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Abstract

Intermetallic compounds of the type RFe;(Si, and RCo(Si, crystallize in the ThMn, structure
(space group 14/mmm) whilst the heavy rare earth series RNi(Si, crystallize in a maximal
subgroup of /4/mmm, P4/nmm. Reported here are neutron powder diffraction investigations
for TbNi;¢Si, and ErNi;oSi, which show that the P4/nmm structure undergoes a high
temperature order—disorder phase transition at approximately 930 °C above which the ordered
Ni and Si fractions revert to a random distribution on 4d and 4e sites. The volume expansion
has been tracked in detail via the temperature dependence of the lattice parameters, whilst the
temperature dependence of the thermal expansion coefficients oy, o33 and oyolume has been
determined from the lattice parameters. Associated with the order—disorder transition is a
transition associated with a displacement of the R ion along the c-axis. Both transitions are of
second order and the critical exponent associated with the order—disorder and displacive
transitions, 8 = 0.31, is in excellent agreement with the exponent determined for the

three-dimensional Ising model.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ternary rare earth (R) intermetallic compounds with com-
positions of the type RTj,_M, where T is a 3d transition
metal (T = Fe, Co, Ni, Mn) and M a stabilizing element
such as Ti, V, Al, Ga and Si form an important class of
materials which have been extensively investigated in the
recent past [1-4]. Compounds based on R = Sm and T = Fe
are of particular pertinence, since they have good performance
criteria as permanent magnets i.e. high magnetic ordering
temperatures combined with a large saturation magnetization
and similarly large uniaxial magnetic anisotropy. Of particular
pertinence is the site occupation of the stabilizing element in
the aforementioned compounds. This site occupancy plays a
fundamental role in determining the magnetic and structural
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properties for this series. For the ThMnj, [5] (space group
I4/mmm) in which the RT,_,M, series crystallize, the
transition metal and metalloid elements have the possibility of
occupying three sites, 8i (x, 0, 0, x ~ 0.35), §j (x, %
0.27) and 8f (i, i, i). The preferential occupation of the T and
M atoms on any of these sites, as well as the magnetic structure
of the constituent magnetic sublattices, has been systematically
characterized by neutron diffraction for a large number of R—
T-M (T = Fe, Co, Mn) compounds of the type RT,_,M,,
(1 < x < 6), which crystallize in the ThMn;, structure.
Therefore a great deal is now known about the mixing of T
and M elements on the 8i, §j and 8f sites. Examples which
have appeared in the literature are Y-Fe-Ti [6], Y-Fe-V [7],
Y-Fe-Al [8], R-Mn-Al [9], R-Co-V [10, 11], Y-Co-Ti [12],

0,x ~
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Figure 1. Crystal structure of RNi;(Si, compounds (space group
P4/nmm).

C
b,

Y-Co-Mo [12], Y-Fe—-Cr [13], R-Co-Mo [14], R-Fe-Ga [15],
R-Fe-Mo [16], R—Fe-Ta [17, 18], R—Fe—Mn [19].

For compounds with Fe and Co sublattices, the R and T
sublattices are generally magnetic, with the R sublattice being
polarized by the strong R—T exchange interaction. A prominent
example of where the transition metal sublattice is known to be
non-magnetic (or possibly very weakly magnetic) is the case
of the series RNi¢Si, [20, 21]. The fact that the Ni sublattice
does not order magnetically in similar compounds has rendered
these materials less interesting from an applications point of
view. The Ni-Si site occupancies for YNi(Siy, as determined
by neutron diffraction [22], showed a marked preference of
Si for the 8i site, with some small residual occupancy of Si
on the 8j and 8f sites. A similar Si site occupancy was also
observed for YFe;(Si, [23]. A more detailed characterization
of the crystal and magnetic structures for the heavy rare earth
series RNij¢Si, (R = Tb, Dy, Ho, Er and Tm) [24] revealed
that the R sublattice orders only at low cryogenic temperatures
(the corresponding series with the light rare earths do not exist).
A particular structural characteristic which has rendered this
series of interest is that these compounds crystallize in an
ordered variant of the ThMn;, structure, in the space group
P4/nmm (figure 1).

There is an ordered 1:1 distribution of Ni and Si on sites
4d end 4e, and this corresponds to a modulation vector [001]
with respect to space group [4/mmm. This is a unique
feature of rare earth intermetallics of the type RTj,_,M,
with T = Ni, which generally crystallize in the ThMn;;
structure. The general richness and complexity of magnetic
interactions in rare earth intermetallics which crystallize in the
ThMn, structure is reflected in extremely complex magnetic
structures of both rare earth and Fe sublattices for the series
R(R = Dy, Ho)FesAlg [25], M(M = Lu, Y)FesAlg [26].

