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The article reviews recent measurements using the Magnetization induced Second Harmonic Gen-
eration (MSHG) from ultrathin metallic films and multilayers. Emphasis is put on the high surface
and interface sensitivity and the influence of ‘quantum well states’ (QWS). With the example of a
Ni/Cu/Ni/Cu(001) multilayer structure we show that there is a net (magnetic) contribution from
the symmetrically buried lower Ni layer because of the presence of QWS in the Cu spacer layer,
which makes the observation of antiferromagnetic coupling in the Ni/Cu/Ni/Cu(001) structure pos-
sible with MSHG.

1. Introduction

The magneto-optical Kerr effect (MOKE) has been widely used in the investigation of,
for example, the magnetic properties of ultrathin films to determine thickness depen-
dence of the Curie temperature of ultra thin layers [1], magnetic anisotropy energies
and reorientation transitions [2, 3], interlayer coupling [4, 5], or adsorbate induced mag-
netic phase transitions [6]. MOKE measurements are fast and have a high sensitivity, so
that a monolayer of ferromagnetic material can be easily detected. They require no
special sample treatment and can be used to measure samples in UHV environments.

The application of MOKE to ultrathin films sometimes is named surface magneto-
optical Kerr effect (SMOKE) [7]. However, the measured Kerr signal is an average
over the entire layer stack within the penetration depth of the light of several 10 nm
for metallic films. There is no special surface or interface sensitivity of MOKE. Often
the magnetic properties at surfaces and interfaces are different from those of the inter-
ior of the magnetic film. In MOKE measurements these effects are largely masked by
the Kerr signal from the interior of the films.

This drawback of MOKE can be avoided by using the magneto-optical effects in the
frequency doubled light. Optical second harmonic generation (SHG) has been devel-
oped as a sensitive method to probe surface and interface structures [8]. For centrosym-
metric materials SHG is forbidden in the bulk within the electric dipole approximation
and therefore the second harmonic (SH) light is generated near the surface or inter-
face, where the inversion symmetry is necessarily broken. The SHG arises from a non-
linear polarization generated by an intense incident light field:

Pið2wÞ ¼ c
ð2Þ
ijk EjðwÞ EkðwÞ ð1Þ

with cð2Þ the third rank tensor of the second order nonlinear susceptibility. There are
higher order contributions to Pð2wÞ like the electric quadrupole or magnetic dipole
contributions, which can be of sizable magnitude [9]. However, in many cases they were
found to be negligible [10]. In highly symmetric cases the coordinate system can be
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chosen such that only a few elements cð2Þ are nonzero. For the isotropic case or for the
(001) surface of a cubic crystal there are c

ð2Þ
zxx ¼ c

ð2Þ
zyy, c

ð2Þ
xzx ¼ c

ð2Þ
yzy, and c

ð2Þ
zzz, all generating

p-polarized second harmonic (SH) light.
Magneto-optical effects in the SHG from surfaces have been discussed in theoretical

papers of Pan et al. [11] and Hübner and Bennemann [12] and have been demon-
strated experimentally soon after [13–15]. Meanwhile a large number of publications
have proven MSHG as a valuable tool for the investigation of magnetism at surfaces
and interfaces [16–30].

In the presence of a magnetization M cð2Þ becomes a function of M, cð2Þ ¼ cð2ÞðMÞ,
and the symmetry of the surface and interfaces is further reduced. Consequently more
tensor elements become nonzero [11]. Note that the magnetization as an axial vector
does not lift the inversion symmetry in the bulk. In highly symmetric cases, i.e. if the
magnetization lies in a mirror plane or the surface has a two-fold axis, all tensor ele-
ments c

ð2Þ
ijk can be classified as being either even or odd with respect to the reversal of

the magnetization. Therefore all the odd and all the even tensor elements can be com-
bined into one effective nonmagnetic and one effective magnetic tensor element with
the properties

cð2ÞnmðMÞ ¼ cð2Þnmð�MÞ ; cð2Þm ðMÞ ¼ �cð2Þm ð�MÞ : ð2Þ

(In this paper, it is always assumed that the Fresnel factors are included in the c
ð2Þ
nm or c

ð2Þ
m .)

