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Vibrating sample magnetometery (VSM) combined with Brillouin light scattering (BLS) were used to
investigate the Dzyaloshinskii-Moriya interaction (iDMI), the perpendicular magnetic anisotropy (PMA) and
the damping in Cog sFey s-based systems grown by sputtering on Si/SiO, substrates, using Pt or Cu buffer layers
and Hf capping layer of variable thickness (0 < ¢ < 2 nm). VSM measurements revealed a significant decrease
of the areal magnetic moment at saturation as #y; increases, most likely due to the increase of the magnetic dead
layer thickness at CoFe/Hf interface up to 0.73 £ 0.06 nm for g = 2 nm. Damping measurements allowed
concluding to the weaker spin pumping contribution by the CoFe/Hf interface compared to Pt/CoFe. The analysis
of the ty; dependence of damping within a model considering the contribution of each interface allowed us to
determine the spin diffusion length of Hf, found to be 1.7 nm. The Hf thickness dependence of iDMI and PMA
constants revealed significant (weak) contribution of the CoFe/Hf interface to PMA (iDMI). The surface iDMI
constant of CoFe/Hf interface was estimated to be (—0.37 £ 0.12) x 107 erg/cm. This suggests that the iDMI
sign of Hf and Pt are opposite, and an additive behavior can be obtained when they are placed in opposite sides
of the CoFe layer, allowing thus to strengthen the iDMI, needed for some applications. Quadratic correlations
between PMA and iDMI constants and linear dependence of damping versus PMA constant were obtained
confirming their relationship with the spin-orbit coupling.
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I. INTRODUCTION

The interfacial Dzyaloshinskii-Moriya interaction (iDMI)
[1], which is a spin-orbit coupling (SOC)-related antisym-
metric exchange interaction between neighboring spins, is
of great importance for the next-generation spintronic non-
volatile memory devices. Usually, the iDMI appears in heavy
metal (HM)/ferromagnet (FM) bilayers due to the interfacial
SOC and the broken symmetry. It can stabilize a variety of
spin textures such as Néel-type domain walls (DWs) [2,3],
spin spirals [4,5], and skyrmions [6,7] in ultrathin HM/FM
bilayers. Moreover, the iDMI leads to fast DW motion driven
by current induced spin-orbit torques and plays a critical role
in the DW moving direction [8]. Besides iDMI, perpendic-
ular magnetic anisotropy (PMA) can arise in such ultrathin
film-based systems due to the surface anisotropy caused by
the broken symmetry. PMA is crucial to enhance the thermal
stability [9] and to reduce the critical current densities in
spin transfer torque-based magnetic random-access memo-
ries (STT-MRAM) [10]. Moreover, as the FM thickness is
reduced, damping, which is another key technological pa-
rameter controlling the magnetization dynamics, increases
drastically due to spin pumping at the HM/FM interface thus
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affecting the DW speed and the switching current densities
[11].

Skyrmions are stabilized by the interplay between iDMI
and other interactions like symmetric exchange, dipolar cou-
pling and PMA, and possessing a large iDMI energy density is
a crucial requirement. However, based on numerical studies,
Jang et al. [12] reported that the iDMI decreases the ther-
mal energy barrier while it increases the switching current
density and thus iDMI should be minimized for STT-MRAM
applications. Therefore, simultaneously controlling the iDMI,
damping, and PMA are needed for the design and the im-
plementation of high speed skyrmion-based spin-orbitronic
devices with dense integration and low energy cost. The
strength of all these three phenomena is extremely sensitive
to the thickness of the FM layer and to the interface quality
affected by the surface roughness and the atomic intermixing.
For example, to strengthen the iDMI, the structural inver-
sion symmetry of a layered system has to be broken and
the interface quality should tend to an ideal surface with-
out any disorder. Therefore, the aim of this paper concerns
the investigation of these three effects in Pt/CoFe/Hf/HfO,
systems. The idea is to control their strength via opti-
mizing the interface conditions through the introduction of
an ultrathin intermediate layer of Hf of variable thickness
and using additive effects from two materials with oppo-
site iDMI. For this, Brillouin light scattering (BLS) coupled
to vibrating sample magnetometer (VSM) techniques were
used.
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II. SAMPLES AND EXPERIMENTAL TECHNIQUES

All the samples studied here, consisting mainly of Pt, Hf
and Coq sFeq 5 (CoFe) stacks, are grown at room temperature
(RT) using a magnetron sputtering system, having a base
pressure lower than 2 x 10~ Torr, on thermally oxidized Si/
SiO, substrates. Three types of samples were grown: Si/SiO,//
Ta(2.5)/Pt(4)/CoFe(tcore )/Hi(tye )/ Hf O, (2)/Ta(2.5), Si/SiOy//
Ta(2.5)/Pt(4)/Cu(3)/CoFe(1.4)/Hf(tys )/ HfO,(2)/Ta(2.5), and
Si/Si0,//Ta(2.5)/Hf(6)/CoFe(tcore YHfO,(2)/Ta(2.5)  where
the numbers in parentheses represent the thickness in
nanometers, referred to as Pt/CoFe/Hf, Pt/Cu/CoFe/Hf and
Hf/CoFe/HfO,, respectively. The thickness of the CoFe
layer (fcore) is varied in the range of (0.6, 1 and 1.4 nm) for
Pt/CoFe/Hf and between of 1 and 2.2 nm for Hf/CoFe/HfO,,
while that of the Hf layer (tys) varies from O up to 2 nm.
All the metallic films are dc sputtered in an Ar pressure of
1.5 mTorr, while the HfO, layer is rf sputtered under an Ar
pressure of 3 mTorr from a ceramic target. No postgrowth
annealing treatment was applied to samples. Pt is a heavy
metal having high spin-orbit coupling which leads to large
iDMI strength. Hf is a 5d heavy metal, less studied for iDMI
and is expected to induce opposite iDMI sign [13] compared
to Pt and therefore could lead to large iDMI when these
two materials (Pt and Hf) are placed at either side of the
ferromagnetic CoFe layer, as in the case of the first set of
samples. For the second set of samples, Pt is decoupled from
CoFe by a 3-nm-thick Cu interlayer to probe solely the effect
of the upper CoFe/Hf interface on the properties of interest.
For further comparison and to identify the effect of Hf/CoFe
interface, Hf/CoFe/HfO, samples with 6-nm-thick Hf layer,
sufficiently higher than its spin diffusion length [14], are
used.

