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The in-depth selectivity of magneto-optical second-harmonic generation(MSHG) is investigated in the
CoO/Co/NiO/Fe-Ni/Cu film structure. Thepinpout MSHG is essentially selective to only one NiO/Fe-Ni
buried magnetic interface, whereaspinsout and sinpout MSHG is shown to be magnetically sensitive to all
interfaces. MSHG data are also compared to the usual longitudinal Kerr effect. Symmetry arguments and
calculations point out that the observed in-depth MSHG selectivity is mainly linked to the electric field profile
of the incident radiation through the multilayer structure.
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I. INTRODUCTION

The use of pulsed lasers has opened up new possible in-
vestigations in science. High-power ultrashort pulses(100 fs
or even shorter) allows the detection of nonlinear optical
phenomena in particular media, i.e., harmonics of the funda-
mentalsvd excitation frequency. The second-harmonic gen-
eration(SHG) of light (at 2v) is of particular interest.1 SHG
originates from breaking of inversion symmetry, as found in
noncentrosymmetric materials or at boundaries between two
centrosymmetric media. Then, in a multilayer structure, SHG
is emitted at the film surface or at each interface.1,2

For ferromagnetic(FM) materials, the radiated SHG in-
tensity is dependent on the orientation of the sample
magnetization.2–5 This effect is called magnetization-induced
second-harmonic generation(MSHG) of light, or sometimes
nonlinear magneto-optical Kerr effect(NOMOKE or
NOLIMOKE).2,5 As for “classical” linear magneto-optical
Kerr effect(MOKE) (i.e., both incident and detected light are
at frequencyv), MSHG is due to two genuine quantum ef-
fects: the spin-orbit coupling and the exchange interaction. In
thin magnetic film structures, both types of magneto-optical
effects measure linear combinations of the magnetization
components related to each layer.6 While MOKE probes the
entire volume of the multilayer with an in-depth reduced
sensitivity,7 MSHG is only selective to the magnetization of
the film surface and of buried magnetic interfaces.2,5

Most MSHG measurements have been investigated so far
on magnetic surfaces or on a sandwiched single magnetic
layer, but only a few theoretical treatments and experiments
have been devoted to magnetic multilayers.8–11 The main
reason is that the interpretation of MSHG data in multilayers
becomes rapidly complex. However, convincing experiments
are still required to show unambiguously how MSHG is re-
lated to the magnetic behavior of some buried interfaces in
simple multilayer structures. Such a study is of particular
interest for film structures that could be used in spintronics,

for example, to study the interfacial magnetic coupling
in spin-valve or tunnel-junction structures. It has recently
been used successfully to determine the reversible and
irreversible parts of the magnetization at antiferromagnetic/
ferromagnetic (AF/FM) interfaces in exchange-biased
systems.10

The existing models fail to give a detailed interpretation
of the MSHG data in simple magnetic multilayers. They of-
ten rely on crude(but sometimes justified) assumptions; for
example, they consider nonabsorbing media.11 In this paper,
we propose the application of a more refined step by step
treatment of SHG and MSHG based on light propagation
inside a multilayer structure with 2v emission at interfaces.
MSHG in a magnetic multilayer structure is interpreted from
selection rules related to the emission of light by dipoles at
2v frequency and to their interface in-depth dependent sen-
sitivity. We apply here our treatment to a tunnel-junction
exchange-coupled structure with two different metallic FM
layers(Fe-Ni and Co) separated by an AF oxide NiO layer.
This structure shows a rich magnetic behavior12 due to the
interlayer exchange coupling of the FM layers across the AF
spacer, giving rise to a spiraling spin structure in NiO. Such
a type of system attracts great interest for potential applica-
tions in spintronics.

II. GENERAL MSHG FORMALISM

MSHG stands potentially as a promising technique for
studying the magnetism of surfaces and buried interfaces in
layered structures.2,5 Let us summarize the main MSHG
properties.

(i) As recalled in the Introduction, symmetry arguments
indicate that MSHG is only allowed in noncentrosymmetric
media. Then, in magnetic multilayers with centrosymmetric
layer materials, MSHG probes only magnetism at the surface
and at buried interfaces, for which the space inversion sym-
metry is broken.
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(ii ) As for MOKE, MSHG measured in different optical
polarization configurations can check any magnetization
component.

(iii ) The MOKE contributions coming from different FM
layers are linearly additive.7,13The magnitudes of the MSHG
contributions issued from different interfaces are additive as
well, but provide a more complex behavior. For example, the
phase of the SHG signal at the interface separating two met-
als changes sign when reversing the relative position of these
metals.2 Thus, a weakly absorbing ultrathin FM layer, sand-
wiched between non-magnetic layers composed with the
same material, gives only rise to a very weak resultant
MSHG signal.

Wierengaet al. have developed a formalism for calculat-
ing MSHG generated at interfaces of regular magnetic
multilayer structures.14 More recently, we proposed a more
general formalism allowing to treat stacks of nonuniform
magnetic layers,15 based on the electric dipole emission
mechanism at 2v frequency. We summarize first the different
stages(i)–(v) of the calculation, consistent with our formal-
ism, and introduce pertinentXn

svd andZn
s2vd matrices.

(i) Assuming an isotropic interface, the electric fieldEn
svd

at the fundamental frequencyv at each interfacen is ex-
pressed within a matrix form,

En
svd = Xn

svdJ0
svd, s1d

where Xn
svd is the matrix of incoming generalized Fresnel

coefficients andJ0
svd=s«s,0

svd ,«p,0
svdd is the Jones vector of the

incident electric field, withs, p the usual polarization states.
In the considered Cartesian coordinate system, thez axis is
oriented along the normal to the film plane, andy lies both in
the planes of the film and of incidencesFig. 1d.

