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CoSb206 was investigated by neutron diffraction and magnetic susceptibility techniques. The structure 
found was tetragonal, of the trirutile type, with space group P42/mnm, a = 4.6495(2) A, c = 9.2763(6) 
A. Low-temperature neutron data gave no evidence of structural change down to 20 K. Susceptibility 
data showed a deviation from Curie-Weiss behavior below 100 K and a maximum at 35 K associated 
with low-dimensional ordering. A Curie-Weiss law fit of the data above 100 K gave r~ = 4.62(l) pa 
and 0 = -32.4(3) K. The ordered magnetic structure as determined by neutron diffraction was indexed 
on a supercell (2n, a, 2c) and is similar to that found previously for FeTa20s. Measured magnetic 
moments below T, gave an extrapolated zero-temperature moment of 3.3(2) pB for Co*+ and critical 
parameters p = 0.12(2) and T, = 12.64(5) K, consistent with the two-dimensional Ising model. The 
crystal structure of CoTazO, was found to be the same as that for CoSbtOs with a = 4.7358(3) A and 
c = 9.1708(7) A and with no structural change down to 10 K. At 4.2 K magnetic reflections were 
observed that could be indexed with a propagation vector IQ = (f, f, f). A two-cone axis helical spin 
structure is proposed which can account for the observed intensities. Some of the differences in 
magnetic properties of the two compounds can be understood in terms of bond distances within the 
Co-O layers. 6 1989 Academic press, Inc. 

introduction 

Materials with the composition ma206, 
M = V, Fe, Co, Ni, all of which crystallize 
in the trirutile structure, have been investi- 
gated recently in our laboratories. Similari- 
ties between the trirutile and the KzNiFd 
structures led to studies of the magnetic 
properties of these tantalates which have 
disclosed considerable evidence for short- 
range magnetic correlations extending over 
the temperature range 15-40 K and long- 
range magnetic order below 6-10 K for Fe 
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Ta206, CoTa206, and NiTa,O, (1-3). For 
CoTazOd the analysis of heat capacity data 
is consistent with a two-dimensional Ising 
model for the ordered state, TN = 6.6 K, 
showing strong intraplane anisotropy, J1/J2 
= 60, and a nearly linear chain model for 
the short-range ordered regime (2, 3). Nei- 
ther a detailed crystal structure nor a mag- 
netic structure has been reported for Co 
TaZOs. 

CoSb206 is also reported to crystallize in 
the trirutile structure (4). It is of interest to 
determine the consequences of the substi- 
tution of SbS+ for Ta5+ on the magnetic 
properties. As a first effort to study the ef- 
fect of this substitution, the crystal struc- 
ture and magnetic properties (including 
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magnetic structure and critical behavior) of man (II). No corrections for absorption, 
CoSb206 were investigated and compared extinction, or preferred orientation were 
with corresponding results for CoTaz06. applied. 

Experimental Details 

The CoSb206 sample was an orange- 
brown powder prepared from Co0 and 
Sbz03. A slight excess (5%) of Sb203 was 
added to prevent the formation of 
Co,Sb2012 (5). The sample was heated in an 
AllO3 crucible at a rate of SO”C/day from 
400 to 1050°C and then left at 1050°C for 
3 days. Two regrindings and refirings at 
1050°C were necessary to obtain a pure 
phase. 

Magnetic susceptibility data were col- 
lected on a Quantum Design SQUID mag- 
netometer using a pressed polycrystalline 
pellet. The magnetometer was calibrated 
with high-purity palladium. 

Results and Discussion 

CoSbzOs Structure Data 

CoTazOs was prepared by heating, in a 
platinum crucible, stoichiometric amounts 
of Co0 and Ta205 in the form of pressed 
pellets. The reaction was carried out in air 
at 1050°C for a period of 2 days. Regrinding 
and refiring were necessary in order to ob- 
tain a single-phase sample (6). 

