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Ir and Pt thickness dependences of the interfacial Dzyaloshinskii-Moriya interaction (iDMI), the perpendicular
magnetic anisotropy (PMA), and the damping in Co-based systems grown by sputtering on Si substrates, using Ir
or Pt under or overlayer of variable thickness (0 < #py < 3.5nm and 0 < #, < 1.5nm), were investigated using
Brillouin light scattering. Vibrating sample magnetometry measurements revealed a significant decrease of the
areal magnetic moment at saturation as the thickness fp, or #;, of the overlayer increases, most likely due to the
increasing intermixing. The intermixing, found to be negligible for Ir and Pt underlayers, is stronger for Ir than Pt
overlayers. Damping measurements for Pt-based systems allowed us to conclude with the strong spin-pumping
contribution. The analysis of the p, dependence of damping, within the spin-pumping model, allowed us to
determine the spin-diffusion length of Pt, found to be greater when Pt is used as an underlayer. The p, dependence
of the effective PMA and iDMI constants, for which similar trends to that of damping were observed, were
qualitatively analyzed to separate the contribution of each interface with Co. It was found that these constants
are stronger when Co is grown on Pt, most probably due to weaker intermixing at the Pt/Co interface. Linear
dependence of damping vs the PMA effective constant was evidenced, confirming their relationship with spin-
orbit coupling (SOC). A linear variation of the PMA effective constant vs the iDMI constant was observed in
systems using Pt underlayer, whereas quadratic or linear correlations are possible when Pt is used as an overlayer,
probably due to change of the interface SOC by the strong intermixing at the Co/Pt interface. The qualitative
analysis of the Ir thickness dependence of iDMI and PMA constants revealed a significant (weak) contribution
of the Ir/Co interface to PMA (iDMI). The surface iDMI constant of the Co/Ir interface was estimated to be

0.4 £ 0.1 pJ/m, which confirms the similar iDMI sign of Co/Ir and Co/Pt interfaces.

DOLI: 10.1103/PhysRevB.104.104421

I. INTRODUCTION

Spin-orbit coupling (SOC), interaction which links the
orbital motion of electrons to their spin, triggers sev-
eral important phenomena in magnetism such as magnetic
anisotropy, damping, or magnetostriction. The ultrathin char-
acter of the magnetic layer conjugated to the strong spin-orbit
interaction greatly enhances these phenomena and induces
other fascinating interface effects in heterostructures incorpo-
rating heavy metals (HMs) in contact with a ferromagnetic
(FM) layer [1]. For instance, the interface contribution to
perpendicular magnetic anisotropy (PMA), which is one of
the most important properties of magnetic materials due to its
potential applications [2—4], gets markedly stronger as the FM
thickness is decreased, and consequently, the magnetic easy
axis changes from the film plane to the film normal. Moreover,
recent advances in magnetism demonstrated experimentally
the existence of an antisymmetric interfacial exchange inter-
action in such FM/HM-based systems known as the interfacial
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Dzyaloshinskii-Moriya interaction (iDMI) [5,6]. The iDMI
manifests itself as an internal magnetic field favoring a chiral
arrangement of the magnetization, such as a homochiral Néel
domain wall in PMA systems [7] and skyrmions [8]. Size-
able iDMI and PMA are essential components in generating
magnetic skyrmions, which can be used in high-density digital
technologies for racetrack memory [9] and logic devices [10].
Moreover, for such devices, where smaller, faster, and effi-
cient are the main features, the damping constant is of utmost
importance since it governs the magnetization dynamics such
as the speed of magnetization reversal [11] and domain-wall
motion [12].

The strength of iDMI, PMA, and damping is linked to the
magnitude of the SOC and the degree of symmetry breaking
for iDMI. Engineering aiming to enlarge the strength of these
parameters could be achieved by optimizing the interface
quality, changing the materials adjacent to the FM layer, and
inserting ultrathin layers at the interfaces. Physical origins of
the SOC-related phenomena were studied by variation of the
FM thin film thickness. However, such investigation needs to
change the HM and thus hardly allows evidencing correlation
between these SOC-related phenomena since very few heavy
materials were found to induce iDMI. Furthermore, varying
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under or overlayer materials could completely change inter-
faces, and thus origins and mechanisms responsible for these
three interface and SOC-related effects [13]. Additionally,
the dependence of the magnetic properties on thickness of
the different under and overlayer heavy materials, especially
for iDMI and PMA, was not systematically studied. Such
investigations are powerful means to evidence any correlation
between these parameters and to define their range and the
atomic interface planes involved in these effects. Moreover,
it could help in the control of damping, PMA, and iDMI
and would significantly advance spintronics from both fun-
damental research and applied perspectives. In this paper,
we combined Brillouin light scattering (BLS) and vibrating
sample magnetometry (VSM) to experimentally investigate
the heavy material thickness dependence of PMA, iDMI, and
damping constants in HM/Co-based systems, where HM un-
der or overlayers are Ir or Pt.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

All samples studied here, consisting mainly of Pt, Ir, and
Co stacks, were grown at room temperature using a magnetron
sputtering system, having a base pressure <2 x 1078 Torr, on
thermally oxidized Si/SiO, substrates. Two sets of samples
were grown. In the first set, Pt was used as under or overlayer,
and its thickness was varied in the range of 0-3.5 nm (0 <
tpy < 3.5nm). The considered stacks for this type of sample
were

1) Si/Si0,/Ta(2.5)/Cu(3)/Pt(tp;)/Co(1.4)/Cu(3)/Ta
(2.5),

(i)  Si/Si0,/Ta(2.5)/Cu(3)/Co(1.4)/Pt(tp;)/Cu(3)/Ta
(2.5),
where numbers in parentheses represent the thickness in
nanometers.

