ductor lasers (3, 18) because the refractive
index variation induced by the change in
carrier number at the peak of the gain curve is
essentially zero.

The threshold current density is deter-
mined by the condition (I, 3)

Rexp(I'G, —ay)L =1 (1)

where G, = gJ, is the peak material gain
at threshold and o is the internal loss. A
good estimate for the normalized gain coef-
ficient g was obtained experimentally from
the following independent measurement:
The integrated luminescence power was
measured at high current density in an
identical sample grown on a semi-insulating
substrate to minimize losses, but without
the cladding regions to eliminate gain ef-
fects, and processed in a 45° wedge config-
uration. The luminescence peak wave-
length and linewidth were identical to that
of the laser structure. From the measured
luminescence power and the well-known
Einstein relation between the spontaneous
and stimulated emission rates, g was found
to be 9 ecm™! kA~! cm™2. We can then
recast Eq. 1 in the form

oy + o
th — gr

where ay, is the mirror loss —In(R)/L (=
18.54 cm™!) and the internal loss o (estimat-
ed to be ~9 cm™!) is a combination of free
carrier absorption in the graded regions and in
the substrate, lateral waveguide losses, and
plasmon losses in the top contact region.
From Eq. 2, we obtain J, = 6.6 kA/cm®.
Considering the relatively large uncertainty in
the estimation of the losses, this value is in
reasonable agreement with the measured
threshold. We were able to operate a few
devices at temperatures as high as 88 K with
comparable thresholds and clear evidence of
spectral narrowing. Improved device process-
ing and heat sinking will allow a systematic
study at this and higher temperatures. Prelim-
inary evidence shows that, as expected, the
temperature dependence of the threshold cur-
rent density is much weaker than that in

diode lasers (3).

2)
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A Mechanism of Lithium Storage in
Disordered Carbons

Kenji Sato,* Minoru Noguchi, Atsushi Demachi, Naohiko Oki,
Morinobu Endo

High-resolution electron microscopy and lithium-7 nuclear magnetic resonance measure-
ments were carried out for a disordered carbon material, prepared by heat treatment of
polyphenylene, in which lithium was stored electrochemically. The nuclear magnetic res-
onance spectrum suggests the existence of Li, covalent molecules in the carbon material.
This extra covalent site of lithium storage promises extraordinarily high energy density for

secondary batteries.

Graphite can store various kinds of spe-
cies, such as potassium and bromine, be-
tween the crystalline sheets to form stage
compounds called graphite intercalation
compounds (GICs) (1). Under certain
conditions, graphite stores Li ions electro-
chemically, forming a GIC. The storage
process is reversible, so that graphite can
be used instead of metallic Li as the
negative electrode in Li secondary batter-
ies (2). Various kinds of graphite and
carbons have been studied as candidates
for the negative electrode material of so-
called Li ion batteries (2, 3). The Li ion
batteries are expected to lead to weight
elimination for portable electronics appa-
ratus such as video cameras and lap-top
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personal computers. Advantages include

. their high electromotive force of around 3

to 4 V; their high energy density, higher
than that of any conventional secondary
batteries; and their safety, as no metallic
Li is used. Recently, some disordered car-
bons were shown to have a specific capac-
ity much higher than that expected from
the first-stage GIC stoichiometry (CgLi,
372 A‘hour/kg) (3, 4), where the Li is
inserted at maximum density between
each graphite sheet. These extremely high
capacities suggest that there may be a
mechanism different from the common
well-staged compounds of graphite.

We have synthesized a disordered car-
bon material that stores Li with a mecha-
nism completely different from that in
GICs. High-resolution electron microscopy
images as well as 7Li nuclear magnetic
resonance (NMR) spectroscopic evidence
indicate a Li storage mechanism by an
electrochemical process. This phenomenon



could provide a promising development for
high-energy Li battery applications.

