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ABSTRACT
High-performance thermoelectric (TE) materials near room temperature are crucial for cooling 
and energy harvesting applications. This study reports the outstanding thermoelectric perfor
mance of p-type Mn-doped Fe2VAl Heusler alloy thin films, specifically Fe2V0.8Mn0.2Al, prepared 
using magnetron sputtering. These films were deposited on insulating oxide substrates to 
eliminate any spurious contributions from the substrate. Large p-type Seebeck coefficients (S) 
have been observed for all films, revealing a maximum power factor of 4.26 mWK−2m−1 at 300 
K. This study revealed thickness-dependent thermoelectric properties, with the highest power 
factor achieved in the 500 nm film. Films with d = 300 nm and 500 nm exhibit weak ferromag
netism. Hall resistivity measurements evidence an anomalous Hall effect (AHE) for the 300 nm 
and 500 nm samples. The AHE is strongest for the 500 nm film, consistent with a magnetic 
enhancement of the Seebeck coefficient and power factor. Additionally, we synthesized Al-rich 
p-type Fe2V0.9Mn0.1Al1.5 thin films at room temperature, 200°C, 400°C, and 600°C. The film 
deposited at 600°C exhibits an exceptional figure of merit ZTappr ~0.8 and a power factor of 6.7  
mW·K−2·m−1 at room temperature, which are respectively, 4 times and 1.5 times larger than the 
best values ever reported for any bulk or thin film p-type Fe2VAl-based material.

Thin films of p-type Mn-doped Fe2VAl Heusler alloy achieving highest power factor of any 
materials p-type thin film.

IMPACT STATEMENT
The performance of p-type Fe2VAL has traditionally lagged far behind the n-type. In this work, 
exceptionally high thermoelectric performance in p-type Mn-doped Fe2VAl Heusler alloy thin 
films were achieved.
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Introduction

Thermoelectric (TE) materials offer a promising solu
tion for generating eco-friendly electricity, addressing 
current energy challenges. A thermoelectric generator 

can convert waste heat into electricity [1,2]. Especially 
for smaller heat sources, low-power applications in the 
Internet of Things (IoT) are anticipated [3]. Therefore, 
enhancing the conversion efficiency of thermoelectric 
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materials is a critical objective [4,5]. The efficiency of 
thermoelectric materials is characterized by the 
dimensionless figure of merit ZT ¼ S2=ρκ � Tð Þ, 
where S is the Seebeck coefficient, ρ is the electrical 
resistivity, κ (κe þ κph) is the total thermal conductiv
ity, and T is the temperature. Traditional TE materials 
like Bi2Te3, SiGe, and PbTe have consistently attracted 
attention for their high thermoelectric performance 
and have been successfully used in various applica
tions, like geothermal energy harvesting, stove fans in 
radioisotope thermoelectric generators for deep space 
probes [5–7].

In recent years, the demand for new high- 
performance TE materials, such as Mg3Sb2, has spurred 
numerous studies, resulting in continually improved zT 
values through various strategies [8,9]. Several methods, 
including doping, atomic-scale alloying, nano- and 
mesoscale structuring, matrix or inclusion band align
ment, and intra-matrix electronic structure engineering, 
have been proposed to enhance the parameters ρ, κ, and 
S [4,8–12]. However, other important parameters like the 
chemical and physical stability of TE materials have often 
been neglected. Here, intermetallic half- and full-Heusler 
materials pose a promising alternative as they exhibit 
good stability and reasonably cheap constituent elements 
combined with good TE performance. For TE applica
tions close to room temperature, especially full-Heusler 
materials, have shown great potential. Thin film deposi
tion of TE materials constitutes a favorable technique to 
further increase ZT and enable microscale applications. 
Recently, B. Hinterleitner et al. reported a large Seebeck 
coefficient and a significant power factor in Heusler alloy 
thin films [13]. Thin films of n-type Fe2V0.8W0.2Al 
deposited on Si substrates exhibited high power factors, 
exceeding 45 mW·m−1·K−2, and a ZT around 5, which 
represents excellent thermoelectric performance for 
future applications [13]. In contrast, W-doped Fe2V0.8 
W0.2Al bulk polycrystalline samples have a power factor 
of around 5 mW·m−1·K−2 [14]. Hence, the film’s power 
factor is several times larger than that of the bulk sample, 
indicating a significant potential for improving the per
formance of TE materials. p-type full-Heusler thin films 
with similar TE properties, however, are still lacking. 
Hence, this report focuses on the deposition of p-type 
Fe2VAl-based thin films on insulating LaAlO3 substrates.

In its bulk form, ternary Fe2VAl has garnered sig
nificant attention for thermoelectric power generation 
near room temperature [15]. Fe2VAl is characterized as 
having a low carrier density, nonmagnetic, and com
pensated semimetal – key properties which make it 
promising for thermoelectric application [16–19]. 
Theoretical calculations consistently report on a deep 
pseudogap at the Fermi level of Fe2VAl [20–23]. This 
deep pseudogap has been confirmed through nuclear 
magnetic resonance studies, optical conductivity, and 
photoemission spectroscopy measurements [24–26]. 

Nevertheless, recent studies suggest that an indirect 
narrow-band-gap semiconductor is a more accurate 
description of the Fe2VAl system [27,28]. Regardless 
of this debate, the semimetallic (small-bandgap) elec
tronic structure provides two types of carriers, i.e. elec
trons and holes, resulting in a compensated and 
relatively small Seebeck coefficient in undoped Fe2VAl 
[6]. Hence, intentional doping in the Fe2VAl system is 
essential to obtain optimized n-type or p-type systems 
with excellent thermoelectric properties [17–19,29–35].

