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INTRODUCT ION

The neutren diffrastion group at the Puerto Rico Nucleer Cemter has
worked on essentially two types of problems, The first 1a concerned with
the chemieal binding of atoms in crystels and molecules, and the second with
the nature of ferromagnetism.

Both problems are related to the spatial arrengement of atoms in
molecules., If either x-rays or neutrons are scattered from crysteals,
patterns can sometimes be analyzed which show the arrangement of atcoms in
the orystal. The amplitude of x-rays diffracted from atoms is proportional
to the atomie number of scattering atams. Thus, if there are light and heavy
atoms in the seme campound, the contribution of the light atoms is very weak
and its position can be determined only with grest diffieuity. If neutrons
are used, however, they are seattered by the nuclei of the atoms, and as
a result, diffraction of neutrons by light elements cempares favorably
with that from heavier elements.

There is also @ Deutron-electren spin ipteamaction in compounds which
possess atoms with unpsired electrons. Since the magnetic properties of
substances are related to the way the electron spins ere arranged within
the erystal, neutren diffraction provides an accurate method for deter-

mining such spin arrangements (magnetic structures).
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Mangenese Formate Dihydrate

I. Introduction

In two papers by Okeds (1955) and Okada, Kay, Cromer, and Almodovar (1965)
the ¢rystal structure and some of the electrical preperties of copper
formate tetrahydrate were deseribed,

The more common and more stsble form of the plus two formates of ionic
size similar to copper or manganese is a monoclinic dihydrate phase. Of
known similar structure are the magnesium and mangenese (Osaiii, Nakaei and
Watanabe) (1954 ), hereafter referred to as ONW), zinc (ONW (1963)), copper
(M. Bukowska-Strzyzewshka (1965), nereafter referred as BS) and nickel
(Krogmann and Mattes) (1963). The present study defines the hydrogen positions
in at least one of these compounds (manganese) which should be typieal of
the group. As might be expected from the greater stability of the dihydrates,
the manganeus formate shows a stable hydrogen bending scheme with ne disorder.

The crystal structure of Mn formate dihydrate has been determined by
omy (1964) and by Mescarenhas (1954). The eell parameteis (a=0.86, b=7.29,
¢=9.60, & =97.7°) determined by the former authers were used in the present
study, The space group is P21/c.

The atructure consists of Mnl atems at cell corners related by symmetry
to Mn atoms at s face centers. A second set of Mn2 positions is found in
b and ¢ face centers. In other words set one %s in the plane at XwO and set
two at X=1/2. The Manganese atoms near X=0 are linked tegether by fermates
in the manner of copper formate .MH,0 (Okada, Kay, Cromer, and Almodovar).

To complete the octahedren arcund Mnl atoms, the second formate group links
Mnl to Mn2 in a plane approximately perpendicular to (100). The structure
iz shown in the stereogram in Fig, 1.
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The octahedron around Mn2 is completed by water oxygens. The envi.
roLiHNE around the two types of mangenese are thus radically different from
esch other; one is octahedrally coordinated to six formate oxygens and
the other to two formate oxygens and four water oxygens. This structure
probably accounts for the two magnetic transitions (Ave, lorigaki, Matsuura,
Torii and Yamagate (1964)) found in Mn formate at 3.7°K and 1.7°K. According
to Abe et. al. (19G4), cations on the first site, only, probably order, first

two dimensionelly at 3.7° and then totally at 1.7°%

IT. Experimentsal

Three zones of neutron diffraction data were taken on Mn(HCOz)z-2Hp0
erystals grown from water solution to find the hydrogen positions. A set
of spproximate parameters were found using (Fg. - FMn,C,O) Fourier
projections and refined by means of least squares (Roof, Cramer, and Larson (1965))
to an R of 0.11.
The final parameters are given in Table I and compared with the results
of ONW. Except for the y coordinate of C2, all coordinates agree within
2{. This discrepancy seems to effect only the 03-C2-04 angle as seen in

Table IIa.

III Conclusions

The hydrogen bonding scheme indicated by ONW is correct. It might be
noted that there are water-~oxygen to oxygen spproaches that could be
conceivably hydrogen bonded of the order of 3.1R. The hydrogen positions
do not, however, admit of such linkages and difference maps show no eignificant
extra hydrogen density not ascribable to anisotropic vibrations.

Tt will be noted that the formate hydrogens have enormous temperature

factors which are equivalent to root mean square amplitudes of vibration
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about .38. The stereo projection presented in Fig. 1 shows the formate
hydrogens surroundings are such as to permit a good deal of flapping; i.e.
the HF-to other atom distances are all greater than 2.5&.

We may then conclude that the dihydrates unique hydrogen bhonding scheme
and three dimensional formate bridging array may be correlated with the

greater stability of these compounds as compared to copper formate tetrahydrate.

Copper Formate Dihydrate

I. Introduction

During the early phases of the manganese formate worl: M, Bukawska-
Strzyzewska published a refinement of copper formate dihydrate from three
zones of x-ray data. The refinement consisted of Fourier projections with
the Cu gubstracted. No attempt was noted in the paper to either do a complete
difference map or to even compute a Fc map to estimate series termination
errors. The low R of .1l was probably due to the effect of the heavy copper
scattering.

Noted was the greater distorticn of the octahedron of oxygens sbout
copper in comparison to nickel (Krogman and Mattes (1963 ))by elongation of
two of the six Cu-0 bonds (see table ITa). BS correlated the elongation of
Cu~0Q with the elongation of C-C in the formate group. The extent of the
elongation noted amounted to .l and .063 differences in the carbon=-oxygen
approaches in the two formate groups (table ITa). Such differences imply & fair
degree of difference of bond character between the two C~0 bonds in a formate
ion. The effect is scomewhat larger than might be expected from the differences

between the oxygen linkages to different types of copper orbitals.




5=

1I. TResults of Cu Formate Rerinement

For these reasons we rerefined the x-ray data by means of* least aquares
using the program of Roof, Cromer and Larson {1955) using a weighting scheme
of W=1/(Fo + .02F02)1/2 with correction for anamolous dispersion for the
copper. The results are given in Table ITIa together with the results of BS.
The coordinates are translated to the origin used by ONW and the atoms
relabled for easy comparison with the Mn formate work.

The C-0 distances in the copper formate dihydrate now agree quite well
with the C-0 distances in other formates, including copper formate .MHEO,
within the standard deviations of the results.

BS reported a 0, 2-03 hydrogen bond of 2. 998, 1If the 03 related to the
03 at 2.QQR from 0w2 by the screw axis transformation is chosen, a 0,2-03
distance of 2.76R found. This is the hydrogen bonded approach found in
manganese formate.

