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Magnetic contrast for the operation of a photoelectron emission micros@@g&M) with
synchrotron radiation is provided by magnetic dichroisms. Besides the most frequently employed
magnetic dichroism, magnetic circular dichroism in x-ray absorption spectroscopy, energy filtering
of photoemitted electrons allows one to also use magnetic dichroisms in photoelectron emission as
complementary contrast mechanisms. We demonstrate that it is possible to obtain magnetic contrast
in photoemission using PEEM equipped with a simple retarding field electron energy analyzer.
Magnetic domain images of an ultrathin film of 10 atomic monolayers of Fe @0, obtained

by three different contrast mechanisitwircular magnetic dichroism in x-ray absorption, circular
magnetic dichroism in Fe valence band photoemission, and linear magnetic dichroism jm Fe 3
photoemissionare presented and compared. 2002 American Vacuum Society.
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[. INTRODUCTION symmetric geometries, circular dichroism in photoemission

. . . . can be described in terms of relativistic selection rules for
Imaging of magnetic domains has contributed greatly to

our knowledge of micromagnetic phenomér@peration of transitions between exchange and spin—orbit split sfates.

- . (RE . In most other cases magnetic dichroism in photoemission
a photoelectron emission microsc EM with synchro- arises from interference getween transition mF;trix elements
tron radiation offers unique possibilities for magnetic domain

imaging? The most frequently employed magnetic contrastfor different polarization f:om'ponen"fcs". L .
In contrast to magnetic circular dichroism in absorption,

mechanism for this technique is the x-ray magnetic circular . i o . .
dichroism (XMCD) which is observed in the absorption of Wh_'Ch (for fixed hel|c.|t)o- depends iny on the relative orien-
soft x rays>* Due to excitation of spin-polarized electronic tation between the incidence of light and the magnetization

transitions from elemental core levels into the unoccupied!i'éction, magnetic dichroism in photoemission depends on
spin—split valence states by circularly polarized x rays, thé_he relatlve_ or_|entat|0n of three vectors. Thgse are the d_lrec-
x-ray absorption and hence the total number of electrond0n Of the incident x-ray beam, the magnetization direction,
emitted depends on the relative orientation of magnetizatio@nd the direction of the emitted electron. It is therefore also
direction and the helicity of the x rays. This information is termed magnetic circuldMC) or magnetic lineatML) di-
contained in the intensity of the total photoelectron yield, sgcnroism(MCDAD or MLDAD) in the angular distribution of
that no energy filtering of the photoelectrons is necessary tghotoelectrons. Including the electron emission direction can
observe the magnetic contrast. Further features of thigiduce a chirality in a geometry in which no dichroism
method are the moderate surface or interface sensitivity, th@ould be observed in absorption; in such a geometry the
possibility to use arbitrarily thick substrates including singlemagnetic dichroism would be averaged out in an angle-
crystals, and the element specificity of the observed magnetigtegrating photoemission experimefit® Angular resolu-
information. The last especially is an invaluable advantagdion in photoelectron detection is thus necessary to observe
considering the complex magnetic multilayered systems anthis kind of dichroism.
nanostructures which exhibit interesting phenomena such as To our knowledge, up to now magnetic dichroism in pho-
giant magnetoresistance, spin-polarized tunneling, spintoemission had been used in only two experiments as the
torque transfer, or spin injection. PEEM in connection withcontrast mechanism for imaging of magnetic domains. In a
XMCD has already been used successfully in a number ofnodified hemispherical electron energy analyzer with imag-
studies, for example, for layer-resolved imaging of noncol-ing capabilities circular magnetic dichroism in F@ 8ore
linear canted spin structures in Co/Cu/Ni trilayers. level photoemissioti and unpolarized magnetic dichroism in