In the second set, the thickness of the Ir under or overlayer
was varied in the range of 0—1.5 nm (0 < p < 1.5nm). Four
types of samples were considered for this second set, having
the following stacks:

@) Si/Si0,/Ta(2.5)/Pt(3)/Ir(t;)/Co(1.4)/Cu(3)/Ta
(2.5),

(i1) Si/S10,/Ta(2.5)/Pt(3)/Co(1.4)/Ir(t,)/Cu(3)/Ta
(2.5),

(iii) Si/SiO,/Ta(2.5)/Pt(3)/Cu(3)/Ir(#;)/Co(1.4)/Cu(3)
/Ta(2.5),

(iv) Si/SiO,/Ta(2.5)/Pt(3)/Cu(3)/Co(1.4)/Ir(#)/Cu(3)
/Ta(2.5).

All metallic films were direct current sputtered in an Ar
pressure of 1.5 mTorr. Pt and Ir are HMs having high SOC
and showing large iDMI.

For each sample, the hysteresis loops under in-plane and
perpendicular applied magnetic fields were measured using
VSM, and the nominal magnetization at saturation (M,) was
then determined considering the nominal thickness of Co.
BLS [14], under in-plane applied magnetic field, was used
in Damon-Eshbach configuration to investigate iDMI, PMA,
and damping. For this, the recorded spectra were fitted with
a Lorentzian to obtain the Stokes (S) and anti-Stokes (aS)
line frequencies and their full width at half maximum height
(6Fs and §F,s). Two kinds of experiments were carried out
here: (i) for PMA and damping investigation, spectra at fixed
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FIG. 1. 20/w  x-ray diffraction patterns recorded for

Cu(3)/Pt(3.5)/Co(1.4)/Cu(3) and  Cu(3)/Co(1.4)/Pt(3.5)/Cu(3)
samples. Numbers in parentheses give the nominal thicknesses in
nanometers.

wave vector (ky, = 8.08 um™' and therefore, incident angle of
20°) and variable in-plane applied magnetic field (in the range
1-13 kOe) were measured, then the field dependence of the
mean frequency [F = (Fs + F,s)/2] and the mean linewidth
OF[6F = (8Fs + 6F,s)/2] were used to deduce the effective
magnetization and damping constant, respectively. For the
second kind of experiments, spectra were recorded at fixed
in-plane applied magnetic field (sufficiently strong to saturate
the magnetization in the film plane) and variable spin wave
vector (in the range k,, = 8.08-20.45 um™', incident angle
in the range 20°-60°). The variation of the frequency mis-
match between S and aS lines (AF = Fg — F;s) vs the spin
wave (k) allowed us to characterize the iDMI strength, as it
will be shown below. For the iDMI constant, k,,, was varied
over the available range for better precision. However, for
damping and PMA determination, kj,, was fixed at a weaker
value (8.08 um™") to minimize the iDMI contribution to the
linewidth and decrease the accumulation time during spectra
recording since the signal-to-noise ratio decreases with in-
creasing field and kg, .

III. RESULTS AND DISCUSSIONS

A. Structural properties

To study the crystal structure of the samples, we per-
formed x-ray diffraction experiments. Figure 1 shows the
260 /w diffraction patterns recorded for two representative
samples from series 1, with a thickness of the Pt layer of
3.5 nm. The patterns show a main peak corresponding to the
Si substrate (001) reflection and another main peak at ~39.7°,
corresponding to the Pt (111) reflection. The small shoulder
at ~43.3° could be attributed to the Cu (111) reflection. Due
to its relatively low thickness and atomic scattering factor, no
peaks belonging to the Co layer were observed. Furthermore,
no peaks issued from the Ta layers were detected, indicating
that the films are in an amorphous or nanocrystalline state.
The lack of other peaks except the (111) reflections indicates
that Pt, Cu, and most likely, Co layers have a (111) out-of-
plane texture, as expected for face-centered cubic metals [15].
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FIG. 2. Variations of the nominal magnetization at saturation
(My,), calculated by dividing the measured vibrating sample mag-
netometry (VSM) magnetic moment at saturation to the nominal
volume (surface x nominal thickness of Co) of the Co film for
Cu/Co(1.4nm)/Pt(tp;) and Cu/Pt(tp;)/Co(1.4nm)/Cu, vs the Pt
thickness (#p;). Dashed gray line refers to the magnetization at sat-
uration (M) of bulk Co.

Interestingly, for both structures, the Pt layer (111) diffraction
maximum is at roughly the same 26 angle of ~39.7°, corre-
sponding to the value for bulk Pt. Having in view the relatively
large lattice misfit of Pt grown on Co (9.6%) and of Pt grown
on Cu (7.8%), this indicates that strains are relaxed through
the formation of misfit dislocations. The Pt peaks were fitted
using pseudo-Voigt functions, and mean grain size was deter-
mined using the well-known Scherrer equation [16,17], which
gives a value of ~3.6 nm for the Cu/Pt/Co/Cu and ~3 nm for
the Cu/Co/Pt/Cu. This value is essentially the same as the Pt
layer thickness for the Cu/Pt/Co/Cu sample and is lower than
the Pt layer thickness for the Cu/Co/Pt/Cu sample, most likely
due to intermixing at the Co/Pt interface, as we will argue
below.

B. Effect of Pt capping or buffer layer thickness

This section is devoted to the investigation of the Pt
thickness (tp;) effect on damping, PMA, and iDMI in
Si/Si0,/Ta(2.5)/Cu(3)/Pt(tp;)/Co(1.4)/Cu(3)/Ta(2.5),
referred to as Cu/Pt(tp;)/Co(1.4m)/Cu, and
Si/S10,/Ta(2.5)/Cu(3)/Co(1.4)/Pt(tp;)/Cu(3)/Ta(2.5),
denoted as Cu/Co(1.4nm)/Pt(¢p;)/Cu, where numbers in
parentheses for both systems give the nominal thicknesses in
nanometers.

