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Tunneling evidence of half-metallicity in epitaxial films of ferromagnetic
perovskite manganites and ferrimagnetic magnetite
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Direct evidence of half-metallic density of states is observed by scanning tunneling spectroscopy of
ferromagnetic La0.7Ca0.3MnO3 and La12xSrxMnO3 (x50.3, 0.33) epitaxial films which exhibit
colossal magnetoresistance~CMR!. At 77 K, well below the Curie temperatures, the normalized
tunneling conductance (dI/dV)/^I /V& for all samples exhibits similar pronounced peak structures,
consistent with the spin-split density of states spectra for the itinerant bands in the ferromagnetic
state. The exchange energy splitting between the majority and minority spins, as well as an apparent
energy gap near the Fermi level, show variations with the chemical composition and the
temperature. For comparison, the tunneling spectrum of a half-metallic ferrimagnet Fe3O4 is also
studied. The characteristic spin-split density of states spectrum is observed, and the similarities and
differences of Fe3O4 compared with the perovskite manganites are discussed. ©1998 American
Institute of Physics.@S0021-8979~98!45811-0#
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Half-metallic ferromagnetic materials, characterized
the presence of an energy gap for one of the spin orientat
at the Fermi level and continuous bands for the other, h
been a subject of interest for more than a decade.1–4 An
important consequence of the half-metallicity is the compl
spin polarization in the ferromagnetic state of the
materials,1,2 giving rise to novel physical properties, such
very large magneto-optical Kerr effects5 in the Heusler al-
loys ~e.g., PtMnSb!.6 Recently, the intensively studied phe
nomenon of negative colossal magnetoresistance~CMR! in
the perovskite manganites, Ln12xMxMnO3 ~Ln: trivalent rare
earth ions, M5divalent alkaline earth ions!, has been attrib-
uted to the half-metallic characteristics of these mater
based on electronic band structure calculations7 and on vari-
ous supportive though indirect experiments.8,9 In this work,
we provide temperature-dependent tunneling spectrosc
data as direct experimental evidence for the half-metallic
of various perovskite manganites. In addition, we comp
these results with the first temperature-dependent tunne
spectroscopy data ever taken on a ferrimagnetic half-me
Fe3O4.

10–12 The similarities and differences in the spect
behavior of these half-metallic ferromagnets and ferrim
nets~HMF! are discussed.

The perovskite manganites studied in this wo
are 200-nm-thick epitaxial films of La0.7Ca0.3MnO3 and
La0.7Sr0.3MnO3 grown on single crystalline LaAlO3
substrates,13–16and 150-nm-thick La0.67Sr0.33MnO3 on single
crystalline SrTiO3 substrates, using pulsed laser deposition17

The Curie temperatures (TC) for these samples are 260, 32
and 360 K, respectively. Details of the deposition proced

a!Electronic mail: jytwei@cco.caltech.edu
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and the characterizations of the structural and physical p
erties~including the electronic, electrical transport, magnet
and optical properties! of the manganite epitaxial films hav
been reported elsewhere.13–17The Fe3O4 sample is an epitax-
ial film grown on a~001!-oriented MgO substrate, also usin
the pulsed laser deposition technique.12

To investigate the HMF characteristics of these fer
magnetic films, we employ tunneling spectroscopy on th
samples using a variable-temperature scanning tunneling
croscope~STM!. Tunneling spectroscopy is known to be
sensitive probe for studying the density of states
material,18 particularly if the tunneling is into a many-bod
system characterized by a renormalized quasipart
dispersion.19 In this work, we study the tunneling spectro
copy of the magnetic epitaxial films by measuring the tu
neling current as a function of the sample bias voltage.
measured spectra are highly reproducible, and the chara
istics are essentially independent of the junction impedan
ranging from high impedance;100 MV to low impedance
;1 MV. We use paramagnetic Pt for the tunneling tip
prevent possible complications in revealing the magne
properties of the samples.

