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Discovered exactly 200 years ago in 1821,1 thermoelectricity is nowadays of global interest as it allows
to directly interconvert thermal and electrical energy via the Seebeck/Peltier effect, which could be ex-
ploited to enhance energy efficiency2,3. In their seminal work4, Mahan and Sofo mathematically derived
the conditions for ’the best thermoelectric’ − a delta-distribution-shaped electronic transport function,
where charge carriers contribute to transport only in an infinitely narrow energy interval. So far, however,
only approximations to this concept were expected to really exist in nature4,5. Here, we propose as a
physical realisation of this scenario the Anderson transition in an impurity band, i.e. the transition from
Anderson-localised to extended quantum states6. We obtained a significant enhancement and dramatic
change of the thermoelectric properties from p-type to n-type in the stoichiometric Heusler compound
Fe2VAl, which we assign to a narrow region of delocalised electrons in the energy spectrum near the
Fermi energy. We achieved this through an innovative approach of driving the Anderson transition via
continuous disorder tuning: variable amounts of atomic defects are induced in a controlled fashion by
thermal quenching from high temperatures (950 − 1380 ◦C). Based on our experimental electronic trans-
port and magnetisation results, supported by Monte-Carlo and density functional theory calculations,
we demonstrate a universal enhancement strategy towards colossal thermoelectric performance that is
applicable to diverse material classes.

Thermoelectric (TE) devices are capable of converting1

wasted heat into useful electrical energy or act as Peltier2

coolers. Facing an increasing worldwide demand for effi-3

cient energy utilisation, the immense diversity of potential4

technologocial applications has sparked great interest2,3.5

Still, TE devices are currently restrained in their applica-6

bility due to their limited efficiency. The dimensionless7

figure of merit ZT = S2σT/(κe + κph), which is closely re-8

lated to the conversion efficiency, comprises three material-9

dependent parameters. These are the thermopower S, the10

electrical conductivity σ and the thermal conductivity κ,11

consisting of a contribution from electrons κe and phonons12

κph, which are the quanta of lattice vibrations. While13

considerable progress towards achieving high ZT has been14

achieved so far by reducing κph
7,8, increasing the electronic15

part of ZT is a much more formidable, yet necessary task16

and new exotic concepts for enhancement are required.17

In 1996, Mahan and Sofo mathematically identified ’the18

best thermoelectric’ as an ideal system, characterised by19

∗Corresponding author

an infinitely narrow delta-distribution-shaped transport 20

function Σ(E)4. 21

Here, we propose that this seemingly unrealisable math- 22

ematical concept becomes actually realised in real mate- 23

rials at the Anderson transition in an impurity band, as 24

predicted theoretically9. As sketched in Fig.1, such a tran- 25

sition occurs when the number of randomly distributed 26

impurities increases above a critical value xc, known as 27

quantum percolation. Below xc, all impurity states are 28

Anderson-localised due to disorder10. A singularity of the 29

transport function occurs at xc when an infinitesimally 30

small region of states in the density of states (DOS) be- 31

comes delocalised. This was explained by Mott in 1967 32

through the concept of ’mobility edges’, which are two crit- 33

ical energies Ec1,2
that appear at the centre of an impurity 34

band, separating localised states in the band tails from 35

delocalised, extended states in the centre11. Far above 36

xc, Ec1
and Ec2

shift towards the band edges, eventually 37

delocalising all impurity states. 38

Our study is focused on the TE transport properties 39

across the Anderson transition in an impurity band with 40
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Fig. 1: Schematic of the Anderson transition in an impurity band with
increasing impurity concentration. When the number of randomly
distributed impurities in a peridocally ordered crystal increases, the
impurity electrons remain localised below a threshold value due to
Anderson localisation. At the Anderson transition, the critical density
of impurities allows for delocalisation of an infinitely narrow energy
region of extended states inside the localised impurity states. The
delocalised impurity band is marked by two mobility edges Ec1,2

