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Linear and quadratic magneto-optical Kerr effects in continuous
and granular ultrathin monocrystalline Fe films
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The effects of nanostructuration on the magneto-optic properties of ultrathin monocrystalline iron films
grown on MgO(001) are investigated through the magneto-optic coefficients, which have a linear and qua-
dratic dependence on the magnetization. The photon energy dependence of such magneto-optic coefficients is
determined by measuring the relative variations of the reflectiditR{,/R,,) for p-polarized incident and
reflected light(p-p polarized when the magnetization rotates in the plane of the sample. Thick Fe films present
a magneto-optical anisotropy, which has a quadratic dependence on the magnetization. Such anisotropy is
strongly reduced in nanostructured iron thin films formed by nanometric iron islands. The modifications
induced by the nanostructuration are stronger for the magneto-optical coefficients, which have a quadratic
dependence on the magnetization in contrast to the linear terms. A self-consistent effective-medium formalism
is presented that explains the modifications induced in the magneto-optical coefficients by nanostructuration.
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[. INTRODUCTION present study is mainly focused on the magneto-optic effects
of nanostructuration in ultrathin monocrystalline Fe films
Nowadays devices such as sensors, read heads, or cogrown on MgO(001). We show that changes of the morphol-
munication aids tend toward reducing their dimensions t@gy of the layers have drastic effects on the magneto-optical
increase their performance. Such reduction of the physicadlroperties, as was previously pointed out in specific cases by
dimensions is likely to modify the electronic structure of theMenendez et al,*’ and which can be understood with the
materials, and consequently, to change their optical propegelf-consistent effective-medium formalism presented here.
ties. In the case of ferromagnetic ultrathin layers, The paper is organlzed as follows: the theoretlcal for_ma_l—
photoemissiol* and magneto-optic studs€ have been 1SM i prese_nted in Sec. I and the expe_rlmental details in
employed to observe the quantum confinement effects. Thg.*_ec' I”'_ Section IV is devoted to_ the _experlr_nen_tal reSUIFS and
later studies are based on Kerr effécfor magnetic second- simulations and.the corresponding dlscu§3|on is given in Sec.
harmonic generatiohThe Kerr effect studies provide infor- V. The last section presents the conclusions.
mation on electronic structure through off-diagonal elements
of the dielectric tensor. Such measurements have allowed the
detection of oscillations in the Kerr signal as a function of
the film thickness for ultrathin iron films due to the presence The magnetization dependence of the different elements
of quantum well state¥.’ Nevertheless the magneto-optical of the dielectric tensor can be described, up to second-order
properties of ultrathin magnetic layers may also be affectederms in magnetization, as follows:
by the growth modé;* and the assignment of changes in
the magneto-optical spectra of ultrathin films to changes in
the electronic structure of the layers is not always evident.
Spin-orbit interaction is the origin of magneto-optical effects,
and clear relations have been established between magneto-
optical activity and other spin-orbit-related effects such as
magnetic anisotropy. For example, polar Kerr rotation studwheree;j, are the dielectric tensor elements with zero mag-
ies have evidenced the magneto-optical anisotropy in hcpetization,M;=m;/Mg, with m; being thei component of
monocrystalline Co films and their relation with magneto-the magnetization andg the saturation magnetization.
crystalline anisotropy? However, the magneto-optical an- First-order dependence is described by a third rank tensor
isotropy observed in this system is due to the hexagonadjx, and the second-order dependence is described by a
structure of Co and has a linear dependence on the magnetsurth rank tensob;j, . For magnetic materials with cubic
zation. Such a type of magneto-optical anisotropy was nosymmetry, such as iron, there is only one independent linear
observed in fcc Co and will not be present in other cubicmagneto-optic coefficient imjjy .18 which we calla, while
systems such as bcc iron. Nevertheless, these crystallthree magneto-optic quadratic coefficierianong 8} re-
graphic systems may present another type of magneto-opticalain independent i, (b11, by, andby, in contracted
anisotropy, having a quadratic dependence on the magnetizaetation,'®*® and ey,o=eyy=¢,5. In this expansion, all
tion, purely induced by the spin-orbit interactithThis an-  the magneto-optic coefficients are wavelength dependent.
isotropy may be affected by the reduction of the size of theDue to symmetry considerations off-diagonal elements of the
structures and, also, by the morphology of the films. Thedielectric tensor have a linear and quadratic dependence on

Il. THEORETICAL FRAMEWORK
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magnetization, while the dependence is only quadratic fomedium, magnetized in thedirection, in two different situ-
diagonal terms. ations: one with the reference system parallel to crystallo-

To show the optical anisotropy induced by quadraticgraphic axeg[100], [010], [001]}, which is described by the
magneto-optic coefficients we first consider a cubic magneti¢ollowing dielectric tensor:

8)(X0+ bll O 0
e= 0 exxot D12 -a , 2
O a 8XXO+ b12

and another with the reference system paralld][&d0],[ 1—10],[ 001]} directions, whose dielectric tensor is expressed by

by;+b
SXX0+ 112 12+b44 0 0
= by;+b 3
P 0 - 112 12 » Ca 3)
0 a eyxoT blZ

As a consequence, a plane wave propagating irettiieection, with the electric field perpendicular to the magnetization
direction, will have a different spatial dependen@éfferent refractive indexin each crystallographic orientation, unless

1
b44:§(b11_ b)) 4

In this situation the magnetic material is isotrdgiand the magnetization-induced optical anisotropy disappears.

