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Abstract

®

CrossMark

We demonstrate the interplay between quantum well states in Pd and the magnetic anisotropy
in Pd/Co/Cu (00 1) by combined scanning tunneling spectroscopy (STS) and magneto optical
Kerr effect (MOKE) measurements. Low temperature scanning tunneling spectroscopy
reveals occupied and unoccupied quantum well states (QWS) in atomically flat Pd films on
Co/Cu (001). These states give rise to sharp peaks in the differential conductance spectra.

A quantitative analysis of the spectra reveals the electronic dispersion of the Pd (00 1) d-band
(As-type) along the I'-X direction. In situ MOKE experiments on Pd/Co/Cu (1, 1, 13) uncover
a periodic variation of the in-plane uniaxial magnetic anisotropy as a function of Pd thickness
with a period of 6 atomic layers Pd. STS shows that QWS in Pd cross the Fermi level with
the same periodicity of 6 atomic layers. Backed by previous theoretical work we ascribe the
variation of the magnetic anisotropy in Co to QWS in the Pd overlayer. Our results suggest

a novel venue towards tailoring uniaxial magnetic anisotropy of ferromagnetic films by
exploiting QWS in an adjacent material with large spin—orbit coupling.

Keywords: magnetic anisotropy, quantum well state, thin film, scanning tunneling

spectroscopy
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1. Introduction

Tailoring magnetic anisotropy at the atomic scale in a magn-
etic nanostructures is one of the most important challenges
in spintronics [1]. Systems with alternating ferromagnetic
and noble metal layers have been studied intensely, as these
structures may exhibit strong perpendicular anisotropy [2].
This is usually achieved by electronic hybridization between
the valence levels of 3d transition metals (Fe, Co) with large
magnetic moments, but relatively small spin—orbit coupling,
and the valence level of 4d, 5d noble metals (Pd or Pt) with
small magnetic moments, but large spin—orbit coupling. A
layered sample structure of this composition can induce a

0953-8984/16/456001+10$33.00

preferential spin orientation perpendicular to the layers [3].
Co/Pd and Co/Pt multilayers have received considerable
attention as promising candidates for perpendicular magnetic
storage and patterned media [4, 5]. While a precise control
of the perpendicular magnetic anisotropy has been achieved
at the atomic thickness level, a corresponding tuning of the
in-plane magnetic anisotropy has not been developed yet [6].

The effect of quantum well states (QWS) on magnetic
phenomena in layered magnetic structures has been studied
before [7, 8]. QWS may arise when at lest one of the spatial
dimensions of the sample has a distinct ratio with the elec-
tron wavelength, which is given by the inverse of the electron
wave number k. QWS are often discussed in the language of
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electron confinement. This alludes to the physically appealing
picture of electrons being trapped, confined, between poten-
tial barriers. This situation may give rise to a standing wave
pattern of the electron density with pronounced spatial oscil-
lations in the direction of confinement [9]. Electron confine-
ment within a nonmagnetic overlayer (NM) on a magnetic
substrate is a spin-dependent phenomenon due to the action
of the exchange interaction of the substrate. Electron confine-
ment leads to discrete energy levels in the electronic density
of states, and these levels shift in energy with a variation of the
relevant spatial dimension, e.g. layer thickness. The resulting
shifting in energy of QWS also leads to a modulation of the
electronic density of states near the Fermi level (Eg). This
induces an oscillatory variation of physical properties such
as inter-layer-exchange coupling, magnetic anisotropy and
superconductivity as a function of film thickness [10-13].

While numerous studies report spin-dependent electron
confinement of nearly free sp electrons [14-16], QWS from
d electrons are still poorly explored [17, 18]. The short life-
time and small mean-free path of d-states render them elusive
to experimental detection [19]. However the confinement of
d-electrons is particularly interesting in transition metal films,
where the d-electrons largely govern the magnetic properties
[8]. There is evidence for d-like QWS from spin-resolved pho-
toemission spectroscopy [20] in Pd (111) films with a thick-
ness of up to 3 atomic layers on ferromagnetic Co. Since these
photoemission experiments average laterally over the photon
interaction area, they require highly homogeneous films with
a constant thickness over the sample area of ~0.1mm. A
complementary approach, including spatial resolution on the
atomic scale, is provided by scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS), where
both occupied and unoccupied states can be probed [21].

