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The hPl-type phases in alloys of cadmium, 
mercury, and indium with tin 

G. C. CHE, M. ELLNER, K. SCHUBERT 
Max-Planck-lnstitut for Metallforschung, Institut for Werkstoffwissenschaft, Seestral3e 92, 
D- 7000 Stuttgart, FRG 

The hPl-type phases in alloys of Cd, Hg, and In with Sn are stable in the valence electron 
concentration interval 3.80-3.95. Following a rule of Raynor, the axial ratio c/a decreases with 
increasing valence electron concentration, N/o at . Using lattice constant measurements the rule 
is confirmed, and by using density measurements the absence of constitutional vacancies is 
verified. The c/a-,N/o at relation of the hP1 phases is similar to c/a-,N/b at of InSnm 
(0<m<0 .1 )  and In3Sn. A bonding-type proposal, explaining the stability of these structures 
and the dependence of their axial ratio on valence electron concentration, is derived. 

I .  Introduction 
The hP1 structure was first found in HgSn12 [1, 2], 
extending up to HgSn 6 [3] so that the nominal com- 
position HgSn9 may be chosen, then in InSn4 [4J and 
in CdSni9.h [3, 5]. The varying composition of the 
hP1 phases shows that their structures are disordered. 
By fast cooling to 83 K, further phases were obtained: 
TlSn4.m [6], In3Biz.m, InBi2.m [7], Cu35Sn65.m, 
Ago~Sn96.m, AuosSn92.m, ZnisSn85.m, Cd30SnTo.m, 
A15oSnso.m, Ga2oSns0.m, and also MglsSn85.m, 
CalsSnss.m, PdosSn92.m, Pb26Sn74.m [8]; near 
210 K the phases transform to the equilibrium state. A 
survey of homologic mixtures [9] shows that the Po 
and the Sn.r type also occur in these alloys. A topo- 
logical diagram advanced by Giessen [10] provides 
intuitive structure fields. The fact that the axial ratio 
c/a of the stable phases decreases uniformly with 
increasing valence electron concentration [51 may be 
named Raynors rule. Most of the above metastable 
phases also obey Raynors rule, but for phases contain- 
ing Mg, Ca, Pd, Pb, ad hoc valencies had to be chosen 
to fit them to the rule. Raynors rule is remarkable 
because it contradicts the strain rule [11], stating that 
with increasing valence electron concentration, a 
strain along a 4- or 6-axis frequently occurs, because 
in the basal plane a good commensurability of the 
valence electron correlation to the structure exists, 
while in the direction of the axis, additional correla- 
tion planes are inserted (see Section 4). 

In order to understand Raynors rule energetically, it 
was desirable to confirm it by independent lattice 
constant measurements. Furthermore, it was neces- 
sary to confirm by density measurements that no 
constitutional vacancies are in the cell so that the 
valence electron concentration incidentally is the 
number of valence electrons in the cell. In connection 
with these experimental data, a model providing ener- 
getical arguments for Raynors rule will be explained in 
Section 4. 

2. Experimental procedure 
Alloys consisting of cadmium, mercury, indium and 
tin (all Preussag containing more than 99.999%) were 
melted in evacuated, then argon (Messer-Griesheim 
5.0) filled and sealed silica ampoules. The alloys were 
generally homogenized at 100 ~ for 7 days and slowly 
cooled. Because a significant weight loss of melted 
alloys was not observed, chemical analysis was not 
carried out. Bulk alloys were filed for powder diffrac- 
tion. For splat cooling, a shock-wave tube [12] was used. 
Powder diffraction photographs were recorded using 
a Debye-Scherrer camera (diameter= l14.8mm) 
and in a Guinier camera (Enraf-Nonius FR 552) using 
CuK,~ radiation. For Guinier photographs, silicon 
was used as an internal calibration standard. For the 
high-temperature X-ray powder diffraction measure- 
ments, a Guinier-Simon camera (Enraf-Nonius 
FR 553) with CuK=, radiation was used. 

