PHYSICAL REVIEW APPLIED 13, 054011 (2020)

Non-Negligible Imaginary Part of the Spin-Mixing Conductance and its Impact
on Magnetization Dynamics in Heavy-Metal-Ferromagnet Bilayers

Janusz Dubowik,!>" Piotr Graczyk,! Adam Krysztofik®,' Hubert Glowinski,! Emerson Coy®,?
Karol Zateski®,> and Iwona Goscianska'

"Institute of Molecular Physics, Polish Academy of Sciences, ul. Smoluchowskiego 17, 60-179 Poznan, Poland
* NanoBioMedical Centre, Adam Mickiewicz University, ul. Wszechnicy Piastowskiej 3, 61-614 Poznan, Poland

® (Received 10 June 2019; revised manuscript received 9 March 2020; accepted 2 April 2020; published 5 May 2020)

In this paper we present experimental verification of the magnitude of the imaginary part of the spin-
mixing conductance in bilayers comprising heavy metals. We present results of broadband ferromagnetic
resonance studies on heterostructures consisting of Finemet (Fegs sCu;Nb3Sij3 5BgAl7) thin films covered
by Pt and Ta wedge layers with the aim of observing spin-pumping effects and evaluating both the real
(Re[g;# ]) and imaginary (Im[ggf% 1) parts of the spin-mixing conductance. In particular, we show that
the imaginary part of the spin-mixing conductance cannot be regarded as negligible, and we discuss its
influence on magnetization dynamics. For Finemet/Ta bilayers, the ratio Re[g;# 1/ Im[g;# ] = 0.38; that
is, the fieldlike torque dominates over the dampinglike torque in such a system. The experimental results
are analyzed in the framework of a recent microscopic theory that allows us to estimate the value of
the interfacial spin-orbit interaction and confirm its important role. The role of material and interface

parameters is also discussed.
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I. INTRODUCTION

Increasing demand for data storage has intensively
driven research efforts to find new memory technologies
in the past decades. One currently developed approach
for magnetization switching employs the spin-orbit torque
(SOT) exerted in a heavy-metalferromagnet system
[1-4]. In comparison to the formerly proposed spin-
transfer-torque—based magnetic random-access memories
(MRAMs), use of the SOT allows us to decouple a read
path from a write current path in a memory cell, offering
several advantages: simultaneous read and write opera-
tions that shorten memory access time [5]; independent
optimization of both current paths; and increased cell
endurance previously delimited with the aging of a thin
tunnel barrier [6,7].

Originating from the bulk spin Hall effect and/or the
interfacial Rashba-Edelstein effect [8,9], the spin-orbit
torque arises from a nonequilibrium spin accumulation at
the bilayer interface, and can be decomposed into two
components: a dampinglike torque and a fieldlike torque.
Much scientific effort has been devoted to recognizing
key parameters characterizing heavy-metalferromagnet
bilayers that ensure the most efficient switching [6,10,11].
One such parameter is the spin Hall angle, defined as a
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conversion efficiency between charge currents and pure
spin currents [12,13]. In terms of the magnitude of the
spin current transferred into the ferromagnetic layer, trans-
parency of the bilayer interface, which is described by the
so-called spin-mixing conductance [14], plays an equally
important role. Moreover, for current-induced spin-orbit
torques, it has been shown that the real part of the spin-
mixing conductance contributes to the dampinglike torque,
while the imaginary part contributes to the fieldlike torque
[15]. The significance of the latter torque is the focus of
this paper.

In the context of spin torque, the total spin torque related
to transport across an interface is given by Re[gy ]m x
(it x m) +Im[gy ]@t x m, i.e., the sum of the damp-
inglike (longitudinal) and fieldlike (transverse) torques,
respectively. Here 1t is the spin accumulation. While the
dampinglike torque is ascribed to the absorption of the
transverse spin angular momentum, the fieldlike torque is
due to the reflection or its incomplete absorption [16].

Spin-mixing conductance is usually determined using
spin-torque ferromagnetic resonance [17]. An alternative
method involves the use of the reciprocal effect, i.e.,
spin pumping, commonly detected using vector network
analyzer ferromagnetic resonance (VNA-FMR) measure-
ments [18,19]. While the enhancement of magnetization
precession damping due to spin pumping has been exten-
sively studied, enabling the evaluation of the real part
of the spin-mixing conductance [20—28], the imaginary
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part has been either discarded [29] or predicted to be
small in the drift-diffusion model [30,31]. In particular,
the ratio between the real and imaginary parts of the spin-
mixing conductance roughly determines the ratio between
the dampinglike and fieldlike components of the spin Hall
torques [31], which is of the order of 10'. Interestingly, the
interfacial Rashba torque shows mostly a fieldlike char-
acter and, hence, the ratio of the dampinglike to fieldlike
torques can be reversed [31].

