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The structural phase transition Bt ~200 K in the superconducting pyrochlore oxide,d,0, has been
investigated using x-ray and electron diffraction experiments #H@d-NMR (nuclear-magnetic-resonance
measurements. The susceptibility for,&&,0; in the high-temperature regio&T*) obeys a Curie-Weiss
law with a large and negative Weiss temperature, which indicates that this system possesses a localized-
moment nature with antiferromagnetic interactions, leading to geometrical frustration. X-ray and electron-
diffraction measurements suggest the tetramerization of Re b@&fowwhich induces a nanosized stripe
structure. FromtCd-NMR experiments, a large orbital susceptibility is identified by means Kfyaplot.

Both the spin susceptibility andT¢T) ! are found to decrease sharply beldW, signaling a decrease in
density of states, which is apparently caused by a developing partial energy gap at the Fermi surface.
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Recently, the pyrochlore oxide GRe,O; has been found very low carrier density, and that the Fermi le&! lies in
to exhibit type-Il superconductivity at-1.1 K% This dis-  the Re %l band, giving an electronic specific heat coefficient
covery has triggered investigations of the relation between,~2.7 mJK ?/Re mol® However, the experimenta} (T
superconductivity and exchange bond frustration. The pyro--,0) has been reported to be 13—-15 mFPKRe mol?78in-
chlore oxidesA,B,0; _ ; encompass a large number of com- dicating that substantial renormalization of the effective
pounds depending on the choice of elements A and B, as ifhass occurs in this system. Indeed, in the normal state, the
the case of perovskite oxides. These compounds exhibit #2 dependence of resistivitypE po+AT?) in the low-
wide variety of physical properties ranging from insulator temperature region suggests that this system behaves as a
through semiconductor and from bad metal to good nfetal.correlated Fermi liquid. Furthermore, in the superconduct-
However, before the recent ¢iRle,O; work, no supercon- ing state the large initial slope of the upper critical field,

ductivity had been reported for pyrochlore oxides. suggests that the Cooper pairs are composed of rather heavy
Pyrochlore oxide structures include a three-dimensionajjuasiparticles.
(3D) tetrahedral network of the magne®cations, that is, In order to clarify the nature of the structural transition

the so-callecpyrochlore lattice If the A cations are nonmag- and the electronic change of state throgh we have per-
netic and theB cations are antiferromagnetically coupled, theformed **'Cd-NMR (nuclear-magnetic-resonanceeasure-
B-spin magnetic couplings are strongly frustrated under anents. We have also investigated the magnetic susceptibility
nearest-neighbor exchange interaction on this lattice. In reand the x-ray and electron-diffraction patterns above and be-
cent years, there has been renewal of interest in these gegyw T*, utilizing single-crystal samples. Powder samples
metrically frustrated systems, since the metallic spinel oxideynd single crystals of G&Re,O; were prepared by solid-state
LiV,0,, which has a pyrochlore lattice of vanadium, wasreactiort and by chemical transport reaction with iodine as a
reported to exhibit heavy-fermion behavior at low tempera+ransporter, respectively.
tures due to the geometrical frustration. Let us start with the magnetism in the HT phase. The
Cd,Re,0; undergoes a second-order structural phasgusceptibility of the single crystalline Gie,0; was mea-
transition atT* ~200 K, i.e., from a high-temperatufelT)  sured using a superconducting quantum interference device
phase with the cubic pyrochlore structutepace group magnetometer in the temperature range 2-300 K, and a
Fd3m) to a low-temperaturéLT) phase with another cubic torsion-balance magnetometer above room temperé&Rine
structure which is still unidentifiedBelow T*, the resistiv-  Figure 1 shows the temperature dependence of the magnetic
ity and susceptibility both decrease steeply with decreasingusceptibilityy and its inversey * for Cd,Re,0; together
temperature. The nature of the LT phase is important, sincith those of the related pyrochlore ruthenates. khé of
the frustration can be released in some manner in the L€hLRe0; above~400 K is linearly dependent on tempera-
phase, and this release is a possible cause for the structutare; that is, it obeys a Curie-Weig€W) law with a large,
change. Some properties of the LT phase have already be@egative Weiss temperatut@~ — 1500 K. The Curie con-
studied. Band calculations for the cubic pyrochlore structurestant leads to an effective magnetic moment of L8MRe,
predict that this compound is a compensated semimetal wittvhich is close to the estimated free ion value (Lgp for
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4000 I T =120 K. (b) TEM images aff =120 K corresponding t¢a). The
3500 inset of (b) shows the possible Re network of the LT phase.

