
VOLUME 39, NUMBER 11 PHYSICAL RKVIKW LKTTKRS 12 SEPTEMBER 1977
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We find that certain cyano Schiff bases and cyanobiphenyls with alkyl or alkoxy end
groups exhibiting a bilayer smectic-& phase also exhibit a reentrant nematic phase at
high pressure. A tentative model of the bilayer smectic phase held in place via the at-
tractive interaction of the alkyl or alkoxy chains accounts for most of our experimental
results.

TABLE I. Materials used in the experiments.

ACRONYM NAME STRUCTURE

CBOOA

CBOA

CBNA

N- p-cyanobenzylidene-
p-octyloxyani line

N —p-cyanobe nzy li d ene-
p- octy lani line

N —p-cyanobenzylidene-
p- nonylaniline

N rx 0
N-=C zx C

I

H

~N
N=-C rx C

l

H

g~N
N=C 1'X C

I

H

CHg

CHg

CBHA

HBAB

N —p-cyanobenzy li dene-
p- hepty lani line

p —hexyloxybenzylidene-

p —a min obenz oni t r i le

N 1y CH

N-=C ~x C

(no smectic phase)

/ x OAAA
CH&

H

(no smectic phase)

COOB
4- cyano-4' —octyloxy
bi phenyl

N-=C CHg

COB 4-cyano —4' —octylbiphenyl N =- C CHp

Recently, it was discovered' that mixtures ob-
tained by doping CBOOA with HBAB (Table I) ex-
hibited upon cooling the sequence of phases ne-
matic, smectic, and again nematic. We refer to
the lower-temperature transition as reentrant.
We present here, for the first time, experimen-
tal evidence that such a reentrant transition can
also be induced under pressure. The data sug-
gest a model of the bilayer smectic-A phase
which accounts for the main features observed
both under pressure and by means of the addition
of suitable impurities and supercooling. '

Starting from the hypothesis' that the unusual
reentrant property is linked to the bilayer nature

of the smectic-A phase, we chose those com-
pounds shown in Table I which were known (or
suspected) to possess a bilayer smectic-A phase.
In addition to the pure compounds with smectic
phases, we studied mixtures of CBOOA with
HBAB and CBNA with CBHA. We observed the
transitions visually using a temperature-con-
trolled, high-pressure optical microscope stage.
The temperature could be read with a precision
of 0.02'C and the stability of the temperature con-
troller was better than 0.1'C. The precision and
stability of the pressure measurements were bet-
ter than 10 bars. The maximum observation
pressure is approximately 10 kbar. '

Figure 1 shows the complete phase diagram
for COOB which has a typical reentrant nematic-
smectic-A transition. ' The main features of
these reentrant phases are these: (1) They oc-
cur only in the supercooled region of the liquid;
(2) P, the pressure at which these bilayers
cease to exist, depends upon the average number
of hydrocarbons interacting within a layer; and

(3) P increases with increasing latent heat of
the nematic —smectic-A transition measured at
1 atm. We observed similar reentrant nematic
phases for CBOOA and mixtures of CBOOA with
HBAB. Pure CBNA, CBOA, and COB did not ex-
hibit this property for pressures under 10 kbar
~ven though they, too, possess a bilayer smec-
tic-A phase. "

A fundamental feature of molecules exhibiting
layered phases is that they are arnPItiPhilic, i.e.,
they have both a polar and a nonpolar part (e.g. ,
lipid bilayers). ' Here, we refer to the cyano-
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smectic exists for this compound.

aromatic rings as the polar part and the aliphatic
chains as the nonpolar part. The e he en anced affin-

act r
i y or the polar parts of the molecules t tes o in er-

e preferentially with other pola
airly long-range electrostatic forces and for the

nonpolar parts to interact w'th ' 'li simi ar groups
via fairly short-range forces is this e ey to smec-
ic ayering. ' In most liquid crystals the la

se m
epo r

h dro
g ents of the moleeules are i th ddln e mi e with

ydrocarbon chains extending outward. These
kinds of molecules tend to form monolayexaye' smec-

p ases. In our case, a large polar contri-
bution comecomes from the cyano group at one end so
that some kind of dimerization is likely. The
rest of the mol eeule is relatively nonpolar except
for the alkoxy compounds

