14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

kopf, T. Henning, and ). S. Mathis [Astron. Astrophys.
261, 567 (1992)] for silicate minerals.

. The number density N depends on the particle size

(a) assumed, because the optical depth scales as the
cross section of the particles, that is, as (Q,,a%) ",
where Q. is extinction efficiency, calculated by Mie
theory. Hazes composed of particles 1 um in radius
and larger fail to produce spectra that match the
observations, because they scatter efficiently at 1
rm and diminish the depths of the water features.
C. G. Schiavon, B. Barbuy, and P. D. Singh [Astrophys.
J- 484, 499 (1997)] measured a metallicity of [Fe/H]
= —0.2 = 0.4 for GI229A. This result points to a
subsolar abundance and yet overlaps the earlier mea-
surement of [Fe/H] = 0.15 = 0.15 [J. Mould, Astro-
phys. J. 226, 923 (1987)].

This point is also made by (37). In M. Marley et al.’s
(3) clear-atmosphere models, the radiative-convec-
tive boundary lies below 100 bars.

T. Guillot et al., in Astronomical and Biochemical
Origins and the Search for Life in the Universe, C.
Cosmovici, S. Bowyer, D. Werthimer, Eds. (Editrice
Compositori, Bologna, Italy, 1997), pp. 343-350.

M. Frenklach and E. D. Feigelson, Astrophys. /. 341,
372 (1989); B. ). Cadwell, H. Wang, E. D. Feigelson, M.
Frenklach, ibid. 429, 285 (1994).

. For general discussion and references for specific

objects, see T. Owen, D. Cruikshank, C. de Bergh, T.
Geballe, Adv. Space Res. 16 (no. 2), 41 (1995); C.
Matthews, Origins Life 21, 421 (1992); D. P. Cruik-
shank, Adv. Space Res. 7 (no. 5), 109 (1987); ibid. 9
(no. 2), 65 (1989); ). R. Cronin, S. Pizzarello, D. Cruik-
shank, in Meteorites and the Early Solar System (Univ.
of Ariz. Press, Tucson, AZ, 1988), pp. 819-857.

The photochemical formation of polyacetylenes is
discussed by Y. L. Yung, M. Allen, and ). P. Pinto
[Astrophys. . Suppl. 55, 465 (1984)]. Photochemical
production of haze from cyanoacetylene and cyano-
acetylene-acetylene polymers is discussed in (32).
The UV radiation produced in the upper atmospheres of
brown dwarfs is unknown and ignored in this study.
Photons energetic enough for photolysis depend on the
bonds inherent to the targeted molecule. Several
threshold wavelengths [H, (0.08 um), CH, (0.135 pm),
NH, (02 pm), H,0 (0.175 wm), and CO (0.088 wm)]
indicate that it is the UV radiation of Gl229A shortward
of 0.2 um that drives photochemistry.

Recent work on laboratory simulations of organic
aerosol formation in planetary atmospheres is sum-
marized by (32); P. Coll et al. [Adv. Space Res. 16 (no.
2),93(1995)]; C. P. McKay [Planet. Space Sci. 44, 741
(1996)]; G. D. McDonald, W. R. Thompson, M. Hein-
rich, B. N. Khare, and C. Sagan [lcarus 108, 137
(1994)]; and B. Khare et al. |ibid. 60, 127 (1984)].
For Gl229A, the equivalent width of the Ha line has
been measured to be 3.6 X 1075 um [M. S. Giam-
papa, L. E. Cram, W. ). Wild, Astrophys. J. 345, 53
(1989)] and 1.1 X 10~% um [P. B. Byrne, |. G. Doyle,
J. W. Menzies, Mon. Not. R. Astron. Soc. 214, 119
(1985)]. For G1825, the measured value is 6 X 1073
pm (E. R. Houdebine thesis, Paris XI, University of
Orsay, Orsay, France, 1990). GI229A emits Mgll, Call,
and x-ray emissions of 1.44 X 10°, 4.47 X 104 and
3.63 X 10% ergs cm™2 577, respectively. G825 emits
Mgll, Call, and x-ray fluxes of 1.95 X 105, 1.12 X 105,
and 9.1 X 104 ergs cm~2 s~ [P. M, Panagi and M.
Mathioudakis, Astron. Astrophys. Suppl. Ser. 100, 343
(1993)].

