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A chemical and magnetic characterization of ferromagnet/antiferromagnet interfaces is essential to under-
stand the microscopic origins of exchange anisotropy and other magnetic phenomena. We have used high-
resolutionL-edge x-ray absorption spectroscop$AS), which is element specific and sensitive to chemical
environment and spin orientation, to investigate the interface of antiferromagnetic oxides with ferromagnetic
metals. Clear quantitative evidence of oxidation/reduction reactions at the as-grown metal/oxide interface is
presentedin situ— andex situ-grown samples of the form oxide (5—38)/metal (1-10 A), where oxide is
either NiO or CoO and metal is either Fe, Co, or Ni, were studied by high-resolution XAS. For all samples, a
metaloxide) layer adjacent to an oxidmeta) layer was partially oxidize@educed. Quantitative analysis of
the spectra showed that one to two atomic layers on either side of the interface were oxidized/reduced. An
elemental series of samples showed that the amount of oxidation/reduction was in accord with the difference
in oxidation potentials of the adjacent cations, e.g., oxide layers were more strongly reduced by an iron metal
layer than by cobalt or nickel metal layers. Annealing to temperatures, typically used to bias devices, was
shown to significantly increase the amount of oxidation/reduction. The oxidation behavior of iron was shown
to depend on the amount of oxygen available. Our results are believed to provide important information for the
improved understanding of exchange anisotropy.
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I. INTRODUCTION other interfacial magnetic phenomena. The surface and near-
surface (~20 A) sensitivity of XAS, coupled with its intrin-
Exchange anisotropy—the unidirectional coupling of asic elemental specificity, makes possible the study of both
ferromagnet(F) to an adjacent antiferromagn@iF)—is of  sides of a buried interface. As will become apparent below,
interest both technologically and academically. Technologithe XAS signal is sensitive to the chemical state of the ele-
cally, magnetic disk-drive read heads incorporating exchanggent, and therefore to any departures from a nominal con-
anisotropy are essential to the attainment of data densitidiguration. The linear and circular polarization of synchrotron
beyond~1 Gb/ir? (the 1997 industry standardAcademi- light enables one to study the spin configuration of both an-
cally, 45 years after its discovénand 22 years after it was tiferromagnets and ferromagnets. The inherently local nature
proposed for use in magnetic sensbm, fundamental de- ©Of x-ray spectroscopy enables XAS-based microscopy tech-
scription of exchange anisotropy remains elusive. Recerftidues to study interfaces with spatial resolution, thereby im-
reviews"* describe the current state of understanding of ex29ing AF and F domains and deducing their couplihgs.
change anisotropy and explain why its investigation is diffi- N this work, the interface sensitivity of x-ray absorption
cult: “In common with most other magnetic phenomena in SPECtroscopy was used to obtain clear, quantitative evidence
which surface and/or interfacial properties are important,Of oxidation/reduction reactions at as-grown metal/oxide in-

there exists no basic, generally applicable, predictive theoryerfaces. These results were obtained from a variety of

model (of exchange anisotropyThe reason is that the es- samp_les, different in preparation method and in elementgl
sential behavior depends critically on the atomic-levelconstituents, and therefore are expected to be generally valid.
chemical and spin structure at a buried interfat&he im- Different elements are shown to have different degrees of

portance of the ferromagnetic/antiferromagnetic interface t§€activity, an anneal is shown to increase the amount of re-

exchange anisotropy is a specific example of the importanc@CtiO”’ and the oxidation behavior of iron is shown to depend
of interfaces to a variety of magnetic phenomena. For exon the amount of oxygen available. The implications of our

ample, the giant magnetoresistance effect, spin tunnelingf?suns for the understanding of exchange anisotropy are con-

and spin injection are phenomena to which the exact naturg/dered.

of the associated interface is crucial. Techniques that can

distinguish interface from bulk properties, and furthermore Il. EXPERIMENT

study the interface with spatial resolution, are therefore ex-

pected to become increasingly important.
Synchrotron-based x-ray absorption spectroscof4S) The total-electron-yield TEY) mode of XAS spectros-

is well suited to the investigation of exchange anisotropy anatopy was chosen for its surface to near-surface sensitivity

A. Sandwich samples
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(appropriate for studying a buried interfacnd experimen- A second set of sandwichém situ—grown sandwichgs
tal convenience. Sample-layer thicknesses ranged frowas prepared to confirm that any metal oxidation seen for the
1-30 A, balancing adequate weighting of the interfacial re€x situ-grown sandwiches was the effect of proximity to an
gion in the total signal, and adequate overall signal intensityoxide. These samples were grown on silicon substrates
Throughout this paper, samples containing an interface bedipped in hydrofluoric acid to remove any oxides before in-
tween metal and oxide layers will be called “sandwiches.” sertion into a preparation chamber. The samples were of the
Three different methods of sandwich sample preparation arrm Si/NiO(5-30 A)/Fe(1-10 A). The NiO was depos-
described below. ited in a molecular oxygen atmosphere ot 10°° torr in a

