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The apparatus for measurement of magnetooptical spectra using a polarization modulation technique has been
improved to extend the short-wavelength limit to about 200 nm in the ultraviolet range. Short-wavelength charac-
teristics of the light source, the focusing system including mirrors and lenses, the monochromator, the polarizer
and the analyzer were improved. The techniques of calibration for Kerr rotation and ellipticity were also refined.
With the use of the newly designed system, the magnetooptical Kerr rotation and Kerr ellipticity of FePt/Pt mul-
tilayers, as well as of FePt alloys of different compositions were evaluated for photon energies between 1.2 and

5.9eV.
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1. Introduction

There have been rapid developments in the field of
magnetooptical (MO) recording in recent years? and
research for higher density MO recording with short-
wavelength laser light has been ongoing. For this pur-
pose, a number of studies of the periodic structure of
ultrathin films, such as Co/Pt and Fe/Pt multilayers
have been attempted, because they show a large MO
effect in the short-wavelength. region around 300
nm.>* However, only a few studies have been con-
ducted on the physical origin of MO effects in these
multilayers. In order to obtain an insight of the elec-
tronic structures which cause the short-wavelength
MO effect, it is necessary to investigate MO spectra for
a wide range of photon energies. In particular, informa-
tion on Kerr ellipticity, which is crucial for the detailed
analysis of MO spectra, is lacking for most of the
reported MO spectra in multilayers.

The wavelength region of measurement in previous
magnetooptical spectrometers has been limited to
wavelengths not less than 250 nm for several technical
reasons. In addition, no conventional equipment report-
ed to date allows the measurement of both rotation and
ellipticity to cover the wavelength region below 250
nm.

By means of a polarization modulation technique
with a photoelastic modulator,” we have obtained MO
Kerr spectra in diverse materials,®® providing both
rotation and ellipticity for a considerably wide
wavelength region between 0.5 eV (~2.5 ym) and 3.0
eV (~400 nm). Since the short-wavelength limit of
400 nm was determined by the spectral properties of
optical elements used in the system, we have made im-
provements in all the elements of the apparatus and
" have constructed a new system to measure MO spectra
for the photon energy region between 1.2 eV (~1000
nm) and 5.9 eV (~210 nm).

*Present address: Sumitomo Electric Works Ltd., Yokohama 244.
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We have also improved the calibration technique for
both rotation and ellipticity. We propose a new method
which provides calibrated values more directly than
previous methods.

With the use of the newly constructed MO appara-
tus, MO spectra in FePt/Pt multilayers and FePt alloys
prepared by the ion-beam sputtering 'were evaluated
for the first time between 1.2 and 5.9 eV. In the
present paper, only the experimental data are de-
scribed. Detailed analyses will be given elsewhere.

2. Principles of the Technique

The principle of measurement of magnetooptical
Kerr rotation and Kerr ellipticity spectra is based on
the use of the polarization modulation technique em-
ploying a photoelastic modulator. In this section, we
briefly summarize the technique described by one of
the authors (K. S.) in ref. 5.

A schematical illustration of the apparatus is shown
in Fig. 1, which is essentially the same as that de-
scribed in ref. 5. Light from a monochromator is
polarized linearly by a polarizer with the transmission
axis forming an angle of 45° with the vertical and modu-
lated by a photoelastic modulator (Hinds Inc., PEM-
CF3). The modulator causes retardation expressed by
the formula

Modulator
N

Monachromater
slit

Fig. 1. A schematical illustration of the polarization modulation
technique described in ref. 5.
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6=0b¢ sin 2 mpt, (1)

between vertical and horizontal polarizations, where 6g
denotes the amplitude of retardation and p the modula-
tion frequency. The retardation amplitude &, is kept
constant by applying the wavelength-proportional vol-
tage to the modulator control. Modulated light is
reflected by a magnetized sample situated at the focal
point of the mirror system and is passed through an
analyzer with the transmission axis forming an angle of
‘@4 to the vertical and is detected by a photomultiplier.

