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A low-temperature ultrahigh vacuum scanning force microscope
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We present the design of a scanning force microscope, which is optimized for magnetic force
microscopy experiments. It can be operated at temperatures down to 5.2 K, in ultrahigh vacuum, and
in magnetic fields of up to 5 T. Cooling is provided by a liquid helium bath cryostat, and the
magnetic field is generated by a superconducting split-coil magnet. The design allows easy access
from the side through a shutter system for fasgitu tip and sample exchange, while the microscope
stays at temperatures below 25 K. The microscope itself features an all-fiber interferometric
detection system, a 7:57.5 um? scan area at 5.2 K, and aw table. The topographic resolution is
demonstrated by imaging monoatomic steps on a nickel oxide surface, while magnetic contrast is
shown on cobalt platinum multilayers and on a manganite perovskite film20@2 American
Institute of Physics.[DOI: 10.1063/1.1502446

I. INTRODUCTION indium arsenidé! graphite?? xenon?® nickel oxide?* and
Since the first successful operation of a scanning forcailicor?®2% has been demonstrated.
microscope(SFM),! this technique has been applied in dif- Up to now, the only instrument, which combines ultra-
ferent environments. From the viewpoint of surface sciencdiigh vacuum, low temperatures) situ preparation, and a
and investigation of basic processes in solid state physics, #uperconducting magnet is described in Ref. 16. It features a
is promising to extend this powerful tool of real space imag-bath cryostat beneath the sample transfer level. For tip or
ing to low temperatures in conjunction with high magneticsample exchange, the whole microscope has to be discon-
fields, and to combine it with preparation and analysis technected from its thermal anchoring and lifted up.
niques in an ultrahigh vacuutHV) environment. In par- In this article, we present a scanning force microscope,
ticular, such an instrument allows to study the large varietyoptimized for MFM measurements, with a large scan area, a
of magnetic phenomena by using magnetic force microscopWOdular dESign, and interferometric detection of the cantile-
(MFM). ver deflection. The instrument is placed in an UHV compat-

Several successful attempts have been made to operatd®e top bath cryostat with a superconducting magnet. This
SFM at temperatures as low as liquid nitrogen or helium S€tup keeps the microscope in the transfer level of the UHV
One possibility is the cooling of the sample by connecting itSyStém. Easy access is provided by using a split-coil magnet
to a heat sink via a cold finger. Operation has been reporte@nd two shutters in front of a cutaway through the liquid
in high vacuurd® and in ultra high vacuurft® Such a setup helium tank. Thereby, .th.e microscope remains fixed to its
provides relatively easy access to the microscope for tip anHwe.rmaI anchoring duringn situ t|.p or samplg exchange,
sample exchange and for adjusting the signal detectioWhICh allows a fast, safe, and reliable operation.
mechanism.

A major disadvantage of the cold finger method is the
presence of large temperature gradients. To benefit from thg UHV SYSTEM

reduced thermal noise of the cantilever and from the in- 1, study clean surfaces with well defined tips, the op-
creased stab_ility at low temperatures, one has tol useab rtunity of in situ preparation like cleavage, heating, sput-
cryostat, which keeps the whole microscope in a coldgring, and evaporation is essential. Therefore, the scanning
environmenf~2°With liquid helium as a refrigerant, a super- force microscope is part of an UHV system consisting of
conducting magnet can be implemented to apply large maghree chambers.
netic fields:>**~**Some of these instruments have been used  The cryostat chamber with the superconducting magnet
for MFM experimentd, 10161819 and the microscope are described in more detail in the fol-
To install a SFM in an UHV environment at low tem- |owing sections. Tip and sample treatment is accomplished in
peratures, is a challenging task. The combination of bakabilthe preparation chamb&t,which is equipped with an elec-
ity, low vapor pressure, and matching of thermal contractiortron beam heating, a sputter gun with a differential pumping
coefficients strongly limits the choice of materials. So far, itline, an iron evaporation cell, and a resistive or direct current
has only been realized by very few grodp$:*2%ith such  heating. The analysis chamBécontains a surface analysis
bath cryostat designs, very low noise and stable imaginginit for low energy electron diffraction and Auger electron
conditions have been achievetirue atomic resolution on spectroscopy.
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To introduce cantilevers and samples into the UHV sys- vibration isolation - JE—
tem, a load lock is connected to the preparation chamber. of the LN, tank |<—feedthrough
Access to the different chambers is provided by magnetic m and He
linear and rotary motion drives with perpendicular handing kJ’e‘iﬁ“f’V
over. Sample holders in the preparation and analysis chamber LN, mnk\__}J I_
can be positioned byyzmanipulators. In particular, the ori- I linear
entation of the tip towards the sputter gun and the iron motion