Additionally, leveraging magnetism to enhance 
the Seebeck coefficient is increasingly recognized 
as a promising strategy, as evidenced by recent 
efforts involving magnon drag, paramagnon drag, 
spin fluctuations, and spin entropy [36–43]. 
Magnetic interactions for thermoelectric power 
generation, such as the spin Seebeck effect, anom
alous Nernst effect, and magnon-drag thermo
power, are also receiving significant attention [44– 
49]. It is well known that magnon- or spin-related 
effects are characterized by thermally non- 
equilibrium spin currents, mainly due to spatially 
localized electrons and are effective only in the 
magnetically ordered state. However, magnon drag 
theory can help explain spin fluctuation enhance
ments in itinerant electron systems, which are 
effective even in the paramagnetic state. While 
stoichiometric Fe2VAl is non-magnetic due to its 
compensated, semimetallic ground state, slight var
iations of its composition facilitate various mag
netic defects, interacting with conduction electrons 
and eventually leading to a half-metallic, magnetic 
ground state for larger substitutions, when deviat
ing from a valence electron count VEC = 6 per 
atom.

To exploit these magnetic interactions and opti
mize the TE performance of Fe2VAl, in the present 
study, we have synthesized Mn-doped Fe2V0.9Mn0.2 
Al and Fe2V0.9Mn0.1Al1.5 thin films. For p-type Fe2 
V0.8Mn0.2Al films we find good thermoelectric 
properties, a high-power factor, PF ~4.26 mWm−1 

K−2, with high Seebeck coefficient, low electrical 
resistivity, and relatively low thermal conductivity, 
culminating to ZTappr = 0.4 at RT, which we trace 
back to an enhancement via spin fluctuations, sup
ported by additional magnetic and Hall effect mea
surements. In addition, even larger power factors of 
up to 6.5 mWm−1 K−2 are derived for off- 
stoichiometric Fe2V0.9Mn0.1Al1.5 films and explored 
with respect to their deposition temperatures (20°C, 
200°C, 400°C, and 600°C). The thermoelectric fig
ure-of-merit of the film deposited at 600°C attains 
record-high values of ZTappr = 0.8 close to room 
temperature, marking one of the highest ZT of 
any p-type thin film thermoelectric material at 
these temperatures.
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Experimental methods

Appropriate amounts of Fe (99.98%), V (99.9%), Mn 
(99.99%), and Al (99.999%) were weighed in and 
melted in an arc furnace under an argon atmosphere, 
according to the nominal compositions Fe₂V₀. 
₈Mn₀.₂Al and Fe₂V₀.₉Mn0.1Al₁.₅. The melted ingots 
were quenched in a water-cooled copper crucible and 
re-melted at least four times to ensure homogeneity. 
The ingots were then loaded one by one into 
a tungsten carbide jar in the glovebox and milled to 
a fine powder using planetary ball milling at a speed of 
350 rpm for 4 hours. These fine powders were con
solidated by spark plasma sintering (SPS, SPS-1080 
System, SPS SYNTEX INC, USA) under a pressure of 
60 MPa at 1273 K for 10 minutes in a dynamic 
vacuum. The diameter of the graphite die used for 
fabricating the sputtering target was 2 inches.

Thin films with a nominal composition of Fe₂V₀. 
₈Mn₀.₂Al were grown at a substrate temperature of 873 
K using the radio frequency magnetron sputtering 
technique in a commercially designed apparatus pur
chased from Giko Inc (Japan). Single-side polished 
fused LaAlO₃ (10 mm × 10 mm × 1 mm) served as 
substrates. The background pressure in the deposition 
chamber and the working pressure of argon gas were 
set to less than 4.0 × 10−5 Pa and 0.04 Pa, respectively. 
The thin film samples were deposited under 50 W RF 
power for about 60 minutes to achieve a film thickness 
of approximately 500 nm. After deposition, the films 
were annealed at 873 K for 24 hours. For the deposi
tion technique magnetron sputtering, the deposition 
power, substrate temperature, working pressure, and 
Ar flow rate were selected based on prior optimization 
studies and preliminary experiments to achieve dense, 
uniform films with controlled stoichiometry. 
Specifically, the sputtering power was chosen to bal
ance deposition rate with minimal target damage, 
while the substrate temperature was set to promote 
atom mobility without inducing unwanted crystalliza
tion during deposition. The working pressure affects 
the mean free path of sputtered atoms, which influ
ences film morphology; hence, a moderate pressure 
was used to ensure good film density. Regarding 
annealing treatment, the temperature and duration 
were optimized to promote phase formation and crys
tallinity without inducing film delamination or exces
sive grain growth.Powder X-ray diffraction was 
performed to determine the crystal structure using 
a RINT TTR-3 diffractometer (Rigaku Co., 
Akishima, Tokyo, Japan) with Cu-Kα radiation. Bar- 
shaped samples were used to measure the Seebeck 
coefficient and electrical resistivity. These measure
ments were done using a four-probe method with 
a commercial system (ZEM3, Advance Riko Inc., 
Japan). The thermal conductivity (κ) was calculated 

using κ = α·cp·ρ, where α is the thermal diffusivity, cp is 
the specific heat capacity, and ρ is the density. The 
thermal diffusivity coefficient (α) and the heat capacity 
(cp) of the bulk material were simultaneously mea
sured for the disk sample using a xenon flash system 
(Netzsch LFA 467, Germany) with a pyro Ceram disk 
as a reference sample. The thermal diffusivity of thin 
films with a thickness of around 500 nm was measured 
by applying the nanosecond time-domain technique 
using NanoTR (PicoTherm, NETZSCH, Japan) based 
on the rear heat-front detect configuration. Specific 
heat and sample density data of bulk Fe₂V₀.₈Mn₀.₂Al 
were used as a first approximation for the thin-film 
values.