As derived in ref. 5, the intensity I of light detected
by the photomultiplier is represented by

I=IL,{R+(AR/2) sin §+R sin (A8+2H,) cos 6}. (2)
This expression can be rewritten as
I=I(0)+I(p) sin 2ﬂ'pt+1(2p) cos dmpt+- -+, 3)

where the DC-component 1(0), p Hz-component I{p)
and 2p Hz-component 1(2p) are expressed as follows:

I(0)=IR{1+Jy(6o) sin (A0 +2H4)}, (4)
I(P):IOARJl(éo), (5)
I(2p)=2I,RJ,(6;) sin (A8+28,), (6)

J.(z) denoting n-th order Bessel functions.

We denote the amplifier output for DC-, p Hz- and
2p Hz-components as I, I, and I,, respectively. The ra-
tios of L/I, and L,/I; are expressed in the case of
D,=0° as

L/I/=AJ,(6,))AR/R, (7)
Ly/T;=BJx(60)2 A0, (8)

as long as A6 is sufficiently small and the second term
in eq. (4) can be neglected. Here A and B denote ap-
propriate parameters representing the ratio of gains of
the detector-amplifier system for p Hz- and 2p Hz-com-
ponents to the DC-component, respectively.

Since Kerr rotation 6k and Kerr ellipticity nk can be
expressed respectively, in terms of A and AR/R by
the formulae

A0=—26, (9)
AR/R=41x, (10)

eqgs. (7) and (8) can be rewritten as
L/Iy=4AJ(60)1x, (77)
Lyp/Ty=—4BJy(60)6x. (8"

We can obtain Kerr ellipticity and Kerr rotation from
eqgs. (7”) and (8’) provided that AJ,(6,) and BJ:(8,) have
been determined. Calibration methods for determining
the values of AJ;(8,) and BJ:(8,) will be described in §5.

In a conventional magnetooptical spectrometer, a
quarter-wave plate for appropriate wavelength is neces-
sary for determining ellipticity. Therefore several
 different quarter-wave plates should be prepared to ob-
tain the ellipticity spectra for a wide range of
wavelengths. On the other hand, our system provides
information for both rotation and ellipticity for a vast
wavelength region, if the modulation amplitude of the
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photoelastic modulator is controlled to assure constant
retardation by application of a suitable volta.ge corre-
sponding to wavelength.

3. Improvement of the System

In this section we describe several improvements
made to extend the wavelength region of measure-
ment.

3.1 Light source

We used a Xe lamp (Hamamatsu, type L2175) made
of fused silica, instead of the ozoneless Xe lamp in the
previous system. Although the specifications state that
the shortest ultraviolet wavelength of the lamp is 185
nm, the practical limit was 200 nm, for obtaining
sufficient intensity for MO measurements. We adopted
a lens made of composed silica for focusing the Xe light
onto the entrance slit of the monochromator, which as-
sures 90% transmission at 200 nm.

3.2 Monochromator
We used a double monochromator (JASCO, type

CT-25CD) instead of the single monochromator -

(JASCO, type CT-25C) employed in the previous sys-
tem in order to reduce stray light, which often has a
serious effect on the ultraviolet MO spectrum giving

rise to incorrect spectral shape, since the total inten-

sity of visible light from the Xe lamp is stronger than
ultraviolet light by several orders of magnitude. By
adoption of the double monochromator, stray light was
reduced to a negligible level. A 1200 groove/mm grat-
ing blazed at 200 nm was adopted to ensure high
efficiency in the ultraviolet region.

The slit width of 1.5 mm for both entrance and exit
slits was necessary to ensure a sufficient signal-to-noise
ratio (SNR) for measurement at the shortest
wavelength (210 nm). This corresponds to a resolution
of 0.05eV at 6 eV and 0.01 eV at 4 eV.

3.3 Polarizers

In our system two polarizers were necessary, one in
front of the modulator and the other behind the sam-
ple. In the previous system, we used Glan-Foucault
prisms (Halle Inc.) made of calcite. However, the trans-
mittance of calcite dropped gradually from 400 nm
towards shorter wavelengths, decreased steeply below
270 nm and became less than 10% at 240 nm. There-
fore, the practical wavelength limit of this polarizer
was actually 250 nm.

