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Magnetic ground state of pyrochlore oxides close to metal-insulator boundary
probed by muon spin rotation
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The magnetism of ruthenium pyrochlore oxides A,Ru,0; (A=Hg, Cd, and Ca), whose electronic properties
within a localized ion picture are characterized by nondegenerate 7, orbitals (Ru>*,44%) and thereby subjected
to geometrical frustration, has been investigated by the muon spin rotation/relaxation (uSR) technique. The A
cation (mostly divalent) was varied to examine the effect of covalency (Hg>Cd>Ca) on the electronic
property of the oxides. In a sample with A=Hg, which exhibits a clear metal-insulator (MI) transition below
~100 K (associated with a weak structural transition), a nearly commensurate magnetic order is observed to
develop in accordance with MI transition. Meanwhile, in the case of A=Cd, where the MI transition is
suppressed to the level of small anomaly in the resistivity, the local-field distribution probed by muons
indicates emergence of a certain magnetic inhomogeneity below ~30 K. Moreover, in Ca,Ru,07, which
remains metallic, highly inhomogeneous local magnetism is found below ~25 K; this magnetism arises from
randomly oriented Ru moments and thus is described as a “frozen spin-liquid” state. The systematic trend of
increasing randomness and itinerant character with decreasing covalency suggests a close relationship between
the two characters. To understand the effect of orbital degeneracy and associated Jahn-Teller instability, we
examine a tetravalent ruthenium pyrochlore, TI,Ru,O; (Ru**,4d*). The result of uSR indicates a nonmagnetic
ground state that is consistent with the formation of the Haldane chains suggested by the neutron-diffraction

experiment.
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I. INTRODUCTION

Transition-metal oxides with a chemical composition
A,B,04 crystallize to form so-called cubic pyrochlore struc-

tures (Fd3m); these structures comprise two interpenetrating
networks of corner-shared tetrahedra consisting of A,O’ and
B0, respectively.! Because of the high crystal symmetry in
these crystal structures, the presence of antiferromagnetic
correlation or charge disproportion between the metal ions
on the pyrochlore lattice induces a geometrical frustration
and associated macroscopic degrees of degeneracy for the
spin/charge states within their ionic limit. This results in
various interesting phenomena such as a “spin-glass” (SG)
phase in R,Mo0,0,, where R=Y, Tb, and Dy (Refs. 2 and 3)
and a “spin-ice” phase in R,Ti,O;, where R=Dy and Ho
(Refs. 4 and 5).

It is obviously expected that geometrical frustration (or
correlation) will, in turn, have nontrivial effects on itinerant
electrons, because these electrons are a local entity in a cer-
tain time scale (~h/g,, where g, is the relevant energy band-
width). The unusual behavior of ordinary and anomalous
Hall coefficients in the Mo pyrochlores with R=Nd, Sm, and
Gd is probably a manifestation of such effects.®” In particu-
lar, the “heavy-fermion” behavior in a metallic vanadium
spinel LiV,0, (in which the V ions form a pyrochlore sub-
lattice) is one of the most interesting phenomena found in
conducting pyrochlores/spinels.?

In the previous studies on LiV,0,, we demonstrated by
muon spin rotation/relaxation (uSR) and muon Knight-shift
measurements that unlike the local f electrons in conven-
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tional heavy-fermion metals, local vanadium moments in
LiV,0, are not quenched by the Kondo mechanism and that
these moments induce a highly inhomogeneous and dynami-
cally fluctuating magnetic ground state that appears to be
closely related to the geometrical frustration.”!? Interest-
ingly, a very similar situation was reported to occur in an
intermetallic ~ Laves  phase (Cl5-type) compound,
Y,_,Sc,Mn,; an earlier uSR study of this compound indi-
cated that inhomogeneous local magnetism persists at low
temperatures in a sample that exhibits a heavy-fermion be-
havior induced by suppression of structural phase transition
(SPT) upon substitution of Y by Sc.!! These results demon-
strate urgent requirement for developing a new concept of
quasiparticle state that represents the anomalous conducting
state of electrons under geometrical (three-body) correlation.

From an experimental perspective, a clear understanding
of anomalous metallic properties can be facilitated by deter-
mining the generic character of such electronic states by ex-
tending the uSR study to other electrically conducting
pyrochlores/spinels. To this end, spinels and pyrochlores are
good candidates for materials survey, although they exhibit a
common tendency of undergoing structural phase transition
at lower temperatures, which lifts the orbital degeneracy and
relieves the frustration.

In this study, we focus on a family of ruthenium and os-
mium pyrochlores, A,B,0; (B=Ru and Os) with nominally
divalent cations (i.e., A%+B§+O7). As shown in Fig. 1, the
B-site ions have a 4d°(5d°) configuration with d orbits split
into e, doublet and 1,, triplet states (due to the crystal fields
of BOg octahedrons); three electrons are distributed among

©2010 The American Physical Society
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FIG. 1. Single-ion energy manifold of B site ions in A3*B3"0;
with B=Ru and Os. Three d electrons are distributed over different
1, orbitals (d,,, dy,, and d_,), and hence, no orbital degeneracy is
expected.

different #,, orbits (xy,yz,zx) to satisfy both the Pauli exclu-
sion principle and Hund coupling. Hence, there is no orbital
degeneracy that might lead to the instability against the Jahn-
Teller distortion and the associated structural phase transition
that reduces crystal symmetry; accordingly, the effect of geo-
metrical frustration at lower temperatures can be observed.
Moreover, since the suppression of structural transition is
favorable for preventing the system from undergoing metal-
insulator transition (MIT), it enables the study of the effect
of geometrical correlation on itinerant electrons. Interest-
ingly, the actual ground state of these pyrochlores, as sug-
gested from the bulk electronic properties, is found to be
considerably dependent on the choice of A-site ions. As sum-
marized in Table I, some pyrochlores exhibit MI transition
that does not necessarily accompany the structural phase
transition. We have shown in a recent uSR study that an
osmium pyrochlore, Cd,0s,0,, which retains its cubic struc-
ture and falls into a semi-insulating state below 225 K, ex-
hibits a peculiar magnetic ground state which is probably

