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Charge-density-wave ordering in the metal-insulator transition compound PrRyuP;»
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X-ray and electron diffraction measurements on the metal-insu{®el) transition compound PrRR;,
have revealed a periodic ordering of charge density around the Pr atoms. It is found that the ordering is
associated with the onset of a low temperature insulator phase. These conclusions are supported by the facts

that the space group of the crystal structure transforms froBto Pm3 below theM-I transition temperature

and also that the temperature dependence of the superlattice peaks in the insulator phase follows the squared
BCS function. TheM-I transition could be originated from the perfect nesting of the Fermi surface and/or the
instability of thef electrons.
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Filled skutterudite compound®@M,X;, (R=rare-earthM grown crystals were mechanically polished into a nearly
=Fe, Ru, or OsX=P, As or Sh have attracted a great deal spherical shape with a diameter of 2@th. The x-ray dif-
of interest in view of the origin of their dramatically variable fraction measurements were conducted using synchrotron ra-
physical properties. For example, they show metal-insulatodiation at BL-1B and BL-4C of the Photon Factory in
(M-1) transitions} superconductivitf,* and large thermo- Tsukuba, Japan. The incident energy was fixed at 18 keV or
electric performancedepending on the combination of ele- 18.8 keV, close to the maximum energy where sufficient in-
ments. To seek out the origin of this anomalous behavior, oneident x-ray intensity could be obtained. At BL-4C, a
of the important factors that must be understood is the topolHUBER four-circle diffractometer was used with a scintilla-
ogy of the Fermi surface. According to de Haas—van Alphertion counter as a detector. At BLB, on theother hand, an
measurements, the shape of the Fermi surface inJRafs  imaging plate was used to record the Bragg spot intensity
nearly cubic® This implies the presence of nesting instability with rotating the single crystal around an axis perpendicular
with a wave vector ofj=(1,0,0. It was, thus, conjectured to incident x-ray beanithe ¢ axis) over a range of 5° during
that some of the exotic properties in filled skutterudites origi-each scan. Electron diffraction measurements were carried
nate from the nesting of the Fermi surface. To confirm thiout using a transmission electron microscop&EOL
hypothesis, an intensive effort has been put. However, nd000FX). A convergent beam electron diffractiqd€BED)
clear evidence of nesting-induced phenomena has been idei®chnique was applied to study the space group of f*Ru
tified so far. below Ty, which is a powerful method for space group de-

The filled skutterudite Compound PrH{iz, which is a termination. For COOIing the Samples down to 10 K, a double
metal at room temperature, has attracted a lot of attentiofilt liquid He holder was used. The holder allows the samples
due to interest in the origin of th&l-I transition atT,, o be tilted in a range of £15° along two axes in the micro-
=60 K.! Compared to other filled skutterudites, which showSCOpe.
similar M-I transitions, PrRyP;, is unique since it has nei- ~ Figure Xa) shows a superlattice peak of PRy, mea-
ther a magnetic anoma|y aky,, as seen in TbR4“?1217 sured at low temperature by X-ray diffraction with an inci-
GdRyP,,’ NdFeP;,2 and SmRyP;,,8 nor antiquadrupolar dent x-ray energy of 18.8 keV. As shown, a well-defined
ordering as observed in Prfg,° On the other hand, a Peak appears belovly, at the commensurate position
subtle lattice distortion has been detected by electron diffract0,0,1) consistent with Ref. 8, indicating a structural phase
tion measurements, which indicates weak superlattice spotsansition from a body centred cubispace group ImBto a
at (h,k,l)(h+k+I=0dd below Ty,.X° To clarify the mecha- lower symmetry structure. The intensity of the superlattice
nism of theM-I transition, including the possibility of Fermi peak decreases with increasing temperature and disappears at
surface nesting, the precise crystal structure of the low tem¥,, [Fig. 1(b)], suggesting that the corresponding lattice dis-
perature phase of Prig®,, must be identified. To this end, tortion relates to thévi-1 transition. The solid line in Figure
we have carried out crystal structure analysis using electrofy(b) depicts the result of a fit using the squared BCS func-
and x-ray diffraction techniques. tion, which describes the temperature dependence of the

Single crystals of PrR#;, were grown by a Sn flux peak intensity originating from a charge density wave
method, which is described in detail elsewh&&or elec- (CDW).X! As shown, the solid line reproduces the observed
tron diffraction measurements, the as-grown crystals werelata quite well, suggesting that a CDW could be present
thinned down to 5Qum by mechanical polishing and then below Ty,. To confirm whether the crystal structure main-
ion milled using an argon ion-beam thinning apparatus. Fotains cubic symmetry belowy,, profiles of the fundamental
x-ray diffraction measurements, on the other hand, the agpeaks were measured using-a26 scan. If the crystal struc-
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0 — L ; . FIG. 2. CBED pattern of th¢0,0,1 zone axis aff=10 K for
0 20 T (K‘)‘O 60 PrRyP;,. A 2-fold rotation symmetry is observed.