For all the samples, the hysteresis loops are measured un-
der in-plane and perpendicular applied magnetic fields using
a VSM and the magnetization at saturation (M,) is then deter-
mined. BLS [15], under in-plane applied magnetic field, was
used in Damon-Eshbach configuration to investigate iDMI,
PMA, and damping. For this, the recorded spectra are fitted
with Lorentzian to obtain the Stokes (S) and anti-Stokes (aS)
line frequencies and their full width at half maximum (6Fg
and 8F,s). For PMA and damping investigation, the field
dependence of the mean frequency [F = (Fs + F,s)/2] and
the mean linewidth §F[8F = (8Fs + 6F,s)/2], at fixed spin
wave vector of 8.08 um™" (incident angle of 20°), were used,
respectively, whereas, the variation of the frequency mismatch
between Stokes and anti-Stokes lines (AF = Fyg — F,g) versus
the spin wave vector (kg ) allowed us to characterize the iDMI
strength. All the measurements presented below were carried
out at room temperature.

III. RESULTS AND DISCUSSIONS

To probe the crystal structure of the stacks, we performed
x-ray diffraction experiments on selected samples. Figure 1(a)
shows 260/w diffraction patterns recorded for samples
S1-Ta(2.5)/Pt(4)/CoFe(1.4)/Hf(6)/HfO,(4), S2-Ta(2.5)/Pt(4)/
CoFe(10)/Hf(6)/HfO,(4), S3-Ta(2.5)/Hf(6)/CoFe(1.4)/HfO,(4)
and S4-Ta(2.5)/Hf(6)/CoFe(10)/HfO,(4), where the numbers
in parentheses represent the thickness in nanometers. In the
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FIG. 1. (a) 260/ diffraction patterns recorded for sam-
ples S1-Ta(2.5)/Pt(4)/CoFe(1.4)/Hf(6)/HfO,(4), S2-Ta(2.5)/Pt(4)/
CoFe(10)/Hf(6)/HfO,(4), S3-Ta(2.5)/Hf(6)/CoFe(1.4)/HfO,(4) and
S4-Ta(2.5)/Hf(6)/CoFe(10)/HfO,(4). (b) X-ray reflectivity patterns
on samples S5-Ta(2.5)/Pt(4)/CoFe(1.4)/HfO,(2)/Ta(2.5) and S6-
Ta(2.5)/Pt(4)/CoFe(1.4)/Hf(1.5)/HfO,(2)/Ta(2.5). Symbols are ex-
perimental data, while the continuous lines are theoretical fits within
the Parratt formalism.

case of the S1 sample, the pattern shows the presence of
the (111) reflection, of fcc-Pt, the (0002) of hcp- Hf, and
the (-111) of m-HfO,. Is worth mentioning that patterns
recoded on a wider 26 range do not show the presence
of other peaks, except to the one corresponding to the Si
substrate. No diffraction maxima belonging to the Ta buffer
layer are visible, indicating that the film is in an amorphous
or nanocrystalline state. Due to the ultralow thickness of
the CoFe layer, corroborated with the relatively low atomic
scattering factors of Co and Fe, no peaks issued from the
CoFe are detected. Therefore, we deposited sample S2 with
an increase CoFe layer thickness of 10 nm. Besides the peaks
displayed also by the S1 sample, in the case of the S2 sample,
the diffraction maxima corresponding to the (011) bcc-CoFe
reflection is also observable. These results indicate that the Pt
layer has a (111), Hf layer has a (002), while the CoFe layer
has a (011) out-of-plane texture, confirmed also by w-scan
measurements (not shown here). The Pt is well known to
grow with a strong (111) out-of-plane texture when deposited
on amorphous Ta. It is conceivable that the texturing of the
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Pt layer to induce the crystal texture of the CoFe and Hf
upper layers. To test this hypothesis, we analysed sample
S3 where the Hf layer is grown directly on the amorphous
Ta layer. The diffraction pattern shows only the maxima
corresponding to the (0002) Hf reflection, indicating that
the texturing of the Hf layer takes place even in the absence
of the (111) textured Pt underlayer. Similarly to the case
of the S2 sample, the S4 sample with a CoFe layer of 10
nm shows also the (011) CoFe reflection, attesting to the
out-of-plane texturing of the CoFe film when grown on Hf.
As in our previous work [15], we tested a possible in-plane
texturing of the stacks by performing ¢-scan measurements
and probed the (002) reflection of Pt (not shown here). No
maxima were observed during the ¢-scan suggesting an
in-plane isotropic distribution of the Pt crystallites, which
is expected having in view that the Pt film is grown on an
amorphous underlayer. The in-plane isotropic distribution of
the CoFe crystallites was confirmed by VSM measurements
of the remanent magnetization after saturation at different
in-plane angles showing a slightly uniaxial character, which
is typical for sputtered films. It is worth to mention that the
S1 and S2 samples diffraction patterns show the presence the
(—111) of HfO, reflection, while it is absent in the case of the
S3 and S4 samples. This indicates that the HfO, film grows
out-of-plane textured when deposited on textured metallic
Hf, confirmed also by w-scan measurements (not shown
here).

