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Unexpected p-type thermoelectric transport
arising from magnetic Mn substitution
in Fe,V;_,Mn,Al Heusler compounds
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p-Type Fe,VAl-based thermoelectrics have been much less investigated compared to their respective
n-type counterparts. Thus, it is crucial to identify novel doping strategies to realize enhanced p-type
Feo,VAL Heusler compounds. In the current study, the effect of Mn substitution in Fe,V; ,Mn,Al is
investigated with respect to temperature-dependent electronic transport as well as temperature- and
field-dependent magnetic properties. We find an anomalous and unexpected p-type Seebeck coefficient
for nominally n-doped Fe,V; ,Mn,Al over an extremely large range of concentrations up to x = 0.6.
Using density functional theory (DFT) calculations, this is traced back to distinct modifications of the
electronic structure, i.e., localized magnetic defect states (m = 2.43ug) at the valence and conduction
band edges, and a concomitant pinning of the Fermi level within the pseudogap. Furthermore, we were
able to further optimize the thermoelectric properties by co-doping Al antisites in off-stoichiometric
FeoVooMng 1Al yielding sizeable values of the power factor, PF = 2.2 mW K2 m™ in Fe,VooMng 1Al 1
at 350 K, and figure of merit, ZT ~ 0.1 for highly off-stoichiometric Fe,VgoMng Alis at T = 500 K.
Our work underlines the prospect of engineering Fe,VAl-based Heusler compounds via magnetic
doping to realize enhanced p-type thermoelectris and encourages studies involving other types of co-
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Introduction

Thermoelectric (TE) materials can convert waste heat into
electric energy, or vice versa, by utilizing the Seebeck effect,
thus representing a viable option for generating eco-friendly
energy to address the current energy crisis."™ A crucial task,
however, lies in further improving the conversion efficiency of
thermoelectric materials.>® The efficiency of TE materials is
determined by a dimensionless figure of merit (Z7) = ($*/px) x
T, where S is the Seebeck coefficient, p the electrical resistivity,
K = (Kelect Kpn) the thermal conductivity, consisting of electron
and lattice contributions, and T the temperature. These key
properties have tradeoffs that limit progress in enhancing Z7,
and it is necessary to develop new enhancement principles.””
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substitution for Mn-substituted Fe,V;_ Mn,Al

Among several material classes, the Heuslertype intermetallic
compound Fe,VAl is a promising candidate for thermoelectric
power generation near room temperature.'>"" This alloy has the
cubic L2;-ordered crystal structure and exhibits a high thermo-
electric power factor PF = §%/p near room temperature.”> Fe,VAl
shows a semiconductor-like temperature dependence of the elec-
trical resistivity in a wide temperature range up to 1200 K or above.°
The electronic structure of stoichiometric Fe,VAI suggests a deep
pseudogap at the Fermi level."® Stoichiometric Fe,VAl is a nonmag-
netic, low carrier, and compensated semimetal.”*™'® Recently, it was
shown that rational co-substitution can tune the band gap and
therefore significantly improve the thermoelectric properties, yield-
ing high power factors up to around 10.3 mW K > m "%
However, the lattice thermal conductivity of Fe,VAl is about one
order of magnitude larger than that of other high-performance
thermoelectric materials, resulting in much smaller ZT values
compared to the best-performing systems at room temperature like
Bi,Te; or Mg;Sh,-based compounds.®**28

In order to further increase ZT of Fe,VAl-based systems,
various strategies have been employed already, including ele-
mental substitution at all lattice sites, tuning the microstruc-
ture and grain size as well as thin film deposition.>*™°
Particularly, B. Hinterleitner et al. reported an ultrahigh power

J. Mater. Chem. C, 2024, 12, 8861-8872 | 8861


https://orcid.org/0000-0002-6181-5911
https://orcid.org/0000-0001-5630-7835
https://orcid.org/0000-0001-7376-5897
https://orcid.org/0000-0003-2682-1846
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc00779d&domain=pdf&date_stamp=2024-06-03
https://doi.org/10.1039/d4tc00779d
https://doi.org/10.1039/d4tc00779d
https://rsc.li/materials-c

Paper

factor, above 45 mW K 2 m™', and ZT around 5 at 350 K for
Fe,V, sWo ,Al metastable thin films.*° Also, doping of Fe,VAl
p-type Heusler compounds with various elements, such as Ti
and Zr, has been studied to understand the effects of different
dopants on the thermoelectric performance.’®*"*> However,
the performance of p-type Fe,VAl-based thermoelectrics remains
still far below those of the best n-type compounds. Therefore, it is
crucial to identify novel p-type candidate materials and doping
elements.

Furthermore, it has been demonstrated that spin fluctua-
tions can contribute significantly to optimize the power factor
(PF = 1.2 mW K 2> m™" at 400 K) in weakly ferromagnetic
Fe,Vo.oCro 1Al 6Sigy and Fe,,Vy gAly ¢Sigs.”® That being said,
likewise to spin fluctuations, the usage of magnetism in
different forms to enhance the Seebeck coefficient is also
rapidly increasing; for example, spin Seebeck effect, anomalous
Nernst effect, magnon drag, paramagnon drag, spin entropy,
etc.”*®" are most recently studied instances.

