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We present the first angle-resolved photoemission spectros8&RES results on three-dimensional man-
ganese perovskite baeSrh34MnO3. In contrast to ARPES results on layered manganites, a finite and
k-dependent spectral weight at the Fermi level was observed. We propose a complex energy band to describe
the low binding energy electronic states, which may result from the temporally dynamic orbital orientation
distributions and/or nanoscale charge inhomogeneities, to account for the anomalously broad ARPES features
observed in the measurements. Flat sections of the Fermi surface were determined. A density wave resulting
from nesting instabilities induced by the flat Fermi surface sections is manifested by the energy band folding.
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The discovery of colossal magnetoresistance in holetailed information about electronic structure, the Fermi sur-
doped manganese oxides with perovskites structure hdace (FS), and the evidence of density wave formation on
stimulated considerable interest in understanding the elechis typical CMR material, to reveal the differet and common
tronic and magnetic properties of these matefidlés a  features between layered and 3D manganites and to gain an
model system, La,SrtMnO; has a very rich phase understanding of the anomalous physics of these materials
diagram®“ Within a certain range of doping, it shows a large by comparing to prototypical metals in general.
decrease in resistivity upon cooling, associated with a para- |a,,Sr,,;MnO; samples were prepared by growiingsitu
magnetiqPM) to ferromagneti¢FM) transition. Close to the 3 1300-A-thick film heteroepitaxially on a SrTi@001) sub-
transition temperatureT,, the resistivity can be further gyrate by an adaptation of pulsed laser deposiidain situ
strongly reduced by applying a magnetic field, known asefiection high-energy electron-diffraction patterns and Kies-
colossal magnetoresistanceCMR). In the FM phase g fringes inex situx-ray reflectivity curves demonstrated
Lay,SKMnO; is a mixed valent with MA" and Mrf*. For a4 the final film had a surface roughness of less than one
the site symmetry of the cation in thf M@@cta+hed£a, tlhe monolayer. The stoichiometry was checkedsituusing Ru-
valence states in question are #rt,,” and MP":t,” & therford backscattering spectrometry and was found to be
In the double-exchang@®E) mechamsr_n, there is a density Lag ¢Sl 3MNnOs. Low-energy electron-diffraction analysis
of (1-x)ey electrons per unit cell, which are f,ree 0 MOVe ghowed a cleafl X 1) pattern with no sign of surface recon-
through the crystal, subject to a strong Hund's coupling Ogirction, The transition temperatifewas determined to be
the localized MA* (S=3/2) spins. The kineti¢cband energy 313k jower than thd, for bulk crystals. The difference in
is optimized by making all the spins parallel. It was predictedt may result from the incomplete relaxation of tensile stress
to have a fully spin-polarized ground stattAmong the  gie to the lattice mismatch between the film and the
Ruddelson-Popper series of manganites, Sp,.;MN,Ozn.1 substratd15 ARPES measurements were performed at the
(n=1,2»), Lag3Sr;3MnO; has the highesT; and its resis-  syrface and Interface Spectrosco(8lS) beamline at the
tivity is about two orders of magnitude lower than that of theSwiss Light Source(SLS). During the measurements the
layered manganitén=2) at low temperatures. base pressure always remained less thari@ % mbar. The

The unusual CMR phenomenon defines a basic researghRPES spectra were recorded with a Scienta 2002 analyzer
problem that involves interplay between the charge, spinwith an angular resolution of less than 0.2°. Although the
phononic, and orbital degrees of freedéhe vanishing or  best energy resolution is less than 2 MeV, it was relaxed to
very small spectral weight at the Fermi lev@r) and the 40 meV for most measurements to obtain a high photon flux.
anomalously broad angle-resolved photoemission spectros- Figures 1a) and Xb) show normal emission ARPES spec-
copy (ARPES features on layered manganftésuggest a tra at 30 K by using circularly polarized light with the propa-
strong electron-phonon coupling and the existence of gation vector in thg110) plane and with the photon energy
pseudogap originated from the formation of charge density,, varying from 26 eV to 71 eV, enough for the wave vec-
wave, which removes at least 90% of the spectral weight afor k to cover the entire Brillouin zon@Z) along the(001)

