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Abstract

Solid-state cooling devices offer compact, quiet, reliable and environment-friendly
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solutions that currently rely on conventional thermoelectric (TE) effects. Despite more
than two centuries of research, classical thermoelectric coolers suffer from low efficiency
which hampers wider application. In this study, a combination of the less researched
Anomalous Ettingshausen effect (AEE), a transverse thermoelectric phenomenon, and
a geometrically induced Peltier effect is presented as an approach for on-chip cooling.
The anomalous Ettingshausen effect can be boosted in materials with non-trivial band
topologies as demonstrated in the Heusler alloy CooMnGa. Enabled by the high quality
of our material, in situ scanning thermal microscopy experiments reveal a giant anoma-
lous Ettingshausen coefficient of 3.1 mV in pm-sized on-chip cooling devices at room
temperature. A significant 57% of the effect is contributed by the intrinsic topologi-
cal properties, in particular the Berry curvature of CooMnGa. We then demonstrate
that a geometrical Peltier effect can be induced in the films by fabricating nano-ribbon
devices which increases the figure of merit by 170%. The combined cooling action of
the anomalous Ettingshausen and the Peltier effect yield a nm-sized local spot cooler

emphasising the potential of nano-structured magnetic Weyl semimetals.

Keywords: Anomalous Ettingshausen effect, Magnetic Weyl semimetals, topology, Peltier
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Introduction

The constraints that typically limit the efficiency of conventional thermoelectric materials
where heat and charge flow in parallel do not apply to the Ettingshausen effect (EE, see
Figure 1a), a transverse thermoelectric phenomenon similar to the Hall effect, where heat and
charge currents are orthogonal. When a charge current density j. flows through a material
exposed to a magnetic field B, a heat current density j, g is generated perpendicularly to
both (see Figure la and Figure S2 for more details about how the directions of charge and
heat currents are defined in this manuscript).

Thanks to their orthogonality, heat and charge flow are decoupled, which eliminates
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Figure 1: Combined Ettingshausen and Peltier cooling in nanoscale junctions.
a, The charge current J., defined as a current flowing from positive to negative terminal
of voltage source, passes through an Ettingshausen cooler which is exposed to a magnetic
field B. This induces a transverse heat flux J,, which decreases/increases the bottom/top
surface temperature, thereby establishing a temperature gradient V7' from cold to hot, i.e.,
VT||Jq. b, A geometrically induced thermocouple is formed between narrow (Ily) and wide
(IT;) regions of a material. Passing J. through the junctions absorbs/releases Peltier heat
from/at the interface. ¢, False-color SEM image showing a CooMnGa (yellow) film which
was patterned into a nanoribbon (borders of nanoribbon are outlined by dashed lines). d,
Change of the Peltier (red) and anomalous Ettingshausen coefficient along the nanoribbon
device in (c). e, Temperature change along the nanoribbon device. Heating/cooling is
expected at the two Peltier junctions (red line). When a magnetic field is applied, the
Anomalous Ettingshausen effect (AEE) adds a constant cooling background (green dotted
line). This leads to combined action of Peltier and anomalous Ettingshausen cooling (blue
curve). f, An AC current J. is injected into the U-shape CooMnGa device (SEM micrograph
shown) using an AC voltage bias V at frequency f (black lines). The SThM tip is biased
with a small AC and DC offset (Vi,, green line) using a Wheatstone bridge. A first lock-in
demodulates the signal with respect to the tip excitation. Subsequently, a second lock-
in demodulates the second (2 x f) and first harmonic (f) corresponding to the Joule (g)
and AEE/Peltier (h) response, respectively (scale bar: 10 pm). These signals are further
converted into temperature variation maps via tip calibration (see methods and Supporting
Information section 1).

