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Spin diffusion length associated with out-of-plane conductivity of Pt in spin pumping experiments
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We present a broadband ferromagnetic resonance study of the Gilbert damping enhancement (A«) due to spin
pumping in NiFe/Pt bilayers. The bilayers, which have negligible interfacial spin memory loss, are studied as
a function of the Pt layer thickness (#p) and temperature (100-293 K). Within the framework of diffusive spin
pumping theory, we demonstrate that Dyakonov-Perel (DP) or Elliot-Yaffet (EY) spin relaxation mechanisms
acting alone are incompatible with our observations. In contrast, if we consider that the relation between
spin relaxation characteristic time (7,) and momentum relaxation characteristic time (t,) is determined by a
superposition of DP and EY mechanisms, the qualitative and quantitative agreement with experimental results is
excellent. Remarkably, we found that 7, must be determined by the out-of-plane electrical resistivity (o) of the Pt
film and hence its spin diffusion length (1p,) is independent of #p,. Our work settles the controversy regarding the
tp, dependence of Ap, by demonstrating its fundamental connection with p considered along the same direction

of spin current flow.
DOI: 10.1103/PhysRevB.103.224403

I. INTRODUCTION

Thin film bilayers comprised of a high spin-orbit coupling
(SOC) metal and normal metal-ferromagnet (NM/FM) thin
films are central to some of the most interesting phenom-
ena in contemporary spintronics, such as spin pumping [1,2],
the spin Hall effect (SHE) [3] and current-induced spin-orbit
torques (SOTs) [4].

A key, and sometimes controversial, issue in current spin-
tronics research is the correct quantification of the spin
diffusion length (i) in the NM, i.e., the characteristic length
over which the spin current dissipates. For example, Pt, by
far the most extensively studied material for the generation
and detection of spin currents, A, exhibits a large dispersion
of values in the literature [5-10]. Moreover, the spin-flip
scattering mechanisms that determine A are not completely
understood. It has been generally assumed that the Elliot-
Yaffet (EY) mechanism is the dominant mechanism in Pt;
however, recent results have shown that both the Dyakonov-
Perel (DP) and EY spin relaxation mechanisms coexist at low
temperatures [11].

The origin of the discrepancies in the reported values of
As may be related to how it has been measured. For example,
estimation of A has relied primarily on the measurement of
inverse spin Hall effect (ISHE) voltage (Visyg) at FM/NM
bilayers with variable NM thickness (tnm) [5,8—10,12-16], or
conversely, the detection of FM layer magnetization pertur-
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bations due to the SHE generated spin currents in the NM
layer [17-19]. Such electrical detection methods always rely
on the spin-to-charge current conversion factor, the so-called
spin Hall angle (fsy), to calculate As. As an example, in
FM/NM bilayers, Visyg has the form [10]

VISHE O BsHAs, ()

which is valid for tyv > As. In Eq. (1), both 65y and A have
a dependence on the resistivity of the NM layer (o). On the
one hand, there is a proportionality between sy and p that is
characteristic of the intrinsic Berry-phase-related mechanism
of SHE, currently accepted to be dominant in Pt [18,20—
24]. On the other hand, the connection of A; with p arises
from its proportionality to the square root of the characteristic
momentum relaxation time (tp), hence A, o p~ 172 [18,25].
At this point, we emphasize a key detail that has not been
addressed by previous works. If we assume sy o p, we ex-
pect p to correspond to the in-plane resistivity of the film (o))
given that the charge current flows in-plane. In a similar vein,
if we have a spin current flowing out-of-plane of the FM layer,
it is reasonable to expect that A, will then be determined by
the out-of-plane resistivity (o) of NM. With this reasoning,
an expression of the form Visug o Osi(p))As(p1) should be
employed to model the experimental data. Curiously, p has
been employed not only to account for the sy dependence
of Osy but also for Ay dependence assuming implicitly that
Visue o Osu(o))As(p)). We should also consider that whereas
p. is similar to the bulk value and therefore independent of
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M, 0| is remarkably higher and exhibits a strong dependence
on v due to reduced dimensionality.

