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Photoemission electron microscope for the study of magnetic materials
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The design of a high resolution photoemission electron micros¢BEEM) for the study of
magnetic materials is described. PEEM is based on imaging the photoe(sétzhdaryelectrons

from a sample irradiated by x rays. This microscope is permanently installed at the Advanced Light
Source at a bending magnet that delivers linearly polarized, and left and right circularly polarized
radiation in the soft x-ray range. The microscope can utilize several contrast mechanisms to study
the surface and subsurface properties of materials. A wide range of contrast mechanisms can be
utilized with this instrument to form topographical, elemental, chemical, magnetic circular and
linear dichroism, and polarization contrast high resolution images. The electron optical properties of
the microscope are described, and some first results are presentdd@93American Institute of
Physics[S0034-67489)02910-X

I. INTRODUCTION achieve a high level of maturity and sophistication. Finally,
this system has enabled us to develop most of the electron
Photoemission electron microscoEEM) using ultra-  optical building blocks for an aberration corrected micro-
violet (UV) radiation was first developed in the 1936, scope of even higher resolution.
and has since developed into a well-established technique. |n PEEM photons incident on a sample cause photoelec-
The resolution of modern PEEM instruments approaches 1fton emission if the energy of the photons is larger than the
nm, within a factor of two of the theoretical limit for uncor- work function of the sample. These photoemitted electrons
rected microscopes of 5 nif. PEEM is similar to low en-  are extracted into an electron-optical imaging system by a
ergy electron microscopit EEM), a technique pioneered by |arge electric field that is applied between the sample and the
the work of Bauer and his grouithat has rapidly developed first electrode of the electron optical system. This field is the
over the last few years for the studies of thin film growth first lens of the microscope. Several electron-optical lenses
processes. The implementation of LEEM instruments hagre used to form a full field image of the emitted electrons
been instrumental in stimulating new developments foronto a detector such as a phosphor that converts electrons
PEEM. The refinement of LEEM by Bauaand the coupling into visible light.
of PEEM with synchrotron radiation by Toniiérhas re- Two contrast mechanisms are available in UV-PEEM:
sulted in a resurgence of interest in this area over the pa%pographica| contrast and Work function contrast. Topo_
few years. This has led to the construction of PEEMs bygraphical contrast is due to distortion of the electric field
several groups*?as well as the introduction of commercial around surface topographical features. The field distribution
systems. Our motivation in developing the instrument rejstortions disturb the electron trajectories which produce
ported here was to construct a system for spectromicroscopjgage contrast. Work function contrast is manifest in the
imaging of magnetic surfaces near the theoretical resolutio;htensity modulation of the photoemission intensity due to
limit for this type of microscope. One key target was t0the ifferent emission probability in regions of different
achieve sufficient positional stability so that the theoreticalyork function.
resolution could be approached while acquiring spectro-  aqgitional imaging modes are available when x-ray pho-
scopic data; as series of images are required, high stabilifyns are used to stimulate photoelectrons. Elemental contrast
over tens of minutes is needed. A second goal was to providg 5chieved by tuning the incident x-ray wavelength through
this.high level of .performanc.e ina beaml!ne and end Statio%bsorption edges of elements. X-ray absorption and the re-
environment dedicated to microscopy; this was necessary iQ,jting photoelectron emission intensity is strongly enhanced
ensure a high level of productivity, and for the instrument to4; absorption edges. Areas on the surface containing the cor-
responding element emit more photoelectrons and thus ap-
3Electronic mail: sanders@Ibl.gov pear bright in the PEEM image at a given absorption edge

0034-6748/99/70(10)/3973/9/$15.00 3973 © 1999 American Institute of Physics



3974 Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 Anders et al.

x-ray energy. The fine structure in the energy dependence of
the x-ray absorption can be characteristic of the chemical
bonding state of surface atoms. Near edge x-ray absorption
fine structure(NEXAFS) spectroscopy can be applied to
two-dimension image formation to obtain chemical contrast.
Typically, images are acquired at several x-ray energies near
a given absorption edge. The differences in these images car
be used to detect local bonding characteristics at the surface  gax
Elemental and chemical contrast has been utilized in PEEM
studies of highT, superconductor¥, geological sample¥,
biological sample$® semiconductor material¢, computer
hard disks® and sliders® and polymer dewetting
phenomend®

