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Abstract

The crystal structures of the intermediate solid solution HT (high temperature) Ni; ;- sSn with 6 = 0.28, 0.52 and 0.61 (refined Ni
contents) have been analyzed in detail by X-ray diffraction on single crystals. The previously reported basic atomic arrangement,
i.e., a NiAs/NiIn structure type (P63/mmc, Ni(1) on 2a, 000, Ni(2) with an occupancy d on 2d, 334, and Sn on 2¢, 13, is
confirmed. However, strong anisotropic atomic displacements occur for Sn within the a—» plane of the hexagonal unit cell, which
require a Gram-Charlier expansion of the probability density function of Sn in order to obtain a good fit to the diffraction data.
Direction, magnitude and the concentration dependence of the displacements can be interpreted in terms of the geometrical
requirements of the different local atomic configurations in the planes z = + 1/4, so that the displacements can be identified as static

ones.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

If disorder is present within a crystal structure, the
occupation of atomic sites differs from unit cell to unit
cell. Depending on the individual local arrangement of
atoms, relaxation relative to the average atomic
coordinates may occur, leading to the so-called static
displacements [1]. Diffuse scattering provides consider-
able information about atomic arrangements in partially
disordered crystal structures, e.g., possible short-range
order and the relation between occupation of certain
sites and the associated static displacements in the
environment. To obtain all this information, the
scattered intensity distribution over the entire reciprocal
space or at least considerable parts have to be measured
quantitatively.

However, valuable information can also be obtained
from an analysis of the Bragg reflection intensities which
are easier (compared to diffuse scattering) to measure
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accurately and to evaluate quantitatively on small single
crystals or on powder samples. The Bragg intensities
contain the space-averaged scattering density in the unit
cell. For X-ray experiments this is basically the electron
density, which is the convolution of the so-called
probability density functions (pdfs) [2] of the different
atoms with the electron densities of the single rigid
atoms. The pdf itself is a convolution of a contribution
from thermal vibrations and that of the above men-
tioned static displacements. Whereas the magnitude of
static displacements should not vary strongly with
changing temperature (as long as the responsible
disorder remains the same) the atomic displacements
due to thermal vibrations increase with temperature in a
characteristic manner. In other cases the static displace-
ment may be large compared to the vibration contribu-
tions, so their identification may also be possible
without temperature dependent data.

Many theoretical and experimental studies of static
atomic displacements on the basis of the evaluation of
Bragg reflection intensities have been conducted for
simple substitutional and interstitial solid solutions
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based on an FCC or BCC type arrangement of metal
atoms. A couple of examples have been cited in Ref. [1].
A more complex example of static atomic displacements
has been analyzed for Ni rich LaNis (CaCus type,
P6/mmm) [3]. A higher Ni content than LaNis is
achieved by a partial replacement of La atoms by Ni,
dumbbells oriented parallel [001] which leads to the
formula La;_(Nis,,. The Ni, dumbbells cause large
static displacements of the Ni atoms surrounding these
dumbbells. These displacements are well visible in
corresponding electron density plots.

During studies on the order—disorder phase transi-
tions in alloys of the composition NijsSn [4-6] of
NiAs/NiyIn structure the question about the presence
and magnitude of static displacements in the disordered
high-temperature (HT) phase arose. Ni;+sSn alloys of
NiAs/NiIn structure exist in a homogeneity range
around 40at% Sn (‘NizSny’); specimen have yet been
reported from the range 0.35<0<0.67 [7]. The crystal
structure of HT-Ni;;sSn is based on a NiAs type
arrangement Ni(1)Sn (axial ratio ¢/ax1.26). Additional
Ni(2) atoms occupy partially (with an occupancy of J)
the trigonal-bipyramidal sites formed by five Sn atoms,
so that the overall composition Ni(1)Ni(2)sSn results.
The resulting ‘conventional’ crystallographic description
of HT-Ni;;+sSn in terms of fractional coordinates
and their occupancies by the different atoms is listed
in Table 1.

HT-Ni; 1 sSn transforms by reversible order—disorder
phase transitions into different low-temperature phases
labelled LT, LT’ and LT”, having all lower (orthor-
hombic) symmetry than the HT-phase, caused by
occupational long-range ordering of Ni(2). The occur-
rence of one of the three different low-temperature
phases is determined by the composition. LT-Ni; 4 sSn
has been observed for 0.45<§<0.50 [5]. It forms a
commensurate superstructure with unit cell parameters
of avt~2ayr, butr ~3"?byr, cut ~cyr and orthorhom-
bic Pbnm symmetry (the non-standard setting of Pnma
was chosen in order to keep ¢t parallel cyr). It leads to
a 1:1 differentiation of the Ni(2) sites, of whom one is
fully occupied and one is empty for the ideal composi-

Table 1

tion Nij 5oSn (“Ni3Sn,”") [8]. The occupational ordering
is accompanied by strong displacements of the atoms,
especially for Sn within the a—» plane. With respect to
the composition range of the LT-phase, the LT'- and
LT”-phases were found to occur at lower and higher
Ni(2) contents, respectively. LT and LT” show incom-
mensurate ordering patterns of Ni(2) which are closely
related to the structure of the LT-phase ([4, 5], and
A. Leineweber, unpublished).

