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1.5.5.3.3.5 Quaternary

The effects of electron concentration on the magnetic properties of Heusler alloys has been
investigated in a series of quaternary compounds. Continuous Heusler series form at the intermediate
compositions P#Mnin,_Sn, P&MnSn_Sh, and PdMnin,_,Sb, and the details have been
summarised [[88W1]. In these series three types of magnetic structure are observed,
antiferromagnetic fcc type 2 (AF2), antiferromagnetic fcc type 3A (AF3A) and ferromagnetic. The
results show a direct correlation between electron concentration and magnetic structure. Similar
behaviour has been observed in the serigs,@d.Mnin [88W1] in which substitution is made at the

X site rather than the Z site.

XA(YY*)Z X =3d, Y= Y* = 3d

X =8A: Fe
Y =7A: Mn
Y*=5A:V
Z =4B: Sn

FesMn L, V,Si

Single phase compounds with the;ls2ructure form for the entire composition rangs < 1. The
Curie temperature increases from 219 K for x = 0 to 315 K at x = 0.5. For x > 0.5 the Curie
temperature decreases rapidly, vanishing at x = 0.86.
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V content x
(XX*)YZ X, X*=3d,Y =3d
X =8A: Co
X*= 8A: Fe
Y =7A: Mn
Z = 4B: Si

Co,_Fe,MnSi

Single phase compounds with the;l=2ructure form for the entire composition range ¥< 2. The
Curie temperature decreases continuously with increasing x.
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Fig. 186. Reciprocal susceptibility vs. temperatureFig. 187. Reciprocal susceptibility vs. temperature
for Fe modified CeMnSi. For x = 0.2:;p = 2.20g,  curves for Ce_FeMnSi [8811].

© =1031.5 K,Tc = 1025.3 K; x = 0.6p = 2.67 g,

© = 945 K, Tc = 920 K; x = 1:p = 2.85 g,

©=805K,Tc =777 K [8611].

(XX*)YZ X, X*=3d,Y =3d
X =8A:Co
X* = 8A: Fe; 1B: Cu
Y =7A: Mn
Z =4B: Ge
Co,FexMnGe
2—xCx 55 ' | 950
Single phase compounds with the;L&tructure EoZ_XFeXMnGe
only form for compositions x 1.2.
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Co._,Cu,MnSn

Single phase compounds with the;ls2ructure form for the entire composition rangs ¥< 2. The
Curie temperature decreases with x up to 1.4 and then increases with further copper content.

X, X*=3d, Y =3d
X =8A: Co
X* = 8A: Ni
Y = 4A: Ti
Z =4B: Sn
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Fig. 189. Lattice constanf, saturation momenps
at 4.2 K, and Curie temperatufe as a function of
concentration x in Heusler alloys of the type

Co,,CuMnSn ].

Compounds in the series 9 x < 1 order in the Clor L2; structures. Both the effective and
ferromagnetic moments, together with Curie temperature, increase with the cobalt content.

Table 35.Magnetic properties of some cobalt-based Heusler afloys [94P2].

Ps
[He]

Compound O] Pett
(K] [He]
TiCo,Sn 370 1.96
TiCoSn 158 1.35
T|C014N|058n 115 1.42
TiCog sNigsSn 7.5 1.32

0.98

0.357
0.166
0.074
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Fig. 190. Effective paramagnetic moment andFig. 191.Ferromagnetic Curie temperature vs. the ra-

saturation magnetisation (per formula unit) intio p/pes in CoNi,_,TiSn, CgTiSn and CeNi,_, TiSn
CoNi;_,TiSn vs. Co contenf [94P1].

(Pd;_xCox)oMnSn

(XX*)YZ

[04P1).

X =3d, X*=4d, Y = 3d

X = 8A: Co, Ni

X* = 8A: Rh, Pd
Y =7A: Mn
Z =4B: Sn

Single phase compounds with theL&ructure form for O< x < 1. All the compounds order
ferromagnetically with Curie temperatures between 190 K and 830 K.

Table 36. Ferromagnetic saturation momemt, Curie temperatureTc,
temperatured, paramagnetic momept and lattice parameterof (Pd_,Co,),MnSn I

