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Fermi Surface Nesting and
Nanoscale Fluctuating Charge/
Orbital Ordering in Colossal
Magnetoresistive Oxides

Y.-D. Chuang,2 A. D. Gromko, D. S. Dessau,’ T. Kimura,?
Y. Tokura3#

We used high-resolution angle-resolved photoemission spectroscopy to reveal the
Fermi surface and key transport parameters of the metallic state of the layered
colossal magnetoresistive oxide La, ,Sr, ;Mn,0O,. With these parameters, the cal-
culated in-plane conductivity is nearly one order of magnitude larger than the
measured direct current conductivity. This discrepancy can be accounted for by
including the pseudogap, which removes at least 90% of the spectral weight at the
Fermi energy. Key to the pseudogap and to many other properties are the parallel
straight Fermi surface sections, which are highly susceptible to nesting instabilities.
These nesting instabilities produce nanoscale fluctuating charge/orbital modula-
tions, which cooperate with Jahn-Teller distortions and compete with the electron

itinerancy favored by double exchange.

Many central topics in condensed-matter phys-
ics are related to the competition between var-
ious types of order, with this competition often
resulting in nanoscale phase separation and
complex phase diagrams. For example, high-
temperature superconductivity in the doped
copper oxides (cuprates) occurs in proximity to
an antiferromagnetically ordered ground state,
as well as to a mixed state with one-dimension-
al (1D) nanoscale charge “stripe” order. There
has been much debate about how these states
may coexist, compete, or even cooperate with
each other (/). However, uncovering the details
has been a difficult task at best, mostly because
in the important regimes, the various ordering
phenomena fluctuate wildly both in time and
space. We show that similar competition/coop-
eration behavior and nanoscale phase separa-
tion are also critical in the colossal magnetore-
sistive (CMR) oxides and should be considered
as a hallmark of modern condensed-matter
physics.

We have come to this conclusion on the
basis of angle-resolved photoemission spectros-
copy (ARPES) experiments, which directly tell
us the k-dependent electronic structure of these
materials. These experiments enable us to make
a direct determination of the key transport pa-
rameters of the manganites, including the Fermi
surface (FS) topology, mean free path A, Fermi
velocity v, effective mass m*, and number of
carriers n. In addition, our work highlights the
importance of the pseudogap. By connecting
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with recent x-ray scattering experiments, we
propose a picture explaining the origins of the
pseudogap and the connection between various
mechanisms in the CMR effect.

Materials system. We studied single crys-
tals of the bilayer family of manganites. Each
Mn atom sits in the center of an oc¢tahedron
with an O atom at each of the six comers. Two
such octahedra share one apical O atom and
form a biplane where the CMR effect is be-
lieved to occur. Between each biplane, there are
La/Sr atoms weakly binding the crystal togeth-
er. The cleavage in this La/Sr rock salt layer
produces mirrorlike surfaces without dangling
bonds or any known surface reconstruction.

The material we studied has the chemical
composition La, ,Sr, ;Mn,O,, corresponding
to a doping level x = 0.4 (0.4 holes per Mn site)
in the doping phase diagram (Fig. 1A) (2).
There are many types of magnetic ordering
phenomena observed at low temperatures, im-
plying a close proximity in energy scales.
Charge and orbital orderings have also been
observed at the doping levels x = 0.4 and 0.5
(3-5) and will be discussed in detail later in the
paper. The CMR effect is observed between the
doping levels x ~ 0.3 to 0.5, near the transition
from the high-temperature paramagnetic insu-
lating phase to the low-temperature ferromag-
netic metallic phase. For example, Fig. 1B
shows the resistivity versus temperature curve
for the doping level x = 0.4 (6), corresponding
to the samples we studied. Application of a
magnetic field drives the system toward the
metallic state, producing the negative CMR
effect near the magnetic transition temperature
T, ~ 120 K. The connection between the metal-
insulator and the magnetic transitions can be
understood to first order within the double ex-

