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Magneto-optical Kerr effect from layered systems when using elliptically polarized incident light
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Exploiting the dependence of Kerr spectra on the polarization state of incident light, it is shown that Kerr
angles can be optimized by using elliptically polarized incident light. The proposed scheme is applied to fcc
Ni(100) and fcc Co/P§/Co/P{100. By making use of the complex optical conductivity tengmalculated by
means of the spin-polarized relativistic screened Korringa-Kohn-Rostoker methddan appropriate 22
matrix formalism(to include all reflections and interferengdsis found, that the Kerr angle can be increased
substantially even for very small deviations from perfect normal incidence or polar geometry. This increase
pertains over the entire visible range of photon energies when using almost circularly polarized incident light.
In the case of Nil0O) it is shown that depending on the photon energy even in using arbitrary linearly
polarized incident light of azimuth different than +45°, the Kerr angles can be improved by 5—60 %.
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I. INTRODUCTION technologies use these geometfiBhe longitudinal Kerr

In 1876 Kerr discovered that reflected from iron the po_effect,_ on the other hand, is mainly applied for investigating
larization plane of linearly polarized light is rotated. Since in domam_str_uctureé. _
his first experiments the pole of an Fe magnet was used, this In principle, the magneto-optical Kerr effect has to show
magneto-optical effect has been called the polar Kerr effectip also for elliptically or at least arbitrary linearly polarized
Two years later Kerr demonstrated that the same effedncidence light. Exactly this, namely, to point out the conse-
shows up even when iron is magnetized in plane. This pargquences of using MOKE with elliptically polarized incidence
ticular setup is known today as the longitudinal geométry. light, is the scope of the present contribution.
Nowadays, the magneto-optical Kerr effa®lOKE) is a The paper is organized as follows. In Sec. Il an appropri-
widely used powerful experimental tool, e.g., for magneticate 2X 2 matrix technique is introduced, which facilitates to
domain imaging, mapping of hysteresis loops, etc., and techecursively calculate the surface reflectivity matrix in the
nologically applied in magneto-optical high-density case of an arbitrary layered system. In Sec. lll this surface
recording? reflectivity matrix is then used to obtain the polarization state

MOKE is usually identified with a change in the polariza- of the reflected light for an arbitrary geometry and oblique
tion state of incident linearly polarized light when reflectedincidence. In Sec. IV it is shown that in general the polariza-
from a magnetic systefnamely, with a rotation of the main tion state of the reflected light also depends on the polariza-
polarization plangcharacterized by the Kerr rotation angle tion state of the incident light and therefameith the excep-
6¢) and the ellipticity of the reflected lighd.e., Kerr ellip-  tion of the ideal case of polar geometry and normal
ticity e« or equivalently to this attached ellipticity angle incidence both the Kerr rotation and the Kerr ellipticity
€).*®° In viewing the linearly polarized incident light as a angle can easily be manipulated by using elliptically polar-
superposition of right- and left-handed circularly polarizedized incident light. Section V serves to illustrate the gain in
waves of equal amplitudes, from a purely optical point ofoptimizing the Kerr angles using elliptically polarized inci-
view, the magneto-optical Kerr effect is caused by differentdent light. Finally, in Sec. VI the obtained results are sum-
reflections of these two circularly polarized components ofmarized.
the incident light®

Based on the relative orientation of the magnetization Il. SURFACE REFLECTIVITY MATRIX
with respect to the surface of the system and the plane of
incidence, one distinguishes between three basic Kerr geom- Consider a right-handed Cartesian coordinate system
etries, which are most frequently used in experiments. In th&X,Y,z} with the origin fixed in the interface between
polar Kerr effect, the magnetization of the system is in thevacuum and a given layered system such thatztlais is
plane of incidence and perpendicular to the reflective surperpendicular to the surface layer and points into the
face. The longitudinajmeridiona) Kerr effect occurs, when vacuum. In the following, layers are numbered starting with
the magnetization is parallel to both, the plane of incidencédhe first bulklike layer of a semi-infinite substrdfe=1), i.e.,
and the reflective surface. If the magnetization is in plandf N layers are considered, the index of the surface layer is
and perpendicular to the plane of incidence, the Kerr effect i9=N. It is convenient to label the substrate and the vacuum
said to be transvers€equatorial and, unlike in other by 0 andN+1, respectively. Furthermore, it is assumed that
geometried, magnetization-dependent intensity differencesthe lower and upper boundaries of the layeare planes
are measuredlBecause only the polar Kerr effect and a spe-situated atz, andz,,, (z,<z,,1), see also Fig. 1.
cific transverse configuration goes linearly with the magni- From the optical point of view each lay@rcan be sup-
tude of magnetizatioh,presently, all optical data storage posed to be a homogeneous, linear and anisotropic conduct-
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z - o~ -
_2 (56, = Pplip, 20,060, = 0, (1=Xy.2)  (3)
vacum &M= e

