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Magnetization-induced second harmonic generation from the MCu interface
in multilayers on Cu(001)
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Ultrathin Ni films in Cu/Ni/Cy001) bilayers and exchange coupled Ni films in Ni/Cu/Ni{(G01) trilayers
are investigated by magnetization induced second harmonic gene(fei8#G). The results are analyzed in a
model of localized nonlinear polarizabilities at the interfaces. We show that antiferromagnetic coupling in the
Ni/Cu/Ni trilayers is observable with MSHG due to the presence of quantum well $QWS's) in the Cu
layer. The influence of the QWS'’s on the SHG from a Ni film in a Cu/N{BD\1) bilayer is weaker compared
to the case of Fe or Co bilayers.
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[. INTRODUCTION Sec. VI that in Ni/Cu/Ni trilayers on G001 antiferromag-
netic coupling can be detected by MSHG and that within the
Magnetization-induced second harmonic generatiormodel presented in Sec. Ill the presence of QWS neees-
(MSHG) from surfaces and thin films of ferromagnetic ma- sary prerequisite for the observability of this coupling.
terials has been shown in the past to be a very surface and
interface sensitive probleThis surface and interface sensi- Il. EXPERIMENT
tivity comes from the fact, that in materials having a center
of inversion second harmonic generati®@HG) is forbidden
by symmetry selection rules within the dipole approxima-
tion. Compared to the magneto-optical Kerr effdddOKE)
in the linear reflected light, the relative magneto-optical ef-

fects in thse frequency doubled light like the MSHG dium energy electron diffractiotMEED) oscillations during
asymmetry a”‘?' Kerr angléwere found to be_up 1o sev_eral the growth. The transition metal films were all grown at
orc_ie_rs of magnitude Iarger. Therefore, despite the quite lowy4t 300 K with a growth rate of the order of 1 ML/min.
efficiency of SHG from interfaces, MSHG can be used con-The Cy deposition rate was calibrated by MEED oscillations
veniently to study the magnetic behavior of ultrathin mag-prior to the growth of the Cu wedge. The experimental un-
netic films and multilayers. certainty in the thickness determination was less than 10%.

In metallic sandwich structures ofd3metal films of Co For the growth of the exchange coupled Ni multilayer
and Fe covered by noble metals like Cu and Au a strongstructures the Ni films were deposited Bt 293 K. After
influence of the SH intensity on the thickness of the noblethe growth of the first Ni film the sample was annealed at
metal cover layer has been observefiThis has been ex- 450 K for several minutes, which has been shown to smooth
plained within the dipole approximation by a resonance phethe surface considerably without causing any inter-
nomenon between certain thin film statgguantum well mixing.*>*3The Cu wedge was grown @t=173 K to avoid
stategQWS'9)] of the noble metal and states derived from the formation of pyramidlike islantf-° The second Ni layer
the transition metdi-'°A similar interpretation was made by was then grown at 293 K again after annealing the sample at
Ref. 11 for the oscillations of the second harma8el) light  about 450 K.
generated from Ag/$111). Summarizing the current under- For the MSHG measurements light pulses from a Ti:sap-
standing, it is expected, that the SH light in the above menphire laser(pulse width 80 fs, repetition rate 80 MiHwere
tioned systems is generated mostly at the interfaces, even facused onto the sample in the MBE chamber. The maxi-
the case that QWS’s are involved. mum fluence was about 1-2 mJcf The SH light gener-

In this paper we describe the MSHG from ultrathin Ni/ ated at the sample is detected by a photomultiplier. The fun-
Cu/Ni trilayers on C(001), where the two Ni films couple damental light is blocked by a combination of a dielectric
ferromagnetically(FM) or antiferromagneticallfAF), de- and colored glass filters. The total SH intensity is measured
pending on the thickness of the Cu spacer layer. After a shoit the transverse geometry. For the measurements in the lon-
description of the experimental setup in Sec. Il we describe gitudinal and polar Kerr geometry a polarizer is placed in the
simple model based on local SH generation from multilayersoutgoing beam path for polarization analysis of the SH light.
in Sec. lll. In Sec. IV A we report on effects of QWS'’s from The angle of incidence was about 38°. The direction of the
a Cu/Ni bilayer on C(001) and compare them to that from externally applied magnetic field had an angle of about 33°
Cu/Fe and Cu/Co bilayers on the same substrate before weith respect to the surface normal of the crystal. Therefore,
present the experimental results on the Ni/Cu/Ni trilayer inthe field has an in-plane component as well as a component
Sec. IV B. After the discussion in Sec. V we conclude inperpendicular to the surface. The in-plane component of

The Ni and the other ferromagnet{EM) films were de-
posited onto a C@W01J) single crystal having a miscut of less
than 0.2° in an UHV molecular beam epitayiBE) appa-
ratus with a base pressure of less than1 ' mbar. The
thickness of the FM film was determined by means of me-
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magnetic field was parallel to th€l10 azimuth. For all  (a) Ni/Cu/Ni/Cu(001)
results on Ni films shown in this paper the wavelength of the

incident light was 800 nm. The magneto-optical Kerr effect FM AF
(MOKE) in the (linean reflected light was measured in the Ni) [—— x& I— % X
longitudinal geometry as described in Ref. 16. B——— X P———— X m
1. SIMPLE MODEL OF MSHG FROM COUPLED - (,3,), =—xf§,2
FM LAYERS Xgﬁ

