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Magnetization-induced effe_ct.s in the nonlinear optical response of magnetic media, such as magnetization
induced-second-harmonic generation (MSHG), led to very strong and novel non linear magneto-optical effects 
that appear to be very sensitive to magnetic interface properties. This surface-interface sensitivity ofMSHG, 
in combination with the very large magneto-optical effects, has led to a fast development of this technique over 
the past decade. On the one hand, an extreme sensitivity of MSHG to the electronic and magnetic structure 
of clean surfaces has been successfully demonstrated. On the other hand, the penetration depth of light al
lows one to use this sensitivity to study buried interfaces in multilayer systems. Further experimental de
velopments of the MSHG technique, such as space and time t·esolution as well as magnetization-sensitive-sum
frequency generation, appear to be promising as well. © 2005 Optical Society of America 

OCIS codes: 190.4720, 240.4350, 260.3910. 

1. INTRODUCTION 
Within the vast area of nonlinear optics, second-harmonic 
generation . (SHG) plays a very essential mle. As a 
higher-order process, it brings new and complementary 
information in comparison with linear optics, partly as a 
result of the different selection rules for multi photon pro
cesses and the higher-order susceptibilities involved. 
Another strong point of the technique is its intrinsic sur
face and interface sensitivity, which is derived from ex
tremely simple yet powerful symmetry constraints. The 
SHG technique has therefore been widely used for studies 
of surfaces and interfaces. 1- 4 

The breaking of time-reversal symmetry leads to a 
number of well-known magneto-optical (MO) effects such 
as Faraday rotation in transmission and Kerr rotation in 
reflection.5 For nonlinear optics, in the electric-dipole 
approximation even-order effects such as SHG are al
lowed only in media with a broken space-inversion sym
metry. As a consequence even-order nonlinear MO ef
fects can be observed only in materials in which both 
space-inversion and time-reversal symmetry. are broken. 
Although the first predictions of magnetic effects in SHG 
were made 40 years ago6- 9 and discussed in several the
oretical publications, 10- 13 the field of nonlinear MO really 
got underway in the past decade after observation of huge 
MO effects from magnetic surfaces and interfaces.1'1- 16 

This "revival" and recent strong development of nonlinear 
MO are clearly related to the enormous interest in the 
study and applications of magnetic multilayers and nanD
structures as well as to the development of solid-state, 
mode-locked, femtosecond lasers that are particularly 
suitable for these kinds of studiesP 

One of the very important fundamental achievements 
was the demonstration of the extreme sensitivity of 
magnetization-induced-second-harmonic generation 
(MSHG) to the slightest modifications of the spin
polarized electronic structure of transition metal 
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surfaces. 18- 23 Even tiny increases in the magnetization 
of the surface layer caused by the presence of atoms with 
low coordination numbers on surfaces with atomic steps 
could be detected.21 On the other hand, the possibility of 
distinguishing the contributions from different 
interfaces24 showed a way to measure the magnetization 
of a buried interface and therefore triggered a great deal 
of applied interest. In addition it has been demonstrated 
tbat--eonfirming the original predictions--SHG can be 
used to study the antiferromagnetic ordering and even to 
image antiferromagnetic domains, which is very hard or 
even impossible to do with other techniques.25

•
26 

This review is organized as follows: First a general de
scription of MSHG is given followed by a discussion of the 
theory of MSHG in Section 2. Then the details ofvm·ious 
experimental techniques are given in Section 3. Section 
4 discusses the applications of MSHG to magnetic sur
faces. Section 5 is concerned with buried magnetic inter
faces and is followed by a discussion of the unavoidable 
bulk contributions to the interface MSHG. Further de
velopments of the technique are briefly outlined in Sec
tion 6. 

2. THEORY OF MAGNETIZATION
INDUCED-SECOND-HARMONIC 
GENERATION 
A. General Concept 
An incident light wave induces a polarization in a me
dium that serves as a source for the transmitted and re
flected light. This polarization P can be written in the 
electric-dipole approximation as an expansion in powers 
of the optical electric field E(w): 

P(w, 2w, ... ) ~ x<1lE(w) + x<2lE(w)E(w) + ... . (1) 

The tensor i 1) is the linear optical susceptibility allowed 
in all media. SHG is described by the second term on the 
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right-hand side with the corresponding nonlinear tensor 
x(2 ) allowed only in noncentrosymmetric media. The lat
ter is easy to verify by carrying out the inversion opera
tion that changes the sign of every polar vector, such asP 
or E. Alternatively x(2 ) is allowed at surfaces or inter
faces of a centrosymmetric medium, giving rise to the 
sm·face-interface sensitivity of the technique. For crys
tals with a spontaneous or magnetic field-induced magne
tization M, the nonlinear second-order optical polariza
tion of a medium pn1(2w) can be written as 

pn1(2w) ~ x''E(w)E(w) + xm"gnE(w)E(w)M, (2) 

where the first term on the right-hand side describes the 
purely crystallographic contribution while the second ex
ists only in the presence of a magnetization M and de
scribes MSHG. Note that M is an axial vector, so that 
the inversion operation does· not change its sign, and the 
surface--interface sensitivity also holds for magnetic ma
terials. Thus these two contributions to the nonlinear 
polarization Pn1(2w) are of electric-dipole character and 
are allowed simultaneously in noncentrosymmetric me
dia, but their properties are different. The crystallo
graphic contribution is described by a polar tensor xcr of 
rank 3, whereas the magnetization-induced contribution 
is described by an axial tensor xmagn of rank 4. In loss
less media X er is a real tensor and xmagn is an imaginary 
tensor; therefore there is no interference between the 
SHG waves coming from these two sources for linearly po
larized fundarnentallight.6•12 The interference becomes 
allowed for linearly polarized fundamental light in the ab
sorption region, because both tensors will be complex, or 
by using circular optical excitation. It is this interfer
ence that gives rise to new, nonlinem~ MO effects that 
have no counterparts in linear optics.27- 29 

Equation (2) is general and fully describes MSHG in 
the electric-dipole approximation. The number of non
zero components of x(cr) and x<magn) tensors depends on 
the crystallographic and magnetic symmetry of the 
sample. For high-symmetry systems (the vast majority 
of thin-film structures studied so far) each of these ten
sors consists of a few components only. Moreover these 
components are not intermixing with each other; i.e., the 
tensor 

(3) 

can be written as a single third-rank tensor whose com
ponents are either even or odd in M. An important case 
is that of an isotropic interface (that of a quite standard 
polycrystalline film, for example). In this case, and with 
xz being the plane of incidence, the nonlinear MO tensor 
i 2 > can be written as12 

( Xxxx(M,.) Xxyy(M,.) Xxu(M,.) Xx.y(M,) X~~ X 

x(zJ ~ Xyxx(Mx) x,.,.,.(Mx) Xxu(Mx) x;.~Y Xyu(M,) 

x~~x x~~·y x~~z x,,.(Mx) x,x<M,.) 

The elements shown to depend on Mi are odd in the cor
responding magnetization component (roughly propor-
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tional to it-see Ref. 30). Thus the nonlinear MO prop
erties of an isotropic interface with a selected 
magnetization direction are characterized by up to 10 
(complex) numbers. (The sum of 10 is the result of addi
tional symmetry relations such as Xzxx = Xzyy, etc.) 

Here E(w) and P(2w) are local fields and polarizations; 
to relate them to the amplitudes of incoming and outgoing 
electromagnetic waves, appropriate Fresnel factors 
should be used. In fact the x< 2 ) tensor alone determines 
the geometrical symmetry properties of MSHG; for an ex
tended treatment of these properties, both theoretical and 
experimental, we refer the reader to Ref. 29. 

The x<2) tensor of Eq. (4) allows one to understand 
qualitatively the behavior of SHG as a function of the 
magnetization reversal. In the transverse MO geometry 
Mlly (see Fig. 1) Eq. (4) shows that in the case of 
s-polarized incident light (i.e., Ein = Ey) one even (Xzyy} 
and one odd [Xxyy(M,.)] tensor element will produce the 
outgoing second-harmonic (SH) waves. Both of them, in 
fact, lead to the same p polarization of the output. 
Therefore the total MSHG output can be written as 

12w(±M)" IE;nl4[axm ± J3Xxyy(M)]2
, (5) 

where a and f3 denote the corresponding Fresnel factors 
(they result for example in the angle-of-incidence depen
dence of the MSHG signal). Thus the reversal of M leads 
to a change in the SHG intensity. 

In contrast, in the longitudinal geometry with Ml!x the 
corresponding odd element [X_yyy(Mx)J gives rise to an 
s-polarized output. The total output polarization will 
thus be a vector sum of the two orthogonal vectors, one of 
them being reversed upon reversal of M. The resulting 
MO effect is therefore a change of SHG polarization.16

•
31 

The problem of calculating the nonlinear (magneto-) 
optical response of a given medium contains two clearly 
distinct parts: (i) calculation of the nonlinear suscepti
bility and (ii) with known susceptibility, calculation of the 
outgoing MSHG intensity. Both these parts are non
trivial and require much attention: Part (i) involves 
heavy electronic structure calculations in a nonperiodic 
electronic system, while (ii} contains nontrivial electro
magnetic boundary conditions and complicated multiple
scattering processes. 