The microstructure and composition analyses were 
characterized using a field emission scanning electron 
microscope (FESEM, Hitachi S-4800, Japan) equipped 
with an energy dispersive spectrometer (EDS, Horiba 
EMAXEvolution X-Max, Japan) and transmission elec
tron microscopy (TEM, JEOL Inc., USA). 
Magnetization measurements were performed employ
ing a MPMS (magnetic property measurement system), 
a superconducting quantum interference device mag
netometer from Quantum Design (USA). The Hall 
resistivity was measured using a Quantum Design 
(USA) PPMS (Physical Property Measurement System).

Structural analysis

In order to appropriately characterize the crystal 
structure, phase purity as well as the grain structure 
and morphology of Fe2VAl-based full-Heusler alloys, 
X-ray diffraction (XRD) studies at room temperature, 
scanning electron microscopy (SEM) and electron 
backscattering diffraction (EBSD) techniques were 
employed.

1. Thickness dependent structural features of of  
Fe2V0.8Mn0.2Al

Figure 1(a) show the XRD patterns obtained for 
Fe₂V0.8Mn0.2Al thin films for various thicknesses. 
Films with thicknesses of d = 200 nm and 500 nm 
were found to crystallize in a highly symmetric cubic 
L2₁-structure (space group Fm-3 m). The respective 
XRD patterns were indexed accordingly, and the 
(111) and (200) peaks are clearly observed for these 
samples. This observation is a clear indicator for the 
presence of the classical full-Heusler structure. The 
high-intensity peaks observed for the 500 nm thin 
film suggest a high degree of crystallinity, indicating 
the structure to be fully ordered.

In contrast, the (111) peak is absent in the samples 
with thicknesses of 100 nm and 300 nm, which may be 
attributed to a strong texture effect. However, the 
possibility of a partially disordered structure in these 
films cannot be entirely ruled out. In addition, for 
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Heusler compounds, the absence of the (111) peak is 
generally associated with antisite disorder, particularly 
involving Fe/Al or Fe/V atomic exchanges, which is 
typical for full-Heusler structures [50]. Antisite defects 
due to the interchange of FeV and FeAl have larger 
formation energies and thus, are less prominent [51].

Furthermore, an ω scan was performed for all films 
for the fixed peak position (220) see Figure 1(b). The 
peak intensity decreases with decreasing thickness of 
the samples. Also, ω scans were done for the (111) and 
(200) peaks (see Fig. S1). The intensity of the (111) and 
(200) peaks is largest for the 500 nm sample. The (111) 
peak is clearly seen for 200 nm, 300 nm, and 500 nm 
films. However, the (111) peak is missing for the 100  
nm thin film; thus, the structure is likely of the CsCl 
type [52]. The lattice parameters obtained are dis
played in Figure 1(c). The lattice parameter of the 
Fe₂V0.8Mn0.2Al thin films of various thicknesses was 
calculated from the (220) peak using Bragg’s law. It 
was found to be 5.676 ± 0.002 for the 500 nm thin film. 
The error bar was obtained from peak fitting uncer
tainty and propagated through the interplanar spacing 
formula. Obviously, the lattice parameters of the struc
turally ordered films, by trend, are lower than the ones 
of the disordered films. For comparison, the lattice 
parameter (a = 5.764 Å) of bulk Fe2V0.8Mn0.2Al is 
shown, too, being larger than that of all thin film 
samples. Overall, the lattice parameter is lowest for 

the 500 nm sample, which may reflect residual strain 
effects commonly associated with thin film growth on 
mismatched substrates such as LaAlO3. Rather than 
assuming a specific epitaxial relationship, we attribute 
the observed deviation from the bulk lattice parameter 
to factors such as thermal stress arising from differ
ences in thermal expansion coefficients between the 
film and substrate, intrinsic stress generated during 
the sputtering process, and potential compositional 
variations. These factors can alter the film’s structural 
properties and may, in turn, influence its electronic or 
magnetic behavior.

Figure 2(a) shows a cross-sectional SEM image of 
the Fe₂V₀.₈Mn₀.₂Al film, confirming the thickness to 
be around 500 nm. SEM and EDS measurements were 
performed to examine the morphology and composi
tion of the grown thin films. Figure 2(b) presents the 
morphology of the 1 µm thin film, revealing a smooth 
surface. EDS data were collected from d = 1 µm film 
deposited on a Si substrate to avoid inaccurate evalua
tion, such as the inclusion of Al from LaAlO₃ sub
strates. The film was prepared under the same 
deposition conditions as all other films used for ther
moelectric and structural properties analysis. The inset 
of Figure 2(b) reveals the EDS mapping image, indi
cating a uniform elemental distribution. The actual 
chemical composition, determined by EDS, is shown 
in Table 1, with the thin films being slightly 
V-deficient and Al-rich. Minor off-stoichiometry in 
the chemical composition of thin films suggests 
a preferential sputtering effect, which, however, can 
distinctly affect thermoelectric properties.

Figure 2(c,d) show high-magnification SEM images 
of the topography of the 300 nm and 500 nm films, 
respectively. The grain size of the 500 nm film is larger 
than that of the 300 nm film. Grains, in general, mark
edly affect the scattering of charge carriers and pho
nons. SEM images showing the topography of the 100  
nm and 200 nm thin films are presented in supplemen
tary information Fig. S2(a) and S2(b), respectively.

EBSD data are summarized in the supplementary 
information, Fig. S3, revealing distinct grain boundaries 
with excellent connectivity. EBSD confirms the larger 
grain size of the 500 nm sample, compared to the 300  
nm film.

