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The result, 16.76, which we had derived originally in 
1979 landed in the plateau region established by the 
dynamical  procedures. 

We consider that the appl icat ion of  an extrapola- 
tion procedure - by using a wedge-shaped single- 
crystal specimen or by tilting a paral lel-sided speci- 
men (Lawrence & Mathieson,  1976) or by estimating 
the level of  extinction (first approximat ion)  from the 
profile curve (Mackenzie  & Mathieson,  1979) - is 
advisable to establish properly a zero-extinction limit. 
That there may also be a scale-factor modifier for the 
y-ray data is a possibil i ty which cannot  be excluded. 
However, to authenticate this possibility, the applica- 
bility of  the Darwin transfer relat ionship requires to 
be explored more closely, exper imental ly  as well as 
theoretically. 

We are grateful to Drs G. Kemister  and P. J. Lloyd 
for their careful reading of the text in relation to 
band-structure calculations.  
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Abstract  

The magnetic  structure of  TbA103 single crystals has 
been studied using zero-field neutron polar imetry and 
neutron integrated intensity measurements .  The 
results of  nei ther  kind of measurements  could be 
understood using a s imple model  for extinction in 
the rather good untwinned  crystals that were used. 

To explain  the results the Becker-Coppens  extinction 
model  [Becker & Coppens  (1974). Acta  Cryst. A30, 
129-147] has been extended to the case where several 
magnetic  domains  occur within one block of  the 
nuclear  structure. The consequences for both the 
integrated intensities and the scattered polarizat ions 
have been calculated and it has been shown that the 
model  provides a consistent interpretation of both 
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sets of measurements. The results for the magnetic 
structure are in good agreement with a previous 
powder diffraction study. 

1. Introduction 

In recent years we have been developing the technique 
of general polarization analysis to study absolute 
magnetic configurations in single crystals of antifer- 
romagnetic materials. In particular, the rotation of 
neutron polarization by the imaginary part of the 
interference term between magnetic and nuclear scat- 
tering, first noted by Blume (1963), can determine the 
sense in which the moment points with respect to a 
polar crystallographic environment. The symmetry 
requirements for this term to be non-zero are precisely 
those required for the existence of magnetoelectricity, 
viz the propagation vector of the magnetic structure 
must be zero and, if the magnetic point group includes 
a centre of symmetry, this must be combined with 
time reversal (see, for example, Cox, 1974). 

In previous experiments we have studied the sys- 
tems Cr203, LiCoPO4 and LiNiPO4. In Cr203 a 
unique sense for the direction of rotation of the 
polarization was found, suggesting that one orienta- 
tion of the moment with respect to the sense of the 
polar (trigonal) axis is more stable than the other 
(Tasset, Brown & Forsyth, 1988). In LiCoPO4 and 
LiNiPO4, on the other hand, the rotation of the 
polarization was detected primarily as depolarization 
of the beam. Such behaviour indicates almost equal 
populations of right- and left-turning domains, which 
must therefore have nearly equal energies in these 
compounds. 

We have now chosen to re-examine the magnetic 
structure of TbAIO4, since it provides an opportunity 
to study the effect of a polar environment on the 
absolute-moment direction of a rare-earth ion. In the 
early stages of the experiment, however, when only 
unpolarized-beam integrated intensity data had been 
measured, it became clear that the magnetic scattering 
was much less extinguished than the nuclear scatter- 
ing from the rather good single-crystal sample. We 
now describe an extension to the Becker-Coppens 
(1974) treatment of extinction which has enabled us 
to model not only these observations but also the 
polarization analysis data. The magnetic structure 
of TbA103 is found to be in good agreement with 
that proposed by Mareschal, Sivardi~re, De Vries & 
Bertaut (1968) on the basis of neutron powder data. 

5.229, b=5.308 and c=7.415A, at ambient tem- 
perature (Wells, 1970). The atomic positions are Tb 
in 4(c) (x,y,~), A1 in 4(b) (½,0,0), O1 in 4(c) and 
02 in a general position 8(a). The positional param- 
eters of the isostructural DyA103 were determined in 
a room-temperature powder study by Bidaux & 
Meriel (1968) and these have been used as starting 
values for the structure refinements. 