For highly symmetric cases one can distinguish three basic Kerr geometries similar to
the case of MOKE: polar, if the magnetization is perpendicular to the surface, longitu-
dinal, if the magnetization is parallel to the surface and in the optical plane. In these
two cases c

ð2Þ
m generates an s-polarized SH light component for s- as well as for p-polar-

ized incident light. Since the SH light generated by c
ð2Þ
nm is always p-polarized in these

cases, a rotation and an ellipticity change of the SH light results. For the magnetization
in the surface plane, but perpendicular to the optical plane, c

ð2Þ
m generates p-polarized

SH light for s- and p-polarized incident light. Therefore an intensity change in the total
SH light is observed.

2. Experiment

The intensity ratio of SH light from metal surfaces to fundamental light is typically of
the order of 10�12 to 10�15. For our experiments we focused the light of a Ti-sapphire
laser (l ¼ 720–950 nm, 80 fs pulse width, repetition rate 80 MHz) onto the Cu(001)
sample in an UHV chamber (angle of incidence is about 38�, spot diameter about
25–100 mm, peak fluence below 2 mJ=cm2). The SH light is detected by a photomulti-
plier using lock-in technique. The fundamental light is blocked by a combination of
interference and colored glass filters. For the longitudinal and polar geometry a calcite
polarizer is placed in the outgoing beam path. The sample is magnetized by a dipole
magnet creating a field component perpendicular to the film as well as parallel to the
ð110Þ azimuth direction.

In the transverse geometry the SH light intensity Ið2w;�MÞ for the magnetization in
opposite directions is measured. It is useful to define an asymmetry

A ¼ Ið2w;MÞ � Ið2w;�MÞ
Ið2w;MÞ þ Ið2w;�MÞ ¼

2R
1 þ R2

cos f ; ð3Þ
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with R ¼ jcð2Þ
m =c

ð2Þ
nmj and f the phase angle between c

ð2Þ
m and c

ð2Þ
nm. For the longitudinal

and polar geometry, the asymmetry after the analyzer set at an angle a with respect to
the optical plane can be written as

AðaÞ ¼ 2R tan a

1 þ R2 tan2 a
cos f : ð4Þ

By measuring AðaÞ it is therefore possible to determine both, R and f in this geometry.

3. Surface Sensitivity of MSHG

The symmetry considerations mentioned in the introduction do not give an estimate
about the effective thickness of the surface or interface, in which the SH light is gener-
ated. To answer this question, wedge-like ferromagnetic films have been grown by
MBE onto a Cu(001) substrate [19, 24, 28, 31].

Figure 1 shows the SH intensity from ultrathin ferromagnetic layers of Fe, Co, and Ni
on Cu(001) as function of the thickness of the ferromagnetic layer. The easy axis of
magnetization of ultrathin Fe layers on Cu(001) is perpendicular to the surface plane
and for Co and Ni it is along the h110i azimuth direction in the surface plane. There-
fore the SH measurements from the Fe wedge were taken in the polar geometry and
for Co and Ni in the transverse geometry.

In all three cases the SH intensity increases very rapidly with the ferromagnetic layer
thickness and reaches a maximum already at about 2 monolayers (ML). This immedi-
ately shows that the effective thickness around the surface and the transition metal
(TM)–Cu interface, in which the SH light is generated, is only of the order of 1–2 ML.

(The SH light intensity from the
bare Cu(001) surface is quite low,
because the photon energy is below
the threshold of one-photon d-elec-
tron excitation). The same rapid in-
crease can be seen in the SH asym-
metry shown in the bottom row of
Fig. 1: The asymmetry remains zero
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Fig. 1. SH intensity from Fe-, Co-, and
Ni-wedges grown on Cu(001) (left to
right, top row). Open and solid circles
indicate the SH intensity for the magne-
tization in opposite direction. In the
bottom row the corresponding SH
asymmetries are shown. For Fe the
measurements were taken in the polar
geometry with the analyzer set to an an-
gle of a ¼ 75� with respect to the inci-
dent plane. For Co and Ni the transverse
geometry was used. The incident plane is
parallel to the ½110� azimuth in all cases



until at about 1.5 ML (for Fe and Co) the film orders ferromagnetically and reaches
within one ML a maximum as well. Therefore, the magnetization induced part of the
SHG is essentially as surface/interface sensitive as the nonmagnetic part. The onset of
ferromagnetic order in the case of the Ni film is somewhat delayed with respect to the
other films even at 118 K because of the strong reduction of the Curie temperature for
ultrathin Ni films.

