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MOLECULAR AND MATERIALS SCIENCE

Experiment 768
Generalized FFLO state and anomaly of flux
line lattice state in novel superconductors
(R. Kadono, J. Akimitsu, KEK-IMSS, Aoyama-
Gakuin)

While the original goal of this proposal was to eluci-
date the anomalous magnetic response of quasiparticle
excitation in CeRu2 and related compounds, we have
been looking for typical type II superconductors which
could be compared with CeRu2 as standard references.
In 2003 we continued our search for such compounds
including those which were newly discovered. Recently,
a new ternaly silicide, Sr(Ga,Si)2, which has the AlB2-
type structure similar to that of MgB2, was reported
to be a superconductor with Tc = 3.4 K, stimulating
active investigation of analogous compounds. In this
class of materials, ternaly silicide Ca(Al0.5Si0.5)2 has
the highest critical temperature Tc = 7.7 K [Imai et
al., Appl. Phys. Lett. 80, 1019 (2002)]. It is reported
on this compound that the behaviour of electron-heat
capacity deviates from that of the BCS-type, and that
the effect of hydrostatic pressure on Tc is positive. Un-
fortunately, despite various experiments so far, there is
very little known on the structure of superconducting
order parameter in this compound. In order to obtain a
clue in this matter, we measured magnetic penetration
depth (λ) vs. temperature and field in a polycrystalline
Ca(Al 0.5Si0.5)2. The µSR experiments were performed
on the M1 5 beam line using the HiTime spectrometer.
The specimen, having a dimension of about 7 × 7 mm2,
was mounted on the sample holder of a cryostat and
then field-cooled at every magnetic field point to min-
imize the effect of flux pinning. The temperature (T )
and field (H) dependence of transverse field (TF-)µSR
spectrum was obtained at H = 2.0 T and T = 2.0 K,
respectively. It is well established that the Gaussian re-
laxation rate σ measured by TF-µSR is predominantly
determined by λ, and thus by the superconductive car-
rier density ns in the following relation

σ−1 ∝ λ2 =
m∗c2

4πnse2
.

This equation indicates that λ is enhanced upon the
reduction of ns due to the quasiparticle excitation.
For the ideal triangular flux line lattice (FLL) with
isotropic effective carrier mass m∗, λ is given by the
following relation

σ[µs−1] = 4.83×104(1 − h)[1 + 3.9(1 − h)2]1/2λ−2[nm] ,

where h = H/Hc2 with Hc2 being the upper critical
field. Therefore, provided that Hc2 is known, one can
deduce λ from σ at arbitrary field. The T dependence
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Fig. 106. Temperature dependence of the magnetic pen-
etration depth λ at 0.05 T. The inset shows the λ plot-
ted against T 3. The solid line is a fitting result with
λ(t) = λ(0)/

√
1 − tβ .

of λ obtained from the analysis using a Gaussian model
is shown in Fig. 106. Over the region below Tc ∼7.7 K
where the FLL is formed, λ increases with decreas-
ing temperature. According to the empirical two-fluid
model (which is a good approximation of the BCS the-
ory), the following relation is expected to hold

λ(t) = λ(0)
1√

1 − t4
,

where t = T/Tc. The solid line is the result of fitting
analysis by a similar formula with an arbitrary power

λ(t) = λ(0)
1√

1 − tβ
.

When both β and Tc are assumed to be free pa-
rameters, the above equation yields a good agreement
with data for β = 2.27 and Tc = 8.0(1) K. The result
also means that the deviation of λ,

∆λ = λ(t) − λ(0) ,

exhibits a tendency predicted for the case of line nodes
(d-wave pairing) with some disorder (i.e. dirty limit,
where ∆λ ∝ T 2). Compared with the case of isotropic
gap (∆k̂ = ∆0), the quasiparticle excitations are en-
hanced along nodes (|∆k̂| = 0) to reduce average ns,
leading to the enhancement of λ. As shown in the
inset of Fig. 106, λ at low temperature behaves lin-
early against T 3, suggesting that the order parameter
in Ca(Al0.5Si0.5)2 has a large anisotropy. This is fur-
ther supported by the magnetic field dependence of λ.
As shown in Fig. 107, λ clearly exhibits a strong field
dependence, where λ increases almost linearly with h.
This is similar to the cases of NbSe2, YNi2B2C, and
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Fig. 107. Magnetic field dependence of the penetration
depth λ at 2.0 K. The solid line is a fitting result with
λ(h)/λ(0) = 1 + ηh.

MgB2, where such T/H-dependence of λ was observed;
by now, there is ample evidence that they all have some
anisotropy (including double gap) in the order parame-
ter. The solid line is the result of fitting by the following
linear relation

λ(h)
λ(0)

= 1 + ηh ,

where η is a dimension-less parameter which represents
the strength of the pair breaking effect. Fitting yields
η = 1.85 (with λ(0) = 239.05 nm, Hc2 = 3.0 T at 2
K) which is comparable with that in NbSe2, YNi2B2C
and MgB2 (i.e. η = 1.61, 0.97, and 1.27, respectively).
Unfortunately, our results were obtained using a poly-
crystalline sample, which makes it difficult to deduce
λ by analyzing data using the well-defined microscopic
model.

Early experiments on high quality single crystal
samples of Ca(Al0.5Si0.5)2 have reported that the up-
per critical field has an anomalous angular dependence
which deviates from the Ginsburg-Landau anisotropic
mass model. Moreover, very recent reports suggest that
the crystal structure has clear five-fold and two-fold
superlattice. Therefore, we are preparing high quality
single crystals of Ca(Al0.5Si0.5)2 for further µSR study
of this compound in more detail.

Experiment 842
Mu-substituted free radicals in sub- and super-
critical water
(P.W. Percival, SFU)

There is currently great interest in organic reac-
tions in superheated water, and research in this area
is motivated by a surprising diversity of applications:
geochemical production of petroleum, biology in hy-
drothermal vents, corrosion in steam generators, de-
struction of hazardous waste, and the development

of environmentally benign chemical processes. How-
ever, progress on many of these fronts is hampered by
lack of detailed knowledge of the kinetics and mecha-
nisms of chemical reactions under hydrothermal condi-
tions. Most studies to date have relied on end-product
analysis and modelling to infer multi-step reaction se-
quences. Ideally, reaction intermediates should be stud-
ied in real time in situ. In practice most techniques are
limited by the technical demands of the harsh environ-
ment – water is a corrosive solvent at high pressure
and high temperature (hydrothermal chemistry is im-
portant up to and through the critical point of water,
at 374◦C, 220 bar). The study of free radicals is par-
ticularly difficult under such conditions.

Experiment 842 was designed to study free rad-
icals in hydrothermal systems by using the positive
muon as a spin probe. Since a positive muon can act
as the nucleus of the hydrogen-like atom, muonium
(Mu), it can be used to study H atom reactions and
free radicals incorporating H. We were quickly able
to demonstrate the feasibility of such studies by us-
ing transverse-field µSR to detect muoniated free rad-
icals over a wide range of conditions, all the way to
supercritical [Percival et al., Phys. Chem. Chem. Phys.
2, 4717 (2000)]. However, unambiguous identification
of free radicals requires knowledge of proton (or other
nuclear) hyperfine constants, in addition to the muon
hyperfine constant obtained by µSR. In principle these
hyperfine data can be obtained by muon avoided level-
crossing resonance, and indeed we have done so in other
projects, using the HELIOS spectrometer (see for ex-
ample the report on Expt. 883). Unfortunately our high
pressure cell was incompatible with HELIOS, which is
based on a warm bore superconducting magnet with
limited access, in contrast to the relatively open geom-
etry of the SFUMU spectrometer used in previous high
pressure experiments. Thus the project was stalled
until the fall when a prototype high-pressure/high-
temperature cell was built to fit HELIOS.

The new cell was a success, and immediately pro-
vided valuable new data. Since high momentum muons
are required to penetrate the window of the pressure
cell, Expt. 842 has to use beam line M9B, which does
not have the spin rotation feature of M15 and M20.
Thus it was expected that the longitudinal field instal-
lation of HELIOS would preclude standard transverse-
field µSR experiments. Surprisingly it was found that
M9B has a significant transverse component of muon
spin polarization, so that both µSR and µLCR exper-
iments were possible in the same installation, with an
appropriate adjustment of the positron counter posi-
tions.
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Fig. 108. µSR spectrum of the tert-butyl radical in water
at 300◦C and 245 bar.

The transverse polarization on M9B has yet
to be investigated systematically, but its utility is
clearly demonstrated by the excellent spectrum ev-
ident in Fig. 108. The sample used for this spec-
trum was a solution of tert -butanol in water, which
undergoes reaction in superheated water to form
isobutene, (CH3)2C=CH2. The reaction of muonium
with isobutene results in the muoniated tert -butyl radi-
cal. The assignment of the tert -butyl radical structure,
(CH3)2ĊCH2Mu, was originally based on the magni-
tude of the muon hyperfine coupling only. However,
with the new cell it was possible to also collect µLCR
spectra. One example is shown in Fig. 109. There
are two resonances apparent (two overlapping differ-
ential line shapes), as expected for the slightly differ-
ent proton coupling constants for the CH3 and CH2Mu
groups.

There was never much doubt about the identity of
the tert -butyl radical formed in hot aqueous solutions
of tert -butanol, hence its use as a test case. In contrast,
the detection of more than one radical in superheated
aqueous solutions of acetone presented a novel problem
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Fig. 109. µLCR spectrum of the tert-butyl radical in water
at 200◦C and 250 bar.

of great interest to organic chemists. At low tempera-
tures Mu adds to the ketone group of acetone, to form
the radical (CH3)2ĊOMu (structure II in Fig. 110).
On the strength of µSR spectra alone, we suggested
[Ghandi et al., J. Am. Chem. Soc. 125, 9594 (2003)]
that at high temperature the keto form of acetone is
in equilibrium with the isomeric enol form, which is
more reactive by virtue of the C=C double bond. Un-
der these conditions reaction of muonium should result
in the radical CH3Ċ(OH)CH2Mu (structure I), as in-
dicated in the reaction scheme of Fig. 110. The µLCR
spectrum shown in Fig. 111 confirms this. Once again
one sees the effect of two overlapping resonances, in
this case even closer together than for the spectrum in
Fig. 109.

Further studies should allow us to quantify the tem-
perature dependence of the keto-enol equilibrium as
well as the molecular dynamics of the radical products.
It is important to realise that muonium is being used
here as a passive probe of the keto-enol equilibrium,
and that no other spectroscopic technique has ever
been applied to probe this phenomenon under such ex-
treme conditions. In fact literature data extends only
up to 54◦C!
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Fig. 110. Muonium addition to the enol and keto forms of
acetone in water (upper and lower reactions, respectively).
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Fig. 111. µLCR spectrum of the muoniated radical de-
tected in an aqueous solution of acetone in water at 350◦C
and 250 bar.
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Experiment 847
Electron-doped high-Tc superconductors
(J.E. Sonier, F.D. Callaghan, SFU)

Introduction

Our recent research on electron-doped high-Tc su-
perconductors R2−xCexCuO4 (R = La, Pr, Nd, Sm
or Eu) has been facilitated by progress in the growth
of high quality single crystals of these materials. The
issue of sample quality is one reason for the relatively
slow advancement in our understanding of the electron-
doped materials when compared with the more widely
studied hole-doped superconductors. Another reason is
the presence of both copper and rare earth magnetic
moments. This makes it more difficult to isolate the
contribution of the vortex lattice to the measured in-
ternal magnetic field distribution.

Pr2��Ce�CuO4 (PCCO)

In PCCO at a relatively low magnetic field strength
(91 Oe), we observed an increase in local magnetic field
at the muon stopping site below the superconduct-
ing transition temperature, Tc. Dipolar field calcula-
tions have allowed us to ascribe this to magnetic field-
induced antiferromagnetic ordering of the Cu spins
throughout the volume of the sample. The calculations
show that the induced field at the muon site is due
to a canting of the Cu spins out of the a-b plane by
about 12◦. The details of this work appear in a recent
publication [Sonier et al., Phys. Rev. Lett. 91, 147002
(2003)].

Nd2��Ce�CuO4 (NCCO)

Most of our work in the last year has concentrated
on NCCO. Whereas the ground state of the Pr3+ ions
in PCCO is non-magnetic, the Nd3+ ions in NCCO
have a relatively large magnetic moment – approxi-
mately 0.5 µB/ion at 5 K in the parent compound
Nd2CuO4, which is reduced slightly in Ce-doped crys-
tals due to a reduction in the magnitude of the Cu-Nd
exchange field at the Nd site.

In order to induce superconductivity, it is neces-
sary to lower the oxygen content by subjecting the
Ce-doped samples to a severe annealing process. We
studied a single crystal of NCCO in both the as-grown
(pre-annealing) and superconducting (post-annealing)
phases. The annealed crystal had a relatively sharp
transition to the superconducting state at 23 K, which
is indicative of a high quality, near optimally doped
sample.

Zero-field µSR (ZF-µSR) measurements showed the
magnetism of the as-grown and superconducting sam-
ples to be very similar down to temperatures of ap-
proximately 10 K, below which a marked difference
emerged. Figure 112 shows the time-evolution of the
muon spin polarization in each sample at T = 2.75 K.
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Fig. 112. Zero-field time-evolution of the muon spin polar-
ization at T = 2.75 K in both the as-grown and supercon-
ducting phases of NCCO.

It can be seen that the muon spin polarization decays
much more rapidly in the as-grown sample. In addition,
the time-spectrum for the as-grown sample is best fit
with a component oscillating at approximately 1 MHz,
which is indicative of static magnetic order. The oscil-
lating component first appears around T = 6 K and our
analysis shows that by 2.6 K 80% of the sample is mag-
netically ordered. Based on a comparison with neutron
and X-ray magnetic scattering experiments on the par-
ent compound Nd2CuO4, we postulate that the most
likely source of such widespread order in the as-grown
sample is antiferromagnetic ordering of the Nd3+ spins.
It is known that both Ce-doping and annealing cause a
reduction of the Néel temperature for Cu in these ma-
terials. This explains why we don’t see Cu magnetic
order in either the as-grown or superconducting sam-
ples. An interesting result is that Nd ordering is not
observed in the annealed sample, which implies that
Ce-doping has caused a reduction of the Nd ordering
temperature. This is due to a suppression of the Cu
moment in the annealed sample, which in turn lowers
the induced moment on the Nd3+ ions due to the Cu-
Nd exchange field. These results highlight the role of
the Cu-Nd coupling in the ordering of the Nd3+ spins
in current-generation single crystals.

Transverse-field µSR (TF-µSR) experiments were
also performed. TF-µSR measurements at H = 5 kOe
and parallel to the c axis of the crystal show a large
negative µ+ Knight shift, due primarily to the param-
agnetic Nd3+ moments (see Fig. 113). The µ+ Knight
shift is a measure of the local magnetic susceptibility
which is inaccessible to bulk probes as such measure-
ments are dominated by the diamagnetic response of
the superconductor below Tc.

The Nd3+ moments contribute a broad Gaussian
component to the internal magnetic field distribution
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Fig. 113. µ+ Knight shift in superconducting NCCO at H
= 5 kOe.

in the vortex state. However, the high quality of the
sample we studied allowed us to distinguish the asym-
metric lineshape of the vortex lattice for the first time
in this material. This means that the contributions
from the vortex lattice and the electronic magnetic mo-
ments can now be separated, which is crucial for accu-
rate measurements of the magnetic penetration depth
and the vortex core size. An extensive analysis is cur-
rently under way to determine the temperature depen-
dence of these quantities.

An example of such a lineshape can be seen in Fig.
114. The data were acquired at T = 2.75 K in a trans-
verse magnetic field of 5 kOe directed perpendicular
to the CuO2 planes. The data are best fit assuming a
square vortex lattice, in agreement with recent neutron
scattering results. The pronounced shoulder in the line-
shape at around 65.3 MHz is characteristic of a square
vortex lattice.

Fig. 114. Fast Fourier transform of the muon spin depolar-
ization time-spectrum in the vortex state of NCCO. Note
the characteristic asymmetric lineshape of the vortex lat-
tice in a type-II superconductor.

Experiment 851
µ+SR in ruthenate and cuprate superconduc-
tors
(D.R. Harshman, Physikon Research Corp.)