One may be tempted to calculate interatomic dis-
tances from the conventionally formulated crystal
structure of HT-Ni, 4 sSn as given in Table 1, i.e., from
the fractional coordinates and the unit-cell parameters.
Then, the equatorial distance between Ni(2) and Sn
within the trigonal-bipyramids Ni(2)Sns would be
d(Ni(2)--Sn)eq =ant/3'/?, whereas the axial distance
would be d(Ni(2)---Sn).x=cyt/2 (Fig. 1). For typical
cell parameter values, ayr and ¢yt for different
compositions [7], distances of d(Ni(2)---Sn)eq=2.33—
239A and d(Ni(2)---Sn),=2.56-2.61 A would be
obtained. However, for virtually completely ordered
(i.e., no corruption of the distances due to local static
displacements is possible) LT-Nij50Sn  d(Ni(2)---
Sn)eq:2.5072.58/°% [S] was observed. The shortest
reliable distance d(Ni---Sn) in literature (according to

d(Ni(2)--Sn),,

Fig. 1. Unit cell for an idealized Ni,In/NiAs type structure with
additional Sn atoms to show the octahedral coordination of Ni(1) and
the trigonal-bipyramidal coordination of Ni(2) by Sn atoms, respec-
tively. The bonds inside the indicated polyhedra are not shown. A
separate trigonal-bipyramid Ni(2)Sns is shown with the indicated axial
(ax) and equatorial (eq) distances Ni(2)---Sn.

‘Conventional” description of NiyIn/NiAs type HT-Ni, 1 sSn, cell parameters ayt = 4.04ﬁ4.15/&, cyt = 5.12—5.21 A [7], cur/anT ~1.26 (see Fig. 1)
as well as corresponding data for the LT-phase with orthorhombic superstructure. Note the splitting of the Ni(2) and the Sn sites in the LT-phase

HT-phase, P6;/mmc with agr, cuyr

LT-phase (at 6 = 0.5), Pbnm with a 1 ~2ayr, bLT§3]/2bHT7 CLT X CHT

Site, Wyckoff symbol xyz Occupancy Site, Wyckoff symbol xyz® Occupancy
Ni(1), 2a 000 1 Ni(1), 84 £30(0.125 0.234 0.005) 1
Ni(2), 2d 211 0 Ni(2a), 4c +11(0.127 0.909, §) 20=1
Vacancy (‘Ni(2b)’), 4¢ é%% (-)° 0
Sn, 2¢ 121 1 Sn(a), 4c %%% (0.142 0.902 %)1 1
Sn(b), 4c¢ 512 3 (0.095, 0.560, 3) 1

#Ideal values from homogeneous distortion of the unit cell and refined values for LT-Ni; 50Sn quenched from 473K (in brackets), cf. Ref. [5].
®The Ni(2b) site was found in Ref. [5] to be virtually vacant. Therefore, no physically sensible measured coordinates can be given.
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our knowledge) is 2.43 A in LuNiSn, [9]. This indicates,
that d(Ni(2)~~Sn)eq:2.3372.3910% calculated above for
the HT-phase is strikingly short. This has previously
been interpreted in terms of an increase in strength of
the equatorial bonds Ni(2)---Sn in the HT-phase
compared to the LT-phase; even a double bond
character of the equatorial bond in the HT-phase has
been discussed [10]. It is, however, much more likely,
that in the HT-phase the presence of Ni(2) in trigonal-
bipyramids is accommodated by static displacements of
Sn atoms on a local scale, away from the ideal 131
coordinates. Indeed, there are hints from size-effect-type
intensity transfer in the diffuse electron scattering
intensity [11] that displacements of Sn may be significant
in HT-Ni, ; sSn. Furthermore, for another disordered
NiAs/NiyIn type alloy phase, Fe, . sGe, static displace-
ments of Ge have been reported for two close
compositions (6=0.60 [12], 0.67 [13]) and described
by a split atom model for Ge. In this way unreason-
ably short Fe(2)- - -Ge distances (similar as to the
equatorial Ni(2)- - - Sn distances in HT-Ni;sSn) are
avoided.

In the present work the regular Bragg reflection
intensities of HT-Ni; ; sSn single crystals are analyzed
for a wide range of composition, in order to check for
the presence of static displacements of Sn and to reveal
possible concentration dependent effects.

2. Experimental
2.1. Preparation

Ni; +Sn alloys (0 from the weighted amounts of Ni
and Sn: 0.35, 0.50 and 0.63) were prepared from Ni
sheets (1 mm thickness, 99.98 mass%, Goodfellow) and
Sn pieces (bars, Heraeus 99.999 mass%). The batch sizes
were about 3g Ni;sSn. The starting materials were
melted by induction heating in alumina crucibles and
cooled in the furnace. The reguli were sealed in quartz
tubes and annealed for homogenization for 2d at 473 K
and 2d at 1023 K followed by water quenching (the
quartz tubes were crushed while being held under water
so that the reguli came into direct contact with the water
leading to a high cooling rate). The weight of the initial
metals and the reguli were compared and no significant
change was indicated for any of the three alloys.
Therefore, the average compositions of the alloys could
be assumed to be identical to those expected from
weighting.