. . LHe tank feedthrough
evaporator can be adjusted precisely. ----l for shutter

To achieve pressures better than i®a, the UHV sys- L
tem is baked at 120 °C for three days, while the temperature LN, radiation s,ﬁg;ﬁ:{'
of the superconducting magnet has to be kept below 100 °C. shield / (NbTi)
During bakeout, the vacuum system is pumped by three  cample &
turbo pump<?8 one for the cryostat, the preparation chamber, microscope N — / '\ 5 cantﬁeve,
and the load lock each. Thereafter, ultrahigh vacuum is main- . () transfer
tained by three ion gett&t and three titanium sublimation <M
pumpsP (one for each chambger : 0

In order to realize a sufficient vibration isolation of the —u__,j‘
microscope from external noise sources, the UHV system is titanium ! =
mounted on pneumatic damping legs which in turn stand on :ﬂ';:';"am“

a separate fou_ndatlon. During measurements, all mechz_inlcal feedthrolghs for turbo
pumps are switched off, and the experimentator stays in an wires and fiber  CF 150 shutter

. . . i fl
adjacent room. Due to the rigid microscope desigee ange

Sec. V), no additional internal damping stage for the micro-FIG. 1. Cross section of the magnet cryostat. The microscope is inserted
scope inside the cryostat is needed. from below together with the microscope chamber containing the electrical
and fiber-optical feedthroughs.

Ill. MAGNET CRYOSTAT
. . ) ally, they may be disconnected inside the tank and retracted
The design of the magnet cryostat is guided by the de- y y may I s

mand for a strong magnetic field, combined with easy ancgurlng persistent operation of the magnet. Two 50 W resis-

fast access to the microscope and reliable operation. This KY€ heaters with PT100 temperature sensors are mounted on

best attained, if the microscope is located in the transfer levé['® bottom of the LHe tank. They are used to evaporate any
of the UHV system. Therefore, we chose a liquid heliumreémaining cryogen after the magnet has been precooled with
(LHe) top bath cryostat with a liquid nitrogen (L) radia-  liquid nitrogen, and to assist the bakeout procedure. More-

tion shield and a superconducting split-coil magnet. The mi-over, it enables variable temperature measurements up to a
croscope right in the center of the magnet is described imertain degree by heating the large thermal mass of the mag-
Sec. V. net. Two additional PT100 temperature sensors are fixed to

A cross section of the cryostat chamber is shown in Figthe side face of the magnet to measure the magnet tempera-
1. The magnet cryostitfits into a DN 450 COF flange on e during bakeout and cooling.

top of the cryostat chamb&t A separate microscope cham- The magné? has a split-coil geometry with a central
ber with all necessary feedthroughs for the operation of th% S : .

. . . ore of 60 mm in diameter, which hosts the microscope.
microscope is connected via a DN 250 flange at the bottom:.

Viewports offer optical access to the microscope under variW ith its superconducting NbTi coils, it produces a maximum

ous angles, when the shutters are opened, thus facilitatifgf!d Of 5 T vertical, which is perpendicular to the sample
coarse approach and exchange of tip and sample with strface. The homogeneity is specified to be better than
wobble stick. 5% 10 2 within a 10 mm diameter at the sample location.

The cryostat consists of two tanks for cooling liquids. Field ramping at rates down to 0.6 mT/min is possible with
The outer tank serves as a radiation shield and is filled withhe currently used control unit.
up to 35.5¢ of liquid nitrogen. It is mechanically decoupled In order to exchange tip and sample without moving the
from the vacuum chamber by viton stacks and edge weldeghicroscope, there has to be an access from the side through
bellows. A pump line can be added for solidifying the nitro- \e r4gjation shield and the LHe tank to the microscope in

?;? Igr;r:?eéetlz mtlrr::aml_lzeta?wirt:rbitllgZ(S)a?gg ég th:r ?:(;I_:gthe center of the magnet. This is provided by an 80° cutaway
'9 ' W B ag pp 12 with a height of at least 40 mm between the two magnet

tion shield is mounted, which encloses the lower part of the .
LHe tank coils. The cutaway can be closed by two copper shutters,

