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Gadol inium and Dyspros ium Intermetal l ic  Phases .  II. Laves Phases  
and Other Structure Types  
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(Received 17 June 1960 and in revised form 21 November 1960) 

Unit-cell  dimensions and interatomic distances are given for the following phases:  MgCu 2 type :  
GdX~ and ]:)yX2 where X - - P t ,  Mn, Fe, Co, Ni and A1; CsC1 type :  GdX and D y X  where X = Ag, 
Cu, In,  T1 and A1; AuCu 3 type :  GdIn 3, D y I n  3, DyTI3, DyPt3;  MoSi~ type :  GdAge, DyAg~, GdAu2, 
DyAu2 ; CuTi 3 type :  DyzIn ;  CaZn 5 type :  GdNi 5, DyNi  5, GdCo 5, DyC%; A1B 2 type :  GdGa 2, DyGa2; 
SnNi3 type :  GdA13. 

I n t r o d u c t i o n  

The r a r e - ea r th  me ta l s  p rovide  an  o p p o r t u n i t y  to t e s t  
the  effect of a tomic  size in  the  s t ruc tu res  of in ter-  
meta l l i c  phases.  Reasonab le  quan t i t i e s  of gado l in ium 
and  dysp ros ium meta l s  are now avai lable ,  so t h a t  a 
f a i r ly  ex tens ive  inves t iga t ion  of the i r  a l loy ing  behav io r  
is possible.  As a resu l t  the  b i n a r y  a l loy  sys tems  of 
gado l in ium a n d  dysp ros ium wi th  t w e n t y - o n e  meta l l i c  
e lements  h a v e  been s tudied.  For  purposes  of repor t ing ,  
the  e lements  h a v e  been d iv ided  in to  four  g roups :  
group A :  Ti, V, Cr, Zr, Nb,  Mo, Ta,  W ;  group B :  
Mn, Fe,  Co, Ni ;  group C: Cu, Ag, Au, P t ;  group D :  
A1, Ga, In ,  T1, Ge. The  r ead i ly  ident i f ied  in t e rme ta l l i c  
phases  a re  r epor t ed  in  th i s  paper .  Add i t i ona l  phases  
have  been found,  b u t  t he i r  s t ruc tu res  are y e t  to  be 
confirmed.  

arc fu rnace  consis t ing of a r emovab le  water -cooled  
h e a r t h  and  t u n g s t e n  electrode w i t h  power  suppl ied  b y  
a 400 amp.  d.c. welder.  E a c h  specimen was r eme l t ed  
r epea t ed ly  to improve  homogene i ty .  I f  the  f ina l  we igh t  
differed s ign i f ican t ly  from the  in i t i a l  we igh t  of the  
a l loy ing  meta ls ,  a chemical  ana lys i s  was per fo rmed  

GdPt~ 
(3) 
(3) 

E x p e r i m e n t a l  m e t h o d s  
GdF% 

Alloys were first prepared from pure metals (analyses, (4) 
Table 1) with stoichiometries corresponding to alloys (5) 
previously reported in the analogous systems with GdC% 
La, Ce, Pr, or Nd. In addition, alloys were prepared (5) 
with stoichiometries intermediate between these single GdNi 2 
phase  regions and  a n y  o ther  single phase  region sub- (5) 
s equen t ly  recognized.  

Table 1. Alloy materials 

GGMn 2 
(4) 
(5) 

Table 2. MgCu2 structure type(1) 
Interatomic distances: Gd has 12M at (D), 4Gd at (E) 

GdA1. z 
(5) 

DyPt 2 
Metal ~/o Metal Metal % Metal DyMn~ 

Gadolinium RI07 99-8+ Cobalt 99-4 (5) 
Gadolinium **Subl. 98.2 Nickel 99.5 DyFe~ 
Gadolinium *R160 99.14 Copper 99.9+ (5) 
Dysprosium R159 99-9+ Silver 99.9+ 
Titanium 99" 5 Gold 99" 99 DyC% 
Chromium 99.95 Germanium 99.9999999 (5) 
Zirconium 99-0+ Platinum 98.5 to 99.0 DyNi 2 
Niobium 99.4 Gallium 99.99 
Molybdenum 99-966 Aluminum 99"9 + (5) 
Tantalum 99.8 Indium 99.0 + DyA12 
Tungsten 99.9 Thallium 99.95 (5) 
Manganese 99.9 + Iron 99.8 
Vanadium 99- 5 + 

