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Characterization of the native Cr ,05 oxide surface of CrO »,

Ruihua Cheng, B. Xu, C. N. Borca, A. Sokolov, C. -S. Yang, L. Yuan, S. -H. Liou,

B. Doudin, and P. A. Dowben?®

Department of Physics and Astronomy and the Center for Materials Research and Analysis (CMRA),
Behlen Laboratory of Physics, University of Nebraskancoln Lincoln, Nebraska 68588-0111

(Received 5 July 2001; accepted for publication 29 August 2001

Using photoemission and inverse photoemission, we have been able to characteriz®jrexide
surface of CrQthin films. The CyO5 surface oxide exhibits a band gap of about 3 eV, although the
bulk CrG, is conducting. The thickness of this insulating,Gj layer is twice the photoelectron
escape depth which is about 2 nm thick. The effectiveOgisurface layer Debye temperature,
describing motion normal to the surface, is about 370 K. From a comparison gffinS grown

by different techniques, with different €D; content, evidence is provided that the Gr@ay
polarize the CJO;. © 2001 American Institute of Physic§DOI: 10.1063/1.1416474

Among the predicted half-metallic ferromagnétsetal-  photoemission data of both the Cpzand O Is core levels
lic for one spin direction while insulating for the other spin for both sputter deposited and laser assisted OMCVD depos-
direction, i.e., 100% spin polarizationCrO, routinely ex- ited CrG, thin film samples. The binding energy of Cpz,
hibits the highest polarization but among the lowest tunnetore level for the laser assisted OMCVD deposited &Hn
magnetoresistance. With half-metallic character expected ofim samples is about 57680.2 eV which generally corre-
the basis of theory;® very large tunneling magnetoresis- sponds to the accepted binding energy foy@5roxide® The
tance(TMR) is expected® (ideally the TMR between two Cr 2p,, for the sputtered samples are somewhat lower, at
half-metallic ferromagnets should be infinitdout a much  about 576.30.3eV. This suggests that the sputtered
smaller (1%) magnetoresistance was found on gi@nnel  samples are more dominated by the ¢oRide’® in the sur-
junctions at 70 K-° Evidence of 90% to 100% polarization face region, though a shoulder at around 576.8 eV binding
has been, however, observed in spin-polarizetenergy indicates the presence of somedgr The presence
photoemissior} vacuum  tunneling? and Andreev  of hoth CrQ, and CyOs oxide phases in the surface region of
scattering*>*°This work addresses the surface compositionhe sputter deposited samples is more apparent in the oxygen
and properties of Cr@thin films, going beyond the simple ¢ore level spectra.
confirmation that the stable oxide surface of Gi©Cr,0;.1° The binding energy of O 4 core level for OMCVD

We investigated the surfaces of Grfims fabricated by  geposited sample is 531:D.2 eV and the spectrum for the
two different techniques. One class of films were fabricated;,ttered sample also shows the peak at 580.2¢eV as
by laser initiated organometallic chemical vapor deposition,e| as a significant shoulder around 52882 eV. This
(OMCVD)’U while the other type of films were made by rf g,ggests that the surfaces of both samples contaf@.Cbut
sputtering of CrQonto LaAlO; substrates and annealing in a w6 0, layer on the surface of sputtered films are thinner
high-pressure ceff! Annealing in about 100 atm of 0xygen {an the case for the OMCVD films. This conclusion is sup-

pressure ar390°C Igads to a stable £phase. ) Sorted by the angle-resolved XRBRXPS) data in Fig. 2.
Prior to our studies, samples were cleaned by sputterin We used ARXPS to characterize the thickness of the

and annealing to remove surface contamination. From th@:ro surface layer for the sputter deposited Giitims, as

outset, i.e., from the initial stages of surface preparation, th?‘lazs Seen undertaken for other oxide surf4&eghe rati(’) of

core level binding energies indicated that the stable surface[ﬁe CrO, intensity to the Crg intensity for each emission
were COz. X-ray photoemission spectroscopyPs) mea- angle was derived by decomposing every £spectrum into

surements were obtained using the Mg, line radiation . .

2 two peaks, corresponding to the ,0s and CrQ oxide
(12536 e\_} and the photoemls_sm!QUPS measgrements hases, respectively. This intensity ratio is shown in Fig. 2.
were acquired abqut normal emission angle using the He iince the CJO; signal increases relative to the Gr€lgnal at
line (.21'2 ev. The Inverse photoemission IPES spectra Were[he higher emission angles, it is clear that@y dominates
obtained by using variable energy electrdfiom 5 to 19 the surface as the effective probing depth decreases with in-

eV) at normal incidence and a Geiger—Muller UV photode- . . ) )
tector. The energy resolution wast50 meV in inverse pho- creasing emission angle. We find that the thickness gDEr
Agyer is about twice the oxygen core level photoelectron

toemission. For both photoemission and inverse photoemi . . . )
mean free path, using a summation modeling analysis de-

sion, the Fermi level was established from tantalum in ™' ; ;
electrical contact with the sample. scribed elsewher#- This corresponds to approximately 2 nm

Figure 1 shows the room temperature normal emissioﬁhickness'_ Th_us, Wh”e the_ x-ray diﬁrgcti_o_n data, shown as
the inset in Fig. 2, is dominated by significant Greaks,

