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ABSTRACT

The Rietveld technique of profils refinement of powder diffraction
patterns makes the powder method much more competitive with the standard
single crystal technique for the precise determinstion of moderately complex
erystal structures. This report describes modifications to Rietveld's
original computer program to allow the refinement of anisotropic thermal
vibrations, and is intended as a guide for the use of the program at
Harwell. Examples are given of recent work at Harwell in which the tech.-
nique has been used to study structural transitions in ferroelectrics and
hydrogen bonded materials, anisotropic¢ and anharmonic atomic vibrations,
and defect and magnetic structures, as well as for standard crystal
structure determinaticn.
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1. Introduction. Advantages of the neutron powder method for crystal
gtructure determination

It is much easier to obtaln a powder spscimen than a single crystal of the
size required for neutron diffraction: in some cases in fact, it is impossible
to grow a suitable single crystal (84.2). Even when single crystals are avail-

eble, a strong argument can of'ten be made for using the powder method instead.

At first sight, the powder method appesers to be at a great disadvantage for
work on any but the most simple structures. The usual technigque of integrating
under the Bragg peak to obtain the intensity or magnitude of the structure factor
for each reflexion is Iimpossible for more complex structures because of the
overlap of adjacent Bragg peaks. This immediately rules out a&ll of the standard
methods of structure refinement developed over the past sixy years. It does not
however, mean that the structural information is lost, merely that & new tech=
nique is needed to retrieve it (Rietveld, 1967). The very complexity of over=
lapping powder patterns means that they contain much information about the
orystael structure. Rietveld's idea was to_forget about separating the individual
Bragg reflexions, and to concentrate instead on using the detailed shape of the
powder pattern to decide between various structural models. The parameters for
these models can be refined to give the best possible fit to the powder pattern
profile.

Of course, information is irretrievably lost in a powdsr pattern if there
is exact coincidence of two or more diffraction peaks. For example, in the
cubic perovskite structure ABOB’ differences between the intensities of the
(710), (550) and (543) reflexions, all of which appear at the same Bragg angle,
contgin information about the anisotropy in the vibrations of the oxygen atoms
(Hewat, 19723). Nevertheless a large amount of information is retained in a
powder pattern, including information about the anisotropy of the vibrational
amplitudes.

By making use of all of this information it is of'ten possible to learn as
much about a crystal structure from 2 one day powder scan as from a much longer
period on a single crystel instrument: the powder patterns mentioned in this
report required less then twenty~four hours of instrument time each. In a single
crystal experiment, diffractometer time is spent in aligning the crystal and
checking for twinning, extinction etc. Sometimes a number of crystals must be
tried to find the best one. Even with on=line computer control, a single crystal
instrument is often.inefficient in operation., If integrated Bragg intensities
are required, most of the time is spent off the centre of the peak, measuring
the base aﬁd the background regions, and more time is spent re~orientating the
crystal for sach Bragg pesk. Much less time is spent on aligning and testing a
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pewder specimen, and for complicated patterns, a greater proportion of the
operation time is spent on counting near the centre of a Bragg peak. 4 simple
counter scan is sufficient for a powder run, so that an expensive computer is
not required to control the experiment.

Apart from the obvious cost-benefit advantages of high rates of data col=
lection, the study of the effect on the structure of changes in temperaturs,
pressure, etc. becomes very attractive when the run time is short. Such
changes in the enviromnment of a sample are very much easier to arrange on a
powder diffractometer than on e single crystal machine, where the sensitive
crystal orientating mechanism is in the way.

Extinction, or the breakdown of the usual kinematic diffraction theory
for the large single crystals needed for neutron structural work, introduces
systematic errors into single crystal data and limits the precision with which
the orystal structure cen be obtained from such data. Other systematic errors
occur because of the difficulty of correcting for thermal diffuse scattering.
The extinction effect is very small for the powder method and the contribution
from thermal diffuse scattering sppears to be less important, so that in some
cases more precise structures can be obtained with the powder method.

Finally it should be remembersd that the profile program is a technique
f'or structure refinement: it was not intended to compete with methods such as
those based on Fourier techniques for the solution of structures about which
very little is known. However with neutron diffraction we are almost always
trying to refine the details of a structure which has already been solved
approximately by X~ray or other techniques = finding more precise positions
for the atoms, especially those of hydrogen, and the lighter elements, measuring
magnetic moments, nuclear and magnetic disorder, defect structures, atomic
vibrational amplitudes etc. For these structure re}inement problems the
Rietveld method of profile analysis of neutron powder patterns often has many
advantages over the single orystal techniquse.

24 Summery of the Rietveld refinement procedure

Figure 1 shows a section of the powder pattern obtained at Harwell for the
orthorhombic phase of perovskite KNbO3 (Hewat, 1973a). The error bars indicate
the statistical uncertainties in the count obtained at each point, and the stars
correspond to the calculated pattern for the strueture obtained from the profile
refinement program. In the 28 range 610 to 75.5° there are 35 Bragg reflexions,
the centres of which are marked along the base of the scan. Over 200 independent
reflexions contribute to the complete pattern, measured between 20 limits of 10°
and 146° in less than twenty~four hours.
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Figure 1
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For each 20 point in this pattern, the profile refinement program calculates
the contributions from all of the Bragg reflexions in the vicinity, and compares
the total yi(calc) with the observed count yi(obs) (Rietveld, 1969). The structure

paremeters, which determine yi(calc), ere then adjusted to minimige the gquantity

- = -1 2
2 = Ly (obel L, Ccate)]
The sumation is over all the 20 points i, and W, « 1/0&2 = 1/yi(obs) is the weight

allotted to the count yi(obs). ¢.is-a.scale:factor. Rietveld's weighting schems
‘can be; justiried in the following way.

