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Jak z metali powstaje pétprzewodnik ?

od rownan rozpraszania wielokrotnego
do elektronowych diagramow fazowych

Janusz Tobota

Faculty of Physics and Applied Computer Science,
AGH University of Science and Technology, Krakow, Poland

Seminarium ZIS, 14-03-2005




Plan
Podziat ciat statych od strony struktury elektronowej (INS, SC, M, HFM, DMS)
Koncepcja elektronowych diagramow fazowych (przykiady).
Metody elektrodynamiki kwantowej (rownania MST - Multiple Scattering Theory )

Technika Korringa-Kohn-Rostoker (KKR) obliczen struktury elektronowej ciat
stalych

Nowe ujecie metody KKR (quasi-linear form) i korzysci przy obliczeniach
wieloatomowych uktadow ztozonych.

W strone ukiadow realnych - coherent potential approximation (CPA)

Wiasnosci fizyczne uzyskiwane z obliczen (magnetyczne, transportowe.
termoelektryczne, magnetokaloryczne, nadprzewodzace)

Wyniki poszukiwan teoretycznych (stopy pot-Heuslera, skutterudyty, fazy
Chevrela),

Potprzewodnik poprzez stapianie metali (obliczenia) i powierzchnia Fermiego.
Pomiary transportowe (przewodnictwo, sita termoelektryczna) i ,czworobok” TE.
W strone spintroniki — magnetyczne potprzewodniki na bazie pot-Heuslerow ?
Wspotpraca
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Unusual properties of half-metals

-Predicted theoretically by band structure calculations
-(de Groot et al., PRL 1983)

-lack of Fermi surface for one spin-direction (positron
-anihilation experiments (Mijnarends, 1986),

- integer value of magnetic moment per WS cell,

- uncommon electron transport behaviours

(lack of spin-flip term in conductivity),

- giant magneto-optical Kerr effect

DOS (siates/Ry)
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Heusler phases X,YZ, XYZ (1903)

DO; structure
(typ Fe;Al)
X :(0,0,0), (1/2,1/2,1/2)
X :(3/4,3/4,3/4)
Z: (1/4,1/4,1/4)

Normal Heusler L2,
(typ Cu,MnAl)
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 C1,

(typ AgMgAs)
X 7 (0,0,0) 43
Y : (3/4,3/4,3/4) 4d
Z: (1/4,1/4,1/4) 4c Crystal stability

sp3, d orbitals




.True” Heusler system Co,_ Fe ,MnSi
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Magnetic moment vs. concentration
Density of states Bansil, Kaprzyk, Tobola, MRS Symp. Proc. 253 (1992)




Structural relations DOS of Cd, Mn,Te

half-Heusler
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Tobota et al.., TMMM (1996), J. Phys. CM (1998), J.All.Comp. (2000)
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Strukturalna niestabilnosé

NiVSb, CoCrSb, ... VEC=20 (F-43m) NiVSbh  (P6y/mme)
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Multiple Scattering Theory (1)

elyeamweniel yson equations

Crystal potential

Free-electron
Green function

T — T -TE:-_.E.:.
t=V+ Vgt ik

.TE:J; — _.tg:'f:;-g:}i: _|_ _‘.t-g: (.:'TE_'I E -TH‘E—J*L!-

m=1

G = go(1+tgo) + (1 + got) (g7 — 1) (tga + 1)

Scattering operator T for single potential v £ = v + Gt



Multiple Scattering Theory (2)

ciyewented Korringa-Kohn-Rostoker method

G = go(1 +tg0) + (1 + got) (gt — 1) (tgo + 1)

Expression of full GF

Go = go + 9rs

<r +ay +R/|Gy(E)|r+a; +R, >=

1 exp ['i-\/ar!—ka TR 1 —(r+ag+Rq)|]
47 |I‘f —+a o +R-n.." — (T+3Ft: +Rnp ) |

t=V + Vgt

In spherical muffin-tin model matrices are site-diagonal

<t +ay + Rylgo(E)lr + a3 + Ry >=

L'L

Free-electron part

<r+ ay + Ry g+ (E)|r + ax + Ry >= Regular part

> Vi (#)je (VES) B, Yi(#)j(VEr).