Thus, magnetic doping can be a useful strategy in improving
thermoelectric properties. In the case of Fe,VAl-based com-
pounds, however, the effect of magnetic element doping with
respect to thermoelectric properties, has not been well studied.
This motivated us to substitute V/Mn in Fe,V,_,Mn,Al
We observed a unusual hole-dominated Seebeck coefficient in
nominally n-doped Fe,V; ,Mn,Al, which increases with increas-
ing Mn content up to x = 0.2. Employing first principles electronic
structure calculations within the framework of the density func-
tional theory®® and the coherent potential approximation,®® used
to model the effects of the substitutional atomic disorder, we trace
this back to a severe modification of the electronic structure,
wherein magnetic impurity states are formed by Mn atoms,
leading to a pinning of the Fermi energy near the valence band
edge and within the pseudogap.

Moreover, we additionally co-substituted Al antisites at the
Fe and V sites in Al-rich Fe,VyoMn, 1Aly,, samples to further
optimize the thermoelectric performance. Since p-type Fe,VAl
Heusler compounds have been reported to a lesser content
compared to n-type systems, we systematically studied the effect
of combined Al off-stoichiometry and Mn co-substitution in p-type
Fe,Vi_xMn,Aly,,. As an extra finding, the thermal conductivity is
substantially suppressed already in single-substituted Fe,V;_,-
Mn,Al and even further by introducing additional Al off-
stoichiometry in Fe,V;_,Mn,Al,,,. Moreover, the latter shows a
sizeable enhancement of the thermopower and a shift of the
maximum towards higher temperatures, together with an un-
expectedly low electrical resistivity. It is crucial to focus on and
optimize p-type full-Heusler systems suitable for applications in
thermoelectric power generation, because the well-studied n-type
material must be paired with a p-type counterpart to assemble
efficient thermoelectric modules.

Experimental & computational details

High-purity elements of Fe (99.98%), Mn (99.99%), V (99.9%),
and Al (99.999%), were weighted in the stoichiometric ratio and
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were arc-melted in Ar atmosphere on a water-cooled copper
hearth. The ingots were turned over on the copper hearth and
were re-melted for four times to ensure homogeneity. The
obtained ingots were loaded to a tungsten carbide jar in the
glove box under an Ar atmosphere and milled to a fine powder
in a planetary ball mill at a speed of 200 rpm for 5 hours. The
obtained fine powders were loaded in a graphite die and
consolidated by spark plasma sintering (SPS, SPS-1080 System,
SPS SYNTEX INC) under a pressure of 40 MPa at 1273 K for
10 minutes under static vacuum (2 x 10> Pa). We performed
post-annealing for all the samples after the SPS sintering the
samples were sealed in quartz tubes for high-temperature
annealing at 1273 K for 24 hours and then slowly cooled down
to 673 K in 48 hours, where the samples were further annealed
for 48 hours and finally naturally cooled to room temperature.
Powder X-ray diffraction measurements were performed to
check the phase purity and lattice parameters of the cubic
Heusler compounds using a RINT TTR-3 diffractometer (Rigaku
Co., Akishima, Tokyo, Japan) and employing Cu K, radiation.
Experimental data were further analyzed by the Rietveld refine-
ment method using the program RIETAN-FP.®! Finally, bar-
shaped samples were cut out of the disk samples and used to
measure the Seebeck coefficient and electrical resistivity. Mea-
surements were done with a four-probe method on a commer-
cial system ZEM3 (Advance Riko Inc.). The thermal conductivity
x was calculated by using x = DCpd, where D is the thermal
diffusivity, C, is heat capacity, and d is density. The thermal
diffusivity coefficient (D) and the heat capacity (C,) of bulk
material were concurrently measured for the disk sample on a
xenon laser flash system (Netzsch LFA 467, Germany) with a
pyro Ceram disk as a reference sample. Magnetization mea-
surements were performed by using a superconducting quan-
tum interference device magnetometer from Quantum Design.
Density functional theory calculations of the electronic
structure of Fe,V;_,Mn,Al were performed using the coherent
potential approximation (CPA) in the framework of the Kor-
ringa-Kohn-Rostoker (KKR) method and the atomic sphere
approximation (ASA).®>®® In our KKR-ASA calculations the
partial wave functions were expanded in a spdf-basis (up to
I = 3) and the effects of exchange and correlation are treated
within the density functional theory using standard PBE
exchange-correlation functionals.®® To model thermal mag-
netic disorder above the magnetic ordering temperature, we
employed the disordered local moments (DLM) formalism.%”

Results and discussion

Fig. 1(a) and (c) shows the powder X-ray diffraction patterns
for Fe,V,_yMn,Al and Fe,V,oMn, ;Aly, samples, respectively.
All the samples crystallize in the Heusler (L2,) type structure;
no impurity peak or secondary phase has been observed. The
(111) peak at around 27° is not very pronounced and is further
suppressed with increasing Mn or Al concentration in Fe,V;_,-
Mn_ Al or Fe,V,sMng Al [see Fig. S1(a) and (b) in the ESIf].
The suppressing of the (111) peak suggests that disorder in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRD patterns for Fe,V;_,Mn,Al sintered samples, with the number

Al concentration, y
s in the XRD pattern indicating Miller indices. (b) Zoomed view of (220) peak

at around 44.5° for Fe,Vi_MnAl (c) XRD patterns for Fe,VgoMngAly,, sintered samples. (d) Zoomed view of (220) peak at around 44.5° for

FeoVooMng 1Aly,,. (€) The lattice parameter was obtained by a refinement us

P64

ing the Rietveld method with RIETAN-F of Fe,Vy1_,Mn,Al as a function of

concentration x of Mn, and the solid line represents the linear Vegard's law. (f) Lattice parameter obtained by a refinement of Fe;VooMngAly,, as a

function of y.

