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Iridium is a very promising material for spintronic applications due to its interesting magnetic properties

such as large Ruderman-Kittel-Kasuya-Yosida exchange coupling as well as its large spin-orbit coupling value.

Ir is for instance used as a spacer layer for perpendicular synthetic antiferromagnetic or ferrimagnet systems.

However, only a few studies of the spintronic parameters of this material have been reported. In this paper,

we present inverse spin Hall effect–spin pumping ferromagnetic resonance measurements on CoFeB/Ir based

bilayers to estimate the values of the effective spin Hall angle, the spin diffusion length within iridium, and the

spin mixing conductance in the CoFeB/Ir bilayer. In order to have reliable results, we performed the same

experiments on CoFeB/Pt bilayers, whose behavior is well known due to numerous reported studies. Our

experimental results show that the spin diffusion length within iridium is 1.3 nm for resistivity of 250 n� m,

the spin mixing conductance g
↑↓
eff of the CoFeB/Ir interface is 30 nm−2, and the spin Hall angle of iridium has the

same sign as the one of platinum and is evaluated at 26% of the one of platinum. The value of the spin Hall angle

found is 7.7% for Pt and 2% for Ir. These relevant parameters shall be useful to consider Ir in new concepts and

devices combining spin-orbit torque and spin-transfer torque.

DOI: 10.1103/PhysRevB.102.064425

I. INTRODUCTION

Iridium is a very promising material for spintronic ap-

plications. Its properties include large spin-orbit coupling

[1], large Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange

coupling [2], and strong interface contribution to perpen-

dicular magnetic anisotropy (PMA) [3–6] and to interfacial

Dzyaloshinskii-Moriya interaction [7]. Ir has been shown to

be a key element as a spacer layer to create model perpendicu-

lar synthetic ferrimagnets or synthetic antiferromagnets [8,9].

However, to our knowledge, the spin Hall effect, which has

proven to be an efficient physical effect to manipulate magne-

tization [10–16], was scarcely studied in Ir [7,17,18]. Given

the scattering among the spin transport measurements, and

spin-Hall effect (SHE) characterizations, we have decided to

perform a comparative study. Indeed, in this paper, we display

the results of spin pumping voltage induced ferromagnetic

resonance (SP-FMR) experiments obtained on Co40Fe40B/Ir

and Co40Fe40B/Pt based bilayers, as it has been proven that

SP-FMR is one of the most effective experiments in order

to probe the inverse spin-Hall effects (ISHE) [19–21]. We

characterized the SHE for iridium layers in comparison to

Pt, whose spin Hall behavior is already well known [22–35].

Therefore, we propose here a comparative approach to de-

termine the spin-to-charge current conversion efficiency. We

present our experimental determination of the spin diffusion

length (ls f ), the effective spin mixing conductance (g
↑↓
eff ),

and the effective spin Hall angle (θSHE ) for iridium based

materials.

*Corresponding author: juan-carlos.rojas-sanchez@univ-

lorraine.fr
†Corresponding author: sebastien.petit-watelot@univ-lorraine.fr

Samples growth and SP-FMR measurements

The samples used in our experiments are Si-SiO2(300

nm)//CoFeB(5 nm)/Ir and Si-SiO2(300 nm)//CoFeB(5 nm)/Pt

bilayers deposited on thermally oxidized silicon substrates.

The double slash, //, stands for the position of the substrate.

We chose to grow samples with various iridium or platinum

capping thickness (1, 2, 4, 6, and 15 nm) but keeping the

same 5-nm Co0.4Fe0.4B0.2 ferromagnetic layer thickness. All

the layers were deposited by magnetron sputtering with a base

vacuum pressure of 8 × 10−9 mbar, and an argon deposition

pressure of 5 × 10−3 mbar, from pure elemental targets for

platinum and iridium, and from an alloy Co0.4Fe0.4B0.2 target.

The samples grown were then patterned into rectangular slabs

with electrodes at the end to measure the spin pumping

voltage. The devices were structured using standard optical

lithography techniques. An antenna was patterned on top of

the sample, which was insulated by a SiO2 cap of 75 nm.

In this antenna we injected a GHz rf current which generates

the radio-frequency field hrf on the sample. A static magnetic

field ranging from 0 to 0.5 T can also be applied in plane.

