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Ab initio magneto-optical properties of bee Ni/Ni(100)
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The inter- and intralayer contributions to the layer-resolved complex optical conductivity tensor for semi-
infinite layered systems are calculated in terms of the Luttinger formula within the spin-polarized relativistic
screened Korringa-Kohn-Rostoker method. Ab initio Kerr angles are then obtained for arbitrary geometry and
incidence via a 2 X 2 matrix technique including all multiple reflections and all optical interferences. Applied

to in-plane single-domain magnetized bec Ni/Ni(100), it is proven that the assumed appropriate formula of
Kerr angles widely used to explain magneto-optical Kerr effect with rotating magnetic field measurements
fully agrees with our ab initio Kerr data. From the experimental Kerr data of Tian ef al. [Phys. Rev. Lett. 94,
137210 (2005)], however, it cannot be concluded that the deduced magnetic properties apply for bulk Ni, since
about 75% of the contributions to the Kerr rotation angle arise from the surface.
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I. INTRODUCTION

The magnetic-optical Kerr effect with rotating magnetic
field (ROTMOKE) technique as suggested by Mattheis and
Quednau is a powerful experimental tool to determine the
anisotropy field strength.? This experimental method is based
on the longitudinal magneto-optical Kerr effect (MOKE)
which occurs in a sufficiently large rotating magnetic field
ensuring a single domain behavior of the ferromagnetic
probe. Recently, ROTMOKE has been used to obtain the
magnetocrystalline anisotropy of a bec Ni thick film depos-
ited on GaAs(001).! Because of this reference to the ROT-
MOKE deduced magnetocrystalline anisotropy constant as-
cribed to the bee Ni bulk, the main challenge of the present
paper is to clarify the role played by surface layers in
ROTMOKE and to present a layer-resolved magnetocrystal-
line anisotropy (MCA) for bee Ni/Ni(100). Since the inter-
play between MOKE and MCA was already discussed
elsewhere,’ the present comparison also serves as an indirect
proof of the experimental expression in Ref. 2, which relates
MCA to ROTMOKE.

Strictly speaking, the longitudinal MOKE configuration is
valid within a ROTMOKE experiment only, when at least the
average in-plane magnetization of the probe is in the plane of
incidence. If this magnetization is perpendicular to the plane
of incidence, a transverse geometry within the ROTMOKE
applies. Thus, with the exception of these two particular
cases, in a ROTMOKE measurement, in fact, one typically
has an intermediate setup in between the longitudinal and
transverse geometries. Exactly, this situation is addressed by
our ab initio calculations, within which the direction of all
layer-resolved in-plane magnetizations has been simulta-
neously varied from the transverse to the longitudinal con-
figuration by keeping fixed the position of the incidence
plane. Although a given arbitrary orientation of all in-plane
layer-resolved magnetizations not necessarily corresponds to
an overall equilibrium magnetic configuration of bcc
Ni/Ni(100), this magnetic phase represents always a stable
one in terms of density functional theory (DFT).*
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The paper is organized as follows. The basic theoretical
concepts used to calculate the inter- and intralayer contribu-
tions to the complex optical conductivity within the spin-
polarized relativistic screened Korringa-Kohn-Rostoker
method are briefly described in Sec. I A. Section II B con-
tains a modus operandi to determine the Kerr angles by in-
cluding all multiple reflections and optical interferences
within a layered system via the so-called 2 X2 matrix tech-
nique. Section III gives some details concerning the applied
numerical schemes. For bee Ni/Ni(100), the layer-resolved
permittivities (Sec. IV A) together with the ab initio Kerr
angles for oblique incidence (Secs. IV B and IV C) and the
calculated magnetocrystalline anisotropy (Sec. IV D) are dis-
cussed at length in Sec. IV. Finally, Sec. V summarizes the
main results.

II. THEORETICAL FRAMEWORK
A. Optical conductivity tensor

In 1957, Kubo developed a realistic response theory,’
which provides a purely quantum statistical description of
near-equilibrium irreversible processes. Since within Kubo’s
response theory one only needs to describe the initial quan-
tum equilibrium state of the system, this kind of transport
theory is well suited to be implemented within a first-
principles method based on the DFT. In particular, this ap-
plies to the wave vector ¢ and frequency w dependent com-
plex optical conductivity tensor as given by the well-known
Kubo formula:®

5,(d.0) = BL [AD: Degll i (mev=xn2). (1)

where

©

L gl = f dyg(y)exp(-xy), xeC 2)
0

is the Laplace transform of a function g(y) satisfying the
Dirichlet conditions, and 8=(kzT)~! is the so-called inverse
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temperature, since only the canonical correlation (...)q of

the electronic current density operator J components in the
equilibrium state is required.
Here, Luttinger’s formula will be applied’

S,uv(é7 w) _ SMV((;’O)
ho+i6

, 3)

6-/1,1/(6;’ (,U) =

which is equivalent to Eq. (1) in a vector potential descrip-
tion of the electric field® and introduces a positive infinitesi-
mal §'to get the Laplace transform (2) for a purely imaginary
argument —iw converged. In the current-current correlation
function in Eq. (3),

f(em) _f(sn) J’U' v

. 7 —q 5
En—&,+ ho+is PP

s - ih
E,uv(qsw) = ;2

m,n

(4)

the factor 6 can be viewed as a finite lifetime broadening,
which accounts for all scattering processes at 7# 0 that are
commonly not incorporated in a standard DFT approach.
Furthermore, because Eq. (1) leads to Eq. (3) if and only if
the external electromagnetic field is never turned off,8 6>0
describes also the interaction of the system with its surround-
ings. Note that Eq. (4) yields fw(cf ,w) in a representation,
which diagonalizes the one-electron unperturbed Hamil-
tonian H,, with f(&) being the Fermi-Dirac distribution func-
tion, €,, and g, a pair of eigenvalues of H, Jf]{mn denoting the

matrix elements of the current density operator Jf]f, and V
corresponds to the reference (crystalline) volume.