Joule heating’s parasitic contributions, significantly boosting conversion efficiency. Conse-
quently, Ettingshausen coolers hold the record for the lowest temperature achieved by room
temperature thermoelectric cooling.! However, the Ettingshausen effect typically requires

a substantial external magnetic field, often several Tesla, to operate. Recent research has



shown that this hurdle can be overcome by leveraging materials with nontrivial band topolo-
gies. Akin to the anomalous Hall effect, the thermoelectric counterparts, the anomalous
Nernst/Ettingshausen effects, depend on the magnetization of the compound and on the
anomalous velocity of electrons linked to the band structure’s Berry curvature which can be
significant in magnetic materials. Remarkably, a class of quantum materials known as mag-
netic Weyl semimetals boasts exceptionally large? (or even ’giant’®) anomalous Nernst coef-
ficients due to their topologically non-trivial band structure. This discovery could unlock the
high-performance spot cooling potential, as the anomalous Nernst and Ettingshausen coeffi-
cients are closely linked through the Bridgman relation.* Nonetheless, precise measurement
of cooling effects in nanostructures remains challenging due to limitations in instrumentation
or material quality,® and experimental evidence for such significant Ettingshausen cooling
efficiency awaits confirmation.

Here, we find a giant room-temperature anomalous Ettingshausen coefficient in the
Heusler alloy CooMnGa. To further boost the cooling power and enable local spot-cooling
devices with nm-sized footprint, we fabricated Co,MnGa nanoribbon devices where a local
Peltier effect is geometrically induced (see Figure 1b). We then performed frequency- and
magnetic field-dependent local thermometry and local thermal transport experiments by
means of Scanning Thermal Microscopy (SThM). Our findings reveal the important contri-
bution of topology to the transverse thermoelectric effect in our samples and show that the
total cooling power can be doubled by geometrically induced Peltier effects. This demon-
strates that nanoscale anomalous Ettingshausen devices are strong candidates for on-chip

cooling applications.

Results

High-quality single-crystalline, epitaxial CooMnGa thin films with a thickness of 50 nm

were deposited on single-crystalline MgO (001) substrates by DC magnetron sputtering. As



previously demonstrated through detailed structural characterization involving XRD 6-20
scans and ¢-scans, our CooMnGa film exhibits four-fold symmetry, confirming the epitaxial
relationship MgO(001)[100] || Co,MnGa(001)[110] and rotated cube-on-cube growth.® The
CooMnGa films are capped by a thin Ta layer to prevent oxidation (see Methods for details).
Since the heat current density jo arr generated by the anomalous Ettingshausen effect (AEE)
depends on the direction of the charge current density j. and the magnetization M (unit

vector m), it can be written as™®

Jgare = Hapg - (je x m), (1)

where the proportionality constant IIzgg is the anomalous Ettingshausen coefficient. We
patterned the CooMnGa thin films into microscale U-shaped devices (see Methods). This
allows parallel and perpendicular m and j. to be realised in a single device, leading to
areas without (j. x m = 0), and with positive (j. x m > 0) or negative (j. x m < 0)
Ettingshausen response, respectively. This geometry further allows differentiation between
the Ettingshausen effect and other thermoelectric effects like the magneto-Peltier effect®!°
(see Supporting Information Figure S4). To further locally boost the cooling efficiency of
the CooMnGa device, we introduced local Peltier junctions by reducing the width of the leg
and forming a nanoribbon (Figure 1c). This geometric constraint shortens the electron mean
free path I, which can effectively modify the Peltier coefficient (Figure 1d). 2 This effect
is strongest when the ribbon width w is smaller than /5. As a result, the junction locally

experiences cooling/heating when a charge current passes through the interface between the

micro- and the nano-scale CooMnGa ribbon with Peltier coefficients II; and Ils, respectively:

jq,Peltier = (Hl - H2) : jc- (2)

This local Peltier effect can add up to the anomalous Ettingshausen effect and lead to locally

enhanced cooling performance (Figure le).



