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We investigate the role of top and bottom interfaces in inversion symmetry-breaking
Pt/Co/AlOy systems by inserting ultra-thin Cu layers. Wedge-type ultrathin Cu layers
(0-0.5 nm) are introduced between Pt/Co or Co/AlQOy interfaces. Interface sensitive
physical quantities such as the interfacial Dzyaloshinskii-Moriya interaction (iDMI)
energy density, the interfacial perpendicular magnetic anisotropy (iPMA), and the
magneto-optical Kerr effects (MOKE) are systematically measured as a function
of Cu-insertion layer thickness. We find that the Cu-insertion layer in the bottom
interface (Pt/Co) plays a more important role in iDMI, PMA, and MOKE. In con-
trast, the top interface (Co/AlOyx) noticeably contributes to only PMA, while its
contributions to iDMI and MOKE enhancement are less significant. Although the
PMA mainly comes from the bottom interface (Pt/Co), the Cu-insertion layers of
all interfaces (Pt/Co, Co/AlOy) influence PMA. For iDMI, only the Cu-insertion
layer in the bottom interface exerts SOC suppression which leads iDMI energy
to decrease rapidly. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978867]

I. INTRODUCTION

An interface is an important place in many physical phenomena, where the symmetry is broken
and the boundary conditions are built in. The role of an interface in modern magnetism is crucial, and
many exotic phenomena are closely related to interfaces, including giant magneto-resistance, tunnel-
ing magneto-resistance, exchange bias, spin transfer torque (STT), perpendicular magnetic anisotropy
(PMA), proximity induced magnetization (PIM), and spin-orbit torque (SOT), among others. As such,
interfaces are fundamental building blocks of modern spintronic devices. Recently, spin orbit coupling
(SOC) between ferromagnetic (FM) and heavy metals (HM) has been re-visited due to the crucial
physical origins of the spin Hall effect (SHE),'~* Rashba effect,*> and interfacial Dzyaloshinskii-
Moriya interaction iDMI).5° Since SOT requires inversion symmetry breaking, basic HM/FM/I,
(I: Insulator) structures have been heavily investigated by many groups. Miron et al.* claimed the
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presence of the Rashba effect in the Co/AlOy system, which can alter the switching field, and reported
that perpendicular magnetization can be switched by the Rashba effect.’ This stimulated the study of
SOT, and Liu et al.'®!'! found that SHE also exists in (Pt,Ta)/CoFeB/MgO systems. They measured
the effective field strength of SHE using a ferromagnetic resonance (FMR) technique and found a
spin Hall angle of 0.15 for beta-phase Ta. They have also reported that it is possible to switch the
perpendicularly magnetized FM layer by SHE. Pioneering works paved the way to “spin-orbitronics,”
and they have led to many efforts to measure the effective fields by SOT."'?>~14 More recently, Emori
et al." claimed that iDMI plays a major role in domain wall (DW) motion, and Thiaville et al.'®
suggested that iDMI suppresses the Walker breakdown, allowing for faster DW motion. Ryu ez al.'”-'8
also reported that DW motion is governed not only by STT, but also by SHE, iDMI and PIM. Since the
proposal of topologically-protected skyrmion-based logic devices,'® iDMI has become a central part
of spin-orbitronics.?*?! iDMI requires two conditions: the first is a strong SOC, and the second is an
inversion symmetry breaking structure. In HM/FM/I systems, these two conditions are spontaneously
satisfied. By non-reciprocal spin wave (SW) dispersion relations,?? several experimental techniques
have been proposed to measure iDMI. Zakeri et al.>> measured iDMI energy density by employing
spin-polarized electron energy loss spectroscopy (SPEELS), and Je ef al.”* determined the effective
field due to iDMI by an asymmetric DW velocity measurement technique. Recently, Han et al.?’
introduced another experimental method as a magneto static measurement for probing exist of iDMI
from asymmetric hysteresis loop shift, and several groups reported iDMI of HM/FM/I systems using
Brillouin light scattering (BLS).?-3" Most studies have been focused on the determination of the
iDMI energy density of the whole inversion symmetry breaking system. Despite all of the above
efforts, the role of top (FM/I) and bottom (HM/FM) interfaces of HM/FM/I system have not yet
clearly been studied.