The inner tank includes the magnet and is filled with upWhich are moved simultaneously by a linear motion
to 33.5¢ of LHe which yields a hold time of 48 h. The feedthrough operated from the top of the cryostat. They are
current feedthroughs for the magnet, which are capable ghermally connected with stranded copper wires to the LHe
100 A, run through the tank and the exhaust dome and arand LN, tank, respectively, and gold coated to reduce ther-
thus directly cooled by the evaporating cryogen. Addition-mal radiation.
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pressed contacts, the copper parts are gold cGatBdAore-
over, the gold coating prevents oxidation of the copper parts
and reduces thermal radiation.

The copper cylinder serves as a thermal anchoring of the
electrical wire3® as well, which are glued to it over a length
of 10 mm. Below and above these glue points, there are two
rings of electrical connectors. Thus it is possible to detach
the microscope from the copper base without destroying the

microscope

. & a;’;ig?ial:g thermal anchoring of the wires. Further anchoring is not use-
macor rings =% Ty of wires ful due to the small distance between L Ahd LHe tempera-
with electrical ) ture parts.
connectors —, yli : All electrical connections between room temperature and
VU copper plates: . .

: =+ ey at LHe LHe temperature are made out of manganin wi@4 mm
c’;‘;ﬁ:‘;‘;‘;%’iﬁh ol T temperature diametef because of their reduced thermal conductivity
feedthroughs . | Gt cpmpared to copper. Corre_spondi_ng yvires such as ti_p—sample

a8 Ty 2 bias are twisted. For electrical shielding and protection, they

[ temperature
! '4—-— screws

are guided through the two cylindrical copper plates in cop-
per beryllium meshes towards the feedthrough flanges at the
microscope chamber. The optical fiber for the detection of
cantilever displacement is directed through the center of the
microscope and the copper base. It ends outside the chamber
after passing a small bore in which it is glued with UHV

s

i
i)

FIG. 2. Thermal anchoring of the microscope. During insertion, the coppercompgt'ble epoxy .reSW-
parts are connected via screws to the microscope chamber, but disconnected With LHe cooling and closed shutters, a temperature of

afterwards(see the text 5.2 K is routinely achieved. Main heat sources are the nearly

50 wires needed to operate the microscope, and thermal ra-
IV. THERMAL ANCHORING, ELECTRICAL AND diation from the shutters, which do not have exactly the same
OPTICAL CONNECTIONS temperature as the refrigerant. With opened shutters during

To reach a low final temperature and a short coolingfiP Or sample exchange, the temperature usually stays below
time, the thermal conductivity from the microscope to the25 K and returns to thermal equilibrium within 1 h. Initial
cryogen has to be maximized, and the thermal load fronf00ling from room temperature to 78 K takes 12 h, and 4 h
room temperature has to be minimized. Heat transfer througf{om 78 K down to 5.2 K, due to the large thermal mass of
the electrical connections and pressed contacts has to be cdR€ magnet.
sidered as well as thermal radiatioh.

Figure 2 shows a photo of the mic_roscope and its the_rv MICROSCOPE DESIGN
mal anchoring. In the lower part, the microscope chamber is
visible, which contains the side flanges for all feedthroughs The operation of a microscope in UHV, at low tempera-
of the electrical connections and the fiber. The copper partaires, and in strong magnetic fields requires careful consid-
with the microscope body on top are connected to the LN eration of the possible materials. For UHV compatibility, a
radiation shield and the LHe tarikee below. Up to now, no low vapor pressure and bakability up to 150 °C are neces-
UHV compatible detachable fiber connections are availablesary. For low temperature applications, one has to regard the
Therefore, the whole setup has to be mounted from belownatching of thermal contraction coefficients of different ma-
into the bore of the cryostat. During insertion, the micro-terials to avoid mechanical stress during cool down. In par-
scope chamber is held by a cardanic suspension, which alicular, strong magnetic fields and MFM experiments require
lows to adjust the microscope position very carefully with nonmagnetic components. These properties are almost per-
respect to the central bore of the magnet. This procedure iectly fulfilled by the used combination of the piezoelectric
needed, because the diameter of the micros¢6pemm) is  material lead zirconate titanat¢PZT), macor® and
only 2 mm less than that of the magnet bore. After insertionfitanium3°
the screws, which connect the copper parts to the microscope A schematic cross section of the microscope is given in
chamber, are removed through a CF 150 flange at the bottoiFig. 3. To keep the microscope as rigid as possible, the main
(see Fig. 1 body is made out of one piece of macor. It has a cylindrical