In order to calculate 3 (¢ w) within the Korringa-Kohn-
Rostoker method,’ a contour integration technique in the
complex energy plane at finite temperature can be used.®!”
This technique exploits the properties of the Fermi-Dirac dis-
tribution function f(z) of complex argument z € C to select a
contour I" such that by using the residue theorem

iw(fi w) = ¢ dzf(z)fﬂy(é;z +hw+id,z)
T

*

- [g]‘ dzf@)S (- Gz - heo+i5.2)
r

Ny
k=—N»+1
+§ZV(— Gz —Tho+id,z)] (5)
and
N
2,,(q,0) = ¢ dzf(D),(q:2.2) =218 2 S,.(G:2020),
r k=—Np+1

(6)

where the kernel 3, M,,(cf;zl ,Z) can be written in terms of the
resolvent G(z) as
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FIG. 1. The macroscopic model of a layered system used within
the 2 X 2 matrix technique. Not shown here is the Ox axis perpen-
dicular to the plane of the figure.

o A )
2,Aq521,20) == mTT[JgG(Zl)J_qG(Zz)]- (7

In Egs. (5) and (6), N, (N,) is the number of Matsubara poles
w=ep+i(2k—1)8;, with er being the Fermi level, k
=0,*1,=*2,..., and Sy=mkgT, in the upper (lower) semi-
plane included in T" with the only constraint that 6> 6,.
Here, iw,((i ;21,22) as given by Eq. (7) is calculated'! by
using the relativistic current density operator and the Green’s
function as directly obtained from the spin-polarized relativ-
istic screened Korringa-Kohn-Rostoker (SKKR) method.*

Being interested in magneto-optics in the visible regime,
where the leading interaction is the electric dipole one, the
wave-vector dependence of the optical conductivity tensor is
in the following neglected by simply setting g=0.

B. 2 X2 matrix technique

Since the pioneering work of Abelés in 1950,'? there have
been several methods known in the literature'® which prop-
erly describe multiple reflections and interferences in layered
system using, for example, a 4 X 4 matrix formalism.'* In the
present paper, the theoretical framework accounting for all
possible reflections and optical interferences within a layered
system consists of a 2 X 2 matrix technique previously devel-
oped in Ref. 15 based on Mansuripur’s strategy.'®

From an optical point of view, each layer p is assumed to
be a homogeneous, linear, and anisotropic conducting me-
dium (see Fig. 1) characterized by the complex permittivity
tensor €”(w), which within the Gaussian system of units
reads
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(w) =1+ T 50(w), (8)

where I is the 3 X 3 identity matrix and ®=w—id is the com-
plex frequency, with ¢ explained in Sec. II A. The layer-
resolved optical conductivity o”(w), on the other hand, is
directly obtained!” from the inter- and intralayer contribu-
tions 07%(w),

N
#(w)=>20"w) (p=1,....N). (9)
g=1

Here and in the following, layers are numbered starting with
the first (p=1) on top of a semi-infinite substrate, such that if
N layers are considered, the index of the most upper (sur-
face) layer is given by p=N. It is also convenient to label the
substrate and the vacuum by 0 and N+ 1, respectively.

The normal modes of the electric and magnetic transverse
plane waves propagating in a layer p are calculated by solv-
ing the Fresnel (characteristic) equation,'8

28, = My, — 80, =0 (wv=xy.2),  (10)

which is of fourth order in the z-Cartesian component 7, of
the complex refraction vector. The other two Cartesian com-
ponents,

n,

oy =—sin 0 cos p=n,,

i,y =—sin fsin p=n, (11)

are all known in terms of the spherical colatitude 6 (0<6
<90°) and longitude ¢ (0< ¢<2360°) of the incident light
coming in from the vacuum side. For each normal mode r“z;kz)
(k=1,...,4), the Helmholtz equation'® '

> (8, ity —80,)E,,=0 (n=xy,2) (12)

V=X,5,2

then immediately provides the electric field é(k), which, in
turn, when substituted into the curl Maxwell equation (Fara-
day’s law),%0

sznp X Ep,

finally yields the magnetic field ’Ij{[(,k).

In practice, however, the determination of W s compli-
cated by the fact that the Helmholtz equation (15) for a given
i has to be solved by keeping at least one Cartesian com-
ponent of the electric field arbitrary. Among all possible pa-
rametrization of the electric fields, a physically very trans-
parent scheme results by following Mansuripur’s strategy:'°

k .
E;M) = arbitrary

e =alel)  fork=1and3 (13)
) _ 300
Epz - Bp pr

and
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k ~(k) o(k
=y

(k) — oy
&,y = arbitrary

(k) _ k) (k)
gpz —Fp gp,v

for k=2 and 4. (14)

Explicit expressions of the coefficients &Lk) and Bék) (k
=1,...,4) in Egs. (13) and (14) can be found elsewhere. In
the case of a polar geometry and normal incidence, for ex-
ample, the corresponding coefficients are tabulated in Ref.
21, whereas for a longitudinal geometry and oblique inci-
dence, they are given in Ref. 22.

