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Room-temperature observation of high-spin polarization of epitaxial
CrO,(100) island films at the Fermi energy
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Epitaxial CrG,(100) island films have been grown on Ti{Q00) substrates by a chemical-vapor
deposition technique. Well-controlled surface and interface properties of thg ID@ films were
confirmed by scanning tunneling microscopy and transmission electron microscopy, respectively.
Spin- and angle-resolved photoemission spectroscopy at room temperature revealed an energy gap
of about 2 eV below Fermi levé for spin-down electrons and a spin polarization of abe@6%

at Ex . After extended sputtering, the spin polarization can be recovered from ahbidf% up to

+85% upon annealing

The theoretically predicted 100% spin polarization at theonly majority spin electrons & .2 Sputtering of the as-
Fermi level Ex of CrO, (Refs. 1-3)makes it a promising prepared surface up to 210 s increases the spin polarization
material for magnetoelectronic devices. According to Julfrom +80% to +95%. Continued sputtering up to 750 s
liere's model! the tunnel magnetoresistand@MR) of  results in about 10% spin polarization, which can be in-
ferromagnet/insulator/ferromagnet tunnel junctions dependsreased again up té85% by annealing for 12 h at 150°C
on the spin polarization of both ferromagnetic electrodesn ultrahigh vacuum(UHV).
used. The TMR increases with increasing spin polarization of  The CrQ(100) films were prepared by a CVD technique
the electrode materials. This fact has revived research inteproposed by Ishibasf?. As substrates isostructural
est in the class of half-metallic ferromagnétsMF), like  TiO,(100) (rutile; a=4.592 A; c=2.959 A: space group:
Heusler alloys;® manganited;? Fe;0,,% and CrQ.*=3"1%-13  p4, /mnm)has been used. Cgds decomposed at a tem-

The HMF nature of Cr@has been predicted on the basis perature of 260 °C within a two-zone tube furnace. A well-
of the local-spin-density approximatiofLSDA) to the  controlled oxygen flow(0.5 I/min) transports the decom-
density-functional theor}/.3 Only recently, spin polarization posed precursor material (CgDand its related oxide phases
values of over 90% nedr were found for CrQ at 1.8 K (Cr,Og, Cr;0g) into the deposition zone where the substrate
using superconducting point contact spectroscdpy:®al-  is placed. The substrate temperature is adjusted to 390°C
though values of 95% had been obtained earlier by spinenabling the epitaxial growth of CgO Immediately after the
polarized photoemission at 293 K for binding energies ofgrowth the CrQ(100) films were introduced into the ultra-
about 2 eV belovEg . high vacuum for the spin-polarized photoemission analysis.

