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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 microscope~PEEM! for the study of
magnetic materials is described. PEEM is based on imaging the photoemitted~secondary! electrons
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 presented. ©1999 American Institute of
Physics.@S0034-6748~99!02910-X#
qu
1

-

y
d
th
ha
fo

pa
b

al
re
op
tio
to
ca
tro
il

vi
tio
y
to

ly,
tron
o-

lec-
the
ns

y a
the

the
ses
ns
rons

M:
o-
ld
ion
ce
he
to

nt

o-
trast
gh
re-

ced
cor-
ap-
ge
I. INTRODUCTION

Photoemission electron microscopy~PEEM! using ultra-
violet ~UV! radiation was first developed in the 1930’s,1,2

and has since developed into a well-established techni
The resolution of modern PEEM instruments approaches
nm, within a factor of two of the theoretical limit for uncor
rected microscopes of 5 nm.3,4 PEEM is similar to low en-
ergy electron microscopy~LEEM!, a technique pioneered b
the work of Bauer and his group,5 that has rapidly develope
over the last few years for the studies of thin film grow
processes. The implementation of LEEM instruments
been instrumental in stimulating new developments
PEEM. The refinement of LEEM by Bauer5 and the coupling
of PEEM with synchrotron radiation by Tonner6,7 has re-
sulted in a resurgence of interest in this area over the
few years. This has led to the construction of PEEMs
several groups6–12 as well as the introduction of commerci
systems. Our motivation in developing the instrument
ported here was to construct a system for spectromicrosc
imaging of magnetic surfaces near the theoretical resolu
limit for this type of microscope. One key target was
achieve sufficient positional stability so that the theoreti
resolution could be approached while acquiring spec
scopic data; as series of images are required, high stab
over tens of minutes is needed. A second goal was to pro
this high level of performance in a beamline and end sta
environment dedicated to microscopy; this was necessar
ensure a high level of productivity, and for the instrument

a!Electronic mail: sanders@lbl.gov
3970034-6748/99/70(10)/3973/9/$15.00
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achieve a high level of maturity and sophistication. Final
this system has enabled us to develop most of the elec
optical building blocks for an aberration corrected micr
scope of even higher resolution.

In PEEM photons incident on a sample cause photoe
tron emission if the energy of the photons is larger than
work function of the sample. These photoemitted electro
are extracted into an electron-optical imaging system b
large electric field that is applied between the sample and
first electrode of the electron optical system. This field is
first lens of the microscope. Several electron-optical len
are used to form a full field image of the emitted electro
onto a detector such as a phosphor that converts elect
into visible light.

Two contrast mechanisms are available in UV-PEE
topographical contrast and work function contrast. Top
graphical contrast is due to distortion of the electric fie
around surface topographical features. The field distribut
distortions disturb the electron trajectories which produ
image contrast. Work function contrast is manifest in t
intensity modulation of the photoemission intensity due
the different emission probability in regions of differe
work function.

Additional imaging modes are available when x-ray ph
tons are used to stimulate photoelectrons. Elemental con
is achieved by tuning the incident x-ray wavelength throu
absorption edges of elements. X-ray absorption and the
sulting photoelectron emission intensity is strongly enhan
at absorption edges. Areas on the surface containing the
responding element emit more photoelectrons and thus
pear bright in the PEEM image at a given absorption ed
3 © 1999 American Institute of Physics
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x-ray energy. The fine structure in the energy dependenc
the x-ray absorption can be characteristic of the chem
bonding state of surface atoms. Near edge x-ray absorp
fine structure~NEXAFS! spectroscopy13 can be applied to
two-dimension image formation to obtain chemical contra
Typically, images are acquired at several x-ray energies n
a given absorption edge. The differences in these images
be used to detect local bonding characteristics at the surf
Elemental and chemical contrast has been utilized in PE
studies of highTc superconductors,14 geological samples,15

biological samples,16 semiconductor materials,17 computer
hard disks18 and sliders,19 and polymer dewetting
phenomena.20