The main panels of Figs. 1~a!–1~c! illustrate the differ-
ential conductance, (dI/dV)/^I /V&, normalized with the
standard formalism given in Ref. 18, as a function of the b
voltage (V) for La0.7Ca0.3MnO3 ~LCMO!, La0.67Sr0.33MnO3

~LSMO!, and Fe3O4 films at T577 K, respectively. The in-
sets depict the corresponding data taken atT5300 K. Simi-
lar measurements have also been conducted on
La0.7Sr0.3MnO3 sample, and the results are qualitatively sim
lar to those obtained on the La0.67Sr0.33MnO3 sample, al-
though small quantitative differences exist. These quant
tive variations are given in Table I.
6 © 1998 American Institute of Physics
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FIG. 1. The normalized differential conductance, (dI/dV)/^I /V&, of ~a!
La0.7Ca0.3MnO3, ~b! La0.67Sr0.33MnO3, and ~c! Fe3O4, as a function of the
bias voltageV at T577 K. The insets show the corresponding tunneli
spectroscopy data at 300 K. The exchange energy splittingDEex and the
energy gapDEG values determined from the low-temperature data are gi
in Table I.
Several important features of the data are notewort
First, two large peaks, which correspond to the density
states of the majority and minority carriers energetica
separated by the on-site exchange energy, are clearly vis
in each sample at 77 K. These features disappear at r
temperature. Second, near zero bias voltage, the norma
differential conductivity appears to be zero for each sam
at 77 K, suggesting the existence of a small energy gapDEG

near the Fermi level, attributable to either a density-of-sta
gap in the minority band or a mobility gap in the majori
band.4 Furthermore,DEG is the largest in LCMO and the
smallest in Fe3O4. Third, in the case of perovskite manga
ites, the exchange energy splittingDEex for the same alkaline
earth doping levelx50.3 is larger in La0.7Sr0.3MnO3 (DEex

54.060.2 eV) than in La0.7Ca0.3MnO3 (DEex53.3
60.2 eV), as shown in Table I. We note that the observ
exchange energy in La0.7Sr0.3MnO3 is in good agreemen
with that (DEex'3.5 eV) obtained from band-structure ca
culations using the local spin-density approximation.6 For
the Sr-doped manganites, on the other hand, the exch
energy splitting is larger in La0.67Sr0.33MnO3 (DEex55.0
60.2 eV) than that in La0.7Sr0.3MnO3. Fourth, we note that
the bandwidths of the majority and minority bands are s
nificantly narrower in the LCMO system than those in t
LSMO system. Finally, the exchange energiesDEex in the
perovskite manganites are significantly larger than that in
magnetite Fe3O4 (DEex50.860.2 eV), as summarized in
Table I.

Next, we consider the physical implications of our tu
neling data taken on these HMF epitaxial films. On the iss
of increasingDEex with the increasing alkaline doping leve
in the ferromagnetic state of perovskite manganites, we n
that the ratio of Mn41 ions (eg

0t2g
3 ) to Mn31 ions (eg

1t2g
3 )

increases with increasingx, and that the crystal-field energ
splitting between theeg- and t2g-orbitals results in a large
on-site exchange energy for the Mn41 ions than for the Mn31

ions. Hence, we would expectDEex to increase with increas
ing x, which is also consistent with the increase ofTC ob-
served for these two LSMO films. However, the magnitu
of increase inDEex with increasingx cannot be estimated
easily; spin-dependent band-structure calculations will
necessary to obtain theoretical values ofDEex for LSMO and
to compare those values with our experimental results.

Regarding the enhancedDEex and reducedDEG of the
Sr-doped manganites relative to the Ca-doped mangan
we note that the smaller ionic size of Ca21 results in a larger
degree of lattice distortion from the ideal cubic structure20

There are two important consequences of the larger degre
n

TABLE I. Summary of the tunneling spectroscopy measurements on
manganite and magnetite epitaxial films. The uncertainties in the ene
come from spectral variations, andTn is the Verwey temperature for Fe3O4.

