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We describe an optical detection scheme for scanning Kerr-effect micros8&®M) which does

not require modification of the magnetic state of a sample for domain observation. The scheme
exploits the nonreciprocal nature of the magneto-optic Kerr eff@OKE) to distinguish
polarization rotation due to sample magnetization from other spurious sources, such as sample
roughness and birefringence of the microscope optics. We present SKEM images of domain
structures in lithographically patterned ghite,g elements which demonstrate the imaging
capabilities of the new detection scheme for materials with typical MOKE magnitudes.
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I. INTRODUCTION Owing to the time-reversal symmetry-breaking nature of

electron spin, longitudinal MOKE exhibits nonreciprocity:

Numerous methods which use the magneto-optic Kerfrpe 1oarization alterations which occur when light is inci-
effect (MOKE) for the observation of microscopic magnetic dent upon a magnetic medium in one direction are not in-

domhams haV? beenldevglcr)]ped Iover the past four decatles. ¢ taq when the direction of incidence is reverdesh illus-
In the case of samples with in-plane magnetization, it IS NeC4tinn of the nonreciprocal properties of MOKE may be

zssar){ to _emp(ljoy sor;e kind of ln;]age enhancementfor 3ound in Fig. 1: If an observer measures a counterclockwise
etection in order to discriminate the MOKE contrast from olarization rotation resulting from the reflection of light

nonma'lg'netic contrast mechanisms, such as yariations in the 1 a medium magnetized parallel to the direction of inci-
reflectivity across the sample surface. Such image enhancga,ce when viewed from the right, then a measurement of

ment is particularly important in the case of MOKE MiCros- 127 ation rotationfrom the opposite directiorisuch that
copy since the polarization change in the reflected light is S‘gne medium magnetization is now anti-parallel to the direc-

small, typica_lly on the order of 0.1‘.’ orlless. ) tion of incidence will find the polarization rotation direction
All previously developed longitudinal MOKE micros- 4, o\ he clockwise. If the sample is illuminated by a mi-

copy method§ perturb th_e magnetic structure of thg sa,mplgroscope objective lens for reflection-mode microscopy, then
with an gpphed magnetic field. .In the case of W'de'_f'eldthe polarization rotation of the reflected light is antisym-
M.OKE microscopy, a reference image of the sa.mple in ar'hwetrically distributed along the axis parallel to the direction
original magnetic statégften, the saturated s.tz)tes sub- of sample magnetization. The nonreciprocal nature of the
tracted from a second image of the sample in a perturbeg, oy, effectthe analog to MOKE in the case of transmis-

magnetic staté? Alternatively, in a scanning Kerr effect mi- sion) has been used for many years in Faraday optical isola-
croscopgSKEM), the sample is excited with an ac magnetic

field while the MOKE signal is extracted from the optical Aschematic for the differential SKEM design is shown

- g . . ’4
detector with phase-sensitiviack-in) detecuorﬁ _in Fig. 2. In the conventional SKEM design, asymmetrical
We describe a new method for MOKE microscopy with  sanier illumination is used in order to ensure detection of

which it is not. necessary to apply an external magnetic ﬁe,lqhe MOKE signal from a single optical detecfdtf the rear
for the extraction of the magnetic-contrast image. By exploit, . plane of the objective is uniformly illuminated, then the

ing the nonreciprocal nature of Iol?gltuql[nal MOKE in a,superposition of the clockwise and counterclockwise polar-
SKEM geometry, we demonstrate the ab'_'ty to image StaliGation rotations will cancel each other out. In order to ex-
magnetic domains in NjFey (Permalloy films. Applica-

tions for this technique include feature finding for magnetic
force microscopy(MFM) and defect analysis in magnetic
hard disks.

