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Evidence for the half-metallic ferromagnetic state of FgO, by spin-resolved photoelectron
spectroscopy
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The spin-dependent electronic structure of thin epitaxial films of magneti{€,F¥11), has been investi-
gated at room temperature by means of spin-, energy-, and angle-resolved photoemission spectroscopy. Near
the Fermi energ¥r a spin polarization of- (80=5)% is found. The spin-resolved photoemission spectra for
binding energies between 1.5 eV akd show good agreement with spin-split band energies from density-
functional calculations.
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The materials class of half-metallic ferromagn@i$F’s)  within 6% with the magnetization at 300 K of a thin J&&
has attracted renewed interest recently in the search for effiim.1” More importantly, the spin-resolved photoemission
cient spin polarizers in spin electronitghe intriguing fea-  spectra in normal emission along tfL1] direction reveal
ture of metallic conductivity for one spin component andspectral features which are consistent with density-functional
semiconducting behavior for the other was in most casegalculations of the spin-split electron band energies for bind-
theoretically predicted on the basis of electron band structurgyg energies between 1.5 eV afg .’ This result is in con-
calculations. An experimental struggle extended over manyrast to a previous interpretation of photoemission igGe
years and is still ongoing to convincingly verify the truly in terms of an ionic-configuration-based approach and final
intrinsic spin-dependent electronic structure of HMF’'s andhole-state effect!*° yielding a maximum value af =0 K
consequently the high-spin polarization at the Fermi energyf p=—2/3 (-66.699.2° The epitaxial FgO,(111) films
Er. The use of surface-sensitive measurements like spinysed in this investigation have been obtained by oxidizing
polarized photoemission, tunneling into superconductors, ofhin (50 A) epitaxial F€110) films by minimum 900 L oxy-
superconducting point-contact spectroscopy imposed sevegen exposure (1£10 % mbars) followed by post-
constraints in addition to problems with sample stoichiom-annealing at 250 °C. The structure of;Pg was identified by
etry and homogeneity. In many cases the preparation of higHew-energy electron diffractiofLEED). The magnetic cou-
quality thin films was indispensable instead of bulk singlepling between the R©,(111) and underlying R&10) layers
crystals which are believed to be superior. Thus, from thes found to be parallel, contrary to previous repdts.
first theoretical prediction of, e.g., HMF behavior in Heusler The experiments were carried out at room temperature in
alloys in 1983 it took almost two decades to find evidence an ultrahigh-vacuuntUHV) system for angle-resolved pho-
for spin polarization values @& which come close to the toemission spectroscopy with spin analysis described in de-
expected one$However, problems with the stoichiometry tail in Ref. 22. It consists of a UHV chamber equipped with
and especially surface composition of the films used ar@ LEED optics, a gas inlet, an Auger electron spectrometer
prevailing®~° (AES) with a cylindrical mirror analyzer, and a VUV dis-

Besides the Heusler alloys, the majority of HMF’s have charge lamp. The unpolarized Hel#=21.2 eV) resonance
been identified among transition metal oxides on the basis dfne was used for photoemission experiments. The base pres-
the local spin-density approximati¢hSDA) to the density- ~ sure in the vacuum chamber wax 10 '° mbar. The spin-
functional theory. Predictions have been made foj0ze®’  resolved photoemission spectra have been recorded in nor-
Cr0,,%° manganites®! and the double perovskite mal emission by a 180° hemispherical energy analyzer
Sr,FeMoQ;.*? Only recently, values of the spin polarization connected to a 100-kV Mott detector for spin analysis. The
of over 90% neaiEr were found for CrQ at 1.8 K using  €nergy resolution was 100 meV and the angle resolution
superconducting point-contact spectroscbply, although ~ *3°. The spin-resolved measurements have been performed
values of 95% had been obtained earlier at 300 K at binding magnetic remanence after having applied a magnetic field
energies of 2 eV belowEg using spin-polarized pulse of about 500 Oe along the in-plafiel0) easy axis of
photoemissiort® The most straightforward evidence of a mi- the thin Fé110) films.23%
nority spin gap and a concomitant 95% spin polarization near The substrate used in this experiment was a 2.5-mm-thick
Er was obtained in LgSrpMnO; at 40 K by means of tungsten single-crystal platelet with a diameter of about 7
spin-polarized photoemission spectroscty. mm, oriented within 1° along thel10] surface normal direc-