An alternative method to extract A is with an experimental
method that relies solely on the spin pumping effect and is
therefore unaffected by the in-plane generated charge currents
and the value of Osy. Analyzing the Gilbert damping («)
enhancement due to the NM layer in ferromagnetic resonance
experiments accomplishes this goal. If we fix the thickness of
the FM layer and vary tnv, the extracted o versus fy will
follow a characteristic exponential saturation curve [1,2,26].
Although this is a well-known technique, the precise quan-
tification of A¢ requires a series of bilayers with a small to
negligible interfacial spin memory loss (SML) [6,27], which
is uncommon. Therefore, this requirement has difficult re-
liable quantification of A, because if SML is included in
the analysis, at least two additional adjustable parameters are
required, namely the spin mixing conductance (g') and the
interfacial depolarization parameter (§).

In this work, we aim to settle the issue of the my de-
pendence of A in Pt by employing variable temperature spin
pumping experiments and analyzing the Gilbert damping. The
negligible SML of our samples provides us with the oppor-
tunity to perform an analysis that integrates the p versus T
dependence of Pt into A, and to test the diffusive model
of Tserkovnyak ef al. [1,2]. Our work provides strong evi-
dence that p, determines Ay and hence it does not depend on
tnm- In addition, we show evidence of the low influence of
temperature in t; of Pt, in agreement with recently reported
results [11].

II. EXPERIMENTAL DETAILS

A series of NiFe(20)/Pt(tp;) bilayers were deposited onto
thermally oxidized SiO, substrates by dc magnetron sput-
tering, with fp = 1, 2, 4 and 7 (all thicknesses expressed
in nm). The Ar sputtering gas pressure and power during
deposition was 1 mTorr and 60 W, respectively. To promote
better uniformity, the substrates were rotated during growth. A
NiFe(20 nm)/Ag(2 nm) reference sample was also deposited
under the same conditions. As the reported value of A¢ for
Ag is approximately 450 nm [28], we can confidently neglect
spin attenuation effects in this reference sample. The samples
were finally annealed in situ at 500 K for 1 h in vacuum.
This procedure has been found to substantially improve the
interfacial spin conductance, as evidenced by the onset of
the characteristic Ao versus v curve as compared to the
nonannealed samples. Further details of this annealing study
will be addressed in a future work.

Also, in order to check the good coverage of the NiFe by
Pt overlayer in our samples, we have carried out scanning
tunneling microscopy measurements of the fp; = 7 nm sample
(Appendix B).

The thin film bilayer samples were characterized by broad-
band (6-16 GHz) ferromagnetic resonance at 100, 150, 200,
and 293 K. The measurements are performed at a fixed fre-
quency while sweeping the magnetic field through resonance.
Due to the field-modulated measurement scheme, the deriva-
tive of the microwave absorption is recorded. The obtained
resonance spectra are then fitted to the sum of a symmetric
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FIG. 1. (a) Schematic of the broadband measurement system,
(b) FMR spectra of the NiFe(20 nm)/Pt(7 nm) film at 293 K for
different values of f in GHz, (c) FMR peak linewidths vs f at
room temperature for NiFe(20 nm)/Pt(tp,) for tp = 1, 2, 4, and
7 nm and Ag capped reference sample and (d) AH vs f for
NiFe(20 nm)/Pt(7 nm) film at 7 = 100, 150, 200 and 293 K. In
(c) and (d) continuous lines are linear fittings to the experimental
points.

and asymmetric Lorentzian function:

_d |:S(AH)2 +Ag(H —H,)i|

" dH| 4(H — H,)? + (AH)? @
were H,, AH, S, and Ay are the fitting parameters correspond-
ing to the resonance field, the linewidth, the symmetric, and
the asymmetric components of the Lorentzian curve, respec-
tively. The Gilbert damping was obtained by a linear fit of the
frequency dependence of the extracted linewidth:

2ha f

gMB MO '

where AHy, 1o, 4B, h, and g are the inhomogeneous broaden-
ing, vacuum permeability, Bohr magneton, Planck’s constant,
and gyromagnetic factor (g = 2.11 for NiFe [29]), respec-
tively. Additional details of data analysis protocol can be
found in Ref. [30]. Figure 1 shows representative graphs of
these results.