Er.° On the other hand, although less than expected, a finitdirection. The spectra show a broad peak on a sloped back-
spectral weight atEr has been observed in the angle ground, which appears to disperse wih, When the in-
integrated  photoemission of three-dimension@&BD)  coming light lies in the(100) plane, the dispersion of the
manganites®!! It was speculated that a pseudogap also exproad peak is more clearly visib[€ig. 1(c)]. From the line

ists in 3D manganites, but with reduced strerfyffhe first  shape of the spectra it can be seen t@atin high binding

set of ARPES measurements of the low binding en€¢Ey  energy scale, wheR,,=38 eV and 67 eV the position of the
electronic states on kagSr3qMnO3 allows us to get de- dispersive peak is closest to thg, and(b) in the low bind-
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FIG. 1. (Color) (a) Normal emission ARPES
spectra of LgggSrh3aMnO3 at 30 K with photon
energyEy, varying from 26 to 71 eMfrom bot-
tom to top with 1 eV step. The corresponding
path in the BZ is indicated with a thick line in the
drawing betweelda) and(b). Spectra correspond-
ing to E,,=38 eV (red), 52 eV(green and 67 eV
04 -02 00 02 04 (pink) are marked with thicker color linegb)

k,(n/a) along (100) Zoom in of the spectra around the spectrum with
E;,=38 eV (red) to better view the sharp step
near Er. (c) Normal emission ARPES spectra
with Ey,, varying from 24 to 46 e\{from bottom
to top) with 2 eV step. The closed circles indicate
the dispersive featuréd) and(e) The integrated
00 02 04 08 spectral weight over an energy window 50 meV
N ky(rfa) along (110) centered aEg. The white(black) color represents
e et high (low) intensity. High symmetry points and

Eg (8V) directions are indicated by filled circles and axes,
respectivelyQ is the nesting vector.
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ing energy scale, the spectra show a clear stefgratCen-  sity plots were obtained by first normalizing each individual
tered around two photon energids,,=38 eV and 67 eV energy distribution curvéEDC) to its total area and then by
[highlighted in Fig. 1a)], the step aEr sharpens up, clearly integrating the spectral weight over an energy window of
indicative of a dispersive “energy band” crossing or reachingt50 meV centered &. The high intensity straight lines are
the Fermi level and then folding back to beld. With the  parallel to the sample surface and situate@.4w/a away
relation of p=|ke+G|=0.5123E,,-0+ V)2, wherebyp is  from Iy, and oz in the normal direction. They represent
the photoelectron momenturk; is the Fermi momentunG ~ the intersections between the mirror planes and the FS. The
is the reciprocal lattice vectog is the work function, an&/,  FS obtained from the intensity plots is consistent with the
is the inner potential, we determindf)-¢=10.16 eV. The observation of the step & sharpening up aE,,=38 eV
near-normal emission specifaot shown taken in the same and 67 eV in normal and near-normal emission, respectively.
photon energy range with fixekl=(+0.2,0/a show the We measured ARPES spectra within the mirror plane
same behavior. The dispersion in the high binding energy010 in a reduced energy range of 24—56 eV. Figures 2
scale and the step & sharpening up is neither due to the and 2b) show representative spectra with,=30 eV, close
change of the ratio between the photoemission cross sectiots theI'-X in the bulk BZ, andg;,,=38 eV, where we found
of the Mn 3d and O 2p subshells, as this ratio increasethe largest increase at tii® in normal emission. Except for
monotonically wherky, varies from 20 to 80 eV, nor due to photon energies close to 52 eV, the other spectra show a
the 3p-3d resonance of Mr(about 52 eV since 38 eV is similar trend, namely, away fronk,=0, a broad peak
well below the resonance and 67 eV is well above the resodisperses towards lower binding energy, and at about
nance. k,=0.77/a the peak no longer disperses and becomes flatter
Figures 1d) and Xe) show the nearEg spectral weight with increasingk,. The spectra aE,=52 eV (not shown
measured in the mirror plang¢$10) and(010). These inten- exhibit no clear dispersive features. The spectra at

FIG. 2. (@ and (b) ARPES spectra of

Lag geSlh 34MNO; at 30 K along the different

paths in the BZas indicated in the top-right cor-

ner of (b)] taken withEy,=30 eV and 38 eV, re-
Eny= spectively.(c) ARPES spectra along a path in BZ
46 oV perpendicular to the sample surface wikp
42 =0.6m/a. The spectra were taken wiky,, vary-
40 ing from 24 to 46 eV with a 2 eV step. The thick
36 line corresponds the spectrum at tke point
22 crossingl™-X axis.
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anomalously broad ARPES features, other additional effects
that involve the ground state of the electronic structure of the
system must also be considered.

