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Temperature and thickness dependence of magnetic moments in NiO epitaxial films

D. Alders and L. H. Tjeng
Solid State Physics Laboratory, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

F. C. Voogt and T. Hibma
Department of Chemical Physics, Materials Science Centre, University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

G. A. Sawatzky
Solid State Physics Laboratory, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

C. T. Chen
Synchrotron Radiation Research Center, Hsinchu Science-Based Industrial Park, Hsinchu 30077, Taiwan

J. Vogel! M. Sacchi, and S. lacobucci
Laboratoire pour I'Utilisation du Rayonnement Electromatigee, Centre Universitaire Paris-Sud, Ba09d, 91405, Orsay, France
(Received 17 December 1997

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 revealed18@films with thicknesses of 5, 10, and
20 monolayers epitaxially grown on Mg@00) are studied. The N temperature is found to be strongly
reduced from the bulk value even for the 20 monolayer f[l80163-18208)11217-1

[. INTRODUCTION ence of interatomic superexchange interactions. These cause
long-range magnetic order and therefore influence the inter-
X-ray-absorption spectrosco}AS) and magnetic x-ray atomic spin-spin correlation functions. In magnetically or-
dichroism(MXD) have developed in the last decade to onedered materials these interactions result in spontaneous
of the most important techniques in the study of the elecatomic magnetic momentdW) whose temperature depen-
tronic structure and magnetism in a wide range of materialsdence is a measure of the long-range magnetic order param-
Since the theoretical predictibf of strong MXD and the eter. Utilizing circularly polarized light, the temperature and
experimental demonstration therédhe technique has been field dependence of magnetic moments in ferromagnets can
applied to a large variety of problems in magnetism includ-be measured via the magnetic circular dichroiéCD) in
ing rare-eartfr® and transition met&® ferromagnets, the photoabsorption spectra, since MCD is sensitive to the
antiferromagnets’™? paramagnet§} thin films, and expectation value of the local magnetic mom@it). MCD
multilayers®**~*The recent development of sum rules havewill vanish for antiferromagnets, but it has been shown
opened the possibility of determining separately the spin aneheoretically and experimentall?~*?that, using linearly po-
orbital contributions to the magnetic moment in the groundarized light, a magnetic linear dichroiLD) signal can be
state?”BMany of the studies have dealt with core to valenceobserved for the magnetically ordered state since MLD is
transitions involving strongly atomic likedBopen shells for  proportional to<M2>.
the transition metals andf4shells for the rare earths such as  In all of the above-mentioned approaches, however, one
the L, 3 andM, 5 edges, respectively. These core to valencehas neglected the influence that direct interatomic exchange
transitions show by far the largest dichroic effects and theand superexchange might have on the XAS line shapes. In-
line shapes are very well described by atomic multipletdeed at first glance this influence is expected to be small
theory!®?0 As far as XAS and MXD experiments are con- because the energy splitting involved is only at most 0.1 eV
cerned, the main influence of solid-state effects is to lowewhich is small compared to multiplet interactions of several
the point-group symmetry of thed3or 4f ion which can be eV’s which dominate the line shape of the XAS spectrum. It
included effectively in terms of crystal-field splittingsThis  is nevertheless worthwhile to investigate the possibility of
renormalized atomic approach seems to work very well insuch an influence more carefuliybecause if the line shape
describing many details of the XAS line shape and is useds indeed dependent on thsupejexchange interaction, it
very successfully in the interpretation of MXD studies, espe-will be related to the nearest-neighbor spin-spin correlation
cially for very ionic materials. More recently also, the spec-function since the exchange field felt by a central atom will
tra of more covalent materials can be well reproduced byoe given byJ(SX;S;). If detectable, this would then open up
including explicitly the hybridization of the®or 4f orbitals  the possibility to measure also the nearest-neighbor spin-spin
with surrounding ligand$? correlation function in addition to the long-range order pa-
Another influence of the solid state is, of course, the presrameter. In this paper we present a detailed study of the Ni
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L, sXAS in epitaxially grown NiO films and demonstrate would expect the domains with the long axigo the surface
the sensitivity of the XAS line shape to the nearest-neighboto have a different energy from those with the long axis in
spin-spin correlation function. In addition we also presentthe plane of the surface. As we will show below, our results
results on the use of MLD to study the temperature andare consistent with a strong preference of domains with a
thickness dependence of local magnetic moments in antifefeng axisL to the surface.
romagnetic thin films.