The pairing state symmetry of YBa2Cu3O7

Last year, we reported on our work [Harshman et
al., Int. J. Mod. Phys. B17, 3582 (2003); ibid., Phys.
Rev. B (in press); ibid., SEMHTS Conf., Miami, FL]
showing that the true character of the ground-state
symmetry of YBa2Cu3O7 is best described by the two-
fluid model. We came to this conclusion by using a
self-consistent model that incorporated temperature-
activated de-pinning of the fluxons, which can mask
the underlying order parameter. We showed that others
had misinterpreted this pinning behaviour as evidence
for d-wave pairing, and estimated that the probability
that the non-local d-wave model [Amin et al., Phys.
Rev. Lett. 84, 5864 (2000)] gives a better fit than the
two-fluid model is less than 4×10−6 (best χ2 per de-
gree of freedom = 2.38 for two-fluid, compared to 13
for non-local d-wave).

We have continued our studies of single-crystal
YBa2Cu3O7, looking more closely at the character of
the pinning. Recent transverse-field data acquired at
250 Oe show no evidence of a linear component, with
the effective penetration depth exhibiting a flat tem-
perature dependence as T → 0 as is expected for s-
wave superconductivity. The Fourier transform of data
taken at 3 K is given in Fig. 115, and shows the famil-
iar asymmetric lineshape associated with the forma-
tion of a vortex lattice. Little evidence of temperature-
activated de-pinning is evident at this field, consistent
with a strongly pinned vortex lattice. To show that the
vortex lattice is, indeed, strongly pinned, we cooled the
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Fig. 115. Fourier transform of data taken at 3 K in
250 Oe.
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Fig. 116. Fourier transform of data taken at 51.2 K in
0 Oe.

sample in field to low temperatures, turned the field
off, and acquired zero-field data at various elevated
temperatures. The Fourier transform of data taken at
51.2 K is shown in Fig. 116. The characteristic shape
reflecting the presence of a persisting vortex lattice
is clearly evident, indicating that the fluxons are still
pinned.

This result corroborates our assertion that strong
pinning, which was earlier found to be present in pow-
ders [Harshman et al., Phys. Rev. B36, 2386 (1987)]
and early (heavily twinned) crystals [Harshman et al.,
Phys. Rev. B39, 851 (1989)], suppresses the effects
of temperature-activated de-pinning. It is only after
the YBa2Cu3O7 crystal quality improved that the ef-
fects of temperature-activated de-pinning, already ob-
served in single-crystal Bi2Sr2CaCu2O8 [Harshman et
al., Phys. Rev. Lett. 67, 3152 (1991)] became evident,
masking the true s-wave character of the pairing state.

Experiment 852
Magnetic phases in geometrically frustrated
rare earth pyrochlores
(S. Dunsiger, McMaster; R. Kiefl, UBC; J. Gardner,
NIST)

Since Anderson considered the problem of antifer-
romagnetic ordering on the pyrochlore lattice in 1956
[Phys. Rev. 102, 1008 (1956)], there has been a great
deal of interest in systems where the magnetic ions
occupy the vertices of edge or corner sharing triangu-
lar units [Ramirez, Magnetic Materials: A Handbook
on the Properties of Magnetic Substances and Related
Phenomena (2000)]. In these cases the natural mag-
netic coupling between ions is said to be geometrically
frustrated. The pyrochlore transition metal oxides of
general formula A2B2O7 are composed of networks of
corner-sharing tetrahedra such that it may not be pos-

sible to energetically satisfy all the magnetic interac-
tions simultaneously. The curiosity about these sys-
tems stems from the possibility that if conventional
magnetic order is highly frustrated then one may find
novel low temperature behaviour. There is now con-
siderable evidence that the low temperature state is
fragile, i.e. it depends sensitively on a variety of factors
such as anisotropy, the range of the spin-spin interac-
tions, thermal and quantum fluctuations and residual
disorder.

The purpose of Expt. 852 is to apply µSR to fur-
ther our understanding of the effect of this frustration
on the ground state and low lying magnetic excita-
tions in the pyrochlores, in particular the rare earth ti-
tanates RE2Ti2O7, where only the A site is magnetic.
Recent theoretical efforts have focused on the effect
of the dipolar interaction as the leading perturbation,
particularly relevant in the study of rare earth sys-
tems, which have large dipole moments (> 1 µB) and
weak exchange interactions. Competing dipolar and su-
perexchange interactions between Ising spins have been
studied within the spin-ice type model by Siddharthan
et al. [Phys. Rev. Lett. 83, 1854 (1999)] and den Her-
tog and Gingras [Phys. Rev. Lett. 84, 3430 (2000)].

Ho2Ti2O7: a spin ice

Water ice is made up of oxygen atoms which form a
hexagonal lattice (wurtzite structure). Of the 4 hydro-
gen atoms arranged tetrahedrally around each oxygen
atom, two form strong covalent O−H bonds and are
close to it to form a water molecule; the remaining two
are hydrogen bonded and further removed. The hydro-
gen ion bonds between atoms form electric dipoles, so
they can conveniently be represented by arrows placed
on the bonds pointing towards the end occupied by the
ion. The ice rule is then equivalent to saying that at
each site there are two arrows pointing in and two out,
as shown in Fig. 117.

Fig. 117. Ground state configuration of spins on a sin-
gle tetrahedron given ferromagnetic interactions and strong
easy axis anisotropy along the dashed lines.
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Spin orientation thus plays a similar role to that
of hydrogen position in ice and magnetic analogues of
water ice, so called “spin ice”, are currently of much in-
terest [Ramirez et al., Nature 399, 333 (1999); Harris,
Nature 399, 311 (1999)]. Moessner [Phys. Rev. B57,
R5587 (1998)] has shown that a strongly anisotropic
classical Heisenberg model on the pyrochlore lattice
can be mapped onto an Ising pseudospin model with
an exchange constant opposite in sign. In the case
of strong anisotropy (|J /D| � 1) the anisotropy
term dominates, constraining the spins to lie along the
< 111 > axes. The exchange term defines the direc-
tion in which they point, such that the enclosing angle
between any pair may only take on values of 70.5◦ or
109.5◦. Thus, counterintuitively, a system of spins situ-
ated on the vertices of corner sharing tetrahedra where
the interactions are ferromagnetic may also be geomet-
rically frustrated, provided the spins are constrained by
anisotropy to point along the < 111 > axes.

Experimentally, the magnetic ions in a number of
pyrochlores have recently been found to be subject to
significant single ion anisotropies, whose local easy axis
is along the < 111 > directions and which are thus can-
didates for spin ice behaviour. To date, the most ex-
tensively studied spin ice material is Ho2Ti2O7 [Harris
op. cit.; Harris et al., J. Magn. Magn. Mater. 177-181,
757 (1998)]. The Ho3+ ion is Ising like due to crys-
tal field splittings which result in a ground state dou-
blet with Jz = ±8 and the next excited state ∼250 K
higher [Siddharthan et al., op. cit.]. This suggests that
at low temperatures Ho2Ti2O7 is well described as a
quasi spin 1/2 Ising system. Neutron scattering mea-
surements indicate that no long range order develops
down to temperatures of at least 0.35 K in zero mag-
netic field, but instead, short range ferromagnetic cor-
relations are observed [Harris et al., J. Magn. Magn.
Mater. op. cit.]. The idea which seems to be emerging
is that there is no phase transition, but rather a con-
tinuous slowing down of spin fluctuations as the tem-
perature is reduced, due to the development of energy
barriers. A number of ordered phases have also been
observed on application of a magnetic field, as well as
history dependent behaviour. Monte Carlo simulations
by Harris et al. [Phys. Rev. Lett. 81, 4496 (1998)] show
that the degree of degeneracy breaking depends on the
direction of the applied field relative to the crystal axes
and this has been confirmed by dc magnetization mea-
surements [Cornelius et al., Phys. Rev. B64, 060406
(2001)].

Monte Carlo simulations have been able to describe
the magnetic susceptibility and diffuse magnetic neu-
tron scattering results well, but the nature of the spin
dynamics below 1 K has only been very briefly studied
[Harris et al., J. Magn. Magn. Mater. op. cit.] using

µSR. Our group has now completed a lengthy series
of 1/T1 measurements on the < 100 >, < 110 > and
< 111 > orientations of Ho2Ti2O7 in the dilution re-
frigerator on M15. In a low longitudinal field (LF) of
0.003 T the µ+ spin depolarized too quickly to be ob-
served. This is attributed to rapid Ho3+ spin fluctua-
tions in the GHz range in the paramagnetic regime.

Ho2Ti2O7 (� �� 100 �, � 110 � and � 111 �)

Typical spectra at a higher field of 2 T applied
along the < 100 > direction are shown in Fig. 118. At
high temperatures of the order of 20 K, a full asym-
metry non-exponential muon spin depolarization sig-
nal is observed. To account for the non-exponential
behaviour, the data have been analyzed assuming a
distribution of relaxation rates λ. In general, in low
longitudinal field experiments in the “motionally nar-
rowed” limit of rapid spin fluctuations, the muon spin
depolarization associated with each magnetically in-
equivalent site i is well described by a single exponen-
tial exp(−λt). The relaxation rate λ = 2∆2/ν, where
∆2/γ2

µ = 〈B2
i 〉 is the second moment of the internal

magnetic field Bi (i = x, y, z), ν is the mean fluctuation
rate for fluctuations in Bi, and γµ is the muon gyro-
magnetic ratio. For simplicity, a flat distribution of re-
laxation rates has been assumed between 0 < λ < 2Λ.
The overall depolarization function then becomes

GZ(t) =
1

2Λt
[1 − exp(−2Λt)]. (1)

The distribution of relaxation times observed in
Ho2Ti2O7 is remarkable. In dilute alloys this may be
explained by the fact that the muon stops at different
distances from the magnetic ion. However, one expects

Fig. 118. Typical spectra in Ho2Ti2O7 in a longitudinal
field of 2 T applied along the < 100 > direction. A non-
relaxing component due to muons which miss the sample,
landing in the silver sample holder, is also present. As the
the temperature is reduced, an additional non-relaxing sig-
nal develops, which is attributed to static internal fields
within the sample.
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much less variance in a dense system of magnetic ions
such as the oxide pyrochlores. This suggests that in
this system there are a range of Ho3+ spin fluctuation
rates.

The results of temperature scans in a longitudi-
nal field of 2 T are summarized in Figs. 119 and 120.
Above 5 K the data are well described by Eq. 1. The
muon spin relaxation rate decreases with temperature
as µBH/kBT grows and the sample becomes increas-
ingly magnetized. It seems likely that the spin dynam-
ics are being altered as the electronic Zeeman splitting
first becomes comparable with, and then exceeds, the
exchange coupling J . However, below 5 K the non-
relaxing component develops (see Fig. 118) at the ex-
pense of the relaxing component. The amplitudes of

Fig. 119. Two component asymmetry in Ho2Ti2O7 as a
function of temperature. Magnetic field applied along the
a) 100, b) 110 and c) 111 directions. The non-relaxing com-
ponents are indicated by the filled symbols.

Fig. 120. Characteristic range Λ of relaxation rates of the
muon spin polarization in Ho2Ti2O7.

the signals have been normalized to the full amplitude
found from a so called “indirect alpha” calibration. The
non-relaxing component is attributed to the develop-
ment of a static component of the order of 1 T. It
should be pointed out that the muon has no sensitiv-
ity to a static internal field once it has been swamped
by the high longitudinally applied field and the depo-
larization function is said to be “decoupled”. Thus in
this regime the residual relaxing component observed
in 20 kOe is thought to be dynamic by nature. If the
muon spin depolarization were due to a static internal
field ∆ of the order of 1 T, it would take place on a
time scale of ∆−1 ≈ 1 ns, too fast to be observed.

The most dramatic feature of the data taken in
a longitudinal field of 20 kOe is the persistent, tem-
perature independent spin relaxation observed below
1 K. Typically, in a conventional system some type of
ordered phase would be favoured energetically at low
temperature. In a 3 dimensional antiferromagnet below
the transition temperature T−1

1 ∝ T 3 for T 	 TAE and
T−1

1 ∝ T 2 exp(−TAE/T ) for T � TAE , where TAE is
the gap in the spin wave spectrum due to anisotropy.
In other words, below TN , T−1

1 decreases rapidly as the
magnetic excitations freeze out. Though difficult to un-
derstand theoretically, such partial ordering with per-
sistent low temperature spin dynamics is a recurring
phenomenon in the field of geometrically frustrated
magnets.

Experiment 865
Electronic structure and diffusion kinetics of
Mu in group III nitrides and related wide-gap
semiconductors
(K. Shimomura, R. Kadono, KEK-IMSS)

Since the discovery of methods to produce suffi-
cient p-type conductivity by Mg-doping, gallium ni-
tride and related compound semiconductors are be-
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ing aggressively developed for electronic and opto-
electronic devices such as blue/green lasers and light-
emitting diodes. Unique features such as a wide and
direct band gap and high breakdown field make the
nitrides ideal for such applications. However, as-grown
undoped GaN epitaxial thin films, as well as bulk single
crystals, commonly exhibit n-type conductivity with
concentrations ranging from 1016 to 1019 cm−3. Ex-
tensive experimental and theoretical studies have been
undertaken to understand the origin of this n-type con-
ductivity.

Here we report on the first observation of a param-
agnetic muonium spectrum in GaN. The observed Mu0

state has an extremely small and highly anisotropic hy-
perfine parameter. The location within the band gap
for the [0/+] energy level associated with this Mu state
is estimated from the measured activation energy for
thermal ionization. These results imply that an isolated
hydrogen impurity would behave as a shallow donor if
it were located at the same crystallographic site.

We performed µSR measurements on a GaN sin-
gle crystal with the hexagonal (2H) wurtzite structure.
The µSR experiment was conducted at the TRIUMF
M15 beam line with the Belle spectrometer. Muons
from a surface beam with their polarization transverse
to the applied magnetic field were implanted into GaN
([0001] orientation, n-type with a concentration of 1016

cm−3).
Above 25 K, only a single (diamagnetic) precession

signal is observed at the muon Larmor frequency. Re-
laxation of this signal is well described by Gaussian
damping. This damping rate is satisfactorily explained
by the dipole-dipole interaction of muons with 69;71Ga
and 14N nuclei. The muon spin rotation signal changes
drastically below 25 K. Figure 121 shows the angular
and temperature dependence of the frequency spectra
obtained by Fourier transform, in which one pair of
satellite lines is clearly seen with their positions situ-
ated symmetrically around the central line, which cor-
responds to the precession of diamagnetic muons. The
splitting of these satellites remained unchanged when
the applied field was increased from 1.5 T up to 5 T,
a result that is important in identifying the spectra as
due to the hyperfine interaction of a Mu0 centre. The
splitting decreases when the [0001] axis is tilted with
respect to ∼B as in Fig. 121d. Moreover, an equiva-
lent frequency spectrum was observed when the [1120]
axis was rotated around [0001], which was oriented at
35◦ to the applied magnetic field. These observations
demonstrate the presence of a paramagnetic muonium
state in GaN. The resulting hyperfine interaction is ex-
tremely small, about 10−4 times the vacuum value for
a Mu atom, and is axially symmetric with respect to
[0001].

Fig. 121. Frequency spectra obtained for GaN at (a) 2.5 K
and (b) 22.5 K with B = 3.0 T parallel to [0001] axis, and
with B = 1.5 T at 2.5 K, where [0001] is parallel to B (c)
or tilted by 35◦ from B (d).

Because the population of the Se = −1/2 state
is always larger in an applied field, the observations
in Fig. 121 imply that the low-frequency line corre-
sponds to Se = +1/2, thus to A(µ) is positive for the
displayed orientations. From the detailed analysis, the
parallel and perpendicular component of the hyperfine
tensor is deduced to be +337(10) kHz and –243(30)
kHz, respectively.

The temperature dependence measurement of the
Mu0 state shows their activation energy to be about 5
meV.

