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Magnon-drag and field-direction dependent thermopower in low-damping
ferromagnetic Co,sFe;s alloy thin films
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Recent experimental and theoretical work has focused new interest on magnon contributions to transport
properties of metallic ferromagnets. Here we present the Seebeck coefficient, or thermopower, measured from
78 to 325 K for Co,Fe,_, thin films and discuss the role of the Gilbert damping parameter, «gp, on electron-
magnon interactions. These measurements are made with micromachined Si-N thermal isolation platforms that
allow excellent control of the thermal gradient applied to a thin film. We first present zero-field measurements
of the absolute Seebeck coefficient, s, for two films with x = 0.25, the alloy composition previously shown
to have low damping and long-lived spin excitations, and a third film with x = 50 where agp is higher, and
more typical of other 3D alloy ferromagnets. We compare these to pure Co and Fe films, and to simple
expectations from the electronic DOS. This indicates that a large additional thermopower appears where spin
excitations are long-lived. This additional zero-field thermopower can be explained by magnon drag, where
momentum is transferred from thermal, exchange-dominated magnons to the electron system. We then present
the dependence of the thermopower on the direction of an applied in-plane magnetic field. Comparison of
this magnetothermopower (MTP) to anisotropic magnetoresistance (AMR) measured via four-wire electrical
resistance measured on the same films shows, as in previous measurements of thermal conductivity in the same
samples, a field-direction dependent contribution to thermopower. The MTP also allows improved estimation
of the electronic diffusion thermopower, which then allows us to construct a plausible model for the zero-field
thermopower of the low-damping films that adds the theoretically predicted magnon drag, and matches measured
a,ps Well at low 7. The field-direction dependent contribution, not previously observed, also suggests interaction
of electrons with the lower wave-vector dipole or dipole-exchange dominated magnetostatic spin waves, which

is an alternate manifestation of magnon drag.

DOLI: 10.1103/PhysRevMaterials.8.044402

I. INTRODUCTION

Interactions between charge, thermal gradients and internal
magnetization textures have played a significant role in the
development of spintronics [1-3] and spin caloritronics [4—8]
in recent years. Electrical and thermal transport properties of
thin film FM alloys play a key role in spintronics and spin
caloritronics, and are currently being reexamined after theo-
retical [9—-16] and experimental [12,17-21] work has shown
that magnons (or spin waves), the fundamental excitation of
an ordered magnetic ground state, can play a role. Magnon
effects are particularly interesting when these spin dynamics
can be long-lived. This lifetime is usually limited by either
magnon-electron scattering events, primarily from [s-d] ex-
change, 7y, or by magnon-phonon scattering. Understanding
of the magnon or spin wave lifetime in a given material is usu-
ally gained from FMR measurements of the Gilbert damping
parameter, ogp. The materials with the lowest agp are usually
insulators such as yttrium iron garnet [22,23], due to a near
absence of conduction electrons. However, recent work has
shown that tuning the alloy composition in BCC Co-Fe alloys
results in much lower Gilbert damping than seen in typical
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metallic ferromagnets [24,25]. In these reports, a minimum in
the density of states, n(Er), at the Fermi level corresponds
to a minimum of agp at Co concentration of approximately
25%. The damping parameter for this Co,sFess alloy has
been reported in the range agp = 1073-10~*, comparable to
the FM insulator yttrium iron garnet with agp = 107#-107>
for similar film thicknesses [22,26-28]. Furthermore, Bril-
louin light scattering (BLS) microscopy experiments have
demonstrated that spin-wave propagation lengths in ultra-low-
damping CoysFe;s thin films can reach tens of micrometers at
room temperature, making them useful for metallic magnonic
applications [25,29].

In our previous work on Co,Fe;_, thin films, we reported
a nonelectronic contribution to thermal conductivity based
on deviation from the Wiedemann-Franz law in CoysFe;s
that is absent in CosgFesg. We argued that this contribution
is likely to be magnonic in nature, based partly on field-
direction dependent measurements of thermal conductivity
[21]. As a possible explanation for this field-direction de-
pendence, we considered the differing transport of the H ||
VT backward-volume spin waves (BVSW) andthe H L VT
Damon-Eshbach spin waves (DESW) or magnetostatic spin
waves (MSSW) [30,31]. A simple model based on the dis-
persion relationships of these field-direction dependent modes
could plausibly explain the magnitude of the field-direction
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dependence of k [21]. In this paper, we report electrical re-
sistivity and thermopower, or Seebeck coefficient, measured
on the same films as used for the thermal conductivity study.
We report an enhanced thermopower in Co,sFe7s that is much
larger than the electronic diffusion thermopower predicted by
the Mott equation. As was previously reported for bulk Co-Fe
alloys [20], we associate this additional thermopower with
magnon drag. As with the thermal conductivity, the higher
damping CosgFeso alloy film shows smaller thermopower
values that are better explained by diffusion thermopower,
indicating low or nonexistent magnon drag. We also present
field-dependent measurements that compare resistance, R(H ),
and thermopower, a5 (H ). A unique field-dependence of the
Seebeck coefficient in the low-damping x = 25 alloy, not ap-
parent in the x = 50 sample, is similar to the field-orientation
dependence of k, and indicates a previously unknown man-
ifestation of magnon drag, likely caused by momentum
transfer from magnetostatic spin waves to the conduction
electrons.

