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spectra has remained a collsiderable challenge 
Here we mesent ARPES data obtained from 

Behavior in the Optimally optimally doped Bi,Sr,CaCu,O,_,. wit11 ex- 
cellent energy and moinenhrrn resolution. and 
employ a method of analysis allowing a de- 

Doped Cuprate Bi2Sr2CaCu20,+, tailed evaluation of the self energy along the 
(0.0) + (7.7') direction as a function of both 

T. Valla,' A. V. Fedorov,' P. D. Johnson,' B. 0.  well^,',^ binding energy and temperature. Overall, the 

S. L. Hulbert, ' Q. Li,3 G. D. Gu,' N. Koshizuka6 imaginary component of Z measured here is 
very different from that expected for a Fermi 

The photoemission line shapes of the optimally doped cuprate Bi2Sr2CaCu20,~., 
were studied in the direction of a node in the superconducting order parameter by 
means of very high resolution photoemission spectroscopy. The peak width or 
inverse lifetime of the excitation displavs a linear temperature dependence, inde- 
pendent of binding energy, for sma'll kergies, and a'linear energy dependence, 
independent of temperature, for large binding energies. This behavior is unaffected 
by the superconducting transition, which is an indication that the nodal states play 
nb role inthe superconductivity. Temperature-dependent scaling suggests that the 
system displays quantum critical behavior. 

Understanding tsansoo1.t in the cuwrate suDer- the excitation with its local enviro~lment: the - 
conductors and other synthetic metals is at the real part describing the screening of the excita- 
heart of current research in solid-state physics. tion and the imaginary part describing the in- 
There is speculation that the elementary excita- verse lifetime. These microscopic properties are 
tions in these materials might well be drastical- reflected in macroscopic behavior such as con- 
ly different fro~n those in traditional metals ductivity and the optical response. In two-di- 
where Fermi liquid theo~y has proved most mensional (2D) systems, the self-energy effects 
successfbl (1). Angle-resolved photoemission measured in photoemission reflect solely the 
(ARPES) has been an important experimental response to the photohole created in the emis- 
probe of the electsonic excitations, providing sion process. As such, AWES has provided a 
insight into the fundamental interactions and number of important insights into the cuprates, 
quantities, such as the single-particle self ener- where the supercond~~ctivity is believed to be 
gy 2. The self energy reflects the interactioll of associated with the 2D CuO, planes. Highlights 

from ARPES include mapping of the Fermi 
- -  - 

surface (2),  the identification of d-wave sym- 
'Department o f  Physics, 'National Synchrotron Light 
Source. 3Division of Materials Sciences. Brookhaven lnetry of order parameter in the supercon- 
National Laboratory, Upton, NY 11973-5000, USA. ducting state (3). and the detection of a Pseu- 
4 D e ~ a r t m e n t  o f  Phvsics, Universitv o f  Connecticut, dogao for underdowed comwounds above the u 1 

Stairs, CT 06269, USA. 5School of-physics, The Uni- transition tempera&.e T~ (4,L 5).  H ~ ~ ~ ~ ~ ~ ,  the 
versity of New South Wales, Post Office Box 1, Kens- 
ington, New South Wales, Australia 2033, 6Supercon. 

limited energy and lnomentum of 
ductivity Research Laboratory, ISTEC, 10-13, Shinon- AWES to date have meant that a quantitative 
ome I-chrome, Koto-ku, Tokyo 135, Japan. determination of the 2 underlying the AWES 

liquid or indeed that measured in noimal metals 
(6 ) .  In the former, the width or scatteling rate as 
determined by electson-electron interactions 
should have an o2 and Tqependence (where o 
is the binding energy). In most metals, the 
electron-phonon interaction dominates. The self 
energy due to this interaction displays a rapid 
change in the scatteling rate in the vicinity of 
the Fermi level and saturation at higher energies 
(7). However, in the present study of a high- 
temperature supercond~~ctor. we find possible 
evidence for quanhrm critical behavior. The 
possibility of such behavior has recently been 
discussed in several models of high-Tc super- 
conductivity (8). In a quanhrm critical system, a 
phase transition can occur at zero temperature. 
As such. the transition is driven by quanhrm 
fluch~ations rather than thermal fluctuations. 

The present measurement can also be tied to 
conductivity measurements of the bulk material. 
Transport indicates that for optin~ally doped 
compounds, the resistivity in the normal state, 
and thus the inverse lifetime at the Fermi level. 
is linear wit11 temperature over a wide range (9). 
Ful~hermore. infrared studies indicate that the 
scattering rate is linear in both temperature and 
frequency (1 0). 

