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Abstract 

We report structural, magnetic and dynamic properties of polycrystalline CoxFe1-x-alloy 

films on Sapphire, Silicon and MgO substrates across the full composition range, by using a 

Vector Network Analyser ferromagnetic resonance measurement technique (VNA-FMR), 

Superconducting Quantum Interference Device magnetometry (SQUID) and X-Ray 

Diffraction (XRD). In the approximate vicinity of 28% Co, we observe a minimum of the 

damping parameter, associated with a reduction in the density of states to a minimum value 

at the Fermi energy level. For films on all substrates, we find magnetic damping of the order 

of 4-5⋅10-3, showing that the substrate does not play a major role. Using a post-annealing 

process, we report a decrease of the magnetic damping down to 3-4⋅10-3. We find that the 

saturation magnetization depends approximately reciprocally on the  damping parameter 

with varying alloy composition.  

 

I. INTRODUCTION 

One of the primary goals of research in the field of magnetic memory technology is to 

create a non-volatile memory that is both, faster and more robust than conventional random 

access memory types (RAM). Magneto-resistive RAMs (MRAMs) are considered as 

promising candidates, which already have commercial applications1–3. MRAMs are usually 

based on magnetic tunnel junctions (MTJs), which can be used in spin-transfer torque 

devices. In such devices spin-polarized electron currents can be used to switch the 

magnetization of a ferromagnetic layer in a spin valve structure, which is measured by the 
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change of the resistivity4, 5. It is known that the critical current at which the free layer of the 

junction will switch direction is for spin-transfer torque switching in the conventional 

geometry proportional to the Gilbert damping parameter of the ferromagnetic material6. 

Hence, for further progress in MRAM technology the minimization of Gilbert damping in 

such systems is crucial.  

A low Gilbert damping parameter also enhances the speed of magnetic solitons such as 

domain walls (DW), where the DW-velocity is inversely proportional to the Gilbert damping 

parameter beyond the Walker breakdown and therefore low damping increases the speed 

of wall displacement7, 8. In the case of topological stable solitons like skyrmions, tuning the 

damping constant in different directions can confine the skyrmion motion to the racetrack 

center to avoid annihilation of skyrmions at the edges9. In spin-torque oscillators, low 

magnetic damping also improves the spectral coherence of the oscillator10 and their mutual 

synchronization properties11. Ultimately, the diffusion of spin currents is known to be 

inversely proportional to the Gilbert damping12, 13, which is of primordial importance for 

spintronic devices14. 

So far, the lowest values regarding Gilbert damping in magnetic materials have been 

observed in insulators, namely in Yttrium Iron Garnet (YIG) with values of 

around (10−5) 15, 16. However, magnetic insulators cannot be used for applications where a 

charge current is required. One proposed alternative class of materials with low Gilbert 

damping are Heusler alloys, which entail challenging fabrication processes. Recently, a new 

perspective has emerged with the observation of ultra-low Gilbert damping in 10 nm thick 

polycrystalline cobalt-iron (CoxFe1−x) alloys grown on silicon (Si) substrate17. An ultra-low 

damping with an effective value of (2.1 ± 0.1) · 10−3 was found for a composition of about 

25 % of Co as predicted in 2010 by Mankovsky et al. 18. While they assumed that bulk-like 

Gilbert damping dominates, a modified interface electronic structure was not considered. 

They obtained a minimum of Gilbert damping between 10 % to 20 % of Co, which was not 

observed experimentally yet. Turek et al. predicted a minimum of Gilbert damping at 25 % 

in their theoretic work19. In experiment, the calculation leads to an intrinsic Gilbert damping 

value of (5.0 ± 1.8) · 10−4 in out-of-plane (OOP) geometry17.  
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Similar Gilbert damping values for CoxFe1-x-alloys in in-plane (IP) geometry were 

reported latterly. While Körner et al. found an effective value of αeff  = (3.9 ± 0.3) · 10−3  for a 

composition of 25 % Co grown by Molecular Beam Epitaxy (MBE)20, Lee et al. have reported 

effective Gilbert damping values lower than 1.4 · 10−3 for epitaxial films21.  