Experiment 883
Muoniated methyl and associated free radicals
(P.W. Percival, SFU)

After an exciting excursion into a study of radi-
cals formed from addition of muonium to stable car-
benes [McKenzie et al., J. Am. Chem. Soc. 125, 11565
(2003)], Expt. 883 returned to its original focus in 2003,
being a detailed study of the muoniated methyl rad-
ical, ·CH2Mu, and its isotopomers. The first step in
this project was to find a method of creating the rad-
ical. This was achieved by using ketene as the radical
precursor:

Mu + CH2 = C = O → CH2Mu + CO

as reported in the 2001 TRIUMF Annual Report and
a subsequent paper [McKenzie et al., J. Phys. Chem.
A106, 7083 (2002)].

The new work involved the deuterated ana-
logue, ·CD2Mu, formed by addition of muonium to
CD2=C=O. Neither ketene nor deuteroketene are
available commercially, since they are highly unstable
molecules. Thus it was necessary to prepare fresh sam-
ples (by the pyrolysis of acetone or deuteroactone) just
prior to beam time, and store them in dry ice prior to
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Fig. 122. Muon hyperfine constants determined for the
·CD2Mu radical. The dotted vertical line marks the boiling
point of the ketene solvent.

mounting in a pre-cooled cryostat. As before, muon hy-
perfine constants were determined by transverse field
µSR and proton or deuteron hyperfine constants were
determined by muon level-crossing resonance, µLCR.
Measurements were made over a wide range of tem-
perature, from about 70 K to over 230 K, where the
ketene dimerizes and it is no longer possible to form
the muoniated methyl radical of interest.

The intent was to study the temperature depen-
dence of the hyperfine constants and their isotopic de-
pendence, to probe details of the vibrational motion
of the radicals, specifically the out-of-plane (umbrella)
bending motion, which is supposed to be the main
cause of temperature dependence for the proton hyper-
fine coupling in the ·CH3 radical. However, the effect of
temperature was unexpectedly small for ·CH2Mu and
·CD2Mu, a finding which can now be explained by the
high frequency of the inversion mode for the muoniated
radicals, as revealed by detailed quantum calculations.

The small temperature dependence of the hyperfine
constants is probably due to solvent effects. In partic-
ular the significant feature observed near 220 K can be
attributed to reduced intermolecular interactions close
to the boiling point of ketene (217 K) and the subse-
quent formation of the dimer, which is itself solid at
these temperatures (see Fig. 122).

The muon spin relaxation rate was also measured
in the transverse field µSR experiments; the results for
·CD2Mu are shown in Fig. 123. The effective activa-
tion energy is too small for the relaxation to be due
to chemical reaction. On the other hand the sign of
the temperature dependence is opposite to that found
for most organic free radicals, and which is usually at-
tributed to the modulation of anisotropic g and hy-
perfine interactions by molecular tumbling. It is there-
fore concluded that the spin relaxation must be due
to the spin-rotation mechanism, which only becomes
dominant for small radicals undergoing very rapid
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Fig. 123. Transverse muon spin relaxation rates measured
for the ·CD2Mu radical in liquid ketene.

tumbling and would apply to the small, oblate shape
of the methyl radical.

The research carried out in Expt. 883 forms a major
part of the Ph.D. thesis of Iain McKenzie (Chemistry
Department, Simon Fraser University, in press).

Experiment 895
Vortex structure and magnetism of electron-
doped cuprate superconductors
(R. Kadono, K.M. Kojima, KEK-IMSS, Tokyo)

Recent observation of field-induced magnetism
(FIM) in the mixed state of hole-doped (p-type)
cuprates has attracted much interest, because it might
provide a clue to resolve the true ground state in
the normal phase of those compounds. Since the su-
perconducting order parameter is locally suppressed
in the vortex cores, there is a possibility that FIM
may be a manifestation of the electronic ground state
nucleated in the normal cores. However, while all of
the observed effects are attributed to the antiferro-
magnetic (or quasistatic stripe) phase localized in the
vortex cores, the evidence for the “antiferromagnetic
(AF) core” remains elusive; for example, the results
in La2−xSrxCuO4 [Katano et al., Phys. Rev. B62,
R14677 (2000); Lake et al., Science 291, 1759 (2001);
Nature 415, 299 (2002)] are all from neutron diffrac-
tion measurements which are not sensitive to the local
structure over such a large length scale (vortices with a
core size of ∼102 Å, separated by 102–103 Å). The sit-
uation is less clear in electron-doped (n-type) cuprates
because the information related with vortices is often
masked by the influence of large magnetic moments of
rare-earth ions in R2−xCexCuO4 (R = Nd, Pr, Sm).

In 2003 we performed detailed high transverse field
(TF) µSR measurements on the single crystalline n-
type cuprate Pr1−xLaCexCuO4−y (PLCCO) to study
the mixed state. A specimen with x = 0.11, which is
relatively close to the AF phase of PLCCO (x ≤ 0.1),
was chosen to examine the possibility of FIM. For
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the study of FIM, PLCCO has an advantage over
Pr2−xCexCuO4−y (PCCO) in that we can obtain sin-
gle crystals in much larger dimensions, which allows
systematic studies by various experimental techniques
including neutron diffraction. The µSR measurements
were carried out on the M15 beam line. A slab of
Pr0.89LaCe0.11CuO4−y crystal (Tc � 26 K, measuring
about 5×8×0.5 mm) with the c axis perpendicular to
the plane was loaded onto a He gas-flow cryostat and
a magnetic field (H = (0, 0, Hz)) was applied parallel
to the c axis (where z ‖ c). In the paramagnetic state,
we have found that the muon Knight shift, Kz

µ, un-
der an external magnetic field parallel to the c axis is
significantly influenced by the in-plane susceptibility,
χab. This surprising result strongly suggests the pres-
ence of unconventional hyperfine interaction involv-
ing a non-diagonal Fermi contact-type term between
muons and Pr ions. The muon hyperfine parameter
Az

µ is deduced from a comparison between the muon
Knight shift and magnetic susceptibility χ. As shown
in Fig. 124a, PLCCO exhibits a large anisotropy of χ
between the in-plane (χab) and perpendicular (χc) di-
rections, where χab exhibits a significant increase with
decreasing temperature while χc remains almost un-
changed. The corresponding muon Knight shift versus
temperature is shown in Fig. 124b; it is clear that Kz

µ is
mostly proportional to χab. The K-χ plot in Fig. 124c
for the data obtained in the normal state exhibits a
linear relation with a small offset near the origin, from
which we obtain −969(2) Oe/µB corresponding to the
gradients of the K-χ line. Upon superconducting tran-
sition, the specimen exhibits a further peculiar mag-
netic response. As is evident in Fig. 125, showing the
field dependence of the additional shift in the supercon-
ducting state, ∆Bz = BS

0 −BN
0 , a large positive shift of

the frequency is observed at H = 200 Oe. Note that the
direction of the frequency shift is apparently opposite
to that expected for diamagnetism in the mixed state.
This result is quite similar to what has been observed
in PCCO [Sonier et al., Phys. Rev. Lett. 91, 147002
(2003)]. Moreover, ∆Bz exhibits a steep decrease with
increasing field to change its sign to negative above ∼1
kOe. The strong field dependence at such low fields in-
dicates that the effect of diamagnetism due to flux line
lattice (FLL) is negligible over the entire field range.
Meanwhile, ∆Bz is only weakly dependent on the field
for 2–40 KOe, above which it exhibits a trend to in-
crease further in the negative direction. These features
above ∼2 kOe are quite similar to those of field-induced
moments detected by neutron diffraction. The field de-
pendence of ∆Bz for H ≤ 40 kOe can be understood
by introducing an additional polarization of Pr and/or
Cu moments that is controlled by the superconduc-
tivity. Assuming a simple Brillouin function for the
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magnetic response, we analyze the data in Fig. 125 by
an equation

∆Bz = B∗
z tanh(Hz/Hp) + cdmHz + b0 ,

where B∗
z is the field from the additional moment, Hp

is a characteristic field where the direction of B∗
z is

reversed, cdm is the contribution of residual bulk de-
magnetization, and b0 is an offset parameter. The solid
curve in Fig. 125 is a result of fitting by the above
equation, which reproduces data excellently with B∗

z =
9.78(8) Oe, Hp = 1.09(4) kOe, cdm = −7.9(1.4)×10−5,
and b0 = 6.8(2) Oe. Since the emergence of B∗

z is per-
fectly correlated with the occurrence of superconduc-
tivity, the origin of B∗

z must be in close relation with
the electronic state of CuO2 planes. However, it has
been demonstrated by very recent neutron diffraction
measurements on the present specimen that the mo-
ment size of Cu ions induced by the external field
is far smaller than that found in the AF phase of
Pr1−xLaCexCuO4−y (x < 0.1) with a quite non-linear
dependence on the field; it remains almost constant
over a range from 0 to ∼40 kOe. Considering the hy-
perfine coupling between Cu ions and muons at the
relevant site (which is usually dominated by magnetic
dipolar interaction), it is unlikely that such small Cu
moments directly contribute to B∗

z , in contrast to what
has been suggested for the case of PCCO. Further anal-
ysis is still in progress.

Experiment 914/835
Zero-field µSR in Bi2212 and Bi2201 searching
for effects related to pseudo-gap
(G.M. Luke, McMaster; P.L. Russo, Y.J. Uemura,
Columbia)

In Expt. 914/835, we performed TF-MuSR mea-
surements of Bi2201 in the underdoped, optimally
doped, and overdoped regimes using mildly oriented
ceramic specimens. Our initial motivation came from
the work of Balakirev et al. [Nature 424, 912 (2003)],
who have perfomed Hall number measurements by sup-
pressing superconductivity using high magnetic fields,
and reported that the carrier concentration nHall ∼ 1
hole per Cu at the optimum doping, as shown in Fig.
126. In most of the cuprates, it has been widely be-
lieved that the carrier concentration at optimum dop-
ing region is close to 0.15 holes per Cu. So, nHall ∼ 1
in Bi2201 is anomalously large by a factor of 6 or so.

When we plot the µSR relaxation rate, which is
proportional to ns/m∗ (superconducting carrier den-
sity / effective mass), versus Tc, Bi2201 systems follow
the trend of various other cuprate systems, as shown
in Fig. 127. Bi2201 has an average spacing cint ∼ 12 Å
of CuO2 planes, which is twice as large as cint ∼ 6 Å of
214, 123, and most other cuprate systems. Thus when

Fig. 126. Uemura plot updated with Bi2201 and Bi2212.

Fig. 127. Variation of Hall number with doping and Tc. a,
Hall number (nHall) variation with doping (p). b, low tem-
perature (nHall) and Tc for underdoped samples with p ≤
0.15 [Balakirev et al., op. cit.].

we convert the results in Fig. 127 into a 2-dimensional
superfluid spectral weight ns2d/m∗ ∝ σ × cint, we ex-
pect about a factor 2 larger carrier density per Cu for
Bi2201 compared to other cuprates, assuming that m∗

values are nearly equal for all these systems. This is
still not enough to account the factor ∼6 anomaly.

Therefore, our results are not consistent with the
anomaly of Hall number measurements unless, (1) the
effective mass in Bi2201 is anomalously large, or (2) the
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derived nHall somehow does not represent real carrier
concentration.

Future plans

We are now checking the alignment of crystallates
and developing a method to convert the relaxation rate
to corresponding values for single crystal specimens.
We would like to perform measurements using single
crystal specimens of Bi2212 in several different applied
fields in the future.

Experiment 915
Muonium in semiconductor alloys
(P.J.C. King, Rutherford Appleton Laboratory)

Experiment 915 has focused on investigation of
muonium behaviour in Si1−xGex alloys. Strained-layer
Si1−xGex alloys, grown epitaxially on to Si or SiGe
substrates, have applications in transistor manufac-
ture and provide the prospect of combining Si inte-
grated circuit technology with optoelectronic compo-
nents. The uses of epitaxial Si1−xGex material have
generated interest in the bulk, unstrained alloy, and
this can be produced by the Czochralski technique in
wafer form. Bulk alloy material offers the opportunity
to study the intrinsic physical and electronic proper-
ties of the Si1−xGex system. For example, regarding
impurity behaviour within the system, the lattice site
of dissolved oxygen has been investigated [Yonenaga et
al., Physica B308-310, 539 (2001)], with this species
showing a preference for adopting a bond-centred lo-
cation within Si-Si bonds. There have also been lim-
ited studies of hydrogen behaviour: DLTS investiga-
tions of very dilute (<1% Ge) material showed some
modification of the properties of bond-centred hydro-
gen due to local variations in its environment; at the
other end of the alloy spectrum, there is some evidence
for the electrical activation of impurity Si atoms in Ge
by hydrogen. The aim of this present experiment was
to explore the behaviour of isolated hydrogen in bulk
Si1−xGex across the alloy composition, as modelled by
its muonium analogue.

In November, 2001, three alloy compositions (Ge
content 20%, 45%, 77%) were studied on M15 using the
Belle magnet; these Czochralski samples were grown at
Tohoku University. Qualitatively, the MuBC and MuT

formation probabilities vary smoothly across the alloy
range between the fractions expected in the unalloyed
elements. MuBC was observed in all three samples and
a linear variation of the average value of the isotropic
component of its hyperfine parameter as a function of
alloy composition was observed. The MuBC lines were
broad, however, and further investigation of their na-
ture was required. MuT signals were only seen in the
alloy with 20% Ge content. The measured MuT hyper-
fine parameter was lower than that observed in pure Si

(whereas linear interpolation between the pure Si and
Ge values suggests a higher value), and further investi-
gation of the MuT hyperfine parameter in other low-Ge
samples was of interest to confirm this behaviour.

In October, 2003 three Si1−xGex samples were
studied during low-intensity running at the start of a
TRIUMF run cycle: Czochralski material with 11% Ge
content from Virginia Semiconductor, material with
60% Ge content from Tohoku, and material with 20%
Ge content which had been investigated previously.

In the 11% Ge material, both MuBC and MuT sig-
nals could be clearly seen. Figure 128 shows the asym-
metries as a function of temperature for the two para-
magnetic species together with the diamagnetic am-
plitude. This latter component is small and constant
below around 150 K, above which it begins to increase
due to MuBC ionization; the MuT amplitude remains
constant above 20 K up to at least 230 K. However,
both paramagnetic centres show a large dip in ampli-
tude around 10 K, and the origin of this behaviour
requires further exploration.

Material with 60% Ge content was studied very
briefly in a single run; a MuBC line could be seen, and
there is also some evidence for a MuT signal. Figure
129 shows a plot of the average value of MuBC hyper-
fine parameter versus alloy composition with the re-
sults from the 11% and 60% Ge samples added. Whilst
the data point for 60% Ge has not benefited from the
higher statistics that the other points had, the linear
dependence on alloy composition is confirmed.

Figure 130 shows the MuT hyperfine parameter ver-
sus temperature as measured previously for the 20%
Ge sample, together with new TRIUMF measurements
for the 11% Ge sample. The parameter values are very
similar between these two samples and below that ex-
pected for pure Si. For the 20% Ge case, there is
the hint of a minimum in hyperfine parameter around
40 K; this is shown more clearly in the 11% Ge case.
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Fig. 130. MuT hyperfine parameter for different alloys mea-
sured either using high transverse fields at TRIUMF or
RF-µSR at ISIS.

Also shown in this figure are data from ISIS, where
the MuT hyperfine parameter has been measured us-
ing radio-frequency resonance methods. Data from the
20% Ge sample agree closely with that taken at TRI-
UMF and measured using the high transverse field
technique. In addition, ISIS data from a sample from
Tohoku with 9% Ge are shown – these show a more
pronounced fall in hyperfine parameter below 100 K,
again with a minimum suggested at around 30 K.

The observed temperature dependence of the MuT

parameter at low temperatures in these alloys is of
interest. In pure Si, the MuT hyperfine constant de-
creases with falling temperature below around 75 K.
Holzschuh [Phys. Rev. B27, 102 (1983)] attributed this
decrease to MuT hopping between sites with slightly
different isotropic hyperfine interactions. At low tem-
peratures, these sites are populated according to the
Boltzmann distribution which would preferentially give

more weight to those with lower hyperfine parameters.
In low Ge alloy material, it might be expected that
this effect would be greater, there being a wider possi-
ble variation in MuT sites owing to different numbers
of Ge atoms surrounding cage centres. This may ac-
count not only for the fall in MuT hyperfine parameter
with decreasing temperature below around 100 K, but
also the low overall value compared with Si.