The microscope is screwed to an oxygen-free highshape of 125 mm in length and 58 mm in diameter. The fixed
conductivity copper cylinder with a cylindrical ground plate, cantilever stage is located in the middle of the macor body.
which in turn is screwed to the bottom of the LHe tank. The upper part hosts the approach mechanism for the
Another copper plate is screwed to the bottom of the, LN sample.
radiation shield. To enhance the reliability of the connections  The lower part of the microscope contains the mecha-
and to achieve higher contact pressures, heli coils are used irism for the detection of cantilever deflections. We chose a
all copper threads of the LHe tank and the J Madiation  fiber optic interferometer based on the setup given in Refs.
shield. To improve the thermal conductivity through the 12 and 40, because it allows a very compact and rigid design
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oscillation of the cantilever in the dynamic force microscopy
mode.
The above mentionedx situ cantilever positioning

sprin
Iozdeg mechanism is realized as follows: Before inserting the mi-
Mo plate sample croscope into the cryostat, a cantilever is directly glued onto
scanner and aligned on a cantilever holder, which is already inserted
sample ] into the pick-up stage in the microscope. This well aligned
sapphire | | di red cantilever is used as a master in a second identical stage.
macor From this master cantilever, an alignment mask is made, and
sample counterpart other cantilevers can be gluea situby means of an optical
holder —— microscope.
cantilever piezo for Samples are mounted on a small titanium plate, which
holder cantilever can be inserted into the sample holder using a wobble stick.
— —oscillation It is held on the sample scanner by two springs. A grounded
fiber layer of conducting glue prevents crosstalk between the scan
sapphire voltage and the tip-sample bias. The sample scanner as well
shear as the fiber scanner has gold electrodes and is made of
piezo| | fiber EBL 4 piezoelectric materidf This type is reported to have
stacks il small hysteresis and creep effe¢tsThe dimensions of the
sample scanner are 6.35 mm in diameter and 58 mm in
length. Its lowest resonance frequency is about 700 Hz,
which approximately matches the predicted value calculated
from Ref. 45.
fiber Coarse approach of sample and fiber towards the canti-

lever is realized by two single axis piezoelectric step motors
FIG. 3. Cross section of the microscope. A detailed description of all comPased on the walker principf@'.“ Fiber and sample scanner
ponents can be found in the main text. are glued into the bore of a sapphire prism each, which is
held by six stacks of piezo plates. This configuration has
already been described in Ref. 12 for a very similar micro-
and is, at the same time, a very sensitive method. Light emitscope design. For sample exchange, the sample walker is
ted by a laser diod@ is guided through an optical single fully retracted. At the end position, the conical end of a tita-
mode fiber and is backreflected into the fiber by the backsidgium rod fits precisely into a counterpart at the backside of
of the cantilever. This allows to keep the laser diode, th¢he sample holder, thus absorbing the force applied to the
photodetector, and the amplification circuit at room temperaScanner during sample exchange.
ture and outside of the vacuum chamber. Since the deflection FOr latéral coarse positioning of the sample relative to
signal is transported by light to the photodetector, it is notthe tip, anxy table is implemented in the microscofiég. 4).

affected by any electromagnetic noise sources like stray € Walker housing with the sample coarse approach mecha-
nism is mounted on a titanium disk, which can be moved by

fields from the electrical signals used to operate the micro=">""" ks. Th " lued ) |
scope. As the wavelength of the laser light is known, one had/X PIezo stacks. Three stacks are glued on a triangular macor

a direct calibration of the cantilever deflection, which is nec—plf}te’ while the other threg are glued on th'e top of the main
essary for quantitative measurements microscope body. Each piezo stack consists of four shear