II. BACKGROUND AND THEORY

The presence of a thermal gradient causes electrons in
metals to diffuse from the hot to the cold end. This establishes
an electric field and a subsequent potential difference, or See-
beck voltage, AV. The thermopower, or Seebeck coefficient
o, under certain assumptions regarding the direction of the
thermal gradient and the measurement circuit [32], is given
by o« = AV/AT, where AT is the temperature difference
from hot to cold. This diffusive electronic thermopower is
calculated using the Mott relation, oo, given by [33,34]

72T 1 [0p(E)
3¢ p(E) OE |p_p,’

OMott = — ()
where p is the electrical resistivity, Er is the energy at the
Fermi level, kp is the Boltzmann constant, 7 is temperature,
e the charge of the carrier, and [dp/dE]|g, is the energy
derivative of the resistivity evaluated at the Fermi energy.

Applying a thermal gradient to FM metals can also ex-
cite spin dynamics, resulting in nonequilibrium conditions
where magnon heat carriers can impart momentum to elec-
trons, adding to the thermopower. In analogy to phonon drag,
where phonons flowing in response to the thermal gradient can
transfer momentum to the electrons and add to thermopower,
this contribution to thermopower is termed magnon drag
[9,13,18,20], as shown schematically in Fig. 1(a). Magnon
drag has been observed in both elemental and alloy transition
metal FM thin films [18,35,36] and complex FM oxides [37].
However, quantitative and accurate identification of magnon
drag is often challenging since the electronic diffusion con-
tribution is not simple to determine. This is obvious from
Eq. (1), which depends on [0 p/0E]|E, , a quantity not possible
to directly measure.

Two theories have been proposed to explain the magnon-
drag contribution to thermopower, opng; one built from the
classical hydrodynamic model [14,17,18], and the second
using a relativistic Landau-Lifshitz-Gilbert (LLG) formal-
ism [9,13,14] to describe the time-varying magnetization.
In the hydrodynamic model, ong is derived from drift
equations where magnons and electrons are treated as two in-
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FIG. 1. (a) Schematic view of the thermopower measurement
of a low-damping metallic ferromagnet thin film on a suspended
Si-N membrane platform with magnon drag. Heat 0 moves from the
heated end of the sample at 7 to the cooler end at Ty. The thermal
gradient drives both electron diffusion, and also generates a flow of
magnons (shown schematically as purple arrows). These magnons
transfer additional momentum to electrons (shown in black), which
increases the thermopower. (b) False-color scanning-electron micro-
graph of the suspended Si-N membrane thermal isolation platform
used to measure thermopower. The red shading schematically in-
dicates the temperature, while the blue highlight shows the sample
area. Separate heaters and thermometers are patterned on each Si-N
island.

dependent but interacting fluids, with magnonic and electronic
chemical potentials, u,, and u,, respectively. In the relativistic
theory, based on spin orbit interactions, the mechanism relies
on spin motive forces transferring spin angular momentum
from conduction electrons to the magnetization. Although
microscopically very different, Watzman et al. showed that
these two theories agree in many situations [18]. Due to its
dependence on magnon thermal conductivity, which we have
probed experimentally in these films [21], here we focus on
the relativistic spin-transfer mechanism.

Lucassen et al. used this theory to derive a relation associat-
ing the spin transfer torque parameter, 8, to the magnon-drag
thermopower, a,g. Two contributions in the long-wavelength
limit are responsible, an adiabatic term related to the Berry-
phase force, and a dissipative term associated with g [9,13].
Assuming agp < B, amg can be written as

PypP

omg = B* ,
ma = P 2lelM,D" ™
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where B* = B — 3agp, ¥ = ge.mp/h, g. is the gyromagnetic
ratio (2 for metals), P = (Ny — N)/(N; + N,) is the spin
polarization where Ny and N, are the density of states at the
Fermi level for spin up and down populations, respectively.
M, is the saturation magnetization, D is the spin stiffness
constant, and the magnon thermal conductivity at zero electric
field is given by k,, = k;, + & — ooep(@ep + 2em)T . Here &,
Qep, and ey are drag effects between magnon and electron-
phonon heat currents, electron-phonon and electron-magnon
contributions to thermopower, respectively [9,13,14]. If drag
effects between magnon and electron-phonon heat currents
are small and electron-phonon contributions to thermopower
are negligible, then we can neglect the last two terms, and
write the magnon thermal conductivity as &/, ~ k,,. The cor-
rection to B (i.e., f* = B — 3agp) is associated with the
Berry-phase force, and is due to electrons dragged from the
cold to the hot regions of the thermal gradient [9,13].