TABLE 1. Electronic ground state of Ru and Os pyrochlores;
SPT refers to structural phase transition, indicated by x-ray diffrac-
tion data, and MIT refers to metal-insulator transition (with transi-
tion temperature Tyy), indicated by resistivity data. Magnetic sus-
ceptibility (y) in Hg,Ru,07 and Cd,Ru,05 decreases sharply below
Ty, suggesting the development of antiferromagnetic spin correla-
tion whereas a spin-glass (SG) -like hysteresis is observed in
CayRu,04. (The temperature dependence of y is shown in the fol-
lowing sections along with the uSR result.) For the bulk properties
of the Os compounds, refer to Refs. 12 and 13.

SPT (T,) MIT (Tyy) x drop (T, T,)
Hg,Ru,0, =107 K =107 K =107 K
Cd,Ru,0, No No?* =100 K
Ca,Ru,04 No No SG for T,=25 K
TlL,Ru,0; =120 K =120 K =120 K
Hg,0s,0; No No =88 K"
Cd,0s,0; No =230 K =230 K ¢

*Resistivity exhibits a downward kink below T, which is followed
by an upturn at lower temperatures (Ref. 14).

bReference 15.

‘Reference 16.
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related to geometrical frustration.'® A similar but more inho-
mogeneous electronic state is suggested, by means of a pre-
liminary uSR study, in the case of Hg,0s,05, which remains
metallic down to 4 K (Ref. 15).

In this paper, we report on the magnetic ground state of
ruthenium pyrochlore oxides (A,Ru,0;) that are situated
near the MI boundary. For the nominally pentavalent ru-
thenides (4d°), the A cation (=A?*) is varied among Hg, Cd,
and Ca to examine the effect of covalency (Hg>Cd>Ca)
on their electronic property. In samples with A=Hg and Cd,
a nearly commensurate magnetic order is observed to de-
velop in accordance with the MI transition (below ~100 K,
which is associated with weak structural transition). How-
ever, the local-field distribution at the muon site suggests the
emergence of a certain magnetic inhomogeneity in
Cd,Ru,05 below ~30 K, indicating that the spin state re-
tains significant amount of entropy at lower temperatures.
Meanwhile, in Ca,Ru,0; that remains metallic, a highly in-
homogeneous local magnetism is observed below ~25 K;
this magnetism is described by a Gaussian distribution of the
local fields at the muon site, which is characteristic to the
fields from randomly oriented magnetic moments situated on
a regular lattice. The randomness in the magnetism is ob-
served to increase with increasing the itinerant character of d
electrons; this trend is similar to that observed in osmium
pyrochlores, and it suggests a close relationship between the
degree of magnetic randomness and that of delocalization. In
order to understand the effect of orbital degeneracy and the
associated Jahn-Teller instability, we also examine a nearly
tetravalent ruthenium pyrochlore, TI,Ru,0, (Ru**,44*). The
result of uSR on this pyrochlore indicates a nonmagnetic
ground state that is consistent with the formation of the
Haldane chains suggested by nuclear magnetic resonance
(NMR) (Ref. 17) and neutron-diffraction experiments.!®19

II. EXPERIMENT

Polycrystalline samples of A,Ru,0; (A=Hg, Cd, Ca, and
TI) used in this study were prepared by a solid-state reaction
of AO and RuO, together with an oxidizer at 950 °C under a
high pressure of 4 GPa. The details of the sample preparation
have been described previously.’’ The bulk properties of
these samples were investigated by various methods includ-
ing magnetic susceptibility, electric resistivity, and specific-
heat measurements. Further, structural analysis was con-
ducted by powder x-ray diffraction technique (combined
with synchrotron radiation). The result of these analyses are
summarized in Table I. In order to obtain a good signal-to-
noise ratio in SR measurements, it was necessary to pre-
pare two batches of the A=Cd, Ca, and Tl samples under the
same conditions. These batches were mixed together to pro-
vide a sufficiently large sample of each compound. The sus-
ceptibility data for separate batches showed a variance of
2-3 K in the transition temperature for A=Cd and Ca and of
~5 K for A=TIL

Among these compounds, Hg,Ru,05 is characterized by a
sharp reduction in magnetic susceptibility (y) below Ty,
~ 107 K with a small hysteresis. This occurs in conjunction
with increase in resistivity (p) by nearly one order of mag-
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nitude and a slight lattice expansion accompanying the split-
ting of x-ray diffraction peaks that are attributed to simple
cubic unit cell above 7,,.2° These observations led to an ear-
lier speculation that the emergence of the spin-singlet ground
state is associated with the structural phase transition. It is
interesting to note at this stage that the tetravalent T1,Ru,0,
has many features similar to Hg,Ru,0;: it also exhibits a
sharp reduction in y at 7,,,~ 120 K, which is associated with
the sudden increase in p and the structural phase
transition.'81°

On the other hand, Cd,Ru,0, does not show any clear
evidence of structural changes in the lattice parameters
around T7,,, even though it exhibits a reduction in y below
T,~100 K, similar to Hg,Ru,0,. Resistivity exhibits a
rather peculiar temperature dependence; it is characterized
by a downward kink below T, and, at lower temperatures, a
slight upturn which suggests insulating ground state. Similar
features have been reported in earlier literature.'*

Compared with these two compounds, Ca,Ru,05 is more
distinct in that it remains metallic at least above ~2 K. Al-
though p(7T) shows slight enhancement at lower tempera-
tures, it does not obey the relation p(T)ccexp(E,/kT) ex-
pected for thermally activated carriers over a band gap E,.
More interestingly, y exhibits a cusp around 7T,,~25 K,
which is typically found in spin-glass systems. The present
sample, which was synthesized by solid-state reaction under
high pressure, exhibits features similar to those of the sample
previously obtained by the hydrothermal method.?!