- L' kL
'L :

B By = Y (kR ) [BE)]S Y, SR
R.v . ;




Multiple Scattering Theory (3

Korringa-Kohn-Rostoker method

ZHr) = W (VEr)rL(EY™ — iVEl(VE). Z(r) and J(r) - regular and irregular
;uT .F} (r) = i \.--""Er:]. solutions of Schrodinger equation

!

<t b ay + Ry |GE)sr +ay + R >= = 2 I (1) 2] (s1)d,00n

17— 1(7n r] (k) (1Q
};:#(T;’jr_'fdﬁ. LZKTI.(ST] (18)

< ST + a,|G(kE)|sr +a, >=
vn) < ST +ay + R |G(E)|sr + a; + Ry, >
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Novel formulation of KKR equations

Problem with eigenvalues functions

Hr) = 217(r) /27 (S),

<ST +ay '|'f 7(kE) | ST + ay >=

> Y :1 lsw:g, HCr :; Vot (1)8,  0pr 10 17 1
TJ’ "o L

+.:;-_-,,:T.-i,-tjj}r"][gl-_-.tjjkE.Ejrl — (D - D‘“'J];lT 1 o, @l (1) X ($)YL(T).

|F1.

D',:.T;i:,!:l::E] = l;—huiu H ll,—«,

- monotonic behaviour
DU(E) = & !_ lm s, I to extract E(k)

00 05 1L - important for computations
Energy (Ry)

with large number of atoms

d(‘t|qu (k,E,S)— (D — Dy ) =0



KKR-CPA methoa

Korringa-Kohn-Rostoker with coherent potential approximation

K -

GEy= > > J d*r{s.v+a,| G(E)|s,r+a)
V'

s=({+.—) k=1

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

ansil, Kaprzyk, Mijnarends, Tobola,
ys. Rev. B (1999) conventional KKR Green function
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Ground state properies
KKR-CPA code (S. Kaprzyk)

| "L
Total density of states DOS N(E)=——1Im ] dEG(E)

v

Component, partial DOS
Total magnetic moment =N (Ep)—N_(Ep)

. | [Er
. .. (kv v gy I B el o b
Spin and charge densities po¥)=—7 ]_ CdE{o.rta[GE) o r+ag)

Local magnetic moments

Fermi contact hyperfine field

1. 'l_lll'll_lll;zT Flll.-[ Ir::l L | P — | il |

Bands E(K), total energy, electron-phonon coupling (superconductivity),
magnetic structures, transport properties, magnetocaloric, photoemission



Metal-semiconductor-metal crossovers
Tobota, et al., PRB (2001)

FeTiSb (VEC=17)
Curie-Weiss PM
(0.87,5)
NiTiSb (VEC=19)
Pauli PM
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.Czworobok"

)
termoelektryczny : {LEELET}
g LTE LTT - gT
N Ohm, 1826
estosC pradu elektr. ; natezenie pola elektr.
E
Peltier, 1834
Seebeck, 1821
q -VT
¥ iania i radient temperatur
estosC strumienia ciepta Fourier, 1822 g P y
S=1IT (Kelvin-Onsager) Ler=L/T

K/c =L, T (Wiedemann-Franz, L, liczba Lorentza) k= -L/+



LEELET} Efekt Seebecka (1821)

atezenie pola elektr. |E=Sv T | 9radient temperatury

sita termoelektryczna S = L77L 7 il

1770 Tallin

1854 Berlin
Barwna posta¢ romantyzmu

- wraz z Goethe tworzy nowa teori¢ barw

(przeciwna Newtonowi),

I rique S - gradient temperatur powoduje .zmi.any

Source de chaleur pola magnetycznego Ziemi !!,

- doswiadczenia Oersteda (1820) —

,,08lepiaja” uczonych; odkrycie

elektromagnetyzmu

Wyjasnienie : termomagnetyzm - ,,magnetyczna’
polaryzacja metali 1 stopow wskutek réznicy
temperatur !!