For the description of the SHG thought to be generated
locally at interfaces a model based on the work of Sipas
been frequently applied in the past for ferromagnetic films
and multilayers to separate the contribution from the indi- ;
vidual interfaces:*®~2??|t is assumed in this model, that the (b) Cu/Ni/Cu(001)
SH light is generated only in an infinitesimal thin sheet at the
interfaces of the individual metal films. In the dipole ap- =
proximation thesecond-ordepolarizationP®)(2w) at each DN
interface is given by

W =0 xfh~0

P(20) = X[REf (@) EY (@), @

where | numbers the interfaceg.The superscript (2) in
P)(2w) and x{7" indicating the second order is sup-
pressed in Eq(l) and will be suppressed also in the follow-
ing.] E"(w) is the total electric-field amplitude at the fun-
damental frequency. The resulting SH light amplitude
from the multilayer can be obtained by solving Maxwells
equation for the & component with the!)(2w) as source This assumption is motivated by the consideration, that in
term as described in detail in Ref. 19. The tensor elements ¢he case of infinite thick Ni films and a thin Cu layer the
the second-ordersusceptibility ! can be classified as inversion symmetry of the total system is reestablished _and
“nonmagnetiC,” or as “magnetic” depending whether they the.refore the tOtal SHG fl’O!’ﬂ the Structur:e mUSt VanISh,
change their sign upon magnetization revef3al. which requires the relation given in E(). Since in many
For a fixed geometry and polarization of the incident lightcases the effective range about the interfaces, in which the
the nonmagnetic and magnetic part of the susceptibility apecond-order susceptibility is of significant size, is only a
one interface can be described by a single number each. WeWw (1- 2 ML thick, this consideration may even hold for
named these effective nonlinear susceptibilities as depicte@uite thin Ni films. Then, with the same argument as above,
in Fig. 1 for the present case of a Ni/Cu/Ni00D) X%’ should be equal to-x. (Alternatively, one may con-
mu|ti|ayer_ While the nonmagnetic tensor e|emeni:|§.I are sider the case of an infinite thick Cu interlayer and thin Ni
independent of the alignment of the magnetization directiorfilms, which would also yieldy')= — x{¥).) It follows that
in the two Ni f”mS:XE]?) and XE‘;‘) have the opposite Sign in there should be no net SHG from the bottom Ni film. How-

magnetic(FM) alignment with the magnetization direction of hysteresis curves in the SH intensity measufadhe trans-
the upper film unchanged_ verse geometﬂy on a 6 ML Ni/x-Cu/6 ML N|/CU(001)

For the total thickness of the multilayer much smallertrilayer are shown for three thicknesses of the Cu interlayer,
than the wavelength of the light in the media the changes of®) 5 ML in the region of FM coupling of the two Ni films,
phase and amplitude of the incident light within the @nd(b) and(c) for 10 ML and 24 ML, respectively, where
multilayer can be neglected and the effective second ordefF coupling occurs. The details of the hysteresis curves will
susceptibility of the individual layers can be simply summedbPe discussed below. Here we want to emphasize, that FM

up into a single magnetic and nonmagnetic susceptibility and AF alignment of the magnetization in the top and bottom
Ni layer can be clearly distinguished by the shape of the

FIG. 1. Effective second-order susceptibilitigd and ) from
the different interfaces of a Ni/Cu/Ni/Q@01) trilayer (a) and a
Cu/Ni/Cu(00Y) bilayer (b). The arrow inside the Ni layers indicates
the direction of the magnetization.

M=y (D ) (28 hysteresis curve. While for the FM coupling always a rect-
angular shaped hysteresis curve is observed as in Fay. 2
xaF=xH—2x& & (2b)  the SH intensity differgeither larger as in Fig. () for 10

. o “ML or smaller as in Fig. @) for 24 ML interlayer thicknesls
for the FM and AF alignment of the magnetization in the Ni for the remanent state from the value at saturation. Clearly
layers. The total nonmagnetic second-order susceptibility ishe bottom Ni layer must contribute to the magnetization
given by xnm=x\m+ x4 for both configurations. For the induced SHG.[Because of very low interlayer coupling

derivation we have assumed that strength at 24 ML, the switching field in Fig(&@ amounts
3) @) 3) @ only to about 10 Oe compared to about 80 Oe for 10 ML.
Xom= " Xnm and  xi'=—xn’. ) The reason for the different shape of the hysteresis curves
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o For a Cu/Ni bilayer the contribution of QWS’s to the
120 (a)SML 8 magnetic second-order susceptibility is
(t)

bl __ b
100 X =x+ X&) (5)

with x{) and x{? defined as shown in Fig.(h).
There is no magnetic contributio/(aﬁﬁ) from the Cu sur-

80 f——+—+—+
[ face. The nonmagnetic contribution from the Cu surface,
2 120 X&), is also very low at a wavelength of 800 nm of the
g incident light®2* Therefore all contributions from the surface
= 100 of the Cu cover layer can be neglected and an equivalent
& equation to Eq(5) is also true fory,m.