II. TECHNIQUE

MOKE results in slight alterations in the polarization
state of light when reflected from a magnetic mediuimthe
case of longitudinal MOKE, where there is a nonzero com-
ponent of the magnetization vector in the optical plane of
incidence, both the angle and ellipticity of the incident light
are changed. The effect finds its origins in the spin-orbit

Sp|ltt.lng GOf the electronic energy levels in the magneticrig, 1. The nonreciprocal nature of the magneto-optic Kerr effect. The
medium? sense of polarization rotation is independent of the direction of incidence.
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FIG. 4. SKEM image of static magnetic domains in thin film Permalloy.
FIG. 2. Diagram of differential SKEM design.

measure the polarization rotation independent of intensity

ploit the non-reciprocity of longitudinal MOKE, uniform il- fluctuations in the reflected light.
lumination and a segmented optical detector are required. A An argon ion laser is used for sample illumination, using
simple split detector suffices for the extraction of the nonrethe 457.9 nm line of the laser. The light is focused through
ciprocal MOKE signal. By differentially detecting the optical the oil-immersion objective len€l.0 N.A) to a diffraction-
signal from the two halves of the split detector, we can nowlimited spot on the sample surface. The sample is scanned
sense magnetization perpendicular to the line separating ti@st the fixed illumination spot with a piezoelectrically
detector halves. driven flexure stage with a 200m scan range. The quadrant
The microscope we have constructed uses a quadrarﬁ.etector is mounted far beyond the conjugate image plane of
segmented photomultiplier tud®MT). The output signals the objective lens in order to spatially separate the angular
from the four quadrants are summed with user-selected gairfistribution of the reflected light.
of either +1 or —1 for the individual quadrant channels,
thereby making it possible to change the orientation of theéll. RESULTS
effective split detector. Figure 3 shows the layout of the four
qguadrants, labeled A through D on the PMT faceplate. The[ure
resulting photo-induced voltages from the individual quad-
rants is represented By, ,...,Vp. To be sensitive to mag-
netization in they-axis direction, the individual voltages are
combined asvV,+Vg—Ve—Vp. If the polarization of the
incident light is in they-axis direction, then this would be
sensitive top-incidence MOKE contrast. To observe the or-
thogonal magnetization component in tkeaxis direction
with s-incidence contrast, the voltages are summed a
Vao—Vg+Ve—Vp.
In addition, a photoelastic modulatGPEM) is used to
measure the polarization state of the detected fighhe

In Fig. 4 we present an image of magnetic domain struc-
in a lithographically patterned, 50m stripe of Permal-
loy film. The dark regions to the sides of the Permalloy stripe
are the bare silicon substrate. The detector is configured for
observation of magnetization oriented parallel to the Permal-
loy stripe direction. The incident light polarization is also
oriented parallel to the stripe direction fprpolarized longi-
tudinal MOKE detection. The image is composed of 400
X400 pixels. The scanning rate for this image was 6 s/line
3nd the time constant on the lock-in amplifier set to 30 ms,
resulting in an image acquisition time of 80 min.

The long acquisition time was necessitated by the rela-
PEM is placed in the optical path following reflection of the ::I)\I/:;)é dpf):br O?thog&b?;ds ?gfﬁ fgalziciirligcihfzfvt\?rﬁl éafﬁ é em

Imegrly polarlzeq I'ght. from_the magnetic medlu_m. The '€ differential detection method removes most of the common-
sulting ac electrical signal is then measured with a phase-

sensitive detection amplifier. By using ac detection, we avoidnode noise, difficulties in aligning the optics of the micro-
o P - by using ' scope allowed for only a 40 dB common-mode rejection ra-
the 1f noise inherent in the laser light source and are able t

Q0. Use of a low-noise laser source could improve the image
acquisition time by two orders of magnitude.

The magnetic domain structure in Fig. 4 is produced by
ac demagnetizing the sample, producing a classical Landau-
B like domain structure: Triangular closure domains form at
the sides of the stripe with their magnetization parallel to the
stripe direction. Long arrows in the figure indicate the direc-