By exploiting in each layer the continuity of the tangential
components of the total electric and magnetic field at the
lower boundary z, (p=1,...,N+1) (see also Fig. 1), the
layer-resolved reflectivity matrix R, which relates all arbi-
trary electric field components to each other,

R,=(D, | A - BH (B2 -D, | A?),

can be determined recursively by starting from the vanishing
reflectivity matrix Ry=0 of the substrate by means of the
following 2 X 2 matrices:

kk+1 1 &ngﬂ)
Ap’ = _p L) k=1,3and p=0,... N+1
%
(15)
and
Bk) k) ~(k) Rk+1)  ~k+1)
BRk+l (ny,Bp — Ry @y ny B, =, )
P ﬁg;) _n, Bijk) ﬁgcz+l)&l()k+l) _n, Ig,;kn)
k=1,3and p=0,... N+1. (16)
Furthermore, also the propagation matrices,
ki _ (exp[+ iqoﬁj,’?dp] 0 )
r 0 exp[+ iqoﬁg‘;l)dp] '

k=13 and p=0,...,N,

with d,=z,,,-2,>0 being the thickness of layer p, are
needed to construct the auxiliary matrices:

D,=(ByC) + B)'CYIR ) (AZCY + ACHR,),
p=0,...,N. (17)

In vacuum, there are only two normal modes: an incident
(i) and a reflected (r) one and, hence, the surface reflectivity
matrix can be written as

FXX FX
Rsurf:RNH Z(DN_B?th)_l(B;v%rl _DN)z (~ ~y>’

Tyx Tyy

(18)

where according to Egs. (15) and (16),
B2 —_p* ! ( o, 1 _”)%)
N+l N T (2 +nd)\=1 +n) —nn,
(19)

and
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10
A,kvﬁ‘=< )=1m, k=1 and 3. (20)

In the case of transverse plane waves, the surface reflectivity
matrix with respect to the local Cartesian coordinate system
attached either to the incident or reflected wave is given by?3

el

Tps
<urf - PN+1R<urfPN+1 - <~ ’ ~p‘ ) s (2 1)

Top T
where the transformation matrix is defined as

cos fcos ¢ —sin @
N+1= .

cos fsing cos ¢

Because MOKE is fully described by the Kerr rotation 6
and ellipticity angle e, the amplitude and the absolute phase
of the incident and the reflected light are of secondary inter-
est. Therefore, the complex polarization variable,2*

(i)
X[r) 1= 81(\21 s r pt r“X[P s] (22)
S k)
P p rpp + rst[p‘SJ

[see also Eq. (21)] completely characterizes the polarization
state of the reflected wave, provided that the corresponding
polarization variable on incidence,

) 55\1,1 s tand;+itan g
Xps1= 0 =1 itan 9. tan g, 23)
N+1,p 1 1

is known in terms of the azimuth U; and ellipticity angle &; of
the incident wave. Having determined by means of Eq. (22)
the azimuth U, and ellipticity angle ¢, of the reflected light,

2Re(x ) 2 Im(x )
tan 29, = ~(r[)p ]2 and sin2g, = ~(r[)p ]2 , (24)
- 1% Xip., 5]| + % Xlp.s]
the Kerr angles then directly result from?3
Og=U,— U; and ex=¢, (25)

III. COMPUTATIONAL DETAILS

From a computational point of view, the contributions
2”"((») to the zero-wave-number current-current correlation

function depend, besides the number of Matsubara poles for
a given w and T, also on both the number of complex energy
points considered along the contour and on the number of k
points used to compute the scattering path operator within
the SKKR method.?

By applying the Konrod-Legendre rule (Appendix A) and
the cumulative special-points method (Appendix B), it has
been also shown? that the summed up contributions from
the contour and Matsubara poles in the upper semiplane is a
conserved quantity with an accuracy of N €;, where N, is the
number of Matsubara poles in the upper semiplane and e is
defined in Eq. (B3) of Appendix B. This independence of the
optical conductivity tensor o”%(w) from the contour form in
the upper semiplane is then exploited to significantly reduce
the computational effort by considering N; > N,, with N, be-
ing as small as possible, e.g., N,=2.
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The imaginary part of the Matsubara poles &; is the only
quantity which directly depends on the electronic tempera-
ture T because of the Fermi-Dirac distribution function. In
accordance with the applied constraint 6=26,, when T var-
ies, the lifetime broadening & also changes. Thus, to preserve
the broadening of bands involved in optical transitions, N,
has to be taken as T dependent. However, to keep the differ-
ence N;—N, large enough, e.g., 35 poles, N, has to change
with 7. Evaluations of the optical conductivity tensor for
different T and 6=0.048 Ryd (0.653 e¢V) kept fixed, how-
ever, have shown that, with the exception of some low pho-
ton energies, the T dependence of &%(w) can be neglected.'?

The present calculations of the magnetic properties of bee
Ni bulk and its (001) surface have been performed also by
using the SKKR method; for a detailed review, see Ref. 4.
Considering an overall lattice constant of a=2.82 A, no at-
tempt has been made to include eventual surface relaxations
because, as recently shown by Khmelevskyi and Mohn,?
tetragonal distortion of the bce Ni lattice not really changes
its magnetic properties. The effective potentials were treated
within the atomic sphere approximation using a local density
approach (LDA) to DFT as parametrized in Ref. 27, and a
cutoff /,,,,=2 was used in all angular momentum expansions.
For the SKKR self-consistent calculations, 16 energy points
along a semicircular contour in the upper complex semiplane
were used and 45 ISH points in the irreducible wedge of the
surface Brillouin zone (SBZ).

