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Pressure-induced order-disorder transitions inRNi2 compounds
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Most of theRNi2 compounds (R5rare-earth element! do not crystallize in the cubic Laves phase structure
(C15), but in a superstructure ofC15 with ordered vacancies at theR sites. In the present work high pressure
x-ray diffraction experiments on selectedRNi2 compounds (R5Tb,Sm,Gd, andY) are presented, showing
that pressures of about 8–15 GPa lead to a disordering of the vacancies in all of them. Furthermore the studies
show that the pressure-induced order-disorder transition is closely related to the earlier observed disordering of
the vacancies at high temperatures between 430 (TbNi2) and 740 K (YNi2), and that there is a pronounced
variation of the transition pressures and temperatures among the investigated compounds. The driving mecha-
nism behind these transitions is discussed.
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I. INTRODUCTION

The RNi2 compounds (R5rare-earth element! are often
considered to show the cubic Laves phase structure (C15),
but recent experimental as well as theoretical investigati
showed that this is not true. Instead of showing the pureC15
structure, most of them crystallize in a superstructure ofC15
with ordered vacancies at theR sites and with doubled lattice
parameter. The first detailed analysis of thisC15 superstruc-
ture was performed for YNi2, showing that a single phas
compound can only be obtained with the stoichiome

0.95:2 and can be described within space groupF4̄3m with
the 4a sites only partially occupied by theY atoms.1 A sys-
tematic investigation of theR12xNi2 compounds revealed
that this superstructure exists also for otherR elements, how-
ever, the occupancy of theR 4a sites increases with decrea
ing radius of theR atom and reaches 1 for LuNi2.2 For sim-
plicity, the notationRNi2 will be used throughout the pape
~instead of the correct notationR12xNi2).

When proceeding from theRNi2 to theRCu2 compounds,
the crystal structure changes completely. TheRCu2 com-
pounds withR from Ce to Lu show the orthorhombic CeCu2
type of structure, a distorted variant of the hexagonal A2
type ~which is the crystal structure of LaCu2). In contrast to
theC15 structure theR and Cu atoms are separately stack
forming a layered structure. According toab initio total en-
ergy calculations this structural change is caused by e
tronic band structure effects.3 On the other hand, the insta
bility of the C15 structure in theRNi2 compounds~i.e., the
tendency towards the formation of vacancies! can be under-
stood by space filling arguments. Recent theoretical inve
gations, also based onab initio total energy calculations
showed that the vacancies at theR sites lower the total en
ergy, thus increasing the stability relative to the neighbor
compounds in theR-Ni phase diagram.4 The existence of the
vacancies allow for a relaxation of the lattice, leading to
increase of allR-R distances and releasing internal strains
the R sublattice.
0163-1829/2002/65~13!/134114~6!/$20.00 65 1341
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The existence of orderedR vacancies in theRNi2 com-
pounds is not only important for understanding the mec
nisms stabilizing the crystal structure, but must also be ta
into account when investigating other physical properti
such as, e.g., the magnetic structure. The ordered vacan
change the local surrounding of theR sites, leading to a
change of the crystal field as well as the magnetic excha
interactions. As an example, recent investigations on Tb2
showed that the ordered vacancies at the Tb sites are res
sible for a temperature induced change of the magnetic st
ture at 14 K.5

An interesting property of theRNi2 superstructures is a
reversible temperature induced transition from ordered
disordered vacancies at high temperatures, first detecte
anomalies in the transport properties and later directly
served by x-ray diffraction experiments.6 Preliminary results
from high-pressure x-ray diffraction experiments on YN2,
reported in the same paper,6 showed that there is also
pressure-induced order-disorder transition.

The subject of the present work is a detailed high-press
x-ray diffraction study of the pressure-induced structu
transition in theRNi2 superstructures, and a discussion of t
driving mechanism. For this purpose the four compoun
TbNi2 , GdNi2 , SmNi2, and YNi2, which have already been
studied with respect to the temperature-induced transitio6

have been selected.

II. EXPERIMENT

A. Sample preparation

Polycrystalline samples of TbNi2 , GdNi2 , SmNi2, and
YNi2 were prepared by induction melting in a water cool
copper crucible. For obtaining single phase samples of
C15 superstructure with orderedR vacancies it was neces
sary to take a stoichiometry deviating from 1:2~0.95:2 for
GdNi2 , SmNi2 , YNi2, and 0.96:2 for TbNi2), and to anneal
the samples after melting for one month at 650 °C. T
phase purity was checked by x-ray diffraction and elect
©2002 The American Physical Society14-1
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microprobe analysis. With the 1:2 stoichiometry one obta
the superstructure as main phase and theR-richer 1:1 phase
as impurity, i.e., it is not possible to obtain the pureC15
structure without ordered vacancies for theseRNi2 com-
pounds.

