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Low-temperature structural phase transition in a CdgY 1/1 approximant

R. Tamura, K. Edagawd, C. Aoki,' S. Takeucht, and K. Suzulki
!Department of Materials Science and Technology, Tokyo University of Science, Noda, Chiba 278-8510, Japan
2Institute of Industrial Science, The University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8505, Japan
(Received 29 May 2003; revised manuscript received 17 September 2003; published 13 Novemper 2003

Electron and x-ray-diffraction studies have revealed that gYCt/1 crystalline approximantl(n?, a
=1.5482 nm) undergoes a phase transition at some temperature around 160 K. The transition accompanies a
change of the lattice period as well as an extremely small tetragonal distoctias- 0.9992+0.0002). Dif-
ferential scanning calorimetry experiment also exhibits an anomaly around 175 K and the transition entropy
suggests that the transition is of the order-disorder type with respect to the orientation of the Cd tetrahedron
situated inside the icosahedral cluster. The phenomenon is discussed within the formalism of the Landau theory
and it is suggested that the transition is attributed to an irreducible representation at the zone-baundary (
point) and the low-temperature phase possesses an orthorhomkgi2#®x a superlattice.
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I. INTRODUCTION crucible sealed inside a quartz tube under an argon atmo-
sphere and then were slowly cooled from the melt at the rate
CdGYl is a (1/1,1/1,1/1 rational approximant to the re- of —1 K/h to obtain single grains. Single grains of centime-
cently discovered Gg,Yb? and Cd-Ca,° icosahedral phases. ter size were successfully produced and they exhibit clearly
It has been reportédhat CgY has a bec structure wita  defined facets as shown in Figiag The characterization of
— 1.5482 nm and belongs to the same space gruuﬁx as the samples was performed by the backscattering x-ray Laue

4 . method. Figure () presents a Laue pattern taken from a
Cd‘%Yb and CqCa approximants. _The structure can be d‘?‘ 100 surface, showing twofold rotational symmetry consis-
scribed as a bcc packing of an icosahedral cluster, whic

) . . - nt with the space groufm3. The obtained single grains
consists of four successive shells as depicted in Fig. 1. Or\'fr'/ere surrounded b100} and{110 surfaces and the x-ray-
of the interesting features common to thegdype com-

diffraction measurements were performed {00, surfaces

pounds is the orientational disorder of the Cd tetrahedronq, removing the Cd matrix on the surfaces by mechani-
located at the center of the icosahedral cluster at room terrb-a”y polishing. The phase purity of the samples was con-
perature. In the case of g, six orientations of the Cd firmed by powder x-ray-diffraction measurements and scan-
tetrahedron randomly occur at the vertex and the body centq{ing electron  microscopy  with  energy-dispersive

of the unit cell, while two orientations are statistically dis- gnectroscopy. The electrical resistivity was measured from 2
tributed in the case of Gib, both resulting in the space k 1o room temperature by a four-terminal ac bridge. The
groupIm3. In the case of Cg¥rb and CdCa, it has been psc measurement was carried out using Bruker DSC3200S
found®’ that both the electrical resistivity and the specificp, the temperature range from 110 to 300 K with a scanning
heat exhibit a distinct anomaly at 110 K and 100 K, respecyate of +10 K min~L. X-ray-diffraction experiments with
tively, indicating an occurrence of a phase transition. In thesgs, k o have been performed using a Philips X-Pert PRO
compounds, the estimated transition entropies are close Wray diffractometer equipped with a cooling attachment
kgln4 per unit cell, suggesting that the transition is of the(tTk450) at temperatures between 80 and 300 K and the
order-disorder type with respect to the orientation of the Cckaz peaks were subtracted numerically from the raw data.

tetrahedra. By contrast, no distinct anomaly has been obrgy gpservations  were performed using JEM2010F
served in the resistivity of G&¥. However, detailed studies equipped with a liquid-N cooling stage operating at an ac-
by electron and x-ray-diffraction experiments at low tem- .qjeration voltage of 200 kV.

peratures have shown an occurrence of a phase transition at
some temperature around 160 K in&d

In this paper, we report the experimental evidence of the
structural phase transition of @d by means of electron,
x-ray-diffraction, and differential scanning calorimetry
(DSC) measurements. The phase-transition phenomenon wil
be discussed in terms of the Landau theory of continuous
transitions and a comparison with other fetype com-
pounds will also be made. (a) (b) © @

FIG. 1. The icosahedral cluster located at the vertex and the
Il. EXPERIMENT body center of the unit cell in the @4 crystal: (a) Cd, tetrahedron,
(b) Cd,, dodecahedron(c) Y, icosahedron, andd) Cds, icosi-
Pure elements of Cd () and Y (3\) near nominal com- dodecahedron. The Gdetrahedron is orientationally disordered at
position CgY were melted at 973 K for 24 h in an alumina room temperature.
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FIG. 2. (a) Photograph of a single-grain @d grown from the
melt. Clearly defined rectangular and hexagonal facets oft06}
and{110 surfaces, respectively, are seén). Backscattering x-ray 5/2 5/2 0A
Laue photograph with an incidence perpendicular to{t@0; sur- 440
face of a single-grain GY.
Tl 5