From among a few reports discussing the changes of the
resonance field (or a “fieldlike” torque) in the context of
spin-pumping effects, it is worth listing a few in which
either a field shift or Im[geTé ] have been mentioned. In the
ferromagnetic resonance (FMR) experiments of Mizukami
et al. [22], apparent changes in the gyromagnetic ratio
(corresponding to Im[g;# ]) were observed experimentally,
without comprehensive explanation. By analyzing spin-
orbit torques and spin pumping in Ni-Fe/Pt bilayers, Nan
et al. [32] estimated that Re[g]y] = 2.2 x 10'5 cm™2 is

only 3.7 times larger than Im[g!¥] = 0.6 x 10'* cm~2,
They also demonstrated that the spin-orbit dampinglike
and fieldlike torques scale with the interfacial spin cur-
rent transmission. Sun et al. [33] found that a strong
damping enhancement in yttrium iron garnet/Pt bilayers
is accompanied by a substantial shift in the resonance
field. They concluded that the spin-pumping effects may
originate partially from ferromagnetic ordering due to
the magnetic proximity effect in Pt atomic layers near
the interface. However, they have not linked the reso-
nance field shift with Im[ggﬂ%]. An elegant interpretation
of the imaginary part of the spin-mixing conductance gen-
erated by ferromagnetic (FM) insulators with exchange-
coupled local moments at the interface to a nonmagnetic
metal has recently been proposed by Cahaya et al. [34].
They assumed that a coherent motion of the proxim-
ity Ruderman-Kittel-Kasuya-Yosida (RKKY) spin density
(e.g., in Pt) is locked to the precessing magnetization of the
local moments, leading to a renormalization of the effec-
tive magnetic field. Moreover, the recently discovered spin
Hall magnetoresistance [35] offered a unique possibility
to measure Im[g;%] for the interface of a normal metal in
contact with a magnetic insulator by exposing it to out-of-
plane magnetic fields. However, the applied model itself
was based on the assumption that Re[g;# ] /Im[g;# 1>1
[36,37].

It is also important to point out that the field-
like torque has recently received considerable attention
since experimental results concerning spin currents in
Ta/CogpFes0B20/MgO suggest that it may play a decisive
role in governing magnetization dynamics, although the
values of Im[g;#] have not been determined from the req-
uisite measurements [38]. Furthermore, it was shown that
the domain wall reflection at sample edges of such het-
erostructure relies on the fieldlike torque that is crucial in

the deterministic SOT switching mechanism [27]. In this
work we study spin pumping and spin current transport in
Finemet films covered by platinum (Pt) and tantalum (Ta)
with a strong emphasis on the role of the imaginary part of
the spin-mixing conductance.

II. MICROSCOPIC ANALYSIS OF SPIN PUMPING

Recently, consistent analysis of spin pumping has been
presented by Tatara and Mizukami [39] for both metallic
and insulating ferromagnets. Let us summarize the main
results of their analysis. In the scattering approach, the
spin current pumped by FMR results in modification of the
Gilbert damping parameter « and the gyromagnetic ratio
o of a lone FM film via spin-mixing conductance [40,41]:
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Here a is the lattice constant, S is the magnitude of the
localized spin, and dp is the thickness of the ferromagnet.
As a® /A S = hyy/4nMs and yy = gous/h, where My is
the saturation magnetization, % is the reduced Planck con-
stant, and pp is the Bohr magneton, Egs. (1) and (2) can be
rewritten as
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and the ratio of Re[ggf# ] to Im[ggg ] can be easily esti-
mated from the spin-pumping experiments. Note that the
same relation with respect to Re[g;# ] /Im[ggﬂf ] has been
assumed for the ratio of the dampinglike and fieldlike
components of the spin Hall torque [31].

In the microscopic analysis, the magnetization dynam-
ics are derived by evaluating the spin accumulation in a
nonmagnetic metal as a result of interface hopping. One of
the main consequences of the analysis [39] is an approxi-
mation of enhancement of the Gilbert damping parameter,
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ie.,

(6)

a 14
do = ndF G%tTti’
where € is the Fermi energy and n is a dimensionless coef-
ficient roughly equal to 1 (see the Supplemental Material
[42]). The so-called hopping amplitudes, 7} and 7, corre-
spond to the energy required for an electron to hop between
orbitals at a ferromagnetic-nonmagnetic interface in the
absence of the spin-orbit interaction. Similarly, the change
in the g factor due to spin pumping can be rewritten, using
Eq. (84) of Ref. [39], as

8g_

80

al . o
n;gyxz(lﬁ +t(i); (7)
where y,, represents the interface spin-orbit interaction
having a unit of energy. Equation (7) suggests that a high
value of 8g/gy is expected if a strong interface spin-orbit
interaction exists. Therefore, the ratio o /(8g/g0), which
is directly accessible experimentally, becomes

7070
g hly

)

III. SAMPLES STRUCTURE AND METHODS

To verify and experimentally examine the main results
of the quoted theory, we fabricate F/NM bilayers using
Feg.5Cu;NbsSij35BgAl; (Finemet, F) as the ferromag-
netic layer and Pt, Ta as a nonmagnetic metal (NM).

Instead of commonly employed Permalloy films, we exten-
sively use Finemet for the following reasons: (i) excep-
tional smoothness of Finemet surfaces [43]; (ii)) a low
Gilbert damping parameter, smaller in comparison to
Permalloy [44—46]; and (iii) a relatively small inhomoge-
neous linewidth AH, of 3—6 Oe, indicating a low density
of defects [43]. The Finemet films with different thick-
nesses are deposited at room temperature by pulsed laser
deposition (base pressure of 8 x 10~% mbar) on naturally
oxidized Si substrates and covered in situ with wedge-
shaped capping layers of Pt or Ta (0 < dym < 7 nm)
using radio frequency magnetron sputtering. The nomi-
nal thicknesses of Finemet, dr = 10, 15,20, 30,40 nm for
the Pt cover layer and dr = 2,3.5,5,10 nm for the Ta
cover layer, are confirmed with x-ray reflectivity mea-
surements, while thickness profiles of the NM capping
layer are additionally verified using the energy dispersive
spectroscopy in a scanning electron microscope. Atomic-
force-microscopy measurements of the Finemet surface
yielded rms roughness of 0.1 nm.