Material TC @K# DEex @eV# DEG @eV#

La0.7Ca0.3MnO3 260 3.360.2 0.960.1
La0.7Sr0.3MnO3 320 4.060.2 0.760.1
La0.67Sr0.33MnO3 360 5.060.2 0.660.1
Fe3O4 850 (Tn5120 K) 0.860.2 0.260.1
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lattice distortion. First, stronger electron localization occ
near the Ca21 site, thereby increasing the density of localiz
minority carriers and reducing the density of mobile major
carriers. Hence, the conductivity of LCMO is smaller relati
to that of LSMO, and the double exchange interaction
tween the neighboring Mn31 and Mn41 ions,21,22 which is
responsible for the ferromagnetism of these dop
manganites,20–22 is also weakened in the case of LCMO
Both the Curie temperatureTC and the exchange energ
DEex therefore decrease with the decreasing alkaline e
ion size, consistent with our experimental observation. S
ond, a larger deviation from the cubic structure also result
stronger hybridization of the Mnt2g orbital and the oxygenp
orbital. The strongerp2d hybridization is believed to en
hance the half-metallicity of the manganites,4,6 yielding a
larger energy gap in the minority bands. This argum
would be consistent with the largerDEG observed in LCMO
relative to that in LSMO.

Comparing the exchange energy splitting of the per
skite manganites with that of magnetite Fe3O4, we note that
the ferromagnetic exchange interaction for Fe21(eg

2t2g
4 ) and

Fe31(eg
2t2g

3 ) at theB site of the spinel lattice5 is compensated
by the antiferromagnetic exchange interaction between thA
andB-site Fe31 ions.5 Hence, the resulting exchange ener
splitting between the minority~associated with theA-site
ions! and majority ~at the B site! carriers is significantly
reduced, consistent with our experimental observation o
much smallerDEex in Fe3O4 than in the manganites.

The above discussion suggests that the tunneling spe
in Figs. 1~a!–1~c! can be well understood in the context
ferro- and ferrimagnetic half-metallicity. Next, we consid
the temperature dependence of the tunneling spectra. In
case of La0.7Ca0.3MnO3, it is easily understood that the en
ergy splitting between the majority and minority bands d
appears in the paramagnetic state at room temperature
cause TC'260 K. Regarding the absence of roo
temperature half-metallicity in Fe3O4, we note that magnetite
Fe3O4 is known to exhibit a sharp Verwey order-disord
transition involving Fe31 and Fe21 ions10 below the
ferrimagnetic-to-paramagnetic transition atTC5850 K. An
energy gap;0.76 eV in the minority bands has been pr
dicted from the band-structure calculations.3,5 However, the
presence of disorder above the Verwey transition temp
ture Tn;120 K may result in smearing of the energy gap
the minority subbands, and hence the loss of half-meta
characteristics. This scenario is consistent with the NM
measurements of the longitudinal spin relaxation r
(1/T1),11 where anomalous temperature dependence
(1/T1);T5/2 for the HMF disappears and a typical metal
dependence of (1/T1);T is recovered atTn,T!TC . Re-
cent magnetization and magnetoresistance measuremen
Fe3O4 epitaxial films also indicate the occurrence of the V
wey transitionTn at about 120 K.12

On the other hand, the disappearance of roo
temperature~below TC! energy splitting between the majo
ity and minority bands in both Sr-doped manganites is
easily comprehensible. This observation is nonetheless
sistent with a recent finding of temperature-dependent s
s
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resolved photoemission spectroscopy on La0.7Sr0.3MnO3,
23

where the difference between the spin density of states of
majority and minority bands decreases linearly with incre
ing temperature, even at temperatures well belowTC . The
rapidly vanishing half-metallic ferromagnetism with increa
ing temperature from the surface-sensitive photoemiss
measurements has been attributed to the existence of su
magnetization in LSMO, which may be significantly diffe
ent from the bulk magnetization. Since STM measureme
are also surface sensitive, our results may also be repre
tative of the surface magnetization, and therefore not inc
sistent with the bulk half-metallic properties. This iss
awaits further quantitative investigation as a function of te
perature.
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