The lattice parameters were refined by a least 
squares calculation using all observed reflections. The 
powder intensities were calculated using the program 
LAZY PULVERIX [ l  3]. Mass densities of bulk alloys were 
measured by means of the loss-of-weight method with 
CCI 4 as liquid. 

3. R e s u l t s  
High-temperature photographs of Cd0.05Sno.95 at 
175 ~ showed the HgSn9(hP1)-type structure. Experi- 
mental results, together with results taken from the 
literature, are collected in Table I. For the purpose of 
identification, the powder data are given in Table II. 

Guinier room-temperature photographs for the tin- 
rich alloys near HgSn9 suggest the existence of a 
single-phase hP1 structure for the mole fractions 
Xsn- 0.88-0.92 where the small value is uncertain 
because Hg is liquid, The dependence of lattice con- 
stants on Xs, was calculated from the Debye-Scherrer 
photographs and are given in Table 1. X-ray data for 
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T A B L E  I Some alloys Containing a hP1 phase, their lattice data  and valence electron concentration N/fi t 

Alloy comp. Temp. Latt. const, of hP1 Phases e/a of 
(mole fract.) of alloy contained h P l  phase 

(~ a (nm) c (nm) 

N~ = of 
actual 
hP1 phase 

Reference 

Cd Sn 
0.10 0.90 180 0.323 9(2) 0.301 2(2) liq. + CdSn~9.h 0.9399(8) 
0.05 0.95 175 0.324 0(2) 0.300 9(2) CdSn~ 9. h 0.928 4(8) 
0.049 0.951 176 0.323 28 0.300 24 CdSnl 9.h 0.928 7 

Hg Sn 
0.11 0.89 25 0.320 65(6) 0.298 60(7) HgSn 9 0.931 2(2) 
0.10 0.90 25 0.320 74(6) 0.298 65(9) HgSn 9 0.931 1 (3) 
0.09 0.91 25 0.320 89(5) 0.298 75(7) HgSn 9 0.9310(2) 
0.072 0.928 25 0.321 27 0.299 16 HgSn 9 0.931 2 
0.07 0.93 25 0.32109(5) 0.298 88(6) HgSn 9 + [3Sn 0.930 8(2) 
0.035 0.965 188 0.324 15 0.300 66 HgSn9.h 0.927 5 

In Sn 
0.223 0.777 25.6 0.321 60 0.299 77 InSn4 0.932 1 
0.22 0.78 25 0.321 58(5) 0.29972(9) In~Sn + I n S n  4 0.9320(3) 
0.20 0.80 25 0.321 59(6) 0.299 72(8) InSn4 0.9320(3) 
0.193 0.807 25,6 0.321 74 0.299 80 InSn 4 0.931 8 
0.186 0.814 25 0.321 77 0.299 88 InSn 4 0.932 0 
0.18 0.82 25 0.321 72(4) 0.299 83(7) InSn 4 0.9320(2) 
0.164 0.836 26.3 0.321 85 0.299 83 InSn 4 0.931 6 
0.16 0.84 25 0.321 76(4) 0.299 92(7) InSn 4 0.932 1(2) 
0,14 0.86 25 0.321 89(4) 0.30011(8) InSn 4 + [3Sn 0.932 3(3) 

3.90 Present work 
3.90 Present work 
3.902 [5] 

3.78 Present work 
3.80 Present work 
3.82 Present work 
3.856 [5] 
3.86 Present work 
3.93 [5] 

[1] 
Present work 

3.80 Present work 
3.807 [1] 
3.81 [5] 
3.82 Present work 
3.836 [1] 
3.84 Present work 

Present work 

T A B L E  II  X-ray powder diffraction data  for CdSn~9. Experi- 
ment: CdosSn95 at 175~ in Guinier-Simon camera. Structure: 
HgSng, P6 /mmm,  0.05Cd + 0.95 Sn in (a): 0.0.0; a = 0.3240(2), 
c = 0.300 9(2) nm 

h k I dcal.(nm) dobs.(nm) . low. Ic, L 

0 0 1 0.300 90 0.300 35 m 40 
10 0 0.280 59 0.280 31 vvs 100 
1 0 1 0.205 21 0.205 00 vs 81 
1 1 0 0.16200 0,16189 w 19 
0 0 2 0.15045 0,150 34 vvw 5 
1 1 1 0,14264 0.14246 mw 24 
2 0 0 0.140 30 0.140 37 vw 11 
102 0.13259 0.13265 w 19 
20 1 0.127 15 0.127 17 w 16 

identification and also mass density for HgSn 9 at 
Xsn = 0.90 are given in Table III. Measured lattice 
constants and density confirm the number of atoms in 
the unit cell N ~  = 0.994 ~ 1.0. 

