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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 La.CaMnO; and Lg _,SrMnO; (x=0.3, 0.33) epitaxial films which exhibit
colossal magnetoresistan@@MR). At 77 K, well below the Curie temperatures, the normalized
tunneling conductanced(/dV)/{1/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 ferrimagy@@t iBealso
studied. The characteristic spin-split density of states spectrum is observed, and the similarities and
differences of FgO, compared with the perovskite manganites are discussedl998 American
Institute of Physicg.S0021-89708)45811-0

Half-metallic ferromagnetic materials, characterized byand the characterizations of the structural and physical prop-
the presence of an energy gap for one of the spin orientatiorarties(including the electronic, electrical transport, magnetic,
at the Fermi level and continuous bands for the other, havand optical propertig@sof the manganite epitaxial films have
been a subject of interest for more than a dedadledn  been reported elsewhel&}" The FgO, sample is an epitax-
important consequence of the half-metallicity is the completdal film grown on a(001)-oriented MgO substrate, also using
spin polarization in the ferromagnetic state of thesethe pulsed laser deposition technidge.
materialst'? giving rise to novel physical properties, such as ~ To investigate the HMF characteristics of these ferro-
very large magneto-optical Kerr effettimn the Heusler al- magnetic films, we employ tunneling spectroscopy on these
loys (e.g., PtMnSh® Recently, the intensively studied phe- samples using a variable-temperature scanning tunneling mi-
nomenon of negative colossal magnetoresist4@M¥R) in  Croscope(STM). Tunneling spectroscopy is known to be a
the perovskite manganites, L. nM,MnO; (Ln: trivalent rare sensitive probe for studying the density of states of
earth ions, M=divalent alkaline earth iofshas been attrib- Mmateriah® particularly if the tunneling is into a many-body
uted to the half-metallic characteristics of these material$yStém characterized by a renormalized quasiparticle
based on electronic band structure calculafiars on vari-  dispersion’” In this work, we study the tunneling spectros-
ous supportive though indirect experimeffsin this work, ~ COPY of the magnetic epitaxial films by measuring the tun-

we provide temperature-dependent tunneling spectroscodﬂ'f"ng current as a function of the sample bias voltage. All

data as direct experimental evidence for the half-metallicit)[“eaSl'mad spectra are highly reproducible, and the character-

of various perovskite manganites. In addition, we comparéStiCS are essentially independent of the junction impedance,

these results with the first temperature-dependent tunnelinrgelnging from high impedance 100 M) to low impedance

spectroscopy data ever taken on a ferrimagnetic half—metaf1 M{Q. We use paramagnetic Pt for the tunneling tip to

Fe,0,.19-2 The similarities and differences in the spectral prevent possible complications in revealing the magnetic
P : . . _properties of the samples.
behavior of these half-metallic ferromagnets and ferrimag The main panels of Figs.(4—1(c) illustrate the differ-

nets(HMF) are d|§cussed. . . . . ential conductance, d(/dV)/(1/V), normalized with the
The perovskite manganites studied in this work . : . . .
are 200-nm-thick epitaxial films of MnO. and standard formalism given in Ref. 18, as a function of the bias
P ls3Ca MnO; voltage (V) for Lag/Ca sMnO;z (LCMO), Lag ¢Sl .3MnO;

L""%?Sroﬁ'\’é'g‘gg gdrown on h_sll(ngle crystalline Lf”IAIIg’) (LSMO), and FgO, films atT=77 K, respectively. The in-
substrates, ~“and 150-nm-thick Lge:Sio sMnO; on single oo depict the corresponding data takefiiat300 K. Simi-

crystalline SrTiQ substrates, using pulsed laser deposition. lar measurements have also been conducted on the
The Curie temperatured ¢) for these samples are 260, 320, | 5 g, MnO, sample, and the results are qualitatively simi-
and 360 K, respectively. Details of the deposition procedurg,, 'ty those obtained on the &Sk sMnO; sample, al-

though small quantitative differences exist. These quantita-
dElectronic mail: jytwei@cco.caltech.edu tive variations are given in Table I.
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FIG. 1. The normalized differential conductancell/dV)/{1/V), of (a)
Lay Ca sMnO;, (b) Lay ¢Sr3dMn0O3, and(c) Fe;0,, as a function of the
bias voltageV at T=77 K. The insets show the corresponding tunneling
spectroscopy data at 300 K. The exchange energy splitiig, and the

V (volts)
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TABLE I. Summary of the tunneling spectroscopy measurements on the
manganite and magnetite epitaxial films. The uncertainties in the energies
come from spectral variations, aiig is the Verwey temperature for §@,.