0 y and the curl Maxwell equatidn
N+l - R >
Hp =0, X Ep,. (4)

layer N 5
Indeed, knowing the permittivitéP(w), the normal modes

N (i.e., nontrivial solutions of the Helmholtz equatjoare im-
mediately obtained by solving the Fresneharacteristig
equatiofi

|ﬁ12)5ﬂV_ﬁPMﬁPV_EZ1z| =0 (ILL!V:lelz)l (5)

layer p o which is of fourth order im,, and directly results from the
7 vanishing of the determinant of the system of linear equa-
tions in EQ.(3). For each normal mo (kz) (k=1,...,9, the
Helmholtz equation(3) then directly provides all Cartesian
components of the electric fielé(pk), which in turn substi-
tuted into Eq.(4), finally yield the magnetic field%g‘).
~ The imaginary part oﬁ(kz), on the other hand, uniquely
layer 2 € 7 fixes the propagation direction of bedain the —z direction,
when ImA% <0, or in 4z direction, if Imfi,,>0, see Eq(1).
laver 1 - In the f_oIIowing,ﬁglz) andf® denote those solutions of Eq.
ayer € (5), which correspond to beams propagating in directian —
Z (“downward”), Whereasﬁ(i) andﬁifz) stand for normal modes
substrate g0 propagating in the opposite “upwa[d” direction.
In practice, the determination & is slightly compli-
cated by the fact, that not all equations in E8).are linearly

FIG. 1. The macroscopic model of a layered system used withilndependent and therefore the Helmholtz equation for a
the 2X 2 matrix technique. Th& axis is perpendicular to the plane given solutionﬁg‘z) of Eq. (5) has to be solved by keeping at
of the figure. least one Cartesian component of the electric field arbitrary.

Among all possible parametrization of the electric fields in a
ing medium characterized by the complex permittiGfyw). ~ given layerp, a physically very transparent scheme results
The plane waves associated with the complex electric anfY following Mansuripur’s stratedy’

magnetic fields propagating through a layeare given by 5;)!2 = arbitrary,

An(r,t) = Ay exdi(Gyr — ot)] (A, € C), (2) £ = %0 )
py ~ ¥ Cpx>

where ¢, is the complex propagation vector aiag-w—i6

is the complex frequency, with being a positive infinitesi- g;)kz) ::[;Epgggi
mal imposing the electromagnetic field to be turned on

in the infinite pasf. In terms of the spherical colatitude and

0 (0<6<w/2) and longitudey (0< ¢=<27) of the light g0 =zl gl
incident coming in from the vacuum sideg,=0on, TRy

=0o(Mpxex+Npy&y+1Ny.£,), With gy being the propagation con-

stant in vacuumé,, €, €, the unit vectors ir§(x, y,z}, andn,

being the complex refraction vector in layer

fork=1,3

(k) — i
Epy = arbitrary,

B . 3 EN=pYEY, fork=2,4. (6)
Ny = — Sin @ cose =T, - .
pX =k The layer-resolved reflectivity matriR , relates then all ar-

bitrary electric field components at the lower boundzyyo

fipy=—sinésing =1, each other as
5(3) 5(1) T 5(1)
-~ px | _ px | _ | '11 '12 px —
Ny, = Np(w)cosé. (2 (5(5;) =Rp 5E)2y) = W, T, EE)Zy) ,p=0,... N+1.
Within the Gaussian system of units and suppressing the %)

frequency dependence of all quantities, the propagation of
the electric and magnetic plane waves in a lagés com- By exploiting in each layep=0, ... N+1 the continuity of
pletely described by the Helmholtz equation the tangential components of the total electric and magnetic
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field at the lower boundary,, the reflectivity matrices layer-resolved reflectivity matrices are vanishing, iR,
=0 for Op=0,... N. This in turn implies that for a semi-
— 34 _ 1234\-1/1212 _ 1 e ' ’ e . >
Rp=(Dp-1Ap" = By) (B Dp—lApz) (®) infinite bulk system, the surface reflectivity matrix with re-

can be determined recursively by starting from the vanishingPect to the reference fran$éx,y,z} is simply given by°
reflectivity matrix R,=0 of the substratéviewed as a semi- 12, 112\-19-1 12, 1121
infinite bulk without boundariesand by means of the fol- Rint= [Bis + BAAD B, - By (Ay) . (15)
lowing 2X 2 matrices

cor_ [ 1 Gy Il. POLARIZATION STATE OF TRANSVERSE
Ap a1 ) PLANE WAVES

3 5 The polarization state of a wave describes the time depen-
(LY N W A R dence of the electric field vector at a given point in space. In
“(0 = oK) (kD= (kD) = k) (9 order to determine the polarization state of transverse plane
no —ng NS Va —Nn,B N 6 i}
pz  'xFp pz %p p waves, one primarily has to know the electric field compo
nents in a plane perpendicular to the propagation direction.
Consider a local right-handed Cartesian coordinate system
L{p,s,d}, attached to the investigated wave, with thexis
okt (exr{+ iqoﬁg‘z)dp] 0 ) pointing along t_he propagatiop direction,_tpeaxis being _in
P~ 0 exy+ |qon<k+l)dp] the plang of mmdencéperpc_andmular tal aX|s) and thes axis
perpendicular to plane of inciden¢gerpendicular to boti
_ _ andp axes.

(k=1,3andp=0,... N), (10 A transformation ofS{x,y, z} to L{p,s,d} consists of two
with dy=7,,1-2,>0 being the thickness of layep, are  successive rotations: a rotation around zfeis by an angle
needed to construct the auxiliary matrices ¢ followed by a rotation by the angle between the propaga-

1212 . 4343 1912 . (344340 e tion direction of the wave and theaxis around the new’
=By Gy + By CP%P)(AP Gt Ap CPARP) K axis. Note that only in vacuum for this angle= o

kk+l _
By" =

whereag() and ,73(") refer to E_q.(6) an_d n, to Eq. (2). Fur-
thermore, also the propagation matrices