(ii ) The electric fieldEn
svd gives rise to electric point di-

poles oscillating at frequencyv with amplitude1,2

mn
s2vd = xn ^ En

svdEn
svd, s2d

where xn is a third-rank susceptibility tensor. Depending
upon the change of sign of thexi jk,n’s elements with magne-
tization reversal, they can be classified asnonmagnetic
xi jk,n

nm sM d=xi jk,n
nm s−M d, or magnetic xi jk,n

smd sM d=−xi jk,n
smd s−M d

susceptibility tensor elements. Similarly, the electric dipole
moment mn

s2vd can be separated intomn
s2vd=mn

s2vdsmd

+mn
s2vdsnmd, where mn

s2vdsmd and mn
s2vdsnmd are the magnetic

and nonmagnetic parts of the radiated electric point di-
pole, which change sign or not upon reversal of the mag-
netic field, respectively. Unfortunately, even considering
symmetry arguments, the large number of nonzero suscep-
tibility tensor elementsxi jk,n ssee, e.g., Ref. 2d often makes
their experimental determination difficult without crude
assumptions.

Another limitation in the interpretation of the MSHG data
comes from the difficulty to estimate theactiveSHG thick-
ness around a given interface and that for allxi jk,n’s. For an
Al s111d surface, Pethukov and Liebsch16 have calculated
that SHG radiated by a normal current(i.e., by the normal
dipole componentmz

s2vd) is more surface sensitive than SHG
radiated by tangential currents(i.e., by the tangential dipole
componentsmx

s2vd or my
s2vd). This is also discussed by Güdde,

Hohlfeld, and Matthias17 in Co and Ni layers deposited on
Cu. Then, xzzz is found to be linked to sharp regions
s,0.1 nmd located at interfaces, whilexxxx originates from a
much thicker region expanding inside the magnetic layer
s,1 nmd. This physical argument is certainly valid in many
other cases, as proved in the interpretation of our MSHG
measurements on the Fe-Si/Dy-Fe-Co structure.27

(iii ) The presence of a radiating point dipolemn
s2vd at the

nth interface implies modified boundary conditions of the
radiated electric and magnetic field through this
interface.15,18 When all layers are assumed isotropic, the re-
lation betweenmn

s2vd and the outgoing electric field ampli-
tudes«P,n

s2vd at 2v frequency(with P=hs,pj are the light po-
larization states) is written

F«s,n
s2vd

«p,n
s2vd G = FZsx,n

s2vd 0 0

0 Zpy,n
s2vd Zpz,n

s2vd G3mx,n
s2vd

my,n
s2vd

mz,n
s2vd 4 , s3d

where Zn
s2vd stands for the matrix of generalized outgoing

Fresnel elements. Here, we are determining the dipole radia-
tion emitted inside the air superstrate. The zero coefficients
in Zn

s2vd correspond to the fact that, inside the isotropic
media, themx,n

s2vd component radiates onlys-polarized waves,

althoughmy,n
s2vd andmz,n

s2vd radiatep-polarized waves. It should
be emphasized that the matricesXn

s2vd andZn
s2vd do not vary

with sample magnetization when small contributions origi-
nating from Kerr and Faraday effects are neglected.

(iv) The resulting outgoing electrical field amplitudes
«P,tot

s2vd from the entire multilayer(denoted by the subscript tot)
are then determined by a first integration over all radiating
dipoles located on each interface, and second, by summing
all interface contributions. When the magnetization andxn of
each interface is uniform,«Ptot

s2vd is simply expressed by a sum
over «P,n

s2vd’s originating from one point dipole on each
interface:15

«Ptot
s2vd = o

n

«P,n
s2vd. s4d

(v) The measured radiated SHG intensity in the far field
is then given by15

I tot
s2vd , uNz

s2vdu2su«s,tot
s2vdu2 + u«p,tot

s2vdu2d, s5d

whereNz
s2vd=ÎsNs2vdd2−sNsvdsin wd2, w being the incidence

angle.Nsvd andNs2vd are the refractive indices of the air at
v and 2v, respectively. In the particular case whereNsvd

=Ns2vd=1, Nz
s2vd becomes equal to cosw.

FIG. 1. Cartesian coordinate system used for the incoming and
emitted light and for the direction of the applied field.
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MSHG is usually measured in four distinct optical con-
figurations depending upon the polarization(s or p) of the
incoming (in) and outgoing(out) light beam. For example,
pinsout means an incidentp-polarized light for a detected
s-polarized component(Fig. 1). Note that thesinsout configu-
ration is usually not measured, since it gives a very weak
MSHG signal. For a given optical configuration(pinpout,
sinpout, pinsout, andsinsout), the MSHG signal can be measured
either insout out or pout polarization, so that the total emitted
light intensity IP,tot

s2vdsmd, linear in magnetization, is

IP,tot
s2vdsmd , 2uNz

s2vdu2o
n

Ref«P,n
s2vdsmds«P,tot

s2vdsnmdd†g, s6d

where the summation runs over all interfacesn and the
dagger denotes the complex conjugate symbol.«P,tot

s2vdsnmd

=on«P,tot
s2vdsnmd expresses the totalnonmagneticelectric ampli-

tude emited by the sample.
Equation (6) shows that the magnetic part of the total

radiated light intensity,IP,tot
s2vdsmd, is simply given by a summa-

tion over contributions from all interfaces. Note that a con-
tribution due only to thenth interface is determined by the
product of the “magnetic” part of the electric field radiated
by the vth interface by thetotal “nonmagnetic” part of the
electrical field, originating from all interfaces. As follows
from Eq. (6), IP,tot