Suppose that the counts yi(obs) are samples of some population function-% yi(caic)
which is completely defined by the crystal structure parameters. The probability
Py that a given sample count yi(obs) will differ from % yi(calc).is'givehgby

1 2
1 . [yi(obs)r 3 yi(oalc)]
Py = o eXp = >
i o,

since each ssmple count comes from & normal distribution centred on l I3 (oalc)g with
standard deviation o5 f_ yifcalc) The probability P that all of the counts are
samples of the pOpulatlon'1y@xuc)1s the product?f;: of the individual probas

| 5 L3y (ops) Ly, (care)? ,
P = qTiPi'“ N B 4 G ’N; Ei)

1

bilities

This probability is maximized if the exponent factor'x2 is minimized using the
weighting scheme W, « 1/552 & 1/&i(obs).

Rietveld shows that each Bragg reflexion can be described by a gzussian peak

¥k whose full width at half height Hk depends on three parameters U, V and W
?
2 2
Hk = Utan Sk + Vtanek + W
This gaussian
5 <
X gy = I, exp = bk(26i - ek)

with bk = 1+1n2/Hk2 is arbitrarily cut off at a distance 1.5 H _ on either sids of
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its centre 20 = 26 i.e. when its contribution becomes very small. The positions
26 and 1nten31tles Ik of these reflexions are determined by the structural para=
metars, (Ik = tF, jkLk2J-_f/(Hth) where t is the counter step width, F, the
structure factor, Jk the multiplicity and Lk the Lorentz factor).

At low angles, allowance is made for peak asymmetry, and another parameter
P is introduced (Rietveld, 1969). 4 fifth parameter Z is needed to specify the
counter zero-point. In principle these paramsters U, V, W, P and Z can be deter-
mined once and for all for a given diffractometer geometry, but in practice it
is necessary to refine at least Z for every pattern, since any small changs in
the counter zero-point would otherwise have a large effect. on the correspondence
obtained between the observed and caleulated patterns.

For the same reason, it is necessary to refine the lattice parameters a, b,
¢, &, B, ¥ even if both they and the wavelength are known. On the other hand,
the fact that small changes in these parameters have a large effect on xz means
that they can be determined very precisely. For example, it is possible to
obtain values,reproducible between independent runs on the PANDA diffractometer,
to at least + 0.001% ana + 0.02° for the cell edges and angles respectively.

3. Modifications for anisctropic temperature parameters

When anisotropic temperature factors Bij are introduced, the reasl and
imaginary parts of the atomic structure factor F, = 4, + iB, become (BML—
Busing, Martin and Levy, 1962)

~B sinzek/kz
Ak =Znb e X Z eXp . Cos
. KK - " KT
-Bk51n26kA2
B, = .; nb, e i exp .8in, .
where
cos . | ) cos
Y = 2x[h. x + ky +1l;2 +t 1
sin, sin K K ik r
KT )
2 2 . 2
expkr = exp § - (h )r 311(“)"‘(]( )r 522(’.‘)'4'(1 )r 333 (K)

i (2hk)r Bio (;¢)+(2hl)r B13(K)+(2kl)r Po3 () 13
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The (h}c)r are index products transformed to the eéuivalent position r. For

atoms in general positions (hk)r = hrkr’ and this has been taken to be universally
true for the purposes of the profile refinement program, as in the OR FLS program
(BML). The usual rules (Levy, 1956) can be used to determine the symmstry
properties of the t{emperature parameter tensors Bij(x)‘ Constraint relgtions
between the various gij can be introduced by means of the parameter codewords

and constraint cards ‘(§5.2) so that these symmetry properties are retained
throughout the refinement.

New expressions for the derivatives of Fk with respect to the various para~
meters can easily be obtained from the above expressions: in gll cases a factor
ekar multiplies Rietveld's original cos, .. and sinxr factors, and in the case of
the derivatives with respect to Bij(x), additional factors of (hk)r = h k also

appear inside the r summation over“equivalent positions.

Apart from the magnetic parameters (Rietveld; 1969), the structural para-
meters are now equivalent to those used in the OR FLS program (BML), except
that it is possible to specify either Bij or Bij temperature parameters in the
input data. The program converts to Bij for internal calculations, but recon=
verts to Bij for the detailed printout of the results.

L. Examples of powder patterns anslysed at Harwell

The five diffractometers used for powder work at Harwell have been described
by Wedgwood (1968). We will only mention here some recent work on the PANDA
machine, for which the monochromstor angle can be varied between 300 and 90o
giving a range of neutron wavelengths from 0.78 to 2.48. The full width at
half height at the focussing angle 26 (spproximately equal to the monochromator
take~off angle) is 0.5 degrees, and 26 can be set to a precision approaching

+ 0.01 degrees over the range ~10° to 117° by means of a Moire fringe system.

The neutron flux (about 7 x 10° counts/me/%ec at the specimen} is such
that a run can often be completed in 24 hours. A4ny temperature between 4.2K
and 1200°C is available at the specimen; which usually consgists of 5-25 gm of

powder in a vanadium or silica glass can.

