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Temperature and thickness dependence of magnetic moments in NiO epitaxial films
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We show that linear polarized x-ray-absorption spectroscopy can be used to measure the temperature and
thickness dependence of magnetic moments in NiO thin films. We demonstrate that both the long-range order
and the nearest-neighbor spin-spin correlations can be revealed. NiO~100! films with thicknesses of 5, 10, and
20 monolayers epitaxially grown on MgO~100! are studied. The Ne´el temperature is found to be strongly
reduced from the bulk value even for the 20 monolayer film.@S0163-1829~98!11217-1#
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I. INTRODUCTION

X-ray-absorption spectroscopy~XAS! and magnetic x-ray
dichroism~MXD ! have developed in the last decade to o
of the most important techniques in the study of the el
tronic structure and magnetism in a wide range of materi
Since the theoretical prediction1,2 of strong MXD and the
experimental demonstration thereof,3 the technique has bee
applied to a large variety of problems in magnetism inclu
ing rare-earth4–6 and transition metal7–9 ferromagnets,
antiferromagnets,10–12 paramagnets,13 thin films, and
multilayers.8,14–16The recent development of sum rules ha
opened the possibility of determining separately the spin
orbital contributions to the magnetic moment in the grou
state.17,18Many of the studies have dealt with core to valen
transitions involving strongly atomic like 3d open shells for
the transition metals and 4f shells for the rare earths such
the L2,3 andM4,5 edges, respectively. These core to valen
transitions show by far the largest dichroic effects and
line shapes are very well described by atomic multip
theory.19,20 As far as XAS and MXD experiments are co
cerned, the main influence of solid-state effects is to low
the point-group symmetry of the 3d or 4f ion which can be
included effectively in terms of crystal-field splittings.21 This
renormalized atomic approach seems to work very wel
describing many details of the XAS line shape and is u
very successfully in the interpretation of MXD studies, esp
cially for very ionic materials. More recently also, the spe
tra of more covalent materials can be well reproduced
including explicitly the hybridization of the 3d or 4f orbitals
with surrounding ligands.22

Another influence of the solid state is, of course, the pr
570163-1829/98/57~18!/11623~9!/$15.00
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ence of interatomic superexchange interactions. These c
long-range magnetic order and therefore influence the in
atomic spin-spin correlation functions. In magnetically o
dered materials these interactions result in spontane
atomic magnetic moments (M ) whose temperature depen
dence is a measure of the long-range magnetic order pa
eter. Utilizing circularly polarized light, the temperature a
field dependence of magnetic moments in ferromagnets
be measured via the magnetic circular dichroism~MCD! in
the photoabsorption spectra, since MCD is sensitive to
expectation value of the local magnetic moment^M &. MCD
will vanish for antiferromagnets, but it has been show
theoretically2 and experimentally10–12that, using linearly po-
larized light, a magnetic linear dichroic~MLD ! signal can be
observed for the magnetically ordered state since MLD
proportional to^M2&.

In all of the above-mentioned approaches, however,
has neglected the influence that direct interatomic excha
and superexchange might have on the XAS line shapes
deed at first glance this influence is expected to be sm
because the energy splitting involved is only at most 0.1
which is small compared to multiplet interactions of seve
eV’s which dominate the line shape of the XAS spectrum
is nevertheless worthwhile to investigate the possibility
such an influence more carefully,12 because if the line shap
is indeed dependent on the~super!exchange interaction, i
will be related to the nearest-neighbor spin-spin correlat
function since the exchange field felt by a central atom w
be given byJ^Si( jSj&. If detectable, this would then open u
the possibility to measure also the nearest-neighbor spin-
correlation function in addition to the long-range order p
rameter. In this paper we present a detailed study of the
11 623 © 1998 The American Physical Society
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11 624 57D. ALDERS et al.
L2,3-XAS in epitaxially grown NiO films and demonstrat
the sensitivity of the XAS line shape to the nearest-neigh
spin-spin correlation function. In addition we also prese
results on the use of MLD to study the temperature a
thickness dependence of local magnetic moments in ant
romagnetic thin films.

