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Evidence for in-plane antiferromagnetic domains in ultrathin NiO films
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Ultrathin films of NiO grown on Agl00 were investigated by photoemission microscopy. To image
antiferromagnetic domains, linearly polarized light from an insertion device was used. The micrographs re-
vealed lateral changes of the spectral line shapes ofh#h8toemission spectrum which were confirmed by
taking full spectra with a lateral resolution of 150 rimicrospectroscopy These changes indicate the pres-
ence of antiferromagnetic domains which can be distinguished because the magnetic nfontamtgonents
thereoj are either collinear or perpendicular to the electric field vector of the linearly polarized light.
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The formation of magnetic domains is a common behav+his discrepancy. Therefore experimental evidence on AF do-
ior of magnetically ordered materials. Though usually assomains in ultrathin films is highly desirable.
ciated with ferromagnetic materials, where domain formation In a ferromagnet the multidomain state can be character-
reduces the magnetostatic energy of a sample by reducing aed by a reduced or vanishing macroscopic magnetization. F
avoiding large stray fields reaching out into the environmendomains are commonly detected by performing a spatially
of the sample, domain formation occurs also in antiferromagresolved experiment which reveals contrast due to the non-
netic materials. As for ferromagnets, an antiferromagnetiovanishinglocal magnetization. These methods do not work
domain is defined as a region in a crystal in which the patterfior AF domains where also the local magnetization vanishes.
of magnetic moments is periodic in all three directions ofObservations of AF domain ordering in transition metal
space. An example is Cr, whose magnetic moments are pafonoxides have been made by neutron- and x-ray-scattering
allel to the 100 directions, so that three different domains arénethods as well as linear birefringerfcé. The two latter
possible. In the present study we address the case of Nicnethods in principle depend on the lattice distortion incurred
For bulk material, magnetic moments are aligned ferromagPy AF order. BelowTy the antiferromagnetic ordering re-
netically within 111 planes, with antiferromagnetic align- sults in a slight rhombohedral deformation of the crystal,

ment of subsequent 111 planes. This leads to four differervhich comes about by a contraction of the original cubic unit
possible domainsT domains. Furthermore, there is a three- cell along the 111 axes: In the AF ordered state the spacing

fold axis in the 111 planes, which leads to three differentbet\"’een subsequent AF aligned ferromagnetic planes s re-

domain types within eachi-type domain. Considering also duced. A domain can be considered as an optical uniaxial

spin reversal. in principle 24 different domains are OSSibIecrystal, with the optical axis coincident with the axis of con-
pIn /NP pie : . POSSIDIE, 2 ction. Different domains and walls between them can be
Antiferromagnetic domain walls result either if there is a

. " s made visible in 20Qum thin crystal by transmitted polarized
rothon of the direction O_f the moments within t_he ferromag-"ght_ The crystallographic distortion can also be detected
netic sheets § walls) or if there is a change in crystallo- girectly by x-ray diffraction. For ultrathin films these meth-
graphic orientation of the ferromagnetic sheefswalls). s are difficult to use because it is not clear to which degree

Domains in antiferromagnets have recently been considgyrface andj/or interface anisotropies will lead to a differently
ered in the context of exchange biasing, which is used t@rdered AF state compared to the bulk.
modify the hysteresis loop of a thin ferromagnetic layer by we report here an attempt to investigate the spin orienta-
exchange coupling to an antiferromagnetic laydihe un-  tion in ultrathin NiO films directly in a spatially resolved
compensated spins of the antiferromag#gt) at the inter-  way by exploiting linear magnetic dichroism in photoemis-
face to the ferromagneti@) layer do not, or only to a small sion. Linear dichroism in general requires no net magnetiza-
degree, experience the effect of the external field, so that thiéon, but may show up in terms of different optical or spec-
exchange coupling between the AF and F spins at the intetral properties depending on whether the polarization vector
face leads to a hysteresis loop shifted along the field axisf the light is parallel or perpendicular to the preferred spin
The observed exchange fields, i.e., the magnitude of therientation. In photoemission, this type of dichroism has
magnetic field shift, tend to be smaller than may be estimatetieen observed for the F@ Zpectrunt, and calculations ex-
from the number of spins and the coupling strength at thést for other material§.Photoabsorption experiments on ul-
interface. Antiferromagnetic domains may be one cause foirathin NiO films have been reported by Vogahd Alders
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et al®1% Here, a preferred spin axis was imposed by thin
film epitaxial growth on Mg@100) single crystal substrates.
From a detailed analysis of tHZp absorption edges it was
concluded that in such thin film samples only domains with
spin directiond +2, =1, +1] were present. The experimen-
tal line shape for the 2;,, absorption edge consists of two
peaks, separated by about 1.5 eV, and under normal inci- T T
dence the lower-energy peak is higher than the higher-energy 30 20 10 E
one if only domains of this subset are present. Angle- binding energy (eV)
dependent studies showed a reversal of this intensity relation
for grazing incidence, where the spin moments have a large