IIl. RESULTS AND DISCUSSION
FIG. 4. Electron-diffraction patterns taken alota [001], (b)

A. Electrical resistivity o o
[110], and(c) [111] directions at 80 K.

Figure 3 presents the electrical resistivity of 8das a
function of temperature together with those ofg&H and ) o ] .
CdsCa for comparison. No sign of a phase transition is ob-Served in the resistivity of G, whereas it clearly exhibits
a sharp drop at 110 K and 100 K upon cooling forg€d

and C¢Ca, respectively. Such a drop of the resistivity in
CdYb and CdCa has been attributed to ordering of the
crystal structures, i.e., the orientational ordering of the Cd
tetrahedron located at the vertex and the body center of the
unit cell®’ By contrast, the resistivity is highly insensitive to
the phase transition in the case ofg@dwhich had obscured
the occurrence of the phase transition until the electron and
x-ray-diffraction experiments were performed at low tem-
peratures as presented in the subsequent sections.

0 700 200 300 B. Electron diffraction

Temperature (K) Figure 4 presents the electron-diffraction patterns of

FIG. 3. Electrical resistivity of CglY as a function of tempera- CdsY taken along 001], [110], and[111] directions at 80
ture, together with those of Gdb and Cg¢Ca for comparison. K. We observe that superlattice reflections appear in a com-
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FIG. 6. Lattice parameters and the unit-cell volume ofXCds

N 154K
/\ 152K a function of temperature.
N\ 150K
/\ 148K .
146K c/a=0.9992+0.0002 at the transition. Such an extremely
1 N

127 : 2 129 small lattice distortion manifests that the present phase tran-
2 0 (deg) sition is rather continuous and it seems reasonable to assume
g that the low-temperature phase belongs to a subgroup of the

FIG. 5. X-ray-diffraction spectra around tti&8 0 O peak. The  high-temperature phaséni3), which is either trigonal or

spectra were taken with decreasing temperature. orthorhombic. Among these two, the splitting of t{i& 0 0
peak discards the former case and thus we are led to a con-

mensurate manner to the fundamental reflections, clearly irelusion that the low-temperature phase is orthorhombic. Fur-
dicating an occurrence of a phase transition at some tempertiiermore, the splitting of the peak itself verifies that the crys-
ture above 80 K. Here, no clear change of the fundamentdR! consists of domains below the transition temperature
spots is seen, which implies that the crystal structure is basince a single crystal was used for the present study. The
sically unchanged throughout the phase transition. The sudomain size is typically greater than 100 nm, which is about
perlattice reflections are found to satisfy the conditiprk  the radius of the incident electron beam used in the electron-
= half integers, which means that the lattice period isdiffraction experiments.
doubled below the transition temperature: Thus the low- Figure 7 presents the integrated intensity of (h& 0 O
temperature phase is eithea2 2axa or 2ax2ax?2a su- peak as a function of temperature. The peak intensity is
perlattice. For the sake of the later discussion we note that found to increase upon cooling as 164 K, i.e., the onset tem-
cannot be a face-centeré@-type 2ax 2ax 2a superlattice ~ perature of the distortion, is approached, which is then fol-
since the observed reflections apparently do not satisfy th®wed by a substantial reduction as the tetragonal distortion
extinction rule of the F-type lattice. We also note that theSets in. The increase of the Bragg-peak intensity indicates
disappearance of superlattice spots whithk, | of all half that some kind of disorder diminishes during the transition
integers in any of the incidences suggests that thE 2a above 164 K. Since the high-temperature phase possesses an
X a superlattice is more likely the case than thax2a averaged structure with respect to the orientation of the Cd
X 2a superlattice. Another significant feature in Fig. 4 is thattetrahedron, the orientational ordering of the tetrahedra may
the three fold rotational symmetry is broken in the pattern ofo€ responsible for such an increase of the Bragg-peak inten-

he 11111 inci Lo hat the low- sity._This point will be further Qiscus_sed in the following
E)heage is]n(;?gjsirclzce, indicating that the low-temperature section. On the other hand, the intensity decrease below 164

K is naturally understood as a result of lattice strain intro-
duced by the tetragonal distortion.

