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Pressure-induced order-disorder transitions inRNi, compounds
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Most of theRNi, compounds R=rare-earth elementlo not crystallize in the cubic Laves phase structure
(C15), but in a superstructure @15 with ordered vacancies at tResites. In the present work high pressure
x-ray diffraction experiments on select®Ni, compounds R=Tb,Sm,Gd, andyY) 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 (;Jbaid 740 K (YN}), 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 existence of orderel vacancies in thé&kNi, com-
pounds is not only important for understanding the mecha-
The RNi, compounds R=rare-earth elementare often  nisms stabilizing the crystal structure, but must also be taken
considered to show the cubic Laves phase struct@rsf,  into account when investigating other physical properties,
but recent experimental as well as theoretical investigation§uch as, e.g., the magnetic structure. The ordered vacancies
showed that this is not true. Instead of showing the &t  change the local surrounding of tfe sites, leading to a
structure, most of them crystallize in a superstructur€ b~ change of the crystal field as well as the magnetic exchange

with ordered vacancies at tiesites and with doubled lattice [Ntéractions. As an example, recent investigations on FbNi
parameter. The first detailed analysis of t8is5 superstruc- showed that the ordered vacancies at the Tb sites are respon-

ture was performed for YNj showing that a single phase tSLIjtr)Ieeaf(tOI;Ij tssmperature induced change of the magnetic struc-
compound can only be obtained with the stoichiometry . . . .
] o — ] An interesting property of th&Ni, superstructures is a

0.95:2 and can be described within space gredBm with  reyersible temperature induced transition from ordered to
the 4a sites only partially occupied by theé atoms: A sys-  disordered vacancies at high temperatures, first detected by
tematic investigation of thé&}; _,Ni, compounds revealed anomalies in the transport properties and later directly ob-
that this superstructure exists also for otReglements, how-  served by x-ray diffraction experimerft®reliminary results
ever, the occupancy of ttie4a sites increases with decreas- from high-pressure x-ray diffraction experiments on YNi
ing radius of theR atom and reaches 1 for Lupf For sim-  reported in the same papesshowed that there is also a
plicity, the notationRNi, will be used throughout the paper pressure-induced order-disorder transition.
(instead of the correct notatidR; _,Ni5). The subject of the present work is a detailed high-pressure

When proceeding from thi@Ni, to theRCu, compounds, x-ray diffraction study of the pressure-induced structural
the crystal structure changes completely. TREu, com-  transition in theRNi, superstructures, and a discussion of the
pounds withR from Ce to Lu show the orthorhombic CeLu driving mechanism. For this purpose the four compounds
type of structure, a distorted variant of the hexagonal AIB TbNi,, GdNi,, SmNb, and YNk, which have already been
type (which is the crystal structure of Lagu In contrast to  studied with respect to the temperature-induced transition,
the C15 structure thdk and Cu atoms are separately stackedhave been selected.
forming a layered structure. According &b initio total en-
ergy calculations this structural change is caused by elec-
tronic band structure effectsOn the other hand, the insta- Il. EXPERIMENT
bility of the C15 structure in thdRNi, compounds.e., the
tendency towards the formation of vacangiean be under-
stood by space filling arguments. Recent theoretical investi- Polycrystalline samples of Tbhi GdNi,, SmNk, and
gations, also based oab initio total energy calculations, YNi, were prepared by induction melting in a water cooled
showed that the vacancies at tResites lower the total en- copper crucible. For obtaining single phase samples of the
ergy, thus increasing the stability relative to the neighboringC15 superstructure with orderel vacancies it was neces-
compounds in th&-Ni phase diagrafi The existence of the sary to take a stoichiometry deviating from 1(@95:2 for
vacancies allow for a relaxation of the lattice, leading to anGdNi,, SmNk, YNi,, and 0.96:2 for TbNj), and to anneal
increase of alR-R distances and releasing internal strains onthe samples after melting for one month at 650°C. The
the R sublattice. phase purity was checked by x-ray diffraction and electron

A. Sample preparation
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R atoms are located at five different crystallographic sites,
whereas the ordered vacancies are only located at one of
these 5 sites, namely, tha4ites! However, the 4 sites are

not completely empty, and the occupancy varies among the
investigatedRNi, compounds. This variation is due to the
different sizes of the differerR atoms? but, as explained in

the next paragraph, the occupancy can also depend on other
factors, such as, e.g., the starting stoichiometry of the
samples.

