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ABSTRACT

The development of multilayered materials with engineered magnetic properties compels a deep knowledge of physical properties at the
atomic scale. The magnetic anisotropy is a key property in these materials. This work accounts for the magnetic anisotropy energy and
its correlation with atomic properties of Co/Pd multilayers with the number of Co/Pd repetitions. Magnetometry measurements confirm
stronger perpendicular magnetic anisotropy energies as the number of repetitions increases up to 40. However, the intrinsic anisotropy,
related to the Co-Pd orbital hybridization and spin-orbit coupling, saturates at 15 repetitions. This finding is supported by x-ray magnetic
circular dichroism analysis that reveals a direct correlation of the atomic Co and Pd orbital magnetic moments and the effective anisotropy of
the system. The proximity effect that accounts for the Pd induced magnetization, along with the increasing Co moment, provides a suitable
mechanism for the observed anisotropy energy layer dependence.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0010066

The magnetic anisotropy is one of the most important param-
eters in the technological applications of magnetic thin films. Mate-
rials with either high or low, in-plane (IP) or out of plane (OoP)
anisotropy are required depending on specific applications." ® The
control of the macroscopic properties conducting a microscopic
control at the nanoscale is an essential goal of the materials science
engineering, and crucial in new spintronic devices based on spin-
orbit and spin-transfer torque.” ~ Co/Pd multilayers have widely

been studied for these applications due to their strong spin—orbit
interactions and perpendicular magnetic anisotropy (PMA). It is
known that the magnitude and direction of the magnetic anisotropy
can be manipulated through the crystalline texture of the mate-
rial, film thickness, and interfacial effects.'*'° Magnetic films of
tens of nanometers in thickness usually present in-plane magne-
tization because of the shape anisotropy. On the contrary, as the
magnetic layer becomes thinner, surface effects can dominate the
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bulk properties of the film."”'" The symmetry-breaking at the sur-
face induces the so-called surface anisotropy perpendicular to the
sample plane, therefore, competing with the shape anisotropy.'”
Atoms near the surface or interface experience a reduced symmetry
and different bonds than those in the bulk, which lead to a variety of
magnetic phenomena such as out of plane anisotropy, enhancement
of magnetic moments, and magnetic polarization of non-magnetic
elements.”” " A key factor for these phenomena is the spin-orbit
interaction that couples spins to the electronic orbits of the crys-
tal lattice. Hence, Co/Pd is an attractive system to study all these
phenomena.

This work reports on the evolution of the magnetic anisotropy
energy, the IP and OoP anisotropy, and its microscopic origin in
Co/Pd multilayers as a function of the number of repetitions ().
Samples from n = 2 to 40 were deposited by sputtering, and struc-
turally characterized by x-ray diffraction and transmission electron
microscopy (TEM). Magnetic properties of the whole multilayer,
as the saturation magnetization and the effective anisotropy,
were obtained from the magnetization curves measured by the
superconducting quantum interference device (SQUID) magne-
tometry. The atomic Co and Pd magnetic moments—spin and
orbital components—and the anisotropy of the Co-orbital magnetic
moment were evaluated from x-ray magnetic circular dichroism
(XMCD) spectra. The results demonstrate that the PMA of Co/Pd
multilayers can be tuned from very low values to a maximum mag-
nitude with the number of repetitions. It was also found that the
increase in the Co-orbital moment with n correlates with the intrin-
sic anisotropy of the Co/Pd interface. Such a moment increase is
also reflected in a similar trend on the Pd moment induced by the
proximity effect. These results provide insight into the underlying

scitation.org/journal/adv

physics at the atomic scale of the macroscopic properties of the
Co/Pd multilayers.

Si//[Pd(0.6)/Co(0.4)]xn/Pd(2.4) (thickness in nm) multilay-
ers were grown at room temperature on a naturally oxidized Si
(100) wafer by magnetron sputtering.’ > The base pressure was
5 x 107 Torr, and the Ar sputtering pressure was 12 mTorr.
Pd(0.6 nm)/Co(0.4 nm) bilayers were consecutively deposited »
times and protected with a capping layer of Pd(2.4 nm). The number
of repetitions, n, was varied from 2 to 40.

Cross-sectional TEM images of thicker samples (not shown)
reveal the formation of grains with slightly different orientations.
However, the Co/Pd crystals are not randomly oriented. X-ray high-
angle diffraction 6-20 scans show a textured fcc-[111] orientation of
grains.