In conventional band theory, because crystals possess
translation symmetry, the electronic states can be represented
by the energy band structuk&k). However, if electrons are
influenced by an additional nonperiodic potentil (r), the
wave vectork is no longer a good quantum number and
cannot fully label the electronic states. In the spirit of disor-
dered alloy theory®'” we can nonetheless still define an
energy band, although the system does not possess long-

b : range order, as long as we assume that the energy ks
,‘“T‘\‘x 0.5 00 0.5 1.0 are complex. This can be physically interpreted by the non-
k, (n/a) zero imaginary partE,) of the energy level representing the
disorder-induced broadening of the electronic states by the

FIG. 3. (Color) ARPES intensity map of LgeSlh3aMnOz at  aperiodic term. In a perfect crystak, vanishes because
30 K with E,,=30 eV (a) and E,,=45 eV (b). The corresponding  AV(r) is zero. It should be clear that in geneEldepends
paths in the BZ are.ind.icated in the bottom-left corner of the figure.qg, 1. AV(r) may be static and/or dynamic. A static perturba-
(©) The second derivative of EDCs from imags. tion could result from the La/Sr substitution that produces a

En=38 eV show a much reduced dispersive peak intensityandomly distributed scattering potential. However, because
and the sharp step Bf: persists up td,=0.4x/a, after which the low binding energy states are formed by electrons hop-
the spectral weight & is lost. We also made ARPES mea- ping from one Mn site to another via the @ 2rbitals, it
surements withE,,, =38 eV in off-mirror planes, which con- makes more physical sense to search for the origid\d(i)
tain the surface normal. For thig,, the component ok in the vicinity of the Mn ions, where the probability of find-
along the(001) direction is~0.4ar/a away fromI'gg,. The  ing charge carriers is high. Concerning the dynamic origin of
obtained spectra have the same behavior as for(@i6) AV(r), the first candidate would be the distribution &f
mirror plane[Fig. 2(b)] and the sharp step & persists orbitals around a Mit ion into which an electron hops from
always up td(H:(k>2<+ k§)1’2:0.47-r/a. Figure 2c) shows spec- one of the nearest neighbors RnA temporally varying and
tra taken along a path perpendicular to the sample surfadecally different orbital distribution around a Mhion (i.e.,
with a fixedk,=0.6m/a. It can be seen that the peak positionsone with no long-range ordewill result in a variation of the
are also dispersive, although the dispersion is much weakéropping amplitude. The second candidate is associated with
than along the sample surfag€ig. 2@ and 2b)]. Thus it  charge inhomogeneities over one or several lattice spacings,
gives us confidence that the dispersion in Fig) and 2b) polarons, or cluster$ Recent theoretical studies showed
is representative of the bulk properties of the sample. that even within the FM phase, which is uniform when time
To visualize the dispersion more clearly, we plot the specaveraged, there is a dynamical tendency towards cluster for-
tral intensity as a function of the wave vector and bindingmation resulting from the net effect of the competition be-
energy in Fig. 8) and 3b) for E,,=30 and 45 eV, respec- tween the DE mechanism and Coulomb interactitt. is
tively. Figure 3c) shows the second derivative of the EDC of reasonable to assume that this kind of nanoscale charge in-
the image shown in Fig.(B), which enhances the feature homogeneity will perturb the underlying periodic potential
close to the center. This feature disperses whgrchanges, and scatter the electrons.
but remains nearly nondispersive alokgor all photon en- Within the framework of the above arguments, we can
ergies. now interpret our ARPES spectra in a consistent manner.
The first question to answer is why all the ARPES fea-First, the dispersion of the broad peak upkje-0.77/a in
tures are anomalously broad. Also, why do they not sharpethe spectra close tb-X [E,,=30 eV, Fig. 2a)] represents
up as they approach the Fermi level? It is difficult to describethe trend of the centroid of the energy band, which is asso-
the features by invoking single quasiparticle excitation,ciated with the real part of the complex band. However, the
though two other intrinsic phenomena could explain this unpeak position results from the convolution of the smearing of
usual behaviorl) A single electron cannot be described by the energy band with the incoherent photoemission process.
an eigenstate: the removal of one electron from the materialhe former results from the finite width, which is determined
may be accompanied by other excitations and®rin this by the imaginary part of the energy band, and the latter is
system the wave vector is no longer a good quantum numberaused by the shaking off of a certain number of phonons.
because of some degree of aperiodicity in the crystal. Above k,~0.77/a, the centroid of the energy band lies
Similar peak widths have been observed in ARPES specboveEg, but again, due to the finite imaginary part, there is
tra of layered magnetoresistive oxide#t. was argued that still some spectral weight below the Fermi level. Photoemis-
the dispersive peaks should not be thought of as single quaion and the accompanying shaking-off processes are still
siparticle peaks, but should be considered to be an envelogmssible but with less spectral weight, reflected by the re-
of many individual peaks resulting from shaking off a certainduced peak intensitgflatter ARPES featurgsand almost no
number of Einstein phonons upon removal of an electrorobservable dispersion. The same behavior for different spec-
from the system. However, we believe that to explain suchra along the path parallel tb X for different E;,, indicates