For the In-Sn system, the HgSn9(hP1)-type struc- 
ture was found to be homogeneous at Xs, = 0.80-0.84. 
The dependence of lattice data on mole fraction is 
shown in Table I. X-ray data for identification and 
density values for Ino.zoSn0.8o are shown in Table IV. 
The experimental values confirm the expected number 
of atoms in the unit cell N ~  = 0.985 ~ 1.0. 

An error was found in the ASTM identification card 
7-396 displaying the number of atoms in the hexa- 
gonal unit cell N/~ = 5 (5H) instead of N/~ = 1. As to 
b e  expected, splat cooling ZnSn, Pb3Sb, Sn3Bi, 
T12Sn3, InTSb3, In3Sb7 from the melt to room temper- 
ature did not yield hP1 phases. The dependence of 
axial ratio c/a on the valence electron concentration 
for stable phases with hP1 structure (Raynors rule) is 
shown in Fig. I. 
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T A B L E  I I I  X-ray powder diffraction data for HgSn 9. Experi- 
ment: Hg~oSn9o, room temperature, Debye camera. Structure: 
HgSn9, P6/mmm, 0.1 Hg + 0.9 Sn (a) 0.0.(3; a = 0.320 74(6), 
c = 0.298 65(9) nm. Mass  density: D,, = 7.89 x M g m  -3 number  of 
a toms per cell = 0.994 

h k l dcal.(nm) dobs.(nm) [ob~. 1c.1. 

00 1 0.298 65 0.299 16 m 40 
10 0 0.277 77 0.278 25 vvs 100 
1 0 1 0.203 39 0.203 39 vs 81 
1 1 0 0.160 37 0.160 37 w 19 
0 0 2 0.149 32 0.149 41 vvw 5 
1 1 1 0.141 29 0,14142 w 24 
200  0.138 88 0.13904 vw 12 
1 02 0.131 52 0.131 68 w 19 
20 1 0.12593 0.12602 w 17 
1 1 2 0.10928 0.109 16 vw 11 
21 0 0.10499 0.10499 vw 10 
2 0 2  0.10170 0.10171 vw 10 
0 0 3 0.099 55 - - 2 
21 1 0.09905 0.09900 w 19 
10 3 0.093 71 0.093 70 vw 9 
3 0 0 0.092 59 0.092 53 vvw 5 
3 0 1 0.088 44 0.088 45 vw 10 
2 1 2 0.085 88 0.085 86 w 22 
1 1 3 0.084 58 0.084 55 vw 12 
20 3 0.08091 0.08090 w 16 
2 20 0.080 19 0.080 19 vvw 9 
3 0 2 0.078 69 0.078 70 w 24 
2 2 1 0.077 44 0.077 44 m 48 

4. Discussion 
With respect to the stability of the HgSn9 structure, it 
appears of interest to know the bonding type provided 
by the electron correlations model [14] for this phase. 
The mixture In-Sn appears especially appropriate for 
a bonding-type analysis because of the close relation 
between its components in the periodic system of 
elements. A bonding type may be described by lattice- 
like spatial correlations in the gas of the valence 



T A B L E  IV X-ray powder diffraction data for InSn4. Experi- 
ment: InzoSnso, room temperature, Debye camera. Structure: 
HgSng, P6/mmm, 0.2 In + 0.8 Sn (a) 0.0.0; a = 0.32159(6), 
c = 0.299 72(8)nm. Mass density: D m = 7.18 x Mg m 3 N f  = 0.985 

h k 1 d~l. (nm) dob~. (nm) lob,. l~j. 