Magnetization curves of Co/Pd multilayers were measured by
SQUID for n = 2, 5, 10, 15, 20, and 40. The hysteresis loops with
the external field applied in the sample plane (IP) and perpendicu-
lar to the sample surface [out of plane (OoP)] are plotted in Fig. 1.
The magnetic moment was normalized for comparison with the
number of repetitions. Ultra-thin films (# = 2) do not show an
easy anisotropy axis. Both IP and OoP curves overlap each other
with a zero magnetization remanence and no coercivity. An easy
anisotropy axis develops by increasing the number of Co/Pd repe-
titions. IP and OoP hysteresis loops differentiate for #n = 5. The OoP
signal becomes a square-slanted hysteresis loop with a finite coercive
field (Hc = 200 Oe) and a normalized remanence m;, = 0.33. On the
contrary, the IP magnetization curve is almost reversible, Hc = 50
Oe and m;, = 0.07. The remanent magnetization in the perpendicu-
lar direction increases with n, m; = 0.75, 0.86, 0.94, and 0.90 for n
= 10, 15, 20, and 40, respectively, while the coercive field

FIG. 1. Normalized magnetization curves

forn =2, 5, 10, 15, 20, and 40. External
field applied in-plane (IP) and perpendic-
ular to the sample surface [out-of-plane
(OoP)].
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progressively grows up to 1600 Oe. These data demonstrate that {

the OoP direction is the more favorable orientation of the mag- 6
netization as n increases, while the IP surface becomes a harder 1x10° |
magnetic axis with n. Consequently, the saturation field of IP hys-
teresis loops gradually evolves from 3500 Oe for 1 = 5 up to 9000 Oe
for n = 40.

The Co saturation magnetization (Ms®°) was obtained from
the absolute value of the magnetic moment of each sample at high
fields and the volume of the Co layers. The sample area was digitally
measured using the ImageJ open source,”’ and the Co thickness was
estimated as the Co-nominal thickness of the multilayer. It is worth /
mentioning that XMCD measurements show a Pd polarization by 0+®
the proximity effect of Co atoms; however, the Pd magnetization is
almost one order of magnitude smaller than the Co magnetization (b) A—
and is omitted in this calculation.'””” Figure 2 plots the progres- 6x10° |
sion of Ms®° with the number of repetitions (blue dots) and the bulk
Co magnetization from the literature (red triangle) for comparison.
Thicker samples (1 > 15) exhibit the same saturation magnetization
as the Co bulk. However, MsCo decreases for thinner multilayers
down to 27% of the pure Co magnetization for n = 2. It reveals a
neighboring effect at the initial growth of the Co/Pd film.™

The effective anisotropy of each sample was calculated from
magnetometry measurements. The magnetic anisotropy energy den-
sity is given by the area enclosed between the OoP and IP magneti- 0 LI 1 )
zation curves. In our case, these curves present hysteresis; thus, the 0 5 10 15 20 25 30 35 4
averaging curve of the decreasing and increasing branches of the .
hysteresis loop was previously calculated, and is used to numerically number of repetitions, n
compute the anisotropy energy in the H interval [0 kOe, 10 kOe]."”

o

K_, (erglcm’)
<
o

K _ (erglem’)
R 2
s 5

FIG. 3. (a) Effective anisotropy energy of Co/Pd multilayers obtained from

The differential area, K, is plotted in Fig. 3 for each multilayer. the energy difference between OoP and IP magnetization curves (irreversible
The effective anisotropy monotonously increases with the num- curves were averaged for integration). Positive values result in PMA (b) Intrin-
ber of repetitions. Taking this into account, the anisotropy can be sic anisotropy energy at the Co/Pd interface calculated from Ky = Kint + Kg. The
phenomenologically separated in a volume contribution that yields demagnetization energy was estimated as Ky = —2m(Ms®)-tcol(tco * tra)-

in-plane anisotropy (negative) and an interfacial contribution from

Co/Pd interfaces (positive) responsible for the perpendicular ori-

entation of the magnetization, a positive value of K¢ indicates a magnetic an‘iso"tropy Pf the system Wif[h n. Contrary ég’ other experi-
preferential direction perpendicular to the sample plane. In our mul- mental studies in which a maximum in K and M was observed
% our multilayer system holds a con-

tilayer system, the OoP orientation is energetically more favorable between 5 and 10 repetitions,

c
as the number of repetitions increases, improving the perpendicular stant value of Kin; and M; ™ for the 1 range between 15 and 40, and a
monotonous increase in Kg with the repetition number. Thus, this

system extends the maximum intrinsic parameters in a wide range

of thicknesses. This finding allows the design of multilayers and

/é patterned nanoelements with higher magnetic moments keeping a
§ \Y strong PMA.