E. R. Houdebine, M. Mathioudakis, ). G. Doyle, B. H.
Foing, Astron. Astrophys. 305, 209 (1996).

We assume that Gl229B is 40 astronomical units
from Gl229A, the distance corresponding to the an-
gular separation between these two objects.

This expression applies for K and H constant with
altitude. The derivation of and assumptions behind
the equation are given by J. W. Chamberlain and
D. M. Hunten [Theory of Planetary Atmospheres (Ac-
ademic Press, San Diego, CA 1987)]. This reference
also contains information on the thermal profiles of
planetary atmospheres.

The eddy diffusion coefficient in Earth's lower strato-
sphere is 5 X 103 cm? s~ []. R. Holton, /. Geophys.
Res. 91, 2681 (1986)]. At the 300-mbar level in
Jupiter's stratosphere, the eddy diffusion coefficient

www.sciencemag.org SCIENCE VOL 282

REPORTS

is <4 X 103 cm? s~ [B. J. Conrath and P. ). Gierasch,
Icarus 57, 184 (1984)].

27. ). Lewis and B. Fegley, Space Sci. Rev. 39, 163 (1984).

28. Results for the Galileo probe nephelometer experi-
ment reported by B, Ragent et al. [/. Geophys. Res.
103, 22891 (1998)] indicate particulates above 0.55
bar, from 0.76 to 1.34 bars, and from 1.9 to 4.5 bars,
which are interpreted as NH,/NH,SH, and H,O
clouds respectively. B. E. Carlson, A. A. Lacis, and
W. B. Rossow [ibid. 98, 5251 (1993)] find that their
analysis of mid-IR spectra of Jupiter is consistent
with the three thermodynamically predicted cloud
layers: the visible NH, cloud near 0.5 bar, the
NH,SH cloud near =2 bars, and the H,O cloud
near 5 bars. The presence of the H,O cloud is

inferred from the signature of particulates in the IR
spectrum. The NH,SH cloud is inferred from the
variation in NH, abundance.

29. B. Fegley and K. Lodders, /carus 110, 117 (1994).

30. There may exist, however, a thin detached convective
zone near ~1 bar, depending on Gl229B's gravity
[(4); K. S. Noll, T. Geballe, M. Marley, Astrophys. .
489, 187 (1997)).

31. A. Burrows et al., ibid. 484, 499 (1997).

32. D. W. Clarke and ). P. Ferris, fcarus 127, 158 (1997).

33. C. Griffith is supported by an NSF Young Investigator
Award and R. Yelle by the NASA Planetary Atmo-
spheres Program NAG5-4426.

2 September 1998; accepted 5 November 1998

Photoemission Evidence for a
Remnant Fermi Surface and a
d-Wave-Like Dispersion in
Insulating Ca,CuO,CL,

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 Ca,CuO,Cl,, a parent
compound of high-T_ 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
Ca,CuO,Cl, 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 Bi,Sr,CaCu,O,_ ;, 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 d,2_» pairing state and the
basic phenomenology of the anisotropic normal
state gap (pseudo gap) in high-T,, superconduc-
tivity has been established (/7), 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
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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 (/0-12). 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 La,  Sr,CuQ,,
Ca,Cu0,Cl,, 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 Ca,CuO,Cl,, a half-filled
Mott insulator, has the crystal structure of
La,CuO, (I3) and it can be doped by replac-
ing Ca with Na or K to become a high-
temperature superconductor (/4). As with the
case of Sr,Cu0,Cl,, Ca,Cu0,Cl, has a much
better surface property than La,CuO, and
thus is better suited for ARPES experiments
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(15). Although the data from Ca,CuO,Cl,
are consistent with earlier results from
Sr,Cu0,Cl,, (16-18) the improved spectral
quality obtainable from this material allows
us to establish that: (i) The Fermi surface,
which is destroyed by the strong Coulomb
interactions, left a remnant in this insulator
with a volume and shape similar to what one
expects if the strong electron correlation in
this system is turned off; (ii) The strong
correlation effect deforms this otherwise
isoenergetic contour (the noninteracting
Fermi surface) into a form that matches the
\cosk\.a - cos/g.a| function very well, but
with a very high-energy scale of 320 meV.
Thus, a “d-wave”-like dispersive behavior
exists even in the insulator.

