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extent ,  and may  well account  for the similari ty in the 
c o parameter .  

The Pb ion apparen t ly  plays an impor t an t  role in 
main ta in ing  strong linkages between Nb06 octahedra  
in the (001) planes. Removal  of more than  a small 
amoun t  of Pb from the  lat t ice seems to result  in a 
breakdown of these linkages, and of the co-operative 
ionic displacements associated with ferroelectricity. 
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I~lolanite is hexagonal, probably P63mc, with a ---- 5.85, c = 9.29 A, and formula approximately 
Fp+2V+3V+4(~ The structure, which was refined by c- and a-axis projections, consists of a close- ~2.5--1.5--6 ~16" 
packed hexagonal (ABAC) framework of 16 oxygen anions, with metal ions in some of the inter- 
stices. The tetravalent vanadium ions occupy a 6-fold position of octahedral coordination, while 
the iron and trivalent vanadium ions are distributed among two 2-fold positions (on the 3-fold 
axes), one of octahedral and one of tetrahedral coordination. Results obtained with different radia- 
tions suggest that  trivalent vanadium has a strong, but not exclusive, preference for tetrahedral 
coordination. 

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

The recent ly-named i ron -vanad ium mineral  Nolani te  
has been discussed by Barnes & Qurashi (1952) and 
by Robinson,  Evans,  Schaller & Fahey  (1957). Their  
crystal lographic conclusions may  be summarized as 
follows : 

Nolani te  is hexagonal,  P-62c, P6.~mc, or P63/mmc 

a -- 5.854+0.005, c = 9.295+0.010 A .  

The structure suggested by the uni t  cell is a frame- 
work of 16 close-packed oxygen anions, with cations 
in some of the interstices. 

Two chemical analyses are quoted, one for a reason- 
ably large sample of impure massive material ,  and the 
other  for 25 rag. of hand-picked crystall ine material .  
Assuming 16 anions per uni t  cell, the chemical for- 
mulae suggested by these analyses are, respectively 

and 
F e + 2 V + 3 V + 4 0 1 6 . 0  2.8 1.5 5.5 

F,~+2 v + 3 V + 4 N  
"2.5 Vl.7 5.5 v16.0 

(analysis 1) 

(analysis 3) . 

Because of recognized uncertaint ies  in the analyses,  
no definite chemical formula was given. 

I t  is suggested on crystal  chemical grounds t h a t  
there are 10 cations in the  uni t  cell. Moreover, it  is 
expected t ha t  iron may  subst i tute  for vanad ium on 
one or more crystal lographic sites, so t ha t  the F e N  
and V 3+ :V 4+ ratios need not  be rat ional .  

A s s u m p t i o n s  for the  p r e s e n t  p a p e r  

In  what  follows, the  chemical formula is assumed, 
for convenience, to be 

(Fe, V)4V6016 
where (Fe, V) is a composite ion such t h a t  (Fe,V)4 = 
2-5 Fe2++ 1.5 V 3+ and V is t e t rava len t  vanadium.  This 
formula was obtained,  somewhat  arbi trar i ly,  by aver- 
aging the  two given in the preceding section, and  
rounding out the  quant i t ies  to integral  values. I t  will 
be shown t ha t  the assumption of this formula leads to 
a plausible s t ructure which is consistent  with the X-ray  
data.  Nevertheless, it  must  be emphasized t ha t  the  

48* 
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formula  can be only approx imate ly  true,  and tha t  
minor depar tures  from it would not  be detected by 
the methods employed. 

E x p e r i m e n t a l  d e t a i l s  

The mater ia l  available for X-ray examinat ion  con- 
sisted of irregular platelets normal  to c. Sat isfactory 
crystals were scarce, but  two were finally selected for 
the collection of intensi ty data .  One of these, ap- 
proximate ly  0.09 × 0"09 × 0.015 ram., was used for 
recording (hO.1) reflexions on Weissenberg photo- 
graphs,  with rota t ion about  the a axis. Absorpt ion 
corrections were applied following the method of 
Howells (1950), and assuming the crystal  to be a prism 
of cross-section 0.09 x0.015 ram. The absorption co- 
efficients used were 97 cm. -~ for molybdenum,  and 
327 cm. -x for chromium. For  the la t ter  radiat ion,  
some of the corrections were found to be large, and 
critically dependent  on the angles between the plane 
of the platelet  and the incident and emergent  beams. 
The reflexions involved were omit ted from the struc- 
ture  analysis. 

