
J .  K A K I N O K I ,  K.  K A T A D A ,  T. H A N A W A  A N D  T. I N O  179 

Denkyoku  Co. for supplying us with carbon rods. The 
present  s tudy  is suppor ted in par t  by the  Scientific 
Research Grant  from the  Ministry of Educat ion .  

References  

BRADLEY, D. E. (1954). Brit. J. Appl. Phys. 5, 65. 
COMPTON, A. H. & ALLISON, S. I~. (1935). X-rays in 

Theory and Experiment. New York: D. Van Nostrand. 
Cov~ouLos, G. D. (1943). Proc. Roy. Soc. Lond. A, 182, 

166. 
DISTLER, G. I. & PINSKER, Z. G. (1949). ~. Fiz.  Khim.  

SSSR. 23, 1281. 
DISTLER, G.I .  & PINSKER, Z.G. (1950). ~. Fiz. Khim. 

SSSR. 24, 1152. 
FRANKLIN, l=~. E. (1950). Acta Cryst. 3, 107. 

INo, T. (1953). J. Phys. Soc. Jap. 8, 92. 
INO, T. (1957). J. Phys. Soc. Jap. 12, 495. 
KAKINOKI, J. (1949). Scientific Papers from the Osaka 

Univ. No. 16. 
KAKINOKI, J., 1VIURATA, H. & KATADA, K. (1949). Scien- 

tific Papers from the Osaka Univ. No. 17. 
KARLE, I. L. & KARLE, J. (1949). J. Chem. Phys. 17, 

1052. 
K)~LE, J. & KARLE, I. L. (1950a). J. Chem. Phys. 18, 

957. 
KARLE, I. L. & KARLE, J. (1950b). J. Chem. Phys. 18, 

963. 
TOLANSKY, S. (1948). Multiple-Beam Interferometry of 

Surfaces and Films. London: Oxford Univ. Press. 
VIERVOLL, I-I. & 0GRI~, 0. (1949). Acta Cryst. 2, 277. 
WARREN, B. E. (1934). J. Chem. Phys. 2, 551. 

Acta Cryst. (1960). 13, 179 

New Synthetic Garnets 
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Twenty-three new synthetic garnets of types: 

M2+R~+M-n~Ge3012, M~+R3+M2+Ge2 ~ ~01~, R~+M~+GaGe~OI~ and CasM4+M2+G%OI~ 

are reported. In  these formulae, M 4+ is a tetravalent  metal ion of Zr, Sn or Ti; R 3+ is an yt t r ium or 
gadolinium ion; M 2+ is one of a variety of divalent metal ions, not  all of which go into all the types. 
I t  is probable tha t  R 3+ could be almost any trivalent rare earth ion. Three other garnets are re- 
ported: Mn3NbZnFeGe2012; one of probable formula Ca3ZrFeG%.8012, in which Fe has an average 
valence of 2-9 and Y2Mn2FeGe2.sO12 in which Fe has an average valence of 2.8. The latter two are 
defect structures. I t  is shown quanti tat ively tha t  two-thirds of the Co 2+ ions in CoGd2Co2G%O12 and 
in CoY2Co2Ge3Ot2 occupy octahedral positions, the remaining third occupying the dodecahedral 
positions. The distributions of ions in the other new garnets is discussed. To date, the Co 2+ ion is 
the only one with non-spherical electronic configuration which is definitely known to occupy octa- 
hedral positions in the garnets. There are still no known garnets in which ions with non-spherical 
electronic configuration occupy tetrahedral positions. 

The programming of the calculation of powder intensities including both real and imaginary 
parts of the dispersion corrections on the IBM 704 computer is briefly described in an appendix. 

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

The garnet  s t ructure  belongs to space group 01h°-Ia3d 
with meta l  ions in 16a, 24c and  24d and oxygen 
(or fluorine) ions in 96h. I t  is convenient  to write the  
chemical formula of one uni t  (see Gilleo & Geller, 
1958a) {As}[B2](Ca)01~, where { } represent  a c or 
dodecahedral  site, [ ] an a or octahedral  site and  ( ) 
a d or t e t rahedra l  site. The three sites are accessible 
to both  magnet ic  and  non-magnet ic  ions of a great  
var iety,  but  condit ions of electronic configurat ion and  
size determine the  ex ten t  to which ions go into the  
different sites. 

Y t t r i u m - i r o n  garnet,  {Ys}[Fe2](Fe3)012, has been 
studied very thoroughly  and  from various points  of 

view. An accurate  s t ructure  de te rmina t ion  (Geller & 
Gilleo, 1957a) shows t h a t  the  geometry  of the  
[Fe3+]-O-(Fe 3+) linkages is conducive to the  strong 
magnet ic  in terac t ion  which is observed (Aleonard, 
Barbier  & Pauthene t ,  1956; Geller & Gilleo, 1957b). 
The results of the  s t ructure  de te rmina t ion  indicated 
also t h a t  if a magnet ic  rare ear th  ion were subs t i tu ted  
for y3+, the  magnet ic  in terac t ion  between i t  and a 
magnet ic  ion in a t e t rahedra l  site would be stronger 
t h a n  t h a t  with a like magnet ic  ion in an  octahedral  
site. Unt i l  recent ly  no direct c-a or c-d interact ions 
had  been observed. Some of the  compounds reported 
herein, having  magnet ic  ions in c and a sites only, 
have been shown to have ant i ferromagnet ic  ordering 
with a resul tant  spontaneous magnet iza t ion  at  very  
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low temperatures (Gilleo & Geller, 1958a). Garnets in 
which magnetic ions f i l l  only the c and d sites are yet 
to be made. 