Comparison with data from underdoped
Bi,Sr,CaCu,0q. 5 (Bi2212) with T.’s of 0,
25 and 65 K indicates that the high-energy
d-wave-like pseudo gap in the underdoped
regime originates from the d-wave-like dis-
persion in the insulator. Once doped to a
metal, the chemical potential drops to the
maximum of this d-wave—like function, but
the dispersion relation retains its qualitative
shape, albeit the magnitude decreases with
doping. Thus, only the states near the d-wave
node touch the Fermi level and form small
segments of the Fermi surface, with the rest
of Fermi surface gapped. In this way, the
d-wave high-energy pseudo gap in the under-
doped regime is naturally connected to the
properties of the insulator. Because the high-
energy pseudo gap correlates with the low-
energy pseudo gap which is likely to be
related to superconductivity (3-5, 7, 19), it is
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Band metal Band insulator
C D
n(x) & n(k)
1L 1
©0 & (D 00 % (mm
Strongly correlated Strongly correlated
Fermi liquid non-Fermi liquid

Fig. 1. Illustration of the Fermi surface deter-
mination. {A) The case for band metal. Elec-
trons occupy states only up to a certain mo-
mentum, showing a sharp drop in n(k). (B) Band
insulator case. Electrons occupy all possible
states and do not show a drop in n(k). (C) Fermi
liquid with electron correlation. Note that elec-
trons that used to occupy the states below k;
have moved above k.. However, it still shows a
discontinuity at k. (D) For a strongly correlated
non-Fermi liquid n(k) does not show disconti-
nuity, yet there exists n(k) drop showing the
remnant Fermi surface.
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likely that the same physics that controls the
d-wave dispersion in the insulator is respon-
sible for the d-wave-like normal state pseudo
gap and the superconducting gap in the doped
superconductors.

Methodology for analyzing the data. To
investigate the strong correlation effect, we
contrast our experimental data with the con-
ventional results for the case when the corre-
lation effects are neglected. We can obtain
the occupation probability, n(k), by integrat-
ing A(k,w), obtained by ARPES, over energy
(20). Experimentally A(k,w) cannot be inte-
grated over all energies due to contributions
from secondary electrons and other electronic
states. Instead an energy window for integra-
tion must be chosen, and the resulting quan-
tity we define as the relative n(k). Fortunate-
ly, the features we are interested in are clearly
distinguishable from any other contributions.
We note that n(k) is a ground-state property,
and hence is different from the integration of
the single-particle spectral weight A(k,w)
over energy. However, under the sudden ap-
proximation, integration of A(k,w) as mea-
sured by ARPES gives n(k) (20). We then use
the drop of the relative n(k) to determine the
Fermi surface, as illustrated in Fig. 1. For a
metal with noninteracting electrons, the elec-
tron states are filled up to the Fermi momen-
tum, kg, and the n(k) shows a sudden drop
(Fig. 1A). As more electrons are added, the
electron states are eventually filled and the
system becomes an insulator with no drop in
n(k) (Fig. 1B). Therefore, the drop in n(k)
characterizes the Fermi surface of a metal

with noninteracting electrons. When correla-
tion increases, n(k) begins to deform (Fig.
1C), although there is still some discontinuity
kr when the correlation is moderate. Note that
the electrons that used to occupy states below
ke have moved to the states that were unoc-
cupied. For a non-Fermi liquid with very
strong correlation, n(k) drops smoothly with-
out a discontinuity (Fig. 1D). Several theo-
retical calculations using very different mod-
els have found that n(k) of the interacting
system mimics that of the noninteracting sys-
tem, even when the material is fully gapped
(21-24). Hence, we can recover the remnant
of a Fermi surface or an underlying Fermi
surface by following the contour of steepest
descent of n(k) even when correlation is
strong enough that the system becomes a
Mott insulator (25). The volume obtained by
this procedure is consistent with half-filling
as expected in a Mott insulator.

We apply this method to determine the
Fermi level crossing of a real system. The
traditional way (Fig. 2A) is shown for the
ARPES spectra on the (0,0) to (m,m) cut
taken from Bi2212, which is metallic. As we
move from (0,0) toward (w,m), the peak dis-
perses to the Fermi level, Ex. As the peak
reaches E. and passes it, it begins to lose
spectral weight (this again is kg). Alternative-
ly, we simply integrate the spectral function
from 0.6 eV to —0.1 eV relative to the £r, and
the resulting relative n(k) is plotted in Fig.
2C. We can now define k- as the point of
steepest descent in the relative n(k). The same
conclusion can be drawn here independent of
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Fig. 2. Application of the method described in Fig. 1. (A) Spectra along the (0,0) to () cut from
Bi2212. The peak disperses toward the low-energy side and reaches the Fermi level at &,
(0.437,0.437). (B) Spectra along the (w,0) to (w,m) cut from metallic La;_,Sr,Mn,O,. The peak
disperses toward the low-energy side, but never reaches the Fermi energy. However, it loses
intensity as it crosses the position where the band calculation predicts the Fermi surface, showing
an underlying Fermi surface. (C) and (D) Plots of the relative n(k) for the data in (A) and (B),
respectively, shows a sudden drop around k¢, essentially showing the two methods give the same

