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Abstract

We have investigated the electronic structure of colossal magnetoresistive perovskite manganites La0.72xPrxCa0.3MnO3

using ultraviolet photoelectron spectroscopy as a function of temperature and Pr concentration x (x ¼ 0:13; 0.3, and 0.4).

Unusual temperature-dependent and x-dependent spectral changes are observed in the entire valence band region. Since Pr

doping does not introduce carriers into the system but brings about strong lattice distortion effects which exert significant

influence on the p–d hybridization, the degree of mixing between Mn 3d and O2p levels is considered to be the major factor

responsible for the spectral weight transfers with temperature and Pr doping level. The observed changes are not consistent with

the results of local-density-approximation (LDA) band calculation, but can be understood by the density-of-states from the

LDA þ U calculation or configuration-interaction cluster calculations. This implies that a strong correlation effect between d

electrons plays an important role in these manganites. High resolution spectra near the Fermi level shows a clear metallic edge

at low temperature for low Pr concentration sample ðx ¼ 0:13Þ; but the metallic Fermi edge disappears at higher Pr doping

levels (x ¼ 0:3 and 0.4) even at the temperature below Tc where the bulk metal–insulator transition occurs. This may be due to

the low effective carrier density resulting from the reduced ferromagnetic ordering and the lattice distortion, or the pseudo-gap

phenomena and the surface effect. q 2002 Elsevier Science Ltd. All rights reserved.
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One of the most active areas of current interest in the field of

transition metal compounds is the physics of the perovskite

manganites with the chemical formula R12xAxMnO3, (R is a

rare earth metal such as La, Pr, Nd, Sm, Gd; A is a divalent

element such as Ca, Sr, Ba). Main reason for the attention is

the colossal magnetoresistance (CMR) effects observed in

these compounds [1]. It is interesting that the CMR effects

are found in the presence of the coexistence of metal–

insulator transition and ferromagnetic ordering transition.

The coexistence of ferromagnetic ordering and metallic

behavior below the transition temperature Tc has been

traditionally explained within the framework of double

exchange (DE) model [2–4]. Doped manganites are mixed-

valent compounds containing both Mn3þ(t2g
3 eg

1) and

Mn4þ(t2g
3 ) ions. According to the DE model, the eg electrons

are mobile charge carriers interacting with the Mn4þ ðS ¼

3=2Þ background. The carrier hopping depends on the

relative alignment of the carrier spin to the localized Mn4þ

spin. When the two spins are aligned, the carrier hops easily

since the on-site Hund exchange energy is substantially

reduced. But the insulating behavior above Tc cannot be

explained by this DE model alone. Thus it was proposed that

some additional effects are needed to reduce the carrier

hopping substantially. Millis et al. [5–7] proposed that a

strong Jahn-Teller distortion and a ‘breathing’ distortion of

electron–phonon coupling play an important role. Extended
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X-ray absorption fine structure (EXAFS) [8] and neutron

pair distribution function [9] experiments have given

evidence for the predicted existence of local lattice

distortions. Spectroscopic studies have also been carried

out to get the microscopic understanding of electronic

structure of these manganites. J.-H. Park et al. [10]

investigated the electronic structure of La12xCaxMnO3 and

La12xPbxMnO3, and found that strong small polaron effects

are responsible for the low conductivity above Tc.

Temperature-dependent electronic structure was also

studied for La12xSrxMnO3 [11–13] and Pr12xSrxMnO3

[14,15].

In this work, we report the ultraviolet photoemission

spectroscopy (UPS) study of La0.72xPrxCa0.3MnO3

(LPCMO) with x ¼ 0:13; 0.3, and 0.4. This system is

interesting in that as the Pr content x is varied, many

physical properties such as resistivity and magnetization

change dramatically while the carrier concentration remains

the same. Hwang et al. first made a systematic investigation

on the transport and magnetic properties of La0.72xPrxCa0.3

MnO3 series for x ¼ 0–0:7 [16], and found that dc

resistivity at low temperature changes by several orders of

magnitude with Pr concentration, while the magnetization

continuously decreases as the Pr content increases from

0.175 to 0.7. They interpreted these results as due to the

change of Mn–O–Mn bond angle with Pr content. In the

AMnO3 perovskite manganese oxide, Mn ions occupy the B

site and are surrounded by oxygen octahedra which share

corners, while La and Pr ions occupy the A site between

these octahedra. The electronically active band is formed by

the overlap between Mn d orbital and oxygen p orbitals.

