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Electronic structure of the metallic ground state of La,_,,Sr;,,,Mn,05 for x=0.59 and
comparison with x=0.36,0.38 compounds as revealed by angle-resolved photoemission
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Using angle-resolved photoemission spectroscopy, we present the electronic structure of the metallic ground
state of La,_»,Sr1,,,Mn,O7 (x=0.59) and interpret the results in terms of first-principles band-structure com-
putations, of which the generalized gradient approximation yields the best agreement with the experimental
data. No bilayer-split bands are found in this compound, indicating the near degeneracy of electronic states in
the neighboring MnO, layers due to its A-type antiferromagnetic structure. The d;2_,» states near the zone
center were not observed, which is also consistent with its A-type antiferromagnetic structure. Near the Fermi
level, a kink in the dispersion reveals an important electron-phonon many-body interaction. The electron-
phonon coupling is ~1 near the zone boundary and ~2 near the zone diagonal, showing strong k dependence.
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I. INTRODUCTION

In manganites, the intricate interactions of spin, charge,
lattice, and orbital degrees of freedom reveal themselves in
the complicated phase diagrams. Inevitably, the investigation
of the electronic structure and its evolution with doping and
temperature is the key to the understanding of these complex
systems.  Angle-resolved photoemission  spectroscopy
(ARPES), as a direct probe of the electronic excitations, has
been playing a dominant role in the study of the electronic
structures of many materials. Unlike the heavily studied per-
ovskite La;_,Sr,MnOs, La,_,,Sr;,,,Mn,05 is a layered com-
pound and its two-dimensionality makes it especially favor-
able for investigation using ARPES. So far, the valence-band
structure of La,_, Sry,,,Mn,0; has been clearly resolved us-
ing ARPES only at the doping levels of x=0.36, 0.38, and
0.4."7 Recently, interest in the layered manganites at much
higher doping levels has arisen. In particular, at exactly x
=0.60 a long-range “bistripe” order sets in and the material is
insulating down to the lowest temperatures. At doping levels
just away from 0.60, the system is a metal at low tempera-
ture, transitions to a charge-ordered insulator at high tem-
peratures, and finally is a paramagnetic insulator above that.
Our samples had a doping level x=0.59, with a charge order
T.~160 K determined by the near-Ej spectral weight in
ARPES—a transition temperature consistent with the
samples used in Ref. 8. Although these samples of different
doping levels share the same crystal structure, the compli-
cated phase diagram indicates that their ground states are
different. An investigation of the electronic structure is a
good starting point for exploring the interesting physical
properties of these materials.
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La, ,Sr,»,,Mn,O; consists of two neighboring MnO,
sheets alternately stacking with (La,Sr),0, layers along the
c axis. In the intensively studied doping range x~ 0.32-0.4,
the spin ordering at low temperature is ferromagnetic both
within and between the MnO, sheets. However, for the
A-type antiferromagnetic x=0.59 sample studied here, the
spin arrangement is antiferromagnetic between the MnO,
planes, but it remains ferromagnetic within the planes.’
Through the double-exchange interaction, this is expected to
lead to an almost purely two-dimensional electronic struc-
ture, which may therefore be more susceptible to fluctuations
or correlation effects. Despite this two-dimensionality, the
electrical conductivity of x=0.59 samples is found to be
among the greatest of all layered manganites.® The T, of
heavily doped layered samples is among the highest of all
known bilayer manganites.

In this paper, we combine ARPES measurements and
band calculations to explore the electronic structure of the
metallic ground state of La,_,,Sr;,»,Mn,O; (x=0.59). In
this compound, the d,2_ 2 states in neighboring MnO, layers
are degenerate and the dy2_2 states become unoccupied,
consistent with its A-type antiferromagnetic structure. We
also found that the electron-phonon many-body interaction
shows a strong k dependence. A comparison with x
=0.36,0.38 samples shows that the electronic structure has a
drastic change with doping in La,_, Sry,,,Mn,0,, although
the crystal structure remains the same.