If energy filtering of photoemitted electrons is possible, Fe 2p3/, core level photoemissidfhad been used to obtain
magnetic dichroisms which occur in photoelectron spectrosa magnetic domain image. Images in which linear magnetic
copy may be employed as magnetic contrast mechanismdichroism in photoemission was the contrast mechanism
Such dichroisms occur for various experimental geometriefave also been obtained from antiferromagnetic NiO using a
that involve circularly’~'°linearly°~*°or even unpolarized scanning photoelectron microscopetiere a focused x-ray
light,2°-2"and they can be observed in valence Bdrid—2%28  peam was scanned across the sample, while pNipBoto-
or core level photoemission specd®?1~2" For highly  electrons were detected by a standard hemispherical electron

energy analyzer. In both approaches the space between the

3Electronic mail: kuch@mpi-halle.de sample and entrance lens of the spectrometer is essentially
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whereE, is the true starting energy of the electrons, &hg sample (E+50 V)
is the accelerating voltage between sample and PEEM. o
depends approximately linearly on the size of the aperturglG. 1. Schematic of the setup of the PEEM. The sample is excited by

and on the geometry of the microscope. A typical value issircularly or linearly polarized x rays, incident 30° to the sample surface.
' =3 mrad. Using this value and.,= 15 kV, the accepted The electrons emitted are accelerated towards the tetrode objective lens that

starting angle at the Samplejs31° for Eo: 0.5 eV, but only consists of three elementthe extractor, focus, and columrElectron tra-

70 e . . Lo jectories for electrons emitted from the sample by the maximum true starting
+3° for EO 50 eV. Thus, it may be pOSSIble, Worklng in that angle ay are also shown. The corresponding maximum apparent starting

range of kinetic energies, to use this angular resolution to g&fnglea ' is limited by the contrast aperture, located in the backfocal plane of
contrast from dichroisms in the angular distribution of pho-the objective lens. An intermediate image is created in the plane of the field
toelectrons. aperture, and further projected onto a fluorescent screen by a set of electro-

In this aricle we report magnetic domain IMAGING USINGS s e ciomens mybems s and s omee o e o ey
MCDAD and MLDAD as magnetic contrast mechanisms.filter. The voltages used in the present study are indicated. High pass energy
This is to our knowledge the first observation of magneticfiltering of the electrons at energyis performed by the retarding grid of the
domains using dichroism in photoemission with an immer-maging energy filter.

sion lens microscope. We are able to obtain magnetic con-

trast in the Fe valence band (Fead)3and in Fe 3 photo-
emission with a commercial PEEM equipped with a simple”' EXPERIMENT

retarding grid high pass electron energy filter. Magnetic do- The setup of our commercially available PEEHNS sche-
main images of an ultrathin Fe film on a(@01) single crys- matically depicted in Fig. 1. It is an all-electrostatic straight
tal substrate obtained by “conventional” magnetic imagingoptical axis microscope with an integrated sample stage and
using XMCD in absorption are compared to images obtaineé variable contrast aperture. The three element objective lens
at the same positions by energy filtering photoemitted &e 3 creates an image of the sample in the plane of the field ap-
valence electrons and Fe X ore electrons. These additional erture, which can be used to suppress stray electrons or to
magnetic contrast mechanisms provide complementary infolimit the field of view. An electrostatic octupole stigmator/
mation with respect to XMCD imaging: MLDAD using deflector allows correction of astigmatism and alignment of
p-polarized excitation is sensitive to the transverse compothe optical axis in any rotational direction.

nent of the magnetization vector, perpendicular to the light For the measurements presented here the instrument was
incidence azimuth, whereas XMCD only provides informa-operated at an objective lens extraction voltage of 3.36 keV
tion about the longitudinal component, along the light inci-and a contrast aperture of 136n diameter in the backfocal
dence azimuth. Dichroism in valence band photoemission iplane of the objective lens. This resulted ai=5.3 mrad
sensitive to specific details of the electronic structure. In adand a spatial resolution of aboutum. Voltages of the two
dition, varying the direction of linear polarization, sensitivity projective lenses were chosen to give a field of view of 155
on the magnetizatioaxis, not its direction, can be obtained, um. The relatively big aperture size and low extraction volt-
which may complement magnetic linear dichroism inage were chosen in order to increase the image intensity, at
absorptior?’ the expense of lateral resolution. Note that approximately the
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same angular electron acceptance would have been achieved

