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Oscillatory Paramagnetic Magneto-Optical Kerr Effect in Ru Wedges on Co
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Sharp, quantum-well-like resonances in the field dependent polar magneto-optical Kerr effect of
evaporated Ru wedges on perpendicularly magnetized Co as a function of the Ru thickness are reported.
This effect selectively measures free electronic excitations in Ru and is, via the Pauli paramagnetic
susceptibility, proportional to the free electron density of states at the Fermi level. A peak separation
of 1.2 nm agrees with long period indirect magnetic exchange coupling oscillations in perpendicular
Co/Ru-wedge/Co sandwiches.

PACS numbers: 75.50.Rr, 73.20.Dx, 75.30.Et, 78.20.Ls

The magneto-optical Kerr effect (MOKE) has at-
tracted much attention recently as a sensitive method to
investigate quantum confinement effects in ultrathin
ferromagnetic (FM) films, like fcc-Fe(100) sandwiched
between Au [1]. Oscillations in the MOKE amplitude
in fcc-Fe(100) films spaced by noble metal (NM) layers
like Cu [2] and Au or Ag [3,4] as a function of the NM
spacer thickness have been discovered and viewed in
conjunction with the formation of spin polarized quantum
well states. These MOKE experiments were carried out
in air on structures capped with 60 atomic layers (AL) of
Cu(100) [2] or 10 AL of Au(100) [3,4] and demonstrated
the extreme sensitivity of MOKE to subtle electronic
structure features. Periodicities of -5 AL consistent with
indirect magnetic exchange coupling oscillation periods
in FM/NM/FM structures were found [2,4]. Such
oscillations had been observed before in many different
experiments in polycrystalline (111) textured [5,6] and
epitaxial (001) [7], (110) [8], and (111) [9,10] oriented
multilayers and sandwiches and have attracted much
theoretical and experimental interest. Current theories
emphasize the importance of free electrons at the Fermi
surface in RKKY and quantum well models to explain
these phenomena [11—15). Therefore, experiments
probing the electronic structure at or near the Fermi
level, eF, provide the most critical information about the
electronic origin of exchange coupling across nonmag-
netic spacers. Examples of such experiments are inverse
[16] and direct [17] photoemission spectroscopy, which
have probed the k-point dependent electronic density of
states, N(eF, k), in NM/FM overlayer systems and have
established their relationship with long period coupling
oscillations.

In this Letter, we exploit the high sensitivity of MOKE
to devise a new experiment, which selectively probes free
electrons in NM spacers or overlayers. It is based on
the idea that field induced MOKE-is related to the para-
magnetic susceptibility, which for Pauli paramagnets is di-
rectly proportional to the k-space integrated free electron
density of states at the Fermi level, X(eF). Paramagnetic
Kerr effects are known to be fairly large, e.g. , of the or-
der of several millidegrees per tesla in thick Ag, Au, or

Cu films [18,19] and should therefore be detectable in
ultrathin NM films with a high resolution MOKE setup.
Because of their linear external field dependence, these ef-
fects should furthermore be separable from field indepen-
dent ferromagnetic contributions. We demonstrate here
that sharp N(eF) resonances can be observed in NM/FM
overlayer structures by using field dependent Kerr mea-
surements. We find peak separations of —1.2 nm which
agree with long period coupling oscillations in exchange
for coupled FM/NM/FM sandwich structures. We also
resolve much shorter period fine structure of order 0.1—
0.3 nm, which might challenge current theories [11—15].

Our experimental results are demonstrated for a (0001)
oriented Ru wedge on a 3 AL thick hexagonal Co film
with perpendicular magnetic anisotropy. The samples
were grown in a 10 mbar electron beam evaporator
system on 1 in. diam fused silica sub strates. The
substrates were cleaned ex situ with a standard degreasing
procedure and subsequently preheated to —450 C in
vacuum before a 20 nm thick Pt base layer was deposited
at -400 C at a rate of —0.1 nm/s. After cooling the
substrates to ambient temperature (-40 C), a nominally
0.6 nm (3 AL) thick Co film was deposited, followed
by a continuous linear Ru wedge covering thicknesses
between 0.1 and 2 nm using a moving shutter technique
[24], and the structure was completed with a 2 nm
Au protective layer. The Pt buffer serves as a high
quality fcc (111) seed layer for the growth of Co.
Typical terrace widths between 15 and 30 nm and a
dispersion angle of -5 of the Pt buffer are concluded
from high resolution transmission electron microscopy
[20] and synchrotron-based x-ray diffraction studies [21].
Based on scanning tunneling microscopy (STM) work,
Co was reported to grow in a homogeneous, quasilayer-
by-layer mode up to 3 AL with hexagonal stacking on
Pt(111) [22]. A large Co/Pt interface anisotropy per unit
area of 105 mJ/m2 [24] gives rise to a strong uniaxial
perpendicular anisotropy K, &