The alloy specimens, 10 to 15 g. in size, were melted 
under half an atmosphere of argon in a small electric 

M has 6M at (F), 6Gd at (D) 

a a(a) Vol. D E .F 
(h) (h) (A z) (h) (h) (A) 

7"6349 0-0008 445"05 3"165 3"306 2"699 
7.637 0.001 
7.577 

7.732 0.001 4 6 2 - 2  3.205 3-348 2.733 
7.751 
7.724 0.005 

7.389 0.003 403.4 3.063 3.200 2.612 
7.445 
7.39 0.01 

7.258 0.003 3 8 2 - 3  3.009 3.143 2.566 
7.255 0.005 

7.2056 0.0009 374.12 2.987 3.120 2-547 
7.202 0.005 

7.9020 0.0005 493.41 3.276 3.422 2.793 
7.900 0.005 

7.5966 0.0007 438.39 3.149 3-289 2.685 

7.5731 0.0008 434.33 3-139 3-279 2.677 
7.564 0.005 

7.321 0.001 392.4 3.035 3.170 2.588 
7.325 0.01 

7.190 0.004 371.7 2.980 3.113 2.542 
7.187 0.005 

7.142 0.004 364.3 2.961 3-093 2.525 
7.155 0.005 

7.835 0.001 481.0 3.248 3-393 2.770 
7.840 0-005 

(1) Strukturbericht, 1,490 (1931). 
(3) Compton & Matthias (1959). 
(a) Dwight (1961). 
(4) Endter & Klemm (1944). 
(5) Wernick & Geller (1960). 
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us ing e i the r  s t a n d a r d  wet  chemica l  procedures  or f l ame  
s p e c t r o p h o t o m e t r y .  

X - r a y  d i f f rac t ion  powder  p h o t o g r a p h s  were m a d e  
of the  a l loy  specimens  in  e i ther  t he  ' as -mel ted '  or 
a n n e a l e d  condi t ion.  F i l ings  were annea l ed  in  vyco r  
capi l lar ies  ' ge t t e red '  w i th  z i rconium wire. The X - r a y  
p h o t o g r a p h s  were made  wi th  a 57-3 mm.  rad ius  D e b y e -  
Scherrer  camera  w i t h  Fe  K s  rad ia t ion .  Meta l lograph ic  
e x a m i n a t i o n  was carr ied  ou t  on the  macro  spec imens  
to de t e rmine  the  h o m o g e n e i t y  a n d  to  i d e n t i f y  the  
phases  present .  ~Sicrohardness m e a s u r e m e n t s  (Eber-  
bach)  were also used to  help  i d e n t i f y  t he  phases  p resen t  
in  t he  mic ros t ruc tu res .  

Tab le  3. CsC1 structure type(l) 
Interatomic distances: Gd has 8M at (D), 6Gd at (a) 

M has 8 Gd at (D), 6M at (a) 

a (h) a(a) (A) Vol. (~3) D (A) 
GdAg 3.6476 0.0008 48.53 3-157 
GdCu 3.503 0.001 43.0 3.034 
GdIn 3.830 0-001 56-18 3.317 
GdT1 3.7797 0.0009 54.00 3.274 
GdAI(2) 3.7208 0.0002 51.51 3-222 
DyAg 3.608 0-001 46.97 3.125 
DyCu 3.461 0-001 41.46 2.997 
DyIn 3.7866 0.0009 54.29 3.281 
DyT1 3.743 0.002 52.44 3.242 
DyAI(2) 3.6826 0.0004 49.94 3.190 

(1) Strukturbericht, 1 74 (1931). 
(2) Not the major constituent of powder photograph and 

not all other lines of the pattern identified. 

Tab le  4. AuCu8 structure type(l), (2) 
Interatomic distances: Each atom is surrounded by 12 others 

at (D). The number and type of neighbors depends on 
the degree of ordering 

a (A) a(a) (A) Vol. (A ~) D (A) 
Gdln 3 4.6103 0.0002 97-99 3.260 
GdT1 a 4.696 0.001 103.6 3.321 
DyIn~ 4.5762 0.0009 95.83 3.236 
DyT1 a 4.6720 0.0009 101.98 3.304 
DyPt  a 4.072 0.001 67-52 2.879 

(1) Strukturbericht, 1,486 (1931). 
(2) Due to the relative values of the scattering factors, the 

existence of ordering could not be detected. 