The crystal chemical aspects of the garnets are also 
of importance. I t  has been shown that when non- 
magnetic ions are substituted for Fe 3+ in 

{Y3} [Fe~] (Fe3) 01~., 

the larger ion prefers the site which allows it most space 
(Gilleo & GeUer, 1958b; Geller, Bozorth, Gilleo & 
Miller, 1959; Bozorth, Geller & Miller, 1959). This is 
not necessarily true of magnetic ions. For example, 
it is known that  Cr s+ ion is smaller than Fe s+ ion 
(Geller, 1957a), but prefers only octahedral sites in the 
garnets (Gilleo & Geller, 1958b). We have already 
mentioned (Gilleo & Geller, 1958b) that  the octahedral 
and tetrahedral sites of the garnets seem to prefer 
occupation by ions with spherical electronic configura- 
tions.* Actually, in an octahedral crystal field, the Cr s+ 
ion satisfies this criterion with a crystal ground state: 
4A2g. On the other hand, the tetrahedral crystal field 
ground state of Cr s+ is 4T~ which is not spherical. 
This would appear to be a plausible explanation of 
the preference by Cr 3+ for the octahedral sites. In the 
present paper, we report the synthesis of garnets 
containing Co2+ ions in octahedral sites; for Co 2+, the 
octahedral crystal field ground state is non-spherical. 

Because the garnets have become so interesting, it 
seemed worthwhile to explore possibilities of putting 
all kinds of ions into them and this paper establishes 
that  a large number of ions will go into the garnets. 
However, in all cases but that  of Co ~+, the ions going 
into the octahedral and tetrahedral sites in significant 
number do have spherical or 'pseudo-spherical' ground 
states. 

Attempts to put Fe e+ ions into the garnets have led 
to some interesting results, including the establish- 
ment of the existence of defect structures in some 
garnet systems. 

Preparation of the compounds 

Each of the polycrystalline garnets was prepared by 
mixing and grinding, in an agate mortar, the required 
amounts of pure oxides. A pellet, made of the reaction 
mixture, was heated in -N2 atmosphere to temperatures 
above I000 °C. The pellet was reground and retired 
at increased temperature repeatedly until a sharp 
X.ray photograph was obtained. From one to seven 
firings were required depending on the compound. 
Optimum temperatures for preparing particular gar- 
nets are given in the last column of Table 1. Pellets 
heated above 1200 °C. were given short firing times 
to prevent loss of Ge09.. In some cases, small amounts 
of GeO~. were probably lost; also in some cases excess 
GeO~ was added and firing carried to the point of 
correct stoichiometry. 

* This is m u c h  unlike the  oc tahedra l  sites of the  perovski te-  
l ike s t ruc tures  (see, for example ,  Geller, 1957b). 

In the case of garnets with general formula 
M~+M~+Ges012, only one purely garnet phase was 
obtained by direct solid-state synthesis, namely 
Ca3Fe2GesO~2. The others prepared by us always 
occurred with small to minute amounts of extraneous 
phases. However, it was possible to isolate single 
crystals of Mn3Fe2Ges01.~ from reaction mixtures which 
had been carried to the melting point, about 1235- 
1240 °C. These crystals had a vitreous appearance 
and did not have developed faces; however, a small 
crystal photographed with a precession camera gave 
ample confirmation. 

Crys ta l lographic  data  

Powder photographs were taken, with Cr K radiation, 
of all products using Norelco Straumanis type cameras 
with 114.6 ram. diameter. Lattice constants of the 
various garnets are listed in Table 1. 

The existence of garnets of formula Ca3TiM2+Ge30xo. 
with M = Ni, Co and Mg was reported earlier by Durif 
(1958). Because of the work of Tauber, Banks & 
Kedesdy (1958), we have not attempted to exhaust 
the possibilities of the garnets of type M~+M~+Ge3012. 
In Table I(F), the lattice constants of those we have 
made are compared with some of those reported by 
Tauber et al. (1958). The compounds FesA12Ge30~2 and 
Sr2Fe2Ges012 did not form under the conditions of our 
experiments. However, lower concentration solid solu- 
tions can be made of a nominal SrsFeo.Ge3012 with 
YsFe2Fe3012.* 

I t  is probable that  most of the rare earths ex- 
cluding possibly ~d,  Pr, Ce and La may be sub- 
stituted for Gd or Y in the garnets described above. 
The larger rare earths will probably enter these garnets 
if mixed with smaller rare earths in proportions de- 
pending on their relative sizes. I t  is very likely that  
all the divalent ions which go into the 

{Ra a+ } [M~ + ] (GaGe2)012 

type garnets will also go into the 

{Ca3} [M4+M 2+] (Ges) 012 
types. 

Distribution of ions in Co2+R~+Co~+GeaO12 

The distribution of ions in the garnets 

Co2+/~+Co~+Ge3012, R = G d  and Y, 

was determined by comparison of observed powder 
diffraction intensities with those calculated for the 
models 

{CoR2}[Ge2](Co2Ge)Ole and {CoR2}[Co2](Ges)012. 