The paper is organized as follows. We start with a br
review of the crystal, electronic, and magnetic structure
NiO. We then discuss the theory ofL2,3-XAS line shape
including the influence of atomic multiplet structure, cryst
field splittings, and an external magnetic field acting only
the valence electron spin. In the final sections we desc
the experiments carried out on NiO~100! films with thick-
nesses of 5, 10, and 20 monolayers epitaxially grown
MgO ~100! and discuss the results.

II. CRYSTAL, ELECTRONIC AND MAGNETIC
STRUCTURE OF NIO

NiO crystallizes in the rocksalt~NaCl! structure with a
small orthorombic distortion23 in the antiferromagnetically
ordered state. It is classified as an ionic electrical insula
with a charge-transfer gap of around 4 eV.24 The divalent Ni
ions are octahedrally coordinated by 6 O22 ions inOh point-
group symmetry. The Ni ions are in a nominally 3d8 elec-
tronic configuration with polarity fluctuations strongly su
pressed by the large on-site 3d-3d atomic Coulomb
interactions. The covalent mixing of Ni 3d–O 2p hybridiza-
tion leads to a mixing in of about 7% 3d9LI configurations
whereLI denotes a hole on the O 2p orbitals. This covalent
mixing contributes to the crystal or ligand field splitting
the 3d orbitals and also is responsible for the Ni-O-Ni s
perexchange interactions. The crystal and ligand fields
gether with Hund’s rule coupling stabilize
3d8(t2g

6 eg
2 ;3A2g) ground state with a spin of 1 and a strong

quenched orbital angular momentum. The first excited 3d8

multiplet is of the order of the crystal-field splitting higher
energy. Since distortions cannot split the3A2g ground state,
the lowering of the symmetry at the surface will not infl
ence the spectral shape strongly.

The superexchange interaction via the Ni-O-Ni 180° bo
is antiferromagnetic and leads to a type-II fcc antiferrom
netic order. Neutron and two-magnon Raman experime
determine a superexchange interaction of 19 meV,25 and a
bulk magnetic ordering temperature ofTN5520 K. The
small contraction of the lattice along the^111& direction in
the magnetically ordered state leads to a change in cell a
from 90° aboveTN to 90°48 at 297 K and 90°68 at 78 K.23

This small distortion gives rise to the presence of a sm
single-ion anisotropy and dipole-dipole interactions. Suc
magnetocrystalline anisotropy favors ferromagnetic sheet
spin ~111! planes which are antiferromagnetically stacked
^111& directions. In total there are 24 domains possible. F
principle so-calledT domains correspond to the possib
^111& directions which are themselves divided into threeS
domains corresponding to the three possible^11-2& direc-
tions, and domains corresponding to a reversal of these
directions. In the presence of all these domains no MLD
possible. However, for a thin film the influence of the surfa
and interface provide a net direction stabilizing certain d
mains relative to others. For example, for a~100! surface we
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would expect the domains with the long axis' to the surface
to have a different energy from those with the long axis
the plane of the surface. As we will show below, our resu
are consistent with a strong preference of domains wit
long axis' to the surface.

III. THEORY OF XAS LINE SHAPE

The L2,3-XAS line shape is determined by the dipole a
lowed transition from the 2p63dN ground state to a subset o
2p53dN11 final states, withN58 for a divalent Ni ion. To
calculate the spectra, we will use the full atomic multip
theory26 and include the effects of the solid with effectiv
crystal fields. The assumptions have proven to be very s
cessful in describing XAS and MXD spectra of a large va
ety of materials, especially of the more ionic compounds.
the 2p63dN ground state, the Hamiltonian includes theFdd

