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 1903 – Friedrich Heusler (mining engineer and chemist) accidentally discovers Cu
2
MnAl as a 

new ferromagnetic compound from “non-ferromagnetic” elements, when mixing Mn with Zn,Cu, 
As, Sb, Bi and B, but good ferromagnetic properties was obtained when adding Al.   

T
C 

= 630 K (high)

M = 3.7 
B

attributed to Mn atoms

RT sat. magnetization strongly depends on heat treatment 
6.1 kGs for Ni < 8kGs < 23 kGs for Fe

Discovery of Heusler phases 



1934 – A.J. Bradley & J.W. Rogers and independently O. Heusler (son of FH) describe 
Cu

2
MnAl as fully ordered crystal structure of L2

1
 type

No. 216, F-43m, C1
b

XYZ

Half-Heusler structure
LiMgAs(Nowotny) & CuMgAs(Juza) 

No. 225, Fm3m, L2
1

X
2
YZ

Full-Heusler structure

No. 225,  X
A

XYXZ or XYUZ

Inverse Heusler structure 

Bradley AJ, Rodgers JW. 1934. The crystal structure of the Heusler alloys. Proc. Roy. Soc. (London) A 144, 340- 359

Heusler O. 1934. Kristallstruktur und Ferromagnetismus der Mangan-Aluminium- Kupferlegierungen. Adv. Phys. 411, 155- 201

L Wollmann, A K Nayak, S. S. P. Parkin, C Felser, Heusler 4.0: Tunable Materials (2017)

Crystal structure of Heusler phases 



Heusler phases X2YZ, XYZ

Normal Heusler L21

Fm3m (type Cu2MnAl)
X : (0,0,0), (1/2,1/2,1/2)
Y : (3/4,3/4,3/4)
Z: (1/4,1/4,1/4)

Half-Heusler C1b

F-43m (type AgMgAs)
X : (0,0,0) 4a
Y : (3/4,3/4,3/4) 4d
Z: (1/4,1/4,1/4) 4c

structure DO3

Fm3m (type Fe3Al)
X : (0,0,0), (1/2,1/2,1/2)
X : (3/4,3/4,3/4)
Z: (1/4,1/4,1/4)

Crystal stability 
orbitals sp3,  d



Half-Heusler phases

Wide variety of physical behaviours
* metals, semiconductors, semimetals
* strong and weak FM, AFM (high TC / TN)

* Pauli paramagnets, Curie-Weiss PM
half-metallic ferromagnets (HFM)
strong thermoelectrics

Half-metallic ferromagnetism 

 lack of FS for one spin direction

 integer magnetic moment value

 anomalous (T) dependence

giant magneto-optic Kerr effect 

 predictions of HM-AF (1993)

 HFM : CrO2, (La-Sr)MnO3, spinels

 spintronic materials

4.0 B

NiMnSb



Electron phase diagram of half-Heusler systems
 

JT et al., JMMM (1996), J. Phys. CM (1998), JALCOM (2000)  ~ 650 citations

CoTiSn
27Co : 18Ar 4 s2 3 d7    (9)
22Ti  : 18Ar 4 s2 3 d2    (4)
50Sn:[36Kr4d10] 5s25p2 (4)

VEC =                 17

FeVSb
26Fe: 18Ar 4 s2 3 d6      (8)
23V : 18Ar 4 s2 3 d3      (5)
51Sb:[36Kr4d10] 5s25p3 (5)

VEC =                 18

NiMnSb
28Ni: 18Ar 4 s2 3 d8     (10)
25Mn: 18Ar 4 s2 3 d5    (7)
51Sb:[36Kr4d10] 5s25p3 (5)

VEC =                 22

Electrical resitivity



Variety of physical properties of HH 



Properties 
”on request”

FM-PM 
FM-HMF 
FM-SC 
PM-SC
PM-SC-PM
FM-SC-PM

Phase transitions 

Seminarium WFIS, 21.05.2021, Kraków
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notation BSW for energy dispersion bands in BZ 
derived from Bloch states in crystals with basic 
structures SC, BCC & FCC (symmetry theory and 
characters of representations) 

SC

BCC
FCC

Seminarium WFIS, 21.05.2021, Kraków
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Metal–semiconductor-metal crossovers

FeTiSb (VEC=17)

Curie-Weiss PM (~0.9B)

NiTiSb (VEC=19)

Pauli PM  1-hole system 
 1-electron system

p

n

 
Thermopower (experiment)Resistivity (experiment)

       JT et al., PRB 64, 155103 (2001)