The expected trirutile structure was veri- 
fied. The cell constants are smaller than 
those reported by Kasper (4) from X-ray 
work, but are not significantly different 
within the limit of three standard devia- 
tions. These results are shown in Table I 
and the profile fit is shown in Fig. 1. 

Powder neutron diffraction data were ob- 
tained at the McMaster Nuclear Reactor 
with 1.3913-A neutrons. Data sets at 298, 
20, and 7 K and 20 temperatures between 7 
and 13 K were collected for CoSbz06. For 
CoTa206, data sets at 298,77, 15, and 4.2 K 
were collected. The detector was a three- 
tube position-sensitive detector which has 
been described previously, (7, 8). For the 
room-temperature experiments the sample 
was held in a thin-walled vanadium can. 
For low temperatures the sample was con- 
tained in an aluminum can along with he- 
lium exchange gas and sealed with an in- 
dium gasket. 

The crystal structure remains unchanged 
down to 20 K with only small changes in 
positional parameters, of the order of .Ol A. 

Nearest-neighbor bond distances from 
the 298 K data are shown in Table II and 
exhibit no anomalous behavior when com- 

TABLE I 

CRYSTALLOGRAPHIC PARAMETERS FOR CoSb20, 
ATROOMTEMPERATURE 

Atom Position x Y z B(A~) 

CO 2a 0 0 
Sb 4e 

00.3082(9) 
0 :.3358(9) i:;;k, 

01 4f 0.3082(9) 0 0.4(l) 
02 8j 0.3026(S) 0.3026(5) 0.3264(5) 0.34(6) 

Structure refinements were carried out 
by the Rietveld profile refinement method 
(9). The magnetic structures were refined 
using a profile-fitting program developed lo- 
cally for handling magnetic super-lattice 
and incommensurate structures, (8). Neu- 
tron-scattering lengths were taken from 
Koester (10) and the magnetic form factor 
for Co2+ was taken from Watson and Free- 

5.5% 
4.2% 
4.2% 
1.4% 

No. of data points 1045 
Ind. reflections 113 
d-Space range (A, 0.849-4.65 

Note. Space group P4&mm; Z = 2; a = 4.6495(2) A; 
c = 9.2763(6) A; vol. = 200.53(3) zk3. 

a Weighted profile R,, = 100 x {[ZW~Y,,, ~ I',,,,)']/ 
[H~(YdlY. 

’ Profile R, = 100 x 21 Yobr - ~,,,,liI: Y”,,>. 
' Nuclear R.,, = 100 x XII,,, - I,,,IIZI~,. 
d Expected R,,, = 100 x ((N ~ P)Dhv( Yo&"*. 
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FIG. 1. The observed (+), calculated (-), and difference powder profiles for CoSb20, at 298 K 
(reflection positions are marked). 

pared to value expected from summation of Table III and Table IV lists the bond dis- 
atomic radii (12). tances and angles. 

CoTazOs Structure Magnetic Susceptibility (CoSbzOJ 

Similar results were obtained for the tan- 
talum compound. Again no notable struc- 
tural changes were observed down to 10 K 
and the cell volume also remained the same 
within error. The structural parameters ob- 
tained from the profit fit (Fig. 2) are listed in 

Susceptibility data (Fig. 3) show a broad 
maximum at -35 K, indicative of short- 
range order. An inflection point is also 
present below 20 K, indicating a transition 
to long-range order. Both of these effects 
are seen clearly in a plot of d(xT)ldT vs T 



STRUCTURE AND MAGNETISM IN CoSbz06 AND CoTaz06 23 
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FIG. 2. The observed (+), calculated (-), and difference powder profiles for CoTaz06 at 298 K 
(reflection positions are marked). 

(Fig. 4), which has the same functional 
form as the magnetic portion of the heat 
capacity near T,, according to Fisher (13). 
The h anomaly at T, = 13.0 K is obvious 
and indicates a phase transition. The slow 
decay of the heat capacity from 14 to 50 K 
shows clearly that a large amount of the 
entropy gain on warming the sample occurs 
above T,. This is strong additional evidence 
that significant short-range ordering of a 
low-dimensional nature is taking place. 