Linearly and circularly polarized x rays can be used to

Elliptical Refocus Mirror
(10:1 Demagnification)

study the orientation of molecules. In orientation contrast, s i g
linearly polarized x rays are strongly absorbed when the Soire \ Choppor

Out of Plane

electrical vector of the light and the orientation of a bond in fperure

the m0|e_CUIe are_ pargllel, ar?d the absorptlpn IS We_ak for &G 1. Layout of beamline 7.3.1. at the Advanced Light Source and of the
perpendicular orientatioff. This effect was first applied to PEEM2 endstation.

x-ray microscopy by Smith and Adeusing a scanning x-ray

transmission microscog&TXM) for studying the molecular A new PEEM has been designed that is dedicated to the
orientation in Kevlar fibers. This contrast was also used ta;ydy of magnetic materials and structures. We refer to this
study molecular orientation of rubbed polymer thin filfi$*  jnstrument as PEEM2 to indicate that it is our second gen-
Furthermore, x-ray magnetic circular dichroist*®MCD)  eration PEEM. This article describes the electron optical

can be utilized to study magnetic materfdlsince the ab-  properties of the PEEM, its construction and performance,
sorption of left and right handed circularly polarized radia- gnd some initial results.

tion varies with the relative orientation of the magnetic mo-
ment in the sample. XMCD permits the determination of
spin and orbital moments using sum rufé4/ and PEEM
has been applied using XMCD contrast to study magnetic PEEM2 is installed at the bending magnet beamline
structure$®~3* Finally, x-ray magnetic linear dichroism can 7.3.1 at the Advanced Light Sour¢aLS) in Berkeley. Fig-
be utilized to study the properties of antiferromagnetic ma-ure 1 shows the optical layout of the beamline and PEEM2.
terials. First attempts of antiferromagnetic imaging haveThe beamline was specifically designed for XMCD micros-
been reported by Spanle al>! for NiO(100) films. copy. The spherical grating monochromator is entrance slit-
Submicron magnetic structures and devices find applicaless and delivers monochromatic radiation in the energy
tion in the magnetic storage industry. Giant magnetoresisrange of 175-1300 eV. Since the vertical source size at the
tance (GMR) and colossal magnetoresistan@&VR) have  center of this bending magnet is less than38 and corre-
stimulated growth in this area to such an extent that timesponds to the typical field of view of the microscope, the
between discovery and the production of a product have disource can be directly imaged onto the sample at unity mag-
minished to merely years. New magnetic device applicationsification. The low line density of the gratif@00 lines/mm
are numerouse.g., magnetic random access memofgch-  leads to a very slow variation of the focal length with the
nological progress here implies a reduction in size and awavelength, therefore the monochromator can work with a
increase in complexity. Modern microscopy and analysidixed imaging distanc& As the magnification of the PEEM
techniqgues commonly applied to the study of submicrordetermines the required field of view and hence illumination,
magnetic structures include Kerr microscopy: near-field the sample is placed in the monochromatic focal plane, with-
magneto-optical imagin&;® Lorentz microscopy® scan-  out the use of exit slits as typical for conventional systems.
ning electron microscopy with polarization analy$is, This results in an energy dispersed vertical line. However,
(SEMPA) spin polarized low energy electron microscopy over the typical field of view of 3Qum the wavelength is
(SPLEEM),*® and magnetic force microscopMFM).3%4%  essentially fixed. The energy dispersion is 1 eV/mm at 285
Only transmission electron microscopy based techniquesV and 10 eV/mm at 800 eV. Considering the angle of inci-
have a higher spatial resolution than PEEM. Howeverdence on the sample, this translates to an energy variation
XMCD-PEEM can be used to simultaneously meaguri¢h- over the field of view(30 um) of 10 meV at 285 eV and 100
out alteration of the materinlthe absolute magnetic mo- meV at 800 eV. The horizontal source size in the ALS is
ments with elemental and chemical specificity, submonoapproximately 300 xwm full width at half maximum
layer surface sensitivity, and the ability to probe severalFWHM), so to illuminate our required 3@m field size and
nanometers of material. This combination of spectroscopyo maximize the flux density, a 10:1 horizontal demagnifi-
with high resolution surface microscopy makes XMCD- cation is used. The maximum aperture that can be collected
PEEM one of the most powerful tools in the study of mag-from the source is dictated by this required demagnification
netic structures. and the maximum convergence onto the sample. The maxi-