N+1
() ;
=-6,.,, implies and therefore
p=0,...N (11) N P
. (k) (k) ;
to be used. Because in vacuum there are only two normal [ EN+ix _k ENvLp (COS&COS‘P _S'”‘P)
modes, namely an mcué:ilent bee(Tm{\‘+lZ Nz+)11 '“ﬂ,)ﬂz) and Eml,y N 5N+1S cosfsing Ccose
reflected bear(]ﬁN+1Z ~§\Jl1 z_ﬁN)+1 ) the surface reflectivity )
matrix is given by ( (Nk’;lvp) (k=i,r)
¥ 7 5N+1,s
_ _ _ -1 — [ Ty
Reur=Rus1 = (D= Bin) (Byia = D) (7yx 7yy)’ see Eq(2). By introducing the 2 2 rotation matrix
(12) Prner = PN+1 = PN+1'
where in terms of Eq(9), - o .
the surface reflectivity matrix is then given by
52 - o 1 ( Rh, 1-T
N+ LT PN T T oo\ g =2 == | T
V1 -+ I’ly) 1+ ny My Rsurt= PN+1RsurfPN+1 = ( PP ~ps) (16)
(13) rSp rSS
R then relates the tangential components of the reﬂectegﬁonsequently the complex reflectivity coefficients, see also

light with respect to the reference frarBx,y, z} to the cor-  Ed: (12), are given by
responding components of the incident light Foo =T o2 o+, Sirf o+ (o +F,)Sin @ COSg,

ENrax 5N+1x N+1><+r ygﬂl)ﬂ

|- _ y
gn surf= gl (l) +T yg(l) ) _ 1
Ny vy ATt Ty " ps= 1008 ¢ =Ty SiMP o + (7 =T )sing cosgl——,

Hence in contrast to the layer-resolved reflectivity matrices )
R, for Op=0, ... N as introduced in Eq.7), here the com- Top=[Tyx COS' @ =Ty Sir? ¢ + (F,y ~Tydsin ¢ cosg]cosd,
plex reflectivity coeﬁicienfw is the fraction of theith com-
ponent of the incident electric fl_eld_ contained in tjpgh 755=?yy005290+?xx3in2@‘(ny+7yx)8in<PCOSQD (17)
component of the reflected electric figld, v=Xx,y).

For a homogeneous layered system consisting of identic&nd now directly relate th@ and s components of the re-
layers from Eqgs(8) and (11) immediately follows that all flected wave to that of the incident one

134411-3



A. VERNES AND P. WEINBERGER PHYSICAL REVIEW FO, 134411(2004

(g(&lvr,) ~ (‘S’F\Illl,p) ~ (ﬁfpp“:g\lllrl,p"'?pésg\lllrl,s) IV. KERR ROTATION AND ELLIPTICITY ANGLE

Ehis) T UM EDLs) T \Foflhrp +Fsfiias Because the magneto-optical Kerr effect is fully described
(18) by the Kerr rotation angle and ellipticity angle, the amplitude
and the absolute phase of the incident and the reflected light
In contrast to Eq(14), for a givent,, hereve L0{p,s,dy  areof secondar_y_interest. From Ef9) one immediately can
(coordinate system of the incident electric fieldnd » ~ S€€ that by dividing the components of the Jones vector by
eL"{p,s,d} (coordinate system of the reflected electric each other, a simpler representation of the polarization state
field). Although in principle,L"{p,s,d} is not identical with IS obtained, which directly provides the azimuth and the el-
L®fp,s,d}, for a vanishingd component of the electric field, IPticity angle of any monochromatic transverse wave and
the difference betweeh™{p,s,d} andL"{p,s,d} is of mi- hence the Kerr rotation and ellipticity angfsDefining
nor importance. Therefore, in the followirR, is simply therefore the polarization variable of the incident wave

termed the surface reflectivity matrix with respect to the Io-Wlthln the Cartesian complex plane as
cal Cartesian coordinate systgx{p,s,d}. o i gg)ﬂs tand, +i tane,

To calculate the Kerr rotation and ellipticity angle, one Xips) = <0 = 1-i@nd ans.’
has to determine the polarization state of the reflected light in N+1p i e

; (r) L .

te;:“S 0(‘; thle Cﬁrtﬁsign _?r?mpone'ﬂ_%ll,p %r_‘d 5|u§+1,sb°f_th% _from Eq.(18) follows that the polarization variabf(,  of
reflected electric field. These are immediately obtained vi : ‘
Eq. (18), if in addition to the surface reflectivity matrik ¢ The reflected wave can be written as

) o o o e i
Wlth. re§pect toS{x,y,z}, see Eq(12) and the.ge'ometry of . o 55511,5 B rgpg&))rl’pJ, rssgﬂll-l,s Tt rng['p)’S]
the incidence, the polarization state of the incident light is X[, = PR AT O 2 A 270
also known. However, because the polarization state of any N+rp  Topfneip + Tpsfes  Top* TosKips)
monochromatic, transverse wave is completely specified ool —i tand; tang;) +Todtand; +i tans)
within L{p,s,d} by the amplitudg&|, the absolute phase, =
the azimuthd and ellipticity angles, namely*!