In this paper we present experimental evidence for theion. Cleaning was achieved by heating at 1800 °C in an O
half-metallic ferromagnetic state of magnetite {B6g) by  atmosphere of 10° mbar and flashing up to 2300 °C.
means of spin- and angle-resolved vacuum ultraviglé&tV, Clean 50-A-thick F&L10) films were preparedh situ by
hy=21.2 e\) photoemission spectroscopy. Using epitaxialelectron-beam evaporation on a(Y¥0 substrate, while the
Fe;04(111) films we obtain at room temperature a negativethickness was simultaneously monitored by a quartz mi-
spin polarization of—(80+5)% atEg. This value agrees crobalance. The characterization of the growth modes of Fe
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2.51 A for FeO, FgO,, anda-Fe,05, respectively. Assum-
ing ideal bulk-terminated111) surfaces, previous studies at-
tributed hexagonal (X1), (2x2), and ¢3Xv3)R30°
LEED patterns to the formation of FeO, J&, and
a-Fe,03, respectivelff’ Following these considerations, we
attribute the patterns in Figs(d and 1d), respectively, to
the FeO phas€100 L oxygen exposujeand to the FgO,
phasg(1500 L oxygen exposuyeFrom the LEED images in
Figs. 1c) and Xd) the following lattice parameters of the
(111) planes have been determined: 2:9qm15 A for FeO
and 3.08-0.15 A for FeO,, respectively. These values are
somewhat larger than the ones taken from bulk crystallo-
graphic data. This is attributed to the lattice mismatch be-
tween the epitaxial K&10 substrate plane and the epitaxial
(111) planes of the Fe oxided.5% and 2.0% for FeO and
Fe;O,, respectively.

FIG. 1. LEED images of(a) 50 A Fg110 film on W(110 Two series of thin iron oxide film preparations have been
substrate and of 50 A F&10/W(110) after oxidation by(b) 6 L O, analyzed in the present work. In the first series we used an
exposurefresulting in Fe(110)-0-(X2)/W(110)], (c) 100 L O,  “every-time” freshly prepared F@10) film for each stage of
exposure followed by annealing &f,qnea=250 °C [resulting in - oxygen exposure. In the second series we used a “one-time”
FeQ111)/F(110/W(110], and (d) 1500 L O, exposure with  nhrepared F@10) film for all subsequent oxidation stages.
Tannea= 250 °C [resulting in FgO,(111)/Fe(110)/W(110) The  Thage two series show some differences from a crystallo-
energy of the primary beam is 97 eV f@ and(b) as well as 123 o anhic point of view. For example, in the second series we
eV for (c) and 93 eV for(d). observed a hexagonal XI1) structure after 100 L oxygen

exposure and postannealing at 250 °C that corresponds to the
on W(110) has already been reported previouSifthe de-  formation of a Fe@L11) surface. After additional exposure
gree of crystalline order of the thin epitaxial Fe films used into 200 L oxygen and postannealing at 250 °C we observed a
our experiments has been checked by LEED. In agreemeiexagonal (X 2) structure, corresponding to the formation
with previous studi€s'?® very sharp (X 1) LEED patterns  of a FeO,(111) surface. The same crystallographic struc-
have been observeddig. 1(a)]. The surface cleanliness has tures have been observed in the first series, but only after an
been monitored by AES and valence-band photoemissioaxtended time of oxygen exposure. We observed a hexagonal
spectroscopy. Different oxygen exposures were accomlx 1) structure for 100 and 300 L oxygen exposure and a
plished by admitting high-purity gas through a variable-leakhexagonal (% 2) structure for 900 and 1500 L oxygen ex-
valve. Oxygen doses were determined from the ion-gaugposure.

reading without any additional correction for oxygen. The spin-resolved photoemission spectra together with the
The LEED patterns corresponding to the different stagesotal emission intensity and the spin polarization as a func-
of oxidation of the F&L10) films are displayed in Figs.()—  tion of binding energy for the first series of oxide films are