II. BEAMLINE AND PEEM2 LAYOUT
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mum convergence itself is limited by the critical angle of
reflection, i.e., the angle at which the x-ray reflectivity drops
to zero. The critical angle of grazing incidence is a function E
of the photon energy and decreases as the energy increases;
taking our maximum photon energy of 1300 eV, for a plati-
num or gold reflector, the critical angle is approximately 40
mrad. In theory the maximum convergence angle could be as
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high as the critical angle, but we conservatively take half this 0F v
value. The 20 mrad convergence and the required demagni- St °
fication of 10:1 define the source horizontal angular accep- 10 ettt
0.6 0.7 0.8 0.9 1

tance to be 2 mrad. In order to take such a large horizontal

aperture and focus it to a small image, the value of geometri- MAA

cal aberrations must be carefully considered. FIG. 2. Gaussian focal properties of the objective lens as a function of the
The photon flux is very high for a bending magnet beam-ens voltagev, to the sample voltag¥,. F,, F; andf,, f; are the object

line because the minimum number of optical components ar&de and image side focal point and focal length, respectigly. andF;

used, and the field of view and spectral resolution are optia"® measured from the sample position.

mized for XMCD-PEEM. The photon flux is

X 102photon/s in a 30um spot when the storage ring is

operated at 1.9 GeV with a ring current of 400 mA in a  The electron optical components of PEEM2 are similar

design bandpass of 1 eV at 1000 eV. A mask upstream frorto Rempfer and co-worketsind Watts and co-workétsle-

the monochromatoisee Fig. 1is used to select above plane signs consisting of an asymmetric objective Bramd sym-

(left circularly polarized, in plane (linearly polarized, or ~ metric, unipotential, transfer, intermediate, and projector

below plane(right circularly polarizedl radiation. The re- lenses*® The lens properties were calculated using custom

solving power of the beamline E/AE=1800. developed internal electron optical codes amdioN 6.0.44
The angle between the sample surface and the incidef®MION is a 3D ray tracing program solving the Laplace

x-ray beam is 30°. The microscope optical axis is oriented agduation for a given electrostatic or magnetic electrode ar-
an angle of 90° with respect to the electric field vector of thef@ngement by finite differencesver-relaxatiop and traces

radiation for linearly polarized light. 'éhte traj?ﬁtonei ct);eleftrct)ns or |ct).ns|W|th tdeflnltzq start|2nghcon
The objective lens of PEEM2 is an electrostatic tetrode tions through the electron opfical system. Figure = Shows
. : o the Gaussian focal properties of the objective lens as a func-
lens with a stigmator/deflector assembly located in its back. .
. tion of the voltage ratio between the leng) and the sample
focal plane. A transfer lens produces a 1:1 image and a sec;

V). F,, F; andf,, f, are the object side and image side
ond objective back focal plane outside the lens where a CS;J poointsl and focal lengths, rerpectivel»yo and Figare

