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In-depth selectivity of the magnetic second-harmonic generation of light in a multilayer structure
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The in-depth selectivity of magneto-optical second-harmonic gener@t@HG) is investigated in the
Co0O/Co/NiO/Fe-Ni/Cu film structure. Thp,pout MSHG is essentially selective to only one NiO/Fe-Ni
buried magnetic interface, whereggs,,: and s,po,t 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 for example, to study the interfacial magnetic coupling

The use of pulsed lasers has opened up new possible i1 spin-valve or tunnel-junction structures. It has rgcently
vestigations in science. High-power ultrashort pulged0 fs ~ been used successfully to determine the reversible and
or even shortgrallows the detection of nonlinear optical irreversible parts of the magnetization at antiferromagnetic/
phenomena in particular media, i.e., harmonics of the fundaferromagnetic (AF/FM) interfaces in exchange-biased
mental(w) excitation frequency. The second-harmonic gen«SySter‘ﬂSl-0
eration(SHG) of light (at 2w) is of particular interest.SHG The existing models fail to give a detailed interpretation
originates from breaking of inversion symmetry, as found inof the MSHG data in simple magnetic multilayers. They of-
noncentrosymmetric materials or at boundaries between twin rely on crudebut sometimes justifigdassumptions; for
centrosymmetric media. Then, in a multilayer structure, SH@xample, they consider nonabsorbing médim this paper,
is emitted at the film surface or at each interfage. we propose the application of a more refined step by step

For ferromagnetiqFM) materials, the radiated SHG in- treatment of SHG and MSHG based on light propagation
tensity is dependent on the orientation of the sampldnside a multilayer structure with«2emission at interfaces.
magnetizatior¥-> This effect is called magnetization-induced MSHG in a magnetic multilayer structure is interpreted from
second-harmonic generatiohlSHG) of light, or sometimes ~ selection rules related to the emission of light by dipoles at
nonlinear magneto-optical Kerr effectNOMOKE or 2w frequency and to their interface in-depth dependent sen-
NOLIMOKE).25 As for “classical’ linear magneto-optical Sitivity. We apply here our treatment to a tunnel-junction
Kerr effect(MOKE) (i.e., both incident and detected light are €xchange-coupled structure with two different metallic FM
at frequencyw), MSHG is due to two genuine quantum ef- layers(Fe-Ni and Co separated by an AF oxide NiO layer.
fects: the spin-orbit coupling and the exchange interaction. I his structure shows a rich magnetic behalAatue to the
thin magnetic film structures, both types of magneto-opticainterlayer exchange coupling of the FM layers across the AF
effects measure linear combinations of the magnetizatiogPacer, giving rise to a spiraling spin structure in NiO. Such
components related to each laféihile MOKE probes the @ type of system attracts great interest for potential applica-
entire volume of the multilayer with an in-depth reducedtions in spintronics.
senslltlwty,7 MSHG is only ;electlve to .th(.e magnetization of Il GENERAL MSHG FORMALISM
the film surface and of buried magnetic interfaéés.

Most MSHG measurements have been investigated so far MSHG stands potentially as a promising technique for
on magnetic surfaces or on a sandwiched single magneti&tudying the magnetism of surfaces and buried interfaces in
layer, but only a few theoretical treatments and experimenttayered structure$® Let us summarize the main MSHG
have been devoted to magnetic multilay&rs. The main  properties.
reason is that the interpretation of MSHG data in multilayers (i) As recalled in the Introduction, symmetry arguments
becomes rapidly complex. However, convincing experimentsndicate that MSHG is only allowed in honcentrosymmetric
are still required to show unambiguously how MSHG is re-media. Then, in magnetic multilayers with centrosymmetric
lated to the magnetic behavior of some buried interfaces ifayer materials, MSHG probes only magnetism at the surface
simple multilayer structures. Such a study is of particularand at buried interfaces, for which the space inversion sym-
interest for film structures that could be used in spintronicsmetry is broken.
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® ¢S Another limitation in the interpretation of the MSHG data
P X comes from the difficulty to estimate tlaetive SHG thick-
§ z ness around a given interface and that forygll ,'s. For an
7® y Al(111) surface, Pethukov and Liebséhhave calculated

that SHG radiated by a normal currgie., by the normal
FIG. 1. Cartesian coordinate system used for the incoming andlipole componentt(zz“’)) is more surface sensitive than SHG
emitted light and for the direction of the applied field. radiated by tangential currengse., by the tangential dipole
componentsu, (20) (2‘“) This is also discussed by Gudde,
(i) As for MOKE, MSHG measured in different optical Hohlfeld, and Matthla’s7 in Co and Ni layers deposited on
polarization configurations can check any magnetizatiofcu. Then, x,,, is found to be linked to sharp regions
component. (~0.1 nm located at interfaces, whilg,,, originates from a
(iii) The MOKE contributions coming from different FM much thicker region expanding inside the magnetic layer
layers are linearly additivel3 The magnitudes of the MSHG (~1 nm). This physical argument is certainly valid in many
contributions issued from different interfaces are additive amther cases, as proved in the interpretation of our MSHG
well, but provide a more complex behavior. For example, themeasurements on the Fe-Si/Dy-Fe-Co structlre.
phase of the SHG signal at the interface separating two met- (iii) The presence of a radiating point dipoiéz“’) at the
als changes sign when reversing the relative position of thesgth interface implies modified boundary conditions of the
metals? Thus, a weakly absorbing ultrathin FM layer, sand-radiated electric and magnetic field through this
wiched between non-magnetic layers composed with thénterface'>®When all layers are assumed isotropic, the re-
same material, gives only rise to a very weak resultanfation betweenu® and the outgoing electric field ampli-

