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CoNi ÕPt interface roughness probed by nonlinear magneto-optics,
x-ray scattering and atomic force microscopy
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The crystallographic contribution of the nonlinear magneto-optical response from CoNi/Pt
interfaces appears to scale linearly with increasing interface roughness as determined by small angle
x-ray scattering and atomic force microscopy. From the magnetic contribution it follows that the
increased interface roughness causes the interface moment to turn out of plane while the bulk of the
film has an in-plane magnetization. ©2001 American Institute of Physics.
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The characteristics of an interface are of critical imp
tance for phenomena like giant magnetoresistance, tunne
magnetoresistance or interlayer exchange coupling foun
magnetic ultrathin multilayers with layer thicknesses in t
range of 0.5–3 nm. The reason for that is the fact that b
electronic and magnetic properties of the interface are
cially dependent on its structure. The establishing of t
dependency, however, remains a challenge due to difficu
of existing experimental techniques.

Magnetization-induced second-harmonic generat
~MSHG! is a nonlinear magneto-optical technique that h
been shown to be a powerful and simple tool by which
study ultrathin magnetic films and multilayers, since it co
bines a extreme surface/interface sensitivity1,2 with very
large magneto-optical effects.3

Recently, we showed how MSHG could be used
probe the crystallographic and magnetic changes a
CoNi/Pt interface induced by changing the sputter
conditions.4 The observed changes were assumed to be
lated to the increasing interfacial roughness with increas
sputtering pressures, as supported by Ref. 5. Here, we p
the direct correlation between the crystallographic contri
tion of the MSHG technique with the roughness using sm
angle x-ray scattering~SAXS! and atomic force microscop
~AFM! studies of CoNi/Pt multilayers.

In the electric-dipole approximation, SHG is express
through the second-order polarizationP(2v) induced in a
medium by an incident electromagnetic waveE(v):

pi~2v!5x i jk
~2!Ej~v!Ek~v!. ~1!

The third-rank polar tensorx (2) vanishes in any cen
trosymmetric medium. Hence, a symmetry breaking surf
or interface is a source of SHG, giving rise to the extre
interface sensitivity of the technique. The presence of a m

a!Electronic mail: kursatb@sci.kun.nl
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netization does not influence thebulk inversion symmetry
but changes the symmetry at theinterface, making MSHG
probing also interface sensitive.6 For an isotropic@or ~001!#
surface the nonlinear magneto-optical tensor elements
tributing to the total second harmonic signal are given
Table I.

The elements shown in boldface areodd in the magne-
tization ~approximately proportional to it7! and are called
magnetic~magn!. The elements that areevenin the magne-
tization, are calledcrystallographic~cr!. For each polariza-
tion combination, the even and odd tensor elements can
simplified to two complex effective tensor elements:xcr

(2) and
xmagn

(2) .
In a multilayer the crucial challenge is how to derive t

nonlinear effective tensor elements for each interface.
this, multiple scattering calculations~based on a transfer ma
trix technique8! are used to determine the electric fieldE(v)
for every interface; the same calculation procedure is u
afterwards to compute the outgoing SHG intensity. The~ef-
fective! tensor componentsx i

(2) for each interfacei are the
fitting parameters to describe the experimental data. The
terface characteristics, like roughness, degree of inter
mixing, or the types of material, are expected to influence
magnitude and polarization of the second harmo
intensity.9,10

For the MSHG measurements, a pulsed laser beam f
a Ti:sapphire laser (82 MHz3100 fs pulses) with a wave
length of 840 nm was focused onto the sample. After pro
filtering, the outcoming specular second-harmonic light w
detected with a photomultiplier. The asymmetry of t
MSHG signal A5(I 12I 2)/(I 11I 2) ~where I 6 is the
MSHG intensity for the magnetization up or down, respe
tively! was measured as a function of the angle of incide
in the transversal configuration.

The samples, Pt40nm/CoNi3nm/Pt3nm on a Si~001!
substrate, were prepared by sputtering at different Ar pr
0 © 2001 American Institute of Physics
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sures~between 4 and 36m!, with a base pressure of 531028

mbar. More information on the sample preparation can
found in Ref. 5.

In particular the crystallographic contributionxcr
(2) ap-

peared to increase rapidly above 15mbar, while staying al-
most constant below this pressure@see Fig. 1~a!#. This in-
crease was accompanied by a strong decrease of
transversal magnetization component, as obtained from
asymmetry of the MSHG signal. Both were considered to
due to an increasing interfacial roughness for higher p
sures. Recently it was shown that at 6mbar sputtering Ar
pressure the CoNi/Pt multilayers have a low atomic rou
ness and a strong preferential~111! texture, while at 36mbar
the roughness is increased and an additional~200! texture is
present.5

TABLE I. Nonlinear magneto-optical tensor elements of an isotropic@or
~001!# surface in the longitudinal (M ix), transversal (M iy), and polar
(M iz) magneto-optical configurations~xz is the plane of incidence!.

