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Co20Fe60B20/Pt systems with variable thicknesses of Co20Fe60B20 and of Pt have been sputtered and

then annealed at various temperatures (Ta) up to 300 �C. Microstrip line ferromagnetic resonance

(MS-FMR) has been used to investigate Co20Fe60B20 and Pt thickness dependencies of the magnetic

damping enhancement due to the spin pumping. Using diffusion and ballistic models for spin

pumping, the spin mixing conductance and the spin diffusion length have been deduced from the

Co20Fe60B20 and the Pt thickness dependencies of the Gilbert damping parameter a of the

Co20Fe60B20/Pt heterostructures, respectively. Within the ballistic simple model, both the spin mixing

conductance at the CoFeB/Pt interface and the spin-diffusion length of Pt increase with the increasing

annealing temperature and show a strong enhancement at 300 �C annealing temperature. In contrast,

the spin mixing conductance, which increases with Ta, shows a different trend to the spin diffusion

length when using the diffusion model. Moreover, MS-FMR measurements revealed that the effective

magnetization varies linearly with the Co20Fe60B20 inverse thickness due to the perpendicular interface

anisotropy, which is found to decrease as the annealing temperature increases. It also revealed that the

angular dependence of the resonance field is governed by small uniaxial anisotropy which is found to

vary linearly with the Co20Fe60B20 inverse thickness of the annealed films, in contrast to that of the as

grown ones. Published by AIP Publishing. https://doi.org/10.1063/1.5011111

I. INTRODUCTION

Nowadays, several phenomena are known to occur espe-

cially in heavy metal/ferromagnet (FM) systems such as

the spin Hall effect (SHE),1,2 spin orbit torques,3 the

Dzyaloshinskii-Moriya interaction,4,5 and the spin pumping.6,7

The latter mechanism is considered to be an efficient route to

generate a spin current in non-magnetic materials (NMs),

which is one of the pillars of modern spintronics.8

Ferromagnetic resonance (FMR) induced spin pumping is an

emerging process for dynamically injecting a pure spin current

into a NM without the need of charge flowing, in contrast to

SHE. This involves significant potential impact on the energy

efficiency of the spintronic devices. In this process, the reso-

nant precession of the FM magnetization pumps a spin current

into the NM, which decays on a length scale called the spin-

diffusion length (kSD). The value of this latter quantity is of

great interest, since it could allow the increase of the spin cur-

rent injection efficiency in the FM/NM bilayer by the optimi-

zation of the NM thickness.9 The spin injection process into

the NM is accompanied by an angular momentum loss in the

FM leading to a broadening of the FMR linewidth, which is

directly linked to the Gilbert damping parameter (a). The line-

width broadening is more pronounced when the NM is a

heavy metal having a high spin-orbit coupling (SOC), due to

the increased rate of spin scattering events, owing to the SOC.

This opens an interesting possibility to tune the damping value

depending on the desired technological application.

From another side, ferromagnetic CoFeB alloys have

attracted an intense attention due to their high spin polariza-

tion and low damping properties.10–12 Today, CoFeB thin

films are considered to be among the most promising candi-

dates for magnetic tunnel junction (MTJ) electrodes due to

their ability to provide very large magnetoresistance ratios at

room temperature (RT), in conjunction with crystalline MgO

tunnel barriers.13,14 The CoFeB/MgO based MTJs are widely

used in spintronic devices such as magnetic random access

memories (MRAMs), magnetic read heads, and magnetic

sensors.15,16 It is worth mentioning that, unlike the thickness

range of CoFeB investigated in this paper, ultrathin CoFeB-

based MTJs with a perpendicular magnetic anisotropy due to

the interfacial contribution are highly needed for spin trans-

fer torque MRAMs.17 The magnetic properties of the CoFeB

thin films are strongly influenced by their thickness and

interfacial effects. It is well known that the room temperature

deposited CoFeB films are amorphous and in order to induce

their crystallization, an annealing process is required.

Therefore, it is of great interest for both fundamental and

technological reasons to point out the annealing temperature

dependencies of the interfacial anisotropy, the spin diffusion

length, and the spin pumping efficiency in Co20Fe60B20/Pt

systems. The experimental strategy used in this paper con-

sists thus to use the ferromagnetic resonance in microstrip

line (MS-FMR) under in-plane and perpendicular applied
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magnetic fields combined with the vibrating sample magne-

tometry technique. By investigating the Gilbert damping

parameter dependence as a function of the thickness of the

Co20Fe60B20 and the Pt layers, the spin mixing conductance

and kSD in Co20Fe60B20/Pt heterostructures have been stud-

ied as a function of the annealing temperature. We demon-

strate that spin mixing conductance is drastically enhanced

for samples annealed at 300 �C. Moreover, this work shows

the presence of a perpendicular surface magnetic anisotropy,

which decreases as the annealing temperature increases.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