In this letter, we present a study of structural propertiesThe as-grown surface of the C5Q100) films was cleaned in
and of the spin-dependent electronic structure of epitaxiaJHV by moderate AF sputter cycles of 30 s duration at 500
Cr0O,(100) island films prepared on isostructural {000) eV under grazing incidence. Spin-resolved PES measure-
substrates by a chemical-vapor depositiofCVD)  ments were performed after different sputtering intervals.
technique™® The CrGQy(100) surface shows in scanning tun- The maximum sputtering time of 750 s was followed by
neling microscopy(STM) the growth of large elongated annealing at 150 °C for 12 h.
rectangular-like epitaxial islands with a preferential growth The TEM characterization of the Cy(100) films was
direction along the in-plane[001] axis. A sharp performed in a Philips CM20 Twin transmission electron mi-
Cr0,(100)/TiG,(100) interface without intermixing and a croscopg200 kV, point resolution 0.27 nm). The STM mea-
good crystalline quality of Cre{100) were found by trans- syrements were carried out at room temperature in an Omi-
mission electron microscopyTEM). The spin-dependent cron Surface Science UHV STM system with a base pressure
electronic structure of the Cg0L00) films has been investi- of g% 10~! mbar.
gated at 293 K by means of spin- and angle-resolved photo-  The photoemission experiments were carried out at 293
emission spectroscopPES). Below the Fermi leveir an K in an UHV system for angle-resolved PES with spin analy-
energy gap of about 2 eV was observed for spin-down elecsijs described in detail in Ref. 16. The unpolarized He |
trons, and thus a spin polarization of upt®5% atEr was  (1,=21.2 eV) resonance line was used for the photoemis-
found at 293 K. Both the magnitude of the spin-down gapsion experiments. The spin-resolved photoemission spectra
and the value of the spin polarization are in good agreemer{aye peen recorded in normal emission and in magnetic re-
with theoretical band-structure calculations, which predicty,anence after having applied a magnetic-field pulse of about
500 Oe along the in-plan01] easy-magnetic axis of the
¥Electronic mail: ruediger@physik.rwth-aachen.de CrO,(100) films. As a reference for determining the spin
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FIG. 1. TEM (cross section)mage of a Cr@(100) film on a TiGQ(100)
substrate. The white arrow indicates the sharp interface between the CrO
film and the TiQ substrate. Inset: electron diffraction pattern of a
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Cr0,(100) film on a TiQ(100) substrate with the incident e-beam parallel kA 510
to the in-plang 001 ] direction of CrQ(100). '."- “ 390
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polarization, Fe(110films grown on W(110 single crystals " 150
have been used. A spin polarization value -08B0% was 90
observed recently for this systehyhich is in agreement 30
with previous spin polarization values for @&0) fims.}" In RN S PR S S R
the present spin-resolved PES measurements of(QAD) 6 5 4 3 2 1 E
. . . . Binding Energy (e V)
films the signals for botlispin-up and spin-downghannels
were collected over 200 individual scans. At every fixedFIG. 2. PES spectra recorded for binding energies up to 5 eV below the
kinetic-energy value the y|e|d of photoe|ectrons was meaFermi levelEr (lower panel)and the spin polarizatiotupper panelat E¢
sured for 1 s (solid circle)and at 1 eV binding energjgolid squarepf a CrG,(100) film
) : . . vs sputtering time. Point¢A) and (B): after annealing of the sputtered
Figure 1 shows a cross-sectional TEM image of a 100«sputtering time: 750)sCr0,(100) film at 100 and 150 °C for 12 h each,

nm-thick CrGQ(100) film on a TiQ(100) substrate. The in- respectively.
terphase between the CsQ200) film and the TiQ(100)