Figure 2 shows the VSM nominal magnetizations
at saturation (My,) for Cu/Pt(tp;)/Co(1.4nm)/Cu and
Cu/Co(1.4 nm)/Pt(tp;)/Cu. Here, M, values were calcu-
lated by dividing the magnetic moment at saturation mi,
directly measured by VSM, by the nominal volume of
the Co film. The two systems markedly behave differ-
ently: while a slight variation of M, is observed for
Cu/Pt(tp)/Co(1.4nm)/Cu, M, decreases significantly with
increasing tp; for Cu/Co(1.4nm)/Pt(tp;)/Cu due to the in-
creasing intermixing at the Co/Pt interface. This suggests that
the top and bottom Pt layers contribute differently to inter-
mixing and thus to the resulting magnetic dead layer at the
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FIG. 3. Variations of the Gilbert effective damping («) vs the Pt
thickness for Cu/Co(1.4 nm)/Pt(tp;) and Cu/Pt(tp,)/Co(1.4nm)/Cu
systems. Symbols are experimental data, and solid lines are fits
using Eq. (2). The inset shows the variation of the corresponding
inhomogeneous residual linewidth §F; vs the Pt thickness.

interface: the Pt underlayer does not induce magnetic dead
layer, whereas it induces significant magnetic dead layer when
it is grown on top of Co. Indeed, in contrast to light atoms
of Cu, heavy atoms such as Pt are more energetic and are
expected to diffuse more in Co, leading to higher interface
mixing. Therefore, due to immiscibility of the Cu and Co
[18], the nominal magnetization at saturation corresponding to
zero Pt (1420 emu/cm?), which is in good agreement with the
magnetization at saturation (M) of bulk Co (1430 emu/cm?),
will be used as M in this paper, especially when deducing
some parameters characterizing the SOC-related effects. Note
the slightly higher M, values for #p; > 1.5 nm with respect to
1420 emu/cm? for Cu/Pt(tp,)/Co(1.4 nm)/Cu most probably
due to the proximity induced magnetization (PIM) at the Pt/Co
interface.

BLS can be used to investigate the Gilbert damping con-
stant « by measuring the field dependence of the full width
at half maximum height of S and aS lines (§Fs and §F,s). It
is worth mentioning that the BLS linewidth contains an ad-
ditional instrumental contribution resulting from the tandem
Fabry-Perot interferometer (~1% of the measured frequency,
i.e., 0.1 GHz) and the lens aperture (~0.1 GHz). These in-
strumental contributions are magnetic field independent. The
observed linewidth variations which are related to the Gilbert
damping constant introduce a contribution proportional to
the applied field. Therefore, to deduce the Gilbert damping
constant ¢, the field dependence of the mean linewidth §F,
defined as §F = (8Fs + 8F,s)/2, is fitted using Eq. (1):

SF = 8Fy + 2~ 2aH, (1)
2

where §Fj is the inhomogeneous residual linewidth, and y is
the gyromagnetic ratio.

Figure 3 shows the Pt thickness dependence of « for
Cu/Pt(tp;)/Co(1.4nm)/Cu and Cu/Co(1.4nm)/Pt(zp;)/Cu,
where an exponential saturation is observed. Note the higher
values of o and its faster saturation with Pt thickness for
Cu/Co(1.4 nm)/Pt(tp;)/Cu. These trends are most likely due
to the spin-pumping contribution to damping at Pt/Co and
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Co/Pt interfaces. In fact, in addition to the exponential de-
pendence of «, as fp, increases, the magnetic dead layer
thickness increases, reducing the effective thickness of Co,
leading to higher damping due to spin pumping, especially
for Cu/Co(1.4nm)/Pt(tp;)/Cu, where thicker magnetic dead
layer is expected. Therefore, the 7p; dependence of o was fitted
by Eq. (2) [19], describing the damping of a FM layer as a
function of the thickness of the adjacent nonmagnetic layer
(Pt here):

S4B 4y 2tpy
= — g1 — —— ), 2
o = oco + A Mot Letf |: exp( . )

where wup is the Bohr magneton, o, is the Gilbert damping
constant of the bulk Co, g is the Landé factor of Co, Agp is
Pt spin diffusion length, and gZ# is the effective spin-mixing
conductance. It is worth mentioning that the higher « values
for Cu/Co(1.4 nm)/Pt(tp;)/Cu could also be attributed to the
higher intermixing occurring at the top Co/Pt interface.

By fitting the experimental tp; dependence of wc, with
Eq. (2), we obtained glflf =324+2nm™? and ac, = (1.3 £
0.2) x 1072 for both systems, and we determine Apy = 1.55 &
0.28 nm and 0.8 £ 0.1 nm for Cu/Pt(zp;)/Co(1.4 nm)/Cu and
Cu/Co(1.4 nm)/Pt(tp;)/Cu, respectively. This value of ac, is
slightly higher than that of the bulk Co (¢c, = 0.01) [20],
whereas the glfif value is slightly lower than that reported by
Zhu et al. (45nm™2) [21]. Furthermore, the obtained value
of Ap, for the Cu/Pt(tp;)/Co(1.4nm)/Cu system is in good
agreement with the reported one (1.2 nm) by Vlaminck et al.

J

[22]. The reduced Ap; for Cu/Co(1.4 nm)/Pt(tp;)/Cu could be
attributed to strong scattering of the injected spin current in
the intermixed layer formed at the interface.