The existence of a homogeneity range for the occupancy
of the 4a sites can be demonstrated by a comparison of two
different TbNp, samples: The TbNi sample, used in the
present work, had a starting stoichiometry of 0.96:2 and Ri-
etveld refinements gave an occupancy value for thesites
of about 0.75. This value corresponds to a composition of
0.984:2 and is in good agreement with the value of 0.98:2,
which has been determined by electron microprobe analysis
for the same sampfeHowever, as reported earlier, it is also
possible to obtain a single phase sample withaaotcu-
pancy of only 0.29, which corresponds to a composition of
0.956:2 This means that there is obviously a relatively large
range of homogeneity for the numbers of the ordered vacan-
cies(but note, that it is not possible to obtain samples with-
out ordered vacancigsThe YNi, sample, used in the present

microprobe analysis. With the 1:2 stoichiometry one obtainswork’ was prepared with a starting stoichiometry of 0.95:2,

the superstructure as main phase andRirecher 1:1 phase ?pi;;;et\;evlg ;egns(r;lelzjri‘tfnscwilfl gsz)é'gir)]' dsgugfsrgg 2:tlir\]/gelle
as impurity, i.e., it is not possible to obtain the pued5 Y 9 pancy : <, 1eSP Y,

structure without ordered vacancies for theRMi, com- both corres_po_ndmg to a composition of 0.953:2. Idenyfylng
all the details in the sample preparation procedure, which can

FIG. 1. The cubic superstructure cell of the investigaRidi,
compounds. The & positions of theR atoms(where the ordered
vacancies are locatgdre marked by the big black sphel®9. The
tetrahedal Ni framework is indicated by the bonds.

pounds. have an influence on the occupancy of tleesites, is still an
) . ) ] open question, and should be a topic of further investiga-
B. High-pressure x-ray diffraction experiments tions.

The high-pressure x-ray diffraction experiments
(HPXRD) were performed at the ELETTRATieste, ltaly IV. RESULTS
synchrotron radiation facility in the angle dispersive mode .
using a two-dimensional2D) image plate detectofx-ray A. TONi,
diffraction beamling and at the storage ring DORIS Il of Among the four studiedRNi, compounds, TbNiwas in-
HASYLAB (DESY synchrotron, Hamburg, Germarin the  vestigated in most details. The reason for this was twofold:
energy dispersive mode using a Germanium detef8 first, as already mentioned in the introduction, this com-
beamling. The x-ray wavelength used in the angle dispersivegpound is very interesting with regard to a change of the mag-
experiments at ELETTRA was 0.69 A. netic structure at 14 K, which is caused by the existence of
The powdered samples were loaded into a 0.25 mm holéhe ordered vacancies at the Tb sites, and second, the transi-
drilled into an annealed (800 °C for three hguasd prein- tion temperature of the temperature-induced order-disorder
dented Inconel gasket together with a small ruby cry$tal  transition is lowest in this compour{@bout 430 K.°
pressure determination via the ruby fluorescence metbiod The HPXRD experiments on Thiclearly show the ex-
quartz powder(for pressure determination via the known istence of a pressure-induced structural transition from the
pressure dependence of the lattice parameters of duartzC15 superstructure to a structure wil5 symmetry. The
The diameter of the flat parts of the diamorfddiich gener-  transition can easily be detected by the disappearance of the
ate the pressuyavas 0.6 mm. As pressure transmitting me- additional x-ray lines which are caused by the lower transla-
dium a 4:1 methanol-ethanol mixture was used. The usetlonal symmetry in the superstructure. For illustrating the
diamond anvil cell was a Syassen-Holzapfetll, which is  disappearance of these superstructure lines, Fig. 2 shows the

well suited for small pressure steps. 2D x-ray diffraction images of TbNiat 0 and 14.8 GPa,
obtained by angle dispersive experiments using a 2D image
Ill. CRYSTAL STRUCTURES plate detector.