The lowest-order directional dependence of the energy in
a ferromagnetic cubic system,

E(m)=E,+ Kl(m)zcmi + m + mzmz) (26)

where m is a unit vector pointing along the magnetic moment
and K, is the cubic magnetic anisotropy (MA) constant, im-
plies that

K, = E(110) - E(100), (27)

where E(hkl) is the total energy for the case that the magne-
tization points uniformly along the (hkl) direction. This
quantity has been evaluated in terms of the magnetic force
theorem, 28

N
K = K, (28)
p=1

where K7 denotes the layer-resolved contribution to the MA
constant, and N stands for the number of layers within the
surfaced system. In order to obtain theoretical values K;
within a relative accuracy of 5%, about 20 000 k; points in
the SBZ were needed.

IV. RESULTS AND DISCUSSIONS

All results presented in this section were calculated for a
photon energy w=0.144 Ryd =1.9592 eV, i.e., for a wave-
length A=632.824=633 nm typical for a He-Ne laser and
with regards to a parametrization with 7=300 K (&
=5.9693 mRyd), N,=2 (6=0.048 Ryd), and N;=N,+35
=37.
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FIG. 2. Difference in the off-diagonal elements of the layer-resolved permittivities between bcc Vacy/Nijs/Ni(100) and bee
Ni(100)/Niy,/Ni(100) for a photon wavelength A =633 nm. Circles, squares, diamonds, and triangles (up, left, and down) refer to ¢y;
=15°, 30°, 45°, 60°, 75°, and 90° [see Egs. (29) and (30)]. Black symbols correspond to the first label on the ordinate, gray symbols to the
second one. The layer numbering starts with the first layer on top of the semi-infinite bulk substrate.

Assuming the semi-infinite bee Ni bulk (lattice parameter
of 2.82 A) as an electron reservoir, the self-consistently de-
termined Fermi level of bce Ni bulk has been used in all
calculations.

A. Layer-resolved permittivities

Having determined all inter- and intralayer contributions
to the complex optical conductivity, Egs. (8) and (9)
directly provide the layer-resolved permittivities. For bcc
VachaC/NiNlay/Ni(IOO) layered system, they are of the form

ng ?);ymxmy - Ezzmy
P = Eﬁymxmy e, |,
ngmy - E¥Z7xm)c 7z
Vp=1,....N=Nyy+ Ny (29)

The dimensionless quantities Efwe C (u, v=x, y, z and Vp
=0,1,...,Njy+Ny,) are independent of the polar angle ¢,
between the x axis and the uniform in-plane magnetizations
M,,. In Eq. (29), m,=cos ¢, and m},isin ¢y denote the nor-
malized Cartesian components of M, for Vp=0,1,...,N,
with N=Njyy+Nyge-

A slightly different tensor form than that in Eq. (29) ap-
plies for the permittivity of the substrate viewed as a bcc
Ni(100)/ Niy, /N i(100) layered system,

~0 ~0 ~0
€, €,mm, — €. m,
~0_| =0 ~0 ~0
£ =| €,mm, €, e.m, |. (30)
~0 ~0 ~0
€My = €My €

Here and in the following, N, denotes the total number of Ni
layers in between two semi-infinite bee Ni(100) systems.

Note that the higher symmetry of &° in comparison with
£70 is a consequence of the symmetrization for the N,
layer-resolved permittivities, which, as shown elsewhere,? is
absolutely necessary to determine uniquely the permittivity
of the substrate.

Therefore, independent of the unique direction of the in-
plane layer-resolved magnetizations, the difference between
the layer-resolved permittivities and that of the substrate,

AZ’ =" -F", Vp=1,... ,Nyy+Nye (31)
can be viewed as a measure of the surface sensitivity in bcc
Vacy / NiNlay/ Ni(100). Indeed, Figs. 2 and 3 fully confirm
that the larger A&”, the closer is the layer p to the surface.
Furthermore, these figures show that, with the exception of
A& =Ag), which are negligible for Vp=1,...,N-1, the

yx>
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FIG. 3. As in Fig. 2, but for the diagonal elements. Not shown here is AZ) =AE/ .

diagonal elements of the layer-resolved permittivities are
more affected by the surface than the off-diagonal ones. Not
shown in Fig. 2 are the off-diagonal tensor elements A&
=Ag] /m,and Ag] = A&’ /m,, because they are identical to
—-Ag) =-Ag /m, and —AE", =-AE" /m, respectively. The
A&’ show a two-layer periodicity typical for the ABAB...
stacking of a bee (100) surface. The amplitude of these os-
cillations, however, is more attenuated near the substrate

than in the vicinity of the surface.

B. Kerr angles for oblique incidence

In the following, ab initio Kerr angles are presented for a
linearly polarized light (A=633 nm, i.e., w=0.144 Ryd
=1.9592 e¢V) at oblique incidence within the Oyz plane,
namely, for 0<6<90° and ¢=90° in Eq. (11) as obtained
by applying the 2 X 2 matrix technique.

The permittivity £° of the substrate was obtained using a
perfect two-dimensional periodic infinite
Ni(100)/Niy,/Ni(100) layered system; the layer-resolved
permittivities €’ of the surface system correspond to semi-
infinite bee Vacs/Ni;s/Ni(100). All permittivity calculations
have been repeated for all directions considered here,
namely, for polar angles ¢;; specifying the direction of the
in-plane layer-resolved magnetizations with respect to the x
axis, and were varied in the first quadrant [0, 90°] by a step
of 15°.

The ¢,; dependence of the so-calculated Kerr angles for a
p-polarized incident light and different angles of incidence 6
is shown in Fig. 4. A similar linear behavior of m;-scaled
Kerr angles as a function of m,,

m; = sin @y, mg=CoS @y, (32)
has also been obtained for an s-polarized incident light, in-
dependent of its handedness, with Kerr angles being identical
for left- and right-handed s waves, respectively. This latter
feature is easily understood when using the well-known
approximation® 6 ;—ieg ;= F,s/Fy to determine the Kerr
angles 6 and g, because in the case of bec Ni/Ni(100),
the incident azimuth dependence of the complex reflectivity
coefficients 7, and 7 is really negligible.