Depending on the value of the applied field, hrf could excite

the magnetization at resonance. Through the spin-pumping

effect, the precession of the magnetization yield to the creation

of a pure transverse spin current js that is injected from the

CoFeB layer into the Ir or Pt layer. js is generally expressed

as follows [19]:

jS =
h̄ Re(g↑↓)

4π

∫ 2π
ω

0

(

m ×
dm

dt

)

dt, (1)

where g↑↓ is the spin mixing conductance, m is the reduced

magnetization, and ω is the rf field pulsation. This spin current

injected in the heavy metal (HM) layer is then converted
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FIG. 1. Schematic of the bilayer sample composed of a ferro-

magnetic layer of CoFeB (FM) and a nonmagnetic material NM.

The static field Hres is applied perpendicularly to the wire, whereas

the rf field hrf is aligned with the wire’s length. The magnetization

M precesses around Hres, generating a spin current polarized along

Hres, which is injected in the NM layer. This injected spin current in

the NM layer is converted into a charge current through the ISHE.

In an open circuit we can detect the voltage V as depicted. The

charge current production is nothing else than the voltage amplitude

normalized by the total resistance of the sample.

into a charge current due to the ISHE which is detected by

electrical means, by measuring the voltage in an open circuit,

as represented in Fig. 1. Such a voltage due to spin pumping is

symmetrical around the resonance field as shown in Fig. 2(a).

From the peaks at resonance, several materials properties

can be deduced. For instance, from this ISHE spin pumping

voltage, the resonance magnetic field Hres as a function of the

frequency f of the rf excitation applied to the sample gave us

information about the ferromagnetic layer excited.

The relationship between these parameters is described by

the Kittel law [36], as presented in Fig. 2(b):

f =
γμ0

2π

√

Hres(Hres + Meff ) , (2)

where γ is the gyromagnetic ratio, μ0 is the vacuum perme-

ability, and Meff is the effective saturation magnetization of the

FM layer. Meff that is extracted does not change significantly

with the thickness of the nonmagnetic material (here Pt or Ir)

that caps the ferromagnetic layer. For all the samples grown,

the value of μ0Meff is evaluated at 1.39 T.

On the other hand, from the measurement of the spin

pumping voltage as a function of the applied field [Fig. 2(a)]

one can determine the linewidth �H of the voltage peaks

to estimate the magnetic damping α of the materials. The

evolution of the linewidth as a function of the frequency

[Fig. 2(c)] of the excitation shows a linear dependence, whose

slope is found to be proportional to the effective damping,

following the relationship [37]

μ0�H = μ0�H0 +
2πα

γ
f , (3)

where �H is the linewidth of the ferromagnetic resonance

peak and �H0 is the inhomogeneous broadening. An example

of such damping determination is shown in Fig. 2(c). We

FIG. 2. Measurements on //CoFeB(5 nm)/Ir(4 nm). (a) Spin

pumping voltage at a frequency of 10 GHz; (b) linewidth (μ0�H )

as a function of the frequency; (c) frequency ( fr) vs the applied

magnetic field (μ0H ). On all these graphs, symbols represent exper-

imental measurements whereas solid red lines correspond to fits. In

(c) the Kittel law, given by Eq. (2), yields μ0Meff = 1.40 T.

have performed such a damping determination on both series

of samples. Figure 3 shows the evolution of the effective

damping α as a function of the thickness of nonmagnetic

material.

To measure the value of the intrinsic damping we used a

reference sample of CoFeB (5 nm) capped with Al (3 nm).

The intrinsic damping value α0 = 7.5 × 10−3 for tNM = 0

was obtained by a vector network analyzer (VNA)-FMR,

since SP-FMR could not be an efficient detection method in

that special case. Moreover, for tNM > 0 we have checked

that the damping values obtained using both methods were

consistent. The value of the intrinsic damping was found to

be slightly higher than the values given in part of the literature

(4−5 × 10−3) [38–41]. This could be explained by the growth

conditions. Indeed, the studied carried out by Xu et al. [42]

shows that the magnetic damping of sputtered CoFeB is very

sensitive and decreases when the argon pressure increases.

They reported a damping value of 13 × 10−3 when the Ar

pressure was 3 mTorr. The annealing also affects the damping

[38,41]. Another possibility might be to attribute this slight

difference to the aluminium oxide layer that caps the CoFeB

064425-2
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FIG. 3. Evolution of the deduced magnetic damping α from

SP-FMR as a function of the thickness of the nonmagnetic mate-

rial (Ir or Pt) on //CoFeB(5 nm)/ Ir or Pt (tNM nm). In the case

where tNM = 0, the magnetic damping value is obtained from FMR

measurements. Red curves stand for an exponential decay, α =
�α(1 − e−tNM /ld ). It results that ld = 2.6 ± 0.3 (0.9 ± 0.2) nm for

CoFeB/Pt (CoFeB/Ir). Note that there is not a factor 2 in the expo-

nential argument.

magnetic layer probed by FMR in order to obtain the intrinsic

damping.