Two concepts have been proposed to manipulate the magn-
etic anisotropy (MA) of a ferromagnet (FM) by QWS. One
concept exploits QWS formed in the FM itself [22], while
the other exploits QWS formed in the metallic layer adjacent
to the FM film [23, 24]. This metallic layer is often loosely
classified as non-magnetic (NM), indicating that the metallic
film itself has a vanishing magnetic moment. While numerous
theoretical and experimental studies [8, 25-27] confirmed the
effect of QWS in ferromagnetic films on the magnetic aniso-
tropy, the role of QWS in the metallic layer on the FM is still
poorly explored.

An oscillatory variation of the MA of Fe and Co films upon
a variation of the Cu metallic film thickness has been reported
[23]. This effect has been attributed to sp-QWS formed in the
Cu overlayer. The impact on the magnetic anisotropy results
from spin—orbit (SO) coupling [28, 29], which is affected by
the QWS-driven change of the electronic density of states of
the adjacent NM. The electronic band structure of the magn-
etic layer responds by hybridization at the interface or by
confinement of electronic states within the potential barriers
at the surface or interface. Hence one can anticipate that the
evolution of QWS in the NM with increasing layer thick-
ness of a NM material with large spin—orbit coupling leads to
stronger changes in the magnetic anisotropy of the adjacent
ferromagnetic film, as compared to a NM material with small

spin—orbit coupling (Cu). Theoretically, a periodic variation
of the magnetic anisotropy energy (MAE) in Pd/Co bi-layers
has been predicted [30, 31]. These calculations suggest that
the MAE of ferromagnetic Co is also influenced by spin-
polarized QWS formed in the adjacent Pd layers. The Pd/Co
system is a promising candidates to elucidate the electronic
origin of MAE oscillations due to large SO coupling of Pd.
A word of caution on the term non-magnetic is appropriate in
this respect. Pd is at the verge of being a FM. Theory predicts
[30] a small induced magnetic moment in Pd in close prox-
imity to a FM. This induced FM in Pd affects only the first Pd
layers near the interface, and we still regard the majority of the
Pd film, which is studied for a thickness of up to 21 ML here,
as non-magnetic. Clear MAE oscillations, driven by QWS
in Pd, have been predicted for the Pd/Co system in theory
[32]. This prediction of large MAE oscillations in the Pd—Co
system has been made nearly 15 years ago, but it still awaits
its experimental scrutinization. The following study provides
experimental evidence in support of this model.

In this article, we experimentally demonstrate the direct
correlation between oscillations of the in-plane magnetic
anisotropy of Co films and quantum well states formed in Pd
in the Pd/Co/Cu (001) system. Scanning tunneling spectr-
oscopy identifies d-band QWS in Pd. Our MOKE study on Pd/
Co/Cu (1, 1, 13) reveals pronounced Pd thickness dependent
variations of the uniaxial magnetic anisotropy of Co, which
we ascribe to periodic changes in the density of states at the
Fermi level induced by QWS in Pd.

2. Experimental details

Our study reveals the effect of electron confinement in Pd on
the magnetic anisotropy of the adjacent ferromagnetic Co film
in the Pd/Co/Cu (001) system. This is experimentally chal-
lenging, as the expected change of magnetic anisotropy due to
Pd QWS is small [32]. To observe this effect two prerequisites
need to be fulfilled: (a) in order to form distinct QWS, the
Pd films should ideally be grown in a layer-by-layer manner,
resulting in the most homogenous film thickness over the
MOKE probing area (0.1 mm?); (b) the interface between
the FM Co film and Pd needs to be atomically sharp. In par-
ticular, interface roughness needs to be low to ensure pro-
nounced QWS [33]. The Pd/Co/Cu (00 1) system (see inset of
figure 1(a)) fulfills both requirements. This is also due to its
low lattice misfit, enabling epitaxial growth [34, 35] of face-
centered cubic (fcc) Co (001) on Cu (00 1). The fcc phase of
Co has a lattice parameter at room temperature of 3.54 A[36].

