
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Peter Dowben Publications Research Papers in Physics and Astronomy 

4-27-1999 

The Influence of Surface Terminal Layer and Surface Defects on The Influence of Surface Terminal Layer and Surface Defects on 

the Electronic Structure of CMR Perovskites: Lathe Electronic Structure of CMR Perovskites: La0.650.65AA0.350.35MnOMnO33  (A (A 

= Ca, Sr, Ba) = Ca, Sr, Ba) 

Jaewu Choi 
University of Nebraska-Lincoln, jchoi@ece.eng.wayne.edu 

Hani Dulli 
University of Nebraska-Lincoln, hani.dulli@uconn.edu 

Sy-Hwang Liou 
University of Nebraska-Lincoln, sliou@unl.edu 

Peter A. Dowben 
University of Nebraska-Lincoln, pdowben@unl.edu 

Marjorie Langell 
University of Nebraska-Lincoln, mlangell1@unl.edu 

Follow this and additional works at: https://digitalcommons.unl.edu/physicsdowben 

 Part of the Physics Commons 

Choi, Jaewu; Dulli, Hani; Liou, Sy-Hwang; Dowben, Peter A.; and Langell, Marjorie, "The Influence of 
Surface Terminal Layer and Surface Defects on the Electronic Structure of CMR Perovskites: 
La0.65A0.35MnO3 (A = Ca, Sr, Ba)" (1999). Peter Dowben Publications. 192. 

https://digitalcommons.unl.edu/physicsdowben/192 

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Peter Dowben Publications 
by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 

https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicsdowben
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicsdowben?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicsdowben/192?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F192&utm_medium=PDF&utm_campaign=PDFCoverPages


Published in physica status solidi (b) 214 (1999), pp. 45–57. Copyright © 1999 John Wiley & 
Sons Co. Used by permission.  http://www3.interscience.wiley.com/cgi-bin/jhome/40001185 

Submitted January 27, 1999; revised April 27, 1999. 

The Infl uence of Surface Terminal Layer and 
Surface Defects on the Electronic Structure of CMR 
Perovskites: La0.65A0.35MnO3 (A = Ca, Sr, Ba) 
Jaewu Choi a, Hani Dulli a, S.-H. Liou a, P. A. Dowben a , and M. A. Langell b 

a Department of Physics and Astronomy and the Center for Materials Research and Analysis, Behlen 
Laboratory of Physics, University of Nebraska–Lincoln, Lincoln, Nebraska 68588-0111, USA 

b Department of Chemistry, Hamilton Hall, University of Nebraska–Lincoln, Lincoln, Nebraska 
68588-0304, USA 

Corresponding author: P. A. Dowben, email: pdowben@unl.edu

Abstract: The electronic structure near to the Fermi level of the colossal magnetoresistance 
(CMR) perovskite manganite materials, La0.65A0.35MnO3 (A = Ca, Sr, Ba), has been studied us-
ing both photoemission and inverse photoemission spectroscopy. The electronic structure for all 
three materials is very similar and consistent with an Mn–O terminal layer regardless of dopant. 
Small differences in the electronic structure among the materials are, however, observed. The 
observed band gap is not signifi cant for La0.65Ca0.35MnO3 and La0.65Ba0.35MnO3 while there is 
a gap, about 1.5 eV, for La0.65Sr0.35MnO3. There is a shift to higher binding energies of the ex-
tensively hybridized Mn–O Δ5(e) bands for the surface (the surface on the Mn–O plane with C4v 
symmetry) and t2g bands for the bulk in the valence band spectra with increasing atomic num-
ber or atomic radius of dopants, approximately to 5.8, 6.8, and 7.8 eV for La0.65Ca0.35MnO3, 
La0.65Sr0.35MnO3, and La0.65Ba0.35MnO3, respectively. The O–Mn–O terminal layer in these ma-
terials seems to be much more defect free than is the case for La0.9Ca0.1MnO3, where the Ca–O 
terminal layer appears to be rich in defects. 

