
derived age of 3.35 Ma of this event is within
the radiometric age uncertainty for our escorias
and the astronomically tuned calibrations for
the paleomagnetic record.

Consequently, the escorias and tierras co-
cidas are proposed to be products of a mid-
Pliocene impact. The source crater for the
Chapadmalal escoria has not been located.
Nevertheless, the size of the largest glass
bomb (2 m in length) identified thus far is
comparable to the largest glasses recovered at
other major impact structures (19), which
suggests an impact in Argentina of similar
magnitude. Because the shoreline has eroded
inland several kilometers since the Pleisto-
cene, surface expression of any nearshore or
offshore structure would have been easily
erased.

The distinctive glasses provide a critical
isochron for the Pampean Formation, placing
better time constraints on faunal evolution in
general (20). It is intriguing that there is a
significant faunal turnover just above the esco-
ria layer, marked by the disappearance of many
endemic genera (13). Within uncertainties, the
radiometric age of the impact glass and paleo-
magnetic age of the deposits coincide with a
pulselike change in the deep-sea stable isotopic
record, reflecting a sudden change in climate
and ocean circulation. These coincidences sug-
gest that the impact may have directly induced
regional faunal extinctions or triggered broader
environmental changes leading to ecosystem
collapse in Argentina.
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12. M. A. Zárate, thesis (Museo de la Plata, La Plata,
Argentina, 1989).

13. L. Kraglievich, Rev. Mus. Cienc. Nat. Trad. Mar del
Plata 1 (1), 8 (1952). E. Tonni, M. T. Alberdi, J. L.
Prado, M. S. Bargo, and A. Cione [Paleogeogr. Paleo-
climatol. Paleoecol. 95, 179 (1992)] recognized that
the most important turnover recorded in the Cha-
padmalal Formation occurred between the strati-
graphic unit containing the escorias (where 36 genera
became extinct and 3 new genera appeared) and the
overlying unit. This turnover mostly affected endemic
families and genera. Among others, the xenarthrans
(for example, Glyptodontidae: Plohophorous, Trachy-
calyptus, Plohophoroides; Mylodontidae: Proscelid-
odon; Dasipodidae: Doellotatus), Marsupialia (Thyla-
cosmilus atrox), and the native ungulates (Brachith-
erium, a litoptern; Xotodon, a toxodontid) disap-
peared. Also, the last record of the flightless cariamid
birds is registered during the Chapadmalalan.

14. These analyses were performed at the Laboratory for
Argon Isotopic Research at MIT following procedures
described by K. V. Hodges et al. [Contrib. Min. Petrol.
117, 151 (1994)]. Fish Canyon sanidine was used to
monitor neutron fluence, with an assigned age of
27.95 Ma [P. R. Renne et al., Geology 22, 783 (1994);
A. K. Baksi, D. A. Archibald, E. Farrar, Chem. Geol. 129,
307 (1996)], and the J-value for the samples is
0.001439 6 0.000008 (2s). Regressions of data were
based on the method of D. York [Earth Planet. Sci.
Lett. 5, 320 (1969)].

15. M. J. Orgeira, Phys. Earth Planet. Lett. 64, 121 (1990);
J. L. Flynn and C. C. Swisher III [Geochronol. Time
Scales Global Strat. Corr., SEPM Spec. Pub. 54, 317
(1995)] estimated that the Chapadmalense spanned
a time from 4 to 3.4 Ma, based on correlations
between an incomplete section and undifferentiated
lithostratigraphic units in Bolivia.

16. The magnetostratigraphic time scale follows F. J.
Hilgen [Earth Planet. Sci. Lett. 104, 226 (1991); ibid.
107, 349 (1991)]. The absence of the Kaena subchron
within the Gauss reflects locally increased sedimen-
tation rates of loess after the paleosoils developed
before the Mammoth subchron.

17. W. Prell, Science 226, 692 (1984); D. Hodell, D.
Williams, J. P. Kennett, Bull. Geol. Soc. Am. 96, 495
(1985); D. A. Hodell and J. P. Kennett, Paleoceanog-
raphy 1, 285 (1986).