In our work, we measure the damping of polycrystalline CoxFe1-x-alloys grown with an 

industrial sputter tool on 8” wafers. In line with previous results, we confirm that low Gilbert 

damping can be obtained in polycrystalline CoxFe1-x-alloys and we show that these results 

are robust as they can be obtained for samples grown on various substrates such as Si, MgO 

and Al2O3 in in-plane magnetization configuration. We observe a minimum of the Gilbert 

damping parameter at approximately 28 % of Co. By annealing the metallic films, we 

demonstrate that we can further reduce the magnetic damping, which we attribute to the 

enhanced crystallinity of our films after the heat treatment. 

 
II.SAMPLES AND MEASUREMENT METHODS 

The CoxFe1−x alloy thin films are deposited on three different substrates namely  thermally 

oxidized Si (001) coated with approximately 100 nm of SiO2, Al2O3 (112�0) and MgO (001) 

using a Singulus Rotaris® Ultra-High Vacuum (UHV) deposition system with a base pressure 

of less than 10−8 mbar. A 3 nm-thick Ta seed layer is deposited onto the substrates prior to 

the growth of CoxFe1-x to improve adhesion of the subsequently followed Cu film22. The Cu 

interlayer suppresses interfacial intermixing between CoxFe1-x and Ta4 and helps thus to 

grow CoxFe1-x with low damping4, 23, 24. The films are grown by co-sputtering from Co and Fe 

targets, whilst manipulating sputtering rates of each target to obtain the desired 

composition. On top of the CoxFe1-x, Cu and Ta layers are repeatedly deposited to allow 

symmetrically layered structures that suppress the contribution from other effects, e.g. spin 

pumping and inverse spin Hall effect, to the Gilbert damping constant and provide 

protection against oxidation. To summarize, the complete stack is comprised of 

substrate/Ta(3 nm)/Cu(3 nm)/CoxFe1-x(10nm)/Cu(3nm)/Ta(3nm). 

After deposition, we performed for some samples a post-deposition annealing process at 

530 ◦C (heater temperature) for one hour for selected compositions25 to explore possible 

additional approaches to reducing the Gilbert damping constant. 
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The damping parameters of CoxFe1-x are measured by a Vector Network Analyzer-

Ferromagnetic Resonance (VNA-FMR) setup in a two-port transmission configuration. A 

50 Ω matched Coplanar Waveguide (CPW) with a 330 µm - wide transmission line is used to 

apply oscillating microwaves to the samples. In-plane bias fields in the range of 20 - 180 mT 

are applied parallel to the transmission line, wherein the in-plane microwave field is 

transverse to the magnetization. The standard microwave scattering parameters 

(S-parameters) are collected from the vector network analyzer (Rohde & Schwarz VNB20), 

while sweeping the frequency of the microwaves from 100 kHz to 20 GHz with in-plane bias 

fields. The absorption of the microwave signal is reflected to the impedance as well as the 

susceptibility of the device under test26. To examine the frequency and field dependence of 

the susceptibility of the samples, we employed a two-port evaluation scheme by 

Barry et al.27, where the effective microwave permeability parameter U for a given 

frequency f and in-plane field H is given by: 

𝑈𝑈(𝜔𝜔,𝐻𝐻) = ±
ln� 𝑆𝑆21(𝜔𝜔,𝐻𝐻)

𝑆𝑆21,𝑟𝑟𝑟𝑟𝑟𝑟�𝜔𝜔,𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟�
�

ln�𝑆𝑆21,𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔,𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟)�
      (1) 

 

Here, S21 is a scattering coefficient which represents transmission of the signal from 

port 2 to 1. S21,ref indicates the S21 parameter measured at a reference field, i.e., in our case at 

μ0H = 650 mT.  

In measurements where we fixed the external magnetic field H at different values and 

swept the frequeny ω a loss of signals, frequency dependent and constant in field, and a 

phase lag between two components of the complex S21-parameter occurs, which is mostly 

attributed to the change of the propagation characteristics of the waveguide by external 

excitation frequencies. Thus we fitted the measured S21-parameter  �̃�𝑆21(𝐻𝐻)  to the following 

equation: 

�̃�𝑆21(𝐻𝐻) = 𝑆𝑆0 + 𝐴𝐴
𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟2 −𝐻𝐻(𝐻𝐻−𝑖𝑖Δ𝐻𝐻)