* For example, the lattice constant of the solid solution 
1 Sr3Fe2Ge3Ol2:5 Y3Fe2Fe3012 is 12-414_+ 0-003 •. I t  is prob-  
able t ha t  s o m e w h a t  more  concen t ra ted  solutions,  perhaps  up  
to 1 : 1 can be  made .  
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Table 1. Lattice constants, colors, and optimum firing 
temperatures 

(A). M2+R~+MnsGesO12 t y p e  
O p t i m u m  firing 

M s+, R a+ a 0 (/~) Color* temp.  (°C.) 
Ca, Gd 12-555+0.005 Lt .  B rown  1350 
Mn, Gd 12.482 _+ 0.010 Brown  1200 
Cu, Gd 12.475 + 0.005 Lt .  B rown  1200 
Cd, Gd 12.473 _+ 0.005 Lt .  B rown  1250 
Co, Gd 12.437 _+ 0.005 Blue-gray  1380 
Zn, Gd 12.427 _+ 0.005 Brown  1060 
Ni, Gd 12.413 + 0.003 Brown  1350 
Mg, Gd 12.395 _+ 0.010 Gray- t an  1380 
Ca, Y 12.475_+0.010 Lt .  B rown  1250 
Mn, Y 12-392 _+ 0.010 Lt .  Brown 1200 

(B). M2+R~+M~+G%Ols t y p e  (M:~Mn)  
O p t i m u m  firing 

M 2+, R 3+ a 0 (A) Color temp.  (°C.) 

Co, Gd 12.402 + 0.005 Blue  1270 
Mg, Gd 12.31 +0 .01  Whi te  1300 
Co, Y 12.300 + 0.003 Blue 1270 

(C). ~+M~+GaGe2012 t y p e  
O p t i m u m  firing 

R a+, M s+ a 0 (A) Color temp.  (°C.) 

Gd, Mn 12.550 + 0.003 Brown  1300 
Gd, Co 12.446 + 0"003t Blue 1250 
Gd, Co 12-460_+ 0.0035 Blue  1250 
Gd, Zn 12.464 + 0.003 Whi te  1300 
Gd, Mg 12.425_+ 0.005 Whi t e  1350 
Gd, Ni 12.401 _+ 0.003 Green 1350 

(D). CaaM4+M2+G%Ols t y p e  
O p t i m u m  firing 

M 4+, M 2+ a 0 (~k) Color temp.  (°C.) 

Ti, Co 12.35 +0 .01  I ) a rkb lue -g reen  1350 
Ti, Mg 12.35 _+ 0.01 Yel low 1300 
Ti, Ni 12.32 _+ 0.01 Blue-green 1350 
Sn, Co 12.47 _ 0.02 Blue-gray  1300 
Zr, Co 12.54 _+ 0.01 Blue  1350 
Zr, Mg 12.514 _+ 0.005 Whi te  1400 
Zr, Ni 12.50 _0"01 Green 1350 

(E). MnaNbZnFeGesO]2 
O p t i m u m  firing 

a 0 (A) Color temp.  (°C.) 

12.49 + 0.01 Black  1450§ 

(F).  M~+M~+Ge3012 t y p e  

a 0 (h) 
^ 

Garnet  This work  T a u b e r  et al. 
{Ca3}A12G%O12 12.12 _ 0.01 - -  
{ Caa}F%GeoO12 12.320 + 0.004 12.312 
MnzAlsGeaOls 11.902 + 0.005 11-895 
Mn 3 [Cr2]Ge3012 12.027 _+ 0"003 12.027 
MnaFe2GeaOls 12.087 _ 0.003 12.087 

* I t  should be  r emembered  t h a t  these  are colors of finely 
d iv ided  powders .  

Made wi th  excess GeO 2. 
:~ P r o b a b l y  non-s to ichiometr ic  because  of loss of GeO s. 
§ This garne t  mel ts  congruent ly  a t  this t empera tu re .  

A Norelco diffractometer and Cu Kc¢ radiation were 
used. In  the calculations of intensities, corrections 
were made for dispersion (Dauben & Templeton, 1955) 
of  C u  Kc~ r a d i a t i o n  b y  t h e  m e t a l  i on .  B o t h  t h e  r e a l  

and imaginary parts of the correction were included 
(see Appendix). The scattering factors of Co 2+, Gd 3+, 
ya+ and Ge 4+ were taken from the tables of Thomas 
& Umeda (1957). For 02-, the scattering factors of 
Berghuis et al. (1955) for O arbitrarily modified such 
tha t  los -=  10.00 at  (sin 0 ) /2=0  and fo2_=fo for all 
values of (sin 0)/2. > 0.20. The temperature factors 
used were 0.6, 0.1, 0.3, 0-4 and 1.2 /~2 for Co 2+, Gd a+, 
ya+, Gee+ and 02.  respectively. Because even size- 
able changes in oxygen coordinates do not greatly 
affect the agreement between the calculated and ob- 
served powder intensities, initial calculations were 
made with the oxygen coordinates found for y t t r i um-  
iron garnet (Geller & Gilleo, 1957a). 

The data for C o G d 2 C o 2 G e 3 0 1 2  a r e  given in Table 2: 
The last column lists the calculated relative inten- 
sities for the distribution {CoGd2}[Ge2] (Co2Ge) 012, 
the fourth column, those for the distribution 

{CoGd2} [ Co2] (Ge3) 012. 

The agreement between calculated and observed inten- 
sities is significantly better for the second distribution 
than for the first. This is particularly well seen by 
examining the 400, 420, 422, 444, 640, and 642 reflec- 
tions. 