To measure the local temperature distribution on CoosMnGa on-chip coolers with nanome-
ter spatial and mK temperature resolution, we employed an AC-SThM method!?!* (see
Figure 1f). To this end, the CooMnGa U-shaped device is biased by a sinusoidal alternating
current (AC) with frequency f and amplitude J.. Joule and Ettingshausen/Peltier temper-
atures can then be obtained by demodulating the thermometer signal of the SThM probe
at 2f and f, respectively. To study the anomalous Ettingshausen cooling without Peltier
contribution, we first examined a device with a constant channel width of 1 pm where no
geometrically induced Peltier effect is expected. Joule and AEE temperature maps recorded
at a charge current J. = 0.95 mA, f = 17 Hz, and in-plane magnetic field of 80 mT are
shown in Figure 1g,h. While Joule heating raises the temperature of the three sides of the
U-shaped device equally, the Ettingshausen effect increases (decreases) the temperature in
areas where the magnetic field is perpendicular to the current. For areas where the magnetic
field is parallel to the charge current, no temperature change is observed, in accordance
with Eq. 1. The direction of j, with respect to j. and B in such experiments was further
confirmed by additional AC+DC experiments as described in Section 1 and Figure S2 of the
Supporting Information.

In Figure 2, we further investigate the magnetic-field dependence of the AEE effect.
Figures 2a, ¢, e and b, d, f show the Joule and AEE response, respectively, at -80 mT, 0 mT,
and 80 mT. We observe AEE maps of similar spatial distribution and amplitude but with
opposite signs for -80 mT and 80 mT as expected from Eq. 1. For B = 0, no AEE signal is
observed within our experimental resolution limit. The Joule heating maps (Figures. 2a,c,e)
are not affected by the magnetic field. To further investigate the influence of current density,
magnetic field and frequency, we placed the SThM probe at a constant location on the right
leg of the U-shaped device. The force between the probe and the sample is kept constant
using the AFM feedback loop. Figure 2g illustrates the linear correlation between the Thgg
and the applied current density j., as expected from Eq. 1, with dTagg/dj. = 1.8 x 1072

m?KA ™!, while a quadratic response is observed in Joule heating (see Supporting Information
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Figure 2: Anomalous Ettingshausen effect and Joule heating in Co,MnGa. a,c,e,
Maps of Tyoue and b,d,f, Tagg for the U-shaped 50-nm-thick CooMnGa film, measured at a
frequency of f=17 Hz, current density j. = 19 GA m~2 (current J, = 0.95 mA) and under
a magnetic field B, of —80 mT (a,b), 0 (c,d), and 80 mT (e,f). g, Tagr as a function of
charge current density j. measured on the right leg (see purple square highlighted by arrow)
at B, = 80 mT and f = 17 Hz. Solid line: linear fit to the data. h, Txgg as a function of
magnetic field B, at j. = 28.5 GA m~2 and f = 17 Hz. i, Tagg as a function of frequency f
measured at j. = 19 GA m~2 and B, = 80 mT. Scale bar: 10 pm. The black/white triangles
in (a) and (b) are artifacts from correcting the drift of our microscope.

Figure S5). Figure 2h shows the magnetic field dependence of the Tagg. We observe a steep
increase of the signal at low fields, followed by saturation at a field of B ~ 50 mT, which
qualitatively follows the magnetization of our films measured by volumetric magnetometry
(see Supporting Information Figure S9c). Such saturation is the hallmark of an anomalous
Ettingshausen effect, and the anomalous Ettingshausen coefficient can be extracted from this
saturation region. Lastly, we observe that Txgg decreases with increasing AC frequency of J.
(Figure 2i). This reflects the thermal response time of the system (the U-shaped device and

substrate), which is on the order of 30 ms, as obtained by fitting a RC' low-pass model (solid



curve in Figure 2i). Conversely, at low frequencies, the signal maximizes and approaches the
steady-state value used to quantify IIagg.

It is worth mentioning that the spatial temperature distribution in the Joule and AEE
maps differs noticeably. As shown in the Supporting Information Figure S8, while Joule
heating decays over several pm around the U pattern, the AEE signal is localized around
the device. This distinction highlights the differing origins of the generated heat: whereas
Joule heating is produced uniformly and isotropically throughout the entire film, the AEE
heat current is directional, flowing from the heat source to a heat sink positioned along the
top and bottom sides of the device.'® This confined temperature distribution created by the
AEE allows for precise local temperature control that cannot be achieved using conventional
methods that have high thermal diffusion.

