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Abstract

Heat conduction in metals is typically dominated by electron transport, since electrons carry both
charge and heat. In magnetic metals magnons, or spin waves, excitations of the magnetic order, can
be used to transport information. Heat conduction via magnons has been previously shown mostly
for insulating magnets with low Gilbert damping and resulting long spin wave lifetimes, where con-
duction electrons cannot contribute. Here we show that thin films of properly optimized metallic
ferromagnetic alloys show significant non-electronic contributions to heat conduction, which fur-
thermore depend on the direction of an applied magnetic field. These measurements are enabled
by micromachined thermal isolation platforms optimized for thermal conductivity measurements
of thin film systems. Electrical conductivity measurements on exactly the same samples allows
application of the Wiedemann-Franz relation, which shows large non-electronic contributions to
thermal conductivity for the cobalt-iron alloy with 25% Co. This composition has been shown to
have exceptionally low damping for a metallic ferromagnet. The thermal conductivity of a 75 nm
thick film of the 25% Co alloy changes by more than 20% at some temperatures, while a reference
sample with 50% cobalt that has much higher damping shows no field direction dependence. Our
measurements indicate that applied magnetic fields alter the magnon lifetimes in these films and
that these magnons contribute to thermal conductivity in this metallic magnetic alloy with low

Gilbert damping.

The transport properties of metals are typically dominated by electrons, which carry
energy as well as charge, leading to the well-known Wiedemann-Franz (WF') relation between
electrical and thermal conductivity, ke /o = LT[1-3]. Here k¢ is the thermal conductivity
due to electrons, o is the electrical conductivity, T is the absolute temperature, and L is
the Lorenz number, which is determined only by fundamental constants in simple theories
of metals. Phonons also carry heat, and though recent theories suggest this contribution
could be larger than traditionally thought for metals [4-7], phonon contributions are most
commonly observed only when o is strongly reduced, typically in thin films or nanostructures
[8-11]. In a magnetically ordered system, energy can also be carried by magnons, the
quantized spin waves that are the fundamental perturbations of the magnetic forces between

neighboring spins. Magnon contributions to spin transport have been proven in insulators
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[12-18] and metals [19-22]. Heat transport via magnons has been reported for insulators
[23-29], with only a few studies of bulk materials at very low temperature in high magnetic
field discussing magnon contributions to heat flow in metals [30-33]. Measurements of the
magnon contribution to thermal conductivity, k£, are more common in insulators, and so
far much more difficult in metals, due to relatively strong electron-magnon scattering that
typically leads to short magnon lifetimes in a metallic FM. However, recent computational
work suggests that magnon thermal conductivity contributes more to a metallic ferromagnet
(FM) than previously known [34, 35], and both theory [36-39] and experiment [40, 41] have
renewed interest in the role of magnons in the transport and thermoelectric properties of
metals. However, contributions of magnons to k£ in thin film metallic ferromagnets and at

any T' > 5 K have still never been demonstrated to our knowledge.

The earliest demonstration of magnon k focused on the THz magnons in magnetic in-
sulator yttrium iron garnet (YIG), a system where « is exceptionally low, often reaching
~ 0.0001 in bulk crystals. This leads to long-lived spin wave dynamics [43], which allows
heat [29] and spin [12-15, 17, 18] to be transported by magnons. « is typically on the order of
0.01 for metallic ferromagnets where conduction electron-magnon interactions are frequent.
However, recent work has shown that with optimal tuning of alloy composition and growth
conditions, metallic or half-metallic thin films can reach a comparable to or below that
seen in magnetic insulators [42, 44-48]. These materials, including the cobalt-iron alloys,
Co,Fe;_,, are of great interest for spin wave transport [49], and have been recently investi-
gated for magnon drag thermopower contributions in bulk form [50], and using suspended
Si-N membrane thermal isolation platforms for thermopower and & [51]. Both papers show
significant magnon drag thermopower contributions, and Srichandan et al. show large non-
electronic contributions to k, as we will show, by examination of L. However, Srichandan et
al. explained these based on theoretical predictions of electronic effects, and did not interpret

their high k£ as evidence of magnons carrying heat in a metal.