MSHG signal. tudess\>* at 2w frequency(with IT={s, p} are the light po-
Wierengaet al. have developed a formalism for calculat- Iarlzatlon statesis written

ing MSHG generated at interfaces of regular magnetic

multilayer structure$? More recently, we proposed a more M(Za))

general formalism allowing to treat stacks of nonuniform el Zgj‘; 0 o0 p

magnetic layer$® based on the electric dipole emission 2w) 20) 520 || My | 3)
2 0 z Z
Py Py “Spzy (20)

mechanism at @ frequency. We summarize first the different
stageqi)—(v) of the calculation, consistent with our formal-
ism, and introduce pertlnem(“’ andZ(z‘” matrices. where Z ™ stands for the matrix of generalized outgoing
(i) Assuming an isotropic mterface the electric flﬂd” Fresnel elements. Here, we are determining the dipole radia-
at the fundamental frequenay at each interface is ex-  tion emitted inside the air superstrate. The zero coefficients

Z,v

(2w)

pressed within a matrix form, in Z 20) correspond to the fact that, inside the isotropic
E(w) :X(w)J(w) (1) med|a the/u component radiates onbtpolarized waves,
although,u(z‘” and,u radlatep polarized waves. It should

where X(‘") is the matrix of |ncom|ng generalized Fresnel po emphaS|zed that the matrldég“’) andz" 29) 4o not vary
(@) — (@) .
coefficients andly’ (85%, 00 “) is the Jones vector of the yth sample magnetization when small contributions origi-

incident electric f|6|d withs, P the usual polarlzatlon states. nating from Kerr and Faraday effects are neg|ected_

In the considered Cartesian coordinate systemzthgis is (iv) The resulting outgoing electrical field amplitudes
oriented along the normal to the film plane, anlies bothin ;124 from the entire multilayetdenoted by the subscript jot
the planes of the film and of inciden¢Eig. 1). are then determined by a first integration over all radiating
(i) The electric fieldE'” gives rise to electric point di- dipoles located on each interface, and second, by summing
poles oscillating at frequenay with amplitudé2 all interface contributions. When the magnetization gpof
u (2w) — =y, ® E(’*’ E(“’ , 2) each |nte)rface is unlforrtz;rft‘g)t is simply expressed by a sum
over sH‘“ 's originating from one point dipole on each

where x, is a third-rank susceptibility tensor. Depending jnterfacets
upon the change of sign of thgy ,’s elements with magne-

tization reversal, they can be cIassified aenmagnetic £20 =S (20 )

X (M)=XIT,(-M), o magnetic i/ (M)==x",(-M) e

susceptlblllty tensor elements. Slmllarly, the electrlc dipole ) ) o )
moment M( © can be separated intou! (20) — <2w> m (V) The measured radiated SHG intensity in the far field
+M(Vzw>(nm>’ where M(zw(m and u™ are the magnetic is then given by

and nonmagnetic parts of the radiated electric point di-

pole, whichgchangg sign or not upon reversal of tF;te mag- |§§tw) |N(22w)|2(|8(s,2t(o)'2|2+ |8E>2,§?t ), ©)

netic field, respectively. Unfortunately, even considering
symmetry arguments, the large number of nonzero suscepthereN;™” = [(N?)2—(N@sin ¢)2, ¢ being the incidence
tibility tensor elements. , (see, e.g., Ref.)often makes ~angle.N) and N are the refractive indices of the air at
their experimental determination difficult without crude @ and 2o, respectively. In the particular case whexe”
assumptions. =N@=1, N* becomes equal to cas

(2m
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TABLE |. Components of the SHG radiated dipole mompnfft‘”) generated by the electric fielﬁf}“’) at
the vth interface, for various MSHG configurations and interface magnetization components. In order to
simplify the notation, we omit the superscript8w) for MEIZ“’) and (w) for E(V‘”) and the subscripb. As
demonstrated in Sec. V, the contributions with underlines are dominant.

PolarMliz LongitudinalMly TransverseM [ x Nonmagnetic
PinPout My:X;n;))/E§+X§/?iE§ l’“y:X;T;) EEy
2= XV 2= Xy By Xy B
PinSout = )&1)LEY|_EZ Mx= )Lirxny)E)zl"’X E(?;Ef
SinPout 1= XymEs =
SinSout = Yoo

MSHG is usually measured in four distinct optical con- retically give rise to MSHG via a term proportionnal to the
figurations depending upon the polarizati@nor p) of the  gradient of the magnetizatidre can investigate this effect
incoming (in) and outgoing(out) light beam. For example, in our particular case of coupled FM films through an anti-
PnSouwt Means an incidenp-polarized light for a detected ferromagnetic layer, where the interfacial coupling can obvi-
s-polarized componen(ig. 1). Note that thes,s,; configu-  ously give rise to planar domain walls with nonuniform mag-
ration is usually not measured, since it gives a very weakietization. This will not affect MSHG signals at magnetic
MSHG signal. For a given optical configuratiaip;,Pous saturation. Another contribution can come from the presence
SinPout PinSout @NASSoun): the MSHG signal can be measured of antiferromagnetic interfaces; related MSHG effects have
either ins,,; out or p,, polarization, so that the total emitted been predicted theoreticaty.We shall address these points
light intensityl(rf‘fgim), linear in magnetization, is later in the final part of the discussion. Usually, these extra