Fermi momentum k..
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the method we use. Note that the n(k) also
drops as we approach (0,0); this is a photo-
emission artifact, because the photoemission
cross section of the d,-_ » orbital vanishes due
to symmetry. “

We can show that the n(k) procedure is
still valid for strongly correlated systems with
gapped Fermi surface by presenting ARPES
spectra on ferromagnetic La,_ Sr Mn,0, on
the (m,0) to (m,7) cut (Fig. 2B) (26). It shows
a dispersive feature initially moving toward
EL and then pulling slightly back away from
E around (1,0.27), but never reaching E.
However, the feature suddenly loses its spec-
tral weight when it crosses (m,0.27m) as if it
crosses the Fermi surface (Fig. 2D). Further-
more, the Fermi surface determined by a local
density approximation calculation coincides
with the Fermi surface determined by the n(k)
despite the spectra of this ferromagnetic me-
tallic state material having a significant gap.
Thus, the underlying Fermi surface can sur-
vive a strong interaction, and the n(k) method
is effective in identifying it even when the
peak does not disperse across Ep.

Experimental results from an insulator.
The low-energy feature along the (0,0) to
(w,m) cut on Ca,Cu0O,Cl, (Fig. 3A) has the
same origin as the low-energy peak seen in
Bi2212, the Zhang-Rice singlet on the CuO,
plane. As k increases from (0,0) toward
(,m), the peak moves to lower energy and
subsequently pulls back to higher energy as it
crosses (m/2,m/2). Its spectral weight increas-
es as it moves away from the (0,0) point for
the reason described earlier, and then drops as
it crosses (0.43mw,0.43m). These changes
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along the (0,0) to (m,m) cut are consistent
with the earlier reports on Sr,CuO,Cl, (/6-
18). Similar to the drop of n(k) across the
Fermi surface seen in Bi2212, Ca,CuO,Cl,
also shows that the intensity of the peak n(k)
drops as if there is a crossing of E, even
though the material is an insulator. The in-
tensity along the (0,0) to (m,0) cut (Fig. 3B)
goes through a maximum around (21/3,0) as
in Sr,CuO,Cl,. This behavior is also seen in
superconducting cuprates (27). Earlier works
on Sr,CuO,Cl, show the spectral weight
along the (r,0) to (,m) cut is strongly sup-
pressed. However, for Ca,CuO,Cl,, the im-
proved spectral quality allows us to clearly
observe the spectral weight drop along the
(m,0) to (mw,m) cut (Fig. 3C) (28). Note that
the spectral weight drops as we move toward
the (w,m) point, which we attribute to the
crossing of a remnant Fermi surface. We also
show another cut (Fig. 3D) which exhibits
essentially the same behavior. The relative
n(k)’s of the cuts are summarized in Fig. 3E
in arbitrary units. The relative n(k) here and
in Fig. 4 were obtained by integrating from
0.5 ¢V to —0.2 eV relative to the peak posi-
tion at (w/2,m/2). All of the n(k)’s show a
drop (after the maximum) as we cross the
remnant Fermi surface. Here we emphasize
that we are using the same method as we do
for metals, where the identification of a Fermi
surface is convincing.