As we will argue below, one key feature in under-
standing our results is the atomic intermixing at the
CoFe/Hf interface. To characterize the possible intermix-
ing, we performed x-ray reflectivity measurements on two
samples S5-Ta(2.5)/Pt(4)/CoFe(1.4)/HfO,(2)/Ta(2.5) and S6-
Ta(2.5)/Pt(4)/CoFe(1.4)/Hf(1.5)/HfO,(2)/Ta(2.5), shown in
Fig. 1(b) alongside with the fits to the experimental data
within the Parratt formalism. As ca be seen from Fig. 1(b), the
relatively long attenuation length and low oscillations decay
at higher angles indicates overall low roughness and good
interface sharpness. In the case of the S5 sample, the thickness
of the CoFe layer obtained after fitting the reflectivity pattern,
was 1.46 & 0.14 nm, close to the nominal thickness of 1.4 nm.
Interestingly, in the case of the S6 sample, fitting the reflectiv-
ity data gives a thickness for the CoFe of 0.75 £ 0.25 nm and
for the Hf layer of a 2.19 &+ 0.23 nm, together with a decrease
of about 10% of the film density relative to the nominal one.
One should mention that within the error bars all the other
fitting parameters of all the layers remain the same as for
sample S5. The thickness decrease of the CoFe layer and
the thickness increase of the Hf layer, relative to the nominal
values, is a clear indication of the intermixing that takes place
at the CoFe/Hf interface.

The magnetic moment at saturation (my) for
Pt/CoFe(tcore)/Hf (tnr) and Pt/Cu/CoFe(1.4 nm)/Hf(tye)
was measured by VSM and the corresponding nominal
magnetizations at saturation (M,) were calculated by
dividing m; to the nominal volume of the CoFe film, as shown
in Fig. 2(a). M, decreases with increasing ty for both systems
most probably due to increasing intermixing at the CoFe/Hf
interface. Indeed, due to their larger atomic weight, heavy
atoms such Pt and Hf are more energetic than light atoms such
Cu and are expected to diffuse more in CoFe layer leading to
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FIG. 2. (a) Variations of the nominal magnetization at satura-
tion (M), calculated by dividing the measured VSM magnetic
moment at saturation to the nominal volume (surface x nominal
thickness of CoFe) of the CoFe film for Pt/CoFe(1.4 nm)/Hf(t)
and Pt/Cu/CoFe(1.4 nm)/Hf(ty;), versus the Hf thickness (tyr). (b)
Magnetic dead thickness (¢;), deduced from the measured M, by
considering that My, is given by My, X fcore = M, X (tcore — t4) and
(c) effective CoFe thickness (foff = fcore — t4), Where tcope = 1.4, 1,
or 0.6 nm, versus the Hf thickness (tgr). (d) Saturation magnetic
moment per unit area versus CoFe thickness of Pt/CoFe(tcor. )/HfO,,
Pt/CoFe(tcor. )/Hf(0.4 nm) and Hf/CoFe(tcor.)/HfO,. Symbols refer
to the VSM measurements and solid lines are the linear fits.

higher interface mixing, when they are grown on the top of
CoFe. In contrast, when the CoFe layer is grown on the top
of the heavy metal the intermixing at the interface is reduced.
The higher M, values for Pt/CoFe/Hf(ryr) compared to
Pt/Cu/CoFe/Hf(#y¢) over the whole #y; range can be attributed
to the proximity induced magnetization (PIM) at Pt/CoFe

084404-3



D. OURDANI et al.

PHYSICAL REVIEW MATERIALS 5, 084404 (2021)

interface. The similar extent variation of Mg, for both systems
suggests the negligible intermixing at Pt/CoFe and Cu/CoFe
interfaces compared to CoFe/Hf. To quantify the intermixing
degrees, we determined the magnetic dead thickness for each
tyr by considering that the measured nominal Mg, is given
by M X tcore = My X (tcore — 14), Where fcope = 1.4 nm.
The Hf thickness dependence of 7, shown in Fig. 2(b) and
calculated for M, = 1750420 and 1550+ 55 emu/cm’
for Pt/CoFe/Hf(ryr) and Pt/Cu/CoFe/Hf(fys), respectively,
increases monotonously with #ygr and shows a slower
variation for tyf > 1 nm. #; values of Pt/Cu/CoFe/Hf(tyr)
at each gy are slightly lower than those of Pt/CoFe/Hf(ryr)
suggesting the lower (or even the negligible) intermixing
at the Cu/CoFe compared to Pt/CoFe, as explained above.
The corresponding values of the effective thickness of
CoFe, defined as f.f = tfcope — 4, are shown in Fig. 2(c).
The used M (1750 £ 20 emu/cm3) value in the estimation
of t; for Pt/CoFe/Hf(fi;r) system was obtained from the
linear fit of the CoFe layer thickness dependence of the
areal magnetic moment at saturation (Mg, X fcope) shown
in Fig. 2(d) for uncapped (tgr =0) and 0.4-nm-thick Hf
layer capped samples. This obtained value of M is in good
agreement with the reported value by Pai e al. for Pt/Co/MgO
(1720 £ 70 emu/cm?) [16]. It is worth mentioning that the
obtained values of #; from the linear fit My, X tcope for
tyr = 0(z; = 0.14 = 0.01 nm), partially due to the oxidation
of the CoFe layer when HfO, is deposited on top, and for
tyr = 0.4 nm (¢; = 0.24 & 0.01 nm) are in good agreement
with those presented in Fig. 2(b), deduced from the #ys
dependence of M,. Similarly, t; of Pt/Cu/CoFe/Hf(tys)
was estimated using the M, value (1550 & 55 emu/cm?)
obtained from the thickness dependence of M, X fcope
for Hf/CoFe/HfO,, shown in Fig. 2(d), since no proximity
induced magnetization (PIM) is expected from the Hf/CoFe
interface. Moreover, the obtained value of 7;(0.73 4 0.06 nm)
for Hf/CoFe/HfO, is of the same order as that corresponding
for tgr = 2 nm in the Pt/CoFe/Hf(ty¢) and Pt/Cu/CoFe/Hf(ty¢)
systems. This confirms again that the magnetic dead layer
originates mainly from Hf/CoFe interface and that both
upper and lower Hf layers produce significant intermixing
with CoFe. It is also worth mentioning that the lower M
value (1550 % 55 emu/cm?) for Hf/CoFe/HfO, compared to
Pt/CoFe/Hf, corresponds to a change in CoFe magnetization
of 13%, confirming the PIM at Pt/CoFe, since no PIM is
expected from Hf/CoFe interface. Furthermore, the estimated
t; from VSM measurements on Pt/CoFe(1 nm)/Hf(tys) and
Pt/CoFe(0.6 nm)/Hf(¢ys) for small 757 are in good agreement
with those of Pt/CoFe(1.4 nm)/Hf(#y¢), as shown in Fig. 2(b),
confirming the validity of above procedure for #; estimation.
In the following and for clarity, the Hf thickness effect will
be transferred to the corresponding effective CoFe thickness
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FIG. 3. Variations of the (a) the mean frequency