As we can see in Fig. 3, the magnetic damping increases

strongly for both capping layers, Pt as well as Ir. This phe-

nomenon is a well-known feature of damping enhancement

due to the spin pumping effect [19,26,29], and can be charac-

terized by the following relation:

�α = α − α0 =
gμBg

↑↓
eff

4πMStFM

, (4)

where g is the Landé factor (2.11 for CoFeB), g
↑↓
eff is the real

part of the effective spin mixing conductance, μB is the Bohr

magneton, and tFM is the ferromagnetic (CoFeB in our case)

layer thickness. Replacing our experimental values in Eq. (4),

we estimated the value of g
↑↓
eff for the Ir/CoFeB interface to

be around 30 nm−2, and 32 nm−2 for the Pt/CoFeB interface.

These values are in the typical order of magnitude of effec-

tive spin mixing conductances obtained for ferromagnetic/Pt

systems (for Py/Pt: 21–30 nm−2 [23,29,31,33]; for Co/Pt:

80 nm−2 [26]) and epitaxial Fe/Pt: 26 nm−2 [43]. Especially,

for the CoFeB/Pt interface, some reported values are 40 nm−2

[44], 54 nm−2, and 47 nm−2 for the opposite stacking order,

Pt/CoFeB, in [45] and 50.7 nm−2 in [46]). In the case of Ir

has been reported for NiFe/Ir interfaces so far 13 nm−2 in [17]

and 25.2 nm−2 in [18]. Those values are effective values since

they include interface contributions such a spin memory loss

[18,26]. Let us point out here that we do not consider the

imaginary part of the spin mixing conductance in our work,

since the Kittel fittings performed do not show a value of

the gyromagnetic ratio differing from the one of electrons, as

predicted for metallic systems [19,47].

FIG. 4. Spin pumping voltage Vsp for Si/SiO2/ CoFeB (5 nm)/Ir

(6 nm) and Si/SiO2/CoFeB(5 nm)/Pt(6 nm) as a function of the

applied field absolute value (|H |) for an excitation frequency of

15 GHz. Results are shown for positive and negative static applied

fields. Symbols represent experimental measurements whereas the

full lines correspond to a fit of the data by a Lorentzian function. A

constant offset was subtracted. The raw voltage is purely symmetri-

cal, getting rid of the spurious signals.

II. SPIN DIFFUSION LENGTH AND SPIN HALL

ANGLE DETERMINATION

Finally, the spin pumping voltage measured normalized by

the resistance of the FM/NM slab gives the charge current pro-

duced by ISHE. In this geometry the charge current measured

can be expressed as follows [26,27,29]:

IC = θSHE ls f wJeff
S tanh

(

tNM

2ls f

)

, (5)

where w = 10 μm is the width of the device. Here, Jeff
S is the

effective spin current density injected in the NM layer and it

follows the relationship [26,27]

Jeff
S =

eg
↑↓
effγ

2h2
RF

4πα2
A(ω), (6)

where A(ω) = γμ0Meff +
√

(γμ0Meff )2+4ω2

(γμ0Meff )2+4ω2 represents the influ-

ence of the magnetic dynamics on the injected spin currents,

as it was shown by Ando et al. [27]. Figure 4 shows the

raw data of spin pumping voltage (Vsp) as a function of the

applied magnetic field (μ0H) for an excitation frequency of

15 GHz. We can observe that the voltage is a purely symmetric

Lorenztian around the resonance field and it changes its sign

upon changing the sign of the applied field. All these are

features of an ISHE spin pumping voltage. Furthemore, that

is also verified in the case of CoFeB/Pt bilayer.

Figure 5 shows the evolution of the charge current pro-

duced as a function of the iridium thickness in CoFeB/Ir

bilayers for various frequencies. Using these results, the spin

diffusion length for Iridium, l Ir
s f , can be deduced from Eq. (5).

Thus, l Ir
s f obtained for each frequency is displayed in Fig. 6.

064425-3
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FIG. 5. Produced charge current (Ic) as a function of the iridium

thickness (tIr) for frequencies ranging from 4 to 26 GHz. The symbols

represent experimental values whereas the solid lines show the fitting

obtained thanks to Eq. (5).