A set of sandwich sample@x situ-grown sandwichgs Preparation chamber. The samples were then transferred
was prepared in a molecular beam epitaxy synthesis chamb#trough a small aperture to the main chamber with a base
at Stanford University. The sandwiches were of the formpressure of about 210 ° torr for metal deposition and
MgO (001)/oxide (10 A)/metal (10 A)/Ru (20 A),where XAS analysis. Both nickel and iron were evaporated by
oxide is either NiO or CoO and metal is either Fe, Co, or Ni.electron-beam bombardment of pure metal sources at typical
A given element occurred in only one layer of any given rates of 1 A/min. Scans of the nickel and iron absorption
sandwich, ensuring that the element specificity of XAS couldedges were performed after deposition of each layer. The
be translated to layer specificity. The sandwiches were fabrix-ray absorption as well as Auger measurements were used
cated by electron-beam evaporation from pure-metal sourcd® estimate the layer thicknesses during growth. The Auger
at a base pressure of<410 8 torr. The oxide and metal Signal was independently calibrated agaiestsitux-ray re-
thickness was monitored during deposition by a quartzflectivity measurements on test samples. We estimate error
crystal monitor, which had been calibrated by x-ray reflec-bars of about 20% for the nominélinreacted layer thick-
tivity analysis of previous samples. MgO substrates were deResses. For these sandwiches the absence of a capping layer
greased by an ultrasound soak in 1,1,1-trichloroethanedvoided the problems of an interfering absorption structure
acetone, and methan620 min, twice per solvet rinsed  and signal reduction.
with isopropanol, and loaded into the chambaihey were A third set of sandwiches'single-crystal” sandwichep
then heated to 600 °C in an atmosphere sf1D° torr mo-  Of the form NiO bulk single crystal/metal(2—-10 A), where
lecular oxygen for~12 h to remove carbon deposit©x-  metakFe or Co, was studied in conjunction with XAS mi-
ide growth took place in a moleculdCoO) or electron-  croscopy experimentS. Nickel oxide single crystals
cyclotron-resonance activatetNiO) oxygen atmosphere of (Mateck GmbH were cleaved to expose th801) surface
approximately X 10~ ° torr. Oxides were grown at 300 °C at and immediately introduced into the XAS analysis chamber.
a typical rate of 0.3-0.5 A/sec; the samples were the hin layers of iron or cobalt were then deposited under ul-
cooled to room temperature, and the metals were depositdfhigh vacuum conditions as described above.
at similar rates. Note that the metal/oxide interface was cre-
ated at room temperature and never annealed, unless other-
wise specified. Samples were capped with ruthenium to pro-
tect the metal from oxidation during transport to the Pure metal and oxide standard samples were prepared for
synchrotron radiation facility. Reflection high-energy elec-each element. These standards consisted of a thicker
tron diffraction images of the MgO substrate prior to depo-(200—600 A) film to enable x-ray diffraction analysis and to
sition, and of the(001) NiO and CoO oxides, confirmed obtain bulklike XAS spectra. Standards groex situwere
clean, flat, and well-ordered surfaces. High-angle symmetricapped by 20 A of rutheniurtNi metal, NiO, CoQ, 20 A
and asymmetric x-ray diffraction scans on thick samples conplatinum (FgO,), or 30 A CN, (a-Fg,0;). Other stan-
firmed the growth of single-phase epitaxial NiO and CoOdards(Fe metal, Co metalwere grown and analyzed situ.
(100. An FeO standard sample was prepaireditu according to a

The ex situ-grown sandwiches present two complica-recipe in the literaturé: The shift of thelL; peak intensity
tions: limited base pressure during metal deposition and thAL; (oxide L3 maximum minus metal; maximum was
presence of a capping layer. The growth chamber, optimizedxperimentally determined and the following values were
for growing complex oxides, did not attain a base pressurebtained: FeO;0 eV, Fg0,,1.4 eV; a-Fe,05,1.7 eV;
typically required for growing clean metal layers. TestCoO, —0.25 eV; NiO, 0.4 eV.
samples of the form MgO/Ru (5@)/Fe or Co (10 A)/Ru A thin NiO layer has a lower antiferromagnetic ordering
(20 A) were analyzed to determine the extent of metal oxitemperature than a bulk specim&rBince the XAS spectrum
dation during growth. It was determined that for iron contains information about magnetic ordering, the spectrum
~0.5 A of metal was oxidized during growth; cobalt oxida- of a thin layer is different from the bulk spectrum. In addi-
tion was less than 0.5 A. The ruthenium capping layer wagion, the thin-layer antiferromagnetic spin-axis orientation
found to effectively prevent oxidation of the underlying met- may differ from that of the bulk. Also, for thinner samples a
als, as indicated by repeated scans of pure-metal samplesssible reduction of the surface in vacuum will have a
kept in air for a period of months. However, ruthenium haslarger effect on the XAS spectrum that samples only the
absorption structure underlying theedge region of the tran- near-surface region. For these reasons, it is desirable to use a
sition metals, which complicates spectrum normalization. ANiO standard of the same thickness as the NiO layer of the
disadvantage of any capping layer is the reduced intensity axperimental sandwiches. Two thin NiO standards (5 A and
electron-yield signals from the layers below. 30 A, in situ—grown were available and were employed in

B. Standard samples
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868 870 872 874 FIG. 2. Nominal sandwich sample structure and possible actual
Energy (eV) structures. Shading represents the concentration of nickel atoms.

Part(a), the nominal structure, assumes an abrupt interface and no
interface reactiongb) describes the structure before the interfacial
reaction,(i) denotes the regions that will take part in the reaction;
(c), the model configuration for generation of test spectra, is the
result of an interfacial reaction in which oxygen diffuses across the
metal/oxide interface{d) results from both oxygen and metal-ion
diffusion, and assumes a graduated interface. The Ni-containing in-
the analysis where noted. The Ni resonance spectra of terfacial regions ofc) and(d) are possible sources for the interfa-
these thin standards, and the bulk NiO standard, are shown iial uncompensated spin moments responsible for exchange anisot-
Fig. 1; the multiplet peaks of the thinner layers are less deropy. The thicknesses of the starred metal region®pénd(c) are

FIG. 1. Ni L, resonance XAS spectra of bullsolid black,
30 A (gray), and 5 A (dotted black nickel oxide standards. The
multiplet (double-peak structure is less defined for the thinner
films. The spectra are normalized to zero beforelth@eak and to
an L-edge integrated intensity of 100 units.

fined. reported in Tables I, Il, and Ill. The change of interface region
thickness resulting from oxygen transfer is qualitatively represented
C. XAS experiments in those figures.

