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Abstract. Inthe first part of this work (Bonilla L L, KochefaV A and Velaso C A 1999J. Phys.:
Condens. Mattet16395) we formulated and analysed a model of transverse self-sustained pattern
formation in a photoexcited and voltage-biased quantum well (QW) structure. Our model explained
the formation of patterns of quasi-neutral two-dimensional electron—hole plasma whose intrinsic
bistability was shown in recent experiments. We found patterns containing regions with different
spreading of the electron and hole wave functions and different densities of the two-dimensional
electron-hole plasma.

In this second part we extend our results to QWs with finite transverse dimension. We will
show that the boundary conditions at the edges of the QW layer control the behaviour of the patterns.
We will study the stability of the patterns and will show its strong dependence on the boundary
conditions. A linear stability criterion for these patterns is presented and compared with numerical
simulations.

1. Patterns in quantum wells with finite transverse dimensions

The goal of this part of the work is to discuss the formation of patterns under bistable electro-
optical absorption in quantum well (QW) layers of finite transverse dimensions. The details
of the model under consideration are given in sections 1 and 2 of the first part of this work [1].
For the sake of completeness, we will briefly review in this section the basic details of our
approach.

Our model explains the appearance of quasi-neutral plasma domains in a photoexcited and
voltage-biased QW [1-4]. The geometry of the problem consists of a single GaAs QW of width
2d subject to a constant electric field due to uniformly distributed charges of a parallel-plate
capacitor. The distance between the capacitor plateg.ijssBch thad « d., and the field
is parallel to the direction of vertical growth of the sample. Furthermore, a monochromatic
photon source photoexcites the QW (see figure 1 in [1]).

The approach is based upon the consideration of the widely separated characteristic length
scales which are involved in the problem. As detailed in reference [1], we considered in
our problem the Sclkidinger—Poisson system and the drift—diffusion equations, which we
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solved to the leading-order approximation. The resulting second-order equation for the plasma
concentration has the expression

on 0 on . .
{D(n,q)—} =a(n,q,w)i—n=R(n,q,w,i) Q)

ot o0&
where all the variables are dimensionlesss the 2D plasma concentrationrepresents time,
& is the transverse coordinatgis the external electric field is a ‘diffusion-like’ coefficient,
a function of the plasma concentratieand the electric fielg, anda is the absorption factor.
We have assumed that the patterns depend on only one of the transverse cooidifates
the following expression:

D) = alm) +n- 0L @

n

wherex (n) is found through the Einstein relation, anis the lowest two-dimensional subband
energy. At the edges of the QW layer we impose these boundary conditions:
ad
Jn=—Dn.q) e = £5Pn 3)
9§
wheres is the dimensionless edge recombination rate, and the gigisrespond to the right
and left edges of the QW layer, respectively.

1.1. Stationary states: phase portrait analysis

In section 3 of reference [1], we studied in detail the phase portraits for the stationary solutions
of equation (1). Due to the intrinsic bistability of the right-hand side of (1), there are three
critical values of the intensity, i;, i, andi;, with different phase portraits. In any case, there
are three singular points, which we will denoterds= nj, n,, n3. It was shown that; and
nz are saddle points, and that is a centre.

Figure 1 shows these three typical cases. The critical vialUeund through equation
(43) of [1], divides the intervali[, i;] (on whichn (i) is multivalued) into two subintervals,
[i;, i) and (i, i]. On each subinterval the phase portrait is similar: one of the saddles has
a homoclinic orbit enclosing the centre. Wher (i, ix), the homoclinic orbit belongs to
(n3, 0) as shown in figure 1(a), whereas it belonggtg 0) wheni € (i, ij,) (see figure 1(c)).
The phase portrait far = i, is shown in figure 1(b).

Let us consider now the case when the transverse extent of the QW layer idfirites,
and the boundary conditions are given by (3). As an example, the boundary curves (3) are
marked on the phase plane of figure 1 for several recombination rates. Admissible stationary
solutions are trajectories which start on a boundary curve on the positive sidekeditieand
end on a curve on the negative side of the same axis after a ‘time of flight’

n® d]/l
an ne(n) L @

where(n, ng) (ng = dn/d&) is an orbit of equation (41) of reference [1] given by an appropriate
value ofC; andn® = n(:l:%L). Let us now consider a few particular cases.