The data between 100 and 300 K were 
corrected for diamagnetism and fitted (Fig. 
5) to a Curie-Weiss relationship, 

x-’ = (T - 0)/C, 

giving peff = 4.62(l) pa and 0 = -32.4(3) K. 
The effective moment is typical for high- 
spin Co2+ in roughly octahedral geometry. 

Susceptibility data for CoTazOs have 
been published previously and are not re- 
produced here (2). 
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TABLE II TABLE IV 

BOND DISTANCES AND ANGLES AT ROOM BOND DISTANCES AND ANGLES AT ROOM 

TEMPERATURE IN CoSb206 TEMPEI~TURE IN CoTa20s 

Expected 
Bond Distance (A) u.3 Angle (“) 

co-o 2.026(3) co-o, 2.085’ 180.00(O) O,-Co-O, 
2.068(3) Co-02 180.00(O) Oz.-Co-02 

102.3(2) Oz-Co-02 
90.0(l) o,-co-o* 
77.7(2) 02-Co-02 

Bond Distance (A) 
Expected 

(12) Angle C) 

co-o 2.082(2) co-o, 2.085” 180.00(O) o,-co-o, 
2.101(3) co-o* 180.00(O) 02-co-o* 

99.2(l) o*-co-02 
~.o(l) o,-co-o~ 
80.7(l) 02-co-02 

Sb-0 1.987(6) Sb-01 178.9(3) O,-Sb-02 
1.978(6) Sb-0, 1.96 175.0(6) Oz-Sb-02 
1.992(2) Sb-02 99.59(4) O,-Sb-02 

91.9(3) O,-Sb-02 
88.1(2) Oz-Sb-02 
81.q3) Oz-Sb-02 
79.3(3) O,-Sb-0, 

Ta-0 1.974(4) Ta-02 177.4(3) 
1.9880) Ta-0, 2.08 175.6(2) 
2.006(3j Ta-0; 97.2$6) 

91.0(2) 
89.1(l) 
87.2(2) 
78.3(2) 

02-Ta-02 
O,-Ta-02 
O,-Ta-02 
O,-Ta-02 
02-Ta-02 
Oz-Ta-9 
O,-Ta-0, 

0 For Co*+ in a high-spin state. R For Co*+ in a high-spin state. 

Magnetic Structure of COSb@s 

Below 13 K magnetic reflections appear 
at low angles in the diffraction pattern 
which are not indexable on the chemical 
unit cell. These super-lattice reflections can 
be indexed with a magnetic unit cell (2a, a, 
2c) or (a, 2a, 2~). The intensities were mod- 
eled by a profile refinement (Fig. 6) of the 
7.5 K data set. The nuclear structure, cell 
constants, and peak width parameters were 
held fixed from the 20 K refinement. Two 

magnetic structures, which are indistin- 
guishable from powder data, were found to 
be consistent with the reflection intensities. 
The structures (Fig. 7) can be described in 
terms of two sublattices (origin and the 
body center) where the moments within 
one sublattice are antiparallel along [lOO] 
and [OOl] but parallel along [OlO]. All mo- 
mentsJe within the ab plane along [l lo] 
and [ 1 lo]. The structures differ in the angle 

0.04 r-----l 
TABLE III 

CRYSTALLOGRAPHIC PARAMETERS FOR CoTa206 

AT ROOM TEMPERATURE 

Atom Position x Y z Em 

co 2a 0 0 
Ta 4e 0 0 
01 ‘?f 

i.3304(4) zx9; 
0.3109(7) 0.3109(7) 0 

02 sj 0.2%7(4) 0.2%7(4) 0.3255(4) 0.92(6) 

R v 4.4% 
4 3.4% 
R "UC 4.9% 
R SW 1.8% 

No. of data points 995 
Ind. reflections 97 
d-Space range (A) 0.833-4.58 

Note. Space group P4&nnm; Z = 2; a = 4.7358(3) A; 
c = 9.1708(7) A; vol. = 205.68(3) k. 

