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To develop low-moment, low-damping metallic ferromagnets for power-efficient spintronic 20 

devices, it is crucial to understand how magnetic relaxation is impacted by the addition of 21 

nonmagnetic elements. Here, we compare magnetic relaxation in epitaxial Fe films alloyed 22 

with light nonmagnetic elements of V and Al. FeV alloys exhibit lower intrinsic damping 23 

compared to pure Fe, reduced by nearly a factor of 2, whereas damping in FeAl alloys 24 

increases with Al content. Our experimental and computational results indicate that 25 

reducing the density of states at the Fermi level, rather than the average atomic number, 26 

has a more significant impact in lowering damping in Fe alloyed with light elements. 27 

Moreover, FeV is confirmed to exhibit an intrinsic Gilbert damping parameter of ≃0.001, 28 

among the lowest ever reported for ferromagnetic metals.  29 

 30 

I. INTRODUCTION 31 

 The relaxation of magnetization dynamics (e.g., via Gilbert damping) plays important 32 

roles in many spintronic applications, including those based on magnetic switching1,2, domain 33 

wall motion3,4, spin wave propagation5,6, and superfluid-like spin transport7,8. For devices driven 34 

by spin-torque precessional dynamics1,9,10, the critical current density for switching is predicted 35 

to scale with the product of the Gilbert damping parameter and the saturation magnetization 2,11. 36 

Thus, it is desirable to engineer magnetic materials that possess both low damping and low 37 

moment for energy-efficient operation. While some electrically insulating magnetic oxides have 38 

been considered for certain applications5,12,13, it is essential to engineer low-damping, low-39 

moment metallic ferromagnets for robust electrical readout via giant magnetoresistance and 40 

tunnel magnetoresistance. Fe is the elemental ferromagnet with the lowest intrinsic Gilbert 41 

damping parameter (≃0.002)14,15, albeit with the highest saturation magnetization (≃2.0 T). 42 



3 
 

Recent experiments have reported that Gilbert damping can be further reduced by alloying Fe 43 

with Co (also a ferromagnetic element), with Fe75Co25 yielding an ultralow intrinsic Gilbert 44 

damping parameter of ≃0.00116,17. However, Fe75Co25 is close to the top of the Slater-Pauling 45 

curve, such that its saturation magnetization is greater than that of Fe by approximately 20 %18. 46 

There is thus an unmet need to engineer ferromagnetic alloys that simultaneously exhibit lower 47 

damping and lower moment than Fe.  48 

 A promising approach towards low-damping, low-moment ferromagnetic metals is to 49 

introduce nonmagnetic elements into Fe. In addition to diluting the magnetic moment, 50 

nonmagnetic elements introduced into Fe could influence the spin-orbit coupling strength ξ, 51 

which underlies spin relaxation via orbital and electronic degrees of freedom19–21. Simple atomic 52 

physics suggests that ξ is related to the average atomic number <Z> of the alloy so that, 53 

conceivably, damping might be lowered by alloying Fe with lighter (lower-Z) elements. Indeed, 54 

motivated by the premise of lowering damping through a reduced <Z> and presumably ξ, prior 55 

experiments have explored Fe thin films alloyed with V20,22,23, Si24, and Al25. However, the 56 

experimentally reported damping parameters for these alloys are often a factor of >2 higher22,23,25 57 

than the theoretically predicted intrinsic Gilbert damping parameter of ≃0.002 in Fe26 and do not 58 

exhibit a significant dependence on the alloy composition20,23,24. A possible issue is that the 59 

reported damping parameters – obtained from the frequency dependence of ferromagnetic 60 

resonance (FMR) linewidth with the film magnetized in-plane – may include contributions from 61 

non-Gilbert relaxation induced by inhomogeneity and defects (e.g., two-magnon scattering)27–36, 62 

which can be affected by the alloying. Therefore, how Gilbert damping in Fe is impacted by 63 

alloying with low-Z elements remains an open question.  64 



4 
 

Here, we investigate the compositional dependence of magnetic relaxation at room 65 