First of all, assume that there is no edge recombinatién=£ 0). Then the boundary
curves coincide with tha-axis. We conclude that all three uniform solutions, n,, and
ng, satisfy the boundary conditions, but no open trajectories do. A certain nughb&half-
periods of a close trajectory may constitute an eligible solution of the stationary boundary
value problem. The spatial perigg(C1) is a monotonic function of’; having a minimum at
C1 = U(ny) (small-amplitude oscillations aroumd; see equation (40) of reference [1]).
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3

Figure 1. Phase portraits fay < i < iy (a),i = iy (b), andiy < i < i, (). The solid curves

are the separatrices; no other trajectories are portrayed. Diamonds represent the singular points
(n1, 0), (n2, 0), and(ns, 0). Dotted curves represent an example of typical symmetric boundary
conditions fors* = 0.5 ands* = 1. Dashed curves represent the region of the phase plane where
we haveA®-type boundary conditionsi —-type boundary conditions apply inside that curve plus
then-axis; A*-type boundary conditions apply outside of that curve.

WhenC; — 0 (fori € [i;, ix)), or C1 — U(ng) (fori € (i, ix]), the period becomes
infinite. Admissible trajectories correspond@ohalf-periods of a closed orbit with a value of
the first integralC; such that

1
L= §Q€p(C1). 5)

WhenL < % min&,, no suitable trajectories and therefore no nonuniform patterns exist.
After L > % min&,, two patterns appear (their amplitude is small it £, /2 and it increases
with L; each pattern is transformed into the other by the chgnge —&). These patterns
may be called ‘half-period’ patterns. As>> miné,, the width of the nonuniform region in
these patterns increases. kot [ij, i;), the patterns each consist of a plateau with n3
which extends almost throughout the sample starting from one of the edges plus a narrow
carrier-depleted domain near the other edge (figures 2(a), 2(b)). £aj the patterns may
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Figure 2. The simplest patterns fore [i;, iy) andL > min&, assuming no edge recombination
(s* = 0). (a) and (b) correspond to ‘half-period’ solutions; (c) and (d) correspond to ‘full-period’
solutions.

consist of regions of low and high plasma concentration spatially separated by a kink-like
transition. Fori € (i, i3], there are extended plateaus of low-concentration plasma and a
narrow high-concentration domain near the edge. Whel miné,, two new solutions

of equation (5) arise. They correspond to ‘full-period’ patterns symmetric with respect to
& — —&.Ifi €[i, iy), forexample, one pattern consists of a plateau with n3 limiting the
domains of depleted electron density at both edges (figures 2(c), 2(d)} If the patterns
consist of three plateausd{—n1—ns, orn1 —nz—nj) separated by proper kink-like transitions.
Similar considerations allow us to construct easily the patterns for any other cases.

Let us now consider the case of finite edge recombination, which we analyse for the
example of figure 1(a) with € (i;, ix]. This figure shows that uniform patterns are no longer
admissible solutions of the boundary value stationary problem. Although patterns with low
plasma concentration exist for any recombination velogityoccurrence of patterns with high
plasma concentration depends strongly®nWhens® is small, patterns similar to all those
discussed above farf = 0 do exist. (We should add appropriate boundary layers near the
edges to the patterns of figure 2.) Nowdgti) be the edge recombination velocity for which
the boundary curve is tangent to the homoclinic orbit in figure 1(a) at a paink; (n.)). It
is easily found that

1
se(i) = ;¢2[U<n3, i) —Ul(ne, )] -
Una. i) — Une, i) + %R(rzc)D(rz(.) —0.

Then, if either ofs*, s~ exceeds. (i), no trajectories reaching the high-concentration state
satisfy the boundary conditions. Thus no patterns with high-plasma-concentration regions
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(either plateaus or narrow domains) exist: there are only simple low-plasma-concentration
patterns. Similar conclusions can be reached ¥ i,. Wheni € (i, iy], some open
trajectories are admissible stationary solutions in addition to patterns similar to those previously
discussed. As a result, even fof — oo, these open trajectories provide plateau-like and
domain-like patterns with high plasma concentrations (see figure 3).

=)

wn

-

Plasma Concentration n

w

Transversal Coordinate &

Figure 3. Typical stationary patterns in the range< i < ij, for infinite recombination rates at
the edges of the QW layer. Curves (1) and (3) represent stable ‘plateau-like’ solutions, whereas
curve (2) represents an unstable ‘domain-like’ solution.

The patternsinfigure 2 and figure 3 correspond to symmetric boundary conditiens™.
Trivial modifications of the above considerations allow us to understand how nonsymmetric
conditions transform the patterns or even cancel some of them.

