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SCIENCE'S COMPASS

Quasi-Particles Survive—
for Now

Bernhard Keimer

typical centimeter-sized piece of
Asolid contains on the order of 10%

electrons, each of which interacts
with (10?° — 1) other electrons and a com-
parable number of positively charged nu-
clei through long-range Coulomb forces.
An exact solution of the resulting many-
body problem is hopeless even with the
most advanced computing techniques.
Nonetheless, thanks to ingenious concepts
developed by solid-state physicists during
the past century, our understanding of or-
dinary solids has reached a remarkable
degree of sophistication. As long as some
very general conditions are satisfied, the
complex system of interacting electrons
can be mapped one-to-one onto a system
of noninteracting fictitious particles,
termed “quasi-electrons.” This reduces the
initial 10%3-body problem to 10?* much
more tractable one-body problems.

Like free electrons, quasi-electrons
carry a spin of 1/2 and an elementary
charge e. However, because the quasi-par-
ticles drag along the polarization cloud of
displaced electrons and nuclei as they
move through the solid, their “effective
mass” can be much larger than the free
electron mass. Furthermore, quasi-elec-
trons away from the Fermi level (the high-
est occupied energy level in the solid) are
not infinitely long-lived but decay after a
finite period of time.

The quasi-particle concept has been ex-
tremely successful as a basis for describ-
ing the bulk properties of solids. For in-
stance, the electrical and thermal conduc-
tivities of simple metals calculated with
this concept are in near-perfect agreement
with measurements (/). At the microscopic
level, theory and experiment can be com-
pared with the help of angle-resolved pho-
toemission spectroscopy (ARPES), which
is in essence a highly accurate measure-
ment of the photoelectric effect (see the
figure). For layered compounds whose
electronic states near the Fermi level are
effectively two dimensional (2D), ARPES
allows one to obtain the full energy spec-
trum of quasi-electrons at a fixed wave
vector k. The energy, E, and lifetime, T, of
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Detection of quasi-electrons. Illustration of the princi-
ple of ARPES (top). Electrons are emitted from the sur-
face of the sample by photons of energy hv and detected
as a function of the emission angle 6. For layered materi-
als with quasi-2D electronic structure, the 2D wave vec-
tor kof a quasi-electron in the solid is proportional to sin
6. Traces of the intensity of the emitted electron beam as
functions of 6 (bottom, blue curve) and binding energy E
(red curve) provide detailed information about the E-ver-
sus-krelation and the lifetime of the quasi-electron.

the quasi-electron can be directly extracted
from the position and width of the photo-
emission peak, respectively.

ARPES data on simple 2D systems
have revealed well-defined E-versus-k rela-
tions in quantitative agreement with quasi-
particle models (2). In contrast, the photo-
emission spectra of layered copper ox-
ides—quasi-2D materials that exhibit high-
temperature superconductivity—are gener-
ally very broad in the normal state. More-
over, in many of these materials, a gap
(termed “pseudogap” because of its soft
edge) is present on some portions of the
Fermi surface (3, 4). Taken at face value,
these observations are incompatible with
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the quasi-particle concept, which is only
valid as long as the inverse lifetime T~ of
the quasi-electron is much smaller than its
energy E. They have thus inspired theories
of “spin-charge separation,” according to
which the true “elementary particles” of
the solid are characterized by spin and
charge quantum numbers that differ from
those of the electron (5). Do we
have to abandon the quasi-electron
concept, one of the pillars of our
understanding of solids, in order to
describe the copper oxides? And if
S0, is the breakup of the quasi-par-
ticle a necessary or sufficient con-
dition for high-temperature super-
conductivity? These questions
have been vigorously debated for
the past 15 years.

Some manganese oxide com-
pounds—which are not supercon-
ductors but are famous for the
colossal magnetoresistance ef-
fect—are well suited to test these
ideas because their chemical com-
position and layered crystal struc-
ture are similar to the copper ox-
ides. The physical properties of
these materials are in many ways
more conventional than those of
their copper-based analogs, but
their ARPES spectra have proved
even more mysterious. For exam-
ple, the spectra for the metallic
manganite La, ,Sr; yMn,0O; are
very broad in energy, and a “pseu-
dogap” extends isotropically over
the entire Fermi surface (6). Many
physicists have been skeptical be-
cause ARPES is a surface-sensi-
tive technique that probes only the
top few atomic layers, and there is
no guarantee that these are identi-
cal to the bulk. Among the possi-
ble explanations that have to be
considered for the observed spec-
tral broadening and the pseudogap
in the manganites are an insulating
surface layer, a surface reconstruc-
tion, and other extrinsic effects (7).

In one stroke, Chuang ef al. (8) now
demonstrate the power of ARPES to reveal
the intrinsic electronic structure of the lay-
ered manganites and go a long way toward
solving the mystery of the pseudogap. In a
report on page 1509 of this issue, they re-
port sharp E-versus-k relations near the
Fermi level of La, ,Sr; {Mn,0-. These ob-
servations save the quasi-particle concept
for the manganites and allow for the first
time a detailed comparison with electronic
structure calculations and transport mea-
surements. The spectra are so sharp and the
effective mass so small that one might ex-
pect a much larger bulk electrical conduc-
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tivity than is actually measured. However,
the spectral weight of the quasi-particle fea-
tures in the ARPES data is very small, sug-
gesting that only a small fraction of the
sample is metallic whereas the remainder is
insulating. Complementary x-ray and neu-
tron diffraction experiments (9) on the same
material have provided clues to the nature
of these insulating regions by revealing mi-
croscopic patches in which charge carriers
are localized and form ordered arrays. The
periodicity of the charge order within the
arrays matches the wave vector connecting
nearly flat segments of the Fermi surface
determined by Chuang et al. It is thus plau-
sible that the metallic and insulating states
are on either side of a zero-temperature
Peierls-type (/0) phase transition and that
La, ,Sr; gMn,05 is in the middle of a two-
phase coexistence region. The unusual line
shape of the ARPES spectra [which are
broad in energy but sharp in momentum
space (8)], as well as some aspects of the x-
ray and neutron diffraction data (9), suggest
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that the coexistence may not be static and
that fluctuations between nanoscale do-
mains may persist down to 0 K. This re-
mains a topic for future investigation.