The paper is organized as follows. We start with a brief IIl. THEORY OF XAS LINE SHAPE
review of the crystal, electronic, and magnetic structure of ) ) ) )
NiO. We then discuss the theory &f, +XAS line shape The L, #XAS line Shap% is Setermlned by the dipole al-
including the influence of atomic multiplet structure, crystal-!owed transition from the @°3d™ ground state to a subset of
field splittings, and an external magnetic field acting only on2p>3d"** final states, wittN=8 for a divalent Ni ion. To
the valence electron spin. In the final sections we describalculate the spectra, we will use the full atomic multiplet
the experiments carried out on N|QOO) films with thick- theor);G and include the effects of the solid with effective

nesses of 5, 10, and 20 monolayers epitaxially grown orerystal fields. The assumptions have proven to be very suc-
MgO (100 and discuss the results. cessful in describing XAS and MXD spectra of a large vari-

ety of materials, especially of the more ionic compounds. For
the 2p3dN ground state, the Hamiltonian includes tRg,
and F§, Slater integrals to account for intra-atomid-3d
Coulomb and exchange interactions. The point charge and

NiO crystallizes in the rocksaltNaCl) structure with a ligand contributions to the crystal field is included in a single
small orthorombic distorticf in the antiferromagnetically parameter 10 Dg1.65 eV, which is the,,/e, orbital split-
ordered state. It is classified as an ionic electrical insulatoting in O, symmetry and is basically a fitting parameter. We
with a charge-transfer gap of around 4 #\The divalent Ni ~ also include the 8 spin-orbit couplingH, s=\L-S with \
ions are octahedrally coordinated by & Oions inO,, point-  equal to its atomic value of 102 meV, although, as men-
group symmetry. The Ni ions are in a nominallg®elec- tioned before, the @ spin-orbit coupling is not really impor-
tronic configuration with polarity fluctuations strongly sup- tant for Ni>* because of the large crystal field and the orbit-
pressed by the large on-sited®d atomic Coulomb ally nondegenerate”Azg ground state. For the @3dN*?
interactions. The covalent mixing of Nid3-O 2p hybridiza-  final states, the Hamiltonian includes, in addition to the
tion leads to a mixing in of about 7%d3L configurations above, a core hole spin-orbit coupling tefiy, 5, and the
whereL denotes a hole on the OpZorbitals. This covalent ng, Ff)d, G,l)d, and ng Slater integrals to account for the
mixing contributes to the crystal or ligand field splitting of 2p-3d Coulomb and exchange interactions.
the 3d orbitals and also is responsible for the Ni-O-Ni su-  Different in our approach, is the introduction of a term
perexchange interactions. The crystal and ligand fields todescribing, with realistic numbers, tigupejexchange inter-
gether with Hund's rule coupling stabilize a action between the®Belectrons on atom with a neighbor-
3d8(tgge§ ;3Azg) ground state with a spin of 1 and a strongly ing atomj via an interveningd?~ ion. This is introduced as
quenched orbital angular momentum. The first excitedd 3 an exchange field acting only on the 3pin with a value of
multiplet is of the order of the crystal-field splitting higher in Hgyx=B™. S;, where B?X=EjJij<Sj> is the local exchange
energy. Since distortions cannot split tﬁAzg ground state, field. This exchange field is quite different from an ordinary
the lowering of the symmetry at the surface will not influ- magnetic field since it does not act on the orbital part or on
ence the spectral shape strongly. the core-hole states.