aperture is located. Four different ap_ertures are mo_unted ONBeasured from the sample position which we definez as
small flexure stage and can be easily exchanged in vacuumg_The properties of the objective lens were calculated in
(2 mm, 50um, 20 um, and 12um diamete). The interme-  the absence of the accelerating field. Since image formation
diate lengwith another deflectgrand projector lens form the ijn PEEM has been described in detail elsewtiéreie men-
final image on a phosphor screen deposited on a fiber optigon it only briefly here. The accelerating field forms a virtual
plate. This fiber optic plate scintillator serves also as thd@mage of the object with unity magnification at a distance of
vacuum interface, and is directly coupled through a secon@l (z=—1) from the objective lens wherkis the distance
fiber optic taper to a slow scan cooled CCD camera. Thidbetween the sample and the first electrode of the objective
detector arrangement is about five times more efficient than ins. The chromatic aberrations of this accelerating field will
lens coupling of the camera. be shown to limit the resolution of the microscope. The first
The typical distance between the objective lens and th&lectrode of the objective lens acts as an aperture lens for
sample is 2 mm, and the maximum operating voltage is 3(y\{h|ch the v!rtual image formeq by Fhe accele_ratmg field is a
kV. In practice most samples show the onset of considerabl}é’rtuaﬂ s;?ecdlfrlrl%n. IB";’ a wea&dlvr?rgm_g Ieps with thTehfocaI
field emission at extraction voltages of 20—25 kV. This emis—e’fr?gt o and forms anot'er virua image. the mag-
) . . . - nification is 2/3 and the image is located-afl/3, i.e., be-
sion deteriorates the stability of the image and limits opera; . : » o :
. . . . hind the true specimen position. This is the object for the
tion to lower voltages. The sample is held at high negative , . . S i
. ) objective lens. The objective lens is operated \&tV,
potential. The center electrodes of the lenses are biased

00,775 and forms an image at 150 mm, this is the object
focus the electrons. All other electrodes and the detector A the transfer lens.

held at ground potential. The CCD camera can operate in  Figyre 3 shows the image/object sitgymmetric lens
two different modes with a maximum image acquisition rateGayssian focal properties of the transfer/intermediate/
of 4 images/s. This rate is sufficient for focusing and adjust-projector lenses as a function of the lens voltayg (o the
ment of the microscope. The camera accommodates variab&ample voltageV\,), F; is measured with respect to the cen-
exposure times, with typical image acquisition times of a fewter of these lenses. For symmetric lensks; f; and F,=

to tens of seconds. —F;. A transfer lens was added to the electron optics to

Ill. PEEM2 ELECTRON OPTICAL PROPERTIES
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FIG. 3. Gaussian focal properties of the transfer/intermediate/projector lenE!G. 4. Object side coefficients of spheric&ld and chromatic ;) aber-
as a function of the lens voltag to the sample voltag¥, . For this lens  rations and magnificatiom for the objective lens as a function of ration of
fo=f, andF,=—F,. F,, F, andf,, f; are the object side and image side |ens voltageV, to sample voltage/. The sample distance was fixed to 2
focal point and focal length, respectively, andF; are measured from the MM-

lens center.

=m,gMyp~10 with the magnification of the aperture lens

form an additional back focal plane where an angle limitingma,=2/3 and the magnification of the objective leng,
aperture is located, since a stigmator/deflector assembly s 15.
located in the(true) back focal plane of the objective lens. The aberrations of the accelerating field can be estimated
The transfer lens must be operated at a voltage so that tHeom an analytical calculation assuming a homogeneous field
image of the back focal plane is outside the lens. From théetween sample and the first electrode of the objective lens
lens dimensions and the lens propertieig. 3) we selected a  (i.€., assuming that the aperture in the first electrode of the
distance of 32.5 mm from the lens center for the apertur@bjective lens does not distort the electrical field signifi-
location (V/V,=0.66). The transfer lens is located at cantly). The chromatic aberrations originate from the energy
=215mm, the image formed by the objective lenszat spread of the emitted electrons whereas the spherical aberra-
=150 mm is the object for the transfer lens that forms ations are caused by the angular spread. If x rays are used for
unity magnification image at=280 mm. This image can be the illumination of the sample the energy distribution of the
further magnified by either the intermediate Igtecated at  secondary electronsig(E) can be approximated by,
z=290 mm for lower magnification, or both the intermedi- ~E/(E+W;)* (Ref. 4§ while the number of the emitted
ate and projector lenglocated atz=425mm for higher  secondary electrons is proportional to the cosine of the angle
magpnification. This final image is at=575 mm. with respect to the surface nornfdlE is the emission energy
The resolution of our x-ray excited PEEM is limited by of the electron andV; is the work function of the sample
the chromatic and spherical aberrations of the acceleratingiaterial. The transverse displacement of an object point
field and the lenses, and by diffraction at the aperture. It hadr acc Caused by chromatic and spherical aberrations of the
been showh® for small apertures that diffraction limits the accelerating field is given by Refs. 4 and 8.
resolution. For larger apertures and UV produced threshold 21
secondary electrons, the aberrations of the accelerating field Aracczv—( JE—p— JE cosae) VE sinag, 3
and the lenses are comparable. For x-ray emitted electrons, s
the chromatic aberration of the accelerating field limits thewhere E, is the peak of the emission energy distribution
resolution. The total sphericaCf) and chromatic C;) ab-  [typically E,=1/3W; (Ref. 45], anda, is the electron take-
erration coefficient¢referred to the object spacef a system  off angle. The other relevant aberrations are those of the
consisting ofn electron optical elements are calculated*y objective lens. Figure 4 shows the object space aberration
coefficientsC4 andC, and the magnification of the objective