B. Nonlinear Magneto-Optical Susceptibility 
As the first step in the calculation of the nonlinear MO 
susceptibility tensor x< 2>, a complete electronic spin
dependent band structure of the sample should be com
puted, including the corresponding wave functions. 
Since by "sample" we mean surface or interface, i.e., non
periodic structure, both the band structure and wave 

Xxxy(Mx)) 

Xyxy(M,.) . (4) 

x",.(M,) 

functions will be position-dependent in the direction per
pendicular to the surface. 
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Fig. 1. Schematic geometry of the experiment: xz is the plane 
of incidence, M is directed along y (transversal geometry) or 
along x (longitudinal geometry). Input light is either 
p-polarized (Ex, E2) or s-polarized (Ey). 

Next, the electronic structure serves as a background 
for the calculation of the MO response. This has been 
done by Hiibner and Bennemann13 and Hiibner32 by use 
of Heisenberis equation-of-motion formalism in the 
second-order perturbation theory. The screening of the 
driving electromagnetic field by the system's electrons 
was taken into account self-consistently. 

The surface or interface susceptibility is given by the 
formula30 
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monolayer on top of a 1-, 2-, 3-, or 4-monolayer "sub
strate." The results indeed showed the expected large, 
nonlinear, MO effects. Such a sample is close to the limit 
of modern computation possibilities. Moreover, even 
here the calculation procedure was not entirely stable, as 
their own tests showed. 1'he problem is that small errors 
in calculating the wave functions because of a restricted 
basis set (to save computation time) are amplified when 
three transition-matrix elements are multiplied to obtain 
the final result. 

Another app1·oach, based on the first-principles Layer
Korringa-Kohn-Rostocker method, was employed to cal
culate the MSHG response from a Ni(llO) surface. The 
preliminary results showed the contribution of the sur
face states to the nonlinear MO susceptibilit~4 in good 
agreement with the experimental results of Veenstra 
et a/23 

C. Calculation of MSHG from Multilayers 
To calculate the MSHG response from a multilayer sys
tem one must realize that in fact the nonlinear suscepti
bility x'2 ) is expected to decrease quickly on both sides of 

[ 

f(Ek+2q/"u) - f(Ek+q,l'u) f(Ek+qpu) - f(Ek!,) l 
X Ek+2qru- Ek+q,!'u- f~w + iliaz Ek+q}'u- Ewu- li.w + i!ia1 • 

Ek+2q}"u- Ewu- 2llw + i2llal 
(6) 

Here the symmetry of the wave functions enters through 
the dipole-matrix elements M;~ {'l'k,l,uiP;l'l'k,l',u), 
where pi is the momentum operator. It is this symmetry 
that is responsible for the selection rules giving rise to the 
surface sensitivity of the response. The dependence on 
the electronic structure results from the eigenvalues 
Ek 1 rn which depend on the wave vector k, the band in
de~ f, and the spin u. Note that the matrix elements may 
involves-, d-states, as well as quantum-well states that 
appear in ultrathin layers, and will depend on the corre
sponding wave functions. f(Ek,l,fT) is the Fermi function 
and a1 is the Lorentzian broadening of the states. Tak
ing into account only vertical transitions, Eq. (6) already 
shows how changes of the susceptibility result from modi
fications in the joint density of states, which is probed by 
nonlinear optics. Since SHG occurs at the surface and 
the interface of the film, the summation over the energy 
eigenvalues has to be performed according to the surface 
and the interface electronic structure. Thus for a para
magnetic material, the band structure for both spin direc
tions is the same and no spin dependence results. In the 
case of a ferromagnetic material, the nonlinear tensor 
Xijm(M) will be separated into odd and even components 
as discussed above. 

'l'he only attempt to carry out the entire computational 
procedure was made by Andersen and Hiibner,33 who cal
culated the nonlinear MO response of a single Fe(OOl) 

the interface. As a result the spatial distribution of i 2 ) 

can be well approximated by an infinitesimally thin non
linear sheet between the two <<non-nonlinear" media (see 
Fig. 2).35- 38 This is even more the case because the char
acteristic length to compare is the wavelength of light, 
typically several hundred nanometers. Such an approxi
mation reduces the number of parameters in the problem. 
A well-known concept in optics is to treat the boundary 
conditions at an interface and the propagation of light 
through a homogeneous slab in terms of matrices that re
late the field components on both sides of the interface 
and the layet; respectively. Describing the full 
multilayer is thus reduced to a simple matrix 
multiplication.39 

Because of the very small nonlinear susceptibility val
ues, the total problem can be bisected. In the first part 
the influence of the nonlinearity on the light behavior is 
totally neglected. The local electric fields and polariza
tions induced by the incident light inside the structure 
are derived f~·om the primary electric field through the 
linear susceptibility tensor. The tens01; in turn, may de
pend on the layer magnetization, thus giving rise to linear 
MO effects. The induced polarizations are actually quite 
small compared with the fundamental electric field and 
can be considered perturbations. 

The second part of the problem concerns the electro
magnetic waves at the SH frequency. Here the funda-
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mental electromagnetic field is absent and the 2ro polar
izations play the role of the only sources. If all the layers 
of the structure possess a center of inversion, then within 
the electric-dipole approximation, there will be no volume 
polarization. The total SH yield can thus be related to 
the interfaces only, each interface being described by its 
own nonlinear optical tensor x< 2 >. 

It should be noted that even in linear optics, the normal 
component of the electl'Omagnetic field is discontinuous 
across ideal interfaces. The surface polarizations become 
radiating sources. The corresponding electric fields can 
be obtained from Maxwell's equations, which are now ac
conlpanied by the unconventional boundary conditions' 
taking into account singular polarizations of ideal 
interfaces. 1 A comprehensive treatment of problems re
lated to the model of both linear and nonlinear MO effects 
in multilayers has been given by Atkinson and 
Kubrakov.40 Most often, however, bulk anisotropy of lay
ers can be neglected, together with the linear MO effects 
that are argued to be small enough. 

'fhe parameters accessible experimentally are the SHG 
intensity and polarization. In addition the phase of the 
total SHG output can be determined quite 
straightforwardly.41 ,'12 To determine the nonlinear sus
ceptibilities at interfaces, the MSHG output is first mea
sured as a function of some parameters, e.g., angle of in
cidence, magnetization, sample thickness, azimuthal 
angle, etc. Then multiple-scattering calculations are 
used to fit the obtained data by use of the nonlinear opti
cal tensor components as fitting parameters, provided 
that the obtained experimental data are sufficient for an 
unambiguous fit. Various polarization combinations help 
to distinguish different tensor components by selectively 
exciting one or another combination of them. An ex
ample of such an analysis will be included in Section 5. 

The main assumption of the model discussed is that it 
considers the source of the SH field in the form of an in
finitely thin, coherently and homogeneously polarized 
sheet, as shown in Fig. 2. Although this assumption is 
justifiable in many cases investigated experimentally, it is 
not sufficiently general. Moreover, it is based on a mac
roscopiclike description of the source of the SH field that 
does not provide a direct physical insight into the pro
cesses involved in the SHG phenomena. 

A different model was discussed recently43 in which the 
problem of the SHG was considered from a different point 

l>i_. s' 
layer j 

' ! 
' 

(2) 

X i 

l y 

Fig. 2. Infinitesimal nonlinear sheet inside an artificial vacuum 
sheet at an interface. 
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of view that can be better related to the microscopic de
scription of the origin of the SH field. The SH field is 
considered to be generated by a point electric dipole oscil
lating at an angular frequency 2w and positioned at the 
layer interface. This is closely related to the symmetry 
considerations used in the macroscopic models such as 
that discussed above. 

This approach to the SHG has some advantages. In 
particular once the electromagnetic field generated by the 
point dipole is known, it can be used to evaluate the SH 
field generated from a system with arbitrarily spatially 
distributed dipoles. Furthermore, as it is based on a 
well-understood microscopic quantity (an elementary di
pole), it can be more directly related to a quantum
mechanical description of SHG. 

The elegance of the model developed becomes apparent 
when systems with an inhomogeneous distribution of the 
susceptibility tensors along the interfaces are considered. 
This is the case when the magnetization of the layers, and 
thus the interfaces, exhibits variation in the lateral di
mension due for example to the presence of magnetic do
mains, propagating spin waves, periodic structures, mag
netic nanostructures, etc., and where the optical 
properties (layer thicknesses and permittivity tensors) 
can be assumed to be laterally homogeneous.43 

D. Interface and Bulk Contributions to MSHG from a 
Superlattice 
It would be misleading to state that all SHG response is 
generated at interfaces only. Strictly speaking, the sur
face nonlinear optical tensor x does not even fulfill the en
ergy conservation law, one of the basic principles of phys
ics. Re-examined closely,44 this paradoxical result can be 
understood with the aid of an additional bulk contribution 
to the energy flow, as part of the surface response appears 
to be determined by the bulk parameters alone. 

