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We study the changes in the occupied density of states of Pr0.5Sr0.5MnO3 as a function of temperature
~25–300 K! using photoemission spectroscopy. The spectral weight transfer across the metal-insulator/charge-
ordering/ferromagnetic-antiferromagnetic transition is abrupt and over very large energy scales~up to 1.2 eV
from the Fermi levelEF) compared to the transition temperatureTmi5140 K ~;12 meV! and the gap value
in the insulating phase~;100 meV!. Negligible changes observed atEF in the ferromagnetic-metallic phase
aboveTmi and a weak spectral weight transfer across the ferromagnetic-paramagnetic transition atTf p5270 K
are consistent with negligible change in carrier density aboveTmi . @S0163-1829~97!50948-9#

In the last ten years there has been tremendous interest in
the study of transition-metal oxides due to the discovery of a
variety of electronic, magnetic, and structural transitions.
Preeminent among them are high-temperature superconduc-
tivity in layered cuprates1 and colossal magnetoresistance
~CMR! in the three-dimensional manganese perovskite ox-
ides A12xBxMnO3 ~A: La, Pr, Nd, Bi, etc.,B: Ca, Sr, Ba,
etc.!.2 The earliest work by Jonker and Van Santen on the
manganese perovskites La12xSrxMnO3 showed that hole
doping~obtained by substituting Sr21 for La31) of the parent
insulating antiferromagnetic compound resulted in a
ferromagnetic-metallic phase at low temperatures beyond a
critical doping concentrationxc .3 The tremendous interest in
CMR of these systems is relatively recent4,5 but has attracted
enormous attention due to its intriguing behavior. The prop-
erties of the antiferromagnetic insulating parent and the tran-
sition to a ferromagnetic metal with CMR on doping is not
easily understood in the framework of a simple one-electron
band theory alone. While recent local spin-density approxi-
mation ~LSDA! ~without and with on-site Coulomb correc-
tion, LSDA/LDA1U! band-structure calculations6 do give
an insulating ground state for LaMnO3 ~Mn31 in LaMnO3

has thet2g
3 eg

1 configuration!, the most suitable picture for
explaining the thermodynamic properties of the hole doped
eg band requires a strong electron-phonon coupling due to
polaronic transport, a Jahn-Teller distortion, and a Zener-
type double-exchange mechanism with a strong Hund cou-
pling, as is borne out by recent theoretical and experimental
results.4,5 In the Zaanen-Sawatsky-Allen~ZSA! scheme,7

these systems are characterized by the relative strengths of
the on-site Coulomb correlation energy (U), the charge-
transfer energy (D), and the hybridization strength between
the Mn 3d and O 2p states (tpd). The actual ground state
requires additional considerations of the exchange splitting,

the crystal-field splitting, spin and orbital ordering, to ex-
plain various properties. Estimates exist for the above ener-
gies in the literature from electron spectroscopy8,9 as well as
band calculations.6 The estimates are not uniquely deter-
mined but in every case they are a few eV in magnitude—
e.g., for LaMnO3, on-siteU has been estimated to be about
4–8 eV,D;4–5 eV, andtpd;1.8– 2.2 eV~Refs. 6, 8, and 9!
and indicate a fairly mixed character ground state in the ZSA
picture. More recently, the metal-insulator/charge-ordering
first-order transitions observed in single crystal manganites
near or at a 1:1 ratio for Mn31 and Mn41,
e.g., La0.5Ca0.5MnO3 (Tmi5135 K),5,10 Pr0.5Sr0.5MnO3

(Tmi5140 K!,11,12 Nd0.5Sr0.5MnO3 (Tmi5158 K!,13

Pr12xCaxMnO3 (Tmi5230 K!,14 followed by a
ferromagnetic-paramagnetic transition in the metallic phase
at higher temperatures,Tf p , has provided another opportu-
nity to study new aspects of these complex transitions.
Coupled to the metal-insulator transition is a ferromagnetic-
antiferromagnetic transition as well as a sharp change in the
lattice parameters.5,14 As discussed above, the parameters de-
termining the electronic structure of these oxides are more
than two orders of magnitude larger than the transition tem-
perature. This indicates that the thermodynamic properties
are so finely tuned that they can undergo dramatic changes
driven by a low-energy scale like temperature. Novel phe-
nomena such as magnetic-field induced melting of the or-
dered phase,12,13 photoinduced insulator-metal transitions,15

and magnetic-field induced structural transitions16 confirm
that these systems are very close to critical points, and that
the systems are truly spin-charge-lattice coupled systems.

