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Reflection scanning near-field optical microscopy in ultrahigh vacuum
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A reflection scanning near-field optical microscope with polarization-sensitive light detection for
operation in ultrahigh vacuum is presented. All necessary stages to reach the final goal of
subwavelength resolution in magneto-optics are considered step by step, validating our approach
and demonstrating the usefulness of the final instrument. A number of problems are attacked and
discussed, but some are only treated to an extent necessary to bring the instrument to operation. Sub-
\ resolution of a nonmagnetic polarization signal is demonstr&ef005 American Institute of
Physics.[DOI: 10.1063/1.1922789]

. INTRODUCTION Il. INSTRUMENT DESCRIPTION

Figure 1 shows the schematic block diagram of the

; -, ; ; ; SNOM in reflection mode. It is composed of two parts; one
technique combining atomic-force microsco@FM)* with ; _ . .
g g ) for topographic and one for optical analytics. Three different

optical resolution beyond the diffraction linfit Usually, an odes of operation with coated fiber fins are denerally bos.
aluminum-coated optical fiber tip with subwavelength aper- b b g yp

. —_siple: illumination with near-field light and collection of far-
ture is scanned across the sample surface. Mostly, the size

th be i ible for th lutfowith i ) feid light, illumination with far-field light and collection in
the probe 1S responsible Tor the resolutioWith INCreasing e near-field, and both illumination and collection using the
interest in small-scale magnetic properties of materials,

. enais, dear field*? > Another method to get subwavelength resolu-
method allowing measurements of the local magnetization i, \yith polarization contrast is the depolarization SNOM

an applied magnetic field is needed. Classical Kerr micrqnat uses uncoated fiber tif52® Here, we illuminate with
scopy is an appropriate technique as the light itself does nq{ear-field light and collect in the far field. For the optical
interact with the magnetic field. Only the magnetized sampléeyart, linearly polarized light is coupled into a single-mode
manipulates the polarization state of the light. Optical mi-fiber. A frequency-doubled Nd: yttrium—aluminum—garnet la-
croscopy is, however, limited in resolution due to the finiteser with a wavelength of 532 nm is used as the light source.
wavelength and the resulting diffraction limit. The optical The light is polarized by a Glan prism with a polarization
near field is one way to extend the resolution beyond theerror of less than I6. To use maximum intensity and flex-
fundamental limit of the wavelength of the light. An alterna- ibility, the polarization direction of the laser light is con-
tive approach is to use smaller wavelengths to resolve tectirolled by a\/2 plate. The linearly polarized light is then
nologically interesting structure sizes and employ x-ray Kerrcoupled into a single-mode fiber by means of an aperture-
microscopy or related techniqu%ﬁ/.\/e use SNOM to mea- Mmatched microscope objective. However, the fiber influences
sure the magneto-optic Kerr effedlOKE)®~8 with a reso-  the polarization of the light. To obtain linearly polarized light
lution beyond the diffraction limit:'® If the fundamental at the tip, a\/4 plate is installed between the polarizer and
properties of small magnetic aggregates or thin films are ofoupler. With this, the light can be adjusted in such a way
interest, sample contamination is an issue. One reason is tfigat it is exactly linearly polarized at the SNOM tip. This is
chemical change of the sample surface through the absorb&§cessary for avoiding field enhancements and polarization
layer (e.g., oxidation). This will modify the magnetic prop- changes resulting from plasmons in the tip Coaﬁ%g' ,
erties. Another reason is the change in topography that influ- The tip illuminates the sample and the far-field light

ences the opical measuremého icumvent s prob- 720 Y e sample s oleccd i & spherca it
lem, our SNOM is part of an ultrahigh vacuufuHV) P P P

svstemn. All preparation and measurement is done at reé@e light is reflected from the spherical mirror at near normal
Y ' b gp P incidence, thus hardly disturbing the poIarizatf‘BrThe light
sures of X 107 mbar or less.

