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We present an angle- and spin-resolved photoemission study of half-metallic three-dimensional perovskite
La,/3Sr;;3sMnO5 thin films grown with pulsed laser deposition. The experiments are performed in the (100)
mirror plane. The experimental results are related to GGA+ U calculations through simulations of photoemis-
sion spectra, which take into account the final state broadening in surface-perpendicular momentum and the
initial-state broadening in energy. We demonstrate that due to the three-dimensional nature of La,;Sr3MnO3,
these intrinsic mechanisms of the photoemission process give rise to deviations of the photoemission spectrum
from the spectral function corresponding to the strict momentum conservation. In the spin-integrated data, we
identify ghost spectral intensity coming from states with different momenta and, in particular, nonvanishing
intensity filling the whole interior of the central Fermi surface spheroid. In the spin-resolved data, we find
experimental polarization values near the Fermi surface of 55% at the normal emission and 80% at off-normal
emission. Despite a seeming contradiction to the half-metallic picture, such a reduction in spin contrast is
reproduced by our simulations as a result of the broadening mechanisms and is consistent with the half-metallic

nature of La,;3Sr;,3MnOs;.
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I. INTRODUCTION

Among the Mn oxide compounds, the exotic physics of
mixed-valence manganites La,_,Sr,MnO; (LSMO) have re-
ceived particular attention. Besides the famous colossal mag-
netoresistive (CMR) behavior, a notion of “half-metallic fer-
romagnets” is often cited for LSMO compounds, which is an
important issue for spintronics applications. Below the Curie
temperature (7,) the hole-doped La,;Sr;,sMnO; is a double-
exchange ferromagnet exhibiting symbiotic ferromagnetism
and metallic conductivity through Mn** and Mn** valence
states. The ground state of these electrons, subject to a strong
Hund’s rule coupling to the localized 1,, spins, is predicted to
be 100% spin polarized.! The most direct method to measure
spin polarization is based on photoemission (PE) because
this technique directly probes the spin polarization of the
occupied electronic states. In the pioneering work of Park
et al.’ a metallic cutoff at the Fermi energy (Ej) for the
majority spins and an insulating gap of 600 meV for the
minority spins (half-gap) was observed. This evidence of
100% spin polarization is in contrast to spin polarization data
based on transport measurements (see the review of
Nadgorny?), which generally do not allow one to measure
100% spin polarization. For this reason, La,;3Sr;,3;MnO5; was
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proposed to be a transport half-metal rather than a conven-
tional (true) half-metal, where the minority density of states
(DOS) is at Ex N|(Ef)=0. The absolute spin polarization
measured in Ref. 2 remains subject of debate with spin po-
larizations ranging from 90% (Ref. 4) to 35% (Ref. 3), sug-
gesting that there must be some contribution of the minority
spin bands at Ej [N |(Ep) #0]. Thus, there has been contin-
ued experimental effort over several years to convincingly
verify the truly half-metallic 100% polarization at the Fermi
level.

An important limitation of the PE-based measurements by
Park et al.? was the fact that they were unresolved in k space.
Namely, the surface roughness of their sample precluded a
defined crystallographic direction, and so their measurements
had to be considered angle integrated. Improved sample
quality with a well-defined surface orientation and mono-
crystalline film growth are central issues for successful
angle-resolved PE spectroscopy (ARPES) measurements on
La2/3Sr1/3MnO3.

La,;;Sr;sMnO; is a three-dimensional (3D) system. Its
electronic structure near Ep is formed by two e, orbitals
having 3z2—r% and x*-y? symmetries (see, for example, a
review in Ref. 5). The Fermi surface (FS) consists of an
electron spheroid around the I' point in the Brillouin zone
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FIG. 1. (Color online) (a) GGA+ U calculated Fermi surface of
La,/3Sr;,3MnOs3. (b) Cut (dashed line) of the central FS spheroid in
the (100) mirror plane (I'X azimuth) where our ARPES and
SARPES spectra were measured.

(BZ) center, and hole cuboids around the R points in the BZ
corners, as shown in Fig. 1. Such a FS, also shown in Ref. 6,
has a pronounced 3D character. ARPES is a power technique
to determine the electron dispersions E(k) with resolution in
k space. However, the determination of 3D dispersions suf-
fers from a fundamental property of the ARPES experiment
that due to inelastic scattering the extension of the PE final
state wave function into the crystal interior is limited to the
mean free path N the order of a few angstroms. Such a con-
finement in the surface-perpendicular coordinate results in an
intrinsic uncertainty in the surface-perpendicular K, momen-
tum, described by its broadening k| in the order of a few
tenths of the BZ extension. This gives rise to a significant
distortion in the PE signal from the bands with dispersion in
k, (see, for example, a recent review in Ref. 7 and the ref-
erences therein).

Here, we present angle- and spin-resolved PE data on
La,/3Sr;,3sMnO; concentrating on the central spheroid of the
FS in Fig. 1(b). The experimental results are supported by
band calculations and simulations of the ARPES spectra, tak-
ing k| broadening into account. We demonstrate that the 3D
nature of La,;;Sr;,3;MnO3, in combination with k, broaden-
ing, gives rise to a plethora of unusual effects, which may
look like a collapse of the interpretation of the ARPES data
in terms of direct transitions in photoemission. In particular,
in our spin-resolved data, the 3D effects appear as a reduc-
tion in spin contrast at the FS, which might otherwise be
misinterpreted as deviations of La,;Sr;3MnO; from the
half-metallicity.

