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clinic bm pa rame te r  is associated with a switch of the 
polar  momen t  in the  perovski te  sub-unit  f rom the 
[ l l0]p  to the  [001]p axis. 

For  each compound in the two-phase region near  
x=0-425  the  or thorhombic and te t ragonal  s t ructures  
have  a common Curie point, and  presumably  possess 
about the same free energy. An important feature of 
these phases, however, is that neither can transform 
directly into the other in a fashion analogous to the 
orthorhombic-tetragonal phase change occurring in 
BaTiOs at  0 °C. In  the pseudo-cubic perovskite  ferro- 
electrics the  phase change proceeds fair ly smoothly by  
a switch in the  direction of the polar  moment  from 
the [110] axis to the  nearest  cube edge. A similar 
change is not  likely to t ake  place in the bronze struc- 
ture,  since if the  s train effect in each small perovskite 
uni t  switched from the [ l l0]p direction to one of the 
adjacent  ap-axes, this would give rise to an overall 
crystal  symmet ry  lower t han  tetragonal .  A change of 
s t rain direction from [110]~ to the  third,  more remote 
cube axis, t ha t  is the cp-axis in Fig. 5(b), is improbable 
because i t  would involve a relat ively large energy 
change. In  other  words the s t rain directions [ l l0]p 
and [001]p are frozen into different domains,  so tha t  
or thorhombic and te t ragonal  s tructures coexist. 

The properties of the (Ba, Sr)Nb206 solid solutions 
appear  to be very  similar to those of the (Pb, Ba)Nb206 
compounds. The scale of the  ferroelectric distort ion 

effects is great ly  reduced, however,  compared with the  
(Pb, Ba) series, this being consistent with the  lower 
Curie temperatures .  This difference is very  reminiscent 
of t ha t  between BaTiOs and PbTiOs, and m a y  very  
well be due to the same cause - - the  role of Pb.  
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Defects in the Crystal and Mat~netic Structures of Ferrous Oxide 

BY W. L. ROTH* 

General Electric Research Laboratory Schenectady, New York, U . S . A .  

(Received 19 March 1959 and in revised form 21 April  1959) 

The defect structure of non-stoichiometric FeO (Wiistite) has been investigated by measuring the 
neutron scattering of powders quenched from the high temperature equilibrium state. The nuclear 
scattering shows the defects to consist of both cation vacancies in octahedral sites and interstitial 
cations in tetrahedral sites. The defects give rise to diffuse scattering which suggests the atomic 
arrangement in the vicinity of the defect is similar to that  in magnetite. The average magnetic 
moment of iron atoms in normal positions, obtained by measuring the scattering of neutrons by the 
periodic arrangement of spins in the antiferromagnetic state, indicate the magnetic structure in the 
vicinity of the defect is paramagnetic. The model is supported by magnetic studies which demon- 
strated the existence at  low temperature of a magnetic remanenee in exchange contact with the 
antiferromagaetie structure. 

The magnetic structures of Mn0, Fe0, CoO and Ni0 
have been studied by neutron diffraction with em- 
phasis directed toward understanding their relation to 
the crystal anisotropies and deformations which occur 
on magnetic ordering (Shull et al. 1951; Roth, 1958). 

* The neutron diffraction studies were carried out at the 
Brookhaven National Laboratory, Upton, L.I., New York. 

The neutron scattering from ferrous oxide exhibits  
anomalies which are related to a defect s t ructure,  and 
they  have been invest igated fur ther  to ascertain the  
na ture  of the defects and their effects on the magnet ic  
ar rangement .  

When equilibrium compositions of ferrous oxide are 
quenched to room tempera ture ,  a cubic (Wiistite) 
phase is formed in which the F e / 0  rat io varies over 



W. L. R O T t t  141 

wide limits. From a study of the chemical composi- 
tion and room temperature lattice parameter, Jette & 
Foote (1933) concluded that  ferrous oxide was an iron 
deficient NaC1 structure. Benard (1949), however, 
found that  oxides with a minimum iron content were 
stoichiometric, and that  oxides of higher iron content 
contained interstitial iron in solid solution. Recent 
X-ray investigations (Willis & Rooksby, 1953; Foster 
& Welsh, 1956) support the conclusion that  ferrous 
oxide is iron deficient, and measurements of the iron 
selfdiffusion coefficients (Himmel et al., 1953) are 
consistent with the notion that  there are cation 
vacancies in the crystal. 

At 198 °K., there is an ordering of the magnetic 
moments associated with the iron atoms, and ferrous 
oxide becomes antiferromagnetic (Bizette & Tsai, 
1943). Neutron diffraction studies have shown that the 
magnetic moments are arrayed in ferromagnetic sheets 
parallel to (111) planes; the moment directions are 
perpendicular to the ferromagnetic sheets, and point 
alternately up and down in adjacent sheets (Fig. 1). 
Associated with the magnetic ordering, there is a 
slight elongation along the [111] direction and the 
crystal becomes rhombohedral. The low temperature 
X-ray experiments of Willis & Rooksby (1953) show 
the rhombohedral deformation at 90 °K. decreases as 
the iron content decreases. 

l c 

[111] 

b 

\ 
Fig. 1. Ant i fe r romagnet ic  s t ruc ture  of FeO.  The drawing 

describes the ideal crystal with atomic spins directed along 
the [111] axis. 

Of particular interest are the consequences to the 
magnetic exchange interactions of introducing ap- 
preciable concentrations of vacancies into an anti- 
ferromagnetic structure. The magnetic structures of 
the series MnO, FeO, CoO and NiO can be interpreted 
as resulting from superexchange (Kramers, 1952; 
Anderson, 1950) in which there is negative exchange 
coupling between next-nearest magnetic neighbors. 

