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The influence of second-order magneto-optic effects on Kerr effect magnetometry of epitaxial
exchange coupled EgMnso/NigFe g-bilayers is investigated. A procedure for separation of the
first-and second-order contributions is presented. The full angular dependence of both contributions
during the magnetization reversal is extracted from the experimental data and presented using gray
scaled magnetization reversal diagrams. The theoretical description of the investigated system is
based on an extended Stoner—Wohlfarth model, which includes an induced unidirectional and
fourfold anisotropy in the ferromagnet, caused by the coupling to the antiferromagnet. The
agreement between the experimental data and the theoretical model for both the first- and
second-order contributions are good, although a coherent reversal of the magnetization is assumed
in the model. ©2004 American Institute of Physic§DOI: 10.1063/1.1697640

I. INTRODUCTION asymmetric hysteresis loops have been reported indepen-
dently of the magnetometry meth8%:2° Therefore special
care is necessary when investigating exchange bias systems

husing magneto-optical Kerr effect magnetometry in order to

distinguish between the effects caused by second-order
magneto-optics and those caused by the broken symmetry
due to the exchange bias effect.

In this article, we use the epitaxial &Mnsy/NigFe;q

Since its discovery in 1877 by J. Kéthe magneto-optic
Kerr effect(MOKE) has evolved into a very powerful tool
for characterization of magnetic materials. Due to its hig
sensitivity, MOKE magnetometry is widely used for thin film
and multilayer analysis. The high lateral resolution of mod-
ern MOKE magnetometry enables the study of individual

magnetic nanostructurés® Recent developments using stro- .
g P J gxchange bias model system to show how second-order

boscopic magneto-optic techniques achieved high tim ) o
resolution®~® thus enabling the study of the magnetization magneto-optic effects affect the magnetization reversal ob-
' erved in MOKE magnetometry. By utilizing a simple pro-

dynamics on a picosecond-time scale. Using second har

monic generation in MOKE measurements results in a higﬁ;edure described in this article both the first- and second-
sensitivity to the magnetization at the interfaces between dif_9rder effect.s can easily be separa?ed. The experimental data
ferent materiald®-14 is summarized and compared with an extended Stoner—
The origin of magneto-optic effects is the spin-orbit in- Wohlfarth quel using magnetization reversal diagrams. Our
teraction. In many cases it is sufficient to treat the magneto"flppro"’w.h builds upon a method to extract the linear and the
uadratic Kerr contributions from Kerr effect measurements,

optic response in first order, i.e., to take into account onl)ﬂ

contributions linearly proportional to the mrclgnetiz::ltion.whICh has recently been proposed by Mattheis and Quednau,

However as first shown by Osgocet al5 second-order in which a magnetic field of constant field strength is rotated
magneto-optic effects can be important in thin films with about the axis normal to the sample surfa(ROTMOKE

32,3 ; PRI e
in-plane anisotropy. In particular for magnetization reversa ethod;™). In contrast to this method, which is reminis

measurements using MOKE magnetometry the second-ord&F M ofa t.orqu.e measurement, the ”.‘eth"d proposeq n .the
contributions can lead to asymmetric hysteresis I38p current article is based on the analysis of the magnetization
which are not observed using other magnetometry methodg(_eversal of the sample under investigation.

On the other hand in exchange bias systems, which consist of

a ferromagnet exchange coupled to an antiferromagnet]- EXPERIMENT

The samples were prepared in an UHV system with a
¥Electronic address: mewes@mps.ohio-state.edu base pressure 0f610™ ! mbar. In order to epitaxially grow
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FesgMnso/NigiFe g bilayers single crystalline Mg@O01)
substrates were used, first depositing a buffer layer system

consisting of Fe(0.5 nm)/Pt(5 niCu(100 nm)described in nm
detail elsewherd’ The samples consist of a 10 nm thick 2
FeoMnsg layer and a 5 nm thick NiFe g layer covered by 2
nm Cu in order to ensure symmetric interfaces and by 1.5 nm 2.5
Cr to prevent oxidation. The different materials were evapo-
rated using either ae-beam evaporataiFe, Pt, Nj;Feq, -1
Cr) or Knudsen cells(Cu, Mn), with typical evaporation
rates ranging from 0.01 to 0.1 nm/s. The layer composition L 0.5
and crystallographic structure was characterized using a
combined low energy electron diffractidhEED) and Auger Lo
system. Further structural investigation was performed using
reflecting high energy diffraction arid situ scanning tunnel-
ing microscopy(STM). The samples were heated after depo-
sition in UHV slightly above the bulk Ne-temperature of
FegMnsg (500 K), while a magnetic field of 500 Oe was nm
applied along the in-planl00]-direction of Ng;Fe,;q during -9
cool down.
- 2.5