B. High-pressure x-ray diffraction experiments

The high-pressure x-ray diffraction experimen
~HPXRD! were performed at the ELETTRA~Trieste, Italy!
synchrotron radiation facility in the angle dispersive mo
using a two-dimensional~2D! image plate detector~x-ray
diffraction beamline!, and at the storage ring DORIS III o
HASYLAB ~DESY synchrotron, Hamburg, Germany! in the
energy dispersive mode using a Germanium detector~F3
beamline!. The x-ray wavelength used in the angle dispers
experiments at ELETTRA was 0.69 Å.

The powdered samples were loaded into a 0.25 mm h
drilled into an annealed (800 °C for three hours! and prein-
dented Inconel gasket together with a small ruby crystal~for
pressure determination via the ruby fluorescence method! or
quartz powder~for pressure determination via the know
pressure dependence of the lattice parameters of qua7!.
The diameter of the flat parts of the diamonds~which gener-
ate the pressure! was 0.6 mm. As pressure transmitting m
dium a 4:1 methanol-ethanol mixture was used. The u
diamond anvil cell was a Syassen-Holzapfel8 cell, which is
well suited for small pressure steps.

III. CRYSTAL STRUCTURES

At ambient conditions the structure of the investigat
RNi2 compounds is a superstructure ofC15 and can be de
scribed within the space groupF4̄3m, with doubled lattice
parametera compared to theC15 structure~see Fig. 1!. The

FIG. 1. The cubic superstructure cell of the investigatedRNi2
compounds. The 4a positions of theR atoms~where the ordered
vacancies are located! are marked by the big black spheres~V!. The
tetrahedal Ni framework is indicated by the bonds.
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R atoms are located at five different crystallographic sit
whereas the ordered vacancies are only located at on
these 5 sites, namely, the 4a sites.1 However, the 4a sites are
not completely empty, and the occupancy varies among
investigatedRNi2 compounds. This variation is due to th
different sizes of the differentR atoms,2 but, as explained in
the next paragraph, the occupancy can also depend on o
factors, such as, e.g., the starting stoichiometry of
samples.

The existence of a homogeneity range for the occupa
of the 4a sites can be demonstrated by a comparison of
different TbNi2 samples: The TbNi2 sample, used in the
present work, had a starting stoichiometry of 0.96:2 and
etveld refinements gave an occupancy value for the 4a sites
of about 0.75. This value corresponds to a composition
0.984:2 and is in good agreement with the value of 0.98
which has been determined by electron microprobe anal
for the same sample.5 However, as reported earlier, it is als
possible to obtain a single phase sample with a 4a occu-
pancy of only 0.29, which corresponds to a composition
0.956:2.2 This means that there is obviously a relatively lar
range of homogeneity for the numbers of the ordered vac
cies ~but note, that it is not possible to obtain samples wi
out ordered vacancies!. The YNi2 sample, used in the presen
work, was prepared with a starting stoichiometry of 0.95
and Rietveld refinements1 as well as x-ray studies on a sing
crystal6 gave a 4a occupancy of 0.25 and 0.24, respective
both corresponding to a composition of 0.953:2. Identifyi
all the details in the sample preparation procedure, which
have an influence on the occupancy of the 4a sites, is still an
open question, and should be a topic of further investi
tions.

IV. RESULTS

A. TbNi 2

Among the four studiedRNi2 compounds, TbNi2 was in-
vestigated in most details. The reason for this was twofo
first, as already mentioned in the introduction, this co
pound is very interesting with regard to a change of the m
netic structure at 14 K, which is caused by the existence
the ordered vacancies at the Tb sites, and second, the tr
tion temperature of the temperature-induced order-diso
transition is lowest in this compound~about 430 K!.6

The HPXRD experiments on TbNi2 clearly show the ex-
istence of a pressure-induced structural transition from
C15 superstructure to a structure withC15 symmetry. The
transition can easily be detected by the disappearance o
additional x-ray lines which are caused by the lower trans
tional symmetry in the superstructure. For illustrating t
disappearance of these superstructure lines, Fig. 2 show
2D x-ray diffraction images of TbNi2 at 0 and 14.8 GPa
obtained by angle dispersive experiments using a 2D im
plate detector.

