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Evidence for a mixed CoNiO layer at the Co/NiO(001) interface from surface x-ray diffraction
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The clean and cobalt-covered NiO(001) surface was studied by surface x-ray diffraction. The NiO(001)
surface prepared by annealing in air at 1000 °C is characterized by a strong expansion of the top interlayer
spacing (=14% relative to the bulk NiO-spacing of 2.085 A) and an outward relaxation (0.28 A) of the oxygen
atoms, which can be related to a high (27%) concentration of oxygen vacancy defects. In addition we find an
oxygen-layer (most likely as part of the OH™ anion) on top of the surface Ni atoms at a distance of 2.33 A.
Deposition of 0.8 monolayers of Co induces a complex surface restructuring involving the formation of double
layer CoO-islands above an oxygen deficient interfacial oxide layer ([NiCo]Oys) in registry with the under-
lying NiO single crystal. Our results support previous spectroscopic studies suggesting the presence of uncom-
pensated interfacial spins responsible for the exchange bias.
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I. INTRODUCTION

Ultrathin ferromagnetic (FM) films grown on antiferro-
magnetic (AFM) oxides are of interest for fundamental stud-
ies of exchange biased systems. Although the effect of ex-
change bias was first discovered in 1956,' technological
importance evolved not until the discovery of the giant mag-
netoresistance effect>® in 1988 followed by applications in
hard-drive read heads and MRAM devices.* In general, these
devices involve complex structures where one of the FM
layers is pinned by contact with an antiferromagnet. Ex-
change anisotropy at the FM/AFM interfaces gives rise to
numerous effects like unidirectional or uniaxial anisotropies,
which manifest in biased (shifted) magnetization loops or
enhanced coercivity.’ In order to develop a comprehensive
understanding of the FM/AFM junctions,®’ a detailed knowl-
edge of the buried FM/AFM interface is a prerequisite.

In general, the growth mode of an adlayer on a substrate
is governed by the free surface energies of the respective
species. Since in general the surface energy of oxides is
lower than that of transition metals (TM’s) three-dimensional
island growth rather than layer by layer growth is expected
for TM adsorption on TM oxides. The situation might be-
come even more complex if interface reactions occur leading
to an intermixed interface.

In this context, NiO represents a widely studied prototype
system due to its high Neel-temperature (7y) of 525 K and
the simple rocksalt structure. A number of investigations
have been carried out in the past, studying growth, interface
chemistry, and magnetic properties of the TM/NiO adsorp-
tion systems.>1°

X-ray photoemission spectroscopy (XPS), x-ray photo-
electron diffraction (XPD), and low-energy electron
diffraction® (LEED) provided evidence for an intermixed in-
terface and a partial reduction of NiO to Ni upon metal (Mn,
Fe, Co) deposition. Improved surface ordering as evidenced
from LEED after sample annealing at 700 K was attributed
to the formation of CoO.

In qualitative agreement with this study, it was concluded
from x-ray absorption (XAS) and x-ray circular dichroism
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(XMCD) experiments®!'~13  that deposition of Co on
NiO(001) leads to the formation of a CoNiO interface layer
as a consequence of the reduction of NiO. Most importantly,
the presence of metallic Ni was related to interfacial uncom-
pensated spins suggested to be decisive for exchange bias
and increased coercivity.'?

On the basis of these studies a complex model of the
Co/NiO(001) interface and its implications for modeling the
mechanisms of exchange bias has evolved but no atomically
resolved structure analysis has been carried out thus far. To
this end we have studied the Co/NiO(001) interface using
surface x-ray diffraction (SXRD), which is a well established
tool for analysis of surface structure and buried interfaces.'®

II. EXPERIMENT

The experiments were carried out at the beamline ID03 of
the European Synchrotron Radiation Facility using a six-
circle ultrahigh-vacuum (UHV) diffractometer. Well estab-
lished procedures for the preparation of NiO single crystal
surfaces involve either cleaving under UHV conditions or
repeated cycles of ion etching and annealing under oxygen
atmosphere. While the first procedure is known to lead to a
flat surface characterized by a low defect concentration, ion
etching—although followed by annealing at 440 °C in oxy-
gen atmosphere at pO, =~ 10~® mbar—was found to lead to
an increasing surface roughness as determined by SXRD
spot profile measurements (see below).