The experiments were carried out in two ultra-high vacuum
(UHV) chambers (with base pressure below 2 x 10~!° mbar).
One dedicated to low temperature scanning tunneling micro-
scope/spectroscopy (LT-STM/STS), the other dedicated to
magneto-optical Kerr-effect (MOKE) experiments. A Cu (00 1)
and a vicinal Cu (1, 1, 13) substrate (6.2° off from the [001]
direction) were prepared by cycles of 1keV Ar'ion bombard-
ment (25-30min) and subsequent annealing at 900K (40 min).
The Co films were grown at 170K by molecular beam epitaxy
(MBE) at the rate of 0.5 monolayer (ML) min~'. One ML
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Figure 1. STM constant current images of different surfaces. (a) The Cu (00 1) substrate shows two terraces, separated by a mono-atomic
step (200 x 200nm?, I = 0.1 nA, V = 1V). The inset presents a sketch of the Pd (N)/Co/Cu (00 1) system. (b) 10 ML Co on Cu (00 1)
(50 x 50 nm?, I = 0.5 nA, V= 0.3V), (c) 2.8 ML Pd/10 ML Co/Cu (001) (50 x 50 nm?, I = 1.3 nA, V= —1.2V). (d) 8.5 ML Pd/10 ML

Co/Cu (001) (50 x 50 nm?, I = 1.5 nA, V=0.2V).

is defined as the surface atomic density of Cu (001). After
growth, the films were annealed at 300K, in order to reduce
surface roughness. Pd was deposited at 300 K with a wedge-like
spatial thickness variation (see inset of figure 1(a)). Thus, the Pd
thickness increases along the [-110] direction of the Cu sub-
strate by 3 ML per mm. The chemical cleanliness, the surface
structure, and the surface morphology were investigated (see
supplementary material) in situ by Auger electron spectroscopy
(AES), low energy electron diffraction (LEED), reflection high
energy electron diffraction (RHEED) and scanning tunneling
microscopy (STM). All STM/STS measurements were done at
4.7K. STM tips were prepared from polycrystalline tungsten
(W) wire, chemically etched and flashed to 2200K. STS data
were obtained using a lock-in technique to record the differ-
ential tunneling conductance (d//dV) by adding an AC (fre-
quency = 3.6kHz) modulation voltage Vs = 10 mV to the
bias voltage, while ramping the applied bias V.

Magnetic properties were probed by in sifu longitudinal
MOKE. Our static MOKE system has been described previ-
ously [22]. A laser diode provides light of wavelength 670nm
with a beam diameter <0.2mm at the sample surface. We use a
fixed incidence angle = 21° with respect to the sample normal.
The s-polarized light is reflected from the sample, passes
through a quarter-wave plate, an analyzer and is detected by a
photodiode. The photodiode signal (Kerr signal) corresponds to
the reflected beam intensity, and it depends on the sample mag-
netization. This signal is recorded as a function of the external
magnetic field, which was applied in the film plane and along
the optical plane, to obtain the hysteresis loop of the Kerr signal.

The sample was placed in a specific MOKE manipulator, which
allows rotation of the sample azimuthally by +360°. The laser
beam diameter at the sample surface is of order 0.2mm. This
laser footprint covers a thickness range of the Pd wedge (slope
3 ML mm~") sample of +0.6 ML. The MOKE measurements
were performed in a temperature range from 300 to SK.

3. Results and discussion

Figure 1(a) shows a constant current STM image of the Cu
(001) substrate. A single atomic step separates the lower ter-
race (dark, left) from the upper terrace (bright, right). The
inset shows a sketch of the Pd wedge. Figure 1(b) presents
a constant current STM image of Cu (001) with a Co cov-
erage of 10 ML. The exposure of only three height levels (9,
10 and 11 ML), with negligible contributions from the layer
below (8 ML, dark), reveals decent layer-by-layer growth of
Co. Figures 1(c) and (d) show the morphology for the Pd/10
ML Co/Cu (00 1) with an average Pd thickness of 2.8 ML (c)
and 8.5 ML (d). Note, that only two adjacent Pd layer thick-
nesses are seen, indicative of good layer-by-layer growth of
Pd on Co/Cu (00 1) (further information can be found in sup-
plementary material). We perform STS on these surfaces for
different thicknesses of Pd. STS shows discrete peaks, which
are ascribed to QWSs in Pd, see figure 2.