140 In case the QWS'’s are fully confined in the Cu cover
layer or interlayer, respectively, then, as in the case of the
trilayer, ! should be equal tq!3) and (P = x4

120 In the experiments the SH intensity is measured, which
for a fixed experimental condition is given by

100

*_ 212
1 1 1 l _|XnmiXm| IO’ (6)
-100 -50 0 50 100
magnetic field (Oe)

where thel ™ and thel ~ are the measured intensities for the

magnetization of the sample in opposite directions lgithe
FIG. 2. Hysteresis curves of the SH intensity from 6 ML intensity of the incident light. The average SH intensity is

Ni/x ML Cu/6 ML Ni/Cu(001) measured in the transverse geom- defined as

etry with p-polarized light at 220 K for three different thicknesses

of the Cu interlayer(a) 5 ML, (b) 10 ML, and(c) 24 ML. The solid [ ) 212

and open circles indicate the measurements with increasing and lavi= 2 :|Xnm| (1+R9Ig, 7

decreasing field, respectively.

with R=|xm/xnml- It is useful to define an asymmetry
and the contribution of the bottom Ni film is that the elec-
tronic structure in thin Cu films is different from that of the T 2R
bulk material. Additional thin-film stategquantum well
state$ appear in the Cu interlayer which may heavily influ-
ence the SHG. In case these QWS'’s are fully confined to th
Cu interlayer, Eq(3) still holds but interfac€4) and(3) are
now different, because only at interfa@ and(3) the QWS
are presentif the QWS'’s are fully localized inside the Cu

A::
[T+17 1+R?

COSg, (8)

fith ¢ the phase angle betwegn, and x,,. For not too
large | x| the term proportional t&R? can be neglected and
A becomes proportional to the ratio of magnetic and non-
) . magnetic part of the second-order susceptibility. Similarl
interlaye). Therefore the difference betweep!” and | gsnearli)/ proportional tdy,|2 prbrity y
. . , . av nml -
— X=X describes the influence of the QWS’s. Equation ", the present case of @01) surface the SH light is
(2) can be rewritten as entirely p polarized in the transverse geometry for or
s-polarized incident light. For the longitudinal geometry the
1 polarization of the SH light generated by, and x,, have
FM ARy _ (3 4 . . . .
AXm::z(Xm —Xm)=XR X (4 different polarizationp and s, respectively. Therefore the
asymmetryA(«) measured as a function of the analyzer

Of course Eq(4) is valid even without the assumption of anglea placed in the outgoing beam path, is given by

Eq. (3). However, the nonzero differencey,, is considered
now as being caused by the fact, that at interface 3 QWS'’s Ala)= 2Rtana cOS
from the Cu interlayer contribute while there are no such 1+ R?tarfa
states at interface 4 on the substrate side of the trilayer. The

possible different SHG caused by morphological differencegvherea=0 corresponds tp-polarized light.

between interfaces 3 and 4 caused by the differences of

growth of Ni on Cu and Cu on Ni are less important and IV. RESULTS

cannot explain the different shape of the hysteresis curves ) . ) .

shown in Fig. 2 because this difference should be indepen- A Quantum size effects in CuNi/Cu(001) sandwiches

dent of the Cu interlayer thickness. The nonmagnetic tensor Figure 3 shows the-polarized SH intensity from sand-
elementsy{), are not affected by the direction of the magne-wich structures of Cu/4.3 ML Ni/fQ@01) (c) in comparison
tization and thereforgzﬂg1 is identical for the FM and the AF  with similar measurements on Cu/3 ML Fe/0Q]) (a), and
alignment of the magnetization of the top and bottom layersCu/10 ML Co/C{001) (b), all measured withp-polarized

¢, C)
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af/ / ,///75637;7/; . —037/ ' in the average SH intensitly,, and x,,, is small at that Cu
T aMRe [ doMLGe [ 4aMLN thickness compared tg,,,. Although the detailed shape of
V777 culoni) U2 ety ) (1777 cuoon) the SH intensity vs Cu thickness curve depends strongly on
1.5 r . r . . T T the wavelength of the incident light and to some extent on
(a) Fe |} (b) Co ©)Ni the preparation conditions of the ferromagnetic film and the

Cu cover layer we made the general observation, that in the
case of the Ni sandwich the SH intensity of the maximum at
about 12—-15 ML never reached such large values observed
for Co and especially for Fe sandwiches. Therefore, we sup-
pose that the QWS influence gn,, is weakest in the case of

a Cu/Ni bilayer.

The understanding of the magnetic signal vs Cu cover
layer thickness especially in the case of an Fe or Co sand-
wich is complicated by the fact that in the region near 5 ML
and at large Cu thickness the contribution to the SHG from

FIG. 3. p-polarized SH intensity as a function of the Cu cover Xm Decomes comparable or even larger than that fiom
layer from (a) Cu/3 ML Fe/Cu001), (b) Cu/10 ML Co/Cyo01), ~ and the exact relations, EqeZ) and (8) have to be used.
and(c) Cu/4.3 ML Ni/Cu001) measured wittp-polarized incident ~ Only by additional measurements in a geometry, whefe
light. In (a) the magnetization of the Fe film wamainly) perpen-  andx,n, lead to SH light with different polarization this sepa-
dicular to the surface plane while i) and(c) the magnetization ration including the complex phasg betweeny,, and xnm
was in the surface plane and perpendicular to the optical planean be made unambiguously. For Cu/Ca/@i) wedges it
(transverse geometryThe solid and open symbols indicate the SH has been found, that in the longitudinal geomeggyis only
intensity for the magnetization in opposite directions. weakly affected by the QWS’s and only at very thin Cu