The superexchange interaction via the Ni-O-Ni 180° bond The XAS and MXD spectra are calculated using a modi-
is antiferromagnetic and leads to a type-Il fcc antiferromag4ied version of Cowan’s prograff,in which the transition
netic order. Neutron and two-magnon Raman experimentprobabilities, Slater integrals, and spin-orbit interactions are
determine a superexchange interaction of 19 rfie§ind a  calculated from self-consistent field Hartree-Fock atomic-
bulk magnetic ordering temperature d%=520 K. The wave functions. As usual, the Slater integrals are reduced to
small contraction of the lattice along t&11) direction in  80% of their Hartree-Fock values to account for intra-atomic
the magnetically ordered state leads to a change in cell angt®nfiguration interactions and to be consistent with the ex-
from 90° aboveTy to 90°4" at 297 K and 90°6 at 78 K?*  perimental atomic optical spectfa.

This small distortion gives rise to the presence of a small In Fig. 1 we compare the calculated isotropic XAS spectra
single-ion anisotropy and dipole-dipole interactions. Such awith the experimental isotropic spectrum of a 20 monolayer
magnetocrystalline anisotropy favors ferromagnetic sheets dfim of NiO (100 collected atT=298 K. The spectra are
spin (111 planes which are antiferromagnetically stacked indominated by the g core-hole spin-orbit coupling which
(111) directions. In total there are 24 domains possible. Fousplits the spectra roughly into two parts, namely the(hv
principle so-calledT domains correspond to the possible ~852 e\) andL, (hv~870 e\) white line regions, sepa-
(111) directions which are themselves divided into thie rated by about 18 eV. The line shape of the spectra depends
domains corresponding to the three possitlé-2) direc- strongly on the multiplet structure given by the various Cou-
tions, and domains corresponding to a reversal of these splomb and exchange interactions and crystal-field splittings.
directions. In the presence of all these domains no MLD idn Fig. 1(a), we show the XAS spectrum calculated for the
possible. However, for a thin film the influence of the surfaceNi2* ion in spherical symmetry, and in Fig(k in an octa-
and interface provide a net direction stabilizing certain do-hedral crystal field of 10 Dg1.65 eV. A Lorentzian lifetime
mains relative to others. For example, fofl®0 surface we broadening of 0.3 and 0.45 eV has been included for_the

Il. CRYSTAL, ELECTRONIC AND MAGNETIC
STRUCTURE OF NIO
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FIG. 2. Ratio of the two peaks in the isotropic Np-XAS
calculated for a Ni* ion in octahedral symmetry as a function of
the exchange field%J(S - ). The calculated function is given by
the dotted line and is compared to a linear curve given by the solid
line. The almost perfect linearity of the calculated function makes
this ratio to be a direct measure of the nearest-neighbor spin-spin
correlation function.
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FIG. 1. L, #XAS of NiO. Calculated isotropic spectrum for a
Ni2" ion: (a) in spherical symmetry(b) in octahedral symmetry
with 10 Dg=1.65 eV, and(c) in octahedral symmetry with 10 Dq
=1.65 eV and an exchange field 0k@7 meV. A Lorentzian life- be reproduced even better. We note that the exchange inter-
time broadening of 0.3 and 0.45 eV has been included folLthe action required to simulate the spectrum is aboxi28 meV,
andL, edges, respectively. The experimental isotropic spectddm which is higher than the ground-state value of1® meV.
is taken from a 20 monolayer Ni@OO) film at T=298 K. The inset ~ As pointed out in an earlier papbgr',28 for the orbitally de-
shows the calculated influence of the exchange field on the lingeenerate case, the influence of the exchange field is visible
shape of the, white line in detail. only for the final state, so it is this field and not the ground-

state exchange field which is measured.
andL, edges, respectively. The influence of the crystal field To facilitate the extraction of information concerning the
on the spectra can be clearly seen, and the value used for 18tal exchange field, we will now look for a characteristic
Dq reproduces apparently quite well the experimental speGsignature in the XAS spectrum which has a simple relation-
trum depicted in Fig. @). ship with the exchange field. A natural choice of course, is to