—2.7 M J/ms at 0.6 nm
Co thickness. Consistently large values of the second
order anisotropy constant K„2 —0.20 MJ/m confirm the
presence of hexagonal hcp (0001) Co, in agreement with
the aforementioned STM studies [22,23].
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Figure 1 shows a schematic diagram of the present
wedge structure together with two representative polar
Kerr hysteresis loops measured at two positions corre-
sponding to tR„= 0.3 (large field slope) and I nm, re-
spectively, on the Ru wedge. The Kerr system uses a
He-Ne laser (A = 633 nm) with 0.8 mm spot size, and
the 20 mm wide sample is translated in front of the
beam in 250 p, m steps, resulting in a thickness resolu-
tion of better than 0.1 nm or half an atomic layer of
Ru (dtioo~ = 0.214 nm, slope of Ru wedge is 0.1 nm per
mm). Extended averaging and low noise differential de-
tection allow measurements of the polar Kerr angle, 0~,
with a precision of better than 0.1 mdeg in external mag-
netic fields up to 2 T aligned normal to the film plane
[25]. The Kerr loops were generally square with close to
100% remanence and coercivities H~ in the range 80—
120 kA/m. A detailed investigation of the anisotropy
constants E„1, and E, 2 as a function of the Ru thickness
tR„did not reveal much structure, except for a slight in-
crease of E„ t

= 2.7—2.9 MJ/m3 as tR„ increases. Quite
dramatic effects, however, are observed in the Kerr rota-
tion, which we analyze as follows:

i1sc(H) = ~s + ~p(H) = ~s + X
' H (1)

Here, Oz is the saturation Kerr angle obtained by lin-
ear extrapolation from high field to H = 0 and Op(H)
is the paramagnetic Kerr angle, which can be character-

ized by the field independent Kerr susceptibility, g
Figure 2 shows experimental results of 0~ and y"'"" as
a function of tR„. Oq is of the order of 20 mdeg and
shows an overall monotonic and roughly linear decline
of —1.5 mdeg/nm as tR„ increases, in line with what
one expects if Ru is assumed to attenuate the ferro-
magnetic signal from Co. Superimposed on this decline
is a weak modulation of about (1 —2)%, that we turn
to later. Much stronger modulation amplitudes are ob-
served in ~ '", which was determined in the field range
0.2 ( H ~ 1.7 T using linear regression, and is shown in

Fig. 2(b). The presently observed susceptibility translates
into a field-induced Kerr angle Op —3 mdeg at 1.5 T or
about 15% of Oq, which is 3 times larger than the modula-
tion amplitude of about 5% reported previously by Suzuki
et al. [3,4] at such fields [27] in Fe/Ag, Au/Fe systems.
Clearly two strong susceptibility peaks appear at 0.35
and 1.57 nm Ru thickness, yielding a peak separation
of —1.2 nm. In addition to this long period behavior
we resolve much finer, rapid oscillations of the order of
0.1 —0.3 nm around the main peaks. These ultrashort
period components are clearly out of the error bar of
the measurement and have also been observed in other
NM/Co overlayer systems including NM = Cu, Pd, Pt,
Ir, and Rh. The simultaneously monitored reAectivity did
not correlate with either the long or short period oscilla-
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FIG. 1. Schematic diagram of the present Co/Ru overlayer
wedge structure and two representative polar MOKE hysteresis
loops taken at different wedge positions, corresponding to
0.3 and 1 nm Ru thickness, respectively (see Fig. 2). The
saturation Kerr angle 0& and the held-induced contribution Op

according to Eq. (1) are analyzed.
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FIG. 2. (a) Saturation Kerr angle, 8&, and (b) Kerr suscepti-
bility, gK'", of the structure described in Fig. 1 as a function of
the Ru wedge thickness. The lines represent spline functions
through the data points.
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tions, and optical interference or scattering mechanisms
can therefore be ruled out as possible origin.

Before turning to the interpretation of y '", we first
establish its relationship to exchange coupling between
two Co layers across Ru. The period of 1.2 nm coincides
with published results on in-plane, (0001) textured Co/Ru
multilayers [5] and out-of-plane epitaxial Co/Ru(0001)
superlattices [28]. Figure 3 shows selected perpendicular
hysteresis loops as a function of tR„of one of the present
Co/Ru-wedge/Co sandwich structures. The thin (dR, ~
0.3 nm) and thick (dR„—1.7 nm) end of the wedge are
clearly ferromagnetically coupled and show close to 100%
remanence. In the thickness range 0.3 ~ dR, ( 1.7 nm,
the remanent Kerr angle drops and reaches its minimum
at about 1.1 nm, which we identify as the thickness of
maximum antiferromagnetic (AF) coupling strength JAP.
The respective saturation field, H,„=—(4JAP/Ms + HK)
[28], exceeds the maximum available field strength of
2 T, so that a quantitative determination of JAF was
not possible. H~ is the effective anisotropy field which
was determined to be —1.8 T. Nevertheless, as, e.g. ,

indicated by the loop near tR„= 1.5 nm, AF coupling
is clearly present, and we can use the remanent Kerr
angle to determine its periodicity. We estimate an AF-
FM peak distance of 0.7 nm or a period of -1.4 nm. This
is consistent within an estimated thickness error bar of
~0.1 nm with the peak separation found in gK', thus

emphasizing the close connection between both quantities.
Furthermore, both effects have the same phase. The
appearance of y '" peaks coincides with FM coupling,
and their absence apparently leads to AF coupling. Note
finally the overall decay of 1.5 mdeg/nm, identical to the
one in Fig. 2(a).
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FIG. 3. Remanent polar Kerr angle, HR, of a Co(0.6 nm)/Ru-
wedge/Co(0. 6 nm) sandwich structure as a function of the
Ru wedge thickness. Representative Kerr loops indicate AF
perpendicular alignment of the two Co layers at dR„—1.1 nm
Ru. A period of —1.4 nm is estimated.
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0 +(y+icu)