In the present study the magnetization is rotating in the plane of the sample, i.KY tiiane. In the case of a cubic iron,
if the reference systerx, y, 2 is parallel to the main crystallographic directiofgig00], [010], [001]}, the dielectric tensor
becomes

8XXO+ bllM)2(+ bles 2b44MXMy aMy
e(M)= 2by MM ExxoTb1ME+by M —aMy . (5)
—aM, aM, Exsot D1 ME+M?)

On the other hand, if the reference systgqy, 2 is parallel to crystallographic directiofgl10], [ —110], [001]}, the dielectric
tensor has the following form:

s(M)
byyt+ Dby, b11—bip
Ex0t — 5 (M3 M) +bay(Mi—MJ) - MM, aM,
= b;1—b by +b
— 112 12MXM &0t 112 12(M§+M§)—b44(M§—M§) —aM,
—aM, aM, x0T b1 MZ+M?)
(6)
|
As can be seen by comparing E@S) and(6), a rotation To determine the different magneto-optic terms of the di-

of 45° around thez axis does not modify the linear magne- electric tensor we have measured the relative variations of
tization dependence in off-diagonal elements. In contrast, ththe reflectivity AR,,/R,,) for p-polarized incident and re-
quadratic magnetization dependence changes in both diagfiected light(p-p polarized when the magnetization rotates
nal and off-diagonal elements, resulting as well in ain thexy plane at a frequency (see Fig. 1 In this configu-
magnetization-induced optical anisotropy due to quadraticationM = M (coswt,sinwt,0) whereM is the sample magne-
magneto-optic coefficients. tization and
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FIG. 1. Diagram of the magneto-optical experimental setup usedt appears in Eqs(8) and (10) that the quadratic term is
for the present study. proportional to constant coefficients and to coefficients that
depend on the instant position of magnetizaii@im in 2w).
These later coefficients change with measuring geometry
[differences between Egs(8) and (10)] due to the
magnetization-induced optical anisotropy. By extracting the
) N o variations of the reflectivity, which have anor 2w depen-
The harmonic decomposition of the magnetization can b&ence, the linear and quadratic magneto-optic coefficients of
introduced since the magnetic field used in the present study,, magnetic layers, i.e., the off-diagonal and diagonal ele-

s rlnu;:rtl higher than the Statlér%tion 1;ield of ”:e Sa{_"P'IeS- ﬁ_ments of the dielectric tensor, can be obtained. This analysis
n those measurements dierent magneto-optical Co€Wieo, he extended to layers of arbitrary thickness using a 4

cients are involved. In order to prove such an assumption, fo;<4 transfer-matrix formalisri® which is used in the calcu-
simplicity, we examine the variations of reflectivity for a {;’:\ tions hereafter '

system consisting of a nonmagnetic substrate with a ver
thin cubic magnetic overlayer of thicknedsassuming that
the sample is oriented with tH§100],[010],[001]} axis par-
allel to the{x, y, 2 directions. The variation of the reflectivity

ARpp _ Rpp(M)—Rpy(0) @
Rop Rpp(0) '

up to first order ind can be expressed as

ARpp — a i
R (M)=A(\,ng,n¢,0)dIm M sin( wt)
pp €220
a2
+B(\,ng,Nn¢,60)dIm +byt+ by
€220
2
+| — +b11_ b12> COS(Zwt) MZ, (8)
€220
where the coefficient& andB are given by
AGL )= 8kgn; cosé; sin 6 cosd 93
(A:Na.ne,0)= n? cog 6—n2cog 6; '
2kon; cog 6; cosh
B(\,n,,n;,0)= (9b)

n? cos #—n;cos 6

where \ is the wavelength of the lighta, and n; are the

IIl. EXPERIMENTAL DETAILS

Fe layers were grown on Mg@®@O01) substrates in an ul-
trahigh vacuum sputtering plus laser ablation deposition sys-
tem. Prior to the Fe deposition and in order to enhance the
quality of the substrate, a 100-A-thick MgO buffer layer was
grown over the substrate at 450°C by normal-incidence
pulsed laser deposition in the pressure range of 7
x 10 ® mbar. The Fe films were deposited onto this MgO
buffer layer by normal-incidence triode sputtering at 4
X 10~ * mbar Ar pressure and at deposition rates between 0.1
and 0.2 A/sec. Subsequently and to increase crystalline order,
the samples were annealed at 400°C for a few minthes.
Finally and to prevent films from oxidation, a 30-A-thick
MgO capping layer was deposited at room temperature in
similar conditions as for the previously described MgO
buffer layer. In this study Fe layer nominal thicknesses
ranged from 5 to 500 A.