C.=(Cy+ (0522+ ((is)iJr (4CS4)44 , (1) lens as a function o¥,/Vs, and Fig. 5 shows the object
my mim, mym,m;y space coefficient€ and C. of the transfer/intermediate/
projector lens as a functiowi,/V4 for infinite magnification.
Com(Co)t (Co)2 (Co)z (Coly N @ They were calculated applying the method of perturbed char-
¢l mf  mim; mimom3 acteristic function8>*® For the objective lens operated at a

. ) magnification of about 15, the aberration coefficients are
where Cs), and (C.), are the spherical and chromatic ab- C.=60mm andC.,=25mm. They contribute to the total
erration coefficients of theth element andn,, is the mag-  {ransverse displacement of an object paimt,, as®

nification of thenth element. For PEEMZ)=1 is attributed
. . . . . 3 4 3/2

to the accelerating fieldy=2 to the aperture lens/objective 2 = - 3

. o Ar o= Cs (sinag)
lens systentthis can be treated as one unit since the aperture 2 \%
lens hardly contributes to the aberrati®yps = 3 is the trans- 5
fer lens, etc. The first two terms in Eq4) and(2) are large _ (E) I (E_ Ep) /Esina _ @)
since m;=1, but all other terms are small becausg 2) T\ Vs Vs ¢
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FIG. 5. Object side coefficients of spheric&4 and chromatic C.) aber- . " .
rations for the transfer/intermediate/projector lens as a function of ration OPEEMS operated using UV rad|at|<§tlneoret|cally 5 nm, ob-

lens voltageV, to sample voltagd/; for infinite magnification. tained so far about 10 nifRef. 4] in comparison to PEEMs
operated using x rays. The theoretical resolution limit con-

, o sidering all relevant aberrations is shown in Fig. 7 for differ-
The theoretical resolution limit of PEEM2 was calculated by o ¢ operation voltages of the microscope, and the transmis-

taking the complete angular and energy distribution of thegion is shown in Fig. 8, both again foN;=4eV. The
photoexcited secondary electrons into account. Only thosﬁighest resolution of 10 nm can be obtained using an aper-

electrons which are emitted at an anglgand an energ¥ e of 54m diameter and a sample voltage of 30 kV. The
that obey the conditiofiEg. (5)] are transmitted through the angmission for such a small aperture is around 1%. All

microscopé’ these values depend on the work function of the sample ma-
d MopiMace 2V, terial. Figure 9 shows the individual contributions of the dif-
E< 2(f7 | Sirf g’ (5 fraction at the aperture, the accelerating field, and the chro-
i e

matic and spherical aberrations of all lenses. It demonstrates
Hered is the aperture diametef{™the image side focal that the resolution of a PEEM using x rays is dominated by

length of the transfer lensy,, andm,..the magnification of  the aberrations of the accelerating field.

the objective lensrf,,~15), and of the accelerating field

(Mgee=2/3). Our condition Eq(5) is slightly different from  |v. CONSTRUCTION OF THE PEEM2 END STATION

that derived by Wattet al® since our aperture is located . .