The substitution of a cation vacancy will perturb the 
superexchange coupling between the vacancy site and 
the six next-nearest neighbor cation sites. In addition, 
the presence of a cation vacancy in FeO implies the 
creation of two Fe +3 ions, and consequently there may 
be positive (ferromagnetic) double exchange (Zener, 
1951) between Fe +2 and Fe +3 ions in the vicinity of 
the vacancy. 

To elucidate the role of cation vacancies in ferrous 
oxide, neutron diffraction studies were made of spec- 
imens of varying composition in the paramagnetic 
state in order to confirm, if possible, the presence of 
cation vacancies and to investigate the possibility that  
the vacancies are ordered. Neutrons have an advantage 
over X-rays for this purpose because the nuclear 
scattering amplitudes of iron and oxygen are more 
nearly comparable. The specimens then were cooled 
and the magnetic scattering from the antiferromag- 
netic state measured. From these data were deduced 
the average occupancy and average magnetic moment 
associated with the cation sites, and comparison with 
the values calculated for the stoichiometric compound 
gives some insight into the effect of the vacancies on 
the magnetic exchange interactions. 

Experimental 
The ferrous oxide samples were prepared by Dr 1~. E. 
Carter and were the same as had been used in the 
previous work (Roth, 1958). The starting material was 
Johnson, Matthey Spectroscopic grade Fe20~. Ten 
grams of powder, spread out in thin layers in platinum 
boats, were heated for 24-72 hr. in a controlled 
H20-H2 atmosphere, then quenched by drawing into 
a water cooled tube which was flushed with dry N2. 
X-ray diffraction patterns were made from each 10 g. 
sample and if the pattern showed the presence of 
FeaO4 or Fe20s (indicating the quench was too slow) 
the equilibrium and quench was repeated. The aliquots 
were combined, powdered and sieved together to form 
homogeneous 100 g. specimens. 

Specimen I was heated at 1000 °C. in H20/H2-- 
0.897. From the equilibrium data (Darken & Gurry, 
1946), a composition FeO1.05s--Fe0.9440 was expected. 
All of the diffraction peaks could be indexed on a 
face-centered-cubic cell and the lattice parameters of 
the ten aliquots ranged from 4.302 to 4-306 A. Inter- 
polating from the data of Jette & Foote (1933), an 
a0--4.304 /~ corresponds to the composition Fe0.9~40, 
whereas from Benard's data one obtains Fe0.9750. To 
discriminate between these estimates, a 1 g. sample 
was ignited to Fe20~ and from the gain in weight the 
composition was Fe0.9400, in essential agreement with 
Jette & Foote. 

Specimen II  was heated at 1000 °C. in the atmos- 
phere H20/H2--1.81. From the equilibrium data the 
intended composition was FeO1.086=Fe0.9260. From 
the X-ray data, a0--4.294 A which corresponds to 
Fe0.9180 (Jette & Foote). In addition to the cubic 
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Wfistite lines, the X-ray patterns showed the presence 
of a crystalline phase we have been unable to identify. 
Estimating from the intensities of the X-ray peaks, 
there probably was about 5% of the unidentified 
phase relative to FeO. 

The neutron diffraction measurements were made 
with the General Electric Spectrometer located at the 
Brookhaven National Laboratory Reactor. Since the 
diffuse scattering was of particular interest, the room 
temperature neutron diffraction patterns were ac- 
companied by the measurement of the environmental 
background. The powder specimen, contained in a 
glass sample holder, was mounted in a cradle at the 
spectrometer center. At regular intervals, usually 
about every four counting cycles which corresponded 
to ½-°-20, the entire sample holder automatically 
was displaced from the neutron beam and the back- 
ground measured. The residual intensity, after sub- 
tracting background, is due exclusively to scattering 
from the specimen and the negligible scattering from 
the glass walls of the sample holder. For the low 
temperature measurements, the samples were in thin 
walled aluminum cylinders contained in a cryostat; 
patterns were obtained at 90 °K. and 4.2 °K., but 
independent background measurements could not be 
made. 

R o o m  t e m p e r a t u r e  n e u t r o n  scat ter ing 

At room temperature ferrous oxide is paramagnetic 
and the sharp Bragg peaks are the result of the neutron 
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Fig. 2. N e u t r o n  diffract ion pa t t e rns  f rom F e O - I  a t  290 °K. 
and 4.2 °K. At  290 °K. the  sample  was in a f lat  glass holder 
and  the  backg round  was measured  b y  the  sample  in-out  
method .  A t  4.2 °K. a cylindrical  a luminum holder  was used 
and  the  impur i ty  peaks  are the  111 and 200 reflections from 
a luminum.  

scattering from the periodic nuclear structure. In 
addition, non-Bragg scattering is observed which 
contains both nuclear and magnetic components. The 
patterns obtained from the two compositions are 
qualitatively similar and that  for FeO-I is shown in 
Fig. 2. The variation of environmental background has 
been subtracted to give the true intensity curve. By 
this procedure most of the spurious detail was elimi- 
nated. For reasons which will be apparent later, it is 
desirable to index the neutron diffraction patterns on 
the basis of a unit cell whose dimensions are double 
those observed by X-rays, thus the usual (111 ), (200)...  
peaks are here indexed by (222), ( 400 ) . . . ,  corre- 
sponding to a cubic cell with a0= 8.60 /~. 