For this reason a third approach was used: The crystal was
heated to 1000 °C under ambient atmosphere for 12 h. After
sample transfer into the UHV system no further preparation
steps were applied and the quality of the crystal surface was
checked by transverse scans'” over the (0 1 0.15) reflection,
close to the (0 1 0) antiphase position.'® A full width at half
maximum of 0.13° was determined, while for sputter an-
nealed samples values close to 1° were obtained. This indi-
cates that considerable surface roughness is introduced by
the sputter-annealing process. No further check of the sur-
face cleanliness was carried out at this point, since energetic
electrons as used in Auger-electron spectroscopy (AES)

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.125401

TUSCHE et al.

PHYSICAL REVIEW B 73, 125401 (2006)

FIG. 1. (Color online) Experi-
mental (circles) and calculated
(lines) structure factor amplitudes
along the (1017), (1110, 201),
(2110, and (221) CTR’s for
NiO(001). Solid lines represent
the best fit characterized by oxy-

gen vacancies, expansion of the
first NiO interlayer spacing and an
oxygen termination as shown in
Fig. 3(a). Other structure models,
neglecting the oxygen termination
(dashed line) or simple bulk trun-
cation (dotted line), lead to con-
siderable deviations from the ex-
perimental data.
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might affect the structure of the as-prepared sample which is
characterized by an OH layer above the NiO(001) surface.

Cobalt was deposited on the NiO(001) surface kept at
room temperature from a calibrated evaporator'® using a
polycrystalline cobalt rod heated by electron beam bombard-
ment. In total 0.8 monolayers (ML) were deposited, where
we refer to one ML as 1 Co atom per (1 X 1) surface unit
cell, i.e., 1.15X 10" atoms per cm”. AES spectra recorded at
the end of the experimental run revealed the presence of
some carbon, most likely due to CO contamination of the Co
film deposited some hours before. It is thus concluded that
the as-prepared bare NiO surface is not heavily contaminated
by carbon.

Integrated x-ray reflection intensities were collected at
grazing incidence of the incoming beam at a wavelength of
0.71 A. In total, 153 (uncovered NiO) and 137 (Co/NiO)
symmetry independent reflections were collected along the
crystal truncation rods* (CTR’s) [(1 0), (1 1), (2 0), (2 1),
and (2 2)] up to a maximum perpendicular momentum trans-
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fer (g,=1Xc") of 3.55 reciprocal lattice units (rlu, 1 rlu=c”
=0.661 A™).

Open circles in Figs. 1 and 2 represent the experimental
structure factor amplitudes |Fy,,| along the crystal truncation
rods (CTR’s) for the as-prepared NiO(001) and Co-covered
sample, respectively. While bulk reflections are characterized
by integer coordinates (hkl), crystal truncation leads to rods
of intensity perpendicular to the surface. Therefore, the co-
ordinate (/) of the momentum transfer normal to the surface
becomes a continuous parameter, while the in-plane compo-
nents retain their (1X 1) surface periodicity with integer A
and k.2° Using the primitive setting of the surface unit cell'®
(a=b=2.94 A, ¢=4.17 A), bulk Bragg reflections are char-
acterized by the condition 1+k+[=2n (n integer).

The |F|’s were derived from the integrated intensities
after correcting for instrumental factors.?! Standard devia-
tions (o) were estimated from the counting statistics and the
reproducibility of symmetry equivalent reflections'® mea-
sured for the (1 0), (2 0), and (2 1) CTR’s. In Figs. 1 and 2

FIG. 2. (Color online) Experi-
mental (circles) and calculated
(lines) structure factor amplitudes
on log-scale along the (10 1),
(110,200D,(211),and (221)
crystal truncation rods for 0.8 ML
deposited on the as-prepared

NiO(001) surface. The best fit
(solid lines) represents a model
with double-layer CoO islands on
top of a mixed CoNiO layer with
oxygen vacancies. Variations to
this model with only one layer
CoO (dashed lines) or a mixed
CoNiO without vacancies (dotted
line) are shown for comparison.
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standard deviations are represented by the error bars. For all
data sets o is in the 10% range.