To determine the structural properties of the films, we
conduct HRTEM experiments and grazing incident x-ray
diffraction (GiXRD). In the selected area electron diffrac-
tion (SAED) pattern of Fig. 1(a) we show a diffuse ring
marked in yellow, indicating the occurrence of a nanocrys-
talline phase in the Finemet film. Apart from substrate
peaks, reflections corresponding to a gold layer are vis-
ible, with which the Finemet film is coated before the
preparation of a cross section by the focused ion beam.
The nanocrystalline band corresponds roughly to the inter-
planar distance of 0.2 0.1 nm [see Fig. 1(b)], which
is extracted via rotational averaging using the DiffTools

(a) (b) FIG. 1. (a) Low-magnification scan-
h 7 Finemet ning electron image of a Finemet con-

S ] si d=02nm trol layer (25 nm) coated ex-situ with
S Au for cross-section preparation, and the
< corresponding SAED pattern, including
"é 1 both the substrate and the Au cover-
£ - == ing film (bottom panel). The dashed
=0 4 1 /d6(1 /m?]) 0o red line shows the direction of the pro-
(c) file taken from the rotational averag-
0 = ing, displayed in (b). The profile image
5 = Finemet shows the clear position of Finemet (d =
£ &  Region 0.2 nm) plus the highly intense Si peaks.
> Finally, (c) and (d) show the GiXRD
g spectra of Finemet(30 nm)/Pt(6 nm) and
E % 2 % 3 4 4 % Finemet(10 nm)/Ta(6 nm), respectively,
(d) 20 (deg) where the textures of Pt(111) and a-
~ T Ta(110) covering layers can be seen.
.“§
5 Finemet
@ Region
2z
£

%

B B 40 45 0
20 (deg)
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FIG. 2. Exemplary VNA-FMR measurement results for a 30-nm-thick Finemet film covered with Pt and a 10-nm-thick Finemet film
covered with Ta. (a) Typical FMR spectra taken at f = 7 GHz for various positions along the wedge-shaped Pt and Ta layers. The
inset schematically shows the wedge structure. In (b) and (c), the frequency versus resonance field dependencies fitted using Eq. (9)
are shown. The insets show enlarged regions near f = 10 GHz. In (d) and (e) the linewidth versus frequency dependencies fitted using

Eq. (10) are presented.

plugin for DigitalMicrograph™ [47]. This result is con-
gruent with the simulation of a Finemet unit cell (using
the CaRlIne Crystallography software, Lattice 2.8), yield-
ing dqi0) = 0.1980 nm. However, the highest intensity
reflection (110), expected to be at 45.75 angle 20, is
not observed in the grazing incident x-ray diffraction, as
marked by the shaded areas in Figs. 1(c) and 1(d). Nev-
ertheless, these measurements allowed us to determine the
structure of capping Pt and Ta layers. We conclude that the
studied bilayer systems consist of nanocrystalline Finemet
films covered with @-Ta (i.e., bcc) or Pt with well-defined
(110) and (111) textures, respectively.

Ferromagnetic resonance measurements of the samples
are carried out at room temperature on a coplanar waveg-
uide (CPW) in the in-plane configuration over a frequency
range of 440 GHz, as detailed in Refs. [48] and [49].
For each thickness dny, we measure the field swept com-
plex transmission parameter Sy; (H) by placing the sample
at a certain position along the wedge [see Fig. 2(a)]. The
real and imaginary transmission spectra are fitted using the
Lorentzian and anti-Lorentzian functions in a similar way
to that described in Ref. [50]. From the fits, the resonance
field H, and resonance linewidth AH (full width at half
maximum) are evaluated at several frequencies f . In short,
our method involves the use of a single sample with a fixed
thickness dr wherein the capping layer is wedge shaped so,
by scanning the sample over the central line of a CPW, we
can determine parameters of magnetization dynamics as a

function of dym. Such an approach is of crucial importance
because it eliminates the problem of the proper choice of
a reference layer [51]. Since deposition conditions (and
consequently film properties) may differ slightly in each
sputtering or ablation process, we set the beginning of
the NM wedge 6—7 mm from the substrate’s edge, allow-
ing for the measurements of a lone Finemet film in every
F/NM bilayer [see the inset of Fig. 2(a)]. To theoretically
model the magnetization dynamics, we follow the method-
ology presented in Refs. [52—56]. Using the finite-element
method in COMSOL Multiphysics®, the Landau-Lifshitz
equation with spin-torque term is numerically solved in the
framework of the diffusive model. Detailed information on
the utilized formalism can be found in the Supplemental
Material [42].