Having realized that, it is interesting to look more 
closely at the description of surface and bulk contribu
tions to MSHG fi·om a multilayer. The polarization P 
can be written as an expansion in powers of the optical 
electric field E(w): 

P(w, 2w, ... ) ~ x'·dE(w) + x'·•VE(w) 

+ x 2·aE(w)E(w) + x 2nE(w)VE(w) .... 

(7) 

The tensor x1,d is the linear optical susceptibility allowed 
in all media. SHG is described by the third and the 
fourth terms, where the electric-dipole tensor x2,d is al
lowed only in noncentrosymmetric media and at surfaces 
and interfaces, while the quadrupole tensor x2

,q is al
lowed everywhere. For crystals with a spontaneous or 
magnetic-field induced magnetization M, expansion of the 
nonlinear optical polarization of a medium P 01(2ro) can be 
further written (keeping only linear-in-magnetization 
terms) as 

P"1(2w) ~ x''E(w)E(w) + xmE(w)E(w)M 

+ x•·''E(w)VE(w) + xq,mE(w)VE(w)M, 

(8) 
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where the first and third terms on the right-hand side de
scribe the purely crystallographic contributions, while the 
second and fourth exist only in the presence of magneti
zation M. 

Although smaller, the last two terms in Eq. (8) origi
nate from the bulk and therefore may be comparable in 
magnitude to the strong dipole contribution coming from 
the very thin interface layer. Experimental results (see 
below) confirm this assumption and substantiate the ne
cessity to take this contribution into account in high
quality, single-crystalline multilayers. 

The structure of choice is a (001)-oriented multilaym~ 
often met in practice.45 The crystallographic electric
dipole contribution from such structure with fourfold 
symmetry (that corresponds to the 4/mmm point-group 
symmetry) is described by a third-rank tensor and is 
therefore isotropic. On the other hand, both magnetic 
electric-dipole and crystallographic electric-quadrupole 
terms give an anisotropic response, indicating the pres
ence of higher-order contributions. 

1. Local Contributions 
In a superlattice one has the top surface and many inter
faces that can contribute to the second-order response. 
Note however that there is a strong cancellation expected 
between neigh boring interfaces I 1 and I 2 due to their op
posite orientation, leading to 

(9) 

where x( 2 >•11 and x( 2 >•12 are the nonlinear susceptibilities 
of the two interfaces. A nonvanishing contribution of the 
interfaces to the MSHG response can then arise as a re
sult of two factors: 

1. The cancellation may be incomplete, x(2>J1 

+ x( 2 )•12 * 0, because of a slight difference between the 
"upward" and "downward" interfaces as a result, e.g., of 
growth-induced variations of the crystallographic struc
ture of the two types of interfaces. Also, because of the 
extended character of the electron wave functions, the top 
surface may induce effects on the electronic structure of 
buried interfaces that can be different for I 1 and I 2 . 

2. The fully antisymmetric part of the interface sus
ceptibilities [x<'l,I, - x<'U']/2 can also contribute to the 
total response as a result of a small difference in the local 
optical fields that are retarded and attenuated at the 
lower interface. 

Since the thickness of the layers in the superlattice is 
very small relative to the optical wavelength, one can in
troduce macroscopically averaged fields and nonlinear po
larizations and replace the interior of the sample by a 
uniform medium with effective parameters. Within this 
effective-medium approach the contributions to the 
MSHG response can then be described in terms of (i) di
polelike susceptibility x8 of the top surface, (ii) dipolelike 
susceptibility x1·d due to incomplete cancellation of the in
terface susceptibilities, and (iii) a nonlocal (quadrupole
like) contribution that arises from the fully antisymmet
ric part of the interface susceptibilities as a result of 
spatial variation of the macroscopic effective field Eeff(w) 
alongz: 
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Pf'Q(2w) ~ ,l,jSEjtr(w)V,Eitr(w). (10) 

Note that the derivatives ofE'ff(w) along the layers do not 
enter into Eq. (10) since within the plane-wave approxi
mation the spatial variation ofEeff(w) in the tangentit~l di
rection is fully determined by the tangential projection of 
the wave vector of the incident wave through the whole 
sample. In this section we focus on the dipolelike contri
butions of the top surface and interfaces, while the contri
bution due to Eq. (10) is discussed below in Subsection 
2.D.2. 

Within the plane-wave approximation the amplitude of 
the a-polarized MSHG response induced by fl-polarized 
fundamental light (a, fl ~ s, p) arising through the di
polelike nonlinear susceptibilities can be written as 

(11) 

where F~(2w) and Ff,(w) are the Fresnel factors, Eo(w) 
is the amplitude of the incident wave, and Xi'j'k' denotes 
elements of the total effective dipole susceptibility of the 
top surface and the interfaces in the laboratory frame. 

As before the effect of the magnetization on the Fresnel 
factors is neglected. The Fresnel factors can also be as
sumed isotropic (independent of if>) so that F~, ~ r,, 
= F~ = 0 and the dependencies on the azimuthal angle <P 
and the direction of the magnetization M arise solely from 
the nonlinear susceptibility Xi'j'k'(</J, M). We now re
write the expansion of Eq. (3) in the following way: 

(12) 

where X is an axial fourth-rank tensor and we neglect the 
higher-order terms. 

For a fourfold symmetric sample the nonmagnetic part 
x{O) of the susceptibility possesses three independent ele
ments with zzz, zllll, and llllz indices, where the 11 stand 
for the in-plane x or y coordinates. This tensor is purely 
isotropic and does not lead to rotational anisotropy. Its 
contribution to the s-polarized response vanishes for both 
p- and s-polarized fundamental waves (p, s and s, s re
sponse, respectively). All three components of the x{O) 
tensor contribute to the response for the p, p polarization 
combination while only the zllll element contributes to the 
s, p response. 

In the longitudinal geometry the magnetization vector 
is within the surface plane. Thus in the crystallographic 
frame we need the components of the tensor Xijkl with l 
= x or y. For a fourfold symmetric sample they are'16 

Xy)')'X = -X XXXj' ' 

(13) 

The elements connected to the first and the last elements 
in Eqs. (13) by the simple permutation symmetry Xijkl 

== xikjl are omitted. 
From the above it is straightforward to derive45 that 

the azimuthal dependence of the response has the form 
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EZ:!(l/J, ±M!)= As,p ± cs,p sin4c,b, 

E~~( c/J, ±M1) = ±Ap,s ± BP•8 cos 4c/J, 

E~·~(f/J, ±M1) = ±As,s ± B 8
•
8 cos4c/J, 

(14) 

where the ± sign indicates those terms that change their 
sign on magnetization reversal, and A, B, and Care inde
pendent of <P and the direction of the longitudinal magne
tization M1 • Note that the light intensity is related to 
the field through 12:.!' ~ c/(2?T)IE2:.fl 2• 

2. Nonlocal Contributions 
To the first order in nonlocality (quadrupole) the effective 
nonlinear polarization is proportional to the gradient of 
the fundamental field: 

P;(2w) ~ x§kl(M)EJ(w)VkEI(w). (15) 

This nonlinear source includes the nonlocal contributions 
from the interior of the layers and the fully asymmetric 
part of the response of the interfaces of Eq. (10) as dis
cussed in Subsection 2.D.1. As with Eq. (12), we expand 
the x§k1(M) as 

x§kl(M) ~ X§kl(O) + X§klmMm + · ··. (16) 

Below we take only the first (nonmagnetic) term of the ex
pansion as it provides enough freedom to describe fully 
the experimental data. Thus in this section we com
pletely neglect the effect of the magnetic order on the non
local contribution and omit '1(0)" for notation simplicity. 

For the 4/mmm symmetry class the independent ele
ments of the xQ tensor are 

XQ - XQ 
xxyy - yyxx' XQ - XQ 

xyxy - yxyx' XQ - XQ 
xxxx - yyyy' 

XQ - XQ 
xxzz - yyzz' XQ - XQ 

zzxx - zzyy' XQ - XQ 
xzxz - yzyz' 

XQ - XQ 
zxzx - zyzy' 

Q 
Xuzz · (17) 

Note that the fom-fold anisotropy may arise only from the 
elements in the first row with purely tangential compo
nents, while the other components do not change on azi
muthal rotation. 

As in Subsection 2.D.1 (see Ref. 45) one can see that the 
azimuthal dependence of the response field amplitude 
now reads as 

E~'cf(!f;, ±M1) =AP.P + BP·Pcos4cP ± CP·Psin4<P, 

EZ:!(c,b, ±MI) = As,p + B 8•Pcos4cP ± C8·Psin4<P, 

E~'!(c/J, ±M1) = ±AP·8 ± BP·8 cos4<P + CP·8 sin4c/J, 

E2·~(c/J, ±Mt) = ±A8
•
8 ± B 8

•
8 cos4cfJ + C8

•
8 sin44;. 

(18) 

3. EXPERIMENTAL DETAILS 
The strong development of nonlinear magneto-optics in 
the past decade is also related to the development of solid
state, mode-locked lasers that combine short pulse 
lengths with high repetition rates and allow the study of 
ultrathin magnetic films without destroying them. For 
most MSHG experiments nowadays, a Ti:sapphire laser 
(82 MHz with 100-fs pulses) tunable from 750-1100 nm 

Vol. 22, No. !/January 2005/J. Opt. Soc. Am. B 153 

but extendable to 400 nm-3 p.m with a parametric ampli
fier is used. After proper filtering the generated specular 
harmonic light can be analyzed. 