Co20Fe60B20/Pt bilayers were grown at room temperature

(RT) onto thermally oxidized Si substrates using a magnetron

sputtering system having a base pressure lower than 2

� 10�8 Torr. Two sets of samples have been considered: (i)

Co20Fe60B20 films with variable thicknesses (tCFB¼ 10, 8, 6,

4, and 3 nm) capped by a 10 nm thick Pt layer and (ii) 4 nm

thick Co20Fe60B20 capped by a Pt layer of various thicknesses

(tPt¼ 1, 2, 3, 4, 6, 8, 10, and 12 nm). After the growth of the

stack, the structures were ex situ annealed at different temper-

atures (Ta¼RT, 200 �C, 250 �C, and 300 �C) for 60 min in

vacuum (with a pressure lower than 2� 10�6 Torr). The first

(second) set of samples serves for determining the spin mix-

ing conductance (spin diffusion length) from the investigation

of the Gilbert damping parameter of FM/NM heterostructures

versus tCFB (versus tPt). The structural properties of the sam-

ples have been determined by x-ray diffraction (XRD) experi-

ments using a four-circle diffractometer. The static magnetic

characteristics were investigated by using a vibrating sample

magnetometer (VSM). For the dynamic measurements, we

used the microstrip ferromagnetic resonance (MS-FMR)18

technique (in the sweep-field mode), where the external

applied magnetic field (up to 1.9 T) is modulated at 170 Hz by

a small (4 Oe) alternating magnetic field and the measured

signal is proportional to the field first derivative of the

absorbed power. During the measurement, the external mag-

netic field H was applied perpendicular to the sample plane or

in-plane in various directions with respect to the sample

edges. All the measurements presented here have been per-

formed at room temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the x-ray 2h-x (out of plane) diffraction

patterns for the CoFeB (6 nm)/Pt (10 nm) measured in a 2h
angle window around the expected positions of the (111)

reflection of Pt and the (110) reflection of CoFeB. The pat-

terns show only the (111) Pt diffraction peaks. Laue oscilla-

tions are also observable which indicate a good crystalline

quality for the Pt films. It should be mentioned that patterns

measured on a wider 2h range did not show the presence of

other reflections except for the substrate ones. This indicates

that in our samples, Pt has a strong (111) out-of-plane textur-

ing and that the CoFeB films are most likely amorphous or

nano-crystalline. This has also been suggested by the lack of

a clear in-plane magnetocrystalline anisotropy, confirmed by

the VSM measurements. The hysteresis loops for applied

magnetic fields at various orientations with respect to the sub-

strate edges are illustrated in Fig. 2(a) for CoFeB (4 nm)/Pt

(4 nm), indicating a slightly in-plane uniaxial character of the

magnetic anisotropy. To test this, we have performed angular

remanence magnetization (ARM) measurements, by measur-

ing the remanence magnetization after saturation at different

in-plane angles. Figure 2(b) shows the typical normalized

ARM curve in our samples presented here for the CoFeB

(6 nm)/Pt(10 nm) annealed at 300 �C. The shape of the ARM

curve is not perfectly isotropic confirming the uniaxial charac-

ter. This uniaxial character is not surprising for sputtered films,

and it is due to the presence of a residual magnetic field of the

magnetron sputter sources during growth19 and it is not con-

nected with in-plane crystalline anisotropy. It is worth men-

tioning that it was shown that the crystallization of CoFeB and

the annealing temperature for which the crystallization occurs

are capping material dependent,20,21 for instance, Co40Fe40B20

crystallization occurs at an annealing temperature of 375 �C
when MgO is used as the capping layer.22 This suggests that in

the case of our Pt capped CoFeB films, higher annealing tem-

peratures are required in order to achieve crystallization.

The magnetization at saturation should be precisely

evaluated in order to determine the spin mixing conductance.

For this, the thickness dependence of the saturation magnetic

moment per unit area has been measured by VSM [shown in

Fig. 2(c) only for the as grown and 300 �C annealed CoFeB

films capped by the 10 nm thick Pt layer, for clarity] and

then used to determine the magnetization at saturation and

the magnetic dead layer: the slope gives the magnetization at

saturation (Ms), while the horizontal axis intercept gives the

extent of the magnetic dead layer. As indicated in Fig. 2(c),

the magnetic dead layer thickness is nearly zero for these

systems whatever the annealing temperature. The magnetiza-

tion at saturation is determined to be 960 6 50, 970 6 50,

990 6 50, and 1070 6 70 emu/cm3. Within the error bars, it

shows a slight increase for the samples annealed at 300 C.