II. EXPERIMENT AND RESULTS

Our measurements were made on a 130 nm thick hole-
doped La,/;3Sr;,3sMnOj5 film deposited on a SrTiO5(001) sub-
strate by pulsed laser deposition.® The sample showed a clear
1 X 1 low energy electron diffraction pattern without signs of
surface reconstructions. The measured 7-=297 K, in coinci-
dence with the maximum of the sample resistivity, was typi-
cal of these CMR materials. The sample was in situ trans-
ferred to the ARPES spectrometer at the Surface and
Interface Spectroscopy Beamline at the Swiss Light Source
at Paul Scherrer Institut for the ARPES measurements. The
electric field vector of the linearly polarized synchrotron
light and the sample normal were in the plane of incidence,
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with the incidence angle being 45° relative to the sample
normal. The sample was oriented in such a way that the
(100) mirror plane of the crystal (I'X azimuth) was in the
plane of incidence. During the experiment, the sample tem-
perature was 60 K. The photon energy hv=38 eV was cho-
sen to maximize the normal emission intensity at £, which
corresponds to the Fermi surface crossing along the I'Z di-
rection of the BZ.°

Figure 2 shows our spin-integrated data: (a) the energy
distribution curves (EDCs) and (b) the momentum distribu-
tion curves (MDCs) rendered from them in the experiment
and [(c) and (d)] ARPES simulations discussed later. The raw
EDC plots were normalized to the background above Ej.
The energy resolution of the analyzer was 50 meV. In order
to see more clearly the experimental dispersive feature of the
spectral features A and B, the second derivative of the
ARPES spectra in Figs. 2(a) and 2(b) is plotted in color (e)
such that light parts correspond to energy bands. Similarly
for the simulated data, the second derivative ARPES is seen
in (f).

The spin-resolved ARPES (SARPES) measurements on
the in situ transferred sample were performed at the same
beamline using the complete photoemission experiment
(COPHEE) spectrometer equipped with two Mott
detectors.'” As the spin detection efficiency of the Mott de-
tectors is a factor of 1000 smaller compared to that of the
spin-integrating analyzer, the resolution in the spin-resolved
photoemission was relaxed to 150 meV. Since the epitaxial
La,/3S1;,3MnO; films have an in-plane magnetic anisotropy
with the (110) easy magnetization axis,!' the sample was in
situ magnetized with a pulsed field of ~100 Oe parallel to
the sample surface in the [110] direction (I'M azimuth). As
revealed by ex sifu magnetic hysteresis measurements, this
pulsed magnetic field was sufficiently intense to magnetize
the sample remanently. In order to eliminate the instrumental
asymmetry of the Mott detectors (Sherman function of 13%),
the data were cross-checked by magnetizing the sample in
opposite directions. The incident geometry, azimuthal orien-
tation, and photon energy hv=38 eV were the same as for
the above ARPES experiment. The measurements were per-
formed for two emission angles, corresponding to the normal
emission and to k;=0.47/a at the binding energies near Ep.

The raw SARPES measurements of the Mott detector
counts N* and N~ were first rendered into the in-plane and

out-of-plane components of the spin polarization P:x:x:
shown in Figs. 3(a) and 3(b). The measured polarization is
found to be parallel to the easy magnetization axis along the
I'-M direction (no out-of-plane spin polarization is detected),
which is in agreement with the in-plane magnetization in
epitaxial (strained) La,;Sr;3MnO; films. Second, based on
P and the total yield of the Mott detectors N* +N~, the ma-
jority (1) and minority (/|) currents were calculated [Figs.
3(c) and 3(d)].

Our SARPES results show significant differences from
the essentially angle-integrated results by Park et al.?

(i) Our values of spin polarization at E are 55 = 10% for
k=0 and 80* 10% for k;=0.47/a. This is much lower than
the values close to 100% reported by Park et al.

(ii) The P spectra in Fig. 3 show distinct features (marked
with arrows), which appear as kinks in the /| plots (see the
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FIG. 2. (Color online) Experimental spin-integrated (a) EDC and (b) MDC spectra, measured with 27v=38 eV, compared to simulated (c)
EDC and (d) MDC spectra rendered from ARPES simulations in Fig. 4(b). In (a) and (c), the EDC corresponding to kg is shown in bold. ()
The negative second derivative of the experimental ARPES data (yellow =maximum amplitude) is compared to that of the simulated ARPES
intensity map in (f). [(e’) and (f')] The Fermi intensity I, (full line) is integrated =150 meV at £ and is compared for both experiment (e’)
and simulation (f) together with their first derivative plots (dashed lines). The band dispersions at k, =0 include the conduction band bottom
[full lines in (e) and (f)] and those at k | =0.457/a corresponding to hv=38 eV (dashed lines). The spectral features A, A’, B, C, and Fermi
momenta k?‘ on both experimental and theoretical sides are discussed in the text.

insets). More specifically, for k;=0.47/a, there is a sharp
onset in /| near a binding energy of 200 meV. For k=0,
there is less pronounced but still notable onset near
400 meV. These features are missing in the data of Park
et al.

(iii) Consistent with the spin-integrated data, our /; and /|
spectra show a broad spectral feature “C” in the region of
1 eV. For k=0, this feature is more pronounced and notably
shifted to lower energies in [; compared to [I;. For
ky=0.4m/a, it becomes less pronounced in both /; and /;. No
such structures were observed by Park ez al.

III. THEORETICAL MODEL
A. Band calculations

The experimental spectra were interpreted based on gen-
eralized gradient approximation with Hubbard parameter
(GGA+U) band calculations. To account for Sr doping, the
calculations were performed within the virtual crystal ap-
proximation (VCA). This approximation replaces the random
crystal potential with intermixed La and Sr atoms by a peri-
odic one taken as an average of the La and Sr atomic poten-
tials. Although the VCA leaves away the effects of broaden-
ing in k space associated with disorder, it is presently the
only numerically feasible method to treat complex disor-
dered systems such as LSMO. Furthermore, our study fo-
cuses on the Mn-O derived e, states near Ey where the dis-
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FIG. 3. (Color online) [(a) and (b)] Spin polarization P mea-
sured with 7v=38 eV. The error bars reflect statistical errors of N*
and N~ electron count rates. [(c) and (d)] Spin-resolved spectra for
I; and 1| for ky=0,0.47/a. Data in the insets have AE=0.02 eV; in
other panels, they are averaged over AE=0.08 eV. Dashed lines are
a guide to the eye that highlight kinks in /| marked by arrows. The
I, shoulder, marked with A in inset (b), is discussed in the text.
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FIG. 4. (Color online) k- and k -resolved
GGA+U (U=2eV) dispersions of the (a) major-
ity and (a’) minority spin bands along I'X. The
simulations of the ARPES intensity maps corre-
sponding to k) ~0.457/a (hv=38 eV) are seen
1.0 in (b) for majority and in (b’) for minority spin
bands. The spectral features A, A’, and B are
discussed in the text, k; and kj are Fermi mo-
menta (kp.<kg), and the vertical dashed line in

(b) corresponds to the off-normal-emission angle
where spin-resolved data in Fig. 3(b) are
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order effects are less pronounced for the following reasons:
(1) In the LSMO structure, the MnO planes are separated
from the disordered LaSrO planes; (2) despite different
atomic radii, the scattering potential of Sr and La atoms for
the valence electrons is similar, which results in a fairly
small perturbation of the valence band electronic structure. A
tetragonal distortion of the LSMO perovskite structure with
an axial ratio c/a of ~0.99 was used to account for a slight
tetragonal distortion of the epitaxial films.® The calculations
were performed with the WIEN2K code'? employing the aug-
mented plane wave plus local orbital (APW +LO) computa-
tional scheme.