temperature in epitaxial thin films of ferromagnetic FeV and FeAl alloys. Both alloys are 66 

crystalline bcc solid solutions and hence constitute excellent model systems. We employ two 67 

configurations of FMR measurements to gain complementary insights: (1) FMR with samples 68 

magnetized in the film plane (similar to the prior experiments) to derive the “effective” Gilbert 69 

damping parameter, 𝛼𝑒𝑓𝑓
𝐼𝑃 , which is found to include extrinsic magnetic relaxation due to two-70 

magnon scattering, and (2) FMR with samples magnetized perpendicular to the film plane to 71 

quantify the intrinsic Gilbert damping parameter, 𝛼𝑖𝑛𝑡, which is free of the two-magnon 72 

scattering contribution.  73 

Since Al (Z = 13) is a much lighter element than V (Z = 23), we might expect lower 74 

magnetic relaxation in FeAl than FeV, if the smaller <Z> lowers intrinsic Gilbert damping via 75 

reduced ξ. Instead, we find a significant decrease in magnetic relaxation by alloying Fe with V – 76 

i.e., yielding an intrinsic Gilbert damping parameter of ≃0.001, on par with the lowest values 77 

reported for ferromagnetic metals – whereas damping in FeAl alloys increases with Al content. 78 

These experimental results, combined with density functional theory calculations, point to the 79 

density of states at the Fermi level D(EF) as a plausible dominant factor for the lower (higher) 80 

Gilbert damping in FeV (FeAl). We thus find that incorporating a low-Z element does not 81 

generally lower damping and that, rather, reducing D(EF) is an effective route for lower damping 82 

in Fe alloyed with a nonmagnetic element. Our findings confirm that FeV is an intrinsically 83 

ultralow-damping alloy, as theoretically predicted by Mankovsky et al.26, which also possesses a 84 

lower saturation magnetization than Fe and FeCo. The combination of low damping and low 85 

moment makes FeV a highly promising material for practical metal-based spintronic 86 

applications.  87 
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II. FILM DEPOSITION AND STRUCTURAL PROPERTIES  88 

Epitaxial Fe100-xVx and Fe100-xAlx thin films were grown using dc magnetron sputtering 89 

on (001)-oriented MgO substrates. Prior to deposition, the substrates were annealed at 600 oC for 90 

2 hours37. The base pressure prior to deposition was < 5×10-8 Torr, and all films were grown with 91 

an Ar pressure of 3 mTorr. Fe and V (Al) 2” targets were dc co-sputtered to deposit Fe100-xVx 92 

(Fe100-xAlx) films at a substrate temperature of 200 oC. By adjusting the deposition power, we 93 

tuned the deposition rate of each material (calibrated by X-ray reflectivity) to achieve the desired 94 

atomic percentage x of V (Al). All FeV and FeAl films had a thickness of 25 nm, which is well 95 

above the thickness regime where interfacial effects dominate31,38.  The FeV (FeAl) films were 96 

capped with 3-nm-thick V (Al) deposited at room temperature to protect against oxidation, 97 

yielding a film structure of MgO/Fe100-xVx(25nm)/V(3nm) or MgO/Fe100-xAlx(25nm)/Al(3nm).  98 

 We confirmed the epitaxial bcc structure of our thin films using high resolution X-ray 99 

diffraction. 2θ-ω scans show only the (002) peak of the film and the (002) and (004) peaks of the 100 

substrate, as shown in Figure 1. Rocking curve scans of the film peaks show similar full-width-101 

at-half-maximum values of  ≃ 1.3o irrespective of composition.  The epitaxial relation between 102 

bcc Fe and MgO is well known16,39:  the bcc film crystal is rotated 45o with respect to the 103 

substrate crystal, such that the [100] axis of the film lies parallel to the [110] axis of the 104 

substrate. The absence of the (001) film peak indicates that our epitaxial FeV and FeAl films are 105 

solid solutions rather than B2-ordered compounds40. 106 

  107 
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III. MAGNETIC RELAXATION 108 