1. Introduction 

The colossal magnetoresistance (CMR) perovskite transition metal oxides, La0.65A0.35MnO3 
(A = Ca, Sr, Ba) [1–13] have been subject of theoretical [1, 14–21] and experimental [19–28] 
studies of the electronic structure. This series of transition metal oxides shows colossal magne-
toresistance effects with different critical temperatures: ≈ 255 K for La0.65Ca0.35MnO3, ≈ 350 K 
for La0.65Sr0.35MnO3, and ≈ 325 K for La0.65Ba0.35MnO3. 

The termination layer of the perovskite manganese oxides, La1–xAxMnO3 (A = Ca, Sr, Ba; x 
= 0.1, 0.35) has been studied using angle resolved X-ray photoemission spectroscopy [29–31], 
ion scattering spectroscopy [32, 33] and angle-resolved photoemission [19, 20, 26, 34]. The ter-
mination layer of La0.9Ca0.1MnO3 is La–Ca–O layer [29, 30] but the termination layer of La1–

xAxMnO3, with x = 0.35, has been consistently determined to be an Mn–O [19, 20, 26, 32–34]. 
Differences in terminal layer with dopant concentration are interesting in view of the results 
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from studies of the electronic structure of La0.65A0.35MnO3 (A = Ca, Sr, Ba) using surface sen-
sitive spectroscopies, photoemission and inverse photoemission spectroscopy more sensitive to 
the O–Mn–O terminal layer than to the dopant and the dopant-containing A–O layers of the 
manganite perovskite. 

Unfortunately, because the surface free energy is expected to be different from the bulk, sur-
face segregation is expected. Surface segregation in ionic solids must be considered because 
of the existence of the space charge layer in the near surface region, providing a strong chemi-
cal potential. The bonding character of these transition metal oxides, La1–xAxMnO3 (A = Ca, Sr, 
Ba), is mainly ionic. The surface segregation has been observed in many oxide alloys, including 
the surface segregation of calcium [35–37]. Surface segregation of calcium and strontium has 
now been observed in La1–xCaxMnO3 La1–xCaxMnO3 [29–30, 38] and La1–xSrxMnO3 [31, 39], 
respectively, prepared by several different techniques. With substantial segregation, the surface 
layer is compositionally a different material from the bulk. 

The question arises as to whether, in the absence of careful surface compositional measure-
ments, core level photoemission and the valence band electron spectroscopies are a good “fi n-
gerprint” of the different possible surface phases. This paper explores this issue. 

2. Sample Preparation and Experimental Details 

The crystalline samples were grown on (100) LaAlO3 substrates by rf sputtering in a 5:1 
argon/oxygen atmosphere (2:1 in the case of La0.65Sr0.35MnO3) at 20 mTorr with the substrate 
maintained at a temperature of 700 °C. The fi lms of La0.65Ca0.35MnO3 and La0.65Ba0.35MnO3 
were annealed subsequently at 900 °C [26, 29, 30] and the fi lms of La0.65Sr0.35MnO3 were an-
nealed at 900 °C in an oxygen atmosphere maintained at a pressure of 2 atm for 10 h. The 
bulk chemical composition of the fi lms was determined from energy dispersive analysis of X-
ray emission spectroscopy (XES or EDAX) and found to be similar to the targets with the fi -
nal compositions La0.65Sr0.35MnO3. The crystallinity and orientation was established by X-ray 
diffraction. The samples were further characterized by the temperature dependence of magne-
toresistance. Sample surfaces were cleaned in ultra high vacuum by repeated annealing and 
exposure to low-energy electrons to stimulate the desorption of contaminants as described 
elsewhere [26]. 

The valence band spectra were taken using photoemission spectroscopy with He I (21.2 eV) 
and He II (40.8 eV) line discharge lamp light sources and a hemispherical electron energy ana-
lyzer. Spectra were taken with the photoelectrons collected at normal emission. The overall res-
olution of the photoemission spectra is 50 meV. The conduction band spectra were taken using 
inverse photoemission spectroscopy with a combination of a modifi ed Zipf electron gun and a 
I2 fi lled Geiger-Müller detector with CaF2 window and the overall resolution is 450 meV in the 
same chamber (and therefore on the same surfaces). The inverse photoemission spectra were 
taken with normal incidence of electrons (k|| = 0). Surfaces of these fi lms were prepared by an-
nealing at 760 K for 2 h before taking data [26, 29, 30], and were characterized with core level 
photoemission. 

