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Understanding interfacial spin transport is key to developing magnetoelectonic devices, however, the exact
nature of the parameters involved is unclear. Here, we report a detailed ferromagnetic resonance-based spintransport analysis on a variety of structures of both ferromagnetic (Co, CoFeB) and heavy metal layers (Pt,
Ru) in order to fully quantify the interfacial spin-transport parameters. Enhanced spin-mixing conductance
is observed for more closely matched ferromagnet and heavy metal crystal structures, and, significantly, the
inclusion of a thickness-dependent spin-diffusion length gives a bulk value of 9.4 ± 0.7 nm for Pt, resolving
reported discrepancies.
DOI: 10.1103/PhysRevB.99.064406
I. INTRODUCTION

The transport of spin information across interfaces in ferromagnetic (FM)/nonmagnetic (NM) multilayer systems is fundamental to spintronic physics and the resulting applications.
Spin current, generated via the spin Hall effect [1], flows from
a NM heavy metal into a FM layer with the flow of charge
current in the NM layer. Spin current also flows from a FM
layer into a NM layer as a result of magnetization precession
within the FM layer, through a process termed spin pumping
that enhances the precessional damping.
Spin transport across FM/NM interfaces is determined
by a combination of factors associated with the materials
involved and details of the interface, which have become
embodied within the effective spin-mixing conductance g↑↓
eff
[2–4], higher values of which are associated with enhanced
damping. The spin-mixing conductance depends upon the
thickness and saturation magnetization of the FM layer and,
more significantly, it also depends on the spin-diffusion length
of the NM layer and spin-flip scattering associated with the
interfacial structure, which has been termed spin-memory loss
[5,6] or the spin-flip probability at the interface [7,8].
These latter parameters remain the subject of debate, with
the reported values seemingly affected by the different experimental methods and analyses. In particular, values for
the spin-diffusion length of the NM layer are inconsistent,
while the role of the interface structure and its influence on
the effective spin-diffusion length are not clear. The transport
properties of such systems have been probed with several
techniques, including magnetoresistance [5,9,10], magnetooptics [11], spin Hall angle [12–14], ferromagnetic resonance
(FMR) [15–20], and combinations of these techniques [6,21–
23]. A range of values for the spin-diffusion length λsf have
been reported for Pt at room temperature from 1.2 nm up
to 11 nm [11,13] from these different methods, with FMR
measurements giving lower values for λsf than spin Hall
measurements [13,18,24,25].
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The physical basis of the interfacial contribution is ascribed
to additional spin-flip scattering associated with an effective
interface thickness due to disorder [6], however, it was shown
theoretically for an atomically flat FM/heavy metal interface
that d-d hybridization enhances the damping [26], which
effectively increases g↑↓
eff . Furthermore, the influence on spin
pumping and the spin-mixing conductance of crystallographic
structuring at the interface has recently been demonstrated
[27–29]. Experiments on the relation between the thickness
dependence of very thin NM layers (<2 nm) on damping
highlight the important role of the interfacial structure [30]
and also suggest that proximity-induced magnetization may
play a role [15,31].
Despite the range of systems studied in the literature, the
factors affecting spin transport across FM/NM boundaries
remain the subject of debate. The contributions to g↑↓
eff related
to interfacial structure, spin-diffusion length, and spin Hall
angle are not clearly defined. Spin-mixing conductance is
often quoted for a single NM thickness, which can lead to
g↑↓
eff behaving as a catch-all term that critically affects the
determination of the spin-diffusion length.
This paper details an FMR-based study of spin-mixing
conductance to determine the role of the interface and obtain reliable values for the spin-diffusion length in FM/NM
systems. The contributions of interfacial effects and the spindiffusion length to g↑↓
eff were studied with an amorphous
(CoFeB/Pt) and two different crystalline (Co/Pt and Co/Ru)
interfacial textures as a function of the thickness of the NM
and FM layers.
Transition metals such as Ru and Pt are particularly useful
for enhancing damping in FM/NM systems via spin pumping mechanisms [17,32], for control of perpendicular magnetic anisotropy (PMA) [33,34], and for enhancing spin-orbit
torques when used in combination [35]. For these materials
it is expected that spin relaxation follows the mechanisms
outlined by the Elliot-Yafet (EY) theory [36–38]. The EY
mechanism involves a probabilistic spin-flip scattering at each
momentum scattering event, with the spin relaxation time τs
and λsf proportional to the momentum scattering time and
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FIG. 1. (a) A broadband frequency and field FMR spectra. (b) Reduced χ 2 plot of the fit for a Kittel curve for various Meff and g values.
Note that the there exists a range for which both variables produce very similar best fits with χ 2 . The inset is χ 2 over a larger range of variables.
(c) Effective spin-mixing conductance for each NM thickness, extracted from the gradient of the line, without requiring specific fitting for g or
α, as in Eq. (4).