Our results show consistent values of l Ir
s f = 1.3 ± 0.1 nm and

lPt
s f = 2.4 ± 0.3 nm (red dashed lines).

The value of spin diffusion length obtained for platinum

is in agreement with the values found in the literature: the

experimental values reported using the SP-FMR setup range

from 0.5 nm [32] to 10 nm [23], with numerous values in

between [10,48]. The obtained value l Ir
s f = 1.3 nm is twice

larger than the one presented in earlier studies [17,18] with

similar FMR-based methods, and close to the one reported

by spin-orbit torque technique, ∼ 1 nm [7]. That difference

might be due to different Ir resistivity. However, we would

like to note that lsf values reported only by spin pumping FMR

measurements (not spin pumping voltage measurements) con-

sider an exponential decay of damping with and argument

(2lsf/tNM). However, the tNM damping evolution is not reliable

to estimate lsf as it was pointed out in Ref. [26]. We can

observe that discrepancy with results in Fig. 3 where ld is close

to lsf estimated by charge current dependence in Figs. 5 and

6 but we have used a different exponential argument (ld/tNM).

FIG. 6. Spin diffusion length ls f as a function of the frequency in

iridium and platinum deduced from the fit shown in Fig. 5.

This is likely to explain the difference with the two previous

studies [17,18].

Further, l Ir
s f = 1.3 nm can be compared to the usual range

of thicknesses where iridium is used, especially in the case

of synthetic ferrimagnets where the iridium spacer is used to

maximize the RKKY coupling, around 0.5 or 1.5 nm (first

and second peaks) [2,8,9]. From the experimental values of

spin diffusion length and resistivity of the HM layer, we can

compute its spin resistance rs = ρ × ls f . The resistivities

measured for Pt and Ir are the following: ρPt = 245 n� m

and ρIr = 250 n� m. We thus have the spin resistance rs,Pt =
0.59 f� m2 and rs,Ir = 0.32 f� m2. The value of rs,Pt is very

close to the experimental result published in Ref. [26] as well

as close to the theoretical value reported by Liu et al. [49].

We can also use the remark from Ref. [26], stating that in

the case of Pt, given the results reported in the literature, the

product of the effective spin Hall angle and the spin diffusion

length, θSH × ls f , is a quantity that is nearly independent of

the technique or the setup used, and its effective value is

estimated to be close to 0.19 nm. It is therefore possible to

obtain the effective spin Hall angle of platinum, leading to

a value of θPt
SH ≈ 7.6%. Moreover, our results of shorter spin

diffusion length on the more resistive material, Ir, also confirm

that the predominant spin-relaxation contribution is due to the

Elliot-Yafet mechanism. Indeed with an increase in resistivity,

the spin-relaxation rate via the Elliot-Yafet mechanism also

increases [50,51].

To determine θ Ir
SH accurately and independently, the value

of the effective spin current is needed. In order to do so, it

is mandatory to estimate the strength of the radio-frequency

excitation field hrf and its frequency dependence, as well

as the g
↑↓
eff factor for the CoFeB/Ir interface. The latter was

previously estimated to 30 nm2. After accurate measurements

of the transmission line and of the scattering matrices of the

devices corresponding to our samples, we have concluded that

the frequency dependence of hRF with respect to the frequency

of the signal is the same for the iridium and the platinum

based samples. This was expected, since the values of the

conductivities are found to be very close for both materials.

Now, we defined the quantity

ℑSP =
ICα2

ls f g
↑↓
eff A(ω)

. (7)

We can then plot the ratio
ℑIr

SP

ℑPt
SP

of this ℑ parameter given in

Eq. (7) for different frequencies experimentally measured as

displayed in Fig. 7. This
ℑIr

SP

ℑPt
SP

value is most likely to give the

right estimate of the actual spin Hall angle ratios, since it can

be interpreted as

ℑIr
SP

ℑPt
SP

=
θ Ir

SH

θPt
SH

tanh
[

tIr/
(

2l Ir
s f

)]

tanh
[

tPt/
(

2lPt
s f

)] . (8)

The limit obtained for tNM ≫ lNM
s f is the ratio of spin Hall

angles. Indeed, we can represent this ratio as a function of

the nonmagnetic materials thickness as shown in Fig. 8. We

can observe a very large discrepancy between the value of the

ratio given in Eq. (8) and the one obtained experimentally for

tNM = 2 nm.
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FIG. 7. Ratio ℑ of the spin pumping currents based on Eq. (7) as

a function of the frequency. The dashed lines are guides towards the

value obtained at high frequency.

