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Nature of the Well Screened State in Hard X-Ray Mn 2p Core-Level Photoemission
Measurements of La;_,Sr,MnQO; Films
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Using hard x-ray (HX; hv = 5.95 keV) synchrotron photoemission spectroscopy (PES), we study
the intrinsic electronic structure of La;_,Sr,MnOz; (LSMO) thin films. Comparison of Mn 2p core-
levels with soft x-ray (SX; kv ~ 1000 eV) PES shows a clear additional well-screened feature only in
HX PES. Takeoff-angle dependent data indicate its bulk ( = 20 A) character. The doping and tempera-
ture dependence track the ferromagnetism and metallicity of the LSMO series. Cluster model
calculations including charge transfer from doping-induced states show good agreement, confirming
this picture of bulk properties reflected in Mn 2p core-levels using HX PES.
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Hole-doped manganese oxides with a perovskite struc-
ture of R|_,A,MnO; (R and A being trivalent rare earths,
Nd, Pr, Sm, etc., and divalent alkaline earth elements, Ca,
Sr, Ba, respectively) exhibit a rich phase diagram origi-
nating in complex collective phenomena due to interplay
among spin, charge, orbital, and lattice degrees of free-
dom [1,2]. Among the manganites, La;_,Sr,MnO;
(LSMO) is a prototypical series showing the largest
one-electron bandwidth and, accordingly, is less signifi-
cantly affected by electron-lattice and Coulomb correla-
tion effects [2]. The parent compound LaMnOj; is an
antiferromagnetic (AFM) insulator which becomes,
upon hole doping induced by substitution of Sr for La, a
ferromagnetic (FM) metal [3] exhibiting colossal mag-
netoresistance. The optimal doped compound (x = 0.4)
exhibits the highest Curie temperature (7¢) of 360 K
among manganites and a half-metallic nature [4].
Further hole doping induces a magnetic transition, trans-
forming the FM metal to an AFM metal phase for x >
0.5 [5]. In the case of thin films, the critical temperature
and resistivity change slightly compared to the bulk ma-
terials due to the strain from the substrate, but the quali-
tative physical properties are similar to the bulk
materials, provided the films are at least ~10 unit cells
(~30 A) thick [6-9].

In particular, high-quality bulk and thin films of the
LSMO series do not exhibit charge order and are also free
of micro- and nanoscale phase separation phenomena
seen in the La-Ca, Nd-Sr, and Pr-Sr manganites [2].
However, ultrathin films of LSMO (i.e., <30 A or ten
unit cell thickness) are known to show a suppression of
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metallicity, ferromagnetic 7, and magnetization [6,7]. In
order to clarify the origin of these unusual physical
properties, it is important to investigate the electronic
structure of LSMO with a depth sensitive probe. Photo-
emission spectroscopy (PES) has long played a central
role in studying the electronic structure of strongly cor-
related electron systems including manganese oxides [9—
14]. Temperature-dependent half-metallic ferromagne-
tism, charge and orbital ordering, and its connection
with the electronic structure and colossal magnetoresis-
tance of the manganites have been clarified [11-13].
Nevertheless, the change in the Mn 2p spectra of man-
ganese oxides with hole doping is still not conclusive [9—
11,14]. Core-level spectra, such as the 2p levels of man-
ganese, are very surface sensitive even if soft x rays (SX;
hv ~ 1000 eV) are used, owing to short mean free paths
of the emitted low kinetic energy electrons. In addition,
since correlation-induced changes at the surface of 3d
valence electron systems has been reported [15-17], the
2p core levels of 3d transition metal compounds can also
be expected to be much affected by the surface. Recently,
high-resolution PES studies using hard x rays (HX; hv ~
6 keV) have been realized [18,19], making it possible to
reveal the true bulk electronic structure up to depths of 50
to 100 A. In this work, we have performed Mn 2p core-
level spectroscopy of LSMO thin films using HX PES.
Composition, temperature, and depth-dependent experi-
ments and cluster model calculations are applied to show
that bulk properties are reflected in core-level HX PES.
The LSMO thin films were grown epitaxially on
SrTiO; (STO) substrates by laser molecular beam epitaxy
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(laser MBE) and the thickness was accurately determined
from reflection high energy electron diffraction intensity
oscillations to be 100 ML (=400 A). Resistivity and mag-
netic properties of fabricated films were measured before
PES measurements and the suitability of these values was
confirmed [6-9]. HX-PES experiments were carried out
at undulator beam lines BL29XUL [20] and BL47XU of
SPring-8. The detailed growth conditions and HX-PES
instrumentation details are described in Refs. [9,21] and
Refs. [18,19], respectively. The films were transferred into
the PES chamber for HX PES from air without any
surface cleaning procedures. Hard x rays as an excitation
source enable us to measure PES spectra without surface
cleaning procedures, due to the large escape depth of
photoelectrons with high kinetic energy [18,19,22]. The
total energy resolution was set to about 300 meV. The
energy scale was calibrated using the peak position of Au
4f core level and the Fermi level (Er). SX-PES measure-
ments were carried out at BL-2C of KEK-PF using a
combined laser MBE and PES spectrometer [9,21].
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FIG. 1 (color). (a) Mn 2p core-level spectra of LaMnO;

measured with different probing depth by changing photon

energy (800 eV and 5.95 keV) and emission angle (0°, 10°,

and 75°). The inset shows the experimental configuration.
(b) The Mn 2p3/, region on an expanded scale.