The compound was found to undergo an anti- 
ferromagnetic transition at 3.95 K, accompanied by 
the appearance of magnetoelectricity (Mercier & 
Cursoux, 1968). In the magnetic structure determined 
by Mareschal et aL (1968) the Tb moments lie in the 
mirror plane perpendicular to [001] and make angles 
+36 ° to [100] as shown in Fig. 1. Since the Tb-moment 
direction is polar, the configuration in Fig. l (a)  is 
distinguishable from that in Fig. l(b),  in which all 
the moment directions are reversed. 

Z 
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2. The structure of  TbAIO3 

TbA103 is a member of a series of isostructural com- 
pounds AB03,  where A is a trivalent transition-metal 
ion or aluminium and B is a trivalent rare-earth ion, 
which have a distorted perovskite structure and space 
group Pbmn. The cell dimensions of TbAIO3 are a = 

(b) 

0 Tb • At @ 0 

Fig. 1. The  magnetic structure o f  TbAIO3: (a)  and (b) represent  
the two different 180 ° domains.  
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3. Experimental 

3.1. Integrated intensity measurements 

Two optically transparent untwinned crystals of 
TbA103 were available. They had been grown by Dr 
R. C. C. Ward at the Clarendon Laboratory, Oxford 
University and used previously in the magnetic sus- 
ceptibility and specific heat studies of Wells (1970). 
The crystals were in the form of right prisms of nearly 
rectangular cross section, the prism faces being { 110} 
with an interracial angle of 89.5 °. The normal-beam 
diffractometer D15 at the Institut Laue-Langevin 
(ILL) was used to check the crystal quality and to 
mount the larger of the two crystals (3 x 3 x 5 mm) 
with its long c axis aligned parallel to the to axis of 
the diffractometer. A set of integrated intensities was 
measured with the sample at ambient temperature 
and a neutron wavelength of 1.176 ,~. Reflections of 
the form hkO were measured out to the limit (20-- 
130 ° ) of the machine and these were supplemented 
by a few reflections (hkl)  from the first layer. After 
averaging the intensities of equivalent reflections, we 
obtained a unique set of 85 measured structure fac- 
tors. The crystal was subsequently placed in a stan- 
dard ILL 'Orange' cryostat and a limited data set 
containing reflections in layers 0, 1 and 2 with 
(sin 0)/A < 0.5 A -I was  collected, first with the crystal 
in the antiferromagnetic phase at 1.5 K and then at 
12 K just above the antiferromagnetic-to-paramag- 
netic transition. In both sets equivalent intensities 
were averaged, yielding a unique set of 45 non-zero 
structure factors measured at 12 K and 58 at 1.5 K: 
the difference in number being due to those magnetic 
reflections which are systematically absent in the 
nuclear space group. 

3.2. Polarization analysis measurements 

These measurements were carried out using the 
zero-field polarimeter Cryopad on the IN20 polar- 
ized-beam triple-axis spectrometer at the ILL. The 
principles and operation of the Cryopad have been 
fully described elsewhere by Tasset (1989) and 
Brown, Nunez, Tasset, Forsyth & Radhakrishna 
(1990). In short, it allows both the input neutron-beam 
polarization to be set at any desired angle and the 
magnitude and direction of the polarization in the 
diffracted beam to be found under the control of a 
PDP11/73 computer. The diffracting sample is kept 
in a field-free region and its temperature can be main- 
tained in the range 2.0-315 K. Although the Cryopad 
makes it possible to set the input polarization P to 
any desired angle, it is convenient from the point of 
view of subsequent analysis to make scans in which 
P is varied in the three principal planes defined by 
the axes x parallel to the scattering vector ~:, z vertical 
and y making a right-handed set. In view of the time 
available, the TbA103 measurements were restricted 

to the six 'cardinal directions' parallel to +x, +y  
and +z. 

The first set of measurements was made on the 
smaller of the two crystals which had edges of 2.4, 
2.8 and 2.8mm parallel to [110], [110] and [001], 
respectively. The crystal was mounted so that [110] 
was accurately aligned parallel to the to (z) axis of 
the Cryopad. Reflections of at least two forms of six 
inequivalent hhl reflections 111, 112, 113, 220, 221 
and 001 were then measured with the sample held at 
a nominal temperature of 2.5 K. Some difficulty was 
experienced in keeping this temperature constant over 
long periods and data taken at temperatures outside 
the range 2.1-2.8 K were subsequently rejected. Our 
measurements of the sublattice magnetization repor- 
ted in § 9 show that its variation within this tem- 
perature range would not introduce an unacceptable 
drift in the direction of the output polarization. The 
temperature dependence of the scattered polarization 
was then measured for the 112 reflection as the sample 
was heated above its N6el point. 