The magneto-optical experimental setup is depicted in
Fig. 1. Light from a xenon lamp ip polarized and focalized
on the sample by a spherical mirror. The sample is located
inside the bores of a 0.45-T magnet, which rotates éte-
quency and forces the magnetization to turn in the plane of

refractive indices of incident and substrate media, respeahe sample. After reflection on the sample, the lightpis
tively, @ is the light incidence angle, ang} the light refrac- polarized and focalized into a monochromator. The resulting
tion angle. The first term corresponds to the variations ofmonochromatic light is then detected by a photodiode and
reflectivity, which have a linear dependence on the magnetithe signal is processed with a lock-in amplifier. When set to
zation (term in w), and the second term corresponds to thethe frequencyw, the lock-in amplifier detects the variations
variations, which have a quadratic dependence on the magf the reflectivity, which have a linear dependence with the
netization. magnetization, whereas the quadratic-dependent variations
If the sample is rotated by 45° around thaxis we obtain  are given by the second harmonic.
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' ' ' T ' T T 5 and 10 A[Fig. 2(b)], there are significant differences be-

3.0 J tween experimental results and simulations. These differ-
ences could be associated with changes in the electronic
—~ 254 structure of Fe due to confinement effects, but the disagree-
é ment could also be attributed to a different morphology in
A& 20- these ultrathin films. In fact, it is well established that, for
= / _ small coverages, the growth of Fe at room temperature fol-
% 154 K A P nd-SOO A lowed by annealing leads to the formation of crystalline is-
. / A = Aexp - i X X
S o — d=500Asim lands with the same crystallographic symmetry of continuous
= F o d=50Aexp monocrystalline thick film$?~*423This is particularly evi-
1.0+ A e d=50Asim dent when measuring hysteresis loops in the transverse con-
;A A d=25Aexp 1 figuration. These hysteresis loops have been measured with
054 ° e d=25Asim the magnetic field parallel to the easy magnetization direc-
19 15 20 25 30 35 40 tion of iron [100] and with the magnetic field parallel to the
Energy (eV) direction[110]. It has been observed that the crystallographic

magnetic anisotropgexpected for a continuous monocrystal-
' ' line iron film) detected for the thickest sampl@s-, 50-, and
d=10Acont d=5A cont b) T 500-/—\_ Fe thick Iayer)s_is not present in the 5- and 10-A Fe
—+—d=10Apat —1—d=5Apart . films, in azglreement with hylsote_zress Ipops obtained b_y Cebol-
1.0 T ladaet al.=" and Jordaret al.™” in continuous and particulate
systems. Moreover, the saturation field for these films is
. higher than the ones for the thicker films. Therefore such
changes in the magnetic behavior are consistent with a modi-
4 fication of the morphology of the films: Fe films start to grow
R L as islandgwhere shape anisotropy plus dipolar interactions
,+/ D - between islands will hide their intrinsic crystallographic
Ao magnetic anisotropy and will have higher coercitivity figlds
hdﬂ'“ ] that coalesce with increasing Fe and form continuous films at
higher Fe coveragE¥'* We have therefore used a self-
10 15 20 25 30 35 40 consistent effective-medium appro&tH® to study the im-
Energy (V) papt of the.morphology on the magneto-optical properties.
This formalism has been already successfully used for the
FIG. 2. () Measured linear magnetization variations of reflec- theoretical treatment of inhomogeneous materials and
tivity (symbol$ and corresponding calculated spedfcantinuous composites/?"2%For simplicity in the calculations these is-
and dashed lingdor different Fe thicknesse@5, 50, and 500 f  lands have been assumed to be magnetic ellipsoidal-shaped
(b) same aga) for the thinnest Fe filmg5 and 10 A together with  nanoparticles, which is coherent with atomic force
calculations assuming either continuous films or nanoparticles. microscopy® and scanning tunneling  microscopy
observationg? Within this model, the optical properties of
IV. EXPERIMENTAL RESULTS AND SIMULATIONS the inhomogeneous medium are described by an effective
dielectric tensok; . If the matrix materialMgO) is isotro-
pic and nanoparticles keep the same crystallographic symme-
In Fig. 2 we present the measured relative variations ofry as that for continuous layers, the effective dielectric ten-
the reflectivity, which are linearly dependent on the magnesor has the same symmetry of the dielectric tensor of a
tization [linear magnetization variations of reflectivity homogeneous magnetic material, and the same number of
(LMVR)] for p-p-polarized light as a function of the photon magneto-optic coefficients will be needed to describe the
energy and for samples with different Fe thicknesses. Thenagneto-optic properties of the systésee the Appendijx
spectra were obtained at an angle of incidence of 45°. The An estimation of the size and shape of the particles can be
spectra show a peak located at about 2 eV whose intensitybtained from the magnetization reversal loops in polar and
and shape decreases and expands, respectively, with decretiansversal configurations if it is assumed that the system is
ing Fe thickness. A rotation of the samples alongliérec-  superparamagnetic. Such an assumption is consistent with
tion does not change the spectra, as theoretically expectatle absence of hysteresis in the 5-A layer magnetization re-
from Egs.(8) and(10). The corresponding calculated spectraversal loop and with magnetic observations of Adenwalla
are represented by lingsontinuous, dashed, and marked et al® In the superparamagnetic fit, the shape anisotropy en-
The simulations were performed using the<4 transfer- ergy of the particles is introduced through the demagnetizing
matrix formalism and assuming continuous layers with thefactors assuming that the particles are ellipsoids with revo-
optical and magneto-optical constants of bulk Fe given inution symmetry in thez axis. The sizes of the particles ob-
Ref. 22. For the thickest sampl¢Big. 2(a)] there is good tained from these fits are 3.2 and 7.5 nm for a long semiaxis
agreement between theoretical calculations and experiment@h the xy plang and 1.5 nm for a short semiaxim the z
results. On the other hand, for layers of nominal thickness oflirection, for samples of 5 and 10 A, respectivébithough