For determining the diffraction angles and intensities of

At ambient conditions the structure of the investigatedthe X-ray lines as a function of pressure we integrated over
RNi, compounds is a superstructure@15 and can be de- the diffraction rings of all the obtained 2D images using the
scribed within the space group43m, with doubled lattice  FiT2D program® It is possible to estimate the transition pres-
parameterl compared to th€15 structurgsee Fig. 1L The  sure by following the pressure-induced variation of the in-
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FIG. 3. Intensity ratio of the strongest superstructure line
(511,333 and the(440 line [corresponding tq220) of C15] as a
function of pressure for TbNj illustrating the pressure-induced
(b) 14.8 GPa - transition from theC15 superstructure to a structure witii5 sym-

—— metry at about 8 GPé&arrow).

. Wi B tion pressure as the pressure where the intensity of the su-
/i P perstructure line has decreased to about 50%. This enables a
| s N quantitative comparison concerning the stability of the super-
\ " structure against pressure in the different investigated
i ; samples, which, with the exception of YN\iall show more
] - ! or less smeared transitions/Vhen releasing the pressure
1 oy (open symbols in Fig. 3the superstructure lines appear
\ again, indicating the reversibility of the transition. However,
k3 ¥ / the reverse transition is not complete, which can be seen by
. W i y the lower intensity of thé511,333 superstructure line after
Mg P L J pressure release. This may be due to internal strains, which
' : / remain after pressure release and inhibit a complete retrans-
formation.
Figure 4 shows the variation of the volume of ThNis a
function of the applied pressure. The solid line is the result of
fitting the Murnaghan equation of stateO9 function to the

) . , ._experimental dat& There is no anomaly in the-V curve
FIG. 2. The fi h the 2D f the x-ray diffract .
© figure Snows e 2L IMages o1 e xray Ciitacion Jnd the obtained values for the bulk moduldg =103

rings of TbNj, and quartZpressure calibrapgt 0(a) and 14.8 GPa , o o

(b), respectively. At 14.8 GPa the additional diffraction lines caused™ 3 GPa and=5.9+0.2 indicate a normal compressibil-
by the lower translational symmetry of ti@L5 superstructure are ity, Which is typical for intermetallic compoundsThe error

no longer visible. For illustrating this, the two strongest of thesePars have been estimated by carrying out the EOS fit proce-

additional lineg511,333 and(422), as well as th€220) line of the

C15 structurd (440 in the superstructure descriptipare marked. 1.00 -
The strong diffraction ring near the edge of the images is the first Tlez
line of the gasket material, which was hit by the incident x-ray 0.98 I A
beam. 0.96 - K0=103 GPa
. K,=5.9
tensity of the strongest superstructure 1{6&1,333 relative E 0.94 |-
to the intensity of th€440) line [which corresponds t220) 092 L
of the C15 symmetry. The result of this analysis is shown in ) )
Fig. 3 and leads to an estimated transition pressure of 8 0.0 | “ ncreasing pressure
+2 GPa. This estimation is not very precise, since the dis- v decreasing pressure
appearance of the superstructure line is more or less continu- 0'880 2 4 6 8 10 12 14 16
ous between 6 and 15 GPa, very similar to the temperature- P[GPa]
induced disappearance of the superstructure line observed by
high-temperature x-ray diffractich(We defined the transi- FIG. 4. Relative volume as a function of pressure for THNi
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function of pressure for YNi illustrating the pressure-induced tran-