18. R. Tiedemann, M. Sarnthein, N. J. Shackleton, ibid. 9,
619 (1994).

19. Suevitic bombs as large as 0.5 m from the 24-km-
diameter Ries Crater have been recovered (10). Im-
pact glasses as large as 1 m have been recovered
from the 14-km-diameter Zhamanshin crater [V. I.
Feldman, et al., in Impactites, A. A. Marakushev, Ed.
(Moscow University, Moscow, 1980), pp. 70–92], and
impact glasses as large as 2 m have been recovered
from the 18-km-diameter El’gygytgyn crater [V. I.
Bouska, P. Povondra, P.V. Florenskij, Z. Rand, Meteor-
itics 16, 171 (1981)].

20. For example, our new dates for the escoria layer
suggest that the chronological boundaries between
South American Pliocene stages established by A.
Cione and E. Tonni [ J. Soc. Am. Earth Sci. 9, 221
(1996)] may have to be revised.

21. We sincerely thank W. Collins and R. Lianza for their
unfailing cooperation and support, Fernanda Vicetto
for first sharing her small green glasses that led us to
the region, and J. Clarke for help in exploring their
occurrences. We also thank K. Hodges for access to
the MIT 40Ar/39Ar geochronology facility and J. De-
vine for assistance in using the Keck/NSF electron
microprobe at Brown University. This research was
supported in part by NASA grant NAG5-3877.

28 July 1998; accepted 29 October 1998

The Dusty Atmosphere of the
Brown Dwarf Gliese 229B

Caitlin A. Griffith, Roger V. Yelle, Mark S. Marley

The brown dwarf Gliese 229B has an observable atmosphere too warm to
contain ice clouds like those on Jupiter and too cool to contain silicate clouds
like those on low-mass stars. These unique conditions permit visibility to higher
pressures than possible in cool stars or planets. Gliese 229B’s 0.85- to 1.0-
micrometer spectrum indicates particulates deep in the atmosphere (10 to 50
bars) having optical properties of neither ice nor silicates. Their reddish color
suggests an organic composition characteristic of aerosols in planetary strato-
spheres. The particles’ mass fraction (1027) agrees with a photochemical origin
caused by incident radiation from the primary star and suggests the occurrence
of processes native to planetary stratospheres.

The past 6 years have provided the first de-
tections of planets and the slightly larger
brown dwarfs outside our solar system (1, 2).

Among these substellar mass objects, Gliese
229B (Gl229B) is unique: With an effective
temperature of 900 K, it is the coolest for
which spectroscopic measurements are possi-
ble (1, 3, 4). Gl229B’s temperature forces a
reduced chemistry (a NH3, CH4, H2O, and H2

composition), similar to the upper atmo-
spheres of the jovian planets (5). Consequent-
ly, Gl229B’s near-infrared (IR) spectrum (6,
7) is dominated by methane and water fea-
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tures. The strengths of these features rule out
the presence of high-altitude clouds com-
posed of simple ices, such as ammonia and
water, present on Jupiter, or the dust that
subdues absorption features in the spectra of
GD165 and M dwarf stars (8). Also revealed
by near-IR spectra is a gravity in Gl229B’s
upper atmosphere 30 to 50 times greater than
that of Jupiter (3, 4). The high gravity and the
lack of high clouds allow visibility to pres-
sures exceeding 50 bars, an order of magni-
tude larger than possible on planets in our
solar system. Thus, in Gl229B, we have the
opportunity to investigate atmospheres in a
unique thermodynamic regime.

Initial studies of Gl229B’s near-IR spec-
trum, indicating a particulate-free atmosphere
(3, 4), match most spectral features. Yet,
these synthetic spectra depart from observa-
tions near 1.05 and 1.25 mm, where the
brightness temperature is high (1600 K) and
emission derives from pressures greater than
30 bars. At wavelengths shorter than 0.92
mm, the primary absorbing gases, methane

and water, are comparatively transparent, and
observations should probe to the hotter and
deeper atmospheric levels. At these wave-
lengths, an increase in Gl229B’s flux was
expected. Surprisingly, optical photometry
and spectroscopy measured a decrease in
Gl229B’s flux (7, 9). Simple adjustments to
the input parameters of standard models (for
example, gravity or effective temperature) do
not resolve this discrepancy.