/ The main source of the volume anisotropy energy is the demag-
/é netization energy of the film—the magnetocrystalline anisotropy of
bulk fcc Co is negligible due to the symmetry of the structure."
Therefore, K¢ can be written as

1500

1000

(emu/cm®)

500} Kefr = Kint + Ky,

Co
S

M
®

where Kin accounts for the intrinsic anisotropy from Co/Pd inter-
faces and Kgq is the demagnetization energy density, which can be
estimated as

O 1 1
0 5 10 15 20 25 30 35 4 Ky = —2mOA) -t (fco + to0).

number of repetitions, n Considering that Pd has a much lower magnetic moment than Co,
Kg4 was calculated for each multilayer from the Co saturation magne-
tization values of Fig. 2 and the nominal Co and Pd layer thicknesses

(tco» tpd)

FIG. 2. Magnetic moment of Co/Pd multilayers per Co-volume (blue circles). Bulk
Co magnetization at room temperature (red triangle).
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The intrinsic anisotropy was calculated as the difference
between the experimentally measured K¢ and the estimated Kq, and
plotted in Fig. 3(b). Kin: shows a fast growth from n = 2 to 15 and
keeps a constant value for n > 15, following a similar trend to the Co
saturation magnetization.

In order to explore the microscopic origin and evolution of the
intrinsic anisotropy with the number of Co/Pd repetitions, XMCD
spectra were obtained at room temperature for n = 2, 5, 10, 20, and
40.

Effective spin and orbital magnetic moments were specifically
obtained for Co from the spectra by applying the XMCD sum
rules,””* following the procedure described by Chen et al.”” and
considering 2.43 holes per Co atom.” Figure 4(a) presents the evo-
lution of the perpendicular and in-plane components of the orbital
magnetic moment with the number of repetitions, #1,4" and Mor >
respectively. Both components follow the same trend; a low mag-
netic moment in very thin multilayers that increases with n and
saturates for n > 10. Moreover, both components have a rather close

1 1 1 1 1 1 1
0.25 (@) % -
o
\jfe 0.20} é _._mLorb -
€ o015t o, |
¢
1 1 1 1 1 1 1
= 006} ] | _
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0 5 10 15 20 25 30 35 40

number of repetitions, n

FIG. 4. (a) Orbital magnetic moment per Co atom perpendicular and parallel to
the sample surface (solid line is a guide to the eye). (b) Anisotropy of the orbital
magnetic moment. (c) Effective spin magnetic moment (isotropic for perpendicu-
lar and parallel measurements). Magnetic moments in Bohr magneton units were
calculated considering 2.43 holes per Co atom.*’

scitation.org/journal/adv

magnitude; thus, the difference mo," — meog,’ that accounts for the
anisotropy of the orbital magnetic moment does not show a clear
trend with » within the accuracy of the experiment, Fig. 4(b). The
mspmeff obtained from the XMCD spectra is plotted in Fig. 4(c).
It shows a similar n-dependence as that observed for the orbital
momentum, a low spin moment for #n = 2, and a saturated value for
n > 10. Thus, the enhancement of both mspmeff and m,, with the
number of Co/Pd repetitions is connected to each other and corre-
lated with the saturation magnetization and the intrinsic anisotropy
of the samples.

To gain further insights into the magnetic properties of the
Pd/Co multilayers, we investigated the XMCD signal at the Pd L, 3 as
a function of the number of repetitions for n = 5, 10, 20, and 40. The
Pd mspmeff and m," were also obtained by employing the XMCD
sum rules. In this case, we employed the approach developed by
Vogel et al.” The result of the sum rule analysis is reported in Fig. 5.
It overall shows a trend for larger Pd orbital and spin moments at
high repetitions (n = 20, 40), and Pd moments up to 0.25 Bohr mag-
netons, which are rather close to values previously reported in the
literature when taking into account the accuracy of sum rules.”’

The macroscopic and microscopic techniques used for the mag-
netic characterization allow us to establish important correlations
between the bulk and atomic magnitudes. There is a clear relation-
ship between the spin magnetic moment per Co atom obtained by
circular dichroism [Fig. 4(c)] and the Co magnetization of the sam-
ple (Fig. 2). Although the Co spin moment increases up to n = 10,
while the M,%° grows up to n = 15, it might be a consequence of
the volume probed by each technique. Magnetometry measurements
collect the full signal of the sample, while the electron yield technique

0020 I I 1 I I I I

(@)

