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In this research, we have analyzed the electrical resistance of Co/Pd and Co/Pt thin multilayered films with perpendicular magnetic
anisotropy (PMA) deposited by magnetron sputtering to determine and compare their magnetoresistance (MR) mechanisms. The studies were
carried out depending on the magnitude and direction of the applied magnetic field in a wide temperature range T = 3–300K. It is shown that
both the isotropic and angle-dependent MR mechanisms are different for these two films studied. Magnon and anisotropic MR mechanisms
(MMR and AMR) are found to be characteristic of the Co/Pd film, while Lorentz and spin Hall MR mechanisms (LMR and SMR) determine the
magnetotransport in the Co/Pt film. The revealed differences in the MR mechanisms are discussed in terms of the quality of interfaces and
properties of 5d (4d) metals. [doi:10.2320/matertrans.MT-MG2022018]
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1. Introduction

The mechanisms of electron and spin transport in 3d
ferromagnet (FM)/5d(4d) heavy metal (HM) bilayers and
multilayers (MLs) are of great interest for spintronics due
to their high potential for magnetic memory applications.1,2)

Among them, [Co/Pt]n and [Co/Pd]n MLs have a strong
and tunable perpendicular magnetic anisotropy (PMA).3–9)

Both Pt and Pd are paramagnetic transition metals of group
10 (same group as Ni), which can be polarized in the vicinity
of a FM layer and carry magnetic moments.10) The
hybridization between 3d electron orbitals of Co and
5d(4d ) orbitals of Pt(Pd) at the FM/HM interfaces and
spin-orbit coupling (SOC), induced by symmetry breaking,
are responsible for the strong interfacial magnetic anisotropy,
which mainly contributes to PMA of [Co/Pt]n and [Co/Pd]n
MLs.7,11–13) The strong PMA makes these MLs suitable for
high density data storage, while the essential SOC in the
5d (Pt, Ta, W, Hf ) and 4d (Pd) HM enables a field-free
magnetization switching of the FM layer (Co,3,14) NiCo,2)

CoFe(B)1,13)), which underlies new magnetic recording
technologies.1–3,13–17) In such FM/HM bilayers, a spin
accumulation at the interface via the mechanisms known as
spin Hall effect (SHE) and Rashba-Edelstetin effect can exert
a torque on the magnetic moments of the FM layer leading
to their precession or even complete reversal.1,13–17) There-
fore, the search for novel materials with a strong SOC and
design of multilayered compositions by combining the layers
and interfaces for enhancing the efficiency of magnetization
switching are of undoubtful importance.

Although the Co/Pt and Co/Pd bilayers are the basic
systems for designing spintronic materials, and have been
studied for decades,1–10,16,17) there are still unclear issues
related to their magnetotransport. Despite the similarity of
electronic structure and magnetic properties, they demon-
strate completely different magnetoresistance (MR)
mechanisms, which are reported in this work. The revealed
discrepancies are discussed in terms of effects associated
with the band structure and interface state, since differences
in SOC and induced magnetism of HM,3) as well as in
smoothness and integrity of interfaces5,18) can be respon-
sible.

2. Experimental Procedure

The thin films of [Co/Pd]5 and [Co/Pt]5 MLs were
deposited on flat Si/SiO2 wafers using ultra-high vacuum
magnetron sputtering (AJA International, Inc.) at room
temperature (RT). The nominal compositions of the films
are the following:

Ta5nm/Pd15 nm/[Co0.5 nm/Pd1nm]x5/Co0.5 nm/Pd3nm/Ta5nm;
Ta5nm/Pt15 nm/[Co0.4 nm/Pt0.8 nm]x5/Co0.4 nm/Pt3 nm/Ta5nm for

the films marked hereafter as Co/Pd and Co/Pt MLs,
respectively. The top Pd(Pt)3 nm/Ta5nm bilayer was used to
prevent oxidation of the MLs, while the bottom Ta5nm/
Pd(Pt)15 nm bilayer served to promote (111) texture and
improve the PMA of the subsequent MLs.