The photoemitted intensity in the (0.0) + 

(7. T )  direction of the Brillouin zone (Fig. 1). 
as indicated by the awow in the upper left inset, 
represents a 2D intensity map with binding 
energy in one dimension and moinenhrm in the 
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other (1 1). The intensity at any point is given by 
a false color scale, with white being the most 
intense. The two other insets show 1D scans 
obtained by taking cross-section cuts through 
the data in orthogonal directions. The lower 
right inset shows a cross section of the intensity 
as a function of energy at a constant in-plane 
momentum. Such a scan represents an energy 
distribution curve (EDC), which is the standard 
format for acquiring and displaying photoemis- 
sion data. The inset in the upper right is an 
alternative method of displaying ARPES infor- 
mation. It shows the intensity as a function of 
parallel momentum at constant energy--a mo- 
mentum distribution curve (MDC). 

The 2D intensity plot Z(k,o) represents a 
direct visualization of the spectral function of 
the photohole, A(k,o), weighted by the Fermi 
distribution function. A(k,w) is given by (12) 

1 
A(k,w) a - 

'Tr 

where ReB(k,o) and ImS(k,w) represent the 
real and imaginary components of the self 
energy, respectively. The width of the photo- 
emission peak in an EDC reflects the inverse 
lifetime, ti17 and is given by 12Im8(k,w)l. 
Similarly, the width of the peak in an MDC 
reflects the mean free path e = 1IAk such 
that 

Here v, represents the velocity of the excita- 
tion as determined by the band dispersion. 
Previous work analyzing ARPES line shapes 
from the cuprates concentrated on EDCs and 
attempted to fit the line shape to some form 
of A(k,w). Several difficulties arise with this 
procedure. In any EDC, there is a background 
component that is not included within A(k,o). 
Determining which fraction should be regard- 
ed as this component is not straightfoGard. 
Furthermore, the line shapes of EDCs in 
these materials are complex, with no unique 
theoretical description to serve as a guide. 
The use of MDCs has several benefits. At the 
Fermi level, the peaks are symmetric with a 
simple background. Away from the Fermi 
level, the peaks develop a slight asymmetry 
reflecting the binding energy dependence of 
I d .  Ambiguities are not introduced by the 
Fermi function cutoff. The background in a 
MDC is constant because the step-like distri- 
bution in the vicinity of the Fermi level, 
which appears to exist at all momenta, is 
sampled at a constant energy. Finally, it is 
possible to take MDC cuts that are closely 
spaced in energy. These combined advantag- 
es allow an easier determination of the posi- 
tions and widths of peaks. The resulting dis- 

persion obtained from such cuts is more de- 
tailed than, but in general agreement with, 
previously published results. In agreement 
with calculation (13), the wave vector corre- 
sponding to the Fermi surface crossing is 
equal to 0.446 A-' or 0.391('~r,.rr). In addi- 
tion, the velocity or rate of dispersion chang- 
es in the vicinity of the Fermi level, resulting 
in an increased effective mass m* such that 
m*lm, - 1.6, where m, represents the mass 
at higher binding energies. 

The MDCs taken at o = 0.0 2 2.5 meV 
for several temperatures (Fig. 2A) represent 
the ARPES intensity at E, as a function of 
momentum along the (0,O) + (IT,'T~) direc- 
tion. Fitting the scans with a Lorentzian, we 
obtain momentum widths Ak for several sam- 
ples over a range of temperatures (Fig. 2B). 
The offset between the different sets of data 
represents a small broadening, which varies 
from one cleave to another. However, the 
slopes are all identical within error bars. Also 

Fig. 1. Two-dimensional spectral plot showing the intensity of emission in the (.rr,.rr) direction of 
the Brillouin zone as a function of o, the binding energy, and, kl, the parallel momentum. The 
photon energy is 21.2 eV and the sample temperature is 48 K. clockwise from upper left, the insets 
show the region of the Brillouin zone sampled in the experiment, a cross section through the 
intensity at constant energy (w = 0) as a function of momentum (an MDC), and a cross section 
through the intensity at constant angle or momentum (k = k,) as a function of o (an EDC). 