In Fig. 3, solid lines, referring to fits using Eq. (2), were
obtained using constant M, (1420 emu/cm?), g = 2.23 and
teff = fco = 1.4nm, ignoring thus the variation of My, vs fp
and therefore the existence of any magnetic dead layer, es-
pecially for Cu/Co(1.4nm)/Pt(¢p;)/Cu. However, according
to Eq. (2), the spin-pumping-introduced damping depends
on My X te¢, which is directly measured by VSM and corre-
sponding to My, X tco (M, X tco = M X te). Therefore, the
experimental data of Fig. 3 were compared with the calcu-
lated ones (not shown here) using Eq. (2), M, X tc, and the
abovementioned values of oo = 1.3 x 102 and g = 2.23,
whereas glfif and Agp are fitting parameters. This allowed us
to reproduce well the pronounced fluctuations of « for high
tp; (in the saturation regime) in the Cu/Co(1.4 nm)/Pt(tp;)/Cu
system, thus confirming their physical origin. Furthermore,
the obtained parameters with this fit procedure revealed that
Asp of Cu/Co(1.4nm)/Pt(tp)/Cu system decreases from
0.8 = 0.1 nm, when constant M; is used, down to 0.6 £ 0.1 nm
for the fit with variable M. In contrast, no significant variation
in Agp of Cu/Pt(tp;)/Co(1.4nm)/Cu was observed, suggest-
ing an increase of spin scattering at the Co/Pt interface, thus
decreasing Agp.

To investigate the PMA, the field dependence of the mean
frequency of each sample, defined as F = (Fs + F,s)/2, was
fitted by Eq. (3), and the effective magnetization (47w Mg =
dn M, — 21&“ , where K is the effective PMA constant) was

deduced:

14

F = 2_\/ [H + JK2, + P(kgwles A M [H + T2, — P(kgulesr )47 My + 47 Mg |, 3)

T

where H is the in-plane applied magnetic field, z.¢ is the
effective Co thickness (the Co nominal thickness reduced by
the magnetic dead layer thickness), J = 21‘*}1—?, where A,, is the
exchange stiffness constant of Co, y/(27) = 31.2 GHz/T is
the gyromagnetic ratio, and P (kg ) is defined in Ref. [23].

Figure 4(a) shows the Pt thickness depen-
dence of 4nMes for Cu/Pt(tp;)/Co(1.4nm)/Cu and
Cu/Co(1.4nm)/Pt(tp;)/Cu systems, where Mg decreases
with increasing fp;, suggesting the increase of the perpen-
dicular effective anisotropy constant (K.s). Note the lower
saturation of M. at thicker Pt for Cu/Pt(tp;)/Co(1.4 nm)/Cu
and its positive values, indicating that K. is not sufficient
to overcome the demagnetizing contribution favoring the
in-plane easy axis. Therefore, for the investigated fp; range,
the samples are not spontaneous perpendicularly magnetized.

Using a constant value for M, = 1420 emu/cm’ for the
entire #p; range, K. was deduced from the experimental data
of Fig. 4(a), as shown in Fig. 4(b). One should mention
the higher K. at saturation (for the thickest Pt layers) for
Cu/Pt(tp;)/Co(1.4nm)/Cu than Cu/Co(1.4nm)/Pt(tp;)/Cu,
suggesting asymmetry between the two interfaces: the bot-
tom interface, i.e., when the Co layer is deposited on a
Pt buffer layer, induces significantly higher K. Here, K
is usually described by the phenomenological relationship

(

Ker = K, + t’%, where K; and K, are the PMA surface and
volume constants, respectively. It is considered that the PMA
in Pt/Co multilayers may arise from the hybridization of Co
and Pt orbitals or from magnetoelastic effects [18,24].

Our data show thus that the top Co/Pt interface has a much
lower contribution to interfacial anisotropy than the bottom
Pt/Co one. Indeed, intermixing occurring at the top Co/Pt
interface can deteriorate the K. [18,25], as confirmed by
Bandiera et al. [25], who reported that the effective mag-
netic anisotropy of sputtered Pt/Co/Pt can be doubled by
inserting a Cu layer between Co and Pt at the Co/Pt top
interface, limiting the intermixing occurring at this interface.
Moreover, the slower and the faster saturation of K. for
Cu/Pt(tp;)/Co(1.4nm)/Cu and Cu/Co(l.4nm)/Pt(tp;)/Cu,
respectively, cannot be attributed the variation of M, and
thus to the change of the magnetic dead layer, especially for
Cu/Co(1.4 nm)/Pt(tp;)/Cu since My, for these systems varies
(decreases) continuously as #p; increases. Therefore, it is most
likely that, as tp; increases, both K, and K; change, as reported
by Guo et al. [26], and then saturates at a given fp; which
depends on the interface quality. Indeed, changing the under
or overlayer can modify the Co layer texture, crystal orien-
tation, stress, roughness, or microstructure, thus affecting the
anisotropy of the stack. Moreover, one must consider that Co
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FIG. 4. Variations of (a) the effective magnetization (47 M)
and (b) the effective perpendicular anisotropy constant (K ) vs the Pt
thickness for Cu/Co(1.4 nm)/Pt(tp,) and Cu/Pt(tp,)/Co(1.4nm)/Cu
systems. 4w M. values were extracted from the fit of field depen-
dence of the mean frequency for S and aS lines with Eq. (3). Symbols
refer to experimental data, while solid lines are fits using Eq. (5) and
parameters in Table .

is subjected to different degrees of strain when grown on Pt
or Cu. For example, the lattice misfit between Pt and Co is
relatively large (~9.6%). Such a degree of strain cannot be
accommodated in the 1.4 nm Co layer and is relaxed through
the formation of misfit dislocations [15]. The residual strain
resulting from this plastic deformation can act as an apparent
magnetoelastic-induced surface anisotropy [27]. In the case of

the Co layer grown on Cu, the lattice misfit is much lower,
~1.9%. For such a lattice misfit, the Co layer might grow
pseudomorphic, or most likely, the strain might be relaxed
through plastic deformation [28]. Having in view the lower
lattice misfit as compared with Co grown on Pt, it is expected
that the residual strain resulting from the plastic deformation
will produce a much lower apparent magnetoelastic-induced
surface anisotropy.