For each polarization combination, the total MSHG re
sponse from a magnetic material can be simplified by 

P(2w) ~ [x:lf" ± xci}d(±M)JE}, (19) 

where x~fr and x~d are effective tensor components that 
are even and odd in the magnetization and describe the 
crystallographic and magnetic contributions to the total 
response, respectively. As both these contributions are 
complex quantities, the total (MSHG) signal is thus given 
by 

J'• ~ lx:lf"l2 + lx:&dl 2 ± 2lx:lf"llx::i?icos t> <I>, (20) 

where .D.<I> is the phase difference between the two contri
butions. The importance of the latter is obvious: When 
.U <I> = w/2 the interference term is zero, and changing the 
magnetization direction will have no effect on the total 
MSHG signal. 

Though generally phase information is lost in intensity 
measurements, fortunately the phase can be measured 
quite easily in nonlinear optics by using interference 
techniques.47 The latter can also be exploited in the case 
where there is only a purely odd response by adding a 
nonmagnetic reference signal, as it is the interference be
tween even and odd terms that gives rise to the nonlinear 
MO effects. 

While MSHG signals give large relative MO effects, be
cause it is a nonlinear optical technique the absolute in
tensities are rather small ( 10-104 photons/sec) but easily 
detectable with modern photon-counting or charge
coupled devices (CCD), though care should be taken to fil
ter out the 2w signal versus the much stronger fundamen
tal signal at w (see Fig. 3). 

Because of the simplicity of the experimental configu
ration coupled with the large effects, the transverse ge
ometry is often used for experimental studies. One can 
then define a magnetic contrast or asymmetry as 

A~ 
J2W( +M) - J2W(-M) 

J2•( +M) + l 2"( -M) 

2lx~l\!'ltlx:li"l 
------cos a <I>. 
1 + lx:rren/ x:frl2 

(21) 

Because A is normalized with respect to the total SHG 
intensity, it does not depend on the intensity or shape of 
the fundamental light pulses nor on the spectral proper
ties of optical components such as filters in the optical 
setup. Together with the already-mentioned simplicity, 
this makes A a useful parameter for quantitative investi
gations. One should however realize that the appear
ance of large effects that result from the large magnetic 
tensor components also means that, in contrast to most 
linear MO effects, the nonlinear effects are often not sim
ply linearly proportional to the magnetization, as directly 
follows from Eqs. (20) and (21). This can, for example, 
strongly affect the shape of an MSHG loop48 (see also 
Subsection 5.C). 
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Fig. 4. Images of magnetic domain structure in a thin layer of magnetic garnet: left panel, linear Faraday effect; right panel, MSHG 
in transmission. Below the images, the domain structure is shown as inferred from the pictures: Faraday effect sees only the polar 
component of M, while MSHG is able to detect also the in-plane component of the magnetization, showing that each up-down domain in 
the 1·ight panel is actually divided into two subdomains with tilted magnetization directions. 

A. MSHG Microscopy 
It is interesting as well as challenging to employ the non
linear optical effects in the imaging mode. As a result of 
its high sensitivity to the symmetry and order, SHG has 
been used to image ferroelectric domains and domain 
walls 49- 52 molecular surface ordering 53•M and metal 55 

and s~miconductor56 surface structures: In addition, be
cause of its high contrast SHG microscopy could be com
bined with optical near-field imaging,57- 59 thus expanding 
the resolution possibilities. 

The MSHG technique can be straightfmwardly adopted 
to provide spatial information on the magnetization dis
tribution at interfaces. Because of its high MO contrast, 
as well as some rather unusual MO effects, it can also be 
used as a technique complementary to the standard 
(magneto-optical Kerr effect) MOKE microscopy. 

The latter has been clearly demonstrated in thin films 
of magnetic garnets where the initial inversion symmetry 

of the bulk has been broken by the anisotropic film 
growth. The resulting strong MSHG response has differ
ent symmetry properties than the corresponding linear 
MO effects and was thus useful in distinguishing the 
complementary magnetization components as shown in 
Fig. 4.60 

For imaging, laser light is focused onto a sample. The 
generated SHG light is used, after proper filtering, for the 
imaging of the sample with the help of a CCD camera. 
Because of the very lare-e contrast, the images could be 
obtained directly and without any constrast improvement 
nor background subtraction, a procedure that is usually 
necessary to obtain the image with linear MO. The size 
of the MSHG image is restricted to the diameter of the fo
cused laser beam-=30 ,um in this case-whereas the 
resolution is determined by a standard criteria for the mi
croscope used. The size limitation for the image can be 
overcome by using a sample-scanning procedure. Figure 
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5 shows a millimeter-size image of an ultrathin stepped 
film in which, because of electronic quantization effects, 
one can observe a strong contrast from monolayer-high 
steps.61 A more elaborate procedure demonstrated by 
Pavlov et al. 62 involves a combination of high-resolution 
imaging with scanning the sample and a subsequent re
construction of the total image from small parts. 

For the purposes of the present review, it is more inter
esting to consider MSHG imaging based on the pure in
terface response, such as that from CoNi-Pt interfaces.63 

Such sputtered CoNi-Pt multilayers were found to be a 
promising MO material64 because of their low Curie tem
perature and strong MO effects. 

Figure 6 shows the magnetization reversal process in a 
9-nm-thick CoNi film starting from a fully saturated 
sample [Fig. 6(a)]. A magnetic field of the same value (60 
Oe) was applied for the given time intervals (usually 20 s) 
followed each time by an image accumulation in zero field 
(10 min per image). In the MSHG images of Fig. 6 ap
pear some details of the domain structure with a weaker 
contrast than that of the opposite domains. For example, 
images (d) and (e) clearly show several faint stripes ex
tending along the diagonal of the images that are possibly 
related to interface effects. All of them disappear later in 
a completely saturated sample (f). Due to the low quality 
of the linear MOKE images in such transverse geometry, 
a precise comparison of the linear and MSHG images is 
difficult. Therefore it was impossible (unfortunately) to 
give an unambiguous interpretation of these structures as 
interface-related. 

B. Measurements of the Optical Phase 
In most of the smface SHG experiments only the inten
sity of the SH light is routinely measured. The phase of 
SHG does, however~ contain valuable information for a 
correct interpretation of the experimental data.23.41 Fur
thermore, phase-sensitive measurements are especially 
useful in surface-specific SHG where the response origi
nates mainly from a thin surface region, so that the opti
cal phase is directly related to the phase of the compo
nents of the surface non linear susceptibility x< 2). As an 
example, the phase may give direct information about ab
solute molecular orientation on surfaces65 and in liquid 
crystals.66 For MSHG the phase between the even and 
odd susceptibility components is an extremely important 
parameter, as it determines the actual contrast in the 
MSHG signal [see Eq. (21)]. 

The phase of the SHG response can be determined with 
an interference technique described in Ref. 67. This 
method, however, is not compatible with, e.g., ultrahigh-
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vacuum apparatus when femtosecond lasers are used. 
The reason is the dispersion of the optical windows 
(llng1~~ = 10-2) causes a too-large time delay ( r = 1 ps) 
between the fundamental and SHG pulses that destroys 
the interference. The following alternative approach 
overcomes this problem in an elegant way.41 

When 2w and w pulses propagate through air, the rela
tive phase <I> between them gradually changes: 

<!>(d) ~ <l>o + 8<1> ~ <l>o + 
47Tdnair 
--d, 

h 
(22) 

where Llnair = n(2w) - n(w) = 10-6 is the dispersion of 
the ambient air, d is the distance the two pulses have 
traveled through air, and A is the fundamental wave
length. By using an additional SHG source (called refer
ence) at position d in the path of the beam, interference 
can be observed in the detected total intensity 

I2w,tot(d) = l2w,s + l2w,r + 2a(/zw,s12w,r) 112 

X cos[8<1>(d) + <l>o], (23) 

Fig. 6. MSHG images of magnetization reversal in a Pt
CoNi-Pt sandwiched layer. Magnetization is saturated "up" in 
image (a) and "down" in image (f). The laser spot diameter is 
approximately 30 ,urn. No background subtraction of any kind 
has been used. 
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Fig. 5. Large-scale image of a stepped Au-Co-Au(lll) layer showing monolayer sensitivity of SHG imaging. 
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Fig. 7. (a) Sketch of the experimental setup for the spectral phase measurements. The SH pulse from the reference is delayed with 
respect to the fundamental laser pulse as a result of the dispersion of the window. (b) Spectral interference from a Rh-Co-Cu 
multilayer for two opposite magnetization directions. Reproduced from Ref. 41. 

where I 2w,s and I 2 w,r are the SHG signals generated by 
the sample and the reference, respectively. rrhe spatial 
coherence is described by the coherence parameter a. 
This interference disappears if the pulses do not overlap 
in time. As is shown in Fig. 3(a), this inay happen if the 
femtosecond fundamental and SH pulses have to travel 
through a strongly dispersive element such as an optical 
window. 