o d=10Aep o d=5Aexp

000000 9+_9_+9|-‘
ottt

GoRf

A. Linear magnetization variations of reflectivity

064401-4



LINEAR AND QUADRATIC MAGNETO-OPTICAL KERR.. .. PHYSICAL REVIEW B 68, 064401 (2003

the thicker layer is already ferromagnetitVith these sizes, T T T T T T i
the effective dielectric tensor of the layer depends only on (a)

the concentration of the Fe nanoparticles. The calculations

have been performed using the optical and magneto-optica 0.1 AAAAAﬁe
constants of bulk iron for the nanoparticles. The best fits of ,.% 2 o o, %24

o
BgAgﬂsggg
2

the experimental spectfgiven in Fig. Zb)] were obtained 2 o %0,
for volumic concentrations of 10% and 20% of particles for &_ 2% o DDDD“DE
the samples of 5- and 10-A nominal Fe thicknesses, respeca™ 0.0 ° L9000 5 goosoh 1
tively. The agreement of such theoretical fits with the experi- o o ° fae
mental results supports the nanoparticulate nature of the+ o D” o d=500A -
structure for these low Fe coverages. The thickness of the 5 Fe [100] o d=50A
inhomogeneous layer is set to the height of the islands esti 0.1 a A d=25A |
mated from superparamagnetic fits, i.e., 30 A. Although
these parameters give amounts of Fe slightly smaller thar 10 15 20 25 30 35 40
those expected from the nominal thickness, we can conclude
that the differences between experimental results and simu Energy (V)
lations assuming continuous Fe films for the thinnest r r r r r r r
samples are mainly due to morphology effects in these ultra- 0°%0
thin films. 031 o (b) -
_ oAb, o d=500A
| o g & o2l o %4 . o d=50A ]
B. Quadratic magnetization variations of reflectivity V& N a0 A d=25 A
in continuous films 1y A0 0

We now turn to the relative variations of the reflectivity, %Q 017 odag, AAngg 0000000000 i
which have a quadratic dependence on magnetizition- o Sog  (ARRAAsassssaa
dratic magnetization variations of reflectivitQMVR)]. The ~ 004 " Dnnﬂnunnnnngnunu ]
QMVR for a p-p-polarized light as a function of the photon "
energy and for the different Fe continuous films are repre- . | a Fe [110] |
sented in Fig. 3. The spectra were obtained at an angle o )

|nC|qunce of 45°. As expecte_d from the analysis given in Sec. 10 15 20 25 30 35 40
I, different spectra are obtained when the sample is orientec Energy (eV)

with the [100] axis perpendicular to the plane of incidence

[Fig. 3(@)] or with the[110] axis perpendicular to that plane FIG. 3. (a) and(b) Measured quadratic magnetization variations
[Fig. 3b)] in the case of continuous Fe films. Such a differ- of reflectivity for thickest Fe filmg25, 50, and 500 & (a) [100]
ence is indicative of the presence of a strong magneto-opticalxis perpendicular to the plane of incideng®); [110] axis perpen-
anisotropy in the QMVR of this cubic system. In opposition dicular to the plane of incidence.

to the LMVR case, the QMVR is weaker for the 500-A Fe

layer than for 50- and 25-A Fe layers in both crystallo- mental results. Moreover, a simulation QMRV for bulk iron
graphic orientations. This behavior is caused by an opticait an angle of incidence of 10° fits the experimental results
effect due to the high contrast of dielectric constants betweesbtained by Krinchiket al®! in the corresponding photon
the magnetic layer and the substrate and capping layers. Thergy range.