II. METHODOLOGY

A. Experimental details

The single crystals were grown using the traveling-
solvent floating zone method as described elsewhere.!? Rig-
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orous measurements show that the ground state of this ma-
terial is a metal around x~0.60 and becomes an insulator
only at perfect 60% doping.!! The x=0.59 samples we used
here are slightly off the x=0.60 compound'? and become
metallic at low temperatures. In this paper, we will focus on
the electronic structure of the metallic ground state of this
material. All samples were cleaved and measured in an
ARPES spectrometer in situ at T~20 K, so that the samples
were in the low-temperature ferromagnetic (x=0.36) or
A-type antiferromagnetic (x=0.59) state. The ARPES ex-
periments were performed at Beamline 12.0.1 of the Ad-
vanced Light Source (ALS), Berkeley, using a Scienta
SES100 electron analyzer under a vacuum of ~2
X 107! torr. The combined instrumental energy resolution
was better than 20 meV, and the momentum resolution was
about 0.027r/a. A wide variety of polarization conditions and
photon energies between 30 and 80 were used in order to
optimize the photoemission matrix elements.

The surface quality of cleaved bilayer manganites is of
importance for ARPES measurements. The investigation has
been performed on both single-layer manganite'® and bilayer
manganite,'* indicating that the manganite crystals cleave
between the La/SrO rock-salt oxide layers, which results in a
La/SrO layer on top of the first MnOg bilayer. These studies
suggest that cleaving a layered manganite will expose a high
quality surface.

B. Computational details

Detailed calculations of the electronic structure and mag-
netic configurations of the x=0.5 hole-doped double layered
manganite LaSr,Mn,0, were performed within the all-
electron full-potential Korringa-Kohn-Rostoker (KKR) and
linearized augmented plane-wave (LAPW) methods.'>!® We
calculated the electronic structure of both ferromagnetic and
A-type antiferromagnetic LaSr,Mn,0,. The results for the
ferromagnetic case are in accord with our previous studies.!”
The electronic structure for the x=0.36 or 0.60 compound
was then obtained by using a rigid-band model in which the
Fermi energy was adjusted to accommodate the correct num-
ber of electrons in the ferromagnetic or A-type antiferromag-
netic case. Here we used the computation of 60% doping to
represent the theoretical electronic structure of x=~0.59 com-
pound and ignored the small difference in doping. Very simi-
lar results are obtained if the virtual-crystal approximation
(VCA) is used to model the effects of La/Sr disorder.'® To
model exchange-correlation effects, we have considered the
local spin-density approximation (LSDA), the generalized
gradient approximation (GGA), and LSDA + U methods. For
the LSDA+U calculations, we have used the Coulomb pa-
rameter value of U=7.2 eV suggested by Medvedeva et al.'’
The crystal parameters were taken from Ref. 20.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the experimental Fermi-surface topol-
ogy of La, ,.Sr;,;»,Mn,0; (x=0.59) with only one hole
pocket around the zone corners. This is strikingly different
from the Fermi surface of x=0.36/0.38 and x=0.4 samples,
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FIG. 1. (Color online) Experimental Fermi-surface topology of
(a) x=0.59 samples and (b) x=0.36 samples. [(c) and (d)] False
color plots of spectra taken along the blue cut in (a) and (b) using
56 eV (left) and 73 (right) photons, respectively. The dotted lines
indicate the momentum positions of the Fermi crossings. The tem-
perature was 20 K, which is the low-temperature phase for both
materials.

which is schematically shown in Fig. 1(b). A typical Fermi
surface of La,_,,Sr,»,,Mn,0; with lower doping levels (e.g.,
x=0.36,0.38,0.40) consists of two hole pockets around the
zone corner and one additional electron pocket around the
zone center.' The hole pockets arise primarily from in-plane
d,2_y> Mn-O orbitals, which show a bilayer-split band struc-
ture, while the electron pocket is derived from the out-of-
plane d;.>_,» orbitals.! Generally, the bilayer-split bands have
different photoemission matrix elements, so that they can be
selectively enhanced or suppressed by varying the photon
energies and emission angles.>?!'">> Along the blue cut in
Fig. 1(a), we tuned the photoemission matrix elements by
varying the incident-photon energies over a very large range
from 30 to 80 eV with 3 eV step, yet we could never observe
more than one band. We also searched for the bilayer-split
band structure in higher Brillouin zones, but the attempts
were not successful. This procedure can effectively distin-
guish the bilayer-split bands in x=0.36 and 0.38 samples,
where we have found empirically that the bilayer-split indi-
vidual antibonding and bonding bands can be made promi-
nent by using 56 and 73 eV photons, respectively.’ Figure
1(c) shows the band taken from the x=0.59 compound along
the blue cut in Fig. 1(a) using these two photon energies, but
only one band is observable with kz~0.227/a and band
bottom of ~—600 meV. In Fig. 1(d), as a comparison, we
show the bands taken from a x=0.36 sample under the same
experimental conditions, and one can clearly see the well
separated bonding and antibonding bands with different
Fermi crossings (kp=0.17 and 0.277/a) and band bottoms
(~=400 and —800 meV).
In two-dimensional
as  Lap 5,81y, Mny,0,