intensity (arb.u.)
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projection on the electric field vector of the incoming light. 2300
The experiments reported here were performed on the <
ESCA Microscopy beamlifé? at the ELETTRA synchro- 5250
tron radiation source in Trieste, Italy. The light emitted by a 3200

4.5 m, 56 mm period undulator is dispersed by a spherical £
grating monochromator in the 200—1000 eV photon energy §1%0

range. This beam is focused by a Fresnel zone plate to a
microspot of about 120—150 nm diameter. The specimen is

mounted on a piezodriven scanning stage, which provides 8

movement of the sample with respect to the photon beam. A <

100 mm mean radius hemispherical analyzer, equipped with §6°

multichannel detection, collects the photoelectrons emitted 3 |

from the microspot, with an overall energy resolution of 0.3— §40

0.5 eV. Because of the photon energy dependence of the S0 ) . ) . ! . ; .

zone plate focal length, refocusing is required when the pho- 868 870 872 874 876
ton energy is changed. However, during the acquisition of photon energy (eV)

the absorption spectra, the zone-plate—sample distance was

not changed, because the change in focal distance is negligi- F/G- 1. (@ Photoemission spectrum of the valence band and
bly small for the energy interval of interest. shallow core levels of NiO grown on A§00), taken with 497 eV

The present study was performed on NiO films grown in al;r(l)fatgy polarized photons under normal incidence; emission was

UHV chamber connected to the microscope equipped Wiﬂbrown
low-energy electron diffractiodLEED) and Auger spectros-
copy on Ad100 single crystal surfaces as described by
Marre et al>1* The lattice constant of Ag is smaller than shows that the onset of the emission is below the Fermi
that of NiO by 2.05%, which allows for good epitaxial level, demonstrating the absence of metallic Ni or Ag spe-
growth of NiO on A¢100). Prior to deposition, the Ag crys- cies.

tal surfaces were cleaned by sputtering and annealing, and Another criterion for the formation of NiO is the Np2
exhibited a high contrast LEED pattern. Sample cleanlinesabsorption spectrum shown in Figihl, which also exhibits
was checked by Auger spectroscopy. Ni was evaporated bye characteristic features of NiO, a so-called white line with
electron beam heating of a Ni rod. Calibration of the evapoa satellite at the @5, edge and a double peak at thp;2
ration rate by taking a series of Auger spectra yielded a valuéhreshold. Figure (t) shows an absorption spectrum of the
of about 0.8 monolayers Ni per minute. For growing NiO 2p,;, edge under normal incidence. We note that the higher-
films, an Q pressure of 10° mbar was established in the energy feature has about the same intensity as the lower-
deposition chamber before starting depositiomith the  energy one. This is in contrast to the results obtained by
evaporator in operation, but the shutter clgs&@uring depo-  Alders et al® in normal incidence measurements on films
sition the sample was at room temperature. The films showegrown on MgO.

