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k-Dependent Electronic Structure, a Large “Ghost” Fermi Surface, and a Pseudogap
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The k-dependent electronic structure of the low temperature ferromagnetic statg £8rL@n,O;,
was measured using angle-resolved photoemission spectroscopy and calculated using the local spin
density approximation (LSDA). The measured near-Fermi energy states display and symmetry
relationships which agree relatively well with the LSDA prediction through much of the Brillouin
zone, and the locus of lowest energy excitations matches the predicted large Fermi surface quite well.
However, the spectral features are too broad to be well described as Fermi-liquid-like quasiparticles,
and they are strongly suppressed from the Fermi energy, i.e., there is a pseudogap in the excitation
spectrum. We discuss the spectral properties in terms of strong coupling to a local effect such as a
lattice distortion. [S0031-9007(98)06522-3]

PACS numbers: 71.30.+h, 71.20.Lp, 72.80.Ga, 79.60.Bm

Colossal magnetoresistance (the CMR effect) has rethat expected of a prototypical metal, indicating new and
cently been observed [1] in doped manganese-oxide ce&nomalous physics. A detailed analysis indicates that the
ramics (manganites), sparking a great amount of efforvery strange behavior is likely due to significant electron-
aimed at understanding the electronic and magnetic propattice coupling even in the ferromagnetic state, the possi-
erties of these materials. At low temperatures, properhpility of which had been mostly ignored previously.
doped manganites exhibit ferromagnetic metallic or nearly Our experiments were performed on high quality
metallic behavior, while at high temperatures they exhibitsingle-crystalline samples of the bilayer manganite
a paramagnetic insulating behavior. The application ota; ,Sr sMn,O;. This material has a nominal doping
a magnetic field near the transition temperature lowersevel of 0.4 holes per Mn sitdd>®) and more than
the resistivity by orders of magnitude, i.e., they exhibit2 orders of magnitude decrease in resistivity at the
colossal negative magnetoresistance. This generic behaferromagneticT,. of 126 K [5]. The low temperature re-
ior, as well as the magnetoresistive effect which occursistivity is unusually high—greater thanx 1073 Q cm
near the transition, is usually described to first order withinand even has a slight upturn at the lowest temperatures.
the framework of double-exchange (D-E) theory, as develOne of the key features of these layered samples for our
oped in the 1950s and 1960s [2]. Recently, there has beaxperiments is that they cleave easily between the two
an increasing realization that, although D-E is clearly im-ionically bonded (La,Sr)O planes, yielding a mirrorlike
portant for understanding the behavior of the manganitesurface that should be representative of the bulk. High
it is not enough. For instance, it has been shown that thquality low-energy electron diffraction (LEED) patterns
insulating behavior abové,. cannot be understood solely absent of superlattice spots are easily obtainable, confirm-
with the spin-disorder scattering inherent in the D-E modeing the high quality of the surfaces.

[3]. It appears that an additional effect such as perhaps the All spectra shown in this paper were measured at
creation of polarons due to strong electron-phonon couthe Stanford Synchrotron Radiation Laboratory (SSRL)
pling [3] is necessary to explain the observed behavior. using a photon energy of 22.4 eV, an energy resolution

One major obstacle in gaining an understanding of thef 40 meV FWHM (see the gold reference spectrum at
physics of the manganites has been a lack of informatiothe top left of Fig. 1), and an angular resolution o1 °
concerning their electronic structure. To try to correct this(giving a k resolution better than 5% of the length of
we have performed the first set of high-energy resolutiorihe first Brillouin zone edge). The chamber pressure was
angle-resolved photoemission (ARPES) measurements dypically 4 X 107! torr, and the samples were cleaved
the critical near-Fermi energyr) electronic structure of and measureth situat 10 K.
the manganites to determine tlievs k relationship and Figures la—1d show the neBf- states along various
interaction effects of these materials. We have also perspace directions, measured at 10 K (ferromagnetic phase).
formed the first set of band-structure calculations on a laybirections of these cuts in the two-dimensional Brillouin
ered magnetoresistive oxide [4], allowing us to compareone are indicated in Fig. 1f. Concentrating first on
and contrast the experimental and theoretical data. Wthe spectra along thé,0) — (7,0) line (Fig. 1a), we
find the spectral properties of the low temperature ferroobserve a strong feature first visible (@t27+,0) which
magnetic state of the manganites to be very different frondisperses towards the Fermi energy as we progress
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FIG. 1. (a)-(d) Low temperature (10 K) high resolution ARPES spectrd.of 126 K La;,Sr sMn,O; along various high
symmetry directions, as indicated at the top of each panel and by the arrows along the two-dimensional Brillouin zone of panel (f).
(e) The up-spin bands in the LSDA U band theory calculation vs experimentally determined peak centroids from (a) and (c)
(tick marks). The three curved lines in (f) are the Fermi surfaces for the up-spin bands in the-£3DAand theory calculation.