A second crystal ,  of mean 'd iameter '  0.2 mm. and 
0.028 ram. thick, was used for recording (hk.O) and 
a few of the more intense (hk.1) reflexions. The la t ter  
were recorded on levels normal  to c, for values of 1 
up to 8. For  this crystal  the c axis was always used as 
the  rota t ion or precession axis, with the result tha t ,  
for any  photograph,  the angles between the plane of 
the  platelet  and the  incident and emergent  beams were 
constant .  In  order to reduce absorption errors, the 
recording techniques were so devised tha t  these angles 
were never less than  10 ° ; for this purpose it was neces- 
sary  to record some of the upper  levels (corresponding 
to low values of l) on general-inclination Weissenberg 
photographs.  Absorption corrections were deemed to 
be unnecessary for da t a  recorded with this crystal.  

A summary  of the recording techniques and the 
radiat ions used to obtain three classes of reflexion is 
given in Table 1. Tbe more intense reflexions in the 
(hk. 0) and (h0.1) zones were recorded by integrat ing 

Table 1. Summary of recording techniques 
Radiation (h/¢. 0)* (h0. l)* 

Me A, B C 
Cu A 
Co A, B 
Fe A 
Cr A, B C 

:Number of reflexions 36, 121, 
observed, and number 

318 theoretically observable 74 
for group (molybdenum 
only) 

* More intense reflexions integrated: 
A Precession photograph. 
B Anti-equi-inclination Weissenberg. 
C Normal-beam Weissenberg. 
D Equi-inclination Weissenberg. 
E General-inclination Weissenberg. 

(hk. t) 

D, E 

39, 

890 
(Excluding (hk. O) 

and (h0.1)) 

techniques, and photometered.  The others were re- 
corded without  in t e~a t ion ,  and es t imated visually. 

The intensi ty da ta  for the (hk.O) zone are believed 
to be the  most  accurate.  The da ta  for the (h0.1) zone, 
because of absorption errors perhaps  not  precisely 
corrected, are probably  somewhat  less reliable. The 
few general (hk.1) da ta  depend entirely on visual 
estimates,  and are also probably  in error because of 
difficulties in correlating the different levels; they  are 
probably  the least reliable of all the intensi ty  data .  

D e t e r m i n a t i o n  of the  s t r u c t u r e  

The main features of the s t ructure  were established 
with the aid of the molybdenum da ta  alone, and d a t a  
obtained with other radiat ions were used to invest igate 
certain secondary characteristics. 

For  a s t ructure based on a close-packed hexagonal  
f ramework of 16 anions, all interionic vectors should 
te rminate  on or near  the lines (in vector space) 
(O0.z), (½0.Z), (~-.Z), 11 (ss.z). A three-dimensional  Pat -  
terson synthesis, rapidly computed for these lines 
only, suggested a plausible s t ructure  (in the  non- 
centrosymmetr ical  space group P63mc ) which was 
subsequently refined. 

The close-packing of the anions in this s t ructure  is 
double-hexagonal  (ABAC). The 10 cations occupy one 
6-fold position of octahedral  coordination, and two 
2-fold positions (on the 3-fold axes), one of octahedral  
and one of te t rahedra l  coordination. 

R e f i n e m e n t  of the  s t r u c t u r e  

The s t ructure  was refined with the aid of c- and 
a-axis projections. In  order to minimize errors due to 
the omission of the many  unobserved reflexions, the 
atomic positions were est imated a t  each stage of 
refinement by comparison of Fo and Fc syntheses.  
Much of the refinement was achieved by computing 
these syntheses for a few lines only. 

The atomic scattering-factor curves used in the struc- 
ture-factor  calculations are those listed for neutra l  
a toms in the Internationale Tabellen (1935). The curves 
for iron and vanadium are modified, for each of the  
several radiat ions used, by the addition of Af ' ,  the  
real par t  of the dispersion correction. The values of 
Af '  for molybdenum,  copper, and chromium radiat ion 
were taken from the table published by Dauben & 
Templeton (1955). Values for iron and cobalt radiat ion 
were obtained by interpolation of this table.  A tem- 
pera ture  factor B = 0.58 •2 was es t imated during the  
refinement of the c-axis projection ; this value was used 
for all subsequent s t ructure-factor  calculations. 