Pin Sin

M ix xxz, zxx, zzz zyy Pout

yxx, yzz yyy Sout

M iy xzx, zxx, zzz, zyy, Pout

xxx, xzz, zzx xyy
¯ ¯ Sout

M iz xxz, zxx, zzz zyy Pout

yzx ¯ Sout

FIG. 1. ~a! Crystallographic contribution determined with MSHG and t
interface roughness determined with x-ray scattering of the CoNi/Pt in
faces as a function of sputtering Ar pressure.~b! Surface roughness of the
CoNi/Pt sample obtained with small angle x-ray scattering~rectangle! and
AFM ~circle!.
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To make a clear correlation between the effectivex~2!

elements and the roughness of the buried interfaces we
performed small angle x-ray scattering measurements o
eight samples. The interface roughness of these samples
subsequently obtained by fitting using a multiple reflecti
model. Measurement and fits of two samples are shown
Fig. 2. Information on similar measurements can be found
Ref. 11. The results are plotted in Fig. 1~a! as a function of
sputtering Ar pressure. It can be seen that below 15mbar the
roughness does not change significantly, while starting fr
15 to 20mbar the roughness starts to increase, in excel
agreement with the MSHG measurements. Although in R
5 an increase of the~200! texture up to 20% coverage i
observed, this is only expected to be a second-order ef
Because the texture is still dominantly~111! and the grains
are randomly oriented~polycrystalline!, no significant differ-
ence is expected in the polarizability between the two ty
of surfaces.

As an additional check of the roughness values obtai
from the x-ray data, AFM measurements were performed
the same set of samples. In Fig. 1~b! the surface root mean
square~rms! roughness as a function of sputtering Ar pre
sure obtained with AFM and x-ray scattering is shown. T
two curves show very good agreement with one another
show a similar dependency as the interface roughness on
sputtering Ar pressure.

From these measurements on the CoNi/Pt interface
clearly see that the increase ofxcr

(2) is correlated with the
increasing interfacial roughness~see Fig. 3!. For interface
roughness below 1 nm, one observes a linear relation
between xcr

(2) and the interface roughness, whereasxcr
(2)

r-

FIG. 2. Measured and fitted small angle x-ray scattering curves for
samples prepared at 6 and 30mbar. The measured and fitted curves a
shifted for clarity.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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changes more slowly above 1 nm~see the inset of Fig. 3!.
These results are very similar to those obtained for Si–S2

interfaces9,12 except for the fact that there the nonlinear su
ceptibility decreased with increasing roughness. An incre
for the SHG response with increasing roughness is more
ten observed for metallic surfaces and has been interprete
resulting from excitations of local plasmons.13,14 However,
more recent work shows that from a microscopic point
view, the presence of many steps and kinks on atomic
rough surfaces may enhance the total nonlinear optical
sponse due to the contribution of the step edges.10,15

In Ref. 4 it was found that the magnetic contribution h
a clear maximum near 15mbar ~see Fig. 4! after which this
contribution decreased with increasing sputtering press
This was explained by stating that for low Ar pressures
interface layers become slightly intermixed due to the h
energies of sputtered atoms and leads to a lower magn
contribution. The decrease for largerpAr was related to a
decrease in the in-plane magnetic moment of the rough
terface since the measurement was done in the transv
configuration. The latter suggests that the increasing rou

FIG. 3. xcr
(2) plotted vs the interface roughness determined from the dat

Fig. 1~a!.

FIG. 4. Magnetic contributions to the MSHG from the CoNi/Pt magne
interfaces as a function of sputtering Ar pressure with contributions fr
M' (PinSout) out-of-plane magnetization andM i(PinPout) in-plane magne-
tization.
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ness may lead to an out-of plane tilt of the local interfa
magnetic moments by changing the local coordination of
Co atoms. Such a polar magnetization may arise at ro
interfaces due to strong perpendicular magnetic interface
isotropy, on the one hand, and due to the possible pres
of interface grains that are relatively decoupled from t
bulk, on the other.

From Table I, it can be seen that only in the case of
appearance of either a polar and/or longitudinal compon
the PinSout signal is expected to become nonzero. In Fig.
the PinSout(M') signal is plotted as a function of Ar pres
sure, showing a strong increase above 20mbar. This is strong
support for the appearance of a polar magnetization com
nent. Even if on a small scale there would be local longi
dinal magnetization components, on a larger scale laser
size ~;100 mm! these would cancel one another due to t
in-plane symmetry.

In summary, we have shown that the nonlinear magne
optical technique of magnetization-induced second-harmo
generation is an excellent tool by which to probe both str
tural and magnetic properties of buried interfaces. By co
parison with SAXS and AFM data we have established t
for interface roughnesses below 1 nm, the crystallograp
contribution to the MSHG scales linearly with the rm
roughness. This interpretation will be tested in further e
periments to make an even more general statement. Fo
case of Pt/CoNi/Pt we found that the in-plane magnetic c
tribution decreased with increasing interface roughness,
companied by an increase in the polar component.
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