,
which are critical energies that separate the localised from delocalised
states.

two mobility edges. We experimentally realised such a41

scenario in undoped, stoichiometric bulk Fe2VAl by con-42

trolling the degree of lattice disorder via thermal quenching.43

This Heusler compound recently became an excellent can-44

didate for studying new TE optimisation strategies12–14.45

Our measurements of the electronic transport and mag-46

netisation in this work, supported by Monte-Carlo and47

density functional theory (DFT) simulations, show clear48

evidence for a significant enhancement of the TE perfor-49

mance, which we attribute to the Anderson transition. In50

the following, we describe the structural, electronic and51

magnetic properties of disorder-tuned Fe2VAl as obtained52

by our experiments and simulations; finally, we show the53

TE properties of the material at the Anderson transition.54

Structural and electronic properties55

Ternary Fe2VAl forms a fully ordered L21 structure at low56

temperatures that undergoes two second-order structural57

phase transitions (see Fig.2a) into the partly disordered B258

structure at TB2 ≈ 1100 ◦C and fully disordered A2 struc-59

ture at TA2 ≈ 1250 ◦C15. Our Monte-Carlo simulations60

based on effective cluster interactions show how the degree61

of atomic disorder in bulk Fe2VAl can be controlled by62

temperature, finding a remarkable agreement with the ex-63

perimental L21−B2 transition temperature15 (the B2−A264

transition temperature was overestimated as dicussed in65

Methods). This allows us to semiquantitatively assess the66

concentration of Fe, V and Al atoms on the respective67

sublattices as depicted in Fig.2b. Note that while the68

V/Al sublattice is fully disordered in the B2 phase, there 69

is already a significant site exchange on the Fe sublattice 70

(5−25 % Fe antisites). The large amount of antisite defects 71

obtained at high temperatures as a result of the thermal 72

excitations can be partly frozen by ultrafast quenching our 73

samples. 74

To illustrate the nature of localised Fe/V antisite elec- 75

tronic states near the Fermi energy EF, we calculated the 76

spin-polarised DOS by making use of the exact muffin-tin 77

orbital coherent potential approximation method (EMTO- 78

CPA). This method allows to calculate the DOS of a single- 79

impurity embedded in an infinitely large and ordered ef- 80

fective medium, mimicking the electronic and structural 81

properties of an alloy in the dilute limit of antisite concen- 82

tration xAS → 0. Figs.2c,d show the occurence of sharp, 83

hydrogen-like impurity states near EF for both FeV and 84

VFe defects, as compared to the fully ordered compound. 85

Similar results are obtained for FeAl impurity states (see 86

Extended Data Fig.2). Furthermore, the spin degeneracy 87

Fig. 2: a, Order-disorder transitions in Fe2VAl occuring at high
temperatures. b, Monte-Carlo-simulated concentrations of site occu-
pancies in the L21, B2 and A2 high-temperature phases of Fe2VAl.
c,d, Spin-polarised electronic density of states (DOS) for the single-
impurity FeV and VFe antisite defects and pure Fe2VAl.
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is removed due to the strong correlation of Fe−d electrons,88