Figure 2(a) displays a series of differential conductance
(dI/dV) spectra measured on different Pd(N) thicknesses
on (N) Pd/10 ML Co/Cu (100). Well defined sharp peaks
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Figure 2. (a) Series of d//dV spectra measured on different thickness of (N) Pd/10 ML Co/Cu (00 1). Prior to the spectroscopy, the
tunneling gap was stabilized at 3 nA and 1V. Spectra are vertically offset for clarity. The labels (N) besides the graph show the thickness
of the Pd film. (b) Quantum well peak energies (taken from d//dV spectra) as a function of Pd thickness (colored solid circles) and fitted
energies of QWS obtained from the phase accumulation model (black solid squares). The number n = 1-5 represents an index of QWS.
(c) Experimentally determined (using equation (1)) dispersion k(E) together with the Pd d-band (As, as taken from Mirbt et al [37])
(solid line) along the (I'-X) direction in the 1st BZ. The red line represents a linear fit of k(E).

are visible, see black arrows, within the bias range from —1
to +1V around the Fermi energy. The peaks are ascribed to
QWS in Pd. The number N on the right-hand side of each
spectrum represent the Pd thickness in ML. The number of
peaks increases with increasing Pd film thickness. The energy
position of the QWS changes with respect to the Fermi level
with increasing film thickness. QWS cross the Fermi energy
with a thickness periodicity of 6 ML Pd. Thus, the formation
of QWS modulates the density of states near E.

To discuss the formation of QWS in the Pd films, we con-
sider the energy bands of bulk Pd (00 1) in the direction (I-X),
perpendicular to the interface, along the film normal [37]. Bulk
Pd (100) has fairly dispersive As bands (large degree of d-char-
acter), which originate mostly from 4., and d_, states [18], in the
energy range, where QWS are visible in the tunneling spectra.
Pd d states are confined to a quantum well in the Pd film, where
the Pd film thickness is the decisive quantization parameter.

To gain a quantitative understanding, we fitted the QWS
energy positions in the energy—thickness plane using the so-
called phase accumulation model (PAM) [33, 38—43], where
electrons inside Pd are confined in a potential well of width
Npqg. This corresponds to the quantum mechanics example of
a particle in a box. The quantization condition for an electron
state in such a potential box is given by

2nm = 2k(E,)Nd + O(E,) + D(E,) (1)
where n is a quantum number, k(E) is the Pd band dispersion
in the direction (I'-X) along the film thickness, /N is the number
of atomic layers of the film, d = 1.89 A is the lattice spacing
along the I'-X direction, k is the wave vector perpendicular to
the film plane, and &, and ®; are phase shifts upon reflections
at the surface and the interface, respectively [40]. We deter-
mined the appropriate phase value [44] from the boundary
condition of the Pd bulk band structure, and this gives us the
possible QW energy for each thickness of Pd using equation (1).

Figure 2(b) displays the discrete QW energy extracted
from the fitting (black square). The fitted values correspond
convincingly to the experimental QW energies, taken from the
individual peaks of the differential conductance spectra (solid
circles). We also fit the QWS in the E — d plane (figure 2(b))
by assuming a linear dependence of the total phase shift on
the energy; i.e. &, + ®; = w(a*E + b). The fitting result (black
solid line) is in excellent agreement with the experimental
results. STM was crucial to extract the local Pd thickness
accurately. The thickness determination error is estimated
as =1 ML.

An important application of quantum well spectroscopy
is the band structure determination for both occupied and
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10ML Pd/
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Figure 3. Constant current STM image (50 x 50 nm?, [ = 1 nA, V = 0.5V) of (a) Cu (1, 1, 13), (b) atomically resolved STM image of Cu
(1,1, 13) (6 x 6 nm?, I = 50 nA, V = 21 mV), (c) constant current image of 10 ML Co/Cu (1, 1, 13) (50 x 50 nm?, I = 1 nA, V =0.2V)
and (d) 10 ML Pd grown on 10 ML Co/Cu (1, 1, 13) (50 x 50 nm?, I = 0.8 nA, V = 0.35V).

empty state. The basic idea is that k; is quantized in a film as
a result of electron confinement. Measurements of QWS peak
positions for many different film thicknesses should permit
a unique solution of E(k;). Because the phase shift depends
on electron energy, the wave vector k(E) at a given energy
can be derived from the oscillation period of the QWS at that
energy. Assuming that for two Pd thicknesses N| and N, one
can find the respective spectroscopic peaks E,; and E,; such
that E,,; = E,» = E, with index n; and n,, the corresponding
bulk band dispersion along I'-X can then be obtained [18] as

k(E) = w(np — n))/ [(N2 — Npd] + C. )