Anhydrous Copper Formate

I. Iptroduction

A three dimensicnal least squares refinement of the anhydrous copper
formate x-ray data of Barclay, and Kemnard (1951) was run using the Roof,
Cromer, and Larson (1965)program. Anisotropic temperature factors and an
empirical extinction correction were included. The resulls were in very
good agreement with the Barclay and Kennard fourier resulis. There was,
however, just enough change to bring all -0 distances within 2 standard
deviations of the average, confirming our results on Copper formate dihydrate.
The new distances and angles are given in Table IIb and the positional and

thermal parameters in IIIb.




II. Conclusions

The general moleocular geometry of the various transition metsl formate
dihydrates isomorphous with Mn has been determined by the various suthors
quoted. The study reported here defined the hydrogen bonding scheme. There

are clearly same distortions, as expected in the octshedral surroundings of

the netal ions.
Fine details (i.e. of less than Ca.0.0SR) are not established in any of
these compounds except possibly the Ni. It is clear that three dimensional

X-ray counter work and neutron data on a deuterated campound are needed.

Alums

I. Introduction

In our 1966 Annuel Report (PRNC-84) and in Cromer, Kay, and Larson (1966)
the structure of the /4 Alum, (CsAl(SOu)E-lEHao) was described. Thegy snd 7 alum
structures as exemplified by ND, agd Na,AL( 50), )5 12H,0 respectively, have now
been campleted. The x-ray work was done by Cromer and Larson at Los Alamos
Scientific Laboratory. Neutron diffraction data was taken at P.R.N.C. to
determine the hydrogen positions.

The Alums are & large cless of double salts having the general formula
At B*“’(Rou)-lzﬂeo where A can be NHy, CH;NH;, Na, K, Rb, Cs; B can be Al,

Ga, Cr, Fe, V; R can be S, Se or Te.

The compounds are cubic with space group Pay (see Table IV). The gross
structures were originally determined by Lipson (1935) and refined in the
present work,

The type of alum formed depends on the size of the monovalent cation.

If the cation is small the 7y alum forms, The only known representative of

this class is NaAl(SO) )o*12Hs0. The 4 alum forms if the cation is large and
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the;x\alum, which is by far the most common type, occurs if the cation is of
intermediate size. In all the alums there are two crystallographically
different water molecules, each associated exclusively with either the
monovalent or trivalent cation. The trivalent cation is always surrounded
by six water molecules in a nearly regular octahedron but the orientation
of the octahedron with respect to the cell axes is aifferent in each of the
three types. The monovalent cation in the gkand vy alums alsoc has six waters
in a nearly regular octahedron.

The large cation in f?alum can accommodate 12 oxygen neighbors. To attain
this large coordination number the water octahedron 1is corpressed along the
threefold axis and stretched out normal to this axis until it is nearly planar.
The two ends of the resulting trigonal antiprism are separated by only about
O. 064?;. The sulfate groups at each end of this antiprism are then moved along
the threefold axis toward the central cation until six sulfate oxygens are
about the same distance from the cabion as are the water molecules. A slightly
distorted cubic close packed array of oxygens thus surround the cation.

In the 7 structure six water molecules approach the small sodium cation
much more closely than in the -4 structure, This motion cannot take place unless
the hydrogen bonding system changes. The mast striking result is that the
sulfate groups become oppositely oriented along the threefold axis.

From Table IV, it may be noted that S50 on the three fold (X,X,X) axis
(belonging to the sulfate group) is pointed towards the A" position at
(1/2,1/2,1/2) in the y alums, but towards the A7 at the cell origin in

A and.f?alum.

IT J -Alum:  NeAl(S0), ), 12H,0

The atom positions found (Table IV) do not differ by more than about

0.0BR from those reported by Lipson (1956). The hydrogen parameters are
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tabulated in Table V. The interatomic distances and bond angles are given
in Table VI. The standard deviations were calculated using the entire
variance~covariance metrix and include the lattice parameter error. However,
the values involving hydrogen atom positional parameters from the neutron
data refinement assume no error in heavy atom positions.

The water molecules about the aluminum atom form a perfect octahedron
although this is not required by the crystal symmetry. Whereas the principal
orthogonal axes of this octahedron coincide almost exactly with the cell axes
in /3 alum, and withing & fev degrees in i alum, the octahedron at the
origin in 7 alum is retated by 39,4 abeut the threefold axis of the bedy
diagonal of the unit cell. The Al-0Q diatance s the same in both s alum
and Ne alum. The octahedron of water about the sodium atom is scmewhat
distorted by being stretched out along the threefold axis of the cell.

The angles in the sulfate group depart from those of a regular tetrshedron
by & small tut spparently significant smount, The differences, for equivaleut
angles, are in the same direction as those in Cg alum although the departurea
from tetrahedral symetry of the sulfate group in Cs alum were not significant.
The rigid body motlon, discussed belew, might well account for the apparent
deviation from tetrahedral symmetry. The anisotropic thermal parameters for
both neutron and x-rays work are given in Table VII a and b.

The anisotropic thermal parameters of the sulfate group do not seem
to be consistent with the rigid body analysis given by Cruickshsnk (1956).

We might expect a torsional oscillation of the group about the threefold axis,
However, the major axis of the 0.(2) thermal ellipscoid, inatead of being
normal to the threefold axis is at an angle of 65.5°, We believe that this

is a case in which the translational and the rotational motions are coupled.

Thus the Cruickshank analysis does not apply. The 04(2)-0 (2) hydrogen bond
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is fairly short, 2,628, and the O (2)-H(M) distance is 1.648, The principal
axis of the 0Oj(2) thermel ellipsoid makes an angle of 84.5° with the $S-O bond
and an angle of 79.9° with the O---H(4) bond. Thus a motion of 0. 3674

(the r.m.s. amplitude along this axis) changes the 0-~~H(4) distance from
1,648 to 1.61%, & small amount. However, if this 0.368 motion were to be
directed along & line normal to both the 3-0 bond and the threefold axis, the
O~--H(4) distance would be reduced to 1. 518. This sulfate group lies on &
threefold axis so that a simple rotation sbout this axis will reduce three
O-~-H distances and we reason that the whole group therefore is forced to
translate along the threefold axis whenever it rotates about this axis.