2

and Fdd
4 Slater integrals to account for intra-atomic 3d-3d

Coulomb and exchange interactions. The point charge
ligand contributions to the crystal field is included in a sing
parameter 10 Dq51.65 eV, which is thet2g/eg orbital split-
ting in Oh symmetry and is basically a fitting parameter. W
also include the 3d spin-orbit couplingHLS5lL•S with l
equal to its atomic value of 102 meV, although, as me
tioned before, the 3d spin-orbit coupling is not really impor-
tant for Ni21 because of the large crystal field and the orb
ally nondegenerate3A2g ground state. For the 2p53dN11

final states, the Hamiltonian includes, in addition to t
above, a core hole spin-orbit coupling termHcLS, and the
Fpd

2 , Fpd
4 , Gpd

1 , andGpd
3 Slater integrals to account for th

2p-3d Coulomb and exchange interactions.
Different in our approach, is the introduction of a ter

describing, with realistic numbers, the~super!exchange inter-
action between the 3d electrons on atomi with a neighbor-
ing atom j via an interveningO22 ion. This is introduced as
an exchange field acting only on the 3d spin with a value of
HEX5Bi

ex
•Sj , whereBi

ex5( j Ji j ^Sj& is the local exchange
field. This exchange field is quite different from an ordina
magnetic field since it does not act on the orbital part or
the core-hole states.

The XAS and MXD spectra are calculated using a mo
fied version of Cowan’s program,26 in which the transition
probabilities, Slater integrals, and spin-orbit interactions
calculated from self-consistent field Hartree-Fock atom
wave functions. As usual, the Slater integrals are reduce
80% of their Hartree-Fock values to account for intra-atom
configuration interactions and to be consistent with the
perimental atomic optical spectra.27

In Fig. 1 we compare the calculated isotropic XAS spec
with the experimental isotropic spectrum of a 20 monola
film of NiO ~100! collected atT5298 K. The spectra are
dominated by the 2p core-hole spin-orbit coupling which
splits the spectra roughly into two parts, namely theL3 (hn
'852 eV! and L2 (hn'870 eV! white line regions, sepa
rated by about 18 eV. The line shape of the spectra depe
strongly on the multiplet structure given by the various Co
lomb and exchange interactions and crystal-field splittin
In Fig. 1~a!, we show the XAS spectrum calculated for th
Ni 21 ion in spherical symmetry, and in Fig. 1~b! in an octa-
hedral crystal field of 10 Dq51.65 eV. A Lorentzian lifetime
broadening of 0.3 and 0.45 eV has been included for theL3
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57 11 625TEMPERATURE AND THICKNESS DEPENDENCE OF . . .
andL2 edges, respectively. The influence of the crystal fi
on the spectra can be clearly seen, and the value used fo
Dq reproduces apparently quite well the experimental sp
trum depicted in Fig. 1~d!.

In Fig. 1~c! we show the calculated spectrum in the pre
ence of an exchange field, which acts only on the 3d spins,
keeping the 10 Dq value of 1.65 eV. The exchange field
by the Ni21 ion is taken to be the total effective exchan
field summed over the six nearest neighbors of 6327 meV.
From a comparison with Fig. 1~b!, we can see that the influ
ence of the exchange field on the isotropic spectrum is r
tively small, which is not surprising since the exchange fi
is very much smaller than the various Coulomb interactio
and crystal-field splittings. Nevertheless, this influence c
not be neglected: exchange fields introduce off-diagonal
trix elements between various multiplets in the final sta
and will cause an appreciable amount of transfer of spec
weight, especially between those multiplets which are cl
in energy.12 And indeed, this effect can be observed qu
easily as a change in the line shape of theL2-edge spectrum
the inset of Fig. 1 shows that the applied exchange fi
transfers spectral weight from the higher lying peak at 87
eV to the lower lying peak at 870.2 eV of the double-pe
structuredL2 white line. These peak intensity changes are
order 10%, and can be unambiguously detected in an exp
ment, since XAS spectra can be recorded with a noise
signal ratio and a reproducibility error of less than 0.5%.
fact, we now can see that the experimentalL2 white line can