IV. EXPERIMENTAL RESULTS

Typical resonance spectra of Finemet(30 nm)/Pt(0—
5 nm) and Finemet(10 nm)/Ta(0—5 nm) samples, measured
at f = 7 GHz for various positions along the wedge, are
displayed in Fig. 2(a). It can be seen that an increase in
linewidth is also accompanied by a substantial, yet unex-
pected, shift in the resonance field H, as the Pt thickness
increases. The shift is negative (i.e., towards lower fields)
and indicates systematic changes in the gyromagnetic ratio
or the effective magnetization. To obtain values of the g
factor, we perform fittings of f* versus H, dependencies
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rather than evaluate changes in H, measured at one fixed
frequency so as not to make an additional assumption
about the effective magnetization value M.g. As shown in
Figs. 2(b) and 2(c), the relation follows Kittel’s disper-
sion f = (gug/h)~/H.(H, + 47w M.gr); however, detailed
analysis of the fitting residuals reveals that Finemet films
possess a non-negligible anisotropy field H, (see the Sup-
plemental Material [42]). Hence, the model is extended
to

f= %J (Hy, + Ho) (Hy + Hy + 47 Mer). — (9)

It should be emphasized that the inclusion of H, in Eq. (9)
(along with the g factor and M.g) results in three cou-
pled adjustable parameters that are not orthogonal to each
other during the least-squares nonlinear fitting process
[57]. Therefore, we follow the methodology presented in
Ref. [57] and applied an asymptotic analysis (presented
below) to the data obtained over a finite range of fre-
quencies to precisely determine the value of the g factor.
Across the set of samples, we find that the Finemet films
are characterized by H, in the range 7 &+ 2 Oe.

The Gilbert damping parameter & and the inhomoge-
neous broadening AH, for a given dr and different thick-
nesses dyv are obtained from linear fits to the resonance
linewidth AH as a function of frequency, according to the
standard expression [58]

AH(f) = 4”7“/” + AH,. (10)
Even for relatively thick Finemet films [e.g., 30 nm as
in Fig. 2(d)], it is clearly seen that the slopes of the
AH(f) dependencies experience a substantial change
with increasing thickness of Pt. Indeed, as summarized in
Fig. 3(a), a continuous increase in the damping parameter
o is observed for each investigated bilayer.

The damping of a lone Finemet film is equal to o =
(5.8 +0.3) x 1073, although for the thinnest layer in the
set with Pt [10 nm; see Fig. 3(a)] it is slightly elevated
to the value of a = (7.80 & 0.07) x 1073 [59]. A simi-
lar increase is observed in the set of samples with Ta
[see Fig. 3(b)]. The AH, parameter remains below 10
Oe, with the mean value of 6.4 Oe indicating a low den-
sity of surface defects and, therefore, negligible extrinsic
contributions to the linewidth, such as two-magnon scat-
tering [see the insets of Figs. 3(a) and 3(b)]. However,
values of AH, for 2-nm-thick Finemet [see the inset of
Fig. 3(b)] reach 100 Oe and may originate from sub-
strate roughness, making such contribution observable in
an ultrathin-film regime. Using the equation describing the
damping enhancement due to spin pumping [60],

"
n g Re[g] [1 _exp <_2fNM):|’ (11)

o =
dnMs dp SF

we obtain the real part of the spin-mixing conductance,
Re[g;ﬁ] = (3.14 £ 0.23) x 10> cm™2, and, additionally,
the spin-diffusion length, Asr = 2.8 & 0.5 nm, for bilayers
with Pt.

To determine the imaginary part of ggg , an analysis of
the g factor is performed according to Eq. (4). First, the
influence of a finite fitting range on the obtained value of
the g factor is examined. As shown in Fig. 3(c), with the
increasing fitting range specified by the upper frequency
Jup, the statistical error of the g factor decreases and the
value begins to saturate when plotted as a function of f,,.
Note that the error bars in Fig. 3(c) correspond to approx-
imately 0.1% of the value at 30 GHz and approximately
0.04% for 40 GHz. It is claimed that, for large enough
resonance fields, the fitted g-factor value becomes inde-
pendent of a fitting range and can therefore be extrapolated
from the gg:(1/ fug) dependence [57]. Although this claim
is not verifiable, since every FMR spectrometer is lim-
ited by either available fields or frequencies, it should be
highlighted that, in terms of the analysis provided herein,
the method allows us to reasonably determine the differ-
ence between g-factor values of the uncovered Finemet
films and those capped with the nonmagnetic metal. As can
be seen in Figs. 3(d)-3(f), the difference dg =g — g is
essentially equivalent whether it is evaluated for £, = 40
GHz or for f,, — oo (1/ ug — 0). However, by taking
the asymptotic values of g and g, into account, we pro-
vide better statistical accuracy for such subtle changes in
the g factor when investigating relatively thick magnetic
films. The observed mild oscillations in gg found at the
high-frequency region originate from the small in-plane
anisotropy field and random white noise, as described in
Ref. [57]. For a platinum thickness of 1.5 nm [depicted
by a red line in Fig. 3(d)], it even allows for the obser-
vation of an intermediate value of the g factor that falls
between g and gy, which is difficult to conclude when
the fitting is performed merely up to 40 GHz. This sug-
gests that, with the appearance of a nonmagnetic layer, the
enhancement in the g factor does not occur in an imme-
diate, steplike way but follows a gradual increase until
saturated. As presented in Figs. 3(d) and 3(e), the asymp-
totically fitted g factor for dp; > 4 nm already converges
to nearly the same value g. Moreover, the obtained differ-
ence §g is greater for the thinner Finemet film, following
the theoretical prediction given by Eq. (4). For the 20-nm-
thick Finemet covered with Pt, §g = (5.1 £ 0.4) x 1073,
while for the 10-nm-thick layer, 8g = (6.7 & 0.4) x 1073,
Such a result provides clear evidence of a spin-pumping
influence on magnetization dynamics expressed by the
imaginary part of the spin-mixing conductance. Follow-
ing this observation, it is expected that the difference dg
will be larger for even thinner films. For the set of samples
with Ta deposited on 2—10-nm-thick Finemet, this influ-
ence is indeed much more pronounced; see Fig. 4. Also, a
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FIG. 3. (a),(b) The Gilbert damping parameter « as a function of the Pt and Ta film thicknesses. The solid lines are obtained by

