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Transverse magneto-optical Kerr effect of Fe at the Fe 3p threshold
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We have studied the transverse magneto-optical Kerr effect of a Fe@~5.7% Si!001# sample and of ultrathin
films of Fe evaporated onto Ag~001! in the soft-x-ray regime at the 3p core level threshold of Fe. We test the
relationship between the asymmetries in the reflectivity and in the total photoyield which have been measured
simultaneously.@S0163-1829~97!01822-5#
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Magneto-optical effects are used in the visible part of
spectrum for magnetic domain imaging. The most import
ones are the polar and the longitudinal Kerr effects wh
affect the polarization of the reflected light beam. Less f
quently used is the transverse magneto-optic Kerr ef
which refers to the dependence of the reflected intensity
the sense of the magnetization in thetransversescattering
geometry, i.e., when the magnetization is directed perp
dicular to the scattering plane. In a continuum view of t
magnetic medium, these effects are related to the finite
diagonal elements of the dielectric tensor.1 To first order
these depend linearly on the magnetization (M ). In the vis-
ible part of the spectrum the transverse magneto-optica
fect is very small and hence the polar and the longitudi
Kerr effects which give a strong magnetic contrast using
crossed-polarizer technique are used. It was shown rece
that at core level thresholds the magneto-optical effects
very strong. This was shown first for the Fe 2p level2–4 and
subsequently for the Co 3p level.5 Highly efficient and tun-
able analyzers are not yet available for the soft-x-ray reg
to accomplish domain imaging using the longitudinal or p
lar Kerr effect. However, it appears to be feasible to exte
the concept of element-specific imaging using a scann
type microscope with tunable primary photon energies6,7 to-
wards element-specific imaging of magnetic domains by
ploiting the huge transverse magneto-optical Kerr effect~T-
MOKE! at the core level thresholds. The relation betwe
the compositional distribution and the magnetization of m
complex materials which are used, e.g., in magneto-opt
storage and modern permanent magnets can thereby b
vestigated. The surface sensitivity can be altered in princ
by varying the angle of incidence. The 3p core levels of the
transition metals are at binding energies of about 50 eV
the reflectivity at about 15° grazing incidence angle is la
enough to accomplish also magnetic domain imaging w
an intense soft-x-ray beam is available as, e.g., from s
chrotron radiation facilities equipped with undulator bea
lines. At the 2p binding energies sizable reflectivity is on
obtained at incidence angles very close to grazing, wh
makes imaging in reflection very difficult. The existence
the transverse MOKE implies a sizable dichroism in the to
photoyield. This kind of magnetic dichroism has been us
550163-1829/97/55~21!/14133~3!/$10.00
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for imaging magnetic domains by means of photoelect
microscopy, employing a secondary electron emission
croscope~PEEM!.5

In the present publication, we report on new data on
transverse MOKE and the dichroism in the total photoyie
obtained for the Fe 3p core level. Whereas previous data3,5

had been obtained on ultrathin films, we present here d
obtained from a bulk Fe~5.7% Si!~001! sample. Furthermore
we show data obtained from ultrathin Fe films grown
Ag~001! as functions of film thickness and incidence ang
Finally, we investigate the relation between the transve
MOKE and the magnetic dichroism in the total photoyield

The experiment on the Fe~5.7% Si! sample was per-
formed at the VUV reflectometer station on the bendi
magnet beam line G1 at HASYLAB. The sample was
highly polished picture-frame-shaped single crystal. T
magnetization could be reversed by a coil wound around
of its legs. Thep-polarized synchrotron radiation was inc
dent onto the sample at angles of 65° and 69°. The refle
intensity was measured by means of a photodiode. A sec
experiment, on ultrathin Fe films on Ag~001!, was carried
out on the crossed undulator beam line U2 at the BES
storage ring in Berlin. The Fe had been evaporatedin situ
onto an Ag~001! sample in 131028 mbar vacuum.

On the bulk sample, a large T-MOKE effect is observ
without prior cleaning, i.e., without removing the oxid
layer. Figures 1~a! and 1~b! show the reflectivity at 65° in-
cidence angle in the vicinity of the Fe 3p threshold and the
transverse MOKE asymmetry, respectively. The asymme
is defined as

I asy5
I 12I 2
I 11I 2

,

whereI 1 and I 2 denote the reflectivities for two magnetiza
tion directions. The reflectivity exhibits a strong dip in th
vicinity of the core level in the region610 eV around the
excitation threshold. The asymmetry is very small out of t
resonance region and shows a dip at 53 eV and a peak a
eV. The p.-p. asymmetry amounts to;10%. It depends
strongly on the incidence angle and increases to 17%
60°. Despite the fact that the sample surface is covered b
oxide layer the T-MOKE signal is quite large. The relative
weak influence of the surface oxide layer can be explai
14 133 © 1997 The American Physical Society
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14 134 55BRIEF REPORTS
by the penetration depth of the radiation of 20 nm which
obtained from the optical constants.8

Figure 2~a! shows the reflectivity in the vicinity of the F
3p core level for an 8-monolayer-~ML- ! thick Fe/Ag~001!
sample at four different angles of incidence. The strong
in the reflectivity at the core level threshold is also seen
this data. However, the total change in the reflectivity in
covered energy range is roughly only 1/2 of that observed
the bulk sample. Obviously, the Fe-specific dependence
the reflectivity on the photon energy is weakened due to
small film thickness and the presence of the Ag substr
Figure 2~b! shows the T-MOKE asymmetry. It is sharp
peaked at the energy where the reflectivity has its minim
value. The T-MOKE signal is largest at 68° incidence an
and amounts to 3% p.-p. Figure 2~c! shows the photon en
ergy dependence of the total photoyield~sample current! to-
gether with its asymmetry. This data have been taken sim
taneously with the reflectivity measurements. Figure 3~solid
line! shows the peak-to-peak asymmetries as a function
incidence angle. The asymmetry decreases strongly tow
more grazing incidence. According to Fresnel’s equatio
generalized to include magneto-optical effects,1 the asymme-
try should peak near 45°.

