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In order to reveal the many-body interactions in three-dimensional perovskite manganites that show
colossal magnetoresistance, we performed an in situ angle-resolved photoemission spectroscopy on
Lay ¢Srp 4MnOj; and investigated the behavior of quasiparticles. We observed quasiparticle peaks near the
Fermi momentum in both the electron and the hole bands, and clear kinks throughout the entire hole Fermi
surface in the band dispersion. This isotropic behavior of quasiparticles and kinks suggests that polaronic
quasiparticles produced by the coupling of electrons with Jahn-Teller phonons play an important role in the
colossal magnetoresistance properties of the ferromagnetic metallic phase of three-dimensional man-

ganites.

DOI: 10.1103/PhysRevLett.116.076401

La;_,Sr,MnOj is a typical hole-doped perovskite man-
ganese oxide that has attracted considerable attention because
of its unusual physical properties, such as ‘“colossal” mag-
netoresistance (CMR) behavior and the half-metallic nature
of its ground state; hence, it has potential for future spin-
tronics applications [1]. These remarkable properties origi-
nate from the complex interplay between the charge, lattice,
orbital, and spin degrees of freedom [2]. Consequently, the
electronic and magnetic phases of La;_,Sr,MnOj; are sensi-
tive to changes in the strength of these mutual couplings,
which results in rich phase diagrams for the manganites. In
order to clarify the origin of these properties of
La,;_,Sr,MnQOs;, understanding the detailed electronic band
structures and interactions of electrons with various degrees
of freedom and their anisotropic aspects is important. Angle-
resolved photoemission spectroscopy (ARPES) is a powerful
tool for investigating many-body interactions in quasipar-
ticles as functions of binding energy and momentum [3].
From the line-shape analysis of the ARPES spectra, the
momentum-resolved self-energy of quasiparticles, which
reflects many-body interactions, has been widely examined
in strongly correlated electron systems, most notably in the
high-T'. cuprate superconductors [4,5].

For two-dimensional (2D) layered manganites, N = 2 in
Ruddlesden-Popper phases with the chemical formula of
(La, Sr)y, MnyO;y., the remnant Fermi-surface (FS)
topology and the quasiparticle dynamics, which are coupled
to collective excitations, have been investigated using
ARPES measurements [6—11]. An ARPES study on bilayer
manganites (N =2) La, ,.Sr; ., Mn,O; with x =04
revealed a pseudogap formation in the “antinodal” region
and the existence of quasiparticle excitations in the nodal
region; this leads to a nodal-antinodal dichotomous
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characteristic similar to the characteristic feature of high-
T, cuprate superconductors [7]. In contrast, for the other
compositions of the bilayer manganites with x = 0.36-0.38,
the existence of the quasiparticle peak even in the antinodal
region and the isotropic behavior of kinks have been
observed [8-10]. The composition dependence may be
attributed to the increment of interlayer and/or intrabilayer
coupling from x = 0.4 to x = 0.36. More recently, the
disappearance of the pseudogap formation and isotropic
interaction in the kink have also been reported in the
intergrowth (N > 2) regions in bilayer manganites [11],
which suggests the N dependence of mode coupling.
However, despite intensive theoretical and experimental
studies, the resultant relationship between the dimensionality
N and the CMR properties, as well as whether kinks and
quasiparticle excitations are isotropic or anisotropic as a
function of N, remain controversial issues.

In order to provide a better understanding for the physics
of manganites, it is indispensable to determine whether the
kink observed in the layered manganites is inherent to 2D
systems or also exists in three-dimensional (3D) perovskite
manganite La; _, Sr,MnQOj;, which corresponds tothe N = oo
limit of the Ruddlesden-Popper series. However, there does
not seem to be any indication of the existence of the kink in
La;_,Sr,MnO; even in the previously reported ARPES
spectra near the Fermi level (Er) [12-18]. This is partly
because these previous studies mainly focused on valence
band structures rather than low-energy excitations near Ep.