0.' 1 I 
0. 100. 200. 300. 

T(K) 

FIG. 3. Magnetic susceptibility data for CoSblOs 
measured at 100 G from 4 to 60 K and at 5000 G from 

60 to 300 K. 
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0 

" " " " ' " 
0. 20. 40. 60. 

TtKI 

FIG. 4. Fisher’s heat capacity obtained from the 
low-field susceptibility data for CoSbzOG showing a A 
anomaly at 13 K and large entropy gain above T,. 

of the moments between the two sublat- 
tices. For the structure shown in Fig. 7a, 
the two sublattices are collinear and in Fig. 
7b they are orthogonal. It is worth mention- 
ing that other more complicated models 
with the origin sublattice antiparallel along 
[ 1001 and the body-centered sublattice anti- 
parallel along [OlO] will also give the same 
scattering intensities for powder data. 

150. 

0: 
'0. 100. 200. 300. 

TIK) 

FIG. 5. Curie-Weiss law fit to the data shown in Fig. 
3 giving wea = 4.62(l) /.~a and 8 = -32.4(3) K. 

L* : .; :.: ;.,: : .:,+-+! 
7.00 I I .91 16.82 21.73 16.554 3i 25 

28 IDEGI 

FIG. 6. Observed (+), calculated (-), and difference 
profiles of the neutron powder data for CoSbzOB at 7.5 
K. Bragg angles of nuclear reflections (bottom line) 
and magnetic reflections (top line) are indicated. 

The same magnetic structure has also 
been observed in FeTaz06 (I) where the 
two sublattices were determined to be or- 
thogonal from Messbauer data. 

Magnetic Structure of CoTa 

The magnetic structure for this com- 
pound is significantly more complicated. 
The smallest supercell that indexes all of 
the well-defined magnetic reflections is a 
26 x 4c unit cell. In order to simplify the 
task of modeling the intensities, the struc- 
ture was analyzed in terms of a helical spin 
arrangement (14). All magnetic reflections 
could be indexed with a helix propagation 
vector lo = (4, f, f). The relative intensities 

FIG. 7. Schematic illustrations of the (2a, a, 2c) mag- 
netic unit cell of CoSbzOe at 7.5 K. The collinear model 
is shown on the left and the orthogonal model on the 
right. 
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for a helical spin structure are determined 
by the phase difference between the sublat- 
tices (corner and body center in this case) 
and the so-called “cone axis” about which 
the spins rotate (8, 14, 15). Attempts were 
made to model the magnetic reflections by 
refining the phase difference and the cone 
axis direction using the Rietveld method, 
without success. A somewhat more elabo- 
rate model in which the two sublattices 
have different cone axes was much more 
successful. The scattering cross section for 
this type of structure is derived in the Ap- 
pendix and reproduced below: 

a(e) = &S2f2{1 + [(C . zJ2 
+ (C . ~~)~]/2 + Cos(r[h + k + l])[xl 

* x2 + y1 . y2 - (C 9 x,)(C * x2) 
- @ * YI) . (Q * y2)lYW 2 ko - 4 

Here z1 and z2 are unit vectors along the 
cone axes of the two sublattices, C is the 

unit neutron scattering vector, K is a recip- 
rocal lattice vector, f is the magnetic form 
factor, and S is the magnetic moment in 
Bohr magnetons. x, and yu form an 
orthonormal basis with the corresponding 
z”, for both sublattices, and their orienta- 
tion is related to the phase of the helix on 
sublattice u. Only the phase difference be- 
tween the sublattices, and not the absolute 
phase, is important. Thus there are now 
five independent parameters that determine 
the relative intensities of the magnetic re- 
flections as opposed to three for the one- 
cone axis model. The spin vector on sublat- 
tice u at lattice site it can be expressed as 