change theory (7-9), although it is also appre-
ciated that double exchange alone can only
account for a roughly 30% change in conduc-
tivity (/0), whereas the observed effect may be
several orders of magnitude. Hence, the com-
munity has been very actively studying these
compounds in the hope of uncovering new
physics to explain the CMR effect (11).
Technique. We used high-resolution
ARPES to uncover the details of the FS and
k-dependent electronic structure. In an ARPES
experiment, a monochromatic photon beam
ejects electrons, which are then collected and
energy and momentum are analyzed. The num-
ber of photoelectrons with particular final state
kinetic energy E; is related to the number of
electrons with the initial state energy E; = E.—
hv — &, where hv is the known energy of the
exciting photon and ¢ is the work function.
Under the standard approximation, ARPES di-
rectly provides the information about the mo-
mentum-resolved single-particle spectral func-
tion, Al?,w), which when integrated over all
momenta gives the density of electronic states.
ARPES has been widely used in the study of
high-temperature superconductors and has
proven to be a very powerful tool for probing
the electronic structure (/2). However, there
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Fig. 1. (A) Doping phase diagram for La,.,-
Sry.+2Mn,0; , extracted from Ling et al. (2). (B)
Resistivity versus temperature curves for
La, ,Sr;sMn,0; at various magnetic fields, after
Moritomo et al. (6).
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have not been many ARPES results on the
CMR materials because of very weak near-
Fermi emission and limited resolution. By us-
ing the new undulator beamline 10 and the
High Energy Resolution System end station at
the Advanced Light Source (ALS) of the Law-
rence Berkeley National Laboratory, we were
able to overcome these limitations (/3).
Results: FS. The near-Fermi energy (Ep)
spectral weight measured throughout the Bril-
louin zone (Fig. 2A) gives an experimental
mapping of the 2D FS. This intensity plot was
obtained by first normalizing roughly 600 indi-
vidual energy distribution curves (EDCs) (in-
tensity versus binding energies relative to Ey. at
a fixed emission angle) with high harmonic
emission above E. (/4) and then integrating the
spectral weight within 200 meV of E.. The
raw data were taken only in the lower half of
the Brillouin zone but were reflected about the
(0,0) — (m,0) line based on symmetry argu-
ments. We overlay this intensity plot with the
FS topology predicted by a spin-polarized local
spin density approximation (LSDA) calculation
(15, 16). This theoretical FS consists mainly of
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two parts: one small electron pocket centered
around the zone center (0,0), which has pre-
dominantly out-of-plane d,,2_ 2 orbital charac-
ter, and two concentric large hole pockets
centered around the zone comers (%),
which have predominantly in-plane d:_ 2 or-
bital character. The experimental image plot
matches the theoretical FS relatively well:
The higher intensity around (0,0) corresponds
to the small electron pocket, and the four
L-shaped loci around the corners correspond
to portions of the hole pockets. Because of
the nearly out-of-plane photon polarization,
the emission around (0,0) is greatly en-
hanced. The small asymmetry in the intensity
along the (0,0) — (m,0) line is also likely to be
a polarization effect, but slight instrumental
asymmetries may contribute to this as well.
An important experimental observation is
that the predicted splitting of the two hole-
like pieces, which theoretically is due to the
coupling between two MnO, planes per unit
cell, is not observed. This indicates strong
in-plane correlation effects, which reduce the
theoretical splitting below detectable limits.
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Fig. 2. Low-temperature (T = 20 K) ARPES data from La, ,Sr, gMn,O,. (A) The integrated spectral
weight near £, over much of the first Brillouin zone and the LSDA FS (black lines). The data have
been reflected about the (0,0) — (,0) line. (B) Binding energy versus emission angle (6) image plot
from an angular slice centered at (0,0.77) [see the horizontal white line in (A)]. (C) Near-£; blowup
of data from (B) (blue box), with the color rescaled. (D and E) Approximately one-third of the EDCs
from (B) and (C). Corresponding angles are listed in (E). (F) Overlay of the EDC at 4.67° with a Au
reference spectrum. (G) MDCs from (C) for every 10 meV from binding energy —0.2 eV to 0.02 eV.

A similar situation has been observed in
high-temperature superconductors such as
Bi,Sr,CaCu,0y , &, in which the splitting pre-
dicted by band theory (/7) is reduced by at
least a factor of 3, with the splitting escap-
ing detection until this year (/8, /9) and
then only in the most heavily overdoped
compounds.