Figure 2 is a stereoc view of a portion of the structure. A sulfate
group is at the center of the figure and the direction of view iz normal fo
the threefold axis and in s plane containing the S-Os(l) and 5-04(2) bonds.
The ellipsoids have been derived from the neutron diffraction data and are
scaled so that their axes are two times the r.m.s. amplitude. The aluminum
atom and its water neighbors is at the top center and the sodium atom with its
neighbore 1z at the left, The motion of 03(2), so as to avoid the hydrogen
neighbors, can be clearly seen. This figure was produced by the 5C=4020
miorofilm plotter using a code recently developed by Larson {1566),

The fact that the thermal motion of 05(2) wes found to be essentially
the same from both the x-ray and neutron diffraction measurements is strong
svidence that the apparent motion is not an artifact resulting from systematic
errcor in the data.

Corrections to the S-0 bond lengths were computed according to the in
phase or "riding motion" assumption of Buging and Levy (1964). The S-0 bond

lengths appear to be about 0.015] shorter than those found in Cs alum (CKL)
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but because of the uncertsinty in the thermel motion correction the difference
is probably not significants Further analysis is planned.

The O-H distances, except for O (2)-H(4), show the ususl feature that
bonds determined from x-ray data are shorter than those determined by neutron
diffrection, The O-H bonds in this structure are sll nearly the same and do
not show any particular correlation of long O-H bonds and short 0-0 hydrogen
bonds. As in alum, water (1), which is associated with the monovalent cation
forms hydrogen bonds that link 0.(1) of one sulfate group with 03(2) of another.
Agein, as in alum, water (2) forms hydrogen bonds with Og(2) and water (1).

In the present case there is a strong indication that shorter hydrogen bonds

tend to be more nearly linear.

IIT | -Alum: NDAL(SO) ),*12Dy0

Deuterated ammonium alum was selected as an O elum to study by neutron
diffraction for several reassons. The hydrogen atoms in the water molecules
could be located accurately., In addition the nature of the disorder of the
ammonium ion, which must exist if the space group is to remain Pa3 could also
be determined. The ammonium ion can attain the necessery average centric
symuetry by rotating freely or by randomly assuming either of two orientations.
It was also of interest to verify the sulfate group disorder found by Larson
snd Cromer (1966) by means of x-ray diffraction and to determine whether any

water molecule disorder is coupled with the sulfate disorder.

Refinement of the structure
A full matrix least squares refinement including anisotropic temperature
factors was carried out. This refinement led to R=9.2%/o. As in the case
of the x-ray refinement, the thermal parameters for the sulfate oxygens were

[} o Te - - - - RIS
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gquite large and quite anisotropic. Other thermal parsmeters behaved normally.
The ellipsoids are scmewhat smaller than those cbtained from the analogous
x-ray refinement of ordered NH), alum but the directions of the axes are in
good agreement for the two cases.

A difference Fourier clearly revealed small peeks from disordered sulfate
oxygen atoms., A model with a fraction, k, of reversed sulfate oxygen atoms
was then refined as in the x-ray refinement of ¥ alum (Larson, and Cromer, (1966 )).
However, no attempt was made to displace x/2 WD), groups along the threefold
axis as was done for the potassium atom in K alum. This additional disorder
would have introduced too many highly correlated parameters. Anisotropic
thermal parsmeters for the reversed oxygen, 03(2)' , did not yemain real s0
final refinement was made with the reversed oxygen atoms isotropic and all
other atoms anisotropic. The finel R index was 8.4°/, The final parameters
are given in Table VIII. The disorder parameter is 0. 116 1°0.022 in good
agreement with the value indicated by the x-ray date for NHj alum. In the
Tables V, and following, the symbols Og(1)' and 0g(2)' are used for the
reversed sulfate oxygen atoms and D' is used for the half deuterium atoms
in the disordered NDj group.

The varicus interatomic distences and bond angles and thelr gtandard
deviation are given in Table IX. The anisotropic thermal parameters were
transformed to obtain the thermal ellipsoid parameters, which are given in
Teble X. The O-D bond lengths have been corrected assuning that D rides
on O (Busing and levy, (L964)). No such corrections were made to S-0 and N-D
bonds becaugse of uncertainties introduced by the disorder.

Agreement of these distances with those from the x-ray study of the
alums (Larson end Cromer, (1966)) is reasonable except for three striking

exceptions. The 04(2)-0,(2) and 0,(2) hydrogen bond distances are both
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about Ov058 longer than in NH, alum. The Al-Qy(2) distance found here is

1,865 * 0.0058 whereas the analogous distence found by x-reys in NH, alum 1is
1.916 ¥ 0,0088. Tf these differences are reel, they must arise from an isotope
affect. To settle the question, an x-ray study was made of deuterated ammonium
alum and & refinement was made exactly as had been made for NH), alum

(Larsén and Cromer, (1966)). There were no significant differences between these
x-ray studieg of NHh and ND), alums,

As ancther check to determine if we had systematic errors in either owr
x-ray work er neutron work, the neutron data for Na alum (Cromer, Xay, and
Larson, {1966)) were refined while letting all parameters vary. (In the original
work heavy atoms had been held in fixed positions for the neutron refinement ).
Unfortunately only limitod three—dimannionul dste were availeble and there were
only 1lik observations to determine T4 parameters. Nevertheless the refinement
converged satisfactorily and the parameters did not change very much. The
resulting A1-0.(2) distance was 1.879 T o014, in ‘good agreement with the x-ray
value. In this case no systematic difrerence existed in the two techniques.

We believe that the most likely reason for the difference between the
present neutron results and the x-ray results is that the model used for
refinensnt does not preperly account for the disorder. Thus, thelsystematic
error exists in the least-squaress model and not in either of the experimental
methods. No provision for positional disorder of the nitrogen atom in the
armonium ion was made in either refinement, In the refinement of X alum the
potassium disorder wes coupled with sulfate group”disorder. Neglect of this
digorder would htve.a ﬁuch greater effect on the neutyon beceuse the deuterium
contributes a large aﬁount t0 the scattering vwhereas the hydrogen atoms are
practically negligibvle in x-ray scattering. We therefgre reason that the x-ray

results are probebly correct and the neutron rvesults are in error.
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Difference Fouriers revealed no significant features and there is no
evidence for water disorder coupled with sulfate group disorder. Further, there
18 no marked anisotropy in the thermal motion of the deuterium atoms which
might suggest positional disorder. As noted by Cromer and Larson (1966) the
sulfate oxygen atom can form hydrogen bonds with the same hydrogzen atoms
whether the oxygen atom is in position 0g(2) or 05(2)‘.

The two N-D distances in the ND), group differ by O. 0868 but this
difference is probably not real. The longer distance has a large standard
deviation and further there is the possibility for some positional disorder
of the NDy group coupled with the sulfate group disorder, Although the
thermal ellipsoid of the nitrogen atom suggests this possibility, the ellipscids
of the deuterium do not. The WDy group perhaps has to move very little to
accommodate the reversed Os(l) atom because either an 0---D-N hydrogen bond
can form {the 0--- distance is 2,648 or the Van der Waals radius of the
nitrogen atom is smaller along a symmetry axis of the NDy group than in other
directionas.