3.1. In-Plane Ferromagnetic Resonance  109 

Many spintronic devices driven by precessional magnetization dynamics are based on in-110 

plane magnetized thin films. The equilibrium magnetization also lies in-plane for soft 111 

ferromagnetic thin films dominated by shape anisotropy (i.e., negligible perpendicular magnetic 112 

anisotropy), as is the case for our epitaxial FeV and FeAl films. We therefore first discuss FMR 113 

results with films magnetized in-plane. The in-plane FMR results further provide a basis for 114 

comparison with previous studies20,22,23,25.  115 

Samples were placed with the film side facing a coplanar waveguide (maximum 116 

frequency 50 GHz) and magnetized by an external field H (from a conventional electromagnet, 117 

maximum field 1.1 T) along the in-plane [100] and [110] axes of the films. Here, unless 118 

otherwise stated, we show results for H || [110] of the film. FMR spectra were acquired via field 119 

modulation by sweeping H and fixing the microwave excitation frequency.  120 

Exemplary spectra for Fe, Fe80V20, and Fe80Al20 are shown in Figure 2, where we 121 

compare the peak-to-peak linewidths at a microwave excitation frequency of 20 GHz. We see 122 

that the linewidth for Fe80V20 shows a ≃ 25 % reduction compared to Fe. We further note that 123 

the linewidth for the Fe80V20 sample here is a factor of ≃ 2 narrower than that in previously 124 

reported FeV20; a possible origin of the narrow linewidth is discussed later. In contrast, Fe80Al20 125 

shows an enhancement in linewidth over Fe, which is contrary to the expectation of lower 126 

magnetic relaxation with a lower average atomic number.  127 

The FMR linewidth is generally governed not only by magnetic relaxation, but also by 128 

broadening contributions from magnetic inhomogeneities28,41,42. To disentangle the magnetic 129 
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relaxation and inhomogeneous broadening contributions to the linewidth, the typical prescription 130 

is to fit the frequency f dependence of linewidth ∆𝐻𝑝𝑝
𝐼𝑃  with the linear relation41 131 

∆𝐻𝑝𝑝
𝐼𝑃 = ∆𝐻0

𝐼𝑃 +
ℎ

𝑔𝜇𝐵𝜇0

2

√3
𝛼𝑚𝑒𝑎𝑠

𝐼𝑃 𝑓, (1) 132 

where h is the Planck constant, 𝜇𝐵 is the Bohr magneton, 𝜇0 is the permeability of free space, 133 

and 𝑔 is the g-factor obtained from the frequency dependence of the resonance field (see Section 134 

IV and Supplemental Material43,44). In Eq. (1), the slope is attributed to viscous magnetic 135 

damping, captured by the measured damping parameter 𝛼𝑚𝑒𝑎𝑠
𝐼𝑃 , while the zero-frequency 136 

linewidth ∆𝐻0
𝐼𝑃 is attributed to inhomogeneous broadening. The fitting with Eq. (1) was carried 137 

out for f  10 GHz, where H was sufficiently large to saturate the films. As is evident from the 138 

results in Figure 3, Fe80V20 has lower linewidths across all frequencies and a slightly lower slope, 139 

i.e., 𝛼𝑚𝑒𝑎𝑠
𝐼𝑃 . On the other hand, Fe80Al20 shows higher linewidths and a higher slope.  140 

The measured viscous damping includes a small contribution from eddy currents, 141 

parameterized by 𝛼𝑒𝑑𝑑𝑦 (Supplemental Material43,45), and a contribution due to radiative 142 

damping46, given by 𝛼𝑟𝑎𝑑 (Supplemental Material43). Together these contributions make up ≃20 143 

% of the total 𝛼𝑚𝑒𝑎𝑠
𝐼𝑃  for pure Fe and decrease in magnitude with increasing V or Al content. We 144 

subtract these to obtain the effective in-plane Gilbert damping parameter,  145 

 𝛼𝑒𝑓𝑓
𝐼𝑃 = 𝛼𝑚𝑒𝑎𝑠

𝐼𝑃 − 𝛼𝑒𝑑𝑑𝑦 − 𝛼𝑟𝑎𝑑.  (2) 146 

As shown in Figure 4a, 𝛼𝑒𝑓𝑓
𝐼𝑃  remains either invariant or slightly decreases in Fe100-xVx up to x = 147 