E versus k relations. More details of the
electronic structure can be obtained through the
study of energy (E) versus momentum k dis-
persion relations. The angular slice shown in
Fig. 2B, taken at the 10° ¢ angle and indicated
by the white line in Fig. 2A, shows the photo-
emission intensity (denoted by the false color
scale in which yellow = high intensity) as a
function of binding energy relative to E. There
clearly exists a dispersive feature of roughly
parabolic shape with maximum spectral weight
around binding energy 1 eV and 6 = 0°. As this
peak disperses toward Ep, it loses spectral
weight until it is no longer visible below rough-
ly 0.3 eV. However, if we blow up the spectra
below 0.2 eV and rescale the colors (Fig. 2C),
we see that the weight does continue all the way
to Ep, although it is dropping dramatically. It is
this very low weight remaining at E_ that is
responsible for the FS plot displayed in Fig. 2A.

Typical EDCs obtained by taking constant-
angle cuts from Fig. 2, B and C, are shown in
Fig. 2, D and E, respectively. Every third EDC
is presented, with the corresponding angles list-
ed in Fig. 2E. The EDCs shown in Fig. 2D are
essentially identical to those presented previ-
ously (16, 20); however, the greatly improved
energy and angular resolution in the current
study allow us for the first time to clearly
resolve the spectral weight at E... This can be
seen around emission angles £4.7° in Fig. 2E.
When these data are overlain with the Au spec-
trum taken at the same temperature (Fig. 2F),
the almost perfect match indicates that the step
at E. is simply due to the Fermi-Dirac distribu-
tion, which provides the direct evidence for the
existence of a FS in this system.

MDCs and key transport parameters. In-
stead of using the EDCs, which are broad and
have unusual line shape and background, we
can extract much more information by analyz-
ing the data in terms of momentum distribution
curves (MDCs: intensity versus emission an-
gles at fixed binding energy). Figure 2G shows
a series of MDCs from Fig. 2C. We see that the
MDCs have a much simpler line shape, which
can easily be fitted with a double Lorentzian (or
nearly as good, a Gaussian) function for the two
branches of the dispersion on top of a roughly
constant background. The fitting gives us the
dispersion relation E(%), the peak width Ak (Fig.
3B), and the spectral weight under the peak
(Fig. 3A) for each MDC, which can then be
plotted against the binding energies.

The results in Fig. 3B allow us to extract
the key transport parameters for these in-
plane states, which we find to be essentially
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independent of the location along the roughly
ID FS (2I). The Fermi velocity v, deter-
mined by the slope of the dispersion at Ep,
1dE
T hdk
is approximately 0.038 ¢ (c is the speed of
light). The effective mass m*, from fitting the
experimental dispersion relation E(IZ) with a
parabola, is approximately 0.27 m, (m, is the
free electron mass), which is within ~10% of
the band theory result for these states. This
light mass is surprising for this system.
The peak width at E; is around 1.25°
half-width half-maximum, or equivalently
the momentum width is

Vg

0
0.09 Pl 0.07A~!

with a the in-plane lattice constant. Because
our angular resolution is significantly better
than this, we consider it to be intrinsic and
originating from the finite mean free path

1
A=~ 14A

T Ak

This mean free path is roughly seven times
the in-plane spacing between the Mn and O
atoms. A similar value has been estimated by
Li et al. from the magnetic field dependence
of the in-plane conductivity (22), which they
fit to the theoretical form of quantum inter-
ference effects suggested by Abrikosov (23).
We also can calculate the mean free time
between scattering events

A

T
obtaining a value of approximately 1.24 fs.
Finally, the estimated number of in-plane
carriers (n) from the volume of the FS pock-
ets centered around (1r,7), which cover near-
ly half of the full Brillioun zone size, gives
n =~ 3.4 X 10?! holes/cm>.

From these parameters, the in-plane dc
conductivity can be estimated on the basis of
the Drude formula:

ne’t

o= aF
where we note that all the parameters are ap-
proximately independent of the location on the
in-plane FS. Using these numbers, we obtain
the resistivity pappes = 2 X 107* Q- cm,
whereas the measured low-temperature resistiv-
ity pp = 2 X 1073 Q- cm (see Fig. 1B) is
nearly one order of magnitude larger than
Parpes- 1he low-temperature state of these ma-
terials is a very poor metal with the resistivity
on the order of the inverse of Mott’s minimum
metallic conductivity. Such poor conductivity
would typically be regarded as the outcome of
either very strong scattering (a short mean free
path on the order of the lattice constant) or a
very small number of carriers (small FS vol-
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ume), although our data directly show that nei-
ther can be the case.