1(d). This figure shows LEED images @b) a c(2x2)-O  presented in Figs.(8) and 2b), respectively, for different
reconstruction after exposing the clear(H#) surface to 6 oxygen exposures(L). The spin-resolved spectra of the va-
L of oxygen and of exposures to) 100 L G, and(d) 1500 lence band of F@10 [bottom curves in Fig. @) for x
L O, on F&110 with post-annealing at 250 °C. Our results =0 L] show the emission from th&'| @33| states near
of a c(2x2) superstructure for 6 L O[Fig. 1(b)] and a 0.25 eV and from thee'1 @34 states near 0.7 eV. The
c(3% 1) superstructure for 9 L O(not shown in Fig. 1are  spectra are in agreement with previous measurenf&fis.
consistent with Ref. 26. The oxidation of FEL10) is characterized by a gradual de-
After a long exposure of K&10 to oxygen with a post- crease in the total intensity of the Fel 3tates. The two
annealing step of the system at 250 °C a hexagonal LEEM™ifferent oxidation stages of the @4.0 films shown in Fig.
pattern appears as K1) structure for 100 L @[Fig. 1(c)] 2(a) for x=100 and 900 L are more clearly discernable in the
and as (X 2) superstructure for 1500 LAFig. 1(d)]. The  binding energy dependence of the spin polarization in Fig.
appearance of the hexagonal symmetry in the LEED image&(b). Initially, the oxygen exposure effectively reduces the
suggests the formation of @11)-oriented surface of a fcc spin polarization atEg from —(83+5)% for x=0L to
lattice. Along the[111] direction the three Fe oxides which —(50+5)% for x=100 L. This is a surprising result be-
are stable under normal conditions—FeO,;Bg and cause of the antiferromagnetic state of FeO. In a recent paper
a-Fe,0;—have similar atomic structures, consisting of Koike and Furukaw® reported ferromagnetic behavior for
(hexagonal oxygen planes separated by Fe planes. The conFeQ111) layers on F&L10) with antiparallel coupling be-
ditions for the epitaxial growth of well-ordered11l)- tween FeO and Fe layers. They found by means of spin-
oriented Fe oxide layers on @40 substrates were deter- polarized secondary electron spectroscopy a negative spin
mined in Refs. 21 and 27. These oxides have the followingolarization of —10% of FeO for secondary electrons with
bulk lattice parameters for tH&11) surfaces: 2.84, 2.92, and zero kinetic energy. The LEED pattern of Fa®@1)/Fe(110)
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thickness of 41 and 68 A for, respectively, 900 and 1500 L
{20 oxygen exposures followed by annealing at 250 °C. Hence
we attribute the high negative spin polarization for 900 L
[Fig. 2(b)] and 1500 L{not shown in Fig. &)] oxygen ex-
{40 posure to an intrinsic property of E@,. A similar behavior
is found for the second series of films by the successive
oxidation of a one-time prepared 50-A-thick(E&0) film. In
Fig. 2(d) the cumulative result after different oxidation
stages is shown for 300 L oxygen exposure followed by post-
annealing at 250 °C, yielding a negative spin polarization of
1+ —(80+5)%. For 50 and 100 loxygen exposure in this
second series the spin polarization of clear(1E6) had
dropped to— (40+=5)% [not shown in Fig. &d)].
1% In order to get a rough estimate of the maximal achievable
spin polarization at 300 K the spin polarization value of
—(80x=5)% of our epitaxial FgO, films in Figs. Zb) and
2(d) is compared in first approximation with the temperature
dependence of the magnetizatibh(T) of an epitaxial film
of Fe;0, obtained by pulsed-laser deposition on MYO.
- When extrapolatingV (T) to T=0 K and normalizing it to
5 E P=—100% we find by scalinl (T) ~ P(T) that the experi-
mental value ofP(300 K) is by 6% lower tharM (300 K).
FIG. 2. Oxidation of an “every-time” freshly prepare@), (b) Such a reduction of the s_pin_ poIariza@ion near surfaces can be
and “one-time” preparedc), (d) 50-A-thick F&110 film at differ- ~ €XPected due to the excitation of spin W.a‘?b?- . .
ent dose$x(L)] of oxygen after annealing at 250 °@), (c) Spin- In Ref. 21 the rather high photoemission intensity ob-
polarized photoemission specfispin down(down triangle spin up ~ Served neaEg, even at the highest oxygen exposure of 1500
(up trianglé] and photoemission intensitgircle) and (b), (d) spin L, was not attributed to the Fe metal underneath, because of
polarization as function of binding energy. The thin solid lines the absence of the Fep3core level spectra. Therefore, as
through the data points have been obtained by a three-point aveproposed by the authors, it may indicate the formation of an