25, whereas we observe a monotonic enhancement of 𝛼𝑒𝑓𝑓
𝐼𝑃  with Al content in Figure 4b. These 148 

results point to lower (higher) damping in FeV (FeAl) and suggest a factor other than the average 149 

atomic number governing magnetic relaxation in these alloys.  However, such a conclusion 150 

assumes that 𝛼𝑒𝑓𝑓
𝐼𝑃  is a reliable measure of intrinsic Gilbert damping. In reality, 𝛼𝑒𝑓𝑓

𝐼𝑃  may include 151 
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a contribution from defect-induced two-magnon scattering27–31,35,36, a well-known non-Gilbert 152 

relaxation mechanism in in-plane magnetized epitaxial films27,32–34,47. We show in the next 153 

subsection that substantial two-magnon scattering is indeed present in our FeV and FeAl alloy 154 

thin films.  155 

 Although Eq. (1) is not necessarily the correct framework for quantifying Gilbert 156 

damping in in-plane magnetized thin films, we can gain insight into the quality (homogeneity) of 157 

the films from ∆𝐻0
𝐼𝑃. For our samples, μ0∆𝐻0

𝐼𝑃
 is below ≈ 1 mT (see Figure 4c,d), which implies 158 

higher film quality for our FeV samples than previously reported20. For example, Fe73V27 in 159 

Scheck et al. exhibits μ0∆𝐻0
𝐼𝑃 ≃ 2.8 mT20, whereas Fe75V25 in our study exhibits μ0∆𝐻0

𝐼𝑃 ≃ 0.8 160 

mT. Although 𝛼𝑒𝑓𝑓
𝐼𝑃  is comparable between Scheck et al. and our study, the small ∆𝐻0

𝐼𝑃 leads to 161 

overall much narrower linewidths in our FeV films (e.g., as shown in Figs. 2 and 3). We 162 

speculate that the annealing of the MgO substrate prior to film deposition37 – a common practice 163 

for molecular beam epitaxy – facilitates high-quality epitaxial film growth and hence small ∆𝐻0
𝐼𝑃 164 

even by sputtering.  165 

  166 

3.2. Out-of-Plane Ferromagnetic Resonance 167 

To quantify intrinsic Gilbert damping, we performed broadband FMR with the film 168 

magnetized out-of-plane, which is the configuration that suppresses two-magnon scattering28–31. 169 

Samples were placed inside a W-band shorted-waveguide spectrometer (frequency range 70-110 170 

GHz) in a superconducting electromagnet that enabled measurements at fields > 4 T. This high 171 

field range is well above the shape anisotropy field of ≤2 T for our films and hence sufficient to 172 

completely saturate the film out-of-plane.   173 
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The absence of two-magnon scattering in broadband out-of-plane FMR allows us to 174 

reliably obtain the measured viscous damping parameter 𝛼𝑚𝑒𝑎𝑠
𝑂𝑃  by fitting the linear frequency 175 

dependence of the linewidth ∆𝐻𝑝𝑝
𝑂𝑃, as shown in Figure 5, with 176 

∆𝐻𝑝𝑝
𝑂𝑃 = ∆𝐻0

𝑂𝑃 +
ℎ

𝑔𝜇𝐵𝜇0

2

√3
𝛼𝑚𝑒𝑎𝑠

𝑂𝑃 𝑓. (3)  177 

We note that the zero-frequency linewidth for the out-of-plane configuration ∆𝐻0
𝑂𝑃 (Figure 6c,d) 178 

is systematically greater than that for the in-plane configuration ∆𝐻0
𝐼𝑃 (Figure 4c,d). Such a trend 179 

