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Mn 2p core-level spectra of La;_,Ba,MnOj thin films using hard x-ray photoelectron
spectroscopy: Relation between electronic and magnetic states
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We have measured the Mn 2p core-level hard x-ray photoelectron spectra for Laj gsBaj ;sMnOj5 thin films to
investigate the temperature dependence on electronic and magnetic states. We can explain the relation between

the Mn 2p core-level spectra and magnetization for Laj gsBag ;sMnOj5 using the 7-J model and the Bloch

T3/ 2

law under the assumption that the Hund coupling between the Mn e, and 1,, states is strong enough. This result
means that the magnon excitation plays an important role in physical properties of manganites.
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Research fields of spintronics have been expanded for
further electronic device applications utilizing spin degree
of freedom. One of the potential materials for spintronics
is perovskite manganites, because manganites show a rich
variety of physical properties such as colossal
magnetoresistance, ! ferromagnetism with metallic
conduction,”> and perfect spin polarization.> To understand
their physical properties, the experimental methods, which
probe intrinsic electronic states of solid, are needed.

Hard x-ray photoelectron spectroscopy (HX-PES) is a
powerful tool to investigate electronic structures of solids
without careful surface cleaning in many cases due to a large
probing depth of high kinetic energy photoelectrons.* Using
an advantage of the large probing depth in HX-PES experi-
ments, Horiba et al.’ reported that the Mn 2p core-level HX-
PES revealed the intrinsic electronic states of La;_ Sr,MnOj;
(LSMO) thin films. In their work, for comparison the HX-
PES with soft x-ray PES, an additional well-screened struc-
ture was only observed in the Mn 2p core-level HX-PES
spectra. Tanaka et al.® reported the temperature dependence
of the Mn2p core-level HX-PES spectra for the
Lay gsBag ;sMnO; (LBMO) thin film, and showed that the
intensity of the well-screened structure () increased with
decreasing temperature. The well-screened structure in the
Mn 2p HX-PES spectra cannot reproduced by the MnOg
cluster model calculation based on the configuration interac-
tion, but the model with an additional hybridization term
(V*), which is the hybridization strength between the Mn 3d
states and coherent states at the Fermi level, 8 represents the
Mn 2p HX-PES spectral features in LBMO and LSMO. It is
considered that the mechanism of the ferromagnetic metal
state in perovskite manganites arises from a carrier-mediated
ferromagnetism through the double exchange interaction.’
By comparing the HX-PES spectra of LBMO with the carrier
mediated ferromagnetism, Tanaka et al. proposed that /; was
proportional to the square of the magnetization (M). They
also experimentally showed that I, was proportional to the
square of V*. However the relation between the HX-PES
spectra and magnetism in the perovskite manganites is an
issue to be solved.

In this Brief Report, we report the temperature depen-
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dence on the Mn 2p core-level spectra for LBMO thin films
and discuss the relation between the electronic and magnetic
states to understand the physical properties of perovskite
manganites in the ferromagnetic metal phase.

5-nm-thick Laggs;BajsMnO; epitaxial thin film was de-
posited on etched 0.01 wt% Nb-doped SrTiO; (001) sub-
strates using a pulsed laser deposition technique. The detail
sample preparation was described elsewhere.!®!! The tem-
perature dependence on magnetization was measured using a
superconducting quantum interference device (SQUID). Cu-
rie temperature (7) of the film was found to be about 220 K.
The electrical resistivity was measured using a four-probe
method. The Mn 2p core-level HX-PES measurements were
performed at the undulator beamline BL29XU of SPring-8.
The experimental setup was described elsewhere.*!> The ex-
citation photon energy was set to 7.94 keV. Total-energy res-
olution was set to 250 meV, which was evaluated from the
Fermi cutoff of a Au foil.