Linearly and circularly polarized x rays can be used
study the orientation of molecules. In orientation contra
linearly polarized x rays are strongly absorbed when
electrical vector of the light and the orientation of a bond
the molecule are parallel, and the absorption is weak fo
perpendicular orientation.21 This effect was first applied to
x-ray microscopy by Smith and Ade22 using a scanning x-ray
transmission microscope~STXM! for studying the molecular
orientation in Kevlar fibers. This contrast was also used
study molecular orientation of rubbed polymer thin films.23,24

Furthermore, x-ray magnetic circular dichroism~XMCD!
can be utilized to study magnetic materials25 since the ab-
sorption of left and right handed circularly polarized rad
tion varies with the relative orientation of the magnetic m
ment in the sample. XMCD permits the determination
spin and orbital moments using sum rules,26,27 and PEEM
has been applied using XMCD contrast to study magn
structures.28–30 Finally, x-ray magnetic linear dichroism ca
be utilized to study the properties of antiferromagnetic m
terials. First attempts of antiferromagnetic imaging ha
been reported by Spankeet al.31 for NiO~100! films.

Submicron magnetic structures and devices find appl
tion in the magnetic storage industry. Giant magnetore
tance ~GMR! and colossal magnetoresistance~CMR! have
stimulated growth in this area to such an extent that tim
between discovery and the production of a product have
minished to merely years. New magnetic device applicati
are numerous~e.g., magnetic random access memory!. Tech-
nological progress here implies a reduction in size and
increase in complexity. Modern microscopy and analy
techniques commonly applied to the study of submic
magnetic structures include Kerr microscopy,32,33 near-field
magneto-optical imagine,34,35 Lorentz microscopy,36 scan-
ning electron microscopy with polarization analysis37

~SEMPA! spin polarized low energy electron microsco
~SPLEEM!,38 and magnetic force microscopy~MFM!.39,40

Only transmission electron microscopy based techniq
have a higher spatial resolution than PEEM. Howev
XMCD-PEEM can be used to simultaneously measure~with-
out alteration of the material! the absolute magnetic mo
ments with elemental and chemical specificity, submo
layer surface sensitivity, and the ability to probe seve
nanometers of material. This combination of spectrosc
with high resolution surface microscopy makes XMC
PEEM one of the most powerful tools in the study of ma
netic structures.
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A new PEEM has been designed that is dedicated to
study of magnetic materials and structures. We refer to
instrument as PEEM2 to indicate that it is our second g
eration PEEM. This article describes the electron opti
properties of the PEEM, its construction and performan
and some initial results.

II. BEAMLINE AND PEEM2 LAYOUT

PEEM2 is installed at the bending magnet beaml
7.3.1 at the Advanced Light Source~ALS! in Berkeley. Fig-
ure 1 shows the optical layout of the beamline and PEEM
The beamline was specifically designed for XMCD micro
copy. The spherical grating monochromator is entrance
less and delivers monochromatic radiation in the ene
range of 175–1300 eV. Since the vertical source size at
center of this bending magnet is less than 30mm and corre-
sponds to the typical field of view of the microscope, t
source can be directly imaged onto the sample at unity m
nification. The low line density of the grating~200 lines/mm!
leads to a very slow variation of the focal length with th
wavelength, therefore the monochromator can work with
fixed imaging distance.41 As the magnification of the PEEM
determines the required field of view and hence illuminatio
the sample is placed in the monochromatic focal plane, w
out the use of exit slits as typical for conventional system
This results in an energy dispersed vertical line. Howev
over the typical field of view of 30mm the wavelength is
essentially fixed. The energy dispersion is 1 eV/mm at 2
eV and 10 eV/mm at 800 eV. Considering the angle of in
dence on the sample, this translates to an energy varia
over the field of view~30 mm! of 10 meV at 285 eV and 100
meV at 800 eV. The horizontal source size in the ALS
approximately 300 mm full width at half maximum
~FWHM!, so to illuminate our required 30mm field size and
to maximize the flux density, a 10:1 horizontal demagn
cation is used. The maximum aperture that can be collec
from the source is dictated by this required demagnificat
and the maximum convergence onto the sample. The m