S(R,J = [x, cos(koRd + yu sinWL>l& 

and the basis vectors xv, yU are related by 
Euler angles to the crystallographic basis 
via the following transformation matrix 
(16): 

i 
(1 i Cos 4 Cos fi Cos a - Sin 4 Sin (Y Cos4CospSincx+Sin$Coscr -Cos4Sinp P 

9 = -Sin$CospCosff -CosdCos(~ -Sin+CospSinff + Cos4Cos(~ Sin 4 Sin p 
\i\ 

I; 

b/ \ Sin p Cos (Y 

A Rietveld refinement was carried out on 
the 4.2 K data set, with atomic positions 
fixed from the 10 K data set. Overall scale 
factor, linear background, zero angle, half- 
width parameters U, V, and W, cell con- 
stants, magnetic moment, and five Euler 
angles were relined. Two models with al- 
most identical scattering intensities were 
found that gave a reasonable fit to the data. 
In both models all of the angles except (Y~ 
refined to within three standard deviations 
of regular angles and were thus fixed as 
such for the final stages of the refinement. 
The profile fit is shown in Fig. 8 and result- 
ing magnetic parameters are shown in Ta- 
ble V. 

The magnetic moments in Table V are 
quite reasonable when compared with other 

Sin p Sin (Y COSP / \e/ 

values for Co2+ (in an octahedral environ- 
ment) measured by neutron diffraction (I 7- 
19). Schematic drawings of Model 2 are 

a 
ru 

- : : :..::. : : :’ .:. :...d 
8.30 12.70 17.10 21.50 25.90 30.30 

263 CDEGI 

FIG. 8. Observed (+), calculated (-), and difference 
profiles of the neutron powder data for CoTazO, at 4.2 
K. Bragg angles of nuclear reflections (bottom line) 
and magnetic reflections (top line) are indicated. 
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TABLE V 

PARAMETERS FORPROPOSEDMAGNETIC 
STRUCTURESOF CoTaz06 AT 4.2 K 

Model 1 Model 2 

k0W4 (4, 4, 4) (I, a, a, 
/ABM) 3.25(2) 3.31(2) 
ffl 4x2) 33(2) 

PI 120 0 
R-al 180” 90 
P243I 0 135" 
&-& 180 0" 

x2 5.9 5.8 

shown in Fig. 9, indicating how the mo- 
ments are oriented in the basal plane (Fig. 
9a) and in the ac plane (Fig. 9b). 

Critical Region for CoSbz06 

A log-log plot (Fig. 10) of magnetic mo- 
ment versus reduced temperature (t = 
(T, - T)/T,) gives /3 = 0.12(2) and 7’, = 
12.64(5) K. Inspection of the 12.6 K profile 
refinement shows evidence of critical scat- 
tering about the magnetic peak at 28 = 
9.65”, which will cause the measured mo- 
ment from the profile fit to be too large. The 
measured value of /3 is consistent only with 

FIG, 9. Schematic illustrations of the ab face (left) 
and the ac face (right) of the (4a, 4a, 4c) magnetic unit 
cell for CoTa206. 

1.2 

1.1 

1. 

0.9 
2 
z; 0.8 

2 
0.7 

-8. -6. -4. -2. 0. 
LOGIt. 

FIG. 10. Log-log plot of magnetic moment versus 
reduced temperature (t = [T, - TIIT,) giving /3 = 
0.12(2) and T, = 12.64(5) K. 

2-D Ising behavior where p is known to be 
&. Usually /? obtained from such data tends 
to be very correlated with the value chosen 
for T,. However, in this case an increase in 
T, of 0.1 K will yield p = .13(2) (still in 
agreement with &)), but x2 increases by a 
factor of 3 indicating that the /?-Tc correla- 
tion is not very large. 