cover layer of 1 or 2 ML strong changes |ig| have been
incident light. For the 3 ML Fe is the easy axis of magneti-observed® The case of Cu/Ni/C@01) sandwiches will be
zation (mainly) perpendicular to the sample surface anddiscussed below. Here we simply state that the SH asymme-
therefore no(large difference in the SH intensity for the try vs Cu cover thickness in all these sandwich structures is
magnetization in opposite directiofispen and solid symbols not proportional to| x,,| nor even to the magnetization of the
in Fig. 3) is observed in the entirely-polarized SH intensity.  ferromagnetic film.
For the case of Co and Ni the magnetization of the ferromag-
netic film is in the surface plan@ransverse geometnand B. Exchange coupled NiCu/Ni/Cu(002) layers
therefore an asymmetry in thepolarized SH intensity is
observed. Nevertheless, for most Cu cover layer thicknesses
it is small enough, so that the average SH intensity can be Figure 4 shows as a hysteresis curve measured by MOKE
considered as being proportional |tg,|> except near the [Fig. 4a)] and by MSHG(b) from a 6 ML Ni/x ML Cu/6
minima of the curves. The wavelength for the three differentML Ni/Cu(001) trilayer structures at a Cu thickness of 10
measurements in Fig. 3 are slightly different, 770 nm, 790ML, where the two Ni films couple antiferromagneticaffy.
nm, and 800 nm for the Fe, Co, and Ni sandwi@for the Itis known, that the magnetization and the Curie temperature
present discussion this small wavelength difference is noof thin Ni films is reduced when covered with E{?8At 220
important. A detailed discussion of the wavelength depenK we observed foa 6 ML Ni film on Cu001) a decrease of
dence can be found in Ref.)8. the MOKE rotation by almost a factor of 3 when covered

Let us focus on the average SH intensity first. As has beewith a Cu layer. Therefore, it is reasonable to assume that the
discussed in Refs. 25 and 8, the observation, that the Skhagnetization of the lower film is smaller than that of the top
intensity initially drops with increasing Cu cover layer thick- Ni film. In Fig. 4 the direction of the magnetization of the
ness for all three cases, can be explained by the fact, thadp and bottom Ni film is indicated by long and short arrows.
upon Cu coverage of the transition metal film, the electronicAt large negative external field, the magnetization of the top
structure at the top and bottom buried interfaces becomand bottom Ni film are aligned parallel to the external field
more similar. In the absence of any thin-film states in the Culeft). Starting at saturation & =150 Oe, first the lower Ni
cover layer the SH light generated at these two interfaceilm (having the lower magnetizatipmeverses its magneti-
exactly cancel each other because of the “restored” inverzation direction at about-80 Oe with increasing external
sion symmetry if the thickness of the transition metal filmfield. At about+6 Oe both, the top and the bottom Ni film
can be neglected against the optical wavelength in the metahverse their magnetization simultaneously before at large
However, thin-film states which are localized at the Cu covelpositive external fields the lower Ni film reverses its magne-
layer (quantum well statgsstrongly affect the electronic tization again and the magnetization of both films is aligned
properties of the top Cul/transition metal interface and causi the direction of the external field. Although not strictly
the oscillatorylike intensity changes with increasing Cutrue the total linear MOKE signal from the individual Ni
thicknes<> We emphasize that the maxima at 12—15 ML arelayers can be thought as the sum of the two individual con-
caused by the influence of the QWS’s on the nonmagnetitribution from the top and the bottom layer since the total
part of the second-order susceptibilify,,, since they occur multilayer is much thinner than the penetration depth of the

-
[=]

o
o

SH intensity (arb. units)

o
=)

0 10 0o 10 20
Cu thickness (ML)

1. Transverse Kerr geometry
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FIG. 4. Kerr hysteresis loop fro a 6 ML Ni/10 ML Cu/6 ML 0 5 10 15 20 25 30
Ni/Cu(001) multilayer structure in the antiferromagnetic coupling
range(a) in the linear reflected light an¢b) in the SH light mea-
sured at a sample temperaturelgf=220 K. The arrows represent FIG. 5. SH asymmetrya) and SH intensityb) as a function of
the magnetization direction of the uppéong arrow and lower the Cu spacer layer from 6 ML N¢/ ML Cu/6 ML Ni/Cu(001)
(short arrow Ni film. The solid (open symbols represent the mea- measured in the transverse geometry vgtholarized light at 220
surements with increasir(decreasingfield. Note, despite the same K. The solid and open circles ifa) indicate the asymmetry with
thickness of both films the magnetic moment of the lower film is (solid) and without(open external field of about 190 Oe. The open
reduced. and solid squares ifb) represent the SH intensity with applied

external field in opposite directions.

light.?° Therefore, the parallel alignment of magnetization of
the upper and lower Ni film gives the larger MOKE signal and 4 are identical, thug>=x{), the different coupling

(approximately proportional to the sum of the magnetic mo-should be invisible in the SH asymmetry according to Eq.
ments of top and bottom filiwhile at antiparallel alignment  (4).