The lack of information concerning many-body inter-
actions in the electronic structure near £ in 3D manganites
has hindered the understanding of the interaction between
electrons and other degrees of freedom in the manganites.
In particular, the absence of a kink in 3D manganites has
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been questioned because relevant many-body interactions
in strongly correlated oxides are also expected to be strong
in 3D manganites. In this Letter, we report the observation
of quasiparticle peaks and kinks in the band dispersion of
3D manganite Lag Sry4MnO; (LSMO) through a precise
and detailed investigation of the 3D electronic structure.
In situ high energy-resolution ARPES measurements using
the tunable excitation energy of synchrotron radiation
enable us to trace the electronic structures in momentum
space in every 3D direction. From their energy and
momentum dependence, the interactions of electrons with
other degrees of freedom are considered to be a possible
origin of the kink in LSMO.

Samples of LSMO were grown on the atomically flat
(001) surface of Nb-doped SrTiO; substrates by using a
laser molecular beam epitaxy method. The growth con-
ditions are detailed in Refs. [14] and [19]. The fabricated
films were immediately transferred through an ultrahigh
vacuum to the ARPES chamber without exposure to air
[20]. The in situ ARPES measurements were carried out at
beam line BL-28A and BL-2A MUSASHI of the Photon
Factory (PF), KEK, at the sample temperature of 12 K
using circular polarized synchrotron radiation as the exci-
tation light source. The total energy and angular resolutions
were set to approximately 20 meV and 0.3°, respectively.
Er of the samples was calibrated by measuring a gold foil
that was electrically connected to the samples.

The LSMO films have a tetragonal crystal structure as
a result of the epitaxial strain from the SrTiO; substrates
[20-22]. In order to map the FS onto high-symmetry planes in
the tetragonal Brillouin zone [Fig. 1(a)], photon energies of
88 eV for the XM plane and 60 eV for the ZRA plane were
selected, as shown in Fig. 1(b). Figures 1(c) and 1(d) display
the results of the FS mapping at the photon energies of 88 and
60 eV, respectively. These results were obtained by plotting
the intensity within the energy window of 20 meV from E
in the ARPES spectra. Compared with the predicted FS from
local-density-approximation calculations [14,23,24], we
observed a small electron pocket centered around the I" point
and a large hole pocket centered around the A point. The
dramatic changes in the FS with the photon energy and the
good agreement between the ARPES results and local-
density-approximation calculations indicate that our
ARPES results do not reflect surface electronic structures
but rather 3D bulk electronic structures with energy
dispersion in the k, direction. The finite density of states
inside the electron and hole FSs centered around the I" and A
points, respectively, and the remanent FS in Fig. 1(c) centered
around the M point, similar to the hole pocket around the A
point in Fig. 1(d), are probably due to the effect of k
broadening [15,16,25]. Very recently, an ARPES study using
high-energy soft x rays (SX-ARPES), which has a large
photoelectron escape depth and resultant better definition
of momentum k;, on a fractured single crystal of
Lay 4751 33MnO; has been performed [18]. The overall FS
topology derived from the SX-ARPES study was very similar

FIG. 1. (a) Brillouin zone for the tetragonal structure of
epitaxially strained LSMO films. (b) Measured lines in momen-
tum space for photon energies of 60 and 88 eV. (c) FS mapping
for photon energies of 88 eV corresponding to the I'’XM plane
and (d) f 60 eV corresponding to the ZRA plane. The insets in (c)
and (d) illustrate the electron pocket around the I" point and the
hole pocket around the A point of the Brillouin zone, respectively,
which were predicted by band structure calculations [14,24].

to that of the present results, which proves that our ARPES
data largely reflect the bulk electronic structure of LSMO
despite its surface sensitivity.