aging fast Fourier transformatidifFT) smoothening procedure.  oxygen deficiency near the §@, surface. This may also be
responsible for the small positive spin polarization of
in Ref. 28, however, does not agree with our pattern in Fig+16%2* It was not possible to obtain a reduced emission
1(c) and also with the pattern reported by Kietal** The intensity atEr upon exposing the sample to additional oxy-
pattern in Fig. 1b) of Ref. 28 is actually very similar to the gen at various temperatures and in a wide oxygen pressure
one of FgO,4(111) in our Fig. 1d). Hence we conclude that range.
we are measuring an attenuated spin polarization contribu- In previous spin-resolved threshold photoemission mea-
tion of the underlying F&.10) layer. surements, i.e., without any energy analy8is, spin polar-
The attenuation of the spin polarization from thg Bd)  ization of —60% was found for Fg, single crystals. How-
substrate layer by the FeO overlayer was estimated by corever, the spin polarization value by itself is no proof of a
sidering the scattering cross sectiop of electrons into the half-metallic state as is evident by the above example of
four unoccupied orbitals of Fé* (3d®) in FeO. We have Fe110). Therefore, we have compared features in the spin-
used the simple rule developed by Siegm&hnry=o resolved photoemission spectra with spin-polarized electron
— 0, Whereo is the total scattering cross section angla  band structure calculations as discussed below.
constant part. The values were taken from the data compiled We conclude that in the photoemission spectra in Figs.
in Ref. 29. From the exponential attenuatih=Pgexp  2(a) and Zc) for x=900 and 300 L, respectively, only fea-
(—o4t) we obtain a thickness of the all-Fe overlayér, tures of FgO, are present with a negligible contribution
=7 A. Considering the oxygen ions intervening ttill)  from the F€110) substrate. This is further corroborated by a
planes of F&' ions, the thickness of the FeO overlaygr, comparison with the spin-split electron band structure of
=2t/v3=8 A, agrees roughly with the expected thicknessFe;O, based on the LSDA to the “constrained” density-
of FeQ?:30 functional method. As demonstrated in Fig.(8), we ob-
Most surprisingly, an appreciable spin polarizatiorEat ~ served for all oxygen-exposed layers a reduced photoemis-
reappears in Fig. (®) for 900 L and above, i.e., for the sion intensity neaEr. For the FeO,(111)/Fe(110) system
Fe;0,(111)/Fe(110) system. These films show a negativex=900 L) the reduction in photoemission intensity nEar
spin polarization aEg of about— (80+5)% with a parallel compared tox=0 L is for spin-up electrons more than 20
magnetic coupling between §@,(111) and the underlying times and for spin-down electrons more than 8 times. This
Fe(110. However, this polarization value cannot be relatedcan be interpreted as a band gap formation for spin-up elec-
anymore to a contribution from FELO). trons near Er for both preparation series of
In the work of Kimet al?! on Fe oxide layers formed on Fe;0,(111)/Fe(110)[Figs. 2a) and Zc)]. Such a spin-up
top of thick F&110 films, the authors estimated an oxide gap is also consistent with the band structure calculdtion,
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L the L point. The two crossing points in the spin-down bands
in the upper panel of Fig. 3 are shifted by 0.1 to 0.2 eV to
higher binding energies. The agreement with features in the
spin-down spectra is slightly better.
For the successively oxidized @40 film in Fig. 2(c)
with x=300 L the above-discussed shoulder in the spin-
down spectrum near 0.25 eV is more clearly pronounced at
the expense of a broad minimum around 0.75 eV. The origin
of the latter is presently not yet understood. On the other
hand, the shoulder in the spin-up intensity near 0.5 eV in Fig.
2(a) is more pronounced in Fig.(@, together with a broad
maximum around 0.75 eV. In any case, the spin gap forma-
tion in the spin-up spectrum is also clearly seen in Fig).2
The spin-resolved photoemission spectra of@€111)
for binding energies 1.5 e¥E,<E; support the band-type
‘ description of the electronic structure of &) . Within this
- energy interval the photoemission spectra were previously
15 10 05 E 05 attributed to the ionic-configuration-based transition
Binding Erergy (¢V) 5T,(3d%) —°A,(3d%) +e~ of F&*, wheree™ denotes a
hotoelectron. The maximum obtainable spin polarization at
=0K of P=—2/3 or —66.6% derived in this modé,

