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Surface domain imaging in external magnetic fields
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We report on experimental advances in scanning electron microscopy with polarization analysis that
allow the observation of ferromagnetic domains in external magnetic fields of about 0.1 T. This is
achieved by using a modified electron optics that produces a magnetic field at the sample surface
that is spatially confined on the length scale of 0.1 mm. During imaging, primary and secondary
electrons pass through the magnetic field without significant disturbance. We demonstrate that the
primary electron beam may be used to keep track of the generated magnetic field. As an exemplary
application, the switching processes of rectangular Permalloy elements are analyz802©
American Institute of Physics[DOI: 10.1063/1.1520729

I. INTRODUCTION Il. PRINCIPLE OF OPERATION

The main idea behind the approach illustrated in Fig.

Scanning electron microscopy with polarization analysis , , X ,
(SEMPA) is a well-established technique for the observationl(b? IS very simple. All disturbing effects caused by a mag-
. . L . netic field at the sample surface may be reduced by decreas-
of ferromagnetic domains with high resolution and outstand-

. 13 _ ing the transit time through the magnetic field. This is ac-
ing surface sensitivity. 3 These features are at present h'ghly_complished by using a locally confined magnetic field and an

sought, since many industrial applications such as magnetigyiional electric field to accelerate the slow secondary elec-
RAMs and sensors are essentially sui-microstructures of  ong directly after emission.

ultrathin ferromagnetic films. A drawback of the technique In our setup, the magnetic field is confined to a small
had been that the samples could not be subjected to stron@lume by using a magnetic circuit that ends towards the
magnetic fields during analysis. Therefore only remanensample with a narrow gagpole distance 12Qum) from
states could be studied and an analysis of switching prowhich the magnetic field protrudes. The sample is positioned
cesses was impossible unless one resorted to either vegjose to the magnetic pole pieces0—40 um) so that the
weak field4 or special samples that could be switched with-Surface region near the gap can be exposed to strong mag-
out using magnetic fields within the imaging range. Typi-net'c fields. The accelerating electric field is generated by

cally, stray-field free magnetic circuits were investigated, Soolacmg the magnetic foil and the sample on different poten-

that the field generating coils could be placed far away fromt'als’ typically severgl 100 Vv, depending on_the cho;en
sample to magnet distance. Thus the magnetic pole pieces
the electron beams used for the measurem@untrary to

] . ) ] ’ serve not only as sources of the magnetic field but also as
these experimental approaches, we investigate in this contriecrostatic electrodes. A subsequent electrostatic quadru-
bution the possibility of imaging samples that are directlyyole s used to further accelerate the secondary electrons af-
exposed to strong magnetic fields. ter passing the gap and to correct for small deflections in-
In SEMPA[Fig. 1(a)], a well focused high-energy=10  duced by the magnetic field.

keV) electron beam is directed at a surface and the spin- The magnetic circuit was machined from a high perme-
polarization of the ejected low-energy~eV) secondary ability foil” by using a laser cutter. For precise positioning,
electrons is measured. The spin polarization is known to béhe entire assembly is mounted on a three-axes piezodriven
directly proportional to the magnetization at the surfase, ~ Positioner. By using the SEM mode the positioning of the
that the surface domain pattern may be determined. Whefpagnetic circuit with respect to the sample surface is moni-
the sample is exposed to a magnetic field several difficultiegor‘ad accurately.