Fe,VAl compound becomes more significant with doping.
Because the 111 peak is mainly due to the difference in the
scattering factors of the Al and the V-sites, our findings indicate
that an inter-atomic B2-type disorder exists between the two
sites. The (220) peak at around 44.5° for Fe,V; ,Mn,Al and
Fe,VooMng 1Al is shown in Fig. 1(b) and (d), indicating a
steady increase in the lattice parameter with increasing Mn/Al
concentration. The broadening of (220) peak with increasing
Mn concentration indicates that disorder is increasing in
Mn-doped Fe,VAl compounds. Also, the grain size reduction
is another possibility of broadening of (220) peak. Moreover,
the lattice parameter was obtained by Rietveld analysis for all
samples. Fig. 1(e) and (f) exhibits the lattice parameters as a
function of the concentration x and y for the Mn-doped and
Al-rich samples, respectively. The increase in the lattice para-
meter with Mn doping is basically in line with Vegard’s law.
Also, we observed a slight deviation from Vegard’s law for high
Mn concentration, ie., x = 0.6.°® Furthermore, we found

This journal is © The Royal Society of Chemistry 2024

that the lattice parameter for Al-rich Fe,V,oMng 1Al is
increasing with increasing Al doping. The increase of the
lattice parameter with y in Fe,VyoMng 1Al does not follow
Vegard’s law. Moreover, the lattice parameter increases
rapidly for y = 0.5, which deviates from previously reported
results for the Al-rich Fe,VAL.®® Nonetheless, the overall
tendency of an increasing lattice parameter is consistent with
that reported on Al-rich Fe,VAl,, although the absolute values
are smaller compared to those reported previously. The linear
trend observed in the lattice parameter indicates that Mn
atoms successfully substitute the V site; the solubility limit
of Al in Al-rich Fe,V,oMng 1Aly4y is y = 0.5. In comparison, the
solubility limit of Al in pure Fe,VAl, was found to be x = 2 in
ref. 64. For Al-rich Fe,V,oMng Al the off-stoichiometry
manifests itself through the presence of Al antisites on the
Fe and V sites.®® Overall, the crystallographic site occupancies
can considerably affect the physical properties of Heusler
compounds.”®
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Fig. 2 depicts the temperature-dependent thermoelectric
properties of Fe,V;_,Mn,Al. Firstly, the electrical resistivity at
T = 300 K shows a slight increase as x increases up to x = 0.1,
then gradually decreases with further increasing the Mn
concentration in Fe,V; ,Mn,Al [Fig. 2(a)]. We note that the
Seebeck coefficient for stoichiometric Fe,VAl (x = 0) is slightly
negative in this study, whereas usually sizeable positive values
have been reported for samples synthesized via arc or induction
melting.”>”" This discrepancy can likely be explained by off-
stoichiometry or antisite disorder induced during the synthesis
via ball milling and has been found by other groups as well.”>”?
However, the Seebeck coefficient becomes p-type upon substi-
tuting Mn at the V site in Fe,V;_,Mn,Al, even though n-type
doping would be expected from a simple estimation of the
effective valence electron concentration per atom, indicating
non-rigid band doping behavior. The absolute value of the
Seebeck coefficient reaches S 64 pv K' at 300 K for
Fe,V,; ,Mn,Al with x = 0.2 [Fig. 2(b)]. For higher Mn-doped
samples, the Seebeck coefficient decreases down to S
16 uV K ' at 300 K for Fe,V;_,Mn,Al (x = 0.6). For non-doped
Fe,VAl, the Seebeck coefficient is almost temperature-independent,
and the absolute value is near to zero. Again, these results
deviate significantly from those obtained in melted samples
and suggest the presence of defects such as antisites in the
present sample. The highest value of the power factor PF =
0.8 mW K > m~" [Fig. 2(c)] is obtained for Fe,V,sMn, Al and
peaks near room temperature, like all the other samples from
Fe,V,_,Mn,Al.

The total thermal conductivity of Fe,V; ,Mn,Al [Fig. 2(d)], x,
is nearly temperature-independent, and the values decrease
substantially upon Mn doping in Fe,V;_,Mn,Al. The total

400

T (K)
Fig. 2 Thermoelectric properties of Fe,V; ,Mn,Al(x =0, 0.1, 0.2,0.3,0.4,0.5
coefficient S, power factor PF, and total thermal conductivity x, respectively.