For as grown films, the obtained value of the magnetization

at saturation is lower than that (Ms� 1200 emu/cm3)

of W/CoFeB/MgO23 and that (Ms¼ 1100 emu/cm3) of Ru/

CoFeB/Ta and MgO/CoFeB/Ta.24 However, it is also com-

parable to the one (Ms¼ 800–1100 emu/cm3) obtained by

FIG. 1. X-ray 2h-x (out of plane) diffraction patterns for Co20Fe60B20(6 nm)/

Pt(10 nm) thin films annealed at various temperatures.
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Wang et al.25 for Ru/CoFeB/Ru and Ta/CoFeB/Ta. Similar

comments can be made for the annealed films at 300 �C.

Therefore, we conclude on the possibility of absence/weak

proximity induced magnetization (PIM) in Pt. Since the mag-

netization of the thin film strongly depends on its interfaces

and crystallization degrees of CoFeB, the Ms enhancement

with annealing could be attributed to the crystallization of

CoFeB at higher annealing temperature. However, since no

XRD peaks have been detected for CoFeB films, the increase

in Ms is most likely attributed to the boron diffusion away

from CoFeB towards the interfaces, which can trigger a tran-

sition to a nano-crystalline sate and therefore increase the

magnetic moment.22,26 It is worth mentioning that it is very

difficult to have a clear and detectable XRD signal from the

nano-crystalline film with very small grain sizes.

The MS-FMR spectra display a single line, identified

with the uniform precession mode. The typical obtained MS-

FMR spectra are represented in Fig. 3(a) for the as grown

6 nm thick CoFeB layer capped by a 10 nm thick Pt layer

under an in-plane applied magnetic field. Due to the static

magnetic field modulation (allowing lock-in detection to

enhance the measured signal), the recorded signal is thus

proportional to the field derivative of the absorption power

as a function of the applied magnetic field. However, due to

FIG. 3. (a) Ferromagnetic resonance spectra representing the amplitude of

the field derivative of the absorbed power as a function of the applied mag-

netic field for the as grown 6 nm thick CoFeB film capped by a 10 nm thick

Pt layer, measured at different driven frequencies. The symbols refer to

experimental data and the solid lines are fits using Eq. (1). (b) Variation of

the uniform precession mode frequency as a function of the perpendicularly

applied magnetic field for Co20Fe60B20(6 nm)/Pt(10 nm) heterostructures

annealed at various temperatures Ta. The symbols refer to experimental data

and the solid lines are fits using Eq. (2).

FIG. 2. VSM hysteresis loops of the as grown Co20Fe60B20(4 nm)/Pt(4 nm)

measured for an in-plane magnetic field applied at an angle uH with respect

to the substrate edge. (b) Polar representation of the angular remanence curve

(ARM) for the Co20Fe60B20(6 nm)/Pt(10 nm) sample annealed at 300 �C
showing a weak uniaxial character. (c) Thickness dependencies of the satura-

tion magnetic moment per unit area for the as grown and the 300 �C annealed

CoFeB films of various thicknesses (tCFB) capped by the 10 nm thick Pt layer.

Symbols in (c) refer to experimental data, and solid lines are linear fits.
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the coupling between the magnetic layer and the microstrip

line, the recorded spectra are a mixture of dissipative (sym-

metric) and dispersive parts (as obvious from the asymmetric

line shape) of the susceptibility. Therefore, the resonance

field and the FMR linewidth of this mode are obtained from

the best fit of the recorded data assuming a line shape given

by Eq. (1), as shown in Fig. 3(a)

dPab

dH
¼A0

�2DH H�HRð ÞcosðdÞþ DH2� H�HRð Þ2
h i

sinðdÞ

DH2þ H�HRð Þ2
h i2

þA1; (1)

where d denotes the mixing angle between the dispersive

and the dissipative components, A0 is the amplitude, A1 is an

offset value, HR is the resonance field, and DH is the half

linewidth at half maximum. Note that the fitted experimental

data with Eq. (1) allows deducing DH. However, since the

field derivative of the asymmetric absorption signal, which

has two peaks [as shown in Fig. 3(a)], is measured, an alter-

native definition of the linewidth, namely the peak to peak

linewidth (DHPP) is used. The two linewidths are linked by

DHPP ¼ 2ffiffi
3
p DH. Therefore, in this paper, only DHPP, deter-

mined using the above-mentioned method, is presented.