The SH light intensity does not remain constant after the initial fast rise. There are
several reasons for that: (i) In the case of Fe the structure of the film changes from the
so called ‘fct’ phase, a heavily distorted fcc structure with an enlarged interlayer spacing
and a 1  4 or 1  5 reconstruction, to the ‘fcc’ phase with a reduced interlayer spacing
[6, 32–34]. The SH intensity drops by a factor of 2 going from the fct phase to the fcc
phase. In the asymmetry this phase transition is not visible presumably because most of
the magnetization induced part of the SH light is generated at the surface and all con-
tributing tensor elements of cð2Þ are affected in the same way. (ii) There are no structur-
al changes in the Co- and Ni- film in the displayed thickness range up to 10 ML1).
However, the electronic structure of ultrathin films change with their thickness. Particu-
larly important are those states, which are (partially) bound to the film, the so called
quantum well states (QWS). The long period variations in the SH intensity are caused
by these QWS. This will be further discussed in one of the following sections. (iii) Espe-
cially in the data for the Co wedge there are weak 1 ML period oscillations visible in
the SH intensity. These are caused by the morphology changes during the growth and
will be discussed in the next section.

4. The Influence of Surface Roughness

Fe-, Co-, and Ni-films grow in a nearly layer-by-layer mode, i.e. the growth proceeds by
nucleation, growth (up to a size of about 5–10 nm in diameter at 300 K [35]), and then
coalescence of islands until the layer is (almost) completely filled before nucleation of
island in the next layer occurs. Therefore the surface morphology undergoes a periodic
change from a nearly flat surface to an island covered surface with a larger number of
step edge atoms and then back to the flat surface. This change of the roughness can be
monitored during the growth by, for example, medium energy electron diffraction
(MEED) as shown in Fig. 2a for the case of Co growth on Cu(001) at 300 K. Except
for the first ML, where the Co grows partially in a double layer growth mode the
MEED intensity shows a 1 ML period oscillation due to the oscillating roughness of
the surface. The same kind of oscillations can be seen in the SH light as shown in Fig. 2
as solid line for p-polarized incident light and p-polarized outgoing SH light. To empha-
size the oscillations, the difference of the original curve and a smooth curve, the aver-
age over 50 datapoints, is displayed as open symbols as well. Since the wavelength of
the light is much larger than this atomic scale roughness, this effect cannot be attribu-
ted to a scattering or interference effect as in the case of MEED but must be attributed
to electronic changes at the step edges of the islands with a cð2Þ, which differs from that
of the flat surface.
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1) There is a spin-reorientation transition at a Ni thickness of about 11 ML, where the easy axis
of magnetization rotates from in-plane to normal to the surface. However, the applied external
magnetic field of about 150 Oe rotates the magnetization somewhat from the perpendicular direc-
tion. Therefore, the asymmetry does not drop to zero at 11 ML.



A magnetic field parallel to the opti-
cal plane (longitudinal geometry) was
applied. Therefore the p-polarized SH
light is generated by the nonmagnetic
tensor elements of cð2Þ only. The effect
of the oscillating step density is also visi-
ble in the c

ð2Þ
m . The effect is too small to

be visible directly in the s-polarized SH
light in the longitudinal geometry, where
only magnetic tensor elements contri-
bute. However, for s-polarized incident

light in the transverse geometry the average SH intensity does not show the one mono-
layer oscillations but only the asymmetry proving that this oscillatory component comes
exclusively from c

ð2Þ
m [24, 36].

5. Quantum Size Effects

While atomic scale roughness results in only small changes in the SHG, the influence of
QWS can be very large and must be considered in most cases for a correct interpreta-
tion of the (M)SHG data. In metallic systems there exists no absolute band gap. How-
ever, for a fixed wave vector parallel to the surface, kk, the film may have states in
certain energy regions which do not have corresponding states for the same kk in the
substrate. Then, the wave function is localized in the film and the thickness, d, of the
film imposes a quantization to the wave vector perpendicular to the film:
2k?dþ d1 þ d2 ¼ 2pn, with d1; 2 the phase shifts at the two boundaries upon reflection.
Even if there are corresponding states in the substrate, the k? mismatch between film
and substrate introduces a potential barrier and leads to a partial localization of the
wave function in the film. To first approximation these states shift in energy with in-
creasing film thickness according to the bulk band dispersion curve in the direction
perpendicular to the film.