FIG. 1. Layout of beamline 7.3.1. at the Advanced Light Source and of
PEEM2 endstation.
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3975Rev. Sci. Instrum., Vol. 70, No. 10, October 1999 Photoemission electron microscope
mum convergence itself is limited by the critical angle
reflection, i.e., the angle at which the x-ray reflectivity dro
to zero. The critical angle of grazing incidence is a functi
of the photon energy and decreases as the energy incre
taking our maximum photon energy of 1300 eV, for a pla
num or gold reflector, the critical angle is approximately
mrad. In theory the maximum convergence angle could b
high as the critical angle, but we conservatively take half t
value. The 20 mrad convergence and the required dema
fication of 10:1 define the source horizontal angular acc
tance to be 2 mrad. In order to take such a large horizo
aperture and focus it to a small image, the value of geome
cal aberrations must be carefully considered.

The photon flux is very high for a bending magnet bea
line because the minimum number of optical components
used, and the field of view and spectral resolution are o
mized for XMCD-PEEM. The photon flux is 3
31012photon/s in a 30mm spot when the storage ring
operated at 1.9 GeV with a ring current of 400 mA in
design bandpass of 1 eV at 1000 eV. A mask upstream f
the monochromator~see Fig. 1! is used to select above plan
~left circularly polarized!, in plane ~linearly polarized!, or
below plane~right circularly polarized! radiation. The re-
solving power of the beamline isE/DE51800.

The angle between the sample surface and the inci
x-ray beam is 30°. The microscope optical axis is oriented
an angle of 90° with respect to the electric field vector of
radiation for linearly polarized light.

The objective lens of PEEM2 is an electrostatic tetro
lens with a stigmator/deflector assembly located in its b
focal plane. A transfer lens produces a 1:1 image and a
ond objective back focal plane outside the lens where
aperture is located. Four different apertures are mounted
small flexure stage and can be easily exchanged in vac
~2 mm, 50mm, 20mm, and 12mm diameter!. The interme-
diate lens~with another deflector! and projector lens form the
final image on a phosphor screen deposited on a fiber o
plate. This fiber optic plate scintillator serves also as
vacuum interface, and is directly coupled through a sec
fiber optic taper to a slow scan cooled CCD camera. T
detector arrangement is about five times more efficient tha
lens coupling of the camera.

The typical distance between the objective lens and
sample is 2 mm, and the maximum operating voltage is
kV. In practice most samples show the onset of considera
field emission at extraction voltages of 20–25 kV. This em
sion deteriorates the stability of the image and limits ope
tion to lower voltages. The sample is held at high negat
potential. The center electrodes of the lenses are biase
focus the electrons. All other electrodes and the detector
held at ground potential. The CCD camera can operate
two different modes with a maximum image acquisition ra
of 4 images/s. This rate is sufficient for focusing and adju
ment of the microscope. The camera accommodates var
exposure times, with typical image acquisition times of a f
to tens of seconds.
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III. PEEM2 ELECTRON OPTICAL PROPERTIES

The electron optical components of PEEM2 are simi
to Rempfer and co-workers3 and Watts and co-workers8 de-
signs consisting of an asymmetric objective lens42 and sym-
metric, unipotential, transfer, intermediate, and projec
lenses.43 The lens properties were calculated using cust
developed internal electron optical codes andSIMION 6.0.44