This overlap can be strongly influenced by the internal

pressure generated by the A site substitution with ions of

different radii. This effect is quantified by the tolerance

factor t ¼ ðA–OÞ=½
ffiffi

2
p

ðMn–OÞ�; which is a simple charac-

terization of the size mismatch in the perovskite structure.

For a perfect match t ¼ 1; the A-site ions have just the right

size to fill the space in three-dimensional network of MnO6

octahedra and the Mn–O–Mn bond angle u ¼ 1808: When

t , 1; the Mn–O bond is placed under compression and the

A–O bond under tension. The MnO6 octahedra will tilt and

rotate to alleviate these stresses. These tilting and rotations

bend u from 1808 to (1808 2 f ), and f increases as t

decreases. In the case of LPCMO, t is reduced as Pr content

x increases because the size of Pr ion is smaller than that of

La ion, therefore leading to the decrease of u. Since the p–d

hybridization strength is proportional to sin(u/2) in the

simple DE model, the hybridization is reduced when Pr

doping level increases.

The temperature T also influences the transport property

of LPCMO since the hopping of the eg electron carrier

depends greatly on the degree of ferromagnetic order in the

DE model. As temperature goes down below Tc, the

ferromagnetic order is enhanced, resulting in the increase

of electron hopping. Hence we can say that the effective

mixing between Mn 3d and oxygen 2p levels become

enhanced when the temperature is lowered below Tc and the

Pr concentration is reduced. Indeed the optical conductivity

of LPCMO samples found that the effective carrier density

Neff is strongly dependent on temperature T and Pr content x

[17,18]. When T . Tc; Neff is almost independent of T and

x. But when T , Tc; Neff increases rapidly as the tem-

perature is lowered while it decreases remarkably when x

increases from 0.13 to 0.4. In our present photoemission

experiments on LPCMO, we observed an unusual redis-

tribution of spectral weight in the whole valence band (VB)

region as we changed temperature and Pr content. We also

found the loss of clear metallic Fermi edge even at

temperature below the bulk metal–insulator transition at

higher Pr-doping levels. We interpret these results in terms

of Mn 3d–O 2p hybridization effect on the density of states

within the local-density-approximation (LDA) þ U

calculation.

Polycrystalline La0.72xPrxCa0.3MnO3 samples with x ¼

0:13; 0.3 and 0.4 were synthesized by a standard solid state

reaction method as described in detail in Refs. [17,18]. X-

ray powder diffraction (XRD) showed all samples were

single-phase. Electron probe microanalyses confirmed that

the samples were stoichiometric [19,20]. Both resistivity

and magnetization curves showed hysteretic behavior,

indicating that corresponding phase transitions are of the

first order nature [16,19,20]. For the samples with x ¼ 0:13;
0.3 and 0.4, the metal–insulator transition temperatures,

defined by the temperatures of resistivity maxima in

warming (cooling) runs, were 241 K (239 K), 164 K

(162 K) and 156 K (152 K), respectively. In general, the

transition temperature in warming process is slightly higher

than that in cooling process, especially for those samples

having larger x values [16].

Before photoelectron spectroscopy study, all samples

were annealed again in oxygen at 900 8C for 18 h to ensure

the correct amount of oxygen content. These samples were

attached to OFHC (oxygen-free high-conducting) copper by

good-conducting silver epoxy. UPS measurements were

performed both at liquid nitrogen temperature (90 K) and

room temperature (295 K) using the high-resolution photo-

emission chamber equipped with a hemispherical electron

energy analyzer manufactured by VG Scientific Inc. The

base pressure in the chamber was in the low 10210 or high

10211 Torr range. At room temperature, all spectra show

charging effects. So binding energies were calibrated using

the Fermi edge (EF) of a clean Au plate sample. The

instrumental resolution was ,50 meV with He I photon

source ðhn ¼ 21:2 eVÞ: In order to obtain fresh, clean

surfaces, the samples were scraped in situ with a diamond

file at each measurement and the scraping was made until

the contamination-related feature around 9–10 eV binding

energy disappeared, so that the whole spectrum did not

change with further scraping. Special attention was also paid

to the intensity of the feature around 6 eV, which increases

with surface degradation. The degradation was so fast that

we had less than 15 min to finish the whole scanning.
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To confirm the metal–insulator transition, we first

looked at the spectral density near the Fermi level with

high resolution photoelectron spectroscopy. Fig. 1 shows the

temperature dependence of spectral weight near EF for x ¼

0:13; 0.3 and 0.4. Clearly, we can see the great enhancement

of spectral weight near EF in the x ¼ 0:13 sample when

temperature is lowered from room temperature to 90 K. The

clear metallic Fermi edge indicates that the sample under-

goes a transition from an antiferromagnetic insulator to a

ferromagnetic metal as the temperature is below Tc.