. . . . To discuss the performance of the setup it is useful to
may be conceived. First, the spot size of the primary beam . .
recall at the outset that the precession of electron spin polar-

COUld_ be. deteriorated by aberrations. Furthermore,.t.he P ation and the deflection of electrons in a magnetic field are
polarization of the secondary electrons could be falsified du%losely related phenomefidhis may be seen by examining

to spin precession, and finally, the secondary electron beag o equations of motion for the electron velocityand the
could be significantly deflected by the magnetic field, so tha%pin-polarizatiorP in a magnetic fieldB:

the electrons do not reach the spin detector. In the following,

it is demonstrated that these difficulties may be suppressed Mv=evxB, mP=ePXB, 1)

by using a suitable setup. where the approximate gyromagnetic ratio of 2 was used
instead of the more accurate value 2.0024. This approxima-

dElectronic mail: steierl@mpi-halle.mpg.de tion is completely sufficient in the present context and makes
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FIG. 2. Precession of spin polarization in homogeneous fields applied per-
pendicularly to the surface. Shown is the precession apglbserved at a
distance of 10Qum from the surface for electrons emitted with different
o kinetic energies. The difference of both curdggis shown as a dashed line.
magnetic foil ‘ The initial electron velocity is taken to be perpendicular to the surface and
the magnetic field strength of 0.1 T is used.

FIG. 1. Basic SEMPA setugtop) consisting of an electron sourd®HI

SAN 670, electron optics, and a low-energy electron diffraction spin detec- d tic field h ithi dist f
tor. For in-field measurementbottom lef) a miniature magnetic circuit and and magnetc fields are homogeneous within a distance o

an electrostatic quadrupole are added to the s@topshown in scaleBoth 0.1 mm from the sample surface, and that the fields are van-
the primary and secondary electron beam pass through the magnetic gaghing beyond that distance. Furthermore, the initial velocity
The secondary eleqtron_s are accelerated by the potentials applied to ”Eﬁ the electrons and the field directions are taken to be per-
sample, the magnetic foil, and the quadrupole. Typical values-até0 V . .
(sample, ground potentialmagnetic foi) and 400 V(electrostatic quadru- pendicular to the sample surface. The ensuing total preces-
pole). The volume between the magnetic pole pieces is shown to the bottor8ion ¢ iS shown in Fig. 2 as function of the electric field
right. The adjustable distance between sample and pole pieeés typi-  strength and for a magnetic field strength of 0.1 T. The initial
cally chosen between 10 and 4fn. Further dimensions are: 190n mag- — g|actron energies eV and 10 eV were selected, since these
netic foil thicknesgd), 120 um magnetic gap widtkg), and 1 mm magnetic . . S
foil width (w). The incidence angle of the primary electron beam used in thdiMits cover the secondary electron energy distribution used
experiment is 52° with respect to the sample normal. for spin polarization measurement.
For low electric fields the precession is intolerably large,
but above an electric fields strength of abouf Yom, ¢
it apparent that both equations of motion are identical. Thudecomes tolerably smalk10°) and independent of the ini-
only one solution needs to be considered, which describesal electron energyf¢<1°). At 1¢° V/m even fields of up
the well-known precession of a vector around the directiorto 1 T appear to be possible sinde becomes quite small
of the magnetic field. The precession frequency is given by~1°) and ¢ remains in a regime that could be corrected for
the Larmor frequencyd=geB/2m), which is independent by electrostatic deflectors and subsequent data analygsis (
of vector directions. For a given electron trajectory the time~35°). The obtainable electric field strength is certainly
integral over the Larmor frequency may be used to define thémited by electric breakdown. Even at flat, polished surfaces
total angle of precessioa that is induced by the magnetic under UHV conditions electric breakdown occurs at about
field. Since the equations are identical, it is clear that thel0’ V/m, since the width of the surface barriée work
total precession caused by a magnetic field is the same fdunction over electric fiel[dbecomes comparable to the tun-
the velocity vector and the polarization vector. Thereforeneling length(=1 nm). Our own tests using a miniature mag-
both difficulties associated with secondary electrons, i.e., theet machined by laser cutting show that Mm may be
bending of the trajectories away from the detector and thestablished after evaporating surface protrusions by sparks,
precession of spin, can be controlled by considering only avhereas 10V/m can be reached without further ado.
single quantity, the total angle of precessignWhen this We therefore conclude that spin precession and deflec-
value remains small for all detected electrons it is certainlytion of secondary electrons can be effectively suppressed in
possible to perform meaningful measurements. The dimerspite of the substantial magnetic field strength of 0.1 T, when
sions of our setup were chosen to fulfill this requirementthe magnetic field is confined to a region close to the surface
even though it is stricter than absolutely necessary, since on@.1 mm and when a sufficiently large homogeneous electric
could easily correct for larger values gf as long as the field is used.
scatter ofe in the detected electron beam remains small. So far, it was assumed that the magnetic field is perpen-
For an understanding of the relevant orders of magnidicular to the sample surface, which is not the case for our
tudes it is instructive to discuss the precession in homogesetup. However, wherp is small for some perpendicular
neous fields, even though in reality the fields are inhomogefield strength, it will remain nearly unaltered when the mag-
neous. We therefore assume for the moment, that the electrieetic field is rotated by 90°, since the transit time through the
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field is nearly identical for a straight trajectofgerpendicu- cable due to the high permeability of the magnetic material
lar magnetic fielgl and a slightly bent trajectoryfield in-  (>25000."