[F = (Fs + Fu5)/2] and (b) the mean SF[SF = (8Fs + 8F,5)/2],
determined from the fit of the recorded BLS spectra at fixed spin
wave vector of 8.08 um™' (incident angle of 20°) to obtained the
Stokes (S) and anti-Stokes (aS) line frequencies and their full width
at half maximum (8Fy and §F,5), for Pt/CoFe(1.4 nm)/Hf(tys).
Symbols refer to the experimental data and solid lines are fits using
Egs. (1) and (2).

defined as f.t = fcore — ta4 [see Fig. 2(c)], where t; is shown
in Fig. 2(b) for each #yf. To simplify the discussion of the
observed trends, all parameters will be presented as a function
of the effective thickness, unless it is explicitly mentioned.

We will now focus on the perpendicular magnetic
anisotropy and the Gilbert damping. They can be determined
from the field dependence of spin waves frequency through
the investigation of the thickness dependence of the effective
magnetization (M) and from the field dependence of §F,
respectively. Figure 3 shows the typical field dependences of
F and §F for some selected samples compared to the best fits
using Eqgs. (1) and (2):

14

F = 2_\/ [H + JK2, + Plkswter) 4w M |[H + JK2, — P(kgwlerr )4 My + 47 Megr |, (1

v

where H is the in-plane applied field, . is the effective CoFe thickness, J = =

2Ae

with A is the exchange stiffness constant of

CoFe, y/(2m) = 30 GHz/T is the gyromagnetic ratio, and P (ks ) is defined as in Ref. [17];

SF = 8F, + ~-2aH, @)
2
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FIG. 4. Variations of the (a) effective magnetization (47 M)
versus the Hf thickness and (b) the effective perpendicular anisotropy
constant (K.gr) times the effective thickness K.i X f.gr versus the ef-
fective thickness of the CoFe layers (t.¢) for Pt/CoFe(tcope ) /Hf (tur)
and Pt/Cu/CoFe(1.4 nm)/Hf(tys) systems. 4w M. values were ex-
tracted from the fit of similar measurements of Fig. 2(a). The
inset in (b) shows the effective perpendicular anisotropy constant
versus the inverse of the effective thickness of the CoFe lay-
ers for Pt/CoFe(1.4 nm)/Hf(ty), Pt/Cu/CoFe(1.4 nm)/Hf(ty;) and
Hf/CoFe(tcor. )/HfO, (blue triangles) systems. The effective CoFe
thickness defined as f.;t = tcope — t4, Where fcope = 1.4 nm and 2,
is presented in Fig. 2(b) for each fy¢, in the case of Pt/CoFe(1.4
nm)/Hf(ty¢) and Pt/Cu/CoFe(1.4 nm)/Hf(tys). Symbols refer to ex-
perimental data while solid lines are the linear fits.

where §F is the inhomogeneous residual linewidth and « is
the Gilbert damping.

The obtained values of 4w M. from the fit of the exper-
imental data [displayed in Fig. 3(a)] are shown in Fig. 4(a)
versus tyr. For all systems, M. decreases with increas-
ing Hf thickness, which would suggest increase of the
perpendicular effective anisotropy field. Indeed, as men-
tioned above, the increase of Hf thickness induces further
intermixing and thus enhances the magnetic dead layer
and therefore, the effective magnetic thickness of CoFe
decreases leading to higher PMA due to the interface
anisotropy. Here, again, the inserted Cu layer between Pt
and CoFe reduced the PMA resulting in a higher Mg
of Pt/Cu/CoFe/Hf(tyr) than those of Pt/CoFe/Hf(tys). For