Conventional uSR measurement was performed using the
Lampf spectrometer installed on the M15/M20 beamlines at
TRIUME, Canada. During measurements under zero external
field (ZF), the residual magnetic field at the sample position
was reduced to less than 107® T while the initial muon spin

direction was parallel to the muon beam direction [I3 M(O) 1.
For longitudinal field measurement, a magnetic field was ap-

plied parallel to ﬁM(O). Time-dependent muon polarization
[G.()=Z-P,(t)] was monitored by measuring the decay-
positron asymmetry along the Z axis as

N.(t) - aN_(z)

A(t) =AyG,(1) = , 1
(=460 = 5 (1)
where A is the initial asymmetry.

N=(1)=N=(0)e™"[1 £ A.G (1] (2)

is the positron event rate for the detector placed in the for-
ward (+) or backward () position relative to the sample, 7,
is the muon decay lifetime (=2.198 X 107 s), A.. is the de-
cay positron asymmetry for the corresponding detector (A
=Ay), and «a is the instrumental asymmetry [«
=N,(0)/N_(0)=1 in the usual condition]. A transverse field
condition was realized by rotating the initial muon polariza-
tion so that ﬁ#(O)II)G; the asymmetry was monitored along
the X axis using signals from an appropriate pair of detectors
for N..(¢) to obtain Gx(t)=)2-13#(t).

Because of the limited quantity of samples (0.1-0.2 g)
obtained by synthesis under high pressure, a special device
(“muon veto counter”) was installed to reduce the back-
grounds due to positron events associated with muons that
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FIG. 2. (Color online) Time-dependent u-e decay asymmetry
[A(t)c muon polarization] observed in Hg,Ru,0 at various tem-
peratures under zero external field. The complete polarization
(=A;) corresponds to ~0.21. The development of spontaneous in-
ternal magnetic fields is inferred from the sinusoidal oscillation of
A(z). Solid curves are the best fits obtained using Eq. (3).

missed the sample. All the measurements under a magnetic
field were made by cooling the sample to the target tempera-
ture after the field was equilibrated.

III. RESULT
A. ngRu207

Figure 2 shows examples of ZF-uSR time spectra over a
temperature range of 2-210 K. In these spectra, an oscilla-
tory signal is observed to emerge at around 7,=109 K
without enhanced damping due to the critical slowdown of
spin fluctuation as the temperature approaches T,,. As is also
evident in the fast Fourier transform (FFT, obtained after
subtracting the time-independent component) of these spec-
tra shown in Fig. 3, the internal field shows a steplike devel-
opment just below 7, associated with a long-range magnetic
order. These features are consistent with the suggestion from
the hysteresis of y(7) that the magnetic transition [which is
not obvious solely from x(7)] is of the first order and occurs

2.5x10_3 L e e e e e L B e
Hg,Ru,0, ZF-uSR FEFT
109 K|
2.0
777777 107 K|
o)
5 Lsr 105 K
5
Eop=A L) Al
& /[ \~80K
0.5 b«
0.0 |/|—|/|-\|-/|-|\J_n.//|| |¥%.IS
0 10 20 30 40

Frequency (MHz)

FIG. 3. (Color online) Fast Fourier transform of the uSR spectra
shown in Fig. 2. Each spectrum is vertically shifted by 2.5 X 10~
(or 5X 107* between 105 and 107 K) for clarity. Dashed lines indi-
cate the magnitude of errors for the respective spectra.
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in conjunction with the structural phase transition.

The FFT spectra are characterized by two bands of domi-
nant frequency lines around 10 and 30 MHz at 2 K, indicat-
ing the possibility of internal field distribution resulting from
(i) a commensurate spin-density wave probed at a unique
muon site or (ii) an antiferromagnetic state with several crys-
tallographically nonequivalent muon sites. Considering these
possibilities, we performed a curve-fitting analysis of the
spectra in the time domain by means of the y?>-minimization
method using the following model function valid for the or-
dered phase of polycrystalline samples.

S 2
Al =D A, ge_)‘L’ + ge_Aztze_)‘i’ cos2mfit+ ¢) | +A,,

i=1

3)
which, in the paramagnetic phase, is reduced to
A1) = (Ag—Ap)GY (1,A) + Ay, (4)

where GET(I,A) is the Kubo-Toyabe relaxation function®” for
describing the slow Gaussian depolarization due to random
local fields exerted from nuclear magnetic moments (with
A~10"" MHz being the linewidth in the quasistatic limit);
A,, the partial asymmetry; A;, the longitudinal relaxation rate
(which is found to be =0 for Hg,Ru,0,); \;, the transverse
relaxation rate; f;, the muon spin precession frequency
=5-v,B; with v,=27x135.53 MHz/T and B; being the
local field at the muon site); ¢, the initial phase of preces-
sion; and A,, the background originating from muons that
missed the sample (Z;4;+A,=A;). When the dynamical fluc-
tuation of local fields is negligible, we have

1 2 1
GfT(t,A) =3 + g(l - Aztz)exp<— 5A2t2> , (5)

=exp(— A%?), (Ar<1) (6)

for which the original density distribution is given by

Yo Zzzﬁ
Pxr(Bo,A) = pynai ey (a=xy,2), (7)
N2 a

A=A,=A = A, (8)

where A/, denotes the root-mean-square value of the local
field.