The g value, which determines the gyromagnetic factor

c is of utmost important in this study since it is involved in

the precise determination of the Gilbert damping and the

effective magnetization. It is precisely accessible by the MS-

FMR technique through the study of the frequency variation

versus the amplitude of the applied magnetic field perpendic-

ular to the film plane. The typical variations of the resonance

frequency versus the perpendicular applied magnetic field

are shown in Fig. 3(b) for 6 nm thick CoFeB films annealed

at various temperatures Ta. Owing to the theoretical varia-

tions of the resonance frequency versus the normal to the

film plane applied magnetic field given by Eq. (2), the best

fits of the experimental data lead to c/2p¼ 30.13 GHz/T

(g¼ 2.15), which does not show any significant variation

versus Ta. This value is in good agreement with that obtained

by Devolder12 for the as deposited films

F? ¼
c

2p

� �
H � 4pMeffð Þ; (2)

where 4pMeff ¼ 4pMs�H?
17 refers to the effective magneti-

zation and H? is the perpendicular anisotropy field. In the

above expression, the small in-plane anisotropy fields (less

than 50 Oe as it will be shown below) have been neglected,

since the applied magnetic fields overpass the 9 kOe in the

investigated frequency range, as shown in Fig. 3(b).

Figure 4(a) shows the angular dependencies of the reso-

nance field of the different CoFeB thin films capped by a

10 nm thick Pt layer and annealed at 300 �C. It shows that

the angular behavior is governed by a small uniaxial anisot-

ropy with the magnetization easy axis direction depending

on the sample. To quantify the uniaxial anisotropy field

(Hu), the angular dependence, shown in Fig. 4(a), has been

analyzed using Eq. (3), giving the resonance frequency for

the in-plane applied magnetic field at an angle uH with

respect to the sample edges18

F2
== ¼

c
2p

� �2

H cos ðuH � uMÞ þ Hu cos 2ðuM � uuÞ½ �

�
�

H cos ðuH � uMÞ þ 4pMeff

þHu

2
ð1þ cos 2ðuM � uuÞÞ

�
; (3)

where uM (uH) and uu are angles defining the direction of

the magnetization (the applied field) and the planar uniaxial

anisotropy easy axis with respect to the substrate edges,

respectively.

The variations of Hu versus the inverse CoFeB thickness

(1/tCFB) are shown in Fig. 4(b). While Hu of the as grown film

does not show a clear behavior versus the CoFeB inverse

thickness, clear linear behavior versus 1/tCFB can be observed

for the annealed samples as Ta increases, suggesting an

interfacial contribution to this the uniaxial anisotropy. The

derived uniaxial surface anisotropy constants are 1.6� 10�3,

FIG. 4. (a) Resonance field versus the direction of the in-plane applied field

with respect to the sample edge (uH) measured at 8 GHz driving frequency

for Co20Fe60B20(tCFB)/Pt(10 nm) annealed at 300 �C. (b) CoFeB thickness

(tCFB) dependence of the uniaxial in-plane anisotropy fields (Hu) deduced

the angular dependence of the resonance fields of Co20Fe60B20(tCFB)/

Pt(10 nm) annealed at various temperatures. The symbols refer to experi-

mental data, and the solid lines are the linear fits.
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3.3� 10�3, and 3.7� 10�3 erg/cm2, for the 200 �C, 250 �C,

and 300 �C annealed films, while the volume uniaxial anisot-

ropy field is around 30 Oe. The precise origin of this interface

uniaxial anisotropy is not clear and a completely satisfactory

interpretation of Hu and of its Ta dependence is still missing.

The variation of the uniform precession mode resonance

frequency has been measured versus the in-plane magnetic

field applied along the easy axis and then fitted using Eq. (3)

to extract the effective magnetization for each sample.

Figure 5(a) shows the extracted effective magnetization ver-

sus the inverse film thickness 1/tCFB for the various anneal-

ing temperatures. It can be seen that Meff follows a linear

variation. We conclude that the perpendicular anisotropy

field includes a surface energy term. Therefore, the effective

perpendicular anisotropy constant K? (with H?¼ 2 K?/Ms)

could be phenomenologically separated in a volume and an

interface contributions and approximately obeys the relation

K?¼Kv þ Ks/tCFB.27–29 This allows us to derive the perpen-

dicular surface anisotropy constants Ks¼ 1.33, 1.11, 0.97,

and 0.74 erg/cm2, respectively, for Ta¼RT, 200 �C, 250 �C,

and 300 �C. Similarly, the deduced perpendicular volume

constants are found to be Kv¼�2.12� 106, �1.81� 106,

�1.52� 106, and �0.52� 106 erg/cm3, respectively, for

Ta¼RT, 200 �C, 250 �C, and 300 �C. Both anisotropy con-

stants decrease with increasing annealing temperature.