~, 0015} i

-~ 2 0.010

0 5 10 15 20 25 30 35 40

number of repetitions, n
FIG. 5. Magnetic moments per Pd atom at normal incidence calculated employing

the XMCD sum rules as a function of the number of repetitions. (a) Orbital magnetic
moment. (b) Effective spin magnetic moment.
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of XMCD is only sensitive to the outmost planes of the multilayer,
~4 nm from the top surface.”® A very low number of repetitions
present a low spin moment due to poor atomic coordination of Co
atoms at the very first atomic layers, maybe due to the diffusion with
the Si substrate. The local environment improves with #, and this
improvement is rapidly detected by XMCD probing the last Co/Pd
repetitions. However, M,*° was calculated from the SQUID signal
coming from the whole sample, averaging all the Co layers. Con-
sequently, a large number of repetitions is needed to disregard the
contribution of the first atomic layers. It must be mentioned that
both techniques agree to estimate magnetic quantities equivalent to
those of bulk Co. All samples above 15 repetitions possess the same
saturation magnetization as the bulk Co magnetization (red triangle
in Fig. 2), and within the experimental error, the atomic Co magnetic
moment compares to that of the bulk Co, 1.7 pg [Fig. 4(c)].

Perpendicular magnetic anisotropy is attributed to a dominant
intrinsic anisotropy over the bulk anisotropy. The microscopic ori-
gin of this surface anisotropy has been discussed in the last few
decades with experimental and theoretical studies. The experimental
evidence of a connection between macroscopic measurements and
atomic parameters was not always conclusive.””*” In our system, the
XMCD analysis demonstrates a direct correlation of the Co-orbital
moment [Fig. 4(a)] with the intrinsic anisotropy [Fig. 3(b)]. Both
magnitudes increase with the number of repetitions and reach a con-
stant value at n = 15 and n = 10, respectively. Again, the difference in
the number of repetitions at which these magnitudes remain con-
stant can be attributed to the superficial character of the XMCD
technique. The saturated value of the Co-orbital moment (0.25 pp)
is much higher than the orbital moment of pure Co thin films (0.17
UB), ‘I which demonstrates the enhancement of the orbital moment
due to proximity effects at the Co/Pd interface.

The enhancement of the Co-orbital moment was found in
both orthogonal directions, perpendicular and parallel to the sur-
face of the sample. Therefore, the anisotropy of the orbital moment
[Fig. 4(b)] yields small values that, within the accuracy of the data,
do not allow establishing a clear trend of Amy, with the num-
ber of repetitions. In consequence, we can only identify the n-
dependence of macroscopic magnitudes—as Keg and Kiy—with the
atomic Co-orbital moment, which is an evidence for the electronic
origin of these magnitudes, but not with the anisotropy of the orbital
moment per Co atom. However, this result does not discard a micro-
scopic source of the PMA on the orbital magnetic anisotropy. First-
principles calculations estimate that such a small Am, < 0.02 pg can
yield PMA,* and experimental measures marked Amy, < 0.03 pB,“
which is in the order of the error bar in Fig. 4(b). In addition, other
energy terms not considered here, as the strain-induced magnetoe-
lastic contribution or dipole interactions in rough sample interfaces,
might positively increase the PMA of the multilayer system.”®***

The important correlation observed between Co and Pd mag-
netic moments is worth noting. The increase in the magnitude of the
Co moment with the number of repetitions is also reflected in the Pd
moment. It is reasonable to expect that a large Co moment drives, via
a proximity effect, a large Pd moment, which enhances the Co-Pd
coupling at the interface. As a result, one may consider two mecha-
nisms via the Pd magnetization that favor perpendicular anisotropy.
On the one hand, the interface coupling and electronic hybridiza-
tion between Co and Pd states induce a magnetic anisotropy by
increasing the spin-orbit interaction perceived by Co moments. On

ARTICLE scitation.org/journall/adv

the other hand, the magnetic coupling increases the magnetoelas-
tic energy between Co and Pd at the interface, which has also been
ascribed as a source of PMA.

In conclusion, Co/Pd multilayers deposited on Si substrates
exhibit a progressive perpendicular magnetic anisotropy with the
number of repetitions. With an increase in n, the PMA becomes
monotonously larger while the intrinsic anisotropy saturates at n
= 15. These macroscopic parameters correlate well with the n-
dependence of both spin and orbital Co magnetic moments esti-
mated from XMCD measurements. The modification of the elec-
tronic structure at the Co/Pd interface leads to an enhancement of
the Co-orbital moment, and a direct relationship between the intrin-
sic anisotropy and the OoP Co-orbital moment. Within the accuracy
of the experimental data, no connection can be established between
the PMA and the atomic anisotropy of the Co-orbital moment,
which might be smaller than the experimental error bar. On the
other hand, an enhancement of the Pd spin moment is found in
correlation with that of the Co-spin moment, which might not have
been evidenced so far. This increases the magnetic coupling between
Co and Pd at the interface and provides mechanisms that might
significantly contribute to the origin of PMA.
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