For wavelengths shorter than 250 nm, we adopted a
Rochon prism polarizer made of MgF,, which showed
transmittance as high as 85% at 200 nm and a falrly
good extinction ratio of 49 dB at 1.3 pym.

Despite good short-wavelength characteristics, the
Rochon prism has a drawback which required special
care in the design of a system: it gives double images,
i.e., it transmitted both ordinary and extraordinary

light with an angle of separation as small as 3° between

the two beams.

3.4 Focusing optics with ellipsoidal mirrors

i
i

3
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elastic modulator

M:Photomultinltar
MS:Monochromator s11t

Fig. 2.
cal elements.

The focusing optics of the newly designed system is
illustrated in Fig. 2. To avoid the problems of absorp-
tion and chromatic aberration, we used ellipsoidal mir-
rors (M;, M, and M3) of evaporated aluminium coated
with MgF, protective film as focusing elements. The
thickness of the coating was carefully determined so as
to yield high reflectivity at a short wavelength. Since
the placement of any focussing elements between PEM
and analyzer causes false signals of rotation or
ellipticity we used an ellipsoidal mirror with a long fo-
cal length for mirror M,.

Special care was taken in the design of the optical sys-
tem to use the Rochon prisms as polarizers. First, to en-
sure a sufficient separation between the two beams
from the Rochon prism, it was necessary to maintain a
sufficient distance between the prism P and the modula-
tor Mo. However, as the distance increases, the re-
quired f-number of the ellipsoidal mirror increases,
which in turn causes a decrease in the light intensity at
the specimen. The second focal length of the ellipsoidal
mirror M, was determined to be as long as 548 mm and
the Rochon prism P was placed 90 mm from mirror M.
Modulator Mo was placed at the distance of 190 mm
from polarizer P, by which the separation of about 10
mm was obtained between the centers of the two
beams. A mask was placed just before the modulator to
screen the ordinary light. The same care was also taken
with analyzer A (the second polarizer). Two beams
emitted from analyzer A were focused using ellipsoidal
mirror M; and were screened by a slit placed at the fo-
cal point just in front of the photomultiplier PM. In
addition, the difference in the optical length due to in-
sertion of the polarizer was also taken into account in
" the design of the optics, since the difference due to the
Rochon prism employed was as large as 20 mm.

4. System of Measurement

Figure 3 shows a schematical illustration of our meas-
uring system. The angle of incidence on the sample sur-
face in this system was set at 7.5°, due to constraints in
the layout of optical elements, especially the size of the
modulator. Since the magnitude of the MO effect is
proportional to the scalar product of the wave vector k
and magnetization M, the angle of incidence can be re-
garded as satisfying the condition of perpendicular inci-
dence. Magnetooptical constants determined using

A schematical illustration showing the arrangement of opti-
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Fig. 3. A block diagram of the newly designed MO spectrometer.

this system, therefore, undergo a reduction due to the
deviation from the normal incidence. Nevertheless, we
can neglect this reduction, since cos 7.5° equals 0.991.

An electromagnet with a gap of 20 mm between pole
pieces was employed to saturate the sample,; the maxi-
mumn field being 1 T. The magnet has a tapered perfora-
tion in one of the pole pieces, the diameter of the perfo-
ration at the inside wall being 8 mm and that at the
outside wall being 60 mm. Prior to the measurement of
MO spectra, Kerr hysteresis loops were measured to
confirm that the magnetization of the sample was satu-
rated by the applied magnetic field.

We used a photomultiplier (Hamamatsu R2658) w1th
InGaAs photocathode to ensure measurements without
changing the detector over wide range of wavelengths,
since it covers wavelengths from 185 nm to 1000 nm.
In order to avoid the effect of the leakage field from the
electromagnet, the photomultiplier was covered by a
specially designed permalloy shield.

The high-voltage supply for the photomultiplier was
controlled by a feedback system to make the DC-com-
ponent constant. Without such a system the spectrum
obtained often shows an unreliable lineshape, since the
photomultiplier response varies depending on the DC-
photocurrent.

Extension of the wavelength beyond 1050 nm in the
infrared region is possible by replacing the photomul-
tiplier with a semiconductor photodiodes.