which leads to isolated magnetic impurities in the non-89

magnetic, ordered host matrix. With increasing quenching90

temperature and thus increasing antisite concentration, the91

randomly distributed isolated defects form a continuum of92

clusters with different sizes16,17, leading to a broadening of93

the localised electronic states (see Extended Data Fig.3).94

Eventually, a delocalised impurity band forms, i.e. the95

Anderson transition, as sketched in Fig.1. However, neither96

the CPA nor the supercell approach can determine the97

critical concentration for the Anderson delocalisation tran-98

sition18. To overcome this difficulty, more effortful methods99

like the typical local density of states calculation18 could100

be used as a means of possibly identifying such transitions101

in future works.102

Magnetic properties103

The formation of magnetic clusters predicted by our sim-104

ulations shown in the previous section (for details see105

Methods) can be confirmed by our magnetisation measure-106

ments shown in Fig.3. Fig.3a exhibits the field-dependent107

magnetisation M at T = 4 K for stoichiometric Fe2VAl,108

heat-treated at different conditions. Measurements of the109

magnetisation have previously shown to be an effective110

way of probing Anderson-localised states in other semicon-111

ductors such as Si19. The immediate saturation of M at112

small fields observed in Fig.3a, the absence of hysteresis113

as well as the strong curvature of isothermal Arrot plots114

(see Extended Data Fig.7) are strong indications that the115

magnetic properties are dominated by the localised anti-116

site electrons, in line with our ab initio calculations. In117

Fig.3b, we compare the saturation magnetisation Msat of118

our samples with their quenching temperature Tquench. It119

can be clearly seen that Msat consistently increases for120

higher Tquench, corroborating the picture drawn by our ab121

initio Monte-Carlo calculations. Moreover, both Msat and122

the calculated concentration of Fe antisite defects, when123

rescaled to the experimental transition temperatures, in-124

crease in a similar fashion showing an abrupt increase near125

TA2. This demonstrates that the rapid quenching method126

could successfully induce the magnetic antisites in these127

samples, which is in excellent qualitative agreement with128

our ab initio calculations.129

Thermoelectric properties130

Fig.4 shows the temperature-dependent electrical resistiv-131

ity ρ(T ) and thermopower S(T ) of Fe2VAl, measured in132

a wide temperature range from 4 to 800 K for samples133

heat-treated and quenched at various temperatures. Above134

400 − 500 K, a semiconductor-like behaviour of the resistiv-135

ity, dρ/dT < 0, is found for all samples (see Fig.4a). This136

can be attributed to the intrinsic pseudogap of the com-137

pound20,21. At lower temperatures, the behaviour modifies138

from semiconductor-like to metallic, dρ/dT > 0, demon-139

strating the Anderson-Mott-type insulator-metal transition140

Fig. 3: a, Field-dependent magnetisation of Fe2VAl at T = 4 K for
different quenching temperatures. b, Experimental and calculated
saturation magnetisation versus quenching temperature. The insets
show a sketch of atomic disorder, increasing with Tquench. Right scale
shows the calculated concentration of Fe antisite defects (yellow curve)
from Fig.1b, rescaled to the experimental transition temperatures
TB2, TA2

15.

due to the delocalisation of antisite electrons with increas- 141

ing Tquench. Indeed, the residual resistivity ρ0 decreases 142

by an order of magnitude with increasing Tquench, which 143

also manifests itself by a substantial increase of the Hall 144

carrier concentration (see Extended Data Fig.8a), over- 145

compensating the increased number of scattering centres 146

due to disorder. Furthermore, the appearance of metallic 147

transport goes hand in hand with the development of a 148

local maximum in ρ(T ) at a temperature Tρ,max, which 149

shifts to higher temperatures as Tquench increases. 150

In Fig.4b, S(T ) is shown from 4 to 800 K. As-cast and 151

furnace-cooled samples display positive values of S(T ) and 152

a pronounced maximum at ≈ 200 K, consistent with the 153
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Fig. 4: a, Insulator-metal transition of the temperature-dependent resistivity of Fe2VAl with increasing quenching temperature. b, Sign
reversal of the temperature-dependent thermopower with increasing quenching temperature. Solid lines are guides to the eye. c, Evidence from
different transport measurements for charge localisation and variable-range hopping behaviour of as-cast and furnace-cooled Fe2VAl at low
temperatures.