SIMION is a 3D ray tracing program solving the Laplac
equation for a given electrostatic or magnetic electrode
rangement by finite differences~over-relaxation! and traces
the trajectories of electrons or ions with defined starting c
ditions through the electron optical system. Figure 2 sho
the Gaussian focal properties of the objective lens as a fu
tion of the voltage ratio between the lens (Vl) and the sample
(Vs). Fo , Fi and f o , f i are the object side and image sid
focal points and focal lengths, respectively.Fo and Fi are
measured from the sample position which we define az
50. The properties of the objective lens were calculated
the absence of the accelerating field. Since image forma
in PEEM has been described in detail elsewhere,4,8 we men-
tion it only briefly here. The accelerating field forms a virtu
image of the object with unity magnification at a distance
2l (z52 l ) from the objective lens wherel is the distance
between the sample and the first electrode of the objec
lens. The chromatic aberrations of this accelerating field w
be shown to limit the resolution of the microscope. The fi
electrode of the objective lens acts as an aperture lens
which the virtual image formed by the accelerating field is
virtual specimen. It is a weak~diverging! lens with the focal
length of24l 4,8 and forms another virtual image. The ma
nification is 2/3 and the image is located at21/3l , i.e., be-
hind the true specimen position. This is the object for t
objective lens. The objective lens is operated atV/Vs

50.775 and forms an image atz5150 mm, this is the objec
for the transfer lens.

Figure 3 shows the image/object side~symmetric lens!
Gaussian focal properties of the transfer/intermedia
projector lenses as a function of the lens voltage (Vl) to the
sample voltage (Vs), Fi is measured with respect to the ce
ter of these lenses. For symmetric lenses,f o5 f i and Fo5
2Fi . A transfer lens was added to the electron optics

FIG. 2. Gaussian focal properties of the objective lens as a function of
lens voltageVl to the sample voltageVs . Fo , Fi and f o , f i are the object
side and image side focal point and focal length, respectively.Fo , andFi

are measured from the sample position.
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form an additional back focal plane where an angle limiti
aperture is located, since a stigmator/deflector assemb
located in the~true! back focal plane of the objective len
The transfer lens must be operated at a voltage so tha
image of the back focal plane is outside the lens. From
lens dimensions and the lens properties~Fig. 3! we selected a
distance of 32.5 mm from the lens center for the apert
location (V/Vs50.66). The transfer lens is located atz
5215 mm, the image formed by the objective lens az
5150 mm is the object for the transfer lens that forms
unity magnification image atz5280 mm. This image can b
further magnified by either the intermediate lens~located at
z5290 mm! for lower magnification, or both the intermed
ate and projector lens~located atz5425 mm! for higher
magnification. This final image is atz5575 mm.

The resolution of our x-ray excited PEEM is limited b
the chromatic and spherical aberrations of the accelera
field and the lenses, and by diffraction at the aperture. It
been shown4,8 for small apertures that diffraction limits th
resolution. For larger apertures and UV produced thresh
secondary electrons, the aberrations of the accelerating
and the lenses are comparable. For x-ray emitted electr
the chromatic aberration of the accelerating field limits
resolution. The total spherical (Cs) and chromatic (Cc) ab-
erration coefficients~referred to the object space! of a system
consisting ofn electron optical elements are calculated by45

Cs5~Cs!11
~Cs!2

m1
4 1

~Cs!3

m1
4m2

4 1
~Cs!4

m1
4m2

4m3
4 1, ~1!

Cc5~Cc!11
~Cc!2

m1
2 1

~Cc!3

m1
2m2

2 1
~Cc!4

m1
2m2

2m3
2 1, ~2!

where (Cs)n and (Cc)n are the spherical and chromatic a
erration coefficients of thenth element andmn is the mag-
nification of thenth element. For PEEM2,n51 is attributed
to the accelerating field,n52 to the aperture lens/objectiv
lens system~this can be treated as one unit since the aper
lens hardly contributes to the aberrations8!, n53 is the trans-
fer lens, etc. The first two terms in Eqs.~1! and~2! are large
since m151, but all other terms are small becausem2