The remnant Fermi surface can be iden-
tified in the contour plot of n(k) of
Ca,CuO,Cl, (Fig. 4A). The small crosses in
the figure denote the k-space points where
spectra were taken. The data points here and
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Fig. 3. ARPES spectra on various cuts from Ca,CuO,Cl, and n(k) plots. The insets and labels show where
the spectra were taken in the Brillouin zone. (A) (0,0) to (m,m) cut. The peak disperses toward the
low-energy side and loses intensity near the (w/2,71/2) point. (B) (0,0) to (m,0) cut. The lowest energy
peak shows little dispersion. The spectral weight initially increases and then decreases again after
(0.677,0) as in the Sr,CuO,Cl, case (77, 18). However, note that there is appreciable spectral weight
at (m,0) contrary to the Sr,CuO,Cl, case. (C) (m,0) to (m,m) cut. The spectral weight drops as
we move to (). (D) Another cut (as marked in the inset) showing the n(k) drop. (E) relative
n(k)'s constructed from the spectra in (A) through (D). The relative increase of the weight
above 0 is caused by emission from 2nd-order light.
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in Fig. 4C have been reflected about the line
k, = k_ to better illustrate the remnant Fermi
surface. Again, it should be emphasized that
the suppressed n(k) near (0,0) comes from the
vanishing photoemission cross section due to
the d:_ . orbital symmetry. For the same
reason, the photon polarization suppresses
the overall spectral weight along the (0,0) to
(1r,) line as compared with the (0,0) to (1,0)
line, with a monatonic change between the
two directions. In Fig. 4B, we present the
relative n(k) of an optimally doped Bi2212
sample in the normal state. In this case the
identification of the Fermi surface is unam-
biguous, but the same matrix element effects
that were seen in the insulator can be seen in
the metallic sample as well. However, for
both samples, the drop in n(k) near the diag-
onal line connecting (,0) and (0,m) cannot
be explained by the photoemission cross sec-
tion. In the metallic case, the Fermi surface is
clearly identified (the white-hashed region in
Fig. 4B). For the insulator, the drop is ap-
proximately where band theory predicts the
Fermi surface (29). Therefore, we attribute
the behavior in the insulator to a remnant of
the Fermi surface that existed in the metal.
The similarity of the results in the insulator
and the metal makes the identification of
the remnant Fermi surface unambiguous. The
white hashed area in Fig. 4A represents the
area where the remnant Fermi surface may
reside as determined by the relative n(k).
Although there is some uncertainty in the
detailed shape of this remnant Fermi surface,
this does not affect the discussion and the
conclusions drawn below. The relative n(k)
we presented is a very robust feature. In
metallic samples with partially gapped Fermi
surfaces, underlying Fermi surfaces have also
been identified in the gapped region (26, 30).
This effect is similar to what we report here
in the insulator. The remnant Fermi surface in
the underdoped Bi2212 was also identified at
similar locations to the n(k) drop in these
materials with a different criteria of minimum
gap locus (30). Calculations show the Fermi
surface defined by n(k) is robust in the pres-
ence of strong correlation (21, 23, 24). Given
that there is a remnant Fermi surface as
shown by the white-hashed lines in Fig. 4, A
and C, the observed energy dispersion along
this line has to stem from the strong elec-
tron correlation. In other words, the elec-
tron correlation disperses the otherwise
isoenergetic contour of the remnant Fermi
surface. This dispersion is consistent with
the nontrivial d-wave |coska — coskya|
form ({0-12). These results also support
our identification of the remnant Fermi sur-
face in a Mott insulator.

Figure 4C plots the energy contour of the
peak position of the lowest energy feature of
Ca,Cu0,Cl, referenced to the energy of
(m/2,m/2) peak. The hashed area indicates the
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remnant Fermi surface determined in Fig. 4A.
The “Fermi surface” is no longer a constant
energy contour as it would be in the nonin-
teracting case. Instead, it disperses as much
as the total dispersion width of the system. In
Fig. 4D, we plot the dispersion at different
points on the remnant Fermi surface refer-
enced to the lowest energy state at (7/2,7/2).
The dispersion of the peaks along the Fermi
surface is plotted against |coskxa - coskva|.
The straight line shows the d-wave dispersion
function at the “Fermi surface” with a d-wave
energy gap. The figure in the inset presents
the same data in a more illustrative fashion.
On a line drawn from the center of the Brillouin
zone to any point either experimental (blue) or
theoretical (red), the distance from this point to
the intersection of the line with the antiferro-
magnetic Brillouin zone boundary gives the
value of the “gap” at the k-point of interest. The
red line is for a d-wave dispersion along (,0)
to (0,7). The good agreement (37) is achieved
without the need for free parameters. This d-
wave-like dispersion can only be attributed to
the many-body effect. The relative energy dif-
ference between the energy at (w/2,m/2) and
(,0) has been referred to as a “gap” (/2),
which we follow.