In this letter, we present results from heat and charge transport measurements of opti-
mized Co,Fe;_, polycrystalline thin films that show evidence of magnon contributions to k
in this low-damping metallic ferromagnet. The strongest evidence for magnon k comes from
a magnetic-field direction dependence that is large in the alloy with lowest damping, and
vanishing in an alloy with more typical damping. Comparison with the anisotropic mag-

netoresistance (AMR) measured on the same samples shows that these field effects in the
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FIG. 1. a) Oblique angle scanning electron micrograph of the Si-N platform, with V T, H| and
H, and sample area (blue shading) shown. The length and width of the sample are 2040 pm and
88 um, respectively. b) Ko vs. T for the Si-N background and three Co,Fe;_, films. Inset:
Thermal model used to determine K. c¢) Kiop vs. T for H, and H | for the low-a sample
CogsFers #2. Inset: Schematic side view of the sample layers. d) Ko vs. T for H | and H for
the reference sample CosgFesy shows no depen4dence on field direction. Inset: « (left axis) and

density of states (right axis) vs. x [42]. Dashed lines indicate the two x studied here.



low-damping alloy are much larger than any modification based on purely electronic effects,
reaching levels comparable to the best known thermal switching systems [52].

Achieving and optimizing low « in a metallic FM requires tuning of the crystal structure
by thin-film growth techniques [42, 46, 47, 53|. The films studied here were prepared via
DC magnetron sputtering at an Ar pressure of approximately 0.6 Pa (5 x 10~3 Torr) and
chamber base pressure of 5 x 1075 Pa (4 x 1078 Torr). The alloy is co-sputtered from dual
elemental targets (Co and Fe) with deposition rates calibrated by X-ray reflectometry. The
total deposition rate is kept to 0.25 nm/s. Samples are grown with a Ti(3 nm)/Cu(bnm) seed
layer to promote a BCC structure and an Al(5nm) capping layer to limit oxidation. This
structure also minimizes extrinsic damping mechanisms for in-plane fields [54]. The thermal
isolation platforms and other Si-N coated Si substrates for supporting characterization are
held near room temperature during the sputtering.

Since thin film deposition is required to achieve low «, probing k£ due to magnons requires
thermal measurements on thin films. These measurements are normally difficult due to the
enormous background from the supporting substrate. Here we use a micromachined ther-
mal isolation platform where a 500 nm thick amorphous silicon-nitride membrane sample
platform is supported between two islands with lithographically patterned heaters, ther-
mometers, and leads[9, 55-57]. Fig. 1a) is a scanning electron micrograph of an example
platform, where the direction of the applied in-plane thermal gradient, VT', and the relative
direction of applied magnetic fields, H and H, are shown. The removal of all bulk heat
sinks allows use of the simple thermal model shown inset in Fig. 1b), where the two islands
at temperatures Ty and Ts are bridged by the thermal conductance of the Si-N sample
platform, Kg, and this structure is in turn connected to the thermal bath by conductances
of the supporting legs and leads, Ki,. Application of a series of currents to the island heater
and measurement of T' for each island in steady state allows calculation of Kp using this
model as described in the Supplemental Materials[58], and elsewhere [9, 55-57].

When a sample is added, the thermal conductance between the islands becomes K, =
Kg + K, and we determine the sample thermal conductivity kg, from K such that kg, =
K l/(wt), where [, w, and ¢ are the film length, width, and thickness, respectively. Fig. 1b)
shows K. as a function of the average sample platform temperature, T, for a blank sample
platform (Si-N), and three Co,Fe;_, alloy films. All three films add large contributions
to the Si-N background. As shown inset in Fig. 1d), both « and the density of electronic
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states at the Fermi level, n(Ep) vary with z, and both are minimum near x = 0.25. Two
films, labeled CogsFers #1 and #2, were prepared with intended alloy composition near
the minimum for both « and the electronic density of states at the Fermi level, while the
third, labeled CosgFeso has an alloy composition that, while maintaining similar saturation
magnetization and spin-orbit coupling, results in more typical « for a metallic FM and also
has a larger n(Er). This sample thus serves as an important reference as we investigate
k related to long-lived spin dynamics, as only o and DOS near Fr change meaningfully

between the two alloys.

In Fig. 1c) and d) we compare Kjo measured in a saturating 400 Oe in-plane magnetic
field applied in two different directions for a low-damping alloy sample and typical-damping
alloy sample as a function of 7. Here CogsFers #2 shows a large difference in K, when
the magnetization, M , is aligned parallel to VT compared to when M 1 VT. In stark
contrast, CosoFeso has exactly the same K. regardless of field orientation within estimated
experimental uncertainty. This dramatically demonstrates the importance of spin dynamics
for heat flow in these samples, as the change in orientation of M in this thin film geometry
changes the magnon dispersion relations but should not strongly affect either the phonon or
electron degrees-of-freedom. As discussed below, the relative alignment of M and applied
current direction changes electron spin-orbit scattering which causes the AMR. However,
these changes are a fraction of a percent at best; far smaller than the 10 — 20% change in

Kot apparent in Fig. 1c).