difference between the spectra in the two different crystallo-
graphic orientations is also greater for the 50- and 25-A Fe
layers than for the 500-A Fe layer, an effect that will be
explained in Sec. V. To simulate the spectra, knowledge of In Figs. 5a) and §b) we present the QMVR experimental

the wavelength dependence lof,— b,, andb,, elements is  results for the layers of 5 and 10-A nominal thicknesses to-
necessary. However, as far as we know, such information hagether with theoretical simulations assuming continuous lay-
not been published yet. We have therefore extracted thesss and Fe nanoparticle layers and usinglthe- by, andb,,
elements from the spectra of the 500- and 50-A Fe layerselements determined for continuous films in the previous
The results are presented in Fig. 4. These coefficients exhibgection. As can be observed, there is a strong deviation of the
a narrow peak around 1.5 eV, another broader structure leexperimental results from theoretical calculations when the
cated at 2.5 eV, and the biggest quadratic contribution ifFe deposits are assumed to be continuous layers. The shapes
modulus is located at 1 eV. This is consistent with theoreticabf the spectra change and there is an attenuation in the
calculations based on the iron band structure, which havenagnetization-induced optical anisotropy that was very
predicted that the strongest quadratic magnetization contristrong in continuous films. The disagreement between the
bution in diagonal elements of a dielectric tensor should beimulated spectra assuming two-dimensional growth and the
around 1 eV?° To check the validity of the coefficients we experimental data is even greater for the QMVR than for the
have simulated the QMVR spectra for a sample with thick-LMVR, suggesting a much higher sensitivity to the morphol-
ness of 200 A, obtaining good agreement with the experiogy for the QMVR than for the LMVR. On the other hand,

C. QMVR in discontinuous films
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d=10A m  exp Fe[100] i
0.151 (a) o expFe[110]
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- / \& 0.054 7
e 4+ N - . T L e Py B SR | II_+
= Re | b1 ] b12 ] B 000, /I,,+.+H+!+i+!+!+g+g+§ 18048171 |
S e Im[b, -b,] AT
_8_ . .|
+/*|"i 1
...... 005{ ]
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T T T T T T T 0.10 =5A m exp Fe [100]
6 (b) d=5A o expFe[110] |
N 1T . — cont[100]
. ——Re[b,] o I Fart 100
e 5 —+—pa ]
4- “ - & 005 S eeat{ing]
ot 0\5& |
% 2 | =
(=} = Y P E
= 0001 gl R
0+ - +-+'+E+;+_i| gwee
.. ~ie! 1
j-et
ol 10 15 20 25 30
10 15 20 25 30 35 40 Energy (eV)
Energy (eV) FIG. 5. (a) and (b) Same as Fig. 3 for the thinnest Fe filr&

and 10 A together with calculations assuming either continuous

FIG. 4. (a) Photon energy evolution of thie;;—b,, magneto- films or nanoparticles.

optical coefficient;(b) same for theb,, coefficient.

simulations substituting the continuous Fe layer by an effecé!ties of our inhomogeneous media it is necessary to have
tive medium using the same model and parameters as € Same number of magneto-optic coefficients as that for
ones used in LMVR simulations present very good agreehomogeneous media. Therefore we @llthe effective lin-

ment, confirming that the morphology plays a very importantt@" magneto-optic coefficient ar;;, bego, andbess the
role in the QMVR spectra. effective quadratic magneto-optic coefficients. Looking at

Egs. (8) and (10), the terms that contribute to QMVR are
aé/sem, which is an isotropic term, andb{;;,be10) and
bess, Which take into account the anisotropy induced by the
As we have shown, the QMVR are more sensitive to thecrystalline order of the nanoparticles. Nevertheless, it is
morphology than are LMVR. Besides, we have observed ghown in the AppendixSec. 3 that there is a shape-induced
strong reduction of the magnetization-induced optical anisotquadratic effect described by the quadratic magneto-optic co-
ropy in the samples formed by nanoparticles with respect té&fficientb,s. Such a shape-induced quadratic magneto-optic
the continuous films. The reduction of this magneto-optical-coefficientb, is found through the effective-medium for-
induced optical anisotropy may be either due to a randonfnalism ignoring the quadratic coefficients of the magnetic
distribution of the crystallographic axes of the iron islands,material[Egs. (A11)—(A16) in the Appendi}. This shape-
or to a shape effect. According to reflection high-energyinduced term is isotropi¢see the Appendix, EqgA17)—
electron-diffraction measurements the particles and the corfA19)], unlike the effective quadratic crystallographic terms
tinuous layers have the same axes orientation, therefore, tH8e11, De12, andbess). In Fig. 6 we present the wavelength
reduction of anisotropy should be related to a shape effecélependence of these calculated quadratic terms, assuming an
To understand its origin we study the different componentdnhomogeneous layer containing a 10% volumic concentra-
of the calculated effective dielectric tensor, which contributetion of particles. As can be observed, the isotropic term
to QMVR measurements for an inhomogeneous layer. As i€5/¢¢,0 is very small compared to the shape-induced
shown in the AppendixSec. 1, to describe the optical prop- magneto-optical coefficierti,s and tobeg;1, be1o, aNdbgss.