For a sodium chloride like structure, the (400) peak 
corresponds to iron and oxygen atoms scattering in 
phase, and (222) corresponds to scattering with a 180 ° 
phase difference. If p = t h e  probability that  on the 
average an iron atom site is occupied, then the ratio 
of neutron scattering in the (400) and (222) peaks is 
given by: 

R =  K(PfFe + f o ) 2 / ( P f F e - f o )  e , 

where fFe=0"96 X 10 -12 cm., fo=0-58 × 10 -12 cm. are 
the nuclear scattering amplitudes, and K is a constant 
which includes the multiplicities, Lorentz, absorption 
and temperature factors. For p = l  the calculated 
ratio is 9.5 and R increases with decreasing values for p. 

The nuclear intensities expected for stoichiometric 
FeO have been calculated and summarized in column A 
in Table 1. The observed values of R are 13-5 for I 
and 15.7 for II, clearly showing the absence of iron 
atoms at iron sites; these ratios correspond to the 
fractional occupancy of iron sites p~=0.92 and pH= 
0.90. Assuming the cation vacancies are distributed 
randomly in accordance with these averages, the inte- 
grated neutron intensities for the remaining Bragg 
peaks have been computed and the result is shown in 
column B. The data have been placed on an absolute 
scale by measuring with the identical experimental 
arrangement the neutron scattering from a standard 
specimen of nickel (fNi = 1"03 X 10 -1~ cm.). The inten- 
sities are to be compared on an absolute basis and 
clearly agreement is improved by the introduction of 
cation vacancies. 

There are several reasons for believing this simple 
vacancy model requires refinement: the concentration 
of iron atoms in the ferrous oxide specimens, as deter- 
mined by chemical means, is 20% greater than cal- 
culated from the neutron scattering; in addition the 
cation vacancy model does not account for the observa- 
tion that  the (440) intensity is greater than that  of 
(400). Finally, it is unlikely that  10% vacancies could 
be maintained in random solid solution since at that  
concentration 5% of the vacancies would have a 
vacancy as a nearest neighbor. 

I t  is reasonable to expect that  the excess iron atoms 
are located in the tetrahedral interstices of the rock salt 
structure. To treat this problem, we take the space 
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Table  1. Nuclear scattering from ferrous oxide at 290 °K. 

Integrated intensity 
^ 

I (O/Fe = 1.058) 

hkl A B C Obs_ 
111 1 
220 11 
l l3  41 
222 188 138 95 100 
400 1695 1580 1342 1348 
331 0 
422 6 

333,115 20 
440 1548 1443 1445 1449 
531 0 
620 4 
533 9 
226 131 97 66 58 
444 630 588 500 549 

511, I17 0 
642 5 

553,731 18 
800 327 305 306 306 

A Stoichiometric FeO 
B Cation vacancies only 
O Vacancies and interstitials 

I I  (O/Fe = 1.086) 

A B C Obs. 
3 

10 
45 

173 115 75 76 
1550 1411 1192 1196 

1 
6 

22 
1372 1248 1250 1244 

1 
3 
9 

114 76 49 59 
542 493 417 463 

I 
4 

18 
273 248 248 248 

I I I  

0 1 0 1 
0 0.92 0 0.90 

0.25 0.77 0.25 0.73 

group O~-Fd3m which  has  t he  requ i red  cubic sym-  
m e t r y  a n d  provis ion  for p lac ing  a toms  in bo th  t he  
n o r m a l  a n d  in t e r s t i t i a l  posi t ions.  The  u n i t  cell conta ins  
a n o m i n a l  32 F e O  and  corresponds  to  t he  'double  cell' 
a s sumed  previous ly .  P l ac ing  the  origin a t  the  center  of 
s y m m e t r y ,  t he  oxygen  a t o m s  are  in  32(e) w i th  X =  ¼, 
cor responding  to  per fec t  cubic close pack ing .  The  
cat ions  are d i s t r i bu t ed  a m o n g  the  two sets  of pos i t ions  
16(c) a n d  16(d) which  correspond to t he  m e t a l  posi- 
t ions  in  the  rock  sa l t  s t ruc tu re ,  a n d  a m o n g  8(a) a n d  
8(b) which  are i n t e r s t i t i a l  pos i t ions  in  which  the  ca t ion  
is s u r r o u n d e d  b y  a t e t r a h e d r o n  of o x y g e n  a toms.  
Fo r  convenience ,  8(a), (b) and  16(c), (d) will  be t e r m e d  
t e t r a h e d r a l  a n d  oc t ahed ra l  posi t ions,  respec t ive ly .  

L e t  Pa, Pb, Pc, Pa be the  p r o b a b i l i t y  t h a t  an  a, b, c, 
or d si te  is occupied b y  an  i ron  a tom.  Fo r  the  rock  sa l t  
s t r u c t u r e  (Model A in Table  1) Pa=Pb=O a n d  P c =  
Pa=l ,  whereas  for Model  B, Pa=P~=O a n d  Pc = 
Pa = 0"92 a n d  0"90 for specimens  I a n d  I I ,  respec t ive ly .  
As vacanc ies  a n d  in te r s t i t i a l s  are d i s t r i bu t ed  a m o n g  
the  oc tahedra l  a n d  t e t r a h e d r a l  sites, i t  should  be no t ed  
t h a t  t he  occupancy  of a pa r t i cu l a r  oc t ahedra l  si te  
a l te rs  t he  p r o b a b i l i t y  t h a t  an  a or b si te  is occupied.  
Thus  if a n  oc tahedra l  pos i t ion  in  16(c) is filled, because  
of e lec t ros ta t ic  repuls ion  be tween  ca t ions  i t  is un l ike ly  
t h a t  t he  nea res t  t e t r a h e d r a l  si tes in  8(a) will be 
occupied a n d  the  in t e r s t i t i a l  i ron  p r o b a b l y  will go in to  
a n  8(b) posi t ion.  Thus ,  as long as t he  dev ia t i on  f rom 
s t o i c h i o m e t r y  is no t  too great ,  we assume:  

P c = l ,  P a = O  

a n d  consequen t ly  

A C 13 -- 10 

16P~ + 8Pb = n - -  16 ,  

where  n is t he  t o t a l  n u m b e r  of i ron a toms  in t he  u n i t  
cell. 
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Fig. 3. Temperature-factor plots for coherent nuclear scattering 
from FeO. The data are on an absolute scale and Ic is shown 
for Pb: 0----0; 0"1----O, 0.2= D, 0 . 3 = ~ ,  0-4=0,  0-5----D. 