It should be noted that one third of the implanted muons
is subjected to a local field parallel to their initial polariza-
tion [i.c., P 4(0)II(B;).] in the magnetically ordered phase of
polycrystalline samples. This leads to the suppression of de-
polarization due to nuclear random local fields for this com-
ponent [A, /v, <(B;).], as represented by the first term in
Eq. (3). Meanwhile, the transverse components [the second
term in Eq. (3)] are subjected to additional depolarization
due to A, , which is approximately described by the term
corresponding to Eq. (6). We adopted four components (n
=4) which were sufficient for the satisfactory description of
the entire spectra, although the spectra were found to be
dominated by two of these components (i=1 and 3, see be-
low).
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FIG. 4. (Color online) Temperature dependence of (a) bulk sus-
ceptibility and of fit parameters obtained by analysis using Eq. (3),
namely, (b) fractional yield for the ordered phase defined by A;/A,
(c) central frequency (f;), and (d) depolarization rate (\;) in
ngRUQO7.

As shown in Fig. 4, the steplike development of the inter-
nal magnetic field below T, is inferred from the temperature
dependence of f; and of the fractional yields for a magneti-
cally ordered phase (A;/Ay). In particular, the total fraction
shown in Fig. 4(b) indicates that nearly 95% of the entire
crystal is in a fully ordered state just below 7,; a small
background (A,/Ay=5%) is attributed to the presence of
potassium chloride that remains as a residue of the oxidizing
agent (KCl0O;). The depolarization rate of the precession sig-
nals is relatively large for the two main components
(N;=2f;). Moreover, while this depolarization rate is
mostly independent of temperature above ~50 K, it tends to
increase with decreasing temperature at lower temperatures
(see \;); this tendency is evident from the FFT spectra. As is
below, this tendency becomes very significant in the case of
Cd,Ru,04. The low longitudinal relaxation rate (\;) indi-
cates that the local field is static in the window of observa-
tion (<10~! MHz) and that the large value of \; is primarily
due to the random distribution of local fields at the muon site
(and not due to the dynamical fluctuation).

The Gaussian linewidth, A, is determined by local con-
ﬁ%uration of the nuclear magnetic moments ( 9Ru, lOlRu,
19 Hg, and 20'Hg in this case), which are the nearest-
neighboring moments to the muons, and therefore, it is use-
ful for identifying muon sites. The observed value
[A=0.04(1) MHz] has been compared with the calculated
dipole sum,

2 . 172
A= lgﬁz <|AjIj|>2:| , )
j

for several possible muon sites; A y is the dipole tensor, ex-
pressed as
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FIG. 5. (Color online) Time-dependent u-e decay asymmetry
observed in Cd,Ru,05 at various temperatures under zero external
field (A(p~0.25). Solid curves are the best fits obtained using
Eq. (3).

, %(M—;ﬁl— %) (@B=xyd.  (10)

AN
The summation is done to determine the contribution of the
jth nuclear magnetic moments I; located at r;=(x;,y;,z;)
from a given muon site. From the result, it is found that
an interstitial position near the center of the Ru-cornered
tetrahedra is the most probable site (calculated value of A
=0.04 MHz).

The consistency of this muon site assignment with the
proposed magnetic structure can be examined by comparing
the magnetic fields exerted from the Ru’* electronic mo-
ments

Bloc: (]1)

> Ajﬂj
j

with the internal field B; experimentally observed (=0.2 T
for i=1 and ~0.1 T for i=2 and 3); m; indicates the mag-
netic moment of Ru ions. A recent NMR study using Hg'®
and enriched *Ru nuclei suggests a considerably compli-
cated magnetic structure consisting of four nonequivalent Ru
sites.?? In this study, it was considered that (i) the internal
field is canceled for a quarter of Hg nuclear sites and that (ii)
the angle between the primary axis of the electric field gra-
dient and Ru magnetic moment is 90°, and hence, a magnetic
multiple-q (#0) structure was suggested, in which Ru spins
are antiparallel between those mutually at the diagonal sites
of Ru hexamers on the Kagomé lattice (perpendicular to the
[111] axis). We additionally assume that the triangular lattice
layers have an antiferromagnetic spin structure and simulate
the internal field at the presumed muon site. Our simulation
reproduces the two-band structure of muon precession fre-
quency with local fields ~0.2 and ~0.4 T/up. A compari-
son of these values with the experimental result yields the
estimated Ru moment size of ~0.5(1) up, indicating the
considerable reduction in the moment size from 3 up.

B. CdzRU207

The ZF-uSR spectra of Cd,Ru,0, (Fig. 5) are qualita-
tively similar to those of Hg,Ru,0;. A signal with a sponta-
neous precession of muon polarization emerges below T,
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FIG. 6. (Color online) Fast Fourier transform of the uSR spectra
shown in Fig. 5. Each spectrum is vertically shifted by 2.5 X 10~
(or 7.5X 107* between 80 and 95 K) for clarity. Dashed lines indi-
cate the magnitude of errors for the respective spectra.

=100 K, indicating that a magnetically ordered state devel-
ops below T,,. The absence of enhancement in the relaxation
rate with temperature decreasing toward 7, is a feature simi-
lar to that of Hg,Ru,05. From the Fourier transform of these
spectra, it is found that these spectra consist of two bands of
frequency lines, which are most evident around 80 K. How-
ever, such a feature, which is clearly evident over the inter-
mediate temperature, is gradually blurred as the temperature
decreases below ~50 K. This is clearly observed by com-
paring the FFT spectra of Cd,Ru,0; and Hg,Ru,0; at 2 K
(Fig. 6); the former shows only a single broad band while the
latter retains a two-band structure (although it also tends to
broaden below ~50 K). Furthermore, the muon precession
frequency is  considerably lesser for Cd,Ru,0,
(~12-19 MHz) than for Hg,Ru,0; (~15-28 MHz), sug-
gesting that the corresponding effective Ru moment size is
accordingly lesser.