X-ray photoemission spectroscopy was undertaken with the Mg-Kα line (1253.6 eV) from a 
PHI Model 04-548 Dual Anode X-ray source. Energy distribution curves of the elemental core 
levels were acquired with a large hemispherical electron energy analyzer (PHI Model 10-360 
Precision Energy Analyzer). The core level spectra were measured at two different pass ener-
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gies: 11.75 and 23.5 eV. The results were independent of pass energy, and therefore resolution. 
The Fermi level was established from tantalum in electrical contact with the sample. The bind-
ing energies of core levels are reported with respect to this Fermi level. 

3. The Defects and Composition of the Surface 

Core level photoemission data are shown for La0.9Ca0.1MnO3, La0.65Ca0.35MnO3 and 
La0.65Sr0.35MnO3 in Figures 1 & 2. The differences in the termination layer appear to have only 
a small infl uence on the core level binding energies, as seen in Figs. 1 and 2. Both the core level 
binding energies and peak shapes are similar to those reported previously by Taguchi and Shi-
mada [40] for La1–xCaxMnO2.97 and Saitoh et al. [21] for La1–xSrxMnO3. The core level data, 
nonetheless, generally suggest that the O–Mn–O terminal surfaces have fewer defects than is 
the case for the surface terminated in Ca–O, as described below. 

Figure 1. The La 3d core level spectra for a) La0.9Ca0.1MnO3, b) La0.65Ca0.35MnO3 and c) 
La0.65Sr0.35MnO3; the Ca 2p core level spectra for d) La0.9Ca0.1MnO3 and e) La0.65Ca0.35MnO3; and f) 
the Sr 3d core level data for La0.65Sr0.35MnO3. All data were taken at normal emission using Mg-Ka radia-
tion (1253.6 eV) at an incidence angle of 60°
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It is now established [29, 30] that the surface of La0.9Ca0.1MnO3 is dominated by huge 
amounts of Ca segregation and the Ca–O termination, unlike the majority O–Mn–O termina-
tion for La0.65Ca0.35MnO3. The Ca 2p3/2 core level, at about 347.7 eV, for La0.9Ca0.1MnO3 is 
both broader and at greater binding energy than for La0.65Ca0.35MnO3, with a binding energy 
of nominally 346.3 eV, as seen in Figures 1d and e, respectively. In CaMnO3–δ [41], as well as 
La1–xCaxMnO2.97 [40], a high binding energy satellite in the Ca core level spectrum has been 
identifi ed separated by 1.1 eV or more to the main peak of the Ca 2p3/2 core level. This satellite 
binding energy increases with increasing calcium concentration and is believed to be strongly 
infl uenced by the oxygen content in the perovskite manganate [41]. 

The oxygen core level data also suggest the presence of defects in the Ca–O terminal layer 
of La0.9Ca0.1MnO3. As shown in Figures 2 & 3, the oxygen 1s core level of the perovskite man-
ganese oxides, La1–xAxMnO3 (x = 0.1, 0.35; A = Ca, Sr), exhibits two dominant peaks, similar 
to those observed with high-Tc superconductors [42] and to epitaxial spinel oxides on rocksalt 
oxides [43, 44]. The binary manganese oxides show just one dominant O 1s peak, characteris-
tic of the lattice O2– and comparable to the lower binding energy peak of the perovskite mate-
rials. Thus the lower binding energy O 1s state corresponds to well ordered lattice oxygen. The 
higher binding energy O 1s peak found at 531.3 eV, in the perovskites, is related to either a dif-
ferent surface oxide or to oxygen associated with defects in the perovskite structure. The exact 

Figure 2. Comparison of the oxy-
gen 1s core level spectra for 

a) La0.65Sr0.35MnO3, 
b) La0.9Ca0.1MnO3, 
c) La0.65Ca0.35MnO3, 
d) Mn2O3, 
e) Mn3O4, and 
f) MnO.
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nature of the oxygen species giving rise to this 531.3 eV feature has not yet been determined. It 
has been proposed, however, that this 531.3 eV O 1s core level feature is associated with lattice 
defects in the oxide arising from metal vacancies and/or interstitials adjacent to the oxygen [42 
to 44]. 