if we had used a smaller aperture of the instrum@0tum . 1.0~ =

diametey and maximum acceleration voltage of 15 Kk&f. 2

Eq. (). 508 7]
For energy analysis of the electrons, the instrument was g 0.6 _

equipped with an imaging energy filtérthat consisted of g

two additional lenses and two grids, shown in Fig. 1, which = 04 —

are operated as a retarding field analy2eFhe voltages of §

the lenses are set to achieve normal incidence of the elec- £ 02 N

trons on the grids, as schematically shown by the electron 0.0 | _|

trajectories in Fig. 1. The retarding grid was kept at a con- 110 112 114 116 118 120

stant potential of+50 V with respect to ground for the mea- kinetic energy (eV)

surements presented here. For the energy scans the sample

potential was scanned Et+ 50 V to obtain high pass images FiG. 2. Fe valence band photoemission spectrum of 10 ML Feow for

; ircularly o*-polarized excitation of 122 eV photon energy, acquired by
at energyE. Elecirons emitied at that energy passed thiigh pass filtering in the PEEM by an imaging retarding field analyzer. The

PEEM electron OptiCS ata C0|umr' er]ergy of 1390 eV, an rrow marks the energy to which the analyzer was set for acquisition of the
were decelerated to 200 eV at projective lens 2 before entetiomain image in Fig. ®).

ing the drift tube. In the imaging energy filter further decel-
eration by the retarding lens to 44 eV is achieved before the

electrons pass the retarding grid at zero kinetic energy. With

. . : gnalyzer was set to zero and the photon energy to the maxi-
these settings an energy resolution of 0.6 eV was achlevemum of the FeL , absorption(707 V). Here the image is
as is evident from the width of the cutoff in threshold pho- 3 P ) g

o i . . mainly created by low energy secondary electrons, which are
toemission spectra using a Hg discharge lamp. After |nten5|é1 measure of the local x-ray absorption. Figufe Blisplays
fication by a double multichannel plate, electron intensity Y ption. g play

images were recorded from a fluorescent screen by a charge. o grayscale the intensity asymmetry of images acqired
9 . . ' Oy 96+ opposite helicity of the circular polarization, defined as
coupled device cametaoutside the vacuum. Binning of

camera pixels corresponding to ¥%75 nnf was used for L! o ! “+]/[|”7.+|‘?+]' Different shades of gray_corre_-spond
. to different projections of the local magnetization direction
the images presented here.

Our sample was an ultrathin Fe film on(@02),%2 grown onto the direction of the incoming light, which was from

: . . bottom to top in Fig. 3. The exposure time was 3 min for
by electron beam assisted thermal evaporation from high pu- o . .
. . ; . each helicity, and the grayscale of the image was adjusted to
rity material at room temperature in ultrahigh vacutase

0 : X
pressure 10 ° Pa. The measurements presented heregg T 2 BRI BT 0 b emor
were obtained from Fe films of 10 atomic monolaybtL ) ; Y

thickness. Synchrotron radiation from the helical undulatorasymrnetry in images for different sample azimuth angles

beamline UE56-2 PGM2 at BESSY Il in Berlin was used’reveals that in these domains the magnetization is along the
which was incident to the sample at an angle of 30° from the

sample surface, as shown in Fig. 1, and 15° from[00]

azimuth. Linear or circular polarization could be selected by (a) hv =707 eV (b) hv=122eV
shifting the magnet structures of the undul&for.