Resistivity

Semiconductor from alloyed metals 

Density of states at EF

M   SC   M 

       JT et al., PRB 64, 155103 (2001)
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Thermoelectric „tetragon” 

LEE LET

LTE LTT

E
         

-T

S T =   (Thomson-Kelvin-Onsager)  LET=LTE/ T

   L0 T (Wiedemann-Franz, L0 Lorentz number)   -LTT

Electrical current

Heat current

Electrical field

Temperature gradient

Ohm, 1826

Fourier, 1822

Seebeck, 1821
Peltier, 1834

Volta (1800), Ampere (1820) , Faraday (1831), Gauss (1832), …

Seminarium WFIS, 21.05.2021, Kraków
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Thermoelectric properties
search for optimum

COOLING ELEMENTS
COP =(TH-TC)(TC+ TH



POWER GENERATORS
TC-TH)[(TH -TC+ (



ZT=
S²σ
κ
T=

S²
L⏟

calculated

1

1+
κL
κ e

Improvement of figure of merit

Geometry of the 
devices

Physical properties of the system 

Lorentz factor

Thermal conductivity
(phonons /electrons)

Carnot limit

A.F. Ioffe

Seminarium WFIS, 21.05.2021, Kraków



Thermoelectric 
properties Resitivity

Thermopower 

Thermal 
conductivity

ZT
Figure of 

merit



S



ZT

INS      SC       M

ZT=
S²σ
κ
T

Seminarium WFIS, 21.05.2021, Kraków



Thermoelectric materials 

Half-Heusler phases

J. Snyder, Caltech/NWU

S. J. Poon, U. Virginia



KKR-CPA method

CPA condition

• Disordered alloys: periodic - Coherent Potential Approximation (CPA):

KKR-CPA code allows for treat many 

atoms on disordered sites (N>10) solved 

self-consistently.

Muffin-tin potential is used due to CPA 

condition, defined for spherical potentials.  

CPA “trick”

GCP= c
A
G

A
+c

B
G

B
+c

C
G

C
+ … +c

N
G

N

Seminarium WFIS, 21.05.2021, Kraków

CPA crystal consists of ‘disordered’ 
nodes arranged with translation 
symmetry of cell and mimics alloys, 
defects, etc.

S. Kaprzyk



Lloyd formula Kaprzyk et al. Phys. Rev. B (1990)

CPA

Density
of states

Full GF

Fermi energy      N(EF)=Z

Korringa-Kohn-Rostoker with coherent potential approximation

Bansil, Kaprzyk, Mijnarends, JT, 
Phys. Rev. B (1999)) conventional KKR

Stopa, Kaprzyk, JT, J.Phys.CM (2004)
novel formulation of KKR

KKR-CPA method for disordered alloys



Electron transport coefficients

Electrical conductivity 

Seebeck coefficient (thermopower)

Electronic thermal conductivity 

Onsager-related functions

Transport functions (in general tensors)

Wiedemman-Franz-Lorenz 

Seminarium WFIS, 21.05.2021, Kraków
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Seebeck coefficient vs.temperature & carrier concentration

n-type p-type

TiFe1-xNixSb 

Kutorasinski et al. (JT), Phys. St. Sol. A 211 (2014) 1229
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Complex energy band „engineering”

TiCoSb

Tendency to alignment of bands near Fermi energy
BUT it needs experimental proof whether TE properties are really improved 

TiFe1-xNixSb TiFe0.5Ni0.5Sb

TiFe0.3Co0.4Ni0.3Sb

Seminarium WFIS, 21.05.2021, Kraków
Kutorasinski et al. (JT), Phys. St. Sol. A 211 (2014) 1229



Role of point defects 
FeVSb – “dirty” semiconductor

Jodin, JT, …, PRB (2004) 

KKR-CPA – total energy

Thermopower

Resistivity

Defects should be accounted : 
to interpret metallic electron 
conductivity + large Seebeck 
coefficient 
FeVSb - rather semiconductor)

Seminarium WFIS, 21.05.2021, Kraków



Defects in Heusler alloys

KKR-CPA density of states
upon inclusion Fe/Sb vac/Fe defects

Vacancy on Fe-site & Sb on Fe-site 
behaves as a HOLE donorEPMA data

Doping of n and p types

Jodin, JT, …, PRB (2004)

Seminarium WFIS, 21.05.2021, Kraków



Fe2VAl i  Fe2VGa semimetals

theory

experiments

Bansil,...JT, PRB 60(1999) 13397

Lue el al., PRB (2002)

