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which is equivalent to equations (35) and (45). 
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Ant i f e r romagne t i sm in nickel orthosil icate*.  By R. NEWNHAM, R. SANTORO, J. FANG t and S. NOMURA~:, Electrical 
Engineering Dept., Massachusetts Institute of Technology, Cambridge, Massachusetts, U.S.A. 

(Received 24 November 1964) 

Nickel orthosilicate, Ni2SiO4, is isomorphous with the min- 
eral olivine. Polycrystalline specimens were prepared from 
sodium orthosilicate and nickel nitrate. After the compo- 
nents were dissolved separately in distilled water, the ortho- 
silicate solution was slowly added to the nitrate solution, 
yielding a hydrated nickel silicate precipitate. The precipi- 
tate was filtered and washed, and then fired at 1400°C 
for 24 hours to give NizSiO4. Least-squares refinement of 
high-angle X-ray diffractometer data gave the lattice param- 
eters a =  10.121_+0.005, b=5.915_+0.002, c=4.727_+ 
0.002 A. The space group is Pnma with four formula-units 
per unit cell. 

A vibrating-sample magnetometer was used to measure 
the magnetic susceptibility of Ni2SiO4. As shown in Fig. 1, 
the susceptibility follows a Curie-Weiss law above 60°K, 
with O = 7 °K and pelf = 3"15 ttn. Kondo & Miyahara (1963) 
report slightly different values of - 1 4 ° K  and 3.04/~B. The 
susceptibility goes through a maximum near 34°K, indica- 
tive of a paramagnetic-antiferromagnetic transition. 

* Sponsored by Advanced Research Projects Agency under 
contract SD-90 and by the U.S. Air Force under Contract 
AF33(616)-8353. 

t Present address: Geology Department, Southern Illinois 
University, Carbondale, Illinois, U.S.A. 

:l: Present address: Physics Department, Tokyo Institute of 
Technology, Ookayama, Merguro-ku, Tokyo, Japan. 

Neutron diffraction patterns of polycrystalline Ni2SiO4 
taken above and below the N6el temperature are shown in 
Fig. 2. The nuclear intensities (Table 1) agree well with 
values calculated from the olivine coordinates (Hanke & 
Zemann, 1963), confirming the crystal structure. The mag- 
netic peaks in the low-temperature pattern cannot be in- 
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Fig. 1. The reciprocal susceptibility of Ni2SiO4 plotted as a 
function of temperature. 
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Table 1. Comparison of observed and calculated nuclear 
intensities indexed on the chemical unit cell. 

hkl &ale Icaa~ Iobs dobs 
200 5"06 3 2 5"08 
101 4"28 4 6 4"29 
210 3"85 5 4 3"86 
011 3"69 3 3 3"71 
111 3"47 25 
201 3-45 2 / 30 3"48 
211 2"98 2 
020 2.96 2 j 4 2"98 
301 2"75 35 30 2-76 
220 2"55 4 ], 6 2"56 
400 2"53 2 J 
311 2"49 22 26 2"49 
121 2-43 39 36 2"44 
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Fig. 2. Neutron diffraction powder patterns of Ni2SiO4 taken 
above and below the antiferromagnetic transition. Indices for 
the nuclear intensities are given in the room-temperature 
pattern. The magnetic reflections (M) in the low-temperature 
pattern are indexed on an orthorhombic magnetic cell with 
dimensions 20.2 x 5-9 x 9.5 A. 
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Fig. 3. Possible spin arrangement in antiferromagnetic Ni2SiO4 

projected on (010). Heights of the Ni ions are expressed in 
cell fractions; silicon and oxygen positions are not shown. 
The magnetic superlattice and four chemical sub-cells are 
outlined. 

dexed on the chemical unit cell and require a 2a x b x 2c 
superlattice cell containing 32 nickel atoms. This many 
spin directions cannot be established with certainty from 
the powder diagram, but the antiferromagnetic alignment 
in Fig. 3 gives reasonable agreement with experiment (Table 
2). The computational methods outlined by Shirane (1959) 
proved useful in calculating the magnetic intensities. 

Table 2. Comparison of observed and calculated magnetic 
intensities indexed on the magnetic superlattiee 

hkl deale Ieale Iobs dobs 
101 8"57 33 36 8"60 
301 5"51 1 3 5"49 
111 4"87 6 7 4"88 
311 4"03 1 <2 - -  
501 3"72 1 < 2 - -  
511 3"15 2 It 
103 3"12 2 j 3 3"14 
303 2"86 0 < 2 - -  
121 2"80 0 <2 - -  
701 2"77 2 "~ 
113 2"76 1 j 2 2"77 
321 2"60 6 5 2"60 
711 2"51 0 <2 - -  

The model was derived from the magnetic structure of 
cobalt orthosilicate (Nomura, Santoro, Fang & Newnham, 
1964), in which spins at height z =  0 in the chemical cell 
are antiparallel to those at z=  ½. The cobalt moments are 
collinear with b. When indexed on the quadrupled cell, the 
magnetic reflections of Ni2SiO4 are absent unless h and l 
are odd, suggesting that spins related by translational vec- 
tors along a and e are antiparallel. Intensity calculations 
were carried out for a number of four-spin models similar 
to the Co2SiO4 arrangement and consistent with the B-face 
centering condition. The best results were achieved with 
the spins in (010), as indicated in Fig. 3. Within this plane 
only relative spin directions can be determined from the 
powder pattern; rotation of the entire spin system about 
b yields identical intensities. 

We wish to acknowledge our indebtedness to Prof. C. G. 
Shull, Mr M. J. Redman, and the staff of the M.I.T. Com- 
putation Center. 
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