Two further sets of data were collected, one from 
the larger crystal with its [001] mounting in which 
forms of the inequivalent reflections 110, 120, 210, 
220, 230 and 140 were measured at 2.5 K. These 
measurements were completed with a temperature 
scan of the 140 reflection. Finally, the smaller crystal 
was remounted about [010] and forms of the 101, 
103, 105, 201 and 303 measured at 2.5 K. 

In all, a total of 540 different determinations of the 
scattered polarization were made in a period of 3 d, 
which included the time taken to refill the helium in 
the cryostat and to exchange samples. 

4. Preliminary analysis of the integrated intensity data 

Least-squares refinements of the integrated intensities 
recorded at room temperature and at 12 K showed 
that the TbAIO3 crystal exhibited severe extinction 
as might be expected from such a good untwinned 
sample. The extinction was modelled using the 
Becker-Coppens (1974) formalism and good agree- 
ment between the observed and calculated nuclear 
structure factors was obtained from a least-squares 
refinement of the room-temperature data set starting 
from the parameters for DyAI03. Both these param- 
eters and the refined values for TbA103 are reported 
in Table 1. With a domain radius of 7.3 ~m primary 
extinction within the mosaic blocks could be appreci- 
able and the primary-extinction correction given by 
Becker & Coppens (1974) was included in a sub- 
sequent refinement. This refinement gave a sig- 
nificantly worse fit to the data and smaller values of 
both the domain radius and mosaic spread. The result 
of the smaller domain radius is that the correction 
for primary extinction becomes negligible in com- 
parison with that for secondary extinction. We have 
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Table 1. Parameters obtained from the least-squares 
refinements of the structure of TbA103 

The numbers  in parentheses give the s tandard  deviations o f  the 
parameters ;  if no s tandard  deviat ion is given the cor responding  
parameter  was fixed in the refinement.  

Parameter  300 K 12 K 

Tb x -0.0096 (4) -O.0O86 (11) 
y 0.0429 (3) 0.0444 (10) 
B (/1-2) 0.02 (9) 0.01 

AI B (~-2) 0.11 (13) 0.06 

O1 x 0.0768 (6) 0.0792 (13) 
y 0.4832 (4) 0.4829 (14) 
B (A -2) 0.23 (9) 0.12 

02 x -0.2892 (3) -0.2891 (9) 
y 0.2888 (2) 0.2893 (8) 
z 0.0427 0.0419 (16) 
B (/~-2) 0.16 (9) 0.08 

Domain radius (ixm) 7 (4) 7.3 
Mosaic spread (mrad) 0.35 (10) 0.35 
Scale 122 (5) 121 (1) 

Number of reflections 62 45 
R factor on F (%) 2.7 3.7 

therefore made the assumption that primary extinc- 
tion within the mosaic blocks can be neglected. 

The 12 K data set is restricted to relatively low 
momentum transfers and the temperature factors are 
therefore not well determined. We have therefore 
fixed them to physically realistic values (one half of 
the values obtained at room temperature). The extinc- 
tion parameters obtained from the room-temperature 
data were retained and the scale factor and atomic 
positions of the 12 K data set were refined. The results 
are also given in Table 1. No significant difference is 
found between the positional parameters at 300 and 
12 K although the latter have not been obtained with 
great precision. The fact that the two scale factors 
are identical shows that the cryostat introduces negli- 
gible absorption. 