In thi ol q ibe the i 4 di IEollected is then focused and shaped to a nearly parallel
n this article, we describe the instrument and discuss al|o 4, by a system of lenses. Finally, it is analyzed by a

properties and features needed to measure magnetic Propgfmpination of Glan polarizer and photoelastic modulator
_tles with high _spatlal re§olut|on in an appheq magnetlc_f'ew(PEM) which can be rotated. Detection of the light is done
in UHV. On this route side effects such as tip-sample interyy 5 photomultiplief:?* The quality of the light polarization

action and light-induced tip heating are also discussed.  ang the stability of the polarization direction is discussed

Scanning near-field optical microscoggNOM) is a

later.
Aauthor to whom correspondence should be addressed: electronic mail: 10 image the sample, the optical fiber tip needs to be
stefan.hoppe@physik.fu-berlin.de scanned across the sample surface with high precision. The
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FIG. 1. Block diagram of the MOKE-sensitive scanning near-field optical
microscope. feedthrough is needed to achieve good polarization stability.
This is essential since the rotation of the light polarization
key ingredient is a sensitive tip-sample distance control. Iflue to stress birefringence exceeds the Kerr rotation by far.
general, this is obtained in SNOM by the use of a laterallyFor the feedthrough, the fiber is threaded through a hypoder-
vibrating tip and the shear—force interactfdnThe optical mic needle and sealed with vacuum-compatible glue. The
fiber is attached to a piezoelectric tuning fork which is ex-hypodermic needle itself is mounted in a CF16 flange. The
cited at its resonance frequency. The piezoelectric signaketup is basically a fiber-optic feedthrough that minimizes
which is proportional to the oscillation amplitude during ap- mechanical strain on the fiber. The thick spherical lens is also
proach, is analyzed by a lock-in amplifier and is fed into aglued into an assembly of two thin-walled cylinders. Differ-
feedback loop for distance contrdl This way, surfaces of ential thermal expansion this way stresses the cylinders, not
constant tuning-fork amplitude are measured. The scannéhe lens. The spherical lens itself is very uniformly stressed
unit consists of two piezoelectric tube ceramics manufacby the air pressuréonly normal forces act on the glass sur-
tured by Staveley Sensors Inc. The one carrying the sampléce). No large lateral variations of stress birefringence are
is used for thex—y scan while the-position piezo carries the Observed in a test experiment confirming the polarization-
probe tip. The tip is not scanned in order to exclude polarpreserving properties. The glue used in all cases is Varian
ization variations due to stress birefringence in the fiberforr Seal.
caused by the bending of the fiber while scanning.
As mentioned above, the SNOM is part of an UHV sys-
. . . B. The magnet
tem. The vacuum chamber is pumped with an ion getter
pump and a titanium sublimator pump. Figure 2 pictures the ~ Since MOKE is an optical probe that can easily operate
main parts of the SNOM chamber as a cross section. Thi#® an applied field, a magnet should be included in such a
scanner is positioned in the center of the spherical mirror. Adnicroscope. The influence of the magnet construction on the
electromagnet is also included. The top magnet yoke i§ptical path has to be minimized and its design has to be
drawn in its open position which is used to transport thecompact to fit into an UHV chamber. At the same time, the
sample into the microscope. During measurement, it igPplied field has to be as large as possible. These boundary
closed vyielding a gap of 5 mm. The unit scanner/mirror carfonditions seem impossible to meet but distributing function-
be adjusted relative to the first lens of the focusing systendlity leads to success. A photograph of the magnet imple-
even when the system is under vacuum. This adjustment afented in the SNOM is shown in Fig. 3.
complishes focusing the detection optics. The spherical lens A long water-cooled Fe core is used. The windings are

also serves as the vacuum window as explained below. ~made in packages of 15, so the wire comes in contact with
the core every 15 windings for a better cooling. The wire

. itself is insulated using glass-fiber tubiriRefrasil). From
A. Optical feedthrough the right, an arm guides the magnetic field under the sample.
To realize the minimum complexity of the setup most The conical part is the bottom magnet yoke fully encompass-
optical components are outside the chamber at ambient coing the scanner. The sample rests on three legs attached to
ditions. The fiber and the first lens of the focusing system ar¢he scanner’s piezoelectric ceramic and penetrating the yoke.
used as vacuum-air interfaces. A special strain-fre®©nly two of the three legs are visible. They are identified
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FIG. 4. Damping(left) and force(right) parameter of a harmonic-oscillator
model fitted to the experimental approach curves of a probe tip approaching
a Cu surface. The arroa indicates the point of electrical contact.

much stronger requirements on the stability and resolution of
FIG. 3. The SNOM with sphgrical mirror. I_3ehind the mirror is the semicir-‘}he tip—distance control in UHV SNOM than for work in air
cular coil core made of pure iron. On the right hand side, the magnetic fiel .
is piped under the sample, on the left side over the sample. or inert ?‘tmosPhere' .