AH = AHy + 3)

III. RESULTS AND DISCUSSION

The NiFe/Pt bilayers show an increased « in comparison
to the NiFe/Ag reference sample. This difference is due to the
imbalance between the amount of angular momentum carried
by the electron spins pumped into the NM, and the portion
flowing back into the FM. The additional damping contribu-
tion, Aca, was quantified by simply subtracting the damping of
the Ag reference sample (o) from the damping of the NiFe/Pt
bilayers, Ae = o — op. We modeled the Awa versus tp, curves
using the diffusive theory of spin pumping [1,2], in which the
additional damping contribution (Aw) of the NiFe /Pt bilayers
is given by

o gN

gisgly
geff - 1_’_g1~¢ﬂ’

, 4
A Mt @)

Ao =0 —ay=
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FIG. 2. (a) tp;-dependence of « for NiFe(20 nm)/Pt(tp,) bilayers
atT = 100, 150, 200, and 293 K. Symbols are the experimental data,
and continuous lines are fitting to the EY-DP model employed in this
work. Dotted horizontal lines are at corresponding values of Aoy
(b) T-dependence of A; and Acwg, obtained from the EY-DP model,
(c) experimental T -dependence of « for Ag capped reference sample,
and (d) T-dependence of t,, derived from Eq. (8), and 7, derived
from the EY-DP model.

where g, up, M, and fr are the gyromagnetic factor, Bohr
magneton, saturation magnetization, and thickness of the
ferromagnet, respectively. gZé is the effective spin mixing
conductance of the interface, defined in terms of the intrinsic
spin mixing conductance g"* and the back-flow factor:

_ Ts tanh_l (tPt/)‘s)
o hvig ’

where v is the single spin density of states of NM. Note, o
does not show a significant dependence on temperature, as
shown in Fig. 2.

As can be expressed by the relation

&)

TsTp
3 9
where v is the Fermi speed, and 7, and 7, are the character-
istic spin and momentum relaxation times, respectively.
As explained in Appendix A, SML [6,27,31] can be ne-
glected in our samples. The saturation value of A« is defined
as tny — 00

(6)

As = UF

AOlsat =

-1
™ ™ 37,
8BS (1 87 o [2) %)

4 Mtr hvvp T

From a physical point of view, the positive correlation of Aoy
with 7, arises from the increment of the diffusion coefficient
D = 12/, [1] of the spin polarized electrons in the NM layer.
This effect overcomes the negative correlation between Aoy
and 7;, arising from the enhancement of A and the concurrent

increase of spin current backflow. Overall, this translates into
an increment of Aag,e as T goes down.

Regarding the correlation between 7, and 7, there have
been two mechanisms proposed for spin-flip scattering: Elliot-
Yaffet [32,33] (EY) and Dyakonov-Perel [34,35] (DP). In the
EY picture, each momentum scattering event has a probability
of being a spin-flip event (75 o 7,), whereas in the DP picture,
the spin dephasing occurs continuously, so 7, o< 7'

The temperature variation of Aag, provides valuable in-
sight into the physics of the various scattering mechanisms
in Pt, since 7, & p~! and p increases in an approximately
linear manner with temperature over the range of temperatures
studied here. If, for example, we assume the EY model alone
is valid, according to Eq. (6), A, should decrease with in-
creasing temperature, in agreement with previous predictions
and observations [11,18,36]. In this framework, according to
Eq. (7), Aagy should be independent of temperature due to
the cancellation of 7, on the right side of the equation. This
clearly contradicts our experimental results: in Fig. 2(a), a
twofold increase of Aagy in the temperature range from 100
to 293 K is observed. On the other side, if we assume the
DP model is the exclusive spin-flip scattering mechanism, it
leads to the unacceptable outcome that X is independent of
temperature, in this case from the cancellation of 7, on the
right side of Eq. (6). This model, however, is consistent with
our observation of increasing Acwy, as T decreases predicted
by Eq. (7).

