VOLUME 79, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OTOBER 1997

Evidence for O, Hole-Driven Conductivity in Laj—,Sr,MnOj3 (0 = x =< 0.7) and
Lag7Sro3MnO; Thin Films
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OxygenK-edge electron-energy-loss spectra have been measured;fQ/StavinO; (0 = x = 0.7)
and La;Sr;MnO, thin films as a function ok andz. The spectra show a prepeak at the Fermi level,
corresponding to transitions to empty states in thg @and, at the threshold of th& edge around
529 eV. This prepeak systematically increases with an increase in conductivity through divalent doping
(x) or oxygen conten{z). This confirms that these materials are charge-transfer-type oxides with
carriers having significant oxygelp 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

Manganites with the general formulR;—,A,MnO; 10-50 A. To be effective, these techniques require that
(R = La, Pr, Nd, Sm:A = Ca, Sr, Ba, Pb) exhibiting the surfaces prepared have electronic structures represen-
“colossal” magnetoresistance (CMR) have generated mudative of the bulk. This is particularly difficult to achieve
recent interest [1,2]. The pareRMnO; (Mn3*; t2g3e§) for these perovskite manganites since their surfaces are
is a magnetic insulator, buR;_,A,MnO; transforms chemically unstable [11]. Electron-energy-loss spectra
into a metallic ferromagnet upon dopit@2 < x = 0.5) (EELS) in a transmission electron microscope (TEM) are
[3,4] and exhibits CMR near its ferromagnetic transitionideally suited for such measurements—the measurement
temperaturéZc) [3]. The coexistence of ferromagnetism is carried out in transmission through 500—800 A thick
and metallic behavior is traditionally explained within samples, and its potential for determining the electronic
the framework of touble exchande(DE) [5,6], where structure of perovskites was demonstrated in studies of
the transfer integral for an electron is proportional tohigh T¢ cuprate superconductors [12]. In this Letter
cod6;;/2), andg;; is the angle between two ionic spins. we report our results of EELS measurements of the
The conductivity is a maximum when the on-site HundOg edge (excitation of @ electrons into empty-like
exchange energy is a minimum and hence ferromagnetisstates following dipole selection rules) in LaSr,MnOs
is coupled with metallic behavior. Thus the DE mecha-(0 = x = 0.7) and La;Srp;MnO, films as a fucntion
nism qualitatively explains why these manganites becomef x and z. Indeed, in a systematic study of well-
metallic below T¢ (well-aligned spins) and insulating characterized, epitaxially grown, thin films we have found
aboveTc (randomly aligned spins), and show large mag-a prepeak (@, holes) at the Fermi level, the intensity
netoresistance values due to field induced spin alignmentf which correlates well with the electrical conductivity

Insulating compounds arising from strong correlationof the films over the entire range of divalent-dopant or
betweend electrons can be categorized into either Mott-oxygen content.

Hubbard or charge-transfer materials [7]. In the former, Manganite  films of nominal = composition
the insulating gap (Mott-Hubbard gdp) is between the La;—,SrrMnO; (0 =x =0.7) and La;Srn3MnO,
d-electron states (upper Hubbard and lower Hubbardvere grown epitaxially on (100) LaAlQsubstrates by
bands), whereas in the latter, the gap (charge transfer gap polymeric sol-gel technique [13]. La,Sr,MnO;

A) is between the oxygep-like state and the unoccupied films were finally annealed at 70C for 1h in
d-like upper Hubbard band. In this simple model, dopingair. The La;Sh3iMnO, films were first annealed at
induces holes in the oxygen sites (charge-transfer-type)00 °C/0,/1 h. Twenty such as-prepared films, showing
or in the lower Hubbard band (Mott-Hubbard-type) identical resistivity and field response, were subsequently
[7,8]. Thus the DE mechanism implicitly assumes avacuum (10~° Torr) annealed at different temperatures
Mott-Hubbard-type insulator [9] requiring M#/Mn** (450, 500, 550, and 65) for 2 h to systematically vary
mixtures and contradicts the fact thRMnO; is known  their oxygen stoichiometry. All films were characterized
[10,11] to be a charge-transfer insulator. Hence, thdy x-ray diffraction before and after anneal to ensure
nature of the insulating gap and the charge carriers ithat they remained single phase even after annealing at
CMR materials needs to be investigated in detail. 650°C. Relative oxygen content of the films, measured

Established techniques for the determination of theby energy dispersive x-ray spectroscopy (EDXS) using
electronic structure of such materials, such as x-ragxperimentally measured factors [14], show that the
photoelectron (XPS) and x-ray absorption (XAS) spectrofilms annealed at 55 have~3% less oxygen than the
scopies, are only surface sensitive with probing depths ods-prepared films. Conventional four-point dc resistivities
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were measured using a home-built probe in a field of up 1000
to 1 T. EELS data was obtained using a Philips CM200 N @)
microscope equipped with a field-emission source and 100
a Gatan imaging filter. Spectra were obtained in image

mode with a probe convergence angle of 4.0 mrad and 10
1 eV energy resolution.