FIG. 1. L2,3-XAS of NiO. Calculated isotropic spectrum for
Ni 21 ion: ~a! in spherical symmetry,~b! in octahedral symmetry
with 10 Dq51.65 eV, and~c! in octahedral symmetry with 10 Dq
51.65 eV and an exchange field of 6327 meV. A Lorentzian life-
time broadening of 0.3 and 0.45 eV has been included for theL3

andL2 edges, respectively. The experimental isotropic spectrum~d!
is taken from a 20 monolayer NiO~100! film at T5298 K. The inset
shows the calculated influence of the exchange field on the
shape of theL2 white line in detail.
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be reproduced even better. We note that the exchange i
action required to simulate the spectrum is about 6327 meV,
which is higher than the ground-state value of 6319 meV.
As pointed out in an earlier paper,12,28 for the orbitally de-
generate case, the influence of the exchange field is vis
only for the final state, so it is this field and not the groun
state exchange field which is measured.

To facilitate the extraction of information concerning th
local exchange field, we will now look for a characterist
signature in the XAS spectrum which has a simple relati
ship with the exchange field. A natural choice of course, is
take the ratio between the two peaks of theL2 spectrum as
described above. We calculate this ratio as a function of
magnitude of the exchange energy and the results are sh
in Fig. 2. We find an almost perfect linear relationship,
that this ratio can indeed provide a straightforward meas
of the exchange field, which in turn is directly related to t
nearest-neighbor spin-spin correlation function, since the
change field is given byJ^Si( jSj&. Note that we have used
an exchange field which acts on the 3d spin only, and that a
magnetic field will give a different relationship.

All the above spectra are isotropic, i.e., calculated for u
polarized light. This demonstrates that exchange fields
nearest-neighbor spin-spin correlation functions are mea
able even without the use of polarization-dependent effe
If a material is magnetically ordered, then an XAS stu
using linearly polarized light can provide another oppor
nity, namely the measurement of the long-range order
rameter. The dependence of the XAS spectrum on the a
u between the polarization vector and the easy direction
the magnetic moment can be expressed as

I MS
~v,u,J!5I ~0!~v!1dI MS

~0!~v,J!1~3 cos2u21!I MS

~2!~v,J!,

~1!

e

FIG. 2. Ratio of the two peaks in the isotropic NiL2-XAS
calculated for a Ni21 ion in octahedral symmetry as a function o
the exchange field 63J^Si•Sj&. The calculated function is given by
the dotted line and is compared to a linear curve given by the s
line. The almost perfect linearity of the calculated function mak
this ratio to be a direct measure of the nearest-neighbor spin-
correlation function.
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11 626 57D. ALDERS et al.
wherev is the photon energy andJ is the effective exchange
parameter.I (0)(v) is the isotropic spectrum in the absence
an exchange field, anddI MS

(0)(v,J) represents the change in

due to the presence of an effective exchange field, ther
probing the nearest-neighbor spin-spin correlation functi
The angle-dependent term (3 cos2u21)IMS

2 (v,J) is propor-

tional to the expectation valuêMS
22 1

3 S(S11)& in the
ground state,2 and this MLD effect in the XAS therefore
measures the long-range order parameter. To measure
nearest-neighbor spin-spin correlation function, it is m
convenient to take the XAS spectrum at the magic angle,
which the (3 cos2u21) term vanishes. The sum overMs of
dI MS

(0)(v,J) and of I MS

(2)(v,J) are both zero, and so, at hig

temperatures, one retains only the exchange independen
of the isotropic spectrumI (0)(v).

IV. EXPERIMENT

The XAS experiments were performed at the AT&T Be
Laboratories Dragon beamline29 at the National Synchrotron
Light Source. The degree of linear polarization was m
sured to be'98.5%. The spectra were recorded using
total electron yield method and the accuracy of the an
definition is estimated to be within 1°. Part of the data~Fig.
7! have been recorded at the SA-22 beamline30 of the LURE
Super-ACO storage ring in Orsay, France.