Looking at the problem more closely in the time do
main, the optical field at the detector created by two 
pulses with a delay r can be described by the function 

+ i<l>) + c.c., (24) 

where E;JJ(t) describes a slowly varying envelope with 
amplitude E; (i ~ 1, 2). With the so-called time-shifting 
identifY g(t - r).,.G(!1)exp(i!1r), where g(t)<c>G(n) is 
the Fourier transformation, the measured spectrum at 
the detector is given by 

I(2w0 + U) « IG(U)I 2[(E1
2 + E,' + 2aE 1E 2 cos(2w0 r 

+ fir+ <!>)], (25) 

where n denotes the deviation of the frequency from the 
central frequency 2w0 within the spectrum of SHG out
put. The second term in the cosine !lr leads to beating in 
the spectrum of the SH light. The phase of the beats is 
directly related to the phase <!> of the response from the 
sample. 'l1hus the phase information can be easily recov
ered just by use of a spectrometer. 

In the experimental demonstration the phase of the 
MSHG response from a Rh-Co-Cu multilayer was mea
sured. In the longitudinal geometry the s-polarized SHG 
from this isotropic sample should be odd in M (see Eq. 4) 
so that reversal of the magnetization must change the 
phase of the response by 180°.47 A 3 nun-thick glass 
plate was used to introduce the time delay r between the 
SHG response fi·om the sample and the reference (a thin, 
paled polymer film with a high second-order nonlinear
ity); see Fig. 7(a). The beating part of the SHG spectrum 
is shown in Fig. 7(b) for opposite directions of M. The 
phase change introduced by the magnetization reversal is 

found to be<!>( -M) - <!>(+M) ~ 176° ± 5°, in excellent 
agreement with the expected 7T shift. 

In Subsection 4.A we will describe the application of 
this technique to the surface MSHG fi·om Ni(llO). 

4. MSHG FROM MAGNETIC SURFACES 
A clean, magnetic surface is the benchmark object for a 
nonlinear MO experiment. From the theoretical point of 
view, it is also the simplest one. The experimental study 
of it, however, requires utmost care, mostly devoted to the 
preparation of a well-defined and clean Slnface. 

A. Ni(llO) Surface: Spin-Dependent Spectroscopy 
The spin-dependent electronic structure of ferromagnetic 
smfaces and interfaces forms the fundamental basis for 
understanding surface magnetic phenomena. The fol
lowing example (taken from Ref. 23) shows how MSHG 
can be used to study the electronic surface states on a fer
romagnetic metal surface. 

Experiments were performed at room temperature on a 
disk-shaped, Ni(llO), single crystal placed in ultrahigh
vacuum conditions between the poles of an electromagnet. 
In a standard procedure, the sample surface was cleaned 
by repeated cycles of Ar+ sputtering and annealing until 
no contamination could be traced. The MSHG experi
ments started with observation of the influence of 0 2 ab~ 

sorption. 0 2 exposure was done at approximately 3 
X 10-9 m bar. With Auger electron spectroscopy, the 
coverage of the sample with oxygen was found to be a 
nonlinear function of exposure that saturated at 45 L. 
Such saturation coverage corresponds to 2 ML ofNiO. 

Figure 8 shows the 02~exposure dependence of the 
MSHG signal in the PinPout polarization combination. It 
can be seen that when the clean surface is exposed the 
SHG intensity increases and has one maximum at 1 L 
and another at = 10 L. Close to 20 L, the intensity drops 
by more than an order of magnitude, with further in
crease to saturate at =45 L. The two maxima observed 
seem to be well in line with the appearance of the c(2 
X 1) and c(3 x 1) 0 2-induced surface superstructures. 
These superstructures could be observed, at these same 
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coverages, by low-energy electron diffraction. The mag
netic asymmetry plotted in Fig. 8 roughly indicates the 
changes in the ratio xmagn/xcr. Clearly, very small 
amounts of 0 2 drastically change the asymmetry, includ
ing a change of sign. On the other hand, the observed 
SHG intensity maxima at 1 Land 10 L do not visibly cor
relate with the MSHG asymmetry at all. 

Spectroscopic MSHG has been carried out on the same 
surface with an aim of obtaining a better insight into the 
origin of the nonlinear MO response. A tunable optical 
parametric amplifier pumped by a Ti:sapphire regenera
tive amplifier was used to produce the fundamental light 
pulses in the wavelength range 750-1000 mn. To nor
malize the measured SH intensity from the sample, the 
SHG intensity from a c-cut quartz crystal in the transmis
sion geometry was measured with a second photomulti-
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Fig. 8. SHG intensity from Ni(llO) surface as a function of oxy
gen dose for opposite directions of M, as well as the MSHG asym
metry. 
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plier tube. The phase of the SHG was measured by the 
ultrahigh-vacuum-compatible-phase-sensitive-detection 
technique (see Subsection 3.B above). 

rrhe magnetic asymmetry measured in the p inP out po
larization combination is plotted in Fig. 9(a) as a function 
of 2liw photon energy. The open circles represent the re
sponse of a clean surface while the filled squares are the 
response of a surface very slightly contaminated with 0 2 

(0.5 L). In the inset, the average SHG intensity mea
sured on a clean surface is shown. The magnetic asym
metry has a sharp maximum at 2.7 eV and changes sign 
at 2.6 and 3.1 eV. This resonant feature completely dis
appears upon oxidation, clearly proving its surface
specific nature. The relation between the effective sus
ceptibilities and the intensity data of Fig. 8 is given by 

4jx,.J2 ~ l(+M) + 1(-M) ± 2[I(+M)l(-M)] 112 cosl></>, 
(26) 

where l>4> is the phase difference between the SH fields 
E(2w, +M) and E(2w, -M). This phase difference has 
been measured as a function of frequency and is shown in 
Fig. 9(b), along with the resulting effective susceptibilities 
lx::&dl and lx~ff11 j. What is surprising, the sharp maxi
mum of Fig. 9(a) corresponds to the two-peak structure of 
lx~kdl combined with a minimum of lx:ffn[. 

The resonances as observed in the nonlinear MO spec
tra of Fig. 9(b) can be calculated with Eq. (6) within a 
simple model shown in Fig. 9(c). The model involves the 
spin splitting of the d bands around the Fermi energy and 
an empty surface state =2.5 eV aboveEp. The exchange 
splitting of the d band leads to a maximum density of 
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Fig. 9. (a) MSHG asymmetry and total intensity (see inset) as a function of 2w photon energy as measured on a clean and oxidized 
Ni(llO) surface. (b) Amplitude of the effective tensor elements as derived from the measured intensity, asymmetry, and relative phase 
(inset). (c) Schematic picture of the exchange split density of states and empty surface states in nickel. Reproduced from Ref. 23. 
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states for minority-spin electrons at the Fermi energy and 
a maximum for majority-spin electrons =250 me V below 
Ep. As this sm·face state is of nearly purep2 character, 
the exchange splitting of the state is much smaller than 
the splitting of the d states and can be neglected. If we 
include only these d states and surface states in the sum
mation of Eq. (6), [x:;&d[ can be written as 

where the second term on the right-hand side describes 
the transitions of the minority-spin electrons from filled 
to empty states having energy difference E 1 , and the 
third term includes the transitions of the majority-spin 
electrons. Because of the spin dependence of the reso
nant contributions to the odd tensor component, the ma
trix elementsA1 andA 2 should have an opposite sign and 
be of approximately equal amplitude. With these rela
tions, the model can be used to fit lx:&dl to give E 1 
~ 2.58 eV and E 2 ~ 2.85 eV. With lx:~f"[ fi·om Fig. 9(b), 
it is now possible to calculate the magnetic asymmetry 
shown in Fig. 9(a) by the solid curve. The typical fea
tures of the asymmetry such as the two sign changes and 
the maximum are described very well by the model. This 
proves that these features do indeed arise as a result of 
the difference in exchange splitting between the initial d 
states and the final surface states, which proves once 
again that MSHG spectroscopy can be a powerful tool to 
probe the spin-dependent electronic structure of smfaces. 

B. Magnetic Moments of Co During Growth on Cu 
Surface 
The following experiment made direct use of the enor
mous sensitivity of MSHG to the surface magnetism as 
well as to structure and morphology. Jin et al. 21 studied 
in situ the layer-by-layer growth of Co films on Cu(OOl). 
During the growth of the Co film (very slow growth with a 
rate of about 7 MUh) MSHG signals were measured in 
the transverse MO geometry. 

Figure lO(a) shows the total SHG intensity for 
s-polarized incident light as a function of the Co film 
thickness dc0 for the two opposite magnetization direc~ 
tions. The SHG yield from the uncovered Cu surface is 
much smaller than that from a Co film. 'I'herefore, at the 
beginning of the Co deposition the SHG intensity in~ 
creases almost linearly. The onset of a difference in the 
I(+ M) and I(-M) at de, ~ 1.5 ML indicates the onset of 
magnetic order. The corresponding magnetic asymmetry 
is shown in Fig. 10(b) and the average intensity in Fig. 
lO(c). On top of the overall thickness dependence, an os
cillation with a 1-monolayer period is clearly visible up to 
de, ~ 7 to 8 ML. The slowly varying part is caused by 
changes in the electronic structure with increasing film 
thickness and the appearance of quantum~size effects in 
theSHG. 

