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The valence-band and core-level photoemission spectra of n-type thermoelectric 

Heusler(L21)-type alloys Fe2-x-yIryV1+xAl and p-type ones Fe2-xV1+x-yTiyAl have been studied to 

clarify the origin of the enhancement of their thermoelectric power. It is found that the excess 

V content x (V-rich for x > 0 and Fe-rich for x < 0) causes the drastic change in the 

valence-band electronic structure within the binding energy of ~0.7 eV near the Fermi level 

EF and the evolution of the satellite structures in the V 2p core-level spectra with x increased. 

These spectral features are ascribed to the formation of the Fe or V anti-site defects in the 

off-stoichiometric alloys with non-zero x. The shift of the valence-band and core-levels 

towards the high (low) binding energy side is observed on partial substitution y of Ir (or Ti) 

for Fe (or V), which is attributed to the EF shift due to the common band formation with the Ir 

5d or Ti 3d states incorporated into the main Fe-V 3d bands. The enhancement of the 

thermoelectric power in those Heusler-type alloys can be explained in terms of the observed 

changes in the valence-band electronic structure near EF. 
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1. Introduction 

   Heusler(L21)-type Fe2VAl-based alloys have received much attention because of their 

potential application for thermoelectric materials [1]. They are superior to commercially 

available thermoelectric materials such as Bi-(Te,Sb) semiconductors in costs, environmental 

load and mechanical strengths; they have been tentatively applied for a thermoelectric power 

generator on motorcycles [2]. Theoretical studies [3, 4] predicted a semi-metallic electronic 

band structure with a sharp pseudogap just at the Fermi energy EF for stoichiometric Fe2VAl, 

which was experimentally confirmed by infra-red spectroscopy [5] and soft X-ray 

photoemission spectroscopy (XPS) [6]. According to the Boltzmann transport equation, this 

electronic band structure may lead to the enhancement of their thermoelectric power on partial 

substitution of the constituent elements by the forth one or on off-stoichiometric concentration 

change, since the thermoelectric power S(T) at temperature T may be given by the first-order 

energy moment of the electronic density of states (DOS) N(E) around the chemical potential  

~ EF in the energy range between - 2kBT and + 2kBT [7]:  
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Here,  TEf ;  is the Fermi-Dirac distribution function and its energy derivative works as an 

energy window of ~2kBT in width. In fact, a universal dependence of thermoelectric power on 

substitution has been observed [1]; as shown in Fig.1, experimental thermoelectric powers at 

T = 300 K of several types of partially substituted alloys such as Fe2-yReyVAl, Fe2V1-yTiyAl 

and Fe2VAl1-zSiz [8-11] are around a grey curve, which represents thermoelectric powers 

estimated from eq. (1) with a theoretical DOS of Fe2VAl [3, 7], by plotting them as a function 

of averaged valence electron counts per constituent atom (hereafter referred to as VEC). 

However, thermoelectric powers of off-stoichiometric alloys Fe2-xV1+xAl show a qualitatively 

quite different behavior, as shown by open circles in Fig. 1. Further enhancement of 

thermoelectric powers has been found for alloys with both the off-stoichiometric 

concentration change (off-stoichiometric V/Fe ratio with excess V content x) and partial 

substitution y: the n-type Fe2-x-yIryV1+xAl [12] and p-type Fe2-xV1+x-yTiyAl [13] (closed circles 

in the figure for y = 0.03). These findings suggest that the off-stoichiometric V/Fe ratio may 

cause a drastic change in the electronic structure near EF, which has been discussed by 

theoretical calculations [4, 14, 15, 16] in relation with a heavy-Fermion-like properties of 

Fe2VAl at low temperatures [17].  

   In this paper, we will report the results of the soft x-ray photoemission study of 

Fe2-x-yIryV1+xAl and Fe2-xV1+x-yTiyAl for understanding the origin of the further enhancement 

of their thermoelectric powers. We have observed the systematic change in the valence-band 

and core-level spectra by bulk-sensitive high-resolution XPS and will discuss the change in 

the electronic structure induced by the partial substitution and off-stoichiometry of the V/Fe 

ratio. A part of the results on Fe2-x-yIryV1+xAl has been already reported elsewhere [18].  
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2. Experimental 

   Polycrystalline specimens of 1 x 1 x 3 mm3 in typical size were prepared by arc-melting 

of mixture of appropriate composition of Fe, V and Al, subsequent annealing to obtain the 

homogenized and ordered L21 structure, shaping and re-annealing, as described in detail 

elsewhere [3, 12, 13, 19]. Clean surfaces for photoelectron measurement were obtained by in 

situ fracturing the specimens at low temperatures with a knife edge. This procedure reduces 

the effects due to surface deterioration [20, 21], and the surface components were estimated to 

be less than 0.2 from the V 2p spectrum as in the previous reports [21, 22, 23]. There were no 

signals other than the constituent elements recognized in the wide ranging XPS spectra 

measured just after fracturing, and no O 1s signals were noticed to appear during the present 

measurement.  