The 0-D bonds of water (1) are significantly shorter than those of water (2).
This difference is related to the strength of the hydrogen bonds, the shorter
0-D bonds being associated with longer hydrogen bonds. The shorter hydrogen
bonds also tend to be closer to linearity. :

A stereo drawing of a portion of the structure is shown in Fig. 5. The
smmonivwm ion at 1/2,1/2,1/2, (in its two orientations) is shown with its
gix yeter neighvors in the lower right front. The octahedron about the aluminum
et 1/2,0,1/2 is shown at the lower left front. The sulfate group (in 1ts
normal orientation only) is in the middle. All water molecules hydrogen

bonded to the sulfate group sre shown.
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Except as noted below, all calculations were performed with an TRM-T7054

using codes written by Larson, Roof, and Cromer (1963, 1964, 1965).

Magnetic Structures

I Introducticn

Recent nuclear magnetic resonance measurements by Spence, Middents,
El Saffar, and, Kleinberg (1964) have confirmed that CoCly’ 61120 and NiCl,® 6320
are antiferromagnetic of point group 2/ml’ at liquid helium temperatures,
and that each salt has one of three possible megnetic structures. In order
to uniquely determine the correct structures a neutron diffraction study was
required. The results of such a study are described in the present report.

Crystals of NiCl,®6H,0 and CoCly” 6H,0 are monoclinic, and according
to Mizuno (1960, 1961) belong to the space C2/m. There are two molecules
in the unit cell. For the nickel aalt a=10.23A, b=7.05A, c=6.57A, and
f =122°10'. For the Co selt g<10.3k, b=T7,06, c=6.67, and £ =122920",
The metal ions are situated on inversion centers et the cell corners, and
at the centers of the a-b faces. They are octshedrally coordinated to four
oxygen and two chlorine atoms as shown in Fig. 4. These oxygens form a
slightly distorted square, with the cations at the center, while chlorines
are located on the two normals to the oxygen plane. The remaining two
water molecules of the formule unit are located in the mirror plene and
are relstively free, but do take part in the hydrogen bonding scheme.

The local megnetic fields at the proton positions have been measured
by applied and zero field nmr methods at 1. 1% by Spence, Middents, El Saffar,
and Kleinberg (1964). By applying magnetic symmetry theory to these data,
it is found that the possible magnetic space group aymbols which describe the
magnetic ordering are P021ja., Cc?_/c and I.2/c. Clearly, Ce2/c and I 2/c are

equivalent, but generate different structures when applied to’ en axial vector
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in a given monoclinic cell. Conditions for magnetic Bregg segttering from
the (h02) zone, for the three different gtructures thet are generated by
applying each of these gymbols to the usual monoclinie cell, are that h, ,f
be odd-even, even-odd, and odd-odd respactively.

TI NiCl,e6HAO

gingle crystals of Ni012- 6H20 grown from agueous gsolution at about 30°%
hed the habit deseribed by Groth (1906). An approximately eylindrical crystal
was suspended from a titaniun-zirconiun crystal mount that was attached
to the tail of a Hofman dewar. At 4,2% the crystals was aligned, and nuclear
peaks were measured on the (10¢) zone to give & set of approximate unit cell
dimensions.

A subsequent search for nagnetic reflections showed that the space group
is I 2/e, with the magnetic structurs as given in Fig. 5. This structure
consigts of antiferromagnetic (001) planes with an antiferromagnetic coupling
between planes, to give a magnetic cell that is twice the size of the chenmical
cell, along the c axis.

The angle between the spin direction and the at=cl axis was determined
as that angle which produeed a minimm value for the function R=Y ¥ - Fol -
It was found to be 22.5° fxom the a' axis towards the & axis, with & standard
deviation of about 1.0° The cbserved magnetic form factor values of NiZ*
are shown in Fig. 6. The solid line is the spherical part of the Ni2* form
factor, calculated by Watson and Freeman (1961), and is seen to give a good
£it with the date.

This result differs from having & spin direction along the a' axis as
has been proppsed Lfrom gusceptibility, pessurements by Haseda, Kebaysshi,

and, Date (1959) and,Flippen and Friedberg (1960). On the other hand it is
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in good agreement with the results of the antiferromagnetic resonance snd
magnetic torque measurements of Date (1965), who has found the spin easy
axis to be 25° * 3 from the &' awis.

IIT CoCly 6Hy0

Neutron diffraction data heve been talen at 4, 2%, and 1.5°C, on the
(noi) zone. Only reflections of the type odd~odd, were observed. Therefore,
the space group is IC2/c and the structure, except for spin direction, is as
shown in Fig, 5.

This megnetic structure consists of antiferromagnetic (001) planes, with
an antiferromagnetic coupling between the planes, to give a magnetic cell
that is double the chemical cell, in the c direction,

Ag the nuclear intensity data have not yvet been refined, the set of
experimental structure factors was scaled by dividing each number of the
set by the sum of the set. The observed structure Tactors were then compared
to sets of calculated structure factors, which were scaled in the same way.
The angle between the spin direction and the ¢ axis, is defined to be that
engle at which JIF, - F | is a minimum. This angle was found to be about
2.5% There mey be quite a large standard deviation on this angle, as it
was quite difficult to determine the background scattering at 4. 2°K, The
form factor curve for this angle is shown in Fig. 7. We note that the path
length for (101) was quite large because of the crystal shape, thus giving
the low observed value. The reflections (105) and (305) which have such
large error flags also have intensities that are only about 30/0 of the
largest observed intensity.

IV Conclusions

There are four possible intraplaner superexchange paths in the cobalt

chloride hexehydrate. They are shown in Fig. L. The paths 1-3, are

essentially the same as in cobalt chloride dihydrate, where they serve to
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interlini the strongly coupled ferromagnetic chains. In that case they have

the smaller exchange energy. Short range order is attributed to the strong
Co-Cl-Co intrachain coupling., The magnetic structure does not stabilize until
the energies of the paths 1-3 predominate over the thermal energy. This occurs
at about 17.3°K.

In the case of the cobalt chloride hexahydrate, there is no strong
Co-Cl-Co coupling along the ¢ axis. Instead, there is the very weak CO-OI-OI-CO,
coupling along path 5 in Fig. 4. Thus in the hexahydrate we expect antiferromag-
netic sheets to be formed in the {001) plane, at about 17°K, as a consequence
of the paths 1-4%. As the temperature is decreased there is increasing short
range order until about 2.25°K, where the weal in interplaner forces bring
three dimensional stability to the sitructure.