simultaneous fit to all collected data using Eq. (11). The insets show the values of the AH, parameter. (c) g-factor values for a 20-nm-
thick Finemet film fitted using Eq. (9) for different frequency ranges defined by f, as shown in the insets. In (d) and (e) fitted values
of the g factor are plotted as a function of f, 2 for 20-nm- and 10-nm-thick Finemet films, respectively, with different Pt thicknesses
dp. In (f) fitted values of the g factor are plotted as a function of fu_2 for a 10-nm-thick Finemet film with different Ta thicknesses dr,.
Double sets of data for dp; 1, = 0 nm (black symbols and lines) derive from measurements of the lone Finemet film taken at different

positions outside the Pt or Ta wedge.

quasilinear enhancement in the g factor is observed as the
thickness of Ta increases from 0 to 2 nm.

The main experimental results of this paper are juxta-
posed in Fig. 5, where o and 8g/go are plotted against

2.22
320 | N
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“
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L

FIG. 4. Dependence of the g factor on a Ta layer thickness for
Finemet/Ta bilayers with dr = 2—10 nm. The continuous lines
serve as visual guides.

the inverse thickness dr for Finemet/Pt and Finemet/Ta
bilayers. The real and imaginary parts of the spin-
mixing conductance are determined from the slopes of
linear fits according to Eqgs. (3) and (4). For the sam-
ple covered with platinum, Re[g;% 1= (3.054+0.14) x
10> cm™2, in agreement with the value obtained above
from a simultaneous fit to the data presented in Fig.
3(a). We obtain Im[g)] = (1.69 £ 0.22) x 10'* cm™2;
therefore, the ratio Re[ge% 1/ Im[ge% 1 = 1.81, implying that
the imaginary part of the spin-mixing conductance can-
not in general be regarded as negligible, in contrast
to many common views [17,29,39]. A strikingly differ-
ent relation is observed for the Finemet film covered
by tantalum. As can be seen from Fig. 5(b), the slope
of 8g/gy is substantially higher than the slope of da
vs d'. Here Re[g]¥] = (0.61 +0.05) x 10" cm™2 and
Im[g;#] = (1.61 £0.07) x 10" cm~2; hence, the ratio

Re[g2§ ] /Im[gQ ] = 0.38. It should be emphasized at this
point that, for the 2-nm-thick Finemet film (1/dp =
0.5 nm™!), the value of 8g/gy significantly deviates from
the linear relationship. We find that in such a thin film the
saturation magnetization decreases to 450 & 34 emu/cm’
(possibly due to variations in Finemet’s complex compo-
sition [45]), resulting in the augmented value of dg/go
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FIG. 5. Gilbert damping enhancement and relative change in

the g factor due to spin pumping for (a) Finemet/Pt and (b)
Finemet/Ta bilayers. The solid lines are fits to the data accord-
ing to Egs. (3) and (4). The inset in (b) shows that §g/g( scales
almost perfectly with (4mwM,dr)~! if the magnetization of the
film experiences serious changes with dr [see Eq. (4)].

[see Eq. (4)]. Therefore, to determine Im[g;f], the fitting
is performed to a 8g/go vs (4mMdr)~! dependence, as
shown in the inset of Fig. 5(b).

V. DISCUSSION

A. Comparison of experimental results with
other studies

For Finemet/Pt bilayers, our results nearly agree with
those obtained by Mizukami et al. [22]. Keeping in mind
that they had two interfaces (Pt/Permalloy/Pt), their study
yielded Re[ge}#] and Im[ggfﬁ] equal to 3 x 10" cm™2
and 0.6 x 10" cm~2, respectively. For Finemet/Ta bilay-
ers, the impact of the Ta layer on damping is sig-
nificantly reduced compared to Pt, in agreement with
former studies [22—24]. The estimated real part of the
spin-mixing conductance, Re[g/#]= 0.61 x 10 cm~2,
coincides with earlier reports for Permalloy/Ta (0.51 x
10 em™?) [22], Co,MnGe/Ta (0.55 x 10> cm™2)
[23], and CogyoFe49Boo/Ta (0.54—1 x 1015 cm_z) [24,61]

bilayers, confirming that the weak damping enhancement
for Ta arises from a small value of Re[g;% 1[25,62]. There-
fore, F/Ta bilayers highlight the interesting property that
spin pumping has a minor effect on «, in accordance with
Ref. [63].

In contrast, the results for the imaginary part of the spin-
mixing conductance for Finemet/Ta bilayers show different
behavior from that observed by Mizukami et al. [22] for
Permalloy/Ta structures. The impact of Ta on the g fac-
tor results in a rather high value of Im[g;# 1=1.61 x
10! cm~2. Their observations concerning the g factor ver-
sus dpy are not confirmed by our measurements. Instead
of a substantial down shift in the g factor corresponding
to Im[g;# ] = —0.46 x 10" cm~2 (inferred from only one
experimental point for a thin Permalloy film of 3 nm; see
Fig. 6 of Ref. [22]), we see in Fig. 5 a regular behavior
that can be nicely fitted using Eq. (4). From Fig. 4 we
can further confirm that the increase in the g value for
F/Ta bilayers is regular and saturates for dr, > 2 nm. As
we show in Sec. V, the impact of a considerable value
of Im[ggg ] on spin transport in Ta may have important
consequences in the magnetization dynamics.