300
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thermal conductivity at room temperature for stoichiometric
Fe,VAl is 16 W m~ ' K, which is significantly lower than for
melted samples (~25-30 W m " K !),”*”° again indicating an
increased number of defects such as antisite disorder, lattice
strain, and grain boundaries that likely arise from the synthesis
via ball milling. For Fe,V; Mn,Al (x = 0.6), the thermal
conductivity further decreases down to 9 W m™ ' K .
In general, the total thermal conductivity x for ordinary metals
and semimetals is the sum of electronic and phonon terms,
which can be specified as k = Keject Kph, Where xp, is the lattice
thermal conductivity and x.e. is the electronic contribution,
although a bipolar share should be expected when minority
carriers actively contribute to transport. Since previous studies
on Fe,VAl-based systems have neglected the bipolar contribu-
tion, we align our investigation with those works and
only distinguish between lattice and electron contributions,
where k. is related to the electrical resistivity p as given by
the Wiedemann-Franz law xe = LyT/p, where L, = 2.45 X
10~% WQ K 2 is the Lorenz number, and p is the electrical
resistivity. The lattice thermal conductivity (ixpn) can be
obtained by subtracting «. from the total thermal conductivity
(). Fig. 3(a) shows ip, as a function of temperature. At room
temperature, kp, drops from 14 to 7.5 W m™' K~ ' due to the Mn
substitution, which is a significant reduction compared to pre-
viously reported values for doped Fe,VAl systems,'>3%7*7¢78 con-
sidering that there are no significant differences in atomic mass
and size between Mn and V atoms. Meanwhile, it is obvious that
Kelee 1 smaller than xpy, for all the studied compounds, which
signifies that the total thermal conductivity is dominated by lattice
phonons rather than charge carriers. This implies that a substan-
tial further enhancement can be achieved by further suppressing

x Y EE*

8500 400
T (K)

500

and 0.6) (a)-(d) temperature dependence of electrical resistivity p, Seebeck
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heat conduction through phonons, e.g. by tuning the microstruc-
ture or via co-substitution as employed in the second part of this
study. The dimensionless figure of merit, ZT, was determined and
reaches its highest value ZT = 0.025, for Fe,V; ,Mn,Al (x = 0.4)
at about T = 350 K [Fig. 3(b)].

In order to further improve the TE properties of Mn-
substituted Fe,V;_,Mn,Al, additional co-substitution/off-
stoichiometry with Al at the Fe and V sites has been performed.
This type of off-stoichiometry has been previously shown to not
only significantly increase the p-type Seebeck coefficient
of Fe,VAl-based thermoelectrics but also greatly reduces the
lattice thermal conductivity via substitutions on different
sublattices.®® Fig. 5 demonstrates the temperature-dependent
thermoelectric properties of Al-rich Fe,V,oMng 1Aly4,. Indeed,
within this study we have observed that p decreases with
increasing Al concentration (see Fig. 5(a)). Furthermore, the
temperature-dependent behavior of p(7) changes from
semiconductor-like, dp/dT < 0, towards metallic-like,
dp/dT > 0. It is interesting to note, however, that p reaches
its lowest values for Fe,V,oMng Al 3 (y = 0.3) and increases
again dramatically as y further rises up to y = 0.5, concomitant
with an unexpected decrease of the carrier concentration. This
indicates peculiar changes in the electronic structure and
clearly shows that such Al off-stoichiometry cannot be regarded
as a conventional doping mechanism.

Regarding the Seebeck coefficient, the additional off-stoi-
chiometry clearly has a beneficial effect and not only increases
the absolute values of the Seebeck coefficient but also modifies
the overall temperature-dependent behavior such that S stays
large over a broader temperature interval (see Fig. 5(b)). Upon
increasing the amount of Al in Fe,V, ¢Mng 4Al, 4, the maximum
of |S| shifts from below room temperature up to almost 500 K
for Fe,VyoMng;Al; 5 (y = 0.5). Moreover, the peak value S =
82 UV K for Fe,V,y oMng 1Al 5 (y = 0.5) is about 20% larger than
the maximum value of the Fe,V,_,Mn,Al series, S = 61 uv K *
for x = 0.2 (shown in Fig. 3(b)). Hence, as expected, the Al-excess
in terms of antisites on Fe and V sublattices has brought an
enhancement in the Seebeck coefficient, consistent with find-
ings in ref. 69. The value S = 82 vV K™ ' is comparable to the
largest ones in the p-type Fe,VAl-based systems'>'%444%:69,74
and establishes such type of Al-off stoichiometry and

This journal is © The Royal Society of Chemistry 2024
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concomitant co-substitution, e.g., with V/Mn, as a desirable
route to improve the ZT of p-type full-Heusler systems. The
temperature dependence of the Seebeck coefficient shows a
maximum at around T = 350 K for y = 0.1 and 0.2, and around
T =450 K for x = 0.3 and 0.5. The maximum for y = 0 is not seen
in Fig. 4(b), but is expected below T = 300 K. Thus, the
maximum temperature systematically increases with increasing
y. This reflects the increase in the hole carrier concentration by
extra Al doping and also hints at a possible expansion of the
band gap.

Compared to the single substitution series Fe,V;_,Mn,Al,
where the power factor peaks at 0.8 mW K > m™', PF is
significantly improved up to 2.0 mW K > m™" for Fe,V,o
Mn, ;Al; ;. However, the power factor decreases with increasing
Al concentration in Fe,VyoMn, Al 4, hovering around PF =
1.6-1.8 mW K > m™' at 450-500 K for y = 0.3 and 0.5. The
thermal conductivity of Fe,V,oMng;Al;y, shows only weak
temperature dependence for the measured temperature range
300-550 K (see Fig. 5(d)). The thermal conductivity at
room temperature for stoichiometric Fe,V,oMng;Al, is
12.1 Wm ' K, while it decreases monotonically as a function
of y down to 9 W m™ ' K™ for Fe,VyoMng AL, (y = 0.5). We
observed an almost 40% drop in thermal conductivity for
Fe,VooMng 1Al (y = 0.5) compared to the stoichiometric Fe,VAI
compound, despite the lack of any heavy element substitution in
the investigated samples. The significant decreases in thermal
conductivity with increasing Al in Fe,V,oMngAly,, is consistent
with the findings in ref. 69 and is assumed to be stemming from
the sizeable atomic disorder and point defects brought about by the
large number of Al/Fe and Al/V antisites.