The resulting simple theoretical model of thermopower
when both electronic diffusion and magnon drag are present
is then Otheory = ¥'Mott + ®¥md-

III. EXPERIMENT

We measure resistivity and the longitudinal thermopower
for each sample on micromachined thermal isolation bridge-
platform devices consisting of 500 nm of low-stress, amor-
phous silicon-nitride (Si-N) on (100) silicon wafers. An
example thermal isolation structure is shown in Fig. 1(b).
Thermometers, heaters, and electric leads are patterned on
each of the two islands by photolithography followed by e-
beam evaporation of a 10 nm adhesion layer of Cr and 40 nm
of Pt at rates of 0.1 and 0.2 nm/s, respectively. The suspended
bridge, with dimensions of 2050 um x 88 um, connects
the two Si-N islands, which have triangular contact pads that
allow voltage and resistance measurement of a film deposited
on the bridge. These triangular features also help keep the
temperature uniform across each island. The geometry of the
device maintains an in-plane heat flux and a unidirectional
thermal gradient, which enables accurate thermal measure-
ments [34,38,39].

The CoxFe,_4 alloys were cosputtered from separate tar-
gets of elemental Co and Fe via DC magnetron sputtering in
Ar after reaching chamber pressure of = 4 x 1078 Torr at a
rate of 0.25 nm/s on a 3 nm Ti/5 nm Cu seed layer, and
capped with a 5 nm Al film to limit oxidation. This follows
previously reported thin-film growth techniques to achieve the
desired BCC crystal structure for the alloy samples [40,41].
We verified the composition of the CosFe;_ alloy by x-ray
diffraction (XRD) spectroscopy on witness samples grown on
Si-N coated Si substrates in the same depositions [24,41]. We
also e-beam evaporated 75 nm thick films of Fe and Co in
ultrahigh vacuum (UHV) conditions (= 1078 to 10~'° Torr)
at rates approximately 0.1 nm/s to provide pure composition
references for the alloyed materials.

We mounted the thermal platforms to a gold-plated copper
block, wire bonded to electrical leads and enclosed the sample
in a radiation shield. The cryostat is placed under vacuum
(= 107° Torr) to minimize convection heating. The film re-
sistance, R, is measured using a four-wire method and the
resistivity is calculated by p = R(wt)/l where [, w, and ¢ are

the length, width, and thickness of the film, respectively. The
longitudinal Seebeck coefficient measurements are made by
recording the voltage drop, or thermoelectric voltage (TEV),
across the film after applying a unidirectional thermal gradient
by Joule heating the heater on one Si-N island. We determine
the thermopower from linear fits to a series of measured ther-
movoltages, AV, at several applied temperature differences,
AT, since when the thermal gradient is uniform and the cur-
rent path well-defined, « = AV / AT. This gives the relative
Seebeck coefficient, which includes contribution from the Pt
leads. In an earlier paper we presented a method to estimate
this lead contribution for our thermal isolation platform [32],
and here we subtract this lead contribution (the absolute value
of this contribution is <5 uV/K for all T studied here) and
report the absolute Seebeck coefficient of the magnetic thin
films. Further details on the measurement techniques and
fabrication steps for the thermal isolation platforms can be
reviewed in previous reports [32,38,39,42,43].

IV. RESULTS AND DISCUSSION

Figure 2 displays temperature dependence of p and agps
over the temperature range 78-325 K for 75 nm thin-films
of Co, Fe, and two different CoxFe;_ alloy compositions;
x =25 (two different samples labeled #1 and #2) and the
x =50 Co composition. In Fig. 2(a), the behavior of p for
all films is nearly linear with 7', as expected for metals. In
the 75 nm thick elemental films, pco < ppe 1S in agreement
with bulk trends, while both exhibit higher p values due to
defects, grain boundary and surface scattering as expected for
any thin film. Of the two alloy compositions, a higher p is
observed in the low-damping Co,sFess, which correlates with
the density of states, n(Er ), at the Fermi level. The x = 50 al-
loy exhibits a higher ng, and correspondingly lower resistivity
[41]. We attribute the variation in p between samples #1 and
#2 films to the small variations in Co concentration and lattice
parameters, which we previously determined via XRD and
discussed in our previous work [21]. Note for concentrations
of 50% Co, the electrical resistivity is similar to elemental Co
for temperatures above 200 K.