2. Stability of a transversely finite QW

Inthis section we shall characterize the previously constructed transverse patternsin a finite QW
according to their linear stability. A general theorem, proven in reference [5], can be used to
ascertain the stability of a transverse pattern given its shape and the type of boundary conditions
which hold at the edges. This result is summarized in the appendix. The stability analysis
of the patterns on a transversely infinite QW can be done in a similar way to other ‘infinite
patterns’ found in the literature. This analysis shows that ‘kink-like’ structures (corresponding
to heteroclinic orbits on the phase plane) are stable, whereas the ‘domain-like’ structures
(corresponding to homoclinic orbits on the phase plane) are unstable. Let us consider a QW
layer whose transverse dimension has a finite exte(ieft boundary at = —L /2 and right
boundary at = L/2). It is obvious that the stability of a pattern depends on the boundary
conditions at the edges of the layer.
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2.1. Classification of the boundary conditions
Following the method outlined in the appendix, we define the following functioas §n /dé):
Bo1=Dm)k+s*n =0 )

where 0 (1) corresponds to= —L/2 (¢ = L/2). Let us denote by a solution of the
stationary version of equation (1). Then, we find

ao(N) = Bo, = D(n) atn(—L/2) (8)
a1(N) = By, = D(n) atn(L/2) 9)
bo(N) = Bo, =D (n) k — s~ atn(—L/2) ng(—L/2) = k(—L/2) (20)
bi(N) =By, =D () k+s* atn(L/2) ng(L/2) = k(L/2). (12)

As the diffusion coefficienD(n) is strictly positive forn > 0, the boundary conditions
have the following properties:

ng(£L/2) #0 if s££0
ng(£L/2) =0 otherwise

Reference [5] (see the appendix) classifies boundary conditions into threeAypes?, and

A*, according to the sign of an auxiliary functidty ; at each transverse edge of the QW. We
compare (at the edges) the slopes of two curves in the phase(planethe curve defined by

the boundary condition and the curk@:) corresponding to the stationary transverse pattern
itself. When the boundary curve is above, tangent to, or below the solution curve, we say that
the boundary condition is of typ&*, A°, or A—, respectively. See figure 4 for an example. The
auxiliary functiondl1;, i = 0, 1, provide an analytical characterization of the type of boundary
condition. A complete characterization of the linear stability of a steady state according to its
shape and the type of boundary condition at the edges was obtained in reference [5].

(@ s~ = 0, and/ors* = 0. In this casen:(£L/2) = 0, and therefore theoundary
conditions are of typet —.

/
/
. .
’
’
/

(b) / (c)

Figure 4. Three examples of boundary conditions of the same type at both edges. The boundary
curve is the same straight line at both transverse edges, which lies (a) abova {Jyfig) tangent

to (type A%), and (c) below the solution curve (type). The arrows on the solution curves mark

the direction fromw = O tox = L.



Pattern formation under bistable electro-optical absorption: II 6419

(b) s* # 0. Here we define the following terms4(—L/2) > 0 andn(L/2) < 0):
o = —D[n(—L/2)]ns (—L/2){D[n(—L/2)Ines (—L/2)
+[D'[n(—=L/D]ng(~L/2) — 5" [ng(=L/2)}
= D[n(—=L/D)]ne(—L/D{R[n(—L/2)] + s ne(—L/2)} (12)
Iy = D[n(L/2)]ne (L/2){D[n(L/2)]nes (L/2)
+[D'[n(L/2)]ne(L/2) + 5 |ng (L/2)}
= — D[n(L/2)]ne (L/2{R[n(L/2)] — s"ne (L/2)} (13)
where we have used the equal®R(n) = —{’D/(n)ng + D(n)ng:}. Both terms may be
rewritten as follows:
nZ(£L/2)

n(xL/2) | (14)

o1 = D[n(£L/2)]Ins (£L/2)] {R[n(:l:L/Z)] +D[n(+L/2)]
By using (14), we can now determine the regions in space where weAtayet®-, or
A*-type boundary conditions. When

2

g
R(n) +D(n)—= =0 (15)
n
we haveA®-type ones, i.e. the region fer~ is the region enclosed between the curves:
—R
k(n)y =n; ==+ D((Z))n ny<n<np (16)

and the axig = 0. Notice that the axi& = 0 itself is of typeA~ aswell.n; < n < nyis
the region wherek(n) < 0. These regions are plotted in the phase portraits of figure 1.