V. DISCUSSION
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FIG. 6. Real and imaginary parts of the effective dielectric ten-
sor components that are relevant for QMVR anisotropy. The as
sumed volumic concentration of the particles is 10%.
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FIG. 7. Evolution of the magnetization-induced anisotropy in
the real and imaginary parts of quadratic magneto-optic coefficients
(banid with Fe concentration.

whereE1 andE2 are the initial and final energies of 1 and 4
eV, respectively. As can be observed, the evolution of anisot-
ropy of real and imaginary parts of quadratic magneto-optic
coefficients is not a linear function of the amount of Fe. In
addition, there is a strong reduction of anisotropy in the
imaginary part of diagonal dielectric elements, while this re-
duction is weaker in the real part, when concentration de-
creases. This different behavior of the real and imaginary
parts of quadratic magneto-optic coefficients has important
consequences in the evolution of the magneto-optical anisot-
ropy in QMVR measurements as a function of the layer
thickness. In Fig. 8 we present the anisotropy in QMVR for
different layer thicknesses as a function of particle volumic
concentration. This anisotropy is given by the area enclosed
between the spectra of QMVR in the two different crystallo-
graphic orientations studied,

E,
Figure 6 shows as well that the shape-induced term has the QMVRanis= fE |QMVR;05~ QMVRyddE.  (13)
same magnitude as the effective crystallographic terms and, '
as a consequence, the introduction of the quadratic contriby=or the thinner layers the anisotropy presents a monotonic

tion of the magnetic material produces only small differencesncrease with nanoparticle concentration. Equatit@)sand
from the shape-induced spectrum. In conclusion, the shape-

induced effect is responsible for the attenuation of 0.4 i . . r T T
magnetization-induced optical anisotropy. ——d=25ASim

As we increase the volumic concentration of particlesin | - d=50ASim P
the layer we expect an increase in the magneto-optical an- 031 —+—d=200ASm 1
isotropy. In Fig. 7 we present the evolution of magnetization- 3 ! d=S00ASm ~
induced anisotropy as a function of nanoparticle concentra- 0.2 H )

tion. Since an isotropic material is characterized by the

relation presented in E¢4), in order to quantify the anisot-

ropy, we have calculated the area enclosed between the spec-'?a 0.1-

tra of real and imaginary parts of effective quadratic
magneto-optic coefficientdf,;— be1) and Dy, for differ-
ent concentrations:

E2
Rebans= | IRE (brs—ber) ~ 20ecalldE, (11
1

=)
IM banis= fE | IM[(Pe11—Pe1d) — 2be44]|d E, (12
1

Q

>
<
[ ]
u
A
*

Concentration (%)

FIG. 8. Experimental and theoretical evolution of the anisotropy
in QMVR (QMVR,,,9 for different Fe thicknesses and concentra-

tions.
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(10) show that in very thin layers QMVR depend mainly on layers and the attenuation in magnetization-induced anisot-
the imaginary part of the quadratic magneto-optic coeffi-ropy have been explained through this formalism. We show
cients and, therefore, the concentration dependence of anisdhat the electronic structure of the grown nanometric Fe is-
ropy is similar to the imaginary part of Fig. 7, as can belands is similar to the bulk electronic structure and that the
observed by comparing the shape ofbgps in Fig. 7 and  modifications of the magneto-optic coefficients are due to
QMVR,,; for 25- and 50-A layers in Fig. 8. On the other morphology effects.
hand, for thicker layers, it can be seen that anisotropy pre-
sents a maximum that decreases with increasing concentra- ACKNOWLEDGMENTS
tion. This is due to the dependence of the QMVR on both _ _ )
real and imaginary parts of quadratic magneto-optic coeffi- This work was performed under financial support of the
cients for thick layers. This results in the mixing of the shapeSPpanish  Commission of Science and Technology. B.
of the spectra of Rb,,s and Imb,, from Fig. 7. This be- Seplllv_eda acknovv_ledg_es the I3P program of the Consejo
havior also explains the weaker anisotropy found in 200- anduperior de Investigaciones Ciefittas (CSIC) and Y. Huttel
500-A Fe layers than that found in 25- or 50-A Fe layers. acknowledges CSIC for financial support.

In Fig. 8 we have also represented the experimentally
observed anisotropy for the different layer thicknesses stud- APPENDIX
ied, showing a reasonable agreement with theoretical calcu- First in this Appendix we discuss the magneto-optical

lations, except for the 25-A layer. In this layer the LMVR constants needed to describe an inhomogeneous medium
theoretical fit shows that this layer is continuous, however . . . 9 )
through an effective-medium formalism, when quadratic

the divergence in QMVR anisotropy can be attributed to the agneto-optic coefficients are introduced. Second we show

roughness of the layer. From Fig. 8 we have estimated th S . :
the volumic concentration of iron in this layer is around 60%6% at the nanostructuration 'tSEI.f induces a quadratic magneto
optic effect without taking into account the quadratic

(coalescence occurs approximately at 50% volumic Concenrﬁa neto-optic coefficients of iron and that this effect is iso-
tration) with a layer thickness of 40 A. Such estimation is 9 P

consistent as well with the growth mode described in Ref.tmp'c'

12, confirming the sensitivity of QMVR to morphology
changes.