In Fig. 2(b), the absolute thermopower, o, is shown
for all films. The Seebeck coefficient for Co, and CosgFesq
films are approximately linear with 7', with only slight devi-
ations observed. The linear response likely indicates that aps
is dominated by electron diffusion, which is described well
by Eq. (1), where o o< 1/p, assuming minimal temperature
variation in the energy derivative of p. The aups of 75 nm
Fe thin film is nonlinear, with a broad peak trending to a
sign change as T increases. These features in Fe are in line
with previous reports on magnon-drag contributions to ther-
mopower [18,20,35]. The two Co,sFe;s films have similar
thermopower, and both are the largest negative values seen
in this group of samples. The sign and absolute value are both
in line with previous measurements of similar alloys in bulk
[20]. The differences in the thermopower of the two alloy
compositions agrees well with the relationship n(Er) « agp
[41]. However, from the magnitude of p seen in Fig. 2(a),
simple application of the Mott equation [Eq. (1)] suggests that
the thermopower of the low-damping film Co,sFe;s should
be a smaller negative value than CosgFesq. Instead, CoysFe;s
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FIG. 2. Temperature dependence of (a) resistivity, p, and (b) ab-
solute thermopower, o, for 75 nm thick Co, Fe, and three
alloy compositions CopsFe;s #1, CoysFess #2, and CosgFesy. Inset:
Schematic view of the Co,Fel — x sample stack with seed and cap
layers indicated.

shows a larger negative thermopower, while CosoFesy matches
well with the Co thin film. This is the first indication of
a significant additional contribution to thermopower in the
low-damping sample.

Figure 3 shows field-dependent resistance, R(H), mea-
sured at 200 K as a function of external field, H, over the
range +400 Oe (40 mT). Arrows indicate the direction of the
field sweep, starting at and returning to the positive saturated
value. To distinguish in-plane field orientation with respect to
the applied current, /, the following notation is used; R(H, ||)
and R(H, L). All field measurements are taken over the tem-
perature 125-300 K in increments of 25 K. The results for
both CoysFess #1 and CosoFesq alloys are broadly in line with
the expectations of anisotropic magnetoresistance (AMR), as
has been reported for many ferromagnetic metals and alloys
including Co, Fe, Ni, and Py [42,44,45]. In both films, a
symmetric field dependence is observed as H sweeps through
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FIG. 3. AMR measurement for samples (a) CosoFesy and
(b) CoysFess showing R(H ) at 200 K for I parallel and perpendicular
to H, denoted on the plot as H; and H,. Curved arrows indicate
the field sweep direction and are color coordinated to help distin-
guish between R(H, ||, 1) (Dark green), R(H, ||, |) (light green),
R(H, L, 1) (dark blue), and R(H, L, |) (light blue). The estimated
error bar shown in panel (a) is calculated by the uncertainty in field,
in angle between / and VT, and in zero-field resistance values.

0 due to spin-dependent scattering associated with spin-orbit
coupling. For CosgFesy, with a larger agp, a broader curve
in both orientations is observed from 125-300 K, though this
most likely indicates a larger coercive field in this alloy. The
difference in maximum field values for this alloy, given by
AR(H)=R(H, ||) —R(H, 1), is = 0.5 Q. The small differ-
ence between the R values measured at the coercive field,
where the sample magnetization passes through zero and R
is often expected to be independent of field direction, are
close to our estimated error and likely result from a slight
misalignment of this sample during that measurement. The
low-damping polycrystalline alloy, CoysFeys, with narrower
peaks in both field orientations, shows a similar AR(H) =
0.5 Q. Both films exhibit minute changes with respect to
field orientation (<1%) over the entire temperature range.
We note that both CoxFe;_x alloys show a unique behavior,
reaching a maximum R(H, ||) before plateauing to a steady
resistance level. R(H, L) also shows a slight inward shift as
H — 0 that is more distinguishable in the x = 25 sample.
These observations, although subtle, are unaccounted for but
consistent throughout the temperature range measured.
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FIG. 4. AMR Ratio for both alloys over the temperature range
125-300 K as calculated using Eq. (3). Inset: SEM image represent-
ing orientation between H and /.

The AMR ratio is defined [39,44]
R(H,|)—R(H, 1) 3)
(1/3)R(H, ||) + (2/3)R(H, L)’

where AR =R(H, ||) — R(H, 1) and Ry, = (1/3)R(H, ||) +
(2/3)R(H, 1). As shown in Fig. 4, the AMR ratio is consistent
with earlier measurements of this alloy, and decreases linearly
with respect to temperature above 150 K as expected from
increased scattering events. Differences seen between the two
alloy films can be attributed to slight differences in spin-orbit
coupling parameters (Aso) between Co and Fe [25,41,46].
Below 125 K, the x = 25 sample shows a significant decrease
in magnitude which requires further investigation.