substratemarked by a white arrow in Fig. i3 well defined  formerintensity after only 210 s of sputtering. We conclude
without any indication of the formation of a (b interlayer  that the annealing leads to the almost complete recovery of
as observed for sapphire substrdftEhe electron diffraction  he crystalline properties of the Cy(100) surface layer
pattern of a Cr@(100) film with an incoming electron beam  structure. An ultrathin GIO; layer at the surface cannot be
parallel to the in-plan€001]direction of CrQ shows a four-  excluded.
fold symmetry(see the inset of Fig. 1), indicating the forma-  Directly after the introduction of the sample into the
tion of a CrG(100) film. UHV a spin polarization ofP=(85+10)% atEr has been
The surface topography of the Ci200) films was  found (inset of Fig. 2). After seven sputtering cycléstal
characterized by STM before and after a sputtering/annealingputtering time 210 sthe spin polarization increases up to
cycle. For the as-grown CrOsurface large rectangular is- (95+10)%. This effect can be explained by an improvement
lands with the preferential growth direction along the in-of the surface quality by removing contaminations, which
plane[001] axis of the CrQ(100) film with a strong con- has been also observed by STM surface analysis. After addi-
tamination on top of the islands have been observed. After 3fonal sputtering the spin polarization of the sample de-
s of sputter cleaning at 500 eV with Arions and annealing creases continuously and approaches less than 10% after 750
at 150°C for 12 h the surface became clean. Such 8. This effect can be attributed to the increasing destruction
sputtering/annealing cleaning procedure leads to drastief the surface structural order with increasing sputtering
changes of the spin polarization. time, i.e., the sputtering process eventually produces a diso-
Figure 2 shows a series of PES spectra of the,Ct@0)  dered nonmagnetic layer of Cs@Ref. 19)near the surface.
films as a function of the binding energy and the resultingThe following annealing process of the sputtered £4D0)
spin polarization neaEg for a variety of sputtering times film at 150 °C for 12 h in UHV leads to an almost complete
and annealing temperatures. The position and intensity of theestoring of the high-spin polarization up to (830)% [see
Cr 3d band near 2 eV binding energy in the PES spectrgoint (B) in the upper panel of Fig. 2]. Annealing seems to
(Fig. 2) changes considerably with increasing sputtering timeheal the surface layers from defects produced by the sputter-
from approximately 2.3 eV belowEgr for an as-grown ing process.
Cr0O,(100) film to 2 eV belowkEr after 750 s of sputtering. Figure 3 presents the PES spectra together with the total
At the same time an increase of the intensity of the shifted Cphotoemission intensity and the spin polarization as a func-
3d band has been observed. This effect can be due to aion of the binding energy of a Cg0100) film. Figure 3(a)
increasing structural disorder of the G(Q00) surface and a shows the results after 210 s of sputtering time and Fig) 3
reduction of the Cr(8)—0O(2p) hybridization due to the after 750 s of sputtering time followed by subsequent anneal-
sputtering process. Annealing of the sputtered £t00) ing for 12 h at 150 °C. The spin-resolved PES spectra of the
film at 150 °C for 12 h in UHV(see spectrum B in Fig.)2 valence band of Crg§100) for binding energies 3 e¥YE,
leads to a restorina of the peak at 2.3 eV belbwand of its =E clearly show a dominant emission from the spin-up
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SRR SRR AR 4T N P measuremefit to about 2.5 eV belovEg. The position of
\ (a) After Sputtering the d band in the present study was found to be at 2.3 eV
I durin@:; 210 sec 180 below Eg . In the compacted powder sample the position of
“\, ' 160 the Cr 3 band had been found to be around 1.3 eV below
[ : Er ., which is very different from our present and from the
P R, l 140 ;\73 previous measuremettWhile the Cr 31 photoemission at
L ™. ! 0 Z 1.3 eV (Ref. 10)is close to the calculated feature in the
g ' , g LSDA+U calculation =3 eV) 2 the Cr & emission near
S T 10 g 2.3 eV found in the present work would require a much
S T T 1100 g larger value ofu. On the other hand, the recent theoretical
21y Aftoer %“”ea]mg at ar © description of the experimental magneto-optical Kerr spectra
2 % 150°Cfor12hours g 80 o of CrO, is best by not invoking an additional on-site Cou-
EIRR! E o0 o lomb U correlation?® This point, obviously, needs further
hY : clarification.
AN ! 140 In conclusion, our spin-resolved photoemission study of
‘v,‘\«’ : 1o Cr0O,(100) films yields a spin polarization of approximately
| | +95% atEg at 293 K. This value and the magnitude of the
N S | . 10 gap in the spin-down states are in good agreement with the
654321E 654321E

prediction of the half-metallic nature of CsOThe success-
ful restoring of a well-defined Cr©surface with a high-spin
polarization after an extended sputtering/annealing procedure

FIG. 3. Spin polarization as a function of binding enefgght-hand sides ~ Would allow for anex situCVD preparation of Cr@ films

of (a) an epitaxial Cr@(100) film after Ar" sputtering for 210 s at 500 eV for implementing them in magnetoelectronic devices.

and (b) after 750 s sputtering and an additional annealing treatment at

150 °C for 12 h[corresponds to poin(B) in Fig. 2] together with the This work was supported by the German Federal Minis-

corresponding spin-polarized photoemission spe¢é@n down: triangle try of Education and ReseardBMBF) under Grant No.
down, spin up: triangle upand total photoemission intensitgolid circle)

nearE (left-hand sides FKZ 05KS1PAA/T.
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