This conclusion is illustrated in the specific heat data of cobalt chloride
hexahydrate, as measure& by Robinson and Friedberg {1960). They found in these
that approximately 52°/, of the entropy of the transition was obtained above
the Neel temperature, and it is seen that the limiting entropy R ln 2 is
reached in the vicinity of the dihydrate's Heel temperature.

Except for the difference in spin direction, the megnetic ordering in
NiClg°6H20 is the same as for the 00012'6H20. The spin direction for the former
salt is 22.5° from the a' axis, and for the latter salt is epproximately along
the ¢ axis. Thus, changing the cation is these two isostructural salts does
not change the magnetic ordering.

It is of interest now to study the antiferromagnetism in NiBr2-6H20,

CoBr2-6H20 and NiClp"2H0, and it is planned to do so, as soon as the crystals

become gvailable.

Note: The experimental data for the Magnetic studies on Co and HiClye 6Hp0 were taken
at the U.S. Naval Research Reactor and analyzed and interpreted at PRNC.
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Ferroelectrics

In an effort to provide the solid stete physicists at P.R.N.C. (and
other laborastories) with the atomic geometrical knowledge with which to
interpret their electrical measurements, the crystal structure determinations
of several ferroelectric compounds of interest have been undertaken.

I NalOp

Data has been taken on NaN02 abeout 15°C below the transition temperature.
While a rigorous analysis awaits further dats correction, preliminary results
do not seem to indicate any strongly preferred vibrational mecde that would
account for the phase transition. Such motions may show up after an
extinction correction is made or at higher temperatures. Data will be
taken gt higher temperatures.

IT NaHz(SeO3)p

The room temperature structure of NaH5(Se03)2 has almost been completed.
Preliminary results show that the heavy atom positions determined by
Unterlitner (1966) are correct and those by Chou and Chotang (1957) contain
errors. Hydrogen positions will be available shortly.

ITI KH3(Se03)2

Preliminary measurements show KHB(SeO5)2 space group Pbe with 2;6.32,

b=16,11, c=6.24, 7Z=4 molecules/unit cell.

Ligquid Structures
T+ was hoped to determine the structure (coordination) of molten SnClE.
If different isotopes of Sn with substantially different scattering lengths

may be used, then the neutron diffraction patterns may be ccmbined to yield

separate parts of the radiel distribution function.
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Measuremerts have been made of the scattering lengths of all available

i1sotopes of Sn. These are: b€ =,58 ¥ ,01, v**7 a 64 ¥ ,02, v¥3® = .56 £ .0,

v = .56 I ,01, b*1° = 60 ¥ .02, 120 = 64 .01, b}22 = ,55 £ 03,
b*#% < .59 £ ,02, The sbove isotopes sccount for 98%/, of the isctopic ecntent
of natural tin. If only isotopic incoherence is included the total geattering
ercss section is 4.62X1072%cm and the coherent oross section 4,61X10"2%cm,
Measurements given in Bacon (1962, Weutron Diffraction)) indicate 4,9 and 4.6
for the above cross sections, respectively. While the former figure may be
due to experimental error, there is also a possibility of nuclear spin
incoherence, If this is the case, the effect should be fairly substantial
because odd nuclei account for only about 150/0 of the total natural isotopie
abundance,

Because of the closeness of the scattering lengths of the Sn isotopes to
each other it was decided to pursue the liquid werk with Cu C1 using Cu,
cu®®, cu®S, €1, €15, €137 which have scattewing lengths of .79, .67, 1.11,

.96, 1,18, .26X1072cm, respectively.




Atom

Mn2
Cl
c2
01
o2

5]
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Styuctural Parsmeters for Mn Formate + 2H0 Parameters from neutron data
are given First, followed by standard deviations followed by

X

0

.2

. 03647F, 0015(. 038)
. 3265%, 0012(. 328)
.0983%. 0012(. 096)
. 0868, 0012(. 084 )
L3kt 0012(.439)
. 2135, 0016(. 213)
. 2700%, 0014 (. 267)

4120k, 0015(. 410)

-, 065%, ook
.335%, ook
.227%. 003
. 203%, 003
.307%. 003

Jh6ot, oo2

Y

0

5

. 2231%, 0019(. 220)
61341, o0L7(.621)
L1067, 0020(.102)
. 26821, 0027(. 266)
. 7217, 0021(. 723)
L, 65651, 0019(. 656}
. 4826%F, 0020(. 485)

.1113F, 0026(. 107)

. 28%t, 008
.LB2t, 006
. 609%, OOk
. 394E, ook
. 099%, 005
. 1L6E, ook

.27hot.
Juzpot,
«2033%,
.hookt,
Jhooht,
.Lho26E,
. 06567,
. 2956t,
. 227L,
.395%.
. 051t.
. 009,
.261%t.

.2oht,

X-Ray parameters (ONW) in parentheses.
0,; and H, are water oxygens and hydrogens, respectively

Z
0
0
0015(.274)
oo12(.433)
0013 (. 204)
0012(. 398)
0012(.L20)
0018(. hok )
0015(. 066 )
0015(. 296)
006
o0k
003
ook
003

002

B

'_J

Py S L)
A4Eo5(1.1)

n

3]

.Tr.3(2.1)
2.1%.2(1.8)
2,1, 2(1.8)
2.2t.2(1.7)
2,3t.2(2.3)
2.1t 2(1.5)
2,2+.3(1.8)
Lot 3(2.4)
.B¥1.2
-9
.2
.6
k.ot.5
2

522,
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Table II=
Bond Distances and Angles in Manganege and Copper Formate Dihydrates with
Standard Deviations. X-Ray results for Mn (OWW) and previocus X-ray refinement

of the copper compound are given in parentheses. Corrections to bond distances
involving hydrogens due to the H "riding" on the Oxygen are given in breckets.

