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Confirming the origin of Gilbert damping by experiment has remained a challenge for many decades,
even for simple ferromagnetic metals. Here, we experimentally identify Gilbert damping that increases with
decreasing electronic scattering in epitaxial thin films of pure Fe. This observation of conductivitylike
damping, which cannot be accounted for by classical eddy-current loss, is in excellent quantitative
agreement with theoretical predictions of Gilbert damping due to intraband scattering. Our results resolve
the long-standing question about a fundamental damping mechanism and offer hints for engineering low-
loss magnetic metals for cryogenic spintronics and quantum devices.
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Damping determines how fast the magnetization relaxes
toward the effective magnetic field and plays a central role
in many aspects of magnetization dynamics [1,2]. The
magnitude of viscous Gilbert damping governs the thresh-
old current for spin-torque magnetic switching and auto-
oscillations [3,4], mobility of magnetic domain walls [5,6],
and decay lengths of diffusive spin waves and superfluid-
like spin currents [7,8]. To enable spintronic technologies
with low power dissipation, there is currently much interest
in minimizing Gilbert damping in thin films of magnetic
materials [9—19], especially ferromagnetic metals [20-32]
that are compatible with conventional device fabrication
schemes. Despite the fundamental and technological
importance of Gilbert damping, its physical mechanisms
in various magnetic materials have yet to be confirmed by
experiment.

Gilbert damping is generally attributed to spin-orbit
coupling that ultimately dissipates the energy of the
magnetic system to the lattice [1,2]. Kambersky’s torque
correlation model [33] qualitatively captures the temper-
ature dependence of damping in some experiments [34—37]
by partitioning Gilbert damping into two mechanisms due
to spin-orbit coupling, namely interband and intraband
scattering mechanisms, each with a distinct dependence on
the electronic momentum scattering time 7,. For the
interband scattering mechanism where magnetization
dynamics can excite electron-hole pairs across different
bands, the resulting Gilbert damping is “resistivitylike” as

its magnitude scales with Tgl; i.e., increased electronic
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scattering results in higher damping [38,39]. By contrast,
the intraband scattering mechanism is typically understood
through the breathing Fermi surface model [40], where
electron-hole pairs are excited in the same band, yielding
“conductivitylike” Gilbert damping that scales with z,; i.e.,
reduced electronic scattering results in higher damping.

Conductivitylike Gilbert damping was reported exper-
imentally more than 40 years ago in bulk crystals of pure Ni
and Co at low temperatures, but surprisingly not in pure Fe
[34]. The apparent absence of conductivitylike damping in
Fe has been at odds with many theoretical predictions that
intraband scattering should dominate at low temperatures
[41-47], although some theoretical studies have suggested
that intraband scattering may be absent altogether in pure
metals [48,49]. To date, no experimental work has con-
clusively addressed the role of intraband scattering in pure
Fe [50]. There thus remains a significant gap in the
fundamental understanding of damping in one of the
simplest ferromagnetic metals. Intrinsic conductivitylike
Gilbert damping in Fe is also technologically relevant,
since minimizing damping in ferromagnetic metals at low
temperatures is crucial for cryogenic superconducting
spintronic memories [51,52] and quantum information
transduction schemes [53,54].

In this Letter, we experimentally demonstrate the pres-
ence of conductivitylike Gilbert damping due to intraband
scattering in epitaxial thin films of body-centered-cubic
(bcc) Fe. By combining broadband ferromagnetic reso-
nance (FMR) measurements with characterization of
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structural and transport properties of these model-system
thin films, we show that conductivitylike Gilbert damping
dominates at low temperatures in epitaxial Fe. These
experimental results agree remarkably well with the mag-
nitude of Gilbert damping derived from first-principles
calculations [41,42,45], thereby providing evidence for
intraband scattering as a key mechanism for Gilbert damp-
ing in pure bee Fe. Our experiment thus resolves the long-
standing question regarding the origin of damping in the
prototypical ferromagnetic metal. Our results also confirm
that—somewhat counterintuitively—disorder can partially
suppress intrinsic damping at low temperatures in ferro-
magnetic metals, such that optimally disordered films may
be well suited for cryogenic spintronic and quantum
applications [51-54].