4.3 TFerroelectric and antiferroelectric structural transitions in

Eerovskites

At high temperatures the perovskite ABO3 structure is cubic, with 4

atoms on the corners, B atoms on the centres and 0 atoms on the ceatres of
the faces of the cubic cell. When the temperature is lowered, certain

soft vibrational modes become unstable, and the resulting atomic displace=
ments (~ 0.18) lower the symmetry of the lattice, with changes of the order
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of 1% in the lattice constants (e.g. Cochran and Zia, 1968). These small
changes cause splitting of the cubic perovskite diffraction lines; which
cannot then be fully resolved; quite complicated powder patterns result
(figure 2). as well, in tantiferroelectric! materials, the unit cell
becomes a multiple of the original cell, and superlattice lines appear

in the powder pattern. It would be impossible to analyse such complex’
petterns on the usual besis of integrated intensities. For example; more
than 200 distinet reflexions contribute to the pattern for orthorhombic
Kb 0, (figure 2a).

We have been able to anaslyse such patterns though, using the profile
refinement program with anisotropic temperature parameters. TFigure 1 is
typical of the fit obtained; the agresment between calculated and observed
points over the entire pattern approaches the 1limit imposed by pursly
statistical fluctuations in the number of counts observed. The atomic
positions are determined by this fit to at least + 09013, the cell
dimensions to + 0.0018 and the cell angles to + 0.02°. To allow com-
parison of the results of the profile refinement with those of single

crystal work, we can calculate the guantity

2 2 2
R'l\h.n’.‘.lea.:r' = 100{'( [Fk (obs)~ %Fk (08-10)]/5 Fk (obs)

using the observed intensities integrated for each reflexion at the end
of the refinement. The ocbserved counts can be divided up between over-
lapping reflexions according to the relative contributions of these
reflexions computed from the fitted structure (Rietveld, 1969). Typical
factors of 2.5 and 2.6 were obtained for the orthorhombic and

iﬂgzti;Zdral modifications respectively of KNb03. This compares favour-
ably with careful single crystal measurements for similar problems (Hewat,
Rouse and Zaccai, 1972; Hewat, 1973b). The uncertainties in the values
of the structural parameters are no larger for the powder results than

for the single crystal work.

Other perovskites studied using the powder method include BaTioﬁ,NaNbO ’

3
KTaO3, SrTiQ., Pbe05, NaTaO5, AngO5 and AgTaO5°

4.2 Hydrogen bonded antiferroelectrics and ferroelectrics

Single crystals of hydrogen bhonded NHAHQPO# and NHLH2A504 break up
when the antiferroelectric structural transition is eancountered at lower
temperatures. This mekes single crystal work almost impossible, but has no

effect on powder work. Figure 3 shows the changes observed in the powder

-6 -



pattsrn of fully deuterated NH4 P04 when the antiferroelectric transitron
occurs (Hewat, 1973¢c). The lattice symmetry is lowered when the hydrogen
etoms order on one or the other of the alternative sites available to them
at higher temperatures, as postulated by Nagamiya (see K;nzig, 1957). The
strong superlattice reflexions appear in the low temperature phase because
N, F,PO, is an antiferroelectric, rather than a ferroelectric like m?_f'f’%;
Similar results have been obtained for deuterated NHLHQASOL°

Other hydrogen bonded materials studied using the powder method include
deuterated ferroelectric NaH5(Se03)2 end deuterated SnCl,.2H,0.

4.3 Measurements of anisotropic and anhsrmonic vibrational amplitudes

Because extinction effects are negligible for the powder method we have
used powder patterns to investigate thermel vibrations in several interesting

materials.

Vibrationgl amplitudes, and lattice dynamiecal measurements in geheral,
are of importance for the 415 structure high temperature superconductors,
such as Nb3Sn~ This material also has a structural transition at 45K
which we are attempting to study using the pcwder method. Figure 4 shews
the pettern obtained at room temperature for Nb38n° 4 profile analysis
of this pattern shows that the chalns of Nb atoms vibrate with considerably
larger amplitudes in directiona perpendicular to these cheains than al:ng
them. The question of the so~called low temperature anharmonizity of' the
vibrations of the Sn atoms (Hewat, 1972b) has been resolved; further
information will become available when the low temperature patterns have

been analysed.

Further powder work on anharmonic vibrations has been done on materia’s

having: the rocksalt and zincblende structurss.

4.4 QOther powdsr work at Harwell using the profile refinement program

Structural work connected with defect studies has been completed by
Cheetham and Norman (1973) on YF3 and BiF3, Strustural studies of magretic
materials have been started by B. Haywood, and on alloy systems by A, Self.
It is expected that the profile refinement program will become increasingly

impertant for the analysis of neutron powder patterns at Harwell .

Input and eutput format for the Fortran program

The program is in two parts which can be run separately.

1) preparation of profile data program.
2) structure refinement program.

o
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5.1 Preparation of profile data

This program corrects the measursd profile intensities Y& for back-

ground.

It also determines those reflexions which can theoretically

contribute to the intensity Y, i.e. those which are located within 1%
times their halfwidth of the position 26i.

The output, originally saved on magnetic tape, is now stored in

a private or scratch disk area, to be used as the input for the refine=

ment program.