5 there is a small amount of the £0; signal, which probably
Author to whom all correspondence should be addressed at: Departme ; ;
of Physics and Astronomy, 255 Behlen Laboratory of Physics, Univer—Pfas some contrlbutlons_from_thep@ surface of the sa_lmp_le.
sity of Nebraska, Lincoln, Nebraska68588-0111; electronic mail: FOr the QMCVD deposited films, the &35 surface oxide is
pdowben@unl.edu much thicker than the electron mean free path and therefore
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L .*o % [ FIG. 3. A comparison of the density of states in the region of the Fermi level
M‘o‘\\v & Q LY from resistivity (transport measurementsf the sputter deposited film at
L ég ° 1.52 K (a), the combined photoemissidhPS and the inverse photoemis-
%%%? sion (IPES at room temperature for the sputter deposited filins X-ray
;@@Q@%@%@@ adsorption at the O 4 level (c) together with the Cr B3, edge MCD
spectra(d), were both aligned using the core level binding energies for

CrO,. Spectra C and D were taken of the OMCVD deposited sample domi-
Y nated by significant amounts of £); while the inverse photoemission and
Binding Energy (eV) resistivity data were taken from a sputter deposited sample. Spectra B-D
were taken at room temperature.
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FIG. 1. Upper panel shows the XPS core level photoemission ofpCat2
room temperature. Lower panel shows the ©photoemission data at room
temperature. The sample fabricated by OMCVD is shown as open circles

: i _ The transport measurements, at 1.52 K, showing the re-
and the sample fabricated by sputtering is shown as closed circles.

sistance at low bias voltages in the sputter deposited film, are
. . . .._shown in curve A of Fig. 3. At low temperatures, the resis-
IS much thicker than is the case for the sputter depos'teaance between CrQgrains in the bulk of the thin film shows
films. . . a dramatic increase only near zero bias. This, together with
. The comblneq yalence band photoemissiafPS and the absence of significant surface photocharging down to 170
INverse. phqtoem|53|on data taken at. room temperature 'I%, suggests that there are conduction paths through the sur-
shown in Fig. 3 for the sputter deposited filurve B. A face region and intergrain gD, layers. Thus, while there is

I(?rg;abbatmd 9ap ?Eg:zb's e(;/ (atjroon(; tetmperal;u}e(;s edw- _Il'ttle evidence of conduction path or defects states within a
ent between valence band and conductance band €dges. \ag: ¢ e Fermi level, such states must exist, though per-

gap is much bigger than 3 kT, which is a clear indication thathaIOS much less than 20%—3% of the,@y layers. This is

the surface of Cr@is insulating, not conducting. consistent with the evidence of Coulomb block¥dbat also
suggests that the &b; oxide surface of Cr@crystallites is

358l _ 5 . imperfect and contains defects. For OMCVD samples, we do
z : i ] not find any such conducting paths, but the@ycontent is
30L3 ¢ 3 . higher in these latter films.
I ] In Fig. 3, we lined up the chromium(2p5,) edge
o' 25t s - s =] magnetic circular dichroisfiMCD) signal, and O & x-ray
5 I ;N < g &NZ adsorption(XAS) spectra with the Fermi energy, based on
Sm 20 _Jb © g\ J g1 the chromium and oxygen XPS binding energies for an
) . . L] OMCVD sample(characterized by significant &5 inclu-
© 151 sions in the Cr@'’) The O 1sXAS edge spectrunicurve C
in Fig. 3) is consistent with a GO, phasé? dominant in the
10| surface region of the thin film material. The MCD results,
A shown as plot D in Fig. 3, provide indications of magnetic
3 T R T R Y S ordering in the unoccupied bands at thedhromium edge.
0 10 20 30 40 50 60 Nonetheless, at the onset in the MCD signal at the threshold,
Emission Angle (deg) the magnetic ordering of the states close to the Fermi level

FIG. 2. The room temperature XPS intensity ratio of@y peak to CrQ appears .to be d.ommate.d by spin mmo(wrve D in Fig. 3,
peak vs different emission angle for sputter deposited films. The x-ray dif-WhICh is inconsistent with the half-metallic character or even

fraction data of the sample is shown in the inset. high spin polarization predicted for C?é‘GThe recognition
Downloaded 05 Sep 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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bands, which indicates that the surface of &filn is insu-
lating, while the transport measurements show that bulk ma-
terial is conducting. We identify GO as a stable oxide sur-
face on CrQ films with an effective surface Debye
temperature of about 370 K for the L3 surface layer.
From ARXPS data, we found that the thickness of this insu-
lating CrO; layer is two times the mean free path. The ¢rO
“bulk” may induce some polarization in the gD; surface

In (H,, /1)

layer.
The support of the NSKDMR 98-02126, the NSF
200 250 300 350 200 CAREER programGrant No. DMR 98-7465){ the Office
Temperature (K) of Naval Research, and the Nebraska Research Initiative are

FIG. 4. The logarithm of XPS intensity of Crp3,, core level vs tempera- gratefully aCkn0W|edged'

ture. The fit expected for an effective Debye temperature of 370 K is shown.
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