(2-D) electronic
(x=0.36,0.38)

systems such
(Ref. 5) and
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FIG. 2. (Color online) Experimental E vs k taken along the red
cut in Figs. 1(a) and 1(b), showing the presence (a) or absence (c)
of the d3,2_,2 zone center states, depending upon doping level. Fer-
romagnetic and A-type antiferromagnetic GGA-based electronic
band-structure calculations at the two doping levels are shown in
(b) and (d), respectively, with the orbital origin of the various e,
states shown by the black/brown color scale. In (b) only the up-spin
states are shown. The shadow areas in (b) and (d) indicate the
positive k, portions of (a) and (c), respectively.

Bi,Sr,CaCu,0g, 52> the emergence of the bilayer-split
bands is due to coherent coupling along the ¢ axis as Bloch
states are formed from linear combinations of electronic or-
bitals in the neighboring layers. The lack of bilayer splitting
in x=~0.59 is not surprising, and it is consistent with the
known A-type antiferromagnetic arrangement of spins along
the ¢ axis. In particular, the double-exchange mechanism?6-2
implies that the antiferromagnetic alignment along the ¢ axis
will suppress electron hopping in the c-axis direction due to
the obstruction in the spin channel.

Compared with x=0.36,0.38 samples, another missing
piece of the Fermi surface of x=0.59 samples is the one
corresponding to the dj2_,2 states, although some residual
spectral weight can be discerned around the zone center in
Fig. 1(a). Figure 2(b) shows a (ferromagnetic) GGA-based
band calculation of the x=0.36 compound.?®?° Comparing
Figs. 2(a) and 2(b), we clearly see the presence of the d32_,2
band in Fig. 2(a). We note here that in Fig. 2(a) the extra
spectral weight near —1 eV around the zone center comes
from an extra feature rather than the d,2_> band or 7,, bands,
with the details of this feature still under investigation. Fig-
ure 2(c) shows the spectra of x=0.59 samples taken along
the red cut in Fig. 1(a), and Fig. 2(d) shows the correspond-
ing A-type antiferromagnetic GGA-based band calculation
(for x=0.60). One can see that in Fig. 2(d), the calculated
bottom of the ds2_,» band and the minority 7,, bands are
located very close to but above the Fermi energy. We also
experimentally searched for the bottom of the d5,2_,2 band in
the x=0.59 samples by tuning photoemission matrix ele-
ments, but it was never observed. We thus surmise that the
weak spectral weight around the zone center in Fig. 1(a)

PHYSICAL REVIEW B 78, 075101 (2008)

probably comes from the residual weight leaking from the
d32_,> band or the minority 7,, bands above the Fermi level.
In fact, the dj,2_,2 states dominate the hopping of e, electrons
along the c-axis direction, so their absence below the Fermi
level is consistent with the A-type antiferromagnetism in x
~(.59 samples.