0 0 1 0.299 72 0.300 55 m 41 
1 00 0.278 51 0.278 94 vvs 100 
10 t 0.20402 0.20421 vs 81 
! 1 0 0.16080 0.16096 w 19 
0 0 2 0.149 86 0.149 90 vvw 5 
! 1 1 0.141 69 0.141 73 w 24 
200 0.13925 0.13941 vw 11 
10  2 0.131 97 0.131 97 w 19 
20 1 0.12629 0.12636 w 16 
1 1 2 0.109 63 0.109 61 vw 11 
2 10 0.105 27 0.105 33 vw 10 
202 0.10201 0.101 95 vw 9 
0 0 3 0.099 91 - vvw 2 
2 1 1 0.099 32 0.099 27 w 18 
10 3 0.09404 0.093 98 vw 9 
3 00 0.092 84 0.092 80 vvw 5 
3 01 0.088 68 0.088 69 vw 10 
2 1 2 0.086 14 0.086 13 w 21 
1 1 3 0.084 86 0.084 87 vw 11 
203 0.081 18 0.081 20 vw 15 
2 2 0 0.080 40 0.080 41 vw 8 
3 0 2 0.078 92 0.078 93 w 22 
2 2 1 0.077 65 0.077 65 mw 37 

electrons (correlation-cell b), in the gas of the d elec- 
trons (cell e), and in the gas of the core electrons (cell 
9)- Between the b, e, and 9 correlations, energetically 
favourable commensurabilities must exist. These com- 
mensurabilities are expressed by a bonding-type equa- 
tion [14]. Because energy is involved in correlations 
and commensurabilities, a bonding type provides a 
stability argument. 

Indium has a Ul-type structure, where U is the 
tetragonal body centred lattice, 1 is the number of 
atoms in the primitive part of U, and for type de- 
signation see [14]. The In(U1) structure is explained in 
([15] Vol. 1, p. 24, Vol. 29, p. 120). The bonding-type 
equation is a(6, 20, 36) = 0.325; 0.495 n m =  by(l; 3/2) 
= eB(2; 3) = 9c(4; 6). Here a is the cell matrix of In, 

(6, 20, 36) are the numbers of valence-, d-, and core- 
electrons per a cell, 0.325; 0.495 nm is the abbreviated 
numerical value of a, bv is the cell of the valence 
electron correlation, being of the Fl-type (fc c), (1;3/2) 

0934} . . . .  ~ . . . . . . . . . . . .  

: - -  

o . 9 2 5  . . . .  I . . . . . . . .  I , t ~-,  , , 
.75 3.80 3.85 3.90 395 

Valence electron concen{'rofion 

Figure 1 Axial ratio versus valence electron concentration for stable 
hP1 phases. (~ )  [1], (�9 [5], (--) [8], (Z3) present work, 

is the abbreviated commensurability b- la ,  eB and 9c 
are the cells of the d- and core-electron correlations 
with types B1 (b c c) and C1 (primitive cubic) respect- 
ively, multiplied by the commensurabilities e - l a  and 
g-  ta, respectively. For further comments on bonding 
types, see [14]. By calculation of the number of sites, it 
is seen that the b correlation is fully occupied but the e 
correlation has not sites enough for the b and e 
electrons together. Perhaps the bonding type is 
slightly compressed in the a 3 direction. The assump- 
tion that the b correlation is contained in the e correla- 
tion, is named the collective property of b and e, and it 
appears to be frequently fulfilled. The above proposal 
for the bonding type of In explains the special axial 
ratio of In. It also explains the change in axial ratio 
upon change of valence electron concentration (see 
[11], p. 173) by the above-mentioned strain mech- 
anism. Whel: with increasing Sn content the strain of 
the a cell becomes larger, the energy of the InSn,, 
marginal phase is increased so that a change of the 
bonding type and therefore a change of the structure 
will take place in the next phase. 

