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Direct evidence of half-metallic density of states is observed by scanning tunneling

spectroscopy of ferromagnetic L~,7C~.3Mn03  and Lal–x  Srx MnOs (X = 0.3, 0.33) epitax-

ial 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 split of the ma-

jority and minority spins, and the energy gap in the minority bands, show variations with

the chemical composition and the temperature. For comparison, the tunneling spectrum of

a half-metallic ferrimagnct  Fe304 is also studied. The characteristic spin-split density of

states spectrum is observed, and the similarities and differences of Fe304 compared with

the perovskite rnanganites  are discussed.

PACS: 73.20. At, i’3.40. Gk, 75.30.-111
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Half-metallic ferromagnetic materials, characterized by the presence of an energy gap

for one of the spin polarizations at the Fermi level and continuous bands for the other,

have been a subject of interest for more tlian a decade[l-4].  An important consequence

of the half-metallicity  is the complete spin polarization in the ferromagnetic state of these

materials [l,2], giving rise to novel physical properties, such as very large magneto-optical

Kerr effects[5]  in the Heusler  alloys (e.g., PtMnSb)[6].  Recently, the intensively studied

phenomenon of negative colossal magnetoresistance  (CMR) in the perovskite manganites,

Ln l _XMXMn03  (Ln: trivalent rare earth ions, M = divalent alkaline earth ions), has been

attributed to the half-metallic characteristics of these materials based on electronic band

structure calculations [7] and on various supportive and yet indirect experiments [8,9]. In

this work, we provide temperature-dependent tunneling spectroscopy data as the direct

experimental evidence for the half metallicity  of various perovskite manganites. In addition,

we compare these results with the tunneling spectroscopy of a ferromagnetic system, Fe30d,

which has not been shown direct tunneling evidence for half-metallicity  [10-12] prior to this

work. The similarities and differences in the tunneling spectroscopy of these half-metallic

ferromagnets and ferrirnagnets  (HMF) are also discussed.

The perovskite manganites  studied in this work are 200 rim-thick epitaxial films of

L~.7C~.3Mn03  and L~.7Sr0.~Mn03  on single crystalline LaA103 substrates[13-16], and

150 rim-thick L~.bTSr0.ssMn03  on single crystalline SrTi03 substrates, using pulsed laser

deposition[17].  The Curie temperatures (TC) for these samples are 260 K, 320 K and 360K,

respectively. Details of the deposition procedure and the characterizations of the structural

and physical properties (including the electronic, electrical transport, magnetic and optical

properties) of the manganite  epitaxial  films ha~~e  been reported elsewhere [13- 17]. The Fe30A

sample is an epitaxial film grown on a (001 )-oriented MgO substrate, also using the pulsed

laser depc)sition  technique[12].

To investigate the HMF characteristics of t,llt>sc  ferromagnetic films, we employ tunnel-

ing spectroscopy on these sanll)les  using a \~tiri?il~lc-  tclll~)cratuxc  scallnixlg  tulnleling nlicro-

scope (STL4). Tile tullllcling slwctrosco])y  is kllow]l  t{) be a se]lsiti~’e ~)rohe  for studying tile

density of states of m;itcrial[l  S], I)articula.rly  if tllc tllllllclillg is illtf) a lllally-bocly systcn]
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characterized by a renorrndized  quasi-particle disPcrsion[19]. In this work, we study the

tunneling spectroscopy of the magnetic epitaxial films by measuring the tunneling current

as a function of the sample bias voltage. All measured spectra are highly reproducible, and

the characteristics are essentially independent of the junction impedance, ranging from high

impedance w 100MQ to low impedance N lMQ. We use pararnagnetic Pt for the tunneling

tip to prevent possible complications in revealing the magnetic properties of the samples.

The main panels of Figs.1-3  illustrate the differential conductance, (dI/dV)/(1/V),

normalized with the standard formalism given in Ref. [18], as a function of the bias voltage

(V) for L~.TC~.sMnOs  (LCMO),  Lrw.GTSro.ssMnOs  (LSMO),  and Fes04 films at T = 7 7

K, respectively. The insets depict the corresponding data taken at T = 300 K. Similar

measurements have also been conducted on the L~.7Sro.3Mn03  sample, and the results

are qualitatively similar to those obtained on the L~.cTSrO.ssMnos  sample, although small

quantitative differences exist. These quantitative variations are given in Table I.