5¢1.1

in

5.

Format of the data cards

Data cards for both programs are punched wherever possible

fields of 8.

TITLE »

85b,C,0,B,Y,

ST (<D
Z,

u,v,W.

nB cards

(i) pos(1); B/G(1).
(i1) pos(2), B/6(2).

LR

FORMAT (20ak)
consisting of any Holerith information.
This will be used a3 a heading for the
printer output.

FORMAT (&)
problem identification, any four

v
§ Wk

charaot?£? including blanks.
FORMAT (6F8)

lattice constants of the real space cell

a,byc in ﬁ; @, B3,y in degrees.

PORMAT (KEB)(GF .4 [T )

neutron wavelength in R; o K, . l(“_ Xy §
approximate zeropoint reading of

counter in 0.01 degreas 28,

approximate halfwidth parameters

H2 =1 tanae + V tan8 + W

where H is the full width of a single
reflexion at half height, in 0.0

degrees 206,

FORMAT (218)

a number (nB¢: 50) of cards, each
containing a 26 angle pos(i) in 0.01
degrees 28, and the background count
B/G(i) at this angle. These cards

v-8-
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*

(ng) pos(ng), B/6(ny) .

- 100

6. OPTIONAL < 10 cards

~low(i), ~high(i).

- 100
?.
N,
8.
NH, NK, NL.
9. N cards

ICODE,

must be in order of increasing 26,
and are terminated by a card containing
=100 in the first field.

The background count at any other
angle is obtained from these values by

linear interpolation.
FORMAT (218)

These cards specifly up te ten regions
of the powder pattern, between 28 =
low(i) end 26 = high(i) in 0.01 degrees
20, which are to be excluded from the
refinement. N.B. low(i) and high(i)
are preceded by negative signs for

reasong of program control.

This set of cards, if included,
is terminated by a card containing
=100 in the first field.

FORMAT (I8)

number of reflexions in the reflexion

list to follow.
FORMAT (318)

denominators of the Miller indices
hyk;1. These are included to

eliminate the need to write non-~
intfegral Miller indices in case of cell
enlargement. The program interprets

the given indices in the reflexion
list as h/NH, k/NK, 1/NL.
FORMAT (518)

1 intensity (h,k,1) due solely to

nuclear scattering

2 intensity (h,k;1) due sclely to

magretic scattering
3 intensity (h,k,1) due to both

nuclear and magnetic¢ scattering

- «f l'wk—-&-:*j'@w Lot O 4 MW(J#;M

~ ‘9 E‘ [} h |- PIrpne ‘ L1 »y



h,k,1, ~ the Miller indices (see card 7).
They can be generated on cards for a
given Laue group using a program
written by J. B. Forsyth of the
Rutherford Laboratory, Harwell. 411
reflexions which contribute to the

pattern must be included.

MULT . = the multiplicity of reflexion h,k,l.
10. FORMAT 3187 I8 F8L T
@, - counter starting angle in 0.01 degrees

06. T sy Hn 10 JuteasMics ana
siw.\ wetl -vjfuf'o(»wd.k a-\.h‘a.-cid

&, ~ counter step size in 0.01 degrees 26.
- 4ok wg po: ™
W s ~ counter finishing angle in 0.01 degrees
28.
11, (=a)/10 cards FORMAT (10I8) oy (T €,FE,5)
I(@),I{a+) .. I{a+10), ~ the powder pattern counts including

background, at angles a+nA. There

are 10 counts per card.

-t K L0 Haa Anylx'o Couvt
5+1.2 Printout for profile preparation program

The reflexion list is printed with the heading
NO. CODE H K L MULT HY POSN

an ordinal number NO. having been allocated to each reflexion h,k,1.
The halfwidth HX and position POSN are in 0.01 degree 26 units.

The profile intensity list is printed with the heading
POSN I+B B % w NO. NOs «eese NO.

and contains the interpolated background B and count intensity I
corrected for background at each step position POSN. W = 250/I+BK,,&1'
is the weight allotted to each of these counts. The ordinal numbers
of all of the reflexions which contribute to this count are listed

under the headings NO. T§ Hawe awe v Tham 0 ovr vy
g His Faay @odwt HO L3 F 3 dva et

This data is saved on a private or scratch disk area for use

leter in the refinement program, i R0 e W st 2

5.2 8tructure refinement

The profile and structure parameters are stored in array Xi 3* With N
>

atoms the array elements are .
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yK zk Bg N? ka Kb; sz 611K B22K 653x ﬁ12x 613x 623x
i =1’N
e Yew| S
5 feeo o B
v w 2 4 B C D E F

Symbols not previously merntioned .are defined in
Rietveld's paper {1969). .

For each of these Xi ., a codeword cxi ; is needed. If this codeword
>

2
is zero, the corresponding Ki g is held fixed throughout the refinement, but

L
otherwise the codeword specifies the ordinal number p of the parameter X. ..

i,J
p runs from 1 to size, where size is the dimension of the least squares
matrix of parameters; every number p in this interval must be allocated to

some Xi 3* but the order of allocation is unimportant.
3

These codewords may also be used to specify simple linear relations;
such as y = ax, between the Xij’ since the codeword for X_:L 3 is defined as
I

CXi,j = sign(a) x [10p + |a|]°
If x is regarded as the 8th parameter for the refinement (p = 8) and z the
9th, the codewords for the atom co~ordinates (x, ~ix, z) would be (81.,
=80.25, 91.). Por each increment Ax in x, an increment ~0,25 Ax would be
added to y.