In the following, we study the geometrically induced Peltier effect and the impact of
nanostructuring on the AEE coefficient in CooMnGa nanoribbon devices using SThM (Figure
3). To this end, we systematically vary the CooMnGa ribbon width from 4.2 pm down to
450 nm. The device, shown in Figure 3a, features five different ribbon widths. Unlike
the uniform temperature distribution along the parallel legs of the U-shaped structure in
Figure 2b,f, altering the ribbon width significantly affects the AEE signal, with narrower
sections exhibiting a stronger AEE response. Since the same current J, flows through all
sections during temperature mapping, the current density j. is higher in the narrower regions,
leading to an increase in AEE heat current, as expected from Eq. 1. Thus, to compare
the cooling effect across different widths, we computed the corresponding IIpgg from the
measured Thgg. Using Eq. 1, it is possible to derive an expression for Ilxgg given by
experimentally accessible parameters. Considering Tagg in steady state regime, Iy gg can

be expressed as:%%16

K- 2TAEE
Mppp = — 228 3
AEE jc L ’ ( )

where k is the thermal conductivity and L is the thickness of the film. We measured the
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Figure 3: Geometrically induced local Peltier effect. a False-colour SEM image of a
U-shaped device where the width of the channel is altered. Scale bar is 5 pm. b, Width
dependence of the experimental anomalous Ettingshausen coefficient of Co,MnGa nanorib-
bons. ¢, Evolution of the effective Peltier coefficient as a function of ribbon width for a
50 nm thick CooMnGa film using Eq. 4. The extended thin-film value is shown by the
dotted orange line. Forming a junction between a wide (1.5 ym) and a narrow (450 nm)
ribbon leads to a geometrically induced change in Peltier coefficient AIl. d,f, Joule and e,g,
Peltier /Ettingshausen images of the narrowest nanoribbon (the position of the nanoribbon
is indicated by the dashed white square in panel (a)) at zero magnetic field (d,e) and at
an in-plane magnetic field of 80 mT (f,g). h, Line-cuts of the data shown in e,g along the
nanoribbon device. Scale bar: 5 pm. i Joule heating and Peltier/AEE cooling as a function
of current density j., measured on the junction formed between the narrow and the wider
ribbon. Cooling dominates Joule heating up to a current density of 1 GAm™2, indicated by
the blue shaded area. The noise floor is 0.35 mK for Thggpeiier and 0.25 mK for Ty, ye.

thermal conductivity, , using SThM (see Supporting Information Section 8) and obtained a
value of 22 +£4 W K! m™, which remained constant across different nanoribbon widths. For
each width, Thgg was determined by spatially averaging the Thgg map over regions contain-
ing at least 20 pixels. A factor of 2 was applied to account for the temperature difference
between the top and bottom surfaces of the sample. The root-mean-square (RMS) of these
spatially averaged Txgg values, together with the systematic uncertainty from x, was prop-
agated through the calculation of IIpgg and is represented as error bars in Figure 3b. We

obtained IIpgg = 3.1 & 0.5 mV for a ribbon width of 1.5 pm. As can be seen in Figure 3b,



[Tpgg decreases when reducing the ribbon width, with a noticeable drop for widths below
1 pm. The deviation from the bulk value in narrow ribbons may be attributed to a reduction
in the Berry curvature contribution to the anomalous Ettingshausen effect as the channel
width is reduced. Similar geometry-dependent behavior has been previously observed for the
thickness dependence of the anomalous Hall effect® and the anomalous Nernst coefficient?
in CooMnGa thin films. In the former case, the reduction in anomalous behavior is linked
to the suppression of the Berry curvature contribution from majority spins with decreasing
film thickness, and in sufficiently thin samples, extrinsic mechanisms, particularly side-jump
scattering, dominate the magnetotransport response.® Furthermore, the recently discovered
current-induced nonlinearity in CooMnGa magnetoresistance, which intensifies in narrow
ribbons, may reduce Ilagg. The applied current, along with the resulting Joule heating,
establishes a temperature gradient toward the substrate, generating a transverse thermo-
electric field along the ribbon. The resulting counteracting charge current reduces J. and
may further contribute to the deviation of the measured anomalous Ettingshausen coefficient
from its bulk value.!” This finding is crucial for the design of future optimized micro-cooler
devices, suggesting that to maximize the AEE effect, the spot cooler dimensions should
be kept above 1 pm. The values we measured for Ilxgg agree well with the value 2.3 mV