I t  was initially assumed tha t  the 6 vanadium ions 
(V 4+) occupied the 6-fold position, and tha t  the 4 
composite (Fe, V) ions occupied the two 2-fold sites. 
This seems a reasonable assumption;  t ha t  it is not  
inconsistent with the X - r a y  da ta  is showal by the  
agreement  in Table 2 between the observed and the 
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Table  2. Observed and calculated structure amplitudes 
for (hk. O) zone, molybdenum radiation 

hlc . 1 .Fo Fc hk . l Fo -Fc 
10"0 19"9 --24-2 15'0 7"4 -- 7"8 
20"0 66"5 --65"3 17"0 15"5 15.5 
30"0 29"8 31"0 1,10,0 9"3 9"3 
40"0 46"3 --48"1 23"0 8"2 -- 12"6 
50"0 12"4 --11"6 24"0 36"5 --40"0 
60"0 95-5 98"7 25"0 15"9 16"6 
80"0 24"2 --24"4 26"0 25"6 --28"7 

10,0,0 17-8 -- 17"2 27"0 7"8 -- 6"7 
12,0,0 29"4 27"8 28"0 48"0 50"6 

11"0 42"1 42"7 2,10,0 14"8 --14"2 
22"0 188"2 175"2 2,1%0 11"3 -- 9"6 
33"0 22"6 23"4 34"0 12"2 -- 8"8 
44"0 81"4 80"9 36"0 13"3 12-8 
55"0 16"6 13"7 39"0 11"5 9"6 
66"0 40"4 39"5 46"0 22"2 --21"7 
12"0 19"3 --16"6 48"0 16"2 --15"5 
13"0 10"6 -- 12"4 4,10,0 24"2 24"7 
14"0 24"1 24"6 68"0 12"6 --11"6 

u l t i m a t e  ca lcu la ted  values  of F(hk.0). The  a g r e e m e n t  
res idual  (R = .~JFo-FcJ/.~JFoJ) is 5"9% for th is  zone. 
Values  of •(hk.0) cor responding  to  unobse rved  re- 
f lexions were calculated,  but  are no t  t a b u l a t e d  because 
n o n e  of t h e m  exceeds  the  e s t i m a t e d  m i n i m u m  ob- 
se rvable  value.  

The  ag reemen t ,  a l t h o u g h  good,  does no t  es tabl i sh  
t he  p roposed  s t ruc tu re  b e y o n d  doubt .  The  difference in 
t h e  effect ive sca t t e r ing  powers  of t he  v a n a d i u m  and  
of the  composi te  (Fe,V) ions is, for m o l y b d e n u m ,  only  
a b o u t  2 electrons,  and  the  a g r e e m e n t  res idual  is no t  
ve ry  sensi t ive  to changes  in the i r  d i s t r ibu t ion .  S t ronger  
ev idence  is p r o v i d e d  by the  cor responding  a g r e e m e n t  
(in Table  3, co lumn b) for c h r o m i u m  rad ia t ion .  The  
dif ference in effect ive sca t t e r ing  power  of t he  two  
cat ions is a p p r o x i m a t e l y  doubled ,  and  it is f ound  t h a t  
any  s igni f icant  change  in the i r  d i s t r ibu t ion  causes a 
r ap id  worsen ing  of ag reement .  D a t a  for some o the r  
r ad i a t ions  are g iven  in ad j acen t  co lumns  of Table  3. 
I t  is pe rhaps  well to po in t  out  t h a t  t he  var ia t ions  in 
the  observed  values of F(hk.0) are real, and  do no t  resul t  
f rom errors in scaling. This  fact  is i l lus t ra ted  in the  
f inal  co lumn of Table  3 in which  observed  and  cal- 
cu la ted  va lues  of t he  ra t io  

F(hk. 0) (cob alt  ) : F(h~. 0) (c hro m iu m ) 

are  compared .  These  two rad ia t ions  were chosen as 

e x t r e m e  examples ;  for cobal t  t he  difference in effect ive 
sca t te r ing  powers  of t he  cat ions is ve ry  small ,  and  for 
c h r o m i u m  it  is a m a x i m u m .  