∙ 𝑒𝑒−𝑖𝑖𝑖𝑖      (2) 
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Here A and ϕ are fitting parameters, which represent the offset and phase shift of the 

signal. H is an external magnetic field. Hres and ΔH are the magnetic field at resonance and 

the linewidth of FMR peak, respectively. The sign is chosen to be negative for Im[U(H)] in 

the vicinity of the FMR peak. We note that, for the analysis of the damping, we used the 

evolution of U as a function of H to get the linewidth of resonance peaks28, 24. This allows us 

to determine the Gilbert damping parameter reliably even for the case with a large zero-

frequency intersect in ΔH vs. f. Fig. 1b shows the field dependence of the FMR frequencies as 

obtained from the analysis of U vs. H. For example, it shows the result for Co28Fe72 thin film 
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Figure 1: (a) Measured linewidth dispersion and (b) resonance field of 
CoxFe1-x grown on Si substrate with 28% Co after annealing. Data is 
represented in red, whilst the data in (a) are fitted by equation (4) and 
in (b) are fitted by equation (3). 
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grown on the Si substrate and post-annealed. The f versus H is fitted to the Kittel equation 

for thin films, which is expressed as:  

 

𝑓𝑓 = |𝛾𝛾|𝜇𝜇0
2𝜋𝜋 �(𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐻𝐻𝑘𝑘 + 𝑀𝑀𝑟𝑟𝑒𝑒𝑒𝑒)(𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐻𝐻𝑘𝑘)      (3) 

 

The uniaxial in-plane anisotropy HK and the effective saturation magnetization Meff are 

estimated by fitting the data to equation (4). For the FMR analysis, the gyromagnetic ratio 

corresponding to the value for an electron27, is assumed for all samples. 𝑀𝑀𝑟𝑟𝑒𝑒𝑒𝑒 = 𝑀𝑀𝑆𝑆 −
2𝐾𝐾𝑢𝑢,⊥
𝜇𝜇0𝑀𝑀𝑆𝑆

 

is the effective demagnetizing field associated with shape anisotropy and out-of-plane 

anisotropy energy constant 𝐾𝐾𝑢𝑢,⊥. Hres describes the in-plane bias magnetic field at resonance, 

and Hk corresponds to the in-plane anisotropy constant. 

Fig. 1a shows the ∆H as a function of f.  It is shown that ∆H vs. f shows the expected linear 

dependence indicating Gilbert damping plays a key role.  The effective Gilbert damping 

constant can be extracted from the following equation:  

Δ𝐻𝐻 = 4π𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟
|𝛾𝛾|𝜇𝜇0

𝑓𝑓 + Δ𝐻𝐻0      (4) 

 

Here, αeff is the effective Gilbert damping parameter and anti-proportional to the 

gyromagnetic ratio γ with a zero-frequency intersect ∆H0, also known as residual linewidth. 

The saturation magnetization and the magnetic anisotropy were measured by using a SQUID 

magnetometer at room temperature. The crystalline structure of the thin films is examined 

by X-Ray Diffraction (XRD). The deposition conditions are optimized based on X-Ray 

Reflectometry (XRR) measurements which allowed us to determine the interface roughness 

and at the same time we obtain the thickness of the films. 

 

III. RESULTS 

The first experiment we present is based on investigating the Gilbert damping constants 

of different CoxFe1-x-alloy composition grown on different substrates. As shown in Fig. 2, the 
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damping of the alloys  has a minimum for Co concentrations between 18 to 32 %. No 

significant difference in the magnitude of the damping parameters nor on the range of the 

measurement accuracy is observed for growth on different substrates. The error bars stem 

from the standard errors of the fits, repeatability and the maximal change of the 

gyromagnetic ratio. For the fits, we used the constant ratio of an electron29, 30, which means 

that we have an additional, strictly positive contribution, i.e. leading to an additional error 

of the measured Gilbert damping. We report here effective Gilbert damping below 5 ⋅ 10-3 

for all three types of substrates. The observation of low magnetic damping in the same 

composition range of CoxFe1-x for different substrates confirms that it originates from 

electron-magnon scattering as predicted by Mankovsky et al. with a dominating bulk-like 

Gilbert damping contribution18. 