further analysis of the observed trend, the effective PMA
constant K.¢ was calculated from 47 Mg (4w Megs = 4 M —
2Kt /M;), using the above-mentioned M, values inferred
from the VSM measurements. Note that K. is usually de-
scribed by the phenomenological relationship K. = K, +
f—f‘;, where K; and K, are the perpendicular uniaxial surface
and volume anisotropy constants, respectively. Figure. 4(b)
shows the effective anisotropy times the effective thickness
Keir X tegr versus the effective thickness of the CoFe lay-
ers for Pt/CoFe(tcore)/Hf (tur), Pt/Cu/CoFe(1.4 nm)/Hf(ty¢)
and Hf/CoFe/HfO,, where two regimes can be distinguished,
in particular for Pt/CoFe(fcop.)/Hf (fyr). The increase of
Kegr with thickness in both regimes is consistent with the
decrease of the CoFe effective thickness as tys increases,
as mentioned above. The inset of Fig. 4(b) shows K.
over a narrow 1/t range (0.7 nm < 1/fer < 1.3 nm) for
Pt/CoFe/Hf (t3¢ ), where the two linear regimes with different
slopes are more observable. Strain resulting from the non-
matching lattice parameters of CoFe and adjacent layers could
lead to the existence of these two regimes, where for thinner
films below a critical thickness the same in-plane lattice pa-
rameter is adopted as the adjacent layers (coherent regime)
and when thickness overpasses the critical value the strains
are partially relaxed (incoherent regime) through formation of
misfit dislocations [18]. Several other mechanisms may also
produce these two regimes, such as interface degradation, for-
mation of different crystalline phases triggered by intermixing
or the decrease of the Curie temperature when the CoFe
thickness decreases. However, it is not possible to identify
the precise mechanism or the combination of mechanisms
behind these two regimes behavior and we may only spec-
ulate that it is due to strains relaxation and interface quality
degradation. In the regime of thicker CoFe (f.st > 1 nm), the
linear fits allowed us to derive K, = (1.35 4 0.13) erg/cm?
and K, = (1.28 +0.12) x 10° erg/cm?. The deduced values
of K;=(0.36+0.04) erg/cm2 and K, = (1.13£0.04) x
107 erg/cm? in thinner CoFe (ter< 1 nm) revealed drastic
decrease of the surface anisotropy, most likely due to the
degradation of thinner CoFe layers, the resulting lower Curie
temperature or even diffusion of Hf up to the Pt/CoFe
interface. The regime of thinner (thicker) CoFe layers is
characterized by a strong (weak) volume PMA. For the
Pt/Cu/CoFe(1.4 nm)/Hf(tys) system, due to narrower avail-
able CoFe effective thickness, only the regime of thicker
CoFe was characterized, where a K; = 0.74 £ 0.07 erg/cm?
and a K, = (1.54 £0.07) x 10 erg/cm® is observed. The
obtained values of K¢ for Hf/CoFe(tcor. )/HfO, coincide per-
fectly with those of Pt/Cu/CoFe(1.4 nm)/Hf(#y¢), suggesting
that PMA originates mainly from the Hf/CoFe interface and
Cu/CoFe induces a negligible interface PMA. Note the com-
parable K, values in this regime for Pt and Cu buffered
CoFe and the lower K; compared to that of Pt/CoFe/Hf(ty),
suggesting that the surface anisotropy is partially induced
by the Pt/CoFe interface. It is also worth mentioning that
this regime of thicker CoFe films is observable over a larger
range thickness for Pt/Cu/CoFe(1.4 nm)/Hf(fy), suggesting
that is correlated to strain in the coherent and incoherent
growth regime. This agrees with the fact that the criti-
cal thickness (CoFe thickness separating the two regimes)
should decrease as the lattice mismatch increases: i.e., the

084404-5



D. OURDANI et al.

PHYSICAL REVIEW MATERIALS 5, 084404 (2021)

644 (@)

_ LIS

2. 561 {(OQ
o

$

2 N gy (N
so2| e -
Soal® a%ga®

ﬁfﬁ

10

\>_</48-

00 03 06 09 12 15 1.8
ty (NM)

. . —) .

2]
o
L

_3)

Pt/CoFe(t;,r.)/Hf(t)/HIO,
Bt =1.4nm

| @ toore=Tnm
® t;r=0.6nm

Damping o (x 10
N W B (€))
©. 2.2 °

—
o
1
1

T T T

O 3 6 9 12 15 18
1/(M, xteore) (x10% cm?/emuy)

FIG. 5. (a) Variations of the Gilbert effective damping (o)
versus the Hf thickness for Pt/CoFe(fcore)/Hf (tue) system. The
inset shows « versus the inverse of the effective thickness of the
CoFe layers for Pt/CoFe(tcor. )/ HfO,, Pt/CoFe(tcor. )/Hf(0.4 nm) and
Hf/CoFe(tcore )/HfO, systems. Symbols are experimental data and
solid lines are linear fits whereas dashed line refers to fit using
Eq. (4). (b) Variations of the Gilbert effective damping («) versus
1/(M; X teg) for Pt/CoFe(tcore )/Hf (tyr ) system. Symbols are exper-
imental data and dashed line is the fit using Eq. (4).

critical thickness of Pt/Cu/CoFe(1.4nm)/Hf(tys)/HfO, is
lower than that of Pt/CoFe(1.4nm)/Hf(tys)/HfO,. The lat-
tice mismatches between Pt(111), Cu(111) and CoFe (011)
are found to be around 10% and 3%, owing to the lattice
constants of Pt (¢ = 0.3912 nm), Cu (¢ = 0.3615 nm) and
CoFe (a = 0.2855 nm). As also mentioned above, these two
regimes could also result from the formation of different crys-
talline phases triggered by intermixing, or the interface quality
degradation which is lesser for Pt/Cu/CoFe(1.4 nm)/Hf(rys).
Indeed, as the Hf thickness increases the intermixed Hf
reaches the bottom interface. This has a stronger effect in
the case of Pt/CoFe since the Pt/CoFe interface contributes
significantly in K. Conversely, it has a negligible effect for
Cu/CoFe since this interface does not produce Kj.