Further study of the data is ongoing. In particular,
quantitative analysis of the variation with tempera-
ture of the MuT hyperfine parameter needs to be per-
formed; in addition, high statistics data were also taken
for the 20% Ge sample, and analysis to look for pref-
erential occupation of specific bonding environments is
proceeding.

Experiment 916
QLCR of diamagnetic muonium states in GaP
(R.L. Lichti, Texas Tech)

Zero-field depolarization functions demonstrated
that several different diamagnetic muonium states ex-
ist in doped GaP. The primary goal of TRIUMF
Expt. 916 has been identification of these states using
quadrupolar level-crossing resonances (QLCR). The
two Ga isotopes produce a clear signature of a Ga near
neighbour to the muon by nearly identical features at a
field ratio of ∼1.6, while P has no quadrupolar nuclei,
and thus is invisible to this technique. The standard
Zn acceptor in GaP substitutes for Ga and has only
a 4.1% fraction with a nuclear quadrupole moment,
while the usual S donor has no quadrupolar isotope.
The S donor will not be visible, but a small possibility
exists that a Zn acceptor might be observed in QLCR
experiments.

We have previously found the main Ga-related res-
onances associated with the Mu+ defect centre at the
bond-centre (BC) site in p-type GaP, and confirmed
that the intensity of that spectrum decreases below
roughly 100 K where the zero-field depolarization re-
sults indicate formation of a bound Mu–Zn pair. The
Mu+

BC QLCR resonances lie between 200 and 400 mT
and imply an electric field gradient (EFG) at the Ga
that is roughly 10% larger for Mu+ in GaP compared
to that for the same state in GaAs. One of the re-
maining measurements for Expt. 916 beam time in
late summer was to verify that a different resonance
occurs below 100 K due to the Mu-Zn complex. We
have observed a weak low-field Ga resonance at 670 K
where a Mu-Zn complex is formed by Coulomb cap-
ture of the mobile Mu+ by an ionized Zn− acceptor. A
major question is whether the structure of the Mu-Zn
pair is identical at high and low temperatures, where
the proposed process involves charge-exchange scatter-
ing between the mobile Mu0

T centre and a neutral Zn
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acceptor as the first step toward pair formation.
Figure 131a shows the low-field QLCR spectrum

obtained in heavily doped p-type GaP at 50 K. These
resonances are too strong to be from Zn and very sim-
ilar to the Ga spectrum seen at 670 K except that it
is shifted to higher fields, implying that the EFG at
nearby Ga nuclei is about 20% larger at 50 K than
for the high-temperature complex. This result would
seem to indicate that the Mu-Zn pair structure is very
similar at these two temperatures. The fact that the
same resonances are not seen in Fig. 131b at a tem-
perature where Mu+

BC remains stationary, but the low-
temperature pair formation process is not active be-
cause the Zn acceptors have ionized, shows that this
spectrum is from a separate low-T state rather than
due to the second-nearest Ga neighbours to Mu+

BC.
Since the usual structure for an H-acceptor complex
has the hydrogen in a BC location next to the accep-
tor, these results suggest that the structure of Mu-Zn
is most likely not the standard one. We proposed a pair
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Fig. 131. QLCR spectra for Ga neighbours to the Mu loca-
tion in a Mu-Zn complex formed at low temperatures (a). A
similar scan (b) above the maximum temperature for low-T
pair formation confirms a separate low-T state.

structure at high temperatures in both GaP and GaAs
in which the Mu+ resides behind the As or P neighbour
to ZnGa, or is mobile among P-Ga (As-Ga) bonds one
step removed from the Zn dopant as an explanation for
these low-field resonances.

Figure 132 shows the spectrum obtained at 300 K
in a heavily doped n-type GaP sample. We had previ-
ously identified Mu− at 140 K where there is a peak
in the diamagnetic fraction; however, the temperature
dependence of that fraction was not as expected. Thus
confirming Mu− at the Ga tetrahedral location near
room temperature became one of our goals for the most
recent beam time as an identity check for a diamag-
netic state that grows roughly linearly between 200
and 700 K. The resonance in Fig. 132 is essentially
identical to that seen at 140 K, except for a small shift
in the resonance fields. The odd dependences seen in
n-type GaP above 100 K thus appear not to involve
any state other than Mu−.

We have now confirmed our preliminary identifi-
cation of four of the five proposed diamagnetic states
in doped GaP; Mu− at TGa, Mu+ at BC, a high-
temperature Mu-Zn paired state formed by Coulomb
capture of mobile Mu+ by Zn−, as well as the low-
temperature Mu-Zn paired state formed by charge-
transfer interactions between mobile Mu0

T centres and
neutral Zn acceptors which is discussed above. The one
remaining state is a low-temperature Mu-donor com-
plex which should have the Mu located in a tetrahedral
location surrounded by P atoms next to the S donor.
An initial attempt did not find any low-field spectrum;
however, this was not an exhaustive search. The ex-
pected structure is the least likely of all the proposed
diamagnetic Mu centres to yield a QLCR signature in
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Fig. 132. QLCR spectra confirm Mu− in the TGa site at
300 K for heavily doped n-type GaP. The electric field gra-
dient at a Ga neighbour is slightly smaller at 300 K than
at 140 K where the Mu− fraction is larger.
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GaP. Based on identification of a standard Mu− centre
as the main state at both 140 and 300 K, we conclude
that the unusual dependences observed for diamagnetic
fractions above 100 K may be the result of competing
transitions out of the Mu0

T precursor to Mu−. Answer-
ing that question requires a careful study of Mu0

T dy-
namics in n-type GaP which is being pursued as part
of a separate experiment to define Mu defect energy
levels in III-V compounds.

Experiment 917
Correlation between magnetism and transport
properties of thermoelectric oxides
(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

Although the widespread current interest in the
layered cobaltites (i.e. 5 K superconductivity in
Na0.35CoO2∗H2O [Takada et al., Nature 422, 53
(2003)] was originally due mainly to their unique com-
bination of high thermopower S with metallic trans-
port properties, which makes them one of the most
promising systems for power applications, we have
shown that they also display interesting and complex
magnetic orderings, directly correlated with the en-
hanced S. The richness of behaviour of the layered
cobaltites is due to their intrinsic structure, namely:
electrically active triangular planes of CoO2, which are
separated by a variety of intermediate structures; their
relatively strong electronic correlations; and the fact
that the structures between the CoO2 planes can be
modified in a variety of ways to vary their dimension-
ality, ionic states, carrier doping in the CoO2 planes
and the relevant interaction strengths.

In order to elucidate the magnetism in the CoO2

planes and the mechanism of the good thermoelec-
tric properties, we have carried out positive muon
spin rotation and relaxation (µ+SR) experiments on
the layered cobaltites. As a result, we found the
transition to a low-T commensurate or incommen-
surate spin density wave (C- or IC-SDW) state for
[Ca2CoO3]RS

0.62[CoO2] below ∼100 K, [Sugiyama et al.,
Phys. Rev. B66, 134413 (2002); ibid. 68, 134423
(2003)], Na0.75CoO2 at 22 K [Sugiyama et al., ibid. 67,
214420 (2003)] and [Ca2Co4/3Cu2/3O4]RS

0.62[CoO2] be-
low ∼200 K [Sugiyama et al., J. Phys. Condens. Mat-
ter 15, 8619 (2003)], where RS denotes the rocksalt-
type subsystem. Here we summarize those results and
report an almost dome-shaped relation between the
transition temperature into the low-T magnetic state
and the composition x for NaxCoO2 and/or the high-
temperature asymptotic limit of thermopower in the
more complex 3 and 4 layer cobaltites [Sugiyama et
al., Phys. Rev. Lett. 92, 017602 (2004)]. This be-
haviour is explained using the Hubbard model on two-

0 0.5 1 1.5

0.09

0.08

0.1

0.07

0.06

0.15

0.1

0.2

TIME (µµµµs)

C
O

R
R

E
C

T
E

D
A

S
Y

M
M

E
T

R
Y

Na0.9CoO2

ZF-µµµµSR
at 1.8 K
Sµµµµ(0) c

Na0.75CoO2

ZF-µµµµSR
at 2.1 K

(a)

(b)

Fig. 133. ZF-µ+SR time spectra of (a) single crystal
platelets of Na0.9CoO2 at 1.8 K and (b) a polycrystalline
plate of Na0.75CoO2 at 2.1 K.

dimensional triangular lattice in the CoO2 plane.
Figure 133(a) shows a ZF-µ+SR time spectrum at

1.8 K in the single crystal platelets of Na0.9CoO2; the
spectrum was obtained with the initial µ+ spin direc-
tion Sµ(0) perpendicular to the c-axis. A clear oscilla-
tion due to quasi-static internal fields is observed only
when Sµ(0) ⊥ c. Also, the ZF-µ+SR time spectrum for
the polycrystalline Na0.75CoO2 sample, which entered
a commensurate spin structure below 22 K, is shown
in Fig. 133(b). Making comparison with the bottom
spectrum, the oscillation amplitude in the top spec-
trum decays rapidly and the initial phase is delayed.
The oscillation in the top spectrum is characteristic
of a zeroth-order Bessel function of the first kind that
describes the muon polarization evolution in an IC-
SDW field distribution [Kalvius et al., Handbook on
the Physics and Chemistry of Rare Earths (North-
Holland, Amsterdam, 2001) vol. 32, chap. 206]. The
absence of a clear oscillation for the Sµ(0) ‖ c case
indicates that the internal field is roughly parallel to
the c-axis. Due to the strong anisotropy, the IC-SDW
is thus considered to localize in the CoO2 plane, with
oscillating moments directed along the c-axis.

The magnetic phase diagram (Fig. 134) of
NaxCoO2 can thus be sketched from the µ+SR results
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Fig. 134. Phase diagram of NaxCoO2 determined by the
µ+SR experiments. The point at x = 1 is extrapolated from
the data on the related compound LiCoO2.

for polycrystalline samples with x = 0.65 and 0.75 and
the x = 0.6 and 0.9 crystals. Since the oxygen defi-
ciency δ in NaxCoO2−δ is negligibly small even for the
x = 0.9 sample, the average Co valence is directly cal-
culated from x. As x increases from 0.6, the magnitude
of TSDW increases up to x ∼ 0.8, then decreases with
further increasing x. As a result, we obtain the dome-
shaped relationship of Fig. 134 between TSDW and x,
viz. the Co valence for NaxCoO2.

The Hubbard model within a mean field approxi-
mation can be used for explaining the magnetism of
such a system as a function of electron filling n. At
T = 0 and n = 0.5 (i.e. Na0CoO2), as the Hubbard
on-site repulsion U increases from 0, the system is
a paramagnetic (PM) metal up to U/t = 3.97 due
to geometrical frustration, then changes into a metal
with a spiral IC-SDW, and then at U/t = 5.27 a
first-order metal-insulator transition occurs, where t
is the nearest-neighbour hopping amplitude [Krishna-
murthy et al., Phys. Rev. Lett. 64, 950 (1990)]. The
lack of magnetic transitions for NaxCoO2 with x = 0.6
and 0.65 suggests that U/t ≤ 3.97. This means that
NaxCoO2 is unlikely to be a typical strongly correlated
electron system, because U 	 t for such a system.

The calculations [Fujita et al., J. Phys. Soc. Jpn.
60, 2831 (1991)] also predict that, as n increases from
0, the value of U/t at the boundary between the
PM and SDW phases decreases, with increasing slope
(d(U/t)/dn) up to n = 0.75. Even for U/t = 0, the
SDW phase is stable at n = 0.75. The value of U/t
then increases with further increasing n, with decreas-

ing slope. Therefore, the dome-shaped phase diagram
is qualitatively explained by the calculations, although
the measured maximum of the dome is located around
x = 0.8 (i.e. n = 0.9). This is likely due to the simple
band structure assumed in the above calculation, while
calculations for NaxCoO2 suggest a more complicated
one [Singh, Phys. Rev. B61, 13397 (2000)].

For the 3 and 4 layer cobaltites, [Ca2CoO3]RS
0.62[CoO2]

and [Ca2Co4/3Cu2/3O4]RS
0.62[CoO2], the IC-SDW tran-

sition was also observed as a common behaviour in
the CoO2 planes. We have studied by µ+SR the de-
pendence of the IC-SDW transition on the Co valence
for the variety of layered cobaltites. Figure 135 shows
T on

SDW as a function of S(300 K) for all the cobaltites
measured. A clear dome-shaped relation is observed
for all the available cobaltites with a variable num-
ber of layers (N) between the two adjacent CoO2

planes. As N increases from 1, the T on
SDW − S(300 K)

curve shifts towards higher T , due to the increased
two-dimensionality induced by the increase in the in-
terlayer distance between CoO2 planes.

Phenomenologically, the phase diagram is very sim-
ilar to the well-known relationship between the su-
perconducting Tc and the Cu valence in the high-Tc

cuprates. Actually, both SDW and superconducting
transitions are induced by an intrinsic instability of an
electron system; that is, as T decreases, an energy gap
appears at TSDW and/or Tc to minimize the internal
energy for both cases. Therefore, it is reasonable to ex-
pect a similar relationship between transition temper-
ature and carrier concentration for both the magnetic
cobaltites and the superconducting cuprates.
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Fig. 135. The relationship between T on
SDW and thermopower

S at 300 K. Solid circles represent the data for the cobaltites
with a triple rocksalt-type subsystem, open diamonds a
quadruple rocksalt-type subsystem and crossed squares
NaxCoO2. It should be noted that the magnetic suscep-
tibility χ(T ) curves for the 3- and 4-layer samples lacked a
marked change at the T on

SDW detected by µ+SR.
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Furthermore, the average Co valence for the max-
imum TSDW indicates the optimal filling to induce an
SDW transition at high T and enhance the effective
mass of charge carriers through the AF interaction be-
tween spins. In other words, this dome relation pro-
vides important guidance in the search for improved
thermoelectric properties of the layered cobaltites.

Experiment 918
High field study of La2CuO4 based supercon-
ductors
and Experiment 950
High field study of Zn doped/Eu
doped/overdoped systems
(G.M. Luke, McMaster; Y.J. Uemura, A.T. Savici,
Columbia)

In the previous report for Expt. 918 we showed
an increased relaxation rate for the high transverse
magnetic field µSR signal in the case of underdoped
and optimally doped La2−xSrxCuO4 (LSCO). We ob-
served no such effect in the overdoped sample or in the
Bi2Sr2CaCu2O7−δ (Bi2212) one. We used a new way
to look at the data, by studying the envelope of the sig-
nal. It is very easy to show if there is some field induced
effect, the magnitude of magnetic fields that give en-
hanced relaxation and if the effect occurs in the whole
of the sample or in just some fraction of the volume.

We extended our study in Expts. 918 and 950
to other samples, trying to determine a correlation
between the parent compound, doping with Eu or
Zn and the increased relaxation rate. In the case of
YBCO(Zn0.7%) we found no field induced effect (Fig.
136). The relaxation rate is almost field independent,
with a slow decrease as the external field increases. So
far we found that increased relaxation occurs only in
La2CuO4 based samples. In the case of the Europium
doped LSCO, the effect is enhanced (Fig. 137). One
interesting thing to note is the fact that we see an

Fig. 136. Envelope functions at different magnetic fields
for YBCO(Zn0.7%).

Fig. 137. Relaxation rates for exponential fits to TF-µSR
signal in LESCO sample.

increased relaxation rate well above the superconduc-
tivity transition temperature.

Currently, we are working on determining the ex-
tent of the regions with induced magnetism.

Experiment 931
Magnetic properties of M[Au(CN)2]2·(H2O)2
(M = Cu, Ni) coordination polymers
(J.E. Sonier, D.B. Leznoff, SFU)

Introduction and background

Molecular magnetism deals with the magnetic
properties of isolated molecules and groups of
molecules, which contain one or more spin carriers. It
is the combination of these spin carriers, the bridges
connecting them, and their multidimensional assem-
bly that generates materials with unique properties.
At the heart of these investigations are two general
goals: First, we seek to understand the magnetic inter-
actions between spin carriers, both via direct bonding
and mediated by ligand bridges. The key issue of inter-
est is the strength and type of magnetic coupling (fer-
romagnetic or antiferromagnetic) for a given system.
Second, methods to generate high-dimensional systems
in a controlled fashion must be explored and applied
to open-shell systems. Generally, high-dimensionality
systems can show bulk properties (magnetic, ther-
mal, optical) attributable to their polymeric nature.
Metal-cyanide bridges have been extremely valuable in
molecular magnetism research as they (a) readily form
coordination polymers when reacted with transition-
metal cations and (b) promote strong magnetic ex-
change. However, most studies have focused on octa-
hedral [M(CN)6] units. The Leznoff group has been
exploring the use of linear cyanide units [M(CN)2] (M
= Ag,Au) as couplers in supramolecular open-shell sys-
tems. Dicyanoaurate and dicyanoargentate are unique
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cyanometallates in that they are linear, form strong at-
tractive M-M intermolecular interactions, and are lu-
minescent.