To qualitatively analyze the data and to estimate the
interface contribution to M, we assumed that M, =
1420 emu/cm?, Pt under or overlayer induces a magnetic
dead layer thickness without affecting My, and we consider
that the volume contribution to PMA is equal to the bulk
magnetocrystalline anisotropy of the hexagonal Co (K, =

5.1 x 10%ergcm™>) [29]. For each system, the PMA con-

. . K°P KBt Bot
stant is written as K. = K, + — + o where K7 and

K:® are surface PMA constants of the top and bottom
interfaces with Co, respectively. Using the Ao value (corre-
sponding to fp; = 0 and thus to the Cu/Co/Cu system) for
K.t indicated in Table I, one can write Ky = Ay = K, +

Cu/Co Co/Cu .
S K — 6.23 x 10° erg/cm?. This leads to KC¥/C° =
Left Leff s

I X tefr(Ag — Ky), where fefp = tc, = 1.4nm since no mag-
netic dead layer is introduced by Co/Cu and Cu/Co interfaces.
It is worth mentioning that the factor 2 in the above
expression of K% is introduced to assume symmetric
Co/Cu and Cu/Co interfaces. This gives KW/ = gCo/Cu —
0.08 £0.007 erg/cm?. In a similar way, and con51der1ng
K. values at saturation (given by Ag + A; in Table I) for
Cu/Pt(tp;)/Co(1.4nm)/Cu and Cu/Co(1.4nm)/Pt(tp)/Cu
systems, K¢ of the Cu/Pt(tpt)/Co(l 4 nm)/Cu system can be

KCo/Cu
written as Keff = AQ + Al =

o . Therefore,
we infer KPY/€0 =t (Ag + Ay — K ) — K&Y/€°, Furthermore,
Fig. 2 revealed the absence of a magnetlc dead layer
(ter = 1.4nm) for Cu/Pt(tp;)/Co(1.4nm)/Cu, which allows
us to calculate the thickness of the magnetic dead layer
for Cu/Co(1.4nm)/Pt(tp;)/Cu, found to be 0.25 nm (for =
1.15nm). Finally, one obtains K*/° = 0.5 £ 0.05 erg/cm?
and K°/P = 0.29 £ 0.04 erg/cm? for the two interfaces, re-
spectively. The weak K; for the Co/Cu interface is supported
by the fact that the total interface anisotropy measured in the
Ta/Co/Cu/Pt stack is only 0.2 erg - cm~2 [18]. The K, value
for the Pt/Co interface is slightly lower than the previously
reported one, found to be in the range 0.6-1.4 erg/cm? [30],
and seems to be underestimated, most likely due to the over-
estimated K, value.

TABLE 1. Parameters obtained from the best fits of the Ir and Pt thickness dependences of the effective PMA and the surface iDMI
constants of Co thin films grown on Si substrates using Ir or Pt under or overlayer withy = Ay + A;(1 — ™' /%), where t = tp or t;;. ND refers
to not determined due to the invariance of K i or D with the HM thickness.

Ko (x10° erg/cm?) Ds(pJ/m)
System Ao Al A (nm) AO Al A (nm)
Cu/Co/Pt/Cu 6.23 £+ 0.1 1.81 + 0.2 0.42 + 0.06 0.136 £ 0.002 0.86 + 0.01 0.36 + 0.01
Cu/Pt/Co/Cu 6.21 + 0.12 3402 0.96 &+ 0.16 0.137 £ 0.011 —1.84 £ 0.08 143 £+ 0.1
Pt/Co/It/Cu 12.49 + 0.26 2.88 + 0.4 0.34 £+ 0.08 —1.2 + 0.08 0.41 + 0.08 0.22 + 0.08
Pt/Cu/It/Co/Cu 6.21 + 0.31 5.13 + 0.49 044 + 0.1 ND ND ND
Pt/Cu/Co/Ir/Cu 6.19 &+ 0.17 2.84 4+ 0.21 0.27 £+ 0.05 0.1634 + 0.1 047 £ 0.1 0.12 &+ 0.1
Pt/Ir/Co/Cu 12 + 042 ND ND —122 £ 0.13 1.46 + 0.16 0.29 + 0.08
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FIG. 5. Variations of (a) the effective interfacial Dzyaloshinskii-
Moriya interaction (iDMI) constant (Deg) vs the Pt thickness
for Cu/Co(1.4nm)/Pt(tp;) and Cu/Pt(tp,)/Co(1.4 nm)/Cu systems.
D, values were extracted from the fit of the spin-wave vector depen-
dence of the frequency mismatch AF for Stokes (S) and anti-Stokes
(aS) lines. Symbols refer to experimental data, while solid lines are
fits using Eq. (5) and parameters in Table 1. (b) Schematic for the
chirality of spin waves inside a magnetic film in the Damon-Eshbach
geometry. One first must define the oriented film normal (y) from a
chosen reference layer to the film (usually the reference layer is the
heavy metal whose spin-orbit interaction gives rise to iDMI). The
wave vector of the spin wave is kg,. A snapshot of the precessing
moments for the depicted orientations of the vectors k;,, and static
magnetization, corresponding to a counterclockwise cycloid, is also
shown.

iDMI was also investigated by BLS in both systems
through the measurement of the spin-wave vector (k,,) depen-
dence of the frequency mismatch AF which was then fitted by
Eq. (4) to determine the effective constant D, characterizing
the iDMI strength:

2 2
AF = Doy~ kyy = Dy—
T

s—ksws 4
M; 7T M tefp @

where Degr = Dy /teir and D, are the iDMI effective and sur-
face constants, respectively, characterizing the iDMI strength.