X-ray absorption spectroscopy experiments were per-
formedyon beampline 1091 at the g’é\nforpd Synchrotron Ra?jiato a portion of the Co. The darkness of the shading represents
tion Laboratory. This wiggler/spherical grating monochro- the concentration of nickel atoms. FigurélPrepresents an-
mator beamline produces soft x rays in the range 200—1208ther possibility, the formation of a mixed Co-Ni-O com-
eV and we used an energy resolution of about 200 meV spound at the interface region, and shows, via shading, a tran-
800 eV. A typ|ca| set of measurements included extendeéition from nickel-rich to cobalt-rich. Such a structure would
energy scans for identification of the major absorption edgekesult from metal-ion and oxygen diffusion. Either of Figs.
and high-resolution scans over theabsorption edges of the 2(¢) and 2d) would have implications for the study of ex-
oxide and metal layers. In order to accurately determine th€hange anisotropy, since the Ni-containing interfacial layers
relative energy positions of the; and L, fine structure for Would be a source of uncompensated Ni moméagsuming
the sandwiches and the corresponding standards we recordtimation of a ferrimagnetic alloy in Fig.(d)].
sequential calibration spectra. We estimate the relative- [n this paper we will model the oxide/metal interface with
energy accuracy of our sandwich and metal spectra to b&e€ Fig. Zc) structure, utilizing both the element specificity
about 50 meV. The absolute energy was calibrated by refe@nd the chemical sensitivity of the x-ray absorption tech-
encing our pure-meta| Spectra to those of CmﬂLl‘?’ All nique. The former enables XAS to SeparatEIy prObe the Co
scans were performed at normal incidence using linearly poand Ni containing layers in Fig. 2, the latter allows it to
larized light and in total-electron-yield mode. We simply distinguish between metal and oxide components of the same
measured the photocurrent of the samples with a picoamm&lement.
ter (typical signal 101° A), which was flux normalized by

the photocurrent of a gold-grid reference monitbr. )
B. Analysis procedures

Il. ANALYSIS To describe our analysis procedure we will use the cobalt
L-edge spectrum of the 10 A Co0O/10 A Fe sandwich shown
in Fig. 3. The plot shows the normalized experimental spec-
The nominal sandwich structure is illustrated in Figg)2  trum (solid black and, for comparison, the normalized TEY

where the layers are typically 10 A thick and the cappingspectra of pure cobalt metéjray) and cobalt oxidedotted
layer and the substrate are omitted. In Fi¢h)2discussed black). Comparison of the CoO standard spectrum to the
further in Sec. IV B, the regions that will take part in the cobalt-edge spectrum of the CoO/Fe sandwich reveals three
interfacial reaction are noted with). Figure Zc) illustrates a  qualitative differences: relative to the pure oxide, the spec-
structure that would be the result of oxygen diffusion, driventrum of CoO adjacent to Fe exhibits a decreakgdreso-

by thermodynamic considerations, from a portion of the NiOnance intensity, an increase in intensity betweenlLthend

A. Nominal and model sample structures
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FIG. 3. Results of analysis procedure for the cobalt-edge spec-
trum of anex situ-grown MgQ001)/CoO (10 A)/Fe (10 A)/Ru FIG. 4. Ni and Fel; spectra of anin situ—grown NiO
(20 A) sandwich. Experimentally obtained total-electron-yield (5 A)/Fe (5 A) sandwich showing reduction of NiO and oxida-
spectrum of the cobalt edge of the CoO/Fe sandwich, solid blackiion of Fe. Pure metal, gray; pure oxide, dotted black; sandwich-
Best-fit model spectrum (2.2 A of Co atop 6.1 A of Coalcu- layer, solid black; best fit to sandwich-layer spectrum, dashed black.
lated via Eq.(A2) using CoO and Co parameters, dashed black.The fit to the NiL-edge spectrum of the sandwich is of a model
Pure Co metal standard TEY spectrum, gray; pure CoO standarstructure of 1.5 A Ni atop 2.5 A NiO—at the interface, 2.5 A NiO
TEY spectrum, dotted black. The experimentally obtained CoO/Féhas been reduced to Ni. The fit to the Eedge spectrum of the
spectrum has been normalized by subtracting an NiO/Fe referenc@ndwich is of a model structure of 3.4 A Fe atop 2.9 A FeO—at
spectrum and scaling to ab-edge integrated intensity of 100. the interface, 1.6 A Fe has been oxidized to FeO.
The model spectrum and the metal and oxide standard spectra have

been nqrmalized b_y subt_racting a linear pre-edge and scaling to e three regiongif within 20%), or the result from the

L-edge integrated intensity of 100. region judged to be least affected by background or other
uncertainties.

L, resonances, and a lessening of themultiplet definition

(Appendix B, Sec. 2 These differences were noted for all

samples studied and are believed to be a general character-

istic of oxide reduction(or, expressed in reverse, of metal A. Summary of results

oxidation. . - At an as-grown metal/oxide interface, an interfacial reac-
The best-fitting model spectrudashed blackin Fig. 3 yjon occurs that on one side of the interface oxidizes up to

was derived as follows. The nominally CoO Ia_yer was asyyo atomic layers of metal, and on the other side of the
sumed to be of the formx(A Co atopy A CoO), with xand  interface produces up to two atomic layers of metal from
y to be determined. Model spectra of this cobalt-containingyxide reduction. An anneal increases the amount of oxide
bilayer were calculated via EqA2), using Co and CoO reduction, and the relative reaction extent of different el-
parameters, for various values efandy (subject to the emental combinations is in accord with thermodynamic con-
constraint Cé" ions+ Co metal atoms constant). These siderations. Oxidation of cobalt and nickel can be modeled
model spectra were compared to the experimental CoO/Feith the monoxide only, whereas oxidation of iron produces
spectrum(black line, and it was determined that the experi- a mix of oxides dependent on the amount of oxygen avail-
mental spectrum was best fit by the spectrum of the modedble (Secs. IV B and IV D.
bilayer (x=2.2 A Co atopy=6.1 A CoO. A separate analy- Figure 4 shows, for example, tthe resonances of nickel
sis showed that the experimental irbredge spectrum was and iron for anin situ—grown NiO (5 A)/Fe (5 A) sand-
best fit by the spectrum of the model bilayer (7.1 A Fe atopwich. Considering first the NL ; resonancéleft-hand ploj,
5.3 A iron oxide. Qualitatively, we conclude that oxygen the spectrum of NiO adjacent to Keolid black is in be-
diffusion from the nominally CoO layer to the nominally Fe tween the spectra of pure NiQlotted black and pure Ni
layer has formed interfacial layers of cobalt metal and ironmetal (gray). This shows that the nominally pure NiO layer
oxide. is in fact a mixture of nickel oxide and nickel metal. Simi-
The model and experimentally obtained TEY spectra werdarly, the right-hand ploi{Fe L5 resonanceshows that the
normalized prior to comparison, by subtraction of a linearspectrum of Fe adjacent to Ni®olid black is in between
background(or a suitable reference spectrum, if available the spectra of pure iron metéjray) and pure FeQdotted
and overall scaling. For each model spectrum, the goodnedsack), showing that the nominally pure iron layer is in fact a
of fit was calculated by simply summing the squares of themixture of Fe and FeO. Each plot displays a fit spectrum
difference between the model datum and actual datum gtashed blackthat quantifies the mixtures: the sandwich is
each energy point, and dividing by the number of pointsbest modeled as NiO (2.8)/Ni (1.5 A)/FeO (2.9 A)/Fe
Typically, a separate best fit was identified for three energy3.4 A).
regions: thel ; resonance, the, resonance, and the region  The oxidation/reduction reaction occurs at interfaces cre-
betweenL; and L, (the interpeak region The reported ated at room temperature. To determine the effect of anneal-
thicknesses were either an average of the results fromg, one sandwich [ex situ-grown MgO (001)/NiO