The low-temperature magnetic reflec- 
tions appear to be Bragg in nature and show 
no evidence that the ordered state is two 
dimensional. This indicates that a weak in- 
terplanar coupling is present which will 
only affect the critical properties close to 
T,. We suspect that crossover to 3-D criti- 
cal indices occurs above 12.64 K, which ex- 
plains why the critical temperatures ob- 
tained from the heat capacity and 
susceptibility data are significantly higher. 
Similar crossover behavior has been ob- 
served previously with single-crystal neu- 
tron data in K2NiF4 (20) and RbzCoFd (22). 
No attempt was made to interpret the scat- 
tering between 12.64 and 13 K in terms of a 
3-D Ising model due to the difficulty of cor- 
recting for the critical scattering which is 
already becoming important at 12.6 K. 
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TABLE VI 

COMPARISON OF MAGNETIC AND STRUCTURAL 
PROPERTIES OF CoSbzO, AND CoTazOd 

TmaSW 
UK) 
co-o, (A) 

01-0, (4 
Magnetic cell 

CoSbzOd CoTa20, 

35(l) 15.6(2) 
13.0(2) 6.63(5) 
2.026 2.082 
2.522 2.532 

a,(b) = 2a aM(b) = 4a(2tiu) 
c&j = 2c CM = 4c 

Conclusions 

In Table VI some selected magnetic and 
structural properties of CoSbzOh and Co 
Ta206 are compared. While the gross fea- 
tures of these isostructural materials are 
similar, both show dominant short-range 
order followed by a transition to long-range 
order at low temperatures, the quantitative 
differences are striking. For example T, and 
T(x,,& are both greater by a factor of 2 for 
CoSb206 relative to CoTazOb. Analysis of 
heat capacity data for CoTazOs is consis- 
tent with the anisotropic square planar 
Ising model with J1/J2 = 60 and J1 = 11.8 K 
(3). Examination of Figs. 3 and 4 suggests a 
similar model for CoSb206. For the trirutile 
structure of composition MMI06, the domi- 
nant in plane exchange interaction involves 
a next-nearest-neighbor 180” M-O-O-M 
interaction along one diagonal of the square 
face as shown in Fig. 11. Other possible 
interactions between nearest neighbors in- 
volve at least one very long M-O distance 
and bond angles far from 180” or 90”. To a 
crude approximation this resembles a linear 
chain system, although, of course, the J1/J2 
ratio is not large enough. Nonetheless, 
analysis in terms of a linear chain can be 
instructive. For example the temperature 
corresponding to the susceptibility maxi- 
mum T&.&l in the one-dimensional Ising 
model is a simple measure of J1, the domi- 
nant exchange constant. Evidently, J1 in- 

creases by about a factor of 2 in going from 
CoTazOs to CoSbzOs, as already noted. In 
the theory of superexchange, J1 is propor- 
tional to the square of the transfer integral 
which is itself proportional to overlap inte- 
grals between metal ions and ligands which 
connect them to adjacent ions, (22). One 
would therefore expect J1 to be highly sen- 
sitive to changes in relevant bond dis- 
tances. From Table 6 the most significant 
change in going from CoTa,O, to CoSb206 
is a shortening of the Co-Or bond by about 
3%. This bond is the one involved in the 
180” Co-O-O-Co interaction. Note that no 
change occurs in the 01-0, distance as ex- 
pected. The observations are qualitatively 
consistent with the increase in T(xmax) for 
CoSbzO+ 

Relating T, to structural changes is much 
less straightforward as interplanar interac- 
tions may also be involved. Note also that 
the magnetic unit cell is smaller and the 
structure is simpler for CoSbzOs than for 
CoTazOe. In fact, it is the same as the one 
found previously in FeTalOs (I). This may 

0 M2+ 

b 

- nn Interactions (J,) 

mmhv nnn tnteractions along [ItO] (J,) 

--- nnn tnteractions along [ilo] 