2. Structural features of substrate-temperature 
dependent Fe2V0.9Mn0.1Al1.5 films

Al-rich Fe2V0.9Mn0.1Al1.5 thin films with d = 500 nm 
were prepared, using different deposition temperatures, 
varying from room temperature (RT) to Tdep = 600°C. 
Figure 3 shows the respective XRD patterns for the 
films deposited at various temperatures. The peaks 
observed for RT and 200°C, at ~15° and ~38°, corre
spond to artifacts from the substrate. Films deposited at 
RT and 200°C exhibit the (220) peak; the (111) and 

Figure 1. (a) X-ray diffraction pattern of Fe2V0.8Mn0.2Al thin 
films of thickness 100 nm, 200 nm, 300 nm, and 500 nm. Here, 
S is symbolized as LaAlO3 substrate. (b) ω-scan XRD pattern. (c) 
Lattice parameters vs. thickness as obtained from the (220) 
peak.
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(200) reflections, however, are missing entirely. As 
already mentioned in the previous section, this observa
tion indicates a fully disordered crystalline unit cell, i.e. 
all atoms can occupy all atomic positions of the crystal 
structure. In this very extreme case, a W-type structure 
results, which might cause large resistivity values, 
because of a maximal degree of disorder. Oppositely, 
the film deposited at 400°C reveals the (200) peak, while 
the 600°C film, in addition, displays the (100) peak, too.

This observation indicates increased structural 
order with increasing substrate temperatures, 
resulting in the fully ordered classical full- 
Heusler structure for the 600°C sample. Figure 3 

shows that the (200) peak is much higher in 
intensity than the (200) expected from the poly
crystalline Heusler phase. This suggests that the 
(200) planes are more dominant than theoretically 
expected, hinting towards preferred orientation of 
grains. The preferential orientation obtained here 
for Fe2V0.9Mn0.1Al1.5 is much more prominent 
than that of the Fe2V0.8Mn0.2Al films, as studied 
in the previous section. The unequal orientation of 
specific crystallographic planes can influence the 
carrier mobility along different directions and may 
modify the thermoelectric performance of thin 
films.

Thermoelectric properties

To assess the thermoelectric figure of merit, we 
have measured the temperature dependence of the 
Seebeck coefficient (S) and the electrical conduc
tivity (σ) of all fabricated thin films in the tem
perature range 300–600 K. Since measuring the 
thermal conductivity of thin films is challenging 
due to substrate contributions, we measured the 
total thermal conductivity (κ) at room temperature 
and extrapolated the electronic part of κ (κe) to 
higher temperatures using σ Tð Þ and applying the 
Wiedemann-Franz law (κe = LσT). The measure
ment techniques employed are described in the 
Experimental methods section above.

Figure 2. Microstructure characterization of Fe2V0.8Mn0.2Al thin films of 300 nm and 500 nm thickness; (a) cross-section SEM 
image; (b) SEM-EDS analysis of the selected area of Fe2V0.8Mn0.2Al thin films; (c,d) high magnification SEM images of thin films of 
300 nm and 500 nm thickness.

Table 1. SEM+EDS elemental analysis for fabricated target and thin film, 
the selected area for composition analysis is about 50 × 50 µm2.

Sample Fe V Mn Al

Nominal composition 50 20 5 25
Target composition 49.9 19.8 5.1 25.2
Thin film composition 49.5 18.53 5.47 26.5

Figure 3. X-ray diffraction pattern of Fe2V0.9Mn0.1Al1.5 thin 
films deposited at different temperatures; RT, 200°C, 400°C, 
and 600°C, respectively. Here, RT and S are symbolized as 
room temperature and substrate, respectively.
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1. Thermoelectric properties of Fe2V0.8Mn0.2Al 
films for varying film thicknesses

Figure 4(a-d) summarize the temperature-dependent 
thermoelectric properties of four Fe2V0.8Mn0.2Al films 
of different thicknesses. The electrical resistivity, ρ(T), 
of the 100 nm and 200 nm films is nearly temperature- 
independent, whereas the 300 nm and 500 nm films 
exhibit weak temperature dependencies. Notably, the 
overall electrical resistivity of the films is lowered by 
a factor of 2 compared to ρ(T) of the bulk Fe2V0.8 
Mn0.2Al [53].

The metallic-like electrical resistivity observed for 
the films is likely due to carrier doping caused by 
a slight off-stoichiometry owing to the sputtering 
process. Another factor influencing the electrical 
resistivity might be related to disorder, the grain 
size and the grain boundary formation in the Fe2 
V0.8Mn0.2Al films, as discussed in the Structural ana
lysis section.

The Seebeck coefficient S(T) of the Fe2V0.8Mn0.2Al 
film with d = 500 nm exhibits large positive values, 
indicating that holes are the majority charge carriers. 
While the overall resistivity rises with the film thick
ness, the Seebeck coefficient is highest for those sam
ples exhibiting a higher degree of L21 ordering in their 
XRD pattern. S(T) of the 500 nm and 200 nm films is 
larger than S(T) of the 300 nm and 100 nm samples. 
A possible explanation for these differences in S(T) are 
the different levels of ordering present in the films, 
leading to a variation of the effective electronic struc
ture. At room temperature, the Seebeck coefficient of 
the 500 nm film reaches up to S = 108 µV/K, decreas
ing with increasing temperature, suggesting contribu
tions of bipolar conduction at these temperatures.

The power factor, PF= S2/ρ, defines the electronic 
part of the thermoelectric figure of merit, comprising 
the electrical resistivity and Seebeck coefficient. As 
shown in Figure 4(c), the power factor obtains values 
of up to PF = 4.26 mWK−2m−1 for the 500 nm film at T  
= 300 K, which is one of the highest values among 
p-type Heusler materials and the yet highest for p-type 
thin films. In comparison, a power factor of 2.8 
mWK−2m−1 has been found at 325 K for the 200 nm 
thin film and about half of that for the 100 nm sample, 
due to the substantially lower Seebeck coefficients.