[ll. RESULTS

Figure 2 shows a valence band photoemission spectrun T
for circularly o*-polarized light with photon energyv {
=122 eV. The spectrum shown was calculated as the deriva \
tive of an energy series of high pass image intensities. While §
scanning the sample voltage, images were acquired with 10
exposure time at each energy point. The photoemission spec
trum displayed was obtained by averaging the electron inten-

sity of these images over the whole field of view, and calcu+ic. 3. (a) Magnetic domain image obtained by magnetic circular dichroism
lating the differences in intensity between adjacent energyn absorption at the Fe; absorption maximuni707 eV). No energy filter-

steps. A broad maximum can be recognized between th89 of the electrons is performed here; high intensity low-energy secondary
; electrons carry information about the local absorption. White and black

Ferm'l'edge and about 3 eV bmdmg ene.rgy.. It rsepresent§ontrast corresponds to opposite magnetization directions at¢@d0] di-
transitions from Fe valence states on thaxis withA® and  rections, indicated by arrowtbh) Photoemission intensity asymmetry image
Al symmetry into unoccupied states ot symmetry. between images obtained with opposite helicity of circular polarization from

; ; ; P _ photoelectrons of 117 eV kinetic energy or higlief. the arrow in Fig. 2,
In Fig. 3@ we first show a magnetc domain Image, ob excited with 122 eV photon energy. The magnetic domain contrast in this

tained_ in the conventional way using XMCD in abs‘?rptiqn- image is due to the circular magnetic dichroism in valence band photoemis-
For this measurement the filter energy of the retarding fieldsion.

A Chvf 1100

absorption emission
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+[010] crystallographic directions of the @01 substrate, C
hv =122 eV Fe 3p

as indicated by the arrows.

We now turn to MCDAD as the magnetic contrast mecha-
nism. To do so, the photon energy is lowered to 122 eV, the
same value for which the spectrum in Fig. 2 was recorded,
and the high pass energy of the retarding field analyzer is set
to 117 eV. The electrons that create the image are thus the
photoelectrons from the high energy shoulder of the valence
band peak, as indicated in Fig. 2 by an arrow. Figufia) 3
shows the intensity asymmetry upon helicity reversal under
these conditions. Here the grayscale of the image spans 4.7% 55 60 65 70 75
asymmetry and the acquisition time was 11 min for each kinetic energy (eV)
helicity. The same domain pattern as that in Figa) 3s
clearly recognized, however with reverse contrast. Minor dif-7¢: 4- Fé 3 photoemission spectrum of 10 ML Fe(@l) for linearly
ferences in small domain details in Fig(bB WhiCh Was  Lormg i tas PEEM by an enaging rotarding hela amaivser ‘ot
acquired about 2.5 h after acquisition of Figa3and about  mark the regions where linear magnetic dichroism in photoemission is ex-
7 h after film preparation, are due to coarsening of the doPected. The solid line is a guide to the eye.
mains, which obviously was still a slow ongoing process at
room temperature. One such detail is the disappearance of
two small islanded white domains that are visible in Fig.the Fe film using XMCD in absorption as the magnetic con-
3(a). trast me_chanism. The photon energy was tuned to 707 eV,

In the present geometry, in which circularly polarized the maximum of the Fé 5 absorption line, and no energy
light is incident in the plane defined by the magnetizationfiltering of the photoelectrons was performed here. The gray-
and the sample normal, MCDAD in valence band photoemisScale of the image was adjusted to span 25% asymmetry. A
sion is caused by interference between matrix elements dpagnetization pattern with three different domains is ob-
the electric field vector parallel and perpendicular to theS€rved. characterized by white, black, and gray contrast.
surface?®2In F&(001), the former component of light polar- Quantltatlvg an.alyslls of the dlchrqlc qsymmetry .reveals that
ization excites only transitions from states witfi symme- the magnetlza_tlon_ n t_hese domains is aldag0) '”‘p'?”e.
try, the latter only transitions from states witit symmetry. crystallographic directions of the {01 substrate, as indi-

Dichroism is thus observed only in regions in whigh and cated by arrows.