estimated using the Bridgman relation IIagg = Sang - 1" and the experimental anomalous

19,20 2,18,21,22

Nernst coefficient of our films.'® Both positive and negative values have been
reported for the anomalous Nernst coefficient of CooMnGa due to the use of different con-
ventions: the thermoelectric and the vortex conventions explained in Behnia.?3 In the vortex
convention, originating from studies of the vortex Nernst effect, a positive Nernst coefficient
corresponds to a transverse voltage generated by the motion of superconducting vortices
from hot to cold in a magnetic field. In contrast, the thermoelectric convention defines a
positive Nernst signal as the emergence of an electric field along the y-axis when a thermal

gradient is applied along the z-axis and a magnetic field along the z-axis, independent of

vortex motion. In this work, we follow the thermoelectric convention (Figure la), which
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yields a positive Nernst-Ettingshausen effect and a positive thermoelectric tensor coefficient
in CooMnGa. Note that adopting the vortex convention would result in the opposite sign.
A schematic in Supporting Information Figure S3 illustrates the relationship between the
Nernst-Ettingshausen sign definitions in both conventions.

To study the geometrically induced local Peltier effect, we recorded 2f (Figure 3d) and 1f
(Figure 3e) SThM maps of a 450 nm wide CooMnGa nanoribbon connected to 1.5 pm wide
CooMnGa leads at zero magnetic field. We observed local Joule heating of the nanoribbon as
a result of an enhanced charge current density. Furthermore, we find local Peltier cooling and
heating at the junctions between the wide Co,MnGa regions and the nanoribbon, respectively
(see red curve in Figure 3h for a linecut along the device). We attribute this to a change in
Peltier coefficient (see Figures 1b and e), similar to results obtained in gold!! and graphene!?
nanoconstrictions. Using the Fuchs-Sondheimer model and the Mott relation, the change in

Peltier coefficient of a thin-film device with changing width d is

3(1— Pllngy U
I eltior = Hbulk 1- 2 mip )
Pelt MG 8 w 1+U

(4)

Here U = a;irll‘gp , P is the scattering coefficient and TI2iK, is the Peltier coefficient of

Er

the infinitely wide CooMnGa film. Assuming purely inelastic scattering (P = 0) and using
U — oo, which gives a lower bound of the electron mean free path l,g, we could fit the
local Seebeck coefficient variations measured on the same junction (see SI for details) and
obtained lng, > 170 nm. Using these values and Eq. 4 allows us to estimate the change in
Peltier coefficient as a function of nanoribbon width (see Figure 3c). For the junction from
450 nm to 1.5 pm, we find AIl = 1.7 mV. In Figure 3f and g, we repeat the experiment on the
CosMnGa nanoribbon device under an in-plane magnetic field of 80 mT. Although the local
Joule heating (Figure 3f) is nearly unaffected by the magnetic field, a constant anomalous
Ettingshausen cooling is superimposed on the local Peltier effect (see Figure 3g and blue

line cut in panel h). We find that the combination of anomalous Ettingshausen and Peltier
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effects locally enhances the cooling by a factor of 1.66, which, given that thermoelectric
figure of merit is proportional to II12, would lead to an enhancement of 170% of figure of
merit. Similar results were obtained for another nanoribbon device (see detailed analysis in
Supporting Information Section 4).