Under Expt. 931 we have been examining the
magnetic properties of some of Leznoff’s multidi-
mensional [Au(CN)2]-containing coordination poly-
mers that also incorporate paramagnetic transition-
metal centres. In particular, the Cu[Au(CN2)]2·(H2O)2
system was shown in previous µSR studies to undergo a
magnetic ordering transition at 250 mK. The questions
we wished to probe included: (1) the nature of the mag-
netic exchange pathway in Cu[Au(CN)2]2·(H2O)2, i.e.,
whether the gold-cyanide unit or the copper-bound wa-
ter molecules mediated the ordering phenomenon and
(2) the effect of altering the paramagnetic metal spin
carrier on the magnetic properties.

Ni[Au(CN)2]2·(H2O)2 was prepared and shown to
have a very similar structure to the copper analogue.
By using SQUID magnetometry between 2–300 K it
was determined that this compound undergoes a mag-
netic phase transition at a much higher temperature
than the copper analogue, but with complicated mag-
netic field-dependent behaviour. Field-dependent dc
and ac measurements were conducted and a µSR in-
vestigation of this material was desired in order to aid
the understanding of the magnetic phase diagram. The
results are reported below. The results of these experi-
ments are expected to be submitted for publication in
the near future.

Both compounds examined by µSR have been char-
acterized with a variety of other techniques (IR, el-
emental analysis, TGA etc.) but unfortunately, their
structures have not been determined by single-crystal
X-ray diffraction, although we are attempting to gain
some structural information from powder diffraction
data.

Cu[Au(CN)2]2�(H2O)2

To address the issue of the magnetic pathway in
this material, the anhydrous copper/gold material,
Cu[Au(CN)2]2, was prepared. If the magnetic exchange
interaction leading to ordering is via the metal-bonded
water molecules via intermolecular hydrogen bonding,
then the removal of these water molecules ought to
greatly impact the ordering behaviour. If, however, the
gold atoms are primarily responsible, then the ordering
behaviour should persist.

We performed zero-field µSR on the anhydrous
compound and found no evidence of magnetic order at
temperatures down to 50 mK, as is evidenced by the
lack of an oscillation in the time spectra presented in
Fig. 138. In addition, the relaxation of the muon spin
polarization at T = 400 mK was largely quenched in
longitudinal fields as low as 200 G, indicating that the
magnetic moments are primarily static in nature. The
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Fig. 138. Time-evolution of the muon spin polarization at
various temperatures in Cu[Au(CN)2]2.

lack of magnetic order is in stark contrast to the hy-
drated compound, and we can therefore conclude that
the magnetic interaction in Cu[Au(CN)2]2·(H2O)2 is
mediated by the metal-bonded water molecules.
Ni[Au(CN)2]2�(H2O)2

Zero-field µSR measurements as a function of tem-
perature were performed on this material in an effort to
determine the effect of altering the paramagnetic metal
spin carrier on the magnetic properties. The zero-field
time-evolution of the muon spin polarization at various
temperatures is shown in Fig. 139. Figure 140 shows
the corresponding relaxation rates extracted from fits
of the time spectra to a stretched exponential function.
It can be seen that the relaxation rate rises rapidly be-
low T � 5 K, indicating a slowing down of the fluc-
tuations of the magnetic moments, but there is no in-
dication of long-range magnetic order. This contrasts
with Cu[Au(CN)2]2·(H2O)2 in which the spins freeze
into an ordered state at the much lower temperature
of 250 mK.
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Fig. 139. Time-evolution of the muon spin polarization at
various temperatures in Ni[Au(CN)2]2·(H2O)2.
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Fig. 140. Relaxation rate of the muon spin polarization as
a function of temperature in Ni[Au(CN)2]2·(H2O)2.

Experiment 938
Muonium formation and ionization in semicon-
ductors and insulators
(V.G. Storchak, Kurchatov; J.H. Brewer, UBC-
TRIUMF)

Deep muonium in InSb

The exquisite time resolution and high magnetic
field capabilities of TRIUMF’s HiTime µSR spectrom-
eter have facilitated the first direct observation of a
muonium (Mu = µ+e−) bound state in indium anti-
monide. Figure 141 shows the characteristic field de-
pendence of the three detectable frequencies (diamag-
netic, ν12 and ν34). Frequencies as high as 2.5 GHz have
been observed in the HiTime spectrometer, whose true
time resolution is estimated to be ∼140 ps, but in this
case the amplitude of the highest frequency signal was
too small to follow above about 2 GHz.

Fig. 141. Frequencies of diamagnetic (squares) and muo-
nium (circles and triangles) precession signals in InSb at
2.3 K as functions of applied magnetic field.

The small-amplitude Mu signal was characteristic
of “deep” tetrahedral muonium (MuT); there was no
sign of the bond-centred MuBC state that has been so
ubiquitous in other semiconductors [Patterson, Rev.
Mod. Phys. 60, 69 (1988)], nor was there any hint
of the metastable “shallow” (weakly bound) MuWB

state [Shimomura et al., Phys. Rev. Lett. 89, 255505.1
(2002); Eshchenko et al., Physica B326, 120 (2003)]
that was expected (given the high mobility and low
effective mass of electrons in InSb).

However, there is a substantial “missing fraction” of
muon polarization. Either MuBC or the shallow MuWB

state may show up in subsequent experiments at dilu-
tion refrigerator temperatures.

The fractions of muon polarization shown in
Figs. 142 and 143 have been corrected for the finite 
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time resolution of the HiTime spectrometer by divid-
ing by the value at the same frequency of a smooth
function fitted to the measured field dependence of the
amplitude of a silver reference sample. The increase of
the muonium fraction with field at the expense of the
diamagnetic fraction is therefore a real phenomenon,
and not a systematic effect. This is thought to reflect
magnetic freezeout of radiolysis electrons into a weakly
bound excited precursor state, as seen in GaAs [Stor-
chak et al., submitted to Phys. Rev. Lett.].

As can be seen from Fig. 144, the muonium hy-
perfine frequency was strongly temperature dependent,
as seen in previous experiments in high magnetic field
[Kiefl et al., Phys. Rev. Lett. 53, 90 (1984)].

Experiment 939
Guest-host interactions and Hfcs of Mu-alkyl
radicals in zeolites
(D.G. Fleming, UBC)

In continuation of Expt. 939 as described in the
2002 Annual Report, the guest-host interactions and
Hfcs of the Mu-ethyl radical were studied in the HY
and USY zeolites, at 1 and 5 per supercage (SC) and
1 per SC, respectively. For details on experimental
plans, loading techniques and terminologies please see
that report. As seen in Fig. 145, differences in muon-
hyperfine coupling constants (Hfcs) of Mu-ethyl in HY
due to different loadings are quite small, differing by
no more than 6%, suggesting that radical interactions
with other guest molecules in the zeolite are negligible.
Consistent with our previous data, however, cation-
type effects on hyperfine coupling (due to zeolite type)
are quite large, yielding an increase in Mu-Hfc of ∼15%
between HY and NaY. Unexpectedly, there was very
little difference in the magnitude of Hfcs seen in HY
and USY (a ∼100% cation free zeolite), although the
shapes of the temperature-dependence curves showed

Fig. 145. Muon Hfcs for the Mu-ethyl radical in the HY
(at 1 and 5 per supercage loadings) and USY (at 1 per
supercage) zeolites. Note that it is the reduced muon Hfc,
A′

µ = Aµ/3.184, that is plotted. It is also noteworthy that
very little loading dependence exists in HY, and that radi-
cals in the USY zeolite show a different T-dependence than
those in the HY zeolite.

different curvatures at the inflection points and at low
temperatures. USY shows a sharper inflection point
than seen in HY suggesting two (or more) sterically-
frozen orientations in the former case, a transition be-
tween which requiring overcoming a relatively large ac-
tivation energy barrier. The McConnell plateau (at low
temperatures, the y-intercept of which represents the
Hfc of a molecule in the absence of internal rotation
at 0 K) for the USY-bound radical is flatter, also sup-
porting this idea. Alpha- and Beta-proton Hfcs (not
shown in figure) were not well observed in USY, but
in HY were shown to have a significant loading- and
temperature-dependence, differing by 10–15% when
compared at 1 and 5 per SC, and increasing by 10
MHz (15%) when the temperature was increased from
150 to 300 K.

In 2003, the only requirement for completion of
the Mu-t-butyl study in Expt. 939 was to investi-
gate the possible formation of the Mu-isobutyl rad-
ical in parallel with Mu-t-butyl. This radical is not
easily observed, and it is thought rarely forms (by a
pseudo-anti-Markovnikovian argument), but previous
data from 2002 showed its potential presence in an
LCR spectra at 240 K. High-statistics TF and ALCR
tests were both performed on isobutene-loaded NaY
at and around 240 K, showing the presence of no such
radical. With the extra time available this summer, 2-
cis-butene, 2-trans-butene, and 1-butene were surveyed
in NaY and HY. Bulk 2-cis-butene was also investi-
gated thoroughly, the results of which will be reported
completely following Expt. 939’s summer 2004 beam
time. Figure 146 shows the preliminary results of the
“butenes” study in zeolites. As is evident, there is lit-
tle difference between the Mu-Hfcs from the addition
of muonium to 2-cis-butene (studied from 7–320 K)
and 2-trans-butene (only probed at 300 K). This is
to be expected, as the radical yielded in both cases is
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Fig. 146. Muon Hfcs for the Mu-butyl radical (from 2-cis-,
2-trans-, and 1-butene) in the NaY and HY zeolites at 2
per SC loadings. Again, it is A′

µ that is plotted. Note the
significant dependence on cation type.

the Mu-butyl radical (CH3CH·CHMuCH3). Addition
of muonium to 1-butene also yields Mu-butyl, but of
the form CH2MuCH·CH2CH3, which should yield dif-
ferent hyperfine coupling behaviour. At room temper-
ature, all three butene-types in NaY yielded similar
Hfcs; if this holds true at lower temperatures it has
yet to be seen. The best potential for future investi-
gation lies in the study of Hfc-dependence on cation
type for 2-cis-butene (as is shown to be substantial
at room temperature in the figure), and for 1-butene,
which should yield some interesting differences from
the former molecule. It is our intention to wrap-up the
experimental project this summer.

Experiment 941
Investigation of spin statics and dynamics in
the transition metal oxides Sr2CaReO6 and
Li2Mn2O4

(C.R. Wiebe, Columbia/McMaster; G.M. Luke, Mc-
Master)

The topic of geometric frustration has been at the
forefront of solid state physics for the last decade due to
the remarkable number of interesting magnetic ground
states observed. The plethora of lattice types which
can accommodate the triangular motif of spins cou-
pled with the arsenal of magnetic species to place on
these sites has brought about a unique subfield of mag-
netism that will remain to be studied for a long time.
In the last few years, the focus of study has shifted
to the search for more exotic systems such as the spin
liquid, which arises due to quantum effects from net-
works of frustrated low spin materials. For example,
the pyrochlore Tb2Ti2O7 has recently been shown to
be a “cooperative paramagnet”, in which the system
shows no magnetic long range order down to 0 K but
instead forms a liquid like state. Neutron diffraction
and µSR experiments were crucial in the elucidation
of the important role of strong spin fluctuations that
persist down to 0 K. Such discoveries provide the im-

petus to look for new materials that will continue to
challenge and surprise the condensed matter commu-
nity.

Despite this high level of interest, the number of
examples of frustrated systems with isolated low-spin
moments is relatively small. Spin liquids have proven
to be difficult subjects of study with the exception of a
few well known materials. The number of systems that
display little disorder and have well-defined low spins
on frustrated topologies is relatively low.

Spin freezing in the ordered FCC perovskite
Sr2CaReO6

Two new materials have recently been synthesized
at the Brockhouse Institute for Materials Research
that are excellent candidates for displaying liquid-like
ground states. Sr2CaReO6 is an FCC perovskite that
has an ordered array of FCC S = 1/2 Re6+ moments.
These form a network of edge-shared tetrahedra as dis-
played in Fig. 147. A FC/ZFC divergence in the DC
susceptibility suggests a transition at 14 K. Neutron
diffraction experiments failed to detect any long range
ordering below this temperature. Recent heat capac-
ity measurements hint at the presence of interesting
spin dynamics at play through the appearance of an
anomaly at TG that is independent of the applied mag-
netic field. This is reminiscent of a spin singlet ground
state, as suggested by Ramirez et al. from his work
on the kagomé material SrCr9pGa12−9pO19 (SCGO).
Furthermore, the magnetic specific heat shows a T3

dependence at low temperatures, which suggests that
strong 3D spin fluctuations are present as T → 0 K.
Similar behaviour is seen in SCGO, with a T2 specific
heat power law, indicative of 2D spin fluctuations that
were later confirmed by µSR measurements.

µSR has long been used to study the dynamics of
highly frustrated spin systems. For small S spin sys-
tems in particular, muons are perhaps the best probe
of the low temperature magnetic ground state within a
broad frequency range. Figure 148 shows several zero

Fig. 147. The face-centred cubic lattice of Re6+ spins in
Sr2CaReO6, which can be envisioned as a sublattice of
edge-shared tetrahedra.
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Fig. 148. ZF-µSR measurements of Sr2CaReO6 at T = 2.5
K, 12.5 K, 17.5 K, and 28 K. The fits are based upon a
generic spin glass relaxation function as described in the
text.

field (ZF) scans taken between T = 2.5 K and T =
28 K. The two component nature of the spectra is im-
mediately evident below TG ∼ 14 K, as opposed to
the single component high temperature scans which
is characteristic of a paramagnetic response. This re-
sponse indicates a quasi-static distribution of internal
magnetic fields developing below TG, as noted in other
spin glasses. The fit to the spectra indicated is mod-
elled after Uemura’s original treatment of these line-
shapes in his pioneering µSR work on AuFe and CuMn
alloys. This is unusual with the absence of chemical
disorder.

Although it seems like this system is a typical spin
glass from the µSR measurements, there are several
departures from convention which merit further dis-
cussion. Firstly, the signal is somewhat weak, which
is expected due to the small magnetic moment, but
since it is feeble, it is truly difficult to tell if there
is a weak ordering signal buried in the background.
There could indeed be short ranged magnetically or-
dered clusters forming that are virtually undetectable
by this technique. One would expect spin fluctuations
at temperatures slightly higher than TG to be visible
in the spectra, but the nature of the transition itself is
rather abrupt, with only the slightest hint of a second
component appearing at T = 17.5 K. It is surprising
that the second component develops quickly below TG.
The conventional way of understanding spin glasses is
in the formation of islands of frozen spins which slowly
develop as one passes through the transition. In our
system, however, there is relatively little change in the
muon signal from 12.5 K to 2.5 K, which suggests that
the spins freeze out rather abruptly.

One can compare these results with the monoclinic
S =1 FCC ordered system Sr2NiTeO6 which shows a

lambda anomaly at TN ∼ 28 K indicative of magnetic
ordering and a continuous phase transition. Nonethe-
less, magnetic susceptibility measurements show ev-
idence for magnetic correlations at T ∼ 35 K by a
FC/ZFC divergence at temperatures higher than the
cusp at TN . In this case, approximately 70% of the en-
tropy is recovered at the magnetic transition, but the
ground state is ordered rather than glassy. As the Ni2+

ions in Sr2NiTeO6 have S = 1, this seems to suggest
that it is the S = 1/2 moment on Re6+ that induces
the spin glass ground state in Sr2CaReO6. This new
ground state is believed to be caused by quantum ef-
fects of S = 1/2 spins on this highly frustrated lattice.