The  a g r e e m e n t  t h r o u g h o u t  Table  3 is good. I t  is 
therefore  surpris ing to  f ind t h a t  for all r ad ia t ions  t he  
ca lcula ted  value  of ]F(lo.o)I exceeds  the  obse rved  va lue  
by  abou t  4.8, or more  t h a n  25%.  However ,  for th is  
ref lexion,  sin 0/2 = 0.099, and  the  effect  of ion iza t ion  
m u s t  be considered.  Now,  [Fo0.0) [ can be calcula ted,  
wi th  an error of less t h a n  2 %, as 

2f(2-fold cation)--f(6-fold cation) • 

The sense and  m a g n i t u d e  of t he  d i sc repancy  sugges t  
t h a t  t he  2-fold cat ions ( tha t  is, (Fe,V)) are m u c h  more  
s t rong ly  ionized t h a n  the  others.  No reasonable  as- 
s u m p t i o n s  for t he  ion iza t ion  of t he  an ions  h a v e  any  

--+ 
- - - o  A f ' =  - 4 . 4  e 

I~ - - + - -  A f '  = --5"l e 
II 

1 ° ' ° i  \ - - x - -  

\ 
R - \ ' -  " 

-- ~0~~\\,, X"x 
+ + 

8'0 ~ ,  ,X .X _X....X~ ~ 

- ~ , x  P ",+¢~.-o...-b" 
7"0 - ." 

I I I i I 
V 0"0 0"15 0"30 0"45 0"60 0"75 
Fe 1 "0 0"85 0"70 0"55 0"40 0"25 

Ions in tetrahedral site 

Fig. 1. Curves of agreement residual ((h0. l) reflexions) against 
structure type, assuming different values of Af" for vana- 
dium, with Cr radiation. 

Table  3. Comparison of observed and calculated structure amplitudes for (hk. O) zone, with different radiations 

a b c d e f 
Mo Cr Co Cu Fe FCo : FOr 

Af" = +0-3(V) Af" = --4.4(V) Af" = --0.4(V) Af' = 0 (V) Af" = --0.9(V) 
-- +0.4 (Fe) ---- --1.6 (Fe) ---- --3.6 (Fe) ---- --I-I (Fe) = --2-1 (Fe) 

hk. 1 Fo Fc Po Fc 2'0 Fc 2'o Fc Fo 2'c Obs. Cale. 
10.0 19.9 --24.2 18.4 --23-1 15.3 --19.6 17.6 --22.5 16.2 --21.6 0.83 0-85 
20.0 66.5 --65.3 44.4 --45.9 54-8 --58-2 62.0 --62.6 58.9 --58-2 1.23 1-27 
30.0 29.8 31.0 28.8 28.7 23.6 22.1 26.6 27-6 0.82 0.77 
40.0 46.3 --48.1 30.6 --29.8 41-0 --41.3 1-34 1-39 
11.0 42.1 42-7 39.3 40-1 34.0 33.3 38.8 39.0 37.3 37.2 0-86 0.83 
22.0 188.2 1 7 5 . 2  1 4 0 . 2  137.6 1 5 9 . 1  161.0 1.13 1.17 
12.0 19.3 --16.6 16.6 --14.8 
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Table 4. Observed and calculated structure amplitudes 
for (hO. l) zone, chromium radiation 

h0. l -~o F¢ h0. l Fo F~ 
00.2 49-6 37.2 20.2 62.0 53.9 

(00-2) ~ (43-5) 20"3 53"2 48.7 
00.4 36"5 34.8 20.4 48.2 47.0 
00-6 52"5 60.6 20.5 95"5 97-9 
10-1 10-2 10-3 20.6 28.6 29.6 
10.2 42.2 41.8 20.7 17.1 11.4 
10-3 60"0 60"3 30.2 50.0 52.2 
10-4 10.2 5.9 40-1 30"6 33.0 
10.5 24"6 28.1 40.2 28.0 26.2 
10.7 35"7 37.0 40.3 24.2 27.2 
20.1 52"3 55.3 

appreciable effect on the calculated value of Fo0.0). 
In the c-axis projection, the two non-equivalent 

(Fe,V) ions overlap completely, and there is no pos- 
sibility of distinguishing between them. In the a-axis 
projection, however, they are well resolved, and it is 
possible, at least in principle, to discover their in- 
dividual compositions. 