2.2. X-ray powder diffraction
For determination of cell parameters, parts of the

reguli were ground in a mortar and mixed with Ge
powder as internal standard (a = 5.6574A). Powder

diffraction patterns were recorded on a Huber imaging
plate Guinier camera G670 employing CuKal radiation
(4 =1.54056 A). Reflection positions were extracted
using the program CMPR [14], and those of Ni; . sSn
were corrected for those of Ge. Unit cell parameters
were refined from the corrected reflection positions
using the program ASIN [15].

2.3. Single crystal X-ray diffraction experiments and
data reduction

Single crystals were isolated from a crushed part of
the reguli under an optical microscope. The crystals
corresponding to the three alloys are referred to
furtheron by Ni;35Sn, Ni;soSn and Ni; 438n, i.e., by
formulas representing the average compositions of the
alloys, irrespective from the compositions obtained by
structure refinement. The crystals were mounted in glass
capillaries. X-ray diffraction experiments on these single
crystals were performed on a CAD4 diffractometer
(Enraf-Nonius, Delft, NL) employing AgKa radiation.
A ‘full sphere’ of reflections was measured in each case.
Details of the measurements are listed in Table 2. Data
reduction was performed using tools provided by
Jana2000 [16]. The intensity data were corrected for
absorption starting from a measured crystal shape,
which was then optimized applying the program X-
Shape [17]. After averaging according to the 6/mmm
Laue symmetry the structure refinement was performed.

2.4. Structure refinement

Structure refinements on the basis of the single crystal
diffraction data were performed using Jana2000 [16].
The initial model was the ‘conventional’ model for the
Ni,In/NiAs type structure as given in Table 1 allowing
for isotropic Gaussian atomic displacements, and a
varying occupancy of Ni(2). Since this structure model
gave only poor residuals, more elaborate methods had
to be applied to describe the atomic displacements.

For the Ni;50Sn crystal the improvement of the
residual parameters upon subsequently adding groups of
atomic displacement parameters is documented in
Table 3. Upon adding each group of new parameters
the Hamilton test is passed [18], indicating the sig-
nificance of the added parameters. The final main model
considers anisotropic Gaussian atomic displacements
modified by Gram-Charlier series parameters [2] up to
the orders 5 (Sn) and 4 (Ni(1)) in order to describe the
non-Gaussian character of the pdfs of Sn and Ni(1).
Together with the overall scale factor, an extinction para-
meter as well as the occupancy of Ni(2), altogether 19
parameters are refined for the main model (cf. Table 4).

For the Ni;3sSn and Ni;43Sn crystals only the
addition of the 4th order Gram-Charlier parameters
for Ni(l) atoms does not pass the Hamilton
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Table 2

939

Details of data collection and the least-square refinement procedure for the structure refinement using single crystal diffraction data on HT-Ni; 4 sSn

of three different compositions

Diffractometer

Wavelength

Crystal size (mm?)

Crystal label®

Formula of the crystal from refinement
(cf. Table 3)

Space group type (No.)

Unit cell parameters

0.06 x 0.08 x 0.09
Ni1_35SIl
Ni; 2756)Sn

a (A) 4.0524(3)
¢ (A) 5.1256(2)
Number of formula units per unit cell
hik;l
Angular range, 260 (deg)
Absorption correction
Calc. absorption coefficient j . 17.3mm™"
Transmission, min/max 0.614/0.649
Internal R value after absorption 0.0336/0.0270
correction, all reflections/I >3a(I)
Software used for least squares
refinement
Number of measured reflections 4626
with 1>30(I) 2930
Number of independent reflections, 266/179
all/I>3a¢(1))
Extinction model
Number of refined parameters
R, all/I>3a(I) 0.0344/0.0142
Ry, all/I>3a(I) 0.0620/0.0488
Residual electron density, max/min 1.23/-1.45

(eA7?)

Enraf-Nonius CAD4
0.56083 A (AgKo)
0.025 x 0.025 x 0.0125
Ni1_5()Sl1

Nil.524(4)sn

P63/mmec (194)

4.103(1)

5.176(1)

2

+12; +£12; +15 (‘whole sphere’)

6-90

Gaussian integration using crystal shape
18.1mm™"

0.435/0.782

0.0755/0.0386

Jana2000 [16], refinement based on F*
5132

2678
274/179

Becker and Coppens type 1, Gaussian [19]

19
0.0470/0.0206
0.0568/0.0482
1.60/—1.56

0.015x0.07 x 0.08
NimgSn
Nij 614¢5Sn

4.1373(3)
5.2050(4)

18.6mm™!

0.314/0.696
0.0507/0.0330

4932
2850
282/170

0.0717/0.0205
0.0718/0.0525
2.66/—1.92

The structure model is based on Table 1 as well as the main model as described in the text. For the results of the refinements cf. Table 4.
#In the course of the discussion the alloy compositions in italics are used to label the crystals. It has to be pointed out that the refined compositions

are slightly away from these values (see Table 4).