The scale factor, extinction and structural param- 
eters of the 12 K refinement were then introduced as 
fixed parameters in a least-squares refinement of the 
magnetic structure from the 1.5 K data set. The mag- 
netic structure model used was that of Mareschal et 
al. (1968) which has two adjustable parameters: the 
magnetic moment of terbium and its inclination ~o to 
the a axis in the ab plane. In this and all subsequent 
magnetic calculations the dipole approximation to 
the form factor of Tb, 

f-rb(K) = (j0)-rb + ½(j2)~, 

was used. In this equation (j0)-rb and (j2)Tb are the 
radial integrals for the free Tb 3+ ion calculated by 
Freeman & Desclaux (1979). The result of the 
refinement, which is given in column F(a) of Table 
2, was unsatisfactory in that it yielded the unphysical 
value of 17t~s for the magnetic moment of Tb; it was 
concluded that either the proposed magnetic structure 
was incorrect or that there was something funda- 
mentally wrong with the treatment of extinction. We 

Table 2. Parameters obtained from refinements of the 
magnetic structure of TbA103 

The posit ional  and thermal  parameters  were fixed to those obta ined  
for  the nuclear  structure at 12 K. The co lumns  labelled F(a), F(b) 
and F(c) refer to refinements based on integrated intensity 
measurements  using different ext inct ion models:  (a )  total 1.5 K 
intensity model led  by Becke r -Coppens  (B-C)  with domain  radius 
and scale values from the 12 K nuclear  refinement;  (b) 1.5 K 
magnet ic  intensity model led by B-C with scale f rom 12 K nuclear  
ref inement  but  allowing the domain  radius to refine; (c) total 1.5 K 
intensity model led  by ex tended  B-C theory.  The  co lumn labelled 
PA gives the results of  the final ref inement  based on the scat tered 
polarizations.  

Parameter  F(a) F(b) F(c) PA 

Tb Moment (/x B) 16.7 (5) 7.8 (3) 8.25 8.31 (11) 
(°) 32(2) 36(1) 37(1) 30.5(6) 

Domain radii (ixm) rN 7.3 - 7.3 7.3 
rl - 2.6 (2) 1.82 (10) 
rM 0.9 (2) 0.9 (2) 0.46 (5) 

Mosaic spread (mrad) 0.35 0.35 0.35 0.35 

Overlap - - 0.23 (16) 0.14 (3) 

Number of observations 58 58 58 540 
R factor on F (%) 6.5 8.0 5.6 

were led to adopt the latter conclusion for two rea- 
sons. Firstly, if it is assumed that nuclear and magnetic 
scattering are equally extinguished, the order of mag- 
nitude of the magnetic scattering can be estimated by 
according the same scale and extinction factors to 
nuclear and magnetic reflections which occur at 
similar scattering angles and have approximately the 
same intensity. It was immediately clear that this 
assumption leads to experimental magnetic scattering 
factors greater than could be obtained for any mag- 
netic structure with only 9/XB per Tb atom. For in- 
stance, if the integrated intensity measured for the 
purely magnetic 201 reflection is scaled using the 
nuclear scale and corrected for extinction using the 
nuclear extinction model it yields an experimental 
magnetic structure factor of about 13.5 × 10 -12 cm. 
After dividing by the form factor this corresponds to 
48/XB for four Tb ions. Secondly, it was found that, 
if a set of magnetic intensities was deduced by direct 
subtraction of the reflection intensities measured at 
12 K from those measured at 1.5 K, these data were 
consistent with the magnetic structure obtained from 
powder diffraction allowing a smaller domain radius 
for the magnetic scattering but using the scale factor 
obtained from the extinction-corrected nuclear 
refinement. The results of this refinement are listed 
in column F(b) of Table 2. We have therefore been 
led to the conclusion that the magnetic scattering is 
much less extinguished than is the nuclear scattering. 

5. A model for extinction in mixed magnetic nuclear 
reflections 

Before a proper analysis of the results of the polariz- 
ation analysis experiments can be made, it is 
necessary to develop a model for the extinction 
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process for the case where both magnetic and nuclear 
scattering occur in the same Bragg reflections. In 
order to explain the results described above, this 
model must allow a different amount of extinction 
for the two types of scattering. Also, to be applicable 
to polarization analysis data, it must predict the 
polarization of the scattered beam. Although the 
TbA103 crystals are reasonably perfect, it has been 
shown that their behaviour is far from dynamical; 
the model should therefore describe secondary rather 
than primary extinction. The parameters in the 
Becker-Coppens treatment of extinction are the 
angular width of the mosaic block distribution, the 
mosaic spread, and the size the blocks themselves, 
the domain radius. It is not easy to imagine, within 
this model, how a different mosaic spread can apply 
to magnetic and nuclear scattering since the lattice, 
within which the defects giving rise to such blocks 
occur, is the same for magnetic and nuclear scattering. 
On the other hand, it is quite reasonable to postulate 
different domain radii, since a region of crystal which 
is perfect as far as its nuclear structure is concerned 
may contain several different magnetic domains. 