(2)

where cu„ is the plasma frequency of free carriers (tu„=
Ne /I*co), ~po~ is the maximum value of the dipole
inoment p(k) per unit cell due to spin orbit coupling,
Iro is the Fermi velocity, y is the inverse of the free
electron lifetime (damping), and 0 is the inverse lifetime
due to skew scattering, all of which are field independent
quantities. Therefore, at any given photon energy E» =
hen, the presently measured Kerr susceptibility is directly
proportional to the Pauli paramagnetic susceptibility or the
free electron density of states at the Fermi level, N(EF),

Kerr C Pauli C 2 N (

The proportionality constant C contains, besides the fac-
tors discussed in Eq. (2), also a complicated function of
the optical constants n and k [19], which are contained
in n and cr as indicated above. We estimate a typical
size C —10s deg/p, B, which means that extremely small
paramagnetic moments of typically only 10 ps (per tesla)
lead to sizable Kerr effects 6p —10 mdeg for thick films
and Op —1 mdeg for the present ultrathin films. In view
of the above result, we can now interpret the Kerr suscep-
tibility data in Fig. 2(b) as direct evidence for the presence
of charge (spin) density waves or quantum well (QW) reso-
nance states at the Fermi level of Ru. The observation of
peak widths (FWHM) of only -1 AL in gK'", in particu-
lar, points to the presence of sharp QW resonances. The
additional fine structure near the main peaks is not fully
understood. It could be related to the subtle interplay be-
tween the factors entering the constant C (damping ), skew
scattering frequency 0) in Eq. (3) and N(eF), which may
both depend on the thickness tR„. Steplike roughness due

The polar Kerr rotation is a linear combination of
the real and imaginary parts of the complex frequency
dependent diagonal and off-diagonal conductivity ten-
sor elements o.„(cu) and D„,(tu), respectively [19]:Olr. =
Im[o,~/inD„) T. o explain the presently observed para-
rnagnetic Kerr effect, Op, the phenomenological intraband
Kerr effect theory of free electrons in a magnetic ma-
terial can be adapted [19,29,30]. Here o.~,, (~) is pro-
portional to the free electron spin polarization (o.f„,) =
(Nt —Nt)/(Nt + NI), which in Pauli paramagnets like Ru
is induced by Zeeman splitting of free electrons at the
Fermi level. N = Nl + Nt is the volume density of (up
and down spin) free electrons [29,30]. For (small) fields
H, in the range of several tesla (g psH &( eF), D., (cu) and
therefore Op can be expressed in terms of the Pauli para-
magnetic susceptibility of free electrons, which relates the
(volume) magnetization density M = p, &N(o—f„„)to .the
external field H, M = gP'"l'H Accord. ing to Ref. [30] we
write

9 o. = — ' [A + B]~ '"'H
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to layer-by-layer growth appears unlikely, since that should
result in continuous monolayer oscillations along the en-
tire length of the wedge, which we do not observe.

Returning to the field independent saturation Kerr angle,
Os, discussed in Fig. 2(a), we emphasize that this is mainly
due to interband transitions between exchange split Co
d and p states. The appearance of peak features as a
function of tR„ indicates the presence of exchange split
Ru 4d states [26]. On the other hand, the existence
of a one-to-one correlation between their position and
relative magnitude with the much stronger XK'" features
suggests a similar free electron origin. Stray fields, H„„y,
due to local roughness in the perpendicularly magnetized
single domain Co film, e.g. , could induce Zeeman splitting
of Ru s and p levels. Since stray fields switch with the Co
magnetization, they will not appear in XK'" but will just
offset Oq. Hstpay 04 T would be required to produce the
observed peak features in 61', if no other mechanisms were
present. In principle though, Oq is composed of at least
three comPonents. Oq = Oq + exchange + stzzy
cannot easily be separated from one another. Nevertheless,
it should be possible to distinguish between magnetic
spin density and nonmagnetic charge density waves, i.e.,
magnetic and nonmagnetic QW states, by separate analysis
of Os and XK

In summary, we have demonstrated that field de-
pendent polar MOKE measurements are a sensitive
probe of free electrons at the Fermi surface of ultrathin
paramagnet/ferromagnet metal structures. These effects
are quite strong in Ru, show the same periodicity as
exchange coupling oscillations as a function of the Ru
thickness, and can conveniently be used to study the
electronic underpinnings of indirect exchange coupling
phenomena. Such measurements are not necessarily
restricted to the use of perpendicularly oriented samples
and/or the polar geometry.
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