This thickness dependence of the energies of the QWS has been directly observed,
for example, by angle resolved photo-emission of electrons in overlayers of noble me-
tals on metallic substrates [37, 38]. Many other quantities are affected by these quan-
tum size effects. If the substrate is ferromagnetic also magnetic properties like magnetic
anisotropy [39] or MOKE spectra [40–42] are affected. The thickness dependence of
the interlayer exchange coupling between two ferromagnetic layers through a paramag-
netic spacer layer is also closely related to the QWS as well.
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Fig. 2. Comparison of a) the MEED intensity
and b) the SH light intensity Ið2wÞ for pinpout

polarization in the longitudinal geometry
monitored during the deposition of the Co
layer. The open symbols in b) (corresponding
to the right scale) display the difference of
the SH intensity and the average over 50
points from the solid curve. l ¼ 790 nm



For most kk the oscillatory contribution of the QWS is averaged out in the observed
physical quantity. The only remaining contribution comes from the neighborhood of so
called extremal wave vectors, which determine the observed periodicities. In the case of
MOKE these are the wave vectors where the derivative of the energy difference be-
tween initial and final state with respect to kk is zero. These extremal wave vectors
depend on the energy of the light. There is generally more than one such vector and
consequently a superposition of oscillation periods is observed. For the (001) surfaces
of fcc crystals there are two groups of extremal vectors, one at the �GG point and on near
the M point. Because of the exchange splitting of the bands in the ferromagnetic layer
the localization of the wave function in the paramagnetic film is different for spin up
(majority) and spin down (minority) electrons inducing a circular magnetic dichroism,
i.e. a Kerr effect in the paramagnetic layer [43]. According to the theory of Bruno et
al. [43], the oscillation period is entirely determined by the (bulk-) band-structure of
the paramagnet. The ferromagnetic layer only determines the amplitude and (possible)
phase shifts of the oscillations. For Au/Fe/Au(001) all observed oscillation periods vs Au
cover layer thickness agree very well with the predicted periods derived from a Au
bulk band structure calculation [42]. The QWS oscillations should also be visible in the
reflected light intensity, i.e. due to the diagonal terms of the linear susceptibility tensor
cð2Þ. However, up to now there is no experimental evidence for that.

The QWS oscillations observed in the (M)SHG [10, 15, 16, 22] are far less well under-
stood [10, 44, 45]. Figure 3 shows the SH light intensity from Cu/FM/Cu(001) sandwich
structures as function of the Cu cover layer for FM = Fe, Co, or Ni [28]. The wavelength
for the three different measurements in Fig. 3 are nearly the same: 800, 790, and 800 nm,
respectively. The fact that in all three cases the SH intensity drops upon coverage with a
Cu cover layer can be easily explained by a symmetry argument: After coverage with Cu
the electronic structure at the top and bottom buried interface of the ferromagnetic layer
becomes equal and each point on the center plane of the ferromagnetic layer becomes a
center of inversion. Consequently there should be no net SHG from these two interfaces,
or in other words cð2; bÞ ¼ �cð2; tÞ, with cð2; bÞ and cð2;tÞ the second order nonlinear suscept-
ibility of the bottom and top interface, respectively. However, quantum well states in the
Cu cover layer modify the electronic structure at the top interface and cause the oscilla-
tory like behavior observed for larger Cu cover layer thickness.
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Fig. 3. SH light intensity from a) a Cu/3
ML Fe/Cu(001), b) a Cu/10 ML Co/
Cu(001), and c) a Cu/4.3 ML Ni/Cu(001)
multilayer structure measured with p-po-
larized incident light at l ¼ 800, 790, and
800 nm, respectively, as function of the Cu
cover layer. The magnetization for the Fe
layer was mainly perpendicular to the sur-
face, while for Co and Ni the magnetiza-
tion was in the surface plane perpendicu-
lar to the optical plane. The solid and
open symbols are the SH intensity for the
magnetization in opposite directions. The
Fe and Co samples were measured at
room temperature, Ni at 123 K