Here, we investigate the structure of
Gl229B’s atmosphere by analyzing its optical
spectrum (0.85 to 1.0 mm) obtained at the
Keck 1 Telescope (7). Radiative transfer cal-
culations allow us to examine the absorption
and scattering of Gl229B’s flux, resulting
from the native gases and possible particu-
lates (10). Initially, we replicate past models
of Gl229B’s near-IR spectrum (3, 4) with a
dust-free calculation containing H2, He, and
water absorption (10). This test confirms the
original predictions, with a calculated 0.85-
to 0.92-mm flux 5 to 80 times greater than
that observed (Fig. 1A). In this spectral re-

gion, the model provides an atmosphere that
is too transparent, yielding excess emission
from the hot levels below 200 bars. An un-
accounted-for source of opacity must exist in
Gl229B’s atmosphere.

Several considerations indicate that the
missing absorber is neither water vapor nor
any other gas. The spectral characteristics of
water do not match those required. At 0.93 to
1.0 mm, where water features dominate, the
calculated flux lies below the observed spec-
trum (Fig. 1A), indicating the presence of too
much absorption. A smaller water abundance
derived from an oxygen composition that is
65% of the solar value fits the overall ob-
served flux level at 0.92 to 1 mm but yields
water features deeper than those observed
considering the 1s noise level of 10217 ergs
cm22 s21 mm21. This model also fails to
match observations at shorter wavelengths
(Fig. 1A), where water is optically thin and
does not substantially affect the spectrum.
We considered a suite of other gases as po-
tential absorbers, based on the possible mo-
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Fig. 1. Models of Gl229B’s atmosphere. Blue
lines show the Keck spectrum of Gl229B (7).
(A) Synthetic spectra resulting from radiative
transfer calculations of Gl229B that assume a
particle-free atmosphere. Two water abun-
dances are considered. The solar abundance
model (green line) replicates previous calcula-
tions used to interpret Gl229B’s near-IR spec-
trum (3, 4). Here, the thermal profile derived
for a clear atmosphere was used (3, 4). A water
abundance 0.65 times that of the solar model
fits the 0.95- to 1.1-mm region; however, it fails
to interpret wavelengths shortward of 0.92 mm
(red line). In addition, it produces water fea-
tures deeper than those observed at 0.93 to 1.0
mm. (B) An atmospheric model that includes
the effects of silicate dust (with ni 5 0.001 and
nr 5 1.65). The haze distribution is defined by
N 5 1.6 3 104 particles per cubic centimeter.
This calculation yields a spectrum equivalent to
that calculated with iron dust (ni 5 3 and nr 5
4) for a haze distribution defined by N 5 2.5 3
103 particles per cubic centimeter. The result-
ant synthetic spectrum (red line) matches the
depths of the 0.93- to 1.0-mm water bands
better than do those derived assuming a cloud-
free atmosphere. However, this spectrum still
fails to fit Gl229B’s observations for wave-
lengths shorter than 0.92 mm. (C) An atmo-
sphere having a reddish haze with optical con-
stants adjusted to match the observations (that
is, ni # 0.01 at 1 mm increasing to 0.1 at 0.9
mm and further to 0.4 at 0.85 mm and nr
5 1.65) yields the model spectrum shown (red
line). We use a haze distribution defined by
N 5 1.6 3 104 per cubic centimeter. The y axis
is linear and the x axis is enlarged to better
exhibit the water features. (Inset) Our fit to
Gl229B’s entire 0.85- to 1.0-mm spectrum.
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lecular forms of cosmically abundant ele-
ments (for example, N2, NH3, CO, CO2, and
CH4) (5), and found that none of these mol-
ecules have transitions that produce strong
bands at 0.85 to 0.92 mm (11).