At a late stage in the refinement of this non-centro- 
symmetrical projection two extreme structures were 
proposed. In the first, the 2-fold tetrahedral site was 
assumed to be occupied exclusively by iron; in the 

second, the 2-fold octahedral site was assumed to be 
so occupied. In each structure, of course, the formula 
was satisfied by assuming the unspecified 2-fold site 
to be occupied by 0.75 V and 0-25 Fe. Structure 
factors corresponding to the (h0. l) data obtained with 
chromium radiation (for which the difference in the 
effective scattering powers of iron and vanadium is a 
maximum) were calculated for the extreme and for 
various intermediate structures. The agreement re- 
sidual was calculated for each structure. (F(00.2) was 
not considered, because its value might have been 
affected by ionization.) A curve of agreement residual 
against structure type (Fig. 1) shows that  the best 
agreement is obtained for an intermediate structure in 
which the tetrahedral site is occupied by 0.53 V and 
0.47 Fe. The 2-fold octahedral site in this structure is 
occupied by 0.22 V and 0.78 Fe. 

Values of Af'  are stated to be uncertain in the 
neighbourhood of an absorption edge, and it is there- 
fore of interest to investigate the effect of variations 
in : i f '  for vanadium, with chromium radiation. Values 
of -5 .1  and - 3 . 7  electrons (instead of the initially 
assumed value of -4 -4  electrons) were therefore used 
in additional structure-factor calculations. The larger 

Table 5. Observed and calculated structure amplitudes for (hO. l) 

hO.1 Fo Fc 
00.2 79-0 55.5 

(00-2) - -  (62-2) 
00.4 59.6 51.7 
00.6 92.0 88.5 
00.8 87.6 85.4 
00.10 74.0 74-3 
00.12 25.2 23.3 
00.14 44.7 32-1 
00.16 36-5 30.4 
00.18 36.6 27.4 
00.20 21.6 21.1 
00.22 21.1 19.4 
00-24 12.9 8.0 

10.0 19.9 24.2 
10.1 17-7 15.6 
10.2 57-6 51-6 
10-3 76-5 75-1 
10-4 14.0 8.0 
10.5 34.0 32.5 
10.6 < 5  6-6 
10-7 54.8 51.5 
10-8 27.0 25.3 
10.9 11.8 15.1 
10-10 14.2 16.5 

10'11 10'8 10'9 
10-12 11-4 14-5 
10.13 22.2 22-0 
10.15 20.9 21.3 
10.17 10.0 10.9 

20.0 66.5 65.3 
20-1 75.7 78.7 
20.2 65.4 57.2 
20.3 64.5 62.2 
20.4 63-5 61-8 
20-5 131-8 128.6 
20.6 38.3 36.0 
20.7 33.2 28.6 

h0.1 Fo Fc 
20.8 13.5 14.1 
20.9 45.8 38.4 
20.10 55.6 52.4 
20.11 34-3 38.4 
20.12 25.4 24.4 
20.13 40-9 39.5 
20.15 40.0 33-9 
20.16 < 1 0  11.5 
20.17 19.8 19.1 
20.18 15.5 20.7 
20.19 10.9 9.6 
20.21 < 11 12-9 
20-23 20.4 17.0 

30.0 29.8 31.0 
30.1 14.5 8.1 
30.2 69.2 70.1 
30.4 14.1 11.4 
30.5 < 5 5.8 
30.6 9.1 12.0 
30"7 4"9 4.4 
30"8 36"1 42.9 
30-10 30.6 28.4 
30"12 30"1 26-6 
30"14 < 9 12.2 

30.16 < 9 9.2 
30-20 15.7 14.8 

40.0 46.3 48.1 
40.1 51.0 56.3 
40.2 28.1 30.0 
40.3 35.8 40.3 
40.4 39.8 42.7 
40.5 87.9 95.2 
40.6 25.2 26.8 
40.7 22.4 23.7 
40.8 10.2 12.7 
40.9 32.8 31.5 

hO.l Fo 
40'10 44"1 
40" l l  30"6 
40"12 22"6 
40"13 35"1 
40-15 31"9 
40"17 15"8 
40"18 15"3 
40"21 < 10 
40"23 17"0 

50"0 12"4 
50"2 17"4 
50"3 42"6 
50"4 < 5  
50.5 17.9 
50-7 28.7 
50"8 13.4 
50.10 8.9 
50.11 13.7 
50.12 < 10 
50"13 10.9 
50"15 11.2 

60"0 95.5 
60.2 19.1 

60.4 30.g 
60.6 40.4 
60.8 41.5 
60-10 48.O 
60.12 15.8 
60.14 19.5 
60.16 19.6 
60.18 25.2 
60.20 15.1 
60.22 13.7 