We also performed magnetothermopower (MTP) measure-
ments, o,s(H), in applied field up to £400 Oe in both
H | VT and H L VT orientations. From the relationship
between « and p shown in Eq. (1), one expects similar
field dependence, and indeed in typical transition metal and
transition metal alloy films our group and others have ob-
served patterns of MTP that match the magnetoresistance
well [39,42,45,47,48]. For the Co,Fe,_, films, with their neg-
ative absolute thermopower, the expected pattern would be
that when H || VT, a.s(H, ||) becomes more negative (in-
creases) as H — 0, before returning to saturated levels. When
H L VT, ays(H, L) would then be expected to increase to a
more positive value (reducing thermopower) as H — 0 until
returning to o, at 400 Oe. As shown in Fig. 5(a), the x = 50
film is roughly in line with this pattern, though the field-
driven change in o, was close to our estimated error for this
particular experimental run. We define Aoy = aaps(H, ||) —
s (H, L) at 400 Oe and determine the magnitude for
CosgFesp, = 7.5 nV/K at 200 K.

As shown in Fig. 5(b), the low-damping CoysFe;s film
manifests a different and unexpected field-orientation depen-
dence. Here aqns(H, ||) responds as expected with respect
to field, however |aans(H, ||)| > |otans(H, L)], unlike previous
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FIG. 5. MTP measurement for samples (a) CosoFesp and
(b) CoysFess. aqps(H) at 200 K for VT parallel and perpendicular
to H, denoted on the plot as Hy and H,. Curved arrows indicate
the field sweep direction and are color coordinated to help distin-
guish between «(H, ||, 1) (Dark green), a(H, ||, ) (light green),
a(H, L, 1) (dark blue), and a(H, L, | ) (light blue). Dotted lines are
shown from calculated values using linear relationship o, (H, ||) =
m(1/R(H, ||)) + b, where m and b are determined at each tempera-
ture from measured o(H, 1) and R(H, L) values.

measurements on 3D ferromagnetic alloy thin films [3,39,42].
This suggests that another mechanism could be contributing to
thermopower when the field is parallel to the applied thermal
gradient, the condition where the same sample showed in-
creased thermal conductivity [21]. As a result, for the x = 25
alloy, Aagy = —130 nV/K at 200 K. This is much larger, and
as highlighted earlier shows the opposite sign compared to
x = 50. To the best of our knowledge, this pattern of field-
dependence has not been reported in previously studied Co-Fe
alloys, or in other metallic ferromagnets.

Before turning to additional analysis of this additional
field-direction dependent thermopower, we first calculate the
magnetothermopower (MTP) ratio, defined in analogy to the
AMR ratio by

Qlaps (H, ||) — otaps(H, L)
(1/3)otans (H, |I) + (2/3)ctaps (H, L)’

“

aMTP =
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FIG. 6. MTP Ratio for both alloys over the temperature range
125-300 K is calculated using Eq. (4). Inset: SEM image represent-
ing orientation between H and VT .

where a(H, ||), «(H, 1) show orientation of the external field
with respect to VT'. As shown in Fig. 6, the MTP ratio for
the two films are markedly different. CosoFesy has MTP ratio
that remains near 0, within experimental error, a consequence
of the small field-dependence observed in aps(H) versus H
throughout the entire temperature range. In contrast, the MTP
ratio for the Co-Fe alloy with 25% Co is larger, and decreases
in a nearly linear fashion with respect to temperature, trending
from approximately 0.8% at 125 K to near 0 at room temper-
ature. This behavior agrees well with the trend of k,, — 0 for
the same low-damping film for in our previous report [21].
We begin a closer analysis of the field-dependent shift in
s in the x = 0.25 sample with a closer look at the near-zero
field behavior. Measurements of ., as a function of field
are challenging in part since the series of applied thermal
gradients we typically employ to most accurately remove
contributions from leads and other artifacts can make the
measurement long enough that thermal and other longer-term
drift can add uncertainty. In Fig. 7 we aim to more carefully
map the low field variation in thermopower by cycling the
heater current between 0 and 110 uA, using a single thermal
gradient to more rapidly sweep the field in finer steps [49].
This allows a closer examination of the thermovoltage, AV, in
each orientation near zero applied field, where in the simplest
picture one would expect both R and o, to be independent
of field direction. Figure 7(a) shows AV versus H at 150 K,
with the field swept from & 400 Oe in both orientations.
The zero-field values remain different, and still agree well
for each sweep direction. This could indicate that the field
steps used still missed the true zero due to expected slight
field measurement offsets, as shown in the inset to Fig. 7(a).
It is more likely that the domain state at zero applied field
is different after saturation in different field directions. We
observed a similar effect for thermal conductivity in these
samples [21]. While transport properties such as resistance
or thermopower often have the same value when the internal
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FIG. 7. (a) Thermovoltage, AV for a single heater current =
110 pA at 150 K for VT parallel and perpendicular to H, denoted
on the plot as Hy and H, . Arrows indicate the field sweep direction
and are color coordinated to help distinguish between «(H, |, 1)
(Dark green), o(H, ||, |) (light green), «(H, L, 1) (dark blue), and
a(H, L, ) (light blue). (b) Applied temperature differences for sam-
ples CosoFesp, and Co,sFe;s at saturating fields of 400 Oe over the
temperature range of 125-300 K.