This gap differs from the usual optical
Mott gap (Fig. 5) and may correspond to the
momentum dependent gap once the system is
doped. This gap monotonically increases
when we move away from (w/2,7/2) as also
reported earlier (/6). As well as summarizing
the data presented, Fig. 5 also shows the
intriguing similarity between the data from
the insulator and a slightly overdoped d-wave
superconductor (Bi2212), and thus gives the
reason for comparing the dispersion along the
remnant Fermi surface with the lcoskxa -
coskya| form. In the superconducting case,
n(k) helps determine the Fermi surface. The
anisotropic gapping of this surface below T,
reveals the d-wave nature of the gap. In the
insulator, n(k) helps determine the remnant
Fermi surface. The k-dependent modulation
along this surface reveals the d-wave-like
dispersion. Whether this similarity between
the insulator and the doped superconductor is
a reflection of some underlying symmetry
principle is a question which needs to be
investigated (32).

The above analysis is possible only because
we now observe the remnant Fermi surface.
Although the dispersion for Sr,CuQO,Cl, was
similar to the present case, the earlier results did
not address the issue of a remnant Fermi sur-
face, because the smaller photoemission cross
section along the (1,0) to (1) cut prevented
this identification. With only the energy contour
information (such as in Fig. 4C), it is plausible
to think that the Fermi surface evolves to a
small circle around the (7/2,7/2) point (33).
However, with the favorable photoemission
cross section, the results from Ca,CuO,Cl,
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show that the Fermi surface leaves a clear
remnant, although it may be broadened and
weakened. Therefore, the energy dispersion
along the original Fermi surface of a non-
interacting system is due to the opening of
an anisotropic gap along the same remnant
Fermi surface.

The same analysis is shown in Fig. 6 for
Bi2212 with different Dy dopings together
with Ca,CuO,Cl, results. The corresponding
doping level and 7, as a function of Dy
concentration are also shown. The energy for
Ca,Cu0,Cl, is referenced to the peak posi-
tion at (m/2,m/2) and that for Dy-doped
Bi2212 is to £.. However, the two energies
essentially refer to the same energy since the
peak on the (0,0) to (,m) cut for all Bi2212
samples reaches the Fermi level. Note that the
gaps for Dy-doped Bi2212 data also follow a
function that is qualitatively similar to the
d-wave function with reduced gap sizes as
shown with the (1,0) spectra in Fig. 6B. This

Relative n(k) (arb. Units)

>

o4
a
N
e

Peak position (k)

result suggests that the d-wave gap originat-
ing in the insulator continuously evolves with
doping, but retains its anisotropy as a func-
tion of momentum and that the high-energy
pseudo gap in the underdoped regime is the
same gap as the d-wave gap seen in the
insulator as discussed above. Of course, the
high-energy pseudo gap in the underdoped
regime is smaller than the gap in the insula-
tor. In a sense, the doped regime is a “dilut-
ed” version of the insulator, with the gap
getting smaller with increasing doping. The
two extremes of this evolution are illustrated
in the quasi-particle dispersions shown in
Fig. 5. The insulator shows a large d-wave—
like dispersion along the remnant Fermi sur-
face. In the overdoped case, no gap is seen in
the normal state along an almost identical
curve in k-space; however, a d-wave gap is
observed in the superconducting state. Al-
though their sizes vary, the d-wave supercon-
ducting gap, and the d-wave gap of the insu-

Relative n(k) (arb. Units)

High energy ‘gap’ (mev)

1 £ 1 1 +
0 0.2 0.4 0.6 0.8 1.0

Icos(kya) —cos(kxa)l/2

Fig. 4. Contour plot of the relative n(k). (A) n(k) from the spectra shown in Fig. 3. The color scale
on the right represent n(k). The spectra were taken only in the first octant of the first Brillouin zone
(crosses). The n(k) plot was folded to better represent the remnant Fermi surface. Note, the n(k)
drops as we cross the approximate diagonal line connecting (0,) and (m,0). The hashed area
represents approximately where the remnant Fermi surface exists. (B) An identical plot for an
optimally doped Bi2212 sample in the normal state. (C) Contour plot of the lowest energy peak
position from the spectra in Fig. 3 relative to the (w/2,m/2) peak. The hashed area is from (A),
showing the remnant Fermi surface. The color scale on the right indicates the relative binding
energy of the peak. The peak disperses isotropically away from the (m/2,m/2) peak position as we
move away from the (m/2,7/2) point. (D) The “gap” versus |cosk.a — coskyal. The straight line
shows the d-wave line. The inset is a more illustrative figure of the same data as explained in the

text.
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lator have the same nontrivial form, and are
thus likely to stem from the same underlying
mechanism.