70.1 < 8 
70.2 21.0 

zone, molybdenum radiation 

41.9 
31.8 
20.2 
33.9 
29.3 
16.8 
18.3 
10.6 
15.4 

11.6 
24.8 
46-8 

5-1 
23.4 
27.1 
16-4 
10.9 
11-4 
10.3 
12.7 
13.4 

98.7 
19-4 

32.7 
43.1 
42.1 
44.7 
14-4 
19.6 
20.6 
20.5 
14.9 
13-4 

8.1 
16-7 

h0.l Fo ~c 
70.3 19.8 22.7 
70"5 12.1 12.0 
70"7 28.6 26.9 
70.8 13.5 11.7 
70-9 < 10 10-3 
70-13 < 12 14-8 
70-15 < 1 2  14"7 

80"0 24.2 24-4 
80"1 21-8 25-5 
80-3 12.8 18.3 
80.4 13.2 17.9 
80.5 46.0 45"9 
80.6 9.7 13-0 
80-7 < 10 10.8 
80-9 15-3 ]5.9 
80.10 19-2 22.1 
80-11 16.5 18.2 
80.13 18.2 20.7 
80.15 18.4 18.3 

90"2 22.2 21.7 
90.8 15-6 16-5 
90-10 < 1 2  12-1 
90.12 < 1 2  12-2 

10,0-0 17-8 17.2 
10,0.1 15.2 17-5 
10,0.3 < ] l 11.8 
10,0.5 17.4 30-7 
10,0"11 < 11 11"9 
10,0.13 < 11 14.6 
10,0.15 15.1 13-7 

11,0"3 15-6 15.4 

12,0.0 29.4 27.8 
12,0.10 16-2 16.8 
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value was obtained from HhnTs equation for the K 
electrons only (James, 1948), while the smaller was 
chosen arbitrarily. Curves corresponding to these 
values are also shown in Fig. 1. It  appears that  the 
position of the minimum is only slightly altered by 
the use of the extreme values for zJf'. However, for 
the lower value, the minimum is very shallow, and its 
actual position is therefore indefinite. This curve could 
hardly be said to imply more than a strong preference 
of the vanadium for the tetrahedral site. 

I t  is clear that  the validity of the proposed iron- 
vanadium distribution depends on both the accuracy 
of the experimental data and the approximate cor- 
rectness of Dauben & Templeton's value of Aft. In 
support of the latter it can be shown that the agree- 
ment between observed and calculated values of 
F(hT~.o) (Table 3, column b) is appreciably worsened if 
either of the extreme values of zJf' for vanadium is 
assumed. I t  seems likely that the true value of Af' 
is within the limits investigated, and that  the apparent 
distribution of iron and vanadium among the 2-fold 
sites merits tentative consideration. 

Structure factors were calculated for the inter- 
mediate structure, and are compared with the ob- 
served data in Tables 4, 5, and 6. For molybdenum 

Table 6. Observed and calculated structure amplitudes 
for (hk. l) reflexions, molybdenum radiation 

hk.  l Fo Fc hk. 1 .Fo -Fc 
11"2 94"0 89"4 21"3 76"2 66"2 
11"4 16"5 14"6 21"5 32"7 30"7 
11-6 10"0 13"9 21"7 43"5 40"8 
11"8 38"4 47"5 31"3 48"4 50"0 
21"2 40"0 37"3 31"5 25"0 24"2 
31"2 34"1 31-1 31"7 41"7 40"2 
41"2 50"7 53"1 51-3 34"5 38-7 
41"8 32-2 34"4 51"7 26"8 27"3 
22"2 40"9 31"8 61"7 31"3 26"7 
22"4 46"6 43"7 32"3 35-1 40-2 
22"6 61-6 66-5 32-5 19"2 19"8 
22"8 49"2 63"8 32-7 38"4 39"5 
32"2 32"0 27"8 42"1 38"2 45"5 
42-4 46"6 32-7 42"3 26"1 31"0 
42"6 19"6 21"5 42"5 76"4 75"9 
52"2 33"6 38"2 62"5 59"2 53"0 
33"2 41-1 48"2 43"3 32"2 37"3 
44"4 25"7 27"4 43"7 23"5 22"6 
44"6 29"6 36-1 64"5 44"8 39-6 
44"8 32"6 35"8 

radiation, values of F(h0.0 corresponding to un- 
observed reflexions were calculated, but are tabulated 
only when they exceed the estimated minimum ob- 
servable value for the reflexion. The agreement residual 
for the (hO.l) data (molybdenum) is 9.5% if the un- 
observed reflexions in the table are ignored, and 
12.2 % if they are assumed to have half their minimum 
observable value. Values of F(hk.~)corresponding to 
unobserved reflexions were not calculated. The agree- 
ment residual for the (hk.1) data (excluding (hk.O) 
and (h0.l)), is 11.0%. 