Table 3

Structure refinement for the Ni; 50Sn crystal: Evolution of the residuals upon increasing successively the complexity of the models for atomic
displacements (nth order indicates the highest order of a Gram-Charlier series used to refine the pdf for the corresponding atom). The last line
corresponds to the main model which was finally adopted for all three sets of single crystal data (cf. Table 3)

Structure model R, all/I>3a(1)

Ry, all/I>3a(I)

No. of refined

parameters
All atoms isotropic 0.2763/0.2410 0.5503/0.5452 6
All atoms anisotropic 0.1353/0.1071 0.2908/0.2848 9
Sn ‘3rd order’ 0.0787/0.0563 0.1473/0.1439 10
Sn ‘4th order’ 0.0652/0.0328 0.0907/0.0820 13
Sn ‘5th order’ 0.0596/0.0313 0.0829/0.0762 15
Sn “Sth order’ + Ni(1) ‘4th order’ 0.0470/0.0206 0.0568/0.0482 19

test. However, in order to keep the main model identical
with that of the Ni;5,Sn crystal, this situation was
accepted (cf. Table 4).

Based on considerations made in Section 3, further
structure refinements were performed for the Ni; 50Sn
crystal data employing a structure model based on Ni(1)
and Ni(2) as in the main model as well as a split atom
model with isotropic atomic displacements for the pdf of
Sn. Details of the latter model are described there.

3. Results and discussion

3.1. Composition of the crystals

The refined occupancies of the Ni(2) sites do not
exactly correspond to the values expected from the
weighted amounts of Ni and Sn used to prepare the
alloys (cf. Table 3). The strongest difference between
balanced and refined compositions is encountered for
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Table 4
HT-Ni, +sSn: Final parameters from structure refinement (‘main
model’) using single crystal data

Alloy/crystal“ Ni[._ngI’l Ni,_5oSn Nl‘/_égSI’l
Ni(1) 000:

Uii® (A% 0.0092(4) 0.0092(3) 0.0095(4)
Us;® (A?) ) 0.0070(5) 0.0062(3) 0.0072(5)
Dini€ 10,000 (A% —0.004(1) —0.0135(9) —0.001(2)
Diniz° 10,000 (A% 0.0002(4) —0.0067(5) —0.0002(5)
D13 10,000 (A% 0.0001(2) —0.0017(2) —0.0002(3)
Di33:¢ 10,000 (A% —0.0002(2) —0.0025(2) 0.0007(5)
NiQ) 144

Uii® (A% 0.0060(5) 0.0113(3) 0.0105(3)
Uss® (A?) 0.0077(5) 0.0112(3) 0.0102(3)
Occupancy 0.275(6) 0.524(4) 0.614(5)
Sn3ij

Un” (A% 0.0227(4) 0.0286(3) 0.0301(4)
U® (A% 0.0099(4) 0.0082(3) 0.0075(4)
Cin® 1000 (A%) —0.032(2) —0.059(3) —0.055(4)
Dy 10,000 (A% —0.009(2) —0.053(3) —0.052(2)
D13 10,000 (A% 0.0002(3) —0.0011(2) —0.0005(3)
D33 10000 (A%) 0.0002(3) —0.0021(3) —0.0002(3)
Enin© 100,000 (A% —0.029(3) 0.031(5) 0.104(9)
Eq1133° 100,000 (A% —0.0004(2) —0.0016(3) —0.0006(4)

The ‘dominating’ coefficients of the Gram-Charlier expansion of the
pdf, i.e., those which modify the pdf mainly within the a—> plane, are
printed in bold. Trial refinements of the occupancies of the Ni(1) or Sn
sites indicate no significant deviations from full occupation of these
sites.

#In the course of the discussions the alloys compositions in italics
are used to label the crystals.

®Gaussian anisotropic atomic displacement parameters within the
‘harmonic approximation’ according to the formula Thym(hkl) =
exp[—2m2d~2(Uyy - I + Ux - k> + -+ +2Ux3kl)], where T(hkl) is a
factor with which the form factor of the corresponding atom has to be
multiplied in the course of the calculation of the structure factor.

¢ Coefficients of a Gram-Charlier series expansion of the pdf to
consider a non-Gaussian shape in three-dimensional space. Thus,
the factor Tham(hkl) is modified like Tgc(hkl) = Tham[l +
(210)* Comphimhiahy /3! + (270)* Dypghiihinhiphy /4 + -], where hy = h,
hgzkandh3:l.

the Ni; 3581 crystal, for which a refined composition
of only Nij»75Sn is obtained. In order to analyze
possible origins for these discrepancies the cell para-
meters of the alloys as determined by X-ray powder
diffraction and the cell parameters determined from the
selected single crystals are compared with known cell
parameters vs. composition data ([5] and A. Leineweber,
unpublished). For the Ni; ;5Sn single crystal the refined
Ni content is supported by the small cell parameters of
that crystal (Fig. 2): If the cell volume data
(3'2)2a%rcur vs. 8) are linearly extrapolated to low
Ni contents, the cell volume of the Ni;;sSn crystal
corresponds to 6 =0.28. In contrast to the single
crystal, a diffraction measurement from a powder made
from the regulus gave a cell volume yielding 6 = 0.38
(cf. Fig. 2).