For Finemet/Pt bilayers, da/5g/go (or, equivalently,
Re[g;# 1/ Im[g;# ]) equals 1.81, which is in agreement with
the orders of magnitude for ratios that can be inferred from
the results of Mizukami et al. [22] (*25) or Nan et al. [32]
(~23.8) for Permalloy/Pt bilayers. On the other hand, a rela-
tively high value of Im[g;% ] for Finemet/Ta bilayers leads
to S /Sg/go = 0.38. According to the microscopic theory,
the difference between those two ratios originates from
disparate values of the hopping amplitudes or spin-orbit
interaction [see Eq. (8)].

B. Interfacial heavy-metal-induced anisotropy

In thin magnetic films a standard way to account for
surface-induced effects is through surface anisotropy, i.e.,
4 Megr = 4w Mg — H, , where H is the surface anisotropy
field that is usually perpendicular to the surface. In
NM/FM bilayers, within an emergence of the interfa-
cial spin-orbit coupling, we may expect variations in the
effective magnetization caused by an additional surface
anisotropy field due to NM coverage of a FM film. As
shown in Figs. 6(a) and 6(b), the value of 47 Mg for a
bare Finemet film considerably increases with the appear-
ance of both Pt and Ta layers. To quantitatively evaluate
the magnitude of this effect, we can directly distinguish the
surface anisotropy field Hyv (induced solely by a heavy
metal) and write

47TMeﬁ‘= (47TA/[5 —HJ_) _HHMa (12)
with
ZKHM
Hym = . 13
v = (13)
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FIG. 6. Effective magnetization versus thickness for (a) Pt and
(b) Ta layers for a fixed thickness of Finemet film. The values of
41 Mg below zero thickness for the heavy-metal film derive from
separate measurements of the lone Finemet film taken at different
positions outside the heavy-metal wedge. In (c) changes in the
anisotropy field Hp¢1, caused by the appearance of the heavy-
metal film are plotted as a function of M, 'dr"". The solid lines
represent the fit according to Eq. (13). The inset shows values of
the effective magnetization and the saturation magnetization of
lone Finemet films of different thicknesses.

To determine the anisotropy constant Kyy—pta, We plot
the Hum (M, 'dr™") dependence in Fig. 6(c). The value of
—Hyw increases as the thickness of the Finemet decreases,
what indicates the interfacial origin of this anisotropy field.
For Finemet films covered with Pt, the value of 2Kp; equals
—0.60 £ 0.06 erg/cm?, while for samples with Ta, 2Kp; =
—0.54 4 0.04 erg/cm?, as fitted with Eq. (13). In our con-
vention, a negative Ky signifies the in-plane anisotropy
contribution counterbalancing H . For Finemet(2 nm)/Ta
bilayers, we note that Hr, significantly deviates from
the relation given by Eq. (13), yielding 2K, = —0.17 +
0.07 erg/cm?. The value, however, is determined with a
large standard error arising from the uncertainty of measur-
ing My, dr, and Hr, due to variations in M.g. Nevertheless,
the appearance of an anisotropy field induced by the heavy
metals and systematic changes to Hyy as a function of
thickness may provide the initial indication of spin-orbit

coupling occurring at the heavy-metal—ferromagnet inter-
face.

C. Interface spin-orbit interaction and hopping
amplitudes

By combining Egs. (6) and (7) (see the derivation in
the Supplemental Material [42]) we obtain the follow-
ing simple quadratic equation with respect to the hopping
amplitudes 72

s ey
2r2dph? Vir

2 + 80 =0. (14)

This is equivalent to

a® drMs .
TMs o2 ISl | perti—o0 (is)
7.[2h4 goMB VYxz
where o =1, |.

The real roots are obtained for p,, < 7%, where

g — [ e gopn /8m2a* M) (Im[g[H T /Relg . Tt is
important to emphasize at this point that Im[geff] #*
0 gives rise to a finite value of the interface spin-
orbit parameter 7,.. In particular, for 7. = y;gaX,
the hopping amplitudes have equal values, ;T = t¢ =

e htgops/2m2as M) Relg 1.

For the experimentally derived parameters of the stud-
ied bilayers, the possible solutions of Eq. (15) are plotted
in Fig. 7. Solutions of Eq. (15) represent the asymmetri-
cal bell-like curves: flat for high ratios of Re[g;# 1/ Im[ggf% ]
and slender otherwise. For comparison, a flat curve
typical of Permalloy/Pt bilayers is also plotted accord-
ing to parameters found in Ref. [22], resulting in a
Re[g ] /Im[g ] ratio of 5. It is hard to unambiguously
pinpoint possible values for the hopping amplitudes tT )
and spin-orbit interaction y,,. Nevertheless, it is possible
to qualitatively determine the reasonable energy ranges for
which these parameters have a physical sense. We assume
that the?) | values are in the range 0—1.5 eV and that the 7.
values are of the order of several hundred meV. The former
condition is fulfilled in the shaded areas of Fig. 7 next to
v, i.e., for very different values of y,, for Pt (approxi-
mately 300 meV) and Ta (approximately 600 meV). On the
other hand, for similar and reasonable y,, values of about
250-350 meV for both Ta and Pt the y,. (f? + ?‘i) are almost
equal (according to the experiment), but the asymmetry of
the tT . values is significant, about 2 eV. Which of the sce-
narios is closer to reality is an open question—the more so
given that the parameters appearing in Eq. (15) result from
several simplifications.