plane and small value o). Thus the above argument re- The magnetic field produced by the magnetic circuit is in
mains valid for the geometry used in our setup. general not only given by the excitation current of the mag-

In summary of this section, we have introduced the basimetic circuit, but also depends on the magnetic sample. The
setup and the main idea behind it. The relation of miniaturinfluence of the sample may be quantified by using the
ization, required electric field, and obtainable magnetic fieldmethod of image charges. When a thick sheet of high perme-
was illustrated by considering a simple order of magnitudeability material (a magnetic head as shown in Fig. 1 but
estimation. Based on these considerations we have chosenwdthout the gapis brought close to a thin film material the
miniaturize the fields down to about 0.1 mm, which leads tomagnetic charges of the film are perfectly mirrored at the
a reduction of the imaging range in the same order of maghead surface closest to the thin film. When the head is posi-
nitude. This reduction is not a severe drawback for a highioned very close to the surfadelosest approach is 10m),
resolution microscope, since most microstructures of presenhe mirror charges appear at a distance ofu20 above the
day interest are much smaller. In addition, ultrathin filmssurface, which is still much larger than the typical thin film
with a lateral size of this dimension are micromagneticallythickness(~10 nm). This geometry results in very small
not significantly different from larger samples, since the asfields due to the mirror charge, as can be seen by considering
pect ratio(thickness over lateral sizés in both cases quite the worst case of a straight 180° head on wall that extends
small. throughout a film. The mirror charge is much further away
than the film thickness or the typical wall width so that the
mirror charge field can be calculated by using a line charge
with constant density. With a saturation magnetization of 2 T
and a film thickness of 10 nm, the maximum field at the

So far we have highlighted that the two main charactersample surface due to the mirror charge becomes 3.2 Oe and
istics of the setup are the beam size of the primary electroat the peak position, the mirror charge field is perpendicular
beam and the spin-precession angle associated with the sdo-the film. Considering that such weak fields result from a
ondary electrons. The spin precession angle was discuss&mrst case consideration one may expect that mirror charges
for the case of homogeneous fields to establish the validity ofire completely negligible for most ultrathin film systems.
the main idea of the present work: the order of magnitude of  This also holds for the investigation of thin microstruc-
spin-precession remains small when the fields are localizetlires, as can be easily seen by noting that the mirroring sur-
on the length-scale of about 0.1 mm. Of course, the assumiaces tend to be further away since the distance to the mag-
tion of homogeneous fields does not allow one to establisinetic head is decisive. For example, for a completely
an accurate magnetic field limit of the method. In this sec-saturated microstructure of lateral dimensionx2m um?
tion, the inhomogeneous electric and magnetic fields are dggositioned in the middle of the gap, the field generated by the
termined by numerical simulation. Then the order of magni-mirror charges is 0.18 Oe in the middle of the gap, where we
tude of spin precession in these realistic fields is discussedassumed a saturation magnetization of 2 T, a thickness of 100