In a first attempt, Luce et al. [44] presented a qualitative explanation of the ob-
served oscillation in the SH light intensity from Cu/Fe/Cu(001) by a process similar to
that used to explain the oscillations in the MOKE data: virtual two-photon transitions
at the Cu/TM interface from the Cu 3d states or Fe-derived 3d states to QWS derived
from the 4s bulk band of Cu at the extremal wave vectors. For photon energies around
1.3–1.7 eV, used in the experiments, the SHG from the Cu overlayer is very weak.
However, due to resonance of the intermediate transition state with interface states
derived from the ferromagnetic layer the signal is enhanced by almost two orders of
magnitude. There is an important difference to the MOKE case: (i) There the whole
paramagnetic cover layer contributes to the Kerr signal while the SHG is localized at
the Cu/Fe interface (in the dipole approximation) since the intermediate Fe-derived
state is localized at the Cu/Fe buried interface. (ii) An induced dichroism in the Cu
cover layer is not necessary to explain the magnetization dependence of the SH inten-
sity vs. Cu cover layer thickness curve since this dependence is already mediated by the
exchange split Fe-derived intermediate state.

Figure 4 shows the wavelength dependence of the SHG vs. Cu cover layer thickness
for Cu/10 ML Co/Cu(001). According to the above explanation and similar to MOKE,
the period(s) should not depend on the ferromagnetic material which may only affect
the amplitude and (possible) phase shifts. It is obvious from Fig. 4 that more than one
period contribute. A Fourier analysis of the SH intensity curves results in a broad spec-
trum of periodicities around 15 ML, whose maximum does not change very much with
the wavelength of the incident light. (The analysis of SH asymmetry is complicated by
the large variation in the (average) SH intensity, introducing additional oscillations in
the asymmetry, which do not reflect oscillations in c

ð2Þ
m [10].) This behavior is not in

agreement with the above described mechanism of Luce et al., from which a strong
shift to longer periods with decreasing wavelength of the incident light would be ex-
pected. However, besides the above mentioned process several other transitions may
contribute to the SHG with their own periodicities: Instead of a the Cu derived 3d state
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Fig. 4. SH intensity from a Cu/10
ML Co/Cu(001) multilayer as
function of the Cu cover layer
thickness for various wavelengths
l of the incident light. The SH in-
tensity curves where measured in
the transverse geometry. Open
and solid symbols indicate mea-
surements with the magnetization
in opposite directions. The inten-
sities are normalized against a
quartz reference and scaled by
the indicated factors. On the right
hand panels the asymmetries cal-
culated from the SH intensities
are shown



a FM layer derived 3d interface state can act as initial state for the transition [44, 45].
Since the energy of this state is different from the energy of the Cu 3d state, the value
of the extremal wave vector is changed leading to a different period in the SHG. Tran-
sitions with a quantum well state as intermediate state are possible as well [10]. In this
case QWS below EF are probed, which are completely localized inside the Cu over-
layer for the minority channel [46]. Therefore they should contribute especially strongly
to the oscillation in the SH light.

For all these transitions periods in the range of �3 to �9 ML are expected. How-
ever, only longer periods are observed. It was proposed that these short period oscilla-
tions are averaged out by the surface and interface roughness and only the beating
frequency of two (or more) of these oscillations are observed [10]. This could explain
the wavelength behavior of the main peak in the spectra in Fig. 4. However, the combi-
nation of the above mentioned processes allows almost all kinds of periods that without
the precise knowledge of the energies of all contributing interface states a quantitative
fit of the data is not uniquely possible.

The above mentioned considerations apply to the (001) surfaces of fcc noble metal
cover layers. On (111) surfaces a different behavior was observed. In general the varia-
tions of the SHG with the cover layer thickness were found not as strong as for the
(001) surfaces. In the SH intensity from Au/Co/Au(111) a single oscillation period of
about 13–16 ML was observed, which does not depend on the wavelength of the light
very much [22] and is always twice the period found in the linear Kerr signal [47]. In
case of the (111) surface the extremal wave vector does not change much for different
photon energies [47]. This may explain the weak photon energy dependence of the
observed oscillation.