the mean free path, τ and l. This contrasts with D’yakonovPerel spin relaxation [39], which involves a gradual dephasing
of spins.
Recently, Sagasta et al. showed a dependence of λsf on
the resistivity ρ for thin-film Pt [40] and building on this
Nguyen et al. showed the product λsf ρ is a constant for a
given NM layer [41]. Considering this dependence of λsf on ρ,
the work here presents the results of a study on the thickness
dependence of the NM layer, as a route to determine reliable
values of λsf using FMR.
II. METHODS, ANALYSIS, AND
EXPERIMENTAL DETAILS

FMR measurements were carried out using a vector network analyzer (VNA) at room temperature, over both a wide
frequency and magnetic field range [42]. Figure 1(a) shows an
example of the frequency and magnetic field relationship of
the ferromagnetic resonance measured from the S21 parameter. The resonant linewidth in magnetic field H as a function
of frequency f allows the intrinsic and extrinsic contributions
to damping to be extracted via
4π α
H = H0 +
f,
(1)
γ
where H0 is the extrinsic damping related to defects [30], α
the intrinsic Gilbert damping parameter, and γ the gyromagnetic ratio. The gyromagnetic ratio can be expressed in terms
of the spectroscopic g-factor using γ = gμB /h̄. This relation
also assumes no periodic defects in the sample [43,44]. The
intrinsic damping parameter α can be described by a combination of bulk, α0 , and interface, α, terms, with the latter
given by
γ h̄
α = α − α0 =
g↑↓ ,
(2)
4π MstFM eff
which is dependent on the effective spin-mixing conductance.
The resonant condition for in-plane FMR of a thin film is
given by the Kittel formula [45],
γ 
f =
Hres (Hres + 4π Meff ),
(3)
2π
with Hres the magnetic field at resonance, and the effective
magnetization Meff that takes into account any interfacial

anisotropy terms. The spectroscopic g-factor (via γ ) in Eq. (3)
can complicate the fitting of resonance curves. The g-factor is
given by the ratio of the orbital, μL , to the spin, μS , magnetic
moments commonly given as g = 2(1 ± μL /μS ) [46]. In bulk
systems the orbital term is quenched by the crystal field,
however, at the interfaces, symmetry is broken, leading to an
enhancement in μL . For analysis of single-axis FMR measurements, both the g-factor and Meff fitting parameters are correlated. Figure 1(b) shows the range of these parameters that
2
gives comparable fits with similar reduced chi squared χred
for
the same data. There is a further complication regarding the
observed angular dependence of H that has been attributed
to a g-tensor [44,47] or more recently to anisotropic Gilbert
damping [48]. In addition, both the g-factor [49] and Meff
are influenced by the thickness of surrounding layers [33,34].
Here, the focus is on spin transport across the interface, so
rearranging Eq. (2) gives


g↑↓
Ms 4π α
eff
,
(4)
=
tFM
h̄
γ
which allows direct extraction of g↑↓
eff using the second term
of Eq. (1), that depends only on the ratio of α and the gfactor. Figure 1(c) shows examples, based on Eq. (4), that
directly give g↑↓
eff from the gradient, and the bulk term from
the intercept of the best fits to the data [27].
The measurement of g↑↓
eff as a function of NM thickness
allows the interfacial transport parameters to be extracted.
Following Tserkovnyak et al. [8], interfacial damping depends
on the NM thickness according to
√
∞
αsp
 ,
α = √
(5)
+ coth tλNMsf
where is the spin-flip probability in the NM layer, required to
be 10−3 in its derivation [8]. The linear relationship between
g↑↓
eff and α means they follow the same dependence on NM
thickness, so
√
g↑↓
∞
 ,
g↑↓ (tNM ) = √
(6)
+ coth tλNMsf
↑↓
with a bulk term g↑↓
∞ at tNM  λsf . The value of geff is often
only determined by Eq. (6), and therefore only is valid at a
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single NM thickness, however, using Eq. (5) allows for g↑↓
eff
to be fully described. The spin-diffusion length is usually
assumed to be constant, however, as discussed earlier, it has
been shown to be proportional to the conductivity of the
NM layer and therefore is expected to change for very thin
films, particularly incomplete layers. Following the model of
Nguyen et al. [41], the value of the product λsf ρ is taken
as a constant. Here, using this constant and assuming an
empirical exponential dependence of ρ on the NM thickness
[50], a relationship for the thickness dependence of λsf (t ) was
obtained,
λsf (t ) =