Several explanations can be given for the origin of this linear

behavior of the effective magnetization versus the CoFeB

thickness and its dependence on Ta: (i) magneto-elastic

anisotropy contribution, (ii) roughness that creates in-plane

demagnetizing fields at the edges of terraces reducing the

shape anisotropy and therefore, favors perpendicular magne-

tization, and (iii) interdiffusion and mixing which might

occur at the interfaces during the deposition of the layers

introducing thus, randomness in the magnetic pair bonds

accordingly, which obviously reduces the interface anisot-

ropy.29 (iv) Another possible reason for the perpendicular

magnetic anisotropy is the interfacial hybridization between

the magnetic and the Pt metals. These four mechanisms are

annealing temperature dependent. Although, mixing at the

interface should be excluded since no magnetic dead layer

has been revealed from the VSM measurement and in con-

trast intermixing of Co (or Fe) with Pt forms CoPt or FePt

alloys which are well-known to have perpendicular anisot-

ropy (increase in anisotropy constants), it is not again obvi-

ous to determine which mechanism is responsible of this

interface anisotropy. Moreover, according to Ref. 29, the

influence of the misfit strain appears as a volume contribu-

tion to the anisotropy and can lead to an apparent interface

contribution for ultrathin films below some critical thickness

(around 3 nm). It is thus most likely that the electron hybridi-

zation plays the most important role in dictating this interface

magnetic anisotropy. The variation of Meff versus the capping

Pt layer thickness is shown in Fig. 5(b) for the 4 nm thick

CoFeB films. While it fluctuates slightly for the as grown

and films annealed at 200 �C, significant changes can be

observed for films annealed at 300 �C, where significant inter-

face changes occur. Its mean value increases with increasing

Ta confirming the decrease of perpendicular anisotropy.

The field peak to peak linewidth (DHPP) has been

obtained from the fit [using Eq. (1)] of MS-FMR spectra mea-

sured under an in-plane applied field at various directions

with respect to the substrate edges. Since the presence of

extrinsic contributions30 to FMR linewidth, which are usually

field direction dependent (anisotropic), lead to an overestima-

tion of Gilbert damping, the angular dependence of DHPP has

been measured for each sample. The direction giving the min-

imal DHPP value and thus minimizing the extrinsic contribu-

tions to the linewidth has thus been determined. This in-plane

direction is found to be sample dependent similar to the direc-

tion of the in-plane anisotropy easy axis. The frequency

dependencies of this linewidth have then been measured for

the magnetic field applied along this direction as shown in

Fig. 6(a) for CoFeB(6 nm)/Pt(10 nm) annealed at various tem-

peratures. It is clearly seen for all samples that DHPP varies

linearly with frequency, leading to the conclusion that the

damping is Gilbert type and not caused by any other pro-

cesses. Therefore, the used measurement scheme, consisting

of determining the direction of the applied field giving the

minimal value of DHPP, seems to be efficient to avoid any

extrinsic contributions to damping since extrinsic contribu-

tions to damping should lead to non-linear variation for

FIG. 5. (a) CoFeB thickness dependence of the effective magnetization

(4pMeff) extracted from the fit of FMR measurements for CoFeB thin films

of thickness tCFB capped with a 10 nm thick Pt layer and annealed at Ta. The

symbols refer to experimental data, and the solid lines are linear fits. Pt

thickness dependence of 4pMeff for CoFeB(4 nm)/Pt(tPt) films annealed at

Ta.
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DHPP. Moreover, as we mentioned above, the uniaxial anisot-

ropy fields in our samples are very weak. Therefore, these

fields are very low compared to the resonance fields at the

driven frequencies used in this work (3–18 GHz). Indeed, in

this condition, the magnetization direction will be almost

parallel to the applied magnetic field (uM¼uM). Therefore,

experimental data of the frequency dependence of DHPP have

been fitted using the simple equation (4) leading to the deter-

mination of the damping parameter a30,31

DHPP ¼ DH0 þ
2ffiffiffi
3
p a

c
2pf ; (4)

where f is the driven frequency and DH0 is the inhomoge-

neous residual peak to peak linewidth, which is frequency

independent. The multiplying factor of 1ffiffi
3
p , in Eq. (4), is the

correction of the difference between the full width at half

maximum (FWHM) and the peak to peak linewidth for the

line shape of Lorentzian.31

The obtained results from the fit of experimental data,

using Eq. (4), are shown in Figs. 6(b) and 6(c) as a function

of the CoFeB and the Pt thicknesses, respectively. Figure

6(b) reveals that the damping constant increases linearly

with 1/(tCFB). The dependence of a versus the Pt thickness,

presented in Fig. 6(c) for the 4 nm thick CoFeB layer, shows

an exponential behavior. Due to the linear variation of DHPP

versus the frequency (Gilbert type damping) and since the

extrinsic contributions to damping have been minimized, the

enhancement of the damping as tCFB decreases and its depen-

dence on Pt thickness are attributed to the spin pumping cur-

rent induced in Pt by the FMR precession of magnetization.