Discussion: Pseudogap. In order to resolve
this inconsistency, other physics must be in-

cluded, the most obvious of which is the sup- .

pression of spectral weight near £, (Fig. 3A).
Unusual behavior in the spectral weight of the
dispersive peak, falling rapidly over quite a
large energy scale (nearly 0.5 eV) as the peak
approaches E. (Fig. 3A), was previously
termed the “pseudogap” (16, 20). It is not ex-
pected in the simple theory of metals, in which
the spectral weight remains constant until it is
cut by the Fermi function (black dotted line).
This pseudogap will decrease the conductivity
by removing a large portion of the carriers from
the conduction process. As the temperature is
raised above T, (Fig. 3C), the pseudogap re-
moves nearly all remaining spectral weight at
E, which is consistent with the insulating be-
havior of the high-temperature phase. There-
fore, the pseudogap appears to be critical for
explaining the poor conductivity of both phases
and presumably should be important for ex-
plaining the transition between them as well.

A number of possibilities exist to explain
the pseudogap, both intrinsic and extrinsic. We
begin with the extrinsic possibilities, which we
argue can be largely excluded. First, there is the
extrinsic ohmic loss effect due to poor conduc-
tivity (24). However, recent experiments (25,
26) and theories (26) convincingly argue that
this is very unlikely to be a major concern.
Next, there is the matrix element effect, which
will modulate the photoemission spectral inten-
sities and in general has both energy- and mo-
mentum-dependent terms. To guard against
this, we have taken spectra at various photon
energies (between ~ 20 and 50 eV) and polar-
izations. Although the weights do vary slightly
with photon energy, the weight loss trend is still
robust. Additionally, optical conductivity ex-
periments have also shown the absence of the
Drude peak in the same system (27, 28), which
we believe to be closely related to the pseu-
dogap observed in ARPES.

Intrinsic possibilities to explain the pseu-
dogap that have been discussed in the litera-
ture include Jahn-Teller effects (29-31), po-
laronic (10, 32) or bipolaronic (33) effects,
strong on-site Coulomb interactions (34), and
electronic phase separation (35, 36). What-
ever the potential importance of these ideas,
there is a new piece of evidence that we feel
gives a very strong clue toward a new expla-
nation for the pseudogap and a new picture to
incorporate these mechanisms.

FS nesting and charge density wave
(CDW) instabilities. This new evidence lies in
the FS topology presented in Fig. 2A. The
hole-like portions are very straight (probably
more so than expected from the LSDA calcu-
lation, especially near the cormers of the hole
pockets). Such straight parallel segments indi-
cate that the physics of these compounds should

be considered quasi-1D. This is consistent with
recent experimental (37) and theoretical works
(38) showing stripe ordering. The straight FS
segments are also prone to produce (and origi-
nate from) nesting instabilities; that is, a large
portion of the FS is connected in & space to
another by the reciprocal lattice vector . Figure
4A shows the schematic plot explaining such an
effect, where the main band hybridizes with an
Umklapp band shifted by the amount G in &
space. This hybridization opens a gap 2A,
which lowers the electronic energy of the sys-
tem. The heavy nesting we have observed
means that large portions of the FS will be
gapped, gaining more energy and making the
distortion more likely. The fact that the entire
FS can be affected by these vectors (Fig. 4C)
means that there will be no ungapped portions
remaining, which is consistent with the insulat-
ing behavior above 7.