2.2. Discussion of stability results

Once the types of the boundary conditions are established, the stability of a given pattern can
be determined by finding the sign of the largest eigenvalyedf the linearized problem (see

the appendix). Ley, X, andY be the number of critical points of the stationary solution in

the interval(—L/2, L/2), and the type of the left and right boundary conditions, respectively.
We have obtained the following results:

(a) Symmetric patternsUnder this heading we include cases with no edge recombination
(s* = 0), or with nonvanishing edge recombinatiorf (% 0). The first ones are like
those of figure 2, and the latter are depicted in figure 3foe= oco.

1. No edge recombination. For thiscase=Y = A—,andxy = 1 ory = 0. Then,
according to case 3 of the theorem stated in the appehgix, 0, and therefore, the
solutions areunstable

2. Infinite edge recombination. For thiscaée= Y = A*, andy = 1. Then, according
to case 4 of the theorem stated in the appendix,

Sgn(A1) = —sgn(ng(—L/2)L,) = —sgn(L,,).
Since we have Dirichlet's boundary conditiods, is defined as
aL
K dng(—L/2)
Figure 5 plots the bifurcation diagram for curves similar to (1), (2), and (3) of
figure 3. Notice that curves of types (1) and (3) (low- and high-concentration plateaus,
respectively) arstable whereas domain-like curves (2) amestable
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Figure 5. Bifurcation diagrams in the rangg < i < i for infinite recombination rate at the
edges of the QW layer. (a) corresponds ta @ < k. (curve (1) of figure 3), and (b) corresponds
to k. < k (curves (2), (3) of figure 3). At = k. > 0, the separatrix entering the saddlg, 0)
from the left intersects the-axis. Positive slope in the bifurcation diagram implies linear stability
of the corresponding pattern.

3. Finite edge recombination. The analysis is equivalent to the previous case, but the
definition of L,, changes to

L JdL
B an(—L/2)’
However, the bifurcation diagram is quite similar to that of figure 5.

(b) Asymmetric patternsThis paragraph covers a whole variety of cases. As an example,
we will consider only asymmetric patterns similar to curves (1), (2), and (3) of figure 3,
selecting only half of them. Then we obtain:

1.X=A"Y = A (s- =ooands” = 0), andy = 0. We apply case (d) of the
theorem stated in the appendix, which coincides with case 2 of the previous paragraph.
Those results are thus extensible to this case.

2. X=A",Y=A" (s~ =0ands* = o0), andyx = 0. Here we apply case (e) of the
theorem stated in the appendix. This implies that

SgN(Ay) = SgN(ng (L/2)L,) = —Sgn(L,,).

And L, is defined as in case 3 of the previous paragraph, and the results are applicable
here.
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Notice how a simple method like the one stated in the appendix, together with the help of
the phase portraits of figure 1, can give us an immediate result about the stability of the patterns.
In general terms, it can be said that the recombination rate has a stabilizing effect. However,
wheni € (i, ix), a high recombination rate cancels many possible patterns. The stability
results were checked by studying the dynamics of (1) with a standard moving-grid numerical
method to integrate parabolic differential equations [6]. We started by choosing an appropriate
initial density profile and then observing its evolution towards a stable pattern (whose stability
had been established by using the previous criteria). For the first case (figure 3, curve (1)), we
chose: (&, 0) as a parabola whose maximum was smaller tharT his profile evolved towards
our first solution (see figure 6(a)). Any small disturbance of the final state would lead again
to that solution. As regards the pattern with the high plateau (figure 3, curve (3)), we chose as
initial profile a parabola with a maximum larger than the maximum of the second (unstable)
stationary solution (see figure 3, curve (2)). The initial profile evolved towards the third

1.0 | :
— — - Initial condition

B —— Stationary Solution
0.8 f

0.6 [

0.4 -

Plasma Concentration n

02f 7

=)}

wn

=

Plasma Concentration n
w

0 / L L L L L L
-15 -12 -9 -6 -3 0 3
Transversal Coordinate &

Figure 6. Evolution towards a stable stationary solution (solid curve) in the QW layer from an
initial profile. Dotted curves are profiles at intermediate times. (a) corresponds to curve (1) and
(b) corresponds to curve (3) of figure 3.
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stationary solution (see figure 6(b)). However, in the intermediate case (figure 3, curve (2)),
when we analysed a small disturbance of the stationary solution (step-like or sinusoidal), the
system departed rapidly from the unstable pattern (see figure 7).