Figure 1 shows Mn 2p core-level spectra of LaMnOj at
300 K measured with different probing depths by chang-
ing the photon energy and emission angle. An integral
background has been subtracted from raw data. The esti-
mated probing depths [22] at (i) hv = 800 eV, 6 = 0°
(SX spectra), (ii) hv = 5.95 keV, 6§ = 75°, and (iii) hy =
5.95 keV, 6 = 10° (HX spectra) are 6, 20, and 70 A,
respectively. Note that the SX-PES spectrum has been
measured using an in situ technique [21] and surface
contamination is negligible in the SX-PES spectrum.
Nevertheless, there are obvious differences between the
SX- and HX-PES spectra. In the SX-PES spectrum, a
shoulder structure at the binding energy (BE) of about
642 eV is clearly observed. The intensity of this shoulder
structure at the high BE side of the Mn 2p;/, systemati-
cally decreases with increasing probing depth. The sys-
tematic reduction of the shoulder structure indicates that
this feature has a surface electronic structure component,
which is minimized in the HX-PES spectrum.

A more remarkable difference between HX- and SX-
PES spectra is a new shoulder structure at the low BE side
of Mn 2p;,, main peak in the HX-PES spectra. The
intensity of this feature systematically increases with
increasing probing depth, in contrast to the high BE
side shoulder of main peak. The data indicate that this
feature is observed for depths =20 A only. We have
confirmed that Ti 2p core-levels from the STO substrates
cannot be observed using HX PES with a probing depth of
~70 A, simply because the film thickness is =~ 400 A.
This denies the possibility that the origin of this feature is
the change in the electronic structure at the interface
between the LSMO thin films and the STO substrates.
Therefore, we conclude that this low BE feature is derived
from the bulk electronic structure. This bulk-derived
feature has not been observed in SX-PES measurements
[9-11,14] and is only observed using the present higher
probing depth HX-PES measurements. In the following,
we study its doping and temperature dependence using
HX PES.

— |Mn 2p3p

2 |hv =595keV

g |T=300K

€ —x=0

S| —x=02

> —x=04

= | — x=0.55

S

Q

E

648 ea6 e e e ess 636
Binding Energy (eV)

FIG. 2 (color). Hole concentration dependence of Mn 2p;/,
spectra measured at 300 K.
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The Mn 2p;, HX-PES spectra show dramatic changes
with hole doping, as shown in Fig. 2. The high BE side of
the main peak increases systematically with hole doping.
This structure is attributed to the Mn*" derived state,
since it increases systematically with hole doping and
is best seen in the x =04 and 0.55 compositions.
Separating out the Mn** contribution from the spectra,
the main peak position of Mn3* shifts to lower BE
systematically with hole doping, suggesting a rigid-
band-like shift of the Mn 2p core levels and the absence
of phase separation tendencies in the LSMO thin film
system [9,14]. The bulk-derived feature at the low BE
side of the main peak also shows obvious changes with
hole doping and is discussed in detail below. None of the
changes observed in HX-PES Mn 2p;,, spectra have
been observed in the SX-PES spectra of bulk polycrystals
and single crystals as well as thin films of manganites [9—
11,14], probably owing to modifications of the electronic
structure within about 20 A from the surface and the
surface sensitivity of SX-PES.

The bulk-derived low BE or “well-screened” feature
exhibits the following characteristics: the separation be-
tween the main peak and the well-screened feature in-
creases with hole doping until x = 0.4, but reduces for
x = 0.55. This behavior is similar to the physical prop-
erties, that is, with increasing x, the hole doping produces
a FM phase with increasing T and reduced resistivity
until x = 0.4 [3]. On further hole doping, a magnetic
transition from the FM metal to the AFM metal state is
induced for x > 0.5 [5]. In order to confirm this relation
between the bulk electronic structure and the physical
properties, we have checked the temperature dependence
of the well-screened feature. Figure 3 shows the compari-
son between the Mn 2p3/, spectra measured at 300 and
40 K. In the x =0.2 and x = 0.4 spectra, the well-
screened feature exhibits a drastic increase of intensity
and becomes a sharp peak structure. On the other hand,
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FIG. 3. Temperature dependence of Mn 2p;,, spectra with
various hole concentrations: (a) x = 0.2; (b) x = 0.4; (¢) x = 0;
(d) x = 0.55.

the low BE feature of x = 0 and x = 0.55 shows little
change in the intensity and the spectral shape.