IV. RESULTS
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FIG. 5. Plot(a): CobaltL;-edge XAS spectra of aex situ- . .
grown MgQO0D/NIO (600 A)/CoO (10 A)/Fe (15 A)/Ru FIG. 6. NickelL; andL, resonance spectra for Ni, NiO, apd

(15 A) sandwich showing the increased CoO reduction caused b itu—grlown MgO(OQl)/NiO (10 A)/Fe or Co(lO. A)/Ru (20 A)
annealing. Pure Co metal, solid gray; pure CoO, dashed gray; a andwiches, showing the reduction of nickel oxide by the adjacent

grown CoO/Fe, black; CoO/Fe afta 1 h, 230 °Canneal, dashed metal. Ni metal, dark gray; NiO, dashed gray; NiO/Fe, dashed

black. The increased reduction of CoO after the anneal is evident iHlaCk;t ’t\“%/ctﬁ’é()“d ZIa'\:ck.hRelatllve o purekr_m;kel QXIIdit’ rl]\“odad-
the lessening of the multiplet-structure definition and in the overalfacent to bo 0 and Fe has a lowley peak intensity(left-han

decrease of thé; peak height. The anneal increases by 1 A theplm)’ higher intensity betwee_n3 and_L_z_ (below 87(.) ev in_ the
amount of Co metal produced by oxide reduction. Ript Differ- right-hand plo, and_less multlplet_deflnltlonL(z_peak in the ”ght-
ing oxidation behaviors of iron filmsin situ—grown NiO/Fe hand ploj. These differences indicate reduction of the nominally

dashed grayin situ—grown Fe with subsequent oxygen dosit§ n:;kel otx :de. Iaygr by the ?(le.actim r;:]ettal.f th sgectru?: of Dli
L shown), solid gray; Fe metal, black; FeO, dotted black;®g adjacent 1o iron 1s more metallic than that of NI adjacent to cobal,

dashed black. The NiO/Fe spectrum represents a Iimiteol_(»(ygﬁﬁhOWlng that the NiO/Fe interface reacts more than the NiO/Co
situation—oxygen only available from the adjacent NiO film. The Interface.

lowest oxide of iron, FeO, is the result. The higher oxides of iron,

represented here by §@,, are formed when larger amounts of NiO adjacent to metal are higher than the pure oxide spec-
oxygen are available. The peak &709 eV (visible as a strong trum (and the effect is greater for NiO/Fe than for NiO/Co in
shoulder in the post-oxidized Fe spectjusignals the presence of accord with the elemental trends in reaction extent men-
the higher oxides of iron. tioned previously. The fact that the three spectral features—
resonance height, interpeak height, and multiplet
definition—tell the same story gives us confidence that the
observed effectoxide reduction in this casés real, and not
due to normalization or analysis procedures.

(600 A)/CoO (10 A)/Fe (15 A)/Ru (15 A)was mea-
sured before and aftea 1 h, 230 °Canneal. Figure 5a)
displays the cobalt 5 resonance for the sandwich sample
before (solid black and after(dashed blackthe anneal, in
addition to the spectra of pure Co@ashed grayand Co
metal (solid gray standard samples. The decrease of overall

resonance height and the loss of definition of the multiplet

structure of the resonance, relative to pure CoO, shows that 15pies |- present the results of the analysis procedure.
the CoO layer adjacent to Fe was somewhat reduced ags

™ principle, f h le, f hick |
grown, and was additionally reduced by the anneal. This an principle, for each sample, four best thicknesses could be

. . ) ) > “"reported: the thicknesses of the interfacial regions that will
neal, typical of that employed in magnetic-device fabr'ca'react[CO (i) and NiO(i) in Fig. 2b)] and the thicknesses of
tion, increased the amount of cobalt metedduced cobalt . . . 2
oxide) by about 1 A the interfacial regions resulting from the reacti@oO and

An elemental trend in reaction extent is evident from Fig.NI in drawing Fig. 2c)]. We will report the two metal thick-

6, which compares the spectrum of NiO adjacent to(€xdid nesses: the thickness of metal thegults fromoxide reduc-
black) to the spectrum of NiO adjacent to Feashed black tion and the thickness of metal theecomesxidized; the
The spectra of pure NiQdashed grayand pure Ni metal corresponding regions are starred in Fig. 2. If the final con-
(solid gray are included for reference. Oxide reduction-  figuration of the sandwich is desired, the latter quantity can
crease of metallic characjeis indicated by a decrease of Pe converted to an oxide thickness. Via the appropriate mo-
resonance heighat both the NiL; andL, resonancesand  lecular weights and densities, it is found that 1 A of iron
loss of definition of multiplet structuréat the NiL, reso- corresponds to 1.78 A FeO, 2.11 A J@, and 2.14
nancg, relative to the pure NiO spectrum. The spectrum ofA @-Fe,03; 1 A Co corresponds to 1.75 A CoQ@ A Ni
NiO adjacent to iron is more metallic than that of NiO adja- corresponds to 1.69 A NiO.
cent to cobalt, showing that the NiO/Fe interface reacts more The tables report all results with a relative precision of
than the NiO/Co interface. +0.1 A. In practice, spectra differing by 0.1 A in amount
In addition to the resonance height and multiplet struc-of metal component could be clearly distinguished only for
ture, Fig. 6 displays a portion of the interpeak regidght-  the thinnest layers, i.e., the 1-3.5 A Fe layers of Table I. For
hand plot, energiess870 eV). In this region, the spectra of thicker layers, change¢in amount of metal of 0.5 A

