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Evidence forO2p Hole-Driven Conductivity in La12xSrxMnO3 sss0 l x l 0.7ddd and
La0.7Sr0.3MnOz Thin Films

H. L. Ju, H.-C. Sohn, and Kannan M. Krishnan*
Materials Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 9

(Received 2 December 1996)

OxygenK-edge electron-energy-loss spectra have been measured for La12xSrxMnO3 s0 # x # 0.7d
and La0.7Sr0.3MnOz thin films as a function ofx andz. The spectra show a prepeak at the Fermi level,
corresponding to transitions to empty states in the O2p band, at the threshold of theK edge around
529 eV. This prepeak systematically increases with an increase in conductivity through divalent doping
sxd or oxygen contentszd. This confirms that these materials are charge-transfer-type oxides with
carriers having significant oxygen2p hole character. We argue that, the double exchange mechanism
has to include the role of oxygen hole density to satisfactorily describe their transport properties.
[S0031-9007(97)04413-X]

PACS numbers: 71.38.+ i, 72.15.Gd, 75.30.Kz
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Manganites with the general formulaR12xAxMnO3
(R ­ La, Pr, Nd, Sm:A ­ Ca, Sr, Ba, Pb) exhibiting
“colossal” magnetoresistance (CMR) have generated mu
recent interest [1,2]. The parentRMnO3 sMn31; t2g

3e1
gd

is a magnetic insulator, butR12xAxMnO3 transforms
into a metallic ferromagnet upon dopings0.2 # x # 0.5d
[3,4] and exhibits CMR near its ferromagnetic transitio
temperaturesTCd [3]. The coexistence of ferromagnetism
and metallic behavior is traditionally explained within
the framework of “double exchange” (DE) [5,6], where
the transfer integral for an electron is proportional t
cossuijy2d, anduij is the angle between two ionic spins
The conductivity is a maximum when the on-site Hun
exchange energy is a minimum and hence ferromagneti
is coupled with metallic behavior. Thus the DE mecha
nism qualitatively explains why these manganites becom
metallic below TC (well-aligned spins) and insulating
aboveTC (randomly aligned spins), and show large mag
netoresistance values due to field induced spin alignme

Insulating compounds arising from strong correlatio
betweend electrons can be categorized into either Mot
Hubbard or charge-transfer materials [7]. In the forme
the insulating gap (Mott-Hubbard gapU) is between the
d-electron states (upper Hubbard and lower Hubba
bands), whereas in the latter, the gap (charge transfer g
D) is between the oxygenp-like state and the unoccupied
d-like upper Hubbard band. In this simple model, dopin
induces holes in the oxygen sites (charge-transfer-typ
or in the lower Hubbard band (Mott-Hubbard-type
[7,8]. Thus the DE mechanism implicitly assumes
Mott-Hubbard-type insulator [9] requiring Mn31yMn41

mixtures and contradicts the fact thatRMnO3 is known
[10,11] to be a charge-transfer insulator. Hence, th
nature of the insulating gap and the charge carriers
CMR materials needs to be investigated in detail.

Established techniques for the determination of th
electronic structure of such materials, such as x-ra
photoelectron (XPS) and x-ray absorption (XAS) spectro
scopies, are only surface sensitive with probing depths
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10–50 Å. To be effective, these techniques require t
the surfaces prepared have electronic structures repre
tative of the bulk. This is particularly difficult to achiev
for these perovskite manganites since their surfaces
chemically unstable [11]. Electron-energy-loss spec
(EELS) in a transmission electron microscope (TEM) a
ideally suited for such measurements—the measurem
is carried out in transmission through 500–800 Å thi
samples, and its potential for determining the electro
structure of perovskites was demonstrated in studies
high TC cuprate superconductors [12]. In this Lett
we report our results of EELS measurements of
OK edge (excitation of O1s electrons into emptyp-like
states following dipole selection rules) in La12xSrxMnO3
s0 # x # 0.7d and La0.7Sr0.3MnOz films as a fucntion
of x and z. Indeed, in a systematic study of wel
characterized, epitaxially grown, thin films we have fou
a prepeak (O2p holes) at the Fermi level, the intensit
of which correlates well with the electrical conductivit
of the films over the entire range of divalent-dopant
oxygen content.

Manganite films of nominal composition
La12xSrxMnO3 s0 # x # 0.7d and La0.7Sr0.3MnOz

were grown epitaxially on (100) LaAlO3 substrates by
a polymeric sol-gel technique [13]. La12xSrxMnO3
films were finally annealed at 700±C for 1 h in
air. The La0.7Sr0.3MnOz films were first annealed a
900 ±CyO2y1 h. Twenty such as-prepared films, showin
identical resistivity and field response, were subseque
vacuum s1026 Torrd annealed at different temperature
(450, 500, 550, and 650±C) for 2 h to systematically vary
their oxygen stoichiometry. All films were characterize
by x-ray diffraction before and after anneal to ensu
that they remained single phase even after annealin
650±C. Relative oxygen content of the films, measur
by energy dispersive x-ray spectroscopy (EDXS) us
experimentally measuredk factors [14], show that the
films annealed at 550±C have,3% less oxygen than the
as-prepared films. Conventional four-point dc resistivit
© 1997 The American Physical Society
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were measured using a home-built probe in a field of
to 1 T. EELS data was obtained using a Philips CM20
microscope equipped with a field-emission source a
a Gatan imaging filter. Spectra were obtained in ima
mode with a probe convergence angle of 4.0 mrad a
1 eV energy resolution.