’ terms have a negligible contribution.

o™ ~ 2N Relefts) ™ eif™ ], (6)
" Ill. SAMPLE PROPERTIES

where the summation runs over a}ll mterfacesang(ntn?)e The Co/NiO/Fe-Ni films were grown by sputtering in a
dagger denotes the complex conjugate syml_mﬁ’mt ~ high-vaccum chamber onto a thermally oxidized 18D]
=S €xpresses the totalonmagnetielectric ampli-  sybstrate SiO,(100 nm/Si(0.5 mm .22 A Cu(5 nm) buffer
tude emited by the sample. _ layer was deposited first to promote[411] texture and
Equation (6) shows that the magnetic part of the total 54ig a three-dimensionéBD) growth mode of Fe-Njmore

. . . .. (20 . .
radiated light intensityl{z+\™, is simply given by a summa- precisely FgNg;, i.e., Permalloyon SiO,. The polycrystal-

tion over contributions from all interfaces. Note that a con-jine AE NiO layer was deposited at oblique incidence by rf
tribution due only to therth interface is determined by the gpyttering from a NiO target, while Co and Fe-Ni metallic
product of the “magnetic” part of the electric field radiated |ayers were grown by dc sputtering at normal incidence. All
by the vth interface by théotal “nonmagnetic” part of the  gepositions were performed at room temperature, in the ab-
electrical field, originating from all interfaces. As follows sence of any applied magnetic field. The oblique sputtering
from Eq.(6), I{;ex" is related to products"™x'™ of non-  procedure defines an easy in-plane AF uniaxial anisotropy in
linear susceptibility tensor elemerits.

Assuming an anisotropic mterface,(n?)ymmetry arguments  tag) g . Relationships between some magnetic and nonmag-

i (M) i : :
allow nonmagneticy,  or magneticy,” elements to be netic y;jx elements, resulting from symmetry arguments.

zero? Consequently, the components of the radiating dipole
(2w)

w, " only dependent upon particular components of the elec- Transverse— Longitudinal
tric field E(V“’). Their expressions are reported in Table | for ]
different polarized light configuration®;,Pout SinPout PinSout Magnetic
ands;,S.,) and magnetization components with respect to the X;T;_’_Xir;;
light coordinate systengFig. 1). Noting that, when rotating X;’:;H—Xir;)
the sample by 90° around tlreaxis the transverse magneti- m_, _, (m
zation becomes longitudinal, somyeelements induced by a )
longitudinal magnetization are identical to others induced by X(Z,; - X(Zrﬁ)‘
a transverse magnetization. These relations are reported in Xxy ™ " Xyxy
Table I, for both magnetic and nonmagnetielements.

In this section, we have neglected other possible mecha- Nonmagnetic
nisms that can give rise to MSHG. For example, structurally X(ZT;‘)*X(;;;‘)
centrosymmetric media with nonuniform magnetization, oc- X(yczr;v_) X(Xczr:)

curring when magnetic domain walls are present, can theag
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NiO along a giverc axis. A weak ferromagnetic coupling or 40 . . . .

a 90° coupling between the two Co and Fe-Ni ferromagnetic L H — 4

layers are expected by chosing the NiO thickness equal to 8 ol i - 1
. . > FeNi

or 4 nm, respectivel}? We will discuss MSHG measured on | G ) |

both NiO(4 nm) or NiO(8 nm) 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 L
gives no magnetic contribution. Cross-section transmission 40 s . s .
electron microscopy and extended x-ray absorption fine- -300 200 -100 O 100 200 300
structure(EXAFS) measurements have also proved that an H (Oe)
ultrathin (~0.3 nm nonmagnetic oxidized CoO or Co-Ni-O
layer is present at the Co/NiO interfate.Our film
structure was finally CoQ@ nm)/Co(2 nm)/NiO(4 nm)/
Ni-Fe(10 nm/Cu(5 nm)/Si0,(100 nm/Si. - FeNit g 1
As in the case of Fe-Ni/Fe-Mn/C8, recent room- I T
temperature data obtained on Co/NiO/Ni-Fe film - Co (c-axis) / .
structure®’ have clearly shown an in-depth spiraling spin
structure for a thin enough NiO layer that is consistent with L /’ 7*" ]
simulations'? In order to select a coupling between the two o

LMOKE (mdeg)
8 o
ﬁ
N’

40 T T T T

[\
=]
T

LMOKE (mdeg)
8 o

FM layers close to 90°, the NiO thickness must be about | - J

4 nm and the anisotropies in our film structure have to verify » b) . i ]
the relationsKc,> Kyio> Kre.ni Reasonable values of the 300 200 -100 0 1006 200 300
anisotropy constants ar&c,=5x 10° erg/cnt, Kyio=4 H, (Oe)