Since these codewords specify relations between increments; the same
codewords would be used if the atom position was actually (x, —~ax+4, z):
the constant y displacement of % is specified by the initial values given
for the atom co-ordinates, and is preserved whatever increment is added

to x.

& facility for the introduction of more complex relations between the

variables is also aveilable. For example, any linear relation such as
X, 5+ ka’l + °Xm,n 4 ene = 4 (1)

can be introduced by specifying a;i,j; bsk,l; c,m;p: etc. and d on the
appropriste constraint cards. The variables xi,j’ xk,l’ Xm n etc. should

]
all have different least squares parameters assigned to them i.e.



0 # cxi’j P4 ka,l £ Cm,n ste.

For a quadratic relation such as

'+bxklxl(L Xy iy = ¢ @)

the left hand side should first be differentiated, giving

2axi’jaxi . XK L + bXK 1 k 1 + cX ,naxM,N + cxM’Naxm,n

In this expression, all the terms for which axi g = 0 i.e. for which ths

L

codeword CX j= Q, are to be cancelled. Assuming CXK g, = 0, the expres—=
’ .

sion reduces to

2axi,jax. .+ bXK Xk 1 * X naXM,N + GXM,NaXm,n (3)

The quadratic relation(2)is then introduced by specifying 2a,i,j,i,J;
b,K,L,k,1; c¢,myn,M,N; c¢,M,N,m,n; and @ on the constraint cards.

No mixed relations of linear and quadratic terms are allowed. The
maximum number of terms in (1) and (3) is 9 and the total number of linear

and quadratic relations must not exceed 4 unless the dimension statements

in the Fortran program are adjusted appropriately.

5.2.1 Format of data cards

1a FORMAT (2044 )
TITLE - a8 for first program

2. FORMAT (&4,4X,F8,I8,3F8,I8)
D, | ~ the same problem identifier used in

programe 1. { T waatas sl )

£ ~ forced termingtion of refinement if for all
parameters,calculated shift < £ estimated

error.

CALC,

0 when only nuclear intensities are to be
calculated, i.e. if CODE = 1 for all

reflexions.

H

1 when the magnetic intensities are to be

calculated asccording to the formula of
Halpern and Johnson (1939).



fl
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PH,PK,FL,

Lm.

Za., HLED S
3.

CENTRE,

EQUIV,

FORM,

ATOM,

ROT,

2 when the average magnetic intensities are to
be calculated in a uniaxial

spin symmetry.

configurationsl

3 when the average magnetic intensities are

to be calculated in a cubic

spin symmetry.

configurational

= CM{"V’ X*V“-Ul
Miller indices of the normal to the surface

of plate like crystals. When noc preferred

orientation correction is required, the

value of these indices is irrelevant.

the limiting angle in 0.01 degrees 20 below
which the diffraction peaks are to be cor=-

rected for the asymmetrical vertical diver=

FourtaT (3FEH) '
B LER T LRC axt

FORMAT (6I8,F78)

"

(o001)

1 for non centrosymmetric space groups
2 for centrosymmetric space groups

4 magnetic structure is centrosymmetric
when the atoms in the centre of symmetry
related positions have equal magnetic vectors

pointing in the same direction.

These shouwld
The

number of equivalent positions.
not be related by a centre of symmetry.
description of the untransformed position
(x,¥,2) is not included, but is generated
by the progranm.,

number of nuclear scattering lengths, e~ wvta ot

of Xorvay SCatfer: Fovs

L ==y
nubber of normalizgg magnetic scattering

curves, st STHPE Fur x-1myy
number of atoms.

number of magnetic vector rotation matrices
for each quivalent positicn. When there are
magnetic atoms, ROT should always be larger
than zero, even when EQUIV :: 0. Also in this

latter case, a number of ROT identity matrices
are generated by the program for the untrans-
formed (x,y,z)»



LABDAL LOMODRL

b
(1)a

(i)

(ii)a

(ii)a

VEQUIV x ROT! cards

neutron wavelength in R, X~ vy
LABDAM) = 0.0 fopr nachrons

FORMAT (12F6)

K, asd (28

R11, R12, R13, T1, ~ matrix R and vector T describing an
R21, R22, R23, T2, equivalent position. There is a total
R31, R52, R33, T3. of EQUIV such cards.
M11, M12, M13, -~ matrix M describing the rotation of the
Mé1, ¥ohs Mé3, magnetic vector of the first type of
M31, M32, M33. magnetic vector transformations in the
first equivelent position relative to
. position (x,y,z). There is a total of
: ROT such cards after each (R,T) card.
FORMAT (6F8)
~12
b,y b, e b . = total of TYPE scattering lengtks. (10" “cm)
1? = TYPE - b#”lwg.ff..f’—- it fo x‘lﬂ.ﬁz&/tw'
'FORM' sets of cards FORMAT (2%33

ﬁn%ﬂ,fﬂ.

sinez/l, f12.

00

Ak s R

sin61/1, f21.