In fact, according to the theory,32 if this additional damping

(Da) is caused by spin pumping, then the FMR linewidth

which contains aCFBþ Da (where aCFB is the intrinsic

Gilbert damping constant of CoFeB), should vary linearly

versus the microwave frequency as shown in Fig. 6(a). This

amount of the spin pumping is closely related to the SOC

through the spin flip relaxation time and the spin mixing con-

ductance that we aim to determine below. Moreover, it should

be mentioned that the inhomogeneity contribution to the line-

width broadening DH0 decreases as the CoFeB thickness

increases and it increases with the annealing temperature as

shown in the inset of Fig. 6(b): a linear dependence versus 1/

tCFB, suggesting an interface contribution, can be observed.

To analyze this behavior of damping, we will consider

two models (ballistic and diffusive models). Both models

consider that the net spin current (Is) through the interface

FM/NM is given by Is¼ Ipump� Iback, where Ipump and Iback

are the spin pumped and the backflow spin currents, respec-

tively, but differ in the evaluation of Iback. In the ballistic

limit,33 kSD is much lower than the mean free path of elec-

trons. Therefore, the NM is considered as a perfect conductor

and thus the Iback varies exponentially with the NM thick-

ness.33 Within this simple model, the thickness dependencies

of the total damping are given by Eqs. (5)33,34 and (6)33,35

a ¼ aCFB þ
glB

4pMstCFB
g"#; (5)

a ¼ aCFB þ
glB

4pMstCFB
g"# 1� e

�2tPt
kSD

h i
; (6)

where lB is the Bohr magneton and g"# is the intrinsic spin

mixing conductance of the interface CoFeB/Pt. Note that

Eq. (5) is only valid for thick enough NM layers with respect

FIG. 6. (a) Peak to peak FMR field linewidth versus the driven frequency

measured for the magnetic field applied in the direction where DHPP is mini-

mal and (b) CoFeB thickness dependence of the Gilbert damping parameter,

deduced from the frequency dependence of the linewidth using Eq. (4), of

the CoFeB thin films of a thickness tCFB capped by a 10 nm Pt layer and

annealed at different temperatures. The inset shows the evolution of the

inhomogeneous FMR linewidth versus the CoFeB thickness for various Ta.

(c) Pt thickness dependence of the Gilbert damping parameter, deduced

from the frequency dependence of the linewidth using Eq. (4), of the 4 nm

thick CoFeB thin films capped with the Pt layer of thickness (tPt) and

annealed at different temperatures. The symbols refer to experimental data,

and the solid lines in (b) and (c) are fits using the ballistic model described

in the paper and the parameters summarized in Table I.
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to kSD, where no reflection of the spin current takes place at

interfaces. It can thus be obtained from Eq. (6), which has

been obtained by assuming that kSD is much lower than

the mean free path of electrons and considering that the

backflow spin current varies exponentially with the NM

thickness. By fitting experimental data of Fig. 6 with Eqs.

(5) and (6), the determined values of aCFB, kSD, and g"# are

summarized in Table I. The intrinsic damping of the CoFeB

increases with the annealing temperature similar to the

reported behavior by Conca et al.22 and by Bilzer et al.36 The

increase in aCFB with increasing annealing temperature could

be caused by severe atomic intermixing between the magnetic

and the adjacent nonmagnetic layers and/or by the develop-

ment of polycrystalline grains. However, since no magnetic

dead layer has been detected from the VSM measurements, the

increase in aCFB is probably due the development of polycrys-

talline grains after annealing. Note also the enhancement of the

spin mixing conductance and spin diffusion length as the

annealing temperature increases.

An important phenomenon that accompanies the magne-

tization precession induced spin injection is the back diffu-

sion (backflow) of injected spins to the interface, which

effectively reduces the spin current injection. This backflow

current has been approximatively modelled within the ballis-

tic approach [Eq. (6)]. Therefore, an alternative model (dif-

fusive model)37 where the spin accumulation at the FM/NM

interface, generated by the injected spins, is taken into

account when calculating the backflow spin current has been

introduced. Within this model, the additional damping due to

the spin pumping is given by

Da ¼ glB

4pMstCFB

g"#

1þ g"#

gext

; (7)

where gext is the electrical conductance of Pt and rPt is given

by gext ¼ h
e2

rPt

kSD
tanh tPt

kSD

� �
,37 for a simple FM/NM interface.