In this paper we investigate the electronic structure of
Pr0.5Sr0.5MnO3 as a function of temperature using photo-
emission spectroscopy. The results provide clear spectral
changes in the occupied density of states~DOS! acrossTmi
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with an abrupt closure of the insulating gap. We discuss the
implications of the energy scales and the temperature depen-
dence of the spectral changes in conjunction with transport
measurements.

Single-crystal Pr0.5Sr0.5MnO3 was prepared by the travel-
ing solvent floating zone method. The samples were charac-
terized for structure using x-ray diffraction and the electrical
and magnetic transitions were confirmed to be as reported
earlier.12 Photoemission spectroscopy was performed using
He I and HeII photons (hn521.2 and 40.8 eV, respectively!
in a homebuilt spectrometer using a 300-mm hemispherical
analyzer. Due to low count rates, the energy resolution was
set at 70 meV for the near Fermi level spectra. Samples were
cleavedin situ to obtain clean surfaces and the spectra were
reproducible for two samples and on cycling through the
charge-ordering transition. The experiments were done on
single-crystal surfaces obtained by cleaving, but since the
obtained surfaces were not perfectly uniform the spectra had
no angular dependence over a variation of the Brillouin zone.
The spectra thus correspond to angle-integrated density of
states. The spectra were stable up to approximately ten hours
after cleaving, beyond which the intensity atEF decreased
gradually and a new feature showed up at about 9.5-eV bind-
ing energy due to surface degradation. The samples were
mounted on a cold finger of a closed-cycle cryostat and the
temperature was measured to an accuracy of1/22 K using a
calibrated Pt resistor.

Figure 1 shows the HeI (hn521.2 eV! valence-band
photoemission spectra of Pr0.5Sr0.5MnO3 obtained at 130 and
150 K, across the metal-insulator transition atTmi5140 K.

The spectra are superimposed to show that no temperature-
dependent changes occur in the spectral intensity over large
energy scales consisting of two prominent features at nearly
6-eV and 3-eV binding energy. A weak intensity feature cen-
tered at less than 1-eV binding energy is also observed and is
discussed in detail later; the temperature-dependent changes
occur only in this feature and have a direct relation with the
thermodynamic properties. Comparing with band-structure
calculations6 as well as electron spectroscopy results on the
related manganites La12xBxMnO3 (B5Ca, Sr, Pb!,8,9 we un-
derstand that the 6-eV binding energy feature consists essen-
tially of the O 2p derived states while the 3-eV feature has a
dominant Mn 3d t2g character, with the feature within 1 eV
of the Fermi level consisting of Mneg derived states. Note
that the peak at 3 eV is much more intense compared to the
LaMnO3 spectrum,8 suggesting that the Pr 4f occupied states
occur at about the same binding energy as the Mn 3d t2g
derived states. A similar result is known from a resonant
photoemission study17 of PrNiO3 in comparison with
LaNiO3, which also crystallize in the perovskite structure,
though a resonant photoemission study is awaited for the
present system.

In the inset to Fig. 1, we show the valence-band spectra
obtained using HeII photons (hn540.8 eV! and the spectra
are quite similar to the HeI spectra discussed earlier. The
slight change in relative intensities and broadening of the
feature at 3-eV binding energy is consistent with the increase
in atomic cross sections due to the Mn 3d and Pr 4f derived
states.18 It indicates the strong hybridization between the Mn
3d and O 2p states, pointed out by Pickett and Singh,6 and
also known from earlier electron spectroscopy studies on re-
lated manganites.8,9 In order to investigate the temperature-
dependent changes in theeg derived band we measured the
same with better signal-to-noise~S/N! ratio as shown in Fig.
2. The spectra obtained at 130 and 150 K are normalized for
total intensity in order to emphasize the changes obtained
across the metal-insulator/charge-ordering transition atTmi

FIG. 1. Valence-band spectra of Pr0.5Sr0.5MnO3 obtained across
the m-i/ferro-antiferro transition using HeI photons (hn
521.2 eV!. The spectra at 130 K and 150 K are superimposed to
show that negligible changes are obtained over wide energy scales
acrossTmi5140 K. Inset: Valence-band spectra of Pr0.5Sr0.5MnO3

obtained using HeII photons (hn540.8 eV!.