Poly (p-phenylene) (PPP) was synthesized
by the Kovacic method (5). The PPP thus
synthesized had structural irregularities such
as branching, bending, and cross-linking. It
was heat-treated under hydrogen flow at 973
K, and the PPP-based carbon thus obtained
had a largely disordered structure, so that
x-ray diffraction showed no clear (002) re-
flections (3). Elemental analysis of the sam-
ple gave an H/C ratio of 0.24.

Electrodes made of the PPP-based car-
bon were charged and discharged at a cur-
rent density of 1.6 mA/cm?. This current
density is an order of magnitude higher
than those applied to electrodes made of
highly crystallized graphite. The PPP-based
carbon is suitable for high-power battery
applications. Excellent reversibility and
specific discharge capacity of 680 A-hour/
kg, which exceeds the first-stage GIC stoi-
chiometry, was observed. Because the elec-
trochemical potential of Li-doped PPP-
based carbon is higher than that of Li-
doped graphite at the same depth of doping,
the electromotive force of a Li ion battery
made with PPP-based carbon will be lower
than that made with graphite.

Lattice images of high-resolution trans-
mission electron microscopy on pristine
PPP-based carbon (Fig. 1A) and Li-charged
PPP-based carbon (which forms C¢Li) (372
A-hour/kg) (Fig. 1B) do not show the
stacked layer structure that is characteristic
of crystalline graphite. Characteristic defec-
tive structure is clearly seen where short
graphite sheets are randomly located. It is
difficult to characterize these samples by an
interlayer spacing as determined from an
(002) x-ray diffraction peak because these
samples have no clear (002) peak, as in
conventional carbons and graphites, corre-
sponding to the interlayer spacing of about
3.440 to 3.354 A. From these images, it is
evident that Li doping creates a much more
defective lattice of PPP-based carbon as
compared with the disordered structure be-
fore Li doping. The interlayer spacing is
estimated to increase by about 10% to ~4.0

in pristine PPP-based carbon, as deter-
mined from the fast Fourier transform
(FFT) patterns (6) corresponding to Fig. 1.
This suggests that the Li ions are located
among the defective carbon layers. This
expansion of the layer spacing is similar to
that of well-ordered graphite, where the
interlayer spacing increases by about 10%
during Li intercalation to form C(Li (7).

The 7Li NMR spectrum of Li-doped
PPP-based carbon (Fig. 2A) reveals no
metallic bands, and a main band with fine
structure is clearly observed around O ppm,
accompanied by spinning side bands. Su-
perposition of the three bands A, B, and C
can well reproduce the observed line shape

of the main band (Fig. 2B). The Li doped
in PPP-based carbon must occupy two dif-
ferent sites corresponding to bands A and
B. Band C can be assigned to the by-
product lithium carbonate, which is detect-
ed by electron spectroscopy for chemical
analysis and by infrared spectroscopy, and is
not essential in the following discussion.
Band A has a Gaussian line shape (charac-
teristic feature of a solid phase) with a
chemical shift of 9.85 ppm and a half width
of 11.6 ppm. Band B has, in contrast, a
Lorenzian line shape (characteristic feature
of a liquid or gas phase) with a chemical
shift of —0.62 ppm and a half width of 8.9
ppm. Band B has been observed in differ-
ently doped levels from 30 to 1000 A-hour/
kg, and the chemical shift lies within +1.0
ppm. Band A is observed when the specific
charge capacity is more than 300 A-hour/
kg, and the chemical shift value increases
with greater Li doping.