In Fig. 4, force and damping constants extracted from

approach curves are plotted versus tip—sample position for
through white ceramic balls acting as contact points. The arnCu. Zero on the distance scale is chosen arbitrarily, and
on the left can be lifted and carries the upper magnet yokehigher values correspond to a closer distance of the tip from
The maximum magnetic field amountsBe0.2 T. The tem-  the surface. At first, there is a sharp turn on of the interaction.
perature increase of the magnet is less thér 10 K at the  The change in force and damping constant starts nearly si-
maximum field after 1 h. The Faraday effect in the fibermultaneouslyA priori, the absolute distance between tip and
might contribute to the magneto-optic signal. The design okample is unknown. To extract this information, a bias volt-
the magnet is, however, such that the tip is nearly not exage of 100 mV is applied between the Cu sample and the
posed to the magnetic field at all. The fiber is mainly insidemetal-coated tip. The arrow in Fig. 4 shows the onset of
the magnet yoke. We will demonstrate later that the opticabhmic resistance between tip and sample. Thus, shear—force
setup is capable of detecting polarization rotations less thaimteraction as applied to SNOM in UHV under our condi-
0.01°. tions is a modification of contact AFM.

lll. LIGHT INDUCED THERMAL EXPANSION OF THE
C. The shear-force interaction FIBER TIP

The distance between tip and sample is a sensitive pa- Our MOKE-SNOM operates with reflected light. The
rameter. In magneto-optic SNOM the detected light intensityapex angle of the fiber tips has to be small to prevent shad-
is not only influenced by the tip—sample distance; it alsoowing of the converted far-field light by the tip itself. Also
depends on the light polarization. Unfortunately, the lightmicrostructured tips are not suitable due to their large base
transmission is very low as the local magneto-optic rotatiorarea and the related shadowing. The tips used in our instru-
is basically defined by the angle where the light intensityment are, therefore, prepared by chemical etching in 40%
vanishes. The light intensity thus is not a reasonable measubg/drofluoric acid with a bromodecane protection layer. This
for tip—sample distance. A common solution to the problenrecipe yields a cone angle of 2% A small apex angle di-
is to use the shear force between a probe tip and the samplectly converts to a long taper. The long taper has to be metal
Shear force is the force acting on a laterally oscillating probecoated to avoid light leakage since the fiber taper destroys
tip near a surface. The setup described here provides thbe light-guiding properties of the fiber. This means the light
stability and resolution to characterize the shear—force interfrom the core of the fiber leaks into the cladding and would
action on an atomic scafé?°In contrast to a SNOM that is use the entire fiber in a waveguide-like manner in the limit-
used in ambient conditions, in UHV there is no adsorbateng case. The illuminated spot in such a scenario would not
film (like water)on the sample surface and the interaction iscorrespond to the diameter of the aperture at the tip apex but
completely different from what is observed in ambient airstill be on the order of the wavelength. The metal coating of
conditions. At first, it is unclear if the shear—force interactionthe taper confines the light to the glass. At the apex of the tip,
is useful at all for tip—sample distance control. This is dis-the coating has a small opening serving as the »slight
cussed in depth in Ref. 26. The result of the detailed analysisource(aperture). Since in the taper the dielectric light con-
is that the interaction takes place in mechanical contact to thBnement is destroyed, energy dissipation in the form of heat-
sample and the interaction range is about 2 nm. This is iing of the taper is expected and obserd&d° In Fig. 5, tip
contrast to 10—20 nm at ambient conditions. The differencend/or sample thermal expansion is measured for different
is probably due to the water film present on all surfaces aintensities through the time response of the slow feedback
ambient conditions. The missing adsorbate film thus imposesignal for the shear—force distance control. As the shear—
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FIG. 5. Expansion of the fiber tip as a function of light intensity.