a LEED pattern similar to those of the substrate crystals, and The aim of the microscopy experiments was to investigate
Auger spectra showed only Ni and O in a ratio consistentvhether photoemission or absorption spectra obtained from
with NiO. For the experiments reported here the azimuthabmall areas show changes with lateral position which would
orientation of the Ag crystal was such that the electric fieldindicate different orientations of the magnetic moments. We
vector of the linearly polarized light was parallel td@ll] first used the contrast mechanism described above for pho-
direction in the Ag100) surface. As a discriminative crite- toemission. In those experiments, the eghotoemission
rion for the formation of NiO we use the valence band pho-spectrum was found to be different depending on whether the
toemission spectrum, which is displayed in Figa)l This electric field vector of the light was parallel or perpendicular
figure shows all the features characteristic for NiO: A largeto the orientation of the magnetic momen®eversal of the
narrow peak of primarily Nd character at 2.3 eV binding magnetization does not affect the spectrum. The dichroism,
energy(BE), a broad band of mixed Ni-O pcharacter ex- i.e., the difference of the spectra normalized to the sum,
tending to about 13 eV BE, and finally the @ 2mission shows for the case of Fe a characteristic W-like shape. As
feature 22 eV BE>!® Comparison to a metallic sample became apparent from calculations, this comes about be-

the surface normafp) Ni 2p absorption spectrum for NiO
on Ad100), taken with a largg200 um) light beam diam-
eter.(c) Detail of Ni 2p,,, absorption spectrum.
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FIG. 2. Photoemission images taken with different portions of 10 |
the Ni 3 photoemission spectrum excited by 497 eV linearly po-
larized photons(a) binding energyEg=67.2 eV;(b) Eg=69.5 eV.
The scale bar represents a length ofudB. Circles show areas used
for photoelectron intensity determination for various kinetic ener-
gies(see Fig. 3.
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cause emission from the; = + 3 sublevels which appears at
the upper and lower edges of the 3 multiplet, have differ-
ent intensities than the, = + 1 sublevels which appear with 1 f1 M .
intermediate binding enerdy'° In the simplest approach, 80 75 70 65
one assumes that the main effect of the incompletely fillec binding energy (eV)

3dshell is to split them; levels in a Zeeman-like fashidr.'® _ o _ _

The j=1 sublevel does not show any or only a sriddi- FIQ. 3. Nidp pho_toewssmn sp_ectra_l from different regions of
chroism. While this picture seems to capture the essentieg1e micrograph of Fig. Zmarked with circles Spectra shown in

. . . I . Tull and dashed were taken on the middle left and right region of the
features for metallic systems, the situation for NiO is obvi- u . ) !
ously not well describ):ed since all core level spectra sho pample, respectiveiyb) Asymmetry derived from spectra i@

S . 16 . . V\fsmall dots and full line representing a spling,fand from inten-
distinct satelliteg® Nevertheless, referring to the calculation sities of the two regions in a series of images obtained with differ-