The U parameter in our calculations was adjusted to the
experimental data and cannot be directly related to electron
correlations like Hubbard’s U. We have estimated the U pa-
rameter to be around 2 eV from the energy position of the 7,
states, which were most sensitive to its variations. The ma-
jority e, states were fairly insensitive to U and already
formed the correct FS with U=0. However, having U>0 is
essential to reproduce the half-metallic properties of
Lay/35r,,3MnO3 because with U=0 the minority e, states
reach the Fermi level. In fact, the effect of U on the band
structure has been addressed by several authors.'* Livesay
et al.® noted that there are two small minority electron sheets

at Er and that a tiny downward shift in the Fermi energy
would make these disappear, causing the system to become
half-metallic. We note that this is exactly what happens also
for GGA+U calculations, with U # 0. Interestingly, the pre-
vious calculations on layered LSMO in Ref. 13 also used
U=2 eV and showed qualitatively the same effect of U on
the spin-up and spin-down bands.

Computational results in the (100) mirror plane for the
spin-up band structure are shown in Figs. 4(a) and 4(b) as a
projection of the 3D dispersions E(kj,k ), where k| is dis-
played by means of a color scale ranging from yellow for
k, =0, through red to black for k, =|T'Z|. The bands with
different K, momenta cross Ey. at different k. Here, we focus
on the central 3D paraboloid around the I' point, which
forms the central electron spheroid of the FS. The &, disper-
sion of the paraboloid is due to the 3z%>—r? orbital contribu-
tion to the wave function. The band just below the parabo-
loid is formed from other e, bands derived from the x?-y?
orbital.

The horizontal sections of the FS shown in Fig. 1 are
formed by bands having strong &, dispersion due to the large
weight of the 3z2—7? orbital in their wave function. On the
other hand, the vertical sections with negligible k, disper-
sion are formed by an overwhelming weight of the x?—y?
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FIG. 5. (Color online) Spin-resolved GGA+U band structure
dispersions along the I'Z direction in normal emission (k;=0). Due
to k| broadening, for a given £ (@), the spectral intensity /(E/, hv)
in ARPES simulations for low photon energies is averaged over
Sk equivalent to ~20% of the BZ (hatched area).

orbital. Thus, the ARPES and SARPES study in the I'-X
azimuth presented in this paper is sensitive to bands with the
3z%—r? orbital character.

B. Photoemission simulations: Lifetime
and k  -broadening effects

A fundamental difficulty in the interpretation of ARPES
data on three-dimensional systems is an intrinsic broadening
of the electron momentum component perpendicular to the
crystal surface k. This results from the fact that due to a
finite photoelectron lifetime, the final state extension perpen-
dicular to the surface is confined by the photoelectron escape
depth N. The intrinsic broadening is then inversely propor-
tional to it as ok, =1/\, with ok, taken at full width at half
maximum (FWHM).

Simulations of the ARPES spectra including both finite
photoelectron and photohole lifetimes were performed as de-
scribed in Ref. 7. Briefly, the final-state (photoelectron) spec-
tral function A/(E,K) is reduced in energy to the & function at
the fixed final-state energy E/. However, due to finite photo-
electron lifetime, Af (E,K) has an intrinsic broadening in k|
characterized by the Lorentzian distribution Ak )

=W<m. This distribution is centered at k' of the
nominal direct transition given by the final-state dispersion at
E/ and has FWHM equal to &k, . This is schematically de-
picted in Fig. 5, where for a given k\(|)=0 (*), the spectral
intensity I(E/,hv) is to be weighted over the &k, interval
(hatched area).

On the other hand, the initial-state (photohole) spectral
function AY(E,k) is reduced to the & function at a well-
defined k| characteristic of propagating Bloch waves. How-
ever, due to the finite photohole lifetime, it has an intrinsic
broadening in energy characterized by the Lorentzian distri-
bution A/(E)= m Contrary to the k, broadening
mentioned above, this distribution is centered at the quasi-
particle (QP) band energy E'(k,) and has a lifetime broad-
ening at FWHM given by the imaginary part of the electron
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self-energy as 2 Im 2. It should be noted that the Lorentzian
shape of A/(E) is, in fact, a zero-order approximation, imply-
ing that Im X, is energy independent.'> As shown below, such
a correction to AY(E) in the simulated spectral function
I(E',hv) hardly affects the analysis of our ARPES data.

Assuming a constant photoemission matrix element, the
ARPES signal for a given E/ and photon energy hv is then
found by the integration of the above spectral functions over
k, through the whole BZ as I(E/,hv)=[p,A/(k )AYE)dk, .
The initial-state spectral function thus appears in the ARPES
spectrum as weighted over the final-state k£, broadening in-
terval around the nominal direct transition at k' .

In such a case, a correct description of the final states
would require calculations on top of the APW+LO of com-
plex band structure and matching of the damped Bloch
waves to the outgoing photoelectron plane wave in vacuum.
At the present computational level, this strict approach is
hardly feasible for complex systems such as LSMO, which
has forced us to use the free-electron approximation for the
final states, completely ignoring the matrix elements.

The main parameter of the simulations, i.e., the ok final-
state broadening, is determined by the photoelectron escape
depth N. As no experimental data on A are available for
La,/3S1;,3Mn0O;, we have estimated it from the “universal
curve.” In our photon energy region, it predicts A of the order
of 5 A, which translates into &k, about ~20% of the BZ
(Fig. 5).