The thermal conductivity of the thin films in the 
cross-plane direction was measured, using the pico
second time-domain thermoreflectance (TD-TR) 
technique. For these measurements, the rear-heat 
front-detect (RF) configuration was employed [54]. 
The measured time-dependent thermoreflectance 
signals of the thin film samples (100 nm, 200 nm, 
300 nm, and 500 nm) at room temperature are 
shown in Fig. S4. For the analysis, the mirror-image 
method is used [for details see supplementary infor
mation] [54]. The model was fitted to the thermo- 
reflectance signals in order to estimate two key para
meters: τf (the relaxation time of the thin film) and γ 
(a parameter related to the system’s response). These 
parameters were determined by curve fitting, allow
ing the model to capture the dynamics of the thermal 
response of the film [55]. Because df (the film’s thick
ness) was already known, the thermal diffusivity αf of 
the thin film could be determined based on the fitted 
model. Using the thermal diffusivity and the known 
specific heat capacity cbulk and density ρbulk of the 
material, the thermal conductivity κ was then calcu
lated via the equation: 

Figure 4. Electrical transport properties of Fe2V0.8Mn0.2Al thin films of thicknesses 100 nm, 200 nm, 300 nm, and 500 nm; (a) 
electrical resistivity ρ, (b) Seebeck coefficient S, (c) the power factor PF, and (d) the figure of merit ZTappr.
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Where cbulk and ρbulk are specific heat capacity and 
density of Fe2V0.8Mn0.2Al bulk material, respectively 
(cbulk = 467[J/(kg∙K)], ρbulk = 6590[kg/m3]) [56]. From 
the time-dependent thermoreflectance signals and 
analysis, the obtained thermal conductivities for the 
films are 3.80 Wm− 1 K− 1 for the 500 nm film, 2.26 
Wm− 1 K− 1 for the 300 nm film, 2.19 Wm− 1 K− 1 for 
the 200 nm film, and 2.21 Wm− 1 K− 1 for the 100 nm 
film, respectively. In this study, we have used bulk 
values for density and specific heat capacity as approx
imations in the calculation of the thermal conductivity 
and the derived thermoelectric figure of merit (ZT). 
This approach was adopted due to the lack of direct 
measurements for the thin-film counterparts of these 
parameters. However, it is well established that thin 
films often exhibit deviations from bulk properties due 
to factors such as microstructure, surface effects, and 
deposition conditions. Recognizing this, we have eval
uated the sensitivity of our results by introducing error 
bars that reflect a ± 10% variation in both density and 
specific heat capacity (see Figure 4(d)). This range 
represents a realistic estimate of possible deviations 
in thin-film properties and allows us to assess the 
potential uncertainty in our calculated ZT values 
(denoted as ZTappr). For future work, we will use 
differential scanning calorimetry (DSC) and X-ray 
reflectivity (XRR) techniques to determine specific 
heat capacity and density of the thin films. Overall, 
these values are substantially lower than that of the 
bulk material, revealing κ ~11.1 Wm−1K−1 [56]. This 
distinct reduction highlights the effectiveness of nano- 
structuring in decreasing the thermal conductivity of 
Fe2VAl compounds.

The reduction in the film’s thermal conductivity 
compared to the bulk material is clearly 
a consequence of the differences in grain sizes. 
Additionally, the thermal conductivity decreases with 
decreasing thickness of the thin films, illustrating the 
effect of different grain sizes. The Wiedemann-Franz 
law is employed to evaluate the phonon part of the 
thermal conductivity [see supplementary information 
Table S1]. Adopting the aforementioned approxima
tion for the thermal conductivity at elevated tempera
tures, the temperature-dependent thermal 
conductivity was calculated for Fe2V0.8Mn0.2Al sam
ples. From that, an approximate figure of merit for 
ZTappr was derived for all four samples, which are 
shown in Figure 4(d). The large power factor and 
relatively low values of thermal conductivity yields 
reasonably large values of the figure of merit (ZTappr 
~0.35), which are well above all other p-type bulk or 
thin film Fe2VAl-based systems.

2. Thermoelectric properties of Fe2V0.9Mn0.1Al1.5 

films for varying deposition temperatures

In addition, the thermoelectric properties of four thin 
films of Al-rich Fe2V0.9Mn0.1Al1.5 samples, employing 
different sputtering temperatures, have been studied. 
Figure 5(a–d) summarize the temperature-dependent 
thermoelectric properties of these Al-rich Fe2V0.9 
Mn0.1Al1.5 films. Obviously, the resistivity ρ(T) of all 
off-stoichiometric films exhibit only modest tempera
ture dependencies. Notably, the absolute values of ρ 
(T) of the films deposited at RT and 200°C are larger 
than that of the 400°C and 600°C samples. This is, as 
already indicated, a direct consequence of the struc
tural disorder present in the various specimens, which 

Figure 5. Electrical transport properties of Fe2V0.9Mn0.1Al1.5thin films deposited at different temperatures; RT, 200°C, 400°C, and 
600°C, respectively; (a) electrical resistivity ρ, (b) Seebeck coefficient S, (c) the power factor PF, and (d) the figure of merit ZTappr.
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decreases with increasing deposition temperatures. In 
fact, the resistivity of the films decreases along the 
respective substrate temperatures, from the RT sample 
(lowest degree of structural order) to the 600°C sample 
(highest degree of structural order). Preferred orienta
tion of grains is likely of less importance for these 
samples. Comparatively, the Al-rich Fe2V0.9Mn0.1 
Al1.5 thin films exhibit about 50% lower resistivity 
values than the Fe2V0.8Mn0.2Al films.