When the near surface distribution of the two different O 1s species was probed by chang-
ing the XPS emission angle (Figure 3), the higher binding energy species is seen to arise mainly 
from the outermost surface layers since it increases in intensity with larger emission angles. 
This is most clear for the La1–xCaxMnO3 (x = 0.1, 0.35) perovskites, but the effect is most dra-
matic for the lower bulk calcium concentration (x = 0.1). While the surface of La0.9Ca0.1MnO3 
is dominated by calcium segregation [29, 30], the surface cannot be considered to be completely 
“CaO-like.” The Ca2+ species in the surface segregated layer is comparable, in binding energy, 
to that of calcium in CaO, the O 1s binding energy in CaO is found to be 530.2 [45, 46]. This 
is far too low relative to the observed values for the high binding energy feature observed here 
(531.3 eV). 

CaO will not easily form an epitaxial layer on the top of the La1–xAxMnO3 perovskite because 
of the substantial mismatch in lattice spacings. While both the rocksalt CaO and the perovskite 

Figure 3. Oxygen 1s 
core level as a function 
of emission angle, with 
respect to the surface 
normal, for

a) La0.9Ca0.1MnO3, 
b) La0.65Ca0.35MnO3, 
and 
c) La0.65Sr0.35MnO3 
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La1–xAxMnO3 are cubic with (100) two dimensional surface geometries that are similar, the unit 
cell dimensions are very different with a = 4.799 Å for CaO [47] as opposed to (3.72 to 3.89) 
Å for La1–xCaxMnO3 [48]. Calcium does form a tetragonally distorted peroxide compound with 
the stoichiometry CaO2 that has a square lattice plane with a = b = 3.54 Å [48]. It is tempting 
to associate the oxygen species giving rise to the 531.3 eV binding energy O 1s XPS feature as 
oxygen in a “CaO-like” surface segregated phase, but the link cannot be made in a completely 
compelling fashion, as yet. 

The La0.9Ca0.1MnO3(100) surface terminates in the “Ca(La)–O” plane, with a signifi cant ex-
cess of calcium [29, 30] and oxygen and with poor overall order, as is evident in the poor qual-
ity of the LEED [30] and the increased complexity of the XPS. The Mn 2p spectra from the 
sample indicate that the disorder is not limited to the Ca(La)–O surface layer alone. The full 
widths at half maximum (FWHM) of the Mn 2p core level spectra are shown as a function 
of the emission angle for La0.9Ca0.1MnO3 (open circles), La0.65Ca0.35MnO3 (fi lled circles) and 
La0.65Sr0.35MnO3 (squares) in Figure 4. For the La0.9Ca0.1MnO3 Mn 2p3/2 spectrum, the FWHM 
value increases with increasing emission angle, which increases the surface sensitivity. By com-
parison, the La0.65A0.35MnO3 (A = Ca, Sr) manganese 2p spectrum remains relatively constant 
in peak shape regardless of the emission angle (depth sampled). Uhlenbrock et al. [49] have 
used the FWHM emission angle dependence on the Ni 2p and O 1s core level spectra, in a sim-
ilar way, to deduce the presence of surface defects on NiO. Although the materials discussed 
here are different from the simple NiO structure, the implication that a wide range of Mn-related 
species is found in the Ca-segregated surface is quite striking and equally valid. 