2D magnetic ordering in the 3D frustrated spinel
Li2Mn2O4

The other material of interest is the tetragonal
spinel Li2Mn2O4. This member is part of a series of ma-
terials, LixMn2O4 (x = 0–2), which have been intensely
studied as cathodes for secondary lithium ion batteries.
All of these materials are in principle frustrated, since
the Mn cations form a framework of corner-shared
tetrahedra within the spinel structure (see Fig. 149).
However, it is only the materials of low lithium content,
such as λ-MnO2 and LiMn2O4 that have been stud-
ied a great deal, due to interest by the electrochemical
community. The fully lithiated species is difficult to
synthesize without disrupting the structure unless one
uses gentler methods, such as chimie douce. Insertion
of Li by the addition of butyl-lithium to LiMn2O4 in an
inert argon environment has been shown to be a suc-
cessful method by our group to obtain the metastable
Li2Mn2O4 with only modest heating to 50◦C.

Li2Mn2O4 consists of a network of Mn3+ moments
upon a lattice of slightly distorted corner-shared tetra-
hedra. Recently, Wills et al. have demonstrated that
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Fig. 150. (a) Early time ZF-µSR spectra at T = 25 K.

The fit is to a three frequency model. (b) The q =
√

3 ×√
3 magnetic structure. The muon sites in Li2Mn2O4 are

indicated on the figures as circles, slightly above (grey) and
below (white) the kagomé planes. The magnetic sublattice
in 2D is marked by dashed lines. There are six muon sites
for the q =

√
3 × √

3 structure, which give rise to the three
frequency signal.

the frustrated lattice does not exhibit long-range order,
but instead there is a transition to a short-range or-
dered state at 50 K. This is heralded by the appearance
of several broad features in the elastic neutron scatter-
ing profile that can be fit to a Warren lineshape. As
Warren indicated in his studies of graphite, these fea-
tures are due to 2D correlations which arise in powder
samples. In our case, the diffuse scattering is magnetic
rather than structural, indicating strong 2D magnetic
correlations. This is remarkable considering the fact
that the connectivity of the frustrated lattice is fully
three dimensional.

ZF-µSR experiments on Li2Mn2O4 have confirmed
that a short-ranged ordered magnetic state sets in be-
low ∼150 K, which subsequently develops into a long-
ranged ordered state below ∼50 K. Longitudinal field
measurements show that the fast relaxation seen in
the regime 50 K ≤ T ≤ 150 K is static in nature,
which is consistent with the broad features seen by
neutron scattering. The ordering observed below 50 K

is compatible with the proposed two-dimensional q =√
3 × √

3 magnetic structure in kagomé planes that
reside within the pyrochlore framework (see Fig. 150).
The evolution of the order parameter at TN resembles
other 2D magnetic systems, but it is unclear why a
three-dimensional network of tetrahedra would exhibit
two-dimensional magnetism.

Experiment 943
Muonium formation and reactivity in sub- and
supercritical carbon dioxide
(K. Ghandi, UBC)

Current data on muonium chemistry in supercrit-
ical water (Expt. 713/842) have established that the
current models used in reaction kinetics of chemical
reactions in supercritical water are wrong and they
have led to a new model for chemical kinetics in super-
critical water [Ghandi and Percival, J. Phys. Chem.
A107, 3005 (2003); Ghandi et al., Physica B326 76
(2003); Ghandi et al., Phys. Chem. Chem. Phys. 4 586
(2002); Ghandi et al., Physica B289, 476 (1999)]. They
have also led to novel mechanistic information relevant
to green chemistry [Ghandi et al., JACS 125, 9594
(2003)]. In an attempt to extend those kinds of studies
to supercritical CO2, we initiated Expt. 943.

The main focus of the first year of the experiment
was to establish muonium formation over a broad range
of thermodynamic states under sub-and supercritical
conditions. In Figs. 151–153 we have compared our
data with those in supercritical water [Percival et al.,
Phys. Chem. Chem. Phys. 1, 4999 (1999)] in a similar
range of density and in high-pressure ethane [Kemp-
ton et al., J. Phys. Chem. 95, 7338 (1991)] over a much
smaller range of density. The comparison reveals signif-
icant difference in the radiolysis processes in supercrit-
ical CO2 as compared to the other two fluids [Ghandi
et al. (submitted to J. Phys. Chem. B)]. This may sug-
gest that kinetics and interactions of thermal muonium

Fig. 151. Diamagnetic (PD) fractions in pure CO2, H2O
and C2H6 as a function of density (error bars for C2H6 and
H2O data are not shown). The lines are to guide the eye.
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Fig. 152. Muonium (PMu) fractions in pure CO2, H2O and
C2H6 as a function of density (error bars for C2H6 and H2O
data are not shown). The lines are to guide the eye.

Fig. 153. Loss fractions (PL) in pure CO2, H2O and C2H6

as a function of density (error bars for C2H6 and H2O data
are not shown). The lines are to guide the eye.

are expected to be different compared to ones in su-
percritical water. To probe the change of interactions
of Mu with solvent molecules (CO2) with varying den-
sity, we have studied muonium hyperfine interactions
at different densities. Our results, which are the sub-
ject of another publication, are shown in Fig. 154. This
is the first demonstration, by any technique, of the ef-
fect of thermodynamic conditions in supercritical CO2

on the atomic wave functions, and of a manifestation
of change in intermolecular interactions between CO2

and Mu. The data cover a much broader density range
compared to the supercritical water data.

Also to extend the kinetic studies in supercritical
water to supercritical CO2, we studied the reaction be-
tween NO and Mu. The rate of Mu decay is a result
of two processes: spin exchange and addition of Mu to
NO. Some early results are shown in Figs. 155 and 156
by using the 3

4 law predicted by Senba [J. Phys. B26,
3213 (1993)] to separate the spin exchange from the
additional component.

Fig. 154. Mu hyperfine coupling constant in supercritical
CO2 compared to in N2 and in water.

Fig. 155. The rate constant for spin exchange of Mu and
NO at slightly above the critical temperature of CO2.

Fig. 156. The rate constant for the addition reaction of Mu
and NO at slightly above the critical temperature of CO2.

The data on spin exchange may suggest a change
in the diffusional and solvent cage properties in near
critical CO2 as observed for spin exchange between Mu
and Ni2+ in supercritical water. The results for addi-
tion to NO show probably the first ever high-pressure
limit for a reaction between Mu and a smaller than four
atom molecule [Himmer et al., J. Phys. Chem. A103,
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2076 (1999); Pan et al., Phys. Chem. Chem. Phys. 2,
621 (2000)]. However, due to complications with ad-
dition to NO, more data, particularly in longitudinal
field, are needed to confirm these results. It is intended
to make such measurements over a wide density range
at a few temperatures, with a view to separating the
spin exchange from addition component by varying the
magnetic field.

Experiment 944
Muonium in silicon carbide
(R.L. Lichti, Texas Tech; K.H. Chow, Alberta)

The main initial goal for TRIUMF Expt. 944 was to
characterize the hyperfine interactions for neutral Mu
centres seen in the three primary structures of SiC,
namely 4H, 6H, and 3C. The cubic 3C structure was
predicted to yield a shallow donor. We have not ob-
served any Mu0 hyperfine spectra in the n-type sam-
ple of 3C-SiC that was available, although features seen
below 50 K suggest dynamics involving a possible shal-
low centre. Initial data for high-resistivity samples of
the two hexagonal structures showed atomic-like neu-
tral centres: two Mu0 signals were observed in 4H as
expected; and three strong Mu0 signals were seen in
6H, but there were also hints of a possible fourth sig-
nal at some temperatures.

The three signals clearly observed in 6H-SiC do not
correspond very well to the hyperfine values published
some years ago [Patterson et al., Hyp. Int. 32, 625
(1986)]. The Mu0 motion and related site averaging of
AHF that was expected to occur below 300 K based on
the limited older data could not be confirmed. Instead
we found that, although the precession signals of Mu0

states disappeared between 100 and 200 K for the 6H
sample, the same three signals reappeared at higher
temperatures but below the onset of Mu0 ionization
near room temperature. Our main effort during this
year’s beam time was to examine n-type and p-type
SiC to check for consistency in AHF and to further
characterize the unexpected Mu0 dynamics.

In n-type 6H-SiC, two of the Mu0 centres observed
correspond to those seen in the high-resistivity ma-
terial, but the third signal was significantly different,
appearing in the region where hints of a possible fourth
Mu0 signal were seen previously. Table XII gives the
zero temperature A‖ values in all 4H and 6H samples.
We note that the values we find for n-type 6H are each
about 20 MHz lower than the A⊥ values from the early
results.

Figure 157 displays the temperature dependent hy-
perfine constants for one of the Mu0 centres in 4H-
SiC. The same two neutrals were seen in all 4H sam-
ples examined, and the data in Fig. 157 show typical

Table XII. The low-temperature hyperfine constants A‖
(in MHz) for Mu0 centres observed with B=6 T ‖ c in the
4H and 6H structures of silicon carbide.

Sample High-resist p-type n-type
4H-SiC 3002.82 (0.01) 3002.77 (0.01) 3002.8 (0.1)

2801.14 (0.06) 2801.07 (0.04) 2801.0 (0.2)
6H-SiC 2999.01 (0.01)

2984.34 (0.01) 2981.3 (0.1)
2777.9 (0.2)

2745.57 (0.01) 2745.5 (0.1)
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Fig. 157. Temperature dependent hyperfine constants for
one of the two Mu0 centres observed in 4H-SiC measured
with B = 6.0 T applied along the c-axis.

sample to sample differences. For both n-type materi-
als the Mu0 spin precession signals broaden and disap-
pear near 100 K where the nitrogen donors have ion-
ized. The temperature dependence of A‖ fits well to a
model in which the dominant cause of decreasing AHF

is interaction with long wavelength phonons. Each of
the temperature-dependent AHF curves in both 4H and
6H-SiC yields a Debye temperature of ∼800 K.

Longitudinal relaxation data were collected for the
two n-type hexagonal samples as an initial attempt to
identify specific transition or charge-exchange dynam-
ics. Figure 158 shows the rate constants for the more
rapidly relaxing fraction in n-type 6H-SiC. The am-
plitude associated with the feature between 100 and
180 K decreases with temperature, thus this feature
probably represents a charge-state transition involving
a single Mu0 state, perhaps an electron capture to yield
Mu− at one of the occupied sites. Spin precession data
for high-resistivity samples of both 4H and 6H suggest
two diamagnetic states with a very small difference in
frequencies of about 20 kHz out of 813 MHz, and the
low-field precession data imply a transition between
two diamagnetic states near 100 K.

The relaxing amplitude stays relatively constant
across the higher temperature peak in Fig. 158, but
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Fig. 158. Temperature dependence of longitudinal relax-
ation rates for the fast relaxing fraction seen in n-type 6H-
SiC. Similar data for an n-type 4H-SiC sample show low
rate constants and a sharp peak at 200 K.

then decreases above the peak. This is in the region
where the spin precession data in p-type and high-
resistivity samples imply an onset of Mu0 ionization,
thus we suggest a rapid Mu0↔Mu+ charge-exchange
cycle involving electron loss and recapture as the likely
origin of this feature. These results show that a com-
bination of spin precession and longitudinal relaxation
data is begining to provide hints of the origin of dy-
namics involving Mu0 centres in hexagonal SiC.

Experiment 949
µSR study of magnetic order in high-Tc super-
conductors under high pressure
(J. Arai, Tokyo U. Science)

Anomalous suppression of superconducting transi-
tion temperature Tc observed in a narrow range of
x ∼ 1/8 for La2−xMxCuO4 (M = Ba, Sr), which is
called the “1/8 problem”, is one of the most important
issues to understand the relation between supercon-
ductivity and magnetism in high-Tc cuprates. At the
beginning, the 1/8 problem was considered to be par-
ticular to La-214 compounds. However, 1/8 anomaly
is also observed in Bi-2212 and Y-123, suggesting that
the 1/8 problem is a common property of high-Tc su-
perconductors.

Structural instability is inherent in La-214 com-
pounds, which are the most typical system in high-
Tc superconductors. The crystal structure is closely
related to the electronic state in this system. With
decreasing temperature, La-214 compounds undergo a
well-known phase transition from a high-temperature
tetragonal (HTT) structure to a low-temperature or-
thorhombic (LTO) structure except for the overdoped
region. In addition, La2−xBaxCuO4 (LBCO) displays

a second transition to a low-temperature tetragonal
(LTT) structure around x = 1/8 at low temperatures.
Because superconductivity is strongly suppressed in
LBCO around x = 0.125 and slightly suppressed in
La2−xSrxCuO4 (LSCO) around x = 0.115, it is widely
believed that the LTT structure plays an important
role in suppressing superconductivity around x ∼ 1/8.

On the other hand, in La-214 compounds around
x ∼ 1/8, magnetic order has been observed by neu-
tron scattering experiments [Tranquada et al., Nature
375 (1995)] and µSR experiments [Watanabe et al., J.
Phys. Soc. Jpn. 61 (1992)]. These results indicate the
close relation between the suppression of superconduc-
tivity and the appearance of magnetic order.

The µSR measurement is the most suitable exper-
imental method to study the competition between su-
perconductivity and magnetic order because we can
investigate the Cu spin state in the absence of an ex-
ternal magnetic field. On the other hand, the LTT and
LTO phases of LBCO with x = 0.125 are suppressed by
applying pressure up to 0.6 GPa and 1.5 GPa, respec-
tively [Katano et al., Phys. Rev. B48 (1993)]. Then we
can control the two structural transition temperatures
by applying pressure above 1.5 GPa.

To generate high pressure above 1.5 GPa, we have
developed pressure cells made of non-magnetic alloy
Ni-Co-Cr-Mo (MP35N) with a wall 8 mm thick. The
size of the sample in the pressure cell is much smaller
than that in conventional µSR measurements. To in-
crease the SN ratio, we used the defining counter which
is as small as the sample.

In order to clarify the relation among supercon-
ductivity, the magnetic order and the crystal struc-
ture, we have performed the zero-field µSR measure-
ment in LBCO with x = 1/8 under high pressure up
to ∼1.3 GPa by using φ7T8 pressure cell at the M9B
port at TRIUMF.

Figures 159 and 160 show the µSR spectra at am-
bient pressure and P ∼ 1.3 GPa, respectively. Here we
define the magnetic ordering temperature Tm as the
temperature where an oscillation component starts to
appear in µSR spectra. At ∼1.3 GPa Tm exists between
35 and 40 K. The µSR spectra at 35 K under ambient
pressure and ∼1.3 GPa are quite similar. Tc at ambient
pressure is the same as that at P ∼ 1.3 GPa. Since the
LTT structure vanishes above ∼0.6 GPa, this result
suggests that the magnetic order is not related to the
LTT structure.

In order to investigate the relation between su-
perconductivity and the LTT structure, we have car-
ried out the resistivity measurement in LBCO with
x = 0.125 at several pressures up to ∼2.2 GPa. The
superconducting temperature Tc which is determined
by zero of the resistivity increases as the LTT structure
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Fig. 159. ZF-µSR spectra of LBCO with x = 0.125 at
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Fig. 160. ZF-µSR spectra of LBCO with x = 0.125 at P ∼
1.3 GPa.

is suppressed. The suppression of superconductivity is
closely related to the LTT structure.

Tm and Tc are plotted as a function of pressure in
Fig. 161. With increasing pressure, Tc increases lin-
early with an initial rate of dTc/dP ∼ +8.1 K/GPa.
At Pd ∼ 1.1 GPa, dTc/dP changes to +1.9 K/GPa.
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Fig. 161. Pressure dependence of magnetic ordering tem-
perature Tm and superconducting temperature.

It seems that Pd indicates the LTT-LTO phase transi-
tion pressure. On the other hand, Tm is independent of
pressure, suggesting that the magnetic order does not
compete with superconductivity.