Another simulation parameter, i.e., the Im 3 initial-state
lifetime broadening, was estimated from the experimental
spectral peaks originating from the bands flat in k,, whose
energy broadening is reduced to 2 Im 3. A reasonable de-
scription was found with Im ¥ varying linearly from zero at
Er to 0.5 eV at a binding energy of 8 eV near the valence
band bottom [the region of the quadratic energy dependence
near Ep typical of the Fermi liquid (FL) is negligible on the
valence band energy scale]. Interestingly, this energy depen-
dence of Im 2, appears to be close to that found from ARPES
on a series of noble materials.'® Finally, we have incorpo-
rated the finite experimental resolution by convoluting the
simulated spectra with a Gaussian having the corresponding
FWHM of 50 meV for the spin-integrated ARPES and of
150 meV for the spin-resolved ARPES.

For comparison with our experimental spin-integrated
data obtained with variable hv, we have performed ARPES
simulations through the whole k; extension of the BZ with a
discrete set of the k(i momenta along the I'Z direction. The
full results of these simulations are available as a movie.!” A
few important excerpts follow.

1. The simulated intensity at E for k=0 is plotted in Fig.
7(b), full line. Interestingly, due to k|, broadening, the maxi-
mum of intensity at Ep appears at around k5 =0.45m/a,
which is notably displaced from the exact theoretical Fermi
vector k;=0.497/a. In the following, such wave vectors de-
livering maximal photoemission intensity at E will be des-
ignated as k.

2. The ky dispersion map of the spectra simulated with the
above k' =kj. at the Fermi intensity maximum is shown in
Fig. 2(f), mirrored with the experimental map in Fig. 2(e).
These data are also represented as EDC and MDC plots in
Figs. 2(c) and 2(d) below the experimental curves.
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The simulated k; dispersion maps in Figs. 2(f) and 6 im-
mediately show effects of k|, broadening, particularly in the
region of the 3z2—7r? paraboloid: First, without k, broaden-
ing (8k, =0), the ARPES peaks would exactly follow the
band structure for the nominal direct transition at , =kj, [full
lines in Figs. 2(e) and 2(f)], and the signal from the parabo-
loid would reduce to a narrow peak close to Ep dispersing
around k;=0. With &k, broadening, the ARPES intensity for a
given k; picks up contributions from all k, through BZ. This
results in the appearance of the paraboloid as a sort of pro-
jection over k, with nonvanishing intensity filling out its
whole interior and with only a remnant intensity enhance-
ment near k;=0. In particular, a clear Fermi edge is seen
through the whole k extension of the paraboloid. This spec-
tral feature is labeled A. Second, there appears feature A’,
which has no counterpart in the band structure for k' =k,
but only in that for k‘i:O [dashed line in Fig. 2(e)]. Since
features A and A’ become accessible via k| broadening, we
label them as “ghost” features. Feature A’ corresponds to the
minima of the k, dispersion of the paraboloid (with a slight
intrinsic shift inside the band interior’), whose contribution
to the total intensity is enhanced due to the singularity of
one-dimensional DOS ()~ (1DOS).

Finally, feature B originates from the k; dispersion of
electrons with the x*>—y? orbital character. It sticks to the
upper edge of the band, which gives the largest contribution
to the ARPES intensity because of flat k, dispersion and,
thus, large 1DOS.

C. ARPES spectra vs spectral function in three dimensions

For two-dimensional systems, such as bilayer manganites,
the ARPES spectra, neglecting the matrix element variations,

directly represent the photohole spectral function A/(E,Kk).
This fact is often used to test the Fermi liquid properties of
the electron system in solids.'®!° In fact, for the bilayer man-
ganites, the QP spectral function was experimentally
observed.?

However, for 3D systems, such as in our case, the con-
nection between ARPES and A/(E,k) is more complex.
Namely, the ARPES spectrum for a given k; is formed by
piling up all A(E,k) whose k, spans over the whole
k | -broadening interval, which, in our case, is ~20% of the
BZ extension. To illustrate this effect, Fig. 6(a) compares the
simulated ARPES intensity [also seen in Fig. 4(b)] and the
pure spectral function A/(E,k). Figure 6(b) captures the dif-
ference between the two for k;=0. It clearly shows that (i)
the extraction of k-resolved A/(E,Kk) for 3D materials is non-
trivial in particular for the e, electron states; (ii) the experi-
mental observation of QP peaks, smeared in k , is more
challenging.

IV. DISCUSSION
A. Spin-integrated ARPES

The experimental photon energy dependence of the
ARPES intensity at E for k;=0 is shown in Fig. 7(b), with
the hv values rendered into k| using a free-electron approxi-
mation for the final states with an empirical inner potential of
10.16 eV.? In principle, for complex materials, such as
LSMO, such approximation can only be expected to work in
a limited energy and k-space region. We have therefore re-
stricted its use to a narrow energy region near the I" point
where the inner potential was adjusted.” The relevance of this
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FIG. 7. (Color online) (a) Experimental FS
cut in the I'-X azimuth (data taken from Ref. 9).
Dashed line represent the path in the k space of
the ARPES measurements with Av=38 eV (free
electron final state). The full line represents the
FS cut, also seen in Fig. 1(b). (b) Experimental
and simulated PE-intensity profile at Er along the
I'Z direction (k;=0). kEZ denote the theoretical
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description of the final states is evidenced in Fig. 7(b) by the
agreement of the experimental and theoretical photon energy
dependences. The maximum is achieved with hv=38 eV,
corresponding to k, ~0.4m/a. This experimental depen-
dence is well reproduced by the simulations, although the
intensity maximum is shifted to k, ~0.457/a (such a minor
discrepancy in k, can be attributed to inaccuracies of either
the free-electron approximation or computations).

The experimental data in Fig. 2 for hv=38 eV should
therefore be compared to the simulation for k&, ~0.457/a.
The changes of k, with variation of k; in our experimental
data in Fig. 7(a) are insignificant for our comparison, particu-
larly in view of k, broadening.