The garnet CoY2Co2GeaO12 gave a much better 
diffraction pat tern than tha t  of the Gd compound, 

Table 2. Calculated and observed relative intensities of 

hkl 
211 
220 
321 
400 
420 
422 
431 
521 
440 
532 } 
611 
444 
640 
633 } 
721 
552 
642 
800 
840 
842 
664 

lO,4,o / 
864 f 

10,4,2 

CoGd2Co2Gea01~.  

f 0  

23 
22 
17 

117 
444 
168 

12 
24 
12 

33 

69 
145 

8 

138 
53 
33 
83 
23 

60 

35 

Ic(1) Ic(2) Ic(3) 
20 30 37 
19 12 6 
13 14 17 

124 119 132 
452 444 403 
181 178 204 

9 8 8 
20 21 26 

7 9 4 

23 20 25 

61 61 45 
127 136 123 

7 8 10 

143 141 162 
52 58 58 
32 33 38 
88 83 73 
26 26 30 

74 74 66 

32 32 37 

(1) 2 C o  2+ ions / formula  uni t  in oc tahedra l  posi t ions;  
final 02 -  parameters .  

(2) 2 C o  2+ ions/ formula  un i t  in oc tahedra l  posi t ions;  
Y I G  02 -  parameters .  

(3) 2 C o  2+ ions/ formula  un i t  in t e t rahedra l  posi t ions;  
Y I G  0 2- parameters .  

In  all cases one Co 2+ ion/ formula  un i t  is in a dodecahedra l  
posit ion.  

All lines no t  l isted were e i ther  space group absences  or  
were no~ observed  wi th  ca lcula ted  values  all less than  4. 
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p r e s u m a b l y  because  of the  m u c h  reduced  fluorescence.  
The  d a t a  for the  Y c o m p o u n d  are g iven  in  Table  3: 
L i s t ed  in  co lumn 5 of Tab le  3 are the  in tens i t i es  
ca lcu la ted  for the  d i s t r i bu t ion  {CoYe} [Gee] (CoeGe)01~. 
a n d  in  co lumn 4, for {CoYe}[Coe](Ge3)Ole, w i th  the  
same o x y g e n  p a r a m e t e r s  as before. Aga in  t he  agree- 
m e n t  be tween  ca lcu la ted  a n d  observed  in tens i t i es  for 
t he  l a t t e r  model  is be t t e r  t h a n  for the  former.  I t  now 
appea red  t h a t  some f u r t h e r  i m p r o v e m e n t  could be 
o b t a i n e d  b y  a d j u s t m e n t  of oxygen  coordinates .  

I n  CoO w i t h  the  N a C l - t y p e  s t ruc ture ,  the  Co9+-0 2- 
d i s tance  is 2.125 _~ (Ingersol l  & H a n a w a l t ,  1929). I n  
t he  sp ine l - type  GeCo204 (Romei jn ,  1953), th i s  d i s tance  
ca lcu la ted  f rom the  p roposed  oxygen  pa rame te r ,  0.375, 
is 2.08 ~ .  N o w  the  average  oc t ahed ra l  Ge4+-Oe- dis- 
t ance  in  the  fu t i l e  t y p e  GeOe carefu l ly  d e t e r m i n e d  b y  
B a u r  (1956) is 1.88 A. F r o m  the  paramete~ g iven  b y  
R o m e i j n  for GeCoe04, one ob ta ins  1.80 / ~  for the  
t e t r a h e d r a l  Gea+-o  2- d i s t ance  in  th i s  spinel.  If,  how- 
ever,  th i s  p a r a m e t e r  is changed  to  0.370 f rom 0.375 
one ob ta ins  2-12 A for the  Coe+-O 2- d i s tance  a n d  1.73 
/~ for the  Ge4+-O 2- d is tance .  This  va lue  for the  te t ra -  

Table 3. Calculated and observed relative intensities of 
CoY~Co~G%01~ 

hld !o /c(1) /c(2) Ic(3) 
220 9 7 3 1 
400 93 102 97 110 
420 291 320 313 276 
332 13 9 I0 6 
422 138 141 138 163 
431 10 9 7 7 
521 7 7 8 13 
440 6 4 6 1 
611 } 
532 12 10 8 13 
444 44 42 42 28 
640 108 94 102 90 
642 126 117 114 134 
800 36 38 43 43 
840 27 25 26 31 
842 65 62 58 49 
664 22 20 21 25 

10,4,0 ~ 60 52 53 44 
864 ) 

10,4,2 30 26 25 30 
880 25 27 25 25 

12,0,0 } 
884 12 12 12 14 

12,2,0 16 13 13 11 
12,2,2 } 
10,6,4 30 29 28 34 

12j4,~ 16 16 16 10 
12,6,0 } 
10,8,4 42 37 39 33 
12,6,2 19 16 17 20 

888 16 14 14 14 
12,8,0 12 10 10 12 
14,4,0 } 
12,8,2 48 43 43 36 
14,4,2 } 
12,6,6 45 43 43 53 

10,10,4 
12,10,0 } 

12,8,6 84 85 85 69 

Notes of Table 2 apply to this table also. 

hedral Ge4+-O e- distance appears to be a more reason- 
able one when compared with the tetrahedral Si4+-O e- 
distance, 1-64 ~, in grossularite (Abrahams & Geller, 
1958) and also when differences between octahedral 
and tetrahedral distances of other ions are examined. 

Table 4. Distances in cobalt garnets as given by the f inal  
calculated oxygen coordinates 

{CoGd2} [Co2] (Ge3)O12 {COY2} [Co2] (Gea)O12 
Ge4+-O 2- 1.73 A 1.72 /~ 
Co2+-O 2- 2.11 2.10 

2-36 

Following the above considerations, a set of para- 
meters was calculated and no further attempt made 
to refine them. These are (-0.034, 0.054, 0-158), 
yielding the distances shown in Table 4. It is seen, 
columns 3 of Tables 2 and 3, that the agreement be- 
tween calculated and observed intensities is somewhat 
improved when these parameters* are used in the 
calculation of intensities. Unfortunately, the inten- 
sities of only the 211 and 220 reflections appear to 
have any significant sensitivity to the different sets 
of oxygen coordinates. 