X 10* erg/cn?, Keoni~ 0.12 Driven by our selective prepa-
ration .conditions, the Co, Fe-Ni,. and NiO Ilayers have the G 2. Longitudinal LMOKE loops measured fétlic in: (a)
same in-plane magnetic easy anisotropy axi¥he magne-  the NiO(8 nm) film, (b) the Ni(4 cm) film. The minor loop of the
tization of the Co layer in zero field always lies along the Fe-Ni layer is shown in the inset gb). The orientation schemes
axis, but as in Fe/NiO/Co film structurésthe 90° cou-  assume that the Fe-Ni magnetization is either parégiedr perpen-
pling, driven by the combined effect of a propagating nearesdicular (b) to thec axis; the horizontal axis is always parallel to the
coupling in the AF NiO spacer and interface roughnessy axis of the light coordinate system.
tends to orient the Fe-Ni magnetization towards the normal
to the ¢ axis, which is consistent with simulatiddsCon-  asymmetric shape, which means that the coupling between
trastingly, with other structures showing the sameFM layers is not perfectly at 90° in zero field. No exchange
behavior??2 our nonsymmetric structures, with hat@o)  bias field effect has been seen here at room temperature. This
and soft(Fe-Ni) FM layers, allow us to distinguish the mag- is due to the very small NiO grain size~7 nm), which
netic and MSHG behaviors of the two FM layers. results from the deposition at oblique incidence, and leads to
an inefficient pinning of the NiO spin latticé.
In order to have a more accurate determination of the
IV. EXPERIMENTAL RESULTS relative orientation of the magnetization in the Co and Fe-Ni
o ] . layers, we performed LMOKE measurements on the
Longitudinal (lly) (Fig. 1) LMOKE hysteresis loops have Njo(4 nm) film in transverse(lx) field (Fig. 1), applied
been measured by a modulation techni¢u@he field was  zjong thec axis, or slightly misoriented from it by an angie
applied along the Co easy anisotropy c¢ axis. Figure 2 showg:ig_ 3). For H strictly applied along the axis (=0), the
such LMOKE hysteresis loops for the Ni®nm) and  fig|q_induced magnetization componevt, of the Co layer
NiO(4 nm) films. For the Ni@8 nm) film [Fig. 2a)], the  myst be always zero; as expected in that case, no remnant of
resulting loop is a superposition of two square loops due t¢ Co loop at high field is observéHig. 3a)]. The remaining
the Fe-Ni(Hc~13 O¢ and Co(Hc~220 Og layers. This  effect comes only from the Fe-Ni layer. In the case of an
proves that the magnetization of the Fe-Ni and Co layers arRleal 90° magnetic coupling between the two FM layers in
nearly aligned with the axis. For the Ni®4 nm) film [Fig.  zero field, no hysteresis or complex field behavior is ex-
2(b)], the data differ markedly since the loop results in apected for the Fe-Ni layer because of the compensation be-
superposition of a Co square loop with a rather large coertween domains with opposite magnetization alongythexis
civity (Hc~170 Og, and a field-induced S-shape contribu- after reaching saturation. The inversion of sign of the
tion related to the quasireversible spin reorientation in the MOKE loop related to the inversion of the field variation
Fe-Ni layer. This confirms that, for the Ni@ nm) film, the  [Fig. 3@)] means that the easy axis makes a fixed arigle
magnetization of the Fe-Ni layer is coupled at about 90° inwith the normal to thec axis. Jumps in LMOKE are then
zero field from the Co magnetizatiéANevertheless, the Fe- expected for opposite fields;=+Hc/sin 6. Hc=8 Oe is the
Ni minor loop [inset of Fig. 2b)] shows hysteresis and an Fe-Ni coercivity measured along the normal to thaxis. In
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FIG. 4. MSHG hysteresis loops of the Ni®nm) film, mea-
sured in transverse fieldH [1x andlic) for (a) SpPout 2aNd (D) PinSout
optical configurations, angt) in longitudinal field(H lly andlic) in
the pinSout Optical configuration. To simplify, the schemes assume
g1at the Fe-Ni magnetization is at 90° from tbexis.

FIG. 3. LMOKE loops of the Ni® nm) film in transverse field
(HIIx). (8 H rigourously applied along the axis (=0°), and
slightly misoriented by angle®) (7=5°), (c) (=2°), with respect
to c. The orientation schemes assume that the orientation of th
Fe-Ni magnetization with respect to theaxis is a little larger than
90°. or p) of the incoming(in) and outgoingout) beamgFig. 1).

These configurations test in-plane  magnetization
the present casd;~80 Oe[Fig. 3a)], so that one deduces componentd.In order to measure MSHG hysteresis loops,
#=6°+1°. We effectively found an erratic field-induced we used an experimental setup with a mode-locked Ti: sap-
magnetic behavior for transverse LMOKE measurementphire laser giving 100-fs light pulses centered at 800 nm, and
when 7 is fixed to 5°+1°[Fig. 3b)], i.e., when the field working at a repetition rate of 86 MH2.The average light
becomes strictly perpendicular to the equilibrium Fe-Ni magspower on the sample surface was 50 mW, with a focused
netization in zero field* When the misorientation angleis  beam size of 30-4@m. The angle of incidence was 45°.
smaller than 2°, the predicted value fd] exceeds the maxi- MSHG hysteresis loops of our magnetic film structure ex-
mun applied field value, and no jump in Fe-Ni magnetizationhibit obviously different shapes compared to the considered
is observed, as depicted in Fig.cB light polarization configuration. As discussed below, these

As already mentioned, MSHG can be studied in four dis-differences are mainly related to the MSHG in-depth sensi-
tinct optical configurations depending on the polarizaiisn tivity.
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FIG. 5. MSHG hysteresis loops of the NiOnm) film, measured in transverse figld [ x and L c) for () snPout and(b) pinPout Optical
configurations, andc) in longitudinal field(HIly andlic) in the pj,So. Optical configuration. Similar data are shown(th—(f) whenH L c.
To simplify, the schemes assume that the Fe-Ni magnetization is at 90° fromatkis.