'
h hin w ie case the oxy-

gen adds to the dipole mome t f th
onsequently, bilayer, but incommensurate,

smectic-A phases are probable.
Our model of the bilayer smectic-A phase is

shown in Fi . 2. T '
ig. . his model fits the measured

layer spaein s"'g which are never commensurate
with the molecular length Th ere are often two

diffuse outer rings in their x-ra tty pa erns (up to
now not accounted for) which correspond to re-
peat distances of 4.3 and 8 6 A ' It y eIt may well be
the ze exeece8 of like groups to interact which

eing riven towardsprevents the bilayer from bei d
the more dense, monolayer smectic-A. arran e-
ment under ressup sure. We visualize instead the

ec ic- arrange-

y drawing theconfiguration shown in Fig. 2(b). B
molecules with a smaller headea, we symbolize the
preference even under compression of theion o e polar

o remain in a polar milieu rather than ex-
trude into the nononpolar hydrocarbon region. The
increase in la er s a '

y p cing under pressure (shown
grossly exaggerated) is offset by a slight com-
pacting of the flexible nonpolar part. Th'p r. is occurs
un er pressure as a background scale effect in
all smectics' and weakens th ffe e iciency of the
nonpolar segments to hold the layer together. It

ri y o pressure-i@-further accounts for the rarit f
ueed smectic-Ad — phases for compounds possess-

ing only a nematic phase at 1 atm.
It is proposed that the short-range attra t'

inte ract'ctions of the nonpolar tails stabilizes the
smectic layers. The strength of this interaction
is proportional to the number of m th l pme y ene groups
composing the tail. ' Wh then is number is seven
or less there is no smeetie-A hc ie- p ase. Interjecting
moleeules with only a six- 't h d-uni y roearbon tail
(e.g. , HBAB) into a layer composed mostl of
molecules with the eight-unit tail (e.g. , CBOOA)
renders thehe smectic layer more susceptible to
rupture upon application of stress (pressure).

Si.nce deereasin theg he temperature is physicall
equivalent to a sli ht'ght application of pressure, the
CBOOA-HBAB mixtures' exhib't' th' i ing e reentrant
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transition at 1 atm are compatible with a layer
spacing which is observed in pure CBOOA to in-
crease with decreasing temperature. " The de-
creasing strength of the bilayer with increasing
concentration of HBAB accounts for the increase
of the reentrant temperature at 1 atm and the
positive slope of the P-T curve for the reentrant
transitions. For the alkoxy compounds the layer-
spacing increase —whether this be with increased
pressure or decreased temperature —is more
dramatic than for the alkyl homologs because of
their enhanced dipolar nature (supported by the
larger dielectric anisotropies of the alkoxy cyano-
biphenyls versus the alkyl homologs"). Thus,
both CBOOA and COOB exhibit the reentrant ne-
matic phase when P &2 kbar, but CBOA and COB
(the alkyl homologs) do not for pressures under
10 kbar (or before crystallization).

In order to test quantitatively the reduction of
P as the average number of methylene groups
interacting in a layer decreases, we doped CBNA
(no reentrant nematic phase observed below 10
kbar or before crystallization) with CBHA (which
has no smectic phase). Our results are shown in
Figs. 3(a) and 3(b) where clearly P decreases
with increasing concentration of CBHA (c =-mole
fraction of CBHA) and linearly with the ratio of
the volume of CBNA to CBHA. A linear best fit
to the data shows P = 0 when this ratio is 0.07.
In agreement with this, our mixture of 7% CBNA
in CBHA showed no smectic phase above 20'C.
It is to be noted that the amount of both materials
in these mixtures is significantly greater than the
unknown impurities. The points marked with a
cross indicate that crystallization occurred rapid-
ly at these pressures and temperatures.