The fact that the SH signal shows a period twice as long as that observed in MOKE
in the systems and wavelength region investigated up to now is not yet understood and
may be purely accidental. The considerations made by the authors of Refs. [45, 48] that
the symmetry of the QWS wave functions with respect to inversion is responsible for
the observed period doubling and only QWS with odd parity are contributing, are not
convincing: An isolated free standing ultrathin layer does not generate any SHG at all
in the dipole approximation. Only the presence of the substrate breaks the inversion
symmetry of the film and yields a net SHG. It is argued in Ref. [45] that the substrate
influences the QWS only weakly and that therefore the wave functions remain ‘‘nearly”
even or odd. A product of matrix elements like hd1j p jd2i hd2j p jQWSi hQWSj p jd1i
enters the expression for cð2Þ, with jd1; 2i d-states, jQWSi quantum well states, and p the
momentum operator. The d-states are assumed to be ‘‘nearly” even by the authors of
Ref. [45]. Then the first matrix elements in the product always nearly vanish since p is
odd. The two remaining matrix elements also nearly vanishes for even QWS but not
for odd QWS from which the authors conclude the doubled period. However, for the
case of MOKE an expression like hd1j p jQWSi hQWSj p jd1i enters the linear suscept-
ibility cð1Þ from which the authors have to conclude a period doubling for MOKE as
well in contradiction to the experimental result.

Whether or not, and if so, why the parity of QWS plays a role for the observed
oscillations in the SHG is an open question. Also the question to which extent the
SHG is restricted to a region near the interfaces, if extended states like the QWS con-
tribute, is not yet completely answered. Experimental data over a wider spectral range
and a theoretical model, allowing a more quantitative comparison with the experimen-
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tal data are necessary. Nevertheless, the experimental results presented above clearly
show that QWS strongly influence the (M)SHG from thin films and multilayers and
must be considered in the interpretation of the MSHG data.

6. Interlayer Exchange Coupling

In this section we want to discuss the MSHG from a more complex structure involving
two ferromagnetic layers separated by a paramagnetic spacer layer. The example of a
6 ML Ni/x ML Cu/6 ML Ni/Cu(001) multilayer structure shows unambiguously that it is
mainly the influence of the QWS in the paramagnetic spacer layer, which generates a
net contribution to the (magnetic) SHG from the symmetrically buried Ni film. While
in the limit of ultrathin layers it is generally difficult to separate the SHG from indivi-
dual interfaces or layers unambiguously, the magnetic contribution from the buried Ni
layer can be separated quite directly, because the magnetization of the buried Ni film is
aligned antiparallel for certain Cu spacer thickness due to the interlayer exchange cou-
pling. By an external magnetic field the magnetization direction can be aligned parallel
to the top Ni layer, causing only a sign change of magnetic cð2Þ from the two interfaces
of the buried Ni layer without affecting the nonmagnetic cð2Þ (which are even in M) or
significantly the cð2Þ from the other interfaces.

The antiparallel coupling was first observed in Fe/Cr/Fe layers by Grünberg et al. [49].
It was found that the coupling strength oscillates with the spacer layer and occurs with
almost any transition or noble metal as a spacer material [50, 51]. The interlayer ex-
change coupling is mediated by spin dependent confinement of quantum well states in
the (paramagnetic) spacer layer [52]. To a good approximation the period(s) observed
in the coupling strength are determined by extremal wave vector(s) of the bulk Fermi
surface of the spacer material. Although the theories explaining the interlayer coupling
and the oscillations in MOKE as function of a paramagnetic cover layer are closely
related, the extremal wave vectors and therefore the observed periods are different for
these two phenomena.

Figure 5a shows a hysteresis curve measured by MOKE (Kerr rotation) from a 6 ML
Ni/10 ML Cu/6 ML Ni trilayer structure grown on Cu(001). Details of preparation con-
ditions can be found in Refs. [5] and [28]. At this interlayer thickness the two Ni layers
couple antiferromagnetically. To first approximation the Kerr rotation amplitude is pro-
portional to the difference of the magnetic moment of the top and the bottom film. The
Ni/Cu interface causes a stronger reduction of the magnetic moment (and of the Kerr
rotation) than the Ni/vacuum interface [53]. Therefore the magnetization of the bottom
film is lower than that of the top film despite the same thickness of the layers. Under
an external field exceeding the coupling field (of about 80 Oe in this case) the magneti-
zation of the bottom layer is aligned parallel to that of the top layer. The Kerr ampli-
tude is approximately proportional to the sum of the magnetic moment per area of the
top and bottom Ni film.