Concerning the temperature-dependent physical prop-
erties of LSMO thin films, the x = 0.2 compound shows
an insulator-to-metal transition between 300 and 40 K
[9]. The x = 0.4 compound shows metallic behavior at all
temperatures below 300 K, but the metallicity increases
on stabilizing the FM state at low temperature, and is
attributed to its half-metallic nature [4]. On the other
hand, while the x = 0 stoichiometric compound is insu-
lating, it also is effectively hole doped due to excess
oxygen. As is well known, excess oxygen is easily intro-
duced during the growth of thin films, and the electronic
structure is significantly changed by the existence of
excess oxygen, as has been reported using O 1s x-ray
absorption spectra of LaMnOs, 5 [23]. For the as-grown
or oxygen-annealed samples, a composition of
LaMnOs. 5, with & being about 0.1 (or 20% Mn**), has
been reported [10,23]. For x = 0.55, the material is in the
AFM phase. Given the observations, we assume that the
well-screened feature is strongly related to the doping-
induced density of state (DOS) responsible for the ferro-
magnetism and metallicity.

In order to confirm this assumption, we have tried to
reproduce the spectra using MnOg (3d*) cluster model
calculations with D4, symmetry. In addition to the usual
model [24] which includes the Mn 3d and ligand O 2p
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FIG. 4. Comparison between the cluster calculation and HX-

PES spectra of the Mn 2p core level. The inset shows a
schematic diagram of energy levels on the valence band.
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states, we have introduced new states at E as labeled C in
the inset of Fig. 4. These new states represent the doping-
induced states which develop into a metallic band at Ef,
but are approximated as a level for simplicity, following
earlier work [25,26]. Very recently, a similar model using
dynamic mean field theory has been successfully applied
to calculate core-level spectra in a series of ruthenates
across the metal-insulator transition, but in the absence of
ligand states [27]. For the initial states, we use four
configurations, namely 3d*, 3d°L, where L is a hole in
the ligand O 2p states, and 34°C and 3d°C which repre-
sent charge transfer (CT) between DOS at E and the Mn
3d state. The cluster calculation is carried out for a high-
spin configuration, consistent with the magnetic moment
estimated from susceptibility measurements [3]. We fit the
experimental spectra by changing two parameters: the
CTenergy between Mn 3d and the new C states (A™) and
the hybridization between Mn 3d and the new C states
(V*). Except for these two parameters, all other parame-
ter values are fixed and determined from previous work
[24]: the d-d Coulomb interaction of Mn 3d states U =
5.1 eV, the CT energy between Mn 3d and ligand O 2p
states A = 4.5 eV, the hybridization between Mn 3d and
ligand O 2p states V = 2.94 eV, the crystal field splitting
10Dg = 1.5 eV, and the Coulomb interaction between
Mn 3d and Mn 2p core hole states U,. = 5.4 eV.
Figure 4 shows the comparison between the HX spectra
and the optimized calculations. For all x values, the
calculation reproduces well the intensity and position of
the well-screened feature of HX-PES spectra. The well-
screened feature in the calculation is analyzed to origi-
nate from the 2p33d°C configuration of the final state,
and increases in intensity with increasing V*. The cluster
calculations indicate a larger hybridization strength V*
with the coherent states, or increase in delocalization, for
the FM compositions (x = 0.2 and 0.4) as compared to
the AFM compositions (x = 0 and 0.55). This is consis-
tent with the known half-metallic ferromagnetism which
is stabilized with an increase in hybridization, for the
manganites upon doping [4,28]. This also suggests an
analogy with the Kondo coupling between f states and
conduction band states with V*(Eg) « /D(Eg) [29],
where D(Ef) is DOS at Ep. It is also noted that the high
BE side of the Mn 2p3, main peak, particularly for high
doping, does not match with the calculations. This dis-
agreement is due to the Mn*" derived state appearing at
the high BE side of main peak with hole doping, and is
not included in the calculations.

In conclusion, we have performed bulk-sensitive PES
on the Mn 2p core level of LSMO thin films using hard x
rays (hv = 5.95 keV) and find a well-screened feature of
the Mn 2ps3,, peak. The feature shows a noticeable in-
crease with decreasing temperature for the FM metal
compositions, indicating that the origin of this feature
is strongly related to the FM metal phase of LSMO thin
films. A cluster model calculation including CT from

doping-induced DOS at Er to the Mn 3d states reproduce
the doping dependence of the well-screened feature, in-
dicating that the metallic DOS at E. is reflected in the Mn
2p core levels using bulk-sensitive HX PES. Core-level
HX PES can hence be reliably used to study the bulk
character of correlated electron systems exhibiting
insulator-metal and magnetic transitions and its relation
with doping-induced states, as well as other systems such
as magnetic multilayers, buried interfaces, etc., up to
depths of tens of nanometers.
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