Note that these conclusions are still valid for models that
also include SML at the interface [6,27,37], despite the fact
that SML narrows the range of variation of gli VeTsus INM-

Although it is generally accepted that EY should be the
dominant mechanism of spin-flip scattering in crystal sys-
tems with cubic symmetry, the evidence is not conclusive.
For example, recently evidence of dominant DP [31,38] and
partial contributions of both DP and EY mechanisms [38—40]
in polycrystalline Pt films have been found. Boone ef al. [31]
performed an extensive analysis of spin pumping in NiFe/Pt
and NiFe/Pd bilayers and found that their data are better
modeled by a DP model. Villamor et al. found significant
deviations from the EY mechanism in Cu [41]. Very recently,
Freeman et al. [11] found evidence of the DP mechanism in
Pt at cryogenic temperatures. The authors interpreted their
results as a near compensation of the DP and EY mechanisms
for a broad range of temperatures, such that 7 varies only 20%
from 50 K to room temperature. Coincidentally, our results
suggest that a mixed or intermediate model between DP and
EY can account for our qualitative observations.

To test this hypothesis, we modeled T, in Eq. (7) using the
Sommerfeld model:

T, = 3(q§uv%p)_l. (8)

Here, in contrast to other works [11,31], we have chosen
not to utilize the Drude approximation since it assumes a
spherical Fermi surface of Pt, which is an oversimplification
and inadequate approximation [42].

We can narrow the possible range of variation of p by
using Eqgs. (7) and (8) in a given range of variation of Aoy
even without knowing the explicit value of p(T). Defining
01005 0293, At 100, and Actgae203 as the values of resistivity
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and Aoagy at 100 and 293 K, respectively, we can derive the
following inequality from Eq. (7):

Adgii00\ _ P2
( sat, 00) < 93 ) (9)
Actgyr, 293 0100

Central to this work is the question of which resistivity, i.e.,
in-plane p; or out-of-plane p*, determines As.

Apart from the strong thickness dependence of py, a key
difference with respect to p, is the temperature dependence.
The T-variation of p; is weaker than p,, which is mainly
due to the strong contribution of the temperature-independent
scattering mechanisms such as electron-surface and elec-
tron grain-boundary, in comparison to the electron-phonon
scattering that tends to be dominant in bulk films at tem-
peratures higher than 50 K [43,44]. In particular, for bulk
Pt, the reported temperature ratio p293/p100 is approximately
3.6 [45,46], while for pj it is only up to 1.5 in 20-nm-thick
sputtered samples [21] Given that the T-dependence of pj
decreases with decreasing tnv [47,48], p293/p100 must be
even smaller in our films. We experimentally obtained a value
of (Adtgar, 100/ Atsar203)* ~ 2.25, which sets a lower limit to
0293/ P100- Consequently, the commonly accepted assumption
that p| determines A is hardly reconcilable with our experi-
mental observations.

The assumption of a dominant EY mechanism in 73 would
reduce the possible range of variation of Aag, across temper-
ature, due to the 1,/7, ratio of the backflow factor in Eq. (7).
Consequently, we would need to increase the lower possible
limit of p293/p100 to compensate for the former effect in order
to be compatible with our experimental results. The same
thing would happen if we included SML in our analysis, given
that this effect always reduces the influence of the spin-current
backflow over the value of Aoy, [27], which is ultimately the
origin of the o, variation across temperature. In summary,
we conclude that A4 has to be determined by p, instead of pj.
Furthermore, in our analysis, a greater contribution of the EY
mechanism or SML would strengthen this conclusion.