sistent with what is shown in Fig. 7Tb) Between a distance
force control keeps the tip—sample distance constant, thef 250 and 100 nm, the tip shadows the reflected light and
thermal expansion of the tip is seen on the feedback signakome light is coupled back into the fib&The total reflected
The expansion is plotted as a function of laser intensity. Théntensity drops(c) At distances closer than 100 nm, the in-
result is a linear dependence with a slope of 127 nm/mWitensity increases slightly from nearly zero. The light intensity
Figure 6(a)shows the time dependence of the tip expansiordoes not drop to zero again, even for very small tip—sample
for a laser power of 2.8 mW. The laser beam is blocked aftedistances. In close proximity of tip and sample, we thus
100 s. The linear plot shows a fast response. In the logarithelearly observe near-field light. This is exactly the distance
mic plot [Fig. 6(b)], two dominating exponentials become where our feedback system positions the probe tip with re-
evident. The decay times and the relative amount of thepect to the sample surface. Optical signals measured at this
length change are independent of the laser intensity usedp position are near-field signals.
The fast one amounts to 80%, the slow one to 20% of the
total length change. The noise in the logarithmic plot is due; pERFORMANCE
to limited digital resolution of the analog-to-digital converter
used. The interpretation of the two contributions is still un-A- Topographic
clear and probably not very enlightening for the magneto-  As shown before, the interaction between tip and sample

optic experiment. is of rather short range under UHV conditions. This provides
a vertical resolution on the atomic scale, i.e., single atoms
IV. NEAR FIELD-FAR FIELD cannot be imaged but features due to atomic steps on sur-

After we have demonstrated that SNOM in UHV pro- faces can be identified. To characterize the topographic reso-

vides good control of the experiment, the question arises aytion, a Si(llll)—(7><'7) sample with 4_10 miscut in diregtion
to which distance to position the tip with respect to theOf the[11-2]azimuth is prepared by _d|rect currer!t heating to
sample for near-field optical experiments. In Fig. 7, the in-200Ut 1200 °C. A faceted surface is formed with facets of

tensity is plotted versus the distance between tip and sampl m irr: height lan_d a Widﬂ:j%f 15’2 n?ﬁ.‘ll;o pFr_otect ghe_sur-
The absolute position of the tip is well known from the force ace, the sample is covered by 0.5 nm Pt. Figure 8 pictures a

distance curves. The sample surface is located at 0 nm. The}%poglraphlc scan '3 :ilrh3DPrepre|sentat|on. 'rl]'mescalf IS b
are three regions visibléa) for large distances, far-field os- greatly exaggerated. The Pt only covers the surface but

cillations are observed due to interference between directI{FaVes the facet structure unchanged. At the top. edge, a
emitted and reflected light The period of the oscillation Smaller facet leaves a larger one. This smaller facet is used to
results from the laser wavelength and the detection adgle analyze the topographic resolution of the image. The white
between fiber and detectok/(2 cos6) 32 The detection line indicates the position of a line scan shown in Fif)8

angle is between 36° and 66° in our geometry. This is con- This I|n_e scan shows that the vertical resolution of th_e
instrument is on the order of a few A and that the lateral is

00 , , , i , , , , , i better than 10 nm. This is a remarkable resolution for a
(@ —\ (b) SNOM with fiber tip in shear—force detection mode. In con-
trast to conventional AFMs, the curvature of the tip apex of

—~ 300
£ . . .
> the glass—fiber tips is on the order of 100 nm.
.é 200 L 110
§ |
% idih _ B. Optic
3 il In the preceding sections, we have demonstrated that we
%G T2 400 600 800 1000 200 400 600 80 1000 have built a low-resolution AFM for operation in UHV. The
Time (s) Time (s)

optical characterization of the microscope is discussed in this
FIG. 6. The elongation of the tapered tip vs time: linéarand logarithmic sectlor_L In Fig. 9, a SO'Ca"e_d \Y Curve measured in f‘?‘r'f'eld
(b). mode is plotted. A V curve is obtained when measuring the
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Si(11D) surface with a defined miscut. The white line at the top corner
indicates the position of a line scan analyzedtinand (b) line-scan repre- points within each individual V curvédashed lines in Fig.
sentation of the section indicated (a). . .. .