Figure. 5(a) shows the Hf thickness dependence of the
Gilbert damping deduced from the fit of the field dependence
of BLS linewidth [depicted in Fig. 3(b)], using Eq. (2) for
Pt/CoFe(0.6, 1 and 1.4 nm)/Hf(tyr). o increases strongly with
tyr for tgr < 0.6 nm and then saturates for higher Hf thick-
ness. It is worth mentioning that the increase of o with the

decreasing CoFe thickness is at fixed tgp. These trends are
most likely due to the spin pumping contribution to damping
at Pt/CoFe and CoFe/Hf. In fact, the variation of Hf thickness
results in two effects on spin pumping: (i) as fys increases, the
magnetic dead layer thickness increases reducing the effective
thickness of CoFe, leading to higher damping due to spin
pumping at the Pt/CoFe and CoFe/Hf; (ii) the dependence
of the damping on the nonmagnetic metallic (NM) buffer or
capping layer thickness (Pt or Hf here) can be described by
Eq. (3) [19]:

_2NMm

R R

8B 4

O = QCoFe + —————
ore 47TMsteffge

where 1 p is the Bohr magneton, acope is the Gilbert damping
constant of the CoFe, g is the Landé factor, Agp is the spin
diffusion length of the adjacent NM, #xy is the thickness of
the NM, and glfif is the effective spin mixing conductance.
As tyr increases, the contribution of the CoFe/Hf interface to
damping increases rapidly as shown in Fig. 5(a). To confirm
the origin of the damping behavior, the variation of « as a
function of 1/f.¢ is shown in the inset of Fig. 5(a) for tyr = 0
and 0.4 nm. Note the linear dependence of « versus 1/z.¢ with
a slight variation of the slope with ty¢, suggesting that the
damping increase is mainly induced by spin pumping at the
Pt/CoFe interface. We thus consider that the total damping
is given by o = acope + @p as described by Eq. (3). Due
to the large Pt thickness (4 nm) compared to its spin dif-

21
fusion length (Asp &~ 1 nm) [20], the e_% is negligible in
Eq. (3) and therefore, the damping introduced by the spin
pumping effect due Pt/CoFe for O < tyr < 0.4 nm is given by

45’;:5“ gyf The linear fit of the experimental data gives

ocore = (5.3 £ 0.2) x 1073, which is in good agreement with
the reported value of CoFe [21], and allows the determining of
gl¥ = (20.4 +£2.0) nm2 and (20.8 £ 1.2) nm™ for #r = 0
and 0.4 nm, respectively, which are in line with the reported
value (25 nm™2) by Li et al. [22]. This suggests the weaker
contribution of the CoFe/Hf interface to spin pumping com-
pared to Pt/CoFe for such thin Hf layers. To estimate the
contribution of CoFe/Hf to spin pumping, the CoFe effective
thickness dependence of damping for Hf/CoFe/HfO, systems
is shown in the inset of Fig. 5(a). o varies linearly versus
1/tesr allowing the deduction of acope = (5.3 £0.2) x 1073
and ngf = (5.5 4+ 0.1) nm™? for CoFe/Hf, effective spin mix-
ing conductance much lower than that of Pt/CoFe.

Equation (3) indicates that the spin pumping introduced
damping depends on M; X t.i. Due to the lack of precise
values of the magnetic dead layer and thus f.g, it is more
convenient to investigate this damping versus My X fg, which
is directly measured by VSM by dividing the magnetic mo-
ment by the sample surface. Therefore, to further investigate
the Hf thickness damping dependence and for a precise
characterization of the spin pumping contribution, the total
damping o is shown in Fig. 5(b) as a function of 1/(M; x
t.tr), where a linear dependence is obtained, especially for
Pt/CoFe(tcore)/Hf (ts) with thinner Hf layers (below 0.4
nm). Note the good agreement between data involving both
variable fcop. and tyr. Indeed, and as mentioned above, due to
the double effect of #; on the spin pumping induced damping,
exponential and 1/f.¢ linear dependences are expected as tyf

oap =
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varies. Therefore, the presence of this double effect leads to
a linear dependence versus 1/(M; X te) for tyr < 0.4 nm,
where the CoFe/Hf contribution is weak, and to lesser linear
dependence quality for the thicker Hf, due to the exponential
contribution of CoFe/Hf. The linear dependence of « ver-
sus 1/(M; x ter) allows us to deduce glfr = (21 £2) nm™
and acope = (5.3 +£0.2) x 1073 for Pt/CoFe(tcor.)/Hf (tur),
which are in good agreement with those obtained above from
the 1/t analysis. Moreover, to take into account the ef-
fect of fyr on damping, the experimental data of Fig. 5 for
Pt/CoFe(1.4 nm)/Hf(zyr) were fitted with Eq. (4):

SUB 4y
oa=au + —
CoFe T 7 M1 8pt/CoFe
8MUB 4y — 2ue
+ —— 1 —e % |, 4
47 M tos gCnFe/Hf[ ] “)

where the contributions of each interface and their variation
with fy¢ are considered. Using the above-mentioned values
of acore = 5.3 x 1073, ght e = 20.4 nm2 and gli, e =
5.5 nm~2, where the Agp of Hf was determined to be 1.7 nm,
which is in good agreement with the reported value by Pai
etal [14].

We will now focus on the iDMI, which can be determined
through the investigation of the frequency mismatch AF,
shown in Fig. 6(a) for kg, = 20.45 um™'. AF is significantly
reduced by inserting Cu between Pt and CoFe and shows
slight variation with #y;. Interestingly, AF behaves differently
versus fys for thin and thick CoFe: while for tcope = 1 and
1.4 nm AF increases in absolute value with #gr up to 1 nm
and then saturates for thicker Hf layers, it decreases with
increasing tys for fcope = 0.6 nm. This difference could be
explained by the degradation of the interface quality of the
thinner CoFe layers. Moreover, for the thickest CoFe layer
(1.4 nm), a significant increase (in absolute value) is observed:
AF doubles its value when typ increases up to 1 nm. This
increase cannot only originate from the CoFe/Hf interface.
Indeed, while additional iDMI is expected from CoFe/Hf in-
terface due to its opposite sign compared to that of CoFe/Pt,
the strength of the additional iDMI is not coherent with the
expected weak iDMI constant induced by Hf [13]. Therefore,
this iDMI increase is most probably due to the additional
contribution from the reduced effective thickness for CoFe as
tyr increases. To get more insight in the iDMI evolution, the
frequency mismatch was measured versus kg, and the iDMI
effective constant Degs was determined using Eq. (5):

AF = Deffnz_l)‘;sksw = Ds#):teffksw, (5)
where Degr = Dy /tesr and D; are the iDMI effective and sur-
face constants, characterizing the iDMI strength.