sition from theC15 superstructure to a structure wiEi5 symme-

try. The arrow indicates the estimated transition pressure on increas-
FIG. 5. Energy dispersive x-ray patterns of }Nor four pres-  ing pressurdsee Table)l

sures around the pressure-induced transition. The asterisks indicate

additional reflections, which are only present in the superstructure. The variation of the volume of YNi SmNi, and GdNj

dure for various pressure ranges and using also other EO% @ function of the applied pressure has been determined
models, such as, e.g., the Birch mo#fel. from the energies of the x-ray peaks, as obtained from the

energy dispersive measurements. The experimental error of
the energy dispersive measurements was larger than that of
the angle dispersive measurements on TbNiowever,

&within this larger error the compressibility is the same for all

9 four samples, i.e., the compressibility of ThNsan be re-
garded as representative for all investigated compounds.

B. YNi,, SmNi,, and GdNi,

The results of HPXRD experiments on the other thre
investigatedRNi, compounds, which were performed usin
the energy dispersive technique, show, as for BLbNi
pressure-induced structural transition from @&5 super-
structure to a structure wit15 symmetry. For illustrating
the evolution of the energy dispersive x-ray patterns through

the observed phase transition, Fig. 5 shows as an example 0.30
some measured patterns of ¥Niround the transition. GdNi
Figures 6, 7, and 8 show the pressure-induced intensity 0.25 Aa 2. 2
variation of the strongest superstructure li¢&l1,333 for ' A-A A increasing pressure
YNi,, GdNi,, and SmNj, respectively. In contrast to Thii 020 1 : ~p decreasing pressure
(1) the transitions are sharper aif@) there is a complete g :_
retransformation after pressure release in all three com- =4
pounds. However, the retransformation is shifted to much 2015 A
lower pressures in Smhiand seems to be strongly smeared =
in YNi, (for GdNi, only the point after complete pressure = 0.10 |-
release was measuedh Table | all the estimated transition {
pressures observed at increasing pressures are summarized. 0.05 L A
As can be seen from Figs. 3, 6, 7, and 8, the strongest
superstructure 1in€511,333 does not vanish completely in N AcAAA A A AAA

all the samples including TbMi This means that the
pressure-induced disordering of the vacancies is not com-
plete up to the attained pressures. However, even for,YNi
where the remaining intensity is largest, this would only  FiG. 7. Intensity ratio of the strongest superstructure line
mean that about 10% of the vacancies remain ordered. Th&11,333 and the(440) line [corresponding t¢220) of C15] as a
reason for the weak remaining superstructure lines could bfinction of pressure for Gdi illustrating the pressure-induced
nonhydrostatic pressure conditions and internal strains, irntransition from theC15 superstructure to a structure w5 sym-
hibiting a complete disordering of all vacancies in the wholemetry. The arrow indicates the estimated transition pressure on in-
sample. creasing pressuree Table )l

0 3 6 9 12 15 18 21 24 27 30
P[GPa]

134114-4



PRESSURE-INDUCED ORDER-DISORDER TRANSITIGN . . PHYSICAL REVIEW B 65134114

0.30 20
SmNi 18 b
2 N
M YNi
025 ppt4-a . . S 16 + ’
- increasing pressure @ u @4
i ] r
o 0.20 _ -+ decreasing pressure = ol o |
3 | B2 mon, 2 -
@ 015 glor + %
) £° GdNi,
= 010 A g 6F
V. £~ 4
= B
005 VVv o g,
AA
i AR A ° 40  s0 60 700 800
0 3 6 9 12 15 18 21 24 27 30
P[GPa] transition temperature [K] at 0 GPa
a

FIG. 9. Transition pressure at ambient temperatthe work,
see Table)l as a function of the transition temperature at ambient
pressurgtaken from measurements of the electrical resisti(iRgf.

6)] for the investigatedRNi, compounds. The error bars indicate
nthe smearing of the transitions.