Top(1 =i tand; tang;) +Todtand; +i tane;)

(23
& c0s?) cose —i sin Y sin
( p) = ( ) y , ) y ) (19 The azimuthd, and ellipticity angles, of the reflected light
Es sin cose +i cosd sine are then directly obtained from the following expressions:
where 2 RG(’)“((f) ) 2 |m(“)‘((f) )
tan 29, = % and sin 2, = % (24)
E= |5|6X[XI d)) 1- |X[p,s]| 1+ |X[p,s]|
and In particular, if the incident light is @ wave, i.e.,J;=¢;=0,

Eq.(23) reduces tc')"(fgs] =Tsp/Tpp @nd the Kerr rotation angle

(20) 0k p=";, Whereas the Kerr ellipticityy ,=¢,. Because nor-
mally both Kerr angles are small, tade=26x and
sin 2= 2¢¢, and in addition|x\"” .|2<1, Eq.(24) directly

it follows that all these quantities have to be specified for the rovides the below a roxim[api?]()n for the complex Kerr
incident light, in order to get the polarization state of theP PP P

light reflected from a layered system. For example, an arbifJlrlgle

trary linearly polarized incident wave is present, if its ellip-

aw m w
-—-sds_-and -——s¢e <

m
2 2 4 4’

ticity is zero and hence the Cartesian Jones vector ir{E8j. Dy p= Ok ptickp= I—SE (incidentp wave), (25
is of the form "pp
i) with 6 , referring to the positivep axis.
Envip | _ [ COSD; 21 Similarly, if the incidents wave, i.e.,9;=xm/2 andzg;
5&11,5 ~“Nsin )’ (22) =0, yields small Kerr rotation and ellipticity angles and

|3(EQ’S]|2> 1, from Eq.(24) immediately follows that

while a right-handedleft-handeq circular incident wave

teg;=+m/4(-wl4 =
corresponds t@; = +/4(~m/4) and Py s=—(bcs—iece = —%’is (incidents wave. (26)

ENip) _ . & (exp-i0) ~

0 =t E exp(+i9) ) (22 By comparing for an incidens wave, the polarization vari-
N+1s ' ablexfgs]:rssf?psm Eq.(23) with the expression in Eq26),

As long as in Eq(22) the azimuth of the incident wav is it is evident that in Eq(26) 6 s is measured with respect to

indeterminable, the quantity in E(R1) defines the handed- thesaxis. These rather well-known expressions for the com-

ness of the arbitrary linearly polarized incident wave. In par-plex Kerr angled®, for a p or s incidence!? are nowadays

ticular for ap wave 9;=0; for a right-handedleft-handeds  widely used with different sign conventions in calculating

wave, %= +/2(-/2). theoretical Kerr spectr&1°
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Alternatively to Eq.(24), the polarization variable of the In the following, in analogy with Eq(32), the Kerr ellip-
reflected wave within a complex polar coordinate system caticity angle is defined as
be written as

ek =&, — g, With g, € [_Z —] (k=i,r), (39

~ i +3(E;J)s]
XE? 1=
X[p s] namely, as the change in the ellipticity measured for reflected
r[p](l i tand, tane;) - r[s](tanmf) +itans) light with respect to that of the incident light. No doubt, that

with this definition of the Kerr ellipticity angle, its physical

meaning is radically changedy(w)=0, e.g., now not nec-
(27 essarily means that the reflected light is linearly polarized,

but that both the reflected and incident light have the same

~7Pl(1 - tan ¥, tane;) + T (tan 9, + i tane;)’

where ellipticity. The Kerr ellipticity angle in Eq(34), in general
TPl =F i, =RP+ilP depends ord; as well as orz;, and hence its value, at least in
a2 g e R eR, k=p,s) incipl be i d. A tion from thi
Hslor o gyl (e , K=p,s), principle, can be increased. An exception from this occurs
+ ss— ! ps + +

when using a circularly polarized incident ligtti=+7/4),
(28) because then the corresponding polarization variable of the
reflected wave, see EgR7) and(28), is given by
(r)

XYo-1 L SO Y P e PP
|~(r) ]| +1 (29) -]~ "'[P] ¥ r[s] (pp T+ i(Fspi?ps) )
X% -

and the azimuth}, and the ellipticity angles, are given by

1 ~
9= ard X\ ) and tare, =

] ] and, independent of the handedness of the incident wave, no
By using the well-known properties of complex numb#s, longer is a function of an indeterminable azimuih This

these expressions can be rewritten as feature limits the validity of Eq(32) to cases for which the
1 Y, ellipticity angleg;# +w/4 |
9, = E(f&,— 9-), with 9, = arctar<z), Consider for example the particular case of polar geom-
- etry, when the magnetization in each laydy[[001], and
-7 normal incidencg#=0 and O< ¢ =< 2r). For this technologi-
tane, = =, Z, = X2+ Y2, (30)  cal important Kerr setup, it has been shown, Ref. 17 that the
vt L surface reflectivity matrixRg,; with respect to the global
where coordinate syster®{x,y,z}, see Eq(12), is given by
X, = (RP'+ R tang;) + (1P tang; + II)tan 9;, Res= ( rzx Ixy>_ (35)
Iy Txx

— (RLPI _ [s] - — (1Pl 4 [s] )

Y. = (RPtans; £ Rtan 9, - (L7 + 1Ftans,). (31) In fact, it can be easily provemot shown in herg thatR
These equations show that both anglesinde, also depend s of this highly symmetric form, if and only if, the incidence
on the azimuthd; and the ellipticity angles; of the incident  is normal and the geometry is polar. In terms of EG®)
light. In accordance with Eq20), the definition of the Kerr and(17), the surface reflectivity matriRg,; with respect to
rotation anglef then simply reduces to the local framel{p,s,d} is then identical toR,: and, as

expected, is independent @f For this particular case Eq.