Our experimental data points are then fit assuming p, in
Eq. (8) as the total resistivity of our system, equivalent to the
bulk resistivity of Pt [45]. The value of uoM; = 0.94 £0.05 T
was extracted from the FMR measurements. v = 1.1 x 10*
J7!'m~3 and vr = 8.8 x 10° m/s were taken from Refs. [49]
and [50], respectively. We modeled the spin relaxation in
Pt as a superposition of the EY and DP mechanisms [11]
(EY-DP model): rs_l = tE_Yl + rD_Pl, where tgy = cgyTp and
pp = cppT_ ! are the characteristic spin relaxation times
associated with EY and DP mechanisms, respectively. The
coefficients cgy and cpp are the parameters to model their ef-
fective strengths. They, in combination with g4, were the set
of adjustable parameters for the fitting of all the experimental
data. The results were g™ = (2.2640.06) x 102 m2,
cey = 16.8 £ 0.3, and cpp = (7.03 £ 0.06) s>, with R? =
0.9976 for the fit. The fitted curves are shown in Fig. 2(a)
and the corresponding values of Ap, and Acwgy are found
in Fig. 2(b), whereas the expected temperature dependence
of 7, according to Eq. (8) and 7, according to the EY-DP
model are shown in Fig. 2(d). The excellent agreement of our
predictions with the experimental data is remarkable given
the simplicity of our assumptions. The connection between
p1 and bulk resistivity is also in agreement with structural
analysis of the tp, = 7 nm sample, as shown in Appendix B.

Our results are robust since spin pumping experiments
based on the Gilbert damping are not affected by the value
of Osy or p;. Consequently, many of the potential problems
that can influence measurements based on electrical detection
are simply not present here. This offers a new perspective
to the discussion that appeared recently regarding the thick-
ness dependence of p and its influence on A,. In particular,
it has been proposed that neglecting this dependence may
promote the large spread of A values present in the litera-
ture [18,25,51]. Consequently, many recent works explicitly
consider a thickness-dependent A [18,25,43,51-53].

We believe that this mistake arises in great part because,
whereas A is determined by p; and 6sy is determined by pj,
both p, and p; have been treated indistinctly.

A further confirmation of our hypothesis arises when we
review the published values of Ap; in works that obtain it from
the a(tp) curve and in bilayers with small SML. The disper-
sion of )¢ values in works that satisfy these criteria [51,54-56]
is from 1.6 to 1.8 nm at room temperature (including the
present work). Analogously, the published values of As of
Pd applying the same selection criteria range from 6 to
9 nm [26,54,57]. Generally, the values of A obtained by spin
pumping experiments are more consistent for a given material
as compared to those found by electrical detection methods.
An additional check of the consistency of the fyy-independent
hypothesis can be found in the recent work of Swindells
et al. [51], on which the authors reported values of Ap ob-
tained by spin pumping enhanced «, in a series of bilayers
consisting on Pt in combination with different FM materials.
The work shows a direct comparison of the fitted value of
Apy With fyv-dependent and fyv-independent expressions. In
the second case, the values of Ap; were fairly more similar
among the systems studied, rounding 1.6 nm in all cases. In
comparison, f\v-dependent fitting gave a variation between
6.6 and 9.5 nm for bulk Ap,.

Our findings also make us discard a hypothesis of spin
relaxation in Pt based on DP or EY mechanisms acting alone.
A similar finding was reported in Ref. [11], and as in our
work, they find that the 7 variation of 7y is much smaller
than 7,. In that work, the existence of the DP mechanism in
Pt was supported also with evidence from magnetoresistance
measurements. However, a theoretical explanation of how
this could exist in the centrosymmetric fcc structure of Pt
is not present. Another option may be an intermediate spin
relaxation regime between EY and DP rather than a mixed
one. A recent work [58] has proposed that the characteristic
relations g o 7, from EY and 7y o¢ 77 ! from DP spin re-
laxation mechanisms are the limit cases of a broad spectrum
of spin relaxations regimes. Along these lines, the unexpect-
edly small effective correlation between 73 and 7, observed
in this work and in Ref. [11] would mean simply that an
intermediate relation (zy o tg) is at least more appropriate to
describe the actual spin relaxation in Pt. We expect that our
results will motivate further theoretical investigations in this
respect.