- T . Having established the magnetic domain configuration,
A°® bands are sufficiently hybridized. Along th@01] direc- . 7 .
tion in bulk Fe, such h)ybri?j/ization occursgwhere] thiike V€ NOW turn fo the image obtained by MLDAD contrast in

A® minority band and asplike A* majority band cross just ;feiiifhggoi;nrs;?nbgt'\?vlg:rgﬁér?::)wsréhfogg()..tg,?g]rzs',%n,,
below the Fermi edge at about 3091.%* We conclude that y a5y y 9y red ’

hot ission f thi — . le f defined as I(;—1,)/(1,+1p). The grayscale of the image
|toh N o;m|55|gr:j. rﬁm- IS re%lciz It tshpace 'S retspon3| et-or gain spans 25% of this asymmetry, like that for the circular
€ observed dichroism, and that the Symmetry properies ;. ;¢ asymmetry of Fig.(®). The same domain pattern as
these bands give rise to the reverse contrast with respect to
the XMCD image in Fig. &).

A photoemission spectrum of the F@ 3egion, obtained
with linearly p-polarized light of 122 eV photon energy, is
presented in Fig. 4. Again PEEM and a retarding field ana-
lyzer have been used as the photoelectron detector, like whe
was described above in connection with Fig. 2. The e 3
photoemission peak can be recognized at an electron enerc
of 64 eV.

MLDAD in Fe 3p photoemission wittp-polarized exci-
tation shows up as a plus/minus difference in intensity al-
most symmetric to the center of the pedk!® In order to

y : the pedk . hvf [100]
make local MLDAD differences visible, high pass images
were acquired at 62, 64, and 66 eV electron energy. Here thi  circ. pol., absorption lin. pol., emission
total acquisition time of each of these images was 25 min . . . . _

. . Fic. 5. (a) Magnetic domain image obtained by magnetic circular dichroism

T_he c'llf'ferer'lcels between th.e images represent the phOtoem‘ﬁ'absorption at the Fk; absorption maximuni707 ey. White, black, and
sion intensity in two 2 eV intervals from 62 to 64 eV, and gray contrast levels correspond to three different magnetization directions
from 64 to 66 eV, labeled “a” and “b” in Fig. 4, respec- along the substratd 00 directions, indicated by arrowgh) Photoemission

tively Linear magnetic dichroism is thus expected to Sr.lov\)'ntensity asymmetry image between intensities obtained in energy regions
’ “a” and “b” in Fig. 4 for p-polarized excitation of 122 eV photon energy.

up as i.ntenSity asymmetry between i_ntenSities “_a" .and “D.” The magnetic domain contrast in this image is due to linear magnetic di-
In Fig. 5(a) we first show a conventional domain image of chroism in Fe ® core level photoemission.

o o =
o ) (=)

intensity (arb. units)

g
FY

(a) hv =707 eV () hv=122eV
30 um %
==

<
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that in Fig. %a) can be recognized, however with different and lower interfaces of a nonferromagnetic spacer layer
relative contrast. The black and white domains of Fig)5 sandwiched between two ferromagnetic lay&ré®
now exhibit similar dark contrast, whereas the surrounding There is no dichroism upon magnetization reversa if
area (magnetization pointing toward the righiappears instead ofp-polarized x rays are usé4'??°~*2There is,
brighter. This is a consequence of the angular dependence héwever, a dichroism that shows up for 90° rotation of the
MLDAD, '1#16:29-32here the contrast between opposite magnetizatiort? This dichroism is thus sensitive to tiaais
magnetization directions in the plane of light incidence andof the magnetization. It has been shown thatdepolarized
polarization axis vanishes. In this geometry MLDAD is sen-|ight also a dichroism between magnetization averaged spec-
sitive to the transverse component of the magnetizationya can be observed.Spectra in which the magnetization is
leading to the observed contrast between the brighter aregeraged over the two opposite magnetization directions par-
(transverse component pointing toward the righnd the  allel to light polarization are different from those averaged
darker areatransverse component close to zerd small  over the two opposite magnetization directions perpendicular
difference in grayscale contrast between the domains that atg |ight polarization** Such sensitivity on the magnetization
black and white in Fig. &) is faintly visible also in Fig. axisinstead of on the magnetization direction may be used to
5(b), but with reversed sign; this is due to the not completelystdy domains in collinear antiferromagnets. An initial at-
vanishing transverse component in these domains with 'fempt to image antiferromagnetic domains in NiO films on
spect to the light incidence direction, which was 15° from theAg(OOl) using MLDAD in a scanning photoemission micro-
[010] direction, as indicated by the arrow labeletd".” A scope was reported by Spankeal®® Recently Stor and
domain with a transverse component pointing toward th&q_\yorkers succeeded in imaging antiferromagnetic domains
left, which unfortunately could not be found in the presentj, oyide samples using XMLD in absorpti§h®! This has
sample, would lead to even darker contrast. received considerable attention because of the renewed inter-
est in antiferromagnetic materials due to their use in magne-
toresistive device¥ The contrast in XMLD relies on the
IV. DISCUSSION shift of x-ray absorption intensity between the two crystal
field-split peaks at the., edge in oxides’ This effect is