The remaining candidate for the missing
absorber is particulates. Indeed, the opacity
source must exhibit no fine spectral structure
characteristics of molecular absorption of
gases, because none other than water and
cesium are indicated in the optical spectrum.
In addition, the unidentified constituent must
provide substantial opacity throughout the
region observed, because the water features
are uniformly shallower than those calculated
by particle-free atmosphere models (Fig. 1A).
Particulates have both of these properties. To
test this hypothesis, we incorporated particles
into our clear-atmosphere model using three
parameters to specify the nature of the haze:
(i) the number density of particles at 27 bars
(N), (ii) the imaginary index of refraction (ni),
and (iii) the particle radius (a). The scale
height of the haze density follows that of the
pressure. The top of the haze layer was set at
5 bars on the basis of the strength of the water
feature at 0.93 mm, which establishes this
upper bound. The bottom of the haze layer
was set at 80 bars, because our spectrum is
not sensitive to deeper levels (Fig. 2). A
lognormal particle size distribution of width
0.1 was assumed on the basis of particle size
distributions observed in Earth’s atmosphere.
With the real coefficient set at nr 5 1.65, we
modeled most hazes considered for late M
dwarf stars and jovian tropospheres and
stratospheres. Silicate oxides [for example,
enstatite and olivine (12)], corundum, and
hydrocarbons generally have nr values of

1.65 6 0.15. Iron is an exception; we con-
sider this as a special case.

At wavelengths less than 0.92 mm,
Gl229B’s spectrum, mostly insensitive to the
water abundance, provides a direct measure-
ment of a possible layer of haze. We con-
strain the parameter N from the depths of the
water features, which are muted in our model
by the addition of more haze. The overall flux
of Gl229B at 0.85 to 0.92 mm establishes the
combined effects of the reflectivity of the
haze particles (ni) and N. At these wave-
lengths, Gl229B’s spectrum indicates a dark
material with ni 5 0.1 at 0.9 mm, increasing
linearly to ni 5 0.4 at 0.85 mm. A model
atmosphere with a 5 0.1 mm and N 5 1.6 3
104 particles per cubic centimeter fits the
Keck observations largely within the 1s
noise level of the data (Fig. 1C) (13).

At wavelengths less than 0.93 mm, pri-
marily water vapor influences Gl229B’s
spectrum. When we include the haze distri-
bution described above, a water abundance
derived from 30 to 45% of the solar abun-
dance of oxygen is indicated. This subsolar
water abundance agrees with recent measure-
ments of the metallicity of Gliese 229A
(Gl229A), the companion star of Gl229B
(14). We find that Gl229B’s spectrum re-
quires brightly scattering particles at 0.93 to 1
mm, with ni 5 0.05 at 0.93 mm, decreasing
linearly to ni # 0.01 for wavelengths longer
than 0.97 mm. Our haze distribution address-
es two independent constraints, the absolute
flux and the line depths of the 0.92- to 1.0-
mm water features. This model additionally
interprets well Gl229B’s near-IR spectrum. A
more complicated function for ni is not con-
strained by our analyses. Yet, this decrease of
ni with increasing wavelength implies a red
haze.

The location of Gl229B’s haze can be
evaluated with a contribution function (cf ),
indicating the strength of emission as a func-
tion of pressure:

cf ~P! 5 B(l,T )
det

d log~P!
(1)

where B(l,T ) is the Planck function, t is the
optical depth, and P is the pressure. Particu-
lates reside at altitude levels where detectable
flux originates, ;15 to 50 bars. Here, tem-
peratures range from 1400 to 1800 K (Fig. 2).

Studies of stars and planets provide two
possibilities for the origin of particulates in
the atmosphere of Gl229B. In analogy to
Jupiter’s troposphere and the photospheres of
M dwarfs, they could be cloud particles cre-
ated by the condensation of refractory spe-
cies. Alternatively, they could resemble the
haze found in planetary stratospheres, pro-
duced by photochemical processes acting on
the volatile species in the atmosphere. We
first consider condensation of refractory
grains.