Ok = 9, — U, wheredy e {—g —} (k=i,r). (32 (28) yields

Fpl —Fsl—% L7 —F = i

=T =T, 2 i, =T =1, expliA,), 36

As can be seen from Eq7), Egs.(30) and(35), the depen- S E o E ey p( ) _ (36)

dence of the Kerr angles on the incident polarization statavhich in turn implies that the polarization variable of the

not necessarily is linear. In general, the Kerr rotation angle ateflected wave in Eq(27) can be be written as

given by Eq.(32), is a function ofe; and the incidence azi- [
o

muth . It can be demonstrated, however, see Appendix A, 7 =

X+-17 + E)}eXdi(A.,. -A_-2%)]. (37)

that the extrema of the Kerr angle show up for @wor p

wave if and only if For}f’f - Ed.(29) directly leads to

RIPIRIS] 4 ([P])ls] RIPIRIS] 4 |[P])[s]
L L —ogry 1l =)
= (REZ (7 7 T (RP)?+ (P2 . r. tan(s. —) -1
(33) 9, =~ §(A+ - A+ and tang, =

namely for particular combinations of incidence and optical r+tan<s, T ) -
properties of the system. This in turn implies that at least in (38)
principle, the Kerr rotation angle can be enhanced by using
adequate elliptically polarized incident light. The Kerr angles are therefore given by
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N

1
O = - §(A+—A_) and taneg (0) = 7w), p=1,... N
g=1
= =1 , (399 and
' tar<s- ¥ Z) of tar(‘g' - Z) S o
AT e T 4 ~ (w) = 2P90)
o(w) = ~otis  POT 1,... N,

Alternatively, these expressions can be derived from Egs.
(30) and (31) by usingRP=R¥=R, and IP”'=19=1,. For  itn SPw) being the current-current correlation

polar geometry and normal incidence, one then gets functions® 18
I, In the present calculations, the current-current correlation
V.= (9 F A,), whereA, = arctar(;), functions are numerically evaluatédy performing contour

integrations in the complex energy plane at a finite
temperaturé? the electronic Green’s function entering the
Z,=r.(1+tang)V1 +tarf 9;, ri:\/R§+I§. kernel of these integrals is determined within the spin-
polarized relativistic screened Korringa-Kohn-Rostoker
(SKKR) method for layered systerds.The 2x2 matrix
technique was applied as presented in Sec. Il; the polariza-
tion state of the reflected light is directly calculated using

Obviously, for polar geometry and normal incidence the con
ditions in Eq.(33) are fulfilled, implying that extrema of the

Kerr rotation angle can be reached using either an incislent
or ap wave. In contrast to the Kerr rotation angle for the
polar geometry and normal incidence, which is not at aIIEqS'(27) and(29).

affected by the polarization state of the incidence light, thee"ilntig;e z;]nexlte:eocr::l'?hnethgl;:'?z%?ig?]e;(;?e(gf tKheerrinr;gaetlnotr]iar?td
Kerr ellipticity depends on the ellipticity of the incidence ptcity ang P 9

i 2 is investigated for two Kerr setups different from an ideal
ight, such that whenevar, #r_ the condition S .
polar geometry and normal incidence. In the first setup, re-

dek (r—t )r+(1 +tang;))? - r_(1 - tang;)? ferred to as the case of polar geometry and almost normal
P B 2, 2 2= Y incidence, the geometry remains polar because of the system
%i ri(1 +tane;)"+ r-(1 - taney) considered, na?nely fccyl\IIiOO), andpan angle of incidence{)f
corresponds to 2° is assumed, which typically applies in standard Kerr
— equipments. In the other setup, referred to as almost polar
= arctar(iz NP Te r-). geometry and normal incidence, the angle of incidence van-
' ro—r_ r,—r_ ishes, since the direction of the magnetic moments of the

magneto-optically active layers in the fcc layered system
Co/Pt/Co/Pt/Pt(111) are chosen to be not perpendicular
to the surface, but form an angle of 2° with respect to the
surface normal.

Another interesting aspect follows directly from E488)
and (39), namely, that the polarization state of a circularly
polarized incident light(e;=+m/4) after reflection is pre-
served, ta®r|si=m/4=il, and consequently the Kerr elliptic-
ity as introduced in Eq34) vanishes, i.e., taa,<|£i=iw,4:0.
Finally, it should be pointed out, that the expressionggf
and that ofey for &;=0, Consider fcc Nil00) with the magnetization pointing
along thez axis (perpendicular to the surfagei.e., polar
geometry. Consider further an almost normal incidence,
ret+r’ namely whenn, andn, in Eq. (2) are not simultaneously
is well known in the literature, see for example Ref. 3_vanishing, b.Ut the angltz qfincidenﬂés small, e.g., 2°.This
Viewed oppositely, this also means that any deviation fromangle of |_nC|dence¢9—2 , 18 small en_ou_gh not_ to y_|elq any
the polar geometry or normal incidence introduces an inCi_notable differences, whenever the incident light is linearly

dent polarization dependen¢&, ande;) for both Kerr angles polarized. However it is large enough 1o poin_t out the depen-
6. and e ! : dence of the Kerr angles on the polarization state of the
K K-

incident light, see Figs. 2 and 3.
Due to nonsimultaneously vanishixgandy components
V. RESULTS AND DISCUSSIONS of the complex refraction vector, see E@8) and (13), the
surface reflectivity matrisR s as determined in terms of Eq.
t (12) with respect to the reference fraréx,y, z} is of lower
symmetry than that defined in E@5) and therefore the Kerr
angles quite obviously do depend on the incident polariza-
tion state. Although in general for polar geometry and arbi-

A. Polar geometry and almost normal incidence

ro—r_

taneg =tane, =

From the layer-resolved optical conductivitie$(w) and
for plane waves as given by Eql), the layer-dependen
permittivitieszP(w) are obtained within the Gaussian system
of units as'®

_ A _ trary oblique incidence, this is valid, in the case of almost
(o) =1+ E‘Tp(w), normal incidence these arguments fail to explain the depen-
dence of the polar Kerr angles ah and ;. The reason of
wherel is the 3X 3 identity matrix this failure is that for polar geometry and almost normal

134411-6



MAGNETO-OPTICAL KERR EFFECT FROM LAYERED. PHYSICAL REVIEW B 70, 134411(2004
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L0
050
ex ()
-45.0 -90.0

FIG. 2. Polar Kerr angle for almost normal incidenae=2°)
and arbitrary photon energies within the visible spectrum in the
case of fcc Ni100) as a function of the polarization state of the
incident light characterized by the azimuth and the ellipticity g ()
angleeg;. The solid bold line represents the Kerr angle calculated for
arbitrary linearly polarized lighte;=0). For =5 eV, for example,
™ is at 0.3° anddy"" at —0.45°.