However, the 1~ML-period oscillations must rather be 
related to the morphology of the surface than to the elec
tronic structure. It is well known that SHG is quite sen~ 
sitive to surface morphology. For example, on a stepped 
Al surface the intensity changes by almost two orders of 
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magnitude depending on the step density and step 
orientation.68 The enhancement of SHG from this 
atomic~scale roughness is caused by the modified elec~ 

tronic structure of the flat surface. Co grows on Cu in a 
nearly layer-by-layer growth mode.69 Periodically, Co is
lands nucleate, grow in size, and coalesce (see Fig. 11), 
thus causing the total length of step edges to oscillate. 
Therefore, the observed oscillatory component in the SH 
intensity may be attributed to the oscillationally varying 
step density. 

The same periodicity is seen not only in the intensity, 
but in the asymmetry as well. It is very well revealed in 
the SinPout polarization combination (see Fig. 10), where 
the effect of morphology on the average SHG intensity is 
smaller compared with the PinPout one.21 For clarity, the 
rapidly varying component of the asymmetry is calculated 
as the difference between A and its smoothly varying 
course. 

A difficult point in the data treatment was to decide 
whether the increase of the measured asymmetry cmTe
sponds with an increase of the surface magnetization or 
with its decrease. This could be solved by a continuous 
increase of the film thickness up to 150 ML, so that the 
contribution of the buried interface vanished. It was 
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Fig. 11. Layer-by-layer growth of a thin film: appearance, 
growth, and coalescence of islands periodically change the num
ber of step atoms. 
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thus shown that the increase of the magnetization
induced asymmetry at half-filled layers indeed comes 
from the enhancement of the magnetic swface nonlinear
ity in the whole thickness range. 

Though MSHG, as with the linear MOKE, does not 
measure the magnetization directly, it has been shown by 
Pustogowa et al. 30 that the magnetic tensor elements of 
the second-order susceptibility depend linearly on the 
magnetization to a first approximation. Provided the 
amplitude of the change is small, variations of the asym
metry relate directly to the variations of the tensor ele
ments. Therefore the observed increase of the asymme
try at half-filled layers suggests an increase of the 
magnetic moments of the atoms at step sites as is ex
pected from the simple argument of reduced coordination 
number at these sites. It is not easy by any means to es
timate the absolute increase of the step magnetic mo
ments, as the probing depth of MSHG is not known ex
actly. Very roughly, the experimental data of Jin et al. 
fall in line with theoretical estimates of an increase in 
moment of a few percent at the step edges. 

These measurements have proved the ability of MSHG 
to detect changes in the magnetic moment at interfaces of 
the order of 11501-'n per atom. 

5. INTERFACES IN MAGNETIC 
MULTILAYERS 
A. -Investigation of Buried Interfaces ofCoNi-Pt Films 
withMSHG 
This section describes the first successful attempt (from 
Ref. 24) to derive the relative, nonlinear, MO susceptibili
ties per hzteJface from experimental MSHG data. 

The samples for this study were Pt-CoNi-Pt sand
wiched layers prepared in a computer-controlled sputter
ing system with base pressure of 5 x 10-8 m bar and with 
Ar as a sputtering gas. The deposition rates were kept 
low (0.17-0.2 nm/s for Pt and 0.04-0.06 nm/s for CoNi) to 
assure a smooth layer growth and a good control of layer 
thickness. A 40-nm-thick Pt buffer layer was deposited 
on a Si(001) substrate followed by a magnetic CoNi layer 
(thickness varied between 3 and 12 mn) and covered by a 
3-nm-thick Pt cap layer. Such samples were prepared at 
different Ar pressures (between 4 and 36 f.' bar). It was 

found that the magnetic properties of the samples depend 
considerably on the growth conditions, in particular on 
the Ar pressure used for sputtering. 

Experimentally, the asymmetry of the MSHG signal A 
as defined by Eq. (21) was measured as a function of the 
angle of incidence. 

To determine the i 2 > tensor for one given interface 
quality, a set of samples was used with different magnetic 
layer thicknesses prepared under exactly the same condi
tions (including of course the sputtering pressure of pAr 

~ 121'bar). It was therefore assumed that the x< 2> are 
the same for the different samples, and the only things 
that are changed are the local optical fields at the inter
faces due to absorption and multiple scattering. To fit 
the data, the transfer-matrix technique described in Sub
section 2.C was employed with nonlinear susceptibilities 
as fitting parameters. 

The results of the measurements together with the fit
ting curves are shown in Fig. 12(a) for the SinPout polar
ization combination. The number of fitting parameters is 
determined by the polarization used. Thus for SinPout one 
can arbitrarily fix the only tensor component of the cover 
layer sm·face zyy0 (neither the absolute intensity nor the 
optical phase of MSHG is taken into account), hence 
ZYY12 and xyy12 are the only components left to be deter
min~d [inset in.Fig. 12(a) shows the indexing of the inter
faces]. This leaves eight parameters (twointerfaces 
X two complex components) to describe these data fully. 
The uniqueness of the fits was checked for both SinPout 

andpir.Jlout polarization combinations by randomizing the 
initial choice of the fit parameters. Figure 12(b) shows 
the x( 2 ) tensor components obtained from the fits of Fig. 
12(a). The convergence of the parameters is evident. 
An interesting point is that the tensor components show 
opposite signs for the subsequent magnetic layer inter
faces (1) and (2). This is independent experimental con
firmation of a strict requirement from symmetry70 and 
provides a strong support for the model used in the calcu
lations. Also the crystallographic and magnetic contribu
tions to x< 2) appear to be of the same order of magnitude, 
in strong contrast with the linear case. 

To determine the dependence of x( 2) on the interface 
quality, the sample with a 3-nm-thick CoNi layer was 
measured for different Ar sputtering pressures. The as-
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sumption was then made that all tensor components 
changed in a similar way, i.e., scaling parameters .1\..1 and 
C could be defined as 

x!;~gn(PA,) ~ M(PA,) · x~~~gn(Po), (28) 

x~;>(PAo) ~ C(pA,) · x~;>(po), (29) 

with p 0 ~ 12 pbar. Th fit the data for any new sample, 
only the two complex parameters M and C are used (ac
tually this gives only three parameters in total because 
one phase can still be fixed). The possibility of fitting the 
data for any Ar pressure in such a manner supports the 
assumption that all x(2 ) are changed in a similar way. 

The parameters M(pAo) and C(pp,.) 1·epresent the de
pendence of the nonlinear MO interface properties on the 
interface structure (controlled through sample prepara
tion conditions). The value of C is proportional to the 
crystallographic contribution to the MSHG, expressed 
through the local symmetry breaking induced by the in
terface. It is incorrect to say, however, that A1 repre
sents the purely magnetic part ofMSHG. Indeed, all the 
"magnetic" elements of i 2 ) are nonzero only in the pres
ence of crystallographic symmetry breaking, i.e., the same 
factor influences both X er and Xmagn. Hence one may 
writeMooC-M. 

To extract information on the interface magnetic prop-
8l'ties, we take the ratio m ~ MIC. In Fig. 13 m is plot
ted as a function of the sputtering Al· pressure for the 
SirJlout andpirJlout polarizations. 'rhe precise coincidence 
of the m dependency for both polarization combinations 
once again supports the model used for the derivations. 

Figure 13 shows that the crystallographic contribution 
X er o: C increases rapidly above 15 p.bar after staying al
most constant below this pressure. The increase of Xcr 
indicates an increasing interfacial roughness for higher 
sputtering pressures. Though the crystallite size is 
known to stay constant in the whole pressure range, the 
crystallites may become slightly misoriented.64 This in
crease of X er due to increasing interface roughness can be 
understood schematically as being due to the increase of 
the effective surface area of the interface. For stronger 
roughness, other mechanisms may play a role.71 

In contrast to the crystallographic case the magnetic 
contribution m shows a clear maximum at pressures of 
15-20 pbar. At very low Ar pressures the interface lay
ers become slightly intermixed due to the high energies of 
sputtered atoms. This intermixing hardly affects the 
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Fig. 13. Crystallographic as well as magnetic contributions to 
the nonlinear magneto-optical tensor derived from the two differ
ent polarization combination data (indicated in the figure). Re
produced from Ref. 24. 
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Fig. 14. Crystallographic x<2> contribution as a function of in
terface roughness determined from atomic force microscopy and 
X-ray scattering experiments. Reproduced from Ref. 72. 

crystallographic part ofMSHG but clearly suppresses the 
magnetic one. Note that the maximum in the interface 
magnetization does not have to coincide with the sharpest 
interface. Evidently the drop of m for large p Ao is related 
to a decreasing in-plane magnetic moment of the rough 
interface. A possible explanation here is that the in
creasing roughness changes the local coordination of the 
Co atoms, which may even lead to an out-of-plane lifting 
of the local interface magnetic moments. This explana
tion is supported by the observation of a specular 
s-polarized MSHG output at higher Ar pressures. 72 Such 
an MSHG yield can only be nonzero in the presence of a 
perpendicular (out-of-plane) magnetization component. 
In addition, polar MOKE hysteresis loops also showed a 
small remanence (,;;10% of M,) for the sample sputtered 
at P A• ~ 36 pbar, confirming the MSHG results. 