When a crystal undergoes a transition to an ordered 
magnetic structure there is a possibility that different 
parts of the crystal will belong to different magnetic 
domains. The number of different types of domain 
depends on the relative symmetries of the paramag- 
netic and ordered phases, and domain formation may 
introduce local lattice distortions if symmetry is lost 
in the transition. In a magnetic structure like that of 
TbA103 in which magnetic and nuclear scattering 
occur in the same reflections (propagation vector 
zero), domains of the 180 ° type can always occur. 
These domains are regions of crystal in which the 
moments of atoms in the same positions with respect 
to the origin of the unit cell are oppositely directed. 
Such domains introduce no lattice deformation 
whilst, across the boundary between two such 
domains, the relative phase of the potentials for 
nuclear and magnetic scattering of neutrons changes 
by 180 ° . 

The domain radius enters into the Becker-Coppens 
extinction model in two ways: firstly, its size gives 
the primary-extinction correction and, secondly, it 
fixes the width of the rocking curve of a single mosaic 
block. The full width a of the rocking curve in this 
model has the form 

a 2 : [ ( A / r s i n  0)2+(1/2g)2] -~. 

The extinction parameters obtained in the nuclear 
refinement indicate that, over most of the angular 
range, the width of the rocking curve is dominated 
by the mosaic spread, i.e. r(sin 0)/A > 2g. It is quite 
possible therefore that if the size of the 180 ° magnetic 
domains is much less than that of the mosaic blocks, 
the width of the rocking curve for magnetic scattering 
could be much larger than that for nuclear scattering 

and consequently the magnetic scattering would show 
less extinction. To obtain more than a qualitative 
picture, and in particular to determine the effect of 
extinction on the scattered polarization, it is necessary 
to develop in more detail the form of the reflection 
curve from a mosaic block containing several mag- 
netic domains. 

In the kinematical approximation the elastic scat- 
tering cross section 0o-/aa~ is proportional to the 
Fourier transform (FT) of the static pair correlation 
function g(r). In the present case the appropriate 
correlation function is 

g(r) = J" [pN(R +r)  + pM(R + r)][pN(R) + pM(R)] dR 3 

where pN(r) and pM(r) are respectively the nuclear 
and magnetic scattering densities. The F'I" of g(r) is 
the sum of three terms: one nuclear, one magnetic 
and one nuclear-magnetic interference term. Each 
term is the FT of a convolution of two scattering 
densities and thus is given by the product of their 
FTs. The nuclear scattering density for one mosaic 
block can be written as the product of a shape function 
Sn(r), which is zero outside the block and unity 
within it, and the ideal nuclear structure. Its FT, 
TN(K), for K near to a reciprocal-lattice vector h, is 
DN(K-~I)N(h)  where DN(K) is the FT of the shape 
function and N(h) the nuclear structure factor for 
the reflection with scattering vector h. Suppose the 
magnetic scattering density within the mosaic block 
arises from n domains whose shape is described by 
the function SM (r), but which are arranged randomly 
within the block described by SN(r) so that there is 
no correlation between the position and type of the 
domains. The magnetic scattering density then has 
the form 

pM(r) = Y~ SM(r-rd)Ud(r) 
d 

where Ud (r) is the ideal magnetic structure of domain 
d. If the magnetic structure factor for domain d is 
Md (h), then the FT of the magnetic scattering density 
is Y~d M d ( h ) D ~ ( k - h )  exp (iK • ra). The products 
giving the scattering cross section as a function of the 
deviation e = K - h  are then: 
for the nuclear scattering only: 

IDN(e)121N(h)12; 

for pure magnetic scattering: 

IDM(e)I2 Y adlM(h)12; 
d 

for the interference term: 

2 Re DN(e)DM(e)N(h) Y~ adM(h); 
d 

with aa being the fraction of the crystal volume 
belonging to domain d. In fact the magnetic part of 
the scattering is not simply dependent on the magnetic 
structure factors, but depends on its component Q 
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perpendicular to h and also on the neutron polariz- 
ation. Nevertheless, these three equations show the 
form of the scattering curve near to a Bragg reflection 
and this is illustrated schematically in Fig. 2. The 
scattering due to the pure nuclear, the pure magnetic 
and the interference terms are represented as rec- 
tangular functions of different widths. Within the 
angular range of the sharpest distribution there are 
three contributions to the scattering: the whole of the 
nuclear part, a fraction wl/to 2 of the interference 
scattering and a fraction tol/w3 of the magnetic scat- 
tering. In the range of e between wl/2  and w2/2 there 
are contributions from just the magnetic and interfer- 
ence terms, and in the outermost region only magnetic 
scattering contributes. 