λ∞ ρ∞
ρ∞ +

λ∞ ρ∞ −t/λ∞
e
λ0

,

(7)

where the bulk NM resistivity and spin-diffusion length are
given by ρ∞ and λ∞ , respectively. This empirical thickness dependence of the resistivity is a stronger function of
thickness than the Fuchs-Sondheimer [51,52] or MayadasShatzkes models [53] and is supported by experimental thinfilm studies [50,54]. Here, λ0 (or alternatively ρ0 [50]) is
a phenomenological scaling parameter, such that the spindiffusion length tends to zero in the limiting case of NM
thickness tending to zero. The spin-flip probability is given
by the ratio of the elastic scattering length to the spin-diffusion
length, le2 /3λ2sf , which are both linearly proportional to the
conductivity, therefore will not vary with NM thickness. The
same λsf (t ) relation with thickness can also be derived from
the spin drift equations [8] by varying the boundary conditions
[55]. For the case of a FM/NM1(t)/NM2 system, the behavior
of g↑↓
∞ and α with tNM1 follows
√
4 + 3/
∞
√
αsp = αsp
,
(8)
√
(tNM1 /λsf )r 3/
√
4 + 3/ 44+tanh
tanh (t
/λ )+r 3/
NM1

sf

↑↓
where r is the ratio of g↑↓
NM1/NM2 /gFM/NM1 . With r = 0 the two
systems are decoupled, giving the same result as Eq. (5).
Films were fabricated from a base pressure of 10−8 Torr
using magnetron sputtering with a working pressure of 10−3
Torr of Ar onto thermally oxidized Si wafers. For Pt NM
layers, a series of samples with varying Pt thickness (0–2
nm) were grown in both NM/FM and FM/NM layer configurations, where the FM layer was Co or CoFeB. For each Pt
thickness the FM thickness was varied to determine g↑↓
eff . For
Co, the thickness was varied from 2 to 5 nm to maintain an fcc
structure that forms during the early stage growth structure,
and for amorphous CoFeB from 2 to 15 nm. For both of these
FM layers, the linear dependence of 4π α/γ against 1/tFM
indicates there was no change in structure of the FM layer
[55], as previously noted for Co [27]. All Pt samples were
capped with a protective 2-nm layer of Ta, which formed
an oxide layer that has negligible contributions to the spin
pumping, as reported elsewhere [16]. For Ru layers, the
thickness was varied up to 9 nm. Ru has hcp texture, and
as such only NM capped FM layers were grown, to prevent
the hcp texture influencing the fcc growth of sub-5-nm Co.
The fcc Co samples were obtained below 5 nm and hcp Co
between 10 and 30 nm. The Ru samples were capped with
5 nm of Cu.

FIG. 2. The variation in g↑↓
eff for Co/Ru interfaces as a function
of Ru thickness with either hcp or fcc Co. The graphs are scaled
18
m−2 for fcc
by subtracting g↑↓
eff with no Ru, which is 4.8 × 10
and 0.1 × 1018 m−2 for hcp. The inset shows the evolution of the
measured linewidth for the hcp Co case, over the full range of Ru
thickness studied. The data are fitted to Eq. (8), with a spin-diffusion
length from Eq. (7).
III. RESULTS AND DISCUSSION

Analysis of the damping from Pt and Ru interfaced layers
involved fitting α/γ and geff
↑↓ as a function of NM thickness
for each fixed FM thickness simultaneously, to extract the best
fitting values for λsf and (see Fig. 2 for Co/Ru and Fig. 3
for Co/Pt, Pt/Co, CoFeB/Pt, and Pt/CoFeB). The best fitting
interfacial transport parameters are summarized in Table I.
For the Co/Ru/Cu system, g↑↓
increases for
eff
Co(hcp)/Ru(hcp) structures with increasing Ru thickness