In3Sn(SrPb 3 type, T3.1, [15] Vol. 10, p. 59) is in 
equilibrium with In and has a tetragonally com- 
pressed Cu3Au-type structure. The bonding type may 
be assumed as a(13,40,72)=0.486; 0 . 4 4 0 n m = b i  
(1.5; 15) = e~(3; 3) = 9~(6; 6). Because the a cell is tetra- 
gonally compressed, b, e, g must also be compressed, 
and this is described by F, 13, C. Moreover the axial 
ratio la31/[all decreases (see [15] Vol. 10, p. 59) with 
increasing number of b electrons per atom (b concen- 
tration N/~at). The cause for this deformation of the 
bonding type must be sought in a spin compensation 
deforming b# to a CuAu-type cell consisting of spin-up 
layers (00 1)C,A u alternating with spin-down layers. 
Because N/b "t increases from 3.25 towards 4 (not at- 
taining this value) the spin compensation is improved 
and causes a continuous decrease of la31/[all. It is 
satisfactory that YlSn.h(CuAu, [15], Vol. 41, p. 13), 
[16], fits into the la31/lall ~N/b  at relation of In3Sn 
[16]. On the other hand, In3Pb(SrPb 3, [15] Vol. 18, 
p. 172) has an ja31/lal[~N/b "~ relation differing 
from that of In3Sn [16]. It must be assumed here 
that the bonding type is slightly different: a(13, 
40,76) = 0.490; 0.455 nm = bF(2.51/2; 3/2) = eB(10~/2;3) 
= gC(40~/2;6). Here also, the correlations are com- 
pressed in the direction of the tetragonal axis because 
of spin compensation. The increase of the b site num- 
ber has perhaps to do with the atomic radius differ- 
ence of the components. HgPb2(SnPb3, [15] Vol. 18, 
p. 55) fits to In3Pb[16], with a(13.3,40,88)= 0.498; 
0.451 nm, not to In3Sn. 

InSn4(HgSn9, H1, [15] Vol. 10, p. 59) has an (0 1 0) 
plane similar to (00 1)tn~s,, but the stacking of the 
(0 1 0)~us~, plane has the support number 2 (i.e. two 
atoms of a first layer support one atom of the next 
layer), while in In3Sn it has the support number 4. 
Clearly, this is a consequence of the rule of the depend- 
ence of atomic volume on valence electron concentra- 
tion in alloys between Al~ components ([11], 
p. 169)following from the rule of full occupation of the 
b correlation [14] and the low compressibility of the 
correlations in these alloys. Because lat[ ~ la31, the 
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bonding type may be written for the quasi tetragonal 
aspect a' of the cell. a(3.8,10,18) = H0.322;0.300 nm, 
a ' =  by(I;0.9)= e~(2;1.8)= gc(4;3.6), where H in the 
numerical value of a indicates the hexanormal basic 
coordinates, and ( - a 1 + a2)/2 is taken as a'3 of the 
quasi tetragonal cell while a'~ -- aa + a2 and a~ = a 3. 
In this bonding type, ]a3l/la~] < 1 must be caused by 
spin compensation in b forming a CuAu-type. Just as 
in In3Sn the ratio la3]/la~l decreases with increasing 
N/b "t, also in InSn4 la3J/la~l decreases with increasing 
N/b "' (see [15] Vol. 10, p. 60). The reason why a~ is just 
the c-axis of CuAu, lies in the crystal chemistry rule 
that high coordination favours larger distances and 
vice versa. In the next phase a support number 1 of 
quadratic layers might be expected; however, the influ- 
ence of the electron correlations generates a more 
complicated homeotype of the HggSn type. 

Sn.r(U2, [15] Vol. 1, p. 56), the room-temperature 
phase of Sn, has a tetragonal body-centred cell (U) 
with two atoms in the primitive part of the cell. It is 
homeotypic to Po(C 1) by an inhomogeneous deforma- 
tion [10]. This kind of deformation suggests a certain 
rotation of the bonding type against the a cell. a(16, 
40, 72) = 0.583; 0.318 n m =  bF,(3.251/2; 1) = %(13~/2; 
2) = gc(52~/2; 4). A Hund-insertion [14] in b indicated 
by F' may be the cause of the weak paramagnetism of 
Sn.r. Curiously, Sn.r and also the following Sn.1 do not 
exhibit a clear indication of spin compensation in b, 
perhaps the low coordination number of the atoms 
spoils the CuAu-type of spin compensation. At lower 
temperature, b electrons are no longer excited to Hund 
insertion, so that the b site number per atom must 
increase. 