The g vector that most naturally connects
the straight FS segments is (*+0.3,0) or
(0,£0.3) in units of 2m/a (black lines in Fig.
4C). A CDW corresponding to this wave
vector would have a modulation period of
1/0.3 or 3.3 lattice constants in real space.
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This incommensurate CDW is illustrated in
Fig. 4B. Such a distortion has in fact been
recently observed in x-ray and neutron scat-
tering measurements as a weak superlattice
reflection with momentum transfer
. 0.6m 2w
q orbital = (03:051) - ( a ’0’—2'—)

(3, 4, 5). These reflections are broad in g space,
implying that they only exist with short range
order, with a coherence length determined to be
roughly 20 A in the plane. This short-range
nature is expected, because the real-space lat-
tice constant of the modulation (3.3a) is incom-
mensurate with the lattice. An analysis of the
intensities of 109 of these superlattice peaks has
been carried out to determine the atomic dis-
placements associated with this CDW (5).
What was found was a slowly modulated (pe-
riod 3.3a) cooperative Jahn-Teller—style distor-
tion of the MnO, octahedra, with the strength of
the distortion presumably matching the ampli-
tude of the charge modulation (Fig. 3B). Thus,
it is natural to believe that the ordering observed
in these scattering measurements has as its or-
igin the FS nesting uncovered here.

The coupling of the nesting-induced CDW
with the Jahn-Teller distortion helps explain
more of the details of the ARPES spectra. For
example, the pseudogap depletes spectral
weight from a large energy range (~1 eV)
around £, which is a very large energy scale
for a CDW-style gap alone. Further, the gap
edges are experimentally observed to be “soft”
or gently sloping, as opposed to the sharp edges
expected from a simple CDW gap. The coop-
eration of the CDW with the Jahn-Teller dis-
tortion explains these unusual phenomena, as
the typical energy scale of the Jahn-Teller dis-
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tortion is near 1 eV. In addition, the x-ray
results indicate that the magnitude of the Jahn-
Teller distortion varies in space, meaning that
the resulting gap will have various energy
scales and so the gap edge will be soft. This also
implies that the carrier hopping probability #;
will vary from one site to another. Recent the-
oretical calculations suggest that if such a vari-
ation in £, exists, then nanoscale phase separa-
tion and percolative conduction are expected
(39).

The ARPES data in Fig. 4B, as well as those
from optical experiments, show that the pseu-
dogap begins to fill in as the temperature is
lowered through 7. This is consistent with the
weakening of the CDW ordering in the metallic
phase. Although the scattering experiments
cannot observe them in the ferromagnetic
phase, a pseudogap is still observed to a lesser
degree, and the FS segments are still very
straight. We take this as an indication of
nanoscale fluctuating remnants of the ordering
below T: They fluctuate violently in both space
and time so that the scattering experiments are
not able to observe them, but they nonetheless
still very much affect the electronic structure.

An additional type of weak superlattice
reflection is observed in the paramagnetic
state in the x-ray scattering experiments on
these crystals (3, 40). This is the so-called CE
ordering and has a wave vector

- 1 _omm
dee = (73 0 = G739

This is the combination of antiferromagnetism
and charge/orbital orderings and is a real space
ordering similar to (but different than) a checker
board. The CE vectors are drawn in Fig. 4C as
the red arrows, and they are found to be only
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Fig. 4. (A) Schematic plot for density wave formation: k space. (B) Density wave formation in real
space with a lattice constant of 3.3a. (C) Overlay of experimental FS topology with CE-type
ordering vectors (red arrows) and orbital stripe ordering vectors (black arrows).

slightly shorter than the ideal nesting vector.
This proximity to the nesting instability means
that it can still partly gap the near-Fermi states,
although presumably with less effectiveness
than the (0.3,0,1) vector. This is consistent with
the neutron scattering experiments, which
found the CE superlattice peaks to fluctuate
more dynamically than the (0.3,0,1) peaks (5).
However, at very high temperature, where dou-
ble exchange and the FS topology are less
meaningful, the real-space CE ordering should
stabilize as compared to the k space—driven
(0.3,0,1) ordering.

The results reported here have analogs in
other important systems. For example, in
high-temperature ~ superconducting cuprates
(La,Nd),_Sr,CuO,, recent ARPES experi-
ments on the commensurately doped x = 1/8
compound showed straight FS segments that
are very reminiscent of what we have observed
here (41). Such straight Fermi segments have
been interpreted as a type of nanoscale phase
separation: 1D charge stripes in this system. At
this doping level, the stripes are believed to be
static and subsequently destroy the supercon-
ductivity. A more interesting topic of current
debate is whether these 1D stripes exist dynam-
ically at other doping levels, coexisting with or
even possibly causing the superconductivity
(42). This dynamic phase separation is perhaps
more similar to what we have observed in the
layered manganites. Because short-range fluc-
tuating superlattice peaks are observed in the
perovskite manganites as well (43), these gen-
eral properties will probably extend to those
systems as well.