Epitaxial bcc Fe thin films were sputter deposited on
(001)-oriented MgAl,O, (MAO) and MgO single crystal
substrates. The choices of substrates were inspired by the
recent experiment by Lee et al. [27], where epitaxial growth
is enabled with the [100] axis of a bcc Fe-rich alloy oriented
45° with respect to the [100] axis of MAO or MgO. MAO

with a lattice parameter of ayao/(2v/2) = 0.2858 nm
exhibits a lattice mismatch of less than 0.4% with Fe
(ape = 0.287 nm), whereas the lattice mismatch between
MgO (apgo/ V2 = 0.2978 nm) and Fe is of the order 4%.
Here, we focus on 25-nm-thick Fe films that were grown
simultaneously on MAO and MgO by confocal dc magnet-
ron sputtering [55]. In the Supplemental Material [55], we
report on additional films deposited by off-axis magnetron
sputtering.

We verified the crystalline quality of the epitaxial Fe
films by x-ray diffraction, as shown in Figs. 1(a)-1(c). Only
(00X)-type peaks of the substrate and film are found in
each 26-w scan, consistent with the single-phase epitaxial
growth of the Fe films. The 20-w scans reveal a larger
amplitude of film peak for MAO/Fe, suggesting higher
crystalline quality than that of MgO/Fe. Pronounced Laue
oscillations, indicative of atomically smooth film interfa-
ces, are observed around the film peak of MAO/Fe,
whereas they are absent for MgO/Fe. The high crystalline
quality of MAO/Fe is also evidenced by its narrow film-
peak rocking curve with a FWHM of only 0.02°, compa-
rable to the rocking curve FWHM of the substrate. [The
angular resolution of the diffractometer is 0.0068°.] By

contrast, the film-peak rocking curve of MgO/Fe has a
FWHM of 1°, which indicates substantial mosaic spread in
the film due to the large lattice mismatch with the MgO
substrate.

Results of 260-w scans for different film thicknesses [55]
suggest that the 25-nm-thick Fe film may be coherently
strained to the MAO substrate, consistent with the smooth
interfaces and minimal mosaic spread of MAO/Fe. By
contrast, it is likely that 25-nm-thick Fe on MgO is relaxed
to accommodate the large film-substrate lattice mismatch.
Static magnetometry provides further evidence that Fe is
strained on MAO and relaxed on MgO [55]. Since strained
MAO/Fe and relaxed MgO/Fe exhibit distinct crystalline
quality, as evidenced by an approximately 50 times
narrower rocking FWHM for MAO/Fe, we have two
model systems that enable experimental investigation of
the impact of structural disorder on Gilbert damping.

The residual electrical resistivity also reflects the struc-
tural quality of metals. As shown in Fig. 1(d), the residual
resistivity is 20% lower for MAO/Fe compared to
MgO/Fe, which corroborates the lower defect density in
MAO/Fe. The resistivity increases by nearly an order of
magnitude with increasing temperature, reaching 1.1 X
10~7 Qm for both samples at room temperature, consistent
with behavior expected for pure metal thin films.

We now examine how the difference in crystalline
quality correlates with magnetic damping in MAO/Fe
and MgO/Fe. Broadband FMR measurements were per-
formed at room temperature up to 65 GHz with a custom
spectrometer that employs a coplanar waveguide (center
conductor width 0.4 mm) and an electromagnet (maximum
field <2 T). For each measurement at a fixed excitation
frequency, an external bias magnetic field was swept
parallel to the film plane along the [110] axis of Fe, unless
otherwise noted. In the Supplemental Material [55], we
show similar results with the field applied along the [110]
and [100] axes of Fe; Gilbert damping is essentially
isotropic within the film plane for our epitaxial Fe films,
in contrast to a recent report of anisotropic damping in
ultrathin epitaxial Fe [29].