Defect  s t r u c t u r e s  and Fe 2+ ion in the  g a r n e t s  

A number of attempts to prepare garnets containing 
substantial amounts of Fe 2+ ion led to some interesting 

o+ 
results. The garnet Gd3Fe~ GaGe2012 could not be 
prepared under the conditions of our experiments. 
Starting materials were oxides except that for the 
source of Fe 2+, Fe (C204)2.2 H20 was used. Firing was 
carried out in either :N2 or Ar atmosphere. However, 
although in all cases a garnet phase was formed, 
almost all of the Fe ions present were in the trivalent 
state; an analysis of one sample showed that less than 
4 % were divalent. The garnet phase was undoubtedly 
a solid solution of Gd3Fe2Fe3012 and Gd3Ga2Ga3Om. 
Also present in the powder photographs of the samples 
were the strongest lines of a gadolinium-germanium 
oxide phase, t The lattice constant of the garnet phase 
present was what might be predicted for a 
Gd3Fe~+GaGe2012 garnet if it existed. However, this 
coincided with what would be obtained from the solid 
solution of gallium and iron garnets that could be 
formed, so that the chemical analysis for Fe 2+ ion 

proved extremely useful. 
Considering tha t  perhaps two Fe e+ ions per formula 

unit were too many, we at tempted to make the garnet 
Ca3ZrFeGe3012. The photograph taken after the first 

* These parameters should not be considered accurate 
enough for arguing refined theoretical or experimental points. 
Only a single crystal analysis can yield values for such pur- 
poses. Unfortunately, we do not have single crystals of these 
garnets at this time. 

A specimen of gadolinium-germanium oxide of reactant 
proportions Gd2Oa-2 GeO 2 fired at 1270 °C., gives a complex 
powder photograph with these lines. 
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firing indicated very great disorder, to an extent 
approaching the amorphous condition. Repeated fir- 
ings narrowed the lines but after seven or eight firings, 
the garnet phase, though well established, still gave 
fairly broad lines in the back reflection region of the 
photographs. 

In  these cases, the results were similar whether the 
firings were carried out in Ne or in Ar atmosphere. 
The lattice constant of the phase was 12.54/~, close to 
that  of CasZrCoGe301e, indicating that  there was 
indeed a good chance that  the Fe e+ had gone into the 
structure. (It may be recalled that  the lattice constant 
of CasFe2GeaOle (Table I(F)) is 12.312 /~.) A chemical 
analysis for total Fe and Fe e+ ion, however, proved 
differently" results were 8.8% total iron and 1.00% 
Fe 2+ by weight. Theoretically, there should have been 
8.3 % total iron. However, some Ge0e is lost in the 
firings thus raising the percentage of total iron. The 
results of the analysis lead to the conclusion that  the 
garnet phase prepared has the probable formula 
CasZrFe+e'9Gee.sO12 with a defect structure. 

In  at tempts to make the garnet FeYeMneGe3012 
(see Table I(A)), a result similar to the preceding one 
was obtained. Only 19% of the Fe remained divalent 
and it is probable that  GeO2 was lost. Thus the prob- 
able formula is Ye Mn2 Fe+~'s Gee.s 012 ; the Mn aver- 
age valence may also be somewhat more than two. 
This garnet phase also gave a powder photograph 
having broad back reflection lines. The lattice constant 
is 12.33 ± 0.01 J~. 

I t  appears that  in at least the garnets containing 
Ge 4+ ion, such defect structures exist and that  the 
defects, perhaps tetrahedral site vacancies, in some 
cases cause an increase in lattice constant. There are 
apparently other cases of defect structure among the 
new garnets. For example, the GdsCoeGaGe2019. fired 
with excess GeOe to correct stoichiometry has a smaller 
lattice constant (Table I(C)) than that  from which 
some GeOe was undoubtedly lost. It  was difficult to 
obtain sharp phases for the Mg e+ compounds; some 
of these also may have defect structures (see Table 1). 

It  should be kept in mind that  small amounts of 
many of the ions in these new compounds may be 
present in valence states other than as formulated. 

General  d i s c u s s i o n  of ion d i s tr ibut ion  

I t  has been mentioned that  the strongest interactions 
in a ferrimagnetic garnet would be expected to occur 
between magnetic ions in a and d sites (Geller & Gilleo, 
1957a). Interactions between magnetic ions in c and a 
sites would be expected to be very weak. Attempts by 
us to produce garnets with magnetic ions only in the 
c and a sites began some time ago with investigations 
of silicates (Geller & Miller, 1958a, 1959a, b). However, 
the garnets {Mn3}[ere] (Sis)0~2 or {Mns} [Fee] (Sis)012" 

* This garnet has, however, been reported by Coes (1955) 
who has provided us with some. It has been found (Bozorth, 

could not be made by means of direct high temperature 
synthesis at ordinary pressures (Geller & Miller, 1958a, 
1959a). In a manner described earlier, we succeeded in 
isolating a sufficient amount of the single phase 
MnsFe2Ge3Ole for magnetic measurements down to 
He temperatures. These measurements showed that  
Mn3FeeGe3012 does not have a spontaneous magnetiza- 
tion (Bozorth, Geller & Miller, 1959). There are several 
possible causes for this result: (1) expected weak 
interactions because of unfavorable geometry; (2) 
distribution of Fe 3+ ions over the octahedral and tetra- 
hedral sites (Tauber et al., 1958; Bozorth, Geller & 
Miller, 1959) resulting in a marked weakening of inter- 
action; (3) inherently weak interaction between Mn e+ 
and Fe 3+ ions. 