III. SXRD ANALYSIS OF NiO(001)

First, we discuss the structure of the as-prepared
NiO(001) surface. Visual inspection of the experimental
CTR’s in Fig. 1 indicates a pronounced asymmetry of the
intensity distribution relative to the antiphase condition. For
comparison, the CTR’s calculated for bulk truncated
NiO(001) are characterized by symmetric U-shaped profiles
as shown by the dotted lines in Fig. 1. Since the CTR
minima are shifted to low g,, an expansion of the top inter-
layer spacing is evident from the data without detailed analy-
sis.

The quantitative structure analysis was carried out by
least square fitting of the calculated structure factor ampli-
tudes to the experimental ones. In total, four NiO-layers were
included into the fit, including deeper layers did not lead to
improvements. As a consequence of the high symmetry
(plane group p4mm) of the body centered tetragonal
structure'® there are only two independent positions per
layer. The different species, Ni and O are located at (0,0,z)
and (%,%,z) or vice versa, alternating layer by layer. There-
fore, apart from an overall scale factor only two z parameters
need to be refined per layer. In addition to the vertical posi-
tions also the isotropic Debye parameters (B) and fractional
site occupancies were allowed to vary in order to simulate
structural  disorder, partial layer fillings, and non-
stoichiometric phases. B is related to the mean square dis-
placement of the atoms out of their equilibrium position (u?),
by B=87%u?).

A schematic structure model for NiO(001) including the
interlayer spacings and the layer-resolved composition is
shown in Fig. 3(a). The lengths of the bars represent the
metal concentrations in fractions of a ML, only for the top O
layer it indicates the oxygen occupancy. The layer stoichiom-
etry is indicated by the labels inside the bars. Numbers on
the right are the interlayer distances with reference to the Ni
positions. They are given as differences relative to the bulk
NiO interlayer spacing of 2.085 A. Labels on the left indi-
cate the vertical O positions relative to the plane of Ni atoms.
In general, error bars are about 0.05 A (2.4% of d,,) for the
Ni and 0.1 A for the O positions. In the following, several
results can be summarized:

(i) For the spacing between the topmost NiO layers we
determine an expansion of Ad;,=+13.8%, while deeper lay-
ers do not show significant deviations from the bulk. There is
a pronounced rumpling within the two topmost NiO layers,
where the O atoms are located 0.28 A above (first layer) and
0.09 A below (second layer) the plane of the Ni atoms. As a
consequence, the vertical Ni-O distances are considerably
elongated up to the 2.6 A range, which cannot be attributed
to the distance between the ions in bulk NiO (2.085 A).

(ii) On top of the surface Ni atoms an (incomplete) layer
of oxygen atoms is found at a vertical distance of 2.33 A.
Whether or not this layer consists of oxygen ions only or
these are part of an OH™ radical as suggested by McKay et
al.?* cannot be identified by SXRD, since H atoms are “in-
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FIG. 3. Structure model for NiO(001) before (a) and after (b)
cobalt deposition. Numbers on the right denote the interlayer spac-
ings with reference to the metal atoms and are given as changes
relative to the NiO bulk spacing. Numbers on the left indicate the
vertical oxygen positions above (positive) or below (negative) the
plane of the metal atoms.

visible” due to their low scattering amplitude. For this reason
only O atoms are included in the fit.

(iii) Within the experimental uncertainty of about 10 per-
centage points for the determination of the occupancy fac-
tors, there is evidence that the top NiO layer is nonstoichio-
metric (NiggOyg), implying O-defect sites. Deeper NiO-
layers are stoichiometric within the error bars, but seem not
to be completely filled.

(iv) For the three topmost NiO layers we determine root-
mean-square (r.m.s.) displacements (M) in the range be-
tween 0.11 and 0.18 A. For the OH-adsorbate layer we find
0.25 A. Without temperature dependent measurements it is
not possible to separate thermal disorder from the static one,
but r.m.s. displacements in the 0.2—0.3- A range as found for
the OH adlayer at room temperature cannot be attributed to
thermal vibrations only but must be attributed to static dis-
order.

On the basis of this model an excellent fit as shown by the
solid lines in Fig. 1 is obtained. The CTR asymmetry in-
duced by the large top layer expansion and all details—in
particular the deep and sharp minima—are fitted very well.
The considerable enhanced intensity variation along the rods
as compared to the calculated rods for bulk truncated
NiO(001) (dotted lines in Fig. 1) is related to surface rough-
ness due to defects and the incompletely filled layers.