In this paper we report on neutron powder diffraction
measurements of the temperature dependence for Ni and
Si fractions on 4d and 4e sites and the critical exponent
associated with the order—disorder transition, as well as

Table 1. Structural parameters for RNi;oSi; compounds which
crystallize in space group P4/nmm. R—X is the shortest interatomic
distance to the rare earth site. Parameters in italics refer to sites in
space group /4/mmm. The origin of the unit cell in P4/nmm has
been shifted by (1/4, 1/4, 1/4) with respect to /4/mmm. Numerical
values in the table are those for TbNi;(Si, at room temperature.

a=28.1965A ¢=4.667A
x/a y/a z/c R-X (A)

R(2c) 1/4 1/4 0.2255

RQ2a) 0 0 0

Ni; (81) 0 0.6043 0.2379 2.9042
Ni; (8i) x,x~035 0 0 2.9016
Ni, (81) 0 0.0254 0.7298 2.9566
Ni; (8i)) 0 0 0 2.9710
Niz (4d) 0 0 0 3.0832
Nis (8f) 1/4 1/4 1/4 3.1242
Si(de) 0 0 1/2 3.1684
Si (8f) 1/4 1/4 1/4 3.1242

the temperature dependence and associated critical exponent
for the displacement of the R ion. These measurements
demonstrate that neutron diffraction, and in particular
neutron powder diffraction, is now a well demonstrated and
unique probe of atomic disorder phenomena in metals and
intermetallics.

2. Experiment

Samples with nominal compositions RNi;(Si, (R = Tb, Er)
and weight of approximately 10 g were prepared by arc
melting, under an atmosphere of Ar gas, constituent materials
of at least 3 N purity. These were then annealed at 1050°C
for 3 days under Ar. X-ray diffraction confirmed that the
compounds do indeed order in space group P4/nmm, a
subgroup of 14/ mmm.

Neutron diffraction measurements were carried out in
the temperature range from 0 to 1100°C using the energy
dispersive time-of-flight neutron diffractometer ROTAX,
located at the neutron spallation source ISIS, Rutherford
Appleton Laboratory, UK. Each diffraction pattern was
corrected for linear absorption and analysed using the GSAS
Rietveld refinement code [27]. Parameters that were refined
included: Ilattice constants, isotropic temperature factors,
atomic site coordinates and Ni, Si occupancies on the 4d and
4e sites. The following neutron scattering lengths were used:
bty = 7.38 fm, bg, = 7.79 fm, bni = 10.34 fm, bg; = 4.15 fm.
The large contrast between the neutron scattering lengths for Ni
and Si is particularly advantageous in the present study, since
the site occupancies of these atoms can be determined with a
high degree of precision.

3. Results and analysis

Rietveld profile refinements of the diffraction patterns were
carried out on the basis of structural parameters as reported
in table 1. The space group in which the heavy rare earth
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Figure 2. Schematic of the atomic displacement phase transition in
RNi;(Si, compounds, as viewed in the a—b plane.
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Figure 3. Sections of neutron diffraction patterns for ErNi;Si,.

series of RNijoSi; compounds crystallize is a maximal non-
isomorphic subgroup of /4/mmm. In particular, the 8f site
of the parent space group /4/mmm is split into 4d and 4e
sites in P4/nmm. These sites are occupied by Ni and Si
respectively and result in fully ordered distributions of Ni and
Si on these sites, respectively. These distributions change with
temperature, resulting in a second order transition at a critical
temperature above which both 4d and 4e sites are randomly
occupied by Ni and Si. Measurements were performed for
both warming up and cooling down cycles with no hysteresis
effects observed, indicating a smooth second order structural
transition.

A stacking of alternating planes of Ni and Si along
the c-axis corresponds to a modulation vector of [001].
This stacking was directly verified in the indexing of the
observed reflections, indexed by the selection rule for the
body centred ThMny, structure &7 + k + [ = 2n together
with weaker superstructure reflections which are indexed with
a vector [001]. Another prominent feature observed in the
present investigation, displayed schematically in figure 2, is a
significant displacement of the R atom along the c-direction,
away from the special position of the 2a site in the ThMn,
structure.
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Figure 4. Temperature dependence of the refined values for Er—Si
and Er-Ni, interatomic distances (in A) in ErNi;oSis.