Cu thickness (ML)

the total Kerr signal is reduce@pproximately proportional In Fig. 5 the SH intensities with an applied external trans-
to the difference of the magnetic moment of upper and lowererse magnetic field of about 190 A€, (solid circles and
film). I~ (open circles (b) from a 6 ML Ni/x ML Cu/6 ML Ni

This is not the case for the magneto-optical effect in thetrilayer are plotted vs the Cu interlayer thickness. In Figy 5
SHG as can be seen in Figibd. The maximum change of the corresponding SH asymmetry is plotted as solid symbols.
SH light intensity is observed at remanence. The SH lightn addition the SH asymmetry in the remanent states is
intensity remains always much larger than its chan@dste  shown as open symbols. Due to the steep slope of the Cu
the zero suppression in Fig(bd. This allows us to assume a wedge of about 4 ML/mm not all regions of AF coupling are
linear dependence gf,,, on the SH asymmetry. However, the resolved. However, as can be seen from the SHG hysteresis
individual magnetic contributions from the different inter- loops plotted as insets in Fig. 5 AF coupling occurs at Cu
faces, x!!), are complex numbers and therefore the differ-thickness of about 10 ML, 16 ML, and 24 ML while at 5
enceA ., in Eq. (4) can lead to an increase or decrease ofML, 19 ML, and 26 ML the shape of the hysteresis curve is
the ratioR, depending whether this difference leads to anconsistent with FM coupling.
increase or decrease of the projection of the total magnetic Without the presence of the QWS’s in the Cu interlayer, a
susceptibility y,, onto x,m. The effective phase factap in ~ monotonous and nearly constant SH intensity as well as SH
Eq. (8) is important and this factor may change with, for asymmetry would be expected from the model in Sec. IIl.
example, the wavelength of the incident light, the incidentThis is not the case. Both, SH intensity and asymmetry show
angle, etc. Especially it may change with the thickness of the& long periodic oscillation of about 20—-25 ML in Fig. 5. The
Cu interlayer. This has already been shown in Fige) and  changes in the average SH intendity are relatively small
2(c). While for a Cu interlayer thickness of about 10 ML the but the variation in the asymmetry for the FM aligned layers
QWS contributionA x,, leads to an enhancement of the SHamount to rather large 30%. We will postpone the discussion
Kerr signal in the AF aligned state of the magnetization withof this observation to Sec. V and we continue to assume the
respect to the FM aligned state, for about 24 ML, where alsdapproximatg validity of the model in Sec. llI for the fol-

AF coupling occurs A y,, causes a reduction of the Kerr lowing.

signal. Note, that within the model described in Sec. Ill the As mentioned above, the observed differencé iior FM
fact that the SH asymmetry is different for FM and AF align- and AF alignment is caused by the QWS contribution to the
ment of the layers is a direct evidence of the influence of théNi/Cu interface. The phase of the differendgy,= )(Eﬁ)
QWS'’s ony,,. In case the electronic structure at interfaces 3+ XET‘P oscillates with the thickness of the Cu interlayer as
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FIG. 6. MSHG from a trilayer(circles and bilayer(squares  function of the Cu interlayer thickness derived from MSHG mea-
measured in the longitudinal geometry wigipolarized incident ~ surements from a 6.1 ML N¢ ML Cu/6.3 ML Ni/Cu(001)
light. (a) asymmetry ate=75°, (b) p-polarized SH intensity & multilayer structure in the longitudinal geometry wisipolarized
=0°) as a function of the Cu spacer layer from 6.1 MLONML  light at 120 K. The solid squares represaf+ x'’ and the solid
Cu/6.3 ML Ni/CU(001) measured at 120 K. The insets show the CirclesA x,,= x{3+ x{). For comparison & = x)+ x{?) derived
A(a) curves for the Cu/Ni bilayer at 10.8 ML and the Ni/Cu/Ni from ax ML Cu/6.3 ML Ni/Cu(001) bilayer is included as open
trilayer at 10.6 ML Cu thickness. The solid lines are fit curves usingcircles. (With the exception of the one data point near 8 ML the
Eq. (9). The solid and open circles i@) indicate always the asym- Statistical errors are less than the symbol $ize.
metry with (solid) and without(open external field of about 190

Oe. trilayer between about 9.5 and 11.5 ML can be identified by

the difference of the asymmetry measured in remanence
shown in Figs. 2 and 5. In this transverse geometry only théopen circley and saturation.
projection ofA y, onto x,, can be observed but we find that  In this longitudinal geometry the module,,| and the
for d=10 ML the QWS contribution is added to the “non- phase difference betweeny,, and y,, can be determined
QWS” asymmetry while ford=24 ML it is subtracted. In by measuring the SH asymmetry as a function of the polar-
the longitudinal geometry this phase difference can be exizer anglea as shown in the insets in Fig(& for the Cu/Ni
tracted from the experimental data as will be shown in thepilayer at 10.8 ML and for the Ni/Cu/Ni trilayer at 10.6 ML.

next subsection. (An s-polarized coherent SH background of less than 10% of
the light amplitude has been subtracted from the data, result-
2. Longitudinal Kerr geometry ing from slight misalignment of the optical plane and the

incomplete polarization of the incident fundamental light.