In Fig. 1(c) we show the calculated spectrum in the pres-ake the ratio between the two peaks of thespectrum as
ence of an exchange field, which acts only on tliespins,  described above. We calculate this ratio as a function of the
keeping the 10 Dq value of 1.65 eV. The exchange field felinagnitude of the exchange energy and the results are shown
by the Ni** ion is taken to be the total effective exchangein Fig. 2. We find an almost perfect linear relationship, so
field summed over the six nearest neighbors 828 meV.  that this ratio can indeed provide a straightforward measure
From a comparison with Fig.(tt), we can see that the influ- of the exchange field, which in turn is directly related to the
ence of the exchange field on the isotropic spectrum is relanearest-neighbor spin-spin correlation function, since the ex-
tively small, which is not surprising since the exchange fieldchange field is given by(S=;S;). Note that we have used
is very much smaller than the various Coulomb interactions—,m exchange field which acts on thd me Qn|y, and that a
and crystal-field splittings. Nevertheless, this influence canmagnetic field will give a different relationship.
not be neglected: exchange fields introduce off-diagonal ma- AJl the above spectra are isotropic, i.e., calculated for un-
trix elements between various multiplets in the final statepolarized light. This demonstrates that exchange fields and
and will cause an appreciable amount of transfer of spectrajearest-neighbor spin-spin correlation functions are measur-
weight, especially between those multiplets which are closgple even without the use of polarization-dependent effects.
in energy*? And indeed, this effect can be observed quitelf a material is magnetically ordered, then an XAS study
easily as a change in the line shape ofitheedge spectrum: using linearly polarized light can provide another opportu-
the inset of Fig. 1 shows that the applied exchange fielthity, namely the measurement of the long-range order pa-
transfers spectral weight from the higher lying peak at 871.5ameter. The dependence of the XAS spectrum on the angle
eV to the lower lying peak at 870.2 eV of the double-peakg between the polarization vector and the easy direction of
structured., white line. These peak intensity changes are ofthe magnetic moment can be expressed as
order 10%, and can be unambiguously detected in an experi-
ment, since XAS spectra can be recorded with a noise-to- © ©) @
signal ratio and a reproducibility error of less than 0.5%. Inlmg(®,6,.3)=1(w)+ 83 (,d)+ (3 cog6— 1)1 (w,J),
fact, we now can see that the experimemtgalwhite line can 1)
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wherew is the photon energy antlis the effective exchange ' '
parameterl (°)(w) is the isotropic spectrum in the absence of 12 ‘ 20MLNiO ]
an exchange field, anél (hﬁé(w,.]) represents the change in it 0=10°

due to the presence of an effective exchange field, thereby Lor A
probing the nearest-neighbor spin-spin correlation function. e 8 = 40°

The angle-dependent term (3 éesl)lf,ls(w,J) is propor- 508y 0=50° |
tional to the expectation valuéMZ—31S(S+1)) in the § 06 1 g:gg: |
ground staté, and this MLD effect in the XAS therefore & ' 9 = 80°
measures the long-range order parameter. To measure the 2 | 8=90° |
nearest-neighbor spin-spin correlation function, it is most =1

convenient to take the XAS spectrum at the magic angle, for &

which the (3 co%—1) term vanishes. The sum ovbf, of 02 )
81X (@,3) and of I{f)(,J) are both zero, and so, at high 00

temperatures, one retains only the exchange independent part ' . .

of the isotropic spectrurh®(w). 870 875

ENERGY (eV)
IV. EXPERIMENT

FIG. 3. Polarization dependence of the Nj-XAS of a 20

The XAS experiments were performed at the AT&T Bell monolayer Ni@100 film at T=298 K. @ is the angle between the

Laboratories Dragon beamlitfeat the National Synchrotron (100 surface normal and the electric vector of the linearly polarized

Light Source. The degree of linear polarization was meals'gzt(;trmf Zﬁf;:a”ifargm"’r‘gizserg S;;hsefgztsgsaéz of ltheedge
sured to be~98.5%. The spectra were recorded using the P ' 9 '

total electron yield method and the accuracy of the angle . | . N
definition is estimated to be within 1°. Part of the deggg. M@l incidence of the light, i.e/=90°. The data are shown