B. Tabulated results
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TABLE I. Oxidation/reduction ofin situ—prepared sandwiches TABLE Ill. Reduction of NiO single crystalSC), and corre-
consisting of either 5 or 30 A NiO plus successive depositions ofsponding oxidation of metal, upon deposition of Co or Fe metal
Fe. Entries represent either the thickness of Ni that results from NiQayers. Entries represent either the thickness of Ni that results from
reduction, or the thickness of Fe that is oxidized to FeO. NiO reduction, or the thickness of cobalt or iron that is oxidized.
The entryx means that the data was inadequate for analysis.

Sandwich(grown in situ) Amount reacted (A)

Sandwich(grownin situ Amount reacted (A)

Ni from NiO Fe to FeO on ex situ-cleaved NiQ

30 A NiO + 1AFe 1.2 0.7
+ 2 AFe 1.7 0.8 Ni from NiO  Co to CoO
+ 3.5 A Fe 2.6 0.9 NiO SC + 10 A Co 0.7 0.9
5 A NiO + 5 A Fe 15 1.6 Ni from NiO Fe to FeO
+ 10 A Fe 2.0 1.5 NiO SC + 1.6 A Fe X 0.8
+ 3.4 AFe 1.4 1.0
+ 9.0 A Fe 2.8 X

could be resolved. The effect of various sources of error on
the reported results has been calculdfddis found that, for
example, using\nio=40 A (rather than 30 A) increases Iron metal is a stronger reducing agent than nickel or cobalt:
the Ls-region analysis resuliNi layer thicknessby 1 A.  a layer of iron adjacent to NiO producésia reduction of
Subtracting a linear background rather than a referenceNiO) 3.2 A of Ni, whereas a layer of cobalt adjacent to NiO
spectrum background can change the reported result by 1 Aoroduces 1.4 A of Ni. Also iron reduces nickel oxi¢f@o-
In summary, the experimental and analysis methods deducing 3.2 A Ni) more than it reduces cobalt oxigo-
scribed in this work are sensitive to relative interfacial metal-ducing 2.2 A Co). Finally, the NiO/Co pair reacts some-
layer thickness changes of 0.1 A. A reasonable error bar fowhat more strongly than the CoO/Ni pair. These results are
the absolute thicknesses reported in this work is 1 A ofin qualitative ~ agreement  with  thermodynamic
one-half monolayer of interfacial metal. considerations! which predict that iron metal will be a sig-
Table | displays the extent of oxidation and reduction ofnificantly stronger, and cobalt metal a slightly stronger, re-
in situ—grown NiO/Fe sandwiches. In analysis of the nickel-ducing agent than nickel metal. In théx situ-grown set of
edge spectra we used the 30 A ® A NiO standard, as sandwiches, iron spectra were not expressible as a combina-
appropriate. For very thin iron layers deposited on Nip-  tion of the pure metal and the associated monoxieeO
per portion of Table)l it is evident that deposition of addi- only. The total amount of iron oxidized, listed in the table,
tional iron increases the amount of interfacial reaction. Fowas established from the interpeak region of the iron-edge
example, after deposition of 1 A of Fe, NiO reduction pro- spectrum, which is sensitive to “amount of oxidation” rather
duces 1.2 A of Niand 0.7 A of Fe is oxidized to FeO. After than to the specific oxide. The shape of the itgrresonance
deposition of an additional 1 A of Fe (2 A tabulated Fe showed that both the NiO/Fe and CoO/Fe sandwiches con-
thicknes$, the amount of nickel produced has increased taained some iron atoms in environments characteristic of the
1.7 A and the amount of iron oxidized has increased tchigher oxides of irorf? and enabled an estimation of the
0.8 A. This demonstrates that the extent of reaction is lim-amounts. Iron oxidation is discussed further in Sec. IV D.
ited by amount of reactant, for small quantities of reactant. =~ Table Ill gives the oxidation/reduction results for the
Table Il summarizes the extent of oxidation/reduction for“single-crystal” sandwiches, which consist of layers of iron
the ex situ-grown sandwiches. Elemental trends are evidentor cobalt deposited orex situ-cleaved NiO (001). The
single-crystal results are similar to those for the entiialy
TABLE II. Oxidation/reduction ofex situ-prepared sandwiches. Situ—grown sandwiches. At the cleaved NiO/metal interface,
Entries represent either the thickness of metal that results from oxa thin layer of NiO reduces to nickel metal, and a thin layer

ide reduction, or the thickness of metal that is oxidized. of the metal is oxidized. Spectromicroscopy studies of a
cleaved NiO/Co interfac@identify the reduced-NiO layer as
Sandwich(grown ex sity Amount reactedA) the origin of the interfacial spins crucial to exchange cou-

Ni from NiO Co to CoO pling.