The well matched thermal expansion coefficient of thepiezos: two for thex and two for they direction. For the two

used microscope materialsee aboveand the symmetry of axis lateral movement of the titanium disk, the walker prin-
P y y ciple is used, analogous to the single axis movement de-

the microscope along the cantilever axis avoid a lateral MiSZ (ibed above. The load on the disk, and thereby the step

alignment between fiber and cantilever during the cool dOWQ/vidth of the walker, can be adjusted by a molybdenum leaf

process. Therefore, only the separation between cantilevesr ring, which presses onto the triangular macor plate via a

and fiber has to be readjusted. Coarse positioning is provid by ball and is held by three screws on thread rods sticking

by a walker step motor as described below. Fine adjustmeny+ of the main body. Due to the high maximum pressures

to the most sensitive point of the interferometer is realizedy|owed by this design without preventing agmotion, the

by means of a piezoelectric scanner that holds the very enghicroscope keeps its overall stability. Thg table can be

of the fiber and allows a vertical displacementz0#00 nm  moved within a & 4 mn? area.

at low temperatures. The fiber scanner also allawi) xm Lateral calibration of the scanner was accomplished by

lateral adjustment, but due to our relialge situcantilever means of a silicon test gfitiand yields scan ranges of 18

positioning and the symmetric microscope design, this facil-x 25 um? at room temperaturéRT), 15.5< 18 um? at 78 K,

ity is usually not needed. and 7.5< 7.5 um? at 5.2 K with a voltage oft 130 V applied
Cantilevers are glued on commercially available cantileto the piezo electrodes. Additionally, a compact disk, the

ver holderé? and are inserted into a fixed pick-up stage. Thisfiber optic interferometer, and monoatomic steps on a NiO

stage is mounted on top of a wobble piezo providing thesurface(see Sec. Vllare used foe calibration.
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Ti thread
rod —>
walker ; Ti rod
housing
shear mode
piezo and i clearance for
ALO, plate walker housing
Ti thread
rod s

0 50 100 150 200
nm
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FIG. 4. Exploded view of th&ytable. The walker hOUSing is screwed to the FIG. 5. (a) Topographic image of th@o_‘]_) surface of ann situ cleaved and
titanium disk. The molybdenum leaf spring is held by screw nuts on theannealed NiO single crystal. Data acquisition has been performed after so-
thread rods and determines the load on the titanium disk via the macor plaigyifying the LN, to avoid noise due to bubbling. Monoatomic sté@es
and the ruby ball. Thety table with the walker housing can easily be re- pm) are clearly resolved(b) Display of a single scan line of imag@).
moved in order to change the scanner. Parameters: Scan area 20000 nnf, T=5.2 K, f,=192 kHz,Af=—10

Hz, A==*=5 nm,Up,= 1.1V, scan speed 222 nm/s, and bandwidth 300 Hz.

In the microscope, only copper wiré8.127 mm diam-

etep are used. All metallic parts are grounded. Permanentaicylated from Eq.(6.1). At 5.2 K, the rms noisest
electrical connections are glued with silver epoxy or sol-amounts to 30 mHz,, which exceeds the thermodynamical
dered. Removable connections use gold coated integratgghit by a factor of 5-8. In both casesf is proportional to
circuit (IC) pins. _ _ 1/A. The main contribution to the noise at low temperatures
The temperature is monitored by a Cernox temperaturgs given by the preamplifier electroniés.g., shot noise in
sensof® attached to the microscope body next to the samplene photodiodg and scales with the square root of optical
position. Magnetic fields of up to 5 T change the temperature,over hitting the photodiode. Therefore, an increase of the
reading of this sensor type by less than 0.2%. oscillation amplitude, laser power, or backreflection from fi-
ber and cantilever would improve the signal-to-noise ratio.
VI. FIRST EXPERIMENTAL RESULTS For imaging, commercially available silicon cantilevers
with resonance frequencies of 183—203 kHz and force con-

Both atomic and magnetic force microscopy mode ben-

efit from the enhanced sensitivity of cantilever frequency de—S tants of 40—-57 N/m are used. To remove the native oxide

tection due to their much higher quality factor in vacuum. All layer, they have been sputtered with argon ions. During mea-

. . . . surements, the amplitudk of the self-oscillating cantilever
images presented in this section show raw data and are ré-

corded with the frequency modulation technique described i kept constant by means qf an amp"“.‘de regulator.
The z resolution of the instrument is demonstrated by