Our MSHG results for the Ni@® nm) and NiQ4 nm) 5(b)]. For the Nig8 nm) film, a rather largep;,pout MSHG
film are depicted in Figs. 4 and 5. Tlsgp,: MSHG hyster-  effect is observed. It comes mainly from the Fe-Ni interfaces
esis loops, measured in a transverse figttlix) applied since the amplitude of the Co loop is rather weak Héiig.
along thec axis, are shown in Figs.(d and Fa) for the  4(b)]. For the Nid4 nm) film, only a quasiuniform rotation
NiO(8 nm) and NiQ4 nm) film, respectively. The shape of of the field-induced magnetization at Fe-Ni interfaces can be
theses,p,,t MSHG hysteresis loops is quite similar to that of measured,; it can be compared with the LMOKE Fe-Ni minor
LMOKE loops [Figs. 2a) and 2b)]. Note that MSHG is loop [inset of Fig. Zb)]. The sharp selectivity to buried Fe-
supposed to be sensitive only to the magnetization of th&li interfaces in both samples is clearly related to the in-
interfaces of the Co and Fe-Ni layers, while LMOKE probesdepth sensitivity of MSHG in this particulgs,p,,; optical
the magnetization of the layers themselves. At this stage, theonfiguration; we will return to this point later.
similarity between the abovs,p,: MSHG and LMOKE In the piySout MSHG configuration withH [[x and ¢, the
loops tends to demonstrate that either the coupling betweetesulting loop for the Ni@8 nm) film [Fig. 4(c)] is still quite
Co and Fe-Ni interfaces is closely similar to that existingcomparable to that obtained in LMOK[Fig. 2(@)]. The re-
between FM layers, or theptically active MSHG region  sult is more surprizing for the Ni@ nm) film, where two
expands around interfaces. opposite jumps are observed kg~ 120 and 170 OgFig.

The piPout MSHG hysteresis loop, measured in a trans-5(c)]. The magnetization jump at the higher field is obviously
verse(Hx) field still applied along the axis, is dominantly due to the Co layer, while the occurence of the other new
sensitive to Fe-Ni interfaces in both samp|€gys. 4b) and  jump will be discussed later.
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Another set of MSHG hysteresis loops have been still ooy
measured in the same optiGPous PinPout @Nd PinSout CON- P E E
figurations, but with films rotated by 90° around their normal
axis, i.e., for a magnetic field applied perpendicular toche z
axis [Figs. 5d)-5(f)]. Results are only given for Ni@ nm), =08
for which MSHG calculations have been performed. Consid- . —=

1} air P ; ; P

ering the relatively weak value of the maximum applied field %" 0.6 Cu

value in this casé<300 Og, only minor Fe-Ni loops are

measured. Thus, the switching of the Co layer cannot be see@ .. 0.4 .
below 300 Oe, but a progressive rotation of the Co spins & P : :
towards the field direction might be seen. This is exactly 0.2 g . I
what we measured in LMOKE in the same field rariget | P
shown herg The MOKE loop shapéH,,,,=200 Og is com- 0% n 2'0 '_25
parable to that found irs,py,: MSHG [Fig. 5d)], i.e., a Depth [nm]

narrow highly square Fe-Ni loop with low coercivii{Hq

=8 0@ at low field, superimposed to a reversible signal due FIG. 6. In-depth profile of the modulus of the components of the
to Co spins, proportional téi. The progressive rotation of electric field of the electromagnetic radiation f&"), |E\”|, and

the magnetization at Co interfaces, when_c, is only re-  |[EX”| for the CoQ2 nm)/Co(2 nm)/NiO(4 nm)/Ni-Fe(10
vealed ins,pout and piSeut MSHG configurations, as indi- nm)/Cu(5 nm)/Si0O,(100 nm/Si film structure. The successives
cated by the observed slope fdr>H. Again, as forH c, interface positions are noted by vertical dashed lines. The values of
PinPout MSHG is not sensitive to Co layer interfaces sinceincoming electric amplitudes are assumed tmbféﬂ or séf’)=l;
above 10 Oe the signal stays constant. Al MSHG data conthe incidence angle ig=45° and the photon enerdy=1.55 eV.

firm that the exchange coupling between the Co and Fe-Ni (@) () L
interfaces is still close to 90° for the Ni@nm) film and  than|E,”| and[E/”"| because of the large refractive indices of

weakly ferromagnetic for the Ni@ nm) film. 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-
V. INTERPRETATION AND DISCUSSION tensity inside air is due to interference between incoming and
refleted light beams, an effect observable also with a simple

We propose to determine the in-depth sensitivity Ofpirqr The variation o' over a larger distance in the air

MS_HG ::_md its selectivity to irjterfac;e_s i.n the film structure would follow a sine function.
defined in Sec_. . Mqre precisely, it is |mportant to unde_r- The values of the electric fiel'® at the interfacer can
stand the relative efficiency of MSHG for different magnetic, . . . . v o (©)
interfaces and for various optical configurations. Particularl)})e identified as incoming Fresnel c_oef_ﬁue(rte., Fhexv
relevant are the determinations of the selection rules of th lementy when the incident electric field amplitudes are

emited raciaona requency and rt e magnude o (1C% %= Gee EALLL The 1) and ey pare o
the electric field at frequencw at each interface of the 9

multilayer. To simplify the presentation, and without losing presented in Fig. 7. Going deeper and deeper in the structure,

generality, further calculations and discussions will be essent—he amplitude of all electric f'?ld components on successive
tially limited to the NiQ(4 nm) film structure. interfaces decrease monotonically, due to both damping and