Regarding the electronic structure of iron in discontinuous  One method to describe the optical properties of an inho-
systems, previous studies of Fe nanoparticle systems haygogeneous medium formed by nanoparticles embedded in a
shown that Fe nanoparticles smaller than 4 nm present comnatrix is the self-consistent approximatioti2® Within this
finement effects that modify the electronic structtfr&ince approximation, inhomogeneous media are described by an
our estimations give rise to bigger particles and providingeffective dielectric tensor, which is calculated through the
that the calculations of the effective medium with optical andresolution of the matrix equation
magneto-optical constants of bulk iron fit the experimental
results, we are able to conclude that the Fe islands grown on
MgO (001) keep the electronic structure of bulk iron.

1. Self-consistent approximation

> fi(1+6g-T)) 168 ) =0, (A1)

where matter inside the brackets denotes volume average. If
VI. CONCLUSIONS all the nanoparticles have the same shape, and present the

We have presented the effect of morphology on theS@Me orientation in space, Eehl) becomes

magneto-optic constants for the case of ultrathin monocrys-
talline iron films grown on MgQ001) substrates. The study

is based on the behavior of linear and quadratic magneto-
optic coefficients of iron, which have been probed throughwhere
LMVR and QMVR measurements, showing that QMVR are

f(1+ 88y Tp) Lo+ (L—F)(1+ dep [y 28en=0,
(A2)

more sensitive to morphology than are LMVR. Thick layers 53p=8_p—;,
do not present morphology effects, allowing the extraction of
the quadratic magneto-optic coefficients of monocrystalline 58m:a_§3,

iron from their QMVR measurements. These measurements

have also evidenced the magnetization-induced optical arwith &, being the dielectric tensor of the particles, the
isotropy theoretically expected for monocrystalline iron dielectric tensor of the matrix, angl, the effective dielectric
flms. In the case of very thin films we have shown thattensor;I', andI';, are the depolarization tensors of the par-
morphology plays a very important role in the behavior ofticles and matrix, respectively, 1 stands for the identity 3
magneto-optic coefficients. These layers are formed by isX 3 tensor, and is the volumic concentration of nanopar-
lands of nanometric size with the same crystallographic axeticles. Within this approximation the concentration can range
orientation of the continuous films. The theoretical study offrom 0 to 100% of particles, providing the size of the par-
these systems has been carried out with a self-consisteticles is much smaller than the light wavelength. It is as-
effective-medium theory. Shape divergence of the experisumed in this formalism that the matrix is formed by spheri-
mental spectra from theoretical calculations of continuousal particles. If nanoparticles are ellipsoids with revolution
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symmetry around the axis, analytical expressions for the

depolarization tensors can be foufid.

1 (1 a-e) |
FJXX:ijy: — 28exx EJZ_ ej3 tanh ej_ , (A3)
1 (1-e?) (1-¢€d) ]
r,=——1|- Ly “tanhle |, (A4
jzz P ej2 eJQ, ]_ ( )

wherel';; =0 for k#1.
ej-p (for the particley ande;_, (for the matriy are given

by
a.e
&=\ 1- 53—

(A5)
Cp€exx
€
en=\/1- —. (AB)
Eexx

2. Nanoparticles with magnetization in theXY plane

In our case, the experimental data from which we extract

the quadratic magneto-optic coefficients;{—b,) andby,

of the cubic magnetic material are measured in a configura-

tion in which the magnetization is rotating in tiey plane.

To introduce the obtained quadratic magneto-optic coeffi-
cients in the effective-medium model we assume a relative'’

magnetization:

1

M=‘72(1, i, 0), (A7)

i.e., a magnetization in th&Y plane with components and
y of the same magnitude bu#/2 out of phase, to take into

PHYSICAL REVIEW B 68, 064401 (2003

bll_b12 |a

Epxxt b - —

pPXX 44 2 V3

— bi1—b a

&p= —i MT:LZ Epxx— Day —— (A9)

ia a

- — € pxx
V2 V2

As can be observed, the formalism for the two crystallo-
graphic orientations is the same by interchanging the qua-
dratic magneto-optic coefficients. In the following we there-
fore develop the formalism only in the first case.

Considering these dielectric tensors together with the de-
polarization tensor of the particles, the effective dielectric
tensor must be written as

be11—b ) ia

Sex>o+ ell2 el2 Ibe44 72e

B ib De11—Der2 e

€™ 1D es4 Cexx0 ™ 2 _% )
iae ae .