FIG. 3. The evolution of g↑↓
eff with Pt thickness for fcc Co, and
amorphous CoFeB, with Pt on different interfaces. The inset is
4π α/γ for Pt/CoFeB samples with increasing FM thickness from
top to bottom. Data fitted to Eq. (6), with the inset fitted to Eq. (5).
In both cases the spin-diffusion length was fitted to Eq. (7).
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TABLE I. Interfacial spin-transport parameters extracted from fitting the thickness dependence of both the NM and FM layers.
Spin-diffusion length
Sample
Co(hcp)/Ru(hcp)/Cu
Co(fcc)/Ru(hcp)/Cu
Pt(fcc)/Co(fcc)
Co(fcc)/Pt(fcc)
Pt(fcc)/a-CoFeB
a-CoFeB/Pt(fcc)

Spin-flip probability
−3

3.8 ± 0.4 × 10
3.1 ± 0.6 × 10−3
1.7 ± 0.4 × 10−1
2.6 ± 0.7 × 10−1
1.1 ± 0.5 × 10−1
1.0 ± 0.3 × 10−1

Constant λsf

Thickness-dependent λ∞

7.0 ± 0.5 nm
7.0 ± 0.5 nm
1.6 ± 0.6 nm
1.6 ± 0.6 nm
1.6 ± 0.6 nm
1.6 ± 0.6 nm

22
22
9.4
9.5
6.6
6.8

±
±
±
±
±
±

1 nm
1 nm
0.7 nm
0.6 nm
0.8 nm
0.7 nm

18
g↑↓
∞ (×10 )

16
0.6
90
75
47
54

±
±
±
±
±
±

−2

4m
0.4 m−2
10 m−2
6 m−2
5 m−2
7 m−2

r
5.6 ± 0.2 × 10−4
1.4 ± 0.8 × 101

relative to Co/Cu. This may be attributed to the matching
of crystal structures at the interface compared to
Co(hcp)/Cu(fcc). Also, as the Ru thickness increases further,
α and g↑↓
eff tend to saturation as the thickness approaches
the spin-diffusion length, as shown in the inset in Fig. 2. For
the Co(fcc)/Ru(hcp) case, the introduction of Ru results in a
decrease of the effective spin-mixing conductance compared
to Co(fcc)/Cu(fcc), indicating a more opaque interface to
spin propagation. A similar reduction of damping with an
hcp material between two fcc layers was observed by Yakata
et al. [19] for NiFe/Ru/Pt. The FM/NM1/NM2 system allows
Eq. (8) to be used. Whereas previous studies attributed the
decrease in interfacial damping to a change of the NM1/NM2
spin mixing (changing the r parameter), here, the reduction is
due to a difference in structure across the FM/NM1 interface.
For the Co(hcp)/Ru(hcp)/Cu(fcc) case, r is reduced such that
the system behaves as if it were effectively FM/NM1 only,
while for the Co(fcc)/Ru(hcp)/Cu(fcc) case, r increases with
tRu thickness such that g↑↓
eff falls. Yakata et al. also observed
a slight increase in damping for a NiFe(fcc)/Ru(hcp) system
with a larger Ru thickness, but the increase was much smaller
than Co(hcp)/Ru(hcp). for both Ru cases is much lower than
for Pt, and λsf is more than twice that of Pt, as expected [8].
The evolution of both g↑↓
eff and 4π α/γ as a function of Pt thickness is shown in Fig. 3 for Co(fcc)
and amorphous CoFeB. An interfacial difference is observed in g↑↓
eff with Co(fcc)/Pt(fcc) and Pt(fcc)/Co(fcc),
that is attributed to a subtle difference in local structure. Interface-structure-dependent behavior in the Co/Pt
system was also observed for the proximity-induced moment in Pt [58], with a twofold difference in total moment
between the interfaces.
With an amorphous FM layer, as shown in Fig. 3, there
is a significant reduction in g↑↓
eff compared to interfacing with

a crystalline Co layer, for the same NM thickness. The final
value reached is also independent of the interface, within
error, however, before a complete layer of Pt is formed, there
is a higher spin-mixing conductance for the bottom interface.
Structural studies of Pt on amorphous CoFeTaB layers showed
a change in the texture of sub-2-nm Pt layers [59].
The effect of including a thickness-dependent λsf in the
analysis is shown in Table I. Fitting with a constant λsf gives
values typical of previous FMR analyses between 1 and 2 nm
[13,18], but here, the inclusion of a NM layer thickness dependence gives bulk λsf close to 10 nm, as reported elsewhere
[24,29,60]; this resolves the discrepancy between values of λsf
from different methods. The magnitude of for Pt supports
reports that the EY mechanism is the dominant source of
spin-flip scattering [41] and is of a similar order of magnitude
(10−1 ) to reported values [2].
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