Since n is k n o w n  for each specimen,  t he  n e u t r o n  
in tens i t i es  can  be e v a l u a t e d  for var ious  va lues  of Pb. 
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The results are shown in Fig. 3 where log (Io/Ic) is 
plot ted versus sin ~ 0 and  Pb is varied from 0 to 0.5. 
Since the intensit ies are on an absolute scale, a s traight  
line which extrapolates to un i ty  at sin 2 0 = 0  should 
be obtained. Satisfactory agreement for both specimens 
is obtained for Pb--0.25, and the computed intensities 
are summarized  in Table 1, column C. The extrapola- 
t ion to sin ~' 0 = 0 confirms the absolute in tens i ty  scale 
for I, whereas the extrapolated value for I I  shows the 
absolute scale is about  5.6% too large, in agreement  
with the presence of the second phase impur i ty  which 
was noted in the X-ray  examinat ion.  The values of the 
tempera ture  factor B in the equat ion 

Io=I~ exp ( - 2 B  sin 2 0//t e) 

for the two specimens are: 

2B(I) -- 2.66 × 10 -16 and 2B(H)=3"31 × 10 -~6. 

Diffuse scattering 

If the interst i t ia l  positions were occupied in a regular 
fashion, the space group Fd3m requires scattering into 
:Bragg peaks which are forbidden for the pure rock salt  
arrangement .  The intensit ies calculated for these peaks 
are included under  C in Table 1, and it can be seen 
tha t  several, such as (113) and (220), are sufficiently 
strong to be detected. Sharp superlatt ice reflections 
are not observed either in the X-ray  or neutron dif- 
fraction powder patterns,  bu t  those angles for which 
large in tens i ty  is calculated correspond to regions of 
intense diffuse scattering. This suggests tha t  the major  
contr ibut ion to the diffuse scattering is the s tructural  
disorder created by the more or less random choice of 
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Fig. 4. Diffuse neutron scattering from FeO. The upper curve 

gives the total diffuse intensity after subtracting the en- 
vironmental background. The lower curves show the resolved 
paramagnetic, thermal and structure imperfection diffuse 
scattering. (The isotropie multiple and isotope scattering are 
not shown.) The length of the solid and open bars is propor- 
tional to the nuclear and magnetic scattering from mag- 
netite. 
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different sets of te t rahedral  sites avai lable  for oc- 
cupancy by  interst i t ial  iron atoms. 

The expected sources for diffuse scattering of neu- 
trons by  ferrous oxide are the the rmal  motion of 
nuclei, paramagnet ic  scattering by  the non-ordered 
atomic spins, imperfections in the atomic arrangement ,  
and mult iple  scattering. Of par t icular  interest  is the 
s tructural  diffuse component  which is the result  of 
scattering due to aperiodicities in the atomic arrange- 
ment  brought about  by  positional disorder. This in- 
cludes the effects of part ia l  filling of te t rahedral  
interstices, clustering of interstices and vacancies, and 
local displacement of oxygen atoms as a consequence 
of the presence or absence of a cation in a par t icular  
octahedral  or te t rahedral  interstice. Since the mult iple  
scattering is essentially isotropic, the angular  de- 
pendent  s tructural  portion can be obtained by  sub- 
t ract ing out the thermal  and paramagnet ic  terms. 

The results of such calculations are shown in Fig. 4. 
The environmenta l  background has been subtracted 
out and the diffuse scattering plotted in the upper  
curve is due to the specimen only. The thermal  and  
paramagnet ic  diffuse scattering were calculated from 
the equations : 

F2hermal=~Y'{1 - - e x p  [ - -  2 B  (sin O/2)]Z)b ~, 
2 Fparamagnetio = 2/3 S (S + 1 )(e27/(mc~))f 2. 

The temperature  factor B was tha t  obtained from the 
coherent Bragg scattering, and to compute the para- 
magnetic  scattering a mean  value of S = 1.94 was used, 
based on the fraction Fe +2 and Fe +~ present. The 
diffuse in tens i ty  scale was set by  considering the 
structure diffuse scattering to be zero in the deepest 
m i n i m u m  near 16 ° and the remainder  of isotope and 
mult iple  scattering to be isotropie. The residual diffuse 
in tens i ty  represents the scattering due to s tructural  
disorder in the ferrous oxide crystal.* Since the diffuse 
in tens i ty  is due to crystal imperfections, it  should be 
detected also by  X-ray  diffraction. This expectat ion 
has been confirmed by  spectrometer traces using 
Cr Kc~ radiat ion which show diffuse scattering in the 
same regions of reciprocal space as was observed with 
neutrons. 

Low temperature neutron scattering 

:Below 200 °K. ferrous oxide is ant i ferromagnetic  and  
the neutron diffraction pa t te rn  in Fig. 2 has addit ional  
peaks due t0 the scattering from the periodic magnetic 
structure. The magnetic  structure of the ' ideal crystal '  
(Fig. 1) consists of ferromagnetic sheets parallel  to 
(111) planes. The magnetic  moments  are normal  to 
the ferromagnetic sheets and there is an al ternat ion of 
spin direction in adjacent  sheets. Of concern here are 
the consequences to the magnetic  structure of the 

* In some of the patterns there was a suggestion of further 
structure in the regions of diffuse scattering, but these peaks 
were within the precision of the counting statistics and could 
not be reproduced. 
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hkl 

111 
113 
222 
400 
331 

333, 115 
440 

Table 2. Neutron scattering from ferrous oxide at 4.2 °K. 