=)

wn

-

Plasma Concentration n

w

) // — — - Initial condition
- —— Stationary Solution

—

0 ! ! ! ! ! ! ! ! !
-15 -12 -9 -6 -3 0 3 6 9 12 15

Transversal Coordinate

Figure 7. As figure 6, but starting from an initial profile very close to an unstable stationary solution
(curve (2) in figure 3) in the QW layer.

3. Discussion

We shall present an overall discussion of the results of parts | and Il of this work. We
have formulated and analysed a model of pattern formation in a QW heterostructure under
bistable electro-optical absorption. The model includes: self-consistent calculations of the
wave functions and subband energies of the photoexcited electrons and holes in an strongly
biased QW, nonlinear interband light absorption, the configuration of the electrostatic potential,
its screening, and the transverse motion of the two-dimensional electron—hole plasma. The
guantized vertical motion and the semiclassical transverse motion of the carristagly
coupleddue to the electrostatic interaction. The transverse redistribution of the carriers induces
the electrostatic mean-field potential, and adiabatically drives the electron and hole wave
functions, and the subband energies. In the numerical calculations we used values taken from
experiments [2—4], and the literature. Thus our maximum concentrations are in the range of
those measuredin the experiments, 836 cm=2, for atypical electric field ~ 60kV cnr 2,

The analysis of this model has shown that a variety of stationary patterns are possible. The
characteristic scale of the transverse plasma redistribution is the ambipolar diffusion length
Lp. When the transverse dimension is very large, the patterns consist of extended plateaus
with high (low) plasma concentration and layers of low (high) plasma concentration outside
the plateaus. The electron and hole wave functions are redistributed within the QW layer, i.e.,
they vary on the well thickness scale At some specific intensity, the plateaus with low and
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high plasma density can coexist. They are separated by a kink-like transient region whose
width is also of the order of.p.

For a QW layer of finite transverse extent, some possible patterns are selected by the
transverse dimensions of the layer and the boundary conditions at the edges. A large electron—
hole recombination at the edges diminishes the number of possible patterns, and may cancel
the bistable or multistable behaviour of the patterns for a whole range of external parameters.
Notice that different patterns in the QW layer induce different potential distributions outside
this layer, as shown in figure 6 of reference [1] for the example of the antisoliton solution of
figure 4(a) of the same paper.

As expected, the stability of the patterns depends strongly on the boundary conditions.
From our results, it can be concluded that the recombination rate has a stabilizing effect on the
patterns, with the already mentioned effect of cancellation of patterns in some range of light
intensities { € (i, ix)).

An interesting phenomenon was found in the analysis of QWSs with finite transverse
dimensions when applyingsymmetric boundary conditionts the layer. These conditions
induce a transverse voltage drop which can be calculated with equation (26) of reference [1].
This voltage drop arises due to pattern formation despite the assumed uniform illumination of
the QW layer. We can give a numerical estimate for this induced drop in the QW layer when
the boundary conditions are strongly asymmetsic & 0, s* > 1). When the transverse
dimension of the layer is largd.(>> Lp), three patterns analogous to those of figure 3 may
be realized:

(a) a plateaw = n; starting from the ~’ edge and changing to an accumulation layer near
the '+’ edge;

(b) ahigh-density layer > n, nearthe~’edge which changesto a plateat: n; occupying
most of the transverse extent of the QW, and then changes to a depletion layer at the ‘+’
edge;

(c) the plateaw = n3 which is transformed into a depletion layer at the ‘+' edge.

For these patterns we obtain an induced transverse voltage drog (15): |V,| =
(1/e)Eo(p (™) — ¢p(n™)) = 4.7 mV, 11.7 mV, 17.4 mV, respectively. Notice that the total
transverse voltage drop is not small in spite of the smallness of the induced transverse electric
fields. In the examples studied, the vertical voltage drop across the QW is= 2dg&y =
112 mV, and the maximum transverse drop for the given dimension reaches 15% of the drop
across the well. This supports our previous statement about the strong coupling between
vertical and transverse effects in these systems.