The in-depth profile of the modulus of the components 01Lreflectlons inside the structure. At the same time, the phases

() (o) in £
the electric field at frequency is calculated for the above ouhe E (f)md E components_of the electric field.e.,
and Xiow elements vary continuously.

studied structure and for an incoming light penetrating thexsp Nypy, ST > [ ) )
structure from the CoO sid€Fig. 6). The continuity of the The S|tuat|on. is quite different for the emltteq Ilgh_t at
normal component of the electric inducti@{® through the ~ réquency 2. Figure 8 represents the real and imaginary

uth interface implies the relaticnff)“’)E(“’)=8(“’) E@ \where Parts of generalized outgoing Fresnel coefficignts, Z(VZ‘”)

WV Zv 0,v+1—z,v+1’ . .
&) represents the diagonal permittivity matrix element Ofelement$[se((925q(3)]. The radlafgg amplitude of the normal
componentu,”™ (provided byZ ") is about twice more

the vth layer. Thus, the normal electric field componkﬁi{"ﬂ pzv

can exhibit strong discontinuities at interfaces. Since the raefficient than that of in-planmf“’) and ,u(yz‘”) components
tio between the diagonal permittivity elements for a metal(provided byZ(xzs“f and Z(z‘f‘v)). Furthermore, both the ampli-
(Co) and an insulating materi@CoO or NiO is rather large, tude and phase oﬂizw) and M(z“’) decrease monotonically
one expects a huge jump ﬁi(z‘”)| at both sides of the Co with increasing in-depth location of the radiating dipole lo-
layer (Fig. 6). In contrast, due to the continuity of the tan- cated in the close vicinity of interfaces. In the case of our
gential components|E\”’| and |E\”)|, of the electric field ~particular structure, the radiation emitted jaff’ or
across the interfaces, the in-depth profiles of these last quamitary dipoles on either the CoO/Co or Fe-Ni/Cu interface
tities vary continuously through the interfaces, and their amdiffers only by about 30%. In the case of,uf‘”) radiated
plitudes are smoothly decreasing when light is penetratingomponent (provided by 2(2‘”3), the situation is not so
deeper inside the structu(Eig. 6). Note also that in metals, straightforward, but there is still a relatively weak depen-

the amplitude of the electric field componéﬁi“’ﬂ is smaller  dence of the dipole radiation with its in-depth location. Thus,
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0 T
0.1 .
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4& NiO/FeNi 1
g
02 CoNiO |
CoO/Co 1
03k . , air/CoQ_|
T ol o s FIG. 7. Complex representation of the non-
Re(X.?) zero elements of th& () matrix [defined by Eq.
. . | . | . . . . . . . . (1)] for the Co@2 nm)/Co(2 nm)/NiO(4 nm)/
ol 7~ Ni-Fe(10 nm)/Cu(5 nm)/SiO,(100nm/Si  film
f structure. The calculations are done for an inci-
=/ dence anglepr=45°, and forE=1.55 eV.
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Fig. 8 demonstrates that the dipole radiation itself is not veryarity between the transversgp,,. MSHG [Figs. 4a) and
in-depth sensitive, and thus the experimentally obseimed 5(a)] and LMOKE [Figs. 2a) and 2b)] loops is also consis-
depth selectivity of the MSHG radiation is essentially detertent with the fact thas,p,, MSHG is supposed to probe the
mined by the profile of the incident electrical fiet}”). magnetization around interfaces over a non-negligible thick-
Let us consider first thg,p,, MSHG in a transverse field ness extanding into the Co and Ni-Fe layers. The fact that
applied along thec easy anisotropy axis of the Co layer s,p,,; MSHG probes a relatively thick~1 nm) interface
(HIIx,c). MSHG, only sensitive to the transverse magnetizategion is consistent with predictions of Ref. 16, as already
tion componentM, (Table I, is then proportional to discussed in Sec. Il.
X(yr:i (Ef(“’))z. Only one magnetic term per magnetic interface  The s,po,t MSHG hysteresis loop of the Ni@ nm) film
is concerned in Eq6). As it can be seen in Fig. 6, tHe\’|  in a relatively small transverse fie(éh 1) (minor loop), but
field modulus has appreciable values at all interfaces, buapplied now perpendicular to tleeaxis MSHG[Fig. 5(d)], is
shows only a slow decrease with increasing in-depth locatiothe superposition of a square loop due to the Fe-Ni interfaces
of interfaces. Therefore, the resulting MSHG hysteresilus an additional quasilinear field-dependent signal related
loops, measured in this configuration, must contain contributo the canting of the Co spins. This is still in agreement with
tions from all magnetic interfaces and are certainly not verya 90° exchange spin coupling between Co and Fe-Ni inter-
selective to particular interfaces. Actually, this is confirmedfaces. The relative amplitude gfpo,: MSHG due to Co and
by the shape of the resulting hysteresis I§Bfys. 4a) and  Fe-Ni interfaces is also consistent with that found Hoifc.
5(a)], which clearly involves magnetic contributions from all  In the pj,po,t MSHG optical configuration in a transverse
interfaces with Co and Fe-Ni, i.e., CoO/Co, Co/NiO, field (Hlx,c), their is no signal variation above 50 Qkig.
NiO/Fe-Ni, and Fe-Ni/Cu interfaces are probed. The simi-4(b)]. MSHG solely comes from the magnetization behavior