FIG. 2. Spectral changes of Pr0.5Sr0.5MnO3 obtained across the
m-i/ferro-antiferro transition showing the gap closure and spectral
weight transfer over 1.2 eV from the Fermi level (EF). Inset: Near
EF region on an expanded scale with better S/N ratio showing a gap
of nearly 100 meV belowTmi and a finite small DOS atEF above
Tmi .
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5140 K. A clear transfer of spectral weight is observed over
an energy scale of about 1.2 eV. In the inset to Fig. 2, we
plot the spectra nearEF to get a measure of the gap in the
low-temperature insulating phase. The 130-K spectrum
shows that Pr0.5Sr0.5MnO3 has a gap of nearly 100 meV in
the insulating phase. In contrast, the spectrum at 150 K
shows a small but finite DOS atEF , consistent with its me-
tallic character aboveTmi . Thus we find the surprising result
that the metal insulator transition is accompanied by a spec-
tral weight transfer over an energy scale~;1.2 eV! much
larger than the transition temperature (Tmi512 meV! as
well as the gap in the occupied density of states~nearly 100
meV!.

In order to investigate changes in the different phases, we
have checked for temperature dependence of the valence
band from 25 to 300 K. In Fig. 3~a! we plot the valence-band
spectra across the ferromagnetic-paramagnetic transition at
Tf p5270 K, which shows very small spectral weight trans-
fer in the Mneg derived band from nearEF to about 0.5–1.0
eV belowEF . This suggests that the change in the tempera-
ture dependence of the transport properties at the ferro-para
transition has a very small contribution from a change in the
DOS, particularly atEF . This is consistent with recent Hall
coefficient measurements, which show that carrier density
does not depend on temperature or magnetic field above
Tmi .

19 In Fig. 3~b!, we compare the spectra obtained at 150
K and 240 K in the ferromagnetic-metallic phase and find no
change in the spectra. A similar behavior is seen in the low-
temperature insulating phase below 140 K, with the spectra

obtained at 25 K and 130 K showing negligible change@Fig.
3~c!#. These observations are quite consistent with recent
studies, which show that while the lattice parameters show a
sharp change atTmi , they show negligible changes for
T,Tmi or for T.Tmi.

13,20

Our photoemission spectroscopy results show that the
spectral weight transfer atTmi is abrupt and occurs over a
very large energy scale~;1.2 eV from EF), which is an
order of magnitude larger than the gap in the occupied DOS,
about 100 meV~if we assume the chemical potential to be at
the center of the gap, the total gap is estimated to be 200
meV!, and which is itself another order of magnitude larger
than the transition temperatureTmi5140 K512 meV. A re-
cent tunneling spectroscopy study21 of the charge-ordering
transition in Nd0.5Sr0.5MnO3 (Tmi5158 K! reports a value
of ;250 meV for the total gap, and thus matches well with
the gap measured by us. A difference in magnitudes of en-
ergy scales of the transition temperature, the gap, and the
spectral weight transfer has also been observed in two other
systems: ~i! quasi-one-dimensional conductors Dicyano-
quinone-diimine~DCNQI!-Cu,22 which exhibits a charge-
density wave transition, and~ii ! for the Verwey transition in
Fe3O4.

23 Recent photoemission and optical spectroscopy re-
sults on the Mott-Hubbard system CaxSr12xVO3 have shown
that spectral weight transfer over large energy scales deter-
mined by on-siteU are well explained by changingU/W
~where W is the bandwidth! in the dynamical mean-field
theory.24 However, in the present case, a similar situation
does not apply becauseU/W does not change as a function
of temperature. Also, while spectral weight transfer over
large energy scales~;2 eV! determined by the Hund cou-
pling energy has been observed in the CMR manganites,5 the
charge-ordering transition does not occur in all manganese
perovskites, but only close to, or at, a Mn31:Mn41 ratio of
1:1. In contrast, CMR is observed in all manganese perovs-
kites in the ferromagnetic metallic phase with evidence for
polaronic transport.4,5 Based on these facts, Lee and Min25

model the charge-ordering manganites as a system in which
a competition between nearest-neighbor repulsion and
double-exchange results in the first-order ferromagnetic
metal-antiferromagnetic insulator transition atTmi . This is
analogous to the charge ordering known in Fe3O4 ~Ref. 26!
and La22xSrxNiO4 (x5 1