However, for x ¼ 0:3 and 0.4, the spectra show negligible

changes as temperature decreases, and no metallic Fermi

edges can be found at 90 K. This is unusual because 90 K is

lower than any Tc of the three samples. A similar behavior

has also been seen in several manganite systems [10–14,

21–23], where no significant changes with decreasing

temperature in the spectral density near EF and no metallic

Fermi edges were found even in the ferrometallic phase.

This behavior has been suggested to be due to pseudo-gap

phenomena [21–23]. In the present case of LPCMO

samples, the optical conductivity data also showed drastic

decrease of effective carrier density Neff with increasing Pr

content as mentioned above [19,20]. Hence our high

resolution photoelectron spectroscopy data may indicate

that the reduced ferromagnetic ordering and the greatly

enhanced lattice distortion at high Pr doping level indeed

give rise to the disappearance of metallic Fermi edge in the

x ¼ 0:3 and 0.4 samples at 90 K. However, the possibility of

the surface effect, where the transport property of the

surface probed by the photoelectron spectroscopy is

different from that of the bulk, or the pseudo-gap

phenomena cannot be discarded either.

Fig. 2 shows the valence region spectra at room

temperature and 90 K for various x values. These spectra

were obtained by performing traditional integral back-

ground subtraction and peak area normalization on the

original spectra. We note that other background correction

methods and normalization processes such as linear back-

ground subtraction, non-subtraction and dividing by noise

weight above EF due to the higher order photons produce

slightly different final spectra, but the major trends remain

the same. In Fig. 2, we see the strong temperature

dependence of spectral weights, i.e. when we go down

from room temperature to 90 K, the relative intensity of the

peak A decreases while that of the peak B increases for all

samples. This unusual temperature dependence of spectra

over the whole VB region was also found in La12xSrxMnO3

[11–13] and is considered to be a unique feature for CMR

materials, because no similar temperature dependence was

observed in another DE system La12xSrxCoO3 [13].

In Fig. 3, we also show the doping dependence of VB

spectra at (a) room temperature and (b) 90 K. It is evident

that there is also a spectral weight transfer from peak B to

peak A at room temperature when Pr content x increases

from 0.13 to 0.3, although as x continues to increase up to

0.4 negligible spectral change can be found. We can also see

the spectral weight transfer from peak B to peak A when x

increases from 0.13 to 0.3(0.4) at 90 K (Fig. 3b), although

the band width is slightly narrowed at the same time in this

Fig. 1. UPS spectra near the Fermi level for La0.72xPrxCa0.3MnO3

samples with x ¼ 0:13; 0.3 and 0.4 at room temperature and 90 K

using He I photon source ðhn ¼ 21:2 eVÞ: For x ¼ 0:13 sample, the

sharp metallic edge at the Fermi level is clearly seen at 90 K.

Fig. 2. UPS spectra for the wide valence band region for

La0.72xPrxCa0.3MnO3 samples with x ¼ 0:13; 0.3 and 0.4 at room

temperature and 90 K. Strong temperature dependence of spectral

weights are shown for all samples.
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case. Note that the Pr doping does not introduce any hole

into the system, so this doping dependence of spectral

weight is very different from that observed in La12xSrx-

MnO3 [13], where the Sr doping increases the hole density.

