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over the temperature range .800 K. At low temperatures the resistivity of ferromagnets usually has

a term proportional t@? due to spinflip scattering. However, this spinflip scattering is not possible

in a half metallic-ferromagnet, because there are no states with the opposite spin orientation at the
Fermi level at low temperatures. Neither NiMnSb nor PtMnSb exhibits dependence in the low
temperature resistivity.

1.5.5.6.2 Galvanomagnetic properties

X,YZ X =3d,Y=3d
X =8A: Ni
Y =7A: Mn
Z =3B: In; 4B: Sn; 5B: Sb

Ni,MnZ

The galvanomagnetic properties have been investigated in order to quantify the effects of changing
the electron concentration. Systematic effects are observed as the Fermi level is shifted, which have
been interpreted using a delocalised description of the electron transport effects.

The transverse magneto-resistance of the three compounds containing In, Sn or Sb is similar to
and typical for a ferromagnet. The field dependence of the Hall resistimitB) has two parts: one
saturating belowe 1 T and another that varies linearly with field. The former is the anomalous Hall
effect (AHE) which is prominent in ferromagnets, exhibiting a bend in its field dependence. The
anomalous Hall angle used to distinguish the microscopic scattering mechanismMasita is
defined by:

0 =6,(T)= {App;—(l'(l:;)}(ll Ms) (65)
where
M(T) = M(T)/ M{4.2K) (66)

The ordinary Hall coefficienR; is estimated from the gradient p§,(B) above saturation and at
4.2 K where complications from phonon scattering are minimised.

Landolt-Bornstein
New Series 111/32C



218 1.5.5 Heusler alloys [ [Ref. p. 409

7 T 5 T
Ni;MnIn Ni,MnIn Ly
|-
6 Al 0 3% //‘
v M \¢ 'Vg.\ ‘/‘
\ -5 \\:)‘ e
5 \§\ \\ /‘/‘
AN N I = N
s, N N\ = 260K o N
=] v v J T v 9
= \ $-15 \\ - '\‘g\
S 20 v LN ™~
£ 3 @ N/ ‘ \<\90
;(z) .,0.‘\.\ Y \\§ § -20 v \V ‘.\ S
8 /o/ * ™~ 50 \{ g \ \V 1\
3 2 ~ N g -25 .
= Py Sy LY M N 2 v 150
/0\\A\z =\ E—u S, v \
' e ) ~o = N\ N
! : o a ~—— =30 \ e
/ ] - T N 200\
0/ o~ go{‘ -35 '\
\9 0 260K
-1
0 1 2 3 4 5 6 AN
Applied field pyH (7] -450 7 7 3 n 5 5

Fig. 292.Field dependence of the Hall resistivity of Applied field g/ 71
NizMnin at different temperaturesi is the applied Fig. 293. Transverse magnetoresistance ofM\iln at

field and the abscissa unit corresponds to a flux.
density of 1T[[B6HR]. different temperature5 [86H2].

60 —y— Yy 4 . T
g — T 7= 260K Ni,Mn Sb Ul
’ e S
sy #oF 20 olshaasicl
_ ‘Vb‘\.q A\S:A‘A\A§A‘A 51
= . LI S A AT T e~ T I
& 40 :‘. Eo -4 v 3, ™. o\"\c\c £
o /] i
o r —p——0—— Q=0 Q9" & \ .\'
g l PEa ai g N e ~.
S 30} e e ; s—g—i=t=—t—t T g N
= ° aa-a-a-a—p— AT g LN \\150
:?n ,V[ g \' v\v s
| tf 5-12 . 200
E J . %)n ‘\ v
A leMn Sb g v - s
K N 260K
10 -16 V.
0 1 2 3 4 5 6 20 1 2 3 4 5 6
Applied field poH (7] Applied field po# [T]

Fig. 294. Field dependence of the Hall resistivityFig. 295. Transverse magnetoresistance ofNNiSbh at
of Ni,MnSb at different temperaturHZ]. different temperaturez]_

Landolt-Boérnstein
New Series 111/32C



Ref. p. 409] 1.5.5 Heusler alloys 219

60 —._._.——'_—.__+__.__ —— L 5 . 9
K Ni, Mn Sb
" [ Ni;MnSb /e
l 7= 260K 4 17 8
‘e
£ w0 E , B
= ’ 7 3p 7%
§30 ! 2 \\ Ni,Mn Sn _ &
z @ P —— a =
2 g 2 \\ A~ = 6 S
= s A N Mnln
i,Mn Sn o
10 ~g—q—0 c2 4 o 1 5
[ b |
f:“ﬂ ] N?z Mn In "‘T*A—A—A—<
|
0 b
0 1 2 3 b 5 6 0 50 100 150 200 250 300
Applied field poH (7] Temperature 7 [K]

Fig. 296. A comparison of the anomalous Hall effectFig. 297.Effective Hall angle plotted as a function
(AHE) in three systems MVInSb, NpMnSn and of temperature. The plot is used to distinguish the

Ni,MnIn [86H2]]. macroscopic origins of the anomalous Hall effect
(AHE) [B6HZ].
X,MnY -
-m
‘ > JU
RN

Number of *M

electrons

Fig. 298. Density of states for the d-level of Mn in
Xo,MnY. The up spin states form a common d-band
with the X-atoms but the spin down electrons are
excluded from the region of the 3d shell of Mn. The
spin orbit coupling removes the degeneracy of the m
substates in an external magnetic fi¢ld [85H2].