paramagnetic Curie

Alloy Ps (eXp) Pswn(calc) ps(calc) Tc e Pert (EXP) Perr (Calc) a

(W] [Ms] [Hs] [K] (K] (U] [Us] [A]
PdbMnSn 4.21 4.20 4.20 188 202 5.01 4.90 6.380
P CopMnSn  4.34 4.17 4.27 220 235 5.03 4.93 6.362
Pd Cop MnSn  4.41 4.14 4.34 250 265 4.97 4.96 6.343
Pd,CopMnSn  4.43 4.08 4.48 310 331 5.03 5.02 6.307
Pd .CoeMnSn  4.68 4.02 4.62 375 400 5.10 5.08 6.269
Pd ,CoogMnSn  4.83 3.96 4.76 440 461 5.16 5.14 6.232
Pd,Co,MnNSn  4.97 3.90 4.90 511 537 5.11 5.20 6.192
PdsCoMNSn  5.12 3.84 5.04 565 594 5.19 5.25 6.156
PcheCo,MnNSn  5.24 3.78 5.18 628 661 5.22 5.31 6.116
Pd.CoMNSn  5.25 3.72 5.32 704 728 5.20 5.37 6.071
Pd,,Co,gMnSn  5.33 3.66 5.46 766 802 5.26 5.42 6.037
Pd;Co,MNSn  5.42 3.63 5.53 795 828 5.37 5.45 6.020
Co,MnSn 5.02 3.60 5.10 825 856 5.29 5.30 5.999
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Single phase compounds with the;L&ructure form between BdnSn and NiMnSn. All the
compounds are ferromagnetic with Curie temperatures between34DK.

Table 37. Ferromagnetic saturation momean{ Curie temperaturdc,
paramagnetic Curie temperatu& paramagnetic momeipgs, ratio of
magnetic carriers in the para and ferromagnetic spatp;, and lattice
parametea of (Pd,_,Ni,),MnSn [85U1].

Alloy Ps Te e Pefr Pelps @
[Me] (K] (K] [Ms] [A]
P&bMnSn 4.21 188 202 501 098 6.380

Pd NigaMnSn  4.15 196 211 500 0.99 6.367
Pd NigMNSn  4.12 202 218 498 0.99 6.345
Pd, Nip,MNSn  4.10 213 231 498 099 6.312
Pd NiogMnSn  4.07 229 245 495 1.00 6.284
PdNiogMnSn  4.02 248 260 4.86 0.99 6.250
PdNizMnSn  4.10 259 280 4.93 0.98 6.220
PdNi,MnSn  4.04 281 300 483 0.97 6.186
PcheNiMNSn 407 290 314 489 0.98 6.153
PdhNiiMNSn 404 309 335 488 0.99 6.120
Pdh NizgMnSn  3.92 320 350 493 1.03 6.089
PdNigMnSn  3.94 328 352 487 1.00 6.066
Ni,MnSn 398 342 363 490 1.00 6.052
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and paramagnetic Curie temperat@eof the alloy
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the lattice parameters of the ternarfes [86U1].

Single phase compounds with the;L&ructure form for all compositions between,RhSn and

Ni.MnSn. All the materials are ferromagnetic with a moment on the Mn atomég pt.

Table 38. Ferromagnetic saturation momemt Curie temperaturdc,
paramagnetic Curie temperatu@& paramagnetic momenmy, ratio of
magnetic carrieres in the para-and ferromagnetic gbat, and lattice

parameten of (Rh._,Ni),MnSn ].

Alloy Ps Tc €] Pefr Pelps @
[Me] K] (K] [Me] (Al

Rh,MnSn 414 410 412 483 095 6.252
RhiNig;MnSn  4.03 392 401 486 0.98 6.245
RhyNig,MnSn  4.00 382 392 494 1.01 6.233
Rh.Nig.MnSn  4.06 364 380 491 0.99 6.209
Rh.NipgMnSn  4.05 346 364 488 0.98 6.187
Rh.NiggMnSn  4.05 337 352 487 0.98 6.170
RhyNipgMnSn  4.04 327 345 490 0.99 6.149
RhogNi;-MnSn  4.05 324 340 4.89 0.99 6.132
RhoeNizMnSn  4.03 321 336 494 1.00 6.117
RhoNipMnSn  4.02 325 340 491 1.00 6.095
RhyNijgMnSn 413 331 348 493 0.98 6.075
RhpaNipMnSn 4.07 335 355 491 0.99 6.068
Ni,MnSn 398 342 363 4.90 1.00 6.052
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All the compounds between RMnSn and CeMnSn have the Heusler structure. Depending on the
Co content, the moment on the Mn atoms is between.3 |6s.

Table 39. Ferromagnetic saturation momemi Curie temperatur@c, paramagnetic Curie temper-
ature ©, paramagnetic momept; and lattice parameterof (Rh_,Co,),MnSn [85U2].

Alloy Ps (EXp) Pswn(calc) ps(calc) Tc e Pet (EXP)  Pert (calc) a

[Ms] [Me] [Me] (K] (K] [Ms] [Me] [A]
RhMnSn 4.14 4.10 4.10 410 412  4.83 4.90 6.252
Rh ¢CoMNSn  4.20 4.08 4.16 455 457  4.90 4.92 6.236
Rh gCop MnSn  4.31 4.05 4.20 492 507  4.79 4.94 6.225
Rh CMnSn  4.49 4.00 4.30 500 606  4.92 4.98 6.204
Rh, 4CooeMnSn  4.50 3.95 4.40 635 651  5.06 5.02 6.176
Rh, ,CoogMnSn  4.59 3.90 4.50 666 691  5.09 5.06 6.148
Rh,Co,MnSn  4.72 3.85 4.60 687 715  5.12 5.10 6.130
RhysCoMnSn  4.79 3.80 4.70 720 738  4.98 5.14 6.106
RhyeCoMnSn  4.85 3.75 4.80 749 767  5.03 5.18 6.074
Rh.Co,MnSn  4.94 3.70 4.90 770 792  5.06 5.22 6.047
Rhy,Co.gMnSn  5.00 3.65 5.00 800 827 5.27 5.26 6.028
Rhy1CogMnNSn  5.02 3.63 5.06 811 838 5.24 5.28 6.013
Co,MnSn 5.02 3.60 5.10 825 856  5.29 5.30 5.999
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Co content x
(XX*)YZ X, X*=4d,Y =3d
X =8A: Pd
X*=1B: Ag
Y =7A: Mn
Z=3B:In