The Seebeck coefficient S(T) of all Fe2V0.9Mn0.1 
Al1.5 films with varying deposition temperatures, 
show p-type behavior, too, indicating holes as majority 
charge carriers. S(T) increases with increasing deposi
tion temperature, revealing its largest value (S = 79.5 
µVK−1) for the sample deposited at 600°C, crystalliz
ing in the ordered L21 structure. Aligning with the 
ρ Tð Þ results, there is a clear correlation of S(T) values 
with the respective annealing temperature, most likely 
caused by the increasing structural order with increas
ing sputtering temperatures.

Additionally, modulation of the Al content in Fe2 
V0.9Mn0.1Al1.5 allows for further tuning of the carrier 
concentration and states. Density functional theory 
(DFT) studies on Al-rich Fe2V0.9Mn0.1Aly indicate 
the emergence of localized electronic states on both 
sides of the Fermi level, along with a steeper energy 
dependence in the density of states [56]. Similar find
ings were observed experimentally by Parzer et al. on 
Al-rich Fe2VAl systems, where a shift in the peak of 
the Seebeck coefficient versus carrier concentration 
was attributed to resonant states near the Fermi level 
[35]. In the present case, the combined Mn and Al 
doping in Fe2V0.9Mn0.1Al1.5 thin films likely induces 
similar resonant-like behavior via disorder, offering 
a fast and effective strategy to enhance the thermo
electric properties. Furthermore, higher deposition 
temperatures promote improved crystallinity, 
increased grain size, and reduced defect densities, 
which collectively enhance carrier mobility and 
further improve the thermoelectric performance of 
the films.

Consequently, the power factor (PF), depicted in 
Figure 5(c), is highest for the sample sputtered at 600 
°C and reaches up to PF ~6.7 mWK−2m−1 at room 
temperature, marking a record-high value for any 
p-type Heusler thermoelectric materials, bulk or thin 
films [57,58]. A large power factor (~3.8 mWK−2m−1, 
T = 300 K), was also obtained for the film deposited at 
400°C.

The thermal conductivity of the 600°C film is 2.54 
Wm−1K−1 at room temperature, and therefore much 
lower than that of bulk of Fe2V0.9Mn0.1Al1.5 (~12 
Wm−1K−1) [56]. The lower thermal conductivity of 
the thin film samples demonstrates the effectiveness 
of nano-structuring to decrease the thermal conduc
tivity of Fe2VAl systems. Thin films intrinsically have 
interfaces with the substrate and other layers and often 

feature internal defects like grain boundaries, as 
revealed in the SEM analysis. This establishes bound
aries that scatter phonons more frequently, reducing 
their mean free path and consequently leading to 
a reduced thermal conductivity.

Assuming again a constant lattice thermal conduc
tivity of Fe2V0.9Mn0.1Al1.5 near room temperature, 
allows to evaluate an approximated figure of merit 
ZTappr, similarly as discussed above. Results are 
shown in Figure 5(d). Due to the combination of the 
large power factor and the reasonably low value of the 
thermal conductivity, an exceptional figure of merit 
ZTappr ~ 0.8 is achieved at room temperature, which is 
more than four times larger than all other reported 
p-type bulk or thin film Fe2VAl-based materials [57– 
59]. Notably, this is one of the highest ZT values ever 
reported at room temperature, coming even close to 
the figure of merit of Bi2Te3-based materials. Bi₂Te₃- 
based (Bi-Sb-Te) thin films still outperform Fe₂VAl 
films in terms of ZT, power factor, and thermal con
ductivity at room to moderate temperatures [60–64]. 
Although Fe2V0.9Mn0.1Al1.5 offers advantages in terms 
of stability and environmental friendliness, its thermo
electric (TE) performance lags behind, particularly at 
low to mid-temperature ranges relevant for wearable 
or ambient applications. Bi – Sb – Te thus remains the 
superior material for flexible, high-efficiency TE 
devices in this temperature regime [60–64]. Table S2 
compares the typical ZT values and power factors of 
Bi – Sb – Te films with those of our Fe2V0.9Mn0.1Al1.5 
films. Given that the constituent elements are reason
ably inexpensive, and the material exhibits high che
mical and mechanical stability, this represents 
a breakthrough in new material development and 
motivates further studies on these systems, including 
potential applications of full-Heusler materials in 
thin-film thermoelectric generators [65].

Magnetic properties, magnetotransport and 
TE enhancement mechanisms

To elucidate the origin of the enhancement of the 
thermoelectric performance observed for the Mn- 
doped films, magnetic properties are analyzed. 
Figure 6(a) depicts the temperature-dependent mag
netization, M, of Fe2V0.8Mn0.2Al, measured at B = 0.1 
T for the 300 and 500 nm samples. For 300 nm film, 
the M vs. T curves exhibit paramagnetic behavior 
down to 2 K. In contrast, saturation of the magnetiza
tion is observed for the 500 nm film below 10 K. The 
temperature-dependent susceptibility, M/µ0H, mea
sured at µ0H = 1.0 T, has been accounted for in terms 
of the Curie–Weiss relation M=μ0H ¼ χ ¼
χ0 þ C= T � θp

� �
, where C ¼ Nμeff =3kB, x0 is 

a temperature independent susceptibility contribution 
(fitted as x0 = −0.00102 emu/mol-Oe), and θp is the 
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Weiss temperature [see Fig. S5(a, b)]. The values 
derived for the effective magnetic moment (μeff ) are 
2.04 μB and 2.46μB for the 300 and 500 nm films, 
respectively. The Weiss temperatures obtained are 
381.5 and 134 K for the 300 and 500 nm film, respec
tively, indicating strong ferromagnetic interactions.

