0. [u . — i, )| )

azf2

N
>> .
= Ay (ugiﬁl) Ay (Ug‘iﬁz) <(3zugiﬁl)2 (3z/ugiﬁ2)2>

2

“0<($ Z)] 0y {“82(9572) - u€<(x,z)} Oz
(D12)
[
pinning as
SRE () = A | S RU)RL () — RUW)R(0) | 6,
(D15)
and
0APD (u) = — A3 R (u)R(D (u)oL. (D16)
For d = 3, we have
T —2
A= ST2B2A\3A3° (D17)
B T™—2 - 9

The second order contribution of the random orienta-
tional pinning A in (83) is

Oy {ug‘l(ac,z) ugl (:v,z)] ‘2

(D19)

which after separating the high and low wavevector
components becomes

>

A% (ug‘iﬂz) 2 2 2\ ¢
sy (u52) =252 (o) (i) (ug2))
>

—|—4A/ (Ugéﬁl) Alj ( 06252) O, ua151a uazﬁz <u0;51u8§ﬁ2a ua151a ua252> +
>

where for simplicity of notation we defined [ugy*(z, z) —
ub (z,2)] = ug"". The average in the first term of (D20)

(D20)

is given by (neglecting the three replica contribution)



(e 0,

2
= 4[C3.5(62,62)] (Gasasd5150 — 2001 203:2)
(D21)

in which the correlation of the = derivative of the layer
fluctuation, C7 ), is

C7. (0x,02) = (Ouuos (, 2)0pu (z + 02, 2 + 62)) .
(D22)
Similar to (D12), this term provides second order

contribution as

SREV(w) = A [ 38,510 - A,(u),(0)] a8,

(D23)
SN (u) = — A1 A p(u) A (u)ot, (D24)
where
1 - 2
At =55 | (CFo(62.62)] (D25)
and
Aol = so2 [0 (5e.5]° D26
4 AT2 JMZ( ) [ T,B( €, 2)} . ( )

T <HAfHAv>

e X [ (e

ar,fB1,a2,P2
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The average in the second term of (D20) is

a1y azf2) ‘
(052 (')
=4 { T.0/2 (02, 52)} (baraz 012 = 092051
—0028108182) (D27)
where the correlation C; /2 is defined through
C7 8/2(53: 0z) = (uo> (x, 2)Opu(x + 02,2 + 02)) -, .
(D28)

It is easy to see that this term contributes to the random
orientational pinning nonlinearity

SAL) = — A5 [ A () A (u) — A (w) A (0)
A/ 0Aw)]. (529)
with

1 2
45 = o3 /M (C755(0w,62)] (D30)

The average in the third term of (D20) is

(b g0, 0,52 )

_4{05(5%&)0;6(5%52) [Ciapa (60 52)}2}

X(5a1a253132 - 26041326,31,32)7 (D?’l)
which contributes to the random orientational pinning
nonlinearity through

AP ) = = Aa | 58105 (0) - A7) 85 0)]

(D32)
with

4

2
Ag = ﬁ/&ﬁm{C’%(éx,éz)Cﬁa(éx,éz) (€70 (62,52)] }

(D33)
The contribution to the Hamiltonian from the cross
term, the third term in (D20), is

(z,2) — ul (z, z)} Dy {ug‘l (z,2) —ub' (z, z)} ’2

c

X R, [u8‘2 (2',2)) — ugz(x',z’)} > .

>

(D34)

Similarly, we can separate the long and short scale field
and keep only the leading order contribution, thus



<Af {ug‘l(ac, z) — ugl (z, z)]

g ) (52 {

The average in the first term of (D35) is easy to calculate

as
c
()" (sg2)")
>

= 4[CF (62,62))” (ay 20515
—0as 5ﬁ1ﬁ2) ’

— 0018208182
(D36)
and it contributes
6P (u) = A[AF(w)RY(w) - AJ(O0)RY(w)
—A}’»(U)R;'(O)} 5, (D37)

with constant A given in (D13).
The average in the second term of (D35) is

()’ (),

2
=4 {CT 8/2(51:, 52)} (60110126,31,32 - 50¢1526ﬂ1ﬂ2

_50t2,31 55152)7 (D38)
and it contributes
ORED = — A [Ap(u)RY(u) — Af(0) R ()
N OLACIE (D39)

with As given in (D30).

These second and lower order contributions sum
up into flow equations of the non-linearities given as
Egs. (84) and (85) in Sec. V A.

Appendix E: Full behavior of long scale correlation
function

The RG and matching analysis in Sec. V predicts that
the long scale smectic phonon correlation is dominated
by random orientational pinning, with strength A;(T') =
A07(T). The correlation is given by

dq. dg. Ar(T)q? \/N2q: + 2 — \g?
Cle.z) = Q/LL 1(T)q 2q12+4qz Mo
EZ(Nq; +q2)
x (1 (E1)
in which the integrations can be safely extended to
infinity with our focus on long scale behavior. Given

2 2 2B2)\

_ ewﬂ-i-lqz Z)

Oy [ug‘l(:v, z) — ugl (z, z)] ‘2 R, {u8‘2 (2',2') — ugz (2, z’)] >
g ) ) i (e
) (ug‘;52)2>c> U
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c

>

2 2\ ¢
B
5 (ug™) >
>

(D35)

A as a positive number, it is easy to observe a relation
that

C(VAz, Az) = VAC(z, 2), (E2)
which is consistent with the results shown in Eq. (7), on
the z or z axis

C(x,0) < x, and, C(0,z) o /2. (E3)
The correlation can thus be characterized by
Az

C(z,z) xxf (F) ; (E4)

in which at different limits of the ratio t = \z/22,

f(t) = const., fort— 0,
{ ft) o< Vi, for t — oo. (E5)
Redefining variables

(u7 U) = (.%'2(]926, 2qz), (E6)

(Vu/xz,v/z), Eq. (E1
PRV Tk

C - dq.
(2) 7T2B2A/ 1 / R+ )

X [1 — cos (qz2) cos (¢.z

_ 2
= QBQ)\?’%/ du/ dvy/u———s———-—

so that (¢z,q.) = ) then becomes

VE2u2 + 02 — tu

(202 + 02)
x [1 — cos (v/u) cos (v)]
= 2l s, (E7)

with

VE2u2 + 02 — tu
V(820 + v2)

_2t2/ du/ doyJu——————

x [1 = cos (v/u) cos (v)] .
Writing 1—cos (y/u) cos (v) as [1—cos (y/u)]+cos (y/u)[1—

cos (v)], it is easy to obtain the full analytic expression
and limits of f(¢) as given in Eq. (104), and plotted in
Fig. 7.

(E8)
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