Figure 6 shows similar SH measurements from 6.1 MLThe fit of the measured(a) values to Eq(9) yield Rand ¢

Ni/x ML Cu/6.3 ML Ni/Cu(001) as those shown in Fig. 5 . . .
but for the longitudinal geometry witkpolarized light.(We for the FM (saturation and AF alignmen(remanence in AF

. : ; IR I
used heres-polarized light, because the SH asymmetry forco(légz)llng;(4r)eg|on£ from which the qugnt|t|e$X§n)+X§n)| j‘@d
p-polarized incident light was very smalThe asymmetry is | Xm +Xm’| can be calculated using(a=0)=|xnm/*l5-
shown in Fig. 6a) for an analyzer angle set = 75° from T_hese are plotted in F|_g.(§() as soI|d_ squares and solid

p polarization, while in Fig. () the p-polarized intensity ~Circles. The corresponding phases Wlttwbl)respe.cj(,pq are
(«=0°) is plotted. Although arbitrary units, the SH intensi- Shown in Fig. Tb). Module and phase of;,” obtained from
ties can be compared within an accuracy of about 10—20 og'easurements of a Cu/6.3 ML Ni/@01) bilayer are in-

to those of Fig. 4 which are about a factor of 7 larger. Thecluded in Fig. 7 as open circles. Except for the data point at
variations of the SH intensity with the Cu interlayer is some-8 ML.for the bilayer all statistical errors are within the sym-
what largerf 10% in the displayed thickness range than forP0l size, We note that both the module and the phase for
p-polarized light (= 5%)] but the thickness dependence canXi’+ Xt » which is the contribution expected from a single
be considered as weak compared to that of the bilayer showNi film, does not change much, as expected from the model.
in Fig. 6(b) as squares. Looking at the SH asymmetries inThe QWS induced part is only measurable in the AF cou-
Fig. 6(@) a similar behavior is found: a reasonably constantling region. Its relative strength is quite low and, other than
asymmetry for the trilayer in the FM statsolid circleg  expected from the model, definitely lower thaff” .

while the asymmetry for the bilayefsolid squares even IxW+ x| of the bilayer is almost constant. It is only the
change sign at 8 ML. The region of AF coupling in the phase which shows a large variation and passes 90° at 8 ML.
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Note, only the relative phase betwegp and y,m is deter- A necessary prerequisite for the QWS's to contribute to
mined. Therefore the observed change can be caused by #e SHG is a certain amount of hybridization with states of
absolute phase change yf,, as well, and very likely itis, as the Ni film to break the symmetry. The symmetiiwith

will be discussed below. respect to the inversion at the center of the filns well as
the antisymmetric QWS’s wave functions of the Cu film do
V. DISCUSSION not cause any SHG from the isolated film. Since the very low

SH intensity of a bare Cu surface is expected from the Cu/Ni

Despite the efforts made in the theoretical description objlayer, if the QWS do not affect the SHG, this may indicate
MSHG from metal surfaces and interfaces up to now there i eaker hybridization of thesiQWS band in the Cu with
no quantitative theoretical dgsggiption_ which can be comyne 39 pands of the Ni film. However, the energetic position
pared to experimental valud$®**~**While for simple met- ¢ tho 34 states of the ferromagnetic film at the interface
als like Al, Liebsch developed a theory, which properly ac- ay also affect the SH&Because the QWS oscillations do
counts for the dynamic screening effects in the presence Og]ccur mainly iny,, magnetic effects like the change of the
the electric field of the lighf="is in semiquantitative agree- magnetic spin or orbital moment at the interface are less
ment with experiment®3°this theory has not yet been ex- important®®

tended to 8-metals. Therefore, currently one is restricted to The ob . f the Cu thick d q in th
simple phenomenological models like that presented in Sec. . €o ;ervatpn of the u't ICkness dependence in the
Il to describe the experimental data. A more elaborated\/CU/Ni trilayer in the FM aligned state is not expected
model has been described in Ref. 19, which includes th©m @ model of local SHG generation as presented in Sec.
local-field effects of the fundamental and SH light using bulk!ll- However, this does not necessarily imply, that the dipole
optical constants. This model is still based on the dipole@PProximation is not valid. As discussed, for example, in
approximation and localized second-order susceptibilities dRef- 44 the QWS’s near the Fermi energy are only weakly
the interfaces, but is capable to describe the thickness depef@nfined to the Cu interlayer. They rather extend through the
dence of the SH intensity as a function of the layer thicknes¥/hole layer stack. Therefore, not only the interfaces in the
for thick films, where quantum size effects can be ignoredn€ighborhood of the Cu interlayer, but the bottom interface
However, in the present case of ultrathin films this more(4) as well as the surfadd) are affected and the expressions
complicated model would predict only a monotonous in-Xsn’+ X%’ and xim+ xim become aweak function of the
crease or decrease of the SH intensity and/or asymmetry witRU interlayer, which may cause the observed oscillatorylike
the layer thickness. It is unable to describe the fast oscillatochange of the SH intensity and asymmetry in the FM aligned
rylike behavior of the SH intensity as a function of the Cu State of the trilayer. Because theband electrons of the Ni
layer in the bilayer systems and does not lead to a betted’® much more localized, the SHG may still be strongly
description of the experimental results than the simple moddeaked at the interfaces.

of Sec. Ill. Therefore, the presence of the oscillations in the SH

It has been shown, for example, in (©01) at a photon asymmetry in the FM aligned state imply that the difference
energy of the fundamental light below tdeband threshold, A xm is not exactly the difference in the second-order suscep-
that nonlocal quadrupolelike contribution can become comtibility at the Ni/Cu film interface(2) and the Ni/Cu bulk
parable to the local dipole contributiéf Especially for the interface(4) as written in Eq.(4) but, because the interface
p-polarized SH response from interfacesdahetal films like ~ (4) is affected by the QWS’s as wellyx, describes the
Fe, Co, and Ni, however, it was found that the d|p0|e Con.difference between the Ni/Cu film interfadé) and the
tribution is much h|gher than that from Cu at the same phoNI/CU interface(4), which is modlfledby the thin-film states
ton energy?®4041 Therefore, the nonlocal contributions are of the Ni/Cu/Ni trilayer. (The modification ofx(} by the
much less important for these transition-metal fifims. QWS'’s of the trilayer cancels ouit.