Figure 4. The full width at half 
maximum (FWHM) of the Mn 
2p3/2 core level for 

La0.9Ca0.1MnO3 (○), 
La0.65Ca0.35MnO3 (●), and 
La0.65Sr0.35MnO3 (□). 
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For the La0.65A0.35MnO3 (A = Ca, Sr) materials, the surface is seen to terminate in O–Mn–
O [26, 29–34] and a more homogeneous surface with far fewer surface defects is apparent. The 
Mn 2p3/2 core level binding energies (shown in Figure 5) of 642.5 eV (A = Sr) and 641.8 eV 
(A = Ca) are slightly greater than those observed for Mn2O3 (641.1 eV), Mn3O4 (641.6 eV), 
and MnO (640.6 eV) and consistent with those binding energies previously measured by Ta-
guchi and Shimada [40] for La1–xCaxMnO2.97 and Saitoh et al. [21] for La1–xSrxMnO3. Tagu-
chi and Shimada [40] propose that these binding energies are consistent with a combination of 
Mn3+ and Mn4+ states as represented by LaMn3+O3 (642.0 eV) and Mn4+O2 (642.4 eV) [50–
52]. This assignment is consistent with the fact that Sr segregation [31] is far more pronounced 
than Ca segregation to the subsurface layer of La0.65A0.35MnO3 (A = Ca, Sr). Thus the surface 
of La0.65A0.35MnO3 (A = Sr) should be dominated by more Mn4+ species than the surface of 
La0.65A0.35MnO3 (A = Ca) and the unresolved Mn4+/Mn3+ 2p spectra should shift to higher bind-
ing energy. The independence of the FWHM of the La0.65A0.35MnO3 (A = Ca, Sr) manganese 
core level with emission angle suggests little evidence of a surface Mn species that differs sub-
stantially from the bulk (Figure 4). 

Figure 5. Comparison of the Mn 
2p3/2 core level for 

a) La0.65Sr0.35MnO3, 
b) La0.9Ca0.1MnO3, 
c) La0.65Ca0.35MnO3, 
d) Mn2O3, 
e) Mn3O4, and 
f) MnO
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In either case, because of either massive Ca segregation [29, 30] or the O–Mn–O termina-
tion [26, 29–34], the La 3d core level, seen in Figures 1a–c, is representative of a more bulk-
like species. Figure 1 shows the La 3d core level spectra measured at normal emission for 
La0.9Ca0.1MnO3, La0.65Ca0.35MnO3 and La0.65Sr0.35MnO3, respectively. Each spin-orbit compo-
nent shows the two distinct features due to the main peak and shake up satellites commonly ob-
served for La3+ oxides [53–56] and these perovskites [40]. 

4. The Contribution of the Terminal Layer to the Electronic Structure 

The electronic valence and conduction band structure was studied at room temperature, 
as shown in Figure 6. The samples are in different bulk phases at this temperature due to the 
different critical temperatures so that at room temperature the bulk of La0.65Ca0.35MnO3 is in 
the nonmetallic-paramagnetic phase, La0.65Sr0.35MnO3 is in the metallic-ferromagnetic phase, 
and La0.65Ba0.35MnO3 is in the metallic-ferromagnetic phase. The valence band spectra shown 
were taken using the He I (21.2 eV) line source for La0.65Ca0.35MnO3 (Figure 6a, left) and 
La0.65Ba0.35MnO3 (Figure 6c, left) and the He II (40.8 eV) line for La0.65Sr0.35MnO3 (Figure 6b, 
left). As with studies undertaken with synchrotron light sources [26], we observe that the overall 
valence band width of the photoemission spectra for La0.65Sr0.35MnO3 and for La0.65Ba0.35MnO3 
is larger than for La0.65Ca0.35MnO3. This is consistent with the greater band dispersion and con-
comitant greater band widths with the “larger” dopants [26] Sr and Ba. 

The electronic valence band structure of the manganese transition metal oxides, 
La0.65A0.35MnO3 (A = Ca, Sr, Ba), is mostly dominated by the extensively hybridized Mn 3d–
O 2p states [14–27]. The electronic valence band structure of La0.65Ca0.35MnO3 was studied us-
ing photoemission and resonant photoemission spectroscopy [19] and the spectra were fi tted 
with seven Gaussian peaks which have different origins. The resolved feature at 5.8 eV was 
considered to be a combination of extensively hybridized Mn 3dxz,yz–O 2pxy states or Mn–O Δ5 
(e) bands for the O–Mn–O surface, with C4v symmetry, and t2g bands for the bulk in the valence 
band spectra. 