Figure 1 shows the Mn 2p core-level HX-PES spectra for
the 5-nm-thick LBMO film measured at various tempera-
tures. The Mn 2p spectra consist of the main (~642 eV) and
satellite (~639.5 eV) structures. I, decreased with increas-
ing temperature, while the spectral shape of the main struc-
ture did not show remarkable change in the entire tempera-
ture range. At above T, I, was very weak. These tendencies
were observed in the previous work for the 20-nm-thick
LBMO film.® By comparing the Mn 2p spectral shapes of the
5-nm-thick LBMO film with those of the 20-nm-thick
LBMO film, I, for the 5 nm-thick LBMO film is found to be
weaker than that for the 20-nm-thick LBMO film at low
temperature. This result seemed that I related to the strength
of ferromagnetic interaction in LBMO. We evaluated the
value of V* at various temperatures by comparing the Mn 2p
core-level spectral shapes of the 5-nm-thick LBMO with
those of the 20-nm-thick LBMO film. The evaluated V* was
shown in Table I. As seen in the case of the 20-nm-thick
LBMO film,° we see that V* of the 5-nm-thick LBMO film is
also a temperature-dependent parameter.

Let us consider how the Mn 2p spectral change relates to
M, while I, was found to be almost proportional to M? as
reported in Ref. 6. To reduce M from the Mn 2p HX-PES
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FIG. 1. (Color online) Mn 2p core-level spectra for the 5-nm-
thick LajgsBay ;sMnOj3 film measured at various temperatures.

spectra, first one needs to consider how the exchange inter-
action (J) in LBMO can be explained. It is known that the
ferromagnetic metal in the perovskite manganites is repre-
sented by the double exchange model,’ in which the transfer
integral (¢) between the Mn e, sites and the Hund coupling
(/) between the Mn e, and t,, states are considered. Under
the assumption that Jy was strong enough between the Mn e,
and t,, states, the double exchange model should be simpli-
fied to the #-J model.!* In the model, J is proportional to
2/ U, where U is the Mn 3d-3d Coulomb interaction. When
we consider that V* qualitatively represents the Mn 3d-3d
transfer integral, one get that 7 is proportional to V*, leading
that J is proportional to the square of V*. As J is the ferro-
magnetic exchange interaction in the above situation, the re-
lation between M and J can be represented by using the

TABLE 1. Electronic structure parameter V* for the 5-nm-thick
LBMO thin film at various temperatures. The value of V* was
evaluated by comparing the present results with the previous work
(Ref. 6).

Temperature V* Temperature V*
(K) (eV) (K) (eV)
40 0.33 200 0.29
70 0.33 220 0.24
100 0.32 250 0.24
150 0.29 280 0.24
180 0.29

PHYSICAL REVIEW B 80, 092402 (2009)

Fr T T T T T B
s 1.0 7
T [ a
S osf @
(0] . 4
S [ feield cooling 1
& 0.6fLa,gsBag 1sMnO; H=100 Oe ? ]
5 [ t=5nm
g 04p
N [
= [ — SQUID
g 02r o m(M
S [ —— m(T) with constant V*
ZO'0:.|....|....|....|....|...-

50 100 150 200 250
Temperature (K)

g 10 :_' .' T T T T T T |_
E 0.85— (b) 1
s I ]
g 0.6F Lag gsBag 1sMNnO; ]

[ t=20
5 04f nm
N I —— SQUID
g 0.2f ® m(T)
5 [ —— m(T) with constant V*
Zz 00 r .

" PRI T S S S S T T T T TR T T N T T SO M N S ST b
50 100 150 200 250 300 350

Temperature (K)
FIG. 2. (Color online) Normalized magnetization curves for the
Lag gsBag sMnOj5 films with thickness of (a) 5 and (b) 20 nm mea-

sured by SQUID magnetometer. The calculated m(T) curves using
Eq. (1) were also shown in the figure.