The nature of band A can be understood
from the doping of a Li ion into PPP-based
carbon, which is accompanied by electron
occupation in the lowest unoccupied molecu-
lar orbital (LUMO) of PPP-based carbon and
gives rise to radical formation. The 7Li nucle-
ar spin may be coupled with the electronic
spin of the radical. The NMR chemical shift
of a radical is proportional to the electronic

Fig. 1. High-resolution lattice images, obtained
by transmission electron microscopy at a 400-
kV acceleration voltage, of (A) pristine and (B)
Li-doped (CgLi) PPP-based carbon. The defec-
tive structure is clearly seen.
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spin density at the position of the observed
nucleus (8). The finite chemical shift for site
A suggests that electronic spin density has a
finite value at the position of the “Li nucleus.
This mechanism is analogous to that in GICs
(correctly speaking in the case of crystalline
graphite hosts, the electronic spin is produced
by a Pauli paramagnetism mechanism caused
by the applied magnetic field). The Gaussian
line shape of band A is consistent with the
jonic mechanism, where “Li nuclei are fixed
and inhomogeneous broadening determines
the line shape. Namely, site A can be con-
sidered as an ionic or GIC site.

Band B may be caused by the existence of
molecular Li, in the PPP-based carbon. In a
Li, molecule, all electrons form pairs and the
total electronic spin is zero. Therefore, the

0 ppm

9.16 ppm~

300 200 100 0 -100 -200 -300
Chemical shift (ppm)

B Observed

-0.62 ppm

9.85 ppm Lorenzian

Gaussian

-0.90 ppm
Gaussian

30 20 10 (') -1|0 -20
Chemical shift (ppm)

Fig. 2. (A) Nuclear magnetic resonance spectra
of Li in heat-treated PPP for a specific charge
capacity of 1000 Ahour/kg. (B) Nuclear magnetic
resonance line shape simulation for the main
band around 0 parts per million in (A). A mixture of
heat-treated PPP and polyethylene binder was
pressed into a pellet. A three-electrode electro-
chemical cell was assembled with the pellet as a
working electrode and lithium foil as counter and
reference electrodes. A solution of 1 mol of lithium
hexafluorophosphate per liter of a mixture of pro-
pylene carbonate and dimethoxy ethane (volume
ratio, 1/1) was used as an electrolyte. The current
density was 1.6 mA/cm?. Sample preparation was
done under dry argon atmosphere. The charged
electrode was rinsed with dimethoxy ethane to
remove electrolyte, dried, mixed with KBr powder,
and put into a solid NMR sample tube. Measure-
ments were carried out on a magic angle spinning
NMR spectrometer (Nihon Denshi Co., Ltd., To-
kyo) with a field strength of 6.3 T (105 MHz for “Li).
A standard material was 1 M LiCl. Line shape
simulation was performed with a computer pro-
gram developed by Nihon Denshi.
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electron-nuclear spin interaction does not ex-
ist. A very small chemical shift for band B is
consistent with a Li, molecule model. This
model is also consistent with a Lorenzian line
shape. The intermolecular force between two
Li, molecules is based on a weak van der
Waals bond, and Li, molecules can move
rather freely. Therefore, the magnetic effect
caused by surrounding nuclei is averaged in
the same way as in a liquid phase. In a liquid
phase, the NMR line shape is determined by
the relaxation through spin-spin interaction.
The observed half width for band B is not
much narrower than that of band A. We
suppose that there is a very efficient spin-spin
relaxation process in a Li, molecule mediated
by bonding electrons. Site B may be called a
“covalent” site.

The extra specific capacity of PPP-based
carbon can be interpreted to result from the
presence of the ‘“covalent” site B. The
capacity of site A may be restricted by the
GIC stoichiometry, whereas the capacity of
site B may have no limit opposed by the
electronic system stability because occupa-
tion of site B involves little change in the
electronic state of the carbon host. Only a
geometrical limit exists for the B site capac-
ity. The most saturated state may be C,Li,
where each benzene ring of PPP-based car-
bon is accompanied by one Li atom.