00l c0rips

XXX

incidence, Eq(35) approximately is still valid, namely, R () S

-45.0
Tyy = Txx:
5 .
R g; (deg) 45.0 90.0 0, (deg)
Tyx=—Ty (M1I[001] and 6 < 1) (40)

) FIG. 3. As in Fig. 2 but for the Kerr ellipticity angle and arbi-
and consequently the polar Kerr spectra are independent giary photon energies < 2.72 eV(top) and »=2.99 eV (bottom).

the longitudeg. The surface reflectivity matriRs,s With  Not accounted for is the left- and right-handed circularly polarized

respect to the local Cartesian coordinate systéms,d}, incident light, for which®; is indeterminable. Topel®*=0.05° and
20 1 ex"=-0.025°, if @=2.45 eV. Bottom: eg™*=0.025° and eKmin
Reurf = Rsurf"'?xy_( ) =-0.055°, foro=3 eV.
2\1 0

however, no longer is identical t8, as this is the case for incident polarization states. In the case of the Kerr ellipticity

normal incidence. Therefore, E€B6) is not valid, because ~angle, the definition in Eq34) is valid for &;=+ /4, the
corresponding value however, is almost vanishing. A com-

¢ _ ~[p] mon feature of the Kerr rotation angli(w;9;,¢;) viewed
- as a function of the azimutf}; and ellipticity angleg; is in
case of the semi-infinite ILOO) bulk (=2° and¢ arbitrary)

\évhere(rji:rxxi 'fr%:rie)l(p('ﬁi)' Conlseq;JentIIy, th?i and 8|‘ . _the independence of the photon enetgyin contrast to the
ependence ot the polar Kerr angles for aimost normal INCly - gtation angle, the shape of the Kerr ellipticity angle

o oot it o e e v 1% c{v:0.) 2 funcion f,and,songy depends n
piexp photon energyw: the curvature turns from positive to nega-

tive for photon energies between 2.72 and 2.99 eV. Below

_ m\ . & _
0 r.exfi(A, - 9)tan & + 2) "y expl(+i9;) and above these values, however, the shagg(af; 9;, ) is
~(r —_

X[+~ P2 very similar to the case shown in Fig. 3. Including also
r_expi(A_+ )]+ T,y — exp(— iq‘;‘i)tar'(ei + 7_T> 'GK(w;.ﬁij tw/4) zOl(Ieft- or right-handed Circularly polar-
2 4 ized incident ligh}, independent ofy, an absolute minimum
X(0< 6<1), or maximum ofex(w; 395, &;) would be seen, which however,
is of secondary interest.
never equal§(Er+)’_] as given by Eq(37). This implies that for From the global extrema d(w;9;,&;) and ex(w; 3, &)

a layered system with its total magnetization oriented perfollows that Kerr spectra cannot be optimized simultaneously
pendicular to the surface, the polar Kerr rotation angle defor all photon energies in the visible regime, since
pends on the polarization state of the incident light even forfk(w; ¥;,¢;) andec(w; 95, €;) have extrema at different ener-
the smallest possible departure of the incidence directiogies. An exception from this rule seems to be an arbitrary
from the surface normal. incident linearly polarized light, see the solid bold line in
Except right- and left-handed circularly polarized light, Figs. 2 and 3, which for an azimuth a¥;=+m/4(-m/4)

for which g;=+ /4, all physically possible incident polar- maximizes(minimizeg the Kerr rotation angle and simulta-
ization states, see E(RO0), are considered in Figs. 2 and 3. neously minimizegmaximize$ the Kerr ellipticity angle for
Because the azimuth of circularly polarized incident light isall photon energies in the visible range. In all other cases, the
indeterminable, one does not need to take into account thegmin is between 5—35 % for the Kerr rotation angle and be-
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9;=0, =7r/4 with available experimental data, one immedi-
ately observes that the calculated spectra are qualitatively
similar to the experimental ones, but shifted to higher values
of w than those measured, although in the calculations the
experimental lattice parameter of 6.66 £lhas been as-
sumed for the fcc semi-infinite Ni0OO) bulk. Furthermore,

the theoretical Kerr ellipticity angle below 4 eV shows a
better agreement with the experimental data than the Kerr
rotation angle in the same range of photon energies. The
obtained minimum of the Kerr ellipticity angle, however, is
deeper and shifted toward higher photon energies as com-
pared to experiments. In the literature, the discrepancies in
photon energies between the theoretical and experimental
Kerr spectra are rationalized by “deficiencies” in the local
density approximationgLDA).2324 |t is therefore not sur-
prising that all other theoretical Kerr spectra of Ni obtained
on the basis of band-structure methods other than the SKKR
method used her®;*®are in pretty good agreement with the
present ones: all show the same differences with respect to
the experimental results, independent of whether a general-
ized gradient approximatiotGGA), or orbital polarization
(OP), or full-potential (FP) approach was applied.

