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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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Table 63. A summary of the lattice constant, superconducting transition tempetuegectronic
specific heat coefficieny, Debye temperatur®p, electron - phonon coupling constaht upper
critical field He, for Ni,NbZ alloys with Z = Al, Ga or Sr_[85W1].

Compound a Te y oS A Hc(0) — (dHeddT)1e
(Al K] [MmJ mor* K73 [K] [kOe] [kOe K7
Ni,NbAI 5.969 2.15 8.0 280 0.52 =135 6.5
Ni.NbGa 5.956 1.54 6.5 240 0.50 =6.0 6.4
Ni-NbSn 6.157 2.90 4.0 206 0.61 =6.3 3.7
70 1.25 \‘L&L—( ‘
p Ni, NbAl
60 ,4/ ——0 o U oo To—0
Ni,NbSn,# — 100
50 / m:
" : S 075
<’ > Ni, NbGa
530 & =
é ;;r > 2 0.50
= y. Ni,Nb G gag”™” 5
S0 < L 3 Ni; NbSn
= q .x,y 0.25 P i
2 0% o
s Ve P
&0 4
~° 0 50 100 150 200 250 300
¥ T . . Temperature 7 [K]
10 NiND AL __ly 2™
...:/-V Fig. 314. Temperature dependence of the magnetic
g el susceptibility of NjNbZ (Z = Al, Ga, Sn)[[85WH].
& .c'.":/“-
o: (”.'l
0 )
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Fig. 315. Upper critical fieldH., vs. temperature for v NizNbbo \

Ni,NbZ for Z = Al, Ga, Sn[[85W1]. 0 0\5 o > >3 E 20

Temperature 7 [K]

Fig. 313.Specific heat of NNbZ alloys with Z = Al,
Ga or Sn. The solid lines indicate a least squares |

of the formulaC(T) = yT + BT to the data][85W1].
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w +~

~N

—
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X,YZ X =4d,Y =3d, 4d, 4f
X =8A: Pd
Y = 3A: Sc, Y; 4A: Gd, Dy, Ho, Er, Tm, Yb
Z=4B: Sn

szst

The compound PY¥'Sn orders in the Lstructure and becomes superconducting below 4.55 K. The
effect onT, of replacing Y by a rare earth element is to depfigsgith the largest effect caused by
Gd. The initial rate of depression 4% deviation is determined from the de Gennes function

(95— 9)°3(3 + 1) [85MZ].

Table 64. A summary of the compositional dependence of
lattice parameter and superconducting transition temperature in

Pd,YSn alloys [85J3].

Composition [at%)] alA] T, [K]
Pd Y Sn

48 26 26 6.722(2) 5.2
50 29 21 6.700(1) 2.70
50 28 22 6.711(2) 3.65
50 26 24 6.713(1) 4.0
50 25 25 6.702(1) 3.50
50 24 26 6.718(3) 5.20
51 27 22 6.708(2)

51 25 24 6.721(2) 5.20
51 24 25 6.720(1) 5.0
52 26 22 6.716(3) 5

52 25 23 6.717(1) 4.6
52 24 24 6.718(3) 55
53 24 23 6.718(2) 5
53 23 24 6.717(2) 5

Table 66. Experimentally estimated and / or scaled crystalline
electric field parameters for various rare earth ions isRBd

compounds. For cubic symmetr; =5B] and By = -2187.
The ground state, the first excited state and their energy

separation (in K) are also givén [85M2].

R Bff Bg Ground First excited state
[102K] [10K] state [at energy in K]

Dy -0.61 038 I, [6(26)

Ho 0.32 0.41 re rfai2)

Er -0.39 -060 g F6(215)

Tm -0.014 148 1® 5(28)

Yb 013 -330 r, r4(38)
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Table 65. Lattice parametera and supercon-
ducting transition temperaturé. of PdScSn,
PdLuSn and PgV; ,RSn alloys for different
rare earth metals and for various values of x

Table 67. Values of N(0) Dlszf obtained from
the suppression of, data in PdY; ,R,Sn (a)
for free rare earth ions, (b) with crystalline
electric fields and (c) with crystalline electric
fields and differentT,, for different concen-
trations. The error based on experimental

[B5M2].