Figure 5(a) shows the tp; dependence of D¢ for both Pt un-
derlayer and Pt overlayer systems using M, = 1420 emu/cm?,
where a similar trend to damping and K. is observed. Here,
again, D.g increases in absolute values with fp; and saturates
at given value which is Pt position dependent: the saturation
D.gr value and the corresponding fp; are higher when Co is
grown on top of Pt. This behavior cannot be explained by
the Pt thickness dependence of Mj,, as mentioned above. It is
most likely due to the asymmetric top and bottom interfaces
of Pt with Co, presenting different intermixing degrees. One

should mention that the opposite sign of D¢g with respect to
the stack order, confirming the interfacial origin of the iDMI
and its asymmetric nature, is consistent with the three-site
indirect exchange mechanism [31]. To overcome the incer-
titude on fp; dependence of both f and M and thus for
more precise characterization of the iDMI strength, it is better
to deal with Dy which is proportional to f. x Mj, directly
obtained from VSM by dividing the measured m; by the
Co film surface (teff X My = My, X tco, Where tc, = 1.4 nm).
Also, Dy (not shown here) behaves similarly to Degr, and it is
not significantly affected by Co thickness variation due to the
intermixing, especially at the Co/Pt interface. The obtained
Dy value at saturation for Cu/Pt/Co/Cu and Cu/Co/Pt/Cu are
found to be —1.57 £ 0.07 and 1 £ 0.01 pJ/m, confirming
the asymmetry of Pt/Co and Co/Pt interfaces. It seems that
the higher intermixing degree at the Co/Pt interface reduces
the iDMI strength and enhances the asymmetry between these
interfaces. The obtained value for Cu/Pt/Co/Cu is in good
agreement with the reported value for Pt/Co/AlO, [23].

We should mention that iDMI can induce chiral spin struc-
tures, where the spatial chirality is fixed by the iDMI sign.
Indeed, as shown in Fig. 5(b), when the transferred opti-
cal wave vector (along x), the applied field (along z), and
the film normal from HM (Pt or Ir in this paper) to Co
(along y) form a right-handed reference frame, the Stokes
(ks = —kjy, i.e, ks along x < 0) and anti-Stokes (k,s = ksw,
i.e, k,s along x > 0) spin waves correspond to a left-handed
(counterclockwise) and right-handed (clockwise) cycloids,
respectively. In Damon-Eshbach configuration and in the pres-
ence of iDMI, the spin-wave frequency is Fs ;s = F = AF =
F &£ D ;f_n}//ljksw’ where Fg ,s refers to Fs(Fs = F + AF) or
Fis (F,s = F—AF), and F is the spin-wave frequency in the
absence of the DMI (mean frequency of Fs or F,s). The spin-
wave spatial chirality is favored by the iDMI if its frequency
is reduced, whereas its frequency is increased for opposite
chirality. As the convention adopted in this paper corresponds
to AF = Fs — F,s, the iDMI constant is negative for F,s > Fs,
i.e., left-handed cycloids are favored, whereas right-handed
(clockwise) helical structures are produced for positive iDMI.

We phenomenologically fitted the tp; dependences of K
and Degr, shown in Figs. 4(b) and 5(a), and of D, (not shown
here) with the exponential function given by

Ip

y=Ap —|—A][1 —exp(—T)], (5

where y refers to K. or Degr, Ag gives Kegr or Deg for
Cu/Co(1.4 nm)/Cu, A; measures the extent of PMA or iDMI
strength over the fp, range, and A is the characteristic satura-
tion thickness appearing in the exponential growth for K.¢ or
Deft, i.e., the HM (Pt in this paper) thickness, above which the
iDMI or PMA magnitude for given Co thickness exceeds 63%
of its saturation value. The obtained values for K. and Dy
are summarized in Table I, where the saturation characteristic
length scale is lower than Agp. One should mention that, by
comparing Egs. (2) and (5), one should straightforwardly see
that A should be related to Asp/2. Note that the factor 2 in
the exponent term in Eq. (2) describing the spin pumping
assumes that spins that reflect from the Cu/Pt or Pt/Cu inter-
faces must traverse a total distance that is twice the thickness
of the Pt layer before returning angular momentum to the
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FIG. 6. (a) Variations of the damping constant («) as a function
of the effective perpendicular magnetic anisotropy (PMA) constant
(Kefr) for Cu/Co(1.4nm)/Pt(tp;) and Cu/Pt(tp)/Co(1.4nm)/Cu
systems. Symbols refer to experimental data, and solid lines are
linear fits. (b) Variations of the perpendicular effective magnetic
anisotropy constant (Kr) as a function of the effective interfa-
cial Dzyaloshinskii-Moriya interaction (iDMI) constant (D) for
Cu/Co(1.4nm)/Pt(tp,) and Cu/Pt(tp)/Co(1.4nm)/Cu systems with
a variable Pt thickness. Symbols refer to experimental data, and the
solid lines are linear fits.

Co layer. Moreover, Table I reveals that the iDMI strength
is more affected by intermixing than that of K. suggesting
more sensitivity of iDMI to interface quality (defect and atom
arrangement at interfaces).

As mentioned above, iDMI, damping, and PMA are related
to the spin-orbit interaction at the interface and are sensitive
to interface properties and orbital hybridization around the
Fermi level. Therefore, we investigated the eventual correla-
tion between these quantities by plotting o vs K and Kegr
as a function of D, as shown in Fig. 6 for both systems.
Figure 6(a) revealed a linear correlation, which is clearer
for the Cu/Pt(tp)/Co(1.4nm)/Cu system, between K.
and damping due to the second-order dependence of the
two parameters with SOC, as expected theoretically. Fig-
ure 6(b) shows that K. varies linearly with Dy for
Cu/Pt(tp)/Co(1.4nm)/Cu and Cu/Co(1.4nm)/Pt(tp;)/Cu
systems. It is worth mentioning that a quadratic corre-
lation between PMA and iDMI constants is theoretically
predicted from perturbation theories for PMA [32] and