The hysteresis curve in the SH light intensity is shown in Fig. 5b. Because of the
surface and interface sensitivity, the amplitude in the MSHG hysteresis loop cannot be
a measure of the total magnetization. The measured SH intensity results from the co-
herent superposition of the SH light generated at all four interfaces. However, the fact
that the change in the SH intensity upon reversal of the (net) magnetization at rema-
nence differs from that at saturation, shows immediately that there is a net contribution
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Dc
ð2Þ
m from the two interfaces of the buried Ni film. Since Dc

ð2Þ
m is a complex quantity, it

depends on the phase difference of Dc
ð2Þ
m to the phase of the rest of the nonlinear

magnetic and nonmagnetic susceptibility, whether Dc
ð2Þ
m leads to an enhancement or a

reduction of the MSHG asymmetry.
In saturation, where the magnetization of the top and bottom film is aligned parallel,

there should be no net SH contribution, even if we consider the influence of QWS in
the Cu interlayer on the SHG, provided that the QWS are fully confined to this layer.
The SH light generated by the third interface (numbered from the surface, see Fig. 5) is
canceled by the SH light generated by the second interface, since each point on the
center plane of the Cu interlayer is a center of inversion and the QWS are present at
both interfaces. The remaining first and fourth interface would generate the same SH
light intensity as a single Ni film. At remanence an additional net magnetic contribution
2Dc

ð2Þ
m arises because of the opposite orientation of the magnetization of the bottom

film. The magnetic contribution of the interfaces of the Cu interlayer does not vanish
any more and the MSHG signal in remanence should depend on the thickness of the
Cu interlayer.

This is indeed, what is observed. In Fig. 6a the SH asymmetry at saturation (solid
circles) and remanence (open circles) are plotted as function of the Cu interlayer thick-
ness. While at 10 ML the magnitude of the asymmetry is larger than that at saturation,
it is just the opposite for a Cu interlayer thickness of 24 ML. The (average) SH inten-
sity does not changes much (less than �10%) as it is expected from the above model
considerations (Fig. 6b). Clearly, the presence of the QWS is the main reason for the
observability of the symmetrically buried Ni layer. Differences in the degree of rough-
ness of the interfaces cannot explain the sign changes of Dc

ð2Þ
m , since the roughness of

the interfaces to the Ni film increases monotonously with the Cu interlayer thickness.
The fact that the SH asymmetry in saturation is not entirely constant is not in agree-

ment with the model, where it was assumed that the QWS are fully confined to the Cu

1522 R. Vollmer et al.: Magnetization Induced Second Harmonic Generation

Fig. 5. Comparison of a hyster-
esis loop measured with a)
MOKE and b) MSHG on a
6 ML Ni/10 ML Cu/6 ML
Ni/Cu(001) multilayer structure
with the Cu spacer layer in the
antiferromagnetic coupling
range. The solid (open) symbols
represent the measurements
with increasing (decreasing)
magnetic field. The arrows indi-
cate the direction of the upper
(long arrow) and lower (short
arrow) Ni film. T ¼ 220 K



interlayer. Especially for the case of
Ni/Cu/Ni, however, this is not strictly
true and the QWS extend through the
whole layer stack [5]. Therefore, the
first and fourth interface are affected
by the QWS as well, which results in
the observed dependence of the asym-
metry on the Cu interlayer thickness.

7. Conclusion

In conclusion we have shown that magnetization induced second harmonic generation
can be a very surface and interface sensitive tool for studying ultrathin multilayers.
Atomic scale roughness can be detected in the nonmagnetic and magnetic part of SHG.
However, for ultrathin multilayers with nearly flat interfaces, presented in this paper,
the influence of QWS are dominating. The QWS are responsible for the observability
of symmetrically buried layers. Therefore the exchange coupling strength of antiferro-
magnetically coupled layers can be measured with MSHG. This is due to the QWS in
the nonmagnetic interlayer.
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