Photoemission measurements were performed at BL27SU of SPring-8, Japan Synchrotron 

Radiation Research Institute (JASRI). Photoelectron spectra were recorded at 10 K in the 

angle-integrated mode with a hemispherical analyzer (PHOIBOS 150) and linearly polarized 

excitation photons from an undulator [24]. Total energy resolution and the origin of the 

binding energy, EB, i.e. the Fermi energy EF, were determined by measuring the Fermi edge of 

evaporated Au films. The energy resolution was estimated to be 0.16 eV at the excitation 

photon energy h of ~1000 eV. The drift of the excitation photon energy was also calibrated 

by frequently measuring the Au 4f7/2 core-level spectrum during the measurement of the 

specimens, and the error in the energy position of EF is estimated to be less than 0.02 eV. This 

calibration procedure enables us to investigate the change in the valence-band structure near 

EF in spite of the semimetallic nature of studied alloys. Although the energy resolution is not 

so sufficient to directly clarify the electronic structure within ~0.05 eV around EF, which is 

related to the thermoelectric power at T = 300 K, the spectral features near EF shed light on 

the thermoelectric properties, as shown later.  

 

3. Results and discussion 

   Figure 2 shows typical valence-band spectra near EF of Fe2-xV1+xAl, comparing them with 

several calculated DOS [4, 7, 15, 16]. The intensities of these spectra are normalized with the 

integrated intensity up to EB = 3.8 eV, which may correspond to the main 3d band. As already 

reported [7, 13, 18, 23], the valence-band spectrum does not so much alter as a whole with x, 

except for small overall shift, which is expected from the change in VEC and hence EF, and 

emergence of new features between EF and EB ~0.7 eV.  

For the stoichiometric Fe2VAl, the valence-band spectrum agrees fairly well with a total 

DOS calculated by an all-electron full-potential linearized augmented plane wave (FLAPW) 

method with WIEN2k code [25] using the experimental lattice constant a = 0.5761 nm [17]. 

As seen in the figure, occupied states (“valence” band) near EF and a band around EB ~ 0.8 eV 

mainly consist of the Fe 3d states and a band at EB ~ 1.6 eV is composed of hybridized Fe and 
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V 3d states, while the lowest unoccupied states (“conduction” band) near EF comprises the V 

3d states [3, 4, 16]. Although it is unable to investigate the unoccupied DOS by normal 

photoelectron spectroscopy, intensity decrease towards EF and a weak shoulder structure near 

EF indicate the existence of the predicted pseudogap. Observed large intensity around EF, 

compared to the calculated DOS, may be partly due to the surface component, which less 

contributes to the valence-band spectrum than the V 2p one because of the larger kinetic 

energy of photoelectrons from the valence-band. It is also partly attributed to the anti-site 

defect states in this specimen [19], as discussed later. Other possible reasons are based on the 

apparent ~0.2-eV shift of the observed spectra to the low binding energy in comparison with 

the calculated DOS: narrowing of the pseudogap than theoretically expected and pinning of 

EF at the low energy side of the pseudogap. According to a study of Heusler-type alloys 

(Fe2/3V1/3)100-yAly [6], the small positive thermoelectric power (~30 VK-1 at 300 K) of 

Fe2VAl is attributed to less contribution of the unoccupied DOS just above EF than the 

occupied one just below EF, as predicted by band structure calculation (see the gray curve in 

Fig.1 [6, 7]). This is also supported by observed positive Hall coefficient RH ~ 2 x 10-8 m3C-1 

at 300 K [11].  

For the off-stoichiometric V/Fe ratio, the spectral shape, in particular below EB ~ 0.7 eV, 

is much altered in spite of small change in the excess V content x: Fe2.04V0.96Al shows a steep 

rise just below EF and an increasing new band at EB ~ 0.3 eV, while Fe1.98V1.02Al still reveals 

a clear shoulder structure near EF and an increased intensity at EB ~ 0.5 eV. These drastic 

changes near EF are caused by excess Fe and V atoms occupying normal V and Fe sites in the 

L21 structure, respectively, i.e. anti-site Fe and V defects, because their symmetry and 

chemical environment are quite different from those at their normal site. 