s2vdsmd is related to productsxn
snmdxn

smd of non-
linear susceptibility tensor elements.1

Assuming an anisotropic interface, symmetry arguments
allow nonmagneticxn

snmd or magneticxn
smd elements to be

zero.2 Consequently, the components of the radiating dipole
mn

s2vd only dependent upon particular components of the elec-
tric field En

svd. Their expressions are reported in Table I for
different polarized light configurations(pinpout, sinpout, pinsout,
andsinsout) and magnetization components with respect to the
light coordinate system(Fig. 1). Noting that, when rotating
the sample by 90° around thez axis the transverse magneti-
zation becomes longitudinal, somex elements induced by a
longitudinal magnetization are identical to others induced by
a transverse magnetization. These relations are reported in
Table II, for both magnetic and nonmagneticx elements.

In this section, we have neglected other possible mecha-
nisms that can give rise to MSHG. For example, structurally
centrosymmetric media with nonuniform magnetization, oc-
curring when magnetic domain walls are present, can theo-

retically give rise to MSHG via a term proportionnal to the
gradient of the magnetization.2 We can investigate this effect
in our particular case of coupled FM films through an anti-
ferromagnetic layer, where the interfacial coupling can obvi-
ously give rise to planar domain walls with nonuniform mag-
netization. This will not affect MSHG signals at magnetic
saturation. Another contribution can come from the presence
of antiferromagnetic interfaces; related MSHG effects have
been predicted theoretically.19 We shall address these points
later in the final part of the discussion. Usually, these extra
terms have a negligible contribution.

III. SAMPLE PROPERTIES

The Co/NiO/Fe-Ni films were grown by sputtering in a
high-vaccum chamber onto a thermally oxidized Sif100g
substratefSiO2s100 nmd /Sis0.5 mmdg.12 A Cus5 nmd buffer
layer was deposited first to promote af111g texture and
avoid a three-dimensional(3D) growth mode of Fe-Ni(more
precisely Fe19N81, i.e., Permalloy) on SiO2. The polycrystal-
line AF NiO layer was deposited at oblique incidence by rf
sputtering from a NiO target, while Co and Fe-Ni metallic
layers were grown by dc sputtering at normal incidence. All
depositions were performed at room temperature, in the ab-
sence of any applied magnetic field. The oblique sputtering
procedure defines an easy in-plane AF uniaxial anisotropy in

TABLE I. Components of the SHG radiated dipole momentmn
s2vd generated by the electric fieldEn

svd at
the nth interface, for various MSHG configurations and interface magnetization components. In order to
simplify the notation, we omit the superscriptss2vd for mn

s2vd and svd for En
svd and the subscriptv. As

demonstrated in Sec. V, the contributions with underlines are dominant.

PolarM iz LongitudinalM iy TransverseM ix Nonmagnetic

pinpout my=xyyy
smdEy

2+xyzz
smdEz

2 my=xyzy
snmdEzEy

mz=xzzy
smd

EyEzI mz=xzyy
snmdEy

2+xzzz
snmdEz

2

pinsout mx=xxzy
smd

EyEzI mx=xxyy
smd

Ey
2

I+xxzz
smd

Ez
2

sinpout my=xyxx
smd
IEx

2 mz=xzxx
snmdEx

2

sinsout mx=xxxx
smd
IEx

2

TABLE II. Relationships between some magnetic and nonmag-
netic xi jk elements, resulting from symmetry arguments.

Transverse→ Longitudinal

Magnetic

xyzz
smd→−xxzz

smd

xyxx
smd→−xxyy

smd

xyyy
smd→−xxxx

smd

xzzy
smd→−xzzx

smd

xxxy
smd→−xyxy

smd

Nonmagnetic

xzxx
snmd→xzyy

snmd

xyzy
scmd→xxzx

scmd
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NiO along a givenc axis. A weak ferromagnetic coupling or
a 90° coupling between the two Co and Fe-Ni ferromagnetic
layers are expected by chosing the NiO thickness equal to 8
or 4 nm, respectively.12 We will discuss MSHG measured on
both NiOs4 nmd or NiOs8 nmd films, keeping the same ini-
tial Fe-Ni and Co thickness of 10 and 4 nm, respectively.
When exposed to ambient atmosphere, 1.5–2.0 nm of the
top Co layer was oxidized into CoO. Note that this cobalt
oxide is a paramagnetic insulator at room temperature and
gives no magnetic contribution. Cross-section transmission
electron microscopy and extended x-ray absorption fine-
structure(EXAFS) measurements have also proved that an
ultrathin s,0.3 nmd nonmagnetic oxidized CoO or Co-Ni-O
layer is present at the Co/NiO interface.12 Our film
structure was finally CoOs2 nmd /Cos2 nmd /NiOs4 nmd /
Ni-Fes10 nmd /Cus5 nmd /SiO2s100 nmd /Si.