Finally, the net harmonic cooling of the device was measured at the geometrical junction,
where both Ettingshausen and Peltier cooling are present and contribute with the same sign.
We found that the cooling spot radius at the junction is of the order of a few micrometers,
as Peltier cooling weakens with increasing distance from the junction. A current sweep was
performed while the SThM sensor measured the combined cooling at the 1st harmonic and
Joule heating at the 2nd harmonic (Figure 3i). This measurement shows the active cooling
range of the spot cooler — the shaded region in Figure 3i — where the combined cooling effect
dominates Joule heating. As current density increases further, Ettingshausen /Peltier cooling
scales linearly, while Joule heating grows quadratically, ultimately reducing the net cooling
effect and causing the junction to heat up. By adding the Joule heating contribution to the

combined AEE and Peltier cooling, we find a maximum cooling of AT = —0.4 mK.

Discussion

In Figure 4a, we compare IIzgg of CooMnGa (red star) to values reported in the literature
(circles) as a function of the saturation magnetization Mg, of the materials.

We find, consistent with previous reports on anomalous transport coefficients,?16:2025
that [Tagg of CooMnGa does not scale with saturation magnetization values (trivial scaling
indicated by the gray-shaded area). This suggests the involvement of intrinsic material
properties, such as a large Berry curvature resulting from the non-trivial band topology.

To identify the origin of the large ITpgg observed in Co,MnGa, we decompose the total

effect into intrinsic and extrinsic contributions. The charge current density generated by an

applied electric field E and temperature gradient VT is expressed as j. = o E —a VT, where
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o and « are the electrical conductivity and thermoelectric tensors, respectively. Under
open-circuit conditions (j. = 0), the thermopower tensor is given by S = o~ 'a, where the
components of S are defined as S;; = E;/V,;T.?! Expanding this relation in matrix form
yields Sy, = (1/040)(ye — 0y2Sez), Where Sy = @y /04,. Estimating o,, ~ 1/p,, and
Oy & Pay/ p2., where pi; denotes the components of the resistivity tensor, we can separate

the intrinsic (57) and extrinsic (S3) contributions as

SANE = Sl + SQ = PrzCpy — Prylzz- (5)

By Onsager reciprocity, the AEE corresponding expression is

Mppg = II; + 1, = (pmzazy - pxysmz>T- (6>

Similar to its Onsager counterpart, the AEE comprises both intrinsic (II;) and extrinsic
(ITy) contributions.” ! The former originates from the off-diagonal thermoelectric tensor
component ay,, which directly couples an applied electric current to a transverse temper-
ature gradient. A large oy, indicates a strong Berry curvature contribution, producing an
anomalous velocity of charge carriers near the Fermi level that is perpendicular to the applied
electric field. The latter contribution arises from the anomalous Hall effect (AHE) acting on
the longitudinal current generated by the Seebeck effect.

To estimate such contributions, we performed magnetoresistance and Hall measurements
on our CooMnGa films (see Supporting Information Figure S9a and b). Using the exper-
imental values of Sy, IIagg, pxx and pyy, we calculate a large transverse thermoelectric
coefficient o, = 3.73 & 1.09 A (Km)~". This value can be used to estimate IT; and Il (see
Supporting Information section 6), which we compare to values reported in the literature in
Figure 4b. Furthermore, we find that there is a noticeable contribution of 57 + 8 % from
the Berry curvature II; to the overall anomalous Ettingshausen effect, underlining the im-

portance of the intrinsic topological nature of CooMnGa to explain the large I15gg observed
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in our experiments.

In the following, we discuss the performance of the CooMnGa cooling devices developed
in this study. Figure 4c compares the typical maximum cooling AT, achieved across
various cooling technologies. Among the solid-state cooling approaches suitable for inte-
gration into functional devices, the most technologically relevant are electrocaloric (purple)
and thermoelectric coolers operating in either the longitudinal (green) or transverse (orange)
configuration. As shown, the AT}, of our micro-scale CooMnGa coolers remains smaller
than that of most commercial or laboratory-scale coolers.