Comparing the Kerr data for different linearly polarized
incident light, one can observe that the m; dependence of the
Kerr angles is, by far, more pronounced for an s-polarized
incident light than for a p one, and the 6 dependence of Kerr
angles is also incident polarization dependent. For example,
as long as for any unique direction of all layer-resolved mag-
netizations the Kerr rotation angle achieves a maximum at
0=55° when a p-polarized light is in use, the largest 6
occurs for an angle of incidence of 70°.

In spite of all these dependencies, the calculated Kerr
angles for any ¢, are well reproduced by the appropriate
expressions:?

Ok = elel + @(mlmt’

Ex = Slel + S%mlmt, (33)

containing both linear 6, &} and quadratic 6%, &% Fresnel
coefficients,>® which, however, are only functions of the in-
cidence angle 6. In Eq. (33), the linear Fresnel coefficients
describe the contribution to the amplitude of the linear
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FIG. 4. Kerr angles for bece Ni/Ni(100) scaled by the normal-
ized longitudinal magnetization component m=sin ¢,; for an ob-
lique incidence of a p-polarized light in the Oyz plane (N
=633 nm) and bcec Ni/Ni(100) as a function of the normalized
transverse component m=cos ¢,;. Circles, squares, diamonds, and
triangles (up, left, down, and right) refer to Kerr angles calculated
for an angle of incidence 6=0,10,...,60° (open symbols); stars,
pluses, and crosses correspond to #=70°, 80°, and 90°.

MOKE, whereas the quadratic Fresnel coefficients determine
the quadratic MOKE part in the Kerr angles.

Having calculated the Kerr angles 7x(@y;), with 7x= 6
or sK, for n values of the longitude ¢, i.e., by assuming all
77K(<p ) eR for j=1,.
ting method,31 the Fresnel coefficients entering Eq. (33) can

be viewed as adjustable parameters which minimize the
merit (chi-square) function

.,n known, within a least-squares fit-

X = 2 i m?) = [ + 1iim{PmV > (34)

and, hence, can directly be obtained by solving a set of linear
equations corresponding to the extremum conditions:

q,.,(/) (1)]}ml(i)=0

19)(2 . . .
== 22 {g(m?,m?) [ fem? + sgkmm
Iy —
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FIG. 5. Fresnel coefficients for p-polarized light incident within
the Oyz plane (A\=633 nm) in bee Ni/Ni(100) as a function of the
angle of incidence 6 [see Egs. (33)—(35)]. sin 6 scaled linear and
plain quadratic Fresnel coefficients are shown by open and full
circles, respectively.

X __ 22 {lm D Ty P?

‘97/K j=1
=0. (35)

— [t + niem|

Note that the deviations made in calculating 7;K(m (’))
have not been taken into account and, therefore, in Eq. (34)
all standard deviations o, Vj=0,1,...,n, have been set
equal to 1.

The main advantage of the least-squares fitting method is
that per definition any deviation of used data from their gen-
eral trend is corrected. By testing this feature for a relatively
small bce Vacs/Nig/Ni(100) layered system, it is, therefore,
not at all surprising that the Kerr angles determined by using
Eq. (33) with Fresnel coefficients obtained for a finite mesh
of Apy=15° or Agy;=5°, respectively, turned out to be iden-
tical. This, in turn, shows that an increment of A¢y=15° is
sufficient to determine highly accurate Fresnel coefficients
even for large systems.

The 6 dependence of the Fresnel coefficients in Fig. 5 has
been calculated via the least-squares fitting method using an
increment of Af=1°. This fine mesh guaranteed to accu-
rately determine values of # at which particularities of
Fresnel coefficients occur. For example, besides #=0 and 90°
for which quite clearly the linear Fresnel coefficients vanish,
0y is also zero when 6=78°. Furthermore, extrema of ¢ are
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achieved for #=55° (maximum) and 84° (minimum), but the
smallest value of 6} corresponds to §=54°.

The fact that the linear Fresnel coefficients show a simple
sin 6 dependence with respect to the angle of incidence 6 is
well known in the literature,’? but is only partially confirmed
by our ab initio calculations, namely,

O=Oksinf, H<55°,

€ ~sinfh, #<35°, (36)

where G)lK is independent of #. By assuming that
. |~ M

Ok ~ M 2, (37)

with M being the averaged magnetization of the layered sys-
tem

Ly
M=—2 M, 38

N2 My (38)
where the layer-resolved magnetizations M , differ only in

magnitude, then in accordance with Egs. (36) and (37),

Ok

~ M| (39)
0}

at least for V#=<55°. The calculated averaged total magnetic
moment,

N
A== i, (40)
p=1

=z |~

with the layer-resolved total magnetic moment ,&p containing
both in-plane spin and orbital moments from a layer p,
amounts for bec Vacy/Ni;5/Ni(100) to || =0.6562 ug/atom
(see Fig. 9). In view of Egs. (38)—(40), therefore

i
1.5~ ~Q, 41
W ()

®II( av

where () is a characteristic (reference) volume in each layer
p such as, for example, the volume of the Wigner-Seitz (WS)
sphere 4’7TR%VS/ 3, with Ryg=2.624a, in the case of bcc Ni
(Bohr radius ay=0.5292 A).