Fig. 2. (A) Momentum distribution curves as a function of temperature. The cuts are made at a 
binding energy corresponding t o  the Fermi surface. (B) MI, obtained from MDCs of the type shown 
in (A) for three samples indicated by the circles, squares, and diamonds. The error bars represent 
the statistical uncertainties from the fits t o  Lorentzian line shapes The thin lines represent linear 
fits t o  the data. The solid black line shows the temperature dependence of the resistivity p 
measured on an identical sample. The double-headed arrow indicates the combined energy and 
angular contributions to  the momentum resolution of the experiment. 
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Fig. 3. (A) EDCs obtained in the (0,O) + ( r , r )  direction after background subtraction. (B) EDCs scaled 
to the same peak position, showing that the overall shape scales linearly with binding energy. The peak 
width is approximately 1.5 times the binding energy in all spectra (double-headed arrow). 

shown is the resistivity of a sample from the 
same crystal growth with the superconduct- 
ing transition at 91 K. In simple models of 
conductivity, the resistivity is proportional to 
the inverse lifetime, or from Eq. 2, to the 
inverse mean free path (14). Although in- 
verse lifetimes measured in conductivity are 
not identical to those measured in photoemis- 
sion, in most solid-state systems they are 
approximately the same (IS), and we see 
(Fig. 2B) that a proportionality does exist 
between the two measurements in the normal 
state. This observation is surprising because 
our own data, as discussed below, and a 
preponderance of previous results have dem- 
onstrated that optimally doped cuprates are 
not well described by Fermi liquid theory. 
However, our observation can be taken as an 
indication that the same physical mechanisms 
underlie both measurements. 

In the superconducting state, any such cor- 
relation disappears. There is no indication in 
Fig. 2B of any deviation in the linearity of the 
temperature dependence of the MDC peak 
widths at the transition temperature. Nor is any 

representative background taken at a momen- 
tum k far from the region where any peak is 
found. Because there should nominally be no 
intensity at such a point, we assume that it 
represents an angle-independent background. In 
Fig. 3B, energies are rescaled so that the max- 
imum intensity appears at the same energy for 
all EDCs, and the intensities are normalized to 
the same peak value. This procedure corn- 
sponds to a linear scaling of w' = wlEp, with w 
the measured binding energy and Ep the posi- 
tion of the peak in an EDC. Despite their asyrn- 
metric shape, the EDCs at higher binding ener- 
gies all scale linearly with binding energy, a 
direct indication that the width is proportional 
to w. We also note from the scaling procedure 
that the width of the peak at binding energy w is 
approximately 1.5 w. 

Summarizing ImZ versus energy, data re- 
corded at three temperatures from the same 
cleave along the (0,O) + (.rr,.rr) direction are 
shown (Fig. 4). Values derived from fits to 
MDC scans (converted to ImZ using Eq. 2) are 
shown for the regions in which v = v,. Values 
obtained directly from EDCs normalized to the 

Fig. 4. A compilation of ImB obtained from Ak 
cuts or MDCs (solid symbols) and from peak 
widths in EDCs (open symbols) as a function of 
binding energy for 48 temperatures of K (dia- 
monds). 90 K (triangles), and 300 K (circles). 
The inset shows the same data plotted in di- 
mensionless units confirming scaling behavior. 
Error bars indicate uncertainties from the fits of 
MDCs to Lorentzian line shapes. 

affected by the transition into the superconduct- 
ing state suggests that the excitation is not 
decaying via scattering as would be the case for 
quasiparticles in a Fermi liquid. Such scattering 
would be sensitive to the change in available 
phase space upon formation of a gap. Rather the 
lack of sensitivity at Tc suggests that the exci- 
tation decays through some other mechanism. 
The observation in the present study that the 
energy sets the temperature scale and the tem- 
perature sets the energy scale is consistent with 
quantum critical scaling (8). Indeed, as shown 
explicitly in the inset of Fig. 4, all of the data 
collapse onto a single curve when both ImX and 
w are scaled by T, which is suggestive of quan- 

change observed in the peak dispersion near the Fermi function are also shown, along with a tum critical behavior. The demonstration of 
Fermi level. It appears therefore that states in dashed line indicating IImZl = 0.75 w as deter- quantum critical behavior in the magnetic fluc- 
the (0,O) + (a,.rr) direction are not affected by 
the formation of the superconducting state. This 
is different from the behavior observed in other 
parts of the zone. The gap that opens at Tc has 
its maximum value in the (.rr,O) direction, and in 
the same direction a sharp peak appears in the 
spectra reflecting the superconducting state (3, 
16). Thus, the overall picture that emerges is 
that in the normal state the conductivity is 
related to the excitations probed by photoemis- 
sion along (0,O) + (T,T) and that the property 
of the superconducting state is determined by 
states in the (.rr,O) region of the Brillouin zone. 