Fig. 2a) plots the measured L vs. T for the three Co,Fe;_, samples. Because we measure
k and o on exactly the same sample, the film geometry cancels in L, such that the values
shown are determined from L = KsR/T, removing a large source of uncertainty. The dashed
line labeled L, indicates the free-electron Sommerfeld value, L, = 2.45x 1078 WQ /K2, Slight
deviations from this value both for thin films [9] and bulk metals[3] are fairly common. In
agreement with the one prior report for thin films [51], we see large positive deviations from
L, indicating additional contributions to k for both CossFe7s films. In contrast, the higher-
damping CosoFes film agrees well with L, showing only slight reduction at some 7'. This
is very similar to results for non-magnetic thin films measured with the same techniques
[9]. We plot k vs. T for each film, compared with the predicted k. made using the WF
law with L, in Fig. 2b). Here we see that k is relatively low for a metal, and comparable

in overall magnitude to values we previously measured for Permalloy [9], though Permalloy
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FIG. 2. a) L = KsR/T vs. T for three Co,Fe;_, films compared to L,. The two low « films have
dramatically increased L, indicating non-electronic contributions to kgyy,. b) kfim vs T for these
samples, with estimated k. also shown. ¢) The non-electronic contribution kex = kfiim — ke vs. T
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agrees with the WF exceptionally well by comparison. The lower £ is expected based on
disorder scattering from the random alloy in both cases. The two nominally similar CoqsFers
films, which were grown in the same sputtering run on platforms held only several cm apart,
have quite different k, though both significantly exceed k. We suspect that near the dip in
DOS and «, k is strongly dependent on small fluctuations in alloy composition, which we
confirmed via XRD (see Supplementary Materials). Further study will be needed to confirm
the impact on k. In Fig. 2¢) we estimate the excess, non-electronic contributions ke, = k— ke
for the CogsFers films. As seen by another group [51], kex peaks near 200 K for both films,
though sample #1 shows much larger k.,. As described further in Supplemental Materials
[58], we can use calculations of the expected contribution from the THz exchange-dominated
magnons to estimate that the average mean free path of magnons, assuming all key is due

to exchange magnons, ranges from several to tens of nanometers.

Fig. 3a) shows R vs. H for CogsFers #2 for both H, and Hj [59]. The resulting pattern
is similar to the AMR effects well known for transition metal FM [60], though with some
unusual hysteresis features that could also be related to magnons [61-63]. We plot the AMR
ratio, Ap/pay = (p — p1)/((1/3)py + (2/3)pL vs. T in Fig. 3b). The AMR effect is less
than 1%, smaller than typical transition metal FMs, and notably smaller in the low-damping
alloy film. This is in line with the expectations of lower «, since AMR is driven by spin-orbit
scattering that would also contribute to damping mechanisms. In Fig. 3c) we plot the field
and field-direction dependence of kg, vs. T for sample CoosFers #2, again comparing to
the expected ke . In saturating H in both directions, kg, is suppressed from H = 0 values.
As also seen in the Ky (Fig. 1¢)), kam also clearly depends on field direction. Fig. 3d)
shows the contrasting data taken under identical experimental conditions for the reference
CosoFesy sample, where data in H = 0, Hj and H, are all within error bars. In Fig. 3e) we
plot the analogous ratio for field-direction dependent k; Ak/ka, = (ky — k1)/(3k) + 3k.)
vs. T for both films. The WF law predicts a field-dependent k. in cases where AMR exists
from the field-dependent k.j, which should be on the order of the AMR ratio, that has been
measured in rare cases [64]. Fig. 3e) confirms that the field-direction dependence of the
low-damping FM CogsFers is dramatically larger, well more than 10x the AMR ratio across

the measured T range, and exceeding 25% at the lowest temperatures.