narrow pseudogap band structure, where EF is situated154

near the valence band edge. As Tquench and the antisite155

concentration increase, S(T ) becomes consistently smaller156

at all measured temperatures and even exhibits a sign157

reversal for Tquench > 1000 ◦C over the whole temperature158

range. This implies a substantial negative contribution of159

the antisite electrons to S(T ) in order to account for the160

dramatic change of the thermopower, from large p-type to161

large n-type values.162

Further evidence for the presence of Anderson-localised163

states near EF is given by a more detailed analysis of the164

temperature-dependent transport properties. As-cast and165

furnace-cooled samples, according to the respective mag-166

netic measurements, represent the dilute limit of antisites,167

where EF is expected to be situated within the localised168

states. Indeed, the low-temperature resistivity of these169

samples (see upper panel Fig.4c) can be well described170

by phonon-assisted variable-range hopping (VRH) conduc-171

tion22:172

ρ(T ) ∝ exp

[

(

T0

T

)1/(d+1)
]

, (1)

which specifies in 3D to ρ(T ) ∝ exp
[

(

T0

T

)1/4
]

, where T0173

is the characteristic Mott temperature. T0 inversely de-174

pends on the localisation length ξL, which diverges at the175

insulator-metal transition. The fitted values of T0 are about 176

2 − 4 mK, which are at least five orders of magnitude lower 177

than for VRH between localised donor and acceptor states 178

in marginally doped semiconductors23,24. Again, this low 179

T0 corroborates the picture of Anderson-localised states 180

near EF
25,26. The temperature-dependent behaviour of 181

the thermopower S(T ) ∝ T 1/2 at low temperatures (see 182

Fig.4c centre panel) is also consistent with VRH in 3D27, 183

corroborating the resistivity data. Finally, even the low- 184

temperature Hall mobility µH(T ) shows an unusual, almost 185

constant, slightly increasing temperature dependence (see 186

Fig.4c lower panel), consistent with localisation of charge 187

carriers near EF
28. This picture of Anderson-localised 188

states close to the Fermi level also reconciles many other 189

peculiar properties of this compound, e.g. metallic thermo- 190

dynamic and photoemission data in spite of semiconductor- 191

like transport properties20, negative magnetoresistance29, 192

anomalous Hall effect30 etc., which have been an ongoing 193

discussion over the past three decades14,20,31. 194

Discussion 195

Fig.5 shows in detail the evolution of the electronic trans- 196

port across the Anderson transition as well as the enormous 197

TE performance that can be attributed to the contribution 198

of the delocalised impurity band. In Fig.5a we plotted the 199

4



Fig. 5: a, Residual resistivity and temperature of the maximum of
the resistivity versus quenching temperature. b, Peak values of the
thermopower and residual conductivity versus quenching temperature.
c, Power factor of as-cast and 1380 ◦C-quenched Fe2VAl with the
contribution of the impurity band (IB). The inset shows the figure
of merit ZT . d, Predicted ZT versus reduced chemical potential
relative to the centre of the impurity band. Model predictions were
calculated for different values of the lattice thermal conductivity as
explained in Methods.

residual resistivity ρ0 at 4 K and Tρ,max as a function of 200

Tquench. With the spontaneous appearance of Tρ,max > 0 201

around T ∗

quench = 1000 − 1050 ◦C, ρ0 simultaneously shows 202

a pronounced kink. In Fig.5b, we show the peak values of 203

the thermopower Smax as well as the residual conductivity 204

σ0. Again around T ∗

quench, S(T ) displays a sign reversal 205

and σ0 deviates from a linear scaling behaviour. These 206

anomalies, together with the monotonous increase of Tρ,max 207

and decrease of ρ0, clearly indicate the continous delocali- 208

sation of the impurity band (IB), as sketched in the insets 209

of Fig.5b. 210

Fig.5c shows the power factor (PF) of as-cast and 211

1380 ◦C-quenched Fe2VAl. Usually, the optimisation of 212

thermoelectric materials involves changing the position of 213

the Fermi level, i.e. the total number of electrons, while 214

leaving the electronic structure unchanged, which is called 215

rigid-band doping. Despite being undoped and not yet 216

optimised, the maximum power factor of 1380 ◦C-quenched 217

Fe2VAl is already 7.6 mW/mK2, which is an enhancement 218

by an order of magnitude compared to the as-cast sample 219

and 40% higher than the best PF for optimised rigid-band 220

doping in this system32. Considering that the total ther- 221

mopower Stot and total conductivity σtot in a material with 222

multiple electronic bands can be written as 223

Stot =

∑

i Siσi
∑

i σi
, (2)