Summary
Conclusions concerning galvanometric effects derived from the density of states (Fig. 298) are:

« The AHE arises from the down-spin electrons in the hybridised d-orbitals of the X- and Mn
atoms.

* The negative magnetoresistance arises from the inelastic transfer between up and down spin
states in the hybridised d orbitals of the X- and Mn-atoms.

e The ordinary Hall effect reflects the competitive effects that up and down spin Mn-d states have
on states at the Fermi energy.
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Assuming a rigid band model, and that the Fermi surface is fixed throughout the serf&s-In
Sb, then the calculations for MnSn [8011] can be used to predict the tendency of the effective

mass across the series. See Fig. 299 [86H2].

Table 61. A summary of some properties of ,NinZ compounds with Z = In, Sn or Sb wheygis
the saturation moment per Mn ion at 4.2 K is the Curie temperatur®, is the ordinary Hall
coefficient anch is the number density of the carrigrs [86H2]. e: electrons, h: holes.

Alloy p (4.2 K) Ps Tc a R, n
[Q m] [Hs] [K] [A] [m%As] [m™]

NipMnin ~ 598[10° 4.57+0.04 3141 6.90+0.01 -3.6710" (e)1.70°
Ni,MnSn  1.10(107 3.88+0.04 346t2  6.059 240010 (h) 2.60107
Ni,MnSb  6.83[107 3.70+0.04 3609 6.01+ 0.01 7.8410*  (h) 8.0m0®
¥ Literature value; not measured in this work.

X =1B: Ag

Y = 4A: Gd, Tb, Dy
Z=3B:In

The ordinary Hall coefficientR, is positive for all compounds, whereas the spontaneous Hall
coefficientR; is negative for the Gd compounds. The magnitudBsahcreases with x for x 0.1.
The results were interpreted using a localised spin model.

Ni,MnSn

Energy

Energy

/‘

Lr

Fig. 299. Shape of the majority and minority spin
energy bands in the vicinity of the L afidpoints of

Ni,MnSn [86H2].
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Interest in C} compounds, particularly NiMnSb, arose from band structure calculations |[83G1]

predicting them to be half-metallic ferromagnets. A schematic band structure is shown in Fig. 309
from which it may be seen that the minority spin band has a gap at the Fermi level, whereas the
majority spin band is cut by the Fermi level. As a consequence, there is complete spin polarisation of

C1l,

XYZ

X = 8A: Co, Ni, Pt; 1B: Cu, Au
Y =7A: Mn
Z =4B: Sn; 5B: Sb

the conduction electrons at the Fermi level.

Analysis of the Hall effect measurements indicates a strong exchange coupling between local
magnetic moments and conduction electrons (holes). Consequently, the local spin polarisation

persists to temperatures well above the Curie temperature.

NiMnSb 12 - - .
T= 543K/ — 562 | PtMnSb
— 509
> Mn (d) 10
g | 583
2 L 474
— /|
S
£ / |0
>
Mn (¢) SsHHA 207
] = |~ 3
NG (d) N E /,/ /
%)\ = b 7 630 296 1
N(EH) 0 N(EY) - ]
Fig. 309. Schematic diagram of the energy bands ir / 7 L 200
NiMnSb [8703]. T |«
//
4//’/
7 T 0 05 10 1.5 2.0 25 3.0
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[ Fig. 310. Hall resistivity p,, of PtMnSb at different
= temperatureg [8703].
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Table 62. Skew scatteringg) and side jumpXL)
contributions to the anomalous Hall effdct [8703].

¢ AL[A]
NiMnSb —0.037° 0.48
PtMnSb —-0.017° 0.43
AuMnSb - 0.76° 0.56
CoMnSb 1.1° 0.08
PtMnSn 1.2° 0.14
ﬂ
: o Al a
m Fig. 312. Asymmetric scattering of charge carriers
U with spin up, due to skew scatteriggand side jump
y AL. For an electron with spin dowp - — ¢ and
AL - —AL. The spin up and down directions refer to
p thez axis [8703].

1.5.5.6.3 Superconductivity

Superconductivity in Heusler alloys has primarily focused on compounds containing lanthanide
elements. However, there have been some limited reports on transition metal compounds.

XoYZ X=3d,Y =4d
X = 8A: Ni
Y = 5A: Nb

Z = 3B: Al, Ga; 4B: Sn

Ni,NbZ

Critical temperatures up to 2.9 K were reported for compounds in this series which have been
classified as intermediate coupled systems.

Interest in Heusler alloys containing rare earth elements arose from the possibility of the co-
existence of long-range magnetic order and superconducfivity|[85J3]. The fact that they readily form
a single phase L2structure also made them attractive. It is thought that the co-existence of
superconductivity and magnetic order arises from the relative weakness of the exchange spin flip
(pair breaking) interaction between the closed 4f shells of the magnetic atoms and the conduction
electrons. A possible source of complication is the degree of atomic order which is often not
specified but is known to affect the magnetic properties.
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