It was also determined that the value of x" is roughly 
proportional to the surface-interface roughness mea
sured by other methods, such as atomic-force microscopy 
and grazing-incidence X-ray scattering (see Fig. 14). 

To summarize, nonlinear MO is clearly able to follow 
(subtle) changes in interface structure, both crystallo
graphic and magnetic. For the case of Pt-CoNi-Pt opti
mum sputtering pressure was found that yielded a maxi
mum in-plane interface magnetization with only a small 
change in interface morphology. With further increase of 
the sputtering pressure, th6 interface roughness clearly 
increases while the in-plane interface magnetic moment 
decreases. It should be emphasized that for all samples 
studied, no difference in the total layer magnetization 
was observed with either MOKE or vibrating-sample 
magnetometer. 

B. Interface Versus Bulk MSHG in Fe-Au Multilayers 
In a study of interface versus bulk the MSHG technique 
was applied to Fe-Au superlattices with atomically con
trolled epitaxiallayers. A superlattice with a modulation 
of monatomic layers of Fe and Au has been known to show 
an artificial order with an L10 structure that does not ex
ist in nature.73 Such an artificial structure remains at 
interfaces between Fe and Au layers when the modulation 
period becomes longer than monatomic.74 The linear MO 
spectra of the superlattices modulated by integer and 
noninteger numbers of atomic layers have been studied 
intensively with the results suggesting the formation of a 
peculiar band structure in such an artificial real-space 
structure. 75

•
76 
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Figure 15 shows the results of rotational anisotropy 
measurements for all four polarization combinations in a 
longitudinal geometry. A sample with lattice period x 
= 15 ML was used. All curves show a clear fourfold an
isotropy and a clear magnetic contrast. 

In Fig. 16, the results of all four polarization combina
tions for the sample with x ~ 15 ML are plotted for the 
case of transverse geometry. Note the different vertical 
scales for the various data, indicating a substantial differ
ence for the MSHG response for different polarization 
combinations. It is also obvious that all data involving 
sinSout polarization yield a much stronger anisotropy, 
which is a direct consequence of the in-plane xy tensor 
components that contribute to these signals (see below). 
Even the weakest sinS out curve shows a clear fourfold sym
metry pattern. 

Usually an analysis of MSHG results12•13•18 is per
formed under the assumption that the top surface and 
buried interfaces are the only sources of the nonlinear 
MO response. Their nonlinearity is described in terms of 
the effective surface-interface, dipolelike, nonlinear sus
ceptibility x(Z)(M), which is a third-rank tensor. Such 
contribution yields the azimuthal patterns described by 
Eqs. (14). Note that these patterns do not yield any ef
fect of magnetization reversal for the BinS out and PinS out 

MSHG intensity, in contrast to the experimental observa
tions shown in Figs. 15 and 16. They are also unable to 
describe properly the patterns for the other two polariza
tion combinations (see Fig. 15 for dotted lines on the plots 
for the PirPout and SinPout polm·ization combinations; also 
in this case, the equations are not able to fit the magnetic 
contrast because of a different symmetry pattern; see be
low). Therefore one has to take into account additional 
anisotropic contributions to the second-order nonlinear 
response. In particular the nonlocal (quadrupole
allowed) contribution from the bulk of cubic nonmagnetic 

Fig. 15. Rotational anisotropy curves (experimental points plus 
theoretical fits) for the sample with single layer thickness x 
= 15 monolayers in longitudinal geometry. Multiplication fac
tors in three plots show the scaling of the corresponding data in 
order to reach the same intensity level as with the Pii·Pout polar
ization combination (this figure and Fig. 16). Reproduced from 
Ref. 45. 
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Fig. 16. Rotational anisotropy curves for the sample with single 
layer thickness x = 15 monolayers in transverse geometry. Re
produced from Ref. 45. 

metals (Cu,77 Ag,78 and Al79) and semiconductors (Si80) 

has been shown to lead to a fourfold an isotropy of SHG at 
their (100) surfaces. Accounting for this additional con
tribution modifies the rotational patterns to those de
scribed by Eqs. (18). Use of these equations for the the
oretical fits to the experimental data of Figs. 15 and 16 
resulted in good agreement between experiment and 
theory. 

Thus we have shown that the MSHG response of Fe
Au(001) superlattices shows a strong azimuthal anisot
ropy in both the MSHG intensity and in the nonlinear 
MOKE rotation. These observations can be fully de
scribed by taking into account not only the interface
allowed dipole contributions but the higher-order (bulk
like) quadrupole contributions. This result is fully 
consistent with observations from other nonmagnetic 
(001) surfaces but was not evident a. priori because, in 
principle, a dipole-allowed magnetic contribution alone 
could provide the necessary anisotropy. Moreover, inde
pendent of the details of the nonlinear optical response, 
very general and powerful statements can be made that 
relate the observed MSHG response to the magnetic and 
crystallographic symmetries. 'rhis is in line with similar 
observations that were recently made by Fiebig et al. 
when they used MSHG to solve the symmetry of the spin 
ordering in several antiferromagnetically ordered 
crystals81 that could not be solved by neutron scattering. 
This shows once more that MSHG is indeed a powerful 
tool in revealing the crystallographic and magnetic sym
metry of spin-ordered systems. 

C. Magnetization Reversal at the Interfaces 
In the discussion of thin magnetic films and multilayers, 
interfaces play an often dominant role in determining 
magnetization reversal behavior. To determine the be
havior of the magnetization at the film interfaces as op
posed to that in the middle of the film, MSHG can be used 
in combination with the linear MOKE technique. The 
magnetization-reversal hysteresis is thus measured si-
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multaneously from the same spot on the sample.82
,83 

Figure 17 shows an example of such experiment in amor
phous TbFeCo layers that have recently attracted atten· 
tion as possible MO hybrid recording media.84 MOKE 
and MSHG hysteresis loops were measured for different 
sample temperatures across the Curie point T c 
~ 465 K. A clear difference between the results of the 
two methods was observed that can be related only to the 
different magnetic behavior of the bulk and of the inter
faces of the film. Closer inspection of the loops in Fig. 17 
seems to indicate that the reversal starts at the interfaces 
but somehow stays pinned in the bulk, thus slowing down 
the bulk reversal. 82 

6. EXTENSIONS OF NONLINEAR 
MAGNETO-OPTICS 
A. Plasmon-Amplified MSHG 
Surface collective electron oscillations, also known as sur
face plasmons (SPs), can be excited in noble metals below 
the plasma frequency and may give rise to a variety of lin
ear and nonlinear phenomena.85 'rhe coupling of the 
electric field at optical frequencies with SPs in metallic 
multilayer films results in an enhancement of the linear 
MO effects.86 It has been shown experimentally and 
theoretically that SHG is also strongly enhanced due to 
SP excitation.85

•
87 

Here we discuss the experimental observation of non
linear MO phenomena related to SP excitation in an ul
trathin Au-Co-Au multilayer structure (after Ref. 88). 
The measurements have been made by the attenuated
total-reflection technique in the Kretschmann 
geometry. 85

•
88 

The ultrathin Au-Co-Au films were deposited on a 
1-mm-thick float glass substrate in a high-vacuum cham
ber by the procedure described in Ref. 89. In the 
Au(3nm)-Co(3nm)-Au(25nm)-glass structure the easy 
magnetization axis was located in the film plane. The 
glass substrate was optically coupled to a half-cylindrical 
glass lens by a refi·active-index adaptation liquid. The 
experimental setup and the geometry of measurements in 
the attenuated-total-reflection configuration are shown in 
the inset to Fig. 18; for further experimental details, see 

T-420K 

...0.6 .(1..1 ...0.2 0.0 0.2 {1..1 0.6 
Magnetic field [T) 

Fig. 17. MOKE and MSHG hysteresis loops from a TbFeCo MO 
recording layer for three different sample temperatures. Repro
duced from Ref. 82. 
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Fig. 18. MSHG as a function of the angle of incidence near the 
critical angle for SP .excitation; sample is schematically shown at 
top. Reproduced from Ref. 88. 

Ref. 88. p·polarized fundamental light (TM mode) was 
used that excites SPs near an incidence angle (JP with a 
wave vector k.p defined by the SP dispersion equation85 

(30) 

where £1 and £2 are the dielectric constants of the two me
dia at the interface where SPs are excited. SPs may be 
coupled with evanescent optical waves from the half
cylindrical glass lens at the angle 

(31) 

where £is the dielectric constant of the glass. 
The total SH intensity measured in the longitudinal ge· 

ometry (MIIx) with p·polarized input and p-polarized out
put is shown by open circles in Fig. 18. There is no mag
netic contribution to the nonlinear polarization in this 
configuration. The SH signal has a strong minimum at 
the angle 8 = 44°. It reaches a maximum near (JP, de
creases, and is constant for angles (} ~ 47°. Thus the 
coupling of the SPs with light at the fundamental fi·e· 
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quency gives rise to drastic changes of SH intensity. 'rhe 
SH magnetic contrast exhibits a sign reversal when the 
SPs are excited. 