behind the transfer lens and not the objective lens. Figure 6 _PEEM2 is installed at an angle Of,55 W't_h respect to .the

shows the energy distribution of the transmitted electrons foporizontal, and parallel to the beamline. This angle derives

various aperture diameters, for a sample voltage of 20 k\;rom the incidence angle of the x rays t_o the sample surface
and W;=4 eV. While the energy distribution is narrowed of 3_’00 and the angle of the beamllng W't_h the _respect to the
by the aperture, it is still much wider than the energy distri_horlzontal of 5°. We have chosen this orientation of the mi-

bution produced by threshold UV which can have an energyf"SCOPE(N contrast to a horizontal arrangemett be able

spread as low as 0.1 eV using monochromatization of th&® image samples with maximum linear in-plane polarization
light. This is the reason for the higher spatial resolution ofcontrast. Figure 10 shows a drawing of the microscope. The
lenses are mountedhia V block and held in position by

clamps to assure the alignment of the lenses and enable an
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FIG. 6. Energy distribution of electrons transmitted through PEEM2 using
apertures of different diametefsy um) and a sample voltage of 20 kV; FIG. 8. Transmission of the microscope as a function of the aperture diam-
W;=4 eV. eter for various operation voltaged/;=4 eV.
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100 T - ] were prebaked in vacuum, and the lenses were conditioned
-=+= acceleration . for high voltage breakdown stability by applying increas-
80 | “23;1:?::10 ingly high voltages over a period of several days. The
[ --—— diffraction computer-controlled lens power supplies are current limited
2 ol — total = (0.1 mA) to avoid lens damage caused by breakdowns, they
E - 1 have a low ripple of 10° for stable microscope operation. It
p ] was calculated that a ripple of310™ # causes image insta-
40 bilities comparable to the theoretical resolution limit of the
7 microscope. The microscope is mounted on a vibration iso-
20 == lated platform and is decoupled from vibrations of the beam-
I 4 line by a welded bellows. The high mechanical stability of
ol the system allows acquiring local NEXAFS spectra averaged
0 10 20 30 40 50 over areas as small as 100 nm with high energy resolution

rture diameter . . . :
e (hm) and reasonable signal-to-noise ratio. The resolution for local

FIG. 9. Contributions of the various aberrations to the total resolution limit NEXAFS spectra is lower than the resolution for imaging

of PEEM2. Sample voltage 30 kW/;=4 eV. because the acquisition of one image takes typically tens of
seconds while the acquisition of a spectrum requires imaging

easy exchange of individual elements. The V block isdt every energy step leading to typical spectra acquisition

mounted on a common massive flange with the sample mdimes of 10-20 min. _ _

nipulator for maximum stability, and is decoupled for vibra- ~ PEEMZ2 is equipped with a motorized, fast sample trans-

tion isolation from the rest of the vacuum vessel by welded®' System. The load lock chamber has a three sample park-
bellows. ing stage. The sample preparation chamber includes a sputter

The lens electrodes are made from silicon aluminum@Un, @ LEED system, several evaporators, a quartz crystal
bronze material that is easy to machine and to polish. Onljilm thickness monitor, a magnét000 Oe, and a movable
the first electrode of the objective lens is made from titaniumS@Mple stage that contains a heater and a shutter for
that does not have the tendency to grow whiskers duringnultilayer and wedge structure growth. The microscope
high voltage breakdown. This electrode has the highest prop:2mple stage is retractable and the x-ray beam can be trans-
ability to be exposed to electric breakdowns that occur occaitted through the microscope vacuum vessel into a chamber

sionally between the lens and the sample. All electrodes werdownstream PEEMZ that contains a setup for XMCD spec-
polished to a mirror finish, the alumina ceramic insulatorstroScopy(without spatial resolutionin alternating magnetic
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FIG. 10. Layout of PEEM2.

fields up to 750 Oe. This chamber is used for reference NEX-
AFS and XMCD measurements.