7) have been recorded at the SA-22 beanifiné the LURE in Fig. 4. The temperature dependence of the XAS line shape
Super-ACO storage ring in Orsay, France. is very strong, with changes in peak intensities of the order

Preparation of the samples were carried out at the Univer2f 25%. It is remarkable that ab0\7é= 473 K the tempera- .
sity of Groningen. The thin NiO films were epitaxially ture dependence seems to disappear completely, suggesting

grown, in a layer-by-layer fashion, on a single-crystal Mgothat the observed linear dichroic effect is of magnetic origin
(100 with NO, as an oxidizing aéent using a method de-and that the temperature around 473 K can be identified as

scribed previously* Both NiO and MgO exhibit the face- the Neel temperature of this NiO film. o
centered-cubic rocksalNaCl) crystalline structure, with lat- InFig. 5 Wg Sho"‘c’ja m(C)jre ext;anhswe ,S;fa\osf polarlzatlonaand
tice constants of 4.176 and 4.212 A, respectively, resulting iﬁem_pe_rature- ependent ) ata of the [Nt , represente

a 0.85% lattice mismatch. Films with 5, 10, and 20 mono-39a&N I terms of the ratio between the two peaks oflthe

layer thicknesses were made, and the thickness and samm’ ite line. Reproducibility is demonstra_\teq by the two sets
characterization was done by reflection high-energy electrofl measurements at room temperature indicated by open and

diffraction. After the preparation, the samples were taken Oufnarked circles obtained before and after, respectively, heat-

of the UHV chamber and transported to the synchrotron falNg up t0T=528 K. It is important to note that the linear

cility. This can be done without damaging the properties of
the NiO thin films, since the NiCL00 surface is known to
be very inert? e.g., a Ni@100) surface exposed to air still
shows a low-energy electron-diffraction pattern. In addition,
XAS in total electron-yield mode is a relatively bulk- 0.8
sensitive detection technique with a probing depth of more
than 50 A for wide band-gap insulators like NiO.

1.0 20 ML NiO

0.6

V. RESULTS AND DISCUSSION

0.4
In Fig. 3 we show the NL,-XAS spectrum of a 20 mono-

layer NiQ(100 film measured at room temperature as a func-
tion of the angled between the polarization vector of the 02
light and the(100 surface normal. For clarity, the spectra are
normalized at the first peak of the double-peak structired 0.0 :
white line (if normalized to the incoming photon flux, the , .
integrated intensity of the two peaks is a constafle spec- 870 875
tra exhibit clearly a very strong polarization dependence. The
linear dichroic effect, taken as the change in the ratio be-
tween the two peaks, is of the order of 40%. FIG. 4. Temperature dependence of the INFXAS of a 20

To investigate the origin of the linear dichroism, we mea-monolayer Ni@100) film taken at normal incidence of the linearly
sured the temperature dependence of thé Nedge at nor-  polarized light ¢=90°).

INTENSITY (arb. units)

ENERGY (eV)



57 TEMPERATURE AND THICKNESS DEPENDENCE P. . . 11 627

T T T T T T T T T T
3L Y T=195K i
® T=298K 1.14
O T=298K
12F 4 T=373K |
0 T=423K 112
® T=528K
1
o ! 9 1.10 —
=) =
3 =
~o10
5 108 .
0.9
1.06 o 4
— theory
0.8 O exp. powder LA
: 1.04 | ®  exp. 6 =55°for 20 ML NiO -
0.7 \ . . : L L L L . L . 1 . 1 . 1
0 10 20 30 40 50 60 70 80 90 0.4 0.6 0.8 1.0 1.2