Implications of a remnant Fermi sur-
face in a Mott insulator. We do not know
the full implications of the data we report, but
can offer the following possibilities. First, we
compare the experimental dispersion with a
simple spin-density wave picture. Starting
with the Hubbard model

H=73, & cwew + UZn 10,
with
€ = —2t[cos(k,a) + cos(k,a)]
— 4t'[cos(k,a)cos(k,a)]
~21"[cos(2k.a) +cos(2k,a)]

and adding a SDW picture, the following
dispersion relation will be found

Ey. =~ —4t'[cos(k,a)cos(k,a)]
— 2t"[cos(2k,a) + cos(2k,a)]
+{U/2 + J[cos(k,a) + cos(k,a)]*}

with J = t%/U. With realistic values for ¢’ and
t", and an experimental value for J of —0.12
eV, 0.08 eV, and 0.125 eV respectively (/8),
we find that the experimental dispersion de-
viates significantly from this mean field re-

Fig. 5. An illustration show-
ing the two experimental
features presented in this pa-
per on the insulator, and the A
similarity they show to a
slightly overdoped Bi2212
sample. {A) The bottom half
shows the relative n(k), and
above it lies the approximate i
remnant Fermi surface de-
rived from it. However, there
is much dispersion over the
entire Brillouin zone, and the
remnant Fermi surface is no
longer an isoenergetic con-
tour as can be seen by the
quasi-particle dispersion {en-
ergy is relative to the valence

o (meV)

=100

band maximum). Here, the -200
remnant Fermi surface s

shown as a black and white 3%
line running over the visible _,

portions of the dispersion
contour. For clarity, a portion
of the dispersion along the
remnant Fermi surface is
shown in the top half. Note
the idea presented that the
isoenergetic contour (dashed
black line) is deformed by i
strong correlation to the ob-
served red curve. The d-
wave-like “gap” referred to

A Ca,Cu0,Cl, B

REPORTS

sult giving a bandwidth of 1.1 eV. It is crucial
to note the observed isotropic dispersion
around the (7/2,m/2) point, with almost iden-
tical dispersions from (7/2,m/2) to (0,0) and
from (7/2,7/2) to (w,0). This result is unlike-
ly to be a coincidence of the parameters ¢, ¢”,
and J as suggested by the SDW picture
above.

We now compare the data with numerical
calculations that, unlike the mean field SDW
picture, appropriately accounts for the dy-
namics. Being mainly concerned with the
dispersion relation, we concentrate our dis-
cussion on the r-J model as more extensive
literature exists and as J can be independently
measured (24). Qualitatively, the same con-
clusion is expected for the Hubbard model
(34), which has the added advantage of yield-
ing n(k), but has more uncertainty in the
parameter U. Although the #-J model correct-
ly predicts (24) the dispersion along (0,0) to
(m/2,m/2) quantitatively (16), with the band-
width along this direction solely determined
by J, it incorrectly predicts the energy of
(w,0) to be nearly degenerate to (w/2,7/2).
This is a serious deficiency of the ¢~/ model,
because the evolution of the (4r,0) feature is
crucial to understand the d-wave-like pseudo
gap. The inclusion of the next nearest neigh-
bor hoppings of ¢* and ¢” can resolve this

Bi2212

(NEN!
11| d-wave-
1 1 like "gap®

particle
dispersion

in the text is the quasi-particle energy deviation from the dashed black line set at the energy of the
{w/2,w/2) point. The difference between this gap and the Mott gap can now be seen clearly. (B) For
overdoped Bi2212, n(k) defines the actual Fermi surface. The quasi-particle dispersion (binding
energy) shows states filled to an isoenergetic Fermi surface. In the top panel, one is reminded that
below T, a d-wave superconducting gap opens. This is an intriguing similarity between the insulator

and the metal.
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problem (34-36). In fact, the r~¢'-t"-J model
can account for both the dispersion and line
shape evolution over all doping levels, which
is a remarkable success of this model (/8,
35). With a J/t ratio in the realistic range of
0.2 to 0.6, the #-¢'-t"-J model shows that the
dispersion from (m/2,7/2) to (0,0) and to
(m,0) are equal and scaled by J (37). This
result supports the notion that the isotropic
dispersion is controlled by a single parame-
ter, J, as stressed by Laughlin (12).