Relacja Fouriera (1822)

astosCE strumienia ciepta | Q= -k V T | gradient temperatury

przeWOanéé Cieplna K — LTELEE-JLET-LW

1768 Auxerr
1 Pari
Ciepto — Ciepto - Ciepto zatrzymane 830 Paris
rzewodzone generowane wewnatrz
netto wewnatrz

Vq = (g, du/dt
du/dt =p ¢ dT/dt

V(-k V T)+ oT/ ot =(ger

V2T+ (pc/k) 8T/ot = 0

gdy qgen=0




J

T:{LEEL”H Prawo Ohma (1826)

g LTE LTT

gestosc pradu elektr. | j = g E | natezenie pola elektr.

przewodno$¢ elektryczna | o=Lg=nep=net/m 1789 Erlangen

badania Ohma inspirowane pracami Fouriera i Seebecka 1854 Monachiu

_‘-"'-4 .
- drut metalowy w cylindrze Ammeter

[jﬁ\ﬁlttteﬂf
R

aE - wychylenie 1gly magnetyczne;
" é_,. propocjonalne do pradu I

- \ - zrodtem potencjatu elektr. V —
| termopara Seebecka

V/I =R (state gdy R stale) m

Length =L

RA
L

. . . . . Resistivity p =
MTTohA £ Aalvxratnan £ D ivnt194 TaxrAactasvcatanad M Mathh Avvnatt  AaTll<22 71077



Efekt Peltier (1834)

zegarmistrz
strumien ciepta q= I1j gestosc pradu
wspotczynnik Peltier n=/ -1
TELEE 1785 Ham
1845 Paris

odwrotny proces do efektu Seebecka Efekt Thomsona (1834)

wydzielanie si¢ ciepta w obecnosci
pradu j 1 gradientu temperatury d'T/dx

T, Material X

0 2 s,

.7;'.'-:-;:-"_'.:::"“:Hatarial ¥ Material Y ,.J' e
Q= j¥o +p jdT/dx
Joule Thomson

u="T dS/dT

[T=TS

/ p— | /T



Ziman kinetic theory

o(T) =¢e3 | dE N(E) v¥(E) 1 (E,T) [ -0f(E)/GE ]
Electrical conductivity
S(T)=e(3To)"' | dE N(E) v¥E) E t (E,T) [ -6f(E) / 6E ] =
(3¢To)! | dE o(E,T) E [-0f(E) / OE ]
Thermopower (Seebeck coefficient)

N(E) = 2n)3 | 8(E(k)-E) dk
DOS (density of states)

Thermal conductivity
K/c =L, T, L;=245 K= L
prawo Wiedemanna-Franza, L, liczba Lorentza

Boltzmann equation solutions



Calculations of residual conductivity and
thermopower in alloys

Conductivity Group velocity
of electrons
_ 7 k3T dlno(E)
T3 e OF . Thermopower h Life-time of electrons

Tk — — .
ImE(k) ( due to disorder)

Calculated Seeheck coeflicient (300K)

sxperiment -—-g--

cefficient [uv/K]

Seeheckc

Stopa, Tobola, Kaprzyk, European Conference on Thermoelectrics 2004



Badanie stanéw elektronowych w poblizu powierzchni Fermiego




Calculations of residual conductivity and
thermopower in alloys

0s A e P’ cutli AN /\

- X L. WK L. K

Re E [Ry]
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FIG. 8 Fermi surface of FegeNigaTiSh (z = 0.4).
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semiconductor semimetal