The transverse MOKE in the soft-x-ray regime can a
be used to monitor the onset ofin-plane long-range ferro-
magnetic order as a function of film thickness. Data obtain
on a 5-ML-thick Fe film on Ag~001! ~not shown! clearly
exhibit a T-MOKE signal but the p.-p. value is only 0.4%
The maximum value occurs at a slightly different phot
energy as compared to the 8-ML-thick sample. In a film o
3 ML thick the T-MOKE asymmetry is absent. This is
accordance with the earlier observation of the onset ofin-
planeanisotropy at 5 ML film thickness.9

FIG. 1. ~a! Reflectivity of bulk Fe~5.7% Si!~001! at 65° inci-
dence angle.~b! Asymmetry in the reflectivity upon magnetizatio
reversal~transverse MOKE!.
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The asymmetries in the reflectivity (R) and in the total
photoyield (A) are closely related by the equation5

DA/A52DR/R3R/~12R!, ~1!

which stems from the relationA1R51 if the intensity trans-
mitted through the surface is eventually absorbed as in
case of aninfinitely thick film. This form of the relation
betweenDA andDR has the advantage of connecting expe

FIG. 2. ~a! Reflectivity of an 8-ML-thick Fe film on Ag~001!.
~b! Asymmetry of the reflectivity~transverse MOKE! as a function
incidence angle, obtained withp-polarized radiation.~c! Total pho-
toyield, measured simultaneously with the reflectivity, and m
netic linear dichroism in the total photoyield.

FIG. 3. Peak-to-peak amplitudes of the T-MOKE~dashed line,
left scale!, the magnetic linear dichroism in the total photoyie
~solid line, right scale!, andDA/A as calculated from Eq.~1! ~dash-
dotted line, right scale!.
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mentally more easily accessible quantitites (DA/A) and
DR/R with the absolute value of the reflectivity, which ca
also be measured or calculated from tabulated opt
constants.8 According to Eq.~1!, the dichroism should show
an opposite behavior as a function of photon energy, as
served experimentally; see Figs. 2~b! and 2~c!.

Figure 3 shows theangulardependences of the transver
MOKE and of the dichroism in the total photoyield. Als
these dependences are roughly opposite to each other. H
ever, due to the termR/(12R) in Eq. ~1! which diverges as
R approaches 1 at grazing incidence, the dichroism in
total photoyield strongly increases towards grazing incide
whereas the T-MOKE should decrease towards zero at g
ing incidence from its peak near 45°. The dip at 74° mig
be due to interference effects related to the presence
film/substrate system. The dichroismDA/A in the total pho-
toyield as calculated from Eq.~1! is also shown in Fig. 3.
Here the measured T-MOKE asymmetry (DR/R)expt was
multiplied byRFe,B /(12RFe,B) whereRFe,B was calculated
from tabulated optical constants for bulk Fe.8 The asymmetry
obtained that way is smaller by a factor of 2 as compared
the experimental data for the five angles of incidence. T
can be explained as follows: The reflectivity of the combin
Fe-vacuum and Fe-substrate interface systems is give
the standard Fresnel coefficients. The reflectivity is th
modified by multiple reflections at the interfaces. If the fil
is very thin, as in our case, the optical path length across
film is small compared to the light wavelength and acco
ingly interference effects are small. Therefore the reflect
from the Fe-Ag interface adds a slowly varying backgrou
to the reflectivity of the Fe surface. A rough estimate ba
on the attenuation length of 102 Å in the minimum of the
reflectivity as obtained from optical constants8 for the graz-
ing incidence angle yields a contribution to the reflectiv
s
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from the Ag substrate of about 50%, consistent with the
servation@cf. Fig. 2~a!#. This is probably a general effect fo
x-ray MOKE studies of thin films on metallic substrates~the
quantitative value for the reduction of the reflectivity d
depending on the film thickness and the optical constan!.
Since the first term in Eq.~1! contains the measured com
bined reflectivity of the Fe/Ag system rather than the refl
tivity of bulk Fe as it enters the second term, the calcula
asymmetry comes out reduced, approximately by a facto
2 in the present case. Therefore, we can conclude that
thin film system, the magnetic dichroism in the total ph
toyield is reduced from its value expected from the tra
verse MOKE of the bulk system. At more grazing inciden
or for a film thickness comparable to the penetration depth
the light the influence of the substrate will be smaller.

In conclusion, we present transverse MOKE data obtai
from a bulk Fe~5.7% Si!~001! sample in the vicinity of the
Fe 3p core level threshold. The asymmetry is similarly lar
as in previous data obtained on Co~001! films. We also
present T-MOKE data on ultrathin Fe films on Ag~001! as
functions of incidence angle and film thickness. With t
simultaneously measured magnetic dichroism of the to
photoyield we investigate its relationship to the transve
magneto-optical Kerr effect.
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