10 A NiO + 10Aco 1.4 2.2
Co from CoO Ni to NiO C. Check of the oxygen-transfer hypothesis

10 A CoO + 10ANi 13 1.0 We have modeled the interfacial reaction as a transfer of
Ni from NiO  Fe to FgO, oxygen atoms across an abrupt interface. Therefore, the sepa-

10 A NiO + 10AFe 3.2 33 rate analyses of the metal and oxide layers of our sandwich
Co from CoO  Fe to R@®, samples should yield complementary results. This was quali-

10 A CoO + 10 A Fe 2.2 2.9 tatively true for all samples, as demonstrated by Fig. 4,

which shows that the reduction of NiO adjacent to Fe is
33.0 A Fe—~FeO and 0.3 A Fe-higher oxide (FgO, or «-Fe,0;).  accompanied by the expected iron oxidation. In principle, the
b2.4 A Fe—~FeO and 0.5 A Fe-higher oxide. oxygen-transfer hypothesis can be tested quantitatively by
checking whether the amount of oxygen lost by the oxide
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equals that gained by the metal. Keeping the number of oxythat one or at most two atomic layers adjacent to the inter-
gen atoms constant, consideration of the densities, moleculgace are fully oxidized, the layers far (10 A) from the inter-
weights, and stoichiometries of the constituents predicts thatice are pure metal, and the region between these extremes
1 A of Ni metal formed will correspond to 1.1/0.8/0.7 A of transitions gradually from oxide-rich to metal-rich. This be-
Fe oxidized, if the iron oxide is respectively lief is supported by a recent studythat finds that when
FeO/Fg0,/a-Fe,05. The densities and molecular weights permalloy is deposited at 100 °C onFe,O;, the thickness
of both cobalt and nickel metal, and CoO and NiO, areof the resulting interfacial layer, measured by change in oxy-
nearly identical so a one-to-one relationship is expectegien concentration, is-10 A. The abruptness of the oxide-
in the case of CoO/Ni or NiO/Co sandwiches. Therefore itrich to metal-rich transition is governed by the interplay of
is expected that in Tables | and Ill, the iron entries will be 1.1thermodynamic forces and kinetic considerations.
times the associated nickel entries. In Tables Il and Ill, the A second assumption is that the resulting intermixed re-
cobalt entries should equal the nickel entries for the NiO/Cagion can be described as a two-phase combinaidrthe
and CoO/Ni sandwiches. It is found, for example, that for thepure metal and associated monoxyid€his assumption re-
ex situ-grown CoO/Ni sandwich, 1.0 A of nickel metal is sulted in satisfactory fits in almost all of the cases in this
oxidized to NiO, and 1.3 A of cobalt metal results from work. The exceptional casesex situ-grown iron layers,
reduction of CoO. However, since the absolute error bawhich contained several different iron oxides—have been
(~1 A) exceeds the difference between the Ni and Co valnoted in Sec. IV B. There is the further possibility that, if
ues, the present experiment is not a quantitative test of thkinetic considerations preclude the attainment of thermody-
oxygen-transfer hypothesis. namic equilibrium, an atom may be in a nonequilibrium ox-
ide coordination. It may be difficult to establish a standard
absorption spectrum in this case.

A third assumption is that the two reacted regidns-

Iron forms several stable oxides. Its oxidation behavior isjyced oxide and oxidized metakmain distinct as shown in
therefore more complicated than that of nickel or cobalt. Fig-Fig. 2(c) rather than mix as shown in Fig(@. In fact, there
ure 5b), which shows the iror.3-resonance spectra of two s experimental evidence that in some cases these two re-
oxidized iron ﬁlmS, diSplayS two different oxidation behav- gions mix to form a Sing'e interfacial Compound_ For ex-
iors. The spectrum ofn situ-grown Fe on NiO(dashed ample, a Masbauer spectroscopy stdtiyf a CoO/Fe/Ni
gray) is intermediate between Fe metablid black and FeO  sample found a complicated mix of iron and iron/nickel en-
(dotted black, showing that only the lowest oxide of iron yironments. Determining the precise reaction mechanism or
was formed in this case. In a separate experiment, a thickxact nature of the product formed is challenging, but some
iron layer was growrin situ and postoxidized by repeated progress has been made: recent works have identified the
doses of molecular oxygen. Showsolid gray is the spec-  product of reactions at a Ni@‘Fe,O; (Ref. 19 or
trum after exposure to 65 L of OThe strong shoulder at NjQ/y-Fe,0, (Ref. 17 interface as nickel ferrite. To inves-
~709 eV reveals the presence of a higher oxide, eithefigate this possibility using the methods of the present work,

Fe;0, (dashed blackor a-F&0; (not shown. The evolu- g standard spectrum of the interfacial speciesNG® in
tion with oxygen dose of the peak associated with Fe anghe case of Fig. @)—is needed.

FeO, at 707.36 eV, was particularly interesting. This peak

initially increased, reached a maximum at 15 §, @nd then

decreased. The higher-oxide peak-af09 eV was evident B. Application of XAS to magnetic systems
as a shoulder after 35 L Oand thereafter increased. We
conclude that the formation of the lowest oxide, the com-

pound FeO, occurs only when oxygen Is available in IImItecjXAS is its sensitivity to magnetic ordering. The magnetic

quantities. This was the case for tiesitu—grown NiO/Fe: information is contained in the same multiplet structure that

the only source of oxygen was the adjacent NiO layer. WherilS a signature of the various chemical species—

oxygen is present in large quantities, the higher oxides arg iterroma . . . .
: : gnetic ordering, for example, is seen as an in-
formed. Theex situ-grown MgO/NIO or CoO/Fe/Ru sand- crease of some peaks, and a decrease of others, within a

v_wc_hes Were an |nterme_d|ate case. oxygen was present }%rticular multiplett? Therefore, extraction of magnetic in-
I!m|ted qyanpty at the N|_O/Fe '”teriice and in larger QUan-formation from XAS spectra of a complex system requires
tities during iron growth in the % 10" base pressure. knowledge of both the chemical signatures of the component
species, and the modifications of those signatures that ac-
V. DISCUSSION company magnetic ordering. Once this information is
known, XAS can determine the magnetic ordering not only
of eachelementbut of different chemicgbhasef the same
In this section the assumptions underlying the Fi@)2 element. The present study is significant not only for its ex-
model structure will be evaluated. The first assumption, use@ected general applicability, but as a necessary foundation
in deduction of the thickness of the oxidized/reduced regionfor the study of magnetic interfaces using XAS.
is that the border between reacted and unreacted material is In particular, XAS is well suited to the study of exchange-
abrupt. This is of course unlikely. Consider as an example &iased interfaces. It has long been recognized that exchange
nominally pure metal layer adjacent to an oxide. We believeanisotropy is an interface phenomenon that depends on the