of ∆𝐻0
𝑂𝑃>∆𝐻0

𝐼𝑃, often seen in epitaxial films15,33,48, may be explained by the stronger 180 

contribution of inhomogeneity to the FMR field when the magnetic precessional orbit is circular, 181 

as is the case for out-of-plane FMR, compared to the case of the highly elliptical precession in 182 

in-plane FMR41; however, the detailed mechanisms contributing to the zero-frequency linewidth 183 

remain the subject of future work. The larger ∆𝐻0
𝑂𝑃 at high V and Al concentrations may be due 184 

to broader distributions of anisotropy fields and saturation magnetization, or the presence of a 185 

secondary crystal phase that is below the resolution of our X-ray diffraction results.  186 

The absence of two-magnon scattering in out-of-plane FMR allows us to quantify the 187 

intrinsic Gilbert damping parameter,  188 

𝛼𝑖𝑛𝑡 = 𝛼𝑚𝑒𝑎𝑠
𝑂𝑃 − 𝛼𝑒𝑑𝑑𝑦,  (4) 189 

by again subtracting the eddy current contribution 𝛼𝑒𝑑𝑑𝑦. Since we utilize a shorted waveguide, 190 

the contribution due to radiative damping does not apply.   191 

From the compositional dependence of 𝛼𝑖𝑛𝑡 as summarized in Figure 6a1, a reduction in 192 

intrinsic Gilbert damping is evidenced with V alloying. Our observation is in contrast to the 193 

previous experiments on FeV alloys20,22,23 where the reported damping parameters remain >0.002 194 

                                                           
1 We were unable to carry out out-of-plane FMR measurements for FeV with x = 20 (Fig. 2(c,d)) as the sample had 

been severely damaged during transit.  
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and depend weakly on the V concentration. In particular, the observed minimum of 𝛼𝑖𝑛𝑡 ≃ 0.001 195 

at x ≃ 25-30 is approximately half of the lowest Gilbert damping parameter previously reported 196 

for FeV20 and that of pure Fe15. The low 𝛼𝑖𝑛𝑡 here is also comparable to the lowest damping 197 

parameters reported for ferromagnetic metals, such as Fe75Co25
16,17 and Heusler compounds49–51. 198 

Moreover, the reduced intrinsic damping by alloying Fe with V is qualitatively consistent with 199 

the computational prediction by Mankovsky et al.26, as shown by the curve in Figure 6a. Our 200 

experimental finding therefore confirms that FeV is indeed an intrinsically ultralow-damping 201 

ferromagnet that possesses a smaller saturation magnetization than Fe.  202 

In contrast to the reduction of 𝛼𝑖𝑛𝑡 observed in FeV alloys, FeAl shows an increase in 203 

intrinsic damping with increasing Al concentration, as seen in Figure 6b. Recalling that Al has an 204 

atomic number of Z = 13 that is lower than Z = 23 for V, this trend clashes with the expectation 205 

that lower <Z> reduces the intrinsic Gilbert damping through a reduction of the atomic spin-orbit 206 

coupling. Thus, we are required to consider an alternative mechanism to explain the higher 207 

(lower) damping in FeAl (FeV), which we discuss further in Section V.  208 

 209 

3.3. Magnetic Relaxation: Practical Considerations 210 

For both FeV and FeAl alloys, 𝛼𝑖𝑛𝑡 derived from out-of-plane FMR (Figure 6a,b) is 211 

consistently lower than 𝛼𝑒𝑓𝑓
𝐼𝑃  derived from in-plane FMR (Figure 4a,b). This discrepancy 212 

between 𝛼𝑖𝑛𝑡 and 𝛼𝑒𝑓𝑓
𝐼𝑃  implies a two-magnon scattering contribution to magnetic relaxation in 213 

the in-plane configuration (Figure 4a,b). For many applications including spin-torque oscillators 214 

and magnonic devices, it is crucial to minimize magnetic relaxation in in-plane magnetized thin 215 

films. While the in-plane magnetic relaxation (𝛼𝑒𝑓𝑓
𝐼𝑃 ≃ 0.002) is already quite low for the FeV 216 