The correction term C = ($, — $)/2(N, — Ny)d comes from
the resulting phase shifts at both the Pd-vacuum and Pd—Cu
interfaces due to finite height of the potential barriers forming
the well. We determined the band dispersion k(E) for Pd
QWS using equation (2), as shown in figure 2(c). For a direct
comparison, the dispersion curve is plotted with a bulk Pd
d-electronic (As) band taken from Mirbt et al [37]. The exper-
imentally derived dispersion is consistent with the theoretical
one. The energy band near Eg exhibits an approximately
linear relation between E and k. Since this energy band comes
from band folding from the second Brillouin zone (BZ), we

fit the band using E = _2h_y; - (2kpgz — kg)(k — kg). The fitting
(shown by the red line in figure 2(c)) yields a Fermi wave
vector of kg = 0.238 A~ and kj = 2kg; — kg = 1.735 A
The value of kg leads to a Fermi level crossing of the QWS
at every L (period) = w/kpd (ML) = 6.25 ML, in agreement
with the previous calculation [32]. This result is consistent

with the period derived from the Fermi wave vector extracted
from the bulk band of Pd [45]. The period L is directly related
to the wave vector of the confined electron state spanning the
crossing point of the electronic band at a given energy and the
nearest high symmetry point of the Brillouin zone (BZ) [42].
The wave vector corresponding to a crossing of the Fermi
level by the As band is comparable. From the above analysis,
we can conclude that the electrons from d-band with As sym-
metry are mainly confined to form QWS in the Pd films. We
have thereby established the origin of the QWS in the Pd film
and explained why they change with Pd thickness.

In order to study the effect of QWS in Pd on the magnetic
anisotropy of the Pd/Co/Cu system, we performed MOKE
measurements on Pd/Co films, which were grown on a Cu
(1, 1, 13) vicinal surface. This substrate can be viewed as a
stepped Cu (00 1) surface, where the individual terraces are
1.6 nm wide (see supporting information), separated by mono-
atomic steps. This surface morphology gives rise to an uniaxial
in-plane magnetic anisotropy of Co grown on this surface.
The additional uniaxial in-plane anisotropy is ascribed to the
symmetry reduction by the steps [46]. In our experiments we
follow how QWS in Pd modify the uniaxial in-plane magnetic
anisotropy of Co. The determination of magnetic anisotropy
from hysteresis loops is non-trivial, and it is based on assump-
tions concerning the magnetization reversal mechanism [47,
48]. This limitation is overcome in this system with a superpo-
sition of twofold and fourfold anisotropies. Co films grown on
Cu (1, 1, 13) with a well defined preferential step arrangement
belong to this class of systems [46].
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To make this approach work, it is necessary that the Co films
grown on a stepped surface replicate the step morphology of the
surface. The Cu (1, 1, 13) single crystal used in this study had
a preferential step edge direction along [1-10] with an average
terrace width of 6.5 atomic distances. The Cu (1, 1, 13) surface
and the morphology of Co and Pd on top has been investigated by
STM. Constant current topographic images of the Cu (1, 1, 13)
crystal are shown in figures 3(a) and (b). The (00 1) terraces are
separated by monoatomic steps, where the steps run predomi-
nantly along [110]. The average terrace width measured from
atomically resolved STM image is ~~1.56 nm. This is very close
to the expected value for this surface, and it agrees very well
with the LEED measurements (see the supporting information).
Cu (1, 1, 13) consists dominantly of (00 1) terraces. We observe
the same growth behavior for Co on Cu (1, 1, 13) and on Cu
(001). The STM image (see figure 3(c)) for 10 ML Co grown
on Cu (1, 1, 13) identifies a layer-by-layer growth of Co, which
reproduces the step density of the substrate favorably. A close
inspection reveals that the top Co terraces tend to be slightly
broader (~2nm) in comparison with the substrate terraces.
Still, well-aligned monoatomic steps are clearly visible.