Bloch 7% law.'* Then the temperature-dependent normal-
ized magnetization, m(7T), is given as follows:

m(T) =1 - A[kgT/(V)* ]2, (1)

where A is a coefficient and kg is Boltzmann constant. We
note that V* is a temperature-dependent parameter. Figure
2(a) shows the normalized magnetization curve for the 5-nm-
thick LBMO film obtained by SQUID and calculated m(7T)
using Eq. (1) below T¢. Calculated m(T) for the 5-nm-thick
LBMO film well reproduces the magnetization curve as well
as that for the 20-nm-thick LBMO film as shown in Fig.
2(b). These results suggest that the magnetism of LBMO in
the ferromagnetic metal phase is governed by (V*)2. The den-
sity of states at E{D(Ey)] is proportional to (V*)? on the
basis of the impurity Anderson model as described in Refs. 5
and 6, thus we can conclude that the ferromagnetic metal
phase in the manganites arises from the conducting carriers,
i.e., D(Ep). Although J is constant in the Bloch 7%% law for
simple ferromagnetic metals, J for the manganites in the fer-
romagnetic metal phase is affected by D(Er). We note that
m(T) curves for the 5- and 20-nm-thick LBMO films deviate
from the magnetization curves obtained by SQUID magne-
tometer, when V* in Eq. (1) is constant in the entire range
below T, as shown in Fig. 2. Therefore /; of the Mn 2p
core-level spectra for LBMO reflects D(E;) and magnetic
information as a function of temperature.

Second we compared the normalized conductivity with
calculated m(T) for the 5- and 20-nm-thick LBMO films as
shown in Fig. 3. The normalized conductivity curves agreed
well with calculated m(T) below T.. As mentioned above,
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FIG. 3. (Color online) Normalized conductivity curves for the
Lag gsBag sMnO; films with thickness of (a) 5 nm and (b) 20 nm.

The calculated m(7T) curves using Eq. (1) was also plotted in the
figure.

since Eq. (1) is based on the Bloch 7% law, the magnetiza-
tion decreases with increasing temperature due to the mag-
non excitations. According to the Anderson-Hasegawa
model,’ the nearest-neighbor Mn 3d-3d transfer integral (¢)
is proportional to cos(6/2), where @ is the angle between the
nearest-neighbor Mn 3d magnetic moments. This means that
the magnon excitation decreases ¢ with increasing tempera-
ture. We should note that D(E) for the LBMO film also
decreases with increasing temperature as mentioned above.
The carrier density for LBMO decreases slowly as tempera-
ture increases, while the Hall mobility of LBMO strongly
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depends on temperature.'® The decrease in D(Ey) has been
also reported in the optical conductivity measurement for
bulk LSMO in Ref. 17. Although we seem that the behaviors
of carriers and magnons as a function of temperature mainly
determine the conductivity in Fig. 3, theoretical models are
required for collective understanding of the conductivity in
the manganites for the ferromagnetic metal.

Finally we considered why 7 of 5-nm-thick LBMO was
suppressed as compared with 20-nm-thick LBMO. The sup-
pression of T can be mainly accounted for by other addi-
tional factors such as a surface boundary layer>'® and charge
transfer between the film and substrate,'*?° even though the
LBMO film was still strained. In fact both 7, and V* for the
5-nm-thick LBMO film decreased in comparison with the
20-nm-thick LBMO film. In addition, the suppression of 7
and /; proceeded in the 3-nm-thick LBMO film as seen in
Ref. 6. Therefore the suppression of 7 in the thin LBMO
films mainly originates from carrier modulation effects re-
flecting the interfacial electronic structure.

In summary, the electronic states of the LBMO thin films
were studied by the Mn 2p core-level HX-PES. The magne-
tization of LBMO was well explained by using the 7-J model
and the Bloch 7% law through the temperature dependence
of the satellite structure measured in the HX-PES spectra.
The proposed model interprets the relation between the elec-
tronic and magnetic states of the manganites in the ferromag-
netic metal case.
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