Numerous elements can explain the difference between

the model given in Eq. (8) and the experimental results at

low thickness. First, we can question the validity of the

assumptions used in our study. We have considered that the

resistivity, the spin diffusion length, and the spin Hall angle of

the materials were independent of the nonmagnetic material

thickness. However, this approximation does not hold for

very low thicknesses, which is where the model and the

experimental results do not match. Furthermore, at very low

thicknesses, the roughness and the quality of the interface

plays a larger role than for thick layers. The errors on the

thicknesses and on the ratios are expected to be larger than

for thicker samples.

Nevertheless, a good agreement for nonmagnetic materials

thickness superior to 2 nm is obtained, and we can estimate the

ratios of effective SHE efficiencies to be
θ Ir

SH

θPt
SH

= 0.26. This ap-

proach lets us evaluate the values of lsf and θSH with precision.

FIG. 8. Evolution of the corrected spin pumping currents ratio

as a function of the nonmagnetic materials thickness (black squares)

and the expected dependence (red line) according to Eq. (8).

Besides, using our determination of the spin Hall angle

of platinum at 7.6%, we can estimate the spin Hall angle of

iridium to be around 2%. Literature provides a large range of

values for Pt that span to more than an order of magnitude,

ranging from 0.33 to 0.0067 [22,23,32–35,47,48,24–31]. Our

result for Ir is in good agreement with what was found in

Ref. [17], with a 2% value, and twice the one reported by

spin-orbit torque in Ref. [7]. The method that we present

here enables us to make a comparison by getting rid of many

artefacts that seem to be the cause of a broadening of the

results obtained in the literature.

Furthermore, our results clearly show that the spin Hall

angle sign of Pt and Ir are the same. This confirms the

simple picture of the SOC sign in transition metals. Thus

λSOC < 0 for a d band less than half full and λSOC > 0

for a d band more than half full. The last case corresponds

to Ir(5d96s0) and Pt(5d96s1) in solid states and agrees with

theoretical calculation of positive spin Hall conductivities,

σSHC [52]. Moreover, from our data, σSHC = θSHE/ρ results

3100 (800) �−1 cm−1 for Pt (Ir). We obtain a slightly lower

result than that calculated for Pt in Ref. [26], 3240 �−1 cm−1,

performing also ISHE–SP-FMR experiments.

We can use the works in Ref. [53] to evaluate the efficiency

of these two materials for spin-to-charge and charge-to-spin

conversion applications. For the generation of a charge cur-

rent, the figure of merit proposed is the product λ∗
ISHE =

θSH × ls f . We find a value of 0.186 nm for Pt, and 0.026

nm for Ir, suggesting that iridium is a poor candidate for

further spin pumping applications. However, if we consider

the figure of merit to assess the spin current generation, which

is mandatory for spin-orbit torque (SOT), given by the formula

q∗ = 0.38 × θSH

ls f
, we find a value of 12 × 10−3 nm−1 for Pt

and ∼6 × 10−3 nm−1 for Ir. Therefore, it appears that even

though Pt is the best material among those studied in both

cases, Ir is good candidate, with half the ability of Pt to

generate efficiently a spin current.

III. CONCLUSION

In this paper, we have described an approach that enables

the measurement of the spin Hall angle of a material with

respect to another one. We report reliable values of spin diffu-

sion lengths of 1.3 ± 0.1 nm for iridium and 2.4 ± 0.3 nm for

platinum from the NM thickness dependence of the charge

current (and not from damping evolution). The spin mixing

conductances for both interfaces CoFeB/Ir and CoFeB/Pt have

been estimated around 30 and 32 nm−2, respectively. The spin

Hall angle of Ir has the same sign as the one of Pt and

represents 26% of its value. We could obtain a θSH value

of 7.6% for Pt, from which we could deduce a θSH value

of 2% for Ir. Even though this procedure does not give by

itself the value of the spin Hall characteristics of a material, it

gives information about materials in the same conditions, and

enables a comparison between various materials. This can be

an opportunity to unify the results concerning spin diffusion

lengths and spin Hall angles, given the large dispersion in the

results reported in the past decade. The spintronic parameters

we are reporting for Ir will appeal for more applications

exploiting this material in new spin-orbitronic devices such
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as combined spin-orbit torque and spin transfer torque effects

in magnetic tunnel junctions [54]. This is by combining two

major effects in spintronics, RKKY and SHE.
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