Figure 1(a) illustrates the temperature dependence of the
resistivity for La -, Sr,MnO; films. Low dopedx = 0.1)
films show insulating behavior over the entire temperature
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 resistivity S T oo
increases again at higher dopifig= 0.4), and forx > T (K)
0.6 the films show insulating behavior. Figure 1(b) shows
the region near the threshold of thexGedge in the [ (b) I B
EELS spectrum of La ,Sr,MnO; films and the LaAlQ -
substrate. The XPS binding enerdy, = 529 eV [11],
which indicates the energy of the,Olevel with respect
to the Fermi energy, is also marked by a narrow band. In
EELS, fine structures of the f0edge can be interpreted
in terms of transition processes governed by the dipole
selection rule(Al = *1) [16]. Thus, the first feature,
the prepeak around 529 eV, is attributed to transitions
from O, to unoccupied states in the O band. For
quantitative comparison, the prepeak intensities above a
linear background were normalized with the main peak
intensity at~535 eV. These normalized values are 7.7
for x =0, 9.5 forx = 0.3, and 8.5 forx = 0.4. For
LaAlO; no prepeak is observed, and the sharp rise in
spectral intensity marking the onset of the edgé eV
above Er (i.e., at ~532 eV) is attributed to Lg; and
Lay, states hybridized with § states. The absence of
the prepeak in LaAl@ an ionic insulator with completely N N
filled O,, states, and its appearance in the L&r,MnO; 520 525 530 535 540
series is a reflection of the presence in the latter of Energy-loss (eV)
holes on oxygen sites leading te-type conductivity. L
Moreover, the prepeak intensity in La Sr,MnO; varies FIG. 1. (a) Temperature dependence of the resistivity of the

. . .. . La;—,Sr,MnO; films in the composition rangé = x < 0.7.
systema}tlcqlly with the conductivity of thg fllms a'nd not (b) Oxygenk -edge spectra of La, Sr,MnO; (x = 0, 0.3, 0.5)
with their divalent-dopant content. In addition, neither ofand LaAlO,. The small shifts in the energies of the peaks is
Ok edge threshold peaks-532 eV) nor the MnL;, (spin-  due to drift in the high voltage offsets.
orbit split2p3/? and2p'/? to unoccupiedd) transitions
(the latter not shown) present any discernible change iever, studies [20] of oxygelK-edge absorption spectra
intensities with divalent doping and/or conductivity of of La,—,Sr,CuQy,, reveal two distinct pre-edge features
the films. (at 530 and 528 eV, respectively) which evolve systemati-

Of central importance to this interpretation is the fol- cally with Sr concentratio(0 < x < 0.15). The peak
lowing question: On which site do the electrons/holes reat 530 eV, corresponding to transitions into the upper
side when substitutions are made? XAS studies of earljubbard band, is most intense in the insulating state and
transition metals (Ti, V) in three series of oxides [17] asdecreases with Sr doping. The second peak at 528 eV,
a function of substitution indicated that extra electrons/attributed to transitions into the charge-transfer band (ex-
holes are located primarily at th&/ metal site, while tra holes on oxygen sites), grows in intensity and shifts
in late 34 transition metal (Ni) oxides, holes induced to lower energy with Sr addition. The pre-edge features
by doping have predominantly oxygé@m character [18]. observed [Fig. 1(b)] appear to fit this description but with
The crossover behavior of transition metal systems in theignificant differences. The divalent-dopant concentration
middle of the row (Fe, Mn) are not easily predictablein our experiments is much higher, and, if the above trend
with the added possibility of extra charges having mixedwith Sr doping continued to be valid, it would be expected
transition metal3d-oxygen 2p character [19]. How- that the pre-edge feature in our measurements can be
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attributed to transition into the charge-transfer band. In e . . N
any case, the key result is that the overall intensity of i (a)
the pre-edge feature increases with the conductivity of the 1000¥ \T 50 3
films and not with the divalent doping concentration. 100f .