Note that in contrast to the ballistic model, this model takes

into account the finite electrical resistance of the NM mate-

rial, which depends on the preparation conditions and may

include interface contribution. Indeed, if the conductivity of

a NM layer is assumed to be constant, but in reality it

decreases with the decreasing layer thickness (as we will

show below), and the fitted spin diffusion length will incur a

systematic inaccuracy.38 Thus, fits of spin pumping data with

a model that ignores the thickness dependence of the conduc-

tivity provide, at best, an upper bound.38 Therefore, to analyze

the thickness dependence of damping through this model, the

sheet resistance (RSheet) of the entire CoFeB(4 nm)/Pt(tPt) has

been measured as a function of the Pt thickness using a four-

probe method with an in-plane current. Figure 7(a) shows the

typical behavior for samples annealed at 200 and 300 �C for

clarity. By assuming that the CoFeB layer resistivity is con-

stant in CoFeB (4 nm)/Pt(tPt) and that this CoFeB layer

together with the Pt layer act as parallel resistors, the sheet

resistance can be written as38

RSheet ¼
tCFB

qCFB

þ tPt

qPt

� �
; (8)

where qPt, qCFB are the Pt and the CoFeB resistivity and

tCFB¼ 4 nm is the thickness of the CoFeB layer. The fit of

experimental data of Fig. 7(a) with Eq. (8) revealed that the

resistivities of Pt scale inversely with its thickness, sugges-

ting an interfacial contribution due to interface scattering of

conduction electrons,38,39 and allowed to isolate both volume

and interface contributions. While the volume resistivity (qv)

of Pt is found to be insensitive to the annealing temperature

(qv¼ 1.7� 10�7 X m and qv¼ 1.8� 10�7 X m for Ta¼RT

and 300 �C, respectively), the interface resistivity (qs)

increases drastically with the annealing temperature (for

instance, qs¼ 9� 10�16 X m2 and qs¼ 16� 10�16 X m2 for

Ta¼RT and 300 �C, respectively), suggesting an enhanced

interface scattering of charges, most likely due to B diffusion

at the interface. The obtained values of the volume resistivi-

ties are similar to the previously reported measured values

(1.6–2� 10�7 X m).38,40,41 We used the function of the thick-

ness dependent of qPt, obtained from the fit of RSheet mea-

surements, with Eq. (8) to fit the experimental data of both

the thickness dependencies of the damping as shown in Figs.

7(b) and 7(c). The fitting parameters are kSD, g"#, and aCFB.

The obtained values are tabulated in Table I. Apart from the

similar values of aCFB, the diffusive model gives higher

(lower) values of g"#(kSD) compared to the ballistic model.

The higher value of g"# in the diffusive model is a conse-

quence of the underestimation of the backflow spin current

in the ballistic model. Therefore, to obtain the same net spin

current, the spin mixing conductance should be higher for

the diffusive model. The similar trend versus the annealing

temperature of the obtained values of kSD and g"# using the

ballistic model is unexpected. Indeed, the increase in both

kSD and g"# is not compatible. Since the increase in the spin

mixing conductance implies more losses of the magnetic

moment in the NM material, one expects a decrease in the

spin diffusion length, in accordance with the behavior of kSD

and g"# deduced from fit using the diffusive model. The

neglect of the electrical resistivity, especially when it is

thickness dependent and of the spin accumulation in the bal-

listic model could lead to wrong conclusion and interpreta-

tion of the obtained results. The use of the spin diffusive

model incorporating the thickness dependence of the Pt

resistivity leads to an accurate determination of the intrinsic

TABLE I. Parameters obtained from the best fit of the thickness dependen-

cies of damping of CoFeB/Pt systems annealed at various temperatures

using two different models (Ballistic and diffusive), described in the text.

n.m refers to “not measured.”

Ta (�C) Model aCFB (�10�3) g"# (nm�2) kSD (nm)

RT Ballistic 3.4 38.6 1.7

Diffusive 3.4 42.1 0.37

200 Ballistic 3.23 41 1.75

Diffusive 3.23 45.3 0.37

250 Ballistic 4.2 42.2 n.m

Diffusive n.m n.m n.m

300 Ballistic 6.4 52.4 3

Diffusive 6.5 65.5 0.28
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spin-mixing conductance and the spin diffusion length. It is