151 .
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FIG. 7. Variations of the nominal magnetization at saturation
(My,), calculated by dividing the measured vibrating sample mag-
netometry magnetic moment at saturation to the nominal volume
(surface x nominal thickness) of the Co film vs the Ir thickness (#,)
of the under or overlayer in various Co- and Ir-based systems.

iDMI [33], where iDMI energy results from the first order
of the SOC, whereas the PMA comes from the sec-
ond order. Nevertheless, anisotropy can be influenced by
other parameters such as strain or roughness. Indeed, in
the Cu/Pt(tp;)/Co(1.4nm)/Cu system, residual strain that
appears at the Pt/Co interface, as described above, con-
tributes more to PMA, leading to another origin of this
correlation. Indeed, Shepley er al. [34] reported change
of 12% of the effective PMA constant for 0.1% strain in
Pt/Co(1 nm)/Pt, whereas Zhang et al. [35] observed the en-
hancement of Dy up to 20% for the sample with 5.5%
strain for Pt/Co(3 nm)/MgO. This could explain the lin-
ear correlation between K. and D.s at least for the
Cu/Pt(tp;)/Co(1.4nm)/Cu system. It should be mentioned
that, due to the lack of data over a larger range of iDMI in the
case of Cu/Co(1.4nm)/Pt(tp)/Cu systems, data have been
fitted linearly for simplicity, although a quadratic correlation
is possible. The presence of the correlation suggests the com-
mon interfaces involved in these three SOC-related effects.

C. Effect of Ir over or underlayer thickness

Four systems are considered here: Si/SiO,/Ta(2.5)
/Pt(3)/Ir(t:)/Co(1.4)/Cu(3)/Ta(2.5), referred to as
Pt/It/Co/Cu, Si/SiO,/Ta(2.5)/Pt(3)/Co(1.4)/Ir(t)/Cu(3)/
Ta(2.5), referred to as Pt/Co/Ir/Cu, Si/SiO,/Ta(2.5)/
Pt(3)/Cu(3)/Ir(t;;)/Co(1.4)/Cu(3)/Ta(2.5), referred to as
Pt/Cu/Ir/Co/Cu, and Si/SiO, /Ta(2.5)/Pt(3)/Cu(3)/Co(1.4)/
Ir(#;)/Cu(3)/Ta(2.5), referred to as Pt/Cu/Co/Ir/Cu, where Ir
thickness was varied in the range 0—1.5 nm, and numbers in
parentheses for both systems give the nominal thicknesses in
nanometers.

Figure 7 shows the VSM nominal magnetizations at sat-
uration (Mj,) for these four systems. Similarly, to the case
of Pt-based samples, My, is mostly constant, over the inves-
tigated Ir thickness, when Co is grown on Ir (Pt/Ir/Co/Cu
and Pt/Co/Ir/Cu systems), whereas it decreases significantly
and monotonously when Ir is used as an overlayer due to

104421-7



D. OURDANI et al.

PHYSICAL REVIEW B 104, 104421 (2021)

@ Pt/Co/lr/Cum Pt/Cu/Collr/Cu]
A Pt/Ir/Co/Cu® Pt/Cu/lr/Co/Cu

00 03 06 09 12 15

tIr (nm)
0 8_ T T T T T (b) |_
e R g
044 - o]

3 R
/g 0.0 P 1
3041 ,'g ]
’-0.8 ,',.Q—"'Q"'O""O""O’
121" |

@ Pt/Cu/Co/lr/Cu O Pt/Col/lr/Cu
-1.61 o PYCullriColCu A PY/Ir/Co/Cu |

00 03 06 09 12 15
tIr(nm)

FIG. 8. Variations of (a) the effective perpendicular anisotropy
constant (K.gr) and (b) the surface interfacial Dzyaloshinskii-Moriya
interaction (iDMI) constant (D) vs the Ir thickness for various Co-
based systems buffered or capped by Ir layers of variable thickness.
Symbols refer to experimental data, while dashed lines are fits using
Eq. (5) and parameters in Table 1.

the increasing intermixing at the Co/Ir interface. Note the
higher M, for Pt/Co/Ir/Cu than Pt/Cu/Co/It/Cu due to PIM
at the Pt/Co interface that can be suppressed by inserting
the Cu layer. Moreover, the higher extent variation of Mj,
for Pt/Cu/Co/Ir/Cu than for Cu/Co/Pt/Cu suggests that the Ir
overlayer induces more intermixing than Pt. Such intermixing
difference between Ir and Pt is due to thermodynamic factors
such as surface-free energies and/or cohesive energies or bal-
listic effects.

Figure 8(a), showing the Ir thickness dependence of K.,
reveals that the Pt/Ir/Co/Cu system markedly differs from the
other systems: K is Ir thickness independent, whereas K.
increases and then saturates for the three other systems. The
saturation characteristic length scales, obtained from the phe-
nomenological fit with Eq. (5) and summarized in Table I, are
significantly lower than those deduced from the Pt thickness
dependence, most likely due to the higher intermixing induced
by Ir and the lower Agp of Ir than Pt [36]. Our data, shown in
Fig. 8(a), allow us to conclude that the Ir/Co interface contri-
bution to PMA is slightly weaker than that of Pt/Co and that
the Ir underlayer induces higher PMA than the Ir overlayer,
most probably due to the higher intermixing when Ir is grown
on Co, as in the case of Pt samples. Furthermore, considering

K¢ values for each system at #;, = O nm and at saturation and
neglecting the contribution of the Co/Cu interface to PMA,
one can obtain K; = 0.89, 0.33, and 0.75 erg/cm2 for Pt/Co,
Co/Ir, and Ir/Co, respectively. Here, again, we conclude on the
asymmetry of the Co/Ir and Ir/Co interfaces and the decrease
of PMA of the interface where higher intermixing occurs. It is
worth mentioning the higher K of the Pt/Co interface deduced
from the Ir thickness dependence since Pt is directly grown
on Ta, whereas it is grown on Cu for systems used for Pt
thickness-dependence investigation. Indeed, the addition of Ta
improves the roughness and facilitates the (111) texturing of
the upper Pt layer and thus leads to the enhancement of the
interface quality of Pt/Co, as reported by Kim et al. [37].