Quantitatively, the fit quality is measured by the goodness
of fit (GOF) and the unweighted residuum (R,).>> We
achieve GOF=1.4 and R,=0.10. It should be emphasized
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that the fit quality is very sensitive to structural details. For
instance, the dashed lines represent the calculated CTR’s ne-
glecting the top oxygen layer. In this case—although the
overall asymmetry of the CTRs’ is preserved—considerable
deviations to the experimental data appear, which are most
pronounced close to the minima. Correspondingly, the GOF
equals to 2.1, which represents a 50% increase as compared
to the best fit.

IV. SXRD ANALYSIS OF Co/NiO(001)

The CTR’s derived for 0.8 ML Co deposited on the
as-prepared NiO(001) surface are shown in Fig. 2. Compari-
son with those of the uncovered sample reveals a drop in
intensity at the antiphase condition, while the asymmetry of
the CTR’s is preserved. The development of a meaningful
structure model is complicated by the fact that Co is hardly
distinguishable from Ni since the scattering lengths of both
species are very similar. Therefore, the following assump-
tions were made, which are based on the knowledge of the
NiO(001)-surface prior to cobalt deposition.

(i) Using the structure model for the as-prepared surface
as a reference, the total amount of Ni in the surface region
must remain constant upon Co deposition. Stated differently,
deposited Co must be quantitatively reflected in the SXRD
analysis by a correspondingly increased metal occupancy.

(ii) Similarly, the O concentration in the top NiO layers
and the oxygen layer as determined for the uncovered sample
represents an upper limit for the total amount of oxygen after
Co deposition.

Taking into account these ‘“boundary conditions” we
could develop a model, which fits the experimental CTR’s
remarkably good. This expressed by the GOF of 1.3 and an
R, of 0.14. In Fig. 2 the best fit is represented by the solid
lines. The corresponding structure model is shown in Fig.
3(b). All labels have the same meaning as in in Fig. 3(a).

In quantitative agreement with the calibrated amount of
Co deposited (=0.8 ML) the SXRD analysis yields an in-
crease of the total amount of metal (Ni and Co) within the
three uppermost layers. The SXRD analysis finds 0.76 ML of
Co in excellent agreement with the calibration.

A considerable fraction (=0.5 ML) of the deposited Co is
oxidized and forms double layer CoO islands above of the
topmost metal-oxide layer. Cobalt oxidation appears reason-
able since sufficient oxygen is available on the as-prepared
NiO surface. The remaining Co is found—albeit indirectly
by an increase of the total metal concentration—in the first
metal oxide layer. It should be noted that the question
whether or not deeper layers contain an appreciable amount
of Co is not directly accessible by the SXRD data. Since Co
deposition was carried out with the sample kept at room
temperature it is justified to assume that Co is concentrated
mostly in the first layer, since excessive interdiffusion can be
ruled out at this temperature.

In comparison with the as-prepared NiO(001) surface the
most pronounced changes of the stoichiometry are observed
in the first metal-oxide layer. While the O concentration is
reduced from 48 to 33 % of a ML, the total metal (Co+Ni)
concentration is increased from 66 to 70 %. Taking into ac-
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FIG. 4. (Color online) GOF versus CoO occupancy 6, and 65 in
layers A and B [see Fig. 3(b)]. The scale is ranging from 2.8 (white)
to 1.3 (black).

count that 50% of a ML of Co is incorporated within
the oxide islands, an approximate Co concentration in the
20-30% range within the first layer is estimated. This leads
to a mixed top metal-oxide layer, whose composition is
NisyCo0,9035 corresponding to a 2:1 metal excess as com-
pared to a stoichiometric oxide. Allowing for this deviation
from stoichiometry is a prerequisite for achieving a good fit.
For comparison, the dotted lines in Fig. 2 represent the cal-
culated CTR’s for the 1:1 stoichiometric metal-oxide layer.
At several places deviations are observed corresponding to a
12% increased GOF of 1.5.