Figure 6(b,c) summarize isothermal M vs µ0 
H curves at 300 and 2 K for the 300 and 500 nm 
films, respectively. For the 300 nm film, the M vs 
H curve at 300 K exhibits a weak diamagnetic signal 
at low fields; at higher magnetic fields, M increases 
linearly with the applied field. At T = 2 K, M vs µ0 
H reveals weak ferromagnetism, together with 
a paramagnetic component. Similarly, the M vs µ0 
H curve for the 500 nm film shows a linear magnetic- 
field dependence at 300 K, with no diamagnetic signal 
in the low field region. As indicated from the M vs µ0 
H curve at T = 2 K, Fe2V0.8Mn0.2Al possesses 
a significant magnetic moment and a coercive field 
of 0.03 T.

The observed weak ferromagnetic behavior in 
both Fe2V0.8Mn0.2Al films and the notable ~60% 
higher magnetic moment in the 500 nm film indicate 
a clear thickness-dependent influence on magnetic 
ordering and the associated electronic band struc
ture. Theoretically, it has been indicated that Mn 
atoms substituted at V sites exhibit significant loca
lized magnetic moments (~2.43 μB), thereby confirm
ing the famous Slater-Pauling rule, and introduce 
sharp impurity states near the band edges [56]. 
These states effectively narrow the pseudogap and 
pin the Fermi level near the valence band edge, lead
ing to an asymmetric distribution of the density of 

states (DOS) around the Fermi energy. This asym
metry enhances the energy derivative of the conduc
tivity (dlnσ/dE); as a result, the Seebeck coefficient 
becomes enhanced. The magnetic interactions 
between localized Mn moments further modify the 
spin-resolved electronic structure by inducing spin 
splitting of the conduction and valence bands. These 
effects are likely amplified in the thicker film due to 
improved crystallinity, facilitated by enhanced strain 
relaxation and reduced defect density. These struc
tural improvements allow more coherent magnetic 
interactions and reduce spin-disorder scattering. As 
a result, the system exhibits stronger spin polariza
tion and more pronounced band flattening, particu
larly in the majority spin channel, consistent with the 
experimentally observed increase in effective mass 
(explained in the Hall effect section). An increased 
effective mass corresponds to a higher DOS at the 
Fermi level, which enhances the Seebeck coefficient 
by increasing the number of thermally active states 
contributing to transport. Despite the nominal elec
tron doping introduced by Mn substitution, DFT in 
Ref [56]. showed that the Fermi level remains within 
the pseudogap due to an accommodation of these 
electrons by localized Mn impurity states below EF 
[56]. This prevents metallic behavior and supports 
high thermopower. Therefore, the combined effects 
of spin-dependent band modifications, Fermi level 
pinning, enhanced DOS asymmetry, and reduced 
scattering explain the improved thermoelectric per
formance observed in the thicker Fe2V0.8Mn0.2Al 
film, consistent with trends reported in other Mn- 
substituted Fe2VAl systems [56].

Figure 6. (a) Temperature dependence of magnetization of Fe2V0.8Mn0.2Al thin films of 300 nm and 500 nm thickness; (b–d) field 
dependence of the magnetization of Fe2V0.8Mn0.2Al thin films at 300 K and 2 K.
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In order to identify correlations between charge 
carrier transport and magnetic moments of Fe2V0.8 
Mn0.2Al films, the field- and temperature-dependent 
Hall resistivity was studied. Figure 7(a,b) shows the 
field-dependent Hall resistivity ρxy at various tempera
tures for the 300 nm and 500 nm films. Qualitatively, 
ρxy is different for magnetic (ferromagnetic) and non
magnetic materials. In simple, nonmagnetic systems, 
ρxy increases linearly with applied fields B, as long as 
a single electronic band dominates. For ferromagnets, 
ρxy increases steeply in weak fields, but tends to satu
rate at higher magnetic fields. The saturation value is 
associated with the respective magnetization M. 
Commonly, the field-dependent Hall resistivity ρxy 
can be expressed as 

The anomalous Hall resistivity, ρAHE = 4πRsM, cor
responds to the Hall effect contribution due to the 
material’s intrinsic magnetization M. In Equation 2, 
RH is the ordinary Hall coefficient that mainly depends 
on the density of carriers, while Rs represents the 
anomalous Hall coefficient. It quantifies the strength 
of the Hall voltage that arises due to the material’s 
intrinsic magnetic properties.

The Hall resistivity obtained for Fe2V0.8Mn0.2Al 
films exhibits a distinct nonlinear behavior for all 
measured temperatures, indicating the existence of 
an AHE contribution in these films. Overall, 
a stronger AHE was observed for the 500 nm film, 
compared to the 300 nm sample. For both samples, 
the AHE becomes more dominant with decreasing 
temperature, and is strongest at 2 K. Overall, the 
AHE is weaker in the film samples compared to 

other bulk Heusler compounds, e.g. Fe2V0.9Cr0.1Al0.9 
Si0.1 [36].

Since the saturation magnetization was not reached 
at fields of 5 T for any sample, ρxy data are accounted 
for according to Equation (2) Results are shown as 
solid lines in Figs S6 and S7. Numerical data obtained 
for ρAHE and RH, are indicated in Figs. S4 and S5, too. 
For both samples, the anomalous term is weak near 
room temperature. The charge carriers are hole-type 
for both the 300 and 500 nm films, being consistent 
with the p-type Seebeck coefficient. Comparatively, 
the 500 nm film exhibits a slightly lower carrier con
centration. Numerical values deduced at 300 K and 2 
K for ρAHE, RH, nh are summarized in Table 2. The 
large AHE observed points to a strong coupling 
between the charge carriers and magnetism in Fe2 
V0.8Mn0.2Al thin films. We have noted before in 
a different system a large AHE accompanying an 
enhancement of the thermoelectric performance 
[39,42]. Here, the AHE contribution is strongest for 
the 500 nm Fe2V0.8Mn0.2Al sample, which also exhi
bits the highest PF of 4.26 mWK−2m−1 in the series.