Conclusion. We have provided high-reso-
lution ARPES data on the layered CMR mate-
rial La,,Sr, JMn,0O,, uncovering the FS as
well as the key transport parameters A (mean
free path), m* (effective mass), vg (Fermi ve-
locity), 7 (mean free time between scattering)
and n (in-plane carrier density). With these we
can calculate the in-plane conductivity, which
turns out to be too high unless we introduce the
pseudogap effect at £ to explain either the
low-temperature poor metallic behavior or
high-temperature insulating behavior of these
compounds. Evidence suggests thatthe pseudo-
gap originates from a short range charge/
orbital density wave enhanced by FS nesting.
The CDW cooperates with the Jahn-Teller
effect and competes with the itinerancy ener-
gy of double exchange. This leads to nano-
scale phase separation of the fluctuating
charge-ordered and metallic regimes—a key
component to the CMR in these compounds.
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Evidence for a
Solar System-Size Accretion
Disk Around the Massive
Protostar G192.16-3.82

D. S. Shepherd,’™* M. ). Claussen,' S. E. Kurtz?

Seven-millimeter continuum observations of a massive bipolar outflow
source, G192.16-3.82, were made at a milli-arc-second resolution with a
capability that links the National Radio Astronomy Observatory’s Very Large
Array radio interferometer with the Very Long Baseline Array antenna,
located in Pie Town, New Mexico. The observations provide evidence for a
true accretion disk that is about the size of our solar system and located
around a massive star. A model of the radio emission suggests the presence
of a binary protostellar system. The primary protostar, G192 S1, at the
center of the outflow, with a protostar mass of about 8 to 10 times the solar
mass, is surrounded by an accretion disk with a diameter of 130 astronomical
units (AU). The mass of the disk is on the order of the protostar mass. The
outflow is poorly collimated with a full opening angle of about 40 degrees; there
is no indication of a more highly collimated jetlike component. The companion
source, G192 S2, is located 80 AU north of the primary source.

During the early phases of stellar formation,
central protostars are surrounded by a flat-
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tened rotating disk of dust and gas. This
accretion disk may serve several critical func-
tions: (i) it allows material to accrete onto the
central star, thus building up the mass of the
star over time; (ii) it powers energetic bipolar
outflows that carry away mass and angular
momentum; and (iii) toward the latter phase
of the accretion process, the disk remnant
provides the raw materials necessary for
building planetary systems (/—4). The char-

acterization of the region of the disk that
powers outflow and accretion, as well as the
geometry and energetics of the flow when it
is first ejected from the protostellar system
and collimated, is critical to our understand-
ing of early star and planet formation pro-
cesses. This avenue of research is already
well-advanced for low-luminosity protostars,
which will eventually evolve into a star like
our Sun and which may form planetary sys-
tems similar to our own (5). The study of
more luminous, and hence more massive,
protostellar systems [L, > 1000 L  and M, >
5 M, (L,, protostar luminosity; L, solar lu-
minosity; M,, protostar mass; M, solar
mass)] is more difficult because there are
fewer luminous stars than low-luminosity
stars, they tend to form in compact clusters
that generally lie more than a kiloparsec (1
kpc =~ 3260 light years) away, and they can
spend their entire protostellar lifetime ob-
scured within dense molecular clouds. Yet, to
advance our understanding of the formation
process of stars of all luminosities, we must
detail the physical conditions associated with
luminous protostars, their accretion disks,
and their outflows.

G192.16-3.82 (IRAS 05553+1631, here-
after G192.16) is a massive protostellar sys-
tem. At a distance of ~2 kpc, G192.16 has a
luminosity of ~3 X 10* L,, which implies
the presence of an early B star with a mass of
8 to 10 M, (6, 7). A high-velocity CO out-
flow with a roughly east-west orientation and
an infrared reflection nebula are centered on
the massive protostar (7—/0). The outflow
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