Preparation of the samples were carried out at the Uni
sity of Groningen. The thin NiO films were epitaxiall
grown, in a layer-by-layer fashion, on a single-crystal Mg
~100! with NO2 as an oxidizing agent, using a method d
scribed previously.31 Both NiO and MgO exhibit the face
centered-cubic rocksalt~NaCl! crystalline structure, with lat-
tice constants of 4.176 and 4.212 Å, respectively, resultin
a 0.85% lattice mismatch. Films with 5, 10, and 20 mon
layer thicknesses were made, and the thickness and sa
characterization was done by reflection high-energy elec
diffraction. After the preparation, the samples were taken
of the UHV chamber and transported to the synchrotron
cility. This can be done without damaging the properties
the NiO thin films, since the NiO~100! surface is known to
be very inert,32 e.g., a NiO~100! surface exposed to air sti
shows a low-energy electron-diffraction pattern. In additio
XAS in total electron-yield mode is a relatively bulk
sensitive detection technique with a probing depth of m
than 50 Å for wide band-gap insulators like NiO.

V. RESULTS AND DISCUSSION

In Fig. 3 we show the NiL2-XAS spectrum of a 20 mono
layer NiO~100! film measured at room temperature as a fu
tion of the angleu between the polarization vector of th
light and the~100! surface normal. For clarity, the spectra a
normalized at the first peak of the double-peak structuredL2
white line ~if normalized to the incoming photon flux, th
integrated intensity of the two peaks is a constant!. The spec-
tra exhibit clearly a very strong polarization dependence. T
linear dichroic effect, taken as the change in the ratio
tween the two peaks, is of the order of 40%.

To investigate the origin of the linear dichroism, we me
sured the temperature dependence of the NiL2-edge at nor-
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mal incidence of the light, i.e.,u590°. The data are shown
in Fig. 4. The temperature dependence of the XAS line sh
is very strong, with changes in peak intensities of the or
of 25%. It is remarkable that aboveT5473 K the tempera-
ture dependence seems to disappear completely, sugge
that the observed linear dichroic effect is of magnetic orig
and that the temperature around 473 K can be identified
the Néel temperature of this NiO film.

In Fig. 5 we show a more extensive set of polarization a
temperature-dependent data of the NiL2-XAS, represented
again in terms of the ratio between the two peaks of theL2
white line. Reproducibility is demonstrated by the two se
of measurements at room temperature indicated by open
marked circles obtained before and after, respectively, h
ing up to T5528 K. It is important to note that the linea

FIG. 3. Polarization dependence of the NiL2-XAS of a 20
monolayer NiO~100! film at T5298 K. u is the angle between the
~100! surface normal and the electric vector of the linearly polariz
light. The spectra are normalized at the first peak of theL2-edge
spectrum. Strong linear dichroism can be observed.

FIG. 4. Temperature dependence of the NiL2-XAS of a 20
monolayer NiO~100! film taken at normal incidence of the linearl
polarized light (u590°).
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dichroic effect completely disappears for the measurem
taken atT5528 K. This demonstrates that the strong line
dichroic effect cannot be caused by the lowering of
point-group symmetry at the surface (D4h), which is fully
consistent with the fact that the3A2 state in Oh symmetry is
not split inD4h . For further analysis, we have also drawn
the figure a set of lines, which are fits to the experimen
data and which have thea(T)1b(T)(3 cos2u21) form as
given by Eq.~1! for the theoretical angular dependence
the XAS spectrum. The good correspondence indicates
the observed linear dichroism is closely related to the lo
range magnetic order parameter, since this also has
(3 cos2u21) dependence.