Longitudinal thermoelectric devices suffer from the need to form complementary p- and
n-type pillar structures, requiring precise doping and introducing numerous electrical con-
tacts and thermal interfaces that severely limit efficiency. This limitation can be mitigated
by transverse thermoelectrics based on the Ettingshausen effect. Cooling by tens of kelvin
has been demonstrated in elemental bismuth and Bi/Sb alloys, but only under large mag-
netic fields up to 11 T to reach the quantum limit.! At the microscale, semimetallic WTe,
anomalous Ettingshausen coolers have achieved AT of up to 0.2 mK, yet again requiring
high magnetic fields of approximately 2 T.2¢ For practical spot-cooling applications, this
reliance on strong external magnetic fields represents a major constraint. In contrast, the
absolute anomalous Ettingshausen (AEE) cooling achieved in our CooMnGa thin films is
larger than the value reported for semimetallic WTe,, while operating under substantially
weaker magnetic field (50 mT). Further design considerations, discussed in the Supporting
Information, suggest strategies to extend the operating range of the cooling devices. These
include smoothing the junction edges to minimize current crowding at the geometrical Peltier
junction and incorporating passive cooling layers on the top side to enhance heat dissipation.
Following these strategies, we find that AT can be increased to —4 mK.

Ultimately, on-chip applications would benefit from zero-field operation, which could be
realized by enhancing the remanent magnetization, engineering the magnetic anisotropy,

or employing exchange bias. Several approaches have already been demonstrated to tailor
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the magnetic configuration in CooMnGa: ion irradiation to introduce controlled point de-
fects in the lattice;*? nanostructure engineering to exploit the interplay between shape and
magnetocrystalline anisotropy;*® and spin—orbit torque in Co,MnGa/Ta heterostructures,
enabling purely electrical control of magnetization.* Collectively, these strategies provide a
versatile toolbox—spanning both material and device levels—to achieve zero-field thermo-
electric functionality.

Lastly, we evaluated the coefficient of performance (COP) of our cooling device. Our
analysis employs the thermodynamic framework developed by Herman! (see Supporting

Information section 10) where the COP is given by:

jellage — 352pL — (1 = ZaneT)R5E
32pL + jMlape gt

COP = (7)

Here, T, is the temperature of the cooling surface, p is the electrical resistivity, L is
the device thickness, x is the thermal conductivity, and Zang = (IageT:)?/(pk) is the
thermomagnetic figure of merit. The average temperature is defined as T = (Tsubstrate+ 1) /2,
and the temperature difference as AT = Tiupsirate — 1. The numerator comprises three
distinct heat flow contributions. The first term, gagg, quantifies the heat flux generated by
the anomalous Ettingshausen effect. The second term, gjoue/2, accounts for Joule heating
directed toward the cold side as only half the total Joule heat contributes since the remainder
flows toward the substrate. The third term represents the parasitic thermal conductance
from the heat sink (Tsupsirate) to the cold side (7.) through the ribbon of thickness L when a
temperature gradient, AT/L = (Tsupstrate — Te) /L is established. The denominator represents
the electrical power input required to sustain the effect. We find a COP of 0.4 at AT =~
0.4 mK (see Supporting Information section 10). This value is compared to other cooling

technologies in Figure 4d.
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Conclusion

In summary, we report a giant anomalous Ettingshausen effect in thin films of the magnetic
Weyl semimetal CooMnGa. By combining scanning thermal microscopy measurements and
electrical magnetotransport experiments, we uncovered a substantial intrinsic anomalous Et-
tingshausen component due to the large Berry curvature near the Fermi energy of CooMnGa.
This intrinsic contribution, coupled with the extrinsic counterpart, synergistically enhances
the overall cooling efficiency. This efficiency is further enhanced by nanostructuring. The
geometrically induced local Peltier effect in nm-sized Co,MnGa nanoribbons adds to the
anomalous Ettingshausen effect leading to a boost of cooling performance by 170%. These re-
sults highlight the strong influence of non-trivial band topology on transverse thermoelectric
effects and underscore the potential for high-efficiency on-chip cooling. Such advances could
address critical needs in thermal management, sensing, quantum computing, and healthcare

applications such as cold-chain logistics for vaccines.