I n t e g r a t e d  in tens i ty  

I (O/F+= 1.058) I I  (O/Fe = 1.086) 

A B C Obs. A B 
0 0 0 48 0 0 

625 375 342 342 609 335 
98 98 98 114 82 82 

1375 1375 1375 1348 1295 1295 
131 79 72 70 126 69 
46 28 35 31 44 24 

1451 1451 1451 1451 1326 1326 

C Obs. 
0 39 

211 211 
82 79 

1295 1196 
44 58 
15 ab. 

1326 1330 

4 3.10 2-96 4 2-98 2-36 

(ktB } is average  magne t ic  m o m e n t  per  oc tahedra l  site. 
I n t ens i t y  scales normal ized wi th  respect  to  {440} reflection f rom F e O - I .  

presence of the cation defects. Below the  magnet ic  
ordering temperature ,  ferrous oxide deforms and be- 
comes sl ightly rhombohedral ,  hence for a rigorous 
t rea tment ,  a rhombohedra l  space group should be used 
at low temperatures.  However, the deformation could 
not  be detected in the neutron exper iments  from 
powders, so to keep the discussion consistent with the 
dis t r ibut ion of atomic positions which was established 
in the high tempera ture  cubic phase, the O~c-Fd3m 
description is retained. 

The principal  difference between the low and high 
tempera ture  neutron diffraction pat terns  is addi t ional  
Bragg scattering in the 113 and 331 reflections, and 
a small  increase in scattering near  111. There is no 
significant change in either the diffuse scattering or 
the high tempera ture  Bragg peaks, confirming the 
conclusion tha t  these are due p redominan t ly  to nuclear  
scattering. Wi th in  exper imenta l  error, the  neutron 
scattering at  90 °K. and 4.2 °K. is the same. 

Except  for the weak scattering near  (111) the results 
are consistent with the  ant i ferromagnet ic  s tructure 
previously described in which the spins are perpen- 
dicular to (111) planes. F rom the magni tude  of the 
magnet ic  scattering, an  est imate can be made  of the 
average magnet ic  momen t  ( # s}  per octahedral  site. 
In  Table 2 are given the calculated and observed 
intensit ies assuming several values for (#B}. Model A 
is the perfect stoichiometric crystal  and the magnet ic  
momen t  corresponds to the spin-only value of a 
ferrous ion, B is computed assuming the average 
moment  is proportional  to the fract ional  number  of 
completed F e - O - F e  bonds about  each octahedral  site, 
and  C gives the intensit ies calculated based upon the 
average moment  deduced from the in tens i ty  of the 
113 reflection. F rom the magnet ic  intensit ies the 
average momen t  per octahedral  site is 2"96#n for 
F e O - I  (O/Fe = 1.058) and 2"36,UB for F e O - I I  (O/Fe = 
1.086), s ignificantly smaller  t han  the magnet ic  mo- 
ments  calculated for either A or B. 

D i s c u s s i o n  

The structure of ferrous oxide is convenient ly regarded 
as a f ramework of oxygen atoms in cubic close packing 

with cations occupying the interstices. A single close 
packed layer  is shown in Fig. 5, and  in the  stoichio- 
metr ic  compound, each of the 32 octahedral  inter- 
stices designated by  c would be occupied by  an iron 
atom. In  the non-stoichiometric compound, coulombic 
repulsion between cations in adjacent  te t rahedral  and 
octahedral  sites will be minimized if the vacancies are 
directly associated with the interst i t ial  cation. 

(A) (~) (c) 

Fig. 5. Defec t  s t ruc ture  in FeO.  A close packed  plane is shown.  
@ and @ describe iron a toms  in oc tahedra l  and te t rahedra l  
posit ions.  The (a) and  (b) defects  are equiva lent ,  and  (c) 
describes a cluster  of two defects ;  (d) and  (e) show layers  in 
the  a tomic  a r r angemen t  of F%O 4. 

The two sets of te t rahedral  interstices are a and b, 
and two equivalent  defects consisting of a te t rahedral  
cation and  two octahedral  vacancies are shown in 
Fig. 5(A) and (B). Because of repulsion between the 
interst i t ia l  cation and  those in the nearest  neighbor 
octahedral  sites, the interst i t ia l  ion probably  will be 
displaced to a position in termedia te ly  between the two 
te t rahedra l  sites. The vacancies are shown each car- 
ry ing a posit ive charge to ma in ta in  electrical neu- 
t ral i ty.  The repulsion between cations in te t rahedral  
and  octahedral  sites can be fur ther  reduced by  the 
coalescence of defects such tha t  an octahedral  vacancy 
is shared by  two interst i t ial  cations as shown in Fig. 
5(C). 