The temperature dependence of x,y, is shown in Fig. 5(a),
which was again obtained by applying the Wiedemann-Franz
law to estimate the electronic contribution from the experi-
mental electrical resistivity. Overall, the thermal conductivity is
phonon-driven, while the ke, contribution increases for Al-rich
samples. As discussed in the previous section, the electrical
resistivity was further decreased, and the Seebeck coefficient
enhanced for the Al-rich Fe,V,oMng Al;,, samples, Conse-
quently, the power factor has improved, and thermal conductivity
decreased for Al-rich Fe,V, sMn, 1Al 4, samples. Moderately, the ZT
values have been improved for Fe,V,9Mng Al (y = 0.5), with the
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highest ZT value 0.1 achieved for Fe,VooMng Al (y = 0.5) at
around T = 500 K [Fig. 5(b)].

Furthermore, we have investigated the valence electron
concentration (VEC) dependence of the Seebeck coefficient (S)
at 7= 300 K for Fe,V;_,Mn,Al and Fe,V, oMn, ;Al,,,. Fe,VAl has
24 valence electrons per formula unit, thereby VEC = 6.%° As
aliovalent elements are doped in the Fe,VAl system, the VEC
deviates from 6, which affects largely the Seebeck coefficient.
For Mn-doped Fe,V;_,Mn,Al, the VEC scenario is not in agree-
ment with the behavior observed within the majority of single-
element doping studies reported in the literature so far; rather,
we have observed a p-type Seebeck coefficient for the VEC > 6.0
(see Fig. 7(a)). The universal curve based on the VEC is only
valid for the rigid band case.*® However, substitutions on the Fe-
or V-sites with certain transition metals, can cause significant
changes in the electronic band structure; thereby, the simple VEC
rule is no longer valid. For instance, off-stoichiometric Heusler
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alloys, Fe, V.. ,TijAl (p-type Seebeck coefficient), have been
investigated using soft X-ray photoelectron spectroscopy.”’ The
electronic structure near the Fermi level is found to be drastically
altered by off-stoichiometry, while doping with Ti has a more
moderate effect in a rigid-band-like manner.” In the case of off-
stoichiometric Fe, ,V;., Al-based Heusler alloys, Soda et al
proposed that the excess V or Fe (antisite) defects may induce
impurity states near the valence band edge, resulting in a potential
enhancement of the Seebeck coefficient.** To elucidate the anom-
alous p-type Seebeck coefficient in nominally n-doped Fe,V;_,-
Mn,Al, we have performed extensive density functional theory
calculations of the alloy-averaged densities of states of substituted
Fe,V; ,Mn,Al, which are summarized in the subsequent section.
Our theoretical investigations reveal that the Fermi level remains
pinned near the valence band edge inside the pseudogap, owing to
the creation of additional electronic states below Ep, which bal-
ances the chemical potential.

This journal is © The Royal Society of Chemistry 2024
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To further shed light on the anomalous doping dependence
of Fe,V;_ Mn,Al and Fe,V,oMng ;Aly,,, we have measured the
Hall resistivity to estimate the carrier concentration.

The magnetic field-dependent Hall resistivity for Fe,V; ,Mn,Al
and Fe,V,oMng;Aly,, at T = 300 K is shown in the ESIf [see
Fig. S7]. A linear magnetic field dependence p,,, was observed for
all samples. The Hall coefficient Ry; was then determined from
the slope of p,, versus the applied magnetic field B. The carrier
concentration (p) was estimated using the simple equation
P = 1/eRy. All the samples (except for x = 0 and y = 0) are p-type,
and the hole carrier concentration appears to increase monotoni-
cally with doping, except for y = 0.5.

The Seebeck coefficient as a function of carrier concen-
tration at room temperature, known as the Ioffe-Pisarenko
plot, is shown in Fig. 7(b). The results here deviate from the
Ioffe-Pisarenko curve, especially in the heavily doped region.
Although a general trend with a maximum is similar, a clear
difference is that the peak is much wider than the normal IP

This journal is © The Royal Society of Chemistry 2024

tration (VEC) at 300 K. The dotted lines are doped off-stoichiometric Fe,VAL
le carrier concentration p estimated at T = 300 K for Fe,V;_  Mn,Al and

curve, with a shift of maximum to higher carrier concentra-
tions. This is consistent with an increase of the density of states
effective mass. Indeed, DFT calculations reveal that rather
localized electronic states are formed at both sides of the Fermi
level and that the slope of the energy-dependent density of
states is enhanced, which is in good agreement with experi-
mental findings. Similar features were reported by Parzer et al.
for the Al-rich Fe,VAl system, where they suggested that a shift
in a maximum of S vs. carrier concentration occurs due to
resonant states located close to the Fermi level.®® Therefore,
Mn- and extra Al-doping can be a very fast and effective way to
increase the Seebeck coefficient through disorder-related reso-
nant levels in the Heusler compounds. In the present case, the
Mn- and Al-doping provoked too much hole carriers, thereby
the enhancement in the Seebeck coefficient was just moderate.
It should also be stressed that thermally quenched samples of
Fe,VAI showed only n-type behavior and an effective strategy
for enhancing the p-type Heusler compound has not been
reported. The present findings, Mn- and/or excess Al-doping
induced disorder may cast a new way for achieving p-type high
power factor.