FIG. 3. Gaussian focal properties of the transfer/intermediate/projector
as a function of the lens voltageVl to the sample voltageVs . For this lens
f o5 f i andFo52Fi . Fo , Fi and f o , f i are the object side and image sid
focal point and focal length, respectively.Fo andFi are measured from the
lens center.
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5mapmob'10 with the magnification of the aperture len
map52/3 and the magnification of the objective lensmob

'15.
The aberrations of the accelerating field can be estima

from an analytical calculation assuming a homogeneous fi
between sample and the first electrode of the objective
~i.e., assuming that the aperture in the first electrode of
objective lens does not distort the electrical field sign
cantly!. The chromatic aberrations originate from the ener
spread of the emitted electrons whereas the spherical ab
tions are caused by the angular spread. If x rays are use
the illumination of the sample the energy distribution of t
secondary electronsne(E) can be approximated byne

;E/(E1Wf)
4 ~Ref. 46! while the number of the emitted

secondary electrons is proportional to the cosine of the an
with respect to the surface normal.47 E is the emission energy
of the electron andWf is the work function of the sample
material. The transverse displacement of an object p
Dr acc caused by chromatic and spherical aberrations of
accelerating field is given by Refs. 4 and 8.

Dr acc5
2l

Vs
~AEp2AE cosae!AE sinae , ~3!

where Ep is the peak of the emission energy distributio
@typically Ep51/3Wf ~Ref. 45!#, andae is the electron take-
off angle. The other relevant aberrations are those of
objective lens. Figure 4 shows the object space aberra
coefficientsCs andCc and the magnification of the objectiv
lens as a function ofVl /Vs, and Fig. 5 shows the objec
space coefficientsCs and Cc of the transfer/intermediate
projector lens as a functionVl /Vs for infinite magnification.
They were calculated applying the method of perturbed ch
acteristic functions.45,48 For the objective lens operated at
magnification of about 15, the aberration coefficients
Cs560 mm andCc525 mm. They contribute to the tota
transverse displacement of an object pointDr ob as4,8

Dr ob5S 3

2D 4

CsS E

Vs
D 3/2

~sinae!
3

2S 3

2D 2

CcS E2Ep

Vs
DAE

Vs
sinae . ~4!

nsFIG. 4. Object side coefficients of spherical (Cs) and chromatic (Cc) aber-
rations and magnificationm for the objective lens as a function of ration o
lens voltageVl to sample voltageVs . The sample distance was fixed to
mm.
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The theoretical resolution limit of PEEM2 was calculated
taking the complete angular and energy distribution of
photoexcited secondary electrons into account. Only th
electrons which are emitted at an angleae and an energyE
that obey the condition@Eq. ~5!# are transmitted through th
microscope:8

E<S dmobjmacc

2~ f i
trans! D 2 Vs

sin2 ae
. ~5!

Here d is the aperture diameter,f i
trans the image side foca

length of the transfer lens,mobj andmacc the magnification of
the objective lens (mobj'15), and of the accelerating fiel
(macc52/3). Our condition Eq.~5! is slightly different from
that derived by Wattset al.8 since our aperture is locate
behind the transfer lens and not the objective lens. Figu
shows the energy distribution of the transmitted electrons
various aperture diameters, for a sample voltage of 20
and Wf54 eV. While the energy distribution is narrowe
by the aperture, it is still much wider than the energy dis
bution produced by threshold UV which can have an ene
spread as low as 0.1 eV using monochromatization of
light. This is the reason for the higher spatial resolution

FIG. 5. Object side coefficients of spherical (Cs) and chromatic (Cc) aber-
rations for the transfer/intermediate/projector lens as a function of ratio
lens voltageVl to sample voltageVs for infinite magnification.