In the following we do not attempt to provide a complete nm, and a head consisting of two perfect mirror platies,
simulation of the experiment. This would require to work infinite foil thicknessd in Fig. 1). Therefore the magnetic
through a fairly large parameter space, since the spin preceBeld produced by the magnetic circuit is calculated without
sion in inhomogeneous fields depends on the emission posicluding a magnetic sample. Nonetheless, it should be noted
tion of the sample and on the initial electron velocity. Fur-that this reasoning will break down when films or micro-
thermore it would be necessary to simulate the primarystructures with a thickness of sevejah are investigated.
electron beam spot size as a function of position. This, how-  The result for the magnetic field in the plane of the sur-
ever, turns out to be a sophisticated problem, since the priace is shown in Fig. 3. The field strength is normalized to
mary electron beam position on the sample is also sensitivihe field B,) given by the ratio of the magnetostatic poten-
to the far field of the magnet, which leads to the necessity ofial drop across the gap and the gap distance. This is identical
fairly large data arrays in the simulation. The issue of pri-to the average field along a line connecting the centers of the
mary electron beam spot size is therefore not addressed Ipple pieces. The in-plane field is very homogeneous over a
numerical simulation, but by direct measurement of the spolarge fraction of the pole piece distance. In addition, the
size. Since most of the spin precession of the secondary elemagnetic field does not drop steeply with increasing distance
trons takes place within the region of space close to the madsetween sample and magnet, e.g., for 10 angkdOdistance
net, it is certainly not a far field problem and truncating thethe field at the sample surface and in the middle of the gap is
numerical grid is far easier. about 0.8 and 0.8, respectively.

A three-dimensional ray tracing program was used for  However, the magnetic field is not completely in the
the investigatior.For calculating fields close to the center of plane of the surface. Since the perpendicular component van-
the gap it is found that the two-dimensional approximation isishes in the antisymmetry plane its relative importance de-
satisfactory, which might be expected from the large aspegbends mainly on the size of the imaging range. For scan
ratio of the pole piecesg{w=10). As a boundary condition ranges that do not deviate from the antisymmetry plane by
for magnetic field calculation constant magnetic potentialanore than about 5um, the perpendicular component
on the surfaces of the pole pieces were used. This is applamounts to only a few percent of the in-plane field. It should

IIl. PERFORMANCE CHARACTERIZATION
BY SIMULATION AND SEM
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magnetic poles, higher magnetic fields could be accomplished by further de-
7200, creasing the overall size of the setup while keeping the geo-
metric arrangement unaltered. When considering secondary
electrons with vanishing initial energy the precession aggle
becomes proportional to the factqQid Bg/ Ey, whered may

analysis range be an arbitrary chosen length.g., the magnetic foil width
o ogf——0d=B {hetoum andB, and Eo. may be defined in the way givgn above. This
e B, : h=topm rule follows directly from the scaling properties of the non-
e I ) relativistic ray equation®’ When the setup is scaled down
5 0.4 //,\QQ“‘ § by some factor ok, i.e.,d’ =d/k, the magnetic field strength
Eoo2 e\f‘,,;g\,’m that yields the same precession anglevill of course in-
20 W crease, but only by a factor gfk. Here, we assumed that,
E-o ) > remains unaltered when scaling the overall size of the setup,
g L. which is reasonable, since in any case, one will attempt to
04 operate the electric field at a fixed value close to electric
08— 20 "0 20 20 breakdown. In total we see that progress towards higher ob-
[um] tainable magnetic fields by scaling the setup is rather slow