local moment systems such as CoStwhere(S?) increases
------------------------------------ with increasing temperature and approaches a constant value
(e at high-temperatures. The CW behavior of,86,0; can be

AAAAA 3 categorized as either cage) or (iii), because the observed
TL,Ru,0, Y,Ru,0; 7 effective moment is not so small, and the resistivity becomes

%! (emu/F. U. mol )!
=
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g 50 T = e case, CgRe,O; appears to possess a localized-moment char

acter; thus, geometrical frustration effects should persist in
the high temperature region aboVvé&. From the viewpoint

FIG. 1. Temperature dependence(af magnetic susceptibility ~Of band structure, Redbelectrons are dominant in the den-
and (b) inverse susceptibility for G®Re,O,, Y,Ru,0, and Sity of states aEg, which is located near the valley of the
TI,RW,O,. 5d band® The 5d band shows sharp peaks in the density of

states just belowEg. This peaked and narrow band result
S=1/2, although spirs=1 is expected for the & state of  supports the existence of localized-moment character for the
Re in this compound. The negative Weiss temperature indiRe 5d electrons.
cates that the local exchange interactions are antiferromag- Next, turning to the structural change Et, superlattice
netic. reflections are clearly observed beld# in powder x-ray-

For comparison, the data for the pyrochlore ruthenatesiffraction (XRD) patterns and also in electron-diffraction
Y,Ru,O; and TLRW,O; are included in Fig. 1. YRu,O7 is  patterns observed using a transmission-type electron micro-
known to be a Mott insulator having localized magnetic mo-scope(TEM). Figure Za) shows the electron-diffraction pat-
ments on the RU" cations §=1) with a large, negativ®  terns for CdRe,O, along the[001] zone axis at 120 K. The
~—1100 K This system exhibits long-range order with a corresponding TEM images are also indicated in Fidp).2
complicated magnetic structur@(=76.5 K) due to the spin The XRD and electron-diffraction patterns at RT are consis-

f.rustration.11 In TI,Ru,O,, an abrupt Egetal-in_sulator transi- tent with the cubic pyrochlore structurécﬂ?m). At 120 K,
tion (MIT) takes place alyr=120 K.”“Even in the metal- \ye|| below T*, superlattice reflections are clearly observed,
lic phase, the susceptibility of RO, obeys a CW law, e g, at(200) and (240 positions as Jiret al. already have
where the® is also large and negativé®d~—600 K. We  reported!® These superlattice reflections indicate a doubling
note that the ground state of this insulating phase has beej} the periodic crystal structure along each crystal axis in
suggested to be a spin singtéfThe large, negative) can be  comparison with the cubic pyrochlore structure. To deter-
regarded as a characteristic feature of pyrochlore oxides withine the precise crystal structure of the LT phase, we have
antiferromagnetic interactions since tBe which represents measured convergent-beam electron-diffraction patterns.
the energy scale of the nearest-neighbor exchange interagince a convergent beam irradiates an extremely small do-
tions in a molecular-field approximation, has been noted tenain, this technique offers data with which to decide the
be typically large on the frustrated pyrochlore lattiCe. space group for a new material or unknown phase. However,
Meanwhile, CW behavior in metallic Compounds can benot even the space group could be determined up to now
explained in terms of the average amplitude of the local spithecause of the following particularity in the LT phase. Below
fluctuations(S?), which when Fourier transformed becomesT* at 120 K, as seen in Fig.(), dark and bright fringes
the g-dependent susceptibility,, whereq is the wave vec- emerge quite clearly with a spacing of about 20 A for each
tor. CW behavior is seen in the following caség:nearly or  mosaic domain, which may be due to some lattice defects. It
weakly ferromagnetic metals such as ZgARef. 15 where s equally possible that these fringes could be caused by
Xq 1S enhanced only for smat) and(S?) is proportional to  nanosize stripe microstructure, which would also cause dif-
temperatureyii) robust localized-moment systems such asficulty in determining a detailed crystal structure, since the
the Mn Heusler alloy 1gMnGa,'® where x is almostq in-  existence of the stripe microstructure even in a convergent
dependent an@S?) ~ S(S+ 1); and(iii) temperature induced area of an electron beam leads to a complicated diffraction

T(K)
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Figure 3 shows a so-calldgl-y plot, where values of the
isotropic Knight shiftKs,= (K + 2K )/3 are plotted against
the observed susceptibility, after subtracting a Curie term
that comes from a small concentration of magnetic impuri-
ties, with temperature as an implicit parameter. The linear
K-x behavior belowl*, as seen in Fig. 3, suggests that the
spin component produces a shift at the Cd and that all other
T*=200K temperature dependencesKnand y are negligibly small.