In this report, we investigate the contribution of each top and bottom interface to the iDMI, PMA,
and MOKE amplitude modulations as an inserted ultra-thin Cu layer (0-0.5 nm) in the HM/FM or FM/I
interface. We find that iDMI and PMA rapidly disappear with increasing Cu-insertion layer thickness
in the bottom (HM/FM) interface, whereas iDMI and PMA maintain their values regardless of the
Cu-thickness in the top (FM/I) interface. The MOKE amplitude requires more complicated multiple
reflections analysis with correct optical and magneto-optical properties to make clear conclusions, '3
however, it is clear that the Cu-insertion layers in the top and bottom interfaces change MOKE
amplitude more drastically than simple magneto-optical analysis, indicating that the optical and/or
magneto-optical properties are significantly altered.

Il. SAMPLE PREPARATION

In order to observe the role of the inserted Cu layer, we prepare two wedge-shaped samples on the
top of a thermally-oxidized Si/SiO, wafer. The wedge sample structures were Si/SiO,/Pt (4 nm)/Cu
(0.0-0.5 nm)/Co (1.1 nm)/AlOx (2 nm) and Si/SiO,/Pt (4 nm)/Co (1.1 nm)/Cu (0.0-0.5 nm)/AlOy
(2 nm) as shown in Fig. 1 (a) and (b) (inset). Hereafter, we refer to the samples, where a Cu layer
with a thickness variation of 0.0-0.5-nm was inserted between Pt/Co and Co/AlOy, as “BOTTOM”
and “TOP,” respectively. All samples were prepared by DC magnetron sputter at a base pressure
of ~7x10"® mbar. The wedge-shaped Cu layers were grown using a moving in-situ linear shadow
mask. Here, we would like note that although the thickness of the Cu layers in the two samples were
prepared to be nominally the same, the unintended offset in their thickness could also have arisen due
to the shadow effect and/or the difficulty in precisely adjusting the mask to a certain position. The
AlO, layer was prepared by plasma oxidation of the 2-nm thick Al layer (see our previous works?6-3
for precise details).

We chose Cu as an insertion layer for several physical reasons. One, it is well known that
Cu is immiscible with Co,** while Pt is highly miscible with Co.?> Recently, it has been reported
experimental and theoretical study for Co diffusion in the few atomic layer of Cu only at the high
temperature,’® and Bandiera et al. also systematically studied for PMA and reducing inter-diffusion
at Co/Pt multilayer structures by inserting an ultra-thin Cu layer which leads to a well-defined layered
stack with enhanced anisotropy.*’—3° Furthermore, it has greatly discussed and clarified long times
ago by B. Hillebrands for many anisotropic systems such as the stabilization of ferromagnetic order
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FIG. 1. Structures of wedge Cu-insertion layer samples (inset) and MOKE hysteresis loops (a) BOTTOM: Si/SiO,/Pt
(4 nm)/Cu (0.0-0.5 nm)/Co (1.1 nm)/AlOx (2 nm); (b) TOP: Si/SiO2/Pt (4 nm)/Co (1.1 nm) /Cu (0.0-0.5 nm)/AlOx (2 nm); (c)
coercivity; and (d) saturation MOKE signal with calculated MOKE angles (solid lines) with medium boundary/propagation
matrix method for BOTTOM and TOP samples as a function of z¢.

by in-plane anisotropy, induced uniaxial anisotropy and strain-induced suppression of the magneto-
crystalline anisotropy in Co/Cu structure.*>*! Therefore, we can minimize structural disorder and the
possibility of alloying by Cu-insertion layer. Moreover, the SOC of Cu is negligible, so the Cu-layer
acts as an effective SOC breaker. However, due to the long spin diffusion length of Cu (> 500 nm),
a thin Cu layer is seen as transparent for the spin current. And spin memory loss (SML 0) also
has been reported at various interfaces between non-magnetic metal and ferromagnetic layers such
as Pd/Co(d= 0.24), Pt/Cu(d= 0.9),*> Co/Pt(d= 0.25),* and Co/Pt(d= 0.9)** structures. The SML
parameter is determined by space layer thickness (¢1) and the spin diffusion length (fé ¢)» however, the
thickness range of Cu layer in our sample structure is only from 0 to 0.5 nm, so the SML parameter
is very small (8= ~107%). Consequently, the interfacial SML effect does not crucial point in our
experiment, and we can claim that the Cu insertion layer is transparent for the spin current. Recently,
Fan et al.®® studied a Ti/CoFeB/Cu/Pt system as a function of Cu-insertion layer thickness (0-3 nm).
They found that the spin Hall effect generated field like SOT, decreased slowly, while damping like
SOT rapidly dropped with the Cu-insertion layer.