Figure 2 shows that the peak-to-peak FMR linewidth
AH,, scales linearly with frequency f, enabling a precise
determination of the measured Gilbert damping parameter
Omeas from the standard equation,
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FIG. 1.

(a),(b) 260-w x-ray diffraction scans of MAO/Fe and MgO/Fe (a) over a wide angle range and (b) near the bec Fe (002) film

peak. (c) Rocking curve scans about the film peak. (d) Temperature dependence of resistivity plotted on a log-log scale.
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FIG. 2. Frequency dependence of FMR linewidth AH,, for
MAO/Fe and MgO/Fe at room temperature. Linewidths mea-
sured under in-plane field are shown as open symbols, whereas
those measured under out-of-plane (OP) field are shown as filled
symbols.
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where AH, is the zero-frequency linewidth and y =
y/2m ~29.5 GHz/T is the reduced gyromagnetic ratio.
Despite the difference in crystalline quality, we find
essentially the same measured Gilbert damping parameter
Of Upens ~ 2.3 x 1073 for MAO/Fe and MgO/Fe. We note
that this value of @, 1S comparable to the lowest damping
parameters reported for epitaxial Fe at room temperature
[21,22,24]. Our results indicate that Gilbert damping at
room temperature is insensitive to the strain state or
structural disorder in epitaxial Fe [66].

The measured damping parameter a.,, from in-plane
FMR can generally include a contribution from non-Gilbert
relaxation, namely two-magnon scattering driven by
defects [67-70]. However, two-magnon scattering is sup-
pressed when the film is magnetized out-of-plane [26,69].
To isolate any two-magnon scattering contribution to
damping, we performed out-of-plane FMR measurements
under a sufficiently large magnetic field (>4 T) for
complete saturation of the Fe film, using a custom W-
band shorted waveguide combined with a superconducting
magnet. As shown in Fig. 2, the out-of-plane and in-plane
FMR data yield the same slope and hence a,,.,s [Eq. (1)] to
within <8%. This finding indicates that two-magnon
scattering is negligible and that frequency-dependent mag-
netic relaxation is dominated by Gilbert damping in
epitaxial Fe examined here.

The insensitivity of Gilbert damping to disorder found
in Fig. 2 can be explained by the dominance of the interband
(resistivitylike) mechanism at room temperature, with
phonon scattering dominating over defect scattering.
Indeed, since MAO/Fe and MgO/Fe have the same
room-temperature resistivity [Fig. 1(d)], any contributions
to Gilbert damping from electronic scattering should be
identical for both samples at room temperature. Moreover,
according to our density functional theory calculations [55],
the density of states of bee Fe at the Fermi energy D(Ey)

does not depend significantly on the strain state of the
crystal. Therefore, in light of the recent reports that Gilbert
damping is proportional to D(E) [23,25,71], the different
strain states of MAO/Fe and MgO/Fe are not expected to
cause a significant difference in Gilbert damping.
However, since MAO/Fe and MgO/Fe exhibit distinct
resistivities (electronic scattering times 7,) at low temper-
atures, one might expect to observe distinct temperature
dependence in Gilbert damping for these two samples. To
this end, we performed variable-temperature FMR measure-
ments using a coplanar-waveguide-based spectrometer
(maximum frequency 40 GHz, field <2 T) equipped with
a closed-cycle cryostat. [The W-band spectrometer for out-
of-plane FMR (Fig. 2) could not be cooled below room
temperature due to its large thermal mass, limiting us to in-
plane FMR measurements at low temperatures.] Figures 3(a)
and 3(b) show that a,,., is enhanced for both samples at
lower temperatures. Notably, this damping enhancement
with decreasing temperature is significantly greater for
MAO/Fe [Figs. 3(b) and 3(c)]. Thus, at low temperatures,
we find a conductivitylike damping increase that is evidently
more pronounced in epitaxial Fe with less structural disorder.
While this increased damping at low temperatures is
reminiscent of intrinsic Gilbert damping from intraband
scattering [40-47], we first consider other possible con-
tributions. One possibility is two-magnon scattering
[67-70], which we have ruled out at room temperature
(Fig. 2) but could be present in our low-temperature in-
plane FMR measurements. From Figs. 3(a) and 3(b), the
zero-frequency linewidth AH, [Eq. (1)]—typically
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FIG. 3. (a),(b) Frequency dependence of FMR linewidth for
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(c) Temperature dependence of measured Gilbert damping
parameter a,,.,; and estimated eddy-current damping parameter
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attributed to magnetic inhomogeneity—is shown to
increase along with o, at low temperatures [55], which
might point to the emergence of two-magnon scattering
[69,70]. However, our mean-field model calculations (see
Supplemental Material [55]) show that AH|, correlates with
Omeas due to interactions among different regions of the
inhomogeneous film [72]. The increase of AH, at low
temperatures is therefore readily accounted for by increased
Gilbert damping, rather than two-magnon scattering.