D. Iron oxidation

This study has focused solely on the chemistry of the
metal/oxide interface. An important additional capability of

A. Interface structure
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existence of uncompensated interfacial spin moments. Mucher absorbed photon. The first exponential denotes the prob-
work has been devoted to finding the origin of these interfaability of a photon penetrating to depth and the second
cial spins. The present work provides evidence that the interexponential denotes the probability of an electron created at
facial spins are of chemical origin. More specifically, at thedepth z escaping from the sample. The quantiy; is the
interface of an NiO/Co exchange-biased sandwich, there exlectron escape depth.
ists a nickel-metal-likglor ferrimagnetic Ni region that is Integration of Eq.(Al) leads to the well-known expres-
the source of the uncompensated interfacial spins. Such sion for the total electron yield of a single layévere, the
modef? of exchange anisotropy receives strong support frormickel metal layer.
spectromicroscopic imaging of the spin moment of this in-
terfacial layer:® N =1 Gni(E) (1— e tnilini (B)+ 1y

: 1

VI. CONCLUSION 1+ ni(E) Ny

The present study demonstrates the existence of chemical To obtain an expression for the signal from the underlying
reactions at metal/oxide interfaces. Such an interface can O, Eq. (A1) must be modified to account for the effect of
described as an oxidized-metal region adjacent to a reducethe Ni overlayer. The appropriate differential expression is
oxide region. The metal regions involveelither oxide that a2 (B) e (2 20) s (E)
has been reduced or metal that will be oxidizede up to dNe nio=1o € N e ¥ 2VENIOT uio( E) Gio(E)
two atomic layers thick. The metal-like layer resulting from e~ @20 g~z /i gz

oxide reduction is a possible origin for the interfacial mag- . ]
netic moments that give rise to coercivity increases and exIe€rms have been added to account for the signal attenuation

change anisotropy. by the Ni layer, i.e., the reduction of the number of photons
into and the number of electrons out of the NiO layer. The
argument of the NiO exponentialsz z,), is the distance
traveled in the NiO(at normal incidence

We thank Robin Farrow at IBM-Almaden for supplying  After integration of the above expression over the NiO
the FgO, sample and Scott Chambers at the Pacific Northiayer (z=z; to z,) the total signal from the Ni/NiO bilayer
west National Laboratory for supplying theFe,O; sample.  can be formed:
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APPENDIX A: TOTAL ELECTRON YIELD SPECTRUM OF

ABILAYER The first term of Eq(A2) is the Ni metal(upper layey sig-

In the following we derive an expression for the total- nal; the second term is the Ni@ower layep signal, attenu-
electron-yield x-ray absorption spectrum of a bilayer. Weated by the factoe™ nil#ni ()il representing the effect
will treat the case of a partially reduced nickel oxide layer,of the Ni metal layer.
modeled as a thin layer of nickel mef{aéduced oxideatop Note that in the case of a sample such as that depicted in
the remaining nickel oxide, as depicted in Figc)2 The  Fig. 2(c), the nickel-edge spectrum will contain in addition
upper layer(Ni), thicknessty;=z;, extends from the surface contributions from other absorbing speciesy., Co and Ru
(z=0) to depthz;; the lower layer(NiO), thicknessty,,  These contributions are assumed accounted for in back-

=2,—2,, extends from depth; to z,. ground subtraction and are not represented in(B8g).

At normal x-ray incidence, the total electron yiedtN, Formalism for the many-layer case is developed in
from a nickel metal layer of thickneskz at a deptteis given ~ O'Brien and Tonnef?
by**

APPENDIX B: DERIVATION AND DISCUSSION
dN, =10 € 7N 4 (E)Gy(E)e i dz. (AL) OF STANDARD SPECTRA

1. Derivation of standard absorption spectra

Herel g is the number of photons striking the sample surface, ,
from electron-yield spectra

uni(E) is the absorption coefficient representing the prob-
ability of photon absorptiorithe x-ray absorption length is Via Eq. (A2), the TEY XAS spectrum of a bilayer can be
L/n(E)], and Gy(E) is the number of electrons produced calculated from the absorption specitéE). Experimentally
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50

obtained absorption spectra were not available for all of the 15
chemical species considered in this work. Tabulated values ~ NiL; |
for w(E) can be found in the literatu#® and on the ;
Internef® for all common materials. However, these tabula- |
tions are based oatomic x-ray absorption cross sections. :
They do not describe the important spectral regions near ab- :
sorption edges, which are dominated by chemical bonding ;
effects, and are therefore not sufficient for this work. We \J:
constructed the required absorption spectra from TEY spec- < |---== g
tra of pure standard samples; since this procedure is not well o = = = == o
established we outline it here. Energy (eV) Energy (¢V)
The well-known expression for the TEY spectriNg(E)
of a semi-infinitely thick sample(such as our standard
szzTgeﬁsis written in terms of the absorption spectruE)
a

40

—_
S

30

20

w

—saturation-corrected [LW(E)]
- - - tabulated off-resonance
overlay 10

Absorption Coefficient (um

FIG. 7. Construction of absorption-coefficient spectrum from
electron-yield spectrum. Tabulated absorption-coefficient spectrum,
dashed black; overlaysaturateyl electron-yield spectrum, gray;
saturation-correcteabsorption coefficientspectrum, solid black.
Left-hand plot: pre-edge and postedge region of the nicketige,
emphasizing the overlay of the electron-yield spectrum on the cal-
culated off-resonance spectrum. Significant postedgXAFS)