Having obtained highly accurate Fresnel coefficients, Eq.
(33) can directly be used to determine Kerr angles for an
arbitrary direction in any quadrant of the Oxy plane. The Kerr
rotation angle, e.g., is shown in Fig. 6. As can be seen from
this figure, for angles of incidence 0
€[0,23°]U[70°,82°], the Kerr rotation angle as a function
of ¢ has four extrema, whereas  for 0
€ (23°,70°)U(82°,90°], there are only two. According to
the appropriate formulas for the Kerr angles given by Eq.
(33), extrema of k(@) occur, e.g., either when 7= 6 or
nk=&g, if the first derivative of 7x(¢,;) with respect to the
polar angle ¢,; vanishes, i.e.,
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FIG. 6. Kerr rotation angle 6y for oblique incidence and
p-polarized light within the Oyz plane (A=633 nm) in bcc
Ni/Ni(100) as a function of the polar angle ¢,; € [0,360°] between
the x axis and the uniform in-plane magnetization. Black full,
dashed, dash-dotted, and dotted lines refer to Kerr rotation angles
showing four extrema, i.e., for an angle of incidence #=0, 10°, 20°,
and 80°, whereas gray dash-dotted, dashed, continuous, dot-long
dashed, dotted, and double dot—dashed lines correspond to 6=30°,
40°, 50°, 60°, 70°, and 90°, for which the Kerr rotation angle has
only two extrema.

Inx(ep)

=2 + mjgm, ~ 7 = 0. (42)

dey
According to Eq. (42), an extremum of the Kerr angles is
achieved when the normalized transverse component of all
in-plane layer-resolved magnetizations is given by

1 1 2
@ __ L (ﬁ) .
my) =— * + =0,,¢); j=1and q),
¢ ey >\ (mk J q)

(43)

which is the case for one of the four polar angles

(p;:l= + arccos[m\ ™+ 2km, keZ (s=1,2,3, and 4),
(44)

provided that |mfi)|$ 1. In terms of Eq. (44), one would
expect, therefore, that always four extrema of 6y occur.
However, this is not always the case, although in Eq. (43) the
discriminant is a strictly positive quantity,

1 \2

! + (i) >0,

2 \dni
and the cosine an even function. The reason for this is the
criterion |m£i)| =<1 which additionally limits the number of
extrema to be observed for the Kerr angles (see Fig. 7). By
recalling Eq. (39), one also notes that Egs. (43) and (44)
yield the extrema of the Kerr angles when parametrized by a

quarter of the inverse magnitude of the average magnetiza-
tion.
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FIG. 7. Normalized transverse component of the uniform in-
plane magnetization that corresponds to the extrema of the Kerr
rotation angle for oblique incidence and p-polarized light within the
Oyz plane (A=633 nm) in bec Ni/Ni(100) as a function of the
incidence angle 6. Circles and squares denote values of mfi) ob-
tained by using the € dependence of Fresnel coefficients shown in
Fig. 5. Open symbols mark mEt) values out of range [-1,1]. Gray
dotted lines denote intervals of € in between which the Kerr rotation
angle has either four or two extrema.

Further features of the Kerr rotation angle in Fig. 6 can be
deduced by exploiting in Eq. (33) the symmetry properties of
the normalized magnetization components m; and m,. By tak-
ing ¢u;+180° in Eq. (33), one gets

k(@i + 180°) = m(@pp) — 2y, (45)

which, in turn, immediately yields a linear Fresnel coeffi-
cient 77}(, provided that the layer-resolved in-plane magneti-
zations are not in a direction for which m; vanishes. On the
other hand, once 77; is known, the quadratic Fresnel coeffi-
cient 7} can directly be evaluated by using

- /

— Nn
= 7k Par) = M 1’ (46)

nmymy
if in addition to m; # 0, also m;# 0. From a formal point of
view, Eq. (45) shows that it is enough to calculate 7x(@y;)
Yy €[0,180°] in order to cover the complete interval [0,
360°]. Similarly, from Eq. (33) also results

k(@i +90°) = ey +m,) = plen),

which means that one needs only 7x(¢y;) Ve, €[0,90°] to
get Kerr angles also V¢, €[90°,180°]. The quadratic
Fresnel coefficient, on the other hand, follows directly from
Eq. (46).

Altogether this not only fully confirms our choice of lim-
iting the polar angle to ¢,; € [0,90°] when calculating the
Kerr angles, but also explains why it is possible to success-
fully determine Kerr angles for any other uniform direction
of layer-resolved in-plane magnetizations.

C. Two-media approach

All macroscopic models, which from an optical point of
view approximate reasonably well any semi-infinite layered

PHYSICAL REVIEW B 77, 064420 (2008)

system, involve fewer number of interfaces to account for
when describing multiple reflections and optical interfer-
ences than the initial one. Common in all these optical mod-
els, however, is the presence of a semi-infinite substrate of
known permittivity £°. Because there are no interfaces in the
substrate of thickness dy=+%, its reflectivity matrix Ry=0
and, hence, according to Eq. (17)

Dy =By (A, (47)

where both matrices A(l)z and B(l)z directly follow from Egs.
(15) and (16) using coefficients &g‘) and ,ég‘) (k=1 and 2) as
determined by solving Egs. (10) and (12) in terms of £°, 6,
and ¢.

In the case of a homogeneous layered system consisting
of identical layers, it has been shown elsewhere®® that, at
least for polar geometry and normal incidence, our 2 X 2 ma-
trix technique yields the well-known Fresnel formula for the
complex reflectivity coefficients. Formally, one deals with
N=0 layers such that the surface reflectivity matrix within
the two-media approach can be written as

Rik=R = (Do~ B (B~ Dy), (48)

surf —

[see Eq. (18)] because A**=A>=1I,,, with I,, being the
2 X 2 identity matrix [see Eq. (20)]. Quite obviously, in Eq.
(48) the matrices B}z and 8?4 refer to those in Eq. (19), and
D, is given by Eq. (47).