For each sample, AF was measured versus kg, (not
shown here) and fitted with Eq. (5) using the M, values
mentioned above [1750 emu/cm?® for Pt/CoFe/Hf(ty;) and
1550 emu/cm3 for Pt/Cu/CoFe/Hf(ty¢)] to determine Deg as
shown in Fig. 6(b). The Pt/CoFe(0.6 nm)/Hf(tys) system
stands out remarkably from the other structures: while Deg
of all the other systems increases in absolute values with #y¢
(thus decreasing f.r), Desr decreases as tyr increases. This
decrease of Deg is most likely due to the fact that iDMI

004, _ BLSlimit (a) 1
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FIG. 6. (a) Hf thickness dependence of the experimental
frequency mismatch AF measured at kg, = 20.45 um™' for
Pt/CoFe(tcore )/Hf (tur) and Pt/Cu/CoFe(1.4 nm)/Hf(fy¢) systems.
Symbols refer to experimental data and dashed lines are used for
eye guide. Variation of the (b) effective iDMI constant (D) versus
the inverse effective thickness of CoFe and (c) iDMI surface con-
stant (D;) versus the Hf thickness for Pt/CoFe(fcop.)/Hf (tyr) and
Pt/Cu/CoFe(1.4 nm)/Hf(#y¢) systems.

requires a finite ferromagnetic thickness for its full emer-
gence and thus its magnitude is maximized [23]. When #y
increases, f; increases and consequently f. is reduced as
mentioned above. Therefore, |Deg| increases due to its linear
variation with 1/t as suggested by Eq. (5) for sufficient
teir. However, when the f.; thickness is lower than a critical
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value (as it is the case for Pt/CoFe(0.6 nm)/Hf(¢y¢) and other
systems with the thicker Hf layers), | D¢t | decreases with 1/t
since a finite ferromagnetic thickness for its full emergence
is required [23]. Furthermore, note the significantly reduced
iDMI constant by inserting Cu layer between Pt and CoFe,
suggesting that Pt and CoFe atoms placed in the immediate
vicinity can interact together and as Pt atoms are far away
from the interface, the interaction is mediated by the spacer
atoms leading to a weaker iDMI due to the weaker SOC of
Cu. For Pt/Cu/CoFe/Hf(tys), one should have nearly vanishing
iDMI constant and linear variation versus with 1/t if iDMI
should be induced by only the Pt/CoFe interface. However, the
nonlinear variation of Deg with 1/t.¢ for higher values of z.,
suggests that the D¢ behavior with fgr cannot only result from
the . variation when fyy 1s varied and additional contribution
from the upper CoFe/Hf interface should be included. This
is in line with the previously observed [13] opposite sign of
D¢ for Hf and Pt, thus leading to an additive behavior when
placed on opposite sides of the ferromagnetic layer. Moreover,
the extrapolation of the experimental behavior of Deg versus
1/te¢, shown in Fig. 6(b), should cross zero for infinite CoFe
thickness if the iDMI surface constant (Dy) is constant and
thus resulting only from the Pt/CoFe interface. This allowed
us to conclude that as tyy increases, the intrinsic iDMI (Dy)
of the CoFe/Hf interface is stronger and thus the slope of Deg
versus 1/t.¢ varies giving rise to this nonlinear dependence of
D, and nonzero intercept. One should mention that iDMI of
CoFe/Hf should saturate for a sufficiently thick Hf layer and
the saturation characteristic length scale might be linked to the
spin diffusion length [24].

To validate the above-mentioned hypothesis and to sepa-
rate the contribution of the CoFe/Hf interface, the M X fof
values for each tyr were used in Eq. (1) to evaluate Dy as
shown in Fig. 6(c). This allows overcoming the uncertainty
of both #. and M; and thus leads to a more precise charac-
terization of the iDMI strength. D, should be constant if the
Hf layer contributes only through the variation of z.¢. There-
fore, as fyr increases, fof 1S reduced and D should remain
constant. However, the variation of Dy versus fy¢, depicted
in Fig. 6(c), shows the enhancement of |Dy| confirming the
additive contribution of the CoFe/Hf interface which is tys
dependent owing to the required ty; for the saturation of
the induced iDMI. This is in good agreement with values of
D, obtained for Pt/CoFe(0.6, 1, and 1.4 nm)/HfO, and for
Pt/CoFe(1, and 1.4 nm)/Hf (0 < rgr < 0.4 nm). For thicker Hf
layers (tyr > 0.4 nm and tyr > 0.8 nm for #cope = 1 nm and
1.4 nm, respectively), f.¢ falls below the critical value above
which the full emergence of iDMI is obtained. Therefore,
|Dy| decreases with increasing fyyy in this range of thicknesses.
This decrease of |D;| could also be related to the degradation
of interfaces for ultrathin CoFe layers. Similar behavior of
Dy with slightly higher iy above which |Dg| degrades, can
be observed for Pt/Cu/CoFe(1.4 nm)/Hf(ty¢). For Pt/CoFe(0.6
nm)/Hf(ty¢), the effective thickness of CoFe is very weak
and is not sufficient to the full emergence of iDMI leading
to monotone decrease of |Dy| when tyy increases. Dy values
corresponding to fyr = 0 and fyyr = 0.6 nm where the minimal
and maximal |D;| are obtained allows deducing D values of
Pt/CoFe and CoFe/Hf of (—1.16 4 0.04) x 1077 erg/cm and
(—0.37 £0.12) x 1077 erg/cm, respectively. The obtained Dy
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FIG. 7. (a) Variations of the perpendicular effective magnetic
anisotropy constant (K ) as a function of the effective iDMI constant
(D) for Pt/CoFe(tcore)/Hf (tyr) and Pt/Cu/CoFe(1.4nm)/Hf(tys)
systems with a variable Hf thickness. Symbols refer to experimen-
tal data, dashed lines are linear fits and the solid lines are fits
with equations: Kefr = 1.08 x 107 4 0.16 x 10°D2; (violet line) and
Ker = 0.66 x 10% +2.59 x 10"D%; (green line). (b) Variations of
the damping constant («) as a function of the effective PMA constant
(Kegr) for Pt/CoFe(tcore )/Hf (t1r) system with a variable Hf thick-
ness. Symbols refer to experimental data and solid lines are linear
fits.