We clarify that all data labeled with H = 0 was taken before any significant field was
applied to the samples. To the best of our ability to determine (further details in Supple-
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ratio for CogsFers #2 is > 10x larger than the AMR at all T, and exceeds 25% at low T'.
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FIG. 4. a) Modeled spin wave dispersion curves, fsy vs. ¢ for low-¢ waves generated when H 1 q
(blue line), dominated by magnetostatic surface waves, and for waves generated when H | ¢ (red
lines), which arise from a combination of backward volume and exchange spin waves. b) Magnon
group velocity, vy determined from the dispersion relations. Note the discontinuity in the H | 7
case arises from our choice of the simplest possible model, and likely results in underestimation of
vg in this range of ¢, which could lead to an overestimate of £. c¢) Integrating the curve shown here
produced by the product Cvgl vs. ¢ gives 3k, which shows that a significant contribution from
these low ¢ magnons comes only when H || ¢. This curve used an assumed constant ¢ = 100 pm.

Inset: Estimated BVSW mean free path for the data of Fig. 3c.

mental Materials), after saturating field was applied to CogsFers #2, kg never returned
to the initial values. However, this sample repeatably showed field direction dependence in
the saturated state, as shown in Supplemental Materials [58]. This field-direction depen-
dence suggests that the magnons causing the field direction-dependenent kg, involve spin

waves with wavevector below ¢~ 6 x 106 cm™', where the dispersion relations depend on
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the in-plane field direction [19, 65-68]. Above this ¢ for our films, H direction independent
exchange modes dominate. We show a simplified model of such field-direction dependent
dispersion relations in Fig. 4a), calculated for our film using measured saturation magneti-
zation and using reference values for the exchange constant [69, 70]. As detailed further in
Supplemental Materials [58], this model captures the essential physics but does not use the
fully correct theory of magnons at these wavelengths. As shown in Fig. 4a), for all non-zero
¢ < 10° cm™!, the spin wave frequency fsw is higher when H || ¢ than when H L q. ¢ is the
magnon wavevector which sets the propagation direction, which in our experiments is the
direction of energy transport and therefore parallel to V1" We determine contributions to k
from this dispersion via k = (1/3)Cvyl, where C is the mode heat capacity, v, = dw/dq is
the group velocity, and £ is the magnon mean free path. Note that this kinetic expression for
k should be thought of as an integral over either wavevector or frequency, with all possible
propagating excitations contributing, as seen in recent analogous work on phonon transport
[71-75]. Fig. 4b) plots v, vs. k, clarifying that in this picture, v, is larger when H || ¢ for all
but the very lowest ¢ magnons. Since C'is the same for both modes (shown in Supplemental
Materials [58]), this much larger v, drives k higher for this field orientation. Fig. 4c plots the
g-dependent product C'vg/, the integration of these curves gives the estimated field-direction
dependent magnon k. Again, the much larger contribution when H || ¢ is obvious, and
integration of these curves indicates that magnons at these ¢ essentially only contribute to

ke when H | VT.

We can use this simple approach to estimate ¢ for our CogsFers film. We calculated the
solid red line in Fig. 3c) by adding the calculated kgy/gx, named for the combination of
Backward-Volume (BV) spin waves and low-¢ exchange modes excited when H || VT, to
the measured kg, with H L V7. In this calculation the average magnon mean free path ¢
is a free parameter, which we have assumed depends on 7' but is independent of frequency.
We show the resulting estimated low ¢ magnon {gy/px inset in Fig. 4c). The values are
long compared to the average ¢ for the entire population of exchange spin waves, which
is reasonable for these modes with wavelength that reaches hundreds of nm and thus are
less sensitive to surface and defect scattering. This rough estimate of ¢ is approximately an
order of magnitude larger than measured spin wave propagation lengths for 20 GHz spin
waves in a much thinner CogsFers film, grown by the same techniques and with low damping

[49]. The detailed dependence of ¢ on f, and ¢ is currently unknown to the best of our
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knowledge, but it is not unreasonable that some regimes of these low ¢ magnons that should

result in field-direction dependent kg, have even longer /.

Finally, we note that though we have demonstrated what we feel is a plausible physical
origin for the field direction dependence and large non-electronic thermal conductivity ob-
served for CogsFers and not for CosoFesq, other interpretations of the physics of this behavior
may be possible. Though an origin related to, for example, field-direction dependent phonon
transport in this polycrystalline film, perhaps driven by magnetoelastic effects, would also

be highly novel.

In summary, we have used micromachined thermal isolation platforms to measure k, R,
and L for three Co,Fe;_, thin films as a function of 7', applied field, and field direction.
Two films with compositions near a minimum in « show very large values of L compared to
a film with higher «, and to typical metal films. A strongly field-direction dependent k in
the low a composition suggests that the excess k is related to spin dynamics. Our ongoing
work includes exploration of thermopower on the same samples and further probe of thermal

and spin effects in this unique system.
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