Sn.I(Si, F2, [15] Vol. 1, p. 12), the low-temperature 
phase of Sn, has an Si-type of structure being face- 
centred cubic with two atoms in the primitive part 
of the cell. a(32,80,144) = 0.649 nm = by(2 ) = eB(4) 
= gc(8). 

All phases of the mixture In-Sn have an FB2C4 (or 
briefly FB2) bonding type, i.e. b is of the Fl-type, e is of 
the Bl-type and its edge must be doubled to be equal 
to b, and g is of the Cl-type and its edge must be 
multiplied by 4. The phases of the mixture are caused 
by different commensurabilitie~ of the bonding type to 
the crystal cell a. However, this appears to be a 
consequence of the close homologic relation of the 
components In and Sn. To see this, a mixture with less 
closely homologic components may be finally and 
briefly considered. 

In9Bi.h(In3Sn, [17]), a(12.8, 40, 74) = 0.491; 0.450 nm 
= b~(1.5; 1.5) = e~(3; 3) = ge(6; 6). 

In2Bi(Ni2In, [15] Vol. 22, p. 50) is a deformed 
ordering homeotype of HgSn9 but with c/a > 1 so that 
the bonding type presumably will be different, a(22, 60, 
116) = H0.550; 0.658 nm = bBH(1.5; 9/3) = ecru(3; 9/3) 
= gFn(6; 9/3). BH is the hexagonal aspect of B1 and so 
on. There are only 20.25 b sites per cell in the proposal, 
therefore a may contain Bi/In replacing. If b and e are 
collective (i.e. the e lattice contains the b lattice) then 
there is a small overoccupation of the e correlation. 
Also this suggests atomic replacement. It appears that 
In2Bi and also InsBi3 and In3Bi 2.m do not have a FB2 
bonding type. This confirms the conjecture that the 

invariance of FB2 in In-Sn is somewhat exceptional. 
InsBi3(CrsB3, U10.6, [15] Vol. 34, p. 31, drawing 

[11] p. 252]) a(120, 320, 624)=0.854; 1.268nm 
= bu(I01/2;6) = evu(401/2;13/2) = g~(80~/2;13). It is 
seen that b and e are not collective while e and g are so. 

In3Biz.m(W, [7]), a(7.6,20,39) = 0.382 nm = bB(1.5) 
= ec(3) = gv(3). The slight overoccupation of b sug- 
gests structural vacancies. 

InBi(PbO.T2.2, [15] Vol. 11, p. 46) is homeotypic 
to CuAu by an inhomogeneous deformation, a(16, 
40, 80) = 0.502;0.478 n m =  bF(2.51/2; 1.5) = eB(10~/~; 
3)=  gC(401/2; 6). The phase shows weak Hund- 
insertion. 

InzBi3.m(HgSn9H1 [7]), a(4.2, 10, 20)= H0.332; 
0.312 n m =  by(l; 0.9) = eB(2; 1.8) = gc(4; 3.6). The 
bonding type is written for the quasi tetragonal cell. 

InBi3.m(def.HgSn9, [7]). 
InBig.m(Sn.r, [7]), a(18.4,40,85) = 0.615;0.330 nm 

= bF(3.251/2;1.1) = eB(13a/z;2.2) = gc(521/2; 4.4). This 
phase shows strong Hund-insertion, and also spin 
compensation. 

The above bonding type proposals suggest that the 
phases Of A~~ +,A~O +,' mixtures may be interpreted by 
the electron correlations model. To verify the necessity 
of a bonding type proposal the last version of the 
electron distances in the chemical elements [18] 
should be consulted, and a plot of the electron dis- 
tances in the intermediate phases over the mole frac- 
tion should be derived from the proposals, see for 
instance [19]. 
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