(n9) 3
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that the centroids of the energy band crBssat more or less resulting from incomplete relaxation of the tensile strain in
the samek;, namely ~0.7zr/a. We also performed ARPES the film. Since the 1D-like band shows a much higher spec-
measurements with selectés), in the mirror plane(110).  tral weight aroundEg than the 2D band, and the latter is
The obtained spectra show a similar trend and the same bgimilar to that observed for layered manganitebe finite
havior atk,~ 0.77/a. spectral weight in the 1D-like band might be the origin of the
Due to the smearing of the energy band the FS might nofluantitative and qualitative difference between 3D and lay-
be observable in some part bfspace. The sharp step Bt ered manganites, in particular regarding Theand the resis-
observed in normal and near-normal emission indicates thdtVity dependence on temperature. The finite spectral weight
the smearing of energy levels closeHpis less pronounced [N the 1D-like band might therefore be responsible for the
when the energy band disperses in the surface normal dire&19€ peal; found in the optical measurements of 3D
tion than in other directions. From the neEe spectral manganite$? but which was not observed for the layered

, : : : manganite$> In the optical measurements of
\1v<(aj|ght (;napped (ljnt';]he mlrr?r ;?[Ie}(anilEO) _agg (O\}O) [Fr:gs. Lag Sty sMnO;3, the unusual Drude spectrum with an anoma-
( )an. 1e)] and the spectra taken &f,=38 eV we have lously small spectral weight dominated by an incoherent

%ontribution probably has the same origin as for the smearin
sample surface witt, extending up to~0.4w/a. This ex- ¢ the energs band.y g g

perimental finding is quite different from the FS predicted by |, summary, to account for the anomalously broad
theoretical calculation® The flat portions of the FS and ARPES 0n Lg ST, sMnOs, we propose that, due to lack of
their dense spectral weight & may produce nesting |ong.range order originating from the random distribution of
instabilities® through a nesting vector as indicated in Fig. the  orbitals and/or nanoscale charge inhomogeneities, the
1(d). The folding back of normal and near-normal emissiongjectronic states should be described by a complex energy
spectra ak:=0.47/a provides evidence that an incommen-panqg We believe that many early experimental observations,
surate density wavee.g., the_cha_rge density wauve formed  |ike the Drude peak in the optical measurements of
along the surface-normal directiéh. , _Lag /SrpMnO; (Ref. 22) and the small, but finite spectral
The second question is whether the observed dispersiqReignt atE in the angle-integrated photoemission spectra of
along the surface and normal to the surface belongs to th|ated manganitéd!ican be attributed to the finite spectral
same band. Closer scrutiny of the spectregt=38 eV[Fig.  weight in the observed 1D-like band which shows a clear
2(b)] shows that besides the Fermi step, which starts oM at the Fermi level. However, the unusual behavior, e.g.,
k;=0 and persists up ty=0.47/a, a dispersive feature start- {he very small Drude weight compared to the dominant in-
ing fromk,=0.37/a and dispersing to lower binding energies -operent part can be explained by smearing of the complex
for largerk; is cI.earIy visible. The dispersive feqture shows energy band. The flat portion of the Fermi surface of the
the same trend in the spectra takefegt=30 eV[Fig. 28)].  1p_jike band should be responsible for the nesting instabili-

Thus, we believe that dispersions normal to the surface angbs \which are reflected by the folding back of this band
along the surface result from different bands; one has morg; E’F-

one-dimensional(1D)-like character dispersing along the
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