The difference between the Kerr angles g (7x= 0 or gx)
obtained by applying the 2 X 2 matrix technique and the cor-
responding angles 77[1<2] resulting from the two-media ap-
proach unambiguously reveals the contribution of the surface
to the MOKE. As can be seen from Fig. 8, these contribu-
tions are not only extremely significant, but represent the
major part of the magnitude of the Kerr angles. Furthermore,
a detailed analysis has shown that about 75% of the linear
Fresnel coefficients are due to the presence of the surface.
Finally, it should be noted that only for a normal incidence,
the Kerr angles calculated via the 2 X 2 matrix technique and
using the two-media approach, respectively, are identical.

D. Magnetic moments and magnetic anisotropy

In Ref. 1, the magnetic properties of a 3.5 nm bcc
Ni/GaAs(001) sample has been investigated. In terms of su-
per conducting quantum interference device measurements,
the magnetic moment of Ni was found to be 0.52 * 0.08 up,
while from ROTMOKE measurements, a magnetic cubic an-
isotropy of K;=4.0X 10° erg cm™ has been deduced, which
for the experimental lattice constant a=2.82 A of bcc Ni
corresponds to an anisotropy constant K;=2.8 ueV/atom.

Our calculations lead to a spin magnetic moment of
0.59up for bec Ni bulk, which although is slightly larger
than the experimental one is in good agreement with the
scalar-relativistic value of 0.54uy reported in Refs. 26 and
33. According to our relativistic calculations, the orbital
magnetic moment is 0.054 5. Our MA calculations [see Egs.
(26) and (27)] correctly predict the easy axis to be the (100)
one; however, the calculated value for K, = 1072 peV/atom is
by 2 orders of magnitude smaller than the experimentally
deduced value.
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FIG. 8. Differences in the Kerr angles for oblique incidence of p-polarized light in Oyz plane (A =633 nm) and bcc Ni/Ni(100) when
using the 2 X 2 matrix technique and the two-media approach as a function of the incidence angle @ (left) or the polar angle ¢,; (right). In
the left panel, circles, squares, diamonds, and triangles (up, left and down) refer to Kerr angles obtained for a polar angle ¢;;=15°, 30°, 45°,
60°, 75°, and 90° (open symbols); in the right panel, circles, squares, diamonds, and triangles (up, left, down, and right) represent Kerr angles
obtained for an angle of incidence 6=0,10,...,60° (open symbols); stars, pluses, and crosses stand for #=70°, 80°, and 90°.

It is well known that by including a heuristic orbital po-
larization (OP) contribution®* into the LDA, a substantial
improvement in both the calculated orbital moments and MA
energies, respectively, can be achieved in the case of ferro-
magnetic bulk materials.>® By adapting the OP potential
scheme of Ref. 36 to our relativistic SKKR method, the so-
obtained MA constant K;=0.84 ueV/atom is only about one-
third of the experimental value given in Ref. 1. Note also that
by including the OP term, a moderately enhanced orbital
magnetic moment of 0.079up has been obtained in compari-
son to the LDA result.

As already mentioned, the measurements in Ref. 1 are for
a probe thickness of 3.5 nm, i.e., for an about 25 ML thick
Ni film. Therefore, the MA constant deduced from the torque
measurements via ROTMOKE corresponds to an average
value over the entire film, which consists of the surface/
interface and the interior (bulklike) regions. In order to relate
this average to the bulk value, also calculations for the (001)
surfaced bee Ni have been performed, revealing an enhance-
ment of 0.76up and 0.23up, respectively, in the Ni surface
layer with respect to the bulk values of the spin and orbital
magnetic moments (see Fig. 9). The moments then rapidly
decreased with the distance from the surface such that all
layers below the seventh one are, in fact, bulklike.

As can be seen from Fig. 10, the layer-resolved contribu-
tions to the MA constant with respect to the number of layer

strongly oscillate and converge very slowly to the calculated
bulk value. In particular, the in-plane MA constant at the
surface layer is nearly 20 weV/atom, i.e., is more than 20
times larger than in the bulk. Quite clearly, then for even a
very thick bce Ni film, the layer averaged MA,

| N

P q

1‘N+1_pqE=pK1’ (49)
[recall Eq. (28)] will always be much larger than the bulk
MA constant. It is worthwhile to note that the averaged the-
oretical MA constant approaches the experimental bulk value
only after 12—13 monolayers of Ni. Considering that in the
experiment a larger system of about 25 monolayers of bcc Ni
on GaAs(001) was used, the MA constant as experimentally
determined by applying the ROTMOKE seems to be
strongly overestimated.

V. SUMMARY

By using the Luttinger formula and the spin-polarized
relativistic screened Korringa-Kohn-Rostoker method, the
inter- and intralayer contributions 7%(w) to the complex op-
tical conductivity have been computed for a photon wave-
length A=633 nm and in bcc Vacy / NiNlay/ Ni(100) surface
and Ni(100)/ NiNlay/ Ni(100) for different in-plane magnetiza-
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FIG. 9. Layer-resolved spin (circles) and orbital (squares) mag-
netic moments in bec Vacy/Nij5/Ni(100). Dashed and dotted lines
mark the corresponding averaged ab initio moments and the experi-
mental spin moment (Ref. 1), respectively. Layer 15 corresponds to
the surface Ni layer.

tion orientations. In comparing the layer-resolved permittivi-
ties with that of the semi-infinite bulk substrate, it was shown
that, with the exception of the xy components, all other per-
mittivity tensor elements are dominated by contributions
arising from the surface.