Our measuring system was equipped with a personal
computer with an interface to control the magnetic
fields, the wavelength of the monochromator, and the
modulatmg amplitude of the PEM and to acqulre the
data from lock-in amplifiers.

The measured magnetooptical spectra usually show
spurious signals of rotation and circular dichroism,
which may be ascribed to the deviation of the angle of
incidence from the normal incidence, as well as to the
optical anisotropy inherent to the sample. We there-
fore measure the magnetooptical effect for both polari-
ties of the magnetic field at each step of the wavelength
scan and take the difference between the values for the
two polarities of magnetic field.

5. Calibration

5.1 Kerr rotation
Calibration of Kerr rotation was attempted using
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three methods. The first methed is that described in
ref. 5. The second involves calibration using a Faraday
rotation cell. The third is a new technique which is
proposed here.

First, the method described in ref. 5 is briefly summa-
rized. Using a plane mirror at the sample position and
setting the polarizing angle of the second polarizer at
+45° to the vertical axis, we measure I,/I,. In this
case, substituting $r= +45° and A9=0 into egs. (4)
and (6) we obtain,

Ly/Iy=%2BJ5(6,)/{1 £Jo(60)}, (11)

the double sign corresponding to the sign of the polariz-
ing angle. Thus we can determine the parameter
BJy(8,) using the two values of L,/I; for +45°.

“In our previous studies, the parameter BJy(8;) thus
‘calibrated was assumed constant over the wavelength
- range of measurements. However, measurement of the
spectral variation revealed that although the value can
be assumed constant from 1000 nm to about 400 nm, it
shows a gradual decrease towards the shorter
wavelengths. Therefore, it is found that the calibration
should be performed over the entire range of measured
wavelengths

However, since this method requires a rotatlon of the
analyzer angle as large as =45°, a substantial change
in measuring conditions is inevitable. Thus, the abso-
lute value of the calibration constant is less reliable
than that of the direct calibration technique which will
be described later.

Next, we describe the Faraday cell method. By set-
ting a mirror in place of the sample and setting a
Faraday cell (HOYA, type M210) along the optical
path, the value of rotation can be calculated directly
from the current supplied to the Faraday rotator. Ac-
cording to the specifications of the cell, the angle of ro-
tation is 2.2° per ampere at 633 nm. Calibration by this
method provided a value in good agreement with that
of the first method with an accuracy of about 1% at the
wavelength specified.

Finally a new proposal of a direct calibration tech-
nique which provides a more reliable means for the de-
termination of rotation angle is presented. We use a
plane mirror at the sample position or keep the sample
in the position of measurement and the polarization an-
gle is adjusted to be nearly vertical where minimum out-
put of I(2p) is obtained. Then the analyzing angle is ro-
tated from +2° to —2° by a step of 1.0° and the value
of I,/I; is recorded. By taking the difference between
the values for the analyzer angles of the same absolute
values with different signs (e.g., +1° and —1°), the
calibrated value per unit angle is obtained.

We explain the above-mentioned technique using
mathematics. In this case, Kerr rotation of the sample
A#f is assumed nearly the same order of magnitude as
that of the analyzer angle of #,==*1°. In this case sin
(A0+2d4) in eq. (6) can be approximated by A§+2P,.
Since the value is of the order of 0.02, Jy(6) sin (A8 +
2¢,) in eq. (4) can be neglected, when compared with
unity. By taking the difference between the signals for
*+ ¢, and dividing by 24, we obtain
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([ Lp/To) 4+, —[ Ip/1o] (12)

which directly provides the calibration constant
4BJ,(6,) in eq. (8).

This method allows direct calibration of Kerr rota-
tion for the entire spectral range of measurement. The
values (in radians units) of the parameter BJ:(6o)
calibrated by this method are shown as a function of
the photon energy in Fig. 4 determined for two
analyzer angles of 1° and 2°. The two curves show
agreement within the accuracy of a few percent. The
photon energy dependence of the value shows a perfect
coincidence with that of B.J,(6,) calibrated by the first
method, although the absolute value differs by nearly
5% between the two methods.

