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We investigate the effect of hafnium (Hf) dusting on the magnetodynamical properties of NiFe/Pt

bilayers using spin-torque-induced ferromagnetic resonance measurements on 6 lm wide

microstrips on high-resistive Si substrates. Based on two series of NiFe(tNiFe)/Hf(tHf)/Pt(5) stacks,

we first demonstrate that the zero-current magnetodynamic properties of the devices benefit from

Hf dusting: (i) the effective magnetization of the NiFe layer increases by 4%–8% with Hf present

and (ii) the damping a decreases linearly with tHf by up to 40%. The weaker anisotropic magnetore-

sistance (AMR’ 0.3%–0.4%) of the 3 nm NiFe series is largely unaffected by the Hf, while the

stronger AMR of the 5 nm NiFe series drops from 0.7% to 0.43% with increasing tHf. We find that

the spin Hall efficiency nSH is independent of the NiFe thickness, remaining unaffected

(nSH¼ 0.115) up to tHf¼ 0.4 nm and then decreasing linearly for higher tHf. The different trends of

a and nSH suggest that there is an optimum Hf thickness (’0.4 nm) for which the threshold current

for auto-oscillation should have a minimum, while the much lower damping should improve

mutual synchronization. Our results also indicate that the spin-orbit torque is entirely damping-like

with no field-like torque component. Finally, the internal spin Hall angle of Pt is estimated to be

hSH¼ 0.22 by calculating the transparency of the interface. Published by AIP Publishing.
https://doi.org/10.1063/1.5026232

The spin Hall effect (SHE) is the generation of a pure

transverse spin current Js proportional to a lateral charge cur-

rent Je flowing through certain heavy metals (HMs), with a

proportionality constant, hSH, referred to as the spin Hall

angle.1–5 The SHE represents a promising route towards

spin-current-based microwave signal generators—so-called

spin Hall nano-oscillators (SHNOs).6–10 These SHNOs gen-

erally consist of a heavy metal (HM)/ferromagnetic (FM)

bilayer where the spin current from SHE can be absorbed by

the FM layer, generating a spin-orbit torque on its magneti-

zation. The efficiency of this torque, nSH, is defined as the

ratio of the absorbed current to the charge current and is

always smaller than hSH.11 Besides the generation of micro-

wave signals, SHNOs have also been considered for use as

microwave detectors12 and modulators13 and even in neuro-

morphic computing applications.14

For most of these applications, the SHNO performance

needs to be enhanced to offer low threshold currents (low

power consumption), high microwave output power, and low

linewidth. While it has been shown that the synchronization

of two or more SHNOs can be used to improve the power

and coherency of the generated microwave signal,15–17 sev-

eral studies have also focused on enhancing the efficiency of

spin current generation by using other heavy metals with

higher nSH, such as b-W,18–20 b-Ta,21 and V.22 Compared to

Pt, these materials typically suffer from excessive heating

due to their higher resistivity, which can be problematic

when a large number of them are placed together in a small

area to operate collectively, increasing the proportion of the

current going through the ferromagnetic layer.

On the other hand, nSH for Pt is not as high as for other

candidates, and Pt also appears to have a more detrimental

effect on the zero-current damping of the Pt/FM bilayer.

Recent work23–25 has however shown both a reduction in

this damping and an enhancement in the efficiency of SHE

in Pt through careful engineering of the Pt/FM interface: In

one work,25 a very thin hafnium (Hf) layer was inserted

between the Pt and CoFeB in order to decrease the effective

spin-mixing conductance of the Pt/CoFeB interface. This

directly improved the overall magnetic damping of the

bilayer structure, which can be expressed as26

a ¼ a0 þ
c�h2

2e2MstFM

G"#eff ; (1)

where a0, G"#eff , and c¼ 1.88� 1011 Hz/T are the intrinsic

damping of the FM single layer, the effective spin-mixing

conductance of the FM/HM interface, and the gyromagnetic

ratio, respectively. Ms denotes the saturation magnetization,

tFM is the thickness of the FM layer, �h is the reduced Planck

constant, and e is the electron charge. The precession of the

magnetization in the FM layer results in a loss of spin angular

momentum in the Pt layer, which acts as a spin sink. Thus,

decreasing G"#eff suppresses the pumping of spin from the FM

to the HM, thus decreasing damping in the FM layer. In this

letter, we study whether the effect of Hf dusting is also bene-

ficial in the NiFe/Pt system. We find that Hf dusting signifi-

cantly improves damping and appears to slightly increase the

NiFe effective magnetization, which is indicative of higher
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NiFe quality. However, for Hf thicker than 0.4 nm, nSH is