IIl. RESULTS AND DISCUSSION -

A Fe;oMngg layer deposited on top of the @01) buffer 1
layer by coevaporation of Fe lrbeam evaporation and Mn
from a Knudsen cell also grows ifD01) orientation, with -0.5
[100]gemdl[100]c,. The surface morphology consists of
rather large terraces with small monoatomic islands on top. -0

These small islands have a large size distribution, as can be
seen in the STM image in Fig. 1(a). {\fre;o deposited on
FesoMnsg (001) also grows in(001) orientation but shows a FIG. 1. (a) STM image of a 10 nm thickK001)-oriented FgMng-layer
broadening o the LEED spots due to the formation of smalf o JI00E) PR, 0 e o2 0 0 Y e
islands with an average size of 10 nm, while the larger ter- :

races of the underlying EgMns, are still visible, as can be

seen in Fig. 1(b).

The magnetic properties of a
FesgMnsg (10 nm)/NgiFeo (5 nm) bilayer are measured us-
ing Kerr effect magnetometry. The magnetic field is applied
collinear to the plane of the incidestpolarized light. The
angleay of the in-plang 100]-direction of the NjjFe,q layer
relative to the plane of the incident light is varied from 0° to
360° in 1° steps by rotating the sample. For all experimenta

at a primary energy of 109 e\{b) STM image of a 5 nm thick001)-
oriented Nj;Fe glayer grown on top of a 10 nm thick EgMngy-layer, the
scan area is 0.4mXx0.4 um, with a full height scale of 2 nm. The inset
shows the LEED pattern of the same surface at a primary energy of 128 eV.

[100] [110] [010] [110] [T00] [110] [070] [110] [100]

data obtained from this rotation the decreasing field branch i 300 ] |50
shown in Fig. 2, using a magnetization reversal diagram witt 54 |

a gray scale proportional to the Kerr rotation. This kind of ]

data visualization enables the presentation of the whole ar 100 '10_
gular dependence of the magnetization reversal in a singl_, E
diagram and was described in detail elsewf&rs can be & 01 é
seen in this figure the magnetization reversal diagram of the T
FesgMnso/NigiFe g exchange bias system shows an asymme -~ 0

try. In the following it will be shown that this asymmetry is
not due to the symmetry breaking effect of the exchange bia
effect but due to quadratic contributions to the Kerr rotation.
This asymmetry impedes a correct determination of the an
gular dependence of the coercive field and the exchange bii
field from the raw data causing those quantities to be asym-

-300

45 90 135

180 225 270 315 360

o, [deg]

metric with respect to the in-plane angieg, .

The Kerr rotationfye s in longitudinal geometry with
s-polarized light and the sample magnetized in the plane
the sample surface, can be written as folldW&2—3°

FIG. 2. Magnetization reversal diagram for the branch of the hysteresis
curve with decreasing external magnetic field of an epitaxial
igiFe g/ FesoMnsg sample, as measured using Kerr effect magnetometery.
he grayscale is proportional to the Kerr rotation. The regions where the
asymmetry discussed is most obvious are marked “A” and “B.”
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FIG. 3. Geometry used to separate the different contributions to the Kerr -300 ' .zbo ' .1bo ' (') ' 160 ' 260 ' 300
rotation fes. (@) Situation for an angley,, of the [100]-direction with H [Oe]
respect to the plane of the incident ligitharacterized by the wave-vector

IZ). (b) Equivalent situation with rotation of the sample by 180° and reversed H [k A /m]
direction of the applied magnetic field. The filled circle marks the orienta- (C) 0
tion of the sample.

-20 -10 10 20

1.0+ i
0 = ﬁlongl\/l +19quadf\/| M (1) <
Ker,s Kerr'™VH Kerr VHITVEL 0.5

where M, and M, are the in-plane magnetization compo-
nents parallel and perpendicular to the plane of incidence of
the light. 9,209 and 9% are the longitudinal and quadratic
proportionality factors of the Kerr rotation. The second-order
term proportional to the product of the longitudinal and
transverse component is the reflection analogy of the Voigt -1.0
effect®?°31and gives rise to the asymmetry observed in ' . ' ' .
Fig. 2. The two contributions to the Kerr rotation can be 300 200 -100 0 100 200
separated by making use of the symmetry of the problem as H [Oe]
follows. As ”IqStrated in Fig. 3, if the m-plang a_ngted (_)f . FIG. 4. Magnetization reversal for two equivalent angigs=90° (open
the sample with respect to the plane of the mC'denE light iSsymbols)and e, = 270° (line). Note that the sign of the magnetic field for
changed by 180° and the sign of the magnetic fidlds the magnetization reversal at;=270° was reversed, so that the reversal is
reversed the same magnetization reversal process should ffivalent fo that aty,=90°. In (b) the linear longitudinal contribution

. . . Oxen to the Kerr rotation of the magnetization reversalanis shown, while
obsgrved. However by dqlng o) 'the first term in EQ.pro- (©) the second-order contributioff®is shown.
portional toM; changes sign while the second term propor-

err
tional to MM, will have the same sign for both sample By calculating the difference of the magnetization rever-

orientations. This leads to apparently different magnetizatiorsal for a; and ay,+180° the Kerr rotatiorgion? caused by

reversal curves observed in Kerr effect magnetometry, athe longitudinal component of the magnetizatign can be
example of which is shown in Fig. 4(a). reconstructed

0.0+

-0.54 .