The differences between the observed and cal- 
culated values of IF(00.2)[ are rather large, for both 
molybdenum and chromium. Unfortunately the ob- 
served values are probably not very accurate; for 
molybdenum the reflexion was partly obscured by 
low-angle scatter, and for chromium the absorption 
correction was large and therefore probably unreliable. 
However, sin 0/), = 0.108 for this reflexion, and it 
may be that ionization of the 2-fold cations contrib- 
utes to the discrepancies. The structure factors were 
recalculated with the scattering factors of each of the 
2-fold cations reduced by 2.4 electrons; that  is, by 
the amount required to remove the discrepancy in 
ff(lO.O). (F(00.2), like Fo0.o ) is virtually unaffected by 
reasonable assumptions for the ionization of the 
neighbouring anions.) The values obtained are given 
in parentheses in their appropriate tables. The agree- 
ment is improved, but in spite of the obviously ex- 
cessive adjustment of scattering factors, the dif- 
ferences remain fairly large. It  is therefore probably 
unsafe to speculate, on the basis of this reflexion, on 
the state of ionization of the 2-fold cations. 

The final Fo syntheses for the c- and a-axis projec- 
tions are shown in Fig. 2; the atomic positions, ob- 
tained from these and the corresponding Fc syntheses, 
are given in Table 7. 

The standard deviations quoted were obtained from 
Cruickshank's formula (Lipson & Cochran, 1953) 

~ ( x ~ )  = aACn 

A further factor of 2 was introduced because all 
atomic positions were estimated from the non- 

A t o m  

O1 
02 
03 
04 
V 

(Fe,V)l 
(0.78 Fe+0.22 V) 

(Fe,V)2 
(0.47 Fe-t-0-53 V) 

Table 7. Atomic positions 
(S tandard  deviat ions are given in parentheses)  

No. of 
equivalent  
posit ions 

2 
2 
6 
6 
6 
2 

2 

x/a = --y/b  

0 

0.167 
--0.485 

0.1667 

J 

(0.004) 
(0.004) 
(0.0008) 

"0.002 (0.002) 
0-750 (0.002) 
0.248 (0.002) 
o.ooo (0.002) 
0.6370 (0.0005) 
0.3552 (0.0009) 

0-9546 (0.0009) 
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(a) 

the peaks of the projected electron densi ty to be para-  
bolic in the  neighbourhood of the peaks. 

D i s c u s s i o n  of the  s t r u c t u r e  

I t  is not  a t  this t ime possible to write a val id 
chemical formula  for Nolanite.  The convenient for- 
mula  (Fe,V)4V60~6 assumed initially is crystallo- 
graphically acceptable and consistent with the  X - r a y  
data ,  but  it is clearly in error to some degree since 
the  sum of valency electrons is 1.5. I t  is not  possible 
to indicate the na ture  of the error, as any  a t t emp t  to 
write a formula  demands assumptions which cannot  
be tested by  the X - r a y  data .  The formulat ion thus  
remains a problem in chemical analysis,  and in the 
following discussion it mus t  be remembered  t h a t  the  
s t ructure  described is only approximate ly  correct. 

The s t ructure  can be described as a system of linked 
octahedra  and te t rahedra  (each containing a cation), 
whose edges te rmina te  in anions. An idealized port ion 
of the  system, roughly corresponding to the  contents 
of one unit  cell, is shown in Fig. 3. The anions have  

Q 

0 
0 

Q 

0 

Q 
0 

@. o 

,~q'S 

(@° c 

G sin 60 ° 

0 (Fe, V) (b) 
O V"" 

Oxygen 

Fig. 2. (a) c-axis Fourier projection. Solid contours are drawn 
at intervals of 40 e.1-2, the lowest being 40 e./~ -e. The 
dotted contour is at 20 e.A -2. (b) a-axis Fourier projection. 
Solid contours are drawn at intervals of 20 e.A -~', the lowest 
being 20 e./k -~. The dotted contour is at 10 e./~-% Heavy 
circles indicate two completely overlapped atoms of the 
sazne type. 

centrosymmetr ica l  a-axis projection. The central  cur- 
va tures  were calculated by assuming sections through 