value for Pt/CoFe is in good agreement with the previously
reported one [15]. A similar procedure can be used to deduce
the D value CoFe/Hf interface by considering the experimen-
tal data of Pt/Cu/CoFe(l.4 nm)/Hf(#yr) systems. However,
since BLS quantifies the iDMI by measuring the frequency
mismatch AF, the lower limit of the measurable AF is
practically limited by the frequency resolution of tandem
Fabry-Perot interferometer [see Fig. 6(a)]. Therefore, BLS is
more sensitive for strong iDMI values and determining the
DEOFe/ME is more reliable by using the experimental data of
Pt/CoFe(1.4nm)/Hf(tys)/HfO,.

The correlation between iDMI, PMA, and damping was
also investigated for Pt/CoFe(1.4 and 1 nm)/Hf(fy) and
Pt/Cu/CoFe(1.4nm)/Hf(ryr) by plotting K. as a function
of D¢ and o versus K. as shown in Fig. 7. Due to
the degradation of Dy for Pt/CoFe(0.6 nm)/Hf(fy), this
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system is not considered for the correlation investigation. Fig-
ure 7(a) revealed a quadratic dependence of K¢ versus Degr as
theoretically predicted from perturbation theories for PMA
[25] and iDMI [26], where iDMI energy results from the first
order of the SOC, while the PMA comes from the second
order. However, a linear correlation between K. and damping
was obtained due to the second-order dependence of the two
parameters with SOC as expected theoretically. This correla-
tion suggests the common interfaces involved in these three
SOC-related effects.

It is worth mentioning that while quadratic or linear de-
pendences of K. versus Deg are conceivable in the case
of Pt/Cu/CoFe(1.4 nm)/Hf(tys)/HfO,, a quadratic fit is more
convenient and fits better with the experimental data for the
case of Pt/CoFe(1.4 nm)/Hf(tys)/HfO,, as shown in Fig. 7(a).
By varying the Hf thickness, the SOC at the CoFe/Hf inter-
face is more affected for Pt/Cu/CoFe(1.4 nm)/Hf(ty)/HfO,
systems due to intermixing at this interface and thus the
theoretical expected quadratic correlation is more likely to
be achieved. Moreover, in the Pt/CoFe(1.4 nm)/Hf(ty;)/HfO,
system, the two interfaces with CoFe contribute differently
to Dess and K.¢: while the contribution of both Pt/CoFe and
CoFe/Hf interfaces for K. is significant, iDMI results mainly
from the Pt/CoFe interface. In contrast, only the CoFe/Hf
interface is responsible for both iDMI and PMA in the
Pt/Cu/CoFe(1.4 nm)/Hf(ty¢)/HfO, system. This might explain
the different correlation between K. and Deg in the two
systems.

IV. CONCLUSION

A detailed study of the PMA, iDMI, and Gilbert damping
constants for Pt/CoFe(¢core )/Hf (tue )/HfO, with tcope = 0.6,
1 and 1.4 nm and Pt/Cu/CoFe(1.4nm)/Hf(tys) HfO, where
tyr varies in the range 0-2 nms, was conducted. A simple
picture which considers that varying the Hf thickness results

in the variation of the effective thickness of CoFe allows us
to explain the main observed trends. Indeed, when varying Hf
thickness, the magnetic dead layer at the CoFe/Hf interfaces
increases, reducing the effective thickness of CoFe and lead-
ing to higher damping due to spin pumping, which was found
to be induced mainly by the Pt/CoFe interface. Moreover, the
effective thickness dependence of the effective PMA constant
revealed the existence of two regimes where the increase of
K. with thickness in both regimes is consistent with the
decrease of the CoFe effective thickness as tyf increases.
The total PMA is found to result from surface and volume
contributions where CoFe/Hf and Pt/CoFe interfaces are the
main sources. BLS measurements showed that the iDMI en-
hancement with increasing fy¢ cannot only result from the
CoFe effective thickness variation when fy; is varied and ad-
ditional contribution from the upper CoFe/Hf interface should
be included. This is consistent with the previously observed
opposite iDMI sign for Hf and Pt, thus leading to an additive
behavior when they are placed on opposite sides of CoFe.
Indeed, as tyr increases, the intrinsic iDMI of the CoFe/Hf
interface is maximum when fir = 0.6 nm. By combing the
obtained values for the minimal and maximal surface iDMI
constants (Dy) corresponding to tyy = 0 and gy = 0.6 nm, we
deduced the Dy constants of Pt/CoFe and CoFe/Hf interfaces,
estimated to be (—1.16 £ 0.04) x 1077 erg/cm and (—0.37 &
0.12) x 1077 erg/cm, respectively. Quadratic correlation be-
tween kg and Degr and linear dependence of damping constant
o versus K. were evidenced.
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