V. EXPERIMENTAL RESOLUTION TEST AND FIRST
RESULTS

PEEM2 has been fully operational since summer 1998.
Most of the experiments have been dedicated to the study of
magnetic material$°° Here we demonstrate the spatial
resolution of PEEM2 and show selected results on the study
of magnetic nanostructures. The theoretical resolution limit
can only be approached with a sample that fulfills conditions
which were assumed for the calculation of the resolution.
Many “real world” samples do not fulfill these conditions,
and the resolution achieved with a PEEM will always vary
with the sample properties. The ideal sample is highly con-
ductive, very smooth, and has two different elements present
at the surface with a very sharp interface and a very large
difference in secondary yielht least at some wavelength
Samples that are used for the testing of scanning electron
microscopes prepared by nanofabrication techniques are not
well suited to test the PEEM resolution because they typi-
cally have a certain surface topography that deteriorates the
resolution of a PEEM. The best samples we have found to
date are highly polished grainy materials, dad a positive
side effect of the undesired electrical breakdowns between
objective lens and sampléracks of surface discharges on
insulating materials. Figure 11 shows a low resolution and a
high resolution image of such a discharge track on a LaFeO
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Scanned area

FIG. 12. (a) Image of nanofabricated Fe stripes acquired below the,Fe
andL; absorption edges at 710 eV. The Fe stripes are visible as broad dark
stripes on the top and the bottorth) Difference image between images
acquired at the Fe, and L; absorption edges showing the magnetic do-
mains in the stripes. Images acquired at room temperattrsame agb)

but images acquired at a temperature of 200 °C after heating the sample for
1 h. Arrows indicate the same defect on sample.

counts

Pore JT N R photon beam direction perpendicular to the wire length. The
0 50 100 150 200 250 arrows point to the same defect on the sample that was used
distance;(nm) to ensure that the same area on the sample was imaged.
FIG. 11. Low resolution and a high resolution PEEM image of a discharge'vlagne_tIC PEEM |mages Clea_rly show that_ the 7o) wires .
track on a LaFe@sample acquired at the IMs edge. Estimated spatial Drake into stripe-like magnetic patterns with two alternating
resolution 20 nm. types of magnetic domains with domain magnetization direc-
tion being parallel or antiparallel to tHa.10] direction, as
expected due to strong magnetocrystaline anisottopifFor
sample acquired at the M5 edge. The operation voltage Fe wires with larger width$10 um and morg larger, meta-
was 23 kV, the 12um aperture was used, the exposure timestable magnetic domains were observed, stabilized by spike
was 60 s, and the estimated resolution is 20 nm. This is vergomains at the wire edges as seen in the images in Figs.
close to the theoretical limit of the microscope for this aper-12(b) and 12c). We observed instantaneous change in the
ture size and operating voltagEig. 7). magnetic structures of such metastable domains with in-
Magnetic imaging presents a greater challenge becausgeased sample temperature. Figurébl2vas acquired at
the contrast based on the XMCD effect is typically only onroom temperature, Fig. 1@ at a temperature of 200 °C,
the order of 5%—30% whereas it can be up to factors of 5—1@oth taken of the same sample area. It can be seen that the
for elemental contrast. As an example we show XMCD im-domain structure is significantly modified by the heating pro-
ages acquired of Fe wires fabricateef by first UHV  cess. Experiments like this take advantage of PEEM being a
e-beam evaporation and then patterning by optical contadull-field image technique that permits the real-time monitor-
lithography and ion milling. The wires consisted of highly ing of magnetic domain structures.
epitaxial (110 oriented bcc-Fe grown on sapphire substrate  Despite the low contrast in XMCD imaging the highest
with 100 nm molybdenum spacer layer to prevent chargingresolution we have achieved so far for magnetic imaging is
The Fe wires display a large in-plane uniaxial magnetocrysbetter than 30 nm. This result was obtained on stripe do-
talline anisotropy with the easy axis parallel to tfEQ] mains in microfabricated Co wires.
direction, and perpendicular to the wire length. The Fe wires  This resolution for imaging using x rays is comparable
studied with PEEM2 had variable widths between 2 and 4Qo the best other instruments in the world and close to the
um, spacings of 10—-2@m, about 3 mm length and thick- theoretical limit for x-ray operation. A resolution of 22 nm
ness of 100 nmi° They were capped with either 1 or 6 nm of was obtained by Schmidt and co-workers using a PEEM with
aluminum to prevent oxidation of the Fe. Local NEXAFS an energy filteP* and 20 nm resolution was obtained using a
spectra obtained using PEEM2 showed that the 6 nm caPEEM without energy filter but with nonmonochromatized
layer of Al prevented the oxidation of the Fe while the 1 nmradiation®> PEEMs without energy filter and using mono-
cap layer did not completely protect the Fe which waschromatized radiation typically have lower spatial resolution
slightly oxidized in this case. Figure (& shows an image [75 nm® 130 nm(Ref. 56]. The resolution one obtains with
acquired below the He, andL ; absorption edges at 710 eV. a given PEEM depends on the sample, and good sample
The Fe stripes are visible as dark broad stripes on the top amteparation and selection is crucial. Important for x-ray op-
the bottom because below the Fe absorption edge the secoretated PEEMSs is also the brightness of the x-ray source.
ary electron yield from the Fe is low. Magnetic PEEM im- PEEMs with very good electron optics that can be tested
ages were obtained by taking a difference between the imwith UV light achieve only moderate resolution on second
ages acquired at the [Eg and Fe_, absorption edges. The generation light sources because of the low signal-to-noise
operating voltage was 20 kV, the lidn aperture was used, ratio. Better resolution can only be obtained by correcting for
and the exposure time wal s at the_; edge ad 8 s at the the aberrations of the microscope. The most promising ap-
L, edge. Circularly polarized radiation was used with theproach to an aberration corrected PEEM seems to be the
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application of an electrostatic mirror that requires the incor-8s. Anders, T. Stammler, W. Fong, C.-Y. Chen, D. B. Bogy, C. S. Bhatia,
poration of a deflecting magnet into the PEEM desigi? and J. Stbr, J. Tribol. (to be publishey
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Aberration corrected PEEMs with energy filteritgmall ap- ?'Ogge&'i T‘i’esctﬁrr?oTtlgrt’JZVbESIil%ezl B. Bogy, C. S. Bhatia, and hrsto