— Usually, the total shift . in metallic compounds is com-

posed of several contributions. In £§Rbe,O,, according to

0ol | [ XS"“‘I band calculation8,the Fermi energyEr locates around the
T 0 1 2 3x10° valley of the Re & band. Hence, the paramagnetic contribu-

x (emu /Re mol ) tion is dominated by the & spin partK,(T), and the dia-

- o . . magnetic contributiori 4, from the core electrons is usually
FIG. 3. *¥Cd isotropic Knight shift plotted against the observed neglected. Further, any orbital shift for the Cd sites is ex-

susceptibility with temperature as an implicit parameter. The insebected to be small. Therefort, =K. (T). In the same
11 _ : obs spi :
shows the**!Cd-NMR spectrum for CsRe,0; at 1.8 K. way, the observed susceptibility contains the-$pin and

pattern. Beyond this, we have continued the structural analypd-orbital terms xspin and xom, as well as a diamagnetic
ses using XRD, TEM, and neutron diffraction experimentsterm g, due to the core electrons, i.€xops= Xspi T)
Further investigations will be reported in detail elsewhere. =+ xomt Xdia» Where thex,, and x4, are temperature inde-
On the other hand, our preliminary XRD study for a pendent. The diamagnetic tergy, can be evaluated to be
single crystal using a four-circle x-ray diffractometer sug-—9.0x 10 °> emu/Re mol from relativistic Hartree-Fock
gests that a slight expansion and contraction of tetrahedrealculations-® SinceK spin Arxspin: the values of hyperfine
occurs alternately in the noncubic Re pyrochlore lattice, asgHF) coupling constanf are estimated from the solid line
illustrated schematically in the inset of Figth2 A similar i Fig. 3 to be +198 kOefug below T*. It is difficult to
strucstura_l model has been advocated by Hana@wal. as  resolve the small change @, above T*, becauseyspi,
well.> This structural model is consistent with the observed,aries only slightly as seen in Fig. 1. One explanation for the
twofold periodic superlattice, which would be caused by Mchange of theA, may be that there are Ruderman-Kittel-

alternating Re-Re bond length. The direction of the domain?(asuya-Yosida(RKKY) oscillations which couple the Cd

In TEM images s along 110, which correspon.ds to thg nuclei to their neighboring Redbspin polarization. Thus, the
direction of the Re network. Therefore, these microdomains;. : . ) .
stance between Cd and Re sites, which varies continuously

. . |
are considered to be caused by the formation of an altem?:;:iroughT*, would produce a varying coupling constant. At

ing sequence of expansion and contraction in the Re 3 o o
network with different phasest(— + — and— + — +). This ow temperatures, thg-axis intercept of thek-y plot indi-

model may also indicate certain charge modulations angates thie presence ofalarge Re-site Van Vleck susceptibility
fluctuations, because the variation of Re-Re bond length imXoro- This is denoted by solid arrows at the bottom of Fig. 3.
plies a varying valence for the Re. We interpret the decrease of the tqtal suscepilbi_llty beldw