6. Application of the model to the analysis of extinction 
in the magnetic scattering data 

The assumption we have made in analysing our data 
is that the three ranges of the scattering curve 
described above contribute independently to the 
measured intensities and polarizations. We also 
assume that the Becker-Coppens formalism can be 
applied to each range separately and that they share 
a common mosaic spread but have different domain 
radii (rN, rM, rt). The ratios between the three domain 
radii depend upon the average number n of magnetic 
domains in a mosaic block: the simplest assumptions 
lead to  r s / r  M =/11/3 and rs/rt  :/11/6. Expanding the 
expressions for the magnetic scattering into the form 
which gives their dependence on Q(h) and the 
neutron polarization P (Blume, 1963) and writing N 
for N(h) and Q for Q(h), the kinematical cross 

o)  l 

-~l . . . . . . . . . . . . . . . . . . . . . .  (o 3 ......................... 

Fig. 2. A schematic representation of the reflection curve for a 
mixed magnetic and nuclear reflection, w~, w 2 and w 3 are the 
widths for nuclear, nuclear magnetic interference and magnetic 
scattering respectively. Different depths of shading have been 
used to indicate the parts of the scattered intensity to which the 
three different extinction factors apply. 

sections for the three ranges are 

(000/0w)1= N N *  + Y. a d { f ( a  " QdN* + a " Q*d S )  
d 

+f2[Q d • Q * -  i P - ( Q d  x Qd*)]} 

(000/0w )2 = ~ ad{(1 - f ) ( P  • Q d S *  + a . Q~ N)  
d 

+ ( f - f 2 ) [ Q d .  Q * -  iP .  (Qd x Qd*)]} 

( 0 0 ° / 0 0 ) ) 3 = 2  ad{ (1  - - f )  2 
d 

x [Qd" Qd*-- iP .  (Qd x Qd*)]} 

where f measures the degree to which the reflection 
curves for nuclear and magnetic scattering overlap. 
The intensity I~ scattered into these three ranges is 
related to the kinematical intensity Ik by lsi = Ikiyi 
and the extinction coefficients Yi are to be obtained 
from the Becker-Coppens theory using the appropri- 
ate kinematical reflectivity and width parameters. 

The polarization of the scattered beam is obtained 
from the vector sum of the scattered polarizations for 
each domain, each multiplied by the appropriate 
extinction factor and normalized by the extinguished 
total cross section. Identifying the nuclear, magnetic 
and interference contributions to the scattered 
polarization in the kinematical approximation given 
by Nunez, Brown, Forsyth & Tasset (1991) as 

P'N = P N N *  

a ~ = ~  ad[Q(V • Q*) +Q*(P  • Q) 
d 

- P ( Q .  Q*)+ i(Q × Q*)] 

a ~ = ~  a d [ Q N * + Q * N - i ( P × Q N * - P × Q * N ) ]  
d 

and setting y~, Y2, Y3 equal to the extinction co- 
efficients appropriate to the three cross sections sub- 
scripted 1, 2, 3 above; the scattered polarization can 
be written 

a ' =  {a~v Y~ + p~[f2y~ + (1 - f ) Y 2 ]  

+ p~[f2y~ + ( f _ f 2 ) y  2 + (1 -f)2y3]} 

X [ Yl(O00/OtO )1 "~ Y2(O00/OOJ)2 + y3(000/00~)3] -1. 

We have used this expression in the further treatment 
of the polarization analysis results. 