The coalescence of defects is a step toward the for- 

10" 
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Table 3. Cation defects in ferrous oxide 

FexO 

Content  of average uni t  cell 

Ra t io  of vacancies to interst i t ia l  cat ions 

Frac t ion  oc tahedra l  sites occupied 

Next-neares t -neighbor  shell 

Average m o m e n t  per octahedral  site 

I I I  

x 0.945 0.926 

noxygen 32 32 
ncation 30"2 29"6 
n c  16.0 16.0 
nd 12.2 11-6 
n b 2"0 2"0 
Fe +a 3.5 4.7 

1-9 2.2 

0.88 0"86 
vacancies 0.71 0.83 
cations 5-29 5.17 
Fe-O-Fe bonds 4-66 4.46 

% Fe-O-Fe bonds 77.6 74.3 

calc. 3"10/zB 2"98/IB 
obs. 2"96/~B 2-36/~B 

mation of Fen04, in which only 16 of the octahedral 
sites and 8 of the tetrahedral sites are occupied by 
cations. The structure of Fes04 is obtained by alter- 
nating layers of the type Fig. 5(D) and (E) in cubic 
close packing. Each occupied tetrahedral site is sur- 
rounded by four vacant octahedral positions disposed 
at the corners of a tetrahedron, so arranged that  each 
vacancy is shared by two tetrahedral cations so that  
there is an average of 2 vacancies per interstitial. The 
close relation between Wtistite and magnetite is shown 
by the correspondence of the unit-cell dimensions 
which are 8.59 A for Fes00s2 and 8.39 /~ for Fe24082. 

The distribution of cations among the various 
crystallographic sites in non-stoichiometric Fe0 has 
been calculated from the neutron diffraction measure- 
ments and summarized in Table 3. There are two 
vacancies per interstitial cation, the same as is present 
in magnetite. This suggests the cation distribution in 
the vicinity of defects in Wtistite is similar to that  in 
magnetite, and raises the question as to whether it is 
appropriate to regard them as small coherent volumes 
of magnetite in a Wiistite matrix. The defects are 
probably nuclei of the magnetite phase since when the 
rate of quenching to low temperature is slightly re- 
tarded, appreciable concentrations of magnetite are 
formed as a second phase. The structure dependent 
portion of the diffuse scattering in Fig. 4 is essentially 
the diffraction pattern of the defect. For comparison 
purposes, we have taken from the paper by Shull, 
Wollan & Kehler (1951) the calculated nuclear and 
magnetic neutron diffraction pattern for magnetite. 
There is rough agreement in the sense that  large 
concentrations of diffuse scattering occur at angles 
corresponding to strong magnetite peaks. The patterns 
differ somewhat in detail, however; for example, the 
(111) peak is appreciably displaced in angle. If it is 
assumed that  the diffuse pattern is that  of magnetite, 
an estimate from the usual line broadening equation 
gives 8 A for the average 'crystallite size.' Since this 
is less than the size of a single unit cell, the description 
is not significant, and it appears more appropriate to 
describe the defects in terms of clusters such as shown 

in Fig. 5(A), (B) and (C). This problem will be returned 
to when the magnetic interactions within the defect 
are considered. 

The existence of interstitial cations in ferrous oxide 
is consistent with the observations of cation diffusion 
(Himmel et al., 1953) in ferrous oxide. In the close 
packed oxygen structure, the diffusion path from a 
filled to vacant octahedral site is through a tetrahedral 
interstice. If the Wiistite specimen is regarded as a 
frozen-in distribution of the high temperature equi- 
librium, the defect concentration observed by neutrons 
is related to the concentration of interstitials at high 
temperature. 

During the quenching process a specimen spends a 
finite time at a range of temperature where diffusion 
may occur and consequently represents a mixture of 
equilibrium distributions. This may account for the 
widely varying results obtained in studies on Wfistite 
noted by Foster & Welch (1956). In this regard, it 
should be noted that  since there are both cation 
vacancies and interstitials in Fe0, if the vacancy/inter- 
stitial ratio varies the simple specification of composi- 
tion does not give a unique description of a specimen. 

The discussion of the magnetic consequences of the 
cation defects is best introduced by considering the 
exchange interactions in a hypothetical perfect crystal. 
By analogy to MnO, NiO and CoO, we take the pre- 
dominant magnetic interaction to be antiparallel 
superexchange between moments on next-nearest 
neighbor cations connected by oxygen anions: 

Fe +2-O-Fe +2-O-Fe +2-O-Fe +2. 
t $ t 

The moment per iron atom should be 2gltB where the 
g-factor may be somewhat greater than 2. 

The maintenance of electrical neutrality requires 
that  the non-stoichiometry produced by a cation 
deficiency be accompanied by the formation of 2 Fe +S 
ions. Since the moment of Fe +S is 5ttB, if the Fe +~ 
ions occupy octahedral positions and antiparallel 
coupling between next-nearest-neighbors is retained, 
there will be only a slight decrease in the average 
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moment per octahedral site due to the smaller orbital 
contribution to the moment of Fe +3. Alternatively, the 
double exchange (Zener, 1951) interaction Fe+LO-Fe +3 
provides a mechanism for ferromagnetic coupling. The 
presence of cations in interstitial positions further 
allows of exchange between octahedral and tetrahedral 
sites since the Fe(tet.)-O-Fe(oct.) angle is 135 °. These 
sites are not crystallographically equivalent and hence 
a negative interaction is expected regardless of valence 
state. By analogy to the ionic distribution in magnet- 
ite, there may be a slight preference of Fe +3 for 
tetrahedral interstices, and the antiferromagnetic octa- 
hedral-tetrahedral exchange will result in a net ferri- 
magnetic moment. 

This suggests that  double exchange between differ- 
ing valence states in octahedral positions And super- 
exchange between ions in octahedral and tetrahedral 
positions may produce an uncompensated moment in 
the vicinity of the vacancy-interstitial defect complex. 
However, from the neutron diffraction experiments, 
only antiferromagnetic scattering is observed, and this 
is confirmed by the absence of an appreciable ferro- 
magnetic remanence. The magnetization expected 
from the number of iron atoms associated with the 
vacancy-interstitial defects is much greater than the 
ferromagnetism which could possibly be present, 
consequently the spin correlation in the defect is 
antiferromagnetic or paramagnetic. 