Focusing on change in the local electronic states induced by the concentration change, 

particularly such anti-site defects, we have investigated the 2p core-levels of Fe, V, and Al. As 

already reported for Fe2-x-yIryV1+xAl [18], we have found additional chemically-shifted 

satellite structures increasing with x for the V 2p core-level spectra but not for the Fe and Al 

2p spectra. According to the previous studies [18, 22, 23], the satellite structure is composed 

mainly of the chemically shifted components of the anti-site V, V neighboring at the 

substituted element, and V in the surface layer. Similarly, the satellite structures of Fe2-xV1+xAl 

include contributions from both the anti-site and surface V. Although no clearly peaked 

structures are observed, satellite structures are recognized in the low binding energy side of 

the main lines. This suggests the increase in the local VEC at the anti-site V.  

Changes in the local VEC and the local electronic structure around the anti-site defects are 

related to the electronic structures of Fe3Al and Fe2VAl and their site-selectivity for the 

substituted forth element [3, 4, 26]. According to band structure calculations [4, 26], Fe at the 

Fe(II) site in D03-type Fe3Al (the Fe site in L21-type Fe2VAl) possesses relatively increased 

valence electrons and is negatively charged in comparison with Fe at the Fe(I) site (the V site 

in Fe2VAl). This suggests that an element with less valence electrons than Fe, such as V and 
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Ti, may tend to occupy the Fe(I) site, whereas an element with more valence electrons such as 

Ir may favor the Fe(II) site, because of increasing Coulomb energy [4]. In turn, the anti-site V, 

i.e. V at the Fe(II) site, is expected to have more valence electrons than V at the Fe(I) site (the 

normal V site of Fe2VAl), which is observed as the chemically shifted component in the 

present V 2p spectrum.  

On the other hand, Fe2VAl has the electron pockets at the X point, consisting of the V 3d 

states, and the hole pocket at the  point, mainly composed of the Fe 3d states [3, 4]. 

Although the unoccupied states cannot be clarified by the present photoelectron spectroscopy, 

the anti-site V may induce a new state, probably an anti-bonding state with nearest 

neighboring V around the anti-site V, in the unoccupied part of the pseudogap; a bonding state 

may correspond to the increasing band observed at EB ~ 0.5 eV for x > 0. The anti-site Fe, Fe 

at the Fe(I) site, with less valence electrons may form a body-centered cubic Fe-like local 

structure, leading to the increasing band at EB ~ 0.3 eV in the occupied part of the pseudogap 

for x < 0.  

In Fig.2, we compare the spectra with total DOS (thick solid curves), calculated by a 

linear muffin-tin orbital atomic sphere approximation (LMTO-ASA) method with a supercell 

of x = -0.125 and +0.125 for ferromagnetic states [15], local partial DOS (broken curves) of 

the anti-site Fe for x = 0 (as-Fe) [4], which was calculated for Fe2GaAl but is here presented 

because of their argument of close similarity between Fe2VAl and Fe2GaAl, and local partial 

DOS of the anti-site V for x = +0.06 (as-V) [16]. The local partial DOS of the anti-site Fe and 

V are calculated by a Korringa-Kohn-Rostoker method with a coherent-potential 

approximation (KKR-CPA). According to these theoretical studies, the majority- and 

minority-spin states of V appear ~0.2 eV below and above EF for x > 0 (V-rich); in KKR-CPA, 

these spin states of the anti-site V, split by ~0.3 eV, form an apparent single peak at EF. For x 

< 0 (Fe-rich), the majority-spin states of the anti-site Fe appear around EB ~ 0.5 eV in both 

calculations and another weak band around EF in LMTO-ASA.  

Comparison between these calculated DOS and the observed spectra suggests that the 

newly emerging band at EB ~ 0.3 eV may correspond to the majority-spin states of the 

anti-site Fe predicted at EB ~ 0.5 eV. However, the anti-site V states are difficult to assign in 

the observed spectrum; the above-mentioned apparent shift might push the anti-site V states 

above EF. If this is the case, the observed sign of the thermoelectric power of Fe2-xV1+xAl, 

positive for x < 0 (Fe-rich) and negative for x > 0 (V-rich), can be qualitatively explained 

through eq. (1) with the anti-site defect states below and above EF, respectively. This is also 

consistent with the results of the Hall coefficient measurement of our polycrystalline samples.  