Another remarkable result from Fig. 5 is that at the ma
angle (u554.7°, 3 cos2u2150! the temperature dependen
of the XAS spectra does not disappear. As explained in
theoretical section, we can relate these changes in the is
pic spectrum@dI MS

(0)(v,J)# to changes in the exchange fiel

Therefore, the magic-angle data provide a direct meas
ment of the temperature dependence of the nearest-neig
spin-spin correlation function. To further confirm this ana
sis, we have also carried out an XAS experiment on a N
powdersample at various temperatures, which should p
vide the temperature dependence of a true isotropic s
trum, without being disturbed by any form of linear or ci
cular dichroism. The results are shown in Fig. 6, toget
with the magic-angle data of the 20 monolayer film from F
5. After a normalization of the temperatures to the pro
Néel temperatures of the two systems, we can find an ex
lent correspondence between the two sets of data. This d
onstrates clearly that XAS can provide direct informati

FIG. 5. Polarization and temperature dependence of the rati
the two peaks in the NiL2-XAS of a 20 monolayer NiO~100! film.
u is the angle between the~100! surface normal and the electri
vector of the linearly polarized light. Reproducibility is demo
strated by the two sets of measurements atT5298 K, taken before
and after heating up to 528 K, and indicated by open and mar
circles, respectively. The set of full lines are fits to the data
described in the text, showing the (3 cos2u21! angular dependence
Note the temperature dependence of the magic-angle datau
554.7°) and the disappearance of the angle dependence abov
Néel temperature (TN5470 K!.
ts
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about the local exchange field and the nearest-neighbor s
spin correlation function. To the best of our knowledge, th
is no calculated result describing the nearest-neighbor s
spin correlation function for anS51 antiferromagnet. There
fore, we tentatively compare the data belowTN with a mo-
lecular field calculation using the Brillioun function (S
51), and the data aboveTN with the short-range order pa
rameter calculated using a constant coupling approximatio33

(S51/2). The average of the local magnetic moment is th
scaled at the Ne´el temperature to 0.295. The result is i
cluded in Fig. 6, and gives a surprisingly good fit to the da

To verify thatu is the only geometrical parameter of in
terest for the observed MLD in the NiO films, and to rela
the MLD to the magnetic domain structure of the thin film
we have also investigated theazimuthalangular dependenc
of the Ni L2-XAS. Figure 7 show the spectra taken at roo
temperature for a 30 monolayer NiO~100! film at normal
incidence (u590°) for four different azimuthal anglesw
5245°, 0°, 45°, and 90°. The absence of any azimut
angular dependence can be clearly seen, suggesting stro
axial symmetry of the domains. This is not inconsistent w
the domain structure of the thin film, in which, via the d
main structure of bulk NiO, we can get the^626161& set
of possible spin directions to form an easy axis' to the
~100! surface.

In Fig. 8 we show a comparison between the experime
and theoretical angular dependence, at normal (u590°) and
grazing (u515°) incidence. Simulation of the experiment
spectra has been carried out with the atomic crystal-field
culations as outlined in the theoretical section, and with
same parameters as has been done for the isotropic spec
in Fig. 1~c!, i.e., 10 Dq51.65 eV and an effective exchang
energy of 6327 meV. A sum over the above-mentione
^626161& set of possible spin directions has been tak
The agreement between theory and experiment is very g

of

d
s

(
the

FIG. 6. Temperature dependence of the ratio of the two peak
the isotropic XAS spectrum at the NiL2 edge. Filled circles: data
taken from a 20 monolayer NiO~100! film (TN5470 K! measured at
the magic angle (u554.7°). Open circles: data taken from a Ni
powder sample (TN5520 K!. The full line is a theoretical estimate
for the temperature dependence of the nearest-neighbor spin
correlation function̂ Si•Sj&, see text.
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11 628 57D. ALDERS et al.
especially for the NiL2 edge. The comparison for the NiL3
edge is not as good due to saturation effects,19 for which
corrections have not been made here.