FIG. 3. In-plane B;) and out-of planeB, ) field components in the analy- due to the linear dependence@bn By and the square root
sis range of 100”'\"‘] for different distanée{;h) of 10 and 40um between dependgnce op on the overall length _Scalé" It should be
magnetic pole pieces and sample surface. The magnetic field is normaliz€@mphasized that up to now we required that all secondary
to the average fiel®,. electrons including those with vanishing initial energy pass
the magnetic field without significant spin precession. For
be noted that in-plane fields are applied to investigate ultravery small dimensions, e.gk=100, this requirement ap-
thin systems with in-plane easy axes. In most cases, the wegiears to be overly stringent, since a large fraction of the
perpendicular component is very unlikely to have an effecisecondary electrons has sufficient initial energy to pass the
on these systems. magnetic field even without being accelerated by an electric
A ray tracing simulation was performed to investigatefield. This may be easily seen by noting that the typical en-
the trajectories of secondary electrons. Again, the twoergy of 1 eV leads to a radius of curvature of gwh when a
dimensional approximation turned out to give accurate refield of 1 T is applied perpendicular to the electron velocity.
sults for electrons starting near the center of gap, since modihus, towards smaller dimensions, one may expect progress
of the spin precession takes place when the electrons akeyond the scaling limit introduced above because the typi-
slow and the fields are strong, i.e., in the region close to theal energy of the secondary electrons becomes important.
sample surface. Due to that the fields were truncated at a Care must be taken when the scaling argument is used to
distance of 0.6 mm from the sample surface. For simplicitydesign setups with a larger range of view, i.e., larger pole
the electrostatic quadrupole shown in Fig. 1 was omittecpiece distance, at the expense of lower obtainable magnetic
which leads to a slight overestimate of the precession angldields. When the ratiq/d BOZIEO is kept constant the situation
The main feature found by simulation may be under-remains essentially unaltered as regards to the secondary
stood by considering the electric field. In the present desigrelectron beam, but in such an up-scaling attempt, the primary
the accelerating field at the sample surface and in the middleeam properties are quickly aggravated due to the increase of
of the gapE’ is smaller than the field inferred from the field induced aberrations.
potential dropU and the distancdn between sample and To investigate whether aberrations decrease the obtain-
magnet E;=U/h). For example, for a sample to magnet able resolution we studied the dependence of the primary
distance of 4Qum, E’ is about 55% oft,. In addition, the electron spot size on the magnetic field. This is achieved by
accelerating electric field decreases rapidly with increasingising SEM mode, since it is much easier to accurately mea-
distance from the sample surface. These two effects lead tosure the primary electron beam spot size by SEM line scans
reduction of the acceleration and therefore to an increase @han by SEMPA line scans. As the sample a square grid with
spin precession compared to the homogeneous field approxa periodicity of 25um is used. Large scale SEM images
mation discussed in the context of Fig. 2. To guaranteeghat (100X 70 um?) of the sample are shown in the insets of Fig.
remains below 30° for electrons starting perpendicularly4. Both images in the top and bottom panel are recorded with
along the central axes of the setup, we find from the raydentical settings of the primary electron beam colu(@f
tracing simulation thaE, must be 10 V/m for a magnetic  kV beam energy, 1 nA currentThe visible shift of the field
field at the sample surface of 0.1 T and a sample to magnetf view is caused by the deflection of the primary electron
distance of 40um. For the same fields the homogeneousbeam in the magnetic field. It is remarkable that no sizeable
field approximation yields a spin precession of about 10°distortion of the grid is observed, though the scan range of
which is smaller but not substantially different. Thus the im-100 um in the horizontal direction covers most of the field of
portant order of magnitude of the achievable magnet fieldriew between the pole piecé$20 um pole-piece distange
inferred from Fig. 2 is corroborated by the ray tracing simu-  The displayed line scans are recorded at the edge of the
lation. grid using the highest magnificatigd00 000 and with the
Since the electric field is limited, progress towardsprimary beam in the symmetry plane of the gap. The same
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@ 1 ,;q...-.:‘ inhomogeneous fields is of the same order of magnitude as
e B d from the homogeneous field approximation. There-
H=0 51" tt expecte omog ppre |
%5; L ] size distribution fore this should not limit the method up to fairly strong fields
0 O | I I of about 0.1 T. As regards to the primary electron beam spot
0: =l 2!3';"—1 size, it was demonstrated that no resolution loss can be de-
e e e : tected up to fields of 32 mT. We emphasize that both consid-
,° io 00 1) 200 erations did not probe the entire parameter space since we
®) _1'#‘?&.. restricted the discussion to electron beams in the symmetry
é %::t & dinosisifBuion plane of the setup. Naturally, the performance test that in-
= | sEMimage cludes the entire setup is direct magnetic microscopy, which
"’O- 15|I |2|0| is the subsequent topic.