alloys shown here, the low intrinsic Gilbert damping (𝛼𝑖𝑛𝑡 ≃ 0.001) points to the possibility of 217 
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even lower relaxation and narrower FMR linewidths by minimizing two-magnon scattering and 218 

inhomogeneous linewidth broadening. Such ultralow magnetic relaxation in FeV alloy thin films 219 

may be achieved by optimizing structural properties through growth conditions16 or seed layer 220 

engineering52.  221 

While ultralow intrinsic Gilbert damping values have been confirmed in high-quality 222 

epitaxial FeV, it would be desirable for device integration to understand how magnetic relaxation 223 

in FeV would be impacted by the presence of grain boundaries, i.e. in polycrystalline thin films. 224 

Reports on polycrystalline FeCo52 suggest intrinsic damping values comparable to those seen in 225 

epitaxial FeCo16,17. While beyond the scope of this study, our future work will explore the 226 

possibility of low damping in polycrystalline FeV thin films. 227 

 228 

IV. SPECTROSCOPIC PARAMETERS  229 

The results presented so far reveal that magnetic relaxation is reduced by alloying Fe with 230 

V, whereas it is increased by alloying Fe with Al. On the other hand, FeV and FeAl alloys 231 

exhibit similar compositional dependence of the spectroscopic parameters: effective 232 

magnetization Meff (here, equivalent to saturation magnetization Ms), magnetocrystalline 233 

anisotropy field Hk, and the g-factor 𝑔 – all of which are quantified by fitting the frequency 234 

dependence of resonance field (Supplemental Material43). As shown in Figure 7a, there is a 235 

systematic reduction in Meff with increasing concentration of V and Al. We also note in Figure 7b 236 

a gradual reduction in magnitude of the in-plane cubic anisotropy. Both of these trends are 237 

expected as magnetic Fe atoms are replaced with nonmagnetic atoms of V and Al. The reduction 238 

of Meff by ≃20% in the ultralow-damping Fe100-xVx alloys with x = 25-30, compared to pure Fe, 239 

is of particular practical interest. The saturation magnetization of these FeV alloys is on par with 240 
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commonly used soft ferromagnetic alloys (e.g., Ni80Fe20
53, CoFeB54), but the damping parameter 241 

of FeV is several times lower. Further, while FeV and FeCo in the optimal composition window 242 

show similarly low intrinsic damping parameters, FeV provides the advantage of lower moment. 243 

With the product 𝛼𝑖𝑛𝑡𝑀𝑒𝑓𝑓 approximately proportional to the critical current density to excite 244 

precessional dynamics by spin torque2,11, FeV is expected to be a superior material platform for 245 

low-power spintronic devices.  246 

The g-factor 𝑔 = 2(1 + 𝜇𝐿/𝜇𝑆) is related to the orbital moment 𝜇𝐿 and spin moment 𝜇𝑆; 247 

the deviation from the spin-only value of 𝑔 = 2.00 provides insight into the strength of spin-orbit 248 

coupling ξ55. As seen in Figure 7c, 𝑔 increases by 1-2% with both V and Al alloying, which 249 

suggests that ξ increases slightly with the addition of these low-Z elements. This finding verifies 250 

that <Z> is not necessarily a good predictor of ξ in a solid. Moreover, the higher 𝑔 for FeV is 251 

inconsistent with the scenario for lower damping linked to a reduced spin-orbit coupling. Thus, 252 

spin-orbit coupling alone cannot explain the observed behavior of Gilbert damping in Fe alloyed 253 

with low-Z elements.  254 

 255 

V. DISCUSSION 256 

In contrast to what has been suggested by prior experimental studies20,22–25, we have 257 

shown that the reduction of average atomic number by alloying with a light element (e.g., Al in 258 

this case) does not generally lower the intrinsic Gilbert damping of Fe. A possible source for the 259 

qualitatively distinct dependencies of damping on V and Al contents is the density of states at the 260 