FIG. 6. Energy distribution of electrons transmitted through PEEM2 us
apertures of different diameters~in mm! and a sample voltage of 20 kV
Wf54 eV.
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PEEMs operated using UV radiation@theoretically 5 nm, ob-
tained so far about 10 nm~Ref. 4!# in comparison to PEEMs
operated using x rays. The theoretical resolution limit co
sidering all relevant aberrations is shown in Fig. 7 for diffe
ent operation voltages of the microscope, and the transm
sion is shown in Fig. 8, both again forWf54 eV. The
highest resolution of 10 nm can be obtained using an a
ture of 5mm diameter and a sample voltage of 30 kV. T
transmission for such a small aperture is around 1%.
these values depend on the work function of the sample
terial. Figure 9 shows the individual contributions of the d
fraction at the aperture, the accelerating field, and the ch
matic and spherical aberrations of all lenses. It demonstr
that the resolution of a PEEM using x rays is dominated
the aberrations of the accelerating field.

IV. CONSTRUCTION OF THE PEEM2 END STATION

PEEM2 is installed at an angle of 55° with respect to t
horizontal, and parallel to the beamline. This angle deri
from the incidence angle of the x rays to the sample surf
of 30° and the angle of the beamline with the respect to
horizontal of 5°. We have chosen this orientation of the m
croscope~in contrast to a horizontal arrangement! to be able
to image samples with maximum linear in-plane polarizat
contrast. Figure 10 shows a drawing of the microscope.
lenses are mounted in a V block and held in position by
clamps to assure the alignment of the lenses and enabl

of

g

FIG. 7. The theoretical resolution limit considering all relevant aberratio
for different operation voltages of the microscope;Wf54 eV.

FIG. 8. Transmission of the microscope as a function of the aperture d
eter for various operation voltages;Wf54 eV.
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easy exchange of individual elements. The V block
mounted on a common massive flange with the sample
nipulator for maximum stability, and is decoupled for vibr
tion isolation from the rest of the vacuum vessel by weld
bellows.

The lens electrodes are made from silicon alumin
bronze material that is easy to machine and to polish. O
the first electrode of the objective lens is made from titani
that does not have the tendency to grow whiskers du
high voltage breakdown. This electrode has the highest p
ability to be exposed to electric breakdowns that occur oc
sionally between the lens and the sample. All electrodes w
polished to a mirror finish, the alumina ceramic insulato

FIG. 9. Contributions of the various aberrations to the total resolution li
of PEEM2. Sample voltage 30 kV,Wf54 eV.

FIG. 10. Layout of PEEM2.
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were prebaked in vacuum, and the lenses were conditio
for high voltage breakdown stability by applying increa
ingly high voltages over a period of several days. T
computer-controlled lens power supplies are current limi
~0.1 mA! to avoid lens damage caused by breakdowns, t
have a low ripple of 1025 for stable microscope operation.
was calculated that a ripple of 331024 causes image insta
bilities comparable to the theoretical resolution limit of th
microscope. The microscope is mounted on a vibration i
lated platform and is decoupled from vibrations of the bea
line by a welded bellows. The high mechanical stability
the system allows acquiring local NEXAFS spectra avera
over areas as small as 100 nm with high energy resolu
and reasonable signal-to-noise ratio. The resolution for lo
NEXAFS spectra is lower than the resolution for imagi
because the acquisition of one image takes typically ten
seconds while the acquisition of a spectrum requires imag
at every energy step leading to typical spectra acquisi
times of 10–20 min.

PEEM2 is equipped with a motorized, fast sample tra
fer system. The load lock chamber has a three sample p
ing stage. The sample preparation chamber includes a sp
gun, a LEED system, several evaporators, a quartz cry
film thickness monitor, a magnet~1000 Oe!, and a movable
sample stage that contains a heater and a shutter
multilayer and wedge structure growth. The microsco
sample stage is retractable and the x-ray beam can be t
mitted through the microscope vacuum vessel into a cham
downstream PEEM2 that contains a setup for XMCD sp
troscopy~without spatial resolution! in alternating magnetic
fields up to 750 Oe. This chamber is used for reference NE
AFS and XMCD measurements.