FIG. 8. Intensity ratio of the strongest superstructure line
(511,333 and the(440 line [corresponding t¢220 of C15] as a
function of pressure for Smbli illustrating the pressure-induced
transition from theC15 superstructure to a structure wiEti5 sym-
metry. The arrow indicates the estimated transition pressure on i

creasing pressursee Table)l disordering of the vacancies is higls connected with a high

transition pressurgi.e., a larger decrease of the atom-
vacancy distance is necessaigspecially the comparison of

The presented high_pressure Studiemz Compounds YN|2 with the other three Compounds confirms this close
show that the earlier observed reversible structural transitiogonnection. In YNj the transition pressure as well as the
from theC15 superstructure to a structure Witi5 symme- transition temperature are much higher and, interestingly, the
try at high temperaturéan also be induced by high pres- transition is also more pronounced. This can be seen from
sure, i.e., the ordered vacancies at Risites also become the sharper pressure-induced transiticompare Fig. 6 with
disorderedstatistically distributed over aR site9 when ap-  Figs. 3, 7, and Band also from the sharper temperature-
plying high pressure. This means, that a decrease of thi@duced transitior(as observed in the temperature variation
atomic distances has the same effect as increasing the thé&t the electrical resistivi)). In the case of TbNi the
mal energy of the atoms. A high thermal energy is connecte¢emperature-induced as well as the pressure-induced transi-
with a large amplitude of the lattice vibrations and can finallytion is least pronounced.
lead to a moving of the atoms into neighboring vacancies, to The main reason for the differences in the transition pres-
a breakdown of the correlation between the ordered vacarfures and temperatures, as shown in Fig. 9, could be the
cies, and thus to a temperature-induced disordering of thifferent number of ordered vacancies. An increasing number
vacancies. However, the observed pressure-induced trangif ordered vacancie.e., a smaller & occupancyincreases
tion shows that not only a higher thermal energy of the atoméhe correlation between them, and therefore the necessary
can lead to the disordering of the vacancies, but also a déemperature or pressure for breaking up this correlation
crease of the distance between the vacancies and the neigh-also higher. For the investigated Y;\sample the 4 oc-
boring atoms. Obviously, the movement of Rratom into a  cupancy is smallabout 0.25, see aboydeading to the high-
neighboring vacancy is also favored by a shorter distance tgst transition temperatuf@40 K) and to the highest transi-
the vacancy. tion pressure £15 GPa) among all investigateBNi,

The close connection between the temperature-inducesmples. The investigated ThNiample has a&occupancy
and the pressure-induced order-disorder transition is coref about 0.75, i.e., the number of ordered vacancies is
firmed by a comparison between the transition temperaturggree times smaller than in the investigated ¥Nample,
and pressures. As can be seen from Fig. 9, a high transitidgading to the lowest transition temperatu#s0 K) and
temperaturdi.e., the necessary thermal energy leading to ressure £8 GPa).

A second effect of a high number of ordered vacancies

TABLE |. Transition pressures, observed at increasing prescould be a more pronounced and sharper transition, since

V. DISCUSSION

sures, for all investigateBNi, compounds. more vacancies are involved in the order-disorder process.

The HPXRD experiments show that the sharpness of the
YNi, 15+0.5 GPa pressure-induced transition is indeed connected with the
GdNi, 9.5-1.0 GPa transition pressure, i.e., the higher the transition pressure, the
SmNi, 9.0+-1.5 GPa sharper the transition. This can be seen from the size of the
TbNi, 8+2 GPa error bars of the transition pressures shown in Fig. 9, or

directly by a comparison of Figs. 3, 6, 7, and 8.
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The compressibility(see Fig. 4 is not affected by the induced and the pressure-induced transition is the same, and
observed order-disorder transition, at least within the accuthat the number of the vacancies might play an important
racy of the HPXRD experiments. High-temperature thermatole.
expansion experiments using capacitance dilatorfietry
showed volume effects afV/V~—0.001 at the transition,
which are too small to be detectable by HPXRD experi- ACKNOWLEDGMENTS
ments.
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