3 , 1
2 ),27 which share many aspects of

an order-disorder transition with charge-ordering mangan-
ites. In a very recent study, Mizokawa and Fujimori28 show
from an unrestricted Hartree-Fock calculation that the
A-type antiferromagnetic order observed only in the insulat-
ing phase of Pr0.5Sr0.5MnO3 ~Ref. 20! is due to a breathing-
type lattice distortion. Alternatively, the usually observed
‘‘ce’’ type order could be favored depending on a specific
orbital ordering in the perovskites.28,29 While the gap ob-
tained in these theoretical studies is of the order of the ob-
served gap, the origin of the energy scale of the spectral
weight transfer is not yet understood in the charge-ordering
systems. From our studies, it is clear that the spectral weight
transfer over large energy scales is a generic feature of the
charge-ordering systems. Further theoretical and experimen-
tal studies are necessary to clarify the origin of the spectral
weight transfer in the charge-ordering manganites. In par-
ticular, the answer to the question of whether the transition is
driven by nearest-neighbor25 or superexchange interaction,28

FIG. 3. Temperature-dependent spectra of Pr0.5Sr0.5MnO3 ~a! at
T5240 and 300 K, across the paramagnetic-ferromagnetic transi-
tion atTf p5270 K showing negligible change atEF , though small
changes are seen further away fromEF , ~b! at 150 and 240 K,
indicating no changes in the ferrometallic phase as a function of
temperature, and~c! at 25 and 130 K, showing negligible change in
the insulating phase.

RAPID COMMUNICATIONS

56 R15 515TEMPERATURE DEPENDENCE OF THE ELECTRONIC . . .



coupled to a lattice distortion, would also need to explain the
simultaneous spectral weight transfer.

In conclusion, the spectral changes in the occupied DOS
of Pr0.5Sr0.5MnO3 across the metal-insulator/charge-ordering/
ferromagnetic-antiferromagnetic transition are abrupt and
over very large energy scales~up to 1.2 eV from Fermi level
EF) compared to the transition temperatureTmi5140 K
~;12 meV! and the gap value in the insulating phase~;100
meV!. While no significant changes in DOS are observed in
the ferrometallic phase, a weak spectral weight transfer
across the ferromagnetic-paramagnetic transition atTf p

5270 K is consistent with negligible change in carrier den-
sity aboveTmi .

We thank Professor T. V. Ramakrishnan, Professor A.
Fujimori, Professor R. Pandit, and Dr. T. Mizokawa for very
valuable discussions. This work was supported by grants
from CREST ~Core Research for Educational Science and
Technology! of Japan Science and Technology Corporation
~JST!, the Ministry of Education, Science and Culture of
Japan, and the New Energy and Industrial Technology De-
velopment Organization~NEDO! of Japan.

*Present address: Institute for Plasma Research, Bhat, Gandhinagar
382 428, Gujarat, India.

1J. G. Bednorz and K. A. Muller, Z. Phys. B64, 189 ~1986!.
2R. M. Kusterset al., Physica B155, 362 ~1989!; R. von Helmolt

et al., Phys. Rev. Lett.71, 2331~1993!; K. Chaharaet al., Appl.
Phys. Lett.63, 1990~1993!; Y. Tokuraet al., J. Phys. Soc. Jpn.
63, 3931~1994!; S. Jinet al., Science264, 413 ~1994!.

3G. H. Jonker and J. H. van Santen, Physica~Amsterdam! 16, 337
~1950!; 16, 599 ~1950!.

4N. Furukawa, J. Phys. Soc. Jpn.63, 3214~1994!; J. Inoue and S.
Maekawa, Phys. Rev. Lett.74, 3407~1995!; A. J. Millis, P. B.
Littlewood, and B. I. Shraiman,ibid. 74, 5144~1995!.