0 (degrees) T/TN

FIG. 5. Pola_lrization_and temperature dependen(_:e of th_e ratio of g 6. Temperature dependence of the ratio of the two peaks in
the two peaks in the Ni,-XAS of a 20 monolayer NiQLOO film.  {he jsotropic XAS spectrum at the i, edge. Filled circles: data
6 is the angle _between th(a_OO) sgrface normal and th_e electric t5xen from a 20 monolayer Ni@OO) film (Ty=470 K) measured at
vector of the linearly polarized light. Reproducibility is demon- {na magic angle {=54.7°). Open circles: data taken from a NiO
strated by the two sets of measurement¥-a98 K, taken before 4y ger sample Ty=520 K). The full line is a theoretical estimate

and after heating up to 528 K, and indicated by open and markegy, the temperature dependence of the nearest-neighbor spin-spin
circles, respectively. The set of full lines are fits to the data as.grelation function(S - S,), see text.

described in the text, showing the (3 €8s 1) angular dependence.

Note the temperature dependence of the magic-angle d&ta (5,4t the |ocal exchange field and the nearest-neighbor spin-
&;Al"t?e%sgg::;%’szag%agnce of the angle dependence above @gin o relation function. To the best of our knowledge, there
N ' is no calculated result describing the nearest-neighbor spin-
. ) spin correlation function for aB=1 antiferromagnet. There-
dichroic effect comple_tely disappears for the measurement®re, we tentatively compare the data bel@y with a mo-
taken atT=528 K. This demonstrates that the strong linearjecylar field calculation using the Brillioun functionS(
dichroic effect cannot be caused by the lowering of the— 1), and the data abovEy with the short-range order pa-
point-group symmetry at the surfac®4y), which is fully  rameter calculated using a constant coupling approxim&tion
consistent with the fact that thtA, state in Q, symmetry is  (S=1/2). The average of the local magnetic moment is then
not split inDyy, . For further analysis, we have also drawn in scaled at the el temperature to 0.295. The result is in-
the figure a set of lines, which are fits to the experimentakjuded in Fig. 6, and gives a surprisingly good fit to the data.
data and which have tha(T)+b(T)(3 co$¢—1) form as To verify that @ is the only geometrical parameter of in-
given by Eq.(1) for the theoretical angular dependence ofterest for the observed MLD in the NiO films, and to relate
the XAS spectrum. The good correspondence indicates thghe MLD to the magnetic domain structure of the thin film,
the observed linear dichroism is closely related to the longywe have also investigated tlimuthalangular dependence
range magnetic order parameter, since this also has the the NiL,-XAS. Figure 7 show the spectra taken at room
(3 cog6—1) dependence. temperature for a 30 monolayer NiDO) film at normal
Another remarkable result from F|g 5 is that at the magicincidence 6:900) for four different azimuthal ang|e$
angle (#=54.7°, 3 co$9—1=0) the temperature depende_nce =—45°, 0°, 45°, and 90°. The absence of any azimuthal
of the XAS spectra does not disappear. As explained in thgngular dependence can be clearly seen, suggesting strongly
theoretical section, we can relate these changes in the isotrgxjal symmetry of the domains. This is not inconsistent with
pic spectrun{ 81 (})(w,3)] to changes in the exchange field. the domain structure of the thin film, in which, via the do-
Therefore, the magic-angle data provide a direct measurenain structure of bulk NiO, we can get thez2+1+1) set
ment of the temperature dependence of the nearest-neighbok possible spin directions to form an easy axisto the
spin-spin correlation function. To further confirm this analy- (100 surface.
sis, we have also carried out an XAS experiment on a NiO In Fig. 8 we show a comparison between the experimental
powdersample at various temperatures, which should proand theoretical angular dependence, at normiaiq0°) and
vide the temperature dependence of a true isotropic spegrazing (#=15°) incidence. Simulation of the experimental
trum, without being disturbed by any form of linear or cir- spectra has been carried out with the atomic crystal-field cal-
cular dichroism. The results are shown in Fig. 6, togetheculations as outlined in the theoretical section, and with the
with the magic-angle data of the 20 monolayer film from Fig.same parameters as has been done for the isotropic spectrum
5. After a normalization of the temperatures to the propein Fig. 1(c), i.e., 10 Dg=1.65 eV and an effective exchange
Neel temperatures of the two systems, we can find an exceknergy of 6<27 meV. A sum over the above-mentioned
lent correspondence between the two sets of data. This deriz=2*+1*1) set of possible spin directions has been taken.
onstrates clearly that XAS can provide direct informationThe agreement between theory and experiment is very good,
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FIG. 7. Azimuthal angle dependence of thelNFXAS of a 30
monolayer Ni@100 film at T=298 K. The spectra are taken at
normal incidence of the linearly polarized ligh@€90°) for four
different azimuthal anglesg(=—45°, 0°, 45°, and 90°). The simi-
larity of the spectra indicates axial symmetry.