Seminarium WFIS, 21.05.2021, Kraków



Fe2VAl
pseudogap

VEC=24

Fe2VSi
weak ferromagnet

VEC=25  

0.42B (theory)

0.37B   (exp)

1994

Seminarium WFIS, 21.05.2021, Kraków



Fe2(V-W)Al
ZT ~ 6 !!!

the largest ZT 
ever measured

Seminarium WFIS, 21.05.2021, Kraków
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 Brief history of MCE discovery

Chaud Froid

Hot Cold

Adiabatic
magnetization / demagnetisation

 1881  E. Warburg, iron heats up in magnetic 
field ~0.5-2 K/1T,  Ann. Phys. (1881)

1926  P. Debye (Nobel 1936, chemistry)

1927  W. Giauque (Nobel 1949, chemistry)

cooling via adiabatic demagnetization (order-disorder 
transition of magnetic moments in presence (or not) of 
magnetic field;  for cryogenic purposes, down to 0.25 K 
(MacDougall, 1933).

1997 K. A. Gschneider & V. Pecharsky 
(Ames Lab., USA), PRL (1997)  - discovery 
of  giant magnetocaloric effect :   

MCE: an intrinsic property of magnetic 
materials; 

MCE : the largest at the transition 
temperature, e.g. ferro-para

Seminarium WFIS, 21.05.2021, Kraków
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D 

V=Vmax 

V=Vmin 

T 

S 

TF TC 

 A 

B 

C 

D 

H=Hma

x 

H=0 

T 

S 

TF TC 

Analogy to thermodynamic cycle

Adiabatic magnetization/demagnetization

Ideal Carnot cycle :

                        . TH

TH TC

TC

Ericsson cycle

pressure P         field B 

volume V       magnetization M 



Entropy Slat(T)Smag(T,B)

Se(T)

T~ Troom

S tot =Sel+Smag+S lat ΔS mag+ΔSlat=0
Adiabatic Process   

ΔSlat=C p(B,T )
ΔT
T

ΔT max=
−TΔSmag
C p (B,T )

Calorific Capacity 

C p( B,T )

Magnetic Entropy 

ΔS mag

ΔSmag(T,ΔB )=∫
0

B

( ∂M
∂T )

B
dB

ΔT max



From K Gschneider  

New MCE materials 

Temperature jump

Entropy  jumpSeminarium WFIS, 21.05.2021, Kraków



Heusler systems as magneticaloric materials

Ni
2
MnIn + Co magnetic shape memory alloys

Seminarium WFIS, 21.05.2021, Kraków
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from: B. Yan & A. de Visse

Seminarium WFIS, 21.05.2021, Kraków
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Li-ion battery cathode materials

Must be gradually replaced by Na-ion battery?
 world’s resources of Li likely insufficient... 

Kim et al. Adv. Energy Mater. 2 (2012) 860.

from J. Molenda)
Seminarium WFIS, 21.05.2021, Kraków



xLi+  + xe- + MaXb   LixMaXb (M = transition metal, X = O, S)

Types of crystal structure capable for alkaline-ion intercalation

From J. Molenda)

Seminarium WFIS, 21.05.2021, Kraków



Heusler alloys as battery materials?

Li may substitue Co or Mn, depending on relative 
chemical potentials 
BUT magnetisation measurements confirm that Co 
is replaced 
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Summary
Heusler alloys exhibit outstanding variety of physical properties, which are 
related to particular interplay of electronic structure features and crystal structure. 

The fact that 3, 4 (or more) different atoms occupy 4 equivalent fcc sublattices 
seems to be responsible for exceptional richness of observed physical behaviors, 
but also result in a presence of different forms of disorder (chemical, topological).

The properties “on request” of 
Heusler alloys can be easily tunable, 
controllable by using external fields 
(temperature, magnetic field, electric 
field, stress), doping, substitution, 
which already opened many 
opportunities for their applications. 

Seminarium WFIS, 21.05.2021, Kraków
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Collaboration

S. Kaprzyk, K. Kutorasiński
AGH University of Science and Technology, Kraków, Poland

B. Malaman, G. Venturini 
Universite H. Poincare & CNRS, Nancy, France

L. Jodin, P. Pecheur, H. Scherrer 
Ecole des Mines & CNRS, Nancy, France

J. Pierre, D. Fruchart, M. Kouacou
Polygone Scientifique CNRS, Grenoble, France

R. Skolozdra 
I. Franko University, Lviv, Ukraine

K. Kaczmarska
Institute of Physics, Silesian University, Katowice, Poland

Dziękuję za uwagę
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