field in the sample is zero, this is not always the case. For
example, there are many well documented cases of the resis-
tance depending on the details of the zero-field domain pattern
that forms in a thin film or nanowire, which can be different
after the sample is saturated in different directions [50-54].
It is interesting, however, that the resistance of the x = 0.25
film, as seen in Fig. 3(b), is insensitive to any difference in the
domain pattern formed after saturation in different directions,
while k£ and « are affected by this altered magnetic texture.
Figure 7(b) shows the measured temperature dependence AT
across the bridge resulting from the 110 pA heater current
applied at saturating field of 400 Oe in each orientation for
both Co,Fe;_, films. This value is determined using the sep-
arate, calibrated Pt thermometers at each end of the sample
bridge, and restates the results of our earlier investigation of
thermal conductivity. We see higher VT and no dependence
on field direction for the x = 50 film, and lower VT with
strong dependence on field direction for the x = 25 film. Since
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FIG. 8. A representative oy, Vs 1/p plot for the Co,sFe;s sample
in —400 < H < 400 Oe field range in two different applied field
directions measured at 200 K. An additional thermopower is present
when H || I and VT, causing the offset below the linear behavior
observed in other metallic ferromagnets. The value of the slope of the
line also allows estimation of [00/dE]|g, and improved estimation
of the electronic diffusion thermopower from Eq. (1).

we can plausibly explain this pattern by contributions to heat
flow from backward volume magnetostatic spin waves formed
when H || VT, we suggest that this shift in thermopower
with applied field direction is a previously unknown form of
magnon drag due to this magnetostatic spin wave heat current.

We can quantify this feature by calculating the expected
thermopower in the absence of this field-direction depen-
dent magnon drag using similar methods employed for both
FM nanowires [45,55] and thin-films [39,42]. In both cases,
following the expectations of the Mott relation [Eq. (1)] if
dp/dE is independent of field strength and orientation, a plot
of aaps(H) versus 1/p(H) (or 1/R(H)) results in data that
falls on a line, with a slope that is proportional to 7', funda-
mental constants and [00/dE]|g,. In previously reported 3D
transition metal alloys and nanowires, this is true for any field
orientation. As shown in Fig. 8, this is not the case for the
low-damping CoysFess film. In this case, data taken with H
perpendicular to current and thermal gradient falls on a line
as expected, but the values (with saturating field applied) for
H parallel to current and field are far below the line. We can
define an expected value for the parallel field thermopower,
if only electronic effects dominate as previously seen in Ni
and Ni-Fe, which we term oy (H, ||). We estimate this value
by fitting a line to aups(H, L) versus 1/R(H, L). From the
slope, intercept and measured 1/R(H, ||) values, we determine
Aealc(H, ||), which provides an estimate for the thermopower
for a typical 3D metal alloy in this specific field orientation.
The resulting ocqc(H, ||) versus H is shown in Fig. 5(b), by
dottted lines. ocqic(H, ||) agrees well with typical FM metallic
thin films based on the relationship between o and p [42].
This clarifies the significant additional negative thermopower
added in the low-damping case.

024 _I b 1 L 1 b 1 . 1 v 1 b | v I_l
020} % -
g{ o1s-§ 4
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= 012} -
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FIG. 9. Difference in expected and measured values for «(H, ||)
in low-damping CoysFess alloy over temperature range 125-300 K.
Inset: Determination of A« (H, ||) = acac(H, ||) — daps(H, ||).

In Fig. 9, we investigate the temperature dependence
of Aa(H, ) = acac(H, ||) — ctaps(H, ||). Aa(H, ||) shows a
broad peak between 150-175 K before monotonically de-
creasing toward O as room temperature is approached. In
our previous work on field-dependent thermal conductiv-
ity on the same thin film samples, we reported a similar
temperature dependence [21]. There we presented a sim-
ple thermodynamic model and argued that the origin of the
field-orientation dependence of k,, stems from two different
magnon modes; backward volume spin waves and magne-
tostatic spin waves which are present here. Given oy &y,
from Eq. (2), the resulting |«(H, ||)| > |o(H, L)| for temper-
atures below room temperature, corresponds with previous
observations of k(H, ||) > k(H, L). These BVSW modes
have much lower population, but relatively high group ve-
locity and long propagation lengths, which we used a very
simple model of thermal conductivity in these samples to
estimate at ~200 pm [21], and which were measured using
spin pumping at 20 GHz in much thinner films to be up
to ~20 um in measurements using Brillouin light scattering
[29]. The simple model we employed does not account for
diverse spin relaxation processes or other contributions from
electron-phonon and magnon-phonon scattering events which
could play a role. We also note that the sensitivity of some
portion of both k [21] and o, as seen in Figs. 5 and 7, to
the details of the domain pattern that forms after saturation
in different directions is in line with a physical origin of the
direction dependence in the relatively long wavelength, long
mean free path magnetostatic spin wave modes. The electrons,
which dominate the AMR, have much shorter characteristic
length scales and are not affected by the different domains in
these samples. We hope that this first view into an unusual
manifestation of field-direction dependent magnon drag will
motivate further study.