1. ARPES spectra vs band structure

Figure 2 compares the simulated and experimental k; dis-
persion data sets in various representations. We immediately
see the characteristic effects of the k, broadening predicted
by ARPES simulations, with the nonvanishing intensity fill-
ing out the whole interior of the 3z>—r? paraboloid with a
clear Fermi edge through its k; extension. In fact, such an
effect of the k, broadening is fairly typical of 3D materials;
for example, it can be recognized in the ARPES spectra of
Cu measured in the region of the sp-band paraboloid.?! Fea-
tures A and B readily find their counterparts in the experi-
mental spectra, with convincing agreement on both disper-
sions and energy positions of these structures, including the
position of the conduction band bottom at ~1.7 eV. Only
feature A’ is not visible in the experiment even in the second
derivative intensity map in Fig. 2(e). This is presumably be-
cause the PE matrix element, ignored in our simulations,
normally reduces much in the k, dispersion extremes?’
where feature A’ originates.

The line shapes of the experimental and theoretical curves
in Fig. 2 indicate, however, a gross discrepancy, the strong
and broad structure C (better resolved in the spin-resolved
spectra in Fig. 8). It is centered at k;=0, slightly disperses
with kj, and protrudes its MDC tails beyond k; momenta of
0.47/a. Dessau and Shen explained a similar structure in a
layered LSMO in terms of Franck—Condon broadening
(FCB).% Our ARPES simulation does not account for FCB
bosonic degrees of freedom in the PE process and, therefore,
cannot reproduce this peak. It should be noted that FCB
structures identified in ARPES data on layered LSMOQ%*23
have k; dispersions that are significantly stronger than those
in our three-dimensional case. Presumably, the dispersion in
ky is suppressed by averaging over k, similar to the above
k | -broadening effects for QP peaks.

k,(n/a) along I'Z

1.0 Fermi momentum, which is compared to the ex-
perimental one in the text.

The dispersion of the experimental band B in comparison
with the GGA + U calculations in Figs. 2(e) and 2(f) does not
show any significant renormalization. The situation is, how-
ever, different for peak A around a binding energy of
400 meV. In fact, this peak is similar to peak A around

(@) k,=0.45n/a, k=0

Intensity (arb. units)

\
2.5 -2.0 -1.5 -1.0 -0.5 Er
. E-E (eV)
Experiment:

—— o Al
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ZOO2
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——al" broadening on
72 majority spin GGA+U
& minority spin GGA+U

} broadening off
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(b) k,=0.2/a, k,=0.4n/a
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Intensity (arb. units)
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FIG. 8. (Color online) Experimental /7 (O) and simulated AI™
difference spectra with lifetime, k|, broadening and Gaussian con-
volution reflecting the experimental resolution of 150 meV (broad-
ening on, <), compared to the Al simulation where the lifetime
and k, broadening were reduced by a factor of 1000 (broadening
off, hatched areas). The peaks A’, B, and C are discussed in the
text. Experimental data for (a) k=0 and (b) k;=0.47/a are com-
pared to simulated spectra where k;, momenta have maximum in-
tensity at the Ey [indicated with () in the BZ inset]. The vertical
dashed lines below Ef are related to the kinks pointed to by arrows
in Fig. 3.
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500 meV found in the data of Chikamatsu et al.>* They have
interpreted the upward shift of this peak from their
LDA+U calculated conduction band bottom at around
1.3 eV, as a signature of band renormalization due to strong
electron-phonon coupling or, in our terminology, the FCB
peak. However, our ARPES simulations in Fig. 2 reproduce
this peak as a signature of 3D effects originating from the
3z2—r? paraboloid. A characteristic of this origin is the varia-
tion of the peak energy with k|, as illustrated by our ARPES
simulations compiled in a movie.'” A difference of
~100 meV in the peak energy between our data and that of
Chikamatsu et al.’* can therefore be attributed to a certain
difference in k, between the two experiments. In fact, their
determination of k, used empirical free-electron final states
with the inner potential optimized for the normal emission,
which may become inaccurate when extended to the next BZ
(large K; values). Such non-free-electron effects in the final
states are presumably strong in La,;Sr;sMnOs; with its
highly modulated crystal potential. The FCB structure is,
nevertheless, found in our data as peak C. Following the
band renormalization approach in Ref. 24, the binding en-
ergy of peak C, compared to the GGA + U calculated conduc-
tion band bottom, yields an effective mass renormalization
factor of =2. Such value is characteristic of a moderately
strong electron-phonon coupling, also found in bilayer
manganites.”6

A more elaborate analysis of our data would require tak-
ing into account the non-free-electron effects in the final
states as well as the matrix element effects, which can be
achieved within the one-step photoemission theory (see, for
example, Ref. 31 and the references therein). Most time con-
suming part of this strict approach is computation of the final
states described by damped Bloch waves with complex
surface-perpendicular &, . Although this can, in principle, be
performed on top of APW+LO computations using k-p
expansion,’! such computations still remain hardly feasible
for complex materials such as LSMO. This has forced us to
restrict our analysis to the free-electron approximation and
neglect the matrix element effects.

2. Determination of ky

The determination of kr along the surface-perpendicular
direction I'Z in the BZ is illustrated in Fig. 7(b). The simu-
lation shows that due to k; broadening, the Fermi intensity
maximum kp=0.457/a is slightly shifted from the true
kr=0.497/a. Using this difference to correct the experimen-
tal kp=0.4m/a, we arrive at experimental k£Z=0.447T/ a. At
first glance, kr along the surface-parallel direction I'X cannot
be determined from our data because our photon energy cor-
responds to the nominal direct transitions at k(1=0.477/ a
away from the I'X line. However, due to k, broadening, the
ARPES spectra for any photon energy show nonvanishing
Fermi intensity through the whole k; extension of the
3z2—r? paraboloid. k along the I'X line can then be identi-
fied from the drops of Fermi intensity as a function of k.
Note that this method to determine kj appears insensitive to
the photon energy. Interestingly, Chikamatsu et al.?* arrived
at the same method starting from arguments of the FL mo-
mentum distribution function n(k).