worth mentioning that due to the lack of experimental proof

that spin transport can proceed via ballistic channels in

metallic multilayer structures even when thicknesses are less

than the mean free path,42 the diffusive model remains more

realistic for experimental data analysis. We should mention

that the increase in the intrinsic damping, the intrinsic spin

mixing conductance, the surface resistivity of Pt, and the

decrease in the spin diffusion length and the perpendicular

anisotropy as the annealing temperature increases are coher-

ent and could be linked to the evolution of the CoFeB/Pt

interface with annealing. However, the exact reason for this

behaviour remains unclear and only speculation can be

given. The efficiency of spin current injection across CoFeB/

Pt interfaces and thus the spin mixing conductance depends

on the crystalline ordering of CoFeB, as well as the smooth-

ness and cleanliness of the interface. In fact, according to

first-principles calculation43,44 the interface roughness as well

as the disorder generally enhances spin mixing conductance

and hence the s-d exchange coupling. Surface/interface rough-

ness and disorder in thin films contribute to electron scattering

and thus to film electrical resistivity.45,46 Therefore, since a

drastic increase in the surface contribution to the electric

resistivity for samples annealed at 300 �C has been observed,

we speculate that the interface roughness and/or disorder

increases with the annealing temperature. The enhancement

of the spin mixing conductance of the CoFeB/Pt interface

with the annealing temperature is thus most probably due to

the increase in the disorder and/or interface roughness. This is

in good agreement with the observed decrease in the interface

anisotropy as the annealing temperature increases. Note the

discrepancy of the published values of the spin diffusion

length (due to the interface quality and conductivity differ-

ence which are growth dependent) for Pt, ranging from 0.5 to

10 nm.38 Lower values have been also obtained38 and there-

fore, the obtained values here of kSD using the two models are

within this range.

Finally, we should comment on the effect of the proxim-

ity induced magnetization on the damping. In FM/Pt systems,

it is usually expected that the ferromagnetism may extend

beyond the physical structure of the interface and results in

proximity induced magnetization (PIM) in Pt. This produces

extra damping as it has been observed by Sun et al.47 in

yttrium iron garnet (YIG)/Pt and affects the spin mixing con-

ductance. According to Sun et al., the extra damping origi-

nates from the ferromagnetic ordering in Pt atomic layers

near the FM/Pt interface and the dynamic exchange coupling

between the ordered Pt spins and spins in the FM film.47

Indeed, Sun claimed that because of the presence of the ferro-

magnetic Pt (FM Pt), the conventional spin pumping from the

YIG film (in his case) to the Pt film does not occur. However,

there exists a spin pumping from the FM Pt into the paramag-

netic Pt, which contributes to the damping of the FM Pt. The

dynamic YIG-Pt coupling allows for the transfer of a part of

the damping of the FM Pt to the YIG film. This extra damping

cannot be described by existing models and therefore new

theoretical models on damping in FM/NM are needed. This

role has been addressed experimentally by Caminale et al.48

who showed that PIM yields a nearly linear dependence of

FIG. 7. (a) Pt thickness dependence of the four-probes measured sheet

resistance of CoFeB(4 nm)/Pt(tPt) films annealed at 200 and 300 �C. The

symbols refer to the measurements, and the solid lines are fits using Eq.

(8). (b) CoFeB thickness dependence of the Gilbert damping parameter,

deduced from the frequency dependence of the linewidth using Eq. (4), of

CoFeB thin films of thickness tCFB capped by a 10 nm Pt layer and

annealed at different temperatures. (c) Pt thickness dependence of the

Gilbert damping parameter, deduced from the frequency dependence of

the linewidth using Eq. (4), of the 4 nm thick CoFeB thin films capped

with the Pt layer of thickness (tPt) and annealed at different temperatures.

The symbols refer to experimental data, and the solid lines in (b) and (c)

are fits using the diffusive model described in the paper and the parameters

summarized in Table I.
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the interface-related Gilbert damping enhancement on the

heavy metal layer thicknesses for low thickness values (below

2 nm for Pt). In the absence of x-ray resonant magnetic reflec-

tivity measurements (XRMR), we cannot conclude on the

absence/presence of PIM in our sample although the lower

measured Ms with respect to other systems including CoFeB.

Therefore, we cannot estimate the contribution of PIM to spin

pumping damping. XRMR combined to MS-FMR measure-

ments will be used in forthcoming papers to address the link

between PIM and spin pumping damping.

IV. CONCLUSION

The thickness dependencies of Gilbert damping constant

have been used to measure both the spin diffusion length and

the spin mixing conductance in CoFeB/Pt systems via the

ferromagnetic resonance induced spin pumping. Special

interest has been given to the effect of the annealing temper-

ature on damping, spin mixing conductance, spin diffusion

length, and magnetic anisotropy. The obtained results on

damping demonstrate the efficiency of the possibility of tun-

ing the Gilbert damping constant by a judicial choice of the

non-magnetic layer and the annealing temperature, depend-

ing on the desired application. The experimental results have

been analysed considering diffusive and ballistic models to

deal with the additional damping induced by the spin pump-

ing. A comparison between the two models revealed that the

diffusive model enhances the accuracy on the determination

of spin mixing conductance and spin diffusion length, espe-

cially when the electrical resistivity of the NM is thickness

dependent. We also showed that the perpendicular anisot-

ropy in CoFeB/Pt systems includes an interface contribution

that increases with decreasing annealing temperatures.

ACKNOWLEDGMENTS

This work has been partially supported by the Conseil
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