As in the case of Fe-Ni/Fe-Mn/Co,20 recent room-
temperature data obtained on Co/NiO/Ni-Fe film
structures12 have clearly shown an in-depth spiraling spin
structure for a thin enough NiO layer that is consistent with
simulations.12 In order to select a coupling between the two
FM layers close to 90°, the NiO thickness must be about
4 nm and the anisotropies in our film structure have to verify
the relationsKCo.KNiO@KFe-Ni. Reasonable values of the
anisotropy constants areKCo=53105 erg/cm3, KNiO=4
3104 erg/cm3, KFe-Ni,0.12 Driven by our selective prepa-
ration conditions, the Co, Fe-Ni, and NiO layers have the
same in-plane magnetic easy anisotropy axisc. The magne-
tization of the Co layer in zero field always lies along thec
axis, but as in Fe/NiO/Co film structures,21 the 90° cou-
pling, driven by the combined effect of a propagating nearest
coupling in the AF NiO spacer and interface roughness,
tends to orient the Fe-Ni magnetization towards the normal
to the c axis, which is consistent with simulations.12 Con-
trastingly, with other structures showing the same
behavior,21,22 our nonsymmetric structures, with hardsCod
and soft(Fe-Ni) FM layers, allow us to distinguish the mag-
netic and MSHG behaviors of the two FM layers.

IV. EXPERIMENTAL RESULTS

Longitudinal siyd (Fig. 1) LMOKE hysteresis loops have
been measured by a modulation technique.23 The field was
applied along the Co easy anisotropy c axis. Figure 2 shows
such LMOKE hysteresis loops for the NiOs8 nmd and
NiOs4 nmd films. For the NiOs8 nmd film [Fig. 2(a)], the
resulting loop is a superposition of two square loops due to
the Fe-Ni sHC,13 Oed and CosHC,220 Oed layers. This
proves that the magnetization of the Fe-Ni and Co layers are
nearly aligned with thec axis. For the NiOs4 nmd film [Fig.
2(b)], the data differ markedly since the loop results in a
superposition of a Co square loop with a rather large coer-
civity sHC,170 Oed, and a field-induced S-shape contribu-
tion related to the quasireversible spin reorientation in the
Fe-Ni layer. This confirms that, for the NiOs4 nmd film, the
magnetization of the Fe-Ni layer is coupled at about 90° in
zero field from the Co magnetization.12 Nevertheless, the Fe-
Ni minor loop [inset of Fig. 2(b)] shows hysteresis and an

asymmetric shape, which means that the coupling between
FM layers is not perfectly at 90° in zero field. No exchange
bias field effect has been seen here at room temperature. This
is due to the very small NiO grain sizes,7 nmd, which
results from the deposition at oblique incidence, and leads to
an inefficient pinning of the NiO spin lattice.12

In order to have a more accurate determination of the
relative orientation of the magnetization in the Co and Fe-Ni
layers, we performed LMOKE measurements on the
NiOs4 nmd film in transversesixd field (Fig. 1), applied
along thec axis, or slightly misoriented from it by an angleh
(Fig. 3). For H strictly applied along thec axis sh=0d, the
field-induced magnetization componentMx of the Co layer
must be always zero; as expected in that case, no remnant of
a Co loop at high field is observed[Fig. 3(a)]. The remaining
effect comes only from the Fe-Ni layer. In the case of an
ideal 90° magnetic coupling between the two FM layers in
zero field, no hysteresis or complex field behavior is ex-
pected for the Fe-Ni layer because of the compensation be-
tween domains with opposite magnetization along they axis
after reaching saturation. The inversion of sign of the
LMOKE loop related to the inversion of the field variation
[Fig. 3(a)] means that the easy axis makes a fixed angleu
with the normal to thec axis. Jumps in LMOKE are then
expected for opposite fieldsHj = ±HC/sin u. HC=8 Oe is the
Fe-Ni coercivity measured along the normal to thec axis. In

FIG. 2. Longitudinal LMOKE loops measured forH ic in: (a)
the NiOs8 nmd film, (b) the NiOs4 cmd film. The minor loop of the
Fe-Ni layer is shown in the inset of(b). The orientation schemes
assume that the Fe-Ni magnetization is either parallel(a) or perpen-
dicular (b) to thec axis; the horizontal axis is always parallel to the
y axis of the light coordinate system.
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the present caseHj <80 Oe[Fig. 3(a)], so that one deduces
u<6° ±1°. We effectively found an erratic field-induced
magnetic behavior for transverse LMOKE measurements
when h is fixed to 5° ±1° [Fig. 3(b)], i.e., when the field
becomes strictly perpendicular to the equilibrium Fe-Ni mag-
netization in zero field.24 When the misorientation angleh is
smaller than 2°, the predicted value forHj exceeds the maxi-
mun applied field value, and no jump in Fe-Ni magnetization
is observed, as depicted in Fig. 3(c).

As already mentioned, MSHG can be studied in four dis-
tinct optical configurations depending on the polarization(s

or p) of the incoming(in) and outgoing(out) beams(Fig. 1).
These configurations test in-plane magnetization
components.2 In order to measure MSHG hysteresis loops,
we used an experimental setup with a mode-locked Ti: sap-
phire laser giving 100-fs light pulses centered at 800 nm, and
working at a repetition rate of 86 MHz.25 The average light
power on the sample surface was 50 mW, with a focused
beam size of 30–40mm. The angle of incidence was 45°.
MSHG hysteresis loops of our magnetic film structure ex-
hibit obviously different shapes compared to the considered
light polarization configuration. As discussed below, these
differences are mainly related to the MSHG in-depth sensi-
tivity.

FIG. 3. LMOKE loops of the NiOs4 nmd film in transverse field
sH ixd. (a) H rigourously applied along thec axis sh=0°d, and
slightly misoriented by angles(b) sh=5°d, (c) sh=2°d, with respect
to c. The orientation schemes assume that the orientation of the
Fe-Ni magnetization with respect to thec axis is a little larger than
90°.