The Hall mobility was derived using py = pxy/(0x:B) [see
Table S2, ESIt]. py decreases by increasing the Mn doping
concentration in Fe,V; ,Mn,Al or increasing Al in Fe,V,o-
Mn, ;Aly,, due to the increasing charge carrier density and/or
increasing static disorder in the crystalline unit cell.

Fig. 7 shows the Seebeck effective mass (m}) as a function of
hole carrier concentration p estimated at T = 300 K for
Fe,V;_,Mn,Al and Fe,V,oMng 1Al4,. m; was estimated using
eqn (S1) (ESIT), where the m values are directly proportional to
the Seebeck coefficient and the carrier concentration (p).*!
The formula used was taken from ref. 81 where it is suggested
that there are two classes of effective masses; one describes
an inertial effective mass that is relevant to a specific electron,
and the other one depends more on the density of the electron
states (DOS), and is hence called a DOS mass, mj,ss. Further,
mpog can be directly calculated from the Seebeck coefficient
employing eqn (S2) (ESIf); thus, mj,og can be considered
as Seebeck effective mass (m}). We found that with increa-
sing carrier concentration, the Seebeck effective mass m
increases linearly in the case of Fe,V;_,Mn,Al, while for the
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Fe,Vy.0Mng 1Aly 4y, it slightly deviates from linearity. According
to literature, the tendencies of the Seebeck effective mass m{ at
room temperature and above upon doping are straight-
forwardly explained by changes in the band structure, e.g.,
band convergence or changes in the dominant scattering
mechanism. In fact, it has been mentioned for Al-rich Fe,VAl,
systems that a local distortion of the electronic density of states
arises for very large Al concentrations.®® Again, the increase of
m; is fully consistent with first-principles calculations, reveal-
ing a modification of the alloy-averaged densities of states,
where both conduction and valence band edges become more
steep. Thus, the density of states effective mass increases due to
the rather localized impurity states by Mn, which spawn at both
sides of the Fermi energy.

As can be seen in Fig. 6(a), p-type full Heusler materials have
a smaller absolute value of the Seebeck coefficient compared to
n-type materials. Additionally, it’s challenging to obtain p-type
materials due to a more restricted number of doping elements.
Mn doping Al-rich Fe,VAl could lead to improved thermo-
electric properties in p-type materials near room temperature.
The achieved power factor around 2.2 mW K2 m ' at T =
350 K, involving a Mn-doped Al-rich Fe,VAI strategy, is larger
than Ta-doped or Al-rich Fe,VAl systems, while it is lower than
for off-stoichiometric and Ti-doped samples, reaching up to
~4mW K> m™".">%? In the present cases, the highest ZT value
of 0.05 was achieved for Fe,V,oMng Al (y = 0.1, 0.2) near
room temperature. The value of power factor for Mn-doped
Al-rich Fe,Vo oMny 1Al 4, (¥ = 0.1) around 2.2 mW K?m'isa
relatively high value for p-type Heusler compound near room
temperature. The explored compounds could be useful for
applications in thermoelectric power generation.
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The magnetic properties of selected samples were also
investigated. Fig. 8(a) depicts the temperature-dependent mag-
netization M under an applied external magnetic field B=1 T
for the Fe,V, ,Mn,Al (x = 0, 0.1, 0.2, 0.4) samples in the
temperature range 2-300 K. We fitted the inverse of the
magnetic susceptibility H/M vs. temperature measured at B =
1T for x =0, 0.1, 0.2 and 0.4 in the paramagnetic region above
200 K employing the Curie-Weiss function, H/M = (T — 0)/C,
where C and 6 are the Curie constant and Weiss temperature,
respectively [see Fig. 8(b)]. From least squares fit, the obtained
values of parameters C, and 0 are summarized in Table 1.
Because of the decreasing Curie constants upon an increasing
Mn content, the overall susceptibility decreases. The value of 0
can be seen as a measure of the inter-site magnetic interaction
in the case of a molecular-field approximation. Thus, the
samples with x = 0 and 0.1 are weakly ferromagnetic, with a
Weiss temperature 6 = 35 K and 6 = 50 K, respectively, which
can most likely be attributed to intrinsic antisite defects invol-
ving the Fe sublattices.

A further increase of x, however, causes a crossover of 0 to
negative values (x = 0.4: 0 ~ —16 K), indicating that the growing
Mn content triggers eventually antiferromagnetic interactions.
This is very much in line with our first-principles calculations
of the exchange interactions between Mn atoms shown in the
ESIt (Table S7).