In metallic sandwich structures ofidmetal films covered The analysis of the MSHG measurements in the longitu-
by noble metals like Cu and Au a strong influence of the SHdinal geometry allow a separation of the magnetic tensor
intensity on the noble metal cover layer has been observe@lements, which removes all thickness dependence,qf
This has been explained within the dipole approximation byThere the “Ni film” componenty(+ x{*) shows indeed a
a resonance phenomenon between thin-film states of thmther constant value over the investigated thickness range
noble metal and states derived from thé-®etal state§71°  from 6 to 13 ML, which is not too surprising, since most of
A similar interpretation was used in Ref. 11 for the observedhe net SH light is generated from the top film. The analysis
oscillations of the SHG from Ag/§i11) while the oscilla- of the bilayer shows, similar to what was found for the
tions observed in the SHG from Rb/&dL0 (Ref. 49 were  Cu/Co bilaye® only a weak thickness dependence of the
interpreted by dynamic screenighduced Friedel oscilla- magnetic components. The comparison wily,, of the
tions). In the latter case almost all SH is generated in the Rlrilayer, reveals clearly the quantitative discrepancy to the
layer, since the SH intensity from the Ad.0 increases by model, now pointed down to the magnetization induced part.
more than three orders of magnitude when covered with RbThe neglected depth dependence of the electric fields of the
However, the observed oscillations in the other aboveincident fundamental and outgoing SH light amounts only to
mentioned cases cannot be described by this effect, since tlapproximately 13% reduction for the trilayer compared to
oscillations are observed not only fpfpolarized light as in  the bilayer due to the reflection/adsorption on the top Ni film.
Ref. 42 but fors-polarized light as well:31° We note, that the different behavior of the phasé gf, and
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X5 is not unexpected, since the corresponding nonmagneti® no way proportional to the net magnetization of the
effective tensor elements are different. trilayer. The observed magnetic contrast change in the SH
Despite its failure of a quantitative description the simplelight intensity is caused by the presence of quantum well
model still gives the qualitatively correct answer: The fact,states in the Cu spacer layer, which lifts the complete de-
that AF Coupling can be Observed in the SHG hysteresi§tructlve |nterference Of the N|/CU al’ld CU/N| |nterface,
curves from ultrathin Ni layers coupled through a Cu inter-Which otherwise would occur. Although the simple model of
layer is caused by the QWS's. The strong deviations found ifocal SH generation at the interfaces does not give quantita-
the present case m|ght be caused to a major part by the faétyely correct results in ultrathin multilayers, it still can be
that the QWS'’s extend over the entire layer stack—at leagfised in these cases for a qualitative description of MSHG.
for a substantial energy range. In a system, where the QWS’s
are strongly confined to the interlayer a better agreement ACKNOWLEDGMENTS
with the model is expected.
One of the authors, Y. Z. Wu, acknowledges the MPI
Halle for financial support during his stay. He also acknowl-
VI. CONCLUSION : - .
edges the partial support from the National Natural Science
In this paper we have shown that interlayer coupling inFoundation (Grant Nos. 19625410 and 1973400ZThis
ultrathin Ni/Cu/Ni trilayers on C(001) can be observed by work was supported in part by the EC through Grant No.
MSHG despite the fact that MSHG is interface sensitive andERB-EMRX-CT96-0015TMR NOMOKE).

* Author to whom correspondence should be addressed. Electronf€H.A. Wierenga, M.W.J. Prins, D.L. Abraham, and Th. Rasing,

address: vollme@mpi-halle.mpg.de Phys. Rev. B50, 1282(1994).
INonlinear Optics at Metallic Interfaceedited by K.-H. Benne- 1°H.A. Wierenga, M.W.J. Prins, and Th. Rasing, Physic2®|,
mann(Oxford University Press, Oxford, 1988 281(1995.
2R. Vollmer, M. Straub, and J. Kirschner, J. Magn. Soc. Bf).  2°H.A. Wierenga, W. de Jong, M.W.J. Prins, Th. Rasing, R. Voll-
29 (1996. mer, A. Kirilyuk, H. Schwabe, and J. Kirschner, Surf. 231-
3R. Vollmer, M. Straub, and J. Kirschner, Surf. S852 937 333 1294(1995.
(1996. 21Q.Y. Jin, H. Regensburger, R. Vollmer, and J. Kirschner, Phys.
“B. Koopmans, M.G. Koerkamp, Theo Rasing, and H. van den Rev. Lett.80, 4056(1998.
Berg, Phys. Rev. Letf74, 3692(1995. 22p. Kirilyuk, Th. Rasing, M.A.M. Haast, and J.C. Lodder, Appl.