We conclude by remarking that formation of patterns similar to those described in this
work can be found in other cases of reported bistable electro-optical effects in quantum
heterostructures [7—13], to which our approach could be extended.
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Appendix. Stability criteria

Reference [5] states and proves a simple geometric criterion on the linear stability of stationary
solutions of nonlinear second-order parabolic equations on a finite segment. For the sake of
completeness, we will summarize this approach in the rest of the appendix. We begin with a
generic parabolic operator:

S, uy, uy,u) =0 iNn0<x<L,t>0 (A1)
Bo(u,u,) =0 atx =0 (A2)
Bi(u,u,) =0 atx =L

where f, Bo, and B; areC?! functions such thatf, (u, p,q,r) > 1, f,(u,p,q,7) < -1
wheneverf(u, p, q,r) = 0 (i.e., equation (A.1) is uniformly parabolic), and, foe 0, 1,
Biu(u, p)?+ B, (u, p)> # 0wheneveB; (u, p) = 0 (i.e., the boundary conditions (A.2) define
simple curves in the phase plane of (A.1) with= 0).

Linear stability properties of a stationary solution of equations (A.1) and (Al2gre
defined in terms of the sign of the largest eigenvalyepf the linearized problem:

LUy =tv iNn0<x <L
. . (A.3)
B;(U)v=0 atx =iL, fori =0,1
where the operato8(U), Bo(U), andB1(U) are defined as
LU = ¢x)v" + ) + ¢ (x)v (A4)

Bi(U)v = a; (U +b;(U)v
where forx € (0,L), ¢(x) = —fo/fr, o) = —fp/f;, and ¥ (x) = —fu/f: at
(I/l, pa Qa }") == (U(.x), UX('X)’ UXX(-X)’ O), and forl - Oa 11

a;(U) = B;, b;(U) = By, at(u, p) = (UGL),U,({L)). (A.5)

As is well known, the eigenvalues of (A.3) are real, and the eigenfunctions associated
with A1 do not vanish in O< x < L. The stationary solutiofy is linearly exponentially stable
(linearly stable or unstable) if; < 0 (1 < 0ori; > 0).

Reference [5] classifies the boundary conditions (A.2) into three typesA®, or A*,
according to whether the boundary curve is below, tangent to, or above the solution curve
in the (1, u,) phase plane; see figure 4. The slopes of the boundary and solution curves are
—a;(U)/b;(U) andU,, /U,, respectively. Then it can be shown that the type of boundary
condition depends on the sign of

% = (=14 (U)U(iL) [a;(U)Usx (i L) + b;(U) U, (i L)] (A.6)

if a;(U) # 0 andU, (iL) # O.

When
<0
1 =0
>0
the boundary condition (A.2) at=iL is of type
A-
AO
A+

with respect to the stationary solutidh. If a;(U) = 0 andU,(iL) = 0 (#0), then the
boundary condition (A.2) at = i L is of type A® (A™). Finally, if a;(U) # O andU, (iL) = 0,
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the boundary condition (A.2) at=i L is of typeA~. We see that a pure Neumann boundary
condition is of typeA~. On the other hand, a pure Dirichlet boundary condition is usually of
type A*, unlessU, happens to be zero, in which case it is of typfe

With this classification in mind, reference [5] states the following:

Theorem. Under the above assumptions, {éthe a stationary solution of (A.1) and (A.2),
let A1 be the largest eigenvalue of the linearized problem (A.3); ked the number of critical
points ofU in the intervak0, L), and letX andY (=A—, A°, or A*) be the type of the boundary
conditions (A.2), ak = 0 andx = L respectively, with respect td. Then,

(@) A1 < 0if n = 0 and either
(i) X =A*andY = A%or A" or
(i) X = A%0or A* andY = A*.
(b) »y =0ifn =0andX =Y = A"
(c) A1 > Oif either
iyn>=2o0r
(i) n = 1 and eitherX or Y is equal toA~ or A® or
(iiYn=0,X=A"andY = A~ or A% or
(iVyn=0,X=A"orA%andY = A~.

(d) sgnxq1) = —sgn(U,(0)L ), if either

(Yn=1landX =Y =A*or
(ihn=0X=A*andYy = A~.

(e) sgrir1) =sgnU,(L)L,),ifn=0,X = A~ andY = A".

Here sgiix) = x/|x|, if x # 0, and sgi0) = 0.
The parametek,, may be defined in two ways which are equivalent to the following easily
visualized construction:

(8) ao[U(0)] # 0. We plot a bifurcation diagram af(0) versus the segment lengih
(bifurcation parameter). Then we defihg = 9L/3u(0) calculated at the actual sample
length.

(b) ao[U(0)] = 0. We plot a bifurcation diagram af, (0) against the segment length
(bifurcation parameter). Then we defihg = 9L /du, (0) calculated at the actual sample
length. This is the case for typical Dirichlet boundary conditions.
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