Experiment 951
Magnetism and flux line lattice structure of
oxychloride superconductors
(K. Ohishi, R. Kadono, KEK-IMSS)

Alkaline-earth copper oxychlorides A2CuO2Cl2 (A
= Ca, Sr) are insulating antiferromagnetic compounds
consisting of two-dimensional CuO2 layers. They have
a layered perovskite structure common to K2NiF4

with a body-centred-tetragonal symmetry (I4/mmm),
which is free from any distortion. The Néel temper-
ature (TN) determined by neutron measurements is
255 K for A = Sr [Vaknin et al., Phys. Rev. B41, 1926
(1990)] and 247(5) K for A = Ca [ibid., Phys. Rev.
B56, 8351 (1997)], respectively. While Sr2CuO2Cl2
has yet to be carrier doped [Miller et al., Phys. Rev.
B41, 1921 (1990)], Ca2CuO2Cl2 becomes a high-Tc su-
perconductor (maximum Tc = 28 K at x ∼ 0.2) by
the doping of sodium [Hiroi et al., Nature 371, 139
(1994)]. While Ca2−xNaxCuO2Cl2 exhibits supercon-
ductivity upon doping holes by substituting Ca by Na,
the magnetic property of those with x < 0.10 (which
are non-superconducting) has not been investigated,
except for x = 0. We have performed ZF-µSR mea-
surements to elucidate the magnetic phase diagram of
Ca2−xNaxCuO2Cl2 over the underdoped region.
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The ZF-µSR measurements were conducted on the
M15 beam line at TRIUMF. We prepared ten sets of
Ca2−xNaxCuO2Cl2 specimens, x = 0, 0.0025, 0.005,
0.01, 0.02, 0.05, 0.07, 0.10, 0.15, 0.20, having a dimen-
sion of about 100 ∼ 250 mm2 with ∼1 mm thickness.
These samples were mounted on a sample holder and
loaded to the 4He gas flow cryostat. ZF-µSR measure-
ments were performed at temperatures between 2 K
and room temperature, and transverse field (TF)-µSR
measurements were also performed at room tempera-
ture under applied field HTF � 2 mT in order to deter-
mine the geometrical factor. In this report, we show the
result in Ca2CuO2Cl2 (x = 0) for which the analysis
is complete.

Figure 162 shows the time spectra of the muon spin
polarization Pz(t) observed in Ca2CuO2Cl2 in zero
field at several temperatures. The left and right figures
show Pz(t) over the respective time region of 7 µs and
1.0 µs. For both time ranges, spin precessions with dif-
ferent frequencies are clearly observed below T = 260
K. Therefore, µSR data were analyzed with the follow-
ing function;

Pz(t) =
n∑

i=1

Ai exp[−(σit)2] cos[2π(fit + φ)]

+Anon exp[−(σnont)β ],

where Ai and Anon are the asymmetries of oscillating
and non-oscillating components, fi is the muon spin
precession frequency, σi and σnon are the relaxation
rates, β is the power of the exponent.
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Fig. 162. ZF-µSR time spectra of the muon spin polariza-
tion Pz(t) in Ca2CuO2Cl2 at various temperatures.
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Fig. 163. Temperature dependence of the muon spin pre-
cession frequencies in Ca2CuO2Cl2.

The temperature dependence of the muon spin pre-
cession frequencies is shown in Fig. 163. The frequen-
cies are sharply reduced above 260 K, with their am-
plitudes disappearing around 275 K. This is consistent
with the neutron results in which Bragg peak appears
below TN = 247(5) K. It is also noticeable that one
having lower frequencies further splits into two compo-
nents below around 100 K. The high frequency com-
ponent (f1) is well fitted by a function A(TN − T )B,
with TN = 260.0(3) K. This complex character of the
internal field is in marked contrast with the case in
La2−xSrxCuO4 where only a single frequency is ob-
served. However, one of those (f2) is almost the same
as that in La2−xSrxCuO4 (∼5 MHz) [Uemura et al.,
Phys. Rev. Lett. 59, 1045 (1987); ibid., Physica C153-
155, 769 (1988); ibid., Hyp. Int. 49, 205 (1989)] and
f3 is close to that in Sr2CuO2Cl2 [Le et al., Phys. Rev.
B42, 2182 (1990)].

While the detailed analysis is still in progress, these
findings suggest that the muon stopping site may not
be unique. It is currently speculated that the muon
sites are both at around apical chlorine, which is com-
mon to the La2−xSrxCuO4 case, and near oxygens in
CuO2 planes.

Experiment 953
Spin dynamics and quantum coherence in
molecular magnets
(Z. Salman, TRIUMF; R.F. Kiefl, TRIUMF/UBC)

Molecular magnets are molecules consisting of ions
coupled by strong ferromagnetic or anti-ferromagnetic
interaction; these molecules crystallize in a lattice
where neighbouring molecules are very well separated.
At temperatures lower than the magnetic coupling J
between ions inside the molecule, the spins of the ions
are locked to each other, and the molecular magnets
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behave like noninteracting spins, all with the same to-
tal spin quantum number S. The energy difference be-
tween the ground spin state of the molecule and the
next excited spin state is of the order of J , therefore at
low temperatures only the ground spin state S is popu-
lated. This state is 2S+1 times degenerate in first order
approximation. However, at even lower temperatures
the degeneracy can be removed by additional magneto-
crystalline anisotropic interactions such as the uniax-
ial term DS2

z , or rhombic term E(S2
x − S2

y) etc. When
the temperature is high enough, transitions between
different spin states of the molecules are thermally ac-
tivated, but when the temperature is much lower than
the energy difference between spin states, the transi-
tions between them are only possible through a quan-
tum mechanical process.

The K6[VIV
15 As6O42(H2O)]·8H2O complex known

as V15 [Müller and Döring, Angew. Chem. Int. Ed.
Engl. 27, 157 (1991)] is made of a lattice of molecules
with fifteen VIV ions of spin 1/2, placed in a quasi-
spherical layered structure formed of a triangle, sand-
wiched by two hexagons (see Fig. 164). When the tem-
perature is lower than ∼100 K the two hexagons of the
V ions form an S = 0 state, leaving the three V ions on
the triangle with an effective Hamiltonian [Chiorescu
et al., Phys. Rev. Lett. 85, 4807 (2000); Barbara et al.,
Prog. Theor. Phys. Supp. 145, 357 (2002)]

H0 = −J0

(
�S1 · �S2 + �S2 · �S3 + �S3 · �S1

)
−gµB

�H ·
3∑

i=1

�Si

where �Si are the spins of the three V ions and J0 �
−2.445 K is the effective coupling between the spins.
At temperatures lower than 500 mK the V15 molecules
reside in their spin S = 1/2 ground state, with negligi-
ble dipolar interactions (few mK) between neighbour-
ing molecules. The V15 molecules have no anisotropy
barrier and a large tunneling splitting at zero field,
∆0 � 80 mK.

At very low temperature (below 2 K) the spin
ground state of the V15 system is with spin 1/2. At
temperatures much lower than 2 K only transitions

Fig. 164. The core of the V15 molecule. Only V ions are
shown here.

between the | + 1/2 > and | − 1/2 > spin states are
possible.

The muon spin lattice relaxation (SLR) rates, 1/T1,
measured in V15 between 12 mK up to 300 K at vari-
ous magnetic fields, are presented in Fig. 165. The high
temperature SLR measurements show an increase in
the SLR rates as the temperature is decreased due to
the slowing down of the thermally activated transitions
between the different spin states.

At T ∼ 100 K a sudden increase in the SLR is ob-
served at H = 5 G, a signature of the freezing of the
V ions’ spins on the hexagons (see Fig. 164), and the
formation of S = 0 singlet state.

The relaxation rate at temperatures below ∼10 K
and at low fields (lower than 5 kG) becomes almost
temperature independent, while at higher fields (5 and
10 kG) the relaxation rate decreases as the tempera-
ture is decreased down to 20 mK. At these tempera-
tures mainly the S = 1/2 spin states are populated,
and we attribute this decrease to the decrease in the
thermally activated transitions between the m = ±1/2
states due to the Zeeman splitting. However, at even
lower temperatures (less than ∼200 mK) the SLR rate
increases slightly, in agreement with 1H NMR data
[Yoneda et al., Physica B329-333, 1176 (2003).

The temperature dependence of the spin lattice re-
laxation at high temperatures indicates that the molec-
ular spin dynamics at high temperatures is thermally
activated. However, at low temperatures the spin dy-
namics is found to be temperature independent. This
temperature independent behaviour is a strong indica-
tion that this spin dynamics is driven by the broad-
ening and mixing of the spin states due to hyperfine
interaction between the molecular and nuclear spins,
and is the main contributor to the temperature inde-
pendent spin lattice relaxation process observed.

Fig. 165. The spin lattice relaxation rate as a function of
temperature for different values of external magnetic field.
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Experiment 960
Hydrogen (Mu) defects in II-VI chalcogenides
(R.L. Lichti, Texas Tech; J.M. Gil, Coimbra)

Zn chalcogenides

The basic plan of this run was to follow the be-
haviour of the normal muonium line in ZnSe as a func-
tion of temperature (as done in 2002 with ZnS) with
the high-frequency spectrometer HiTime in M15. We
used commercially available ZnSe single crystals from
Crystec and Alpha-Aesar.

The Crystec sample was measured with the (100)
direction parallel to the incoming muon beam and to
the applied magnetic field. At 3.4 K and a field of
7 T, two lines are clearly visible at about 679 MHz
and 763 MHz, as shown in the Fourier transform of
Fig. 166. No significant diamagnetic amplitude is seen.
Both lines are identified by their field dependence as
the ν12 precession frequency of Mu0. This is a surpris-
ing result, as only one muonium state was previously
known, with AHF = 3456.7 MHz corresponding to the
observed 763 MHz line (MuI). The much broader sec-
ond line at 679 MHz (MuII) may either correspond to a
novel state or to anisotropy of the known Mu0 centre.
Further experiments with differently oriented samples
should clarify this aspect.

The amplitudes of these lines are approximately
two-to-one in proportion, with the larger spectral
weight in the broader MuII line. The amplitude and
relaxation dependence on temperature up to the dis-
appearance of these lines at about 50 K are shown in
Figs. 167 and 168. The MuII relaxation rate is two or-
ders of magnitude larger than that of MuI at the lowest
temperatures. Both rate constants increase to the res-
olution limit as the amplitudes decrease.

Data for a second crystalline ZnSe sample, obtained
from Alpha-Aesar, confirms two paramagnetic lines
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Fig. 166. Fourier transform of precession data for the ZnSe
Crystec sample shows two paramagnetic lines, MuI and
MuII, at low temperatures.
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Fig. 167. Temperature dependent amplitudes of the para-
magnetic lines observed for the ZnSe Crystec sample.
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Fig. 168. Temperature dependent relaxation rates of the
paramagnetic lines observed for the ZnSe Crystec sample.

with very similar amplitudes and relaxation rates at
3 K when compared to results from the Crystec sam-
ple. However, a crude temperature scan indicates per-
sistence of the MuI line to much higher temperatures,
whilst the MuII line seems to disappear at about the
same temperature range in both samples. More de-
tailed temperature dependences for the second sam-
ple deserve special attention in the near future. The
sample related differences and different temperature
dependences for the two lines seem to indicate two sep-
arate Mu0 centres.

If we consider isotropic Mu0 centres, a possible in-
terpretation for the two states is that they would be
located in the inequivalent tetrahedral cage sites of the
zincblende structure. The hyperfine interactions ob-
tained in this experiment match well with those cal-
culated by Van de Walle and Blöchl [Phys. Rev. B47,
4244 (1993)], identifying MuI as located in the Zn
cation cage and MuII in the Se anion cage.
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CdTe

The case of CdTe is particularly interesting among
the II-VIs in that both shallow and deep Mu0 centres
are apparently formed. The shallow Mu centre is vis-
ible at low temperatures in both n- and p-type mate-
rials with a low concentration of active native defects,
and ionizes with an energy characteristic of a shallow-
donor. The deep centre is inferred from a missing frac-
tion and decoupling curves, but no precession signals
are seen in transverse fields. In n-type samples, the dia-
magnetic fraction is involved in a dynamic process at
temperatures above 150 K, revealed in low transverse
fields by a decrease of its amplitude, large frequency
and phase shifts, and an increase in the Lorentzian re-
laxation rate. This might indicate involvement of the
deep centre in charge-exchange interactions with con-
duction electrons.

Measurements of T1 relaxation as a function of lon-
gitudinal field and temperature are a way of extracting
information on exchange rates and also of confirming
the hyperfine interaction values of deep Mu0 centres.
One n-type undoped CdTe single crystal was measured
in longitudinal fields with Helios in M20. Figure 169
shows the 1/T1 relaxation rates obtained as a func-
tion of temperature for a fixed low longitudinal field of
102 G.

Field scans were performed at the fixed tempera-
tures of 220 K, 250 K and 265 K, as shown in Fig. 170.
Although the decrease of the relaxation rate above
1 kG reveals the presence of a Mu0 with a large hyper-
fine interaction, thus implying that a deep-level Mu0

centre is the relaxing state, the slope of these curves
does not have the B−2 dependence expected for a sim-
ple charge-exchange process involving an isotropic Mu0

centre. We speculate that the processes responsible for
the vanishing of the Mu0 fraction in transverse fields,
presumably a spin interaction during the final stages
of thermalization of the implanted muon, might still
play a role in this new situation.
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Fig. 169. Temperature variation of the relaxation rate at
a fixed longitudinal field of 102 G, obtained for n-CdTe.
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Fig. 170. Field variation of 1/T1 relaxation rates for n-
CdTe, measured at a few constant temperatures.

Experiment 965
Investigation of spin dynamics in the new dipo-
lar spin ice Ho2Ru2O7

(C.R. Wiebe, Columbia/McMaster; G.M. Luke, Mc-
Master; Y.J. Uemura, Columbia)

Frustration, a condition which describes the inabil-
ity of a system to satisfy all of its individual interac-
tions simultaneously, has become an important con-
cept in the realm of condensed matter physics, being
applicable to a wide range of phenomena such as high-
Tc superconductors, liquid crystal phase transitions,
and protein folding. A renewed interest in geometri-
cally frustrated magnets has resulted from this general
interest in frustration and the discovery of new mag-
netic ground states. One of these new states is the spin
ice, which occurs on the pyrochlore lattice of corner
sharing tetrahedra with weak ferromagnetic coupling
between rare-earth ions subject to strong axial crystal
fields. In particular, the 〈111〉 anisotropy of these sites
promotes a “two-in, two-out” low temperature spin ar-
rangement upon each tetrahedron, which is stabilized
by dipolar interactions. The resulting ground state has
a macroscopic entropy associated with the many ways
that each tetrahedron can satisfy this condition inde-
pendently of the other tetrahedra. The short-ranged
order of this system maps onto the problem of proton
ordering in the freezing of liquid water to ice. Paul-
ing first realized the significance of the specific heat
anomaly at the ice transition temperature as being
due to the disorder at each oxygen site. An excellent
agreement has been found between the spin ice model
and physical properties including magnetization, spe-
cific heat, and neutron scattering experiments of the
three spin ices, Dy2Ti2O7, Ho2Ti2O7 and Ho2Sn2O7.

Recently, a new spin ice candidate has been dis-
covered – Ho2Ru2O7. Whereas other spin ices of the
formula A2B2O7 only have one magnetic species on
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the A site, in Ho2Ru2O7 both A and B sites are mag-
netic: Ho3+ J = 8 spins and Ru4+ S = 1 spins. Previous
studies on the closely related pyrochlores in the series
R2Ru2O7 (R = Y, Nd) have revealed that the Ru4+

moments order at higher temperatures (T ∼ 100 K).
Ho2Ru2O7 shows an anomaly in the magnetic suscep-
tibility which agrees with these findings and suggests
that the Ru4+ moments order at ∼95 K. This claim
was recently verified by neutron scattering measure-
ments, which show very weak magnetic Bragg peaks
forming.

The goal of our µSR experiments was to investi-
gate how the Ru ordering influences the formation of
the spin ice state at low temperatures. Zero-field (ZF)
and longitudinal field (LF) measurements were com-
pleted on sintered powder samples of Ho2Ru2O7. At
∼95 K, there is no precession signal due to the para-
magnetic Ho spins, which are much larger than the
ordered Ru spins. However, we do observe a signifi-
cant slowing down of spin fluctuations in the vicinity
of TN . The relaxation rate, obtained from fits to expo-
nential relaxation, shows a dramatic rise at the tran-
sition (see Fig. 171). As well, the LF-spectra demon-
strate a change in the spin dynamics below the transi-
tion at ∼95 K (see Fig. 172). Recent neutron scattering
measurements have shown that the Ho spins form spin
clusters below ∼95 K, which grow in size as the tem-
perature is decreased. We see evidence for this with the
change in spin dynamics in this temperature range.