78

7

76

75

74

unit cell volumein A3

73 Ni; 565N

025 030 035 040 045 050 055 060 065
owith respect to Ni, sSn

Fig. 2. Unit cell volumes, 3'/%/2 - afyr - cyyr, for HT-Nij | 5Sn as fitted to
data from Ref. [5] compared with the results from powder (triangles)
and single crystal diffraction experiments (diamonds) from the present
alloys, for which the compositions from balancing (Nij 355n, Ni; 50Sn
and Nij ¢;Sn) have been adopted for plotting. In particular, the
Ni; 35Sn single crystal shows an unexpectedly small unit cell volume,
which would correspond to a composition of Nij ,¢Sn. This is, how-
ever, consistent with the refined composition Nij; »75:2)Sn (cf. Table 3).
The cell parameters of a powder sample prepared from a part of that
alloy indicated a composition of Ni; 35Sn.

temperature

Ni,Sn,

504 K 505 K

atomic percent Sn

Fig. 3. Simplified phase diagram Ni-Sn after Ref. [7] explaining the
constitutional origins of segregation and proposed origin of inhomo-
geneities in the Nij 35Sn alloy. The three alloy compositions Ni; ¢3Sn,
Ni; 50Sn and Nij 35Sn (in this sequence from the left to the right) are
indicated by arrows.

The differences between the compositions of the
powder prepared from the Ni; 35Sn alloy, the Ni; ;5Sn
single crystal and the value expected from weighting can
be explained considering the phase diagram Ni-Sn [7]
and, in particular, the low-nickel side of the Ni;;Sn
phase field (Fig. 3): The (HT-)Ni;;sSn phase melts
congruently at 1537K and a composition of about
Nij 50Sn. For low Ni contents the Nij;sSn phase
coexists with the Ni-Sn liquid down to the peritectic
temperature of NizSny. The Ni—Sn liquid has a
degenerate eutectic at 504 K at a composition close to
pure Sn (71,(Sn)=505K). Therefore, an alloy of the
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composition Ni; 355n is likely to show segregation upon
solidification. This was in fact observed by optical
micrographs using polarized light on polished cross
sections (A. Leineweber, M. Ellner, E.J. Mittemeijer,
unpublished results) of alloys cast into water-cooled
copper molds which were used in the studies of Ref. [5].
For these alloys the segregation could be removed by
homogenization with the heat treatment program also
applied for the present alloys (cf. Section 2.1). However,
the present alloys were solidified by relatively slow
cooling (compared to solidification in the molds) in
alumina crucibles. Therefore, even more severe segrega-
tion is expected than for casting into water-cooled
molds. Furthermore, the present alloys have a larger
grain size (about 1mm) compared to 0.lmm for
Nij 355n alloy cast in a mold. Consequently, it seems
likely that the heat-treatment used in order to achieve
homogenization was not fully successful for the Ni; 355n
alloy, and that the selected crystal had—by accident—a
considerably smaller Ni content than the average alloy’s
composition.

The Ni content Ni; »75Sn which was refined for the
Ni; 358n single crystal and which was supported by the
cell parameters, is considerably smaller than allowed
by the low-Ni side boundary of the Ni; 4 sSn field. Below
1068 K the composition Nij»75Sn should be located
in a two-phase region Ni | 355n + Ni3Sny (cf. Fig. 3 and
Ref. [7]). In fact, recent experiments suggest that the
Ni; 4+ sSn field extends to significantly lower Ni contents
than Ni; 35Sn (A. Leineweber, unpublished).

3.2. Analysis of static displacements of Sn

An analysis of the Gaussian anisotropic atomic
displacement parameters of the two Ni and the Sn sites
indicates (Table 4) that except for the U;; values of Sn,
the values U; (all U; values as listed in Table 3
correspond to the principal axis values due to site
symmetry) range at about 0.01 A% or below. This
corresponds largely to the values obtained for long-
range ordered LT’-/LT-Ni;,sSn (0.35<6<0.50) by
Rietveld refinement of powder diffraction data, where
thermal contributions to the atomic displacement
parameters should dominate [5]. The U;; parameters
of Sn are considerably larger than all other Uj; values.
Furthermore, only those coefficients of the Gram-
Charlier expansion of the pdf of Sn, which modify the
pdf within the a—» plane (i.e., those, coefficients which
contain only 1 and/or 2 in their index, but not 3) are
considerably larger than the corresponding estimated
standard deviation.

Although, starting from the ideal structure model of
HT-Ni; + sSn (Table 1 and Section 1), there should be
least space for displacements of Sn within the a—b
plane, the observed strongly anisotropic and non-
Gaussian atomic displacements are strongest within this

plane. Therefore, these displacements are unlikely due to
thermal vibrations of Sn in an anharmonic average
potential. Instead, static displacements of Sn seem to be
a probable explanation. It is expected that the occupa-
tion of the Ni(2) sites in the neighborhood of an
individual Sn atom determines its actual position.

The dominant ‘unusual’ displacements of Sn can be
made visible by Fourier sections showing the electron
density of a section at z = % containing the Sn and Ni(2)
atoms (Fig. 4). For the Ni; 50Sn and Ni; 43Sn crystals a
somewhat triangular shape of the electron density
corresponding to the Sn atom is visible, with ‘bulges’
into the direction of the Ni(2) positions. This is less
pronounced for the Ni; ;358 crystal.