It is also notable to see that the deeper layers are also
affected although the changes relative to the as-prepared
surface are almost within the error bars. We have evi-
dence for some “filling” up of the NiO layers indicated
by the increased fractional occupancy factors. In total, for the
best fit we find 3.35 ML Ni within the top four NiO layers,
while for the model of the as-prepared NiO(001) surface 3.42
ML were found. This is well within the experimental
accuracy and is in agreement with condition (i) used for the
model development as outlined above. The disorder within
the NiO layers is the same as found for the as-prepared
surface (\,m =0.11-0.16 A). For the CoO layers we deter-
mine slightly larger values between 0.20 and 0.26 A.

We have also studied the fractional occupancy of the CoO
layers above the metal oxide. The total occupancy (6) in the
two CoO layers labeled by (A) and (B) in Fig. 3(b) is varied
simultaneously preserving the CoO stoichiometry. All layer
spacings throughout the structure were allowed to relax. Fig-
ure 4 shows the GOF versus 6, and 6. Allowing only for
structurally reasonable solutions characterized by 6= 6z,
the GOF minimum is in the region around 6,= 03=25%.
This gives evidence for a model with CoO double layer is-
lands as expressed by the equal occupation in both layers.
Within this model }1 of the NiO surface is covered by CoO
islands, while % are left uncovered. The GOF minimum is
quite broad corresponding to error bars of the order of Af
=10 percentage points. Although this is a quite large uncer-
tainty, it should be noted that the data nevertheless provide
clear evidence for a CoO double layer. For instance, a model
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characterized by 0.5 ML of CoO can be excluded, since it
leads to a considerably worse fit as shown by the dashed
lines in Fig. 2 and expressed by a GOF of 2.1.

V. DISCUSSION

The SXRD study of the as-prepared NiO(001) surface has
revealed that an oxygen layer covers the topmost NiO layer,
which is characterized by a NiggO,g stoichiometry, i.e., there
is a fraction of 27% of oxygen vacancies as compared to the
ideal 1:1 NiO-stoichiometry.?* Furthermore, there is evi-
dence that deeper layers—although stoichiometric—are not
completely filled. Adsorption of 0.8 ML of Co leads to a
complex restructuring of the surface including an oxidation
of about 0.5 ML of Co leading to a double layer of CoO
islands above a mixed Nis,Co,7055 layer. The detailed analy-
sis of the interlayer spacings has revealed a significant ex-
pansion between the two topmost metal-oxide layers for
both, the uncovered (13.8%) and the cobalt covered (8.8%)
sample, implying enhanced vertical Ni-O distances up to the
26 A range, i.e., considerably larger as compared to the dis-
tance between the ions in the bulk (2.086 A).

Theoretical>?” and experimental studies on flat
NiO(001) as obtained for cleaved samples have revealed a
2-3 % contraction of the top layer spacing. For perfect ionic
surfaces large relaxations are not expected.?' Therefore it is
tempting to conclude that the expansion of the interlayer
distances as derived for our sample can be attributed to sur-
face structural defects. This conclusion is in good correspon-
dence with previous studies on the NiO(001) surface, where
surface defects were created using Ar* ion sputtering.

As pointed out by McKay et al.?? oxygen defects induce
considerable modifications of the geometric and electronic
structure. Since charge neutrality requires that two electrons
must be trapped at the oxygen vacancy site, structural relax-
ations are expected as a consequence of the charge redistri-
bution among the neighboring Ni sites. Simultaneously, ul-
traviolet photoemission spectroscopy (UPS) data clearly
indicated the formation of a metallic surface state via a
strong emission at the Fermi energy.

In a simple crystallochemical picture the increased Ni-O
interatomic distance as found in the present study might be
related to the defect induced charge redistribution leading to
a reduced ionicity of the surface Ni atoms. The reduced ion-
icity is related to an increased radius and in turn to an en-
hanced interatomic distance. It should be emphasized that the
determination of the top layer expansion is highly reliable
and could even be anticipated by the pronounced asymmetry
of the CTR’s.

Furthermore, we observe a pronounced rumpling espe-
cially within the top NiO layer, where the oxygen atoms are
located 0.28 A above the plane of Ni atoms. Rumpling can
also be related to the presence of surface defects,? since for
a defect free (001) surface recent calculations®’” do not sug-
gest significant rumpling (there is one report, where even for
a defect free surface a 0.2 A outward oxygen displacement
was predicted®).