An alternative approach to the spin-pumping quantum
mechanical formalism with hopping amplitudes ;2 and ?3 is

054011-8



NON-NEGLIGIBLE IMAGINARY PART OF THE SPIN-MIXING...

PHYS. REV. APPLIED 13, 054011 (2020)

Finemet | Pt :
4 —_F
] —
Fi Ta:
3 inemet /?qa
ST —"
\Q)/ 2 4 Permalloy / Pt:
o= 0
= ;g
1 _ ¥
0 - T
0 200 400 600
Vs (meV)

FIG. 7. Hopping amplitudes 7° versus interface spin-orbit
interactions 7, for Finemet/Pt and Finemet/Ta bilayers. For
comparison, the curves for the Permalloy/Pt bilayer are plotted
according to parameters found in Ref. [22]. The lattice constant
is taken from Ref. [64] (3.5 A).

based on the spin-exchange interaction between localized
moments and conductivity electrons [16]. This simplis-
tic model offers a comprehensive insight into complex
phenomena related to spin pumping. The key parame-
ters underlying the deterministic material properties in
this model are the electrical resistivity py and the spin-
diffusion length Ay of nonmagnetic material [see Eq. (60)
of Ref. [16]]:

h 1

& pyhy

Re[gy,] ~ (16)

Here h/e* ~25.8 kQ. is the quantum of resistance.
Equation (16) is valid for a transparent interface, that is,
for no spin-orbit coupling, and represents the lowest limit
of GTl (OI' g1 = (h/ez)GN) [16]

For typical parameters (Ap; = 10 nm, pp; = 10 w2 cm)
[65], Re[gy,]~ 2.6 x 10" cm™2, while for Ta with a
substantially lower value of A, = 2 nm and a higher resis-
tivity of 340 Q2 cm [65], Re[gy ] ~ 0.4 x 10'°> cm™2. Our
estimation roughly agrees with the experimental data, but
the agreement may be accidental. Nevertheless, Eq. (16)
gives a realistic qualitative insight into the impact of mate-
rial parameters on Re[G4,]. A high resistivity, together
with a comparably low spin-diffusion length, results in a
small Re[G4 ] when Ta is chosen as a capping layer. More-
over, within the approach of Takahashi [16], we can also
estimate the ratio

Re[Gpy]  Tex Av

~ , 17
Im[GN] Ny a

where 7.x = h/SJy, is the exchange relaxation time, ty is
the spin-flip relaxation time, a is the lattice constant, S is
the spin value, J 4, is the exchange interaction constant and
h is the reduced Planck constant. If we roughly approxi-
mate Tex by t—the electron transport relaxation time [see
Eq. (12.30) of Ref. [65] |-—we arrive at the ratio /7y /Ty ~
£/pnAn, where &€ = (V31 /2k2)h/e* ~ T x 10712 Q cm?
and kz is the Fermi wave vector of 1 x 10% cm~!. Hence,

Re[G4,] ~ 4&2 _ 1/ConAn) _ 1/(onAn)
Im[Gy,]  apiiy  1/QE/a)28/pn)  1/(p*A*) "
(18)

The nominator 1/(oyAy) has the meaning of Re[G; ]
in Q7' cm™2. The meaning of the denominator
1/(2&/a)(2& /py) is less clear, but if we decompose it to
mirror the form of the nominator, its meaning is straight-
forward. The value p* = 468 w2 cm is determined by the
electronic structure of the interface and may be regarded
as the interface resistivity. The value of A* determines in
some way the spin-diffusion length across an interface. For
the assumed py values, A* is 14 nm for Pt and only 0.4 nm
for Ta, so that Re[G]/Im[G4, ] &~ 65 and 0.3 for F/Pt and
F/Ta bilayers, respectively.

The estimated A* value of 14 nm for F/Pt bilayers is
much too high since a ratio of approximately 65 is much
higher than that found experimentally (approximately 2).
Our estimation of Re[G4]/Im[G4,] in the framework of
the model of Takahashi [16] does not assume any spin-
orbit coupling so, for a generally accepted set of py
and Ay values [65], the ratio attains values not found in
our experiment (for F/Pt mainly). Therefore, by taking
A* as a free parameter resulting from interfacial spin-
orbit coupling, we can roughly estimate its impact on
the ratio Re[G4]/Im[G,]. If we take A* to be 0.4 nm,
Re[G4,]1/Im[G4,] is 2, in agreement with the experiment
for F/Pt bilayers.

D. Impact of the imaginary part of the spin-mixing
conductance on magnetization dynamics

Since Finemet/Ta bilayers exhibit distinctively different
properties from Finemet/Pt bilayers, namely the imaginary
part of the spin-mixing conductance of the former is higher
than the real part, using the diffusive model, we investigate
the spin-magnetization dynamics in this particular system.
The coupled differential equations for the magnetization
m, spin accumulation 5, and spin current js, with spin
pumping at the Finemet/Ta interface and spin torque (ST)
terms, are solved numerically in the time-dependent COM-
SOL Multiphysics model (see the Supplemental Material
[42] for detailed information). The magnetization deviates
from the equilibrium direction along the X, axis to g =
(10 A/m, M;,0) at t = 0, and its precession is subject to
the Gilbert damping and STs.
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Due to the spin pumping, an additional spin flux [see
Eq. (S15) in the Supplemental Material [42]] results in the
flow of the nonequilibrium spin density s away from the
Finemet/Ta interface. In Finemet, the spin accumulation
interacts with the magnetization through the ST. In the case
of a thin Ta film, i.e., if d1, < AsF, the spin-pumping flow
is immediately balanced by the spin accumulation gradi-
ent at the opposite Ta surface and the overall influence on
the magnetization dynamics is reduced. Otherwise, for a
thick Ta film (as used in the experimentally investigated
samples), the spin relaxation in Ta leads to the loss of
total angular momentum in the system and, consequently,
the damping and the frequency shift of the magnetization
dynamics are enhanced in Finemet.