Compound a[A] T. [K]
Pd,ScSn 6.503 2.05
PdLuSn 6.644 3.05
PdYSn 6.716 4.55
PAY 506Gy oSN 6.716 3.24
Pd.YGdy1Sn 6.722 3
PaY 0.0DYo.1Sn 6.716 3.46
P& o.gdDYo.155N 6.718 2.80
PdY 0./DyosSn 6.722 D)
PdYoHOy 1SN 6.715 4.06
Pd,Y o dErp1Sn 6.715 3.87
szYo_gEro_zsn 6.714 3.73
PaY o.7Er0sSn 6.714 3.80
PdY g 6Erp.sSn 6.711 2.77
szYo_gsTm0_05sn 6.716 4,12
szYo_ngo_lsn 6.710 412
PaY o.75TMp 255N 6.703 3.73
PdYo5TmgysSn 6.690 3.65
szYo_stm0_75sn 6.681 3.06
Pd,TmSn 6.670 2.82
PaY 0.0Ybo1SN 6.713 4.37
PaY 0.7YbosSn 6.704 4.03
Pd,YbSn 6.658 2.42

3 No superconducting transition down to 1.2 K.

55
o po
000 Qq
45 .
= v
O ° 4
2 vio
é 35
= o
S v o Pd,YSn
c & (Pdy_,Rh,);YSn
2.5 v (Pd_,Ag, ), YSn —|
v
1.5
6.68 6.69 6.70 6.71 6.72 6.73

results ist 20 % [85M2].

Impurity  N(0)[D% [10“eV]
(@) (b) ()

Gd 1.83 1.83 1.83
Dy 1.23 2.29 2.29
Ho 0.75 1.21 1.21
Er 1.15 1.64 1.64
Tm 1.18 2.08 1.04
Yb 4.48 6.77 3.23
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Fig. 316. Dependence of the lattice parameter and
superconducting transition temperatufe on the
nominal composition of RY¥YSn [85J3].
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Fig. 318. Variation of the superconducting transition
Temperature 7 (K] g P 9

temperature as a function of the rare earth concen-
tration x in PdY;,RSn (R = Gd, Dy, Ho, Er, Tm,
Yb). The solid lines are fits to the data based on the
rikosov-Gorkov theory and including the effects
CEF. (see Table 66) [85M2].

Fig. 317. Electrical resistivity of three compounds of
Pd,YSn around the stoichiometric composition. The
transition temperatures associated with the onset @lfb
superconductivity are shown in the figure [85J3].

50 T T 5 I
Pd2Y1_XRXSﬂ szRSﬂ

4 /
I.L{d/

Sz

= <3
1 20 \.\ g 2
10 1
0 0
6d Tb Dy Ho Er Tm Yb 6.50 6.55 6.60 6.65 6.70 6.75
Rare earth R Lattice parameter a (R

Fig. 319. Initial suppression off; with x (— dl/dx) Fig. 320. Superconducting transition temperature vs.
as a function of rare earth ion in d_,RSn lattice parameter for BRSn (R = Sc, Lu, Y) com-
(R = Gd, Dy, Ho, Er, Tm, Yb) compounds. Thepounds[[85SMP].

dotted line is based on the de Gennes function after

re-normalising to the value for Gd. The solid line is

based on the Abrikosov-Gorkov theory with the

inclusion of CEF effects and with

N(0) (1% = 183110 %eV, the value derived for the Gd

substituted systerh [85M2].
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Re-entrant behaviour
P sz 1D yXS n
Superconductivity is completely suppressed at a critical Dy concentratior 6£35. Samples with

x = 0.5 order antiferromagnetically. The superconducting samples with Ox show re-entrant
behaviour under external applied fields.

15.0 T T |
Pd,(Y;_,Dy,)Sn / Pdz (Yo.gDYg)Sn
15 ) H=1400k0e
1.300
/ 1275
= ’ 1.225
= ~_ 1200
g s ‘ \/ 1.175
5 / 1 1.150
k5 p AF 2 1130
50 ¥ = 1.100
T 1075
\ 2 1050
25 " Super- f\ / 3 1.000
conductings, s 0.900
R\ 32 0.800
05 0.2 04 06 08 10 0.700
Y Dy content x Oy 0.500 ke
0
Fig. 321. Superconducting and magnetic phase dia
gram of the Heusler alloy system J&d_.Dy,Sn as
determined from ac susceptibility measurements. O
the superconducting side the curve labelldd s
obtained from the Abrikosov-Gorkov (AG) type of
analysis with the neglect of crystalline electric field
(CEF) effects and wittN(0) (0% = 12310 %eV, curve l | 1

(2) is obtained from an AG-type analysis with the ! 2 3 ¢ )
inclusion of CEF effects and with Temperature 7 (K]