Figure 1(a) illustrates the temperature dependence of
resistivity for La12xSrxMnO3 films. Low dopedsx # 0.1d
films show insulating behavior over the entire temperatu
range. With increasing doping, resistivity decreases
for x ­ 0.2, a typical metal-insulator transition [15] is
observed at,260 K; x ­ 0.3 shows metallic behavior
and, in addition, has the lowest resistivity. The resistivi
increases again at higher dopingsx $ 0.4d, and forx .

0.6 the films show insulating behavior. Figure 1(b) show
the region near the threshold of the OK edge in the
EELS spectrum of La12xSrxMnO3 films and the LaAlO3
substrate. The XPS binding energy,Eb ­ 529 eV [11],
which indicates the energy of the O1s level with respect
to the Fermi energy, is also marked by a narrow band.
EELS, fine structures of the OK edge can be interpreted
in terms of transition processes governed by the dip
selection rulesDl ­ 61d [16]. Thus, the first feature,
the prepeak around 529 eV, is attributed to transitio
from O1s to unoccupied states in the O2p band. For
quantitative comparison, the prepeak intensities abov
linear background were normalized with the main pe
intensity at,535 eV. These normalized values are 7.
for x ­ 0, 9.5 for x ­ 0.3, and 8.5 forx ­ 0.4. For
LaAlO3 no prepeak is observed, and the sharp rise
spectral intensity marking the onset of the edge,3 eV
above EF (i.e., at ,532 eV) is attributed to La5d and
La4f states hybridized with O2p states. The absence o
the prepeak in LaAlO3, an ionic insulator with completely
filled O2p states, and its appearance in the La12xSrxMnO3

series is a reflection of the presence in the latter
holes on oxygen sites leading top-type conductivity.
Moreover, the prepeak intensity in La12xSrxMnO3 varies
systematically with the conductivity of the films and no
with their divalent-dopant content. In addition, neither o
OK edge threshold peakss,532 eVd nor the MnL3,2 (spin-
orbit split 2p3y2 and2p1y2 to unoccupied3d) transitions
(the latter not shown) present any discernible change
intensities with divalent doping and/or conductivity o
the films.

Of central importance to this interpretation is the fo
lowing question: On which site do the electrons/holes r
side when substitutions are made? XAS studies of ea
transition metals (Ti, V) in three series of oxides [17] a
a function of substitution indicated that extra electron
holes are located primarily at the3d metal site, while
in late 3d transition metal (Ni) oxides, holes induce
by doping have predominantly oxygen2p character [18].
The crossover behavior of transition metal systems in
middle of the row (Fe, Mn) are not easily predictab
with the added possibility of extra charges having mixe
transition metal3d-oxygen 2p character [19]. How-
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FIG. 1. (a) Temperature dependence of the resistivity of t
La12xSrxMnO3 films in the composition range0 # x # 0.7.
(b) OxygenK-edge spectra of La12xSrxMnO3 (x ­ 0, 0.3, 0.5)
and LaAlO3. The small shifts in the energies of the peaks
due to drift in the high voltage offsets.

ever, studies [20] of oxygenK-edge absorption spectra
of La22xSrxCuO41d reveal two distinct pre-edge feature
(at 530 and 528 eV, respectively) which evolve systema
cally with Sr concentrations0 , x , 0.15d. The peak
at 530 eV, corresponding to transitions into the upp
Hubbard band, is most intense in the insulating state a
decreases with Sr doping. The second peak at 528
attributed to transitions into the charge-transfer band (e
tra holes on oxygen sites), grows in intensity and shi
to lower energy with Sr addition. The pre-edge featur
observed [Fig. 1(b)] appear to fit this description but wi
significant differences. The divalent-dopant concentrati
in our experiments is much higher, and, if the above tre
with Sr doping continued to be valid, it would be expecte
that the pre-edge feature in our measurements can
3231
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attributed to transition into the charge-transfer band.
any case, the key result is that the overall intensity
the pre-edge feature increases with the conductivity of t
films and not with the divalent doping concentration.

It is believed [21] that the magnetotransport propertie
of these films are strongly dependent on the oxygen st
chiometry. In fact, improper control of the oxygen conten
in the films can also contribute noticeably to the prepeak i
tensity. Moreover, the hole peak intensity is a function o
Sr content, oxygen content, and Mn valence. In the first s
of experiments [Figs. 1(a) and 1(b)], Mn valence is con
stant within the resolution of our measurements. Howeve
the oxygen content can also be expected to vary with
content. In order to sort this further, we have carried out
second set of experiments, i.e., further fixed Sr content a
systematically varied oxygen content by high-temperatu
vacuum annealing over a range of temperatures, and
tablished a correlation between resistivity, oxygen sto
chiometry, and the O2p hole density. The temperature
dependence of the resistivity for La0.7Sr0.3MnOz is shown
in Fig. 2(a). Though the as-prepared films show a metal
resistivity for the entire temperature range investigated, t
low temperature (450, 500±C) vacuum annealed samples
show metal-insulator transitions, and the high temperatu
(550, 650±C) vacuum annealed samples show insulatin
behavior.