SH.A. Wierenga, W. de Jong, M.W. Prins, Th. Rasing, R. Vollmer,  Phys. Lett.72, 2331(1998.
A. Kirilyuk, H. Schwabe, and J. Kirschner, Phys. Rev. L&#,  2°R.-P. Pan, H.D. Wei, and Y.R. Shen, Phys. Rev3® 1229
1462(1995. (1989.

®R. Vollmer, A. Kirilyuk, H. Schwabe, J. Kirschner, H.A. 2*R. Vollmer, M. Straub, and J. Kirschner, Surf. S852-354 684
Wierenga, W. de Jong, and Th. Rasing, J. Magn. Magn. Mater. (1996.

148, 295(1995. 25R. Vollmer, Q.Y. Jin, H. Regensburger, and J. Kirschner, J.
A. Kirilyuk, Th. Rasing, R. Mgy, and P. Beauvillain, Phys. Rev. Magn. Magn. Mater198-199 611 (1999.
Lett. 77, 4608(1996. 26The top Ni film was in the “as grown” state and not annealed for
8R. Vollmer, in Nonlinear Optics at Metallic Interfacesdited by the data shown in Figs. 2—5. Recently we showed in Ref. 16 that
K.-H. Bennemann(Oxford University Press, Oxford, 1998 the roughness of the surface of the topmost Ni film strongly
Chap. 2, pp. 42-131. influences the interlayer coupling. Therefore antiferromagnetic
ST. Luce, W. Hibner, and K.H. Bennemann, Phys. Rev. L&, coupling is observed at 10 ML while in the annealed trilayer
2810(1996. structure in Ref. 16 the Ni films couple ferromagnetically at 10
10T A. Luce, W. Hibner, A. Kirilyuk, Th. Rasing, and K.H. Ben- ML.
nemann, Phys. Rev. B7, 7377(1998. 2’p. Srivastava, F. Wilhelm, A. Ney, M. Farle, H. Wende, N.
11 Thomas Garm Pedersen, K. Pedersen, and Thomas Brun Kris- Haack, G. Ceballos, and K. Baberschke, Phys. Reb8B5701
tensen, Phys. Rev. BO, R13 997(1999. (1998.
123, Shen, J. Giergiel, and J. Kirschner, Phys. Rev6B 8454  28S. van Dijken, R. Vollmer, B. Poelsema, and J. Kirschner, J.
(1995. Magn. Magn. Mater210, 316 (2000.
133, Shen, M.-T. Lin, J. Giergiel, C. Schmidthals, M. Zharnikov, 2°Z.Q. Qiu, J. Pearson, and S.D. Bader, Phys. Revi6B8659
C.M. Schneider, and J. Kirschner, J. Magn. Magn. Matég, (1992.
104 (1996. 30W. Hibner and K.-H. Bennemann, Phys. Rev4® 5973(1989.
4c. Wirsch, C. Stamm, S. Egger, D. Pescia, W. Baltensperger, anttW. Hibner, Phys. Rev. B2, 11 553(1990.
J.S. Helman, Naturd.ondon 389 937 (1997. 32y, Pustogowa, W. Honer, and K.H. Bennemann, Phys. Rev. B
15H.-J. Ernst, F. Fabre, and J. Lapujoulade, Phys. Re#6B.929 48, 8607(1993.
(1992. 33p. van Geldern, S. Crampin, Th. Rasing, and J.E. Inglesfield,
16y, 7. Wu, R. Vollmer, H. Regensburger, and J. Kirschner , Phys.  Phys. Rev. B54, R2343(1996.
Rev. B62, 5810(2000. 343.p. Dewitz, J. Chen, and W. Hoer, Phys. Rev. B8, 5093
173.E. Sipe, J. Opt. Soc. Am. B 481 (1987). (1998.

054401-8



MAGNETIZATION-INDUCED SECOND HARMONLC. . .. PHYSICAL REVIEW B 63 054401

35y L. Brundy, W.L. Mocha, A.V. Petukhov, Th. Rasing, and B.S. Lasers Opt68, 485 (1999.

Mendoza, Phys. Status Solidi 270, 227 (1998. 4IM. Straub, R. Vollmer, and J. Kirschner, Phys. Rev. Lé#.743
36A. Liebsch, Phys. Rev. Let61, 1233(1988. (1996.
S7A. Liebsch and W.L. Schaich, Phys. Rev.4B, 5401(1989. 42K J. Song, D. Heskett, H.L. Dai, A. Liebsch, and E.W. Plummer,
38R. Murphy, M. Yeganeh, K.J. Song, and E.W. Plummer, Phys. Phys. Rev. Lett61, 1380(1988.

Rev. Lett.63, 318(1989. 430. Hjortstam, J. Trygg, J.M. Wills, B. Johansson, and O. Eriks-
393, Janz, K. Pedersen, and H.M. van Driel, Phys. Rex4B3943 son, Phys. Rev. B3, 9204(1996.

(1991). 44K, Wildberger, R. Zeller, P.H. Dederichs, J. Kudrnovskyd P.

40y, Jzhnke, U. Conrad, J. Glde, and E. Matthias, Appl. Phys. B:  Weinberger, Phys. Rev. B8, 13 721(1998.

054401-9