Microstructural studies have been performed with a high
resolution transmission electron microscopy (HRTEM)
technique using an FEI Tecnai G2 F20 X-Twin microscope
(200 kV). The HRTEM data were analyzed with Gatan DM
software.+Corresponding author, E-mail: ngocanhnt.vn@gmail.com
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Measurements of the field and angular dependences of
electrical resistance R(B) and R(ªB) were carried out with the
four-probe method using the resistivity option of a Quantum
Design Physical Property Measurement System (PPMS) at
T = 3–300K. A magnetic field with induction B up to 9 T
was applied along the film normal (z direction) and in the
film plane along y direction, or rotated in the zy plane which
is perpendicular to charge current I (x direction).

3. Results and Discussions

The cross-sectional images of the studied Co/Pd and
Co/Pt MLs, obtained by HRTEM technique, are shown in
Fig. 1.

The films demonstrate a distinct layered structure. The
layers of Co (lighter color) and HM (darker color) are clearly
distinguishable both within the [Co/Pd]5 (Fig. 1(a)) and
[Co/Pt]5 (Fig. 1(b)) MLs that excludes homogeneous atoms
mixing and alloying the Co and Pd(Pt) layers. The atoms are
arranged in a face-centered cubic (fcc) lattice within both
MLs, with a preferential orientation of the (111) plane
parallel to the film surface being detected. The latter is
consistent with the fcc (111) texture of the studied films
revealed by X-ray diffraction.6) The interplanar distance d(111)
estimated from HRTEM images is almost unchanged with
depth within the MLs and averages 2.213¡ for Co/Pt and
2.207¡ for Co/Pd MLs. Despite the general similarity, a
more pronounced interfacial mixing of atoms from neighbor-
ing layers can be revealed for the Co/Pt MLs (inset to
Fig. 1(b)). Inversely, laterally consistent and more abrupt
interfaces are typical of the Co/Pd MLs (Fig. 1(a)).18) Since
the deposition conditions were kept the same for both MLs,
the observed differences can attribute to the material-related
factors.7) The differences in surface energy and lattice
constants between the FM and HM layers are supposedly
important for the processes of atoms intermixing and
interfacial inter-diffusion.

Angular dependences of electrical resistance R(ªB) on the
out-of-plane orientation ªB of the magnetic field B with
respect to the film normal (ªB = 0) are shown in Fig. 2 for the
Co/Pd and Co/Pt MLs. The shape of R(ªB) curves of Co/Pd
MLs doesn’t depend on temperature and is characterized
by two clear minima at ªB = 90° and 270° (Fig. 2(a)). It can
be approximated by the expression R(ªB) = R0 ¹ ¦R · sin2 ª,

where R0 is the isotropic contribution to the longitudinal
resistance at a certain temperature, ¦R is the amplitude of
the effect, which provides angle-dependent changes in R,
and ª is the polar angle, which determines the orientation of
the film magnetization M with respect to the film normal
(ª = 0). A good correspondence of the approximation to the
experimental data shown in Fig. 2(a) indicates the only
angle-dependent MR mechanism for the Co/Pd film.

The shape of low-temperature R(ªB) curves of the Co/Pt
MLs, shown in Fig. 2(b), is more complex, with two
additional local minima being pronounced at ªB = 0 and
180°. The latter indicates at least two contributions to the
angle-dependent MR mechanism. The approximation shown
in Fig. 2(b) corresponds to the relation R(ªB) = R0 ¹
¦R(2) · sin2 ª ¹ ¦R(4) · cos4 ª, where the ¦R(2) and ¦R(4)

coefficients are the amplitudes of these contributions. It
should be mentioned, that the local minima become less
evident and gradually disappear with increasing temperature,
while the shape of R(ªB) curve becomes similar to that shown
in Fig. 2(a) at RT.

Fig. 1 Cross-sectional HRTEM images of [Co/Pd]5 (a) and [Co/Pt]5 (b)
MLs. The insets show enlarging and coloring of the corresponding images
(blue for Pd(Pt) and green for Co) for better visualization of interfaces and
mixing of elements.