3 configurations

o XYZ (=XZY)
YXZ (=YZX)
ZXY (=ZYX)

RhZrSb

62 64 66 Larson et al., PRB (2002) - FLAPW

Lattice parameter (A)
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New half-Heusler phases close to VEC=18

Compound a(A)
Fe, Pt ZrSb

x=0.4 6.221(4)
x=0.5 6.231(5)
x=0.6 6.242(2)
Fe, Ni HfSb

x=0.4 6.063(5)
x=0.5 6.060(4)
x=0.6 6.048(6)
Fe, Ni TiSb

x=0.4 5.917(4)
x=0.5 5.910(3)
x=0.6 5.906(4)
RhZrSb 6.260(5)
CoTiSb 5.884(2)

[ corresponding mixtures were first molten in
an induction furnace in a water cooled copper
crucible;

[ resulting ingots were sealed in silica tube
under argon and annealed during one week at
1073K;

[ purity of the sample was checked by powder
X-ray diffraction (Guinier camera Co K );

[0 cell parameters have been refined by a least
square procedure from powder X-ray diffraction
data recorded with high purity silicon (a =
5.43082 A ) as internal standard.




Resistivity measurements
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1) Resistivity decreases with T for x=0.5 in both series of compounds
in semiconducting-like way (dp/dT < 0)

2) In other samples resistivity is also high but remains almost constant
with T - conductivity limited by disorder scattering (dp/dT ~ 0)

3) Absolute values decrease comparing x=0.5 and other concentrations
5-6 times Fe,  Ni, HfSb
8-10 times Fe. Pt ZrSb



Thermopower measurements

-1
)
—
(o) o
o o o

O
S

X
>
=2
-+
c
Q2
9
=
o
O
&)
4
&
o
O
)
)
wn

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Concentration x

1) Seebeck coefficient changes in sigh when approaching x=0.5.

2) Differences in critical concentration may arrise from crystal defects.
Large values of S can be tentatively related to the DOS variations
near the valence/conduction band edge (dn(E)/dE )

3) The thermoelectrical properties can be easily tuned by varying the
sample composition.



Electronic structure peculiarities

Half-Heusler (VEC=18)

ffect of Fermi shape on transport

operties in (Fe-Ni)TiSh Semiconductors/semimetals
/T Stopa (CoTiSb, NiTiSn, FeVSb, ...)
9+4+5=18

J

Skutterudites (VEC=96) Study of transport properties
semiconductors/semimetals and electronic structure of

(Co-Rh)Sh
(CoSb,, RhSb,, IrSb,, CoP; ...) by K. Wojgiechowski
4x9+12x5=96

gih

” -
T

A\ |
m

Chevrel phases (VEC=72)
semiconductors/semimetals
(TiMo,Seg , Zn,Mo,Se, ...)
8x4+6x6=068 (p-d MoSey)
4 holes to energy gap




Chevrel phases

Six axial ligands (L) coordinate
to the metal atoms

R-3 (rhomboedral)
Mo (6f) : (X,Y,2)
Se (6f) : (X,y,2)
Se (2e) : (X,%,X)
M (1a) : (0,0,0) big cations (Sn, Pb)
M (6f) : (x,y,z) small cations (Cu, Zn)
P-3 triclinic
both open structures SEE

(Mo-Mo) inter—s'’
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defects not only in M network but also

in Se sublattice

Real samples:



Search for Chevrel phases as thermoelectrics (2)

Band structure calculations:

Zn,Mo¢Seg (narrow gap E <0.1 eV

Tobola et al. (1999) KKR

Effective masses

m,= 0.2 m,

m, = 1.2 m,




Search for Chevrel phases as thermoelectrics

Band structure calculations:

Roche et al. (1998) TB-LMTO; Roche et al. (1999) KKR
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Defects in half-Heusler FeVSb

Jodin, Tobola, ... Phys. Rev. B (2004)
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