The charge-discharge mechanism of the
lithium ion in PPP-based carbon can be
understood as follows (Fig. 3). The Li ions
in site A form a V3 X V3 commensurate
lattice structure, which is the reason for the
stoichiometric restriction of site A, similar to
that in the well-known Li GIC (I). A Li,
molecule in covalent site B is loosely trapped
upon two adjacent benzene rings, which are
not occupied by site A Li ions. The bond

O Site A Li (ionic)

@ sicBLi (covaleny)

Fig. 3. Schematic illustration for the coexist-
ence of two types of Li site in PPP-based
carbon. Reduced aromatic rings are represent-
ed by hexagonals. The Li ions and atoms are
denoted by empty and solid circles for sites A
and B, respectively. Covalent bonds between
two Li atoms in site B are shown by heavy lines.
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length of Li, is 2.672 A (9), which is slightly
longer than the distance between the centers
of two adjacent hexagonal rings (2.46 A).
Therefore, Fig. 3 is not a geometrically unac-
ceptable image. The distance between two
nearest neighbor Li atoms in metallic Li is

3.032 A. Only a covalent character in the
Li-Li bond can make the occupation of site B
possible. In the charging process, site B is
occupied at first, and then, after the charged
capacity has exceeded 300 A-hour/kg, site A
occupation begins. In the discharging process,
Li ions in ionic A sites are released at first.
When a vacancy on site A is created, it is
reoccupied through dissociation and charge
transfer reaction of Li, molecules on B sites.
The Li, molecules in B sites are able to act as
a capacity reservoir.

Assuming that each benzene ring of
PPP-based carbon can supply one site for Li
occupation, the calculated specific capaci-
ties per weight and per volume are 1157
Achour/kg and 2983 A-hour/liter, respec-
tively. Those for Li metal are 3862 A-hour/
kg and 2061 A-/liter, respectively. These
high specific capacities suggest the possibil-
ity of a high-energy battery that is more
compact when made with Li ions (or mol-
ecules) than when made with Li metal.

Recently, Conard et al. (10) synthesized
highly saturated Li GIC (C,Li, 1116
A-hour/kg) from highly oriented pyrolytic

graphite under high pressure (50 to 60
kbar). The PPP-based carbon can store
almost the same amount of Li under ambi-
ent pressure and temperature by an electro-
chemical reaction on a nanometer length
scale in disordered carbons. This phenom-
enon may provide a promising break-
through and future for high-energy Li bat-
teries to be used for various applications.
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A Putative Role of the Xanthophyll, Zeaxanthin, in
Blue Light Photoreception of Corn Coleoptiles

Miguel A. Quifones* and Eduardo Zeigert

Both flavins and carotenoids have some of the attributes expected for a photoreceptor
mediating blue light-induced phototropism in plants. Besides the classical photoreceptor
candidate, B-carotene, coleoptiles contain many other carotenoids, including the main
components of the xanthophyll cycle, violaxanthin and zeaxanthin. Here, dark-grown
coleoptiles accumulated violaxanthin, but lacked zeaxanthin. Coleoptiles devoid of zea-
xanthin did not bend in response to a blue light pulse. Coleoptile tips converted violaxanthin
into zeaxanthin in the light. Manipulation of coleoptile zeaxanthin content by red light, red
light plus darkness, or incubation with the inhibitor of zeaxanthin formation, dithiothreitol,
resulted in a blue light-induced bending that was proportional to zeaxanthin content. These
data indicate that zeaxanthin may be a blue light photoreceptor in corn coleoptiles.

The identity of the photoreceptor for blue
light-induced phototropism (I) remains un-
known. Available action spectra (2) implicate
both flavins and carotenoids, and a plasma
membrane-bound flavoprotein is currently
hypothesized as the most likely chromophore
(3). On the other hand, chloroplasts may be
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a site of photoreception for phototropism in
oat coleoptiles (4), and guard cell chloroplasts
show a blue light response that has an action
spectrum matching the absorption spectrum
of carotenoids (5). Here, we investigated
whether the carotenoid, zeaxanthin, which
has an absorption spectrum matching the
action spectrum for phototropism (2), could
mediate blue light-induced phototropic bend-
ing. In chloroplasts from higher plants, vio-
laxanthin is converted to zeaxanthin in the
light by way of an intermediate, antheraxan-
thin (6). Zeaxanthin reverts to violaxanthin