Fermi level, D(EF): it has been predicted theoretically that the intrinsic Gilbert damping 261 

parameter is reduced with decreasing D(EF), since D(EF) governs the availability of states for 262 

spin-polarized electrons to scatter into21,26,56–58. Such a correlation between lower damping and 263 
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smaller D(EF) has been reported by recent experiments on FeCo alloys17,53, FeRh alloys40, CoNi 264 

alloys59, and Heusler compounds49,51,60. The similarity in the predicted composition dependence 265 

of the Gilbert damping parameter for FeCo and FeV26 suggests that the low damping of FeV may 266 

be correlated with reduced D(EF). However, no prior experiment has corroborated this 267 

correlation for FeV or other alloys of Fe and light elements.  268 

We therefore examine whether the lower (higher) damping in FeV (FeAl) compared to Fe 269 

can be qualitatively explained by D(EF).  Utilizing the Quantum ESPRESSO61 package to 270 

perform density functional theory calculations (details in Supplemental Material43,62–66), we 271 

calculated the density of states for Fe, Fe81.25V18.75, and Fe81.25Al18.75. It should be recalled that 272 

although FeV and FeAl films measured experimentally here are single-crystalline, they are solid 273 

solutions in which V or Al atoms replace Fe atoms at arbitrary bcc lattice sites.  Therefore, for 274 

each of the binary alloys, we computed 6 distinct atomic configurations in a 2×2×2 supercell, as 275 

shown in Figure 8. The spin-split density of states for each unique atomic configuration is 276 

indicated by a curve in Figure 9. Here, D(EF) is the sum of the states for the spin-up and spin-277 

down bands, averaged over results from the 6 distinct atomic configurations.  278 

As summarized in Figure 9 and Table 1, FeV has a smaller D(EF) than Fe, whereas FeAl 279 

has a larger D(EF). These calculation results confirm a smaller (larger) availability of states for 280 

spin-polarized electrons to scatter into in FeV (FeAl), qualitatively consistent with the lower 281 

(higher) intrinsic Gilbert damping in FeV (FeAl).  282 

We remark that this correlation between damping and D(EF) is known to hold particularly 283 

well in the limit of low electronic scattering rates 𝜏−1, where intraband scattering dominates21,57. 284 

Gilmore et al. have pointed out that at sufficiently high electronic scattering rates, i.e., when 285 

ℏ𝜏−1 is large enough that interband scattering is substantial, the simple correlation between the 286 
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strength of Gilbert damping and D(EF) breaks down. It is unclear whether our FeV and FeAl 287 

alloy films at room temperature are in the intraband- or interband-dominated regime. Schoen et 288 

al. have argued that polycrystalline FeCo alloy films – with higher degree of structural disorder 289 

and likely higher electronic scattering rates than our epitaxial films – at room temperature are 290 

still well within the intraband-dominated regime17. On the other hand, a recent temperature-291 

dependent study on epitaxial Fe suggests coexistence of the intraband and interband 292 

contributions at room temperature15. A consistent explanation for the observed room-temperature 293 

intrinsic damping in our alloy films is that the interband contribution depends weakly on alloy 294 

composition; it appears reasonable to conclude that D(EF), primarily through the intraband 295 

contribution, governs the difference in intrinsic Gilbert damping among Fe, FeV, and FeAl.  296 

 297 

VI. SUMMARY 298 

We have experimentally investigated magnetic relaxation in epitaxial thin films of Fe 299 

alloyed with low-atomic-number nonmagnetic elements V and Al. We observe a reduction in the 300 

intrinsic Gilbert damping parameter to 𝛼𝑖𝑛𝑡 ≃ 0.001 in FeV films, comparable to the lowest-301 

damping ferromagnetic metals reported to date. In contrast, an increase in damping is observed 302 

with the addition of Al, demonstrating that a smaller average atomic number does not necessarily 303 

lower intrinsic damping in an alloy. Furthermore, our results on FeV and FeAl cannot be 304 

explained by the change in spin-orbit coupling through alloying. Instead, we conclude that the 305 

density of states at the Fermi level plays a larger role in determining the magnitude of damping 306 

in Fe alloyed with lighter elements. Our work also confirms FeV alloys as promising ultralow-307 

damping, low-moment metallic materials for practical power-efficient spin-torque devices.  308 