PHYSICAL REVIEW B 77, 165120 (2008)

We have found the Fermi intensity /r by integration
within =150 meV around Ej. The simulated /x(k;) depen-

dence and its derivative el are shown in Fig. 2(f'). The

ok,
. S - k) .
drop in I identified by the minimum of &IZ—,((H”) is found at

ky=0.45m/a, again slightly displaced from the true
kr=0.487/a, identified from the peak in I, denoted with kg
in Fig. 2(f’). The corresponding experimental curve in
Fig. 2(e’) differ from the simulation by the suppression of
structure A’ and larger smearing in k;, which may be traced
back to broadening in k space due to the random nature of
LSMO, left away by our calculations based on the VCA.
However, the drop in I is again clearly identified by the
minimum of MZ,(:”) around 0.427/a. Correcting this figure for
the displacement from the true ky in the simulations, we
arrive at experimental kEX =0.45m/a. Such a value is in ex-
cellent agreement with kj of 0.43-0.487/a found by Chika-
matsu et al.>* measured at totally different k' corresponding
to hv=88 eV. Our experimental kgz and ng momenta appear
both reduced by ~5% compared to the GGA+U.

B. Spin-resolved ARPES

The experimental spin-resolved ARPES (SARPES) spec-
tra for k=0 and k;=0.47/a from Fig. 3 are compared with
the simulations in Fig. 8. The data are compared in the
I,~1I, representation, with A/ denoting experimental and
AI™ theoretical I-1 1.25 The simulations are performed for
k(i=k}, corresponding to the maximum intensity at Ep
[slightly shifted from the true kg, see Fig. 7(a)]. To trace the
k| broadening and lifetime effects for individual spin chan-
nels, we also show spectra simulated with ok, and lifetime
energy broadening reduced by a factor of 1000. They show
sharp peaks sitting at the GGA+ U band energies.

1. SARPES spectra vs band structure

For the normal emission [Fig. 8(a)] we find a majority
spin e, state close to E. Switching on the k | -broadening and
lifetime effects smears out the e, peak into a hump with a
maximum at around 400 meV (< ). This energy fits well the
position of the kink in the experimental /| curve [Fig. 3(a)],
explaining the sudden reduction in spin polarization around
400 meV. More specifically, the energy where the AI"™ hump
reaches a maximum coincides with the energy where A"
reaches a plateau. However, the simulations completely fail
to reproduce the experimental feature marked C, which piles
up on the plateau at around 1 eV binding energy (BE). It
corresponds to feature C in the experimental spin-integrated
spectra in Fig. 2, which we have tentatively ascribed to the
FCB effects. The fact of significant polarization coming with
this feature corroborates the FCB mechanism, where cou-
pling to the bosonic degrees of freedom does not change the
spin. Thus, the incoherent part of the ARPES spectra in Fig.
2(e) is around 1 eV.

Figure 8(b) summarizes the off-normal (k;=0.47/a) mea-
surements made with the same Av=38 eV as in the normal
emission. Extrapolation of the FS map in Fig. 7(a) to this k
value suggests that these measurements fall into close vicin-
ity of the FS or at least the k , -broadening interval around it.
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FIG. 9. (Color online) Simulated k; dependence of the spin po-
larization at E for different k, momenta and at the Fermi surface
(dashed line). The simulations assume a Lorentzian tail of the spec-
tral functions up to Ep. The experimental data (O) are taken from
Figs. 3(a) and 3(b).

We therefore compare them with simulations for
k,=0.2m/a along the curvature of the theoretical FS in
Fig. 7(a), also indicated in the BZ inset in Fig. 8. Peak B
around 1 eV BE is smeared due to k, broadening, which is
well accounted for in the experimental data and simulation.
For both A/*? and AI™, the GGA+ U band at Ey. is smeared
due to k, broadening. At first glance, this k; broadening
appears similar to that for k;=0. However, Fig. 4(b) indicates
a qualitative difference between the two kj: while k, broad-
ening is active in the interior of the whole paraboloid for
ky=0, for ky=0.47/a it extends towards the ghost feature A’
only.

Our spin-resolved data allow us to totally rule out the
situation that in La,;3Sr;;3sMnQO;, the unoccupied minority
spin bands are shifted down and reach Ef. This situation can
be described by DFT calculations with U =0.* First, accord-
ing to the evaluation in Ref. 3, the expected photoelectron
spin polarization at E in such a case would be only 36%.
This value is lower than the measured 55% beyond the ex-
perimental error bars. Second, the calculations with U=0
suggest that in this case the bottom of the minority spin
bands, found above Ey in Fig. 4(a’), would be ~200 meV
below Ep around the I' point. Although for our normal-
emission measurements k| is away from this point, due to k |
broadening the minority spin bands would still produce a
structure near Ey in the spin-down channel. No such struc-
ture is seen in our experimental data in Fig. 3. We can there-
fore exclude the presence of minority spin bands near E.

2. Spin contrast reduction in SARPES

However, the most striking features of our spin-resolved
ARPES data are the values of polarization at Ej less than
100%, yielded by both k=0 and k;=0.47/a spectra. At first
sight, this fact indicates that La,;3Sr;,3MnO; is not a half-
metallic ferromagnet. However, our simulations within the
half-metallic picture reproduce well the reduced polarization:
Fig. 9 shows the simulated k; dependence of the spin polar-
ization at Ey for k|, following the FS, as well as for different
k, momenta spanning the BZ. The simulated polarization
values of 55% for k=0 and 80% for ky=0.47/a match the
experiment, especially in view of some uncertainty of k, for
our off-normal data.
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Figure 5 gives a physical picture of such a spin contrast
reduction (SCR) effect for the k=0 case as an example. If
the final-state k; broadening and initial-state energy broad-
ening both vanish, the PE spectrum is reduced to a
o-function-like peak near Ep. In our experiment with
hv=38 eV, this corresponds to the direct transition from the
spin-up band at k, =0.4m/a, which yields P=100%. With
the initial-state lifetime coming into play, the tail of the spec-
tral function A’(E) of the spin-down band at k, =0.47/a ex-
tends, in principle, up to Ej [ignoring the steep drop in A/(E)
at £ (Ref. 15)]. However, its amplitude is insignificant com-
pared to the prominent peak from the spin-up band, and P
remains anyway nearly 100%. A dramatic effect comes with
k, broadening: First, the concomitant averaging within &k |
smears the direct transition peak from the spin-up band, re-
ducing its amplitude much, which is now filling the k; exten-
sion of the whole paraboloid [Fig. 4(b)]. Simultaneously, k |
broadening increases the spectral contribution from the spin-
down band closer to the I" point, where it moves to lower BE
[~2 eV, see Figs. 4(a’) and 4(b’) and Fig. 5], increasing the
lifetime tail amplitude near Er. The decrease in spin-up con-
tribution and the increase in spin-down one result in the re-
duction of the spin polarization P observed in the SARPES
spectrum. The SCR is thus a combined effect of the final-
state k|, broadening and initial-state lifetime broadening tak-
ing place at the energy scale larger than the AY(E) drop at
Er." In our case, the resulting deviation of the spin polar-
ization from 100% might have been misinterpreted as devia-
tions of La,;3Sr;3sMnO5 from half-metallicity.