- 5875 58.8 5885 58.9 ence of mirror symmetry precisely along ttig0,0 plane.
= 15000 —————————————— To examine for the presence of mirror symmetry more
= [ [——T=12K T I accurately, dark-field CBED measurements were conducted
—g 10000 [===- T=80K / T=80K 7 where the centers of the disks were located at exact Bragg
- I (0,0,12) T positions. Figure 3 show®,1,1] zone-axis dark-field CBED
= 5000 ©) T=12K patterns over four quadrants measured with an accelerating
g I P4 ¢ ] voltage of 200 kV. In each quadrant, the four disks are lo-
= 00— T I e cated at exact Bragg positions. As shown, mirror symmetry
= 58.75 58.8 295(?1?5) 58.9 58.95 along the(1,0,0 plane is present, suggesting that the space

group isPm3. The possibility ofP23, however, still remains

FIG. 1. (a) Longitudinal scans of a superlattice peak&0,1]) if the deviation fromPm3 is very small.
above and below, for single crystals of PrRyP;, measured by To further refine the crystal structure, synchrotron x-ray
x-ray diffraction.(b) Temperature dependence of a superlattice peakliffraction measurements were conducted with an incident
at(6,1,0. The solid line is a fit using the squared BCS functian.  x-ray energy of 18 keV. In these measurements, about 1200
6—26 scan around0,0,12 above(dashed ling and below(solid  jndependent Bragg spots including600 superlattice spots
line) Ty,. The scales of & for the T=12 K and 80 K data are \yegre observed af=9 K at a highS/N ratio using an imag-
depicted at the bottom and top of the frame, respectively. ing plate. To analyze the results, tBEELX program® was
used after carrying out absorption corrections for spherical
ture transforms from cubic symmetry, peak splitting is ex-samples? Table | shows the obtained crystal parameters as-

pected due to the formation of twin structures. Figu(e) 1 suming the space group to be eitfiar3 or P23. As shown,
shows a comparison between the peak profil&8.12 for e atomic coordination for both space groups is the same
temperatures above and beldyy,. As shown, the line-width \yithin error, which suggests again that the higher symmetry

of (0,0,12 is nearly constant, indicating that any possible . .
peak splitting belowr,,, is smaller than 0.005°. The lack of groupPnS is reasonable for the insulator phase of PRy

peak splitting has also been confirmed by powder x-ray dif- The obtained crystal structure of PrfRy, with the Pm3
fraction measurements using synchrotron radiation. These répace group is depicted in Figiak As shown, there are two
sults suggest that the crystal structure belgyyis still cubic ~ Pr sites at the corners and the body center of the unit cell,
within an accuracy of 0.008 % of the lattice constant. This issurrounded by &, icosahedron and a Reube. Compared
in contrast with PrEgP;,, which transforms to an orthorhom- to the Im3 structure, the &) and R2) atoms in thePnm3
bic structure at low temperatuté. structure are displaced in a direction roughly perpendicular
To identify the space group of the crystal structure belowto the Pr-P bond. In this distortion, the bond lengths of
Twi» CBED measurements were conducted. Figure 2 showsRr(1)-P(1) and P(2)-P(2) are equivalent, 3.1G8) A at T
[0,0,] zone-axis CBED pattern ai=10 K measured with =9 K. On the other hand, the Ru atoms are displaced parallel
an accelerating voltage of 100 kV. In the figure, each disko the Pr-Ru bond direction with changing the volume ofRu
shows a geometrical pattern due to multiple scattering, whicleube, where the Pt)-Ru and P{2)-Ru bond lengths are
reflects the symmetry of the crystal structure. From the3 4903) A and 3.4703) A at T=9 K, respectively[Figs.
CBED pattern, it is clear that there is two-fold rotation sym- 4(b) and 4c)]. As a consequence, a periodic ordering of two
metry. Combined with the fact that there is no extinctionkinds of Ry cube with different volumes appears. In such a
rule'% this observation suggests that the possible space groufystal structure, the electron density within the smalleg Ru
can be narrowed down t®ém3 or P23. These two space cube around a B2) atom can be higher than that around a
groups can be further distinguished by looking for the presPr(1) atom, indicating the formation of a CDW. Note that the
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FIG. 3. Dark-field CBED patterns of the
[0,1,]] zone axis afT=10 K for PrRyP;,. The
centers of each disk 0,0,0, (0,2,2, (4,0,0,
(4,2,2 and at counter positions with these re-
flections are located at exact Bragg positions.
Mirror symmetry is observed along th@,0,0
plane.