V. EXPERIMENTAL RESOLUTION TEST AND FIRST
RESULTS

PEEM2 has been fully operational since summer 19
Most of the experiments have been dedicated to the stud
magnetic materials.49,50 Here we demonstrate the spati
resolution of PEEM2 and show selected results on the st
of magnetic nanostructures. The theoretical resolution li
can only be approached with a sample that fulfills conditio
which were assumed for the calculation of the resoluti
Many ‘‘real world’’ samples do not fulfill these conditions
and the resolution achieved with a PEEM will always va
with the sample properties. The ideal sample is highly c
ductive, very smooth, and has two different elements pres
at the surface with a very sharp interface and a very la
difference in secondary yield~at least at some wavelength!.
Samples that are used for the testing of scanning elec
microscopes prepared by nanofabrication techniques are
well suited to test the PEEM resolution because they ty
cally have a certain surface topography that deteriorates
resolution of a PEEM. The best samples we have found
date are highly polished grainy materials, and~as a positive
side effect of the undesired electrical breakdowns betw
objective lens and sample! tracks of surface discharges o
insulating materials. Figure 11 shows a low resolution an
high resolution image of such a discharge track on a LaF3
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sample acquired at the LaM5 edge. The operation voltag
was 23 kV, the 12mm aperture was used, the exposure tim
was 60 s, and the estimated resolution is 20 nm. This is v
close to the theoretical limit of the microscope for this ap
ture size and operating voltage~Fig. 7!.

Magnetic imaging presents a greater challenge beca
the contrast based on the XMCD effect is typically only
the order of 5%–30% whereas it can be up to factors of 5
for elemental contrast. As an example we show XMCD i
ages acquired of Fe wires fabricated51,52 by first UHV
e-beam evaporation and then patterning by optical con
lithography and ion milling. The wires consisted of high
epitaxial ~110! oriented bcc-Fe grown on sapphire substr
with 100 nm molybdenum spacer layer to prevent chargi
The Fe wires display a large in-plane uniaxial magnetocr
talline anisotropy with the easy axis parallel to the@100#
direction, and perpendicular to the wire length. The Fe wi
studied with PEEM2 had variable widths between 2 and
mm, spacings of 10–20mm, about 3 mm length and thick
ness of 100 nm.53 They were capped with either 1 or 6 nm
aluminum to prevent oxidation of the Fe. Local NEXAF
spectra obtained using PEEM2 showed that the 6 nm
layer of Al prevented the oxidation of the Fe while the 1 n
cap layer did not completely protect the Fe which w
slightly oxidized in this case. Figure 12~a! shows an image
acquired below the FeL2 andL3 absorption edges at 710 eV
The Fe stripes are visible as dark broad stripes on the top
the bottom because below the Fe absorption edge the sec
ary electron yield from the Fe is low. Magnetic PEEM im
ages were obtained by taking a difference between the
ages acquired at the FeL3 and FeL2 absorption edges. Th
operating voltage was 20 kV, the 12mm aperture was used
and the exposure time was 4 s at theL3 edge and 8 s at the
L2 edge. Circularly polarized radiation was used with t

FIG. 11. Low resolution and a high resolution PEEM image of a discha
track on a LaFeO3 sample acquired at the LaM 5 edge. Estimated spatia
resolution 20 nm.
e
ry
-