σtot =
∑

i

σi, (3)

with Si, σi being the respective single-band contributions, 224

we can estimate the contribution of the impurity band 225

which led to the dramatic change in TE transport. Here, 226

the index (i = {pristine, impurity}) refers to contributions 227

from the pristine band structure and the delocalised impu- 228

rity band. Bearing in mind that the transport properties 229

of the as-cast sample with purely localised impurity states 230

is mainly dominated by the pristine band structure, we can 231

calculate the additional delocalised impurity contribution 232

to the high-temperature-quenched samples Simp, σimp from 233

our measured data by solving the system of Eqs.2,3. The 234

contribution of the impurity band to the total measured 235

power factor of the 1380 ◦C-quenched sample is plotted by 236

red squares in Fig.5c. An extremely large PF of more than 237

18 mW/mK2 at 400 K is found for a stoichiometric sample 238

not yet optimally doped, exceeding that of the pristine 239

compound by a factor of 30. It is noteworthy to mention 240

that κph was also reduced by a factor of 2−3 due to the dis- 241

order introduced by quenching (see Extended Data Fig.8b). 242

Consequently, this means that the disorder induced by 243

thermal quenching could be a strategy that can enhance 244

all thermoelectric properties at the same time, which is not 245

achievable by conventional doping strategies. We expect 246

that ZT should be further greatly enhanced by optimis- 247

ing the position of EF and by reducing the background 248

DOS of Fe2VAl, which can be achieved by appropriate 249
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co-substitutions with e.g. Si and Ta30,32.250

To make a prediction about potential ZT values in251

such systems near the Anderson transition, we developed252

a charge transport model for two mobility edges in an im-253

purity band (see Extended Data Fig.9a). By least-squares-254

fitting S(T ) and ρ(T ) of 1380 ◦C-quenched Fe2VAl, we255

found that a narrow impurity band, with a bandwidth of256

0.03 eV, accounts best for the measured temperature depen-257

dencies (see Extended Data Fig.9b). The predictions of the258

model are shown in Fig.5d. They reveal that if the chemi-259

cal potential is placed optimally near the mobility edge, a260

colossal ZT > 9 could be achieved if κph ≈ 2.3 Wm−1K−1,261

currently achievable in Fe2VAl by thin film deposition33.262

Considering that this strategy might be well applicable263

to other thermoelectric materials, which generally have264

even smaller values κph ≈ 1 Wm−1K−1 or lower, huge265

values of the figure of merit ZT & 20 are within reach.266

Such performances in terms of ZT excel those of current267

state-of-the-art thermoelectrics by an order of magnitude,268

paving the way for a paradigm shift in energy and cooling269

applications.270

In summary, we theoretically and experimentally demon-271

strated how the interplay of electronic correlation, Ander-272

son localisation and defect thermodynamics can signifi-273

cantly boost the TE performance in undoped bulk Fe2VAl274

by passing across the Anderson transition, where electrons275

are delocalised but occupy only a narrow interval in energy276

space. Indeed, we showed that Mahan and Sofo’s ’best277

thermoelectric’ is not just a mathematical construct, but278

can be implemented in real materials by exploiting charge279

carriers at the Anderson transition in an impurity band.280

Moreover, controlling the level of disorder allows us to281

tune the optimal width of the energy-dependent transport282

function directly, which is not achievable by other band283

engineering strategies employed so far. Although disor-284

der and charge localisation have been mostly considered as285

detrimental for thermoelectricity, our work discloses a novel286

paradigm to improve thermoelectric materials and devices287

via impurity conduction, employing temperature-induced288

disorder as a new tuning and control parameter.289
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