In Fig. 9 we show the experimental ratio of the two pea
in the Ni L2 edge at normal incidence (u590°) as a function
of temperature. Very recently, a similar temperature dep
dence has also been observed for bulk NiO, using x-ray m

FIG. 7. Azimuthal angle dependence of the NiL2-XAS of a 30
monolayer NiO~100! film at T5298 K. The spectra are taken a
normal incidence of the linearly polarized light (u590°) for four
different azimuthal angles (w5245°, 0°, 45°, and 90°). The simi
larity of the spectra indicates axial symmetry.

FIG. 8. Theoretical and experimental polarization depende
of the Ni L2,3-XAS of a NiO~100! thin film; ~a! u590°: normal
incidence of the linearly polarized light, i.e., electric vector
plane, and~b! u515°: grazing incidence, i.e., electric vector out
plane. Theoretical spectra~solid line! are calculated for a Ni21 ion
in octahedral symmetry with 10 Dq51.65 eV and an exchange fiel
of 6327 meV, and summed over the^62,61,61& spin directions.
A Lorentzian lifetime broadening of 0.3 and 0.45 eV has been
plied for theL3 and L2 edges, respectively. Experimental spec
~dots! are taken from a 20 monolayer NiO~100! film measured at
T5298 K.
s

n-
g-

netic scattering.34 For comparison we also show in Fig. 9 th
data from neutron-diffraction experiments,35 in which ^M &2,
i.e., the square of the local moment, is probed. Clearly thi
quite different from our XAS results which, as pointed o
above, are a measure of the sum of two contributio
namely a MLD part which is proportional tôM2& and an
exchange field part which scales withJ^Si .Sj&. It is interest-
ing to note that theoretically one could already expect to fi
a different temperature dependence for^M2& as compared to
^M &2. Within the molecular field theory, the first quantity
given2 by ^M2&5J(J11!1^M &coth(1/2t), while the second
quantity is given bŷ M &25J2BJ

2(J/t), whereBJ is the Bril-
louin function andt is the reduced temperaturekBT/gmBH.
Their different behavior with temperature is shown in t
inset of Fig. 9, where both curves have been normalized
at T/TN50 and 0 atT/TN51.

Until now we have focused on theL2 edge as far as the
analysis of the experimental data are concerned. Yet, f
the theoretical point of view, we would expect also a simi
polarization and temperature-dependent behavior for
multiplets of theL3 edge. Applying the same procedure
done for theL2 edge, we plot in Fig. 10 the ratio between th
L3 main line and its shoulder for the 20 monolayer film
various temperatures and polarization angles. For h
angles, i.e., close to normal incidence of the light, the d
are quite similar to that of theL2 edge as shown earlier in
Fig. 5. For low angles, however, theL3-edge data are mark
edly different. This can be attributed to saturation effec
caused by the fact that, for strong absorbing lines such as

e

-

FIG. 9. Comparison of temperature-dependent XAS a
neutron-diffraction data. Solid circles: the ratio of the two peaks
the Ni L2-XAS of a 20 monolayer NiO~100! film (TN5470 K!,
measured at normal incidence (u590°). Open circles: magnetic
moment obtained by neutron diffraction on bulk NiO (TN5520 K!
from Ref. 35. Thin lines are guides to the eye. XAS measures
quantity ^M2&1J^Si•Sj&, while neutron diffraction probes the
quantity ^M &2. The inset shows, using a mean-field approach,
theoretically expected different behavior of^M2& and ^M &2 with
temperature, where both quantities have been normalized to
T/TN50 and 0 atT/TN51.
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L3 main line, the effective absorption depth becomes co
parable to the escape depth of the electrons detected in
total-yield method, especially at very grazing angles
incidence.19 The temperature and angle dependence can
fitted using the same function as for theL2 edge, but now
including a term describing the saturation effects: the
lines shown in the figure are fits of the forma(T)
1b(T)(3 cos2u21) (d1l1sinu)/(d1l2sinu), where d is the
electron escape depth andl1, l2 are the absorption length o
the first and second peak, respectively, of the NiL3 edge.