I t  is known that  the Mn e+ ion (3d5), despite its 
large size, will enter either the octahedral or dodeca- 
hedral sites in the garnets. From existing experimental 
knowledge of the garnets it would seem unlikely that  
very much Mn ~+ would enter the tetrahedral sites when 
other smaller ions are present which favor occupation 
of the tetrahedral sites. Thus if one could make a 
garnet with Mn e+ in the octahedral and Ge 4+ in the 
tetrahedral sites, a filling of the dodecahedral sites 
with magnetic ions might produce a ferrimagnetic 
garnet (with low Curie temperature, of course, because 
of the unfavorable geometry for interaction) which 
might also be iron free. 

As shown above, such garnets have now been syn- 
thesized. The garnets {MnGde}[Mne](Ges)Ole and 
{CaGde}[Mn2](Ges)012 are ferrimagnetic and there 
appears to be weak ant[ferromagnetic interaction in 
MnYeMneGea019 and in CaY2MneGeaOle (Gilleo & 
Geller, 1958a). Because the results of magnetic mea- 
surements on these compounds were somewhat in- 
conclusive, the garnet {Gd3}[Mne](GaGee)012 was 
prepared and found to be ferrimagnetic with a Curie 
temperature of about 8 o K. and a saturation magneti- 
zation extrapolated to 0 °K. of at least 9"6/ZB, close 
to the expected value of 11/zs (Gilleo & Geller, 1958a). 

Although it is known that  Ge 4+ ions will enter the 
octahedral sites in substantial amounts in some garnets 
(Tauber, Banks & Kedesdy, 1958; Bozorth, Geller & 
Miller, 1959) it is unlikely that  there is much Ge 4+ 
ion in octahedral sites in the manganese compounds. 
Any non-magnetic ion replacing the Mn 2+ ion in the 
{Gds}[Mne] (GaGee)01e, for example, would raise the 
moment. 

I t  is not too surprising to find Ni e+ going into 
octahedral sites in the garnets Gd3NieGaGeeOle and 
CosM4+NiGe3012 type because the octahedral crystal 
field splitting of the d-levels would lead to a configura- 
tion of electrons (6 paired in de and 2 unpaired in d~) 
which would give Ni e+ a pseudospherical ground state. 
On the other hand, because it was felt that  the octa- 

Geller & Miller, 1959) that magnetic interactions between 
Mn 2+ and Fe 3+ ions in {Mn3}[F%](Si3)O12 are apparently 
very much weaker than those between Gd 3+ and Mn 2+ ions 
in {Gd3}[Mn2](GaG%)O12 (Gilleo & Geller, 1958a). 
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hedra l  and  te t rahedra l  sites would exclude non- 
spherical ions, the  Co 9+ ions not  in dodecahedral  sites 
in Co2+Gd2Co2Gea01~ were expected to be in the  
t e t r ahedra l  sites. There were  two seemingly good 
reasons for this :  the  te t rahedra l  crystal  field ground 
s ta te  of Co 9+ is 4A2, a pseudospherical  state,  whereas 
the  octahedral  field ground s ta te  is non-spherical and 
ve ry  complicated (see e.g. van  Santen  & van  Wieringen, 
1952); thus  the  Co ~+ ions would prefer the te t rahedra l  
and  non-selective dodecahedral  sites. The other reason 
is not  as impor t an t  as it is interesting. I t  is usually 
though t  t h a t  the  Co 2+ ion is 'colored' blue in te tra-  
hedral  and  red in octahedral  complexes (see e.g. 
Grum-Grzhimailo & Pliusnina,  1958). In  fact  in the 
spinel-type compounds CoA1204 and GeCo~.04, this i s  

the case: the former is blue, the la t ter  red.* The gar- 
nets containing the Co ~+ and any  'uncolored ion' are 
all blue (Table 1). Fur thermore ,  when Co e+ ion occurs 
in a garnet  containing another  'colored ion', the re- 
sul tant  color is wha t  would be expected from combina- 
t ion of p r imary  colors. For  example Ca~ZrMgGeaO~ 
is white indicating t ha t  all of its ions are 'white ' ,  
CaaZrCoGeaO~ is blue, CaaTi~gGeaOte is yellow; 
Ca~TiCoGeaO~ is green. 

Despite all this, the above considerations did not  
lead to the correct prediction. The Co e+ ions which 
are not  in the dodecahedral  sites are apparen t ly  in the 
octahedral  sites. Of course, the par t icular  measure- 
ments  made  cannot  tell us really just  how m a n y  Co e+ 
ions do occupy te t rahedra l  positions, but  there are 
probably  few. 

Because this result  was really unexpected,  corrobo- 
ra t ive  experiments were carried out. There was good 
reason to suppose from earlier work (Geller & Miller, 
1958a~, b) t h a t  t in and zirconium would occupy 
octahedral  sites in the garnets.  (A natura l ly  occurring 
mineral  garnet ,  Kimzeyite ,  containing a substant ia l  
amoun t  of Zr ~+ ion (Milton & Blade, 1958) has also 
recently been reported.)  The garnets  

{Caa} [ZrM e+] (Ge~)Ole 

(Table 1) most  likely have the ion distr ibution indi- 
cated by  the  brackets.  We a t t empted  to subst i tute  
various amounts  of Zr 4+ for Ge 4+ in the CoGdsCosGea0~. 
garnet  wi thout  success. This is not cited as conclusive, 
bu t  ra ther  as corroborative evidence. To be sure, it is 
possible t h a t  the experimental  conditions were not  
favorable f0r this substitution. But because it is very 
probable t h a t  the Zr~+ ion would go only into octa- 
hedral  sites, this gives some indication t ha t  the Co e+ 
could not  be forced into the te t rahedra l  positions. 
Exper iments  were also carried out with Sn 4+ with 
similar results. 