Fig. 3. An idealized portion of the system of linked polyhedra 
(c-axis vertical). 

been numbered  for reference. I f  tho oxygen close- 
packing were perfect, all polyhedron edges would be 
2.93 • long. This is not  the ease however;  moreover,  
the cations are not in general at  the centres of g rav i ty  
of their respective polyhedra.  Depar tures  from an ideal 
s t ructure  seem to be consistent with expected inter- 
ionic forces. Table 8 gives the  more impor tan t  inter- 
ionic distances, and their s t andard  deviations. The 
est imation of the la t ter  was complicated by  the high 
symmet ry  of the structure.  
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Table 8. Interionic distances 
(All distances in A; standard deviations are 

given in parentheses) 

6-fold octahedron 
0 - 0  distances 

2-4 2.82 (0.03)* 
3-3 2.93 (0.03) 
4-4 2.66 (0.06)* 
1-4 2.96 (0.00) 
2-3 2.93 (0.00) 
1-3 2-82 (0"03)* 

V-O distances 

v-1 2.10 (0.01) 
v-2 1.99 (0.01) 
V-3 1.98 (0.02) 
V-4 2.06 (0.02) 

2-fold octahedron 
O-O distances 

3-3 2-93 (0.03) 
3-4 2.84 (0.03) 
4-4 2.66 (0-06)* 

(Fe,V)I-O distances 

(Fe,V)I-3 1-96 (0.02) 
(Fe,V)r4 2.04 (0.04) 

Tetrahedron 
0 - 0  distances 

2-4 2.96 (0.03) 
4-4 3"19 (0.06) 

(Fe,V)2-O distances 

(Fe,V)2-2 1.90 (0.02) 
(Fe,V)2-4 1.89 (0.04) 

Cation-Cation distances 

(Fe,V)I-(Fe,V)2 3.72 (0.01) 
3.51 (0-00) 

(Fe,V)I-V 3.12 (0.01) 
3-56 (0.01) 

(Fe,V)2-V 3.40 (0.01) 
3-39 (0.01) 

V-V 2.93 (0.01) 
* Edge shared with adjacent octahedron. 

The edges (.4-4) forming the base of the te t rahedron 
are somewhat  lengthened, in order to accommodate  
the (Fe,V) ion, the position of which appears to be 
fixed by  meta l -oxygen  contacts. The departure of the 
edge length from the  normal  value of 2.93 A is more 
than  4 t imes the s tandard  deviation,  and is, by  the 
criterion of Cruickshank, significant (Lipson & 
Cochran, 1953). The other (Fe,V) ion, and the V 4+ ion 
are displaced from the centres of gravi ty  of their  
respective octahedra in such a way as to increase their  

separation. The edge (4-4) shared by  their  octahedra 
is s ignif icantly shortened, and it  thus  appears tha t  
there is appreciable repulsion between these cations. 
The displacement of the V 4+ ion is not such as to alter 
either of the V-V distances, and the slight shortening 
of one of the edges shared by adjacent  6-fold octa- 
hedra is probably  incidental  to the other distortions. 
If  it  is accepted tha t  the (Fe,V) ions are s t rongly 
ionized, and the V 4+ ions only weakly so, then  the 
m i n i m u m  cat ion-cat ion distances of the three types 
which occur are in the order of magni tude  of the 
corresponding charge products. 

The structure is very  similar  to tha t  reported by  
McCarrol, Katz  & Ward  (1957) for some te rnary  
oxides of te t ravalent  molybdenum,  with formulae 
A + 2 ~ + 4 n  The structure of Nolanite  is more regular, 2 ~'~v3 "-'8" 
however, and there is no evidence of bonding between 
adjacent  te t ravalent  vanad ium ions corresponding to 
tha t  reported for molybdenum.  The te t ravalent  vana- 
d ium ions obey the genera] rule tha t  ions of higher 
valency prefer octahedral  coordination. The rule is 
disregarded by t r iva lent  vanadium,  however, which 
shows a strong, but  not  exclusive, preference for 
te t rahedral  coordination. In  this  respect Nolani te  
resembles the inver ted spinel Fe(Mg,Fe)04 (Bijvoet, 
1951). 
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supplying samples of No]anite;  to Dr H. T. Evans ,  
of the U.S. Geological Survey, for helpful discussion; 
to Dr W. H. Barnes of this laboratory for valued 
advice and encouragement;  and to Dr F. R. Ahmed,  
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