The derivative of magnetization dM/dT vs. T shows a peak at
around 16 K for undoped Fe,VAl and 30 K for x = 0.1, which
suggests a Curie temperature Tc ~ 16 Kforx=0and Tc ~ 30K
for x = 0.1 [see ESI,} Fig. S6(a)]. The isothermal magnetization
at T = 2 K decreases rapidly with increasing Mn concentration
in Fe,V; _,Mn,Al for x > 0.2. This decrease in magnetization is

(b) . .
Fe,V, MnAl
. 120 F—s—x=0, ——x=0.1
g x=0.2,——x=0.4
© V[B=10T - '
g 6o} 1
S 30} ]
I ” =
0 Pl .
0 100 200 300
T (K)
(d) y : y
Fe,V, MnAl
0.10}
= T =300 K
=0.05
S
0.00

2. .3
B(T)

(a) The temperature dependence of magnetization M for Fe,Vy ,Mn,Al (x = 0, 0.1, 0.2, 0.4), (b) The inverse of magnetic susceptibility H/M vs. T for

FeoVi Mn,Al (x = 0, 0.1, 0.2, 0.4). The dotted line shows the fitting to the Curie—Weiss function H/M = (T — 0)/C with C = NPeg?/3ks, where Peg, N, and kg
are the effective magnetic moment, number of magnetic ions and the Boltzmann constant, respectively. (c) and (d) The magnetization M vs. B curves for

FeoVi_xMnAl (x = 0, 0.1, 0.2, 0.4) at 2.0 K and 300 K.
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Table 1 Obtained results from Curie—Weiss function H/M = (T — 0)/C for
the Fe,Vi_,Mn,Al samples

Samples C (K emu mol ™) Uesr (4B per atoms) 0 (K)
x=0 5.88 3.44 35
x=0.1 4.05 2.87 50
x=0.2 3.59 2.69 —2.5
x=0.4 2.46 1.85 —14.6

expected due to the antiferromagnetic correlation between Mn
atoms. The higher Mn concentration, for example, the x > 0.2
samples, probably shows a ferrimagnetic nature, which is
analogous to the ferrimagnetism reported in the Fe,MnAl
compound.®” However, above the Curie point, the inverse
magnetic susceptibility is no longer following the Néel hyper-
bola. This deviation is due to the limitations of magnetization
measurements in the paramagnetic state of the alloys without
perfect atomic ordering. The effective magnetic moments eval-
uated from the respective Curie constants C are peg = 3.44 15 per
atoms for x = 0, pesr = 2.87up per atoms for x = 0.1, fegr = 2.690p
per atoms for x = 0.2, and figr = 1.85up per atoms for x = 0.4. The
lese vValues for x < 0.2 are close to those calculated for
Fe,V,.oCry 1Al and other Fe,VAl-based full-Heusler compounds
etc,31’53'83

Beyond that, it is interesting to point out that the Seebeck
coefficient of the Mn-doped Fe,V; ,Mn,Al exhibits its max-
imum value of about 60 uV K" at 300 K for a wide range of Mn
concentrations, x = 0.1 to 0.4, as seen in Fig. 2(b). This plateau-
like behavior cannot be explained by a normal doping depen-
dence (see Fig. 6(a)). In addition, the magnetic interaction is
also found to be reduced by Mn-doping, as is seen in Fig. 8. The
undoped Fe,VAl shows large effective magnetic moment pegs =
3.44up per atoms, which suggests off-stoichiometry or Fe anti-
site defects is present in the sample. The values of effective
magnetic moments decrease with increasing Mn doping levels
in Fe,V; ,Mn,Al. We can assume that at low Mn doping level,
isolated magnetic ions might act as local perturbations, but
their influence on the overall magnetic interaction might be

©
)

Paper

minimal. As the Mn doping level increases, the competing
interactions could become more pronounced, potentially lead-
ing to a more significant reduction in magnetic interaction.
Consequently, the Mn-doped samples need to assume other
changes in the electronic structure emerging from the substitu-
tion of Mn atoms at the V sublattice that cause an enhancement
of the Seebeck coefficient.

The magnetization (M) as a function of applied magnetic
field (B) for Fe,V,_,Mn,Al (x = 0.1, 0.2, 0.4) is shown in Fig. 8(c)
and (d) at 2.0 K and 300 K, respectively. The magnetization
curves up to B = 5 T reveal a gradual change, from
ferromagnetic-like features (x = 0.1) towards a paramagnetic
behaviour for x = 0.4. Most importantly, the magnetization
decreases with increasing Mn concentration. It might be pos-
sible that introducing Mn magnetic ions at the V site in Fe,VAl
could create several competing magnetic interactions. Depend-
ing on the specific magnetic ion and its interactions with Fe
and Al, these competing interactions might partially cancel out
the ferromagnetic order between Fe atoms, leading to a net
reduction in the overall magnetic interaction strength. Also, we
have studied magnetic properties for Al-rich Fe,V,oMng 1Al
compounds [see ESL,T Fig. S5(a)-(d)].

Density functional theory calculations

To further elucidate the anomalous behavior of Mn substitu-
tion in Fe,V;_,Mn,Al, both with respect to the thermoelectric
transport and magnetic properties, we performed extensive
density functional theory (DFT) calculations on substituted
Fe,V,_,Mn,Al Heusler compounds across different concentra-
tions x. Our calculations indicate that Mn atoms, when sub-
stituted at the V site, exhibit a large local magnetic moment of
around 2.43 ug, while they stay non-magnetic, when substituted
at the Fe sites.