7. Least-squares analysis of the 1.5 K integrated 
intensity measurements 

The least-squares analysis program MAGLSQ,  which 
is part of the Cambridge Crystallographic Subroutine 
Library (CCSL) (Matthewman, Thompson & Brown, 
1982; Brown & Matthewman, 1987), has been 
modified to calculate reflection intensities within the 
model outlined above. Two extra parameters are 
included: a second domain radius (rM) and the 
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Table 3. Parameters of  the magnetic structure of  
TbAIO3 obtained from least-squares refinements based 
on the scattered polarizations using different extinction 

models 

Extinct ion 
Parameter None  Nuclear  New model  

Tb Moment (#B) 11.1 (1) 12.0(3) 8.31 (11) 
(o) 30 (1) 29 (1) 30.5 (6) 

al 0.498 (5) 0.501 (5) 0.499 (3) 
a2 0.502 (5) 0.499 (5) 0.501 (3) 
X 2 12 11 7 

overlap parameter f in the equations given above. 
The constraint r 2 = rNrM has been imposed and rN 
was fixed to the value found from the fit to the nuclear 
integrated intensities as was the mosaic spread param- 
eter. A good fit to the integrated intensities measured 
at 1.5 K could be obtained, but the overlap parameter 
was highly correlated with the Tb moment. The Tb 
moment was therefore fixed to 8.25/za, the value 
obtained by Mareschal et al. (1968), and the 
refinement then gave the values listed in Table 2 for 
the remaining parameters. The extinction model 
seems therefore able to account for the integrated 
intensity measurements, but the parameters of the 
model cannot be determined independently from this 
type of measurement alone. 

8. Fit of the extinction model to the measurements of 
scattered polarization 

A program to fit the magnetic structure and extinction 
parameters to measurements of the scattered polar- 
ization has been written, again using the CCSL. To 
test the sensitivity of the results to the extinction 
parameters, some preliminary refinements were made 
first with no extinction included and then using a 
single domain radius fixed at that of the nuclear 
refinement. The results are given in Table 3. As with 
the 1.5 K integrated intensity measurements, assum- 
ing the same extinction (or none) for magnetic and 
nuclear scattering leads to an unphysically large value 
for the Tb magnetic moment. If, however, the extinc- 
tion parameters obtained from the low-temperature 
integrated intensities are used as the starting values 
for a complete refinement, the results given in the 
final column of Table 3 are obtained. They can be 
seen to deviate somewhat from those obtained from 
integrated intensity measurements, but all the param- 
eters are determined without excessive correlations. 
The ratio between the two domain radii rN/rM is 16, 
indicating that there are about 4000 magnetic domains 
in one mosaic block. All refinements gave essentially 
equal populations to the two 180 ° domains. The value 
8.3(1)/z8 obtained for the magnetic moment of Tb is 
physically reasonable and agrees well with the results 
of the powder diffraction study by Mareschal et al. 
(1968). The X 2 of 7 is somewhat larger than that 

obtained in the polarization refinements of CuO by 
Brown, Chattopadhyay, Forsyth, Nunez & Tasset 
(1991) and of Mn3Sn by Brown et al. (1990) which 
has been about 4 for the same method of estimating 
the standard deviation of the polarization; this may 
be due to the fluctuations in temperature during the 
measurements as well as to imperfections in our 
extinction model. 

9. Temperature dependence of the sublattice 
magnetization 

A further check on the validity of the extinction model 
may be obtained from the measurements made as a 
function of temperature. The two reflections 112 and 
140 have similar ratios 3' of magnetic to nuclear 
structure factors 0.6 and 0.7 but they have very 
different nuclear structure factors 2.0 and 4.3 respec- 
tively. They should therefore have very different 
extinction factors and the result of this is evident 
from the polarization scattered when the incident 
polarization is parallel to the scattering vector. In 
both cases the presence of both types of 180 ° domains 
causes significant depolarization but for 112 the 
residual scattered polarization is parallel to the 
incident polarization whereas for the 140 reflection 
it is flipped. With the kinematical expressions for the 
polarization, spin flip cannot occur for 13'1 < 1 (Nunez, 
Brown, Forsyth & Tasset, 1991) but in the extinction 
model developed above it is easy to see that spin flip 
will occur even with 13'1 < 1 if the magnetic extinction 
is so much less than the nuclear extinction that the 
actual intensity of the magnetic scattering is greater 
than the nuclear. 