found to decrease; as a consequence, we conclude that 0.4 nm

is the optimum Hf thickness for reducing the expected thresh-

old current for auto-oscillations. The additional benefit of a

reduced damping will likely also enhance mutual synchroni-

zation in SHNO chains.

We prepared two stack series of NiFe(3)/Hf(tHf)/Pt(5) and

NiFe(5)/Hf(tHf)/Pt(5) with tHf¼ 0, 0.4, 0.5, and 0.7 (all num-

bers are thicknesses in nm) using the dc magnetron sputtering

technique at room temperature onto high-resistive Silicon sub-

strates. The base pressure was 3� 10�8Torr, while the argon

(Ar) plasma pressure was kept at 3 mTorr during deposition.

6 lm� 18 lm bar-shape structures were then fabricated on the

stacks using conventional optical lithography and Ar ion beam

etching. Finally, coplanar waveguide structures were defined

by Cu/Au deposition and lift-off as the top electrodes. During

processing, the sample with tNiFe¼ 3 nm and tHf¼ 0.5 nm was

lost; this did not impact any of the conclusions.

Figure 1(a) shows a schematic of the sample structure

and our measurement setup. All measurements were per-

formed at room temperature. In order to extract the aniso-

tropic magnetoresistance (AMR) ratio of the stacks, we

measured the magnetoresistance of each stack by sweeping

the angle of the in-plane field from u¼ 0� to 360� [shown in

Fig. 1(a)], keeping its strength at HIP¼ 0.1 T while a dc

current of Idc¼ 0.1 mA flowed through the microstripe.

Figure 1(c) shows the magnetoresistance of the reference

sample of NiFe(5)/Pt(5) versus u. The extracted AMR ratio

for the stacks versus the thickness of the Hf layer tHf is shown

in Fig. 1(b), where the AMR ratio drops as tHf increases.

In order to study the magnetodynamical properties of

the stacks, we carried out spin-torque-induced ferromagnetic

resonance (ST-FMR) measurements based on homodyne

detection.27–31 For ST-FMR, we applied a pulse-modulated

15 dBm microwave current alongside a dc drive current to

the samples through a bias-tee. Between the rf source and

the high-frequency port of the bias-tee, a microwave isolator

was used to avoid any reflection of the microwave signal

back towards the source. The output dc mixing voltage was

then transmitted via the dc port of the bias-tee and subse-

quently measured using a lock-in amplifier. An in-plane

magnetic field was applied at an angle of u¼ 25� and its

strength HIP was swept from 0.2 mT to 0 mT, with the micro-

wave frequency fixed during each sweep.

The ST-FMR spectra were measured for microwave fre-

quencies from 2 GHz to 12 GHz for all samples with zero dc

current, and each spectrum was fitted to a sum of a symmetric

and an antisymmetric Lorentzian function32 [Fig. 1(d)].

Figure 2(a) shows different sets of the ST-FMR resonance

frequency versus the in-plane field for all the samples (dots).

All sets show good agreement with a fit to the Kittel formula

(solid lines).33 The extracted effective magnetizations l0Meff

versus tHf are shown in Fig. 2(b), where we observe a slight

improvement in the magnetization of the samples as a result

of Hf dusting. The slight improvement might possibly be due

to the reduction of the elastic strain from the Pt layer on

NiFe.25 The extracted ST-FMR linewidth values are shown in

the inset to Fig. 2(a) (dots) with their fit to a linear function33

DH ¼ DH0 þ 4paf=c; (2)

where DH0 is the inhomogeneous broadening, f is the ST-

FMR resonance frequency, and a is the intrinsic damping of

the magnetic layer. As we expected from Eq. (1), the

extracted intrinsic damping shows a drop versus tHf [Fig.