A section of the refined diffraction pattern between 830
and 950°C for ErNijoSi, is displayed in figure 3. The
superstructure reflection (221) has a notable temperature
dependence reflecting an increasing disorder on the Ni and
Si sites. Associated with the order—disorder transition is
a marked variation with temperature in R-Ni interatomic
distances, particularly at and near the transition temperature
(figure 4). The most significant result of the refinement of
the diffraction data is the temperature dependence of the Ni/Si
occupancies on 4d and 4e sites together with the temperature
dependence of the displacement of the R ion along the c-
axis. The dependence of these two order parameters 1. and
Ndisplacement With temperature T, was fitted to the equation:

n=K[1—(T/T)1P (1)

where K and € are fitting parameters not related to the phase
transition whilst g is the critical exponent associated with the
phase transition which occurs at the critical temperature 7.
The two order parameters have been defined as:

r}sitezAfzf_%

1
Ndisplacement = AZ = 3 — ZEr

2

where f is the Si occupancy on the 4e site.

The resulting fits for the temperature dependence of
the order parameters and their associated critical exponents
for ErNioSi, are displayed in figures 5 and 6 respectively
and table 2. As discussed above, both transitions are of
second order with no observable hysteresis effects. A further
relevant property obtained from the present diffraction data
were the thermal expansion coefficients, of which there are
three for tetragonal crystal symmetry: o, o33 and the
coefficient associated with the volume expansion, oo [28].
Their temperature dependence was calculated directly from the
temperature dependence of the tetragonal lattice parameters
a(T) and ¢(T) and the following expressions for the thermal
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Figure 5. Thermal variation of the order—disorder parameter for
ErNiSi,. The solid line is the fit obtained using equation (1).
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Figure 6. Thermal variation of the order parameter for the displacive

phase transition in ErNi;¢Si,. The solid line is the fit obtained using
equation (1).

expansion coefficients:

1 da
o1 = e
a(T)dT
1 dc

033 = iy 3)
c(T)dT

Qyol = 2011 + a33.

The temperature dependence of the lattice parameters for
ErNijoSi, is displayed in figure 7. In order to calculate the
thermal expansion coefficients, the functional dependence of
the lattice parameters with temperature was in turn fitted to
expressions of the form:

ag

T)= T+aT*+asT’
o) =artaltal™+aT T — gl

C))

This type of expression gives an adequate analytical
description for the temperature dependence of the lattice
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Figure 7. Temperature dependence of the lattice parameters (in A)

and unit cell volume (in A3) for ErNioSi,. Lines are results of fits to
the data using equation (4).

parameters over an extended temperature range in both the
ordered and disordered phases. The calculated temperature
dependence of the thermal expansion coefficients for ErNi;(Si,
is displayed in figure 8. The structural transitions, together
with the fact that they are of second order, are also clearly
evidenced in the thermal expansion data.

4. Discussion and conclusion

The value of the critical exponent 8 for the order—disorder and
displacive transitions observed here for these complex multi-
sublattice intermetallic compounds is in excellent accord with
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Figure 8. Temperature dependence of the thermal expansion
coefficients o/, a3z and otyoume for ErNioSis.

the theoretical predictions of the Renormalization Group and
in particular with that calculated from the compressible 3d-
Ising model [29]. The observed critical exponent for the atomic
order—disorder transition in B-Brass has the same value as
that observed in the present investigation for the second order
order—disorder transition on 4d and 4e sites [30-32].

The particular structural aspect observed here for the
heavy rare earth series of RNijoSiy compounds sets this series
apart from an enormous class of intermetallic compounds of
the type RTi,_M, which are usually observed to crystallize
in the ThMn, structure. It would be of interest to characterize
more closely in future the structural details of any new

Table 2. Critical exponent 8 for the order—disorder and atomic
displacement transitions for TbNi;oSi, and ErNi;(Si, as determined
by neutron diffraction, together with the critical exponent for the
long range order parameter as calculated from the compressible
3d-Ising model for §-Brass [29-32]. Tabulated also are the critical
temperatures associated with the O—-D (order—disorder) and
displacive transitions. The fitted value of the parameter € as defined
in equation (1) was € ~ 14 for both transitions.

Bo-p  Basp TP TH
TbNi;(Si, 031 031 931.8 9318
ErNi;oSip 031 031 9362 9362
Compressible 3d-Ising  0.31

compounds of the type and also to model on a more theoretical
basis the nature of the /4/mmm <= P4/nmm transition via
calculations of the lattice dynamics and lattice stability for the
RT,_x M, series for these two respective space groups.
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