We are also not aware of any mechanism that enhances
two-magnon scattering with decreasing temperature, par-
ticularly given that the saturation magnetization (i.e.,
dipolar interactions) is constant across the measured
temperature range [55]. Moreover, the isotropic in-plane
damping found in our study is inconsistent with typically
anisotropic two-magnon scattering tied to the crystal
symmetry of epitaxial films [67,68], and the film thickness
in our study (e.g., 25 nm) rules out two-magnon scattering
of interfacial origin [70]. As such, we conclude that two-
magnon scattering does not play any essential role in our
experimental observations.

Another possible contribution is dissipation due to
classical eddy currents, which increases proportionally
with the increasing conductivity ¢ at lower temperatures.
We estimate the eddy-current contribution to the measured
Gilbert damping with [21,73]

c
Oeddy = ﬁ?ﬂ(z)Mst%w (2)

where uoM, ~ 2.0 T is the saturation magnetization and #r
is the film thickness. We find that eddy-current damping
accounts for only 220% (~30%) of the total measured
damping of MAO/Fe (MgO/Fe) even at the lowest
measured temperature [Fig. 3(c)]. Furthermore, as shown
in the Supplemental Material [55], thinner MAO/Fe films,
e.g., tp =11 nm, with negligible a4, still exhibit a
significant increase in damping with decreasing temper-
ature. Our results thus indicate a substantial contribution to
conductivitylike Gilbert damping that is not accounted for
by classical eddy-current damping.

For further discussion, we subtract the eddy-current
damping from the measured damping to denote the
Gilbert damping parameter attributed to intrinsic spin-orbit
coupling as ag, = Ameas — Aeady- 10 correlate electronic
transport and magnetic damping across the entire measured
temperature range, we perform a phenomenological fit of
the temperature dependence of Gilbert damping with [35]

p(T)

o(T)
Ay = C
o p(300 K)”

= d
5300 K)

(3)

where the conductivitylike (intraband) and resistivitylike
(interband) terms are scaled by adjustable parameters ¢ and
d, respectively. As shown in Figs. 4(a) and (b), this simple
phenomenological model using the experimental transport
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FIG. 4. (a),(b) Temperature dependence of the spin-orbit-
induced Gilbert damping parameter aj,, fit phenomenologically
with the experimentally measured resistivity for (a) MAO/Fe and
(b) MgO/Fe. The dashed and dotted curves indicate the con-
ductivitylike and resistivitylike contributions, respectively; the
solid curve represents the fit curve for the total spin-orbit-induced
Gilbert damping parameter. (c),(d) Comparison of our exper-
imental results with calculated Gilbert damping parameters by
(c) Gilmore et al. [41,42] and (d) Mankovsky et al. [45].

results [Fig. 1(d)] agrees remarkably well with the temper-
ature dependence of Gilbert damping for both MAO/Fe
and MgO/Fe.