—4>A)/2 Dy :4BJ2(60),

5.2 Kerr ellipticity

As for the calibration of Kerr ellipticity, we used the
method described in ref. 5. This calibration technique
uses a quarter-wave plate and a mirror at the sample po-
sition. If we set the polarization angle at +45° to the

vertical axis, the ratio L,/I; is given as
LiL=F2A5(6). (13)

Due to the limitation of available quarter plates,

calibration of the parameter ALL(6y) in eq. (11) was per-

formed at 633, 488 and 250 nm.

In order to obtain a calibrated value of ellipticity for
the entire spectral region, just as in the case of the
Kerr rotation, the calibration method using a retarda-

tion plate made of sapphire® was applied. A sapphire

crystal plate of 0.295 mm thickness was cut along the
crystal plane which assures double refraction. If we set
the optic axis of the sapphire plate in the vertical direc-
tion and the polarizing direction of the analyzer at
+45°, the spectral dependence of I,/I, shows an oscil-
lating spectral dependence, maxima and minima ap-
pearing at wavelengths where retardation becomes
+7/2, the envelope providing a calibration function.

This technique can be explained mathematically as
follows. In this setup, the retardation 6 in eq. (2) should
be replaced by

6=08, sin 2wpt +6s, (14)

0.28

0.26

0.24

BJy(8,)

0.22

0.201

Photon energy (eV)

Fig. 4. Spectrum of the calibration parameter for rotation, BJ,(6;)

determined by the newly proposed technique determined with the

analyzer angle &, of 1° and 2° (see text).
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where 8,=2mln/\ expresses retardation by the sap-
phire plate. Since the usual mirror does not show circu-
lar dichroism, the second term in eq. (2) vanishes.
Then eq. (2) becomes

I=I,R[1+Jy(6;) cos 6:F2J:1(6) sin &, sin 27pt

F2J5(6,) cos 8 cos 4mpt ). (15)

At the wavelength where retardation 4, takes the value
of +7/2, cos 6, vanishes and sin §, takes the value of
+1, thus the ratio of I,,/Io is given by the following for-
mula,

L/Iy=£2AJ(6,). (16)

The resulting spectrum of +AJ,(8o)sin &, for the
above-mentioned arrangement in pur system is illustrat-
ed in Fig. 5, where straight and broken lines cor-
respond to the analyzer angles of +45° and —45°, re-
spectively. Thin lines show the envelope functions
providing +AJ(6) which demonstrate a slight
decrease with the increase in photon energy. The de-
pendence may be ascribed to the inability in keeping
the retardation amplitude 8, constant.

A similar direct calibration technique as proposed for
the calibration of Kerr rotation can be applied to ellip-
ticity. We use a plane mirror at the sample position or
keep the sample as it is at the measuring position and
the quarter-wave plate is inserted with its optic axis
parallel to the vertical direction. Then the analyzing an-
gle @, is varied stepwise between +2°and —2° and we
record I,,/Io. If we take the difference between the
values for + @, and divide by 2®,, the calibration sig-
nal per unit angle of ellipticity can be obtained.

In this case, eq. (2) becomes

I=I,{R—(AR/2) cos (6, sin 2mpt ) +R sin (AG+2P,)

X sin (6o sin 27pt )}. (17)
Then [,/l] +4, can be approximated as
L/L=2A1(6,)(A0+28,). (18)
Therefore
(L/L] +o, —[L/T] -5,)/2Pa=4AT1(60) (19)

£ (T
£ !m{l!l!u

-1
Photon energy (eV)

Fig. 5. Spectrum of the calibration parameter for ellipticity, AJ;(6,)
sin é, determined using a sapphire plate, where solid and broken
lines correspond to analyzer angles of +45° and —45°, respec-

ively. The envelope functions shown by thin solid lines are for
*AJ (6,) (see text).
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provides the direct evaluation of the coefficient
4AJ,(8,) in eq. (7’). The value thus determined was
identical to that obtained using the sapphire technique
within the accuracy of +2%.

If the quarter-wave plate is replaced by a sapphire
retardation plate, the calibration value can be obtained
from the envelope function for entire range of photon
energies.