Methods

Material synthesis and device preparation

CoyMnGa film growth

Epitaxial deposition of 50 nm CosMnGa thin films was carried out using a Kurt J Lesker
CMS-18 magnetron sputtering system with a base pressure below 4x107% Pa (3x107® Torr)
on MgO(001) substrates. Prior to thin film fabrication, substrates were cleaned with Ar
plasma and were subsequently annealed at 400°C for 30 minutes in the vacuum chamber.
The deposition of CooMnGa thin films was performed by DC magnetron sputtering from a
stoichiometric polycrystalline target at 100 W under 0.8 Pa (6 mTorr) of Ar, with a growth
rate of 0.8 As™ at 400°C. During the deposition, the sample holder was rotated and post-

annealing was conducted in situ at 400°C for 20 minutes. Following the cooling down to
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ambient temperature, a 2 nm Ta protective layer was deposited on the top.

Sample Preparation

Hall bars (I = 2000 pm, w = 150 pm) for transport measurements were patterned using
photolithography, followed by Ar ion milling. For thermometry measurements, the CooMnGa
is patterned into U-shaped devices using standard electron beam lithography followed by ion
milling. The legs have a length of 20 nm, and a channel width of 1-4 pm. Nanoribbons
with a width of 200 nm were formed by further milling the channel using a Ga?* focused ion
beam. No extra metals were evaporated and electrical contact to the devices was made by

directly wire-bonding to the CooMnGa films.

Scanning Thermal Microscopy

Scanning Thermal Microscopy (SThM) was used for both, temperature mapping and thermal
conductivity measurements. Measurements were conducted with a Bruker Dimension Icon
Atomic Force Microscope (AFM) under ambient conditions using VITA-DM-GLA-1 probes
featuring a palladium heater on a silicon nitride cantilever/tip, with a typical tip radius
ranging from 25 to 60 nm. We performed a calibration of the tip radius using a method
described elsewhere*>%6 and obtained 51 nm. The heater, integrated into a modified Wheat-
stone bridge, was driven by a combined 91 kHz AC and DC bias, as detailed elsewhere.
Detection of the signal was achieved through an SR-830 lock-in amplifier, and the amplitude
output was directed to the AFM controller. Thermal maps were generated by calculating
Targ = A - cos ¢, where A represents the temperature variation amplitude obtained through
tip calibration, and ¢ denotes the phase shift. Given the negligible effect of thermal diffusion
in our experimental setup (see Supporting Information Section 1), ¢ effectively determines

the sign of the temperature variation, indicating whether cooling or heating is occurring.
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Temperature measurements

For magnetic field-dependent AC-thermometry measurements, the sample is biased at a
frequency of f = 17 Hz unless otherwise specified. The SThM tip is driven with V,, =4V
and Vpc = 2 V at a high frequency of f = 91 kHz, resulting in a temperature increase of the
tip by ATy, ~ 7.5 K. The direct current (DC) signal is recorded using an SRS830 lock-in at
the same frequency as the tip excitation. Thgg and Tj.ue are determined by demodulating
the signal using a Zurich Instruments MFLI lock-in amplifier at the 1st and 2nd harmonics
while the SThM tip scans over the surface or is held at a constant position. The magnetic
field is applied by an home-built electromagnet.

The scan speed is limited by the time to reach i) thermal equilibrium and ii) lock-in
signal saturation. We assume that thermal equilibrium is reached after about 1 ms, which
corresponds to the thermalization time of the SThM probes used in this experiment. In the
lock-in detection scheme presented in this paper we used a time constant (Tc) of 150 ms and
4th filter order. Thus, to reach the (63%) 90% of the final value of the measured signal a time
equivalent to (4.4 Tc) 6.7 Tc is required. This corresponds to approximately (660 ms) 1 s.
When scanning the surface, we use a scan rate of 1 s (or slower) per pixel. For a 20x20 pm
scanning area with 250x250 pixels and 8 nm spatial resolution, this results in a tip speed of
0.08 pmm/s. A faster scan rate significantly attenuates the signal and introduces noise into

the maps.
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