To understand the temperature dependence and doping

dependence of spectral weight shown in Figs. 2 and 3, we

must at first assign the features in valence band correctly. Up

to now, many theoretical and experimental studies have

been performed on the electronic structures of manganite

systems, but the assignments of various spectral features in

the valence band are still controversial. The band structure

calculation using the local spin density approximation

(LSDA) [11,12] predicts that the Mn 3d bands are located

near EF and the O 2p level is below Mn 3d at the binding

energy of ,5 eV. On the other hand, the LDA þ U

calculation [24] claims that the inclusion of the electron

correlation energy between Mn 3d electrons reverses this

order, with O 2p band near the Fermi level while Mn 3d

states are located far below. The configuration-interaction

cluster model calculation including electron correlations

[25] also predicts that the manganites are charge-transfer

insulators with the dnL
¯

(underline denotes a hole) states at

the top of the valence band. Experimentally, the Mn 3d

states are usually obscured in UPS owing to the dominant O

2p cross section at low photon energies [26]. Moreover, the

strong hybridization between O 2p and Mn 3d states in

manganites makes spectral features of heavily mixed

character, and it is difficult to extract Mn 3d bands from

VB spectra. Hence some experiments utilizing the Mn 2p–

3d resonance [10], spin-resolved photoemission [27] and

other approaches [11,12,14,15] identified Mn t2g and eg

states at ,2.2 and 1.2 eV from EF in agreement with LDA

calculation [11,12], while others [13] followed the assign-

ments of the cluster model calculation. We note that in many

3d transition metal compounds including manganites

electron correlation effects are well known to be quite

important. In fact, in a systematic study of 3d transition

metal compounds, the on-site d–d Coulomb interaction U

for manganese oxides is found to be 7–8 eV [28]. This

strong on-site Coulomb interaction can drastically change

the distribution of spectral weight, as shown in the

LDA þ U calculation or configuration-interaction cluster

model calculation. Hence careful assessments of photo-

emission peaks are necessary to make correct assignments

of their origin.

In our experiment, we used the photon energy hn ¼

21:2 eV; and the ratio between Mn 3d and O 2p

photoionization cross sections is only ,3% [25,26]. So all

the spectral weight and its change may be considered to

reflect primarily the O 2p character. Previous experiments

found that at higher photon energies where the relative cross

section of Mn 3d to O 2p levels becomes stronger, the

features near ,6 and ,2 eV are enhanced relative to the

feature at ,3 eV [13,15]. This implies that the feature at

,3 eV (peak A) has a dominant O 2p character, whereas the

,6 eV feature (peak B) has a mixed character, consisting of

both O 2p and Mn 3d states. Thus, we can assign peak A to

the primarily O 2p non-bonding states and peak B to the O

2p–Mn 3d bonding states, in agreement with T. Saitoh et al.

[13]. With this assignment, we can explain naturally the

temperature and doping dependence of the spectra weights

observed in Figs. 2 and 3 as follows—as the mixing between

Mn 3d and O 2p levels become stronger by the change of

temperature (low temperature) or Pr doping level (smaller x

value), the weight of peak B relative to that of peak A

becomes enhanced. (The negligible difference of spectral

weight between x ¼ 0:3 and 0.4 may be due to the negligible

change of p–d hybridization strength when Pr content

increases from 0.3 to 0.4. The closeness of Tc and effective

carrier density of the two samples supports this view.). Since

the intensity of peak A, which comes from primarily non-

bonding states, should remain the same in the zeroth order

approximation, this change of spectral weight mostly

reflects the degree of mixing of O 2p states in the bonding

level peak B. The fact that O 2p contribution becomes larger

in this bonding level when the hybridization becomes

stronger implies that the binding energy of ‘bare’ O 2p level

should be lower than that of Mn 3d level before the

Fig. 3. Doping dependence of UPS spectra in the whole valence

band region at (a) room temperature and (b) 90 K.
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hybridization is turned on. This ordering of Mn 3d and O 2p

levels is opposite to the energy level diagram of the LSDA

calculation [11,12], but consistent with those of the

LDA þ U or configuration-interaction cluster model calcu-

lations. Hence, we can conclude that our photoemission data

on LPCMO support the importance of electron correlation

effect in these compounds, and suggest that the discussion

on their electronic structures should be based on the energy

level scheme of LDA þ U or cluster-model calculations

rather than the commonly used LSDA calculation.

In summary, we have studied the UPS of LPCMO and

found unusual temperature and doping dependences of

spectral weights in the whole valence band region. These

spectral weight transfers are mainly due to the change of the

Mn 3d–O 2p hybridization strength with temperature and Pr

doping, and can be understood by the energy level diagram

of LDA þ U or cluster-model calculations, but are not

consistent with LSDA calculation. This shows the import-

ance of electron correlation effect in the electronic structures

of these manganites. The experimental spectral density near

the Fermi level also depends on the temperature and Pr

doping, which may be due to the ferromagnetic order and

lattice distortion effects as well as pseudo-gap phenomena

or surface effect.
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