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 sep-

arated 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 dif-

ferential conductivity appears to be zero for each sample at 77 K, suggesting the existence of

a small energy gap AEG  near the Fermi level, characteristic of the half-metallic behavior[4].

Furthermore, AEG is the largest in LCM()  and the smallest in Fes OA. Third, in the case

of perovskite manganites,  the exchange energy splitting AE~l for the same alkaline earth

doping level z = 0.3 is larger in L%.TSrO.shflnOs  than in Lm.TCm.shflrlOs,  (see Table I).

For the Sr-doped  manganites, on the other hand, the exchange energy splitting is larger in

L%.6T%0.ssMnOs  than that in Lti.TSro.sMn03. Fourth, we note that the bandwidths of

the majority and minority bands are significantly narrower in the LCMO system than those

in the LSMO system. Finally, the exchange enmgics AEC= in the pcro~~skite  manganites are

significalltly  larger than that in magnetite Fe304, as summarized in Table 1.

Next, we consider the ~)llysical iIIlpliCi~tiOIls  of our tuIlne]illg  data taken mi these HMF

epitaxial films. 011 tlic issue of increasing AE ~= w’itll  tile ixlcrcasillg  alkalixle  dopixlg  lcve] in
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the ferromagnetic state of perovskite manganitcs,  we note that the ratio of Mn4+ ions (e~tjg)

to Mn3+ ions (e~t~~  ) increases with increasing x, and that the energy difference between the

e~- and i29-orbitals  results in a larger on-site exchange energy for the Mn4+ ions than for

the Mn3+ ions. Hence, AE,Z increases with increasing x, which is also consistent with the

increase of Z’c.

Regarding the enhanced AE,r and reduced AEG from the Ca-doped manganites to the

Sr-doped  manganites, we note that the smaller ionic size of Ca2+ results in a larger degree of

lattice distortion from the ideal cubic structure[20]. There are two important consequences

of the larger degree of lattice distortion. First, stronger electron localization occurs near

the Ca2+ site, thereby increasing the density of localized minority carriers and reducing the

density of mobile majority carriers. Hence, the conductivity of LCMO  is smaller relative

to that c)f LSMO, and the double exchange interaction between the neighboring Mn3+ and

Mn4+ ions[21,22], which is responsible for the ferromagnetism of these doped manganites[20-

22], is also wealiened in the case of LCMO. Both the Curie temperature Tc and the exchange

energy AE~Z therefore decreases with the decreasing alkaline earth ion size, consistent with

our experimental observation. Second, a larger deviation from the cubic structure also

results in stronger hybridization of the Mn t2~-orbital  and the oxygen p-orbital. The stronger

p-d hybridization is believed to enhance the half-metallicity  of the nlanganites[4,6], yielding

a larger energy gap in the minority bands. This argument is consistent with our observation

of a larger energy gap AEG in the minority bands of LCMO relative to that in LSMO.

Comparing the exchange energy split ting of the perovskite  manganites with that of

magnetite Fe3 04, we note that the ferromagnetic exchange interaction for Fe2+ (e~t$~)  and

FC3+ (e~t~~  ) at the B-site of the spinel  lattice[5]  is compensated by the antiferromagnetic

exchange interaction between the A-site and B-site Fe3+ ions[5]. HeI~c.e,  the resulting ex-

change energy split between the minority (associated with the A-site ions) and majority (at

the B-site) carriers is significantly reduced, consistent with our

a Inuc}l smaller AEC= in FesOq t]lml in the ulallganitcs.