2 _ 4
N(0) Ll; = 229010 eV . Fig. 322. Plot of the ac susceptibilityy.. vs.
The dashed line at 1.2 K parallel to the temperatur@mperature in P o4Dyo.Sn showing the field

axis represents the lower limit down to which agnduced re-entrant behaviolir [86M2].
susceptibility measurements have been carried out on

all these sample§ [86M2].
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T T {
Pd,(Yg,gDyg1) SN H=2.0K0e

1N~/

= 100 \
N 0
= \ \ / / 0.59k0e
2075
2 \ \ / / / 076
o= 0.50 \ 098 Fig. 323. Variation of electrical
' 1.04 resistance vs. temperature in
» various applied fields for
0.25 104 AV 4 szYo'gDyO'lSn ShOWing the
&96\'l / } / J transition into a re-entrant state
J [BEM2].
0 05 10 1.5 2.0 25 30 35 40
Temperature 7 [K]
10 T T
< Pd, ¥, Dy, Sn
8 “‘2\\
3 6
E x=0
St
Fig. 324. Temperature dependence of the upper criti-
2 01 cal field He, in P&Y,_,Dy,Sn (x = 0.0, 0.1, 0.15)
oo™ ° compounds. The solid lines are the fits to the data
?& 0.15 based on the WHH theory including pair-breaking
effects due to magnetic iorls [86M2].
0 1 2 3 b 5

Temperature 7 (K]

Co-existence of magnetism and superconductivity
Pd,ErSn
The co-existence of long-range magnetic order and superconductivity has been report&dSm Pd

below= 1 K. The compound becomes superconducting below 1.17 K and magnetic below 1.0 K,
with the superconducting state being retained to at least 40 mK]|[86S1].
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Table 68.A summary of lattice parameters and 35 T
superconducting transition temperatures o Pd,ErSn
Pdy(Y,Er,_)Sn alloys[[86SH]. 30 -5
X a[A] Te [K] 5
0.00 6.6834(8) 1.17 - 0.8p fsj )
1.23 - 1.16) =20
0.05 6.6864(8) 1.26 - 1.08 2z &°
0.10 6.6873(6) 1.60-1.3p gh oggo
0.20 6.6890(8) 2.08-1.8p 2 o
0.40 6.6973(6) 2.59 — 2.3y 210 s
0.60 6.7024(8) 3.66 — 3.4p ﬁg&
0.80 6.7096(8) 4.38-4.2p 5 7
1.00 6.7165(8) 5.26 — 5.00
8 10 - 90 % inductive transition. 0 5 10 15 2 25 30
b) 10 - 90 % resistive transition. Tempemturg T [K]
Fig. 325. Heat capacity as a function of temperature
for P,ErSn [86S1).
6.72 6

T T
Pd, (Er,_,¥,)5n

o
\@
N

N,

Lattice parameter a (R)
o
S
N,
Temperature 7, [K]
w

N

| 6.69 / 5

§/§/? L2

0 0.2 0.4 0.6 0.8 10 0 0.2 0.4 0.6 0.8 1.0
Y content x Y content x

Fig. 327. Superconducting transition temperatifeand cubic lattice parameter for Pd(Er_Y4)Sn alloys

[86S1].
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30 T —o0— 10 I —
(o)
Pd,ErSn o° Pd,ErSn 00°
z o 2

25 %0 . oOoo
& o° = 08 oo‘_“
S o S o°
= o° E, °
EW o = ocPOO
e o° < 0.6 5
> = »° 03
215 52 = &
= o 2 o _
%_ Oo0 2 04 COOO g 02 —
2 10 ° g L E
2 d’&d” E o’ S
5 f ‘5 moo

5 &L = 02

f&pd( 0 03 06 08 12 15
7K
3 | | l
0 100 200 300 400 0 50 100 150 200 250 300
Temperature 7 [K] Temperature 7 [K]

Fig. 326. Inverse magnetic molar susceptibility vs.Fig. 328. Electrical resistivity normalised at 300 K
temperature for R&rSn measured in a field of 0.2 T for PGErSn. Inset shows the superconducting transi-

[8651]. tion and the low-temperature limit of 40 mK [86S1].
Pd,YbSn

The compound becomes superconducting below 2.46 K and magnetic below 0.23 K. The absence of
re-entrant behaviour shows that the magnetically ordered state is co-existent with the
superconductivity.