As mentioned above, using the 7, dependence of f. x M,
measured by VSM for each system, D; was calculated from
BLS measurements and is shown in Fig. 8(b) vs #;. Interest-
ingly, the induced iDMI by the Ir/Co interface (of negative
sign like that of Pt/Co) vanishes for #; > 0.3nm for both
systems involving Ir grown on Pt or on Cu, whereas iDMI
resulting from the Co/Ir interface increases with #, and then
saturates for further increase of #,. This is the opposite of
what has been observed for PMA, where the Co/Ir interface is
found to induce weaker PMA than Ir/Co. Note that a similar
trend of the iDMI constant vs W thickness was reported by
Samardak er al. [38]. Although the exact mechanism behind
this behavior is still unknown, it is worth mentioning that
iDMI is sensitive to disorder, roughness, defects, and degree
of hybridization between the 3d orbitals of the FM metal and
the 5d orbitals of the HM and atom arrangement at inter-
faces. Consequently, the different contributions of Ir/Co and
Co/Ir interfaces to iDMI in our samples can be attributed to
the different details of the interface morphology. The data
in Fig. 8(b) were also phenomenological fitted with Eq. (5),
and the characteristic parameters are summarized in Table I.
The extended iDMI strength (A; in Table I) for Pt/Co/Ir/Cu
and Pt/Cu/Co/Ir/Cu systems allows us to deduce the contri-
bution from the top Co/Ir interface, estimated to be DE°/" =
0.4 £ 0.1 pJ/m. Similarly, according to Table I, the iDMI
contribution of the Pt/Co interface is found to be DF/C0 =
—1.4+0.16 pJ/m. The similar sign of iDMI of Co/Ir and
Co/Pt interfaces is in good agreement with the previously
reported trend [39]. One should mention the lower charac-
teristic saturation length scale when Ir is the overlayer is
most likely due to the stronger intermixing at this interface.
Table I shows also that the saturation characteristic thickness
of iDMI constant is lower than the characteristic one of K.,
suggesting more localization and sensitivity of iDMI to the
interface quality.

Finally, it should be mentioned that the asymmetric inter-
mixing at interfaces of Pt and Ir with Co is not particular
to our samples; it is a common feature for sputter-deposited
Co/Pt and Co/Ir stacks, owing to the relatively high misci-
bility of the constituents. In the case of Pt/Co/Pt structures,
Bandiera et al. [18,25] showed that, by increasing the thick-
ness of the top Pt layer, the M, of the stack decreases due to
increased intermixing at the Co/Pt interface, as observed in
our samples. Moreover, by inserting a thin Cu layer at the
top Co/Pt interface, the M; increases due to the reduction
of intermixing since Co and Cu are considered immiscible.
An asymmetric effect is observed when the thin Cu layer is
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inserted at the bottom Pt/Co interface; the M, decreases in this
case since the Pt/Co intermixing is already negligible, and the
insertion of the Cu layer only reduces the PIM. Due to the
higher intermixing at the top interface, Bandiera et al. [25]
observed an asymmetry in the interfacial anisotropies of Pt/Co
and Co/Pt interfaces in Pt/Co/Pt-sputtered trilayers. Similar
trends were observed by Won and Lim [40], who reported
asymmetrical interface magnetic properties of Pt/Co/Pt with
various Pt thicknesses due to the higher intermixing of the top
Co/Pt interface, found to be greater for thicker Pt. Moreover,
Lau et al. [41] showed a 0.2 nm increase of the magnetic dead
layer for the Ir/Co/Pt structure relative to the Pt/Co/Pt one,
while the magnetic dead layer increases by 0.3 nm for the
Pt/Co/Ir one, which indicates asymmetric intermixing at the
Ir/Co and Co/Ir interfaces, in line with our findings.

IV. CONCLUSIONS

PMA, iDMI, and Gilbert damping constants were inves-
tigated in detail vs Ir and Pt thickness in various Co-based
systems with Ir or Pt under or overlayers of variable thickness.
VSM revealed that Pt and Ir thickness variation results in
strong intermixing at the top interface with Co, especially at
Co/lIr interfaces. PMA, iDMI, and damping constants follow
similar trends vs Ir and Pt thickness, where they increase
and saturate. The characteristic saturation length scales are
found to be dependent on heavy material and its location in

the stack and seem to be linked to the spin-diffusion length
of the HM. The strong intermixing at the Co/Pt interface
significantly reduces the effective anisotropy constant, iDMI
strength, and spin-diffusion length. Linear dependence of the
damping constant o vs K¢ was evidenced, whereas quadratic
or linear correlation between K. and Degs could be found
when Pt is grown on Co, in contrast to systems with a Pt
buffer layer, where K ¢ varies linearly vs Deg. This different
correlation between K. and Deg in Pt-based systems can
be attributed to the strong intermixing at the Co/Pt interface
resulting in variation of the interfacial SOC. Moreover, the
qualitative analysis of Ir thickness dependence of the effective
PMA and iDMI constants allowed us to separate the contri-
bution of each interface. Ir/Co is found to induce significant
PMA and vanishing iDMI for Ir thickness >0.3 nm, whereas
the Co/Ir interface contributes less to iDMI but induces a
strong iDMI estimated to be 0.4 £ 0.1 pJ/m. This confirms the
similar iDMI sign of Co/Ir and Co/Pt, leading to a subtractive
behavior and thus a reduced total iDMI when they are placed
on opposite sides of Co.
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