0 50 100 150 200nm
IV. IN-FIELD MAGNETIC MICROSCOPY
FIG. 4. Influence of the magnetic field on SEM imaging and SEM resolu-

tion. In the top panel the magnetic field is turned off and in the bottom panel As an exemplary application, we report in the following
a field of 32 mT is applied. The insets towards the left display SEM imageson the switching behavior of Permalloy microstructures
(100x 70 wm?) of the sample. With respect to these images the applied field, , .. . . .

direction is horizontal. A small irregularity of the grid is marked by arrows. ('_\“80F%0' 50 nm thick. These were prqduced ina Va”et.y of
The shift of the field of view due to the magnetic field by about 4@ sizes and shapes by electron-beam lithography and lift-off.
towards the vertical direction is visible by comparing the position of the As the substrate a Gj]_]_) wafer with a natural oxide Iayer
irregularity in both images. The displayed line scans are recorded with Pivas selected, since the commonly used thermally oxidized Si

timized astigmator settings at the edge of the grid using highest magnifica- . . . .
g 9 9 J g 19 I Wafers usually give rise to charging effects. For protection

tion. From the normalized line profiles the 20/80 beam size is found from - A > -
the distance of the corresponding level crossings at 0.2 and 0.8. To facilitatdgainst oxidization during transport the microstructures were
the detection of the level crossing the line profiles are fitted by an erroicovered by a cap layefCu, 2 nm thick. This layer was

function. A histogram of the beam size distribution inferred from evaluating . -
250 line scans is shown in the bottom insets. The good agreement of bof ubsequently removed by situ Ar-ion bombardment3 kV,

distributions shows that there is no significant loss of resolution due to thd0° With respect to the sample normaburing SpUt.tering
magnetic field. Auger electron spectroscofpES) was used to monitor the

chemical composition at the surface.

For in-field measurements the demagnetized magnetic
beam parameters are used for both measurements except thatuit was inserted and positioned close to the sample sur-
focus and astigmator settings are optimized each time sindace (35 um). The positioning was directly monitored by
the optimal setting depends on the magnetic field strengthusing the SEM mode. As primary beam energy 15 kV was
From the normalized line profiles the 20/80 beam size ixhosen. During imaging it is found that focus and astigma-
found from the distance of the corresponding level crossinggors have to be readjusted after changes of the magnetic field.
To facilitate the detection of the level crossing the line pro-Using a properly adjusted primary beam of 10 nA with a spot
files are fitted by using an error function. The beam sizesize below 30 nm no deterioration of resolution due to the
determined from the displayed line scans are identig@ magnetic field is detected in the SEM mode. However, we
nm). Thus no resolution loss is apparent for the magnetidind by using AES that the presence of the magnetic circuit
field strength used in the measurem@f mT at the sample decreases the time that the surface remains clean. Mainly
surface. Considering that the line scans are recorded slightlycarbon is detected shortly after inserting the magnetic circuit,
below the regular working distandy about 3 mm the  which might be caused by electron induced desorbtion from
obtained beam sizes of 17 nm agree to the specification dhe magnetic circuit. The carbon contamination decreases the
the electron source manufacturer, who guarantees a beaspin polarization and therefore prolongs the necessary data-
size of 15 nm at working distancé. acquisition time in SEMPA measurements. The reduced sig-