Curve fits of these spectra in the time domain, obtained
using Eq. (3), indicate that three components are required,
of which one remains paramagnetic (f3=0) down to 2 K
(Fig. 5). The temperature dependence of fit parameters is
summarized in Fig. 7. While the internal field develops
sharply at temperatures lower than T, in Cd,Ru,0; [as seen
in Fig. 7(c)], the fractional yield of the magnetically ordered
state [(A;+A,)/A,, Fig. 7(b)] exhibits a more gradual in-
crease with decreasing temperature than that observed in
Hg,Ru,0; [Fig. 4(d)]. It should be noted that the variance of
T, (=2-3 K) due to the mixture of two-batch samples is
much smaller than the change observed here. This “volumet-
ric” development of magnetic phase suggests a tendency to-
ward phase separation.

More interestingly, the magnetic volume fraction exhibits
a decrease below T, ~30-40 K, which is associated with
an increase in the fraction of the paramagnetic component
(As). This decrease is related to enhanced depolarization of
the first component (i=1) whose frequency merges into that
of the second component (i=2). It is also noticeable that the
bulk susceptibility exhibits a kink near 7,, in correspon-
dence with the occurrence of strong depolarization. These
phenomena are a clear evidence of the occurrence of a sec-
ondary magnetic phase below T,,,.
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FIG. 7. (Color online) Temperature dependence of (a) bulk sus-
ceptibility (corresponding to one of the two-batch samples) and of
fit parameters obtained by analysis using Eq. (3), namely, (b) frac-
tional yield for the ordered phase defined by A;/Ag, (c) central
frequency (f;, where f3=0), and (d) depolarization rate (\;) in
CdzRUZO7.

The low relaxation rate for the longitudinal depolarization
(A, not shown in Fig. 7) at 2 K indicates that the enhanced
depolarization for the precession signal (\,) below T, arises
mainly due to the enhanced quasistatic randomness of the
local fields at the muon site. This has also been supported by
the recovery of the asymptotic component in the uSR spectra
observed under a longitudinal magnetic field. However, it
should be noted that a broad peak of A\ has been observed at
around 40 K, which indicates slow residual fluctuation of
local Ru moments at the intermediate temperature.

It is inferred from the value of A [=0.043(1) MHz which
is close to that in the case of Hg,Ru,0-] that muon sites in
Cd,Ru,0; are common to those suggested in the case of
Hg,Ru,0,. Therefore, the observed change in the uSR spec-
tra below T, is attributed to the change in the magnetic
structure of Ru moments, which might be associated with the
suppression of MI transition in Cd,Ru,0,. Assuming that the
magnetic structure of Cd,Ru,O; is similar to that of
Hg,Ru,0, for T, <T<T,, the reduction in the internal
field at the muon site is attributed to the reduction in the
effective Ru moment size to 0.36(7) wg, which is consistent
with the enhanced itinerant feature of d electrons in
CdzRU207.

C. Calele7

As mentioned earlier, the bulk property of Ca,Ru,05 is
considerably different from that of the two previous com-
pounds. The behavior of magnetic susceptibility in
Ca,Ru,0; is similar to that observed in classical spin-glass
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FIG. 8. (Color online) (a) Time-dependent u-e decay asymme-
try observed in Ca,Ru,05 at various temperatures under zero exter-
nal field and (b) the initial part of the time spectra at 1.9 K under a
longitudinal field of 10, 50, and 100 mT. Solid curves are the best
fits obtained using Eq. (18) assuming the Gaussian distribution for
the local fields (leading to the Kubo-Toyabe relaxation function)
whereas dashed curves are those obtained by the Lorentzian distri-
bution (with o=Ag/ \E).

systems [see Fig. 10(a)]. The ZF-uSR spectra in this com-
pound also exhibit numerous features that are characteristic
of the spin glass. As found in Fig. 8(a), these spectra exhibit
an increase in depolarization rate and a corresponding
change in the line shape from Gaussian to exponential-like
damping as the temperature approaches the spin-glass tran-
sition temperature (7,==25 K), indicating the critical slow-
down of spin fluctuation toward T,. However, a detailed
analysis reveals that depolarization is not described by a
simple exponential function, as in the case of a unique fluc-
tuation rate. Moreover, the line shape below T, (which is
determined by the distribution of quasistaic local magnetic
fields) is found to exhibit a distinct feature that is not ob-
served in canonical spin-glasslike dilute alloys.

It is well known that the density distribution of the inter-
nal magnetic field (and the associated hyperfine coupling) in
dilute alloys (CuMn, AuFe, etc., with Mn and Fe concentra-
tion less than 3%) is described by a Lorentzian distribution

7 ( )
— 5.5 (a=xyz
o+ nyBa

with o being the factor determining the width of
distribution.?»? This distribution is due to the strong ran-
domness of Ruderman-Kittel-Kasuya-Yoshida (RKKY) in-
teraction, which is effectively described by

PL(B,.0) = (Lﬁ) (12)

w
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cos(kgr)
(kgr )3 '

s(r) ~ (13)
where kg is the Fermi momentum and r is the distance be-
tween the local magnetic moments. The distance r randomly
varies in the dilute limit while the interaction is long ranged
(decays only by the third power of r), leading to the freezing
of randomly located spins along a random orientation. The
corresponding time evolution of muon polarization under
zero external field has the following form.