" . . roportional to the square of the magnetization vector, so it
toemission opens up new sources of information on the mag-

. : . . Iso depends on the axial orientation of antiferromagnetic
netic properties of a sample. The most prominent one is thg ins with respect to the light polarization axis. In metallic
sensitivity of MLDAD on the transverse component of the P P gnt p '

o .. __Materials, however, it almost vanish he vanishin
magnetization, well known from numerous photoemission aterials, however, it almost vanishes due to the vanishing

experiments!~28 This is even true for excitation by circu- crystal field splitting of the absorption peaks, leaving only an
larly polarized light/ where the intensity asymmetry for dif- extremely small effect. Attempts to image domains in metal-

ferent kinetic energies depends on both the longitudinal anﬂC antlferromagnets like, for example, in the technologically
the transverse components. This is due to the fact that fcfrEIE"V"’mt materials IrMn_ and EeMn, r_lave _been_unsuccess_ful
circular polarization a mixture of two effects contributes to SO far- The above mentioned linear dichroisms in photoemis-
this asymmetry®—32 one being the linear dichroism dis- sion, on the other hand, have been demonstrated using me-
played in Fig. Bb), since circularly polarized light can be tallic sa'mples, anq heqce couldl constitute an alterpatlye
regarded as a coherent superpositionsoind p-polarized mechgnlsm_for the imaging of antiferromagnetic domains in
light. The other effect probes the longitudinal magnetizationMetallic antiferromagnets. .
direction, and leads also to dichroism if one keeps the elec- Although the asymmetry of XMCD and MLDAD is of the
tron energy constant and reverses the helicity. same ordefcf. Figs. 38) and 3b), respectively; there is
Magnetic dichroism in valence band photoemission declearly more noise in Fig. (6). The main reason is that in
pends sensitively on details of the electronic band structurd!Sing MLDAD in photoemission only the photoelectrons
which are influenced by structural modifications such agVithin a certain energy interval, in our case the intervals
strain and lattice deformatiokfor a recent review about labeled “a” and “b” in Fig. 4, are used for imaging. They
magnetic dichroism in valence band photoemission, see Regonstitute only a very small fraction of the total photoelec-
28, and references thergifThis mechanism can therefore be tron current, which is dominated by low-energy secondary
used to obtain magnetic domain images on an electronic ddlectrons. In absorption images, such as those in k&, &
even structural basis. which no energy filtering is performed, the electron intensity
Another point is the additional information gained by the is more than two orders of magnitude higher. It is mainly just
different depth sensitivity of XMCD and MCDAD or this difference in intensity that makes up for the worse sta-
MLDAD. Relevant depth information in photoemission is tistics of Fig. §b).
the elastic mean free path of the photoelectftni$.x-ray Since MLDAD requires the interference of matrix ele-
absorption is measured by secondary electron yield, the refments, it depends on the electronic band structure, and is
evant length is the mean free path of inelastically scatteregrominently observed only at certain photon enerdfies It
electrons, which is typically a factor of 2 higher than theis, however, not necessary to tune the photon energy exactly
elastic mean free paffi.This can be helpful, for example, to to an absorption edge of a certain element, so it should be
distinguish contributions by moments induced at the uppealso observable with laboratory excitation sources. Tuning

The possibility of exploiting magnetic dichroisms in pho-
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