For k=0.4m/a, the SCR effect is less pronounced be-
cause with increase in kj, the uppermost spin-down band
disperses down [see Fig. 4(b)], reducing the amplitude of the
AY(E) tail at Ep. Figure 9 demonstrates that some uncertainty
of k, for our off-normal data is not important because the
variation of polarization with different k, remains compa-
rable with the error bars of the experimental polarization
value.

Figure 9 also indicates that the hallmark of 100% spin
polarization is not expected even for other k-space locations
along the I'X azimuth. Incorporating the true FL spectral
function into our simulations, characterized by the drop in
signal near Ep,'> hardly changes our interpretation of the
experimental data because our energy resolution of 150 meV
is still too large compared to the expected energy width of
the drop in signal in the order of 40 meV. We conjecture,
however, that improvement of the experimental resolution
should yield, for the La,;3Sr;,3;MnO5 half-metal, spin polar-
ization values approaching 100% because the lifetime tails in
this region readily decay to zero at Ep.

3. Ghost features in ARPES and kinks in SARPES

The simulated SARPES spectra in Fig. 8 reflect intrinsic
contributions to the photoemission intensities for noninter-
acting electrons where (i) the electronic many-body re-
sponses to the creation of the photohole and creation of the
electron-hole pairs, (ii) matrix element effects, and (iii) ex-
trinsic inelastic processes are not considered. The latter ef-
fects occur along the way as photoelectrons propagate to-
ward the surface, and collected energy losses move them
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from the elastic peak position to a smoothly rising inelastic
background on the higher BE side underneath the intrinsic
spectrum.?® On the experimental side, this is well accounted
for by a continuous decrease of the polarization P(E) for
higher BE, as seen in Figs. 3(a) and 3(b). At the same time,
AI®? in Fig. 8 smears out the elastic spin-down channel of
the 1, states indicated by AI". Consequently, P(E,K) never
reaches negative values, as expected from the sharp 1,, mi-
nority spin peaks in Fig. 8.

On the other hand, the e, states below E are more influ-
enced by the k | -broadening effects because we find a close
correlation between the AI”* maxima (indicated by dashed
vertical lines in Fig. 8) and the kinks in Fig. 3. This suggests
that the ghost spectral features A and A’ are responsible for
the kinks in the experimental /. In this way, SARPES spec-
tra provide indirect evidence of the ghost spectral feature A’
[Fig. 2(e)], which we did not observe in ARPES [Fig. 2(f)].
SARPES made the detection of this edge possible through a
spin-selective spectral dependence in a simple way: The con-
tribution of the spin-up electrons from the filled paraboloid
exhibits a sudden change compared to flat spin-down life-
time Lorentzian tails in Fig. 4(b”). Hence, the delayed onsets
in I|(E,K) just mimic a half-gap of no relevance for the band
structure.

While the analysis based on AI*” and AI"* gives a quali-
tative agreement with the measured polarization P(E,K), the
I,(y(E k) photoemission intensities derived from P(E,k) do
not reproduce the simulated I’Th( 1) signal seen in Fig. 4. In
off-normal emission [Fig. 8(b)], the change in AI" below Ep,
driven by I’Th, is much more pronounced than for k=0
[Fig. 8(a)]. This is likely the reason why on the experimental
side, we observe a small but noticeable shoulder on sloped
background in /; [marked with A in the inset of Fig. 3(b)].
For k=0, this feature is unresolved [Fig. 3(a)]. In this con-
text, the shoulder is directly related to the spectral feature
A’. Tt is not clear, however, why the kink in the / i channel
appears at the same binding energy of ~200 meV, suggest-
ing that there is some sort of dependency between the /; and
I, channels. The same situation is found for k;=0: The kink
in I is measured at binding energies right after the I’Th
reaches maximum. These thresholds of 400 and 200 meV are
indicated by vertical dashed lines in Figs. 8(a) and 8(b), re-
spectively.

The kinks in /| channels suggest that we cannot simply
use the spin of the electrons as a tag and measure indepen-
dently the photoelectron spectra for spin-up and spin-down
electrons, as assumed within our simulation framework. We
conjecture that, together with &, -broadening effects, a full
many-body response of the interacting electrons and
electron-hole pairs in a photoemission process is needed to
understand the origin of the kinks in the I|(E,k) spectra.

4. Angle-integrated spin-resolved photoemission

An alternative explanation for the kinks in /|(E,k) could
be a contribution of unoccupied minority DOS in the inelas-
tic scattering processes.”® The kinks would then mark the
positions of the bottom of unoccupied minority DOS. Based
on the band-structure calculations from Fig. 4(a’), however,
we would expect the onset in /| for k=0 at lower BE than in
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off-normal emission. Since this is not the case, the coinci-
dence between the kinks and spectral features A, A’ is more
realistic. Thus, we tentatively attribute the origin of the kinks
in I)(E,k) to the spin-dependent interplay between the
k | -broadening and many-body effects in PE.

Interestingly, on the experimental side, the angle-
integrated spin-resolved measurement from Park et al.” cor-
roborates this picture. By angle integration, the “kinks” of /|
in Fig. 3(b) get smeared out in k; due to the dispersion of
feature A’ in k; going down to ~800 meV BE [see Fig. 2(f)].