We complete our discussion with a more in-depth analysis
of the contributions to the zero-field thermopower of this set
of films, with the goal of gaining the clearest view of the
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FIG. 10. [0p/0E]|g. vs T determined for Co,sFess using the
procedure overviewed in the text.

magnon-drag contribution caused by interaction of the field-
direction independent, THz frequency thermal magnons with
the conduction electrons. As stated earlier, one of the persis-
tent challenges in isolating magnon-drag contributions rests in
accurate determination of the electronic diffusion term. While
other authors have used the simplest expressions for ther-
mopower of conductors, which may not accurately capture
the diffusion term, here we use the magnetic field dependence
of the thermopower and resistivity to estimate [0p/0E]|g,
and calculate the electronic diffusion thermopower using the
Mott equation. Note again that if [0p/0E]|g, is independent
of magnetic field over the range between 0 and Hg,, then
diffusion thermopower results in a line (with zero intercept)
on a plot of oy versus 1/p. This is the case for both the
CoysFess film when H L I and VT, as shown at 200 K in
Fig. 8, and for Ni and Ni-Fe [42]. From the value of the
slope, determined from a least squares fit, we then determine
the value of [0p/0E]|g. following Eq. (1). We previously
applied this procedure to Ni and Ni-Fe which, perhaps as
expected based on relatively similar densities-of-states, have
very similar room temperature values of [0p/0E]|g, of ~4 x
1077 Qm/eV [39]. Figure 10 plots the [dp/0E]|g, value
versus T for the CoysFeys film, determined from the slope
of oy, (H ) versus 1/p(H) at each T. These values are some-
what higher than we previously reported (only near room
temperature) for Ni and Ni-Fe. Note that attempted calculation
of [0p/dE]|g, for CospFesy resulted in minimal temperature
dependence and very large uncertainty, due to the uncertainty
in the field-dependent thermopower.

In Figs. 11(a) and 11(b) we compare the resulting estimate
of oo to the measured gy for the Co and CosgFesq films.
We calculate oo using measured p for each sample. Since
for Co and CosgFesy the MTP values are too small to use
the method outlined above or not available, we use a fixed
value = 4.7 x 1077 Qm/eV based on previously measured
Ni and Ni-Fe alloy films [39]. For both these films, the es-
timated diffusion contribution is a relatively close match to
the measured thermopower, deviating no more than several

o, (LV/K)

<
Z
‘-:3 Uabs 'v'v
3 24k vy Atheory o
L v"‘vv
o8k VY Yyyd
32 k- -
 Coxstess

1 i 1 i i i i i 1 i 1

75 100 125 150 175 200 225 250 275 300 325

Temperature (K)

FIG. 11. oy, vs T, over the range 78 to 325 K, of (a) Co thin film
(blue symbols) and (b) 75 nm thick CosgFesy, compared to expected
electronic diffusion contribution, ape (green line), showing similar
values at all T. (c) Measured a,,; vs T for the Co,sFe;s film falls
below estimated electronic thermopower at all 7', and requires the
addition of a magnon-drag contribution, «,,g (orange line, calculated
as described in text). The total theoretical estimate, @peory (Maroon
line) matches the measured data well below 175 K.
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1V /K across this temperature range, suggesting that the ther-
mopower is dominated by electronic diffusion. The situation
for the CoysFess sample, as shown in Fig. 11(c), is very
different. Here the improved estimate of ooy, Which uses
the [0p/0E]|g, value at each T shown in Fig. 10, shows
lower (less negative) thermopower at all temperatures, and
nearly 5x larger deviation at the higher end of our measured
temperature range. This indicates magnon drag is contributing
to the thermopower in this low-damping sample.