=100
CYCLE,

RELAXC,

RELAXS,

0T,

list of sing/A and f~values describing
the normalized magnetic scattering
Generally, when sin6A = 0,

The cards (¥ 20 for each curve)

curves.
£ =1.
must be arranged in order of increasing
sin@/h. EFach set, if present, is ter=

minated by a card with ~100 in the first
pield, O Instor #4088 SorXminys /iy,

FORMAT (I8,3PF8,5I8)
number of refinement c¢cycles required.
relaxation factor for comordinate shifts.

relaxation factor for temperature factor

and preferred orientation parameter shifts.

relaxation factor for scale, occupation
number, and magnetic vector components.
The relexation factor for shifts in the
halfwidth parameters, the zeropoint, the
cell parameters, and the asymmetry para—
meter is permanently set to 0.8.

1 for printed output of observed and calcu—
lated profiile intensities on last refinement
cycle, else = 0, =2 -fur rviw‘f‘uﬂ fa[af‘;f

L . 4/&.1 qwf OQ(‘CF- vo'r'..\‘b.
3—121F€- £



(i)a

PUNCH,

MATRIX,

CORREL,

COCRD.

ef{1), vy

Q-
2 x ATOM cards
LABEL,

NTYP,

MTYP,

MROT,

Xs¥s2,

L o
1’91-5 for punched output of calculated

and separated observed structure factors

after last cycle.

2 or 3 for punched output of observed and
calculated profile intensities on last

cycle, else = Q.

for printed ocutput of correlation matrix
with all elements multiplied by 100,

else = 0,

1 for punched output of covariance matrix
of the co~ordinates of sll atoms gfter

last cycle, else = Q.

1 for punched output of coordinates tape

with new parameters after last cycle,

glse = \
¥ f‘?omlé.'t'r((aFgS“ Sim vl banao = 0

- overall scale factor suchthat y(calc) =

¢ x y(obs). Sele $ectos For Ko, ad Ky fon
overail isotropic temperature parameter.

FORMAT (ak,31h,8F8/6F8)
identification characters for atom.

ordinal number of relevant scattering

length, o X-w\) scwﬁ-wv} ;b-(-«"l‘uv'

ordinal number of magnetic scattering

Jv«" X'VN-)‘S

N
curve, : ¥

ordinal number of magnetic vector
rotation matrix with each equivelent

position. For magnetic atoms MROT > 1.
fractional atomic coordinates.

isotropic atomic temperature parameter.
This is effectively added tc the overall

temperature parameter Q.

occupation number.

- A5 -



Kx’ KY’ Kz'

(1)v
%119 Poos P33

Pigs Py32 Pope

OR(1i)b

B11, B22, 333,
B12, 315, 323.

10.
u,Vv,%,
Z.
11.
DIR.
12.
4,B,C,D,E,F.
OR 12.
asb,c.
a,B,y.

magnetic vector components in the directions

X,¥,2. These are only needed when MROT >, 1.

if DIR = +1 (see card 11) these are the
anisotropic P temperature parameters defined
in 83.

if DIR==1, anisotropic Bij temperature para=
meters are given instead. Subroutine CELL
then calculates the Bij factors from the
reciprocal cell constants a®*, b*, c®*, a*,

Bt, T*"

2

_ 3 _=
Prg = 3 8% By,
- 1
612 = a"‘b*B12 etc.
These Bij factors are more closely relategd

to the actual vibrational amplitudes than
are the Bij factors, and are equivalent to

the isotropic B=factor when

311 = By, = 333 = B and B12 = B cos ¥* etc,

FORMAT (4F8)
halfwidth parameters as in program 1.

zeropoint position of counter in 0,01

degrees 26,
FORMAT (I8)

+1 when the cell constants on the following

card are given as 4,B,C,D,E,F,

=1 when the real cell constants a,b,c,a,B,y

are given.
FORMAT (6F8)
cell constants according to
1/&% = an® + k% + C1° # DKL + Ehl + Fhk
cell dimensions in Ro

cell angles in degrees.

- 16 -



13. FORMAT (2F8)

G, ~ preferred orientation parameter.
P. - asymmetry parameter.
14, FORMAT (I8)
SIZE. = total number of least squares parameters =
size of normal matrix.
15. 2 x ATOM cards FORMAT (8F8/6F8)
(i)a ¢x, Cy, Cz, - codewords for the fractional atomic co~
ordinates.
CB, = codeword for the isotropic temperature
arameter,
Cw _ I:oab- 9( b .LL._ el h‘o~+c‘b\ uq.h'v-lv-,
OKi’ CK , CK . ~ codswords flor the magnetic vector components
Yy Z

(if MROT > 1)

(i)b Cﬁ11,C322,G333, ~ codewords for the anisotropic Bij
0512,Cﬁ13,0523. temperature parsmeters.
This pair of cards is needed for each of the
ATOM atoms.

16. FORMAT (3F8)
Cc‘!),Ce(x) - codewords for the overall scale factorsg.
CQ. ~ codeword for the overall isotropic temperature
factor,
17. FORMAT (4LF8)
cv,cv,Ccw, ~ codeword for the halfwidth parameters
CZ. ~ codeword for the counter zeropoint.
18. FORMAT (6F8)
ca,CB,CC, - codewords for the cell constants
¢D,CE,CF,
1. FORMAT (2F8)
CG, = codeword for the preferred orientation parameter
CP. -~ codeword for the asymmetry parameter
20. FORMAT (218)
NLC, = number of linear constraint functions.
NQC. = number of guadratic constraint functions.
R,

[ 2 & ch.L_,aF f') q G,: 134£+o+:w/du'{:



5.2.2 Printout of structure refinement program

After each cycle, there is printed for each perameter, including
the Bij

(1) its new value (X),

factors

(ii) the shift (DX) applied to the old value, being the calculated
shift multiplied by the relevant relaxation factor,

(iii) its estimated standard deviation (SX) according to the

formula:

o) = |alf M;; . IW{cy(obs) ~ y(cale)}>/(N-PsC) ,

where M-; is the diagonal element of the inverted normal matrix corre-
sponding to the pEE parameter, "a" the codeword coefficient (85.2), N
the number of statistically independent observations, P the number of

least squares parameters, and C the number of constraint functions.