As derived from XRD analysis, the lattice para
meters of the ordered films are lower than those of 
the slightly disordered films. Simultaneously, the 
power factors of the highly ordered films are higher, 
suggesting that the ordered films with improved 
crystallinity exhibit higher TE performance. As 
observed from the SEM images, the grains are 
more distinct for the 500 nm film; comparatively, 
this sample outperforms the others. As the films 
were grown under similar conditions, the thickness 
dependence of the electronic and thermal transport 
can, most likely, be traced back to a higher degree of 
structural ordering and grain growth present in the 

Figure 7. (a, b) Hall resistivity of Fe2V0.8Mn0.2Al thin films of thickness of 300 nm and 500 nm, respectively, at various temperatures.

Table 2. The anomalous Hall effect (ρAHE), ordinary Hall coefficient (RH), and carrier 
concentration (nh) at 300K and 2K temperatures are presented here. The ordinary Hall 
coefficient (RH) was extracted by linearly fitting the high-field part of ρH-B, as 
demonstrated in fig. S3 and S4.

Sample T(K) ρAHE(µΩ.m) RH (m
3/C) nh(m−3)

300 nm 300 0.056 × 10−2 1.047 × 10−9 5.97 × 1027

2.0 0.55 × 10−2 1.46 × 10−9 4.28 × 1027

500 nm 300 0.47 × 10−2 1.38 × 10−9 4.51 × 1027

2.0 2.27 × 10−2 1.9 × 10−9 3.25 × 1027
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thicker samples, leading to improved TE properties. 
More precisely, when films have larger and well- 
connected grains, as seen in thicker samples, the 
phonon scattering decreases, allowing heat to flow 
more easily. This reduction in scattering improves 
the thermoelectric performance of the material by 
maintaining a better balance between electrical con
ductivity and thermal conductivity. Therefore, the 
improved TE properties in thicker films can be par
tially attributed to reduced phonon scattering due to 
larger grain sizes.

The Seebeck coefficient of the 500 nm thin film attains 
108 µVK−1 at 300 K, which is the largest among all Fe2V0.8 
Mn0.2Al films. Microscopically, the enhancement of the 
Seebeck coefficient for the 500 nm thin film (up to 108 
µVK−1 at 300 K) is due to increased carrier effective mass 
and decreased carrier concentration nH . This follows 
from the application of Eqn. S1 to the experimental 
data. There, the Seebeck effective mass ms is proportional 
to the Seebeck coefficient. The carrier concentration nH 
was obtained from the Hall effect measurements [56]. As 
a result, ms attains 11.4 m0 and 15.19 m0 for the 300 nm 
and 500 nm films, respectively, where m0 is the free 
electron mass. Strong interaction between carriers and 
magnetism (magnetic drag effects, spin fluctuation, etc.) 
has led to increased effective mass and enhancement of 
Seebeck coefficient and power factor in various systems 
[36–42]. The increased carrier effective mass and large 
AHE observed here is consistent with a magnetic 
enhancement contributing to the high thermoelectric 
performance obtained.

Summary

In summary, high thermoelectric performance was 
found for p-type Mn-doped Fe2V0.8Mn0.2Al Heusler 
alloy thin films, grown on insulating oxide substrates. 
A large positive Seebeck coefficient, S = 108 µVK−1, is 
observed at T = 300 K for films of thickness 500 nm, 
facilitating a very large power factor of 4.26 
mWK−2m−1. A clear thickness dependence was estab
lished for the TE performance of Fe2V0.8Mn0.2Al thin 
films (d = 100, 200, 300, and 500 nm). The largest PF 
was obtained for the well-ordered and well- 
crystallized 500 nm film. Films with thickness 300 
and 500 nm revealed weak ferromagnetism, as obvious 
from magnetic measurements. Moreover, Hall data 
clearly indicate AHEs for these films. The AHE con
tribution is strongest for the 500 nm sample, also 
exhibiting the highest PF near room temperature. 
Note that even at T = 300 K, still a large AHE con
tribution is existent. The strong AHE which is indica
tive of strong interaction between the charge carriers 
and magnetism is likely to be an origin of the 
enhanced thermoelectric performance of Mn-doped 
Fe2V0.8Mn0.2Al Heusler thin films. Furthermore, we 

have achieved superior thermoelectric performance 
for Al-rich Fe2V0.9Mn0.1Al1.5 films deposited at differ
ent temperatures. The largest power factor, PF ~6.7 
mWK−2m−1 and ZTappr ~ 0.8 have been obtained at 
room temperature for Fe2V0.9Mn0.1Al1.5 films depos
ited at 600°C.

PF and ZTappr, obtained in this study are, respectively, 
1.5 times and 4 times larger than the best values ever 
reported for any bulk or thin film p-type Fe2VAl-based 
material. The PF and ZTappr, to the best of our knowledge, 
are also amongst the highest values ever reported for any 
thin-film-based p-type thermoelectric material. The out
standing room temperature values of PF and ZTappr of Al- 
rich Fe2V0.9Mn0.1Al1.5 thin films substantially facilitate 
potential applications in energy harvesting, portable elec
tronics, microelectronic devices, building energy effi
ciency, and self-powered sensors.
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