Now a dis turbing feature  of the result is the color 
of the  octahedral  Co e+ ion in the garnets.  I t  was felt 

* This has been reported by Romeijn (1953) and confirmed 
by us. 

~- See also Geller, Bozorth, Gilleo & Miller (1959). 

t h a t  perhaps  another  example of blue octahedral  Co 2+ 
ion could be found. There has been some work a t  these 
Laborator ies  on tungs ta tes  (see e.g. Van  Ui te r t  & 
Soden, 1960; Peter ,  1959). A recent  s t ruc ture  deter- 
minat ion of NiWO4 (Keeling, 1957) indicates t h a t  
both the  Ni 2+ and ~r4+ ions have  octahedral  coor- 
dination. Crystals of Co~¥04 were prepared  by  Van  
Ui ter t  & Soden (1959). When  pulverized, these had 
the  same blue color as the  cobalt  garnets.  A single 
crystal  of COW04 photographed with a Buerger  pre- 
cession camera indicated t h a t  it  was isostructural  
with NiW04. Thus it appears  t ha t  subtle distort ions 
of the  octahedral  field about  the Co e+ ion make  ex- 
t reme changes in its color. 

Wi th  regard  to the ion distr ibution in the  other  
garnets,  we have not  done accurate  intensi ty* or 
magnetic  measurements .  Bu t  some qual i ta t ive ex- 
periments  and considerations of ionic size allow us to 
draw some ten ta t ive  conclusions. For  example,  the 
garnets  

CuGd~.Cuo.Gea012, Gd3CueGaGe2012, CdGd2Cd2Ge3012 

did not  form under  the conditions of our experiments.  
Thus in CuGd2Mn2Ge3012 and in CdGd2Mn2Ge~O12, the  
Cu 2+ and Cd 2+ ions are probably  mostly,  if not  entirely, 
in dodecahedral  sites. The Ca 2+ ions in the various 
garnets  are also almost  surely entirely in the dodeca- 
hedral  sites. In  CoGd2Mn2Ge3012, the Co e+ ions are 
probably  most ly  in octahedral  sites as indicated by 
the blue color of the material ,  and because Co 2+ ion 
is smaller than  Mn 2+. The garnets  ZnGd2Zn2Ge301~_ 
and NiGd2Ni2Gea012 would not  form under  the con- 
ditions of our experiments. However, the garnets 
Gd3Zn2GaGe2012 and GdaNi2GaGe2012 (Table I(C)) 
formed readily, a strong indication t ha t  in the garnets  
ZnGd2Mn2Gea012 and NiGd2Mn2GeaO,2, the Zn 2+ and 
Ni 2+ ions are most ly  in the octahedral  sites. Because 
MgGd2Mg2Ge3012 and GdsMg2GaGee012 both exist as 
in the ease of the Co 2+ compounds,  Mg 2+ m a y  occupy 
either the dodecahedra l t  or octahedral  sites. I t  is prob- 
able, however,  t ha t  because Mg ~+ is substant ia l ly  
smaller t han  Mn 2., it will prefer the oetahedral  sites 
in MgGd2Mn2Ge3012. 

In  garnets  of the type  CaaM4+M2+Gea01~. it is prob- 
able t ha t  all the t e t rava len t  a toms other  t han  Ge 4+ 
will prefer the octahedral  sites because of relat ive size. 
The Zr 4+ ions are very  large and almost  surely would 
not  go into te t rahedra l  sites. The Sn 4+ ions would 
strongly prefer the oetahedral  sites, but  slight amounts  
could interchange with Ge 4+. In  the case of Ti 4+, it is 
probable t ha t  al though strongly preferring the  octa- 
hedral sites as against  Ge 4+ more Ti n+ would inter- 
change with Ge 4+ than  would Sn 4+. A cursory a t t e m p t  
to make  the garnet  CaaNiTi2Ge2012 did not  produce 

. . . . . . . .  

* In some cases, it, is possible to draw some conclusions 
regarding ion distribution from a qualitative comparison of 
powder photographs. 

t The Mg 2+ ions also occupy dodeeahedrM sites in the 
pyrope garnet. 
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a single phase but did produce a garnet phase with a 
substantially larger lattice constant than that  of 
CaaTiNiGea01~.. 

The garnet {Mna}[NbZn](FeGeg)01~ probably has 
the distribution indicated. It  would not be surprising 
if the Ta 5+ ion could be substituted for Nb 5+ in this 
garnet. The V 5+ ion, however, being much smaller 
than Nb 5+ might be expected to show a preference for 
tetrahedral sites. Attempts to make garnets with 
more Fe a+ ion in the tetrahedral sites such as 
{Mna} [NbSc] (Fe2Ge)01e were not successful. The gar- 
net {Mna}[NbZn](FeGe2)01~ does not appear to be 
ferrimagnetie down to liquid N2 temperature. How- 
ever, it is possible that  it does become ferrimagnetic 
at lower temperatures. 

We wish to thank T. Y. Kometani and E. Bloom 
for chemical analyses of some of the specimens and 
Mrs A. Werner for translating the Grum-Grzhimailo 
and Pliusnina article from the Russian. 