Nij gz 0.4 038 X

Fig. 4. Fourier sections indicating the electron density of the HT-
phase unit for the three investigated crystals at z = 1. The straight lines
correspond to positive contours spaced by 20 e/z& , the dashed lines
correspond to the zero-level.
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Ideas about which local atomic arrangements may
create the observed average electron densities in the HT-
phase, can be obtained by inspecting the crystal
structure of orthorhombic, ideally ordered LT-Ni; 50Sn
(cf. Table 1 and Refs. [5,8]). A thorough discussion of
the structural features of LT-Ni; 50Sn has been given in
Ref. [5]. The most important points of this discussion
will be outlined here as far as they are of relevance for
the present considerations. The main feature of the LT-
phase at 6 = 0.50 is the ordering of the Ni(2) atoms
against the vacancies. This is reflected in a splitting of
the Ni(2) sites of the HT-phase structure (occupied by
Ni(2) and vacancies) into Ni(2a) and vacancies
(‘Ni(2b)’) (cf. Table 1).

In the LT-phase the Ni(2a), Sn(a) and Sn(b) atoms are
all located at z =1, 3 (i.e., a mirror plane.../m in the
space group symmetry Pbnm, [001]7||[001]gT). Sn(a)
and Sn(b) are not only crystallographically inequivalent,
but differ also ‘chemically’ by their different environ-
ments of closest Ni(2a) atoms: For Sn(a) the surround-
ing trigonal-bipyramid of five potential Ni(2) sites' is
occupied in one equatorial (within the a—b plane) and
both axial (at Az = i%) positions by Ni(2a) whereas two
equatorial ones are empty. For Sn(b) only two
equatorial positions are occupied by Ni(2a). Regarding
further only the equatorial neighbors, i.e., in the same
a—>b plane, one arrives at one Ni(2a) for Sn(a) and two
Ni(2a) neighbors for Sn(b) (Fig. 5).

The different environments of Sn(a) and Sn(b) lead to
different displacements of these Sn atoms from their
‘ideal’ positions (see Table 1): Sn(a) and Sn(b) are
displaced by 0.173 and 0.293 A, respectively, in different
directions (Fig. 5). In contrast to Sn, the displacements
of Ni(1) and Ni(2) in the LT-phase are considerably
smaller.

The direction of the displacements of the Sn atoms
was explained as follows [5]: Sn(a) is shifted in the
direction away from its only Ni(2a) neighbor in the a—b
plane, and, therefore, the displacement direction is
parallel to the equatorial direction Ni(2a)---Sn(a). The
displacement direction of Sn(b) is parallel to the sum of
the vectors connecting the two Ni(2a) neighbors with
Sn(b). The different magnitude of the displacements of
Sn(a) and Sn(b) can been made plausible with close
contacts between the displaced Sn atoms and Ni(1)
atoms: Simply said, there is more space in the direction
into which Sn(b) is displaced. For more details cf.
Ref. [5].

It is likely that also in the HT-phase Ni; 5oSn crystal
Sn is coordinated within the a—b plane mainly by either
one or two Ni(2) atoms. Therefore, similar displace-
ments of Sn should occur as in LT-Ni; 50Sn. Fig. 6

"The trigonal-bipyramidal site on which partially Ni(2) is located
is surrounded by a trigonal-pyramid of Sn atoms, but this holds also
vice versa.

- Ni(2b)
Ni(2a) (vacancy)
e R
X VO 7 %
\[ 7 \
Sn(b) ¢ g = g B
8 LY 2 A /
Y AW
Sn(a) _ A - —
&/ U [T
%l # R \ [/ \
> S — = =
bL.T T i
/N /NN /
/ A W N/ AW
L|- — S 2 N
>
A

Fig. 5. Crystal structure of LT-Ni; 50Sn: The atoms Ni(2a), Sn(a) and
Sn(b) as well as the position of unoccupied trigonal-bipyramidal sites
located at z :% are shown. The gray arrows indicate the repulsive
Ni(2a)---Sn interactions which determine the displacement directions

of Sn(a) and Sn(b).

Fig. 6. Local configurations leading to the split atom model for HT-
Nij; 50Sn on the basis of the different possible arrangements of Ni(2a)
and vacancies (vac.) around Sn in LT-Ni; 50Sn (cf. Fig. 5). An equal
probability of the six different configurations, three corresponding to
Sn(a) and three to Sn(b), have the same probability of é. The ideal sites
are indicated by dashed circles. The ‘unit cells’ are oriented like in
Fig. 3.

shows how the displacements observed in the LT-phase
should look like in HT-phase: There are three possibi-
lities for both arranging one and two Ni(2) atoms
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around a Sn atom, which leads to two different,
threefold ‘split atoms’ called (as in the LT-phase)
Sn(a) and Sn(b). The crystallographic description of
these sites is (both on 64 Wyckoff site of P6s/mmc, see
Fig. 6):

Sn(a)x, 2x, § with x, <1,

Sn(b) Xp 2Xb % with xy, >%.

Assuming like for LT-Ni; 5oSn a 1:1 occurrence of Sn(a)
and Sn(b) in HT-Ni; 50Sn, each of the above mentioned
split site position would have an occupancy of % On the
basis of this split atom model a least-square refinement
was performed on the single crystal X-ray diffraction
data of the Ni;s5pSn crystal: Ni(1) and Ni(2) were
considered as for the main model, Sn by the split atom
description imposing the expected fixed occupancies of
% for both Sn(a) and Sn(b) and refined x, and Xxy
parameters. One common isotropic atomic displacement
parameter was refined for Sn(a) and Sn(b) in order to
consider thermal displacements. The results of a
refinement using the split atom model are listed in
Table 5.