Thermochemical models of Gl229B’s at-
mosphere (5) suggest that corundum (Al2O3)
and grains composed of iron (Fe) and sili-
cates (such as spinel Mg2SiO4) form at tem-
peratures .1800 K and are therefore not
visible. Compounds containing Si, P, and S
may form at lower temperatures; however,
these materials are cosmochemically less
abundant (15). Perovskite (CaTiO3) and other
refractory elements condense at temperatures
exceeding 1800 K. Although the more refrac-
tory grains evidently are present in the pho-
tospheres of the coolest M dwarfs (8), their
condensation levels generally lie at tempera-
tures greater than do the hazes we detect (that
is, at higher pressures than present in M
dwarfs). Convection could conceivably carry
such particles up to the visible atmosphere.
However, even when the hazes considered
here are included in our model atmosphere
calculations (10), the atmosphere remains ra-
diative above 100 bars, making it unlikely
that abundant refractory grains are carried to
the visible atmosphere (10, 16 ).

A more serious problem with condensa-
tion clouds of refractory compounds is the
spectral characteristics of these elements. Op-
tical properties of metals and silicates differ
from those that we derive for the dust in
Gl229B’s atmosphere (Fig. 1B). The brown
dwarf’s low 0.85-mm flux and high 1-mm
flux indicate dark red particulates. Iron is
dark (ni ; 2 to 4) throughout the 0.85- to
1-mm region, whereas other known refractory
grains (13) scatter brightly throughout this
region. All these compounds are either gray
or blue in color. It has been proposed that red
organic material (polycyclic aromatic hydro-
carbons) coats particles within red giant stars
particularly at temperatures of 900 to 1100 K
and in gas environments rich in H2 and C2H2

(17). However, this chemistry has not yet
been investigated for the more quiescent con-
ditions found within the atmospheres of
brown dwarfs.

The optical properties of Gl229B’s partic-
ulates resemble those of many materials in
our own outer solar system. Reflectivities
that increase strongly with wavelength and
are otherwise featureless appear on the sur-
faces and coma of comets, planetary satel-
lites, centaurs, some Kuiper belt objects, and
the haze in the atmospheres of Titan and the
jovian planets (18, 19). Most likely, these
materials are organic species produced by
polymerization of hydrocarbons and nitriles,
a process studied most thoroughly for the
atmosphere of Titan (20). Incident solar ul-
traviolet (UV) radiation and charged particle
precipitation result in the production of nitro-
gen- and carbon-bearing radicals; subsequent
reactions produce species such as C2H2 and
HCN, which polymerize easily. Laboratory
simulations of these processes create solids
with optical properties similar to those of

Fig. 2. Contribution function at 0.915 mm,
scaled to a maximum value of 1 (solid line,
lower x axis). Most of the emission originates
from the ;14- to 50-bar region. The dashed
line (upper x axis) shows the pressure-temper-
ature profile derived from Gl229B’s observed
radiance, assuming radiative convective equi-
librium, and the haze distribution that inter-
prets Gl229B’s optical spectrum (Fig. 1C). It is
radiative above 100 bars and convective below.
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Titan’s haze (21).
Like Titan, the variety of constituents likely

to be present in Gl229B’s atmosphere provides
a fertile environment for production of photo-
chemical aerosols. Water, CH4, and CO have
been detected in Gl229B, and thermochemical
equilibrium calculations suggest the presence of
N2, NH3, PH3, and H2S (5). Photochemistry is
initiated by the UV flux from the primary star,
Gl229A (20). The resulting photochemical haze
density depends on several processes: (i) the
photolysis rate, (ii) the efficiency with which
photochemical products are incorporated onto
aerosols, and (iii) the rate at which aerosols are
removed from the visible atmosphere by mix-
ing and sedimentation. Although insufficient
information prevents detailed modeling of these
processes, simple estimates are possible.