=

Intensity (arb. units)

FIG. 3. Lower panel: spin-resolved photoemission spectra OEI)'

Fe;04(111) for hv=21.2 eV in normal emission from Fig. 2

[x(L)=900]. The lines through the data points have been obtaine(?owever' cannot account for our experimental findingPof

by a three-point averaging FFT smoothening procedure. Upper:_(SOtE_’)% at_ room temperature. Hence we concludg
panel:  spin-split bands of §@, along thel'-L direction from Ref.  that, despite the importance of electron correlation effects in

7. The free-electron-like final state has been shifted down by 21.3ransition metal oxides, a band-type description of the the

eV to yield crossing points indicating the initial states in photoemis-€lectronic structure of R®, seems to be appropriate. Simi-
sion. lar band dispersions have been found for 1.8, <Eg

for CrO, in a LDA+U approach.

which shows a 0.45-eV gap for the spin-up electrons below |y conclusion, our investigation of thin epitaxial
Er. _ . . ~_ Fg0,4(111) films at 300 K has shown agreement between

The detailed features in the spin-resolved photoemissiogpectral features in the spin-resolved photoemission spectra
spectra of FgO,(111) indicated by tic marks in Fig(@ are  and spin-split energy states of dispersing bands calculated in
compared in Fig. 3lower panel to the band dispersion in the LSDA to the “constrained” density-functional method.
I'-L direction (Fig. 3, upper panglas calculated in Ref. 7. The spin polarization oP= —(80+5)% atEg is consistent
For the final state in the photoemission usimg=21.2eV  jth the magnetization of a thin epitaxial film, except for a
we assumed a free-electron-like dispersion with a spinsmall reduction, which can be attributed to the excitation of
averaged inner potential of 3.5 éVThe downshift of the  spin waves near the surface. Thus the experimentally deter-
final-state dispersion by 21.2 eV leads to crossing points Withnined spin polarization appears to be almost intrinsic, i.e.,
the spin-split conduction band§ig. 3, upper pangl which jndependent of artifacts at the surface, such as deviations
can be related to features in the spin-resolved photoemissigGtom stoichiometry, reconstructions, or contaminations. The
spectra(lower pane). The crossing points in the spin-down magnitude of the spin polarization at room temperatie,
bands near 0.2 and 0.5 eV correspond to the shoulder near — (80+5)%, rules out the ionic-configuration-based ap-
0.25 eV and the broad maximum near 0.6 eV, respectively, "ﬂ)roach setting an upper limit &f= —66.6% atT=0 K. The
the_ spin-down spectrum. In the spin-up bands the CVOSSir‘Qgreement of the photoemission spectroscopy in[fHé]
points near 0.6, 1.0 and 1.25 eV are related to, respectivelyjirection with density-functional calculations, predicting an
the shoulder near 0.5 eV, the broad maximum near 0.9 e\yyerall energy gap in the spin-up electron bands in high-

and the slight shoulder near 1.25 eV in the spin-up spectrungymmetry directions, provides evidence for the half-metallic
The credibility of these assignments is further supported byerromagnetic state of §©,.

the tight-binding fit to the linear muffin tin orbitdLMTO)
minority bands shown in Ref. 7. The band dispersion is not This work was supported by DFG through Grant No. SFB
drastically changed upon going from thepoint halfway to  341.
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