Pd,_,AgxMnlin

Single phase compounds with the;ls2ructure only form for compositions with x < 0.8.
(See Fig. 196.)

(XX*)YZ X =4d, X*=5d, Y =3d
X =8A: Pd
X*=1B: Au
Y = 7A: Mn
Z =3B: In

Au,Pd,_,Mnln

Single phase compounds with the;[S2ructure form for all values of x with<Ox < 1. In all previous
quaternary systems based onMdin the only antiferromagnetic structures observed have been the
AF2 and AF3A. However, in the middle of the Rd,_,MnIn series an additional magnetic structure

has been observed. This phase has been identified as fcc antiferromagnetism type 1 (AF1) which has
a propagation vector along the [001] direction [92J1]. A tetragonal lattice distortion accompanies the
onset of antiferromagnetic order. The magnetic phase diagram is shown in Fig. 197.
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Fig. 196.Proportions of fcc antiferromag-
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Fig. 197.Variation of the NéelTy), Curie Tc) and
paramagnetic Curied) temperature vs. composition

X in AuyPd_,Mnin [90J1].
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Table 40. A summary of the magnetic properties of Pd, ;Au,MnIn compounds [90J1].

Alloy a, o) TcorTn  Detr S Phase Magnetic p ne
[A] K] (K] 5] transition  structure [Ls]
from C,

Pd; sAug,Mnln 6.341 £ 0.003 75+3 1423 4.50 £0.02 1.804 1452 AF2, AF3  540%0.2 4.2
Pd, sAug4Mnln 6.349 £ 0.003 85+2 1453 4.60 £ 0.02 1.853 143+3 AF3,AF2  3921+02 44
Pd; 4AugsMnln 6.413 £0.003 98 +£2 143£3 4.52 £0.02 1.816 146 £ 2 AF1,AF3  498+0.2 4.6
Pd; ,AugsMnln 6.448 £0.003 109 %3 148 £2 4.75 £ 0.03 1.928 150 +2 AFI1,AF3  411%02 4.8
PdAuMnlIn 6.463£0.003 1173 1503 4.67 £0.02 1.889 151+3 AF1,AF3  432%02 5.0
Pdy3Au; ,Mnln 6.522£0.003 126 %3 1522 4.68 £ 0.03 1.895 153+2 AFI1,AF3, 391%02 5.2
PdysAu; sMnln 6.544+£0.003 131 %3 1552 4,78 £0.02 1.943 1593 AF1, AF3,F 473+0.2 5.4
Pdy4Au; sMnln 6.566 £0.003 139%3 1582 4.85+0.02 1.977 163 +3 F 41102 5.6
Pd,Au; sMnln 6.599 £0.003 146+2 146 £2 4.99 £ 0.03 2.047 1613 F 4.12+0.2 5.8
AuyMnln 6.644 £0.003 152%2 168 £2 5.04 £0.03 2.070 164 +2 F 6.0
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XA(YY*)Z X = 3d, Y =4d, Y* = 4f

X =8A: Pd
Y =3A:Y
Y* =4A: Dy
Z =4B: Sn

szY 1-x DyXS n

Heusler alloys with the L2 structure form at all compositions € x < 1. Depending upon
composition the compounds are superconducting or antiferromagnetic.
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Fig. 199.Magnetic phase diagram of #4,_Dy,)Sn.
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. e 7 1] The dashed line represents the lowest temperature at
emperature which x,c measurements were mafle [86M2].

Fig. 198. Susceptibility and reciprocal susceptibility
vs. temperature for several #4,.,Dy,)Sn alloys

(86M2).

1.5.5.4 Neutron scattering

Details of the neutron scattering technique and the information which can be obtained were

discussed in the earlier review [88W1].

1.5.5.4.1 Neutron diffraction

Neutron diffraction enables both the crystallographic and magnetic structures to be determined. To
date the majority of investigations have been carried out on powders, using a profile refinement
technique. The weak interaction of neutrons with matter, and the fact that the scattering amplitudes
do not vary sequentially from element to element means that they are more attractive than X-rays for
structural investigations. This is particularly the case if the temperature or pressure is to be changed.
Whilst there are an infinite number of ways in which the atop¥2may arrange themselves in the

L2, structure (see subsect. 1.5.5.2.1) it is normally possible to identify one of the preferential states
of atomic order. The most prevalent type of atomic disorder occurring in Heusler alloys is the B2-
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