Tllc above discussiclli  sllggcsts that tl~c tllxlxlclixlg  sr~ectra

cxpcrimexltal observation of

irl Figs. 1-3 can bc we]] u!l -

dcrstood  in the coxltext  of fcrro- and ferrill~agllctic  II:llf-nlt’tallicity. h’cxt, wc consider tl)c
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temperature dependence of the tunneling spectra. In the case of L~.7C~.3Mn03,  it is easily

understood that the energy splitting between the majority and minority bands disappear in

the paramagnetic  state at room temperatux  e, because Z’c s 260 K. Regarding the absence

of room temperature half-metallicity  in Fe304, we note that magnetite Fe304 is known to

exhibit a sharp Verwey order-disorder transition involving Fe3+ and l?e2+ ions[lO]  below the

ferromagnetic-to-paramagnetic transition at Tc = 850 K. An energy gap ~ 0.76 eV in the

minority bands has been predicted from the band structure calculations [3,5]. However, the

presence of disorder above the Verwey transition temperature Z’v * 120 K may result in

smearing of the energy gap in the minority subbands, and hence the loss of half-metallic

characteristics. This scenario is consistent with the NMR measurements of the longitudinal

spin relaxation rate (1/T1)[11], where anomalous temperature dependence of ( 1 /T1 ) * T5/2

for the HMF disappears and a typical metallic dependence of (1/TI ) N T is recovered

at Tv < 2“ << Tc. Recent magnet izat ion and magnetoresist  ante measurements of Fes 04

epitaxial films also indicate the occurrence of the Verwey transition T. at about 120 K[12].

On the other hand, the disappearance of room-temperature (below Tc) energy splitting

between the majority and minority bands in both Sr-doped  manga.nites  is not easily com-

prehensible. This observation is nonetheless consistent with a recent finding of temperature-

dependent spin-resolved photoemission  spectroscopy on L~.7Sr0.~Mn03  [23], where the dif-

ference between the spin density of states of the majority and minority bands decreases

linearly with increasing temperature, even at temperatures well below Tc. The rapidly van-

ishing half-metallic ferromagnetism  with increasing temperature from the surface-sensitive

photoemission measurements has been attributed to the existence of surface magnetization

in LSMO,  which may be significantly different from the bulk magnetization. Since STM

measurements are also surface-sensitive, our results may also be representative of the surface

magnetization, and therefore not inconsistent with the bulk half-metallic properties. This

issue awaits further quantitative investigaticm.

1~~ sulllnmry,  we l]:ivc il]vcstigatcd the s~~il~-dc~>cl~clcx~t  density of states  of various llalf-

mctallic  fcrromagncts  and fcrri]nagncts using scanning tu]melil~g  slwctroscopy.  The tull-

nclillg slwctroscopy  of all San]] )lcs at low tcmpcraturcs (T = 7? K ) can lW quantitatiw’ly
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described in the context of half metallicity  due to strongly spin-dependent energy bands and

the density of states. The room temperature tunneling spectroscopy in the ferromagnetic

state of Sr-doped manganites suggests the existence of surface magnetic states which differ

from the bulk states.
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Fig.1  The normalized differential conductance, (dI/dV)/(I/V), of Lq.7C~.3Mn03  as a

function of the bias voltage (V) at 2’ = 77 K. The inset shows the corresponding tunneling

spectroscopy at 300 K. The exchange energy splitting is AEeZ = 3.3+ 0.2 eV, and the energy

gap in the minority states is AEG = 0.9+ 0.1 eV.

Fig.2 The normalized differential conductance, (dI/dV)/(I/V), of L%.GT%O.ssMnOs  aS a

function of the bias voltage (V) at 2’ = 77 K. The inset shows the corresponding tunneling

spectroscopy at 300 K. The exchange energy splitting is AECZ = 5.0+ 0.2 eV, and the energy

gap in the minority states is AEG = 0.6 + 0.1 eV.

Fig.3 The normalized differential conductance, (dI/dV)/(I/V), of Fe304 as a function of

the bias voltage (V) at 2’ = 77 K. The inset shows the corresponding tunneling spectroscopy

at 300 K. The exchange energy splitting is AEe= = 0.8 + 0.2 eV, and the energy gap in the

minority states is AEG = 0.2 + 0.1 eV.
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Table 1. Summary of the tunneling spectroscopy measurements on the
manganite and magnetite epitaxial films. The uncertainties in the energies

Ma(erial TC [K] A&, [eV] AEG  [eV]

b @M jMnO] 260 3.330.2 0.9 *0. 1
b ~Sr,,,]MnOj 320 4.0 i 0.2 0.7 *0. 1
k36&]]MI@] 360 5.0 i 0.2 0.6 *0.  1
Fej04 850 (T~120K)  0.8+ 0.2 0.2 * 0.1
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