It is believed [21] that the magnetotransport properties
of these films are strongly dependent on the oxygen stoi-
chiometry. In fact, improper control of the oxygen content
in the films can also contribute noticeably to the prepeak in- E
tensity. Moreover, the hole peak intensity is a function of o1k o
Sr content, oxygen content, and Mn valence. In the first set P
of experiments [Figs. 1(a) and 1(b)], Mn valence is con-
stant within the resolution of our measurements. However, 0.001 Lo . ' ' S
the oxygen content can also be expected to vary with Sr 50 100 180 Tz"l: 280 300 330
content. In order to sort this further, we have carried out a ®
second set of experiments, i.e., further fixed Sr content and
systematically varied oxygen content by high-temperature (b) As: Grown
vacuum annealing over a range of temperatures, and es-
tablished a correlation between resistivity, oxygen stoi- o °
chiometry, and the @ hole density. The temperature &
dependence of the resistivity for §#13MnO, is shown $
in Fig. 2(a). Though the as-prepared films show a metallic
resistivity for the entire temperature range investigated, the
low temperature (450, 50@) vacuum annealed samples
show metal-insulator transitions, and the high temperature
(550, 650°C) vacuum annealed samples show insulating
behavior.

Figure 2(b) shows the Pedge in EELS of as-prepared
and La 7S 3;MnO, films vacuum annealed at 530. As-
prepared Lg;Sr3MnO, shows a large prepeak in the,O
edge which disappears when the film is vacuum annealed f
at 550°C. Once again, the prepeak intensity correlates » >
well with the conductivity confirming the significant role '?"’Q'Q""
of O,, hole density in determining the magnitude of the
resistivity.

Over the range of La ,Sr,MnO; and La 7S 3;MnO,
samples studied, we have observed a significant prepeak
at the Fermi level in the @ edge in EELS, with intensity FIG. 2. (a) Temperature dependence of the resistivity of the
closely related to the conductivity of the films. The ab-La;;Si;MnO, films which were annealed in a vacuum of
sence of this @ prepeak in LaAlQ and its presence in 107° Torr for 2 h at 450, 500, 550, and 6%0. (b) Oxygen
these compounds suggest that the latter are charge trarfs:6d9¢ spectra of 1aSk;MnO; as-prepared and vacuum

i 2 . annealed film at 550C.
fer type oxides. Specifically, doping the parent LaMnO
with divalent Sr generates unoccupied states in thg O
band, and vacuum annealing ofgls&1 ;MnO; to system- that these holes, having predominantly,hole charac-
atically control oxygen stoichiometry reduces,Ohole ter, contribute significantly to the conduction mechanism,
density. Divalent doping or change in the oxidation staténcluding magnetoresistance, in these materials.
could also generate M (Mn holes), but within the sen- Even though our EELS measurements of
sitivity of our EELS measurements the My, transi- La;—,Sr,MnO; and La;SKps;MnO, show a pre-Q
tions show no discernible change in peak shape or ipeak with intensity related to the electrical conductivity,
intensity. These measurements are in contrast with ththis intensity does not vary linearly with the divalent-
conventional DE mechanism, where doping is assumedopant concentration, i.e., shows a maximum value for
to induce holes on Mn site@in**), and the interaction x = 0.3. Since the charge transfer model predicts that
between MA* and Mri* drives the ferromagnetic be- more doping introduces more holes on oxygen sites, this
havior and enhanced conductivity. The,(hole density, may indicate a simultaneous change in electronic structure
which increases with doping of LaMnQhas a clear cor- with doping. As is well known iABO; (A = rare earth,
relation with resistivity, i.e., the larger the,Qhole den- B = 3d transition metal) [8,22], th&-O-B or Mn-O-Mn
sity, the smaller the resistivity. This observation impliesbond angle® has significant effects on electronic band-
that the conductivity in these materials is hole driven andvidth and magnetic exchange interaction in perovskite
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FIG. 3. Proposed band evolution of LaSr,MnO; as a func-
tion of x. (a) Low doped regionx < 0.2), (b) intermedi-
ate doped region(~0.2 < x < 0.4), (c) high doped region
(~04 < x < 0.5).

structures. For undoped LaMp0O® < 180° and leads
to orthorhombic distortion, but with divalent doping the

Mn-O distance decreases and the structure approache[g]

cubic forx = 0.3 with ® ~ 180°. Hence, doping with
St causes® to approach 180Dwith an accompanying
increase in bandwidth.

In addition to the increase in10] J.B.
bandwidth, doping may also induce a decrease in electron
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