5A. Urushibaraet al., Phys. Rev. B51, 14 103~1995!; Y. Okimoto
et al., Phys. Rev. Lett.75, 109~1995!; H. Y. Hwanget al., ibid.
75, 914 ~1995!; P. Schifferet al., ibid. 75, 3336 ~1995!; M. R.
Ibarraet al., ibid. 75, 3541~1995!; P. G. Radaelliet al., ibid. 75,
4488~1995!; S. G. Kaplanet al., ibid. 77, 2081~1996!; G. Zhao
et al., Nature ~London! 381, 676 ~1996!; Y. Okimoto et al.,
Phys. Rev. B55, 4206~1997!, and references cited therein.

6N. Hamada, H. Sawada, and K. Terakura, inSpectroscopy of Mott
Insulators and Correlated Metals,edited by A. Fujimori and Y.
Tokura ~Springer-Verlag, Berlin, 1995!, pp. 95–105; W. E.
Pickett and D. J. Singh, Phys. Rev. B53, 1146~1996!; S. Satpa-
thy, Z. S. Popovic, and F. R. Vukajlovic, Phys. Rev. Lett.76,
960 ~1996!; I. Solovyev, N. Hamada, and K. Terakura, Phys.
Rev. B53, 7158~1996!.

7J. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. Lett.55,
418 ~1985!.

8T. Saitohet al., Phys. Rev. B51, 13 942~1995!; A. Chainani, M.
Mathew, and D. D. Sarma,ibid. 47, 15 397~1993!; D. N. McIl-
roy et al., Phys. Lett. A207, 367 ~1995!; J. Zhanget al., Solid
State Commun.97, 39 ~1997!.

9J.-H. Parket al., Phys. Rev. Lett.76, 4215~1996!; D. D. Sarma
et al., Phys. Rev. B53, 6873~1996!; D. N. McIlroy et al., ibid.
54, 17 438~1996!.

10A. P. Ramirezet al., Phys. Rev. Lett.76, 3188 ~1996!; C. H.
Chen and S. W. Cheong,ibid. 76, 4042 ~1996!; E. O. Wollan
and W. C. Koehler, Phys. Rev.100, 545 ~1955!.

11K. Knizek et al., J. Solid State Chem.100, 292 ~1992!.
12Y. Tomiokaet al., Phys. Rev. Lett.74, 5108~1995!.
13H. Kuwaharaet al., Science270, 961 ~1995!.
14Z. Jiraket al., J. Magn. Magn. Mater.53, 153 ~1985!.
15V. Kiryukhin et al., Nature~London! 386, 813~1997!; K. Miyano

et al., Phys. Rev. Lett.78, 4257~1997!.
16A. Asamitsu et al., Nature ~London! 373, 407 ~1995!; A. J.

Campbellet al., Phys. Rev. B55, 8622~1997!.
17T. Mizokawaet al., Phys. Rev. B52, 13 865~1995!.
18J. J. Yeh and I. Lindau, At. Data Nucl. Data Tables32, 1 ~1985!.
19P. Wagneret al., Phys. Rev. B55, 14 721~1997!.
20H. Kawanoet al., Phys. Rev. Lett.78, 4253~1997!.
21A. Biswaset al., J. Phys.: Condens. Matter9, L355 ~1997!.
22T. Takahashiet al., Phys. Rev. B53, 1790~1996!; A. Sekiyama

et al., ibid. 51, 13 899~1995!.
23A. Chainaniet al., Phys. Rev. B51, 17 976 ~1995!; J.-H. Park

et al., ibid. 55, 12 813~1997!.
24I. H. Inoueet al., Phys. Rev. Lett.74, 2539~1995!; M. J. Rozen-

berget al., ibid. 76, 4781~1996!.
25J. D. Lee and B. I. Min, Phys. Rev. B55, 14 713~1997!.
26D. Ihle and B. Lorenz, J. Phys. C19, 5239~1986!; V. I. Anisimov

et al., Phys. Rev. B54, 4387~1996!.
27S. W. Cheonget al., Phys. Rev. B49, 7088~1994!.
28T. Mizokawa and A. Fujimori, Phys. Rev. B51, 12 880~1995!;

56, R493~1997!; 56, R493~1997!.
29P. G. Radaelliet al., Phys. Rev. B55, 3015~1997!.

RAPID COMMUNICATIONS

R15 516 56A. CHAINANI et al.