especially for the NL, edge. The comparison for the Nj
edge is not as good due to saturation efféttir which
corrections have not been made here.

In Fig. 9 we show the experimental ratio of the two peak
in the NiL, edge at normal incidenc&&90°) as a function
of temperature. Very recently, a similar temperature depe
dence has also been observed for bulk NiO, using x-ray ma

experiment 20 ML NiO
— theory

860
ENERGY (eV)

830

FIG. 8. Theoretical and experimental polarization dependenc
of the Ni L, XAS of a NiO(100 thin film; (@) #=90°: normal
incidence of the linearly polarized light, i.e., electric vector in
plane, andb) #=15°: grazing incidence, i.e., electric vector out of
plane. Theoretical spectfaolid line) are calculated for a Ni* ion
in octahedral symmetry with 10 Bgl.65 eV and an exchange field
of 6xX27 meV, and summed over the 2,+1,+1) spin directions.
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FIG. 9. Comparison of temperature-dependent XAS and
neutron-diffraction data. Solid circles: the ratio of the two peaks in
the Ni L,-XAS of a 20 monolayer NiQ0O film (Ty=470 K),
measured at normal incidenc@=90°). Open circles: magnetic
moment obtained by neutron diffraction on bulk NiDy=520 K)
from Ref. 35. Thin lines are guides to the eye. XAS measures the

gJuantity (M%H+X(S-S;), while neutron diffraction probes the

quantity (M)2. The inset shows, using a mean-field approach, the
theoretically expected different behavior @%12) and (M)? with
temperature, where both quantities have been normalized to 1 at

g’I=/TN=O and 0 afT/Ty=1.

netic scattering? For comparison we also show in Fig. 9 the
data from neutron-diffraction experimerifsin which (M)?,

i.e., the square of the local moment, is probed. Clearly this is
quite different from our XAS results which, as pointed out
above, are a measure of the sum of two contributions,
namely a MLD part which is proportional tM?2) and an
exchange field part which scales wilfS .S;). It is interest-

ing to note that theoretically one could already expect to find
a different temperature dependence{fot?) as compared to
(M)2. Within the molecular field theory, the first quantity is
giver? by (M?)=J(J+1)+(M)coth(1/2), while the second
quantity is given by(M)?=J?B3(J/t), whereB; is the Bril-
louin function andt is the reduced temperatukg T/gugH.
Their different behavior with temperature is shown in the
inset of Fig. 9, where both curves have been normalized to 1
atT/Ty=0 and 0 afT/Ty=1.

Until now we have focused on the, edge as far as the
analysis of the experimental data are concerned. Yet, from
the theoretical point of view, we would expect also a similar
polarization and temperature-dependent behavior for the
multiplets of theL; edge. Applying the same procedure as
done for thel, edge, we plot in Fig. 10 the ratio between the
L; main line and its shoulder for the 20 monolayer film at
various temperatures and polarization angles. For high
angles, i.e., close to normal incidence of the light, the data

A Lorentzian lifetime broadening of 0.3 and 0.45 eV has been apare quite similar to that of the, edge as shown earlier in

plied for theL; and L, edges, respectively. Experimental spectra
(dotg are taken from a 20 monolayer Ni@O film measured at
T=298 K.