Based on these band assignments of the valence band spectra, the corresponding extensively 
hybridized states are shifted to 6.8 eV for fi lms of La0.65Sr0.35MnO3 and to 7.8 eV for fi lms of 
La0.65Ba0.35MnO3. The shifts of the Mn 3d–O 2p hybridization states come from the strong in-
fl uence of the overlap of the hole dopant orbital to the oxygen 2p orbital. With increasing atomic 
radius of the hole dopant from Ca to Ba, the overlap between the valence states of the dopant 
and the oxygen 2p states appears to increase. As expected, in the Hückel orbital overlap picture, 
the result of increased hybridization shifts the Mn 3d–O 2p states to higher binding energy with 
increasing atomic radius of the hole dopants. This is clearly seen in Figure 6. 

The low binding energy valence band states in the 1 to 6 eV region of La0.65Sr0.35MnO3 in 
Figure 6, originate from the Mn 3d derived levels [20] and have comparatively larger intensi-
ties than for La0.65Ca0.35MnO3 (Figure 6a, left) and of the La0.65Ba0.35MnO3 (Figure 6c, left). 
Furthermore, the intensity of La0.65Sr0.35MnO3 at the Fermi level in the valence band spectra 
is almost negligible compared to the valence band spectra intensity at the Fermi level for both 
La0.65Ca0.35MnO3 and La0.65Ba0.35MnO3 (Figure 6). These differences may actually be due to 
the dopant since La0.65Ca0.35MnO3 and La0.65Ba0.35MnO3 exhibit much less Ca or Ba surface 
segregation [29–31] than is observed for La0.65Sr0.35MnO3 [31]. Thus the near surface region of 
La0.65Sr0.35MnO3 is nearly SrMnO3 and/or Sr2MnO4, though this effect is larger in the subsur-
face layer than in the outermost layer itself [31]. 
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The inverse photoemission spectra for the conduction band structure are shown at the right 
in Figure 6. There are two main features at ≈ 3 and 8 eV above the Fermi level. The feature at 
≈ 3 eV above the Fermi level is generally considered to correspond to the nonbonding or anti-
bonding-like states with Mn 3d–O 2p hybridized character [27]. The higher energy feature at 8 
eV above the Fermi level corresponds to the La 4f states [27, 28]. The antibonding-like states 
of the Mn 3d–O 2p states are positioned at approximately 2 eV above the Fermi level for both 
La0.65Ca0.35MnO3 and La0.65Ba0.35MnO3 while the antibonding-like states of the Mn 3d–O 2p 
hybridization states for the La0.65Sr0.35MnO3 are at about 4 eV above the Fermi level. 

The features at 8 eV in the conduction band inverse photoemission spectra, corresponding 
to the La 4f states [27, 28], are clearly observed in the conduction band of La0.65Ca0.35MnO3 
while the La 4f states for La0.65Sr0.35MnO3 are substantially broader and less apparent. The La 
4f states for La0.65Ba0.35MnO3 are barely distinguishable. The peak broadening of the valence 
and the La 4f states in the conduction band could be related to the metallic properties. Above the 
critical temperature, in the nonmetallic phase, the features are much sharper than below the crit-
ical temperature in the metallic phase for La0.65Ca0.35MnO3 (Figure 7). In general, the similarity 
of the spectra in Figure 6 argues in favor of the model proposed, by Taguchi and Shimada [40] 
for La1–xCaxMnO2.97, that the bonding is generally covalent and not ionic for the more heavily 
doped species. 

Figure 6. The electronic valence 
and conduction band structure of 

a) La0.65Ca0.35MnO3, 
b) La0.65Sr0.35MnO3, and 
c) La0.65Ba0.35MnO3. 