FIG. 11. Superexchange pathways in the ab plane 
for A4Ta206 trirutile. The arrows show the magnetic 
moments found in the 3-D ordered state for CoSbz06. 
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indicate a greater degree of frustration in The scattering cross section for such a 
the tantalate relative to the antimonate, structure can be calculated starting with the 
suggesting a larger J1/J2 for the later, but general expression for neutron magnetic 
this has yet to be measured. scattering: 
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PL(4 = LL(eF~(U ew(ie - %A (6) 

where e is the neutron scattering vector, fU 
is the magnetic form factor, and S, is the 
component of S in the scattering plane 

s, = s - C(S . 6). (7) 

The factor brO is the neutron scattering 
length per Bohr magneton and is equal to 
0.27 x lo-r2 cm. Combining (l), (6), and (7) 
one obtains 

Appendix 

Helical spin structures can be repre- 
sented by expanding the spin vectors in 
terms of Fourier components: 

SOL) = &Q&) exp(zk * Rd, (1) 

where II labels a unit cell in the lattice and IJ 
labels the position of the spin within a unit 
cell. k is the propogation vector of the spi- 
ral; thus the repeat length of the spiral is 
2dk. The Fourier components QU are com- 
plex and must satisfy the condition 

Pi(e) = &&fXe)QdW exp[i@ + k) * &,I 
= &&fu(e)Qdk) exp[i(e + W - CR, + rd 

= &&h(e)Qdk) ew[i(e + W . &I 
X 2, exp[i(e + k) * R,] 

= &&f&)Qdk) ew[i(e + k) - &I 
x 6(e + k - K), (8) 

Q,(k) = Q:(-k) (2) 

in order to insure reality of the spin vectors. 
For a one-k spiral with propagation vector 
ko on sublattice u, in which the spins pre- 
cess about an arbitrary axis, z, (which is not 
necessarily collinear with kJ, one can 
choose 

where QI is defined in the same way as S, 
and K is a reciprocal lattice vector. For Co 
Ta206 there are two sublattices rl = (0, 0,O) 
and r2, = (f, 4, f) with the same moment and 
form factor, i.e., S, = S andf,(e) = f(e) for 
u = 1 and 2. 

IPl(e)j2 = f2(e)&4(e + k 
- K)6(e + k’ - K’) 

X &,Qdk) * Q%k’) exp[i(e + k) * r,] 
exp[-i(e + k’) . run]. (9) 

Q&o) = &(x, - iy,), (3) 

where S, is the spin moment and xU, yU, and 
z, form an orthonormal basis. Combining 
Eqs. (I), (21, and (3) 

WL) = Sub, cos&o * R,,) 
+ yu sink . L)l. (4) 

For k not at the zone edge the two 6 func- 
tions will only be nonzero if k = k’ and e = 
K - k: 

/PICK + WI2 = f2(4C,,,Qd+kd 
* Q?X+) exp[zK + (r, - r,,)], (IO) 

where ko is the helix propagation vector for 
which the Fourier components are non- 
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zero. Performing the double sum over the 
two sublattices one obtains 

IPLW ? WI2 = f2(e){lQd2 
+ IQd2 + 2MQ~I - Qh 

exp[-lK - (4, 4, 8111) = f2(e){lQ1d2 
+ IQ1212 + 2Cos[7r(h + k 

+ OIJWQ~I * Q*,2)>. (11) 

From 3 and 7 

IQlv12 = fS2[1 + (C . z,)~] w 

Qu * QT2 = tS2[b, - iyl) - (~2 + iy2) 

- (Q . x1 - ic * y,)(C * x2 + ii? . y2)]. (13) 

Finally 

de) = iyroS2f2{1 + [(C . z,)~ + (C . ~~)~]/2 

+ Cos(r[h + k + 11)(x1 . x2 + y1 . y2 
- 6 . x~C * ~2 - C * y& * y2)}6(K + b - e) 

= &Vi#f2{1 + [(C . z# + (6 * z#]/2 
+ Cos(n-[h + k + I])[xll . xL2 + yI1 

. ydW + ko - 4. 
The cross section for a one-cone axis 

structure presented by Corlis and Hastings 
(15) is retrieved by setting x1 = x2, y1 = y2 
and zI = z2. 
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