The two Xs are the experimental locations of the closest approadhi-to (g) Temperature dependence of the nEarspectral

weight integrated over the energy range fretf.3 to 0.05 eV, for k = (7,0.277) (the “X” of cut c¢).

towards (7,0). In addition, there is a weak and broad larization of the incident photons in the spirit of that done
feature at about-0.6 eV which is strongest near the by Gobeliet al. and Dietzet al. [7], we have performed
(0,0) point (at higher photon energies this feature evolves symmetry analysis on the main dispersive features [the
into a clearly resolvable peak). Figure 1c shows aones predicted to crogg along(w,0)—(#, 7)] and found
continuation of the dispersion along the,0) — (7, 7)  them to have primarily/,-—,» character [8], in agreement
direction. In the first part of this cut the peak continues towith the band theory prediction. The predictéel:_,-
disperse towards the Fermi energy, but surprisingly nevesymmetry of the band crossingr near the(0,0) point
reachesEr. Instead, it attains its minimum energy nearwas not determined by these measurements. (3) The loca-
(7r,0.277), at which point it rapidly loses intensity as if tions of the experimental minima in binding energy as well
weight was transferred above the Fermi energy. Beyonds the locations where the spectral weight is rapidly being
this point, the spectra, in addition, exhibit some evidencealepleted agree well with the predicted Fermi surface cross-
of bending back away fronEr. A very similar result ings. In other words, there is a locus of pointstispace
is seen for the cut shown in Fig. 1b, with the minimumwhere critical spectral behavior occurs, and this locus is
energy af0.637,0.277). found to closely resemble the band-structure Fermi sur-
Figure 1e shows a plot of the peak centroids (indicatedace. This indicates that Luttinger’'s theorem [9] is obeyed
by the tick marks in Figs. 1a and 1c) vs crystal momentunfor these compounds.
along (0,0) — (#r,0) — (7, w) compared to the up-spin  Despite these agreements there are clear deviations be-
dispersion predicted by our local spin density approximatween the experiment and theory, signaling additional
tion (LSDA) band-structure calculations [4]. The calcu- physics not contained in the calculation. These devia-
lated band crossin@r near the(0,0) point is predicted tions can tell us many of the details of the interactions
to have principallyds,.—,» out-of-plane character, while responsible for the very unusual properties of the mangan-
the two bands (because there are two Mn-O planes pées. In particular, (1) the width of the ARPES features are
unit cell) crossing betweefrr, 0) and(, 7) are predicted anomalously broad, and do not sharpen up as they approach
to have primarilyd,-—,» in-plane character. We find that the Fermi momentuntz. This indicates that the disper-
there is a correspondence between certain aspects of the eskve peaks can not be described as single Fermi-liquid-like
perimental and theoretical data. (1) The agreement in bothuasiparticle (qp) excitations. (2) The spectral behavior at
energy position and dispersion rate between the experimetite locus of criticalk points discussed above is different
and theory along thé, 0)—(, 0) line is reasonably good from that expected at a real Fermi surface. This is why
[6], especially considering that we have not rescaled owe call the locus a “ghost” Fermi surface. Specifically,
shifted the energy scales to account for the often observede find (a) the centroids of the experimental peaks never
renormalization effects. (2) By taking advantage of the poapproach closer than approximately 0.65 e\Etg while
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theoretically they are expected to reaEh. (b) There is of the levels due to the Jahn-Teller effect; a Coulomb gap;
never more than a vanishingly small spectral weigtiat  and strong electron-lattice coupling.
even though the measurements were made in the ferromag-One of the important clues to help us distinguish the
netic “metallic” state of the compound. To make sure thaimechanism is the-space dependence of the gap. We have
we simply didn't miss a Fermi crossing, we have madefound that the pseudogap affects the entire Fermi surface
measurements along all of the high symmetry directionso a similar degree (including the data shown here and
as well as along many off-symmetry points (not shown),unpublished data along othkerspace cuts). While we can
have used a variety of photon polarizations and photon emot yet say that there is zero anisotropy to the gap, the
ergies, and have repeated the measurements on more thtganeral lack ok-space dependence makes it unlikely that
ten samples. charge, spin, or orbital ordering should play a dominant