On approaching the T point, 1 | starts to pile up due to spec-
tral feature A. According to Fig. 2(f), this happens for k
~0.27/a, where A’ reach ~600 meV BE. Thus, in angle-
integrated measurements, the joint effect of A and A’ on /|
suggests a continuous increase of /; around 600 meV BE,
which yields an apparent half-gap of ~600 meV, as reported
in Ref. 2. We emphasize that the apparent half-gap in Ref. 2,
as well as in our data, does not mean that there are no mi-
nority spins detected. It is just a measure of the imbalance
between the N* and N~ Mott detector counts rendered into
absolute spin polarization P via detector calibration.

C. Half-metallicity: A bulk or surface property?

According to the universal curve, the probing depth A in
our experiment is of the order of 5 A, which in our case is of
the order of two La,/;Sr;;3MnOj; unit cells only. This value of
N\ is corroborated by the relevance of the k,-broadening
value used in our simulations. It was speculated (see the
review of Nadgorny® and references therein) that the elec-
tronic structure within such probing depth does not reflect
the bulk properties because of surface effects resulting in
overall band narrowing. However, our ARPES results have
demonstrated a convincing agreement with the bulk
La,/3S1;,3MnO; electronic structure described by GGA+ U,
with a U value of 2 eV, if the intrinsic broadening mecha-
nisms in the photoemission process are taken into account.
For this reason, it is unlikely that the La,;;Sr;3MnO; half-
metallicity is just a surface property.

Yet, recent surface x-ray diffraction study on
La,/3Sr; sMnO5 films?’ have presented a clear experimental
evidence that the surface is different from the bulk: The top
unit cell layer was characterized by significant Sr segregation
with concentration of Sr atoms more than twice higher than
in the bulk, while the subsurface La,;;Sr;;3sMnO5 unit cell
layer already had basically the bulk stoichiometry. Thus, our
ARPES data reflect Mn 3d photoelectrons from the two top-
most unit cells as charge disproportiated Mn3*/Mn** va-
lence states, consistent with bulklike ARPES simulations.
Since for Sr concentrations larger than ~35% the magnetic
structure changes to antiferromagnetic,”’ the suppression of
the magnetization near the surface is expected. As a matter of
fact, x-ray resonant magnetic stattering spectroscopy demon-
strated that magnetization near these interfaces is less than
half the bulk value at low temperatures.® Note that it is this
reduced surface magnetization that was used as a magnetic
quantization axis for our spin-resolved measurement.

The agreement of our experimental data with the
GGA+U bulk band structure seems contradicting, at first
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sight, to the stoichiometric changes near the surface due to
enrichment by Sr atoms. However, the corresponding
changes in the electronic structure remain less significant be-
cause of the effects discussed above in connection with the
La-Sr disorder and the similarity of the La and Sr scattering
potentials.

V. CONCLUSIONS

We have reported spin-integrated and spin-resolved
ARPES data on 3D compound La,;3Sr;,3sMnO5. The mea-
surements were performed in the (100) mirror plane. The
spin-resolved measurements were performed in two k-space
points characterized by a clear Fermi edge in normal and
off-normal emission. The experimental data were interpreted
using GGA + U band calculations and simulations of ARPES
spectra, taking into account the final-state k; broadening and
initial-state lifetime broadening intrinsic for the photoemis-
sion process.

Due to the 3D nature of La,;3Sr;3sMnO;, k, broadening
then results in a plethora of astonishing effects essential for a
correct interpretation of the ARPES data: (1) The ARPES
signal is formed by adding up contributions from all &
within the k | -broadening interval through the BZ and does
not correspond to the spectral function A(w,k) for any fixed
k. This fundamental fact complicates the analysis of the
A(w,Kk) spectral function in 3D systems. (2) The ARPES
peaks appear slightly shifted from the A(w,Kk) peaks in both
energy and k. For example, the maxima of intensity at Ep are
found shifted about 5% from the true Fermi vector. (3) For
all photon energies, the whole energy and k; extension of the
central paraboloid formed by 3z*-r* e, bands is filled by
nonvanishing photoemission intensity with a clear Fermi cut.
In particular, the edges of the paraboloid become visible as
kinks in the spin-resolved spectra. (4) Values of spin polar-
ization at Ey are less than 100%. Despite the apparent con-
tradiction to the half-metallic nature of La, ;3Sr;,3MnO3, such
a spin contrast reduction finds its explanation in the final-
state k| -broadening combined with the initial-state lifetime
broadening coming into play on the energy scale beyond the
QP coherence energy. It should be noted that although—by
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virtue of embedding the essential mechanisms of the elastic
photoemission process—our ARPES simulations have deliv-
ered a remarkable understanding of the ARPES data on
La,/3Str;3MnQOs, further quantitative analysis requires rigor-
ous ARPES calculations within the one-step photoemission
theory that explicitly accounts for the final state and matrix
element effects.’!

Our spin-resolved data also suggest a strong contribution
of inelastic processes to spin polarization, as evidenced by a
dramatic decrease in polarization toward higher binding en-
ergies. The observed kinks in the /| spectra mimic a half-gap
with energy separation significantly smaller than the true gap
in the band structure. Although the exact origin of these
kinks remains unclear within the independent particle picture
used in our simulations, there is a strong evidence that they
are indirectly related to the k, -broadening effects.

Furthermore, we identify a broad and slightly dispersive
ARPES feature around the I" point, which may be explained
as due to the Franck—Condon broadening mechanism. This
interpretation is corroborated by the spin-resolved data,
which show here a peak of polarization because coupling to
the bosonic degrees of freedom would not change the spin.
Finally, the ARPES simulations taking into account the in-
trinsic final-state k, broadening and initial-state lifetime
broadening, have allowed us to reconcile the ARPES data
with the bulk band structure of La,;Sr;,3sMnO; calculated
within the GGA+U framework, without notable flattening
or renormalization of the bands, which would otherwise in-
dicate surface effects or correlation effects beyond the
GGA+U picture. In particular, the spin-resolved data are
consistent with the half-metallic nature of La,;;Sr;,3;MnOs;.
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