by_ThoIe and van .d.er Ladrfor a d° system as a startl_ng ent kinetic energy photoelectrofigrge dots and dashed line
point, one may anticipate that the largest effect of the linear
magnetic dichroism of domain imaging to be used occurs oIFig. 3(b) shows a difference spectrum extracted from a series
the low binding energy side of thgp photoemission spec- of images(filled circles taken with different binding ener-
trum. gies over the @ spectrum by integrating over areas at the
We acquired photoelectron intensity images of various remiddle left and upper right. This spectrum is similar to the
gions on the sample using light focused to a spot of abouglichroism spectrum derived from the full spectra, even
150 nm. The images consisted of 26866 pixels which  though the magnitude of the dichroism is smaller in the data
covered an area of 6464 um? The photon energy was set derived from the series of images. This is consistent with the
to 497 eV. At the time of the experiment, image acquisitionbetter energy resolution achieved in the spectra compared to
in the photoemission microscopy mode was performed byhe imaging.
measuring the count rate of the spectrometer as pixel inten- Additional evidence for the presence of AF domains is
sity while scanning the sample using the piezodrives. Withderived from absorption specti@easured by total yie)d
the pass energy used, the energy resolution was about 1ffom different 150 nm spots on the sample which are pre-
eV. The kinetic energy was set to different values, coveringsented in Fig. 4. The area analyzed here cannot be related to
the Ni 3p photoemission peak. Figuréa shows the photo- the area of the photoemission micrographs in Fig. 2, since
emission image obtained with 429.8 eV kinetic energy phothe sample had to be removed from the beam for focusing at
toelectrons(67.2 eV binding energyEg).One can see a 870 eV photon energy. Figure 4 shows that spectra from
bright area in the middle on the left of the image. Figufl®)2 different spots have a different intensity ratio of the low to
shows an image of the same area, but now acquired usin@e high photon energy absorption features at 871 and 872.3
photoelectrons with binding enerdgs=69.5 eV. Here, the eV. This difference is qualitatively similar to the dichroism
same area appears dark, while the region in the upper righixpected for the light polarization being either parallel or
corner is now brighter than in the previous image. We asperpendicular to the magnetic momehtShe magnitude of
cribe this to different preferential spin orientations in thethe dichroism, however, appears to be smaller than that ob-
sample, i.e., to different domains. served by Alder®t al® The presence of differefit domains
Figure 3 shows full photoemission spectra taken with awithin the spot of 150 nm appears unlikely since this size is
small light spot in different regions of the image of Fig. 2. of the order of domain wall thickness which is expected to be
Spectra were taken in the brigimiddle lefy and darkiupper  larger than for ferromagnef8.The reduced dichroism may
right) regions of Fig. 23). The spectra and the normalized be caused by the finite film thickness of 16 monola$fec$
difference (asymmetry are shown in Figs. @) and 3b),  our sample which lowers the ktemperature, and therefore
respectively. One can clearly see a difference at the highleads to a reduced magnetic moment at room temperature.
energy flank of the Nif photoemission peak. In addition, = The experimental results show that different regions on

--®-- asymmetry (%)
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' " T ' T ments which are not possible in the microscope due to the
30 . short distance from the zone plate optics to the sample.
The orientation of the magnetic moments can be inferred
from the fact that a dichroism is seen in this particular ori-
entation. The azimuthal orientation of the Ag crystal was
such that its 110 direction, and consequently the 110 direc-
tion of the NiO film within the film plane was parallel to the
electric field of the incoming light. If the preferred direction
of the magnetic moments was the 100 direction, then there
would be no contrast between different domains, since both
differently oriented domains would have the same projection

N
(4]

-
[4)]

photo current (pA)
N
(=)

10 . of the magnetic moments on the direction parallel and per-
. . L . L pendicular to the light polarization.

870 872 874 In summary, we have shown by photoemission micros-

photon energy (eV) copy combined with highly spatially resolved spectroscopic

_ _ _ _ experiments that antiferromagnetic domains can be observed
FIG. 4. Detail of the Ni p,/, absorption at two different spots of iy thin (100)-oriented NiO films. They have a preferential
~150 nm diameter on the sample. orientation of the magnetic moments along {4 0] direc-

) ] ) tions within the film plane. This deviation from the orienta-
the sample are different with respect to the magnitude of thgion of the magnetic moments observed in bulk material is

projection of the magnetic moments on the direction of thegrobably due the combined influence of surface anisotropy
electric field vector. As the electric field vector was parallel 3nd the structural mismatch between substrate and film. Lin-
to the in-plang011] direction, the observed contrast is con- gar magnetic dichroism in photoemission as well as in pho-
sistent with the subset of domains suggested for NiO/MgOypapsorption appears to be a very powerful tool for the in-
One type of spectrum would then correspond to domaingestigation of antiferromagnetic thin films with respect to
with spin directiond =2,1,1)/[+2,—1,—1], the other td =2, ordering temperature, anisotropy, and the dependence of

—1,1)/[*+2,1,-1]. Our experiment does not provide direct inese properties on film thickness and morphology.
evidence on the magnitude of the projection on the surface

normal, i.e., we cannot rule out that the moments lie in the We thank E. Kisker for his continuous support. This work
sample plane, corresponding to directidifs1,1], etc. In  was supported by BMBF under Grant Nos. 05 621 PFA 7
principle this could be determined from the magnitude of theand 05 644 PFA 1 and by Deutsche Forschungsgemeinschaft
dichroism, or more directly from angle-dependent measuretDFG) within Grant No. SFB 166/G7.
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