Since comparison of single line scans may be misleadingal and the prolonged measurement time lead to a slight
due to the scattering of the signal we determined the beamdecrease of resolution in the subsequent SEMPA measure-
size distribution by evaluating in both cases 250 lifest- ments.
tom inset$. Both distributions agree within an error below 2 As demonstrated abou&ig. 4), the magnetic field acts
nm. From the evaluation of several size distributions it isas a deflection unit on the primary beam. For the primary
found that the reproducibility of beam size measurement ibeam energy and the sample—magnet distance chosen, it is
about 2 nm. This limit stems from the fact that the measurefound that the scan range shifts on the sample surface by the
ments with and without magnetic field should be performedamount of 1.9um/mT. This value was determined by using a
on the same position of the sample and for each measurealibration sample, as explained in more detail elsewhere. It
ment the focus and astigmator setting has to be optimizeds important to note that the shift of the primary beam posi-
Thus deviations below about 2 nm cannot be reliably detion is experimentally extremely helpful, since it allows for
tected or attributed to the magnetic field. Within these limits,direct measure of the magnetic field strength. For example,
the results, however, clearly demonstrate that there is nto reproduce a certain field value, the excitation coils of the
resolution loss due to the magnetic field. circuit are simply set to the value that reproduces the previ-

In summary, we have detailed the characteristics of theusly recorded primary beam position. The small hysteresis
setup. It was shown that the spin precession due to realistiof the magnetic circuit, that is encountered, causes no prac-
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tations of the excitation current caused by overheating and
(e) due to flux leakage of the magnetic circuit. Up to the maxi-
1.0 mum field of 32 mT no losses of spin signal or SEM resolu-

tion were detected, which indicates that the field strength

limit for in-field SEMPA measurements should be encoun-
165 tered at considerably larger fields.

V. DISCUSSION

(192) We investigate the simple idea that locally confined
magnetic fields combined with strong electric fields could

; allow for the direct observation of switching processes by
(h) SEMPA. Since this leads to a decrease of the field of view,
|18 this method is particularly well suited for the investigation of
s microstructured samples with a lateral size below about 50

(d)

—_— .
5um BImT] 1 um um. For larger samples, e.g., “infinite” ultrathin films, the
magnetization loop observed with the localized magnetic
field may differ from the loop observed in macroscopic
The images display the in-plane spin polarization component in the up-dow#i€lds, depending, for example, on the nucleation processes
direction, as indicated by the shaded arrow. The magnetization directionsf the film. To investigate ultrathin films, it is advantageous
given by the arrows within the images follow from the combination of both to produce structured Samp|esl since from a micromagnetic

FIG. 5. Switching processes of Permalloy rectand&® nm thick with
lateral dimensions 2010 um? (left column) and 4x 2 wm? (right column.

measured in-plane components. For simplicity, only one component is__. . . .
shown here. The switching processa-(d) and (e)—(h) were observed by Point of view, real ultrathin films are always microstructures

increasing the field from zero in the direction given by the arrow at theWith large length to thickness ratio and this is also the case

bottom. Both elements were on the same substrate so that the elements covichen nm thick films are structured to sizes of abouts0.

be imaged sequentially in the same field. The field strength is given to the  Ag regards to the setup we have highlighted the main

left and right in mT. g . .

characteristics. This clearly demonstrates that there is ample

_ . R . _opportunity to design in-field SEMPA setups, contrary to the

tical problems, since the magnetic field is determined by prijong prevailing conviction. A particularly simple design is

mary beam position and not by reference to the current tgealized and used to investigate the switching processes of

field relationship of the magnetic circuit. _ Permalloy elements. The results show unambiguously and
The switching processes of rectangular microstructuresor the first time that SEMPA measurements in strong mag-

are shown in Fig. 5. Rectangles were investigated since thigetic fields can be performed.

shape has been investigated previously by several
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