The energy dispersion of the bands that form the FS is
shown in Fig. 2. For each FS, we observed a clear band
dispersion with the Fermi cutoff, which reflects the metallic
ground state of the LSMO. This is consistent with the
results of the SX-ARPES study [18]. Pseudogap behavior
due to a nesting instability observed in 2D manganites [6,7]
was not observed in the ARPES spectra of the 3D LSMO.
The energy distribution curves (EDCs) in Figs. 2(b) and
2(d) show small but distinct fine peak structures near Ep,
which seem to have a “peak-dip-hump” structure, around
the Fermi momentum (k) in both the electron and hole
bands. In order to examine the possible coupling of
quasiparticles with collective excitations, we analyzed
the momentum distribution curves (MDCs) of the
ARPES spectra. For the electron band, determining
the exact MDC peak positions is difficult because of the
substantial background due to the k, broadening from the
3D small electron pocket [14—16]. Therefore, we concen-
trated on analyzing the hole band. Figure 3(a) shows an
expanded plot of the intensity map in the near-E and near-
kg region for the hole band displayed in Fig. 2(c). The
intensity modulation that is derived from the peak-
dip-hump structure is also exhibited in the intensity plot
of the hole band. Figure 3(b) displays the band dispersion
obtained from the plot of the peak positions of the MDCs
[26], which were determined by fitting the MDCs to the
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FIG. 2. ARPES spectra of LSMO films taken at photon
energies of 88 eV along the I'-X direction [(a) and (b)] and of
60 eV along the R-A direction [(c) and (d)]. (a) and (c) Intensity
map of ARPES spectra (lower panels) and MDCs at Ey (upper
panels). The filled triangles indicate the k; points determined by
the peaks in the MDCs. The MDC along the R-A direction were
fitted to a linear combination of Lorentzians and a smooth
background. (b) and (d) EDCs around the kr points. The black
thick spectra correspond to the EDCs at the k points.

linear combination of Lorentzians and a smooth back-
ground originating from the k; broadening of the hole
pocket, as seen in the upper panel of Fig. 2(c). A clear kink
in the band dispersion was observed at the binding energy
of approximately 50 meV, which corresponds well to the
peak-dip-hump structures in the EDCs [27].

From the observed kink, the effective mass enhancement
factor was estimated from the ratio between the Fermi
velocity vy and the bare-band velocity v,, as shown in
Fig. 3(b). The obtained value of m*/m, = v,/vp~3
suggests that the enhanced effective mass in LSMO may
originate from a strong electron-boson coupling. In fact,
this value is in good agreement with the effective mass
which was deduced from the electronic specific heat
coefficients [28], assuming that the interaction in the
electron band is identical to that in the hole band. The

line through kr to band dispersions: One is for the band
dispersion excluding the kink region to determine v,, while
the other is for the near-Er region to determine vp.

estimated coupling constant A = (m*/m;, — 1) ~2 in the
electron-boson interaction in LSMO is comparable to the
value of 1-4.6 in the 2D layered manganite
La, ,,Sr;.,,Mn,0; [7,8]. These values of A in manganites
are substantially larger than those in other strongly corre-
lated perovskite oxides such as SrVO; [29] or Sr,RuOy,
[30]. This indicates the existence of inherently strong
electron-boson coupling in the 3D perovskite manganites
as well as the 2D layered manganites.

The next crucial issue is whether or not the observed kink
and quasiparticle peak show a momentum dependence.
Figure 4 shows the ARPES results along different cuts in
the hole FS. The isotropic nature of the kink and the
quasiparticle peak was observed in the hole FS. Our
ARPES results on the 3D LSMO provide evidence for
the existence of the kink and the sharp quasiparticle peak
along the (0, 7, ) to (n, 7, 7) directions (cut A), as shown in
Figs. 3(b) and 2(d), respectively. Sharp edges at Er and
kinks were observed throughout the hole FS from cuts A to D
in Fig. 4(a), although the quasiparticle intensity gradually
decreased. Notably, the kinks have almost the same energies
of around 50 meV and coupling constants of 1.5-2 [26] for
all the band dispersions of the hole FS, as shown in Fig. 3(b)
and Figs. 4(e)—4(g). Mannella et al. reported that the
quasiparticle peak in La,_,,Sr|,,,Mn,0; with x = 0.4 is
sharpest along the (0, 0) to (z, z) diagonal direction [7],
which significantly differs from our results for the 3D
LSMO. In contrast, finite quasiparticle intensities and
isotropic kinks throughout the FS have been observed in
La, ,,Sr;,»,Mn,0; with x = 0.36 [10] and in the inter-
growth N > 2 regions of La,_,Sr{,,,Mn,0; [11]; this is
similar to our results for the 3D LSMO. In these previous
reports on La, ,,Sry ,, Mn,O; [8-11], the reduced nesting
instability resulting from the crossover from the 2D to 3D
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FIG. 4. (a) FS mapping for photon energy of 60 eV corresponding

to the ZRA plane; this is a magnification of Fig. 1(d). (b)~(d) EDCs
around ky and (e)—(g) band dispersions obtained from the MDCs
along cuts B-D, respectively, in (a). The black thick spectra
in EDCs correspond to the spectra at the kx points. Note that the
EDCs around k- and the band dispersion along a cut A are shown in
Figs. 2(d) and Fig. 3(b), respectively. The dashed lines in (e)—(g) are
the results of the linear fitting in the same way as Fig. 3(b).