FIG. 4. MSHG hysteresis loops of the NiOs8 nmd film, mea-
sured in transverse field(H ix and ic) for (a) sinpout and (b) pinsout

optical configurations, and(c) in longitudinal field(H iy andic) in
the pinsout optical configuration. To simplify, the schemes assume
that the Fe-Ni magnetization is at 90° from thec axis.
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Our MSHG results for the NiOs8 nmd and NiOs4 nmd
film are depicted in Figs. 4 and 5. Thesinpout MSHG hyster-
esis loops, measured in a transverse fieldsH ixd applied
along thec axis, are shown in Figs. 4(a) and 5(a) for the
NiOs8 nmd and NiOs4 nmd film, respectively. The shape of
thesesinpout MSHG hysteresis loops is quite similar to that of
LMOKE loops [Figs. 2(a) and 2(b)]. Note that MSHG is
supposed to be sensitive only to the magnetization of the
interfaces of the Co and Fe-Ni layers, while LMOKE probes
the magnetization of the layers themselves. At this stage, the
similarity between the abovesinpout MSHG and LMOKE
loops tends to demonstrate that either the coupling between
Co and Fe-Ni interfaces is closely similar to that existing
between FM layers, or theoptically activeMSHG region
expands around interfaces.

The pinpout MSHG hysteresis loop, measured in a trans-
versesH ixd field still applied along thec axis, is dominantly
sensitive to Fe-Ni interfaces in both samples[Figs. 4(b) and

5(b)]. For the NiOs8 nmd film, a rather largepinpout MSHG
effect is observed. It comes mainly from the Fe-Ni interfaces
since the amplitude of the Co loop is rather weak here[Fig.
4(b)]. For the NiOs4 nmd film, only a quasiuniform rotation
of the field-induced magnetization at Fe-Ni interfaces can be
measured; it can be compared with the LMOKE Fe-Ni minor
loop [inset of Fig. 2(b)]. The sharp selectivity to buried Fe-
Ni interfaces in both samples is clearly related to the in-
depth sensitivity of MSHG in this particularpinpout optical
configuration; we will return to this point later.

In the pinsout MSHG configuration withH ix and c, the
resulting loop for the NiOs8 nmd film [Fig. 4(c)] is still quite
comparable to that obtained in LMOKE[Fig. 2(a)]. The re-
sult is more surprizing for the NiOs4 nmd film, where two
opposite jumps are observed atHC,120 and 170 Oe[Fig.
5(c)]. The magnetization jump at the higher field is obviously
due to the Co layer, while the occurence of the other new
jump will be discussed later.

FIG. 5. MSHG hysteresis loops of the NiOs4 nmd film, measured in transverse field(H ix and'c) for (a) sinpout and(b) pinpout optical
configurations, and(c) in longitudinal field(H iy and ic) in the pinsout optical configuration. Similar data are shown in(d)–(f) whenH 'c.
To simplify, the schemes assume that the Fe-Ni magnetization is at 90° from thec axis.
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Another set of MSHG hysteresis loops have been still
measured in the same opticalsinpout, pinpout, andpinsout con-
figurations, but with films rotated by 90° around their normal
axis, i.e., for a magnetic field applied perpendicular to thec
axis [Figs. 5(d)–5(f)]. Results are only given for NiOs4 nmd,
for which MSHG calculations have been performed. Consid-
ering the relatively weak value of the maximum applied field
value in this cases,300 Oed, only minor Fe-Ni loops are
measured. Thus, the switching of the Co layer cannot be seen
below 300 Oe, but a progressive rotation of the Co spins
towards the field direction might be seen. This is exactly
what we measured in LMOKE in the same field range(not
shown here). The MOKE loop shapesHmax=200 Oed is com-
parable to that found insinpout MSHG [Fig. 5(d)], i.e., a
narrow highly square Fe-Ni loop with low coercivitysHC

=8 Oed at low field, superimposed to a reversible signal due
to Co spins, proportional toH. The progressive rotation of
the magnetization at Co interfaces, whenH 'c, is only re-
vealed insinpout and pinsout MSHG configurations, as indi-
cated by the observed slope forH.HC. Again, as forH ic,
pinpout MSHG is not sensitive to Co layer interfaces since
above 10 Oe the signal stays constant. All MSHG data con-
firm that the exchange coupling between the Co and Fe-Ni
interfaces is still close to 90° for the NiOs4 nmd film and
weakly ferromagnetic for the NiOs8 nmd film.

V. INTERPRETATION AND DISCUSSION

We propose to determine the in-depth sensitivity of
MSHG and its selectivity to interfaces in the film structure
defined in Sec. III. More precisely, it is important to under-
stand the relative efficiency of MSHG for different magnetic
interfaces and for various optical configurations. Particularly
relevant are the determinations of the selection rules of the
emitted radiation at frequency 2v, and first the magnitude of
the electric field at frequencyv at each interface of the
multilayer. To simplify the presentation, and without losing
generality, further calculations and discussions will be essen-
tially limited to the NiOs4 nmd film structure.

The in-depth profile of the modulus of the components of
the electric field at frequencyv is calculated for the above
studied structure and for an incoming light penetrating the
structure from the CoO side(Fig. 6). The continuity of the
normal component of the electric inductionDsvd through the
nth interface implies the relation«0,n

svdEz,n
svd=«0,n+1

svd Ez,n+1
svd , where

«0,n
svd represents the diagonal permittivity matrix element of

thenth layer. Thus, the normal electric field componentuEz
svdu

can exhibit strong discontinuities at interfaces. Since the ra-
tio between the diagonal permittivity elements for a metal
sCod and an insulating materialsCoO or NiOd is rather large,
one expects a huge jump ofuEz

svdu at both sides of the Co
layer (Fig. 6). In contrast, due to the continuity of the tan-
gential components,uEx

svdu and uEy
svdu, of the electric field

across the interfaces, the in-depth profiles of these last quan-
tities vary continuously through the interfaces, and their am-
plitudes are smoothly decreasing when light is penetrating
deeper inside the structure(Fig. 6). Note also that in metals,
the amplitude of the electric field componentuEz

svdu is smaller

thanuEx
svdu anduEy

svdu because of the large refractive indices of
metals. As a consequence, the light propagates in metallic
layers in a direction nearly perpendicular to interfaces of the
multilayer structure. Finally, note that variation of light in-
tensity inside air is due to interference between incoming and
refleted light beams, an effect observable also with a simple
mirror. The variation ofEn

svd over a larger distance in the air
would follow a sine function.