25 : 25 :
Pd, YbSn Pd, YbSn
20 2.0
15 15 /

//

Heat capacity C/R
Heat capacity C/R

[e=)
o
o
o
o{‘
o
o
N

/ °

05 2 05

pau
b Ol|oo o

00.05 00 015 020 025 030 035 040 0 3 6 9 12 15 8 21

Temperature 7 [K] Temperature 7 [K]

Fig. 330. Heat capacity of P&bSn showing the Fig. 331. Heat capacity of P&bSn in the region

magnetic transition at 0.23 K. The upper solid curvabove the superconducting transition temperature.

shows the mean field heat capacity for a quartethe solid curve is a fit to the data including

crystal field ground state, and the lower solid curveontributions from the electronic heat capacity, the

for a doublet ground state [85K1]. lattice heat capacity and the electronic Schottky
effect from CEF leveld [85K1].
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Pressure dependence ofc

The application of hydrostatic pressure up to 20 kbar linearly suppresses the transition temperature.
This depression has been interpreted as arising from a stiffening of the Pd sublattice [84J1].

Table 69.A summary of the pressure dependence of the superconducting transition temperature
Pd,YSn alloys [84J1]Op: Debye temperature.

Compounds a T:9 —dT./dp — dInT./dp oS
[A] K] [107° K/bar] [10 %bar] K]
ScPdSn 6.509+ 0.062 229-225-219 1.45+0.10 6.44- 0.44 232
YPd,Sn 6.719+ 0.039 502-4.92-481 2.26+0.21 4.6+ 0.43 165b)
YPd,Pb 6.786% 0.008 413-405-4.01 1.95+0.15 4.8+ 0.36 198b)
TmPdSn 6.668x 0.003 192-1.77-152 2.62+0.09 14.8Gt 0.54 120
YbPd,Sn 6.657x 0.007 182-1.79-1.76 1.93+0.09 10.92 0.49 118
LuPd.Sn 6.644+ 0.004 3.02-2.98-2.75 1.68+0.07 5.43t 0.22 118

3 10 %-midpoint-90 % values at ambient pressure.

®) Determined from specific heat measurements by Ishikawa et al. Other values are estimates.

5.[](1) 2.8
—
— %
%’\ I Pd,TmSn
45 Pd, YSn == " !
= y
1.0 — S S
Pa,¥Pb | 0T 2 20 f Pd,¥Sn
35 2 Pd,YbSn /TP ; |
= :
@ §\\§ 1.6 szLuSn
2 30 r— ) % >
S 234
g Pd,LuSn ¢ // Pd,ScSn
a l

23 5720 25 30 35 40 45 50

— 5 Temperature 7, [K]
—
\ . . .

20 Pd, ScSn 5 Fig. 334. Differential pressure dependence of the
R superconducting transition temperatuiie plotted
\%\§\\§_ Pd, YbSn against T, for several palladium-tin based Heusler

5 L\ I —— g alloys 1

T Pd,TmSn }\F~
|

1'OU b 8 12 16 20

Pressure p [k bar]

Fig. 332. Pressure dependence of the superconduct-
ing transition temperatur@, for PYSn compounds

(8431].
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7 i i 0.75
—_— Pd,YbSn and Pd,LuSn
Y B — — ——— 0.70F——— Pd,¥5n
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5 | Pd,LusSn
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X -E SR R B YR T
Zt 8 0.60 o=
S Pd,YSn 5
= o
c3 ' © 055 ——o Pd;YbSn
£ Pd, YPb Pd, TmSn
' 0.50
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1 0.45

0 A 8 12 16 20 0 b 8 12 16 20
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Fig. 333.Pressure dependence of the electron - phonon coupling coAsaact the inverse phonon frequency
calculated in the strong coupling limit [84J1].

40 |
Pd,YPb .
35
- 3.0 sz‘SCSn —
Z -
= 25 PdYSn —
E
S 20
2 15 Pd;LuSn —
= 10
5
=
114 \ Fig. 335. Calculated pressure dependence of the
| == Pd¥ben o McMillan-Hopfield parameter;. The insensitivity of
112 ‘o\‘\o ~ | n with respect to pressure indicates that the variation
Pd,TmSm | of T, with pressure is due primarily to lattice
HUO . 5 1|2 i 20 stiffening ]

Pressure p [kbar]

1.5.5.7 Thermal properties

This section deals with the specific heat of Heuslers which do not become superconducting.
Particular interest has been focused on compounds containing rare earth elements where the effects
of the crystal field are important. Attention has also been concentrated on the possibility of
discovering new Heavy Fermion systems. The data are analysed assuming electronic, phonon and
nuclear contributions.
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