The UV flux from Gl229A originates in
the corona and transition regions of the atmo-
sphere. Because Gl229A’s UV radiation has
not been measured, we estimate this flux by
considering another M dwarf, Gliese 825
(Gl825), that is similar in size and spectral
characteristics (22). The large equivalent
width observed in the Ha features of Gl229A
and Gl825 indicates a relatively high pressure
in the transition region, where these lines are
formed (23). The accordingly high column
abundance in the corona gives rise to strong
emission from the HI recombination contin-
uum. Thus, unlike the sun, where Lyman
alpha emission dominates UV radiation, the
HI recombination flux governs radiative loss-
es from Gl825. Models that reproduce the
observed spectrum of Gl825 predict a UV
flux at the star’s surface of 3 3 107 ergs
cm22 s21 (22). We adopt this value for
Gl229A, implying a global-average UV flux
of 0.04 ergs cm22 s21 incident upon the
atmosphere of Gl229B (24). This value is
comparable to the UV flux of 0.02 ergs cm22

s21 that Titan receives from the sun. If, sim-
ilar to Titan, one in ten of Gl229A’s UV
photons results in the production of a mole-
cule with an average mass of 20 atomic mass
units that subsequently becomes incorporated
in an aerosol, the net mass flux of aerosols is
f . 2 3 10214 g cm22 s21.

The small aerosols deduced from our spec-
tral analysis are removed from the visible at-
mosphere by eddy diffusion rather than sedi-
mentation. The mass fraction of aerosols ( f ) is
related to the eddy diffusion coefficient K, the
mass density of the atmosphere (r), and the net
mass flux through f 5 fH/Kr, where H is the
scale height of the atmosphere (25). Because
the thermal profile derived for Gl229B (Fig. 2)
is radiative, we assume a typical value for K in
the radiatively controlled region of planetary
atmospheres, 103 to 104 cm2 s21 (26 ). When
one uses H 5 7 km, K 5 103 cm2 s21, and r 5
1024 g cm23, f 5 1027 is implied. This value
agrees with the mass fraction of haze derived
from Gl229B’s spectrum. Below the radiating

layer, the haze will react with H2 and reestab-
lish the stable molecular forms of carbon and
nitrogen (27). Thus, the photochemical produc-
tion of aerosols is a viable explanation for the
haze in Gl229B’s atmosphere.

The hypothesis of a deep haze is testable
through spectroscopic observations. Isolated
brown dwarfs (devoid of the UV flux of a
companion star) with effective temperatures
near that of Gl229B will presumably lack the
dark photochemical haze proposed here.
Hence, any such isolated objects should have
optical fluxes up to two orders of magnitude
larger than that of Gl229B. In addition, along
with aerosols, photochemistry produces
many simple organic molecules, detected in
the atmospheres of Titan and the jovian plan-
ets. If found in Gl229B’s atmosphere, these
disequilibrium species would point to the
presence of a photochemical haze. Candidate
molecules include those produced primarily
by photochemistry (C4H2, HC3N, and
CH3C2H), rather than molecules that also
have other origins, such as C2H6 and C2H2,
which also originate from thermochemistry
(5).

Our analysis indicates analogies be-
tween the atmospheres of the giant planets
and those of brown dwarfs. Jovian atmo-
spheres exhibit temperature minima at
;0.1 bar that delineate different atmo-
spheric regions. Above this level (the lower
stratosphere), energy is transferred radia-
tively; photochemistry, instead of thermo-
chemistry, controls the composition and
produces aerosols; and the dynamics is qui-
escent. Below 0.1 bar (the troposphere),
energy is transferred by radiation and con-
vection, with the radiative-convective
boundary occurring at ;0.5 bar; vertical
mixing is more vigorous; and temperatures
permit condensation of ices. Below the
2-bar water clouds on Jupiter, cloud-free
conditions are predicted until the 1000- to
10,000-bar levels, where iron and olivine
condense (28, 29). The temperatures corre-
sponding to this “cloud gap” in Jupiter’s
interior characterize the temperatures of
Gl229B’s visible atmosphere.