The cell constants are printed in the order: 4, B, C, D, E, F.
While the refinement is always on the components of the magnetic vector,
the magnetic moments (M) and their corresponding standard deviations (SM)
are also calculated from these components after each refinement cycle.

The three entries after R-FACTORS correspond with:

vl
I}

100 2| 1(obs) ~ L I(calc)l/Z (obs).

100 Z‘y(obs) — % y(calc)|/2|y(°bs)l ’

A5

100 ZW{ y(obs) - 13 y(calc)!z/ZW{y(obs)} 2

=/
1]

The EXPECTED R~factor = 100J (N—P+c)/z‘miy(obs)]2.
R(NUCLEAR) = 100 Z|Inuc(obs) - 10’ Inuc (calc) | /5 Inuc(obs).
R(MAGNETIC) = 100 2| mag(obs) - % Imag(calc) I/ZImag(obs).

N=P+C = +the number of dsgrees of freedom, where N is the number of
statisticaelly independent observations y, P the number of least sguares
perameters, and C the number of constraint functions. The totals at the

end of the printout have the following meaning:

SUMYDTF

Z]y(obs) - % y(calc)]
2|y (obs)]
-~ 18 -

SUMYOBS
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SUMYCALC = %Zy(oalc)

SUMFYOBSSQ = ZWjy(obs)}®

SUMIDIF = Z|I(obs) = 1; I(cale)l

SUMIOBS = 2 I{obs)

SUMNUCDIF = ZIInuc(obs) - % Tnue(calc) |

SUMNUCOBS = Z Inuc(obs)

SUMMAGDIF = Z|TImag(obs) - % Imag(cale)l

SUMMAGOBS = Z Imag(obs)

RES TDUAL = ZWiy(cbs) = % y(calc)]2/(N—P+C)

SKEWNESS = determinantal value of the normgl matrix with

normalized column vectors. When all vectors

are orthogonal, SKEWNESS = 1.

On the last cycle, a list of y(obs) and % (calc) is printed
if requested, preceded by the starting and finishing angles and step
sige in 0.01 degrees 28.

Next & list of separated integrated intensities is printed if

requested, under the heading
H K L pPoS INUC TMAG ITOoT IOBS DIF ESD

where POS is the position (in 0.01 degrees 2¢) of reflexion (H,K,L)

INUC = % Inuc(calc)
IMAG = % Imag{calc)
ITOT = %I(calc)
I0BS = I{obs)

DIF = IQBS=-ITOT
ESD = o(I0BS).

The denominators NH, NK, NL of the integers H,K,L are printed
immediately below the heading H,K,L.

5.2.3 Punched output of refinement program = Thn L-’ bcen CLA-»—yl
CM“*W‘[-)

The possible output cards, with their formats are:

-~19 -



(1) "OBS + CALC INTENSITIES"

(i) a, b, w. -
blank card

w 1

(ii) y(obszl, s y(calczz. -

1
y(obs)w, r y(calc)w.

blank card
(iv) ICODE, 26, . -

3 blank cards

“"STRUCTURE FACTORS"

(2)

(i) N. L
(ii) NH, NK, NL. -
(iii) B, X, L, -
CFS (cale) ¥ (obs),=
Nuc ? "Nuc ’
2
ch(calc), JMAG(dbs).
2 blank cards
(3) "NEW COORDINATES"

Cards are punched containing

(If PUNCH = 2 or 3)

in units of 0.01 degree 26 (3I8)

y~values corresponding to 26 = o
to 2a =w, one set per card (218).
When y{obs) = 0, the value of

v(eale) is suppressed.

number of reflexions contributing

to the intensities in the above

scattering range. (I8)

code and calculated position in

0.01 degrees 20 for each of these
N reflexions, one reflexion per
card (I8, F8.1).

(If PUNCH = 1 or 3)

number of reflexions contributing
to the pattern in the range (a,w),
as above (I8)

denominators of H,K,L (3I8)
indices for each rseflexion

nuclear contribution to the calcu~
lated and observed integrated
squared structure factors 82(5).

magnetic contribution to the cal-
culated and observed integrated
squared structure factors 5? k).
See Rietveld (1969).

(If COORD = 1).

the values of the parameters

obtained in the last refinement c¢ycle, in the format required

for direct input to the next run of the program.