valence of the Pr atom itself maintains a trivalent state indethe insulator phase of Prigg, can appear in the crystal
pendent of temperature as shown bylBredge XANES(x-  structure of the®m3 space group’ Consistent with the pre-
ray absorption near-edge structummeasurementS. This  diction of the band calculations, the present work demon-
suggests that the CDW is produced by lattice distortions Withyates that the crystal structure of PjRy takes thePrm3
each atom retaining its equilibrium charge. space group in the insulator phase. Superlattice peaks are
To explain theM-I transition with CDW, one of key fac- a|so observed below,, at the same g-positions as expected
tor could be the nesting of the Fermi surface. According topy the nesting. These agreements between the present obser-
band calculations, the topology of the Fermi surface ofyations and the band calculations suggest thatMhketran-
PrRuyP;, in the Im3 phase is nearly cubic with a volume of sition in PrRyP;, is attributed to a CDW phenomenon ac-
half the Brillouin zone, where a nesting instability is implied companied by perfect nesting of the Fermi surface. Note that
with wave vector ofg=(1,0,0.1% It has been suggested that the perfect nesting phenomenon is rare in three-dimensional

TABLE I. Crystal structure parameters of Prfy, obtained from x-ray diffraction measurementsTat9 K, assuming space groufes

Pm3 and (b) P23. Uj; are the anisotropic thermal parameters, where the temperature factor is defined-&&rékpa“2U,;+k’h"2U,,
+12¢"2Ug4+ 2hkd b" U+ 2hla’c"U 5+ 2kIb*c'U,g)]. @', b* and ¢* are the inverse lattice parameteR, is an R-factor defined asR;
=(SIIFy|—|Fd)/Z|F,|, whereF, angFC are the observed structure factor and the calculated structure factor, respectively. This table shows

that the obtained parameters i3 and P23 are similar.

Atom

(@ Pm3 site X y z U1 Uz Usz Ui Uis Uszs
P(1) la 0 0 0 0.00341) Uy, Uy, 0 0 0
PI(2) 1b 05 05 05 0.0030Q) Uy, Uy, 0 0 0

Ru 8 0.25071) 0.25071) 0.25071) 0.00251) Uy, Uy,  0.000a1) U, U,
P(1) 12] 0 035771) 0.14421) 0.00361) 0.003§1) 0.00371) 0 0 0.00011)
P(2) 12k 05  0.8588) 0.64291) 0.003611) 0.00381) 0.00371) 0 0 0.00011)
R,=0.0590

(b) P23

Pr(1) la 0 0 0 0.003) U Uy 0 0 0
Pr(2) 1b 0.5 0.5 0.5 0.003@) U U 0 0 0
Ru(1) 4e  0.25081) 025081) 0.25081) 0.002§1) Uy, Uy  0.000Q1) Us Us
RU(2) de  0.74941) 0.74941) 0.74941) 0.00251) Uy, U,  0.00011) Up, Up,
P(1) 12j 0.00014) 0.35761) 0.14431) 0.00371) 0.00381) 0.00381) 0.00185) -0.00145) 0.000Q1)
P2) 12j 0.49974) 0.85821) 0.64291) 0.00371) 0.00391) 0.00381) 0.00185) -0.001%5) 0.000Q1)
R,=0.0588
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FIG. 4. (Color) (a) Crystal structure of PrRfy, in the P8
phase(b, ) Schematic diagram of PrRweubes in(b) Imgand(c)
ngphases connected at the corners in(th&, 1 direction. In the
Pm?phase, two kinds of PrRicubes are present. The displacement

of the Ru atoms in the transition from the3 to the Pm3 phase is
depicted in pane(c).
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(3D) systems like PrRyP;» since three-dimensional Fermi
surfaces are usually complicated.

There is, however, a counter-example with the above ex-
planation. For metallic LaR;,, although it has a similar
Fermi surface to PrR®,, no M-l transition is
observed:*®1°This fact requires considering another mecha-
nism. Note thaf electrons are present in Pri®y, but not in
LaRu,P;,, it could be thatf electrons play an important role
in the M-I transition. For example, thielectrons can assist
the M-I transition by lowering their electronic energy below
Tw With the development of the lattice distortion around Pr
atoms. It is also possible that both thieslectrons and the
nesting phenomenon affect the-| transition synergistically.
To clarify the mechanism of thil-1 transition, it is valuable
to further study the unique combination foélectrons, lattice
distortion and the nesting.

In conclusion, we have clarified by x-ray and electron
diffraction techniques that the crystal structure of PRy

transforms from anm3 to a Pm3 structure belowr,,, sug-
gesting the formation of a CDW in the insulator phase. The
M-I transition could be attributed to the perfect nesting of the
Fermi surface and/or to the instability 6felectrons.
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