We have used the extinction parameters derived 
from the full set of polarization analysis results to 
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Fig. 3. Variation of  the sublatt ice magnet izat ion in TbAIO3 as a 
funct ion of  temperature.  The  filled triangles represent  values 
deduced  from the 112 reflection and the open circles those 
deduced  from 140. The solid line is the Brillouin funct ion for  
TN = 4, S = ½ and a Land6 splitting factor  of  17.6; the dashed 
line is the function m = m o ( 1 -  T/TN) t3 with TN =3.93 K and 
/3 = 0.246 (5). 
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calculate the temperature dependence of the sublat- 
tice magnetization from the amplitudes of the polar- 
ization scattered by the 140 and 112 reflections which 
were measured as a function of temperature. The 
results are shown in Fig. 3 where it can be seen that 
a very similar temperature variation is obtained from 
the two reflections which gives us greater confidence 
in the treatment of extinction. 

10. Discuss ion 

The results of this study have confirmed the magnetic 
structure of TbAIO3 given by Mareschal et aL (1968). 
The essentially equal population of the 180 ° domains 
shows that any difference in energy between the two 
structures illustrated in Fig. 1 must be less than about 
2× 10 -5 eV. The relative magnitudes of the domain 
radii for nuclear and magnetic scattering (rN/rM = 
16) suggests that there are about 4000 magnetic 
domains within each relatively perfect 'mosaic block'. 
Given equal energies for the 180 ° domains this large 
number accounts for the equality of the domain popu- 
lations, since the statistical fluctuations with such 
large numbers will be small. The large number also 
shows that the energy of the magnetic defects associ- 
ated with the 180 ° domain wall must also be small, 
since many such domain walls must be present. 

We have found that the variation of the sublattice 
magnetization with temperature is much more rapid 
close to the N6el temperature than that corresponding 
to the Brillouin function for J = 6. However, Wells 
(1970) concluded from the total entropy change in 
the transition that the ground state of Tb in TbA103 
is an accidental doublet and can be represented as 
an s ~ state. The full curve of Fig. 3 shows the 
calculated Brillouin dependence of magnetization for 
s = ½, a Land6 splitting factor of 17.6 and TN = 4 K; 
it can be seen that the observed magnetization falls 
more abruptly than the Brillouin function even with 
s=½. We have derived the critical exponent /3 = 
0.246(5) from a least-squares fit of the temperature 
dependence of the magnetization with the form m = 
too(1 - T~ TN) ~ and TN = 3.93 K: the value obtained 
by Wells (1970). This function is shown as the dashed 
curve in Fig. 3 and gives a very good fit to the data 
near to TN. The value of/3 obtained is rather less 
than the 3d Ising result 0.312, suggesting anisotropy 
in the magnitude of the exchange interactions. This, 
rather less than three-dimensional behaviour, was 
also inferred by Wells (1970) from the temperature 
dependence of the specific heat. 

Given the quite crude approximations that have 
been made, in particular to the shape of the reflection 
curve, the model which we have described seems to 
give quite a good account of the extinction in TbA103. 
In this experiment we did not make any wavelength- 

dependent measurements and the discrepancy 
between the model parameters obtained from the 
integrated intensity and the polarization analysis 
measurements may be because they were measured 
at different wavelengths, 1.176 and 1.532 ~ respec- 
tively. The wavelength dependence of the scattered 
polarizations should certainly be studied in future 
experiments. 

This extinction model could apply to any magnetic 
structure in which magnetic domains can be formed 
at a magnetic phase transition when such formation 
is not accompanied by a significant lattice distortion. 
It is particularly applicable to magnetic structures 
with zero-propagation vector, since it allows the 
extinction in the nuclear-magnetic interference term 
to be calculated which cruder models, with separate 
nuclear and magnetic extinction, do not. It could be 
applicable to unmagnetized ferromagnets; but 
unfortunately ferromagnetic domain walls cause 
neutron depolarization, so only integrated intensity 
measurements could be used to obtain the parameters 
in this case. The present measurements have shown 
that integrated intensity measurements at a single 
wavelength were not able to determine all the param- 
eters of the extinction model independently. The 
results of the polarization analysis, on the other hand, 
did enable all the parameters to be determined which 
illustrates once again the power of neutron 
polarimetry. 

We are grateful to Drs M. Wells and R. C. C. Ward 
of the Clarendon Laboratory for their encouragement 
and for providing us with the crystals of TbA103. 
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