In the following, we discuss the different contributions to the total linewidths and the role 

of the zero frequency linewidth. There exist two main damping channels: the Gilbert type, 

where the energy is directly transported to the lattice and non-Gilbert-type damping, which 

corresponds to a transition of uniform spin waves with k = 0 to non-uniform spin waves of 

different modes with k ≠ 0, dissipating their energy to the lattice in an indirect way. In most 

cases the standard linear Gilbert model is used, due to its linear dispersion of the linewidth. 
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Figure 2: Comparison of the Gilbert damping parameters of CoxFe1−x -alloys 
grown on different substrates as a function of composition, extracted by a 
linear regression of equation (5). 
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More general models for the determination of dynamical parameters were developed, 

including nonlinearities of the relaxation process in which the linewidth consists of four 

different parts31-36. The first part is the well-known Gilbert part, which leads to a linear 

dependence of linewidth with frequency. The second term takes the mosaicity of grains into 

account. Local variations of the sample parameters, such as the orientation of planes, 

variation of thickness or internal fields can lead to a superposition of different individual 

linewidths, including a field-dragging due to magnetic anisotropy effects of the sample. 

These first two parts are Gilbert-like, whereas the third one is the Two-Magnon Scattering 

(TMS) contribution. It is calculated by the scattering rate of the FMR mode (k = 0) to different 

spin wave modes (k ≠ 0), including a frequency dependent term and a frequency 

independent term as well. The fourth and last part of the linewidth cannot be written in a 

Gilbert- or TMS-like form. It represents a frequency and angular independent broadening 

and can also be attributed to the zero frequency linewidth.  

For our samples, we can see a correlation between the mosaicity and the residual 

linewidth and we thus identify mosaicity as the bulk of the contribution. Besides that 

inhomogenities such as imperfections of the lattice and interfaces like defects can add to the 

inhomogeneous broadening.  

0 10 20 30 40 50 60 70 80 90 100

4

6

8

10

12

14

 

Co (at %)

 Annealed
 As-deposited
 

α 
(1

0-3
)

Figure 3: Comparison of the damping parameters of a full composition range of 
CoxFe1-x-alloys grown on Si substrate before and after annealing, extracted by a 
linear regression of equation 5. We obtain local minima of the damping at around 
28 % and 57 %, respectively 68 % after annealing. 
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In Fig. 3, we present the evolution of the Gilbert damping parameters as a function of the 

Cobalt concentration for the samples grown on Si before and after post-annealing the films 

at 530 ◦C. In both cases, we observe a similar trend to the one measured by Schön et al.17. 

The minimal damping value we measured was at approximately 28 % Co. While in this first 

paper, only one minimum was found, our measurements indicate a local maximum at around 

47 % Co and a second minimum at a Co percentage of 57. Afterwards, the damping increases 

again to a maximum for 100 % Co. When comparing the as-deposited and annealed samples 

we can clearly see a decrease in damping in the range between 28 % to 67 % Co, while an 

increase is exhibited for the Fe rich and the pure Co samples. We see that the lowest damping 

is for the annealed films also for 28 % Co, which is the same concentration as for the 

minimum in the as-deposited case and a second local minimum shifted to 68 % Co is found. 

This  composition differs by around 10 % compared to the minimum in the as-deposited 

case. For the MgO and Al2O3 substrate samples only films with a Co composition of 28 % 

were annealed, showing the lowest magnetic damping, and we obtained a reduction of 

damping by 16 % and 24 %, respectively. Again the substrate does not seem to have a major 

impact on the magnetic damping. In contrast to the damping, no significant change of the 

resonance frequencies, i.e. the dispersion relations was recognized upon annealing, which 

leads to negligible changes in Meff of less than 1 %. Furthermore, we extract the 

inhomogeneous linewidths, i.e. the frequency dependent linewidths extrapolated to zero 

frequency. We can conclude that sputter deposition in combination with annealing as post-

treatment can result in even lower damping values than fabricating the samples by MBE11. 

Our results are summarized in Tab. 1.  

Substrate 𝛼𝛼𝑟𝑟𝑒𝑒𝑒𝑒  [ 10−3]  ∆μ0H0 [mT] μ0𝑀𝑀𝑟𝑟𝑒𝑒𝑒𝑒 [mT] Annealing 
Si (4.28 ±  0.29 [+ 0.38]) 0.62 ±  0.03 2357 ± 59 - 
Si (3.61 ±  0.22 [+ 0.32]) 1.02 ±  0.03 2370 ± 60 X 

Al2O3 (4.78 ±  0.32 [+ 0.42]) 0.25 ±  0.03 2335 ± 59 - 
Al2O3 (3.74 ±  0.26 [+ 0.33]) 0.55 ±  0.02 2358 ± 59 X 
MgO (4.77 ±  0.32 [+ 0.42]) 0.34 ±  0.03 2338 ± 59 - 
MgO (3.63 ±  0.25 [+ 0.32]) 0.76 ±  0.03 2339 ± 59 X 