2(c)], which is almost linear. Since the phenomenon is an

interfacial effect, it is stronger for the sample set with thinner

NiFe, which can also be explained by Eq. (1), where the

sample set with 3 nm NiFe has a smaller value of the MstFM

product. Figure 3 shows the damping versus 1/l0MstFM for

different tHf (dots). Ms is considered to be equal to the mea-

sured Meff, since we expect negligible magnetocrystalline

anisotropy for NiFe in our samples. By using these data in

Eq. (1), we formed the following system of seven linear

equations with five unknown parameters including a0 which

is independent of tHf and G"#eff;i, with i¼ 1–4 regarding

tHf¼ 0, 0.4, 0.5, and 0.7 nm, respectively:

0:0360

0:0213

0:0270

0:0176

0:0160

0:0213

0:0144

2
66666666664

3
77777777775

¼ c�h2

2e2

1 0:61 0 0 0

1 0:30 0 0 0

1 0 0:57 0 0

1 0 0:28 0 0

1 0 0 0:29 0

1 0 0 0 0:59

1 0 0 0 0:29

2
66666666664

3
77777777775

a0

G"#eff;1

G"#eff;2

G"#eff;3

G"#eff;4

2
66666664

3
77777775
:

(3)

FIG. 1. (a) Schematic of the device, the material stack, and the direction of

the direct current and of the in-plane field during the measurement. (b)

Anisotropic magnetoresistance vs. Hf thickness for all stacks, measured in a

rotating field of HIP¼ 0.1 T and a direct current Idc¼ 0.1 mA. (c) Resistance

vs. field angle for the reference sample NiFe(5)/Pt(5). (d) ST-FMR

Spectrum at 10 GHz (black dots) for the same sample; the solid red line is a

Lorentzian fit with the symmetric (blue) and asymmetric (green) terms

shown separately.
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Since our system of equations is overdetermined, we used

the Least squares method to find the best solution of the

unknown parameters. This results in a0¼ 0.0076 6 0.0005,

and the calculated effective spin-mixing conductance versus

the Hf thickness is plotted in the inset of Fig. 3 where the

error bars are the standard errors from the Least square

method. As a consequence of the presence of the Hf layer at

the interface, G"#eff of the FM/HM interface drops to almost

50% for tHf¼ 0.7 nm.

In order to measure the spin Hall efficiency for the

stacks, a set of ST-FMR measurements were carried out on

each sample: we swept the magnetic field at different current

levels for negative and positive magnetic field polarities at a

fixed microwave frequency of 5 GHz. The extracted ST-

FMR linewidth versus dc current for the reference sample is

shown in the inset to Fig. 4(a) (dots). We fit the linewidth for

both field polarities to a linear function. The extracted slope

of the lines, b, shows the rate of the linewidth changes over

the dc current [Fig. 4(a)]. We observed a drop in b as tHf

increased. This was expected because, for thicker Hf, spin

memory loss at the FM/HM interface attenuates the trans-

mission of the generated spin to the magnetic layer.25,34

Having extracted the parameters for each sample, we calcu-

late the spin torque efficiency using the equation32,35,36

nSH ¼
b

2pf

c
sin u

ðHIP þ 0:5MeffÞl0MstFM

�h

2e

Rtot

RNiFe

AC; (4)