Gi‘(t, o) = % + %(1 — at)exp(- ot), (14)

2exp<— %lat) (or<<1). (15)

Excluding the influence of spin fluctuation, the observed
MSR spectra may be simply expressed as

A1) = A GET(1,M)GE(1,0) + Ay, (16)

which represents the line shape at the lowest temperature
(T<T,). Here, we assume that the hyperfine coupling be-
tween the electronic spins of Ru atoms and the nuclear spins
are sufficiently small for the spin dynamics of the latter to be
independent of the former; further, we assume that the
nuclear spins remain quasistatic within the time window of
uSR. This allows us to assume that muon depolarization is
described by a product of the Kubo-Toyabe function
(nuclear-spin part) and exponential decay (electronic part);
this assumption is also made implicitly for Eq. (3). However,
as shown in Fig. 8(b), the comparison of Eq. (16) with the
actual spectra observed at 1.9 K indicates that this form does
not reproduce the data. More interestingly, the line shape at
1.9 K is excellently described by the Kubo-Toyabe function
with the linewidth replaced with that for electronic moments,

2 N 172
Ag= lg)’iz <|Ajl-"j|>2i| , (17)

where Ag>A as |u,|>|I;|. The comparison in Fig. 8(b) is
made for a set of spectra with different external longitudinal
fields (H,) to enhance the asymptotic component in Eq. (14).
These curves can be numerically obtained by replacing B, in
Eq. (12) with B.— uyHy; the same is true for Egs. (5) and (7),
where A is replaced by Ag. The response of the asymptotic
component, particularly the dip around 7=0.02-0.04 us
and quick recovery to the asymptotic value, indicates that the
line shape is described by quasistatic local fields that obey
Gaussian distribution.

In the detailed analysis, the observed spectra are reason-
ably reproduced only when we assume multiple components
with different fluctuation rates of local fields. Hence, Eq.
(16) should eventually be replaced with

A() = GX(1,0) 2 AGKT (1,6, 1) + A, (18)

i=1

where GfT(t,AS,V) is numerically obtained by solving an
integral equation for the “strong collision” model,?%%¢
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FIG. 9. (Color online) Time-dependent u-e decay asymmetry
observed in Ca,Ru,05 at 30 K under a longitudinal field of 10, 50,
100, and 210 mT. Solid curves are the best fits obtained using Eq.
(18) assuming three components.

GfT(t’ AS’ V)
t

=G*(1,Ag)e™ + v j e GK(7,05)GXM(1 - 7, A, v)d T,
0

(19)

which is deduced from the assumption that spin-spin corre-
lation is described by

§0) 50 _

SOP 20

The best fits are obtained with two components [n=2 in Eq.
(18)] for the spectra below T, with Gaussian width Ag
=38.5(7) MHz (as found in Fig. 8, the asymptotic compo-
nent exhibits a slow depolarization corresponding to v,
=2.3(8) X 10% s7! while »;<10% s™! at 1.9 K), whereas
three components (n=3) are required to yield reasonable fits
for the spectra above T,. In such a situation, simultaneous fits
of multiple spectra obtained under different longitudinal
magnetic fields using a common set of parameters provide
reliable results. One such set of data obtained at 30 K yields
the result of curve fit shown in Fig. 9, with v;=1.48(18)
x10° s7l,  1,=1.72(34) X108 57!, and  v;=0.69(11)
X107 s7' for a common Gaussian width of Ag
=19.3(5) MHyz, all having comparable partial asymmetry. As
shown in Fig. 10, these values of spin-fluctuation rate are
spread over three orders of magnitude, clearly indicating that
the spin dynamics of Ca,Ru,O; cannot be reduced to a
simple model like Eq. (20) by assuming a unique correlation
time (7,=1/v) at a given temperature. The variation in
T,(=2-3 K) due to the mixture of two-batch samples ap-
pears to have a negligible influence on the temperature de-
pendence of v;.

The nuclear dipolar width in Ca,Ru,0; [A
=0.128(2) MHz, determined from the spectra for 7> T,
without much ambiguity] is found to be considerably greater
than that observed in Hg,Ru,0; and Cd,Ru,0,, suggesting
that the muon occupies a different site closer to Ru ions;
“Ca is the only isotope of Ca nuclei with finite nuclear mag-
netic moments whose natural abundance is negligibly small
(0.135%) and therefore is of no relevance to the change in A.
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FIG. 10. (Color online) Temperature dependence of (a) bulk
susceptibility (corresponding to one of the two-batch samples) and
(b) fluctuation rate of the local fields probed by uSR in Ca,Ru,0.
Three components with different fluctuation rates (v, ,3) are pre-
sumed in Eq. (18) for 7>T,=25 K and two of these (v, ,) for T
<T, (refer to text for details).

However, considering that both nuclear and atomic dipolar
moments are situated in the same Ru site, the magnitude of
Ag is used to evaluate the effective atomic moment size of
Ru ions from that of nuclear magnetic moments using Egs.
(9) and (17); the effective atomic moment size is evaluated to
be 0.69(1) wp/Ru (T<T,) or 0.35(1) up/Ru(T>T,). The
latter is in excellent agreement with the value estimated from
the temperature dependence of bulk susceptibility obtained
for single-crystalline specimen of Ca,Ru,0;.2!

It should be noted that the above-mentioned result clearly
indicates a different origin of randomness in Ca,Ru,0; from
that in the dilute alloy systems. This is clearly understood by
considering the difference in the nature of the spin-spin in-
teraction between these two cases. The RKKY interaction in
the dilute alloys has a specific feature in that its sign ran-
domly changes with the relative distance between the local
moments located at random. Meanwhile, in the case of py-
rochlore compounds, all the magnetic moments are located at
the regular lattice positions; randomness is allowed only for
the orientation of the moments. There is no obvious way of
introducing randomness to the interaction between B-site
ions. The description of the local field by Gaussian distribu-
tion in Ca,Ru,0, indicates the random orientation of Ru’*
local moments (§=3/2) as the primary source of the ran-
domness, which might be phenomenologically described as a
“frozen spin liquid” state.