The photoemission spectra for 
the valence band spectra (left) are 
taken at room temperature and at 
normal emission of photoelectrons 
using He I (for La0.65Ca0.35MnO3 
and La0.65Ba0.35MnO3) and He 
II (for La0.65Sr0.35MnO3) lines as 
light sources. The inverse photo-
emission spectra for the conduc-
tion band structure (right) are taken 
at room temperature and at normal 
incidence of electrons using an iso-
chromatic mode (scan with inci-
dent electron kinetic energy of 5 to 
19 eV, detected with a fi xed photon 
energy of 9.8 eV). 
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The unoccupied electronic structure of La0.65Ca0.35MnO3 fi lms was studied as a function of 
temperature as shown in Figure 7. The dominant change in the unoccupied electronic structure 
with increasing temperature is the increasing intensity of the La 4f state feature which is at 8 
eV above the Fermi level. The density of states near to the Fermi level in the valence band was 
seen to decrease with increasing temperature [24, 26] in several different studies. Measurements 
have also been undertaken indicating a change in the screening parameter that accompanies the 
changes in the occupied density of states [24, 26]. This is known to affect the unoccupied state 
line shape [57]. Therefore, we postulate that the La 4f states could be an electron reservoir. Dy-
namic motions of the lattice can cause an increase in the spectral line widths, but such changes 
usually cause an increase in the measured feature widths with increasing temperature [58] and 
are therefore unlikely to be the origin of the changes observed here. All of the temperature de-
pendent changes in electronic structure of La0.65Ca0.35MnO3 reported here or previously [24, 
26] affect the electronic density of states and the associated screening parameter near the Fermi 
level is small. Nonetheless, even for La0.65Ca0.35MnO3 the temperature dependent changes in 
electronic structure appear to be greater than the effect of changing the dopant to another alka-
line earth metal. 

With signifi cant surface segregation, the surface electronic structure is seen to vary substan-
tially in photoemission and inverse photoemission, as will be discussed in detail elsewhere for 
La0.65Sr0.35MnO3 [31], but then the surface is essentially a different material from the bulk. The 
more modest segregation observed for La0.65Ca0.35MnO3 appears to have little infl uence on the 
core level spectra, as noted above, and very little infl uence over the valence and conduction 
band regions near the Fermi level. 

A profound infl uence on the density of states near the Fermi level is a consequence of de-
fects, as has already been noted [26]. This is consistent with the changes observed in the core 
level spectra noted above. 

Figure 7. Temperature dependence of the conduction band electronic structure from inverse photoemis-
sion. The spectra were taken for electrons at normal incidence to the surface of La0.65Ca0.35MnO3, i.e., no 
electron wave vector parallel to the surface. 
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5. Summary 

In summary, there is little signifi cant dependence of the hole dopants (Ca, Sr, Ba) in the elec-
tronic structure of the colossal magnetoresistance (CMR) perovskite transition metal oxides, 
La0.65A0.35MnO3 (A = Ca, Sr, Ba), when the surfaces are prepared in an identical fashion. Both 
surface states [26] and the identical terminal layer [26, 29] are seen to dominate both photo-
emission and inverse photoemission minimizing the infl uence of the dopant in electron spec-
troscopy. The changes due to doping appear to be more subtle. The larger physical size of the 
hole dopant creates stronger hybridization of the Mn 3d–O 2p levels and appears to induce a 
shift of the Mn 3d–O 2p states to the higher binding energy in photoemission with increased hy-
bridization. The valence and conduction band spectra of the La0.65Sr0.35MnO3 fi lms have a small 
to negligible density of the states near Fermi level, unlike those observed for La0.65Ca0.35MnO3 
and La0.65Ba0.35MnO3. We caution spectroscopists—before attributing changes in the electronic 
structure to dopant effects—to carefully eliminate differences in the surface structure, surface 
composition [29] and, as noted elsewhere [26, 31], temperature. 

Surface segregation in the complex oxides is relatively common [29–31] and can affect the 
unoccupied La 4f state electronic structure substantially. This infl uence of the surface segrega-
tion and surface defects does appear to have some, albeit small, effect upon the core level bind-
ing energies, though, as we postulate here, the infl uence of defects appears to be much more 
pronounced, as the infl uence of defects on the photoemission and inverse photoemission is quite 
dramatic [26]. 
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