Previous STM studies on Co films grown on vicinal Cu
(001) surfaces [49, 50] have shown that at lower coverages
of Co, (up to ~5 ML), the surface is rugged and there is no
clear preferential orientation of islands. Upon increasing the
Co thickness, the islands coalesce and form straight steps
elongated parallel to the step edges of the substrate. It was
proposed that the initial roughening of the step structure is
caused by the minimization of the strain energy [49].

Layer-by-layer growth of Pd on 10 ML Co/Cu (1, 1, 13)
is observed, as shown by STM (figure 3(d)). Since the MA
of ultrathin films is inherently connected to the structure and
morphology of the films, it is essential that the idealized film
growth picture, leading to a direct replica between substrate

and film, is experimentally approximated in the best possible
manner. This is given here.

One might argue that the QWS measured in STS on the
Pd film grown on Co/Cu (100) would not be identical to the
QWS measured in Pd/Co/Cu (1, 1, 13). In order to check this,
we performed STS measurements for distinct Pd thickness
on Co/Cu (1, 1, 13). Figure 4 reveals that for 14 ML of Pd,
the QWS energies and the overall spectral shape are compa-
rable and show the same general features. We conclude that
the electronic structure of the Pd film is fully comparable for
growth on the flat and the vicinal Cu substrate.

Magnetic hysteresis loops were recorded in situ for Pd
in the thickness range between N = 0-21 ML grown on 10
ML thick Co films on Cu (1, 1, 13). Figure 5(a) shows the
resulting hysteresis loops. The magnetic field is applied either
parallel (along[1-10]) or perpendicular (along [110]) to the
step edges of the Cu substrate. The easy magnetization axis
runs parallel to the step edge, as shown by the rectangular hys-
teresis loop (blue curve) for zero Pd coverage in figure 5(a).
The curve measured perpendicular to the step edges is more
complicated (black curve). It shows two single loops shifted
against each other by the shift field Hy. This difference of the
magnetic response for magnetization along the [1-10] and
the [110] directions is the signature of the uniaxial magnetic
anisotropy of this system, where the uniaxial anisotropy is
given the preferred step orientation of the vicinal surface [51,
52]. For fcc Co on Cu (00 1) both directions are structurally
and magnetically equivalent, and an easy magnetization direc-
tion along any [1 1 0] direction is observed [53].

A significant difference in saturation Kerr signal of 10 ML
Co for measurements parallel (smaller) and perpendicular
(larger) to the step edge (figure 5(a)) is observed. This has
been observed before for Co/Cu (1, 1, 13) [54], and the larger
MOKE signal for measurements perpendicular to the step
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Figure 5. (a)—(c) Hysteresis loops measured at 7= 300K for different Pd thickness (a) 0 ML, (b) 3 ML and (c) 9 ML, respectively.

Measurements were performed with the magnetic field (H) applied perpendicular (black) and parallel (blue) to the step edge orientation.
(d) Plot of the shift field H; measured at 7= 300K for different Pd thickness in Pd(N)/10 ML Co/Cu (1, 1, 13). Positive and negative H;
indicate that the easy magnetization axis is oriented along or perpendicular to the step edge, respectively. The inset shows a schematic of

the Pd wedge on Co/Cu (1, 1, 13).

edge is ascribed to an effective polar MOKE signal comp-
onent. It can be ascribed to the macroscopically inclined
surface of the stepped sample in the direction perpendicular
to the step edge. A corresponding component is absent for
measurements along the step edge. Since the polar Kerr effect
is much stronger than the longitudinal one (roughly one order
of magnitude), even a small normal component of the mag-
netization can give a significant contribution to the total Kerr
signal. The normal component of the magnetization can have
an influence on the split hysteresis loops measured by probing
the magnetization along the steps (i.e. along the intermediate
axis). When probing the magnetization along the steps, only
the Kerr signal at low field will be influenced by the normal
component of the magnetization (see in figure 5(c)). This is
also related to the competition between shape, in-plane, and
perpendicular magnetic anisotropy which tilts the magnetiza-
tion off from the sample plane [55].

For the stepped surfaces studied here, we call the [1-10]
direction the easy magnetization axis, and the [1 1 0] direction

is the intermediate axis. This reflects that the latter combines
the easy character of the fourfold cubic anisotropy with the
hard character induced by the step-orientation and the resulting
uniaxial anisotropy. A composite hysteresis loop results for
magnetization along the intermediate axis. The shift field H;
is defined as the field difference between zero field and the
center of one of the shifted loops. Positive and negative H;
indicate that the easy magnetization axis is oriented along
or perpendicular to the steps. In a simplified model of mag-
netization reversal by coherent single-domain switching, the
shift field H; is proportional to the in-plane uniaxial magn-
etic anisotropy K, [47]. This relation has been shown to be a
reliable approximation, particularly for small variations of K,
[24, 56, 57].