We next attempt to account for the observed aver- 
age magnetic moment per octahedral site. The simple 
assumption that  the moment is proportional to the 
concentration of iron atoms gives far too large a value. 
A somewhat better result is obtained by assuming the 
moment is proportional to the number of Fe-O-Fe 
bonds in superexchange contact. In a stoichiometric 
oxide, there are 6 next-nearest-neighbor cations in the 
first coordination sphere. For FeO-I  0.881 of the 
octahedral sites are occupied. Thus the number of 
Fe-O-Fe bonds is 0-881 (6 x0-881)=4-66 and 77.6% 
of the Fe atoms are in possible superexchange contact. 
Taking the g-value as 2, this corresponds to an average 
moment per octahedral site of 3"10/tB. A similar 
calculation for FeO-II  gives 2.98#B. These are minimal 
values since the calculated moments will be further 
increased by including an orbital contribution to the 
spin moment. The measured moments, based on the 
intensities of the 113 reflections, are 2.96#B and 
2"36/ZB. 

The small magnetic moment observed by the neu- 
tron scattering shows that  in FeO there is an ap- 
preciable concentration of atomic spins that  are not 
ordered in the predominent antiferromagnetic struc- 
ture. Further, they are not coupled so as to produce a 
ferromagnetic remanence. This suggests there are small 
'paramagnetic' regions associated with the interstitial- 
vacancy defect complex. Taking g = 2, we estimate the 
fraction of octahedral sites which contain cations 
whose spins are oriented in the antiferromagnetic 
structure to be 0.81 for I and 0.76 for II. Accordingly, 

about 20 % of the octahedral sites are not contributing 
to the neutron scattering from the ordered structure, 
equivalent to a 'paramagnetic island' of approximately 
2 interstitial cations plus 6 octahedral sites per unit 
cell. 

The 'paramagnetic islands' have been defined by 
the fact that  they do not produce coherent Bragg 
scattering associated with the 'ideal' magnetic struc- 
ture. The regions may be 'super-paramagnetic' (Bean, 
1955) in the sense that  there is a ferromagnetic coupling 
but the volume is so small that  thermal energy is 
sufficient to overcome the crystalline anisotropy and 
the magnetization of the 'island' will fluctuate in 
direction. A super-paramagnetic region will not possess 
a remanence, but might be observed by neutrons if the 
spin-reversal time were large with respect to the neu- 
tron passage time of about 10 -13 sec. Estimates 
based on the magnetization behavior of single domain 
particles of iron (N~el, 1953) and the spin-lattice 
relaxation frequency in Fe304 (Galt et al., 1953) 
indicate the spin-reversal frequency should be about 
10s-109 sec. -1, hence a super-paramagnetic region 
should scatter neutrons coherently. The 'forbidden' 
intensity near (111) probably is of magnetic origin 
since it appears below the antiferromagnetic N~el 
temperature. If the anomalous intensity is due to 
super-paramagnetic scattering from N iron atoms with 
spins arrayed ferromagnetically in islands with random 
orientations of the magnetic axes, the calculation 
gives N =  1.9 atoms per 32 FeO cell. This is approx- 
imately the same as the number of occupied tetrahedral 
interstices, or about 6 % of the cations in the crystal. 

Magnetic exchange anisotropy 
The magnetic structure in a (liT) plane of Wiistite is 
described in Fig. 6. Three defect regions are shown, 
ranging from that  about a single interstitial to a 
'magnetite-like' block derived from the coalescence of 
six interstitial cations. Some idea of the distribution 
of defects in the matrix may be obtained from Fig. 7 
which gives the distribution obtained by inserting 
interstitials in accordance with coordinates drawn 
from a table of random digits. Although most of the 
interstitials are isolated, there is an appreciable con- 
centration of clusters containing two, three or more 
interstitial cations. The actual distribution will be 
peaked toward larger aggregates since energy con- 
siderations favor the growth of larger clusters. This 
may be seen by reference to Fig. 6, which shows that  
in the larger clusters the cations and vacancies can be 
arranged to reduce coulombis repulsion, whereas a 
single interstitial either is forced to occupy a high 
energy position between tetrahedral interstices, or to 
be surrounded by four vacancies. In the stoichiometric 
portion of the crystal, or 'matrix', every other spin 
along a closepacked direction is parallel and in the 
same magnetic sublattice. The M - O - M '  angle be- 
tween cations situated on octahedral and tetrahedral 
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sites is 135 °, permi t t ing  superexchange coupling be- 
tween interst i t ial  and  normal  cations to produce a 
ferr imagnet ic  moment  in the vicinity of the defect. 
Since the  magnet iza t ion  within the  defect is coupled 
to t h a t  of the  ant i ferromagnet ic  matr ix ,  the proposed 
defect s t ruc ture  suggests the possibility of magnetic  

Fig. 6. Magnetic structure of defects. The projection on (11]') 
of three clusters formed from i, 2 and 6 interstitial cations 
is shown. The isolated interstitial occupies an intermediate 
position between tetrahedral interstices. 
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Fig. 7. The statistical distribution of clusters in (111) of FeO. 
The calculation is for the random insertion of interstitials, 
based on the composition O/Fe=I.08 with two vacancies 
per interstitial cation. 

* The remanenee in our sample of FeO powder was ob- 
served to increase after a year of storage at room temperature. 
This is believed to be due to the growth of larger clusters from 
single interstitials, but also may have resulted from slow 
atmospheric oxidation. 

exchange anisotropy in the ferromagnetic  component ,  
similar to t h a t  observed in Co-CoO magnets  by  
Meiklejohn & Bean (1957). 