MANGANESE COPPER

I Metal-Oxygen Octahedra

M1-01 2,112t 010 (2.15) 2.304F, 010 (2.26)
ML-02 2.135%. 017 (2.15) 1.908%. 016 (2.02)
ML-O% 2.21.t, o1k (2.21) 2. 019%. 01 (2.01)
01-ML-02 89.7%.5 (50, 7) d9.2%. 1 (90)
01-ML-Ok4 Guhts (86.2) 8556 (67)
02-M1L-0 05,155 (U7.3) 056.8%.7 (C9)
M2-03 2.219%0.15 (2.21) 2.3651, 019 (2.35)
M2-0.1 2.216%, 013 (2.2L4) 2, oblt, o1y (2.02)
M2-0y2 2.165%. 015 (2.16) 1.974%, 015 (1.97)
03 -Mo- Oyl (6.6%.5 (87.0) 87655 (80)
0z ~bip-0, 2 89.1%.6 0B.4) U6, 9.6 (61)
Qyl-Mp =02 89.0%.5 (59.8) 87.5%. (69)

II FORMATE GROUPS

€1-01 1.26%. 02 (1.28) 1.26%. 03 (1.29)
C1-02 1.27%. 02 (1.25) 1.30%. 02 (2.19)
01-01-02 12k, 5%, 2 (126) 121%2 (124)
Cl-Hpl 1.05%, 05[1.11]

O1-C1l-Hpl 116.5%3.6

02-Cl-Hyl 118.9%13.6




¢2-03
C2-04
C2-Hp2
05=C2=0k
03-C2-Hy2

Ok =C2-Hp2

1.25%,02
1.26%,02
1.05%,05
123. 0t b4
117.5%2.1

119.5%2.2

-00-
TPable IIa Contd.
(1.25)
(L.27)
[1..0C]

(123)

III HYDROGEN BONDS AND WATER MOLECULES

0 1-1
O, 2
HL-0y1-Hp
0 L-Ok

H, 1 -0k
Oy Loy L-Ok

0,1-02

Hyy2-02

Oyl -Hy2-02

0 _R~He>
Qwa-nwh

BB -0 2By
0,2~01
OL-H,3
0y2+Hy5=0L
0,.2-03
03-H b
Oy2=Hte~03

1.00%, ob
.99k, ol

10912

2.75%, 02
1. 79%, O4

15613

2. 79%, 02
1.60%,03

17743

.95%,03
.59, 03

107.5%2.3

2.80%, 02
1.66%, 03

1723

2, 75%, 02
1.66%,0%

1762

[1.02]

[1.01}

(2.73)

(2.581)

(. 961

[-69]

(2.81)

(2.75)

1.26%,03

1.24%, 03

1302

2,76t 02

0,02k 02

2.77%. 03

2,67%,02

(r.27)

(1.21)

(12k)

(2,85)

(2.82)

(2.79)

{2.76)
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Table ITb

Bond Distapces apd Angles with Standard Deviations in Anydrous Copper Formate
01d X-ray refinement results are in parentheses

ATOMS DISTANCES STANDARD
DEVIATIONS
Cu - Ol 1.944  (1.945) . 009
Cu ~ 02 1.939  (1.942) . 008
cu - 03 1.971 (1.9866) . 007
Cu - Ok 1.9%51 (1.920) . 009
Cu - 03 2.415 (2.397) . 005
Cu - Cu 3,432 (3.435) . 003
Cl - 01 1.243  (1.235) . 013
gl - 03 1.269 (1.295) . 013
ce - 02 1.250 (l.270) . 015
ce - o 1.267 (1.204) .01k
01 ~ Cu - 02 8.4 (09) .35
0l - Cu - 03 ok.9 (95) <33
02 - Cu - Ok 6.9 (69) 37
03 ~ Cu - O 67,8 (68) .35
01 -CL ~ 03 120.9 122 1.0

02 - C2 - O4 125.6 1292 1.1




Atom
Cul
Cu2
c1
ce

01

03

0,1
02

-2l+ -

Table ITIa

Rerefined wagm%?ﬂews;:a a8

Criginel paxamgters in parentheses

X

0

<3
. 022t, 003{. 033)
.312%, 003(. 300}
. 094F, 002(. 094)
. 005t 002(. 0u7)
30t 002(.b425)
. 20h¥, 0c2(. 20h)
. 205%, 002(. 209)
1357, o02(. 41}

Y

0

.5
.21t 00k (. 217)
. GOGE, 00k (. 600)
.1C1%, 002(. 096)
. 260, 003(.267)
. 703, 005(. 705 )
. 356%, 003(. 356)
L Lolkd, 0ol Lol )

3071, 002¢(. 103)

v

0

0
.296%. 003(.302)
423t 002(, be2)
. 22hF, 002(.22%)
Ju2at, oo2(. k1)
01t 002(. k06)
Lol 001(. 493)
.073%, 002(. 075)

3355, 002(5.16)

B
b1
1. 751
2.6%.5
2.1t.L
8,083
1.87.%
2.6%.3
1.0%.
2.3%,3

2,2%.3
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Table IIID

Refined Parameters and standard Deviation from X-Rey data of Barclay and Fennard
Original Parameters are in Parentheses

X Y pA
Cu .1150 (.1152). 0001 L0567 (. 05u0). 0002 . 0062 (. 0065 ). 0003
Cl , 0191 (. OLul ). 0005 3254 (,32206).0013 S8k {96155, tole
c2 L2772 (. 2770). 0000 L1340 (.1353). 0015 L2349 (.2336).0021
oL L 0Ug6 (., 0093 ). 0005 L2433 (. 2k27). 0009 ,1605 (.1621).001k
02 2225 (,2223). 0006 L0275 (. 0262).0010 .193¢ (.1950).0013
03 . 0070 (. 0067}, D005 Loty (L 0761). 0009 -,1910 (.1902).0012
o L1M08 (L 1493), 0005 -.1211 (-.1207). 0009 - 1469 {-.1459). 0015

Thermal Parameters

P e Hos Fo S e

Cu . 0014 . OOk . 0107 . 0002 -. 0005 -. 0006
CL . 0024 . 0042 . 0066 . 0007 . 0021 -. 0013
2 <0025 . OOkh . 010% . 0019 -, 0006 . 0063
o1 . 0012 . 003 . 0139 . 0020 -. 0015 -. 0029
02 . 0021 . 0049 . 0105 -. 0002 -, QOkD -. 0024
03 . 0014 . OOU3 . 0093 -. 0031 -, 0024 -. 0002

ok . 001k . 0047 . 0196 . 0001 . 0024 -. 0025
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Table IV

Cell Date and Heavy Atom Paremeters for the Alums Studied by
Weutron Diffraction (in order of +1 cation size)

Sample NaAl(SO0y )o. 12H,0
Speace Gp.

a 12,213
AT (%,v,2,) -
F bt o' Moy
5(X,%,X) . 2652
05(1) (X,%,X) 3343
0g(2)X% - 295

Y 2783
zZ L1k17
0, (1)x L0767
Y . 0L03
yA . 3188
0,(2)X 0 4k
¥ .9596
Z 05713

WD}, AL (S0, )o. 12Hp0 CsAL( SOy, )p. 12Hp0
© Pa3
12. 234 12,352
(T -5, <) o
(o, 0, 0)
» 3090 L3207
. 2406 . 2596
.31k2 . 2739
. 2607 L3k11
13 436k
. Ok56 -.1593
+1363 . 0507
L2971 . 28h
. 01EL . 1524
-. 0169 -, 0020
L1546 . 0000
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Table™V

Hydrogen paremeters in NeAl(SOy)p.12H,0 from least squares

Atom

H(1)
H(2)
H(3)
H(4)

refinement of neutron diffraction data

£
0.5958(21)
0. k709(22)
0. 5504(18)
0.5926(17)

b4
0.3272(20)
0.3123(21)
0.2031(15)

0. 3h22(106)

i
0.3663(21)
0. 3806(20)
0. 4953(1 )

0.1104(18)




-28-

Table VI

Tnteratomic distences and angles in NeAl(SOy )p.12Hz0
Standard devistions, in perentheses, apply to the rightmost digit
Distences corrected for thermal motion ere in parentheses
Distances and engles from neutron data are in underlined.