Our models of Gl229B’s spectrum indi-
cate an atmosphere (above 40 bars) that is
clear of condensed refractories but contains a
red aerosol. We argue that stratospheric pro-
cesses such as photochemistry, which can pro-
duce such a haze, might be expected at high
pressures for brown dwarfs. The column abun-
dance above 50 bars on Gl229B corresponds to
that above the 0.5-bar level in the Jovian plan-
ets. Therefore, radiation from the primary star
reaches deeper levels on Gl229B than is possi-
ble for planets. Gl229B’s large gravity addition-
ally implies a radiative profile down to pres-
sures two orders of magnitude greater than that
occurring on Jupiter (30). This profile suggests
the presence of quiescent stratospheric dynam-

ics that allow particles to survive long enough
to “build up” an observable abundance.
Gl229B’s visible deep atmosphere may conse-
quently resemble the jovian stratosphere, with
photochemistry, a radiative profile, and calm
dynamics. As such, this brown dwarf represents
a laboratory of stratospheric processes at tem-
peratures, pressures, and gravities one to two
orders of magnitude greater than those seen on
planets in our solar system.
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Photoemission Evidence for a
Remnant Fermi Surface and a

d-Wave–Like Dispersion in
Insulating Ca2CuO2Cl2

F. Ronning, C. Kim, D. L. Feng, D. S. Marshall, A. G. Loeser,
L. L. Miller, J. N. Eckstein, I. Bozovic, Z.-X. Shen*

An angle-resolved photoemission study is reported on Ca2CuO2Cl2, a parent
compound of high-Tc superconductors. Analysis of the electron occupation
probability, n(k), from the spectra shows a steep drop in spectral intensity
across a contour that is close to the Fermi surface predicted by the band
calculation. This analysis reveals a Fermi surface remnant, even though
Ca2CuO2Cl2 is a Mott insulator. The lowest energy peak exhibits a dispersion
with approximately the coskxa – coskya form along this remnant Fermi
surface. Together with the data from Dy-doped Bi2Sr2CaCu2O81d, these results
suggest that this d-wave–like dispersion of the insulator is the underlying
reason for the pseudo gap in the underdoped regime.

A consensus on the dx22y2 pairing state and the
basic phenomenology of the anisotropic normal
state gap (pseudo gap) in high-Tc superconduc-
tivity has been established (1), partially on the
basis of angle-resolved photoemission spectros-
copy (ARPES) experiments (2–5), in which
two energy scales have been identified in the
pseudo gap: a leading-edge shift of 20 to 25
meV and a high-energy hump at 100 to 200
meV (4). Both of these features have an angular
dependence consistent with a d-wave gap. For
the sake of simplicity in the discussion below,
we refer to these as low- and high-energy pseu-
do gaps, respectively, in analogy to the analysis

of other data (6). The evolution of these two
pseudo gaps as a function of doping are corre-
lated (7), but the microscopic origin of the
pseudo gap and its doping dependence are still
unestablished. Theoretical ideas of the pseudo
gap range from preformed pairs or pair fluctu-
ation (8) and damped spin density wave (SDW)
(9), to the evidence of the resonating valence
bond (RVB) singlet formation and spin-charge
separation (10–12). To further differentiate
these ideas, it is important to understand how
the pseudo gap evolves as the doping is lowered
and the system becomes an insulator. We
present experimental data from the insulating
analog of the superconductor La2–xSrxCuO4,
Ca2CuO2Cl2, which suggest that the high-ener-
gy pseudo gap is a remnant property of the
insulator that evolves continuously with dop-
ing, as first pointed out by Laughlin (12).

The compound Ca2CuO2Cl2, a half-filled
Mott insulator, has the crystal structure of
La2CuO4 (13) and it can be doped by replac-
ing Ca with Na or K to become a high-
temperature superconductor (14). As with the
case of Sr2CuO2Cl2, Ca2CuO2Cl2 has a much
better surface property than La2CuO4 and
thus is better suited for ARPES experiments
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