D. leR“207

Unlike the other three compounds, the Ru ions in
T1,Ru,0; are presumed to be tetravalent (44*), and therefore,
one of the 4d electrons has orbital degeneracy in the 7,
manifold. Such a degenerate state is susceptible to the Jahn-
Teller distortion that reduces free energy by breaking the
local lattice symmetry, generally resulting in structural phase
transition. In fact, T,Ru,O; is known to exhibit a clear
structural transition at 7,=120 K in conjunction with the
metal-insulator (or -semiconductor) transition; the reduction
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FIG. 11. (Color online) Time-dependent u-e decay asymmetry
observed in Tl,Ru,0O; at various temperatures. Each spectrum is
vertically shifted by 0.02 for clarity. Inset: the asymmetry observed
at 2 K under a longitudinal field of 0, 10, 50, and 100 mT. Solid
curves are the best fits obtained using Eq. (21).

in symmetry from cubic-to-orthorhombic structure is found
by means of powder neutron-diffraction studies.!®!° The
transition is also associated with a sharp decrease in mag-
netic susceptibility (x) at T,. The observed small hysteresis
suggests that the reduction in y might be due to the structural
transition and associated opening of the band gap. These
bulk properties are quite similar to those observed in
Hg,Ru,0, leading to a naive speculation that the electronic
ground state might be common for these two compounds.

However, it has been suggested from the TI-NMR experi-
ment that the ground state of Tl,Ru,05 is nonmagnetic and
that it has an excitation gap (as inferred from the behavior of
the spin-lattice relaxation rate, T[l).17 The recent inelastic
neutron-scattering experiment also reports the occurrence of
a well-defined excitation gap (=11 meV) below T,."° The
gap is attributed to the formation of one-dimensional Ru
chains (S=1) along the [110] direction, which are believed to
be a model system of Haldane chains.'” Our SR result sup-
ports the presence of a nonmagnetic ground state, and it pro-
vides further evidence for the formation of Haldane chains in
this compound.

Figure 11 shows uSR time spectra under zero external
field observed at various temperatures. They do not exhibit
any anomaly in passing through 7,=120 K, and the line
shape mostly indicates a slow Gaussian depolarization ex-
pected for random local fields arising from nuclear magnetic
moments. (More specifically, the finite gradient dA(r)/dt for
t— 0 indicates that an exponential damping due to paramag-
netic fluctuation overlaps to the Gaussian damping; see be-
low.) Thus, the result clearly demonstrates that the new
ground state emerging below T, does not accompany long-
range magnetic order, as suggested by TI-NMR. It should be
noted that the line shape exhibits a gradual change from
Gaussian to exponential damping with decreasing tempera-
ture and that a small fraction of the asymmetry shows rapid
depolarization below T*~ 10 K. This quasistatic magnetism
can be attributed to staggered moments at the open edges of
Haldane chains;?’ these edges may be due to various crystal-
line defects including the twin boundaries inherent in the
orthorhombic structure. A previous uSR study on another
Haldane system (Y,BaNiOs, which has a similar gap energy)
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FIG. 12. (Color online) Temperature dependence of (a) bulk
susceptibility (obtained from the respective batch of samples before
mixing) and of fit parameters obtained by analysis using Eq. (21),
namely, (b) fluctuation rate (v;), and (c) corresponding depolariza-
tion rate (\;) in TI,Ru,0.

indicates that such staggered moments induce spin-glasslike
random magnetism.?8

Considering these features, we performed a curve-fitting
analysis of the spectra using a simplified form of Eq. (16)
with two components

2

A(D) = GXT(1,0) 2 A, exp(= \it) + A, (1)
i=1
202, v,

A= 43 | = 1,2 > 22

i V,'2+ ’nyH(z) (l ) ( )

which is a good approximation in the paramagnetic state
with v;= ¢;. The hyperfine parameters (o; and A) are deter-
mined by the simultaneous fitting of multiple spectra
obtained at 2 K under different longitudinal fields (H,),
yielding 0,=0.49(1) MHz, 0,=8.3(3) MHz, and A
=0.042(7) MHz. The value of A indicates that the muon site
is common to that in Hg,Ru,05 and Cd,Ru,0;. These values
are fixed for the rest of the analysis extracting the spin-
fluctuation rates (v;) from the curve fits for the ZF-uSR
spectra; the result is shown in Fig. 12. The second compo-
nent is observed only below T with A, showing a gradual
increase with decreasing temperature (=0.03 at 2 K).
Interestingly, the fluctuation rate exhibits a gradual de-
crease as temperature is reduced toward T,. This is in good
agreement with the behavior of TI-NMR 77" interpreted as a
manifestation of reduced spin excitation associated with the
development of spin-singlet correlation. [The temperature
dependence of v; (and \;) near T is probably influenced by
the variance of Ty(=5 K) due to the mixture of two-batch
samples, although the change is rather steep and is displayed
in a logarithmic scale in Fig. 12.] The fact that v, is levelled
below T supports the view that uSR is also monitoring the
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TABLE II. Effective Ru moment size in A,Ru,0; estimated
from the magnitudes of local fields at muon site.

Ty T, Ru moment size
ngRU.zO7 =107 K 05(]) MB
Cd,Ru,0, =100 K 0.36(7) up
CazRU.207 Tg=25 K 035(1) MB (T> Tg)

0.69(1) pp (T<T,)

same phenomenon through a different time window (i.e., it is
not the artifact associated with muon diffusion).

A further slowdown of fluctuation (v;) is observed below
T, where the second component attributed to the staggered
moments appears with an intermediate fluctuation rate (v,).
It is found that the emergence of this component occurs si-
multaneously with the appearance of a large Curie term in
the magnetic susceptibility. Thus, the apparent “impurity”-
like behavior in y is explained by the edge states associated
with the Haldane chains.