T 6F 3 nF —
- 51 4 1w .
_AA4_ 1.~ Y =
ldz IEE

SHEY S 1Y o .
1E} 1271
1 2| - 4} -
4 1f . 2k .
1 0 0 1

—
'
(3

2
Re(Ziy)

FIG. 8. Complex representation of nonzero generalized outgoing Fresnel coeffjcientslements oZ 2, defined by Eq(3)] for the
same film structurée=45°, andE=3.1 eV).
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at Fe-Ni interfaces in a field applied a&6° from the zero- As given in Table I, no nonmagnetic term is predicted for
field magnetization equilibrium state of the Fe-Ni layer. Aspures,Syut OF PinSout OPtical configurations. So, since MSHG
for LMOKE data[inset of Fig. 2b)], the possible difference depends on products of nonmagnetic and magnetic terms, the
in slope of the MSHG signal in positive or negative field analyzer must be slightly misoriented by an angléom a
larger than 50 Oe and the open hysteresis loop can be epures orientation to restore a nonmagnetic component origi-
plained by this small misalignment angle by 6° of the field.nating from ap,, optical configuration.
Considering the accuracy of our MSHG experiments, it is For the so-calleds,s,,, configuration, this allows us to
difficult to distinguish between the field-induced magneticrestore a nonmagnetic component coming from $ipoy;
behavior for the Fe-Ni interfaces and the Fe-Ni layer itselfconfiguration(Table )), and thus to be sensitive to the longi-
and to deduce the misalignment anglén Fe-Ni interfaces tudinalM,, component of the magnetization. However, in this
from MSHG. case, no significant MSHG has been experimentally detected,
The insensitivity to the Co interfaces is also seen in transWhich means tha is small for all magnetic interfaces.
versep;,po,s MSHG for H L ¢ [Fig. 5e)]. As expected, only This is in agreement wnfzmc))qr previous dISCUSSIOI’]qut
the low-coercivity square loop of Fe-Ni interfaces survives,MSH(Gm!) men(g)onmg thaly,, is negligible, and considering
with no significant field-dependent variation at field higherthatXxxx:_nyy (Table II). _
than 10 Oe. In the pj,S,u¢ Case, the analyzer has to be still crossed by a
Looking at Table 1p,,po.t MSHG is only sensitive to the Small angley (y~10°) to restore a nonmagnetic component

transverse componeM, of the magnetization. The MSHG  related topiypou Then,pinsout MSHG, related to the longitu-
intensity is then theoretically related 10> =y™ (E(*))2 dinal M, component, can be detected. More precisely, one
y y

£ ME)2 and 1,29 =MED E©) terms Thryge suscep- Can have access both to a longitudipgbk,,; magnetic con-
oz 2 z AT ' tribution with amplitude proportionnal tdvl, sin y cosvy,
tibility elements and two electric field components are thenand 2 transvers component pro ortionyal . Sir?
involved. Experimentally, we essentially measure loops re=_, ". ) BinPout P prop X V-
lated to Fe-Ni interfacefFigs. 4b) and b)), in spite of the Their relative magnitude depends not only on the analyzer

fact that they are localized deeper in the structure than the Cﬁ lasr?tge;;?j“glrgétrti)g;laflizlj dgn'gﬂg :g\éoz\tlfgasce?;g"ggtﬁ:e'
layer. This is closely linked with the in-depth sensitivity pro- ' g Sout MAY

Qo : w) = (M) =(w) (m)gle)
file of E“ (Fig. 6). As the Co layer is surrounded by two CONtibution is determined by, ™ =y, (E, P+ X )

X XZz
oxide layers(CoO and NiQ, with nearly similar optical (Table ). As presented in Figs.(§ and i), the hysteresis
properties, theE(Z“’) discontinuity at each CoO/Co and

loops, measured in a field parallel or perpendicular tocthe
Co/NiO interface has comparable size. The similarity of IS contain contributions from both Co and Fe-Ni inter-

both interfaces is demonstrated from cross-section transmifgces' Thus pinSo,: MSHG is not very in-depth selective,

sion electron microscopy and EXAFS measurements th {-:‘admg(;mEo Z)Szma" in-depth resolved teu’_ﬁz"i<E§ 2. The
have also shown that an ultrathip-0.3 nm nonmagnetic &' X)fyy(Ey )% consequently has ﬁ) d(()n)wlnant (L‘)"e-( I)?ecall
oxidized CoO or CoNiO layer is present at the Co/NiOthat this proved the smallness Qﬁzz(Ezw)zz‘Xyzz(Ezw)z
interface'? Hence, since both interfaces are optically very(Table ll), as it has been already used to determine the domi-
similar, the associateg values can be assumed to be similarnant term forp;,po, MSHG.

as well. Thus, the MSHG signal generated by these two in- The experimentalp;,So,y MSHG data obtained for the
terfaces has nearly the same amplitude, but with a differencdiO(8 nm) film in Hiic is the superposition of two loops
in phase shift equal ter. So, the two MSHG contributions linked to the magnetic state of the Co and Fe-Ni interfaces
for these Co interfaces are supposed to cancel each other. [lhig. 4)]. Roughly speaking, it looks again quite similar to
other words, MSHG for these two mirrored interfaces van-LMOKE, which means thap;,s,,: MSHG relates to the lon-
ishes since a full symmetry with respect to the spacing megitudinal My component of the magnetization.