For determining the diffraction angles and intensities
the x-ray lines as a function of pressure we integrated o
the diffraction rings of all the obtained 2D images using t
FIT2D program.9 It is possible to estimate the transition pre
sure by following the pressure-induced variation of the
4-2
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tensity of the strongest superstructure line~511,333! relative
to the intensity of the~440! line @which corresponds to~220!
of theC15 symmetry#. The result of this analysis is shown i
Fig. 3 and leads to an estimated transition pressure o
62 GPa. This estimation is not very precise, since the
appearance of the superstructure line is more or less con
ous between 6 and 15 GPa, very similar to the temperat
induced disappearance of the superstructure line observe
high-temperature x-ray diffraction.6 ~We defined the transi

FIG. 2. The figure shows the 2D images of the x-ray diffracti
rings of TbNi2 and quartz~pressure calibrant! at 0 ~a! and 14.8 GPa
~b!, respectively. At 14.8 GPa the additional diffraction lines caus
by the lower translational symmetry of theC15 superstructure are
no longer visible. For illustrating this, the two strongest of the
additional lines~511,333! and~422!, as well as the~220! line of the
C15 structure@~440! in the superstructure description# are marked.
The strong diffraction ring near the edge of the images is the
line of the gasket material, which was hit by the incident x-r
beam.
13411
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tion pressure as the pressure where the intensity of the
perstructure line has decreased to about 50%. This enab
quantitative comparison concerning the stability of the sup
structure against pressure in the different investiga
samples, which, with the exception of YNi2, all show more
or less smeared transitions.! When releasing the pressur
~open symbols in Fig. 3! the superstructure lines appe
again, indicating the reversibility of the transition. Howeve
the reverse transition is not complete, which can be seen
the lower intensity of the~511,333! superstructure line afte
pressure release. This may be due to internal strains, w
remain after pressure release and inhibit a complete retr
formation.

Figure 4 shows the variation of the volume of TbNi2 as a
function of the applied pressure. The solid line is the resul
fitting the Murnaghan equation of state~EOS! function to the
experimental data.10 There is no anomaly in theP-V curve
and the obtained values for the bulk modulusK05103
63 GPa andK0855.960.2 indicate a normal compressibi
ity, which is typical for intermetallic compounds.11 The error
bars have been estimated by carrying out the EOS fit pro

d

e

st

FIG. 3. Intensity ratio of the strongest superstructure l
~511,333! and the~440! line @corresponding to~220! of C15# as a
function of pressure for TbNi2, illustrating the pressure-induce
transition from theC15 superstructure to a structure withC15 sym-
metry at about 8 GPa~arrow!.

FIG. 4. Relative volume as a function of pressure for TbNi2.
4-3
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dure for various pressure ranges and using also other
models, such as, e.g., the Birch model.12

B. YNi2 , SmNi2, and GdNi2

The results of HPXRD experiments on the other th
investigatedRNi2 compounds, which were performed usin
the energy dispersive technique, show, as for TbNi2, a
pressure-induced structural transition from theC15 super-
structure to a structure withC15 symmetry. For illustrating
the evolution of the energy dispersive x-ray patterns thro
the observed phase transition, Fig. 5 shows as an exa
some measured patterns of YNi2 around the transition.

Figures 6, 7, and 8 show the pressure-induced inten
variation of the strongest superstructure line~511,333! for
YNi2 , GdNi2, and SmNi2, respectively. In contrast to TbNi2,
~1! the transitions are sharper and~2! there is a complete
retransformation after pressure release in all three c
pounds. However, the retransformation is shifted to mu
lower pressures in SmNi2 and seems to be strongly smear
in YNi2 ~for GdNi2 only the point after complete pressu
release was measured!. In Table I all the estimated transitio
pressures observed at increasing pressures are summar

As can be seen from Figs. 3, 6, 7, and 8, the strong
superstructure line~511,333! does not vanish completely i
all the samples including TbNi2. This means that the
pressure-induced disordering of the vacancies is not c
plete up to the attained pressures. However, even for Y2,
where the remaining intensity is largest, this would on
mean that about 10% of the vacancies remain ordered.
reason for the weak remaining superstructure lines could
nonhydrostatic pressure conditions and internal strains,
hibiting a complete disordering of all vacancies in the wh
sample.

FIG. 5. Energy dispersive x-ray patterns of YNi2 for four pres-
sures around the pressure-induced transition. The asterisks ind
additional reflections, which are only present in the superstruct
13411
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The variation of the volume of YNi2 , SmNi2, and GdNi2
as a function of the applied pressure has been determ
from the energies of the x-ray peaks, as obtained from
energy dispersive measurements. The experimental erro
the energy dispersive measurements was larger than th
the angle dispersive measurements on TbNi2. However,
within this larger error the compressibility is the same for
four samples, i.e., the compressibility of TbNi2 can be re-
garded as representative for all investigated compounds

ate
e.

FIG. 6. Intensity ratio of the strongest superstructure l
~511,333! and the~440! line @corresponding to~220! of C15# as a
function of pressure for YNi2, illustrating the pressure-induced tran
sition from theC15 superstructure to a structure withC15 symme-
try. The arrow indicates the estimated transition pressure on incr
ing pressure~see Table I!.