Let us turn now to thetlcd-NMR results. NMR mea- @S corresponding to that of the spin susceptibility.
surements for a powder sample were performed using a Considering next thel, process, we first examine the
phase-coherent type of pulsed spectrometer. Nuclear spifehavior at high temperatures. Figure 4 sholys' to be
lattice relaxation rate¥; ! were measured by an inversion- increasing linearly at 300 K, as expected for Korringa-like
recovery method for spin-echo signals following an inver-rélaxation in a metal. Approaching the degeneracy tempera-
sion 7 pulse. The inset to Fig. 3 shows the NMR spectrumturé (=300 K), however, one might expety to be domi-
for 1Cd nuclei with nuclear spih=1/2 in CRe,0, at 1.8 naied by_ exchange-modulated local-moment .fluctuations on
K. We obtained a similar spectrum for the other stable iso€ighboring Re sites, sensed through RKKY-like transferred
tope, 11%Cd, also with|=1/2. Since NMR spectra fot HF couplin_gs. To_ estimate this_pro_cess, we suppose_that the
=1/2 are free of nuclear electric quadrupole effects, the oblatter pon5|st of six equgl contributions from neighboring Re
served asymmetric spectrum is a typical powder pattern durd spins whose fluctuations_ are uncorrelated. Ti_ie exgqange—
to an anisotropic Knight shifK <. Therefore, the sharp narrowing theory of Moriy® would then give T,
peak and the small step on the right side of the spectrurm6T1s, Where Tig=(2m) A Ag/h)?S(S+1)/(3wey).
correspond toK, and K|, perpendicular to and along the Here,As is the HF coupling of a single neighbor, and we
symmetry axis of Cd site, respectively. The spectral width estimatewe,~1.4x 10" sec’* from the CW temperatur®
(~|Kj=K.|=%|Kanisd) is almost independent of tempera- ~—1500 K (S=1). From Fig. 3, we note that above",
ture, and is about 0.16%, leading K ,nid =0.11%. The Ayr is reduced from its low-temperature value. Thus, we
structural phase transition &t does not markedly affect the may estimate roughlfs/z~2x 10° sec *. With these ap-
position or shape of the Cd-NMR spectrum. Therefore, thigoroximate numbers, the high-temperature limit becomes
transition does not mark the onset of magnetic long-rangd; *~3x 10° sec !, about an order of magnitude larger than
order, e.g., Nel order. the 300 K value. This is a reasonable result, which under-
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500 I I I definite evidence that a significant portion of the Fermi sur-
Y PR face pecgmes gapped_ ngoW‘ 18 Alternatively, the tet.—
a0 2 N veeo”] o - ramerization noted earligFig. 2) may also lead to a partial
% sl E T . gapping of the Fermi surface. For example, the reduction by
n 300 = & oL . o | 2/3 or more in T,T) ! corresponds to a loss of40% or
8 S ° more of the density of states betwe®h and 4.2 K, similar
-~ T T e a0 to estimates based on other dtaVe suggest further that
e 200 T(K) o 7] the reduced value of the Korringa product could originate in
& the same way as fof%Y in YBa,Cu;0;_,,%t i.e., from the
100 — X—"" — action of weakly correlated, transferred HF field fluctuations
o from nearest-neighbor Re sites considered above in discuss-
0 LY | | | ing the limiting high-temperatur@, process. For example,
0 50 100 150 200 250 300 in the case off; driven byn equal transferred HF couplings
T(K) with uncorrelated fluctuations, the Korringa product would

be diminished by a factan. In the scenario described in the

FIG. 4. Temperature dependence Bf* for **'Cd nuclei in  previous paragraph we have-6 for C;Re,0;, which easily
Cd,Re,0,. The dotted line is drawn as a guide to eye. The insetaccounts for the observed reduction of the Korringa product
shows the temperature dependence™fT) * for 1'Cd nuclei in by a factor ~4. We believe that this mechanism offers a
Cd,Re,0,. simpler and perhaps more intuitive mechanism to explain the
bserved Korringa product than ferromagnetic exchange
ouplings in a Stoner enhancement métlet view of the
strongly antiferromagnetic CW temperature.

In summary, we have investigated the structural transition
and the change of electronic state Bt by using XRD,
3TEM, and Cd NMR, especially from the standpoint of mag-
netic properties. An alternating tetramerization model has
been proposed in the LT phase from structural studies. The

. . A . geometrical spin frustration of the pyrochlore lattice may be
ingly, the spin susceptibility and NMR shift componeRig. o ia)ly released in the LT phase due to the tetramerization.
3) also decline in such a way that the Korringa product

2 1 . . The Cd-NMR study reveals the presence of a Fermi-surface
(T1TKSpiy ~~ remains approximately constant below 200 K

, . X ' energy-gap effect in the LT phase.
at 25—30% of its noninteracting electron value. This behav-

ior exhibits a close parallel to that gy NMR data for This study was supported by a Grant-in-Aid on priority
YBa,CuyO,_, with x~0.3-0.42! While the lowT reduc-  area, “Novel Quantum Phenomena in Transition Metal Ox-
tion of Ky and (T, T) "1 may or may not be a consequence ides,” from MEXT, and also by a Grant-in-Aid for Scientific
of a superconducting pseudodaas is believed to be the Research of the JSPSGrants Nos. 12440195 and
case for cuprate superconduciorthese effects appear to be 12874038.

scores the itinerant nature of the fermion dynamics at 300 Iyéc)
and below, in spite of the “local moment” character of the
Re &d bands noted earlier.

The variation of T, at low temperaturegFig. 4) is the
most interesting, and is not in keeping with the behavior of
simple Fermi liquid. The inset to Fig. 4 shows thayT) !
declines by a factor-3 below 200 K and has a slight bump
around 125 K, the origin of which is not clear. Correspond-
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