FIG. 11. Polarization and thickness dependence of the rati
the two peaks in the NiL2-XAS of NiO~100! thin films, taken at
room temperature.u is the angle between the~100! surface normal
and the electric vector of the linearly polarized light. Note the d
appearance of long-range order at room temperature for th
monolayer film.

FIG. 10. Polarization and temperature dependence of the rat
the two peaks in the NiL3-XAS of a 20 monolayer NiO~100! film.
u is the angle between the~100! surface normal and the electri
vector of the linearly polarized light. The set of full lines are fits
the data as described in the text, showing strong saturation eff
especially at grazing angles of incidence, on top of the (3 cos2u21!
angular dependence.
-
the
f
be

ll

While the agreement is satisfactory, the analysis also sh
that it is more elaborate to extract information concerning
long-range magnetic order and nearest-neighbor spin-
correlation function from the NiL3 edge.

It is interesting now to use MLD to study the thickne
dependence of the magnetic properties of NiO~100! thin
films. In Fig. 11 we present theL2-edge data for a 5, 10, an
20 monolayer film, taken at room temperature. The lin
dichroic effect for the 10 monolayer film is much reduced
comparison with the 20 monolayer film, while it has disa
peared completely for the 5 monolayer film, indicating th
this very thin film is in the paramagnetic state at room te
perature. In Fig. 12 we now show the temperature dep
dence of theL2-edge peak ratio for the three NiO~100! films,
all taken at normal incidence (u590°). We can clearly ob-
serve that the Ne´el temperature is a strong function of th
layer thickness, going from 520 K for the bulk to 470, 43
and 295 K for the 20, 10, and 5 monolayer films, resp
tively. This TN dependence of antiferromagnetic films on t
layer thickness has been observed before, b
experimentally36–38and theoretically.39,40Using a mean-field
approach, it has been found for the FeF2 case that the bulk
Néel temperature is reached to within 4% for a nine-lay
film.39 For the NiO case, however, we find reductions
10% of the bulk Ne´el temperature for films as thick as 2
monolayers. This may be due to the different crystal str
ture. In the rocksalt~NaCl! structure, the nearest-neighbo
~100! layers are not or hardly coupled via the superexcha
interaction because of the 90° Ni-O-Ni bonds, while t
next-nearest-neighbor layers are only coupled by one
O-Ni 180° superexchange path. This means that the cons
tive ~100! layers are rather weakly coupled to each oth
One may therefore expect that the bulk Ne´el temperature is
reached only for fairly large NiO thicknesses, perhaps
about 30 or more monolayers.

VI. CONCLUSIONS

To conclude, we have carried out an XAS study at the
L2,3 edges of NiO thin films, grown epitaxially on

of

-
5

of

ts,

FIG. 12. Temperature and thickness dependence of the rat
the two peaks in the NiL2-XAS of NiO~100! thin films, taken at
normal incidence. Ne´el temperatures ofTN5295, 430, and 470 K
can be found for the 5, 10, and 20 monolayer films, respective
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MgO~100!. We have shown that linear polarized XAS can
used to measure both the long-range magnetic order and
nearest-neighbor spin-spin correlation function. Temp
ature-dependent MLD measurements reveal that the N´el
temperatures of the thin films are strongly reduced from
bulk value: TN5470, 430, and 295 K for NiO films with
thicknesses of 20, 10, and 5 monolayers, respectively. M
can therefore be used to study the changes in magnetic p
erties for the transition from a three-dimensional to a tw
dimensional antiferromagnetic system. Measurements at
magic angle (u554.7°, 3 cos2u2150! show also a clear
temperature dependence of the isotropic spectrum, which
be related to the temperature dependence of the nea
neighbor spin-spin correlation functionJ^Si•Sj&. This find-
ing is further supported by the fact that the observed te
perature dependence is identical to that of the XAS spect
of a powder sample. XAS is therefore a promising tool
study the temperature-dependent short-range magnetic o
e
the
r-
e
he

D
rop-
o-
the

can
est-

m-
um
to
der,

not only below but also above the magnetic ordering te
perature.
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