Fig. 2 Angular dependences of electrical resistance R(ªB) of the Co/Pd (a)
and Co/Pt (b) MLs measured in the external field B of 2T at T = 10K.
Insets show the corresponding field dependences of resistance measured
along the film normal at different temperatures.
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Besides the different angular dependences, the Co/Pd
and Co/Pt MLs demonstrate completely different field
dependences of electrical resistance. The corresponding
¦R(B) = R(B) ¹ R0 curves are illustrated in the insets to
Fig. 2 for different temperatures. It is clear, that the MR
effects of different signs are characteristic of these films,
namely a negative MR effect is dominating for the Co/Pd
MLs, while the positive MR effect is typical of the Co/Pt
MLs over the whole temperature range studied. The negative
MR effect in the Co/Pd MLs is identified to be realized
via the magnon MR (MMR) mechanism.9,19–21) The positive
MR effect in the Co/Pt MLs relates to the Lorentz MR
(LMR) mechanism,22,23) with the magnitude of the effect
being atypically increased at RT. Both mechanisms are
isotropic for the field rotation in zy plane.

Pairs of ¦R(B) curves measured in two orthogonal field
directions, i.e. along z and y axes, at RT are shown in Fig. 3
for both Co/Pd and Co/Pt films. In addition to the isotropic
MMR and LMR effects, another negative MR mechanism
is revealed, which corresponds to a decrease in R in an

increasing By field (ªB = 90°). It is associated with the
out-of-plane magnetization rotation and its tilting in the y
direction at B ¯ BA (BA is the anisotropy field). The
mechanism providing such an increase in R is the same as
that providing the angular dependences R(ªB) ³ sin2 ª shown
in Fig. 2. High values of BA field of ³3T for the Co/Pd MLs
and ³2T for the Co/Pt MLs can be estimated from the
inflection points of ¦R(By) curves shown in Fig. 3.

The difference between the resistance in a magnetic field
oriented along ªB = 90° and ªB = 0 directions, i.e. R(By) ¹
R(Bz), represents the angle-dependent contribution to the MR
effect. The field dependences of this parameter, reduced to the
zero-field R0 value, are shown in the insets to Fig. 3 for the
Co/Pd and Co/Pt MLs. The analysis reveals the peculiarities
of angle-dependent MR effect, which is characteristic of each
of the studied films. For example, the magnitude of the effect
increases with decreasing temperature for the Co/Pd MLs
and, inversely, decreases for the Co/Pt MLs, indicating its
different nature for these two films. In addition, the MR(B)
dependences are non-monotonous for the Co/Pt MLs at
T < 100K, with a local minimum observed in the vicinity
of B = 0 (inset to Fig. 3(b)). The latter correlates with the
local minima at ªB = 0 and 180° on the R(ªB) curves of this
film (Fig. 2(b)). Another observed peculiarity of angular
MR effect should be pointed out, which also distinguishes
both films studied. It lies in a significant difference in the
MR ratios for the films by an order of magnitude (insets
to Fig. 3).

The described peculiarities of the angular MR effect,
although apparently similar for both films in its sin2 ª-type
dependence, however, allow it to be attributed to completely
different MR mechanisms, namely anisotropic interfacial
MR (AIMR)9,24,25) and spin Hall MR (SMR)1,15,16,22) for the
Co/Pd and Co/Pt MLs, respectively. The origin of such a
difference between the MR mechanisms of the films is
supposed to lie mainly in their interface structure. As it is
determined by HRTEM method (Fig. 1), Co atoms are mixed
to different degree with different HM atoms at the interfaces,
namely, a more pronounced layered structure is typical of
the Co/Pd MLs (Fig. 1(a)),8) while a more prominent local
interpenetration of the layers is characteristic of the Co/Pt
MLs (Fig. 1(b)).18) Laterally consistent Co/Pd interfaces
promote strong interfacial contribution to the magnetotran-
sport of Co/Pd MLs via the AIMR mechanism. On the other
hand, a significantly higher SHE in Pt compared to Pd due
to its stronger SOC7,17) ensures the manifestation of the SMR
mechanism in the Co/Pt MLs. A decrease in the MR effect of
Co/Pt MLs with decreasing temperature (inset to Fig. 3(b))
correlates with the tendency characteristic of the SMR
mechanism, since the strong Pt polarization suppresses the
effect at low temperature.26) The obtained effects up to 0.06%
are consistent with the values of the SMR effect observed
for similar films (0.05% for Pt4 nm,22) 0.15%15) and 0.25%1)