£1-62,.(2) 1.881(2)8% 0,(2)-A1-0y(2) 90.0(1)°
0y(2)-A1-0y(2) 90, 0(1)

Na-60,(1) 2.453(2) 0,(1)-la-0,(1) 5. 0(1)
0,{1)-Na-0,(1) 95.0(1)

The sulfste group
S-0g{1) 1.461(4) 0g(1)-5-04(2) 110.1{1)
(1.476) 04(2)-8-04(2) 106.9(1)
§-304(2) 1.4sk(2) 05(2)-04(2)-04(2) 60.0
(1.498) 04(2)-05(2)~04(1) 60.3(1)}
0g(1)-304(2) 2.369(k) 0g(2)-0g(1)-0g(2) 59. 4(1)
04(2)-20,(2) 2.366(4)
Water molecules
0y, (1)-H(1) 0. 78(4) H(1)-0,(1)-H(2) 103(2)
0.9713(2k)
@)
0,(1)-H(2) 0.03(k4)
0.99'(24)
0,(2)-H(3) 0.92(k4) H(3)~0,(2)-H(k) 108(2
0.976(17)
(1.009)
Q,(2)-H(%) 1. 01(3)
0.991(20}

1.006
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Table VI Contd.

Hydrogen bonds

0g(1)-30,(1) 2. (k) 0g(1)-H(2) ~Oy(1)
0g(1)--3 H(2) 1. 783(25)
0g(2) ~0,(1) 2.822(3) 04(2) -H(1) ~0y(1)
0g4(2) -H(1) 1.907(23)
04(2) -0y(2) 2.623(3) 0g(2) ~H(k) -0,(2)
04(2) -H(k4) 1.635(20)

0,(1) -0,(2) 2.649(3) Q{1) -B(3) -0y(2)
0,(1) -H(3) 1.673(17) |




Atom

Na

0g(1)

04(2)

0y(1)

0,(2)

~30-
Table TX¥a
Thermal ellipsoids in NaAl(SOj),.12H0 from X-ray date.

Standard deviations, in parentheses, apply to rightmost digit

Direction angles relative to crystal axes

RMS
Amplitude B o 3 7
0.170(5)R 2,28(13)R2 5k, (© 5k, 7° 5l, 70
0.160(3) 2.55(0)

0.150(3) 2.55(6)

0.159(%) 1.99(10) 5k, 7 Sh, 7 5h. T
0. 140(3) 1.54(5)

0.140(3) 1.54(6)

0.183(2) 2.63(7) sk, 7 5h, 7 54,7
0.168(2) 2.24(h)

0.265(2) 2. 24(k)

0. 173(7) 2.36(19) 5k, 7 54,7 Sh. 7
o.asl(h; k. 97(15)

0.251(k k.97(15)

0.367 (k) 10.62(21) 31(1) 115(1) Th{1)
0.202(4) 3.22(12) 79(2) 39(3) 55(4 )
0. 164 () 2.12(11) 118(1) . 118(8) ha(l)
0. 245(k) L. 16(16) Lh(3) 133(2) 968(3)
0.152(4) 2,63(12) 55(6) €0(11) 51(16)
0, 172(4) 2,34(12) 111(11) 122(10) Lo(16)
0. 149(k) 1. 75(10) 36(6) 117(5) 67(k)
0.178(4) 2.50(11) 5L(6) he(6 11k(6)
0.206(3) 3.35(10) 95(4) 56(5; 3h(h)
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Table VIIb

Thermal ellipsoids in NaAl(SOu)2.12H20 from neutron diffraction data
Standard deviations, in parentheses, apply to the rightmost digit

Direction angles relative to crystal axes

RMS
Atom Auplitude By L VA z
Na 0.06{2 )% 0.3(25)82 5l 52 5k, " © 54, (©
0.20(5) 3.3(20)
0.20(6) 3.3(20)
A 0.17(10) 2,3(29) 5L, ", 5k Sk 7
0, 06(10) 0.5(13) :
0. 05(10) 0.5(13)
S 0.14(9) 1.5(19) Sk S5k T 5y 7
0.20(4) 3,3{12)
0.20(4) 3,3(12)
0g(1) 0.20(5; 3.2(16) sk 7 54T Sk T
0,24(3 k.5(11)
0.24(3) 4,5(11)
0.36(2 11.6(13 27(4) 113(k) 76(3)
%(2) 0.1925) 2.359)) 64(5) 30(10) 104(1h)
O.lO(hg *0.8(6) 97(7) 7L(1%) 20(10)
' 5. 20(2 3,0(8' ol (167) 175 (170 86(39)
) 3.30%2) 3.5%63 67(17hH) 25(167) 8o(21)
0. 11»(3; 1.6(6) 97(23) 96(17) 11(19)
0.12(3 1.2(6 36(14) 121(1h) 106(2k)
oul2) 0.21E§§ 3.4E7% 56{15) 34(16) 85(35)
0.16(2) 2.4(6) 79(25) 105(36) 17(27)
.32k 8.3(20 23(20 91.(16) 67(20)
) o2a) 2553 Sash) 2(310) 83(315)
0,25(k) 4, 0(15) 113(20) 92(342) 23(36)
0.355(4 9.4(22 Eh(15) 110{(13 127(11)
iR o.eh%h% h.5215% 53(16) 43 17; 72518)
0.14(5) 1.6(12)} 71(1L) 126(17) L2(11)
. 2 3.3(11 28{22) 112(20) 107(19)
B 8.13E2) o.7%9)) 83(18) 36{11) 127(10)
0.27(5; 5,8(14) 63{21) 60(13) h2(12)
H(k) 0.21(3) 5.5(11) 37(88) 53(85) 89(67)
0.22(3 3,9(10 115(109) 57(85) b4 (15)
o.12$h% 1.1%9)) 65(19) 19(17) L6(17)
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Table IX