The values of the electric fieldEn
svd at the interfacen can

be identified as incoming Fresnel coefficients(i.e., theXn
svd

elements) when the incident electric field amplitudes are
taken as unity[see Eq.(1)]. The real and imaginary parts of
the incoming Fresnel coefficients in the studied structure are
presented in Fig. 7. Going deeper and deeper in the structure,
the amplitude of all electric field components on successive
interfaces decrease monotonically, due to both damping and
reflections inside the structure. At the same time, the phases
of the Ex

svd and Ey
svd components of the electric field(i.e.,

Xxs,v
svd andXyp,n

svd elements) vary continuously.
The situation is quite different for the emitted light at

frequency 2v. Figure 8 represents the real and imaginary
parts of generalized outgoing Fresnel coefficients(i.e., Zn

s2vd

elements) [see Eq.(3)]. The radiated amplitude of the normal
componentmz

s2vd (provided by Zpz,n
s2vd) is about twice more

efficient than that of in-planemx
s2vd and my

s2vd components
(provided byZxs,n

s2vd and Zpy,n
s2vd). Furthermore, both the ampli-

tude and phase ofmx
s2vd and my

s2vd decrease monotonically
with increasing in-depth location of the radiating dipole lo-
cated in the close vicinity of interfaces. In the case of our
particular structure, the radiation emitted bymx

s2vd or my
s2vd

unitary dipoles on either the CoO/Co or Fe-Ni/Cu interface
differs only by about 30%. In the case of amz

s2vd radiated
component (provided by Zpz,n

s2vd), the situation is not so
straightforward, but there is still a relatively weak depen-
dence of the dipole radiation with its in-depth location. Thus,

FIG. 6. In-depth profile of the modulus of the components of the
electric field of the electromagnetic radiation foruEx

svdu, uEy
svdu, and

uEz
svdu for the CoOs2 nmd /Cos2 nmd /NiOs4 nmd /Ni-Fes10

nmd /Cus5 nmd /SiO2s100 nmd /Si film structure. The successives
interface positions are noted by vertical dashed lines. The values of
incoming electric amplitudes are assumed to be«0,s

svd=1 or «0,p
svd=1;

the incidence angle isw=45° and the photon energyE=1.55 eV.
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Fig. 8 demonstrates that the dipole radiation itself is not very
in-depth sensitive, and thus the experimentally observedin-
depth selectivity of the MSHG radiation is essentially deter-
mined by the profile of the incident electrical fieldEsvd.

Let us consider first thesinpout MSHG in a transverse field
applied along thec easy anisotropy axis of the Co layer
sH ix ,cd. MSHG, only sensitive to the transverse magnetiza-
tion component Mx (Table I), is then proportional to
xyxx

smd sEx
svdd2. Only one magnetic term per magnetic interface

is concerned in Eq.(6). As it can be seen in Fig. 6, theuEx
svdu

field modulus has appreciable values at all interfaces, but
shows only a slow decrease with increasing in-depth location
of interfaces. Therefore, the resulting MSHG hysteresis
loops, measured in this configuration, must contain contribu-
tions from all magnetic interfaces and are certainly not very
selective to particular interfaces. Actually, this is confirmed
by the shape of the resulting hysteresis loop[Figs. 4(a) and
5(a)], which clearly involves magnetic contributions from all
interfaces with Co and Fe-Ni, i.e., CoO/Co, Co/NiO,
NiO/Fe-Ni, and Fe-Ni/Cu interfaces are probed. The simi-

larity between the transversesinpout MSHG [Figs. 4(a) and
5(a)] and LMOKE [Figs. 2(a) and 2(b)] loops is also consis-
tent with the fact thatsinpout MSHG is supposed to probe the
magnetization around interfaces over a non-negligible thick-
ness extanding into the Co and Ni-Fe layers. The fact that
sinpout MSHG probes a relatively thicks,1 nmd interface
region is consistent with predictions of Ref. 16, as already
discussed in Sec. II.

The sinpout MSHG hysteresis loop of the NiOs4 nmd film
in a relatively small transverse fieldsH ixd (minor loop), but
applied now perpendicular to thec-axis MSHG[Fig. 5(d)], is
the superposition of a square loop due to the Fe-Ni interfaces
plus an additional quasilinear field-dependent signal related
to the canting of the Co spins. This is still in agreement with
a 90° exchange spin coupling between Co and Fe-Ni inter-
faces. The relative amplitude ofsinpout MSHG due to Co and
Fe-Ni interfaces is also consistent with that found forH ic.

In the pinpout MSHG optical configuration in a transverse
field sH ix ,cd, their is no signal variation above 50 Oe[Fig.
4(b)]. MSHG solely comes from the magnetization behavior

FIG. 7. Complex representation of the non-
zero elements of theX svd matrix [defined by Eq.
(1)] for the CoOs2 nmd /Cos2 nmd /NiOs4 nmd /
Ni-Fes10 nmd /Cus5 nmd /SiO2s100nmd /Si film
structure. The calculations are done for an inci-
dence anglew=45°, and forE=1.55 eV.