5.3 Sign convention

In this work, we adopt a sign convention defined as
follows. The magnetic field is set parallel to the direc-
tion of light propagation and the rotation is taken as
positive when the reflected beam undergoes a clock-
wise rotation from the incident linear polarization
viewed by an observer facing the sample. The polarity
of the Kerr ellipticity is assumed to become consistent
with that obtained by the Kramers-Kronig analysis of
the rotation by the following formula.'®

nx(w):—(zw/mf (6e/(a?= )} do, (19)

where £ stands for the principal part of integration.

6. Examples-Magnetooptical Spectra of FePt/Pt
Multilayers

We have been measuring MO spectra in multilayers
using the newly designed spectrometer. We have previ-
ously published the results of spectra of Co/Pt and Fe/
Pt multilayers elsewhere.'” Here we show results of
MO spectra measurement in FePt/Pt multilayers.

FePt/Pt multilayers were prepared by an ion-beam
sputtering technique through the Pt buffer layer on the
MgO(100) crystal.’® The FePt layer thickness z of the
sample was varied from 20 A to 200 A, keeping the Pt
layer thickness at 50 A. The surface layer of each sam-
ple is a FePt layer in all cases.

The total thickness of the multilayers was kept at ap-
proximately 2000 A (between 1500 and 2700 A); thus
the number of layers IV, differ from sample to sample:
Ny was 5, 10, 13, 20, 28 and 35 for FePt thickness z of
200, 100, 75, 50, 35 and 20, respectively.

Kerr rotation and ellipticity spectra from 1.2 to 5.9
eV in the above-mentioned FePt(z A)/Pt(50 A) sam-
ples measured using the newly constructed system are
shown in Figs. 6(a) and 6(b), respectively. The sample
with the thickest FePt layer, z=200 A, shows a peak
at 4.7 ¢V, the maximum value being 47 min of arc. On
the other hand, the Kerr ellipticity spectra show the
maximum at the highest photon energy. The maximum
value reaches to nearly 80 min of arc at 5.9 eV.

As the FePt thickness ¢ decreases the peak energy
position of Kerr rotation spectra moves towards high
energies and the peak rotation decreases. For =50 A,
the peak occurs at 5.2 eV. At this composition ratio, X-
ray diffraction provides no periodic structure.'® For z
less than 50 A, periodic structure is recovered and spec-
tral features undergo clear changes. The minimum posi-
tion is subject to abrupt change at the thickness of 50
A: it is fixed at 2.7 eV for z>50 A while it moves
towards low energies for z <50 A. Such structural tran-
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Fig. 6. MO spectra of FePt(z A)/Pt(50 A) multilayers between 1.2 and 5.9 eV. (a) Kerr rotation and (b) Kerr ellipticity.
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Fig. 7. MOspectra of Fe,Ptyg_, (=50, 40 and 30 A) alloys between 1.2 and 5.9 V. (a) Kerr rotation and (b) Kerr elliptic-

ity.

sition at the thickness can be more easily observed in
Kerr ellipticity spectra, in which three curves with
=200, 100 and 75 A and those with z=35 and 20 A
show different spectral behavior especially in the low
energy region. These results show that the structural
transition is accompanied by the change in electronic
structures.

The MO spectra for three alloy samples with differ-
ent composition ratios, i.e., FesPtso, FeyPte and
FesoPtyo, are also given in Figs. 7(a) and 7(b). It is eluci-
dated that in Fe,Ptip—, the spectrum shows a low-
energy shift as z is reduced from 50 to 30. The overall
shape of the MO spectrum in the FePt(200)/Pt(50) mul-
tilayer is revealed to be identical to that of FePtsg. De-
tailed analyses of the MO spectra in FePt/Pt multilay-
ers will be described in later publications.

7. Conclusions

We have constructed a spectrometer to measure the
magnetooptical Kerr rotation and ellipticity for a wide
range of wavelengths from 1.2 to 5.9 eV. Special atten-
tion was paid to extend the range of measured

wavelengths to the ultraviolet region. Using the appara- 'f

tus we obtained magnetooptical spectra in FePt/Pt mul-
tilayers for a wide range of photon energies.
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