Notably, for x=0.60, the GGA-based band calculation,
shown in Fig. 2(d), supports the experimental observations
that only the d,2>_,> bands cross the Fermi level and the bi-
layer splitting is very small—its theoretical value ranges
from 0 meV to a maximum of 20 meV. In the zone-boundary
regions, the theoretical splitting is 0 meV near the Fermi
level, consistent with our experimental observation. Band
calculations show the largest splitting of 20 meV at
(0.757,0). At that position, the measured linewidths are of a
few hundred meV, and so the splitting, if it existed, would be
nearly impossible to resolve. Band calculations also give a
theoretical splitting of 15 meV near the zone-diagonal re-
gions, which future ultraresolution work may potentially be
able to resolve. Here we emphasize that the splittings of the
lowest bands below Ej around (r,0) for the ferromagnetic
phase in Fig. 2(b) as well as for the antiferromagnetic phase
in Fig. 2(d) are of a different origin. In the ferromagnetic
phase, all MnO, layers are identical and the associated orbit-
als possess the same on-site energies. The splitting of two
identical orbitals in this case is due primarily to the nearest-
neighbor hopping between two adjacent MnO, layers. In the
antiferromagnetic phase, on the other hand, the two MnO,
layers possess opposite spins and their on-site energies are
different due to the exchange splitting. One of the spin-split
bands is then lifted above the Fermi level. The extremely
small bilayer splitting comes about due to the small hopping
amplitude between the identically spin-aligned next-nearest-
neighbor MnO, layers.

It is interesting that in contrast to the GGA scheme, the
LSDA theory predicts a small minority Fermi-surface pocket
of dxy character for x=0.59, which is not consistent with the
experimental data. The reason for this difference between
LSDA and GGA is that the exchange splitting within the
LSDA is about 3 eV compared to the GGA value of 3.5 eV.
The LSDA+U approximation is in even poorer agreement
with experiments as follows: (1) It predicts a huge exchange
splitting of 8 eV. (2) It pushes the d;.2_,2 level high above the
Fermi level (about 0.3 eV), which is too high to explain the
remnant spectral weight around the zone center (assuming
that it is due to the leaking from states above the Fermi
level). (3) It pushes a filled apical oxygen band within 1 eV
below the Fermi level at the I' point, where it should have
been observed in the experiment. (4) Contrary to the experi-
mental observations, an LSDA+U calculation for lightly
doped ferromagnetic phase (x=0.36) predicts a small
bilayer splitting (~35 meV). We conclude that in
La,_,,Sry,», Mn,0, the GGA approximation seems to capture
the exchange-correlation physics better than LSDA or
LSDA+U approximations. The GGA provides a simple but
potentially accurate step beyond LSDA, which includes the
effect of the density gradient in the exchange-correlation
functional. It has been shown® that the spin-polarized ver-
sion of the GGA usually yields larger exchange splittings
than the LSDA for the same geometry. In the present case,
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FIG. 3. (Color online) (a) A schematic Fermi-surface plot of x
~(.59 samples. [(b) and (c)] Energy vs momentum dispersive band
taken along the blue and red cuts in (a), respectively. 56 eV photons
were used to take these spectra. (d) EDCs taken at the Fermi cross-
ings in (b) and (c), with the color labeling maintained.

the GGA tendency to favor magnetic properties gives good
results, while the corrections by the LSDA+U scheme are
clearly exaggerated.

Similar to other doping levels of La,_,,Sr;,,,Mn,07, the
Fermi surface is nested near the zone boundary.’ Here we
have a measured nesting vector ¢~ 0.22(27/a,0), which is
two times of kz~0.227/a, and is in agreement (within ex-
perimental momentum resolution) with the theoretically pre-
dicted value of kp=0.217/a for x=0.60 compound. Addi-
tionally, the hole doping determined by the Fermi-surface
volume in Fig. 1(a) is ~0.6, highly consistent with the dop-
ing concentration of the sample. The magnitude of the nest-
ing vector is also in good agreement with the bulk determi-
nation of a superlattice bistripe-type charge-ordering vector
(0.21, 0.21, 0).3 The agreement between the Fermi-surface
nesting vectors and the superlattice charge-ordering vectors
is not a mere coincidence, and it indicates a close connection
between the Fermi surface in k space and charge ordering in
real space. We will further discuss this interesting correlation
in a future paper. Indeed, the agreement between ARPES
measurements and theoretical calculations as well as charge-
ordering vectors helps to confirm the bulklike nature of the
electronic structure probed in the ARPES experiments.