We can calculate ong following the theory outlined in
Eq. (2) using literature values for both the spin polarization,
P, and spin stiffness constant, D. P measured for Co-Fe
alloys via point contact Andreev reflection measurements
and tunneling magnetoresistance measurements gave 0.48 for
CoysFess [56]. The spin stiffness constant for Co is D, =
9.28 x 1074 J/m? and D, = 4.48 x 107%° J/m? for Fe, both
obtained from experimental neutron scattering experiments
and extrapolated to zero [57]. For the alloy we compute D
based on weighted averages of individual constituents, and
interpolate their values over our temperature range of interest
given D = D,(1 — T /T,)” where y = 0.5 [58]. We estimated
T, for the alloys by averaging bulk 7, values for individual
constituents with results agreeing well with micromagnetic
calculations [59]. To determine M,, we first subtract the
perpendicular anisotropy from Mj, and use the effective mag-
netization, M.g. From SQUID magnetometry, we use Mg =
1719 emu/cm? for CopsFess [41]. The remaining unknown
parameters in Eq. (2) are 8* and k,,. We calculate the magnon
heat conductivity, k,,, in Eq. (2) by subtracting the estimated
electronic contribution of thermal conductivity, k., given by
the Wiedemann-Franz law, from the measured thermal con-
ductivity, kg, (i.e., kyn = kfim — k.), which we previously
reported for the same samples discussed here [21]. This &,
peaks near 200 K, and approaches zero near 300 K. Since the
values become comparable to expected uncertainty between
these temperatures, for this calculation we used a fixed &,
above 250 K. This leaves 8*, which we will adjust as a free
parameter, and assume it remains temperature independent
for simplicity. Note that the spin transfer torque parameter,
B, is usually neglected in transition metals such as Co and
Fe, however, theory has shown this contribution can become
significant, especially in materials with low Gilbert damping
parameters [60,61].

The resulting calculation for g* =0.05 is shown in
Fig. 11(c) as the orange line labeled amg g+—0.05. If we take
agp = 2.1 x 1073 based on earlier measurements [41], this
value indicates that 8 ~ 0.06, which is approximately in the
range observed in spin torque experiments on Ni-Fe, Co, and
Fe thin films [9,62]. Adding this magnon-drag contribution
to the apmoy values (here shown in green) gives the total
calculated thermopower, o, shown with the solid maroon
line. This curve matches the measured a,ps extremely well
below ~175 K. At higher temperatures, the combination of
magnon-drag theory and electronic diffusion falls below the
measured values. This is potentially due to the assumptions
made in the theory matching experimental conditions less well
as the temperature rises. Similar agreement between theory
and experiment only at the lowest 7 was observed in earlier
publications as well [18].

_[aabs_aMott] (/JV/K)
N R & ® S

o

U
N
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FIG. 12. Estimated nonelectronic thermopower contribution,
—[otaps — @mor] plotted vs T for Co and the two Co-Fe alloy thin
films. This suggests that magnon effects could be responsible for
more than half the total measured thermopower of the low-damping
Co,sFess sample.

Finally, in Fig. 12 we again highlight the clearest evi-
dence for magnon-drag contributions to thermopower in the
low-damping Co,sFe;s film by plotting the excess nonelec-
tronic thermopower, —(otups — otmor) Versus 7', where both
Oaps and ooy are taken from Fig. 11. This shows that both Co
and CospFesp, where typical values of the damping parame-
ter are seen, have small deviations from electronic diffusion
thermopower, while the low-damping CopsFe;s film shows
significant deviation from purely electronic behavior. Though
there is still significant uncertainty on this estimate despite
the improved determination of the diffusion contribution that
we have made, this curve suggests that the nonelectronic ther-
mopower grows roughly linearly with 7 in this regime. This is
qualitatively consistent with a potential peak in magnon drag
above 325 K, which would be in line with expectations from
Fe, where the magnon drag peaks near 200 K. The observation
of a magnon-drag peak at higher 7" in Co,sFess would scale
with the higher Curie temperature of this alloy.

Finally, we reiterate that the magnons expected to drive
the magnon-drag thermopower we observed in zero field are
likely the thermal magnons; magnons with frequencies in
the THz that carry average energy comparable to a phonon
with temperature near 300 K, which are driven by the strong
exchange interaction. We estimated from thermal conductivity
that these magnons have mean free paths on order of 1 to a
few tens of nanometers in these films. These thermal magnons
have larger population, higher velocity, and increased prob-
ability of interaction with electrons (due to their shorter
wavelength). This leads to larger zero field drag effects, up
to 10 uV/K or more, compared to the smaller field-direction
dependent effects that rely on the lower energy magnetostatic
spin waves discussed earlier that drive shifts in thermopower
of only up to 0.2 uV/K.
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V. CONCLUSION

In conclusion, our results from field-independent transport
measurements and calculations show the spin-transfer torque
mechanism of magnon drag can account for an enhanced
thermopower if we consider a relatively large magnon-
drag thermopower contribution in the polycrystalline alloy
with low Gilbert damping parameter, while the Mott rela-
tion can describe CosgFesy well. Through field-dependent
measurements reported here, a field-orientation dependent
thermopower, when H || VT, can be seen in the low-damping
CoysFess, stemming in part from the nonelectronic thermal
conductivity described in our previous work. To our knowl-
edge, this is the first observation of this specific type of
field-orientation dependent thermopower from magnons in
a FM metal. Further experimental and theoretical work is

needed to fully explain the underlying physics of these ob-
served field effects.
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