erture or energy filtermight achieve a s_patial resolution in 204 ade, D. A. Winesett, A. P. Smith, S. Anders, T. Stammler, C. Heske,
the few nanometer rang@.Operated with large apertures D. Slep, M. H. Rafailovich, J. Sokolov, and J. BtpAppl. Phys. Lett73,
and no energy filter they will have a transmission close to, 3775(1998. <

100% and at the same time a rather high resolution of about%rﬁgf’iﬂng'ci;m:;gcmé gé 582’!4”(’1555 - Russel, J. M. Sands, and S. K.
30 nm. The high transmission will not only reduce the expo-za p._smith and H. Ade, Appl. Phys. LeB9, 3833(1996.

sure time and thus help to improve the signal-to-noise ratiG®J. Star, M. Samant, A. Cossy-Favre, J. Diaz, Y. Momoi, S. Odahara, and
and the resolution, it will also drastically reduce the samplez& gagata;:'\/lacr%mg!ecul\(ﬁt_ 19:2(R19§8- MG S .

T f . . Cossy-rFavre, J. Diaz, Y. LIu, H. R. brown, M. G. amant, Jhsteé.
radiation damage I_n _comparlst_)n to noncorrected PEEMS, J. Hanna, S. Anders, and T. P. Russel, Macromole®1e4957(1998.
ahd the study of r_ad|at|0n _se_nsmve samples S_uch as polymers; sigyr, H. A. Padmore, S. Anders, T. Stammler, and M. R. Scheinfein,
will greatly benefit from this increased transmission. Aberra- Surf. Rev. Lett.5, 1297(1998.
tion corrected PEEMs will enable spectromicroscopy inzeﬁégé(zg(gg P. Carra, F. Sette, and G. van der Laan, Phys. Rev.Ggtt.
whole.r?ew Q|men3|ons by comb|n|r]g true nanoscale imaging: ;" g nd 1. Konig, Phys. Rev. Lett75, 3748(1995.
capability with the full spectroscopic power of NEXAFS. 285 p Tonner, D. Dunham, J. Zang, W. L. O'Brien, M. Samant, D. Weller,

B. D. Hermsmeier, and J. 8tg Nucl. Instrum. Methods Phys. Res. A
347, 142 (1994).
293, stdwr, Y. Wu, B. D. Hermsmeier, M. G. Samant, G. R. Harp, S. Ko-
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