Very small improvements of residuals of the split atom
model can be achieved by allowing for a refinement of
the occupancies of the Sn(a) and Sn(b) sites, however,
severe correlations between the displacement, positional
and occupation parameters occur and the refinement
becomes unstable. Therefore, such attempts were
cancelled. Though, considering only either Sn(a) or
Sn(b) sites leads to convergence, the agreement factors

Table 5

Results of an evaluation of the single crystal X-ray data obtained from
the Ni;s5oSn crystal using the split atom model. R(all/I>30(I)) =
0.0539/0.0303, Ry(all/I>3a(I)) = 0.0705/0.0654 (14 parameters)

Ni(1) 000

Uy (A? 0.0111(3)
Uss (A%) 0.0073(4)
D111 10,000 (A% —0.010(1)
Di113° 10,000 (A% 0.0000(5)
Di133° 10,000 (A% —0.0015(2)
Ds333° 10,000 (A% —0.0027(3)
Ni(2) 2 5%

Uy (A?) 0.0131(3)
Uss (A?) 0.0123(3)
Occupancy of Ni(2) 0.523(4)
Sn(a,b) x, 2x,

Uso (A?) 0.0109(1)
Xa 0.3158(2)
Displacement of Sn(a) (A)* 0.125(3) (0.173)
Xb 0.3711(1)

Displacement of Sn(b) (A)a 0.268(2) (0.293)

*Distance of the x4p 2x, § site from the ideal $3{ site. In brackets

the corresponding distances as observed for the LT-phase [5] are given.
®See footnote ¢ of Table 4.

are considerably worse than with the two sites, i.e., using
the complete split atom model.

The refinement of the split atom model gives reason-
able residuals, which are only slightly worse than those
of the main model. The occupancy of Ni(2) as well as the
U; parameters of these models agree very well.
Furthermore, the resulting Ui, value of Sn refined for
the split atom model agrees well with the U /Uss
components of the other atoms as well as the isotropic
atomic displacement parameters observed for the
LT/LT -phases [5]. Therefore, it is reasonable to assume,
that the refined Ui, value of Sn corresponds closely to
the true dynamic contribution to the atomic displace-
ments, whereas the static displacements are contained in
the fractional coordinates of Sn(a) and Sn(b).

The fractional coordinates of the split atom model
for Sn(a) and Sn(b) can now be used to calculate
‘realistic’ equatorial Ni(2)---Sn distances (see Fig. 0).
One finds d(Ni(2)---Sn(a))eq =2.493(1) A and d(Ni(2)---
Sn(b)),, = 2.514(1) A, which are now of reasonable
magnitude and similar to the values as observed for the
LT-phase [5]. Relative to the ideal sites the Sn atoms
(359 Sn(a) and Sn(b) are displaced by distances of 0.13
and 0.27 A. These displacements in the HT-phase are
somewhat smaller than the corresponding displacements
in LT-Ni; 50Sn [5], which are 0.17 and 0.29 A. This may
partially be due to a less optimal local arrangement of
the atoms in the HT-phase compared to the LT-phase.
Furthermore, the present model considers only those
local configurations which occur in the LT-phase, but
e.g., for a purely statistical distribution of the Ni(2)
atoms there should also be Sn atoms with only zero
or three Ni(2) neighbors within the a—b plane. Such
Sn atoms should not—in a first approximation—be
displaced at all within the a—b plane.

The inspection of the structure of the LT-phase lead
to the split atom description for the pdf for Sn. But by
the same considerations also static displacements would
be expected for Ni(1) and Ni(2). However, according to
the structure of LT-Ni; 50Sn these displacements should
be considerably smaller than for Sn(a) and Sn(b) [5]. The
contributions from static displacements of Ni(1) and
Ni(2) are, therefore, not easily separated from the
thermal contribution and hidden in the refined atomic
displacement parameters (Uj;, Dyugp).

On the basis of the split atom model applied to the
Ni; 50Sn crystal data, also the electron densities corre-
sponding to Sn for the Ni; 358n and Ni; 435n crystals can
be understood. For the Ni;43Sn crystal the triangular
shape of the electron density corresponding to Sn atom
is somewhat more pronounced than for Ni; 5oSn. On the
basis of simple statistical considerations it can be shown
that upon increasing the Ni content by increasing J
the Sn(b) atoms with two Ni(2) neighbors in the a—b
plane should become more frequent on cost of the
occurrence of Sn(a) with only one Ni(2) neighbor. This



944 A. Leineweber et al. | Journal of Solid State Chemistry 177 (2004) 936—945

explains the observed tendency, since the more abun-
dant Sn(b) atoms are just located at the ‘bulges’ of the
electron density corresponding to Sn.

For the lower Ni contents (NVi; 3551) the overall extent
of the atomic displacements of Sn within the a—b plane
decreases. Furthermore, the electron density corre-
sponding to Sn is closer to infinite rotational symmetry
around [001]. This can be explained by a higher
probability of Sn(a) and the effective absence of Sn(b).
Therefore, the smaller displacements of Sn(a) become
more dominant for the overall electron density.