lll. MAGNETO OPTICAL KERR EFFECT (MOKE) MEASUREMENT

We measure the magneto-optical Kerr effect (MOKE) hysteresis loops for the BOTTOM and
TOP samples as a function of Cu-insertion thickness (tcy), as shown in Fig. 1 (a) and (b). For the
case of the BOTTOM samples, the hysteresis loops for ¢c, = 0-0.4 nm showed perfect square shapes,
indicating a perpendicularly magnetized structure, but, at ¢, = 0.5 nm, an in-plane magnetization
at its remanence state abruptly appeared. For the case of the TOP samples, the slanted hysteresis
loops, of which the squareness was less than 1, were found for all Cu thicknesses. Here, we note
that hysteresis loops in the BOTTOM and TOP samples of 7c, = 0 nm, which are nominally the
same, showed different behaviors. This might be due to the difference in the thickness offset of the
Cu-inserting layer between the two sample structures as aforementioned. Although the difference in
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the thickness offset may have slightly affected the quantitative analysis in the results, we expect that
it did not make a significant difference in our qualitative analysis and main claims, which will be
discussed later.

In Figures 1 (c) and (d), coercivities and the intensities of the MOKE signals at the saturation
state of the two sample structures are plotted as a function of 7¢y, respectively. It is found that the
coercivity of the BOTTOM sample increased when a Cu layer of ¢, = 0.1 nm was introduced, and it
decreased as tcy increased for #cy > 0.1 nm. The decrease of the coercive field with increasing ¢cy in
the BOTTOM sample can be understood simply by the fact that the inserted Cu layer between Pt and
Coreduced SOC at the interface, which is an essential ingredient for PMA, as further confirmed by the
effective anisotropy energies (K ¢fr) vs. fcy in Fig. 2. For the TOP samples, the gradual increments of the
coercivities with increasing ¢, was found for all thickness ranges. In both sample structures, itis found
that the intensity of the MOKE signal abruptly increased as the 0.1 nm-thick Cu layer was introduced,
as shown in Fig. 1(d). But, for #c, > 0.1 nm, contrasting behaviors between the TOP and BOTTOM
sample were found; for the case of the TOP samples, the intensity of the MOKE slowly increased with
increasing ¢y, but it rapidly decreased for the BOTTOM samples. In order to understand the behavior
as observed in the intensity of MOKE vs. fc,, we numerically calculated the Kerr rotation angle for
the incident beam injected normally into the BOTTOM and TOP interfaces, employing a medium
boundary/propagation matrix method.>!-*> In the calculation, we used the optical and magneto-optical
constants for the bulk values of the given materials,?*> Q0 = 0.0376 + 0.0066i, and complex refractive
indices of AlOy, Co, Cu, Pt, SiO,, and Si at 633 nm which correspond to 1.717, 0.272 + 3.24i,
2.19 + 4.114, 2.30 + 4.07i, 1.4567, and 3.882 + 0.019i, rf:spectively,46 and we assumed a perfect
interface state. The calculated results are depicted in Fig. 1(d) with black (BOTTOM) and red (TOP)
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FIG. 2. SW frequencies with fitted curve (solid lines) as a function of external magnetic field (Hex;) for (a) BOTTOM
(Pt/Cu/Co/AlOy and open dots) and (b) TOP (Pt/Co/Cu/AlOy and open squares) samples.
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solid lines with experimental results. The numerically calculated Kerr angle based on the magneto-
optical Fresnel coefficients shows quantitative deviation from the experimental measurement results,
implying that the optical and magneto-optical constants significantly deviated from the bulk values
as the Cu layer was introduced.