The  d i f f rac t ion  p a t t e r n s  of t he  a l loys  of Gd a n d  D y  
w i t h  t he  me ta l s  of group A showed l ines on ly  of t he  
me ta l s  a n d  none  cor responding  to i n t e r m e d i a t e  phases.  
The  back- re f lec t ion  regions  of these  X - r a y  d i a g r a m s  
were compared  v i sua l l y  w i t h  s imi lar  regions of dia- 
g rams  of the  pure  me ta l s  p repa red  w i t h  t he  same 
camera .  S ign i f ican t  changes  in t he  l ine pos i t ions  
occurred  on ly  for Gd in t he  G d - Z r  sy s t em a n d  for D y  
in  the  D y - Z r  sys tem.  The  l ines  due  to  the  r a re -ea r th  
me ta l  sh i f ted  in  a d i rec t ion  ind i ca t ing  a smal le r  cell 
d imens ions .  Since t he  size of the  Zr a t o m  is smal le r  
t h a n  t h a t  of the  r a r e -ea r th  meta ls ,  i t  appear s  t h a t  
so lub i l i ty  is v e r y  smal l  in  the  r a r e -ea r th  me ta l s  excep t  
for Zr, a n d  t h a t  t he  r a r e - ea r th  me ta l s  do no t  dissolve 
a p p r e c i a b l y  in t he  g roup  A meta ls .  However ,  since 
e x t e n d e d  annea l ing  t r e a t m e n t s  a n d  prec is ion  cell 
d imens ion  d e t e r m i n a t i o n s  h a v e  no t  y e t  been per- 
formed,  def in i te  so lub i l i ty  l imi t s  c anno t  be given.  

Tab le  6. A1B2 structure type (hexagonal)(1) 
Interatomic distances: Gd has 12Ga at (D) 

Ga has 3Ga at (E), 6Gd at (D) 

a a(a) c a(c) Vol. D E 
(A) (h) (A) (A) (A ~) (A) (A) 

GdGaz 4.221 0.001 4.141 0.002 63.89 3.197 2.437 
DyGa 2 4.2011 0.0003 4.0655 0.0005 62.14 3.165 2.426 

(1) Strukturbericht, 3, 28 (1937). 

Tab le  7. SnNi3 structure type (hexagonal)(1) 
Interatomic distances: Gd has 6A1 at 3.154, 6A1 at 2.929 

A1 has 2Ge at 3.154, 2Gd at 2.929 
4A1 at 3.154, 4A1 at 2.929 

GdA1 a a-----6.308+_0.003 /~, c=4.589+_0.009 A, Vol.---- 158.1 /~a 

(I) Strukturbericht, 5, 7 (1940). 

The  uni t -ce l l  d imens ions  of the  i n t e rme ta l l i c  phases  
found  in groups  B,  C a n d  D are p re sen ted  in  Tables  2 
t h r o u g h  9. The  u n i t  cell d imens ions  were ca lcu la ted  
f rom back-ref lec t ion  d a t a  b y  a l eas t - squares  f i t t i ng  of 
sin 2 0o = sin ~ 0c + K ~  sin ~, where  ~ is = ~ / 2 -  0, a n d  
K is a cons tan t .  Fo r  each s t ruc tu re  type ,  i n t e n s i t y  
ca lcu la t ions  were m a d e  for a r ep re sen t a t i ve  c o m p o u n d  

Tab le  5. CaZn5 structure type (hexagonal)(1) 

Interatomie distances: Gd has 6MI at (D), 12MII at (E) 

a (~) a(a) (A) 
GdN~ 4.9129 0-0008 

(2) 4.899 0-005 
(a) 4.910 - -  

DyNi 5 4.8756 0-0002 
(2) 4-869 0-005 

GdCo s 4.978 0.005 
(2) 4-974 0-005 
(4) 4.984 - -  

DyC% 4.933 
(3) 4.926 

(1) Structure Reports, 11, 59. 

0.002 
0.005 

c (h) 
3.9640 
3-973 
3.988 

3.9673 0-0001 
3.969 0.005 

3.973 0.002 
3.973 0.005 
3.967 

3.989 0.001 
3.988 0.005 

(2) Wernick & Geller (1959). 