In principle it is also possible to refine parameters of
split atom models also for the Ni;358n and Ni; 43Sn
crystals. However, too severe instabilities and correla-
tions occur for such refinements. This is mainly due to
the fact that the occupancies of either Sn(a) (case of
Ni; 63Sn) or Sn(b) (Ni; 358n) are expected to be very
small. For sites with such small occupancies fractional
coordinates cannot be refined. As for Ni; 5,Sn simplified
models with either only Sn(a) or Sn(b) do not give
convincing results which can compete with the refine-
ments using the main model. Therefore, no split atom
model refinements for Ni;3;Sn and Ni;s3Sn  are
presented.

It has to be stated that the interpretation of the
electron densities corresponding to Sn could only be
done on the basis of certain perceptions concerning the
displacements of Sn. Without the knowledge of expected
atomic distances one could e.g., propose naively an
alternative mechanism (cf. Fig. 7) which could lead to
the same split atom model as given in Table 4: the
displacements of Sn corresponding to Sn(a) are assumed
to be caused by two and for Sn(b) by one neighboring
Ni(2) atom, respectively. This would mean that in the six
structures at the top of Fig. 6 the Ni(2) atoms and the
vacancies would be exchanged, and the Ni(2) atoms
would attract instead of repel the Sn atoms, which
would give the situation shown in Fig. 7. The only
criterion to discard the alternative mechanism are the
expected unreasonably short Ni---Sn distances, how-
ever, not the present Bragg intensity data.

Fig. 7. Alternative model with other types of atomic displacements
than in Fig. 6 leading to the same type of electron densities at the
composition Nij 5oSn (see text).

Experimentally, the problem the situations shown in
Figs. 6 and 7 can be resolved considering the size-effect
intensity transfer of diffuse scattering data on HT-
Ni;;+4Sn as observed previously by selected area
electron diffraction [11]. The qualitative evaluation of
the diffuse scattering suggested that the basal triangle
of an Sns trigonal-bipyramid around one Ni(2) is
expanded, whereas it should be contracted for an empty
trigonal-bipyramid. However, the qualitative interpreta-
tion of the diffuse scattering data only lead to the
proposal that the Sn atoms would be displaced like
Sn(a). The ‘interaction’ between the displacements by
two Ni(2) on one Sn leading to Sn(b) with a different
displacement direction as compared to Sn(a) was not
considered explicitly and is probably difficult to be
deduced in the course of a qualitative evaluation of
diffuse scattering. In order to derive this, the present
evaluation of the Bragg intensity data was very
successful and straightforward.

The results concerning Ni;s3Sn are qualitatively
comparable to what has been observed previously for
Fe; 60Ge [12] and Fe; 47;Ge [13], where a split atom
model based on a single Ge(b) site (according to the
presently used nomenclature) was used to describe the
static displacements of Ge. However, the studies on
Fe; 1 sGe were restricted to a narrow range of composi-
tions in the system Fe-Ge, whereas now a wide range of
composition was studied, revealing the static displace-
ments into different directions corresponding to Sn(a)
and Sn(b).

The structural features observed here for HT-
Nij;+4Sn (and previously on Fe; sGe) of NiyIn/NiAs
type structure are probably also present in other
disordered phases having this structure type and an
intermediate value of ¢ (neither 0 nor 1). However, in
literature there is an apparent lack of detailed structural
studies of such disordered phases except for Fe; . sGe.
Such phases with their apparently simple crystal
structure were often only characterized by indexed
powder diffraction patterns without a quantitative
evaluation of reflection intensities. More thorough
diffraction investigations on such disordered phases
should clarify this situation. However, instead of
obtaining more detailed information about an alleged
disordered phase, it can also turn out that this phase
shows in fact long-range order, as revealed previously
for some cases when e.g., selected area electron
diffraction was applied [20].

4. Conclusions

(1) The crystal structure of HT-Ni; 4+ sSn was studied
by X-ray diffraction on three different crystals
Ni; 358n, Ni; 50Sn and Ni; s3Sn (the alloys had these
average compositions) which have the refined
compositions of 6 =0.275, 0.524, 0.614. The
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previously reported NiyIn/NiAs structure type
(P63/mmc) with Ni(1): 2a, 000, Ni(2), 2d,§%%,
occupancy &, and Sn: 2¢, 121 is basically confirmed.
However, the electron density based on refine-
ment of atomic displacement parameters revealed
an electron density of Sn, which is strongly
extended within the a—»b plane. This feature
varies significantly with composition: These
displacements are most exhibited for Ni; 43Sn, least
for Ni1,35Sn.

(i1) The displacements of Sn can be understood—based
on the crystal structure of the ordered low-
temperature phase LT-Ni; soSn—as resulting from
a superposition of different local atomic configura-
tions, i.e., different number of Ni(2) atoms (mainly
one or two) around one Sn in the a—b plane,
leading to different amounts and directions for
static displacements of Sn. The magnitude of the
displacements in the HT-phase (data from Ni; 50Sn)
from its ideal position 121 is somewhat smaller than
observed for LT-Ni; 50Sn, but shows good qualita-
tive agreement.

(iii) The presence of the large static displacements for Sn
confirms that the simple average fractional coordi-
nates for Ni(1), Ni(2) and Sn (see (i) and Table 1) in
the HT-phase must not be used to calculate
interatomic distances, in particular not for
Ni(2)---Sn within the a—b plane, which would be
unrealistically small. This should in general be
considered for atomic distance calculations on
the basis of fractional coordinates obtained of a
not fully ordered crystal structure, if the presence
of considerable static displacements cannot be
excluded.
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