A series of EDC cuts through the 2D data 
array of Fig. 1 (Fig. 3A) is presented after 
background subtraction. Here we follow a pro- 
cedure used in our earlier study of emission in 
the (.rr,O) direction (16), where we subtract a 

mined from the scaling analysis in Fig. 3. The 
same behavior is obtained from analysis of 
either EDCs or MDCs. For a given temperature, 
h d  is constant up to some energy w - 2.5hT. 
At larger binding energies, ImZ scales linearly 
with binding energy and is independent of tem- 
perature, which is behavior very different from 
that found in metallic systems (17). Evidence 
for a linear dependence of ImZ on w has been 
presented in earlier ARPES studies (18). The 
crossover energy between the two regions is 
temperature-dependent. This energyltempera- 
ture dependence for ImX, embodied in the Mar- 
ginal Fermi Liquid model @FL) (19) and ear- 
lier non-Fermi liquid theories (20) for the nor- 
mal state, continues smoothly through the su- 
perconducting Tc. The observation that the 
behavior in the normal state is completely un- 

tuations has recently been reported & a study of 
the normal state of near optimally doped L%- 
xSrxCu0, (21). The present study suggests that 
single particle excitations also show behavior 
consistent with the existence of a nearby quan- 
tum critical point and that this is in fact a 
general property of the cuprates. We believe 
that the detailed information on the k and w 
dependence of the single-particle excitations 
presented here, as well as their connection to 
tramport properties, provides both a challenge 
to and a constraint on any theory of these 
complex materials. 
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Extrusion Polvmerization: 
Catalyzed Synthesis of Crystalline 

Linear Polvethvlene Nanofibers 
Within a Mesoporous Silica 

Keisuke Kageyama, Jun-ichi Tamazawa, Takuzo Aida* 

Crystalline nanofibers of linear polyethylene with an ultrahigh molecular 
weight (6,200,000) and a diameter of 30 to 50 nanometers were formed by the 
polymerization of ethylene with mesoporous silica fiber-supported titanocene, 
with methylalumoxane as a cocatalyst. Small-angle x-ray scattering analysis 
indicated that the polyethylene fibers consist predominantly of extended-chain 
crystals. This observation indicates a potential utility of the honeycomb-like 
porous framework as an extruder for nanofabrication of polymeric materials. 

Recent developments in polymerization ca- 
talysis have enabled the precise control of the 
primary properties of polymers such as mo- 
lecular weight, co-monomer sequence, and 
stereo sequence (I). However, for polymers 
to be used as commodity materials, molecular 
orientation (crystal structure) (2) or morphol- 
ogy (3, 4), or both, must also be controlled. 
Postprocessing steps, such as extrusion or 
spinning, are usually required to fabricate 
polymeric materials that perform more elab- 
orate functions. Some crystalline polymers 
with controlled morphology are already pro- 
duced in nature. For example, in the biosyn- 
thesis of highly crystalline cellulose fibers by 
the bacterium Acetobacter xylinum, cellulose 
synthase in a cellular membrane forms fine 
elementary fibrils of cellulose. They are then 
assembled into macrofibrils and fibers by 
extrusion through nanopores arranged in the 
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cellular membrane (5). A regular arrange- 
ment of multiple catalytic sites on mesostruc- 
tured porous materials could mimic this nat- 
ural system and produce crystalline polymers 
with a fibrous morphology (Fig. 1). 

We report the production of crystalline 
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50 nm by the polymerization of ethylene with 
titanocene (Cp2Ti, where Cp is the cyclopen- 
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soporous silica in conjunction with methyl- 
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alumoxane (MAO) as a cocatalyst. A meso- 
porous silica has a honeycomb-like frame- 
work with a uniform, controllable pore 
diameter from 15 to 100 A (6).  It is made up 
of a hexagonal arrangement of the linear 
channels. Recently, a new class of meso- 
porous materials called mesoporous silica fi- 
ber (MSF) has been developed, consisting of 
uniformly sized mesopores (27 A) arranged 
in a parallel direction to the fiber axis (7).  
This material can be easily prepared by a 
sol-gel process at a water-oil interface. We 
used this material as a solid support of titano- 
cene for the polymerization of ethylene (8, 9). 

The MSF-supported titanocene (Cp2Ti- 
MSF) was prepared according to a modified 
method of Thomas and co-workers (10). The 
powder x-ray diffraction (XRD) pattern of 
Cp2Ti-MSF showed peaks characteristic of a 
hexagonal symmetry with a d spacing of 3.8 
nm (wall thickness + pore diameter). Similar 
to the case for MSF (7),  transmission electron 
microscopy (TEM) of finely ground Cp2Ti- 
MSF showed a clear image of regularly ar- 
ranged mesoscopic pores with a diameter of 2 
to 3 nm. 

The polymerization of ethylene with 
Cp2Ti-MSF in the presence of MA0 gave a 
cocoon-like solid mass consisting of fibrous 
polyethylene (PE). For example, a toluene 
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Fig. 1. Conceptual scheme 
for the growth of crystalline 
fibers of polyethylene by 
mesoporous silica-assisted 
extrusion polymerization. 
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