C. X-ray diffraction

Figure 5 presents x-ray-diffraction spectra around the T T T T T
(18 0 O peak taken for 4100 surface of CgY from 176 to 1100 v

)

146 K, and Fig. 6 the lattice parameters as a function of 4
temperature. We observe that upon cooling (0 0 peak 5
is split into two peaks at 164 K and, in addition, a slight g
discontinuity in the unit-cell volume of about 0.027% occurs Vg 1000- 7
at the transition. The splitting of the peak, i.e., breakdown of =

the cubic symmetry, is consistent with the breakdown of the
threefold symmetry observed in Fig(c}. Here we note that 0D 40~ Te0 " Te0 To0 - T80~ 190
the discontinuity in the unit-cell volume may not necessarily N

. K . . emperature (K)
mean that the present transition is essentially of the first or-
der, but it may occur as a consequence of a continuous tran- FIG. 7. The integrated intensity of &8 0 O peak of Fig. 5 as
sition. The point will be discussed later. From Fig. 5, it isa function of temperature. The open triangle indicates the onset
seen that the lattice undergoes a small tetragonal distortion eémperature of the lattice distortion.
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Temperature (K)
) i temperature phase. We note that the increase of the Bragg-
FIG. 5.7 1(a) DSC trace of CglY with scanning rate of_ peak intensity on cooling above 164 K is well understood by
—10 Kmin = (b) Specific heat of Cg¥b and CdCa. The arrow in i occurrence of the ordering in the crystal structure. In this
(a) indicates the onset temperature of the tetragonal distortion. "\]/iew, the tetragonal distortion may be taken as a conse-

(a) and(b), the broken lines |nd|pate the assumed base I|r_1es \_/\/hlc?]uence of the ordering of the structure above 164 K, prob-
were subtracted from the experimental curves for the estimation Oabl due to a symmetry change caused by the transition
the transition entropies. Note that the scales in the both figures a y y y 9 y )

set the same for the sake of better comparison. rchording to the structural model of @d* six orientations
of the Cd tetrahedra are reported to exist, therefore one might
D. Differential scanning calorimetry expect that the transition entropy would be given b$
' =kgIn 6. The rather small transition entropy than expected
Two types of mechanisms are known to exist for nearlymight be attributed to two possible origins: One is thatd
continuous phase transitions; the order-disorder type and thaight have the same cluster composition ag\dxand the
displacive one. One way to distinguish them may be theother is that the Cd tetrahedra may not be completely ordered
estimation of the transition entrogyS, since it measures the at the transition. With this respect, reexamination of the crys-
degree of ordering associated with the phase transition. Ital structure of CglY is desirable to clarify this point.
the case of the order-disorder-type transition, the transition
entrqpy is givgn bygASz KBIn w, Wherew is the number of E. Application of the Landau theory
possible configurations in the high-temperature phase. On o . .
the other hand, the transition entropy can be in principle zero Since the phase transition is rather continuous as evi-
in the case of the displacive-type transition. Figuta) re- ~ denced by the extremely small tetragonal distortiarfa(
sents a DSC trace of Gd with a cooling rate of =0.9992:0.0002), itis plausible that the Landau thefboﬁ _
—10 Kmin™?, and Fig. 8b) the specific heats of both @db ~ continuous transitions can describe the present transition.
and C¢Ca for a comparison. As seen from Figbg both Within the formalism of the Landau theory, the active repre-

Cd;Yb and CdCa exhibit a distinctive peak at the tempera- sentations that can drive a continuous transitiohn8 be-
tures corresponding to the resistivity anomalies and the trarfong to thel’, H, N, andP points of the Brillouin zondsee
sition entropies are estimated to be k@3nd 1.1%g per  Fig. 9).° Among them, the irreducible representatigingeps

unit cell, i.e.,w=1.7 and 1.8 per tetrahedron, respectively.which can bring about a change in the lattice periodicity are
The fact that the values of are close to 2 suggests an those of theN and P points, resulting in 2X2axa or 2a
occurrence of the order-disorder-type transition in these comx 2ax 2a superlattice. In the case of irreps at tRepoint,
pounds. On the other hand, as seen from Fig), % rather the resulting low-temperature phase would be F-tyme 2
broad exothermic peak appears around 175 K in the case of 2ax 2a superlattice. However, this is not the case for
Cd;Y, which is at a somewhat higher temperature relative toCdgY since the low-temperature phase does not comply with
the onset temperature of the tetragonal distortion. Accordthe extinction rule of F-type latticeh(k,| = all even or oddl
ingly, the transition entropy is obtained asKgper unit cell, as mentioned above. On the other hand, batk2aXx a and
which corresponds t@=2.3. Therefore it also suggests that 2aX 2ax 2a superlattices are possible from irreps at the
the present phase transition is of the order-disorder type, i.epoint. Since the electron-diffraction experiments suggest that
two orientations of the tetrahedron which is located at the2ax 2aX a superlattice is more likely, we are led to a con-
center of the icosahedral cluster become ordered in the lowelusion that the phase transition is described by an irrep be-
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longing to theN point and the low-temperature phase pos-the transition is attributed to an irreducible representation at
sesses an orthorhombi@aX 2aXx a superlattice. the N point and low-temperature phase possesses an ortho-
rhombic 2ax 2aXx a superlattice.
IV. CONCLUSIONS
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