Because of Eq40), in choosing the ellipticity angle for
the almost circularly polarized incident light, which in turn
optimizes the Kerr rotation angle for a given photon energy,
one has to take into account that the azimuth of the reflected
light must be unambiguously determined even when the el-
lipticity of the reflected light slightly increases. For this rea-
son, when calculating the phase of the circular complex po-

larization variable}‘(ﬁ)_] associated with the reflected light,

the Kerr rotation spectrum in Fig. 4 has been optimized by
considerings;=+43°. This allows a change of at most £2° in

the ellipticity angle after reflection. Correspondingly, an azi-
muth of ;= +10° has been taken in the optimization to be as
angles for positive values af; and ¢ and down triangles for nega- close as possible to global extr_em_a of Kerr _rota_tlon angle
tive values, respectively The experimental data refer to full sym- below 1 e_V. No doubt, that for incident polarization states
bols (stars: Ref. 27, squares: Ref. 28, diamonds: Ref. 29, up?haraCter'zed by);=+10° ande;=£43°, one does not reach

triangles: Ref. 30, down triangles: Ref. 31 and pulses: Refs. 32 an@Ny local extremum of the Kerr rotation angle above 1 eV.
33). However, as is shown in Fig. 4, for such chosen incident

polarization states the entire Kerr rotation spectrum is sig-
tween 5-60 % for the Kerr ellipticity angle with respect to nificantly improved over the whole visible range, while the
linear p-polarized incident ligh{;=¢;=0), see also Fig. 4. ellipticity remains almost unchanged. In view of E&2),
No differences occur in the Kerr angles, if linear (9; g (w;10°,43°>0 means that the azimuth of the reflected
=+m/2) or p-polarized(d;=0) incident light(&;=0) is used  |ignt is increased by over 10° for photon energy between 1
as long as the geometry is polar and the incidence is almoging 6 eV, wheready(w;-10°,-439<0 it is always less
normal. than 10°. Clearly enough, there are quite a lot of incident

As can be seen in Fig. 4, changes in the Kerr rotation,g|arization states, for which the Kerr spectra can be opti-
angle for photon energies below 2 eV and in the Kerr ellip-i-a4. For example, an incident light af=15° and
. y | I

ticity angle below 1 eV that correspond to the use of arbi-— 150 ts the theoretical Kerr rotation spectrum closely to
trary linearly pol_ar_lzed |_nC|dent lights;=0) of azn_nuth ﬁi_ the experimental one, fas;=9;=30° the negative peak in
=+m/4 are negligible with respect to those obtained with aihe Kerr ellipticity spectrum around 5 eV is obtained within
linear p-polarized incident ligh(9;=£;=0). For &;=7/4(s; e experimental range.
=0) and photon energies above 2 eV, the Kerr rotation spec-
trum is close to the experimental one, whereas fr
=-7/4(g;=0), the Kerr rotation is largest for arbitrary lin-
early polarized incident light; the opposite applies for the Another possible deviation from the ideal case of polar
Kerr ellipticity spectrum above 1 eV. geometry and normal incidence occurs when the incidence is
In comparing the theoretical Kerr spectra obtained for arkept normal, but the magnetization of the investigated sys-
bitrary linearly polarized incident lights;=0) of azimuth  tem is not exactly perpendicularly oriented to the surface.

(deg)

GK(w;ﬁi,si)

(deg)

eK(a);ﬂi,ei)

FIG. 4. Polar Kerr spectra for almost normal incidence in the
case of fcc Ni100) as obtained for arbitrary linearly polarized in-
cident light (=0) of azimuth;=0, +m/4 (open circles, squares
and diamonds In addition, Kerr spectra calculated for an incident
light with ;,=+10° and¢=+43° are also includedopen up tri-

B. Almost polar geometry and normal incidence
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TABLE |. Orientation of the magnetization in the atomic layers rT A L B
of Co/Pt/Co/Pt/Pt(111). ®, is the rotation angle around the
axis (perpendicular to the surface normal

atomic layer Co Pt Pt Pt Co Pt Pt Pt Pt Pt Pt Pt
0, (deg) O O 45 90 90 90 90 90 90 90 90 90

Such a magnetic configuration has been assumed for the fcc
layered system Co/ptCo/Pt/Pt(111), see Table I, in
which @, refers to the rotation angle of the orientation of
magnetization in atomic laygy around thex axis (perpen-
dicular to the surface normal

It is well known that for normal incidence no Kerr rota-
tion angle occurs in the longitudinal or transverse geometry.
Therefore, in the present magnetic configuration of
Co/Pt/Co/Pt/Pt111) only layers with an out-of-plane
magnetization, but not necessarily perpendicular to the sur-
face, contribute to the Kerr effect at normal incidence. In the
chosen example, these layers are: the surface Co layer and
two Pt layers immediately below. Because in the Pt layers
the magnetic moment induced by Cdl,=0.09 ugz and M,
=0.40 up) is smaller than that of the surface Co lay®f,
=0.00 ug and M,=2.15 ug), the total magnetic moment of
magneto-optically active layers at normal incidence shows
only a small departure of about 2° from the direction perpen- I IR TR B
dicular to the surface and hence the geometry can be as-
sumed to be an almost polar one. In contrast to the previous
case of polar geometry and almost normal incidence, the

Zg?geofo :;tg?] ds‘:raasv?;gs),nlzlfge?)r;igK(na;E lzlr,llill)oistff]ltjanpc)ho- incidence(6=¢=0) and different photon energies in the case of