D tion of magnetization in the domains. This film is less than
y I 30 nm thick, so there are ewalls between the domains. It
is possible to clearly distinguish the orientation of the oppo-
X sitely polarized 180° domain walls between the central do-
mains. The polarity of the domain walls in indicated with
FIG. 3. Layout of quadrants for segmented PMT. short arrows in the figure. The light-colored domain walls
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are polarized parallel to the magnetization direction in thedescribed here could be used in conjunction with MFM for
white triangular closure domains, whereas the dark colorethe nondestructive low resolutidapproximately 1um) im-
domain walls are polarized oppositely. The second 180° doaging of magnetic disk surfaces in order to find magnetic
main wall from the top of the image is dark on the left side features for subsequent high resolution study.
and light on the right side, with a discontinuity where the Note added in prooftt has since come to the attention of
two polarities meet, labeled A. The discontinuity is similar to the authors that Ursula Ebels, Cavendish Laboratory, Cam-
the Bloch line feature observed in 180° Bloch walls for thick bridge University, U.K. has independently developed a simi-
Permalloy films! It is even possible to discern a vortex-like lar form of SKEM which has been used successfully to im-
magnetization distribution surrounding the discontinuity.  age magnetic domains in epitaxially grown Fe/GaAs filths.
The third domain wall from the top of the image, labeled A similar microscope was described by Clegg and Heyes,
B, does not have a closure domain on the left side, where weniversity of Manchestel?>*® While two-dimensional im-
would expect a white-colored domain. A small black closureages of perpendicularly magnetized materials were obtained,
domain is just barely resolvable on the right side of the wall.only one-dimensional line scans of the magnetization distri-
This is also a 180° domain wall which still satisfies the flux- bution in Permalloy films were presented.
closure requirements of the Landau domain pattern; how-
ever, it does so at the expense of addition domain wall er"CKNOWLEDGMENTS
ergy. We conclude that this domain wall results from a  We wish to express our sincere gratitude to Bernie Ar-
defect in the film surface which has pinned the wall to thatgyle, IBM Research Labs, Yorktown Heights, for the Per-
particular location. malloy sample used in this work. Many stimulating discus-
The MOKE signal obtained fos-polarized light is far  sions with Vladimir Kosobukin, loffe Technical Institute, St.
weaker than fop-polarized light. It is not yet clear why this Petersburg, Russia, inspired the authors to develop the dif-
is the case. ferential MOKE microscopy method.
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IV. CONCLUSIONS 26, £ Argyle, Proceedings of (e Symposium on Magherio Materials, Pro-
We have demonstrated the ability to image microscopic cesses and Devices, edited by L. T. Romankiw and D. A. Herman, Jr.,

magnetic domains in a thin film of Permalloy without the 3¥°k:§;2j 1;9&, %h8e|5by 3. S. Best, and D. E. Horne, IEEE Trans. Magn

need to perturb the magnetic domains with an applied mag- zé, 837(11986. ' T ’ o ’ ' '

netic field. Such a capability may find great use in conjunc-“*M. E. Re and M. H. Kryder, J. Appl. Phy55, 2245(1984.

tion with MFM. MFM has excellent utility for imaging static 5K. H. J. Buschow,Ferromagnetic Materialsedited by E. P. Wohlfarth

magnetic structures at resolution approaching tens ofe?,r_l?\,_K'A;'y}]éf “Sﬁ';iwféf.f?'iréal'“ﬁgs?rk’ 1965 Vol. 4. p. 499

nanometers. For example, MFM has the potential to become 7. J. Freiser, IEEE Trans. Mag#, 152 (1968.

an important tool for magnetic recording studies in the mag-°S. N. Jasperson and S. E. Schnatterly, Rev. Sci. Inst4@n761 (1969.

netic disk industry'® Unfortunately, the use of MFM for re- QI\DA' lf“%ar' H. dJ'TM\?mi.”'J PA GlueFt,E”eg fieglllé%mbert' J. B Stem, I.

cording investigations is often hampered by the difficulty OflOP.CR:i?; Z:’d? Ho'invﬁ?e': ”;:EEpT'rans)fSNl’am 1(4»563%996.

locating a recorded feature of interest. Bitter fluid decoratiortu. Ebels, A. O'Adeyeye, M. Gester, C. Daboo, R. P. Cowburn, and J. A.

(the treatment of a magnetic surface with a colloidal suspen: C. Bland, J. Appl. Phys81 (these proceedings

sion of microscopic magnetic particlebas been used suc- gE;gV;"ZQ'&SBA' E.Heyes, and J. K. Birtwistle, J. Magn. Magn. Mater.

cessfully to this end but results in the inability to record onisy, . Clegg, N. A. E. Heyes, E. W. Hill, and C. D. Wright, J. Magn.

the disk again due to surface contamination. The techniquemagn. Mater.83, 535(1990.
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