Figure 3(a) is a schematic plot of the Fermi surface of x
~0.59 samples. Near the zone boundary (blue line) and di-
agonal cut (red line), we measured the dispersive d,2_,2» band
at T=17 K, as shown in Figs. 3(b) and 3(c). Figure 3(d)
shows the energy distribution curves (EDCs) taken at the
Fermi crossings (dashed line) in Figs. 3(b) and 3(c). Both of
them display a quasiparticlelike peak and a large spectral
weight at the Fermi level, characterizing the good metallicity
of this material. This is in accord with the resistivity mea-
surements, in which this material shows the best conductance
among metallic bilayer manganites.®

By fitting the momentum distribution curves (MDCs)
with a Lorentzian line shape on top of a small monotonically
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FIG. 4. (Color online) [(a) and (b)] Band dispersions of x
~(.59 samples within the blue and red frames in Figs. 3(b) and
3(c), respectively, determined by fitting MDCs with Lorentzian line
shapes. [(c) and (d)] Band dispersions of antibonding d.2_,2 states of
x=0.38 samples taken at similar positions to the ones in (a) and (b).
The dashed lines indicate the noninteracting (relative to phonons)
dispersions.

varying background, we can determine the near-E disper-
sion relation within the blue frame in Fig. 3(b), which shows
a “kink” around 50-60 meV [see arrow in Fig. 4(a)]. As
discussed in detail in our earlier study of the x=0.36 and
0.38 compounds,’ this behavior indicates the coupling of the
near-Fermi electrons to a bosonic excitation, with the energy
and momentum scales of the boson related to the kink energy
and the nesting vector, respectively. Overlaying the energy
(50-60 meV) and momentum scale [0.22(27/a)] in Fig. 2(d)
of Ref. 5, we see that the current kink seems to agree well
with coupling to both the bond-bending and bond-stretching
phonons of x=0.4 samples, though there as yet have been no
actual phonon measurements made on samples with compo-
sitions near x=0.6. We also obtained the dispersion relation
along the red cut in Fig. 3(a), which is shown in Fig. 4(b)
with a kink near ~50-60 meV.

The strength of the electron-boson coupling is related to
the strength of the kink, which can be parameterized by the
ratio of the slopes of the low-energy (near-E) renormalized
dispersion and the bare or noninteracting (relative to
phonons) dispersion. The latter is indicated by the dashed
line in Figs. 4(a) and 4(b). In a simple electron-boson cou-
pling model, this ratio is 1/(1+\), where \ is a measure of
the electron-boson coupling strength. Since the ratio of these
slopes is ~1/2 in Fig. 4(a), we estimate the electron-boson
coupling strength at low temperature is ~1, near the zone
boundary, similar to the value in x=0.38 samples.’ In Fig.
4(b), the ratio of the slopes is ~1/3, which gives a coupling
strength of ~2, larger than the one near the zone boundary.
In contrast, the electron-phonon coupling strength has mini-
mal changes throughout the Fermi surface in x=0.38
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samples. In Figs. 4(c) and 4(d), we show the dispersions of
the antibonding d,2_,> states of x=0.38 samples taken from
the same momentum positions and using the same experi-
mental parameters as those in Figs. 4(a) and 4(b), respec-
tively. They clearly show similar electron-phonon coupling
strength of ~1 near the zone boundary and near the zone-
diagonal cut. The drastic change in the electron-phonon cou-
pling strength in x=0.59 samples may suggest strong
k-dependent transport properties in this 2-D material. How
this anisotropy happens is not clear, and further study is
needed to uncover its origin and its influence on the carrier
transport.

The study of the A-type antiferromagnetic phase is still
under way, and only a small body of information is available,
in contrast to the intensively studied ferromagnetic phase.
More investigations are demanded to explore the nature of
the A-type antiferromagnetic phase, in particular the physical
properties near x=0.60, where the metallic states compete
strongly with the bistripe charge/orbital ordering.

IV. CONCLUSION

In summary, we have presented the electronic structure of
the metallic ground state of La,_,,Sr,,,Mn,0; (x=0.59)
and interpreted the results in terms of the corresponding
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GGA-based band-structure computations. We found that, due
to the A-type antiferromagnetic spin ordering, there is no
bilayer-split band structure and the d52_,2 states are unoccu-
pied. A kink structure in the dispersion relation is observed,
suggesting strong electron-phonon coupling with A~ 1-2.
Strong momentum dependence of may indicate anisotropic
transport properties in x=0.59 samples.
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