9). This error amounts to about 0.2°. The precision obtained

is, however, much better as will be evident in Fig. 10 show-
absolute value of the lock-in amplitude at twice the PEMing Kerr loops.
frequency as a function of the angle of the analyzing unit  Next, Kerr loops are shown in the far fiel&ig. 10(a)]
with respect to the incident polarization. The analyzing unitand the near-fiel@Fig. 10(b)]. As a reference sample, a CoPt
consists of a PEM combined with a polarizer mounted at 45Mmultilayer with 10x 0.3 nm Co and 1.0 nm Pt on a buffer of
with respect to the PEM axis. Both are rotated10 nm Ptis used® Every data point corresponds to a mini-
simultaneously® A V curve contains of about 1000 data mum of the V curve at that particular magnetic field. In Fig.
points. Two straight lines are fitted to the experimental datalO(a), this is done in the far-field regime with a tip—sample
in a consistent way. The finite time constant of the lock-indistance of about 1 mm. The scatter of the Kerr-rotation
amplifier shifts the minimum of the individual V curves. To measurement is about 0.05°, which is a more realistic value
obtain the correct rotation angle for the Kerr rotation, the Vfor the resolution of the optical setup. A nearly rectangular
curve is measured in both directions and the angle for théysteresis curve is seen. The magnetization curve is consis-
minimum amplitude is averaged. The maximum deviationtent in coercive field and rotation magnitude with data ob-
can be estimated by two parallel lines enveloping the dat#ained on a classical Kerr spectrometer. The Kerr rotation is
0.28° and the coercive field is 0.05 T. Figurgid)0shows the
near-field hysteresis loop in shear—force contact. The Kerr
rotation observed is about half of the far-field value. A hys-
teresis is clearly visible confirming that local hysteresis
curves are thus obtainable. Signal-to-noise ratio is, however,
] deteriorated with respect to the far-field value.
. Finally, magneto-optics has to be combined with the
i scanning capabilities of the SNOM. Figure(dLshows an
image of the magneto-optic contrast of an Fe garnet doped
i . with rare-earth element§ EuTm,CalGe,,). The light/dark
GA 4|f 2 UO_'; 2| d4 6 contrast corresponds to a Kerr-rotation angle of a few tenths

halyzing Unit Angle (deg) of a degree. The domains are, however, very large. This is a

FIG. 9. Raw data of the V curves that are used to determine the Kerr-sampIe property. The image proves, nevertheless, that the
rotation angles in the MOKE experiment. Two measurements, back andmicroscope is capable of measuring small Kerr-rotation
chrith,lare shown tO?e_thtireV\g:]h It:ecoé?\rlgrageg_fit- tThtT] target fprtive\f/y indi-angles in order to image different magnetic domains. The
¥Ihlejznrglies‘sgfrfr$e:uslrs) acquirgd as aflfr?;?or:ngf :ppli?e(;:;lizrljdlgielgtheclire}/r(:SUb-)\ resolution, on the. other hand, is shown in Flg(bl)l
loop. The light intensity obtained at a fixed angle of the PEM analzyer unitVhere the magneto-optic contrast of the CoPt multilayer of
generates—in the absence of other effects—a map of the magnetic domairfsig. 10 is shown. Rich structure with subwavelength resolu-

Intensity (arb. units)

o = N W M OO N
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field during imaging can reach 0.2 T. We demonstrate topo-
graphic resolution on the atomic length scale. Polarization
contrast with subwavelength resolution is observed. The
resolution for the rotation angle of the light polarization is
about 0.05°. All ingredients for subwavelength imaging of
magneto-optic properties of nontransparent samples are
therefore successfully demonstrated. A strong, strain-induced
birefringence signal obstructs observation of magnetic con-
trast in some samples as, e.g., CoPt multilayers. Applying an
image-subtraction technique in order to reduce the birefrin-
gence signal should improve performance even for such
samples.
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