The above discussion indicates that we
have a model, when solved by Monte Carlo
or exact diagonalization that can account for
the data, but what does the data fitting the
nontrivial |coska — coskya| function so well
mean? As pointed out (I8), the key to the
inclusion of ¢’ and ¢” is that the additional
hole mobility destabilizes the one-hole Neél
state with the hole at (7,0) and makes the
system with one hole move closer to a spin
liquid state rather than to a one-hole Neél
state that is stable in the -/ model. This point
is relevant to some early literature of the
resonating valence bond (RVB) state (38,
39). Anderson conjectured that the ground
state of the insulator at half filling is a RVB
spin liquid state (38). This idea was extended
in the context of a mean field approach to the
t-J model that yields a d-wave RVB or flux
phase solution (/0). The mean-field solution
also predicts a phase diagram similar to what
is now known about the cuprates, with the

A
. 300 }
% 0% Dy Bi2212 T, = 85K
E @-10% Dy Bi2212 T, = 65K
— —A—17.5% Dy Bi2212 T, = 25K
% 200 | ¥ 35%DyBi2212 T, = 0K
o W Ca,Cu0,Cl,
>
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Fig. 6. (A) Combined d-wave plot of the data
from Ca,CuQ,Cl, and Bi2212 with various Dy
dopings. (B) the spectra at (m,0), showing the
evolution of the high-energy pseudo gap as a
function of doping, as previously stressed by
Laughlin (72).
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d-wave-like spin gap in the underdoped
regime being the most successful example.
The problem with the mean-field solution of
the 7~J model is that it does not agree with
exact numerical calculation results (24),
and the half-filled state was found by neu-
tron scattering to have long range order
(40). If these numerical calculations are
right then the d-wave RVB is not the right
solution of the 7-J model. However, the
d-wave RVB-like state may still be a rea-
sonable way to think about the experimen-
tal data that describes the situation of the
spin state near a hole (47). It is just that one
has to start with a model where the single
hole Neél state is destabilized, as in the
t-t'-t"-J model. We leave this open ques-
tion as a challenge to theory.

The presence of d-wave-like dispersion
along the remnant Fermi surface shows that
the high-energy pseudo gap is a remnant of
the d-wave gap seen in the insulator. The
details of the evolution of this gap, and its
connection to the low-energy pseudo gap
(which is likely due to pairing fluctuations) as
well as the superconducting gap is unclear at
the moment. However, we believe that there
has to be a connection between these gaps of
the similar |Coskxa - cosk,,a\ form, as their
presence is correlated with each other (7).
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Promotion of Trophoblast Stem
Cell Proliferation by FGF4

Satoshi Tanaka,* Tilo Kunath, Anna-Katerina Hadjantonakis,
Andras Nagy, Janet Rossantf

The trophoblast cell lineage is essential for the survival of the mammalian
embryo in utero. This lineage is specified before implantation into the uterus
and is restricted to form the fetal portion of the placenta. A culture of mouse
blastocysts or early postimplantation trophoblasts in the presence of fibroblast
growth factor 4 (FGF4) permitted the isolation of permanent trophoblast stem
cell lines. These cell lines differentiated to other trophoblast subtypes in vitro -
in the absence of FGF4 and exclusively contributed to the trophoblast lineage

in vivo in chimeras.

In mammals, the trophoblast cell lineage is
specified before implantation into the uterus. In
mice, this lineage appears at the blastocyst stage
as the trophectoderm, a sphere of epithelial cells
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surrounding the inner cell mass (ICM) and the
blastocoel. After implantation, the ICM forms
the embryo proper and also some extraembry-
onic membranes. However, the trophectoderm
is exclusively restricted to form the fetal portion
of the placenta and the trophoblast giant cells.
The polar trophectoderm (the subset of the tro-
phectoderm that is in direct contact with the
ICM) maintains a proliferative capacity and
forms the extraembryonic ectoderm (ExE), the
ectoplacental cone (EPC), and the secondary
giant cells of the early conceptus (/). The rest of
the trophectoderm ceases to proliferate and be-
comes primary giant cells. Studies in primary
culture and chimeric mice have suggested that
stem cells exist in the EXE that contribute de-

11 DECEMBER 1998 VOL 282 SCIENCE www.sciencemag.org