Oxygen vacancy defects, oxygen rumpling and the forma-
tion of an oxide (OH") layer are intimately related. The de-
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fect free NiO(001) surface shows little interaction with gas-
eous molecular adsorbates,’”>3? in particular no significant
reactivity with O, or water is reported. In contrast, for the
surface with oxygen defect sites, the situation is different.
Interaction with O, and H,O leads to the compensation of
oxygen vacancies and the formation of a hydroxyl termi-
nated surface is favored.??>3>3* Our experimental results also
support the suggestion in Ref. 22 that top layer oxygen is
located above the Ni plane. This is assumed to be induced by
a reduced oxygen ionicity in the vacancy sites as compared
to the O~ ions in the bulk.

Our model for the Co/NiO(001) interface is also in well
agreement with those derived on spectroscopic data.®%!3
While cobalt adsorption leads to some smoothing of the sur-
face region as determined on the basis of the layer resolved
site occupancies for the second and third layer, it is interest-
ing to see that the topmost CoNiO layer is characterized by
an increased oxygen vacancy concentration?* (54%) as com-
pared to the as-prepared sample (27%). Although SXRD is
not capable to provide direct information on the valence state
of the different species, the increased deviation from the 1:1
stoichiometry can be interpreted by partial reduction of the
top layer Ni-oxide phase upon cobalt deposition and the
presence of a fraction of a ML of metallic Ni and Co. While
in Ref. 12 no evidence was found for the formation of sto-
ichiometric CoO, a double CoO layer is determined for our
sample. Most likely this is because of the presence of the top
oxide (OH") layer in the as-prepared sample. In contrast, the
NiO surface in Ref. 12 was prepared by crystal cleavage or
Ni evaporation in oxygen atmosphere, where this layer was
not present.

The Co coverage determined by the SXRD analysis is in
good correspondence with the expected Co coverage based
on the calibration of the evaporator. It is therefore concluded
that all or almost all of the deposited cobalt (=0.8 ML) is in
registry with the underlying bulk lattice, since only in this
case there is a contribution of the cobalt atoms to the integer
order CTR’s.

Therefore the CoNiQ 5 layer is in a structurally well or-
dered arrangement. This is a nontrivial and important result,
since apart from its stoichiometry, also the lattice strain of
the mixed CoNiO, 5 layer might be decisive for its magnetic
properties. In contrast to CoO, whose bulk lattice constant
(4.25 A) is well matched to NiO (4.19 A), there is a misfit as
large as 18% to the corresponding metals (Cog,.:3.54 A,
Nig..:3.52 A).

Equilibrium lattice parameters for substoichiometric TM-
oxide phases are not known, but considering the spectro-
scopic evidence suggesting the presence of a small amount
of metal in the mixed layer, it must be concluded that it is in
a highly strained state, when in registry with NiO. In this
context, magnetoelastic contributions might then become im-
portant for the magnetic interface properties, since these are
known to largely influence the anisotropy energy even in
cases where strains are in the percent regime.?’

VI. SUMMARY

We have carried out a detailed x-ray structure analysis of
NiO(001) prepared by annealing at 1000 °C in air and after
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deposition of about 0.8 ML cobalt. For the bare NiO(001)
surface the top NiO-layer is characterized by a large concen-
tration of oxygen vacancy defects. Simultaneously, consider-
able structural relaxations such as a 14% enhanced top layer
spacing and surface layer rumpling is observed. Above the
top metal-oxide layer we determine an oxygen layer, which
is attributed to OH™-ions resulting from H,O adsorption on
the defect surface.

Cobalt adsorption on the as-prepared sample leads to a
complex restructuring of the surface characterized by a sub-
stoichiometric CoNiQ 5 interface with a metal:oxygen ratio
of about 2:1. Above this layer double layer CoO-islands are
formed due to the oxidation of arriving Co atoms by surface
oxygen or hydroxyl ions.

PHYSICAL REVIEW B 73, 125401 (2006)

Our structure analysis supports recent investigations using
x-ray absoption spectroscopy and x-ray magnetic dichroism
where reduction of nickel by cobalt is proposed leading to
the formation of metallic Ni. The latter was found to give a
ferromagnetic contribution, considered important for ex-
change bias.
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