FIG. 8. Complex representation of nonzero generalized outgoing Fresnel coefficients[i.e., elements ofZ s2vd, defined by Eq.(3)] for the
same film structure(w=45°, andE=3.1 eV).
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at Fe-Ni interfaces in a field applied atu=6° from the zero-
field magnetization equilibrium state of the Fe-Ni layer. As
for LMOKE data[inset of Fig. 2(b)], the possible difference
in slope of the MSHG signal in positive or negative field
larger than 50 Oe and the open hysteresis loop can be ex-
plained by this small misalignment angle by 6° of the field.
Considering the accuracy of our MSHG experiments, it is
difficult to distinguish between the field-induced magnetic
behavior for the Fe-Ni interfaces and the Fe-Ni layer itself
and to deduce the misalignment angleu in Fe-Ni interfaces
from MSHG.

The insensitivity to the Co interfaces is also seen in trans-
versepinpout MSHG for H 'c [Fig. 5(e)]. As expected, only
the low-coercivity square loop of Fe-Ni interfaces survives,
with no significant field-dependent variation at field higher
than 10 Oe.

Looking at Table I,pinpout MSHG is only sensitive to the
transverse componentMx of the magnetization. The MSHG
intensity is then theoretically related tomy

s2vd=xyyy
smd sEy

svdd2

+xyzz
smdsEz

svdd2 andmz
s2vd=xzzy

smdsEz
svd Ey

svdd terms. Three suscep-
tibility elements and two electric field components are then
involved. Experimentally, we essentially measure loops re-
lated to Fe-Ni interfaces[Figs. 4(b) and 5(b)], in spite of the
fact that they are localized deeper in the structure than the Co
layer. This is closely linked with the in-depth sensitivity pro-
file of Ez

svd (Fig. 6). As the Co layer is surrounded by two
oxide layers(CoO and NiO), with nearly similar optical
properties, theEz

svd discontinuity at each CoO/Co and
Co/NiO interface has comparable size. The similarity of
both interfaces is demonstrated from cross-section transmis-
sion electron microscopy and EXAFS measurements that
have also shown that an ultrathins,0.3 nmd nonmagnetic
oxidized CoO or CoNiO layer is present at the Co/NiO
interface.12 Hence, since both interfaces are optically very
similar, the associatedx values can be assumed to be similar
as well. Thus, the MSHG signal generated by these two in-
terfaces has nearly the same amplitude, but with a difference
in phase shift equal top. So, the two MSHG contributions
for these Co interfaces are supposed to cancel each other. In
other words, MSHG for these two mirrored interfaces van-
ishes since a full symmetry with respect to the spacing me-
dium is preserved. On the other hand, the Fe-Ni layer is
surrounded by one oxidesNiOd and one metallicsCud layer,
giving an inherent large change of the optical properties at
both sides of the interface. Since the jump inuEz

svdu is far
larger for the NiO/Fe-Ni interface than for the Fe-Ni/Cu one
(Fig. 6), the source of MSHG comes predominantly from the
NiO/Fe-Ni interface. This also means that we are mainly
sensitive to terms related toEz

svd, and the term my
svd

=xyyy
smdsEy

svdd2 must vanish for the NiO/Fe-Ni interface. Thus,
only two terms survive,my

svd=xyzz
smdsEz

svdd2 and mz
s2vd=xzzy

smd

3sEz
svdEy

svdd. From symmetry arguments,xxzz
smd=−xyzz

smd (Table
II ) and, as shown below for thepinsout configuration,xxzz

smd is
found to be negligible. Thus, themy

svd=xyzz
smdsEz

svdd2 term can
be considered small as well. In conclusion, the hysteresis
loop measured in transversepinpout configuration[Figs. 4(b)
and 5(b)] probes selectively the NiO/Fe-Ni interface through
the dominantxzzy

smdsEz
svdEy

svdd term.

As given in Table I, no nonmagnetic term is predicted for
puresinsout or pinsout optical configurations. So, since MSHG
depends on products of nonmagnetic and magnetic terms, the
analyzer must be slightly misoriented by an angleg from a
pures orientation to restore a nonmagnetic component origi-
nating from apout optical configuration.

For the so-calledsinsout configuration, this allows us to
restore a nonmagnetic component coming from thesinpout
configuration(Table I), and thus to be sensitive to the longi-
tudinalMy component of the magnetization. However, in this
case, no significant MSHG has been experimentally detected,
which means thatxxxx

smd is small for all magnetic interfaces.
This is in agreement with our previous discussion onpinpout

MSHG, mentioning thatxyyy
smd is negligible, and considering

that xxxx
smd=−xyyy

smd (Table II).
In thepinsout case, the analyzer has to be still crossed by a

small angleg sg,10°d to restore a nonmagnetic component
related topinpout. Then,pinsout MSHG, related to the longitu-
dinal My component, can be detected. More precisely, one
can have access both to a longitudinalpinsout magnetic con-
tribution with amplitude proportionnal toMy sin g cosg,
and a transversepinpout component proportional toMx sin2g.
Their relative magnitude depends not only on the analyzer
misorientationg, but also on the involved susceptibility ele-
ments and electrical fields. The longitudinalpinsout magnetic
contribution is determined bymx

s2vd=xxyy
smdsEy

svdd2+xxzz
smdsEz

svdd2

(Table I). As presented in Figs. 5(c) and 5(f), the hysteresis
loops, measured in a field parallel or perpendicular to thec
axis, contain contributions from both Co and Fe-Ni inter-
faces. Thus,pinsout MSHG is not very in-depth selective,
leading to a small in-depth resolved termxxzz

smdsEz
svdd2. The

term xxyy
smdsEy

svdd2 consequently has a dominant role. Recall
that this proved the smallness ofxxzz

smdsEz
svdd2=−xyzz

smdsEz
svdd2

(Table II), as it has been already used to determine the domi-
nant term forpinpout MSHG.