FIG. 7. Intensity ratio of the strongest superstructure l
~511,333! and the~440! line @corresponding to~220! of C15# as a
function of pressure for GdNi2, illustrating the pressure-induce
transition from theC15 superstructure to a structure withC15 sym-
metry. The arrow indicates the estimated transition pressure on
creasing pressure~see Table I!.
4-4
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V. DISCUSSION

The presented high-pressure studies onRNi2 compounds
show that the earlier observed reversible structural transi
from theC15 superstructure to a structure withC15 symme-
try at high temperatures6 can also be induced by high pre
sure, i.e., the ordered vacancies at theR sites also become
disordered~statistically distributed over allR sites! when ap-
plying high pressure. This means, that a decrease of
atomic distances has the same effect as increasing the
mal energy of the atoms. A high thermal energy is connec
with a large amplitude of the lattice vibrations and can fina
lead to a moving of the atoms into neighboring vacancies
a breakdown of the correlation between the ordered vac
cies, and thus to a temperature-induced disordering of
vacancies. However, the observed pressure-induced tr
tion shows that not only a higher thermal energy of the ato
can lead to the disordering of the vacancies, but also a
crease of the distance between the vacancies and the n
boring atoms. Obviously, the movement of anR atom into a
neighboring vacancy is also favored by a shorter distanc
the vacancy.

The close connection between the temperature-indu
and the pressure-induced order-disorder transition is c
firmed by a comparison between the transition temperat
and pressures. As can be seen from Fig. 9, a high trans
temperature~i.e., the necessary thermal energy leading t

FIG. 8. Intensity ratio of the strongest superstructure l
~511,333! and the~440! line @corresponding to~220! of C15# as a
function of pressure for SmNi2, illustrating the pressure-induce
transition from theC15 superstructure to a structure withC15 sym-
metry. The arrow indicates the estimated transition pressure on
creasing pressure~see Table I!.

TABLE I. Transition pressures, observed at increasing pr
sures, for all investigatedRNi2 compounds.

YNi2 1560.5 GPa
GdNi2 9.561.0 GPa
SmNi2 9.061.5 GPa
TbNi2 862 GPa
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disordering of the vacancies is high! is connected with a high
transition pressure~i.e., a larger decrease of the atom
vacancy distance is necessary!. Especially the comparison o
YNi2 with the other three compounds confirms this clo
connection. In YNi2 the transition pressure as well as th
transition temperature are much higher and, interestingly,
transition is also more pronounced. This can be seen f
the sharper pressure-induced transition~compare Fig. 6 with
Figs. 3, 7, and 8! and also from the sharper temperatur
induced transition~as observed in the temperature variati
of the electrical resistivity6!. In the case of TbNi2 the
temperature-induced as well as the pressure-induced tra
tion is least pronounced.

The main reason for the differences in the transition pr
sures and temperatures, as shown in Fig. 9, could be
different number of ordered vacancies. An increasing num
of ordered vacancies~i.e., a smaller 4a occupancy! increases
the correlation between them, and therefore the neces
temperature or pressure for breaking up this correlat
is also higher. For the investigated YNi2 sample the 4a oc-
cupancy is small~about 0.25, see above!, leading to the high-
est transition temperature~740 K! and to the highest transi
tion pressure ('15 GPa) among all investigatedRNi2
samples. The investigated TbNi2 sample has a 4a occupancy
of about 0.75, i.e., the number of ordered vacancies
three times smaller than in the investigated YNi2 sample,
leading to the lowest transition temperature~430 K! and
pressure ('8 GPa).

A second effect of a high number of ordered vacanc
could be a more pronounced and sharper transition, s
more vacancies are involved in the order-disorder proc
The HPXRD experiments show that the sharpness of
pressure-induced transition is indeed connected with
transition pressure, i.e., the higher the transition pressure
sharper the transition. This can be seen from the size of
error bars of the transition pressures shown in Fig. 9,
directly by a comparison of Figs. 3, 6, 7, and 8.

n-

-

FIG. 9. Transition pressure at ambient temperature~this work,
see Table I! as a function of the transition temperature at ambi
pressure@taken from measurements of the electrical resistivity~Ref.
6!# for the investigatedRNi2 compounds. The error bars indica
the smearing of the transitions.
4-5
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The compressibility~see Fig. 4! is not affected by the
observed order-disorder transition, at least within the ac
racy of the HPXRD experiments. High-temperature therm
expansion experiments using capacitance dilatome6

showed volume effects ofDV/V'20.001 at the transition
which are too small to be detectable by HPXRD expe
ments.

Concluding, this work showed that the earlier observ
reversible temperature-induced disordering of theR vacan-
cies in theRNi2 Laves phase superstructures can also
induced by high pressure. Furthermore, the analysis of
correlation between the transition pressures and tempera
indicate that the driving mechanism behind the temperat
.C

Z
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tt

er
.
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induced and the pressure-induced transition is the same,
that the number of the vacancies might play an import
role.
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