The coexistence of ferromagnetic  and ant i ferromag-  
netic regions, coherent in both an atomic and magnet ic  
sense, has significant magnetic  consequences. Magnetic 
studies (Roth, 1959) showed a small ferromagnet ic  
remanence a t  room tempera ture .*  The remanence  
increased with decreasing tempera ture ,  a t ta ined  a 
m a x i m u m  value then decreased as the  t empera tu re  
was fur ther  lowered from 4.2 to 2.1 °K. In  addition, 
the  hysteresis loop of a specimen which had  been 
cooled to 4.2 °K. in a field of 12000 Orsteds was found 
to be asymmetr ic  and displaced by  - 2 0 0 0  Orsteds 
along the  field axis. 

These results support  and extend the  defect model  
deduced from the neutron scattering studies. Wi th in  
the  FeO crystal  there is a distr ibution of clusters of 
defects, ranging in size from tha t  of a single inter- 
stitial cation to larger aggregates with atomic arrange- 
ments  approximat ing  t ha t  of magnet i te .  The spins 
within each cluster are ferr imagnetical ly coupled, but  
a t  room tempera ture  the applied magnetic  field is 
able to orient the  magnet izat ion of only the  larger 
clusters against  the  randomizing effects of thermal  
motion, i.e., the  smaller clusters are superparamag-  
netic. As the t empera tu re  is lowered, increasingly 
smaller clusters can be lined up and the remanence 
increases. At  still lower t empera tu re  (2-1 °K. for 
FeO- I )  the  exchange interact ion between the anti- 
ferromagnetic  ma t r ix  and the ferr imagnetic clusters 
overcomes tha t  of the field. Since the  applied field is 
no longer able to orient the ferr imagnetic  moment ,  
the remanence now will decrease (Kouvel et al., 1958). 
In  similar fashion, the shifted hysteresis loop (Meikle- 
john & Bean, 1957) is the result  of the unidirectional 
anisotropy developed when the ant i ferromagnet ic  and 
ferrimagnetic volumes are magnetical ly ordered by  the  
applied field. 

The au thor  is indebted to R. E. Carter  for specimen 
preparat ion,  I.  S. Jacobs  and W. H. Meiklejohn for 
magnet ic  measurements ,  and A. Abrahamsen  for tech- 
nical assistance in the neutron diffraction experiments.  
Helpful  discussions with J .  S. Kouvel,  W. H. Meikle- 
john and Prof. F .C .  F r a n k  of the  Univers i ty  of 
Bristol are grateful ly acknowledged. 
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[Pt (CeNt) (NH (CH3)~)C12] is monoclinic, with the unit-cell parameters 

a=7 .77±0 .02 ,  b=8"67±0"03, c---6.65±0.02A; f l=102 °. 

There are two molecules in the unit cell (density observed 2.60, calculated 2.59 g.cm.-3), and the 
space group is P21/m or P21. 

The [010] and [001] projections were studied, and the positions of the light atoms found by the 
systematic use of difference syntheses. The structure so derived has the symmetry P21/m, the prin- 
cipal plane of the molecule being a plane of symmetry.  

I t  is confirmed that  the ethylene molecule is symmetrically bound to the plat inum atom. The 
carbon-carbon bond (1.47 A) is longer than a normal double bond, though the significance to be 
attached to this lengthening depends on the method used to assess the errors. The bond-lengths 
Pt-C1 (2.30 and 2-33 A) and Pt-l~ (2.02/~) have normal values within experimental error, in spite of 
the high trans.effect of the ethylene ligand, and there is no 'trans-lengthening' or 'cis-shortening" of 
the bonds. The g-bonding theory of the trans-effect accounts for this result and also for the appar- 
ently contradictory observation of Bokii & Kukina (1957) that  in the ion [Pt(C2H4)Br3]- the bond 
lengths differ from their normal values. 

The standard deviations of the bond-lengths were calculated from the diagonal elements only 
of the least-squares matrix to be CH2-CH 2 0.18, Pt-C1 0.04, 1)t-N 0.19 A, but  this approximate 
method of estimating the errors may  not be appropriate to this type of compound. 

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

The avai lable  evidence on the structure of e thylene 
complexes of p la t inum leads to the conclusion tha t  
they  are ~-complexes. The ethylene molecule is then  
bound to the meta l  by  the donat ion of ~-electrons 
from the ethylene l igand to the meta l ;  there is also 
some back-donat ion of d-electrons from the meta l  to 
the ant i -bonding orbitals of the ethylene (Chart & 
Duncanson,  1953). This type  of bonding can occur in 
the ion of Zeise's salt  [Pt(CgH4)CI~]-, the best-known 
~-complex, if the three chlorine atoms and the centre 
of the C-C bond occupy the four corners of a 'square- 
p lanar '  a r rangement  round the p la t inum atom, and  
the two carbon atoms are arranged symmetr ica l ly  
above and  below this plane. 

At tempts  to confirm this type  of s t ructure by  
X-ray  methods have  been made  (Wunderl ich & 
Mellor, 1954, 1955; Bokii  & Kukina ,  1957) and the 
positions of the heavier  atoms found, bu t  the coor- 
dinates of the carbon atoms were not  found accurately.  
Two related compounds of pa l lad ium have  also been 
studied (Dempsey & Baenziger, 1955; Holden & 
Baenziger, 1955), with results which also appeared 
to be in agreement  with the proposed type of structure,  
though in (Pd(C2H4)C12)2 the  carbon atoms appeared 
only ra ther  indefinitely,  and in (Pd styrene C12)2 the 
carbon-carbon bond is not  perpendicular  to the plane 
of the complex, p resumably  because the s tyrene mole- 
cule is not  symmetr ica l  about  its double bond. 

We therefore examined first the s l ight ly simpler  
compound trans-[Pt (C2H4)(NH3)C12], which proved to 