ground states was considered to be the origin of the
disappearance of the pseudogap behaviors that were
reported by Mannella et al. [7]: The strength of the interlayer
coupling increases with changing x from 0.4 in
La, , Sri,»,,Mn,O; [8-10], while N becomes more
than 2 in the stacking-fault intergrowth region of
La, ,,Sr;,»,,Mn,05 [11]. Since the 3D LSMO is regarded
as the N = oo limit of layered manganites, its nesting
instability is expected to be considerably weakened because
of the strong “interlayer coupling.” Therefore, the finite
quasiparticle intensities and isotropic kinks throughout the
FS are suggested to be common phenomena of both the 2D
and 3D manganites without the nesting instability.
Strongly localized bosons coupled with electrons most
likely cause these isotropic kinks in the momentum space of
3D manganites. We consider two plausible interactions in
order to clarify the origin of the quasiparticle excitation
and resulting kinks in LSMO, the coupling of electrons
with magnetic excitations and the coupling of electrons with
phonon modes. Concerning the coupling of electrons with the
magnetic excitations (i.e., ferromagnetic magnons in double-
exchange manganites), spin wave dispersions throughout the
Brillouin zone have been investigated by using the inelastic
neutron scattering on Lay;Pby3MnO;5 [31]. The magnon
band is highly dispersive and has a bandwidth of ~100 meV.

This suggests that electron-magnon interactions are broad-
ened in the energy scale and limited to particular regions in
momentum space, which are defined with critical momentum
transfer vectors. Consequently, we expect the quasiparticle
excitation and kink to have a large anisotropy in momentum
space. Moreover, the half-metallic electronic structure of
LSMO does not allow magnon excitations to scatter electrons
near Er because spin-flip scattering cannot occur near Ep
owing to the full spin polarization.

For the coupling with phonon modes, phonon dispersions
have also been determined by using inelastic neutron
scattering on Lag;Srg;MnO; [32,33]. Several less-
dispersive, namely relatively localized phonon branches
were observed around the energy of 50 meV. In particular,
phonon branches derived from the excitation of Jahn-Teller
(JT) phonon modes with bending, linear breathing, and
stretching characters are located at the energies of ~37 meV,
~45 meV, and ~71 meV at the I" point, respectively. These
are close to the kink energy observed in the ARPES band
dispersions. Therefore, it is reasonable to conclude that the
kink in the band dispersions results from the interaction of
electrons with JT phonon modes. Note that such a series of
JT phonon modes in this energy region has been also
observed by optical conductivity measurements of
La,_,Sr,MnOj; polycrystalline samples [34] and thin films
[35,36], as well as in 2D manganites [37]. Strong interaction
between electrons and local JT phonons in LSMO has been
considered to lead to the formation of JT small polarons.
However, the observation of well-defined quasiparticles at
least near E indicates that electrons (or holes) around E
basically form energy bands and that the polaronic inter-
action is not stronger than that expected from the ideal small
polaron picture in the present 3D manganites [18]. JT
distortions are collectively excited by electron (or hole)
hopping between JT active Mn** and inactive Mn** ions.
Consequently, the effective mass of quasiparticles is
enhanced, even in the ferromagnetic metallic phase in
LSMO. Indeed, a polaronic signature in ferromagnetic
metallic manganites was recently observed in a scanning
tunneling spectroscopic study on Lay;Cay;MnO; [38].

In summary, we have performed an in situ ARPES study
on 3D LSMO and found isotropic quasiparticle excitation
peaks and kinks in the experimental band dispersions. The
observed isotropic and strong renormalization of the band
dispersions suggests that the electrons strongly interact with
local JT phonons and that the polaronic quasiparticles play
an important role in the CMR behavior of the ferromagnetic
metallic phase of LSMO. Our findings will contribute to
understanding the universal physics among 2D and 3D
manganites with regard to the origin of CMR phenomena.
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