se

0
-

ct

e
.
-

s
0

p

s

nd
nd-

-

photon beam direction perpendicular to the wire length. T
arrows point to the same defect on the sample that was u
to ensure that the same area on the sample was ima
Magnetic PEEM images clearly show that the Fe~110! wires
brake into stripe-like magnetic patterns with two alternati
types of magnetic domains with domain magnetization dir
tion being parallel or antiparallel to the@110# direction, as
expected due to strong magnetocrystaline anisotropy.51,52For
Fe wires with larger widths~10 mm and more! larger, meta-
stable magnetic domains were observed, stabilized by s
domains at the wire edges as seen in the images in F
12~b! and 12~c!. We observed instantaneous change in
magnetic structures of such metastable domains with
creased sample temperature. Figure 12~b! was acquired at
room temperature, Fig. 12~c! at a temperature of 200 °C
both taken of the same sample area. It can be seen tha
domain structure is significantly modified by the heating p
cess. Experiments like this take advantage of PEEM bein
full-field image technique that permits the real-time monito
ing of magnetic domain structures.

Despite the low contrast in XMCD imaging the highe
resolution we have achieved so far for magnetic imaging
better than 30 nm. This result was obtained on stripe
mains in microfabricated Co wires.

This resolution for imaging using x rays is comparab
to the best other instruments in the world and close to
theoretical limit for x-ray operation. A resolution of 22 nm
was obtained by Schmidt and co-workers using a PEEM w
an energy filter,54 and 20 nm resolution was obtained using
PEEM without energy filter but with nonmonochromatize
radiation.55 PEEMs without energy filter and using mono
chromatized radiation typically have lower spatial resoluti
@75 nm,8 130 nm~Ref. 56!#. The resolution one obtains with
a given PEEM depends on the sample, and good sam
preparation and selection is crucial. Important for x-ray o
erated PEEMs is also the brightness of the x-ray sou
PEEMs with very good electron optics that can be tes
with UV light achieve only moderate resolution on seco
generation light sources because of the low signal-to-no
ratio. Better resolution can only be obtained by correcting
the aberrations of the microscope. The most promising
proach to an aberration corrected PEEM seems to be

e

FIG. 12. ~a! Image of nanofabricated Fe stripes acquired below the FeL2

andL3 absorption edges at 710 eV. The Fe stripes are visible as broad
stripes on the top and the bottom.~b! Difference image between image
acquired at the FeL2 and L3 absorption edges showing the magnetic d
mains in the stripes. Images acquired at room temperature;~c! same as~b!
but images acquired at a temperature of 200 °C after heating the samp
1 h. Arrows indicate the same defect on sample.
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application of an electrostatic mirror that requires the inc
poration of a deflecting magnet into the PEEM design.57–62

Aberration corrected PEEMs with energy filtering~small ap-
erture or energy filter! might achieve a spatial resolution i
the few nanometer range.62 Operated with large aperture
and no energy filter they will have a transmission close
100% and at the same time a rather high resolution of ab
30 nm. The high transmission will not only reduce the exp
sure time and thus help to improve the signal-to-noise r
and the resolution, it will also drastically reduce the sam
radiation damage in comparison to noncorrected PEE
and the study of radiation sensitive samples such as polym
will greatly benefit from this increased transmission. Aber
tion corrected PEEMs will enable spectromicroscopy
whole new dimensions by combining true nanoscale imag
capability with the full spectroscopic power of NEXAFS.
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13J. Stöhr, NEXAFS Spectroscopy~Springer, New York, 1992!.
14Y. Hwu, J. Electron Spectrosc. Relat. Phenom.84, 149 ~1997!.
15T. Droubay, G. Mursky, and B. P. Tonner, J. Electron Spectrosc. R

Phenom.84, 159 ~1997!.
16G. De Stasio and G. Margaritondo, J. Electron Spectrosc. Relat. Phe

84, 137 ~1997!.
17S. Singh, H. Solak, N. Krasnoperov, F. Cerrina, A. Cossy, J. Diaz
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27J. Stöhr and H. König, Phys. Rev. Lett.75, 3748~1995!.
28B. P. Tonner, D. Dunham, J. Zang, W. L. O’Brien, M. Samant, D. Well

B. D. Hermsmeier, and J. Sto¨hr, Nucl. Instrum. Methods Phys. Res. A
347, 142 ~1994!.
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