A detailed description of the magnetization reversal [58],
however, is more complex. It demands taking into account the
domain wall energy and avoiding the separation of the in-plane
fourfold and in-plane twofold anisotropies [59, 60]. Still, the
value of H; is a measure of the in-plane uniaxial magnetic
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Figure 6. Upper panel. Switching field H, in dependence on the Pd thickness for Pd(N)/10 ML Co/Cu (1, 1, 13), measured at 7= 50K (red
dots) and 7' = 5K (blue dots). Lower panel. Shift-field H; measured at 5K, in dependence on the Pd thickness for 14 ML Co/Cu (1, 1, 13)
(black dots). The inset represents a sketch of the double wedge sample, which provides both 10 and 14 ML Co.

anisotropy induced by the steps [54, 56, 61]. Its measurement
allows us to detect with high sensitivity and accuracy the pos-
sible impact of Pd QWS on the magnetic anisotropy of this
uniaxial system.

Figure 5(d) presents a plot of H; in dependence on the Pd
thickness for Pd(N)/Co/Cu (1, 1, 13). Intriguingly, the shift
field H; changes pronouncedly with Pd film thickness. This
result reflects a Pd-driven variation of the step-induced aniso-
tropy of Co. The H, value decreases up to 6 ML Pd coverage,
and it stays constant above 18 ML Pd. For a Pd coverage
above 6 ML, the characteristic easy axis of the 10 ML Co
films switches from along the steps to perpendicular to steps,
and this is reflected in the H, plot as zero transition with a
corresponding change of sign. The split hysteresis loop of the
perpendicular direction is replaced by the rectangular loop of
an easy magnetization axis, where the parallel(||)-direction
looses its easy character, see figure 5(c).

How can the Pd coverage modify the magnetic aniso-
tropy of the Co film? At first sight one might speculate that
the electronic structure and the structurally relaxation at step
edges gets modified upon Pd coverage [62]. It is plausible to
assume that a strong change of the magnetic anisotropy at the
step site results, changing the uniaxial anisotropy. However,
the observed periodic change of the magnetic anisotropy
remains mysterious in this picture. The complex hysteresis
loops observed (see figure 5(c)) for higher Pd coverage (H||
to the step) can be explained as the superposition of the split
loops with the reverse hysteresis loops (at low field) [55].
Comparable effects of a change of anisotropy have been previ-
ously observed for different adsorbates such as Cu, Ag and O
[63, 64]. They were strong enough to change the easy magnet-
ization axis by 90° in-plane. This scenario would correspond
to an interfacial effect.

An interfacial effect would also result from periodic elec-
tronic changes near the Pd/Co interface, which modulate

the anisotropy of the Co through spin—orbit coupling and
exchange interaction between Co and Pd. But according to
the calculation by Cinal [32], we are not dealing with an
interface effect. Instead, the magnetic anisotropy oscillations
originate almost entirely within the Pd overlayer, and they are
transferred through the Co-Pd interface into the Co system.
Therefore, an important question is whether the period of
magnetic anisotropy oscillations depends on the thickness of
the Co film or not. To tackle this experimentally we repeated
the measurement for two samples with different Co film thick-
ness (10 and 14 ML), where two different strengths of uniaxial
anisotropy are expected.

QWS related effects are usually strongest and best
observed at low temperature [23]. Consequently, we inves-
tigate the dependence of the switching field H; on the Pd
thickness(N) for PA(N)/10 ML Co/Cu (1, 1, 13) at low temper-
ature. Figure 6 shows the stunning result. The switching field
H; shows periodic maxima (N = 3, 19, 15 ML) and minima
(N =6, 12, 18 ML) as a function of Pd thickness. The period
of this oscillation is &6 ML. The same periodicity is observed
for measurements at 50 and 5 K. The perodicity also remains
constant for a different Co thickness of 14 ML, as revealed by
the top and bottom panel of figure 6, respectively. The shift
field itself depends on the Co thickness. This reflects that H;
itself is modified by QWS formed in Co. But the periodicity of
the in-plane magnetic anisotropy variation remains constant at
6 ML Pd. Interestingly, the amplitude of the magnetic aniso-
tropy oscillation are very similar for both Co film thicknesses.
All these results point at the importance of the Pd layer and its
thickness for the observed variation of the in-plane anisotropy,
and this diminishes the importance of interface effects.