Interatomic distances and bond angles in ND)AX(SO,)
Standard deviations, in parentheses, apply to the rlgh%most digit
Distances corrected for thermal motion are in parentheses

1-6 0 (2) 1.065(5)% 0,(2)-A1-0_(2) 90,8(2)°
0,(2)-1-0_(2) 89.2(2)
N6 0,(1) 5. 031(7) 0, (1)-10-0,(1) 7.2(1)
0, (1)-N-0 (1) 104.56{1)
N-0g(1})" 2.64(13)

1Dy, group

T-2D(1)' 1.108(45) D(1)'-N-D(2) 101.5(4)
N-6D(2)! 1,016(16) D(2)'-l-p(2)! 115.9(9)
SC, group
S=0g(1) 1.49(2) 08(1)-5-03(2) 109, 4(56)
$-0,(1)" 1.39(13) 0 (2)-8-04(2) 109.6(8)
8-04(2) L. MEG(9) 0g(1)'~8-0,(2)" 102(2)
§-04(2)" 1.41(k) 0 (2)"-5-045(2) 116(2)
Water molecules
0,(1)-D(1) 0.934(9)R D(1)-0,(1)-D(2)  106.1(9)°
(0.965)
0,(1)-p(2) 0.950(9)%
(0.973)
0.(2)-n(3) 0.993(7)} D(3)-0,(2)~D(k) 106.2(7)
(1.005)
0,(2)-D(k) 0. 96k (7)

(1.005)




04(1)-3 0,(1)
04(1)-°D(1)

05(2)-0,(1)

04(2)-D(2)

0(2)-0,(2)

0g{2)-D(})

05(2)'-ow(1)
05(2)'—D(2)
0g(2)'=0,(2)
04(2)"-D(%)
0,(1)-0,(2)

Ow(l)-D(ﬁ)

w3l

Table IX continued

2,772(11)
1.063(11)
2.777(9)
1.532(10)
2.617(3)
1.643(9)
2.63(k4)
1.69(1)
2. 7TT{k)
1.52(4)
2.652(9)
1.662(9)

05(1)-D(1)-ow(1)

08(2)-D(2)—0w(l)

0g(2)=p(4)-0,(2)

05(2)"-D(2)~0;,(1)

05(2)'-D(h)—ow(2)

0,(1)-D(3)-0,(2)

163.6(9)

166.1(9)

169.7(7)

157(2)

162(2)

17k, 1(6)
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Table X
Thermal ellipsoids in NDhAl(SOu)E'lango

Standard deviations, in parentheses, apply to the rightmost digit

r. m. 8. Direction angles relative to cell axes
Atam Amplitude By o B b
N 23(2)A b.2(7) A2 54,7° 5k, 7° 54, 7°
-18(1) 2.7(3) = = =
.18(1) 2.7(3) & - -
p(1)' .28(5) 6.0{23) 5k .7 5h.T 54,7
.32(3) 8.3(17) = - -
. 32(3) 8.3(17) = - -
p(2)* .27(2) 5.7(9) 28(25) T4(21) 112(22)
21(2) 3.6(8) 107(19) 17(20) 90(17)
.31(2) 7.8(12) 69(22) 84(1k) 22(22)
Al .03(14) 0.1(6) 5h.7 5%.7 54.7
.12(2) 1.2(4) - - -
.12(2) 1.2(4) - - -
8 0.18(3) 2.5(8) 5h.7 5k.7 Sh. T
: 0.11(2) 1.0(4) - - -
0.11(2) 1.0{4) - - -
0,(1) 0.15(2) 1.7(6) 54,7 54.7 5k, 7
0.25(1) 5.0(5) - - -
0.25(1) 5.0(5) - - -
0,(2) 0.17(1) 2.2(3) 35(6) 105(6) 118(7)
' 0.27(1) 5.7(6) 635(h) %6(3) 68(4)
- 0.09(2) 0.7(2) TH(T) 122(k) 37(6)
o,(1)  0.21(1) 3.6(3) 43(8) 72(6) 127(8)
0.14(1) 1.6(2) 98(18) 20(12) 72(20)
0.16(1) 2.1{3) 48(10) 98( 24) §3(1h)
0,(2) 0.17(1) 2.2(2) 13(7) 93(27) 102(9)
0.15(1) 1.8(2) 89(27) 10(1h4) 100{13)

0.10{1) 0.8(2) TT) 81(11) 16(8)




Atom

(1)

D(2)

D(3)

D(k)
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Table X continued

r. M. S. Direction angles relative to cell exes
Amplitude Bi a p Y
0.18{1) 2.4(3) L0 (9) 63(8) 62(6)
0.22(1) 4,0(3) 129(9) 48 (10) 67{11)
0.26(1) 5.5(l) 98(8) 127(9) 33(8)
0.22(1) 5.9(4) ¥3(9)  114(9) 57(9)
0.17(1) 2.4(3) 83(8) %0(8) 61(6)
0.27(1) 5, 7(%) 132(8) 107(6) L7 (7
0.15(1) 1.7(2) 17(8) 78(8) 102{7)
0.20(1) 3.1(%) 107(8) 38 (10) 123(L2)
0.21(1) 3.4(3) 87(15) 5k (42) 36(40)
0.16(1) 2.0(2) ha(1l) 77(10) 129(17)
0.22(1) 3.6(3) 116(8) 29(10) 101(20)

0.18(1) 2.6(2) 59(16) \65(12) %2(17)
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Figures
Stereoscopic figures (1,2,3) should be viewed with one's eyes decoupled
i.e. The right side of the figure should be viewed by the right eye and the
left side by the left eye., A piece of paper extending from the nose to the
figure with an edge between the halves of the figure and one eye on each side

of the paper, or a comercial viewer, is of aid.




Fig. 1 Stereogram of Mangenous Formate Dihydrate.
View is slightly off (100) direction.
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Fig., 2 Stereogram of Sodium Alum. Ellipscids are scaled

to twice the R.M.S. amplitude of vibration.




are scaled %0 twice the R.M.S. amplitude of vibration

Fig. 3 ©Stereogram of Deuterated Ammonium Alum. Ellipsocids
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Fig. 4 Sketch of Co{or Ni)Clg+6H,0 showing surroundings of the
metal ion and possible exchange petii.
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Arrangement of magnetic moments in NiCly-6HgO for the

magnetic space group I,2/o.

magnetic moment and the & axis

Fig. 5

The angle between the
1s approximately 10°,
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Form factor for N12* in N101,+6Hn0, from data
taken at 1.3°K. 30114 1ine is the theoretical
curve for the spherical part, All indices are
based on the magnetic unit cell.

Fig. &
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