: ! . - S fcc Co/Pt/Co/P{111) as calculated for almost circularly polarized
tor,] energyw, but also on _the_ spherical Iongltude which in right<(top) and left-handedbottom) incident light (¢=+43.0°).
spite of 6=0 P'aces th? incidence plane in reference to theThe spectra are normalized to those obtained for lipepolarized
global Cartesian coordinate syst&x,y,z}. However, prob-  incigent light (9,=¢=0). The solid, dotted, dashed, long-dashed,
ably due to a similar angular deviation from the ideal polargot dashed, and dot long-dashed lines, correspond to photon ener-
geometry and normal incidence, the Kerr rotation angle folyies of approximativelyl, 2, ... ,6 eV respectively.
Co/Pt/Co/P{111) has global extrema for right- or left-

0,.(;0.,43 deg) / 6, (;0,0)

8, (0;0,,-43 deg) / 0,(;0,0)

B (deg)

FIG. 5. Kerr rotation angles for almost polar geometry, normal

handed almost circularly polarized incident light independent VI. SUMMARY
of ¢, but for different azimuths);. The Kerr ellipticity angle, _ o _ o _
on the other hand, just as in case of semi-infinit¢180) Using elliptically polarized incident light for the magneto-

bulk, has global extrema for right- or left-handed almost cir-optical Kerr effect instead of linearly polarized incident light
cularly polarized incident light. An interesting aspect is thathas the advantage that with the exception of ideal polar ge-
the size of these Kerr angles extrema are numerically indeemetry and normal incidence, in all other setups the Kerr
pendent ofe. For almost polar geometry and normal inci- angle can easily be increased by exploiting its dependence on
dence by using arbitrary linearly polarized incident light with the polarization state of incident light.In particular for po-
an azimuthd;=+ /4, none of the Kerr angles reach one of lar geometry and almost normal incidence, and almost polar
the local extrema, which depending on the photon energy geometry and normal incidence, it has to be also numerically
are of the order of 10—-35% for the Kerr rotation anddemonstrated by using the present formalism that two global
10-90 % in case of the Kerr ellipticity angle. and two local extrema of the Kerr angles occur for ellipti-
In conclusion, in case of almost polar geometry and nor<cally polarized incident light whose ellipticity is consider-
mal incidence, there is no way — even approximately — toably smaller than unity. Furthermore, it was shown that some
optimize Kerr spectra for the entire visible spectrum of pho-local extrema in the Kerr angles can be reached by using an
ton energies as was the case for polar geometry and almogtbitrary linearly polarized incident light of proper azimuth.
normal incidence. For this reason in Fig. 5 the relative gain
in the Kerr rotation a_ngle as function_ af; \_/vith respect to ACKNOWLEDGMENTS
the value obtained with a linegrpolarized incident light is
given for different photon energies, if almost circularly po-  Financial support from the Austrian Science Ministry
larized incident light withe;=+43° is used. (Grant No. GZ 45.10p the Austrian Ministry of Economic
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APPENDIX A: EXTREMA OF KERR ROTATION ANGLE

In order to determine the azimuth and ellipticity angle
g; for which the Kerr angle, see E¢30) becomes extreme,
the following system of two equations has to solved:

bk _ 199, 1&19__1_0
9% 29% 2d%
96 199 199_
—K:——+————1:0,
(?si 2 0”8i 2 (98i
where according to Eq31)
a0, 1 Yy X,
== | X =U;,¢). Al
a zi(-aé -(95)(5 <) (A1)

In Eq. (A1) the derivatives oK, andY, are given by

X,
5" (1P tang; + IS (1 + tarf 9;),

&X+

—E= = (=RI+1P tan9)(1 + tarf &),
€i

Y,

“i= (RP'tang; + R (1 + tarf ),
€

aY

= (RPtan®; ¥ 1) (1 +tarf &)

. (A2)

while Z, follows from Eqg.(28),
72 = (rlPh2(1 + tar? 9; tarf &) + (ri)?(tar? 9; + tarf &;)
+ 2(RPRS +1PI S (1 + tarf 9))tane;
+ 2(RPIS - RENPhtan 9,(1 - tarf &) (A3)

In using the expressions given in Eq8A2) and (A3)
explicitly in Eq. (A1), one obtains

PHYSICAL REVIEW FO, 134411(2004

99, _ 1+tarf o
oy Z2
+ [RPIRS +1PIET)(1 + tarf &)},

{L(rlPh2+ (rl¥h2Jtane;

% 1+ tar? Lvtare;, P2 - (rls)2]tan o,
- [R[ip]l[is] - RSP (1 - tar? 9)}
such that
> jm{[(n“’])z + () ?Jtane,

2
e
+J[RPIRS + 1P 1s(1 + tarf &)} = 2,

j=*

1 +tarf g
DN e
=

— J[RPHIS - RSP (1 — tar? o)} = 2.

Consider now arbitrary linearly polarized incident ligta;
=0), for which

Zj2|ei:0 = (rJ[s])Z tar? o; + zj(RJ[p]|J[s] -
P (= 1),

{L(r1Ph2 = (r¥)2]tan o,

REPhtan o;

The only equation left to be solved with respect¥aeduces
therefore to

>

j=% J

M (RPR+ (P19 = 2,

from which immediately follows that the Kerr angle for an

or p wave is extreme only for particular combinations of
incidence and optical properties of the system investigated,
namely,

(2= 0 RPIRS 4 (P[]

e =0 =0 if and only |f2—1ﬂ12_1§12—
B R REH2+ (11

=2
and

80K(8, O) R[p]R[S] + |[D]|[S]

e =0 if and only if >, L—=—1—-L =
3% | yo y E < (/P2 (1)
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