dium is preserved. On the other hand, the Fe-Ni layer is In counterpartp,s,,: MSHG gives a complex loop for the
surrounded by one oxidNiO) and one metalli¢Cu) layer, ~ NiO(4 nm) film that can be interpreted by considering the
giving an inherent large change of the optical properties atwo above-discussed contributions that always involve a
both sides of the interface. Since the jump|E®)| is far ~ PinPour NONMagnetic term, coupled with eithgm,Soy OF
larger for the NiO/Fe-Ni interface than for the Fe-Ni/Cu one PinPout Magnetic termgTable |). The piyso,« magnetic contri-
(Fig. 6), the source of MSHG comes predominantly from thebution then tests th#, component of the magnetization of
NiO/Fe-Ni interface. This also means that we are mainlyeach interface, while thp,p,,. One gives access td,. So,
sensitive to terms related tcE(“’), and the term M(w) the resultingp;,S,ut MSHG loop can be decomposed ini9

, . : i .
m)(E(y“’))Z must vanish for the NiO/Fe-Ni interface. Thus, signals proportional td, of Co and Fe-Ni interfaces, i.e., a

— [
~Xyyy ' i

. (@) _ (M) ()2 (20)_ _(m  square loop related to Co interfaces plus S-shaped field
only( wt)wc()w)terms survive i, = xy,,(E;") (ma)lgd Fz, “Xzzy  variations related to Fe-Ni interfaces, afiig signals propor-
X (E,"E)"). From symmetry arguments,,,=~xy,, (-{rﬁ‘)blle tionnal toM, of Fe-Ni interfaces. The loops corresponding to
II) and, as shown below for thg,s,, configuration,x,,, is (i) are quite similar to LMOKE 0B;,po, MSHG. In a perfect
found to be negligible. Thus, the”’=x\(E,”) term can  case, for Fe-Ni spins oriented perpendicular todfzis, the
be considered small as well. In conclusion, the hysteresigontribution(ii) must vary monotonically from a maximum
loop measured in transverpgp,,; configuration[Figs. 4b)  for H=0 to zero in large fields, for LMOKE measured in a
and §b)] probes selectively the NiO/Fe-Ni interface through transverse fieldFig. 3). As found in simulationd? and sug-
the dominantX(ZT;(E;“’)E;‘”)) term. gested above, if the spin orientation in the Fe-Ni/NiO inter-
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face is not exactly normal to the axis (but misoriented by the principal contributions for each MSHG configuration in
the angled), one can predict an associatety(H) loop with  our case. They arg.\*”'= XET)),E;LU)EQM) for PiPout MSHG,
two opposite large symmetric jumps. They are associateg,*'= Xf(“y“;(E;‘”))z for pinSout MSHG and ,uf‘”): )((y”;))((Ef(‘”))2
with abrupt field-induced spin reorientations along the zerofor s,p,,; MSHG. We can generalize our results and con-
field equilibrium Fe-Ni magnetization axis from one direc- clude that thep,,p,,: MSHG configuration is mainly sensitive
tion to the opposite. Such an effect was already seen ify the interfaces of dielectric/ FM or air/FM type and not to
LMOKE measured in a transverse fieléig. 3). metal/FM interfaces, FM being a ferromagnetic metal. This

In the case of the longituding,po,s MSHG loop mea- is due to a large discontinuity df, at dielectric/FM or
sured in a field perpendicular to [Fig. 5c)], the field-  ajr/FM interfaces, originating from the relatively small re-
induced transverse magnetizatibhy of the Fe-Ni layer and  fractivity indices of air and dielectrics as compared to metals.
of related interfaces is always zero, so no additigngdo,c  On the other hands,p,,; and pi,Soy: cONfigurations depend
MSHG term is expected. on all interfaces.

Up to now, we have not considered SHG coming fromthe  |n the p,,s,,; MHSG configuration, we have observed a
centrosymmetric antiferromagnetic NiO lay8f*especially  superimposed hysteresis loop that is assigned to the trans-
in the pinSout configuration. This effect must be only related verse magnetization of the Fe-Ni/NiO interface, since the
to the square of the sublattice magnetizafidwhich does misorientation of the analyzer allows to check simulta-
not change sign with the applied magnetic field. Since theyeously the two in-plane magnetization components. In the
measured magnetically induced SHG effects are odd witNiO(4 nm) film, we deduce that the orientation of the mag-
field, we exclude any second-harmonic contribution of thenetization at the Fe-Ni/NiO interfagby MSHG) and inside
NiO layer in the observed hysteresjs Ioops_. Moreover, s?ncqqe Fe-Ni layerby LMOKE) are misoriented by several de-
Knio=4x 10" erg/cn? is far from being negligible, the anti- grees from the normal to theaxis. Unfortunately, consider-
ferromagnetic spin-flop reorientation from tieeaxis to its  jng the limited accuracy of MSHG data, it is difficult to
normal cannot occur before the magnetization switching ojemonstrate if this misorientation angle is strictly the same
the Co layer. in the Fe-Ni layer and at its interface with the NiO layer.

As stated in Refs. 16 and 1Z¢,§2“’) probes a much more
VI. CONCLUSION localized interface region(~0.1 nm than x> or

X

The in-depth selectivity of MSHG in the Co/NiO/Fe-Ni _M(yzf”) (~1 nm). The inspection of dominant terms in Table |
thin film structure has been investigated. We experimentallyndicates that it corresponds to the fact thggip,,s MSHG
proved thap;,p.. MSHG is very selective to specific inter- Sharply probes interfaces whisgpoy and pinSou MSHG are
faces, whereas thp, S, and s, MSHG configurations also influenced by the magnetization state inside ultrathin
are selective to all interfaces. The depth location of thd@Yers.
2w-radiating dipole has only a small impact on the MSHG
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