The oscillation amplitude (=150 Oe) is almost three
times larger than the anisotropy oscillation caused by QWS
in Cu in the Cu/Co/Cu (00 1) system [23]. This large ampl-
itude of magnetic anisotropy oscillation is comparable to the
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previously observed effect of QWS on the magnetic anisotropy
of Co films grown on vicinal Cu (001) [54]. Qualitatively,
QWS formed in the Pd overlayer offer a natural driving force
for modifying the MA of the Pd/Co/Cu system. QWS modu-
late the density of states near the Fermi level. The magnetic
anisotropy is largely determined by states in proximity to the
Fermi energy [65], and hence a modification of the magnetic
anisotropy is expected. A more thorough analysis of the origin
of the change of MA is given below.

Both, the changes of magnetic anisotropy with increasing
thickness of Pd and the STS studies on QWS in Pd identify
the same characteristic periodicity of 6 ML Pd. This clearly
suggests that the QWS in Pd are a key aspect for the oscilla-
tory magnetic anisotropy of Co. From the STS analysis we
showed that the Pd QWS have predominantly d character (As
a-like). In principle, theses QWS should therefore affect the
anisotropy significantly, as the magnetic anisotropy of trans-
ition metals such as Co is mainly governed by d-bands.

Cinal has studied the impact of a Pd coverage on the magn-
etic anisotropy of Co [32]. The author suggests that the magn-
etic anisotropy oscillations in the Pd/Co system are induced by
pairs of spin-polarized QWS in Pd, where each pair is degen-
erate at the I' point of the two-dimensional surface Brillouin
zone. The majority spin QWS, forming the pairs, were derived
from bulk Pd electronic states, whose three-dimensional
wave-vector were quantized in the direction perpendicular
to the surface [32]. An experimental support for this comes
from our STS studies which identify corresponding QWSs.
Minority spin QWS in Pd hybridize with Co d states and form
a resonance. As a result a periodic change of the electronic
structure of the ferromagnetic Co leads to the oscillation of
the magnetic anisotropy, which is mediated by the large spin—
orbit coupling of Pd. Note that the magnetic anisotropy is a
quadratic form of spin—orbit coupling. The large amplitude of
MA oscillations in Pd/Co as compared to the Cu/Co system
is a consequence of the larger spin—orbit interaction in Pd
as compared to Cu. Theory also predicts that the anisotropy
oscillation period is governed by the extremal dimension of
the bulk Pd Fermi surface. Our experimental results corrobo-
rate this prediction. The observed damping of MA oscillations
at room temperature speaks in favor of an effect driven by
electronic states near the Fermi level. Thus, our experiments
support fully the theoretical prediction of the dominant role of
QWS in Pd for the magnetic anisotropy of Co in the Pd/Co/
Cu system.

4. Conclusions

Our combined STM and MOKE studies reveal the effect
of electron confinement and QWS in Pd on the uniaxial
magnetic anisotropy of ferromagnetic Co in Pd/Co/Cu.
Pseudomorphic growth, well-defined interfaces, and STS
with single layer thickness resolution allow us to probe
occupied and unoccupied QWS and extract an accurate dis-
persion of the Pd electronic d-band. The magnetic aniso-
tropy is found to oscillate as a function of Pd thickness with
a period of 6 atomic layers at low temperature. We ascribe

the modulation of the magnetic anisotropy in Co to thick-
ness dependent crossing of states of the Fermi energy due
to QWS in Pd. We observe larger amplitude oscillations of
the MA in Pd/Co as compared to the Cu/Co system. These
results are additional ingredients for the understanding of
electron confinement effects in spin-polarized systems and
for tuning magnetic anisotropy in magnetic multilayers at
the nanoscale. Further experiments on systems with even
larger spin—orbit coupling of the non-ferromagnetic comp-
onent, such as Pt, would be interesting, as possibly even
larger anisotropy oscillations could be induced.
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