MI has 3 Gd at (D), 6MII at (F) 
MII has 4Gd at (E), 4MI at (F), 4MII at (G) 

a(c) (h) Vol. (h~) D (h) E (h) ~' (h) a (h) 
0.0005 82.86 2.836 3"156 2.437 2.456 
0.005 

81.67 2-815 3.143 2.432 2.438 

85"26 2.874 3"185 2.452 2.489 

84.07 2-848 3.172 2.451 

(3) Endter & Klemm (1944). 

2.466 

(4) Dwight (1961). 
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Table 8. MoSie structure type (tetragonal)(1) 
Interatomic distances: Gd has 2M at (D), 8M at (E) 

M has 1Gd at (D), 1M at (D), 
4Gd at (E), 4M at (E) 

a a(a) c a(c) Vol. D E 
(h) (h) (h) (h) (h a) (h) (h) 

GdAg~. 3 . 728  0.001 9.296 0.006 129.2 3.099 3.057 
DyAg~ 3-6957 0.0002 9.213 0.001 125.8 3.071 3.031 
GdAu~ 3.7320 0.0006 9.014 0.003 125.5 3.004 3.036 
DyAu 2 3.6940 0.0006 8.956 0.003 122.2 2.985 3.009 

(1) Strukturbericht, 1,741 (1931). 

The authors  are indebted  to Dr J.  R. Doyle for 
preparing the  computer  programs for the  LGP-30 for 
the  evaluat ion of the  cell dimensions. The rare-ear th  
metals  were furnished through the  courtesy of the  
Lunex Company,  Pleasant  Valley, Iowa;  American 
Metal Climax, Inc. donated  the germanium, and the  
Climax Molybdenum Company furnished the  molyb- 
denum. The research was supported by a Nat iona l  
Science Founda t ion  Grant  G6225. The computa t ions  
were made possible by another  NSF Grant,  G6085. 

Table 9. CuTi3 structure type (tetragonal)(1), (2) 

I)yaIn a=4.602-+0-004 A, c--4.945-+0.004/~, Vol.= 104-7 A a 

(1) Pearson, (1958), p. 618. 
(2) Due to the relative values of the scattering factors, 

the existence of ordering could not be detected. 

in order to verify the choice of the structure.  Powder 
diagrams of alloys in termedia te  to the  single phase 
regions gave evidence t h a t  if any  homogenei ty  ranges 
exist, t hey  must  be quite narrow. 
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The H y d r o g e n  Pos i t i ons  in Port landi te ,  Ca(OH)2, as Indicated 
by the Electron Dis tr ibut ion  
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X-ray diffraction and Fourier synthesis techniques have been used to determine the electron 
distribution in a crystal of portlandite with sufficient accuracy to establish the hydrogen posi- 
tions. The atoms have been found to occupy the following positions: 

Ca (0, 0, 0) 
O +(½,_ ~,2 u) 
H _+ (½, ~,2 v) 

with u=0-2330 +__0-0004 and v =0"395 +0"008. Independent anisotropic temperature factors were 
introduced for the calcium and oxygen ions. Also, in the final stages of refinement, systematic 
differences between the observed and calculated structure factors became apparent and their 
causes were traced to the Hartree scattering curves ~or Ca ++ a n d 0 - -  which were ~irst used in the 
determination of the calculated structure factors. Semi-empirical scattering curves were derived 
and their use leads to an excellent agreement between the observed and calculated structure factors. 
After this work was completed new theoretical values for the scattering factors Ca ++ and O- became 
available and these have been compared with the derived semi-empirical values. 

I n t r o d u c t i o n  

Port landi te ,  Ca(0H)2, and brucite, Mg(0H)2, are iso- 
morpheus  and their  structures have been known for 
m a n y  years. They  possess a simple layer  s t ructure 
in which each cation is at  the  centre of an octahedron 
which is defined by hydroxyl  ions, one at  each corner. 

These octahedra  ma y  be though t  of as joined together  
in sheets perpendicular  to the  three-fold axis of the  
t r igonal  crystal  by having hydroxy l  ions in common. 
The sheets are stacked vert ical ly  one above the other. 
The brucite s t ructure was determined by Aminoff  
(1919). Megaw (1933) obtained accurate values for the  