Explanation for the rapid decrease of the intensity of the MOKE signal as measured in the
BOTTOM sample can be given by the suppression of the hybridization between Pt 5d band and Co
by the ultra-thin Cu-insertion layer in the BOTTOM sample. The band hybridization contribution,
which plays an important role in the MOKE spectra for Co/Pt layer, is effectively blocked by the
Cu-insertion layer; thereby, the intensity of the MOKE signal drastically decreases with increasing
Cu-insertion layer thickness. The increment of the MOKE intensity as found in the TOP sample
can be explained by multiple reflection effects in the multilayer. For the case of the intensity of the
MOKE signal, the amplitudes of the numerically calculated data are generally comparable to that
of the experimental data. However, we found that the numerical calculation data shows significantly
different intensity, again, probably due to the refractive indices which can be significantly differed by
the formation of the films. Furthermore, we would like to note that the Cu-insertion layer could help
prevent oxidation of Co from the plasma oxidation process. Even if the oxidation process is carefully
performed at optimal conditions, the Co can be oxidized slightly at the interface between the Co
and AlOy layer. When the Cu layer is introduced between the Co and AlOy layers, the formation
of the CoO layer could be further prevented and may contribute to the change of the reflection in
the multilayers. Although the different behaviors in the hysteresis loops between the BOTTOM and
TOP samples are not fully understood in the current analysis because of the technical difficulty in
investigating further, we would like to note that it is clear that the SOC between Co and Pt (BOTTOM)
is more markedly influenced by the Cu-insertion layer than that between Co and AlOx (TOP).

IV. BRILLOUIN LIGHT SCATTERING (BLS) MEASUREMENT

In order to obtain spin dynamic properties such as effective magnetic anisotropy (K.f) and
iDMI energy density (D), we performed BLS measurements. From the systematic BLS measure-
ments, we obtain SWs resonance spectra (not shown here), and then we depict SWs frequencies
(dots and squares) with fitted curve (solid lines) as a function of external in-plane magnetic field
(fsw vs. Hex) in Figure 2 (a) and (b). Here, the SW frequencies without contribution of iDMI
are average values between Stokes and anti-Stokes region. From the SWs frequencies results,
we deduce effective saturation magnetization (Meff =Msg — W;’EFM
Jsw= %\/Hex (Hex - Ms + ;4();1‘4%)’47

Based on experimental result of SWs frequencies, we depicted the K¢ of BOTTOM and TOP
samples as functions of the Cu-insertion layer in Fig. 3. The K¢ of TOP sample is slowly decaying
with tcy, from 2x103 (tc, = 0 nm) to 1.5x10° J/m? (tc, = 0.5 nm), while K¢ of BOTTOM sample
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FIG. 3. Effective uniaxial anisotropy (K,¢f) as a function of ¢c, for BOTTOM and TOP samples with error bars. The positive
K r implies perpendicular easy axis, and Ky is volume anisotropy. Effective uniaxial anisotropy contributed volume anisotropy
energy (inset).
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rapid decays from 2x10° (¢c, = 0 nm) to -0.5x10% J/m? (¢c, = 0.3 nm). At a glance, the contribution
to the PMA from top interface is not negligible, however not significant, and the PMA of the system
mainly came from the bottom Pt/Co interface. In order to get more deep physical insight, we can start
from the well-known relation of
Kl + KB
Ker= =S5 — oM, (D
Ico 2

where KST and K, s]? are the surface anisotropy energies of TOP and BOTTOM interfaces, and po and Mg
are vacuum permeability and the saturation magnetization. In order to define the effective anisotropy
energy values, the saturation magnetization value is required. In the BLS measurement, the ferro-
magnetic layer thickness dependent measurements are required in order to determine the saturation
magnetization precisely.’®>’ However, in our sample structure (Pt/Cu/Co/AlOy and Pt/Co/Cu/AlOy),
since Co thickness is fixed, so we have to use the saturation magnetization (1.1+0.1x10% A/m)
from our previous published report for the nominally the same sample structure.” From Fig. 3,
we obtained AKJ =KL (fcu = 0) — K, (fcy = 0.5) = 0.5 x 10° J/m?® for the TOP interface, and
AKB. = KB (icy = 0)— KB, (tcu = 0.3) = 2.5x10° J/m® for the BOTTOM interface, respectively. If we
assume that K¢ only varied by the corresponding surface term when we add Cu-insertion layer, we
can obtain