The detailed microscopic picture ob-
tained by Chuang et al. is new, but extend-
ed two-phase coexistence regimes have al-
so been reported for a wide variety of oth-
er manganites (/7). The pronounced
propensity toward phase separation is at
least partly due to the fact that different d-
orbitals, with their associated lattice dis-
tortions, are available to conduction elec-
trons in the manganites (/2). This makes
these materials highly susceptible to lattice
strain. In the copper oxides, where these
orbital degrees of freedom are largely
quenched, phase separation has also been
reported (/3) but appears to be relatively
rare. Certainly, the extremely broad ARPES
spectra in the normal state of underdoped
and optimally doped high-temperature su-
perconductors cannot be attributed to
phase separation. Having barely survived

in the manganese oxides, the quasi-elec-
tron is still in mortal danger in their cop-
per-based sister materials.

References and Notes
. S.Y. Savrasov, D. Y. Savrasov, Phys. Rev. B 54, 16487
(1996).

. T.Valla et al,, Phys. Rev. Lett. 83, 2085 (1999).

A.G. Loeser et al., Science 273, 325 (1996).

M. R. Norman et al., Nature 392, 157 (1998).

P. W. Anderson, Science 288, 480 (2000).

. D.S.Dessau et al, Phys. Rev. Lett. 81,192 (1998).

. R. Joynt, Science 284, 777 (1999).

. Y. D. Chuang et al, Science 292, 1509 (2001); published

online 26 April 2001 (10.1126/science.1059255).
9. C.P.Adams et al,, Phys. Rev. Lett. 85,3954 (2000).

10. As proposed theoretically by Peierls and later shown
experimentally in many materials, the energy of low-
dimensional metals can be reduced through a static
charge or spin modulation with periodicity equal to
the Fermi wave vector.

11. A.Moreo et al.,, Science 283, 2034 (1999).

12. Y.Tokura, N. Nagaosa, Science 288, 462 (2000).

13. ). M.Tranquada et al.,, Phys. Rev. Lett. 78,338 (1997).

14. 1 acknowledge useful discussions with D. Dessau.

Y

ONOUVAWN

Published online 26 April 2001;
10.1126/science.1061205
Include this information when citing this paper.

Not All Sheep Are Equal

Jean-Michel Gaillard, Marco Festa-Bianchet, Nigel G. Yoccoz

ur lives and those of large mammals
O are inextricably intertwined: We hunt
them and spend time in zoos and
wildlife parks viewing them; they feed on
domestic animals, damage crops, cause traf-
fic accidents, and may even eat the “pro-
duce” of local fisheries. Given this, it is not
surprising that we
Enhanced online at are interested in the
www.sciencemag.org/cgi/ ecological factors
content/full/292/5521/1499 that govern the dy-
namics of large
mammal populations (/). Whereas some
large mammals are very abundant (2), others
are endangered (3), spurring the need to
identify the ecological factors that maintain,
increase, or reduce abundance. Although
many studies have tested the accuracy and
precision of census methods (4), it has
proved difficult to test whether yearly field
counts of wild mammal populations can ac-
curately determine the factors causing varia-
tions in population numbers (5).
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Such difficulties, however, have not de-
terred Coulson and colleagues (6). On page
1528 of this issue, they report their 11-year
field study of a Soay sheep (Ovis aries) pop-
ulation on a remote island off the coast of
northwest Scotland. The merit of their study
resides in the fact that they marked individual
Soay sheep and tracked the dramatic annual
fluctuations in the sheep population by moni-

toring the survival and reproduction of indi-
viduals of known age and sex. The authors
found that age-structured models—which
take into account the different ages and num-
bers of males and females in the sheep popu-
lation—provided the most accurate predic-
tions of population fluctuations in response to
ecological stresses such as adverse weather
patterns or increasing population density.
Their study is the first to show that large
mammal populations of equal size can have
markedly different dynamics depending on
their sex and age structure. This is not sur-
prising—individual susceptibility to chang-
ing environmental conditions is known to dif-
fer between males and
females and young and
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—_ old animals—but has
been difficult to demon-
strate unequivocally.

In feral sheep and
in other ungulates,
young and old individ-
uals are affected more
severely by adverse
weather conditions and
: increases in population
— density than are adults
of prime reproductive
age (7), and males of-

Females
Prime age

Age-sex classes

Males
Prime age

Juvenile
Summer

The rise and fall of large mammals. Variations over 15 years (1985
to 1999) in the age- and sex-dependent survival (box-plot of yearly
estimates) of a roe deer population (Capreolus capreolus) in eastern
France. As with the Scottish island population of Soay sheep (6), fe-
males of prime reproductive age had the best survival rates and juve-

niles (during their first summer) the worst.

Males
Senescent

ten tend to be more af-
fected than females (8).
Similar sex and age
differences exist for
susceptibility to para-
sites and disease, the
probability of disper-
sal, and vulnerability to
predation or harvesting

Females
Senescent
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