Fig. 5. For low angles, however, theg-edge data are mark-
edly different. This can be attributed to saturation effects,
caused by the fact that, for strong absorbing lines such as the
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FIG. 10. Polarization and temperature dependence of the ratio of FIG. 12. Temperature and thickness dependence of the ratio of
the two peaks in the N_|_3_XAS of a 20 mono|ayer N|a_oo) film. the two peaks in the NLZ-XAS of NIO(ZI.OO) thin films, taken at
0 is the angle between th@00) surface normal and the electric hormal incidence. Nel temperatures of =295, 430, and 470 K
vector of the linearly polarized light. The set of full lines are fits to can be found for the 5, 10, and 20 monolayer films, respectively.
the data as described in the text, showing strong saturation effect@v
especially at grazing angles of incidence, on top of the (3¢:e%)
angular dependence.

hile the agreement is satisfactory, the analysis also show
that it is more elaborate to extract information concerning the
long-range magnetic order and nearest-neighbor spin-spin

- . . correlation function from the NL; edge.
L; main line, the effective absorption depth becomes com- |1 is interesting now to use MLD to study the thickness

parable to the escape depth of the electrons detected in t'&%pendence of the magnetic properties of (4@) thin
total-yield method, especially at very grazing angles offims. In Fig. 11 we present the,-edge data for a 5, 10, and
incidence'® The temperature and angle dependence can bgo monolayer film, taken at room temperature. The linear
fitted using the same function as for the edge, but now dichroic effect for the 10 monolayer film is much reduced in
including a term describing the saturation effects: the fullcomparison with the 20 monolayer film, while it has disap-
lines shown in the figure are fits of the forra(T) peared completely for the 5 monolayer film, indicating that
+b(T)(3 cogd—1) (d+\;sind)/(d+A,sind), whered is the  this very thin film is in the paramagnetic state at room tem-
electron escape depth ang, \, are the absorption length of perature. In Fig. 12 we now show the temperature depen-
the first and second peak, respectively, of theLNiedge. dence of the_,-edge peak ratio for the three NiDO) films,
all taken at normal incidenced&90°). We can clearly ob-

13 N — serve that the N&l temperature is a strong function of the

layer thickness, going from 520 K for the bulk to 470, 430,

NiO T=295K and 295 K for the 20, 10, and 5 monolayer films, respec-
2L ; 1%1\1\% i tively. This Ty dependence of antiferromagnetic films on the
A ML layer thickness has been observed before, both
experimentally®~*3and theoretically>*° Using a mean-field
o LI} _ approach, it has been found for the Rease that the bulk
£ o Neel temperature is reached to within 4% for a nine-layer
. ® o o o film.3® For the NiO case, however, we find reductions of
g 10t . 10% of the bulk Nel temperature for films as thick as 20

monolayers. This may be due to the different crystal struc-
ture. In the rocksal{NaCl) structure, the nearest-neighbor
09 | . (100 layers are not or hardly coupled via the superexchange
interaction because of the 90° Ni-O-Ni bonds, while the

4 next-nearest-neighbor layers are only coupled by one Ni-
0.8 I O-Ni 180° superexchange path. This means that the consecu-
0 10 20 30 40 50 60 70 80 90 tive (100 layers are rather weakly coupled to each other.
0 (degrees) One may therefore expect that the bulkéNeemperature is

o , ~ reached only for fairly large NiO thicknesses, perhaps for
FIG. 11. Polarization and thickness dependence of the ratio Oébout 30 or more monolayers.

the two peaks in the NL,-XAS of NiO(100 thin films, taken at

room temperatured is the angle between th@00 surface normal VI. CONCLUSIONS

and the electric vector of the linearly polarized light. Note the dis-

appearance of long-range order at room temperature for the 5 To conclude, we have carried out an XAS study at the Ni
monolayer film. L,3; edges of NiO thin films, grown epitaxially on
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MgO(100). We have shown that linear polarized XAS can benot only below but also above the magnetic ordering tem-
used to measure both the long-range magnetic order and tiperature.

nearest-neighbor spin-spin correlation function. Temper-

ature-dependent MLD measurements reveal that thel Ne

temperatures of the thin films are strongly reduced from the ACKNOWLEDGMENTS
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