IV. DISCUSSION

A. Correlation between magnetic randomness and itinerant
character of 4d electrons

We have shown by uSR studies on a series of Ru pyro-
chlore compounds (A,Ru,0,) that their electronic ground
state exhibits a systematic change with the varying A cations.
The change in the structural and MI transition temperature
suggests that the relevant 4d electrons become more itinerant
in the system with a less covalent A cation (Hg>Cd> Ca).
This is also supported by the effective size of local Ru mo-
ments summarized in Table II, which tends to reduce along
with the above-mentioned order (except below T, in the case
of Ca,Ru,0,, where the moment appears to be restored on
the suppression of spin fluctuation). While the effect of the
variation in the covalency of AO sublattice on the RuOg
network is not clear, the #,, bandwidth (e,.) appears to be
comparable to (or greater than) the energy gain caused by the
local lattice distortion. It should be noted that the magnetism
in the ground state exhibits a stronger randomness in the
compounds showing more itinerant characteristics. The ab-
sence of structural change upon MI transition in Cd,Ru,04
might even suggest that the transition is of a Mott type (U
=g, with U being the electronic correlation energy), as the
I, band is half filled. The appearance of a more random
magnetism at lower temperatures (below ~30 K) suggests
that the magnetism just below 7,,=100 K is not a fully
fledged Néel state and that a significant amount of entropy is
preserved. In this regard, it is worth noting that the
Dzyaloshinski-Moriya (DM) interaction serves as a direct
driving force for the secondary magnetic phase with an en-
ergy scale of 25-30 K (i.e., ~kgT,, in Hg,Ru,0O; and
Cd,Ru,07 and ~kpT, in Ca,Ru,04, which are close to each
other, suggesting a common origin). The path of exchange
interaction between Ru ions indeed lacks inversion symme-
try; Ru ions are therefore subjected to the DM interaction
that tends to rotate the Ru moments around the direction of
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S;XS;. This rotation along with the itinerant character of d
electrons (see below) induces randomness in the electronic
ground state of Ru pyrochlores.

According to the two-dimensional 7-J model on a triangu-
lar lattice (in the vicinity of a half-filled band, where “1”~eg,,
is the hopping integral and J is the Heisenberg exchange
energy)®>30 the presence of geometrical frustration leads to
the competition in the ground state between Nagaoka ferro-
magnetism (which is rigorously proven for J=0 with one
hole) and the Néel state for <<0; this, in turn, leads to a large
degeneracy and the related entropy near 7=0. The strong
randomness in the magnetism observed in Cd,Ru,0; and
Ca,Ru,0, might be due to a similar situation (with decreas-
ing effective J in place of 7) on the three-dimensional stage,
where the quasistatic character of the local spins might imply
a small effective J due to the two competing magnetic cor-
relations.

B. Close similarity between Ca,Ru,0; and Li;_,Zn,V,04

It has been found in previous studies that substitution of
Li* with Zn>* in LiV,0, induces a spin-glass phase at low
temperatures [for x=0.05 in Li,_,Zn . V,0,, where the va-
lence state of the vanadium is V*°~2 in the ionic limit].3!-33
This observation provides the experimental basis for the ex-
istence of geometrical frustration among vanadium ions,
which also occupy the pyrochlore sublattice in the spinel
structure. The compound exhibits metallic conductivity ex-
cept at x>0.9 where a structural transition (cubic to tetrag-
onal) occurs at a low temperature (=50 K at x=1). Our
detailed uSR study on Li;_,Zn,V,0, has shown that the
fluctuation of vanadium electronic moments (=10° s7!),
which persists down to the lowest temperature in pure
LiV,0,, is strongly suppressed below 4-5 K for x
=0.05-0.1 and that a quasistatic random magnetism exists
below T,=10 K for x=0.2.° The sensitivity of the V spin
fluctuation to the slight variation in band filling suggests that
the quater-filled state (34" for x=0) in the vanadium t,,
band may be a “quantum critical point” (QCP) across the
competing ground states.

Here, we point out that the result of uSR in Ca,Ru,0,
shows a strong resemblance to that obtained in
Li;_,Zn V,0,. As shown in Fig. 13, the line shape of uSR
spectra observed in the quasistatic spin-glass phase of
Li;_,Zn V,0, with x=0.2 is well represented by the Kubo-
Toyabe relaxation function (where the hyperfine parameter
Ag=60 MHz) with a small fraction (~20%) of the correc-
tion term [an exponential damping added to simulate Eq.
(14) probably due to the randomness induced by the substi-
tution of Li by Zn], indicating that the density distribution of
local magnetic field probed by the muon is mostly repre-
sented by a Gaussian distribution.?* This again suggests that
the distribution is determined by the random orientation of V
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FIG. 13. (Color online) Time-dependent u-e decay asymmetry
observed in Li;_,Zn,V,0, with x=0.2 at 1.6 K under a longitudinal
field of 0, 10 mT, 0.1 T, and 0.28 T. Solid curves are the best fits
obtained using Eq. (18) and a small fraction of the additive expo-
nential damping term (refer to text for details).

moments and that the origin of randomness is similar to that
in the case of Ca,Ru,0;. Considering that the spin-glass
state is related to the heavy quasiparticle state in LiV,0,, the
electronic ground state of Ca,Ru,0; might also be under-
stood to be close to the QCP realized in LiV,0,.

V. CONCLUSIONS

We have shown by muon spin rotation study on a series of
ruthenium pyrochlore oxides that the electronic ground state
exhibits a systematic variation for different A cations and
that the structural and metal-insulator transition temperature
(Ty) is reduced with increasing covalency of the AO sublat-
tice. The reduction in 7, and the enhanced itinerant character
of the compounds is in accordance with the degree of ran-
domness in the ground-state magnetism probed by uSR. The
randomness arises from the random orientation of the ruthe-
nium local magnetic moments. By means of a theoretical
investigation using the two-dimensional #-J model on a tri-
angular lattice, we indicate that the origin of such a “spin-
orientarion glass” state may be due to the competition be-
tween the Nagaoka ferromagnetic correlation and the
antiferromagnetic exchange interaction in the vicinity of the
Mott-insulating phase (for the half-filled #,, bands); this in-
teraction occurs in conjunction with the local Dzyaloshinski-
Moriya interaction.
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