Subsequent measurements were made at the Ho or-
dering temperature, where the ZF-µSR spectra show
a highly damped response from the large ordered Ho
moments. It is difficult to extract information as the
relaxation rates move outside the window covered by
conventional µSR.
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Fig. 171. Relaxation rates from ZF-µSR on Ho2Ru2O7.
Ru4+ spins are slowing down near the transition at ∼95 K.
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Fig. 172. LF-µSR on Ho2Ru2O7 with LF = 5 T, indicat-
ing a change in spin dynamics in the region below the Ru
ordering temperature (95 K), but above the Ho ordering at
∼1 K. The Ho spins are believed to be forming spin clusters
in this region.

Experiment 974
Unconventional superconductivity in
NaxCoO2·1.3 H2O and proximity to an ordered
phase
(Y.J. Uemura, Columbia; C.R. Wiebe, Columbia/
McMaster; G.M. Luke, McMaster)

Muon spin relaxation (µSR) measurements have
been very effective in demonstrating unconventional
superconductivity in high-Tc cuprate (HTSC) and or-
ganic superconductors. The absolute value of the mea-
sured penetration-depth λ established correlations be-
tween ns/m∗ (superconducting carrier density / effec-
tive mass) and Tc which, together with the pseudogap
behaviour, suggest a formation of paired charge carri-
ers occurring at a temperature significantly higher than
the condensation temperature Tc. The temperature de-
pendence of λ indicated d-wave pairing symmetry and
line nodes in the energy gap. Zero-field µSR studies re-
vealed and elucidated static magnetic order in parent
compounds of HTSC.

To these superconductors based on strongly corre-
lated electrons, the recent discovery of superconductiv-
ity in Na0.35CoO2 intercalated with 1.3 H2O (Tc = 4.2
K) has added a unique compound which has highly 2-
dimensional (2D) conducting planes of cobalt oxide in a
triangular lattice structure with geometrical spin frus-
tration. The original idea of resonating valence bonds
was developed for this sublattice, but no superconduct-
ing system in this geometry has been known before the
new cobalt oxide compound. Although extensive stud-
ies have been started, detailed characteristics of this
system are yet to be demonstrated by conclusive ex-
perimental data sets.

120



Anhydrous Na�CoO2

We first describe zero-field (ZF) µSR studies of
magnetic order in polycrystalline samples of non-
superconducting anhydrous NaxCoO2. Recent resistiv-
ity and susceptibility studies showed that the x =
0.64 system can be characterized as the “Curie-Weiss”
metal, x = 0.35 as a “paramagnetic” metal, while x
= 0.5 exhibits a transition from a high-temperature
metal to low-temperature insulator at T = 53 K. In
Fig. 173(a), we show the ZF-µSR time spectra of these
systems. In the x = 0.5 system, the spectra above T
= 53 K show slow relaxation without oscillation, i.e.,
a line shape expected for systems with nuclear dipolar
fields without static magnetic order of Co moments.
Below T = 53 K, a clear oscillation sets in, together
with a rather fast damping. Below T = 20–25 K, we
see two frequencies beating. Figure 173(b) shows the
temperature dependence of these frequencies. The am-
plitude of the damping signal indicates that all the
muons feel a strong static magnetic field below T =
53 K. The static magnetic order sets in at the onset of
a metal-insulator transition, and the establishment of
the second frequency takes place at T = 20 K, which
roughly corresponds to the “kink” temperature in the
resistivity shown in the inset. Although a conclusive
picture requires neutron scattering studies, it seems
that one of two interpenetrating Co spin networks ac-
quires a long-range order below T = 53 K, followed by
the other network establishing long-range order below
20 K. The spatial spin correlation should be antifer-
romagnetic (AF), since susceptibility shows no diver-
gence at T = 53 K (evidence against ferromagnetism),
and the damping of the T = 25 mK data is significantly
slower than that of the Bessel function expected for the
incommensurate spin-density-wave (ISDW) states (ev-
idence against ISDW).

We also confirmed the absence of static magnetic
order in anhydrous NaxCoO2 with x = 0.35 and 0.64,
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Fig. 173. (a) Muon spin relaxation time spectra observed
in zero field in anhydrous NaxCoO2 with x = 0.50, 0.35,
and 0.64. (b) The muon spin precession frequency observed
in the x = 0.5 system, shown with resistivity in inset.

down to T = 25–35 mK, as shown in Fig. 173(a). Static
antiferromagnetic order was reported for x = 0.75–0.9
by earlier µSR studies. Together, the present data es-
tablish a rather complicated evolution of the magnetic
ground states from paramagnetic (PM) (x = 0.35) to
AF (0.5) to PM (0.64) to AF (0.75) to ISDW (0.9),
with increasing x. The ∼2 MHz frequency in the x =
0.5 system is close to ∼3 MHz in x = 0.75, suggesting
that the ordered moment sizes in these systems are of
comparable magnitudes. The existence of an insulat-
ing magnetic state in the vicinity of superconductivity
resembles the case in the cuprates.

Superconducting Na�CoO2�1.3 D20

We now focus on our results on powder samples
of the superconducting phase, NaxCoO2·1.3 D20. µSR
data in transverse external fields (TF) reflect field
broadening due to the flux vortex lattice in type-II
superconductors, from which one can derive the mag-
netic field penetration depth λ. In Fig. 174, we com-
pare the temperature dependence of σsc(T ) ∝ λ−2 of
Na0.35CoO2·1.3D2O with various models, in a fit of 16
data points with σ(T = 0) as a free parameter. The
observed results clearly disagree with curves of the
two-fluid model (normalized chi square NCS = 3.51)
and s-wave BCS weak-coupling model (NCS = 1.75,
Durbin-Watson value of a normalized residual error
correlation DW = 1.11). Comparison with the scaled
µSR results from YBCO yields NCS = 1.39 and DW
= 1.59, showing a rather poor agreement yet in a sta-
tistically acceptable range. For a 5% confidence level,
a model with NCS > 1.666 or DW < 1.1 or DW >
2.9 should be rejected, 1.1 < DW < 1.37 or 2.63 <
DW < 2.9 is inconclusive, while 1.37 < DW < 2.63 is
comfortably acceptable.

Fig. 174. Muon spin relaxation rate σsc(T ) due to super-
conductivity in Na0.35CoO2·1.3D2O, with TF = 200 G ap-
plied perpendicular to the aligned conducting planes, ob-
tained by quadratic subtraction of σ2

sc = σ2
exp − σ2

n. The
results are compared with fits to several models and the
scaled plot of µSR results on YBa2Cu3O6.95 (YBCO).
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For the cobalt oxide superconductors, several au-
thors proposed f-wave models, which have a particular
matching with the symmetry of triangular lattice. In
Fig. 174, we also show a theoretical curve for an f-
wave pairing, obtained by using a tight-binding fit of
the LDA band calculation and by assuming a sepa-
rable effective interaction supporting a simple f-wave
order parameter. In the present system, there is a large
Fermi surface around the Γ point as well as six small
hole-pockets near the K points. The line in Fig. 174
represents a case where nodes of f-wave symmetry exist
only on the large Fermi surface and not on the six hole-
pockets, while the order parameter on each Fermi sur-
face has the same maximum value. This f-wave model
gives a good agreement with the observed data with
NCS = 1.19 and DW = 2.34.

These results rule out a fully isotropic energy gap.
Before concluding a particular pairing symmetry, how-
ever, one has to test various other models with and
without the possible effect of impurities.

The penetration depth λ is related to the supercon-
ducting carrier density ns divided by the effective mass
m∗ as σ(T ) ∝ λ−2 ∝ [4πnse

2/m∗c2][1/(1+ξ/l)], where
ξ is the coherence length and l denotes the mean free
path. At this moment, it is difficult to prove the clean
limit situation ξ << l for the cobalt oxide supercon-
ductor, due to the lack of high-quality superconducting
single crystals necessary to estimate the in-plane val-
ues of ξ and l . Derivation of the absolute values of
λ and ns/m∗ is subject to modelling of flux vortex
lattice line shapes, observed functional forms of field
distribution, and angular averaging in the polycrystal
samples. Based on the results of µSR measurements
on c-axis aligned YBCO and numerical works, we have
adopted the conversion factor for polycrystal to aligned
samples σaligned ∼ 1.4σpoly to account for the effect
of applying the TF perpendicular to the conducting
planes of highly 2D superconductors. For σ to λ con-
version λ = A/

√
σ, we have adopted a factor A =

2,700 [Å(µs)1/2] for the Gaussian width σ. With these
conversion factors, the values of λab of polycrystalline
samples of underdoped YBCO with Tc ∼ 60 K agree
well with the value obtained using a single crystal spec-
imen with comparable Tc in a more accurate lineshape
analysis. The above factor A gives λ = 7,200 Å for the
in-plane penetration depth of the cobalt oxide system
at T → 0.

If we assume the charge carrier density to be equal
to the Na concentration, we obtain the in-plane ef-
fective mass of the cobalt-oxide superconductor to be
about 100 times the bare electron mass me. The heavy
mass can be expected for strongly correlated carri-
ers in a triangular lattice. The high effective mass is
consistent with the electronic specific heat C/T ∼ 12

[mJ/mole K2] of the superconducting cobalt oxide just
above Tc. This value can be compared to ∼ 2 [mJ/mole
K2] of YBa2Cu3O7. After normalizing the values to
a unit sheet area of conducting planes, C/T for the
cobalt oxide becomes about 25 times larger than that
for YBCO. In the non-interacting 2D Fermi gas, C/T
is proportional to m∗ but independent of carrier den-
sity. Thus, within this approximation, we expect m∗ of
cobalt oxide to be 25 times that of the cuprates.

In conclusion, we have shown that the cobalt oxide
superconductors have an anisotropic energy gap and
a heavy effective mass m∗ ∼ 100 me. We have also
established the existence of an antiferromagnetic insu-
lating compound in the vicinity of the superconduct-
ing cobalt-oxide system without magnetic order, which
suggests the possible involvement of magnetism in the
superconducting mechanism.

Experiment 975
Magnetism and superconductivity in
NaxCoO2·yH2O and related cobalt oxides
(W. Higemoto, R. Kadono, KEK-IMSS)

Recent discovery of superconductivity in a novel
cobalt oxide, NaxCoO2·yH2O (x = 0.35, y = 1.3)
with the transition temperature Tc ∼ 4.5 K, is at-
tracting much interest [Takada et al., Nature 422, 53
(2003)]. The compound has a lamellar structure con-
sisting of CoO2, Na and H2O bi-layers, where the two-
dimensional (2D) CoO2 layers are separated by thick
insulating Na or H2O layers. This structure is similar to
high-Tc cuprate superconductors (HTSCs) in the sense
that they also have a layered structure of 2D-CuO2

sheets separated by insulating layers. It is well estab-
lished that Cu2+(S = 1/2) atoms on a square lattice
exhibit antiferromagnetic (AF) ordering in the parent
compounds of HTSCs, where the superconductivity oc-
curs when the AF state is suppressed by carrier doping.
On the other hand, Co atoms form a 2D triangular lat-
tice on the CoO2 layers, where a strong magnetic frus-
tration is anticipated. Thus, while Na0.35CoO2·1.3H2O
may be viewed as an electron doped Mott insulator for
a low-spin Co4+(S = 1/2) with an electron doping x =
35%, the electronic state may be considerably different
from cuprates.

We conducted ZF- and HTF-µSR measurements on
the superconducting cobalt oxide and its deuterated
specimen down to 2 K. We also made additional mea-
surements on Na0.35CoO2·0.7H2O with H2O mono-
layers as a reference compound showing no supercon-
ductivity. The ground state property was examined by
ZF-µSR at KEK-MSL, while information on the su-
perconducting pair correlation was investigated by the
muon Knight shift deduced from HTF-µSR at TRI-
UMF M15. Powder specimens of Na0.35CoO2·1.3H2O
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including a deuterated one (D2O � 75%) were synthe-
sized as described in Takada et al. [ibid.]. Each spec-
imen was characterized by measuring magnetic sus-
ceptibility prior to µSR measurement. For high field
measurements, the powder specimen was secured with
Apiezon-N grease to prevent an alignment of fine crys-
tals in the specimen by strong field.

It turned out that the ZF-µSR time spectra below
10 K can be well reproduced by the Kubo-Toyabe re-
laxation function. The lineshape exhibits the least de-
pendence on temperature over the temperature range
through Tc. A large difference in the nuclear dipolar
width (∆) between hydrate and deuterate specimens
indicates that muons occupy a site close to the water
molecule. By comparing ∆ between those two speci-
mens together with calculated mapping of ∆, the muon
site is identified near (0.2, 0.25, 0.12). Since this site has
a lower symmetry, it is unlikely that the internal fields
from cobalt oxides happened to be cancelled. Thus, we
conclude that there is no spontaneous internal mag-
netic field associated with the occurrence of supercon-
ductivity nor any symptom of magnetism down to 2 K.

The magnetic penetration depth (λ) in the hydrate
specimen is deduced to be about 5000 Å from TF-
µSR data at lower fields. This long λ does not allow
us to discuss the temperature/magnetic field depen-
dence of λ in detail; the corresponding relaxation rate
due to the flux line lattice (FLL) formation (σ � 0.1
µs−1) is too small to be determined experimentally
with enough precision. On the other hand, the dia-
magnetism for such a long λ can be negligible at high
fields, and thereby we can study the muon Knight shift
without much ambiguity due to the FLL formation.

In general, the muon Knight shift K(T ) is expressed
as K(T ) = Ks(T ) + Korb. Here, Ks and Korb are the
spin and orbital component of the Knight shift, and
only Ks(T ) is temperature dependent. Then, as shown
in Fig. 175, Ks(T ) is determined by the slope of the
muon Knight shift versus magnetic susceptibility (K-
χ plot) irrespective of Korb (which is set to zero in
this analysis). Figure 176 shows the temperature de-
pendence of Ks(T ) (at 60 kOe) and uniform suscepti-
bility (at 10 kOe) in the randomly oriented sample of
Na0.35CoO2·1.3H2O. The muon Knight shift decreases
with decreasing temperature below 100 K and levels
off below 10 K. Above 10 K, Ks(T ) is proportional to
the uniform susceptibility, which clearly indicates that
the upturn of the χ(T ) below ∼100 K is due to some
intrinsic origin. The spin part of the muon Knight shift
is expressed as Ks = Ahfχ, where Ahf is the hyperfine
coupling constant. From the above relation, Ahf is es-
timated to be ∼–134 Oe/µB. It should be noted that
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Fig. 175. The muon Knight shift (at 60 kOe) versus sus-
ceptibility plot in Na0.35CoO2·yH2O; it exhibits supercon-
ductivity for y = 1.3 while it remains normal for y = 0.7.
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Fig. 176. Temperature dependence of the spin part of the
muon Knight shift Ks (filled dot) and susceptibility (solid
line). Susceptibility was measured at 10 kOe.

the anisotropic term of the Knight shift, or so called
powder pattern, is not seen in the spectra. This implies
that the anisotropy of the Knight shift is much smaller
than the present resolution. In the case of s-wave pair-
ing superconductivity, Ks decreases to zero with de-
creasing temperature following the Yoshida function.
However, as shown in the inset of Fig. 176, the muon
Knight shift does not show any appreciable reduction
below Tc.

Since the observed muon Knight shift is negative,
there remains a possibility that the reduction of Ks

below Tc may be cancelled by the diamagnetic shift
upon the formation of FLL. We estimated the mag-
nitude of such a diamagnetic shift taking account of
the effects of dense overlap of vortices and the Doppler
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shift; the latter is present when the superconducting
gap has nodes, leading to further enhancement of λ.
This is reasonable considering the recent NMR mea-
surements suggesting line nodes in this compound. Our
simulation yielded that λ � 12 µm at 60 kOe where the

associated diamagnetic shift by the FLL formation is
less than 2.8 ppm, which is too small to cancel out the
predicted effect due to spin singlet superconductivity.
Thus, we conclude that the result in Fig. 176 is mostly
attributed to Ks.
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