To explain these results a model was developed based 
on multiple interference of the different interface contri
butions to SHG, which can be calculated using the 
Green's-function technique. The Green's-function ap
proach was used for general description of SHG from sur
faces and interfaces by Guyot-Sionnest et a.l. 90 and for 
analysis of the SHG dispersion at simple metal surfaces 
by Liebsch and Schaich."1 The Green's-function formal
ism is a convenient way for consideration of the light 
propagation problem in multilayer structures when the 
layer thickness is much less than the light wavelength. 
In this model we took into account the coupling of SPs 
with the fundamental light by using a theory developed 
for SP excitation in ti·ilayer metallic systems.92 

In the electric-dipole approximation SHG is allowed at 
magnetic and nonmagnetic interfaces in these films. At 
the angle OP the fundamental electric field is strongly en
hanced at the nonmagnetic air-Au interface and redis
tributed to the magnetic Au-Co and Co-Au interfaces as 
a result of the coupling ofSPs with the fundamental light. 
This results in an enhancement of both the MSHG and 
the nonmagnetic SHG. Drastic changes in the distribu
tion of the fundamental field at the magnetic interfaces 
near BP result in a sign reversal of the SH magnetic con
trast in the longitudinal and transverse geometries. 

One should mention here that the effects of SPP gen
eration on MSHG have also been observed in 
nanomaterials.93 

B. Magnetization-Induced Sum-Frequency Generation 
from Surface Plasmons 
In fact SHG is just a degenerate case of the general non
linear optical process of three-wave mixing w 1 + w2 

= w3 • The argument of symmetry breaking at inter
faces, which yields the interface specificity of MSHG, 
should apply equally to magnetization-induced-sum
frequency generation (MSFG). Although SFG has been 
used for surface studies for more than a decade, 94- 96 noth
ing is known of the magnetic properties of SFG. Com
pared with MSHG, MSFG would allow for many more 
spectroscopic opportunities, for example to probe mag
netic excitations at surfaces and interfaces. 

The nonlinear optical polarization induced in a sample 
by two incident optical fields can be written as 

p~2)(wsrg) = x}Jj(wsrg; (tljo Wvis)Ej(Wir)Ek(w\'is), (32) 

where W8fg, wir, and wvis are the frequencies of the SFG, 
infrared, and visible beams, respectively, and x~J;; is the 
second-order nonlinear optical-susceptibility tensor simi
lar to that used for the description of MSHG. Both SHG 
and SFG are described by a third-rank tensor that van
ishes in media with inversion symmetry, yielding the sen
sitivity of both SHG and SFG to symmetry-breaking in
terfaces. In the same way one can also immediately 
derive the nonzero x}Jl elements that appear in the pres
ence of magnetization, as they are the same for MSHG 
and MSFG. However, although in the former case the re
sponse is determined purely by the electronic density of 
states, for MSFG both the electronic as well as vibronic 
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(phonons, magnons) states can contribute to the nonlin
ear optical response. While this is rather a practical 
limitation due to the measurement techniques, it is nev
ertheless a key point of interest in the SFG technique in 
general. 

The direction in which this polarization radiates is 
found from the conservation of momentum parallel to the 
interface: 

(33) 

The access to the infrared region opens the possibility of 
studying the interaction of surface plasmon-polariton 
(SPP) modes85 with magnetization. In the visible, there 
is always a strong interference of these modes with inter
band transitions. However with photon energies below a 
few tenths of an electron volt one can obtain not only an 
effective excitation but also propagation over macroscopic 
distances of these SPPs. Because SPP modes are con
fined to the interface and propagate along its plane, they 
are particularly sensitive to interface properties. In ad
dition, as a result of a focusing effect, the field of an SPP 
can be considerably larger than the field used to excite it, 
leading to an enhancement of the nonlinear optical 
response.97 

The excitation of an SPP by an incident electromag
netic wave has to involve a coupling method that takes 
care of the excess of momentum carried by the SPP. Here 
a grating with a period of d ~ 5 p.rn is used for that pur
pose. For the effective excitation one has to choose the 
proper wavelength for a given angle of incidence. The 
wave vector of the SPP is given by 

(34) 

with kx the component of the wave vector of theIR input 
radiation along the interface. For wavelengths longer 
than the grating period d this leads to the following reso
nant condition (see also inset in Fig. 17): 

i\~8 = d(l + sin a), (35) 

which yields i\~8 = 8.99 11m for a = 53°. 
The following experiments98 were done at the Free

Electron Laser for Infrared eXperiments (FELIX) in Nieu
wegein, The Netherlands, which delivers tunable IR ra
diation with wavelengths in the range of 5-240 11m. 'rhis 
IRradiation comes in bursts, so-called macro pulses, typi
cally 5 /lS long at a 5-Hz repetition rate. Each macro
pulse contains a large number of 1-3-ps-long micro pulses, 
with a repetition rate of 1 GHz that is given by the modu
lation frequency of the electron beam. The typical micro
pulse energy in the range of 5-50 pm is 10 }1<1. 

An actively mode-locked Nd:YLF oscillator was syn
chronized to FELIX to produce an SFG output. For 
proper mode-locking operation of the laser its cavity 
length is matched to the rffrequency ofFELIX that is ap
plied to the mode-locker crystal by actively controlling 
one cavity mirror with a piezo transducer. The remain
ing jitter was measured to be less than 1 ps. The delay 
between the two lasers was then adjusted with the help of 
an electronic phase shifter, allowing for delay changes of 1 
ns maximum. 
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Fig. 19. SFG intensity for two opposite magnetization direc
tions measured as a function of the infrared wavelength on a 
5-p.m-period grating made from a Pt~CoNi-Pt sandwich. Re
produced from Ref. 98. 

'Ib obtain pulse energies comparable with those of FE
LIX, the output of the Nd:YLF laser is amplified several 
orders of magnitude, then frequency-doubled in a KD*P 
crystal, resulting in 7 -ps pulses at 523.5 nm with an en
ergy content up to 30 p.J. The amplifier slicer was syn
chronized with the FELIX macropulses to obtain a similar 
time structure for both lasers. 

Both lasers were only slightly focused (beam diameter 
of= 1 mm) onto the sample in order to stay well below the 
damage threshold. The angles of incidence were 45o and 
53° for the visible and infrared beams, respectively. The 
sample magnetization was perpendicular to their corn~ 
rnon plane of incidence, fixed with a magnetic field. 

Figure 19 shows the SFG intensity as a function of the 
infrared wavelength measured on the Pt-CoNi-Pt grat
ing, where a clear resonance is observed at A = 8.9 ,urn in 
strict agreement with Eq. (26). The increase of the SFG 
intensity is a consequence of the buildup of the interface 
field due to the excitation of SPPs. The observed reso
nance can be fitted by the Lorentzian 

a 
x<•>(w) ~ . + b, (36) 

w8pp- (I)- ~r 

where a and b are constants indicating the relative 
weights of the resonant and nonresonant contributions, 
Wgpp ~ 139meV, and r ~ 2.5meV for I( +M). For the 
opposite magnetization direction, the very small resonant 
signal does not permit any numbers to be derived from 
the data. Figure 19 not only shows that SFG from SPPs 
is feasible but also that the observed resonance is strongly 
affected by the magnetization. This opens the way to 
study surface spin excitations. By changing the spatial 
overlap between the IR and the visible beam, the damp
ing of the SPP and its magnetization dependence can be 
measured directly. 

7. CONCLUSION 
This paper updates the recent progress and milestones 
achieved in the newly developed area or nonlinear 
magneto~optics. By no means pretending to be compre
hensive, it focuses on the application of MSHG to surface 
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and interface phenomena, such as enhanced magnetic 
moments, electronic surface states, and correlation be
tween interface structure and magnetism. The extreme 
surface-interface sensitivity of the MSHG technique 
manifests itself in each of the examples considered. 

On the other hand, various interesting developments of 
MSHG are not covered in detail. Among them are the 
very extensive work on nonlinear MO in antiferromag
netic dielectrics,81,99- 102 as well as several studies of 
quantum-well-state systems.1a,st,l0a,l04 In addition, one 
should mention the attempts to study MSHG effects in 
complex systems such as magnetic photonic crystals105,106 

and nanoparticles107 as well as a discussion of possible 
MSHG effects in vacuum.108 

Another area where the MSHG technique is used quite 
extensively is for the pump-probe studies of ultrafast 
magnetization dynamics. 109- 114 Here, MSHG has some 
advantages over MOKE, namely (i) because of large odd 
components of the non linear optical tensor, different cmn
ponents of M can be easily separated, and (ii) it is quite 
straightfmward to distinguish the electron-temperature 
relaxation effects from those due to the transient magne
tization behavior by analyzing the various tensor compo
nents. In addition the MO probe of the ultrafast magne
tization dynamics can be done only with femtosecond 
laser pulses, which makes the measurements of the 
MSHG response as easy as those of the MOKE. The par
ticular direction for which the MSHG probe can be espe
cially interesting is the observation of magnetization dy
namics at surfaces and interfaces. The spin-orbit 
coupling at interfaces would become accessible with this 
approach. 
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