In summary, assuming that the polar-polar and
nonpolar-nonpolar interactions must be main-
tained to ensure the stability of the bilayer smec-
tic-A phase under pressure, we propose that the
layer spacing expands with increasing pressure.
This enables us to account for the transitions be-
tween less-dense smectic and more-dense nemat-
ic characteristic of the high-pressure side of the
reentrant phase diagrams [Figs. 1 and 3(a)j. The
forces stabilizing the layers are the short-range
attractive hydrocarbon (nonpolar -nonpolar) inter-
actions. These forces are proportional to the
length of the hydrocarbon chains. The origin of
the forces driving the layers apart is the increas-
ingly repulsive interaction of the aromatic rings
with increasing pressure. The alkoxy homologs
are initially (P=0) closer together than their al-
kyl counterparts because of their larger dipole
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FIG. 3. (a) p-7' phase diagram for the nematic-
smectic-g transition (only) of CBNA and mixtures of
CBNA with CBHA showing reduction of & with in-
creasing concentration, c, of CBHA (see text). (b) ~
vs the ratio of the volume of CBNA to that of CBHA
[(1—c)/c] shown as a log-log plot. P = 0 for c = 0.93.
g is the ratio of the weight of CBHA to the weight of
CBHA+ CBNA.

moment. For them we observe P to be relative-
ly small (P„~2 kbar) (Fig. 1). P, for the pure
alkyl homologs we suppose to be greater than 10
kbar or pressures required to induce crystalliza-
tion. However, we were able to induce the reen-
trant nematic phase in CBNA (an alkyl homolog)
by adding to it its homologous, shorter counter-
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part, CBHA, and P =0 when c =0.93 ]Figs. 3(a)
and 3(b)]. Our model (Fig. 2) is not compatible
with monolayer smectics exhibiting the reentrant
nematic phase.
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Impact ionization in semiconductors is shown to be strongly affected by temperature-
tuning the band structure. In (100) GaAs between 25 and 150 C the hole ionization rate
p is greater than the electron rate o., whereas above this temperature ~ becomes greater
than p. This effect is attributed to the sudden lowering of the electron threshold ioniza-
tion energy close to 200'C and is shown to be evidence for the existence of the pseudogap
between the r6-Xe and I"7-X7 conduction bands.

We demonstrate for the first time that the rela-
tive magnitudes of impact-ionization rates for
electrons and holes in semiconductors can be re-
versed by temperature tuning. In (100) GaAs at
room temperature, the ionization rate for hole's,

P, is greater than that for electrons, n, whereas
at 200'C and above the opposite occurs. The
main features of this effect may be explained in
terms of a simple model based on the band struc-
ture, which predicts an abrupt change in the elec-
tron threshold ionization energy near 200'C.
These results shed new light on the relationship
of impact ionization to electronic band structure,
and at the same time provide a new method of
probing high-energy-band regions not previously
explored. In particular, we present the first ex-
perimental evidence for the existence of the theo-

retically predicted pseudogap in (100) GaAs be-
tween the F,-X, and l",-X, conduction bands,

Measurements were made in the field region of
GaAs p-n homojunctions grown by liquid-phase
epitaxy on (100) Sn-doped GaAs substrates. These
samples were one-sided, abrupt junctions with
n-side and p-side dopings of n= 2.6x10" cm '
and p =2x10" cm ', respectively, and had a max-
imum electric field at breakdown of E = 5 &10' V
cm '. Avalanche multiplication was measured by
optically exciting free carriers and monitoring
the photocurrent as a function of reverse bias
voltage for several ambient temperatures, with
the diodes mounted on a heater in a dry nitrogen
atmosphere. The samples were processed photo-
lithographically into the configuration illustrated
in the inset of Fig. 1 so that low-intensity (=10 '
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