B,T
AK:

fco

BT _
AKeff -

2)

With Eq. (2), we can extract AKg =0.063 mJ/m? and AKS =0.279 mJ/m? for fco= 1.1 nm. It must
be noted that if there is no surface anisotropy, then Keg = —% qug =-7.6x10° J/m3 for Mg = 1.1x10°
A/m, itis shown in Fig. 3 as red horizontal dotted line.?® Therefore, if 1~2 ML Cu-insertion layer com-

_k§+(k{=0)

pletely suppressed corresponding PMA, we can obtain KeTff (tcu =0.5 nm)‘Exp == "2 ,qué

= 1.5%10° J/m®, and it leads KB = 1.0 my/m?, and K2 (1c, = 03nm)| = &0 1) 400

: ’ S : ’ eff \[Cu =Y. Exp. 1o 2 HoMg
=-0.5x10° J/m?, and it leads K¢ =0.78 mJ/m?, respectively. However, if we substituted the K& and
K{ values to Eq. (1), we got Kegr = 9.3x10% J/m?, and it is far from the experimentally observed
values of 2.0x10° J/m>. Even though if we adjust the Mg within the reasonable ranges, the discrep-
ancy will be not disappeared. Therefore, only possible conclusion is that the 1~2 ML Cu-insertion
layer is not thick enough to effectively block the PMA between Pt/Co and Co/AlOx. Based on above
analysis, we can conclude that the contribution to the PMA from both interfaces are still significant
with 1~2 ML Cu-insertion layer, however, Cu-insertion layer blocked the PMA more effectively
for the bottom Pt/Co interface, but not perfectly. For more clear understanding, we depict interface
anisotropy term only, Kegr + % /loMSZ = K{;Kg , as a inset of Fig. 3. If the TOP/BOTTOM interface
anisotropies disappeared, it must approach to zero values.

Another possible explanation is forming Cu clusters at the interface rather than atomically flat Cu
layer for the experimental observation in Fig. 3. However, we rule out the forming Cu clusters scenario
by following reason. In order to form the clusters with nominally 0.2~0.3 nm thick Cu layer, more
than 50 % of interface must be Pt/Co without Cu-insertion layer, because the clusters must be thicker
than monolayer. In this case, if we assume simple area weighted average model, Kefr = 17 Kefr, py/co
+ (1 —17) Kefr, Cluster » Where 77 is fraction of Pt/Co interface, and Kefr, pyco and Kefr, cruster are Kegr value
of Pt/Co and Cu cluster interface. If the half interfaces are Pt/Co and Pt/Cu(2 ML)/Co, respectively,
we can assume 7= 0.5, then K, cluster = — 5> M, and Kefr, pyco = Ks _ B2Mg, we obtained

Ks MOM3  poM\ 1 oM}
( > S > )= 5 Kerr rcu = 0nm) = = ). 3)

1
Kt (tcu = 1 ML) = 3

It gives Kefr = —2.7x10° J/m?, which is much smaller than experimentally observed Keg ~ 0.
Therefore, we can conclude that the BOTTOM Cu-insertion layer forms atomically flat layer. Fur-
thermore, the analysis of iDMI in next paragraph is another supporting evidence of our above
explanation.
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Let us discuss about the iDMI. It is well known that there are non-reciprocal SWs dispersion
relations due to the finite iDMI.?? Let f is the SW frequency without iDMI, and the SW frequency
with iDMI is given by:

yD
=fo £ —ky. 4
Jomr =fo YA )