No(E)=7 [w(E)]. (B1b) structure of the_measured spectr_um co_mplicates id(_an_tification of the

best overlay. Right-hand plot: Ni; region, emphasizing the cor-

The former equation describes the entire spectrum, includinggction for saturation. The higher of the two spectra is (ten-
the absorption edges where saturation may be important. THadructed standard nickel metal absorption-coefficient spectrum. The
latter equation describes only the pre-edge and postedge fewer of the two spectra is the overlaid electron-yield spectrum.
gions of the spectrum, where saturation effects can be ne-
glected. The important portion of the transformation
T=17G(E)\ is the termG(E), which describes the conver-
sion of absorbed photons into electrdfig®We will assume ,u(E)=(
that over a single absorption edge, i.e., a spectral range of
about 150 eVG(E) can be represented adequately as a lin-
ear function ofE, therefore7 is linear. We will not distin- The saturation-corrected spectrya{E) is determined by
guish betweenG(E) of the metal and oxids). Equation choosing a value fox and performing the operations of Eq.
(B1a) shows that construction gf(E) from N(E) requires  (B2) on the overlay spectrui ~{[N.(E)]. Here[and in Eq.
a knowledge of7 (actually the inverse tranformatigh 1) (A2)] we have used electron escape depths from the litera-
and the electron escape depth ture: Fe, 15 A (Refs. 21,27 Fe;0,, 50 A (Ref. 28;

The first step in the construction is to determine the transa-Fe,O;, 35 A (Ref. 29; Co, 22 A (Refs. 27,25 Ni,
formation. Inversion of Egq. (Blb) to vyield w(E) 22 A (Refs. 25,27. To our knowledge, the monoxid&eO,
=7 ~[N4(E)] shows that the absorption and total-electron-CoO, NiO) electron escape depths have not been determined
yield spectra are simply related by the transformaflont in and we shall use a value of 30 A. The result, the saturation-
the pre-edge and postedgensaturatedregions of the spec- corrected overlay spectrum that corresponds to the
trum. This transformation is determined operationally by ma-absorption-coefficient spectrup(E), is shown(solid black
nipulating the TEY spectrum such that it overlays the tabu4n the right-hand plot of Fig. 7 along with the overlay spec-
lated off-resonance absorption-coefficient spectrum in thestum (solid gray to display the effects of saturation. This
regions. The required linear manipulations—subtraction of grocedure was performed on electron-yield spectra of the
pre-edge background and scaling by a constant or energgtandard samples to yield the metal and oxide standard ab-
dependent factor—constitu 1. The left-hand plot of Fig.  sorption spectra used in EGA2).

7 gives an example of the overlay of the renormalized In summary, deriving the absorption-coefficient spectrum
electron-yield spectrum of Ni metal, referred to as the “over-from the electron-yield spectrum requires two steps. First,
lay spectrum,” with the tabulated absorption-coefficientthe electron-yield spectrum is overlaid on tabulated off-
spectrum. It is apparent that identification of the best overlayesonance absorption spectra, and second, the overlay spec-
(solid gray on the(smooth tabulated absorption-coefficient trum is corrected for saturation effects. Related procedures
spectrum(dashed blackis complicated by the significant have been described previously by Hunter Detrl ?* and
postedge extended x-ray absorption fine structE¢AFS)  Gotaet al?®
in the measured spectrum.

The electron-yield overlay spectrum is an intermediary in
the analysis since it still needs to be corrected for saturation
effects; this correction is the second step in the construction. Absorption spectra of pure metal and oxide standard
Equation(Bla), valid in all regions of the spectrum, is in- samples are the foundation of quantitative analysis of bilayer
verted to yield XAS spectra. Appropriately normalized total-electron-yield

No(E)=T (Bla)

w(E) }
1+u(E) |’

-1

1
T Ny(E)] _k) (52

2. The standard spectra
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ranges. The additional sensitivity to the chemical state of the
absorbing atom(for example, an oxide environments
manifested in the richer fine structure in the oxide spectra.
The L5 resonance of each compound is shown in the right-
hand plots on an expanded scale. In general, the ldrger
intensity for the oxides reflects their more-localiz&tdands,
and the multiplet structure arising from crystal field and
electron-electron correlation effects is unobscured by band-
structure effects as discussed in detail by de Gfddtis

has important implications for the application of XAS to
magnetic systems, as is discussed in Sec. V B.

The TEY standard metal and oxide spectra shown in sev-
eral figures were normalized as follows. A background was
subtracted from the measured TEY spectra. We either sub-
tracted a linear background or, when available, a background
1r ] that included the EXAFS structure from lower-energy edges,
o= = = s 2 measured on suitably prepared samples. The background-

Energy (¢V) Energy (¢V) subtracted electron-yield spectrum has zero intensity below
the absorption edge and can be conveniently rescaled. A

FIG. 8. Absolute absorption coefficient standard spectra focommon practice has been to scale spectra to a constant edge
iron, cobalt, and nickel metals and oxides. Upper plots: Fe metajump#2* This procedure normalizes spectra to the same
solid black; FeO, solid gray; £®,, dashed blacky-Fe,03, dashed  relative number of absorbing atoms. It requires spectra that
gray. Middle plots: Co metal, black; CoO, gray. Lower plots: Ni extend to energies well above the edge where the spectra
metal, black; NiO, gray. The absorption edge (2—3d transition ~ become smooth and a linear step function can be fitted. We
is shown. The absolute absorption coefficient, unitgu(d), is the  have used here a different procedure justified by an empirical
reciprocal of the photon penetration length. Left-hand parlels, sum rule that states that for a given element the x-ray absorp-
and L, regions; right-hand panels, expandegl regions. TheL;  tjon intensity, integrated from below the edge to an energy of
region displays the multiplet structure that is a fingerprint of thegpout 100 eV above the edge is remarkably constant, inde-
oxide. pendent of sample orientation and chemical structtiBuch

a normalization to constant intensity is less sensitive to dif-

ferences in spectral shape than the normalization to a con-
spectra, while not suitable for quantitative analysis, are usestant edge jump. For the electron-yield spectra in this paper
ful for recognition of oxidation or reduction effects. Here the we have chosen an integration interval 100 eV above the
standard spectra are presented and discussed. edge and have set the integrated intensity arbitrarily to a

Figure 8 displays the standard absorption spectra used walue of 100.
this work. The inherent element specificity of XAS is appar- The standard metal and oxide TEY afterived absorp-
ent, as the spectra for each element cover different energyon spectra are available from the authors upon request.
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