The experimentalpinsout MSHG data obtained for the
NiOs8 nmd film in H ic is the superposition of two loops
linked to the magnetic state of the Co and Fe-Ni interfaces
[Fig. 4(c)]. Roughly speaking, it looks again quite similar to
LMOKE, which means thatpinsout MSHG relates to the lon-
gitudinal My component of the magnetization.

In counterpart,pinsout MSHG gives a complex loop for the
NiOs4 nmd film that can be interpreted by considering the
two above-discussed contributions that always involve a
pinpout nonmagnetic term, coupled with eitherpinsout or
pinpout magnetic terms(Table I). Thepinsout magnetic contri-
bution then tests theMy component of the magnetization of
each interface, while thepinpout one gives access toMx. So,
the resultingpinsout MSHG loop can be decomposed into(i)
signals proportional toMy of Co and Fe-Ni interfaces, i.e., a
square loop related to Co interfaces plus S-shaped field
variations related to Fe-Ni interfaces, and(ii ) signals propor-
tionnal toMx of Fe-Ni interfaces. The loops corresponding to
(i) are quite similar to LMOKE orsinpout MSHG. In a perfect
case, for Fe-Ni spins oriented perpendicular to thec axis, the
contribution(ii ) must vary monotonically from a maximum
for H=0 to zero in large fields, for LMOKE measured in a
transverse field(Fig. 3). As found in simulations,12 and sug-
gested above, if the spin orientation in the Fe-Ni/NiO inter-
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face is not exactly normal to thec axis (but misoriented by
the angleu), one can predict an associatedMxsHd loop with
two opposite large symmetric jumps. They are associated
with abrupt field-induced spin reorientations along the zero-
field equilibrium Fe-Ni magnetization axis from one direc-
tion to the opposite. Such an effect was already seen in
LMOKE measured in a transverse field(Fig. 3).

In the case of the longitudinalpinpout MSHG loop mea-
sured in a field perpendicular toc [Fig. 5(c)], the field-
induced transverse magnetizationMx of the Fe-Ni layer and
of related interfaces is always zero, so no additionalpinpout
MSHG term is expected.

Up to now, we have not considered SHG coming from the
centrosymmetric antiferromagnetic NiO layer,19,21 especially
in the pinsout configuration. This effect must be only related
to the square of the sublattice magnetization,26 which does
not change sign with the applied magnetic field. Since the
measured magnetically induced SHG effects are odd with
field, we exclude any second-harmonic contribution of the
NiO layer in the observed hysteresis loops. Moreover, since
KNiO=43104 erg/cm3 is far from being negligible, the anti-
ferromagnetic spin-flop reorientation from thec axis to its
normal cannot occur before the magnetization switching of
the Co layer.

VI. CONCLUSION

The in-depth selectivity of MSHG in the Co/NiO/Fe-Ni
thin film structure has been investigated. We experimentally
proved thatpinpout MSHG is very selective to specific inter-
faces, whereas thepinsout and sinpout MSHG configurations
are selective to all interfaces. The depth location of the
2v-radiating dipole has only a small impact on the MSHG
depth selectivity. The profile of the electric fieldEsvd of the
incident light beam is shown to govern this selectivity. Pro-
files of electrical field componentsEx

svd, Ey
svd are continuous

through the multilayer, althoughEz
svd varies discontinuously

at interfaces. Hence, the depth selectivity is attributed to the
Ez

svd component. Symmetry arguments(Tables I and II) give

the principal contributions for each MSHG configuration in
our case. They aremz

s2vd=xzzy
smdEy

svdEz
svd for pinpout MSHG,

mx
s2vd=xxyy

smdsEy
svdd2 for pinsout MSHG and my

s2vd=xyxx
smdsEx

svdd2

for sinpout MSHG. We can generalize our results and con-
clude that thepinpout MSHG configuration is mainly sensitive
to the interfaces of dielectric/FM or air/FM type and not to
metal/FM interfaces, FM being a ferromagnetic metal. This
is due to a large discontinuity ofEz at dielectric/FM or
air/FM interfaces, originating from the relatively small re-
fractivity indices of air and dielectrics as compared to metals.
On the other hand,sinpout and pinsout configurations depend
on all interfaces.

In the pinsout MHSG configuration, we have observed a
superimposed hysteresis loop that is assigned to the trans-
verse magnetization of the Fe-Ni/NiO interface, since the
misorientation of the analyzer allows to check simulta-
neously the two in-plane magnetization components. In the
NiOs4 nmd film, we deduce that the orientation of the mag-
netization at the Fe-Ni/NiO interface(by MSHG) and inside
the Fe-Ni layer(by LMOKE) are misoriented by several de-
grees from the normal to thec axis. Unfortunately, consider-
ing the limited accuracy of MSHG data, it is difficult to
demonstrate if this misorientation angle is strictly the same
in the Fe-Ni layer and at its interface with the NiO layer.

As stated in Refs. 16 and 17,mz
s2vd probes a much more

localized interface region s,0.1 nmd than mx
s2vd or

my
s2vd s,1 nmd. The inspection of dominant terms in Table I

indicates that it corresponds to the fact thatpinpout MSHG
sharply probes interfaces whilesinpout andpinsout MSHG are
also influenced by the magnetization state inside ultrathin
layers.
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