To simulate the true paramagnetic state with thermally
disordered magnetic moments at high temperatures, calcula-
tions were performed within the framework of the disordered
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featuring contributions from rather localized Mn impurity states at the valence and conduction band edges, as well as a pinning of the Fermi level within
the pseudogap. To indicate the energy range, relevant for thermoelectric transport, the derivative of the Fermi-Dirac distribution at 300 K is shown

in grey.

local moment (DLM) approximation.®” Moreover, the substitu-
tional alloy disorder due to Mn atoms randomly replacing V
atoms in the unit cell, is fully accounted for in the calculations
of the electronic structure by making use of the Coherent
Potential Approximation (CPA).** Fig. 9(a) shows the atom-
projected and spin-polarized density of states of a single Mn
atom in Fe,V,oMng;Al. A sizeable splitting between majority
and minority spin channels is obvious, resulting in a large
magnetic moment of around 2.43up. Interestingly, both min-
ority- and majority-spin contributions exhibit a gap at the Fermi
energy. Moreover, rather sharp and localized features in the
electronic density of states occur at both sides of the Fermi level
for the majority-spin bands. These impurity states contribute to
the total DOS of Fe,V;_,Mn,Al at the conduction and valence
band edge as shown in Fig. 10(b), effectively narrowing the
pseudogap of pristine Fe,VAl with increasing Mn substitution.

Fig. 9(b) displays the atom-projected partial DOS of
Fe,VooMng;Al in the paramagnetic state with the respective
contributions from all atoms. We point out that, despite the
large electron doping concentration of 0.2 e per formula unit
upon substituting 10% Mn at the V site, the Fermi level remains
virtually unaffected and stays within the pseudogap. This
becomes even more evident in Fig. 10, where the total DOS of
Fe,V;_,Mn,Al is shown for various Mn concentrations in the
paramagnetic state, matching our experimentally investigated
samples. Even for Mn substitutions as high as x = 0.5, corres-
ponding to an entire additional electron, the Fermi level
remains pinned within the pseudogap and does not get shifted
into the conduction band. The anomalous doping behavior can
be traced back to Mn forming magnetic impurity states below
the Fermi energy (see Fig. 10(a)), which can accommodate the
additional electrons doped by Mn in Fe,V; ,Mn,Al. Thus,
although the valence electron concentration increases, the total
number of states below Ep increases as well, rendering an
unchanged position of Eg. This readily explains the unconven-
tional VEC dependence of the Seebeck coefficient in Fig. 7(a),
where S retains positive values even for VEC > 6.
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We also studied the effect of substituting Mn at the Fe site,
i.e., considering that Mn may occupy the Fe site with Fe atoms
simultaneously occupying the vacant V positions as antisite
defects (Fe; oMny 1V oFe 1Al), which cannot be ruled out by our
standard X-ray diffraction experiments due to the very similar
atomic scattering factors of Mn, Fe and V. However, the
electronic density of states of Fe; ¢Mng;V,oFeq Al (see ESLT Fig.
S8) indicates that this seems very unlikely, since a metallic ground
state with a very large DOS at Er emerges, which contradicts the
experimental Seebeck coefficient and its VEC dependence.

Conclusion

Overall, p-type Fe,VAl compounds are less developed compared
to n-type ones. Here, we performed a systematic experimental
and theoretical study of the thermoelectric properties of
Mn-doped Fe,V; ,Mn,Al Heusler compounds across a wide
range of Mn concentrations x = 0 — 0.6. We found an un-
expected hole-dominated Seebeck coefficient in nominally
n-doped Fe,V;_,Mn,Al. Using DFT calculations, the origin for
this unconventional doping behavior was found to be rooted in
distinct modifications of the electronic density of states upon
Mn substitution. More specifically, Mn atoms at the V site form
magnetic impurity states with a large local magnetic moment
(m ~ 2.43pp) and antiferromagnetic exchange interactions. The
additional electronic states contributed below Er exactly bal-
ance the chemical potential, such that Er remains pinned at the
valence band edge, within the pseudogap, even for very large
Mn concentrations up to x = 0.6. Moreover, rather localized Mn
states spawn at both sides of the pseudogap, yielding an
increase of the DOS effective mass, albeit a narrowing of the
pseudogap is triggered as well. Consequently, relatively large
p-type Seebeck coefficients and an anomalous doping/VEC
dependence emerges in Fe,V; ,Mn,Al

The thermoelectric properties could be further improved
by co-substituting Al antisites at the Fe and V sublattices in

This journal is © The Royal Society of Chemistry 2024
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Al-rich Fe,V, 9Mng 1Al; 4, compounds. Fe,V, oMng ;1Al; ; exhibits
the largest Seebeck coefficient (S = 75 puv K ') and PF =
2.2 mW K > m ' at T = 350 K. Also, the thermal conductivity
decreased to 9 W m™ ' K ' for Fe,V,oMngAls (y = 0.5).
Consequently, the largest ZT value, ~0.1, was found for
Fe,VooMng Al 5 (y = 0.5), at T = 500 K. Our study motivates
further investigations and optimization studies of Fe,VAl-based
Heusler compounds, co-substituted with Mn at the V site, to
realize high-performance p-type thermoelectrics, which are
relevant for technological applications.
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