for Pt3 nm, 0.10% for Ta5nm,1) etc.).
Besides the second-order contribution ¦R(2) · sin2 ª to the

angular MR, the higher order contribution, namely fourth-
order term ¦R(4) · cos4 ª, is detected for the Co/Pt MLs. Its
contribution is found to increase with decreasing temperature
(inset to Fig. 3(b)), similarly to the AIMR effect of the Co/Pd
MLs (Fig. 3(a)). This higher-order term is usually attributed

Fig. 3 Field dependences of electrical resistance ¦R(B) of the Co/Pd (a)
and Co/Pt (b) MLs measured at T = 300K in the external field sweeping
along z (ªB = 0) and y (ªB = 90°) directions. Insets show the correspond-
ing field dependences of angle-dependent MR effect estimated as
MR(B) = 100% · (R(By) ¹ R(Bz))/R(B = 0).
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to the texture-induced contribution to the anisotropic MR
(AMR),25,27) which appears even when the magnetization
rotates perpendicularly to the current. A pronounced fcc
(111) texture is characteristic of both Co/Pd and Co/Pt
MLs,6) but due to the low magnitude of the effect (only
0.05% even at T = 10K) it cannot be distinguished in the
MR signal of the Co/Pd MLs because of much higher AIMR
effect (³0.7% at T = 4–10K). A small texture-induced AMR
effect is associated with thin Co layers in the studied films.
Indeed, higher values are typically obtained for significantly
thicker FM layers (0.07% for Co35 nm in Pt/Co/Pt; 0.6% for
Ni10 nm in Pt/Ni/Pt;25) 0.8% for CoNi8nm in Pt/[Co/Ni]
stacks27)). The observation of the higher-order contributions
to AMR for the studied Co/Pt MLs with such a small
thickness of the FM layer is supposed to become possible
due to their significantly higher PMA of ³2T, achieved by a
multiple repetition of Co/Pt bilayers, as compared to the
commonly studied FM/HM bilayers.1,17,27)

4. Conclusion

In this study, we demonstrated that apparently identical
Co/Pd and Co/Pt MLs possessing high PMA of up to 3 T
show completely different MR effects with different under-
lying mechanisms. A distinct layered structure with a Co
thickness of only a few atomic monolayers and a pronounced
fcc (111) texture typical of both of the films studied, which
provide their high PMA, were found to be not sufficient
criteria for obtaining reproducible effects in spin-dependent
electron transport. It is shown that both the isotropic and
angle-dependent MR mechanisms are different for the Co/Pd
and Co/Pt MLs. The isotropic effect of magnon MR related
to the FM layer dominates in the Co/Pd MLs, suppressing
the conventional Lorentz MR effect, while it almost
completely degenerates in the Co/Pt MLs. The angle-
dependent out-of-plane MR effect in the Co/Pd MLs
corresponds to an interfacial-type AIMR mechanism, while
in the Co/Pt MLs it is presumably provided mainly by a
bulk-type SMR mechanism originating from the Pt layer
adjacent to the MLs. In addition, the texture-induced higher-
order AMR term contributes to the angular MR of the Co/Pt
MLs. The above differences in the MR mechanisms relate
mainly to different degrees of interface integrity in the Co/Pd
and Co/Pt MLs. Additionally, various intrinsic properties
of 5d Pt and 4d Pd metals, including quantitative differences
in the SHE and induced magnetism, also contribute to the
revealed diversity of the MR mechanisms.
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