We term the above depression of spectral weight aole in the gap opening, as these ordering phenomena
pseudogap. We find that this pseudogap afféetd the  should occur with a wave vector which will affect certain
ferromagnetic and paramagnetic states, although it affecggarts of the Brillouin zone more strongly than others. An
the paramagnetic states more severely, i.e., the pseudogaxample of this is the recently observed pseudogap effect
is larger abovel.. The temperature dependence of thein the high7,. superconductors which has a pronounced
nearE£r weight is briefly indicated in Fig. 1g. The fact k-space dependence [14]. In those materials, the maximal
that the temperature-dependent changes bediin gives  gapping effect is near ther, 0) point of the Brillouin zone,
much added confidence that the photoemission spectra veignaling a possible origin from the antiferromagnetic
present are representative of the bulk properties of th8uctuations with wave vector neésr, 7).
samples, and also indicates that the pseudogap should beAlthough it is expected that correlation effects will
responsible for the drastic changes in the conductivityplay a role in these materials, the Mott-Hubbard-type gap
across the magnetic ordering temperature. is expected to be centered &f only for samples of

It is very surprising that the spectral weight A  integral electron filling and so cannot be responsible for
could be so severely depressed in the low temperaturdie observed pseudogap. The splitting of édhesymmetry
metallic state of this material. However, the low tem-levels due to the Jahn-Teller effect should also only be
perature resistivity for this material is unusually high centered aE at special doping levels. A Coulomb gap
(approximately the inverse of Mott's minimum metallic is usually discussed in terms of localized (impurity) states
conductivity) and is even increasing at the lowest tem{15]. The large amount of dispersion observed in Fig. 1
peratures, i.e., the ferromagnetic state of these samplésin opposition with such localized states.
is right on the border of what could be considered a An analytically solvable example that we believe con-
metal or an insulator. The low frequency optical con-tains much of the relevant physics is the classic problem
ductivity of the doped bilayer manganites has recentlyof the coupling of a single electron to a bath of bosons
been measured, and it has been found that the Drude.g., phonons) of energy, [16]. The electron spectral
peak is absent for these materials, even at the lowe$tinction for this problem is an envelope of many individ-
temperatures [10]. We believe that the pseudogap weal peaks separated ly,, as illustrated in Figs. 2a and
have observed is responsible for all of this unusual be2b. The multiple peaks indicate that a single electron is
havior. The three-dimensional (infinite layer) manganes@ot an eigenstate of the system—therefore the removal
perovskites measured at low temperature do show finitef an electron from the system occurs with a probability
photoemission spectral weight A [8,11] and do show of shaking off a certain number of bosons. The qp peak
a clear Drude peak in the optical measurements [12]. lor “coherent” part of the spectrum is the one with zero
both cases, however, the weight of these peaks is reducédsons shaken off and is the peak closest to the Fermi
by at least a factor of 10 from expectations. We believeenergy. In the strong coupling case the envelope func-
that this reduction of spectral weight is also due to thetion is broad and the gp peak will have very little spectral
pseudogap, but with reduced strength compared to theeight. An important point about this result is that, ir-
layered manganites (the pseudogap is probably strongeespective of the strength of the coupling, the centroid or
in the layered compound because the one-electron banflrst moment of the distribution is equal to the energy of
width is smaller, due to dimensionality effects). We alsothe electron in the absence of the coupling [16]. A known
note that certain one-dimensional compounds have alsexample of this type of distribution is the measured photo-
shown broad ARPES peaks and very little weightEat  emission spectrum of gaseous hydrogen, which shows a
[13]. In those cases, the one-dimensional nature is exelear progression of many peaks, corresponding to the
pected to dominate, either from Luttinger liquid behaviormany different vibrational levels [17].
or from a Peierls transition. In contrast with the usual interpretation, we argue that

We now explore a couple of possible explanationsthe dispersive peaks we have measured should not be
for the anomalous spectral and physical properties ofonsidered to be a single gp peak but should be considered
the manganites. Mechanisms that should be considerdd be an envelope of many individual peaks, in the spirit of
include gap formation due to static or fluctuating chargethe strong coupling arguments above (the individual peaks
spin, or orbital order; a Mott-Hubbard-type gap; a splittingare probably not resolved due to lifetime, solid-state, and
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pling should not be important belo#.. We argue that for

band theory dispersion  the |ayered samples the electron-lattice coupling critically
1 affects the electronic structure even bel@w and prob-
ably is also important below, for the three-dimensional
manganites. This is in qualitative agreement with some re-
FR cent structural data obtained from pulsed neutron diffrac-
= tion experiments [18].
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the spectrum (quasiparticle), if distinctly observable, would be
expected to have less dispersion and crBgsat the k value
predicted by band theory.
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