Figure 2(b) shows the OK edge in EELS of as-prepared
and La0.7Sr0.3MnOz films vacuum annealed at 550±C. As-
prepared La0.7Sr0.3MnOz shows a large prepeak in the OK

edge which disappears when the film is vacuum annea
at 550±C. Once again, the prepeak intensity correlate
well with the conductivity confirming the significant role
of O2p hole density in determining the magnitude of th
resistivity.

Over the range of La12xSrxMnO3 and La0.7Sr0.3MnOz

samples studied, we have observed a significant prep
at the Fermi level in the OK edge in EELS, with intensity
closely related to the conductivity of the films. The ab
sence of this OK prepeak in LaAlO3 and its presence in
these compounds suggest that the latter are charge tra
fer type oxides. Specifically, doping the parent LaMnO3

with divalent Sr generates unoccupied states in the O2p

band, and vacuum annealing of La0.7Sr0.3MnOz to system-
atically control oxygen stoichiometry reduces O2p hole
density. Divalent doping or change in the oxidation sta
could also generate Mn41 (Mn holes), but within the sen-
sitivity of our EELS measurements the MnL3,2 transi-
tions show no discernible change in peak shape or
intensity. These measurements are in contrast with t
conventional DE mechanism, where doping is assum
to induce holes on Mn sitessMn41d, and the interaction
between Mn31 and Mn41 drives the ferromagnetic be-
havior and enhanced conductivity. The O2p hole density,
which increases with doping of LaMnO3, has a clear cor-
relation with resistivity, i.e., the larger the O2p hole den-
sity, the smaller the resistivity. This observation implie
that the conductivity in these materials is hole driven an
3232
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FIG. 2. (a) Temperature dependence of the resistivity of t
La0.7Sr0.3MnOz films which were annealed in a vacuum o
1026 Torr for 2 h at 450, 500, 550, and 650±C. (b) Oxygen
K-edge spectra of La0.7Sr0.3MnOz as-prepared and vacuum
annealed film at 550±C.

that these holes, having predominantly O2p hole charac-
ter, contribute significantly to the conduction mechanis
including magnetoresistance, in these materials.

Even though our EELS measurements
La12xSrxMnO3 and La0.7Sr0.3MnOz show a pre-OK
peak with intensity related to the electrical conductivit
this intensity does not vary linearly with the divalen
dopant concentration, i.e., shows a maximum value
x ­ 0.3. Since the charge transfer model predicts th
more doping introduces more holes on oxygen sites, t
may indicate a simultaneous change in electronic struct
with doping. As is well known inABO3 (A ­ rare earth,
B ­ 3d transition metal) [8,22], theB-O-B or Mn-O-Mn
bond angle,Q has significant effects on electronic band
width and magnetic exchange interaction in perovsk
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FIG. 3. Proposed band evolution of La12xSrxMnO3 as a func-
tion of x. (a) Low doped regionsx , 0.2d, (b) intermedi-
ate doped regions,0.2 , x , 0.4d, (c) high doped region
s,0.4 , x , 0.5d.

structures. For undoped LaMnO3, Q , 180± and leads
to orthorhombic distortion, but with divalent doping th
Mn-O distance decreases and the structure approac
cubic for x ­ 0.3 with Q , 180±. Hence, doping with
Sr21 causesQ to approach 180± with an accompanying
increase in bandwidth. In addition to the increase
bandwidth, doping may also induce a decrease in elect
correlation energy, thus reducing the Mott-Hubbard g
sUd. As the bandwidth increases andU decreases with
increasing divalent doping, upper and lower Hubba
bands may overlap, giving rise to metallic conductivit
with the charge carriers taking on both electron and ho
character. A schematic band diagram illustrating the
ideas is shown in Fig. 3.

In summary, we have made systematic measureme
of the OK edge in EELS spectra of La12xSrxMnO3 and
La0.7Sr0.3MnOz thin films. We have observed a prepea
at the Fermi level, corresponding to the unoccupied de
sity of states at the oxygen site. This prepeak intens
increases with an increase in conductivity, both with do
ing and variation of oxygen stoichiometry. This sugges
that the charge carriers responsible for the conduct
mechanism in these manganese oxides have sign
cant oxygen2p hole character. The double-exchang
mechanism (DEM) implicitly assumes a Mott-Hubbard
type material. Milliset al. [6] argued that, in addition to
double exchange, lattice distortions (polaron) effects ne
to be incorporated into the description of the resistivity
these materials. However, our data shows that these m
ganite perovskites are charge-transfer-type oxides, and
argue that DEM without considering the oxygen ho
density (and to a much smaller extent their hybridizatio
effects) is not complete. These observations provide n
insight into the transport mechanism in these mangan
perovskites.
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