where RNiFe and Rtot are the resistance of the NiFe layer and

the whole stack, respectively, and AC is the cross-sectional

area of the measured microstrip. Figure 4(b) shows the calcu-

lated nSH vs. Hf thickness, where thicker Hf results in lower

spin torque efficiency. nSH is almost independent of the

thickness of the FM layer, which means that the torque on

the FM layer from SHE is a damping-like torque and the

field-like torque is negligible in our samples.23,34 Using nSH

for the reference sample, we estimate the internal spin Hall

angle of Pt to be hSH¼ 0.22 in the absence of significant spin

memory loss,23,25 by using qPt¼ 24 lX � cm for the resistiv-

ity and kPt
s ¼ 1:2 nm for the spin attenuation length of

Pt.37,38 Our estimated value for hSH is reasonable compared

to previous reports.11,25

Finally, to get an approximate estimate of the effect of Hf

on the threshold current of actual SHNOs, we extrapolate the

plots of DH vs. Idc [inset to Fig. 2(a)] to zero linewidth for

each device; we get Jth¼ 2.56� 107 and 3.88� 107 A/cm2 for

NiFe(3)/Pt(5) and NiFe(5)/Pt(5), respectively. We then nor-

malize Jth of all other devices with these respective values and

plot the result vs. tHf [Fig. 4(c)]. Jth in both sample sets first

goes down and then rises again for samples with thicker

Hf, with a minimum at tHf¼ 0.4 nm. This is due to the fact that

the threshold current depends on both a and nSH, which act in

opposite directions. While a shows a linear drop with tHf, nSH

essentially remains constant to tHf¼ 0.4 nm and then falls

steeply, with the end result that Jth reaches a minimum at

0.4 nm.

In conclusion, we investigated the effect of Hf dusting

in NiFe/Pt bilayer structures. We achieved a significant

reduction in the intrinsic damping due to the decrease in the

effective spin-mixing conductance of the NiFe/Pt interface.

The NiFe effective magnetization also increased slightly

in the presence of Hf. On the other hand, the spin Hall

FIG. 2. (a) ST-FMR resonance frequency vs. field, with Kittel fits for all

devices. Inset: ST-FMR linewidth vs. resonance frequency with linear fits.

(b) l0Meff vs. Hf thickness, extracted from the Kittel fits in (a). (c) Damping

vs. the Hf thickness, as given by the slopes in the inset to (a).

FIG. 3. Damping vs. 1/l0MstFM (dots) for different Hf thicknesses; the inset

shows the calculated G"#eff vs. Hf thickness. The dashed lines are guidelines

to Eq. (1) plotted using the calculated effective spin-mixing conductance.
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efficiency dropped rapidly for Hf thicker than 0.4 nm. These

opposite trends resulted in an optimum Hf thickness of

0.4 nm for the threshold current, for which an estimated

reduction of up to 20% in Jth could potentially be realized.
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092401-4 Mazraati, Zahedinejad, and Åkerman Appl. Phys. Lett. 113, 092401 (2018)

https://doi.org/10.1103/PhysRevLett.83.1834
https://doi.org/10.1103/PhysRevLett.85.393
https://doi.org/10.1126/science.1105514
https://doi.org/10.1063/1.2199473
https://doi.org/10.1038/nature04937
https://doi.org/10.1063/1.4901027
https://doi.org/10.1109/JPROC.2016.2554518
https://doi.org/10.1039/C6NR07903B
https://doi.org/10.1063/1.4907240
https://doi.org/10.1109/LMAG.2014.2375155
https://doi.org/10.1038/nphys3304
https://doi.org/10.1109/LMAG.2017.2671453
https://doi.org/10.1109/TNANO.2015.2471092
https://doi.org/10.1109/TNANO.2015.2471092
https://doi.org/10.1103/PhysRevB.93.134413
https://doi.org/10.1038/nphys3927
https://doi.org/10.1103/PhysRevApplied.9.014017
https://doi.org/10.1063/1.4971828
https://doi.org/10.1063/1.5022049
https://doi.org/10.1063/1.4753947
https://doi.org/10.1126/science.1218197
https://doi.org/10.1038/s41598-017-01112-9
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevApplied.9.011002
https://doi.org/10.1103/PhysRevApplied.9.011002
https://doi.org/10.1063/1.4922084
https://doi.org/10.1103/PhysRevLett.92.026602
https://doi.org/10.1103/PhysRevLett.96.227601
https://doi.org/10.1038/nphys783
https://doi.org/10.1063/1.3254242
https://doi.org/10.1063/1.4819179
https://doi.org/10.1063/1.4819179
https://doi.org/10.1038/ncomms10377
https://doi.org/10.1038/ncomms10377
https://doi.org/10.1103/PhysRevLett.106.036601
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1103/PhysRevB.94.140414
https://doi.org/10.1038/ncomms10644
https://doi.org/10.1103/PhysRevLett.101.036601
http://arxiv.org/abs/1111.3702
https://doi.org/10.1063/1.4848102

	d1
	l
	cor1
	d2
	d3
	f1
	d4
	f2
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	f4