Our findings that Gilbert damping can be phenomeno-
logically partitioned into two distinct contributions
[Eq. (3)] are in line with Kambersky’s torque correlation
model. We compare our experimental results to first-
principles calculations by Gilmore et al. [41,42] that relate
electronic momentum scattering rate 7,! and Gilbert
damping through Kambersky’s torque correlation model.
We use the experimentally measured resistivity p [Fig. 1(d)]
to convert the temperature to 7, ! by assuming the constant
conversion factor pr, = 1.30 x 107> Qms [42]. To
account for the difference in electronic scattering time for
the minority spin 7, and majority spin 74, we take the
calculated curve from Gilmore et al. with 7| /7, =4 [42],
which is close to the ratio of D(Ef) of the spin-split bands for
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bee Fe, e.g., derived from our density functional theory
calculations [55]. For explicit comparison with Refs. [41,42],
the Gilbert damping parameter in Fig. 4(c) is converted to the
magnetic relaxation rate A = yauoM,. The calculated
prediction is in excellent quantitative agreement with our
experimental results for both strained MAO/Fe and relaxed
MgO/Fe [Fig. 4(c)], providing additional experimental
evidence that intraband scattering predominately contributes
to Gilbert damping at low temperatures.

We also compare our experimental results to a more
recent first-principles calculation study by Mankovsky
et al., which utilizes the linear response formalism [45].
This approach does not rely on a phenomenological
electronic scattering rate and instead allows for explicitly
incorporating thermal effects and structural disorder.
Figure 4(d) shows the calculated temperature dependence
of the Gilbert damping parameter for bcc Fe with a small
density of defects, i.e., 0.1% vacancies, adapted from
Ref. [45]. We again find good quantitative agreement
between the calculations and our experimental results for
MAOQO/Fe. On the other hand, the Gilbert damping param-
eters at low temperatures for relaxed MgO/Fe are signifi-
cantly below the calculated values. This is consistent with
the reduction of intraband scattering due to enhanced
electronic scattering (enhanced 7, ') from defects in relaxed
MgO/Fe.

Indeed, significant defect-mediated electronic scattering
may explain the absence of conductivitylike Gilbert damp-
ing for crystalline Fe in prior experiments. For example,
Ref. [34] reports an upper limit of only a twofold increase
of the estimated Gilbert damping parameter from 7 =
300 K to 4 K. This relatively small damping enhancement
is similar to that for MgO/Fe in our study [Fig. 4(b)],
suggesting that intraband scattering may have been sup-
pressed in Fe in Ref. [34] due to a similar degree of
structural disorder to MgO/Fe. We therefore conclude that
conductivitylike Gilbert damping from intraband scattering
is highly sensitive to disorder in ferromagnetic metals.

More generally, the presence of defects in all real metals
—evidenced by finite residual resistivity—ensures that the
Gilbert damping parameter is finite even in the zero-
temperature limit. This circumvents the theoretical defi-
ciency of Kambersky’s torque correlation model where
Gilbert damping would diverge in a perfectly clean
ferromagnetic metal at 7 — 0 [48,49]. We also remark
that a fully quantum mechanical many-body theory of
magnetization dynamics yields finite Gilbert damping even
in the clean T = 0 limit [74].

In summary, we have demonstrated the dominance of
conductivitylike Gilbert damping due to intraband scattering
at low temperatures in high-quality epitaxial Fe. Our exper-
imental results also validate the long-standing theoretical
prediction of intraband scattering as an essential mechanism
for Gilbert damping in pure ferromagnetic metals [41-47],
thereby advancing the fundamental understanding of

magnetic relaxation in real materials. Moreover, we have
confirmed that, at low temperatures, a magnetic metal with
imperfect crystallinity can exhibit lower Gilbert damping
(spin decoherence) than its cleaner counterpart. This some-
what counterintuitive finding suggests that magnetic thin
films with optimal structural or chemical disorder may be
useful for cryogenic spintronic memories [51,52] and spin-
wave-driven quantum information systems [53,54].
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