-— — P4

V2 2 °
(A10)

here a, is the effective linear magneto-optic coefficient,
whereasbgq;, beip, and bgy, are the effective quadratic
magneto-optic coefficients. The elemeants,o ande., 45 are

the effective dielectric constants without magnetization and
are different as a consequence of the birefringence caused by
the shape of the particles. Such dielectric constants must be
previously calculated for the nanoparticle system without
magnetization, obtaining a set of two independent equations
with the two unknowns: ., ande.,45. The calculated val-

ues are introduced in the tensor of E410). Then Eq.(A2)

of the sample. Then the dielectric tensor of the nanoparticlegngp,_,,. As a consequence, we need the same number of

becomes
8pxx 2 44 3
p ib . b1;—Dbyp a
- 44 - - ,
p PXX 2 2
ia a
- — €pxx
V2 V2
(A8)
assuming a reference systefx, y, 2 parallel to

{[100],/010],[001]} crystallographic directions. By rotating
the crystallographic axes 45° around thaxis, the dielectric
tensor is transformed into

magneto-optic coefficients to describe the nanopatrticle effec-
tive medium.

3. Isotropic quadratic effect

Now it is shown that nanostructure induces a quadratic
effect with magnetization and that this effect is isotropic.
Such an effect is described by a shape-induced magneto-
optic coefficientb,s. For this purpose we consider the
simple case of spherical crystalline particles with the same
axes orientation, when magnetization is in thexis, i.e.,
M=(M,0,0), without taking into account quadratic
magneto-optic coefficients of the magnetic material. If refer-
ence axes are parallel to crystallographic directifd€0],
[010], [001]} (M parallel to the directioh100]), the dielectric
tensor of the particles and the effective dielectric tensor are
described by
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Exx0 O 0
8p= 0 Exx0 —a y (All)
O a Exx0
€ex0 1 bns11 0 0
€= 0 €ex0T Pnsi2 —Qae . (A12)
0 ae €ex0T Pnsi2

If reference axes are parallel to crystallographic directiffrislO],[ 1—10],[001]} (M parallel to the directiorj110]), the
dielectric tensor of the particles is the same as expredgith), while the effective tensor is transformed into

Bhs11t btz
€exo T T ns44 0 0
€= 0 Pns11tPnsi2 B . (A13)
Bex0T — 5 Dnsus Qe
0 ae Eex0T Pnsi2

Introducing the tensors of the first orientation in expres$i®?), we obtain a set of three independent equations with three
unknown variables,, b,s1, andb,g»:

£xx0 " Eex0 ™ Pnsi1 Em~ €ex0 Pnsi1
f +(1-1) =0, (A14)
2€ex0T Exx0— Pnsia ( 2eex0t Em— Pnsia
(a_ae)2+(SxxO_sexm_bnle)(sxxO+28ex>O_bn512) ag—"(Sm_sexm_bn512)(8m+28ex>o_bn512)
f 2 2 +(1-1) 2 2 =0,
(a—8e) "+ (&xx0T 28ex,0~ bns12) ae+(8m+28ex>0_bnslz)
(A15)
f d—a +(1-f % -0 A16
(a_ae)2‘|'(3x><0'|'2‘9ex>o_bnslz)2 ( )ag+(8m+289x>0_bn312)2_ . ( )

The equations in the case of the second orientation of crysdoth coefficients are magnetization dependent through the
tallographic axes are formally the same, but they interchanglnear magneto-optic coefficient of iroa, Setting the correct
the effective quadratic coefficients. Therefore the followingcoefficients it is proved that the effective magneto-optic co-

relations must be satisfied: efficient a, presents a linear dependence on magnetization,
while the dependence is quadratic foyg,. In conclusion,
b — Pnsi1t bn312+ b (A17) the nanostructure induces a quadratic effect, which is isotro-
nsti 2 nsi4, pic and is due to the coupling of the linear magneto-optic
coefficient of the magnetic material Accordingly this ef-
bps11t bnsio fect can be described with only one coefficieng.
bnslfT_ bnsss, (A18) The introduction of quadratic magneto-optic coefficients
) of iron induces a magneto-optical anisotropy in the effective
that is, medium, since it has been proved in monocrystalline iron
b b that
nsll2 n312:bns44’ (Alg) ) )
. . . by (A20)
showing that the effect is isotropic. 2 44

Since this effect is isotropic, we use only the first orien-
tation to see its magnetization dependence. In(B44) the  As a consequence, the effective quadratic coefficients must
coefficientb, ¢, is related only to terms that are not depen-satisfy as well a later relation. By introducing the quadratic
dent on magnetization and, as a consequence, this term musiefficients of the magnetic material in E¢814)—(A16) it
be zero. On the other hand, E¢A15) and(A16) form a set  can be observed that the effective coefficibgy; is not zero
of two coupled equations with two unknowreg, andb, ;. and depends only on the quadratic coefficient of ifon,.
Solving these equations simultaneously it can be seen th&tevertheless the coefficiebt;, depends on both linear and
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quadratic coefficients of irofa andb,,). Thus the quadratic duced by the monocrystallinity of iron. In Fig. 6 it is
effect of iron will be present together with the nanostructure-observed that the nanostructure term is dominant for a 10%
induced quadratic effect. Since we have shown that this efvolumic concentration of particles, verifying the attenuation
fect is isotropic, it will tend to attenuate the anisotropy in- of anisotropy.
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