  309 
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 Number of Spin-Up States (eV-1) 

at EF 

Number of Spin-Down States 

(eV-1) at EF 

Fe 10.90 3.44 

Fe81.25V18.75 6.28 ± 1.80 4.61 ± 0.43 

Fe81.25Al18.75 6.81 ± 1.58 10.20 ± 3.03 

Table 1: Number of spin-up and spin-down states at EF. For Fe81.25V18.75 and 332 

Fe81.25Al18.75, the average and standard deviation of values for the 6 distinct atomic 333 

configurations (cf. Figure 8) are shown.    334 
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Figure 1: (a) 2θ-ω X-ray diffraction scans showing (002) and (004) substrate and (002) film 510 

peaks for bcc Fe, Fe80V20, and Fe80Al20.  511 
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Figure 2: FMR spectra at f = 20 GHz with the magnetic field H applied in the film plane, fitted 514 

using a Lorentzian derivative (solid curve) for Fe, Fe80V20 and Fe80Al20.   515 
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Figure 3: FMR linewidths versus microwave frequency for the magnetic field applied within the 517 

plane of the film for three distinct alloys. The solid lines are linear fits, described by Eq. (1), 518 

from which the effective damping parameter and zero frequency linewidth are determined. The 519 

dashed line represents the result for Fe73V27 from Scheck et al.20 520 
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Figure 4: The effective damping parameter 𝛼𝑒𝑓𝑓
𝐼𝑃  for (a) Fe100-xVx and (b) Fe100-xAlx and zero 523 

frequency linewidth 𝜇0Δ𝐻0
𝐼𝑃 for (c) Fe100-xVx and (d) Fe100-xAlx, obtained from in-plane FMR. 524 

The solid symbols in (a) and (c) represent results reported by Scheck et al.20  525 

[Note to editor: Please make this a double-column wide figure] 526 
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Figure 5: FMR linewidths versus applied microwave frequency for the magnetic field applied 529 

perpendicular to the plane of the film for three distinct alloys. The line is a linear fit, described 530 

by Eq. (3), from which the intrinsic Gilbert damping parameter and zero frequency linewidth are 531 

determined.  532 
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Figure 6: The intrinsic Gilbert damping parameter 𝛼𝑖𝑛𝑡 for (a) Fe100-xVx and (b) Fe100-xAlx and 535 

zero frequency linewidth  𝜇0Δ𝐻0
𝑂𝑃 for (c) Fe100-xVx and (d) Fe100-xAlx, obtained from out-of-536 

plane FMR. In (a), the dashed curve shows the predicted intrinsic damping parameter computed 537 

by Mankovsky et al.26 538 

[Note to editor: Please make this a double-column wide figure] 539 
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Figure 7: (a) Effective magnetization, (b) in-plane cubic anisotropy field, and (c) g-factor versus 542 

V and Al concentration. The solid (open) markers represent data from in-plane (out-of-plane) 543 

measurements. 544 
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 546 

Figure 8: The six unique atomic configurations from the supercell program for mimicking the 547 

Fe81.25V18.75 or Fe81.25Al18.75 solid solution.  548 



33 
 

-10

0

10

-10

0

10

-1.0 -0.5 0.0 0.5 1.0

-10

0

10

 

 

(a)

Fe81.25V18.75

 

D
e

n
s
it
y
 o

f 
S

ta
te

s
 (

e
V

-1
)

(b)

Fe

 

E - EF (eV)

(c)
Fe81.25Al18.75

 549 

Figure 9: Calculated spin-up (positive) and spin-down (negative) densities of states for (a) Fe, 550 

(b) Fe81.25V18.75 and (c) Fe81.25Al18.75. Results from the 6 distinct atomic configurations are shown 551 

in (b,c); the average densities of states at EF for Fe81.25V18.75 and Fe81.25Al18.75 are shown in 552 

Table 1.   553 
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