Table 1: Comparison of damping on different substrates before and after annealing. We 
obtain a reduction of the effective Gilbert damping parameter by annealing with lowest value 
on Si substrate (3.6 ± 0.3) · 10−3.  
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To understand the origin of the influence of annealing on the damping of our sample stack, 

we did several XRD measurements of the samples with lowest damping before and after 

annealing. On all substrates, the distribution of the orientation of the lattice planes narrowed 

during annealing by around 9 % to 15 %. As expected, also the grain size increased by a 

factor of 3 % to 8 %. These findings complement each other as being rooted in the 

improvement of magnetic homogeneity. So this means that by improving the crystallinity of 

our films, we can obtain a lower damping for post-annealed samples at a temperature of 

around 530 ◦C for a range of specific alloy compositions. 

Last, we investigate the correlation between the magnetic damping and the saturation 

magnetization. In Fig. 4, we plot the saturation magnetization extracted from SQUID 

magnetometry in in-plane and out-of-plane fields. We observe a minimum saturation 

magnetization of (1.46 ± 0.34) T at 100% Co, a maximum for 57% with (1.80 ± 0.49) T, and 

a second local maximum (1.78 ± 0.45) T at 32%. For larger concentration of Fe, the 

saturation magnetization decreases again towards for the value of pure iron (1.46 ± 0.34) T. 

In line with previous work17, we also observe a clear anti-correlation between saturation 
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Figure 4: Values of the saturation magnetization of the CoxFe1−x stack in in-plane 
(IP) and out-of-plane (OOP) direction, being anti-correlated to the damping. The 
error bars are related to the accuracy in the determination of the volume of the 
ferromagnetic layer including statistical deviations. The asymmetry in the 
uncertainties is related to the calibration of the deposition rate by single layers, 
due to an uncertainty caused by oxidation, which contributed to the total 
thickness of the thin, uncapped calibration layer. 
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magnetization and damping with two small discrepancies here. In contrast to previous work, 

we observe smaller saturation magnetization (1.78 ± 0.45) T at a composition of 32 % 

compared to reported values of (2.42 ± 0.05). This opposite trend between the magnetic 

damping and the saturation magnetization also explains the presence of a second minimum 

around 55 % in our study, as we observe a second local maximum of Ms for this 

concentration.  The origin of this lower magnetization, however, needs still to be studied in 

a future work as it is beyond the scope of our current investigations.  

 

IV. CONCLUSIONS 

Ferromagnetic resonance measurements were done for a full composition range of 10 nm 

CoxFe1−x thin films sandwiched between 3 nm Cu and 3 nm Ta on Si (100) substrate. 

Additionally we have grown the compositions from 14 % to 37 % of the same stack on Al2O3 

and MgO substrates, post-annealed the full composition range on Si at 530 ◦C and the 

Co28Fe72 composition on the other substrates as well.  

We find a minimum of the damping at 25 % in line with previous work17. Growth on 

different substrates yields consistent results showing that the polycrystalline nature of the 

growth does not lend itself to be influenced by the substrate. The magnitude of our lowest 

damping value is consistent within the error bars to a previous in-plane measurement20. The 

evidence of this study shows a difference in the measured saturation magnetization for the 

full composition range. In contrast to previous work, find that additionally to the minimum 

around 25% there is a second local minimum at 57 % Co. We can explain this by the 

composition dependence of the saturation magnetization that exhibits at 57 % Co a second 

extremum in addition to the one around 25%.  

To understand the origin of the damping variation, we carry out XRD measurements that 

show a large mosaicity and small grain sizes, typical for polycrystalline samples. Large 

inhomogeneous broadening of the FMR linewidths supports the assumption of sample 

imperfections governing the damping. For the post-annealed samples, we observe on one 

hand a clear decrease of the damping parameter for the lowest damping composition and on 

the other hand a significant increase of damping for the iron rich samples as well as the pure 
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Co. In our work we discuss the observed damping which after subtraction of two-magnon-, 

spin pumping- and small radiative damping contributions would lead to smaller intrinsic 

Gilbert damping values. We suppose advanced theoretical calculations considering the 

electronic structure of interfaces and its dependence on diffusion to be of major interest for 

a deeper understanding of the underlying influence of growth conditions, post-treatment 

and the choice of stack on the dynamical properties of the alloys in different measurement 

geometries. 
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