IV. CONCLUSIONS

In summary, we have shown via temperature-dependent
spin pumping experiments that, in the framework of the
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diffusion theory, the spin diffusion length is determined by
the out-of-plane resistivity of the NM layer and hence it is
not dependent on its thickness. Our results also support the
recent findings showing the impossibility to explain 7y of Pt
exclusively by EY or DP mechanisms, suggesting a mixed or
intermediate spin relaxation regime between them.

We believe that the apparent controversy regarding the
different values of A; found in SHE experiments must be
due to the v dependence of Osy rather than the sy depen-
dence of A,. The first is proportional to p; and hence very
variable with fabrication conditions, whereas the second de-
pends on p, , which is close to bulk resistivity, independently
of tnm.
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APPENDIX A: NEGLIGIBLE SPIN MEMORY LOSS
IN NiFe/Pt BILAYERS

We confirmed the negligible interface spin memory loss
(SML) in our samples comparing the extrapolated value of
Gilbert’s damping « at tpy — 0, namely o;p—¢, and the mea-
sured value of o of the reference sample (ot). It should be
noted that due to the extra damping generated by the normal
metal, Aa(fym) is nonzero at tyy = O in all the models that
consider finite SML [6,27,31,37,59,60], and its value is often
comparable to Aa(tng — 00) [27,61].

To get aypo We employed the following extrapolation
function to fit the o versus fp curve at room temperature
(Fig. 3):

—t
a(tp) = Cpso + Qs exp ( Pt), (A1)
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FIG. 3. « vs tp curve at room temperature (293 K) for the
NiFe(20 nm)/Pt(tp) series of samples (black squares) and SML
extrapolation curve (red continuous line).
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FIG. 4. Representative STM images of the tp, = 12 nm sample at
two different amplifications.

where «;_., s, s are the fitting parameters. The obtained
value of oo was (6.05 £ 1.5) x 103, which is below the
value of the reference sample: ayer = (6.8 £ 0.1) x 1073, but
inside the fitting uncertainty margin.

We emphasize that we do not give any physical meaning
to ag nor fy in (Al), as they are only for extrapo-
lation purposes. In this sense, our method is analogous
to other extrapolation methods employed for quantifying
interfacial magnetic effects such as the proximity ef-
fect [62] or the interfacial perpendicular anisotropy energy
density [63].

APPENDIX B: SCANNING TUNNELING
MICROSCOPY STUDY

The surface of the tp; = 7 nm sample was characterized by
scanning tunneling microscopy (STM, Omicron VT SPM) in
ultrahigh vacuum (pressure below 10~% Torr) at room tem-
perature. Tips were made from Pt/Ir wire, and checked by
imaging the HOPG surface with atomic resolution. Images
were analyzed with WSXM software [64], and representa-
tive examples are shown in Fig. 4. In that figure, it can be
observed that the film is continuous ant the typical grain
lateral size is of the same order as the thickness of the
film. Therefore, we do not expect significant grain bound-
ary scattering for electrons moving along the out-of-plane
direction.

Eventual interface discontinuities in smaller #p, samples
could imply that the actual value of p, differs slightly from
bulk Pt resistivity due to a reduced effective area of conduc-
tion. However, even in this scenario, our conclusions would
be unaltered since our analysis relies on the relative variation
of p, across T and not on its absolute value: our observa-
tions are explainable if and only if the p that determines A
exhibits bulklike behavior with respect to 7. The latter is
not modified by a reduced area of conduction, despite the
fact that the actual value of p, is. Interface discontinuities
could also affect the areal density of channels available for
spin transport, and this must be reflected in the value of g'+.
However, this is a fitted parameter that does not influence the
other aspects of our analysis. The evident trends of variation
of Aagy and Ag with respect to T in Fig. 2(a) support our qual-
itative conclusions, independent of the specific value of g
or Ts.
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