I;fefi.SE;](i)\./eTnhz;hermal limit of the detectable frequency Shlftimaging the(001) surface of anin situ cleaved NiO single

crystal subsequently heated to 500 °C. The image displayed
fokgTB in Fig. 5 has been acquired at 5.2 K while pumping on the
o (6.1 LN, tank, which effectively removes stochastic noise due to
KL QA bubbling nitrogen. The measured step heights correspond to
wheref, denotes the resonance frequency of the free cantithe half of the lattice consta@17 pm). Within each terrace,
lever, k. the spring constantQ the quality factor,kg the  we observed & noise of 22 priys.
Boltzmann constanf] the temperatureB the measurement Magnetic imaging is usually performed by iron coating
bandwidth, andA the oscillation amplitude® on that side of the tip pyramid, which faces the cantilever
At room temperature, we typically achieve a frequencysubstrate. This results in a thin iron film of prolonged trian-
resolution of 40 mHgz,s (oscillation amplitudeA=*=5 nm, gular shape with a magnetization along its symmetry axis.
bandwidthB=100 H2 matching the thermodynamical limit We found that such tips are nearly exclusively sensitive to

((65)%)=
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FIG. 6. MFM image of a CoPt multilayer sample. Both images are acquired
at zero field and at the same location. The image on the right is recorded
after applying 50 mT in order to reverse the tip magnetization. The domain
structure remains unchanged, but the contrast is inverted. Parameters: scan
area K7 um?, T=5.2 K, f;=201 kHz, A==5 nm, h=30 nm, Uy,

=20 mV, gray scale 400 mHz, scan speeg®/s, bandwidth 100 Hz, and

Of noise= 42 MHZps.

the out-of-plane component of the sample stray field and

exhibit a vanishing small in-plane component. The appropri-

ate thickness of the iron film depends on the magnetic char-
acteristics of the sample and should be a compromise be-
tween signal strength and minimized disturbance of the

sample magnetization.

For MFM measurements, we apply the plane-subtraction
mode: In the topographic modéeedback ol the sample
slope is compensated by adding appropriate V0|tagesmtheF|G. 7. MFM .images of the domain structure of a 100-nm-thick
electrode of the sample scanner. Thereafter, the feedback &C%3Mn0; film grown on a LaAlq (001) substrate, recorded at 5.2 K

. .. with a 5 nmiron coating on the tip(a) at 160 mT andb) at 155 mT,(c)
switched off, and the tip is retracted from the sample surfac@nage difference ofa) and(b) elucidating the change of the domain struc-
to a scanning heigtit of typically 2030 nm. AMFM image ture within 5 mT. Parameters: scan area#um?, f,=193 kHz, A=+5
is obtained by scanning in this plane and recording the frenm, h=30 nm, U,,=1.5 V, gray scale 370 mHz, scan speedu8s,
quency shift, which is in this case dominated by long range®2ndwidth 100 Hzf noise=23 MHzmp.
forces of electrostatic or magnetostatic nature. The electro-
static contribution can be minimized by applying a bias volt-film was 250 K, and the tip was coated with 5 nm iron on the
age to compensate for the contact potential difference.  side face towards the cantilever.

To characterize our MFM tips and demonstrate the out-  Figures Ta) and 7b) show two images of such a movie
of-plane sensitivity, we imaged a CoPt multilayer samplegoing from O T to saturation at 800 mT and back to 0 T
(Fig. 6) which has a strong perpendicular anisotropy. Bothwithin 22 h of measurement time. Each image has a field
images are taken at the same tip-sample separation, withvariation of 5 mT which is small enough to track changes of
bias voltage of 20 mV, and at zero magnetic field. The tipthe domain configuration through several images. Due to the
was coated with 5 nm iron on the side face towards thestability of the microscope and the use of nonmagnetic ma-
cantilever and 2.4 nm on the two outer sides of the tip pyraterial, two consecutive images can be subtracted to directly
mid. The CoPt sample has a much higher coercive field thamisualize the changes of the domain structure. Figue 7
the iron film on the tip. So it was possible to reverse theshows such a difference image. In spite of the fact that the
magnetization of the tip by applying a vertical magnetic fielddomain pattern is maze type, the field dependent changes are
of 50 mT without changing the domain structure of thestill of cylindrical shape. Moreover, remaining topographic
sample. This causes an inversion of contrast in the MFMeatures can be eliminated by this method since they do not
image. The dark and bright edges next to the domain wallshange with magnetic field.
originate from a small in-plane component of the tip magne-
tization, which is due to the coating on the outer tip sides We, . NnOWLEDGMENTS
used for test purposes.
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