We show in Fig. 8 a temporal evolution of spin
accumulation 5 through a thickness of Ta and Finemet
(yellow and grey maps). The real part of the spin-
mixing conductance Re[ggg ] produces a spin current and
a spin accumulation at the F/Ta interface: (s1,0,s3)
(6m3/5t,0,8m,/8t); see Figs. 8(a) and 8(b). The imagi-
nary part of the spin-mixing conductance Im[g;ﬁ ] on the
other hand produces a spin current and a spin accumulation
at the F/Ta interface: (s, 0,s3) o (8m;/8t,0,8ms3/5¢); see
Figs. 8(c) and 8(d). The difference in amplitudes between
s1 and s3 results from the ellipticity of magnetization pre-
cession and the higher value of the in-plane component 1,
in relation to mj. It is clear that, for the system with Ta, the
spin accumulation is governed by Im[g;% ], which arises

from the ratio Re[ggﬂf ] /Im[g;ﬁ ] = 0.38. Figures 8(e) and

0.5 1.0 1.5 2.0
t (ns)

above (z > 0) shows the Ta film.

8(f) show the overall dynamics of 5 due to both Im[ggé ]

and Re[g;# ], which can also be viewed as a resultant of
the amplitudes shown in (a), (c) and (b), (d), respectively.

At a given time, spin accumulation decays exponentially
in Ta by a factor of 1/e at a distance Agr from the inter-
face. In Finemet, s rotates around m along the direction
—x3 from the F/Ta interface (with the characteristic length
2w A; = 1.8 nm), leading to the oscillatory behavior of s
components across Finemet thicknesses. Since we assume
a linear regime of magnetization dynamics, m ~ Mx,,
then s is always perpendicular to m and decays with the
characteristic length A; = 1.2 nm.

To elucidate the influence of Re[ggﬁcl ] and Im[g;# ] on the
temporal evolution of the magnetization, we calculate the
spin torque in Finemet that is parallel to the dynamic mag-
netization (7)), and, thus, it is responsible for the damping
and ST perpendicular to the dynamic magnetization (7),
responsible for a change of the frequency of the preces-
sion (see the Supplemental Material [42]). The values of
the STs have been integrated over the thickness of Finemet
and plotted in Fig. 8. The magnitude of the perpendicu-
lar component of the ST, 7,, generated by the real part
of the spin-mixing conductance [green line in Fig. 8(b)),
oscillates with double the FMR frequency. Therefore, the
time-averaged value of t, is zero and the frequency of
precession of m is not affected. On the other hand, the
value of the parallel component of the ST, 7 [blue line in
Fig. 8(b)], has a negative sign at any time. This means that
the ST is always antiparallel to the dynamic components
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of magnetization, leading to the enhanced damping. For
the imaginary part of the spin-mixing conductance, it is
7 that oscillates with a frequency that is double the FMR
frequency [blue line in Fig. 8(d)], resulting in almost zero
damping. The value of the perpendicular component of the
ST, 7, [green line in Fig. 8(d)], has a negative sign at any
time, acting always to increase the frequency of preces-
sion. In Fig. 8(f) the overall STs are shown, which are the
sum of the influence of the real and imaginary parts of the
spin-mixing conductance.

VI. CONCLUSIONS

In summary, we show that the investigated spin-
pumping effect in Finemet films with Pt and Ta capping
layers results in linear dependencies of the Gilbert damp-
ing parameter and the g-factor shift on the inverse Finemet
thickness, which subsequently allows us to determine both
the real and imaginary parts of the spin-mixing conduc-
tance. We find that replacing Pt with Ta as a capping layer
results in a fivefold decrease of Re[ggf% ]. On the other hand,

Im[g;% ] is nearly the same for Pt and Ta capping lay-
ers. Therefore, the magnetization dynamics in Finemet/Ta
bilayers is apparently governed by the dominant role of
Im[g;% ]. Giving insight into the microscopic origin of spin
pumping, we conclude that the main difference between
spin pumping in F/Pt and F/Ta bilayers can be understood
in terms of the interplay between hopping amplitudes f% .
and the strength of the interfacial spin-orbit coupling y..
[cf. Eq. (15) and Fig. 7]. We also qualitatively discuss
the experimental results in terms of a simplistic model. It
appears that the real part of the spin-mixing conductance
is proportional to 1/(pyAn), where py is the resistivity
and Ay is the spin-diffusion length of a nonmagnetic metal.
It confirms, in accordance with Ref. [20], that Re[gjé ] of
metallic FM/NM interfaces is mainly determined by the
NM layers. By contrast, the imaginary part of the spin-
mixing conductance is proportional to 1/(p*A*), where
p* is determined by an electronic structure of an inter-
face while A* is related in some way to the spin diffusion
across an interface. This may clarify the role of mate-
rial and interface transport parameters that give rise to the
estimated magnitudes of the complex spin-mixing conduc-
tance (i.e., the real and imaginary parts of the spin-mixing
conductance).
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