Ab initio Kerr angles obtained via the 2 X2 matrix tech-

K, (uev)

Ni layers

FIG. 10. Layer-resolved in-plane magnetic anisotropy con-
stants (circles) and their averaged value (squares) in bcc
Vacs/Ni;5/Ni(100). Dashed and dotted lines refer to the ab initio
and experimental (Ref. 1) cubic anisotropy constants, respectively.
Layer 15 corresponds to the surface Ni layer.
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nique for an arbitrary linearly polarized light at oblique inci-
dence within the Oyz plane proved that the appropriate for-
mulas for Kerr angles widely used in the literature are valid
for a relatively large range of incidence angles and are inde-
pendent of the polarization of the incident light. The calcu-
lated Fresnel coefficients showed that besides the magnitude
of the average magnetization, they only depend on the angle
of incidence #. Within the range of validity of the appropriate
formulas, the 6 dependence of the linear Fresnel coefficients
was found to scale as sin 6, confirming the experimental ex-
pectation, whereas the quadratic Fresnel coefficients are al-
most independent of #. With these highly accurate Fresnel
coefficients, the appropriate formulas can be applied to de-
termine Kerr angles for any arbitrary direction of a uniform
in-plane magnetization. A comparison of the calculated Kerr
angles via the 2 X2 matrix technique with those determined
by using the two-media approach has evidenced that the lat-
ter only applies for a normal incidence, whereas for arbitrary
oblique incidences, about 75% of the magnitude of Kerr ro-
tation angles arises from surface contributions.

Furthermore, magnetic anisotropy calculations led to os-
cillating layer-resolved cubic magnetic anisotropy constants
dominated by contributions from layers situated near the sur-
face on the vacuum side. The average magnetic anisotropy
constant, however, is in good agreement with that derived
from ROTMOKE measurements. However, not even this
quantity can be unambiguously identified with that obtained
for bee Ni bulk.
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APPENDIX A: KONROD QUADRATURE

Although the Gauss-Legendre integration rule can be im-
mediately used to calculate the contour integrals in Egs. (5)
and (6), this quadrature is very inefficient when the accuracy

is estimated from a comparison of 3P4(w) obtained for dif-
ferent numbers of energy points 7,. In order to overcome this
difficulty, for the computation of the contour path contribu-

tion to 274(w), the Konrod-Legendre rule was adapted.?S The
basic idea proven by Konrod®’ is that one can determine
2n,+1 nodes including all nodes of an n,-point Gauss
quadrature such that each of the additional n,+1 nodes falls
in between two nodes of the n,-point Gauss quadrature. Be-
cause within the Gauss-Legendre rule all n, nodes are roots
of n th order Legendre polynomials corresponding to a unity
weighting function, the construction of the Jacobi-Konrod
matrix is not a trivial task. The present implementation
closely follows Laurie’s mixed moments algorithm to gener-
ate the Jacobi-Konrod matrix for even n..>® The main advan-
tage of the so-performed Konrod quadrature is that having
evaluated the integrand for 2n_+ 1 nodes, both the Gauss sum

Q,,i”q(w) and the Konrod sum ICZ,,HHEW(w) are simulta-
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neously available. By comparing these sums on each particu-

lar part of the contour, i’;ﬂ,(w) is considered to be converged
if the criterion

max|[Cy, 1304 (w) - G, Ehi(w)| < €., (A1)

is fulfilled for a given €, defining the accuracy.
APPENDIX B: CUMULATIVE SPECIAL-POINTS METHOD

The special-points method (SPM) is the counterpart of the
Gauss quadrature in k space. Within the SPM, the integrand
is expanded in terms of symmetrized plane waves A,,(k),
which are real and translationally and point-symmetry group
rotationally invariant functions orthogonal to each other.
Therefore, the special points Ej are solutions of the homoge-
neous system:

03

D wALk)=0 (m=0,1,....M),
j=1

(B1)

where the sum of weights wj=w(Ej) considered over all k
points (j=1,...,nz;n; being the number of special points)
equals 1. It has been shown®® that k points of a uniform,

periodic mesh,

=2k b

a=1

taken with respect to the edges l;a of the reciprocal unit cell
(dgy is the dimension of the Brillouin zone, i.e., dgz=2 or 3),
where
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(B2)

_ 1 _
—+aa—5, Ja=1,...,n,,

are solutions of Eq. (B1), minimizing the remainder in the
expansion of the integrand. Exploiting the arbitrariness of the
parameter a, in Eq. (B2), the SPM has been extended in Ref.
25 by proving that successively denser k meshes including
all k points of the previous meshes can be created indepen-
dently on dgy if and only if a, does not depend on n,. Ac-
cording to this statement, the so-developed cumulative
special-points method (CSPM) can be viewed in some extent
as the analog of the Konrod quadrature in k space. In par-
ticular, by using n,=2*?n, (n, € N) divisions along each b,,
with a=1, ...,dgy, in the two-dimensional k space (dg;=2),
the CSPM permits all lz—space integrations to be performed
with an arbitrary high precision e; by applying the conver-
gence criterion:

max|S, $h(z * fiw+i8,2) - S, Shi(z + ho+id2)| < ¢,

(B3)

for each complex energy point on the contour and Matsubara
pole, respectively. Note that here all optical conductivity ten-
sor calculations were carried out such that the convergence
criteria (A1) and (B3) were fulfilled for €,= ;< 107> a.u.
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