Here, y is the gyromagnetic ratio, D is the iDMI energy density, and kx is the SW wave vector.
Without iDMI, f is an even function of ky; however, iDMI adds a linear term of kx in the SW
frequencies. We performed SW dispersion relation measurements with BLS. From systematic BLS
measurements, we obtained Dy from the slope of the SW dispersion relations as a function of ky
for each Cu-insertion layer thickness as shown in Fig. 4 (a) and (b). When the Cu insertion layer
located at the both BOTTOM and TOP, all dispersion relations have asymmetric properties, which
clearly indicate that all samples have finite iDMI. However, variations of SW frequencies at the
BOTTOM sample are large than those of them at the TOP one. These facts clearly show that the Cu
insertion layer affect to interface at the Pt/Co more seriously. As a result, it implies that the Cu layer
is play the role of effective SOC breaker. We also measured the external magnetic field dependence
of Af =fs—fas = iLAZkX, where Af is the frequency difference between fs and f s, which correspond
to the SW creation (Stokes) and annihilation (anti-Stokes) processes (not shown), respectively. From
both the SW wave vector and external magnetic field dependence measurements, we obtained the
iDMI energy densities corresponding to spin wave vector (Dx) and external magnetic field (Dy)
variations at the BOTTOM and TOP samples as a function of 7cy as shown in Fig. 5 with error
bars. The agreement between Dy and Dy are excellent, and this indicates the reliability of our BLS
measurements. More details of BLS measurements have been described in our previous reports.?%-27-33

From Fig. 5, we found that the iDMI energy density of the TOP sample did not change with the
thickness variation of the Cu-insertion layer. This is a clear indication that the source of iDMI comes
from the Pt/Co (BOTTOM) interface, which also shows a rapid decay of iDMI energy densities for
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FIG. 4. Asymmetrical SWs dispersion relations as a function of wave vector (kx) for (a) BOTTOM (Pt/Cu/Co/AlOy) and (b)
TOP (Pt/Co/Cu/AlOy) samples in same scale.
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FIG. 5. iDMI energy density from SW dispersion relations (D) and external magnetic field dependence measurements (D)
for BOTTOM and TOP samples as a function of ¢¢,. The shaded area indicates BLS measurement limit (< 0.2 mJ/m?).

the BOTTOM samples with increasing #¢,. With 0.2-0.3 nm thick #¢,, the iDMI is almost suppressed.
Since the BLS detection limit is around 0.2 mJ/m?, the iDMI energy densities have no meaning at the
tcy = 0.2 and 0.3 nm thickness. This implies the 0.2 and 0.3 nm thick Cu-insertion layers effectively
blocked SOC between the Pt and Co layers and suppressed the iDMI. When we discussed K¢ in
Fig. 3, we ruled out the possibility of Cu cluster forming. The iDMI results support our previous
conclusion. If Cu clusters are formed at the interface, then certain parts of the interface must be Pt/Co
without a Cu layer, and it must have a finite iDMI. However, iDMI is negligible with a 0.2-0.3 nm
Cu-insertion layer, implying that the Cu-insertion layer effectively covered the interface and it is
atomically flat. Since iDMI and PMA are closely related to SOC from Pt and Cu-insertion layers
terminate SOC between Pt and Co layers, it is expected that iDMI and PMA have the same variation
with the Cu-insertion layer. However, the Cu-insertion layer effectively blocked iDMI with one
monolayer Cu, while PMA was not fully suppressed. More detailed first principle-based theoretical
work must be addressed in order to reveal the role of the Cu-insertion layer in iDMI and PMA.

V. CONCLUSIONS

We investigate the role of the interfaces between Co and Pt (BOTTOM) or Co and AlO4 (TOP)
in an inversion symmetric breaking Pt/Co/AlOy system. Various SOC coupling related phenomena
such as the interfacial Dzyaloshinskii-Moriya interaction, perpendicular magnetic anisotropy, and
magneto-optical Kerr effect are studied as a function of the 0-0.5 nm thick Cu insertion layers for
BOTTOM and TOP interfaces, respectively. Based on our experimental data, we conclude that the
PMA from the bottom interface (Pt/Co) is not totally blocked by a 1-2 ML thick Cu-insertion layer,
while iDMI energy from (Pt/Co) is clearly suppressed with a 1-2 ML thick Cu-insertion layer. These
facts clearly indicate that iDMI and PMA mainly came from the BOTTOM interface (Pt/Co); however,
PMA and iDMI go different ways despite the same physical origin, SOC.
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