2 blank cards

s 2 -



(4) "COORDINATES COVARIANCES" (If CORREL = 1)

The covariance matrix is punched row by row (8E10.4). The rows
(and columns) of this (3 x ATOM, 3 x ATOM) matrix refer to the atom

co=ordinates in the order

Xys Yy Zgs Xpo Jo» Zy vccc Famopr YaroM, ZATOM °

6. Example of the use of the program

To illustrate 2ll of the features of the modified program, the data for
MoTa, Sg at 4.2K, given by Rietveld (1969b), has been adapted for use as an
example. The Mn stom has & magmetic moment, so that in the structure refine~
ment the program has to take account of the magnetic scattering contribution
a8 well as nuclear scattering. At 4L.2K these magnetic moments are ferroe
magnetically ordered in the basal plane, but their direction cannot be deter~

mined from the powder data; Rietveld assumed it to be along the x axis.

6.1 General description of the test problem

The space group is hexagonal P63/hmc (No.194), with atoms in the

special positions

Mo at 0, 0,0 (2a)
Ta1 at 0, 0,% (2b)
Ta, at Xs2X, 5 (6h)
5, at =% 2 (u£)
5, at x,2x,z (12k)
These positions can be described by the 12 centrosymmetric positions of

(12k).
X,¥525  FyX¥sZ; y"x:;:zi Es;’%_“’Z; VYK, 3Hz; x’“ysx;%‘*z;
Xo¥323  TFa¥XyZ;  X-Y3X,Z3  XK,¥EeEi Y, X-YsEeZ}  JX,X,3-2.
with y = 2x. The lattice dimensions and angles are

a=b = 6.605298 c = 12.448178
a = 900 ¥ = 1200

|
H]

Levy (1956) has derived relationships between the Bij factors for these
special positions of this space group, using the symmetry transformation
(y~x,y,z) which leaves (x,2x,2) unchanged. He obtains Byp = % By, end
ﬁ23 = %-315. This relation also holds for the Bij factors, since

Bij = ai*ai*Bij/L. (1)

- 21 -



Since (y-x,y,%~z) leaves (x,2x,%) unchanged, this transformation can be used
to show that {323(Ta2) = 0, Similarly (xX,y,z) yields By, = By, for the ln,
Ta1 and S1 atoms. Thus there are four independent Bij factors for 82,

three for Ta, end two for each of the Mn, Ta1 and S1 atoms. The correct
choice of codewords for these parameters will ensure that these symmetry

relations are retained throughout any refinement of the temperature factors.

Initial values for the Bij factors can be obtained from the isotropic

B factors in terms of the angles o*, pg¥*, y* of the reciprocal cell;

Byy = B
By, = B cos v* etc. (2)

These starting values automatically satisfy the symmetry relations for the
Sij since for example a* = b* and cos Y*® = cos 60 = 3 sc that ﬁ12 =

1
z B22
according to {1) and (2).

To limit the amount of output, only & short section of the MnTa4S8
powder pattern, between 20 = 22.69° and 26 = 75.590 has been used, sampling
Rietveld's data at intervals of 0.05° 28 by linear interpolation. This
is insufficient data to obtain meaningful results on varying all parameters
simultaneously. The full scan is especielly needed to determine the
B factors, as is indicated by the relatively large standard deviations

obtained for B11(Ta1) and B1Z(Taz), which have been refined merely to
illustrate the use of the parameter codewords.

411 of the constrairnt functions consist of simple linear relations
between two parameters i.e.
y(Taz) = 2x(Ta2)
¥(sp) = 2x(s,)
Bop (in,Ta,) = B,,(¥n,Ta,)
ﬁ12(x) = % Byp(x) x = all atoms
5313(Mn,Ta1,Ta2) = [323(Im,Ta1,T9.2) = 0
-
4 = B = F (hexagonal symmetry)

These relations can therefore be specified by means of the codewords alone.
However, to illustrate the use of the constraint functions, the relation

4 =B = F has been introduced by means of two linear functions A -~ B =0
and B = F = 0.

- 22 -



Only two cyecles of refinement have been requested, so that the best

possible fit has not been achieved although the refinement is converging.
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(1} al 7y 87 (1} 16 se
82 84 © 91 T} e id]
8] 83 92 15 60 be 8z
103 110 123 127 L2& e se
30 (1] 72 (13 ®2 e 17
79 80 €2 85 5 &9 20
80 19 (34 Tl a0 29 79
76 77 78 s el T 7T
'3 80 L 73 L3 1] (14
90 A3 ™ 69 80 b4 T4
73 17 a3 L1 2”8 (1) 10}
113 11% LT [ s 81 78
at [T} LT T8 e el (3}
94 7 93 103 9 108 11¢
101 95 ey 17 81 e s
273 459 490 ey 1090 1102 978
188 134 11s 9% "% 91 L1}
GoT  Oata carda Toyr xtructiurce relinement
WHTA4SS8-TEST AUN-FORTRAN [v---3 C{TOBER L1972 MEWAT
T™my2 0.3 2 [ -] 1 2700
2 $ 3 1 5 1 2.%8%C
«00 -1,00 .00 .00 1.00 -1.00 .00 .00 .00
1.€0 .00 .00 .00 1.00 .00 .00 .00 1.00
-1.€0 1.00 .00 .00 -1.00 .00 .00 .00 .00
1.¢8 .00 .00 .00 1,00 .00 .00 .00 1.00
=1.00 .00 .00 .00 .00 -1.00 .00 .00 .00
1.€0 .00 .00 .00 1.006 .00 .00 .00 t.00
«C0 1.00 .00 .00 -1.00 1.00 .00 .00 .00
1.00 .00 .00 L00 (.00 .00 .00 .00 1.060
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