Material Tc [K] AE [eV] AEg[eV]
Lag Cay sMNnO; 260 3.3:0.2 0.9:0.1
Lag 7St aMnO; 320 4.0-0.2 0.7:0.1
Lap ¢:51.3MN0; 360 5.0:0.2 0.6:0.1
Fe0, 850 (T,=120K) 0.8+0.2 0.2+0.1

Several important features of the data are noteworthy.
First, two large peaks, which correspond to the density of
states of the majority and minority carriers energetically
separated by the on-site exchange energy, are clearly visible
in each sample at 77 K. These features disappear at room
temperature. Second, near zero bias voltage, the normalized
differential conductivity appears to be zero for each sample
at 77 K, suggesting the existence of a small energy/jag
near the Fermi level, attributable to either a density-of-states
gap in the minority band or a mobility gap in the majority
band? Furthermore AE is the largest in LCMO and the
smallest in FgO,. Third, in the case of perovskite mangan-
ites, the exchange energy splittidde ., for the same alkaline
earth doping levek=0.3 is larger in Lg;SrysMNO3 (AE,
=4.0£0.2eV) than in Lg.CaMnO; (AE,=3.3
*+0.2 eV), as shown in Table I. We note that the observed
exchange energy in aSrMnO; is in good agreement
with that (AE.~3.5 eV) obtained from band-structure cal-
culations using the local spin-density approximafioRor
the Sr-doped manganites, on the other hand, the exchange
energy splitting is larger in LgSry3dMNO; (AE=5.0
+0.2 eV) than that in Lg;Sry sMnOs;. Fourth, we note that
the bandwidths of the majority and minority bands are sig-
nificantly narrower in the LCMO system than those in the
LSMO system. Finally, the exchange energiel,, in the
perovskite manganites are significantly larger than that in the
magnetite F§O, (AE,=0.8=0.2 eV), as summarized in
Table I.

Next, we consider the physical implications of our tun-
neling data taken on these HMF epitaxial films. On the issue
of increasingA E,, with the increasing alkaline doping level
in the ferromagnetic state of perovskite manganites, we note
that the ratio of MA™ ions (€Jt3,) to Mn*" ions (egt3,)
increases with increasing and that the crystal-field energy
splitting between the,- andt,4-orbitals results in a larger
on-site exchange energy for the Mrions than for the M#*
ions. Hence, we would expedtE,, to increase with increas-
ing X, which is also consistent with the increaseTef ob-
served for these two LSMO films. However, the magnitude
of increase inAE,, with increasingx cannot be estimated
easily; spin-dependent band-structure calculations will be
necessary to obtain theoretical value\&,, for LSMO and
to compare those values with our experimental results.

Regarding the enhanceXlE,, and reduced\E; of the
Sr-doped manganites relative to the Ca-doped manganites,
we note that the smaller ionic size of €aresults in a larger

energy gap\E, values determined from the low-temperature data are givendegree of lattice distortion from the ideal cubic structtfre.

in Table I.

There are two important consequences of the larger degree of
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lattice distortion. First, stronger electron localization occursresolved photoemission spectroscopy on, 1Sx, MnO;, 22

near the C&' site, thereby increasing the density of localizedwhere the difference between the spin density of states of the
minority carriers and reducing the density of mobile majority majority and minority bands decreases linearly with increas-
carriers. Hence, the conductivity of LCMO is smaller relativeing temperature, even at temperatures well belgw The

to that of LSMO, and the double exchange interaction befapidly vanishing half-metallic ferromagnetism with increas-
tween the neighboring M and M ions?1?2 which is  ing temperature from the surface-sensitive photoemission
responsible for the ferromagnetism of these dopedneasurements has been attributed to the existence of surface
manganite$22 is also weakened in the case of LCMO. magnetization in LSMO, which may be significantly differ-
Both the Curie temperatur&: and the exchange energy ent from the bulk magnetization. Since STM measurements
AE,, therefore decrease with the decreasing alkaline earthre also surface sensitive, our results may also be represen-
ion size, consistent with our experimental observation. Sectative of the surface magnetization, and therefore not incon-
ond, a larger deviation from the cubic structure also results isistent with the bulk half-metallic properties. This issue
stronger hybridization of the Mty orbital and the oxygep awaits further quantitative investigation as a function of tem-
orbital. The strongep—d hybridization is believed to en- perature.

hance the half-metallicity of the manganifésyielding a .
larger energy gap in the minority bands. This argument The research at Caltech is supported by the Packard

would be consistent with the larg&E observed in LCMO Foundation and the National Aeronautics and Space Admin-
relative to that in LSMO. istration, Office of Space Scien¢BlASA/OSS. Part of the
research was performed by the Center for Space Microelec-
tronics Technology, Jet Propulsion Laboratory, Caltech, and
was sponsored by NASA/OSS.
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