To study the effect of the partial substitution, we compare the spectra of substituted alloys 

Fe1.97-xIr0.03V1+xAl and Fe2-xV0.97+xTi0.03Al with those of Fe1-xV1+xAl at fixed x in Fig. 3. As 

seen in the figure, the Ir substitution causes very small but rigid shift of the leading edge of 

the first d-band with a shoulder structure towards the high binding energy side and reduces the 

intensity within ~0.1 eV near EF, which may enhance the negative thermoelectric power. For 
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Ti substitution, the first d-band shows 0.05~0.1-eV shift towards the low binding energy side, 

although the relative intensity of the shoulder structure at EB ~ 0.3 eV is increased. 

Disappearance of the shoulder structure near EF seems to agree with the decrease of VEC 

induced by Ti substitution. It is also found that the V 2p main line is shifted by ~0.1 eV 

towards the low binding energy side on Ti substitution, while it shows small shift to the high 

binding energy side on Ir substitution. Thus, the partial substitution y of Ir and Ti is more or 

less in qualitative accordance with a rigid band model, where the increase (decrease) of VEC 

induced by the atomic concentration change would shift the position of EF towards the low 

(high) binding energy side without the electronic structure altered, and hence observed spectra 

would simply move towards the high (low) binding energy side. This moderate shift on the 

partial substitution can be explained by the common band formation [4, 27] with the d states 

of the substituted elements in the neighboring column of the periodic table (Ir and Ti in the 

present case) incorporated into the main Fe-V 3d valence-bands. Since the d states of the 

neighboring elements are energetically close to the Fe or V 3d states, they would not affect the 

main Fe-V 3d band near EF so much by the common band formation.  

Although the unoccupied states above EF cannot be observed by the present photoelectron 

spectroscopy, the emergence of the anti-site defect states near EF as well as the shift of EF by 

the partial substitution can explain the enhancement of the thermoelectric power in the n-type 

Fe2-x-yIryV1+xAl and p-type Fe2-xV1+x-yTiyAl, as follows. In Fe2-xV1+xAl, the increase in the 

DOS just below EF by the anti-site Fe states at EB ~ 0.3 eV for x < 0 results in the positive 

thermoelectric power as the “valence”-band top, while that in the V 3d DOS just above EF 

without change in the shoulder structure near EF for x > 0 leads to the negative thermoelectric 

power as the “conduction”-band bottom. Further substitution of Ir and Ti shifts EF more or 

less in a rigid-band manner to increase respective DOS just above and below EF, and it 

enhances the negative and positive thermoelectric power in Fe2-x-yIryV1+xAl and 

Fe2-xV1+x-yTiyAl, respectively.  

 

4. Conclusions 

   The valence-band and core-level spectra have been investigated for the thermoelectric 

materials Fe2-x-yIryV1+xAl and Fe2-xV1+x-yTiyAl. The excess V for x > 0 (or excess Fe for x < 0) 

causes the drastic change in the valence-band electronic structure through the anti-site V (or 

Fe) defect formation, while the partial substitution y of Ir and Ti for Fe and V, respectively, 

induces the moderate shift of the whole valence-band, which is attributed to the common band 

formation with the Ir 5d or Ti 3d states incorporated into the main Fe-V 3d bands. The 

enhancement of thermoelectric power in these alloys can be explained qualitatively by the 

observed change in the electronic structure near EF. The present study has demonstrated the 

importance of adjusting the electronic states by nano-structures such as the anti-site defect in 

the functional materials.   
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Figure captions 

Fig. 1. Thermoelectric powers at 300 K on various Heusler-type Fe2VAl-based alloys. The 

abscissa is averaged valence electron counts per constituent atom. A grey curve (DOS) shows 

thermoelectric powers estimated from a theoretical density of states for Fe2VAl within a rigid 

band picture. Figures besides symbols indicate the excess V content x in Fe2-xV1+xAl, 

Fe1.97-xIr0.03V1+xAl and Fe2-xV0.97+xTi0.03Al.  

Fig. 2. Valence-band photoelectron spectra near the Fermi level of Fe2-xV1+xAl. Theoretical 

densities of states are shown for comparison. For off-stoichiometric alloys (non-zero x), local 

partial densities of states of the anti-site Fe (as-Fe) or V (as-V) are also presented by broken 

curves.  

Fig. 3. Valence-band photoelectron spectra near the Fermi level of Fe2-xV1+xAl, 

Fe1.97-xIr0.03V1+xAl and Fe2-xV0.97+xTi0.03Al. The Fermi edge of a reference Au is also shown for 

comparison.  
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