6% [arb. units]

Kerr

300
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FIG. 5. (a) Measured magnetization reversal diagramé Y caused by the d
longitudinal component of the magnetizatibh, . In (b) the corresponding Oy [ eg]

reversal diagram of the second-order contributhd{f? caused byM,M , is

shown. In both graphs the grayscales are chosen differently in order to fit thE!G- 6. Angular dependence d¢&) the exchange bias field anth) the
respective data range. coercivity. The experimental data is shown as solid symbols, while the fit

using Eq.(4) is shown as open symbols.

009 =[ Oyer( ) — Oer yy+180°)12=9\209M . (2) informgtion about the produd\‘_/IHMl it. reflects the corre-
This is shown in Fig. 4(bfor the magnetization reversals sponding symmetrysee also Fig. 7.(b()i.|scussed later].
. : The reversal data of the longitudinal component of the
shown in part(a) of the same figure. On the other hand the T .
. 4 quad . magnetization in Fig. 5(ais used to derive the angular de-
quadratic contributiordg,;, to the Kerr rotation can be ob- L )
. . : pendence of the exchange bias field, [see Fig. 6(a)and
tained by calculating the average of the Kerr rotationat h : field H Fi 6(b £ th
and e+ 180° the coercive fie c [see Fig. 6(b)] of the
H Fe;oMnso/NigFe g double layer system. These angular de-
0393%4= Gy erl ay) + Oxerd @y +180°)1/2=9%2M M | , pendencies are then fitted assuming a coherent rotation of the
(3) magnetization and using the perfect-delay convertion
- within the framework of an extended Stoner—Wohlfarth
as shown in Fig. 4(c). 28.37 .
. . : model~®°" The experimental data can be reasonably well
By carrying out the same kind of analysis for all angles . . ) e .
A . ng described by including a unidirectional anisotragy and a
ay the magnetization reversal diagram #.;, i.e., for the ; P I
o L fourfold anisotropyK, contribution to Gibb’s free energy
longitudinal component of the magnetization, can be recon- SR .

) - .- -~ of the system, which in turn can be written as
structed, as is shown in Fig. 5(a). Consequently in this figure
the asymmetry that was observed in Fig. 2 is no longer g=—K,cogay)+K,Sirf(ay)cog(ay)
present. The two regions marked “A” and “B” in Fig. 2 are —HM _ 4
now equivalent because the exchange bias field was induced sCosay —ay). “)
along the high symmetr{100] direction of Nj;Fe;9. Note A fit of the experimental data shown in Fig. 6 using the
however, that the symmetry breaking effect of the exchang&ibb's free energy given by E¢4) results in a unidirectional
bias effect is still visible in this diagram. A similar diagram anisotropy K,=(2.7+0.1) erg/cd and a fourfold anisot-
can be constructed for the quadratic contributﬂﬂb?,dto the ropy K,=(4.9+0.2) erg/cm. Note that the appearance of
Kerr rotation, as shown in Fig(B). As this diagram contains an induced fourfold anisotropy in addition to the unidirec-



5328 J. Appl. Phys., Vol. 95, No. 10, 15 May 2004

90 135 180 225 270 315 360

o, [deg]
(b) 300
20
200
100 10_
— E
é 0 0 g
T T
-100 10
v -200
-20
-300

45 90 135 180 225 270 315 360
o, [deg]

Mewes et al.

tion and propagation, which are not taken into account in the
Stoner—Wohlfarth model.

IV. SUMMARY

In summary, we have shown that second-order magneto-
optic effects are present in exchange coupled epitaxial
FesgMngo/NigiFe g-bilayers. By using the method of adding
and subtracting the Kerr signal&gs. (2) and (3)], as de-
scribed in this article it is possible to easily separate the first-
and second-order contributions. Thereby the asymmetry re-
lated to magneto-optics can also be separated from the one
associated with the exchange bias effect. The experimental
data can thus be analyzed within an extended Stoner—
Wohlfarth model, which describes well the overall angular
dependence of the magnetization reversal. The observed dif-
ferences between the experimental data and the Stoner—
Wohlfarth model may be caused by thermal activation or
domain formation and propagation.
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