A P P E N D I X  

The program used to compute the powder intensities 
was written in Fortran for the IBM type 704 Data 
Processing System; it is an extension of an earlier 
program modified to include the imaginary part of the 
dispersion correction and to bring out significant 
internal details of the calculation. The logical flow is 
largely based on that  of a structure factor program 
originally devised by J. N. Hobstetter. 

The program treats any structure (centrosymmetric 
or otherwise) in any of the three orthogonal systems, 
the hexagonal, or the trigonal. A code number for the 
system is read in with the input data to route the 
internal flow appropriately. Reflection indices are 
internally generated and limited to those which are 
symmetrically non-equivalent in the particular system 
and which result in a value of sin e 0 less than a value 
specified at object time. To maintain the generality 
of the program without incorporating a separate sub- 
routine for each space group, the coordinates of all 
atoms in the cell are read in, however related by 
symmetry. In a structure of some complexity, this 
may be not only inconvenient but can result in error 
when manually handling a quantity of data. In the 
present case, a short separate program was written to 
generate the 96h equivalent positions of the oxygens 
from the one set of parameters and to punch these in 
the format required by the main program. 

It is desirable in a structure factor or intensity 
program to distinguish between systematically absent 
reflections and those of negligible intensity. It is also 
desirable to avoid summation errors over terms which 
should be identically zero but for which the machine 
may in fact be retaining small residuals. The following 
two rather arbitrary devices have been evolved which 
seem to have met these problems satisfactorily in the 
structures we have treated to date: First, when the 

summation of the trigonometric terms for the j th  set 
of i crystallographically equivalent atoms is formed, if 

{I.Scos 2zc(hx~+lcy~+lz~)l + I.Ssin 2z~(hx~+lcy~+lzdl} 
i i 

_< 0.00001, 

the respective cosine and sine terms are set identically 
equal to zero and the interpolation of the atomic 
scattering factor is evaded. Second, on having formed 
over the j non-equivalent crystallographic species the 
summations of the cosine and sine contributions to the 
structure factor, both real (A, B, where the respective 
atomic scattering factors include the real part of the 
dispersion correction and the isotropic temperature 
factor) and imaginary (A', B', including the imaginary 
part of the dispersion correction and the isotropic 
temperature factor), if the integer part of 

1000(IA 1 + IBI + IA'I + IB'[) = 0 ,  

the reflection is regarded as extinguished and further 
computations bypassed. 

Output data are written on two tapes. One of these 
presents but one line of data per reflection and gives 
the indices, d, 0, the real part of the intensity 
(A~+ BZ). LP, and the total intensity 

[(A--B') 2 + (B + A')e] .LP. 

This tape is punched onto cards which are sorted on 
0 and listed to give the reflections in order of their 
appearance. No absorption or multiplicity factors 
have been included. These may be applied manually 
where needed. A suitable way to treat multiplicity 
factors of complex patterns is also with small separate 
programs using the cards thus produced as input data. 

The second tape prints the above results in order of 
the generation of reflections and provides the following 
additional data: the real and imaginary contributions 
to IF2 I, and, for each j th  crystallographically non- 
equivalent atomic species, the number j of the species, 
A# Bj, A~, B~, and the atomic scattering factor in- 
cluding the real part of the dispersion correction, both 
with and without the isotropic temperature factor. 

We have found this rather detailed exposure of the 
behavior of the various atomic species to be of sub- 
stantial benefit. I t  reveals the sensitivity of critical 
reflections to adjustment of any of the parameters. 
This can be of particular value in the earlier stages of 
analysis for the examination of trial structures, gener- 
ally prior to any contemplated refinement routines. 
The distribution of Co e+ ions described in the present 
paper is a case in point. 

The program as presently constituted used ap- 
proximately 5-4 sec. of computing time per reflection 
in summing over the total of 160 atoms per cell. The 
detailed print-out entailed an observable increase in 
writing time over previous programs. The program can, 
of course, be expedited for centrosymmetric structures 
by omission of sine terms. While this is easily done with 
octal correction cards, we have found it advantageous, 
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par t icular ly  with r a the r  complex centrosymmetr ic  
s tructures,  to preserve these terms for a t  least the  
ear ly  computat ions,  as errors in input  da t a  can be 
detected and isolated by  spurious non-zero values of 
B-contributions.  
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One contributing factor for the necessity of damping factors to insure convergence in the least- 
squares analysis of crystal structure parameters is the neglect of higher order derivatives in the 
Taylor series approximation for / IF .  I t  is shown here how a second derivative term can be introduced 
into the general framework of the procedure without requiring a major change in existing computa- 
tion programs. 

On the Taylor series approximation of A F  

It is a well established fact that the corrections 
2~Ax of positional parameters  calculated from the 
approximat ion  

A F = ~ (dFcddx) 2 ~A xi 
i 

by least-squares procedures often do not  result  in 
convergence to a value 27exi when these corrections 
are used as successive approximations.  This s tate  of 
affairs can be remedied by the  application of a rb i t r a ry  
damping factors to these calculated values of 27dx~. 
Usually,  the damping factors used in the first cycles 

have values between 0.2 and 0.5. These values are 
adjus ted upwards  either arbi trari ly,  or according to a 
scheme such as t ha t  proposed by  Vand & Pepinsky 
(1958) as convergence is approached.  The use of 
damping factors is somewhat  unsat isfactory,  since 
there appears  to be no theoretical basis for it. Since 
the best damping factor for a specific set of da t a  is 
not  known, convergence will be generally slower t han  
the ideal ra te  and non-uniform for different a toms 
(unless individually adjustable  damping factors are 
used). 

Up to now, the  feeling existed t ha t  the  need for 
damping factors can solely be associated with the  


