
D
RA

FT

Experiment 817
β-NMR investigation of type-II superconduc-
tors
(Z. Salman, Oxford; D. Wang, R.F. Kiefl, UBC)

One of the most remarkable properties of a super-
conductor is the vortex lattice, which is formed in the
presence of an applied magnetic field. Much has been
learned about vortices and the vortex lattice since it
was first predicted by Abrikosov in 1957. Nevertheless,
vortices are complex objects with properties that are
still not fully understood. In recent years muon spin ro-
tation (μSR) has been used extensively to measure the
magnetic field distribution in the vortex state, which
is a sensitive probe of vortex structure and the vortex
lattice. For example μSR results in NbSe2 have shown
that the vortex core shrinks due to depopulation of the
core bound states but the low temperature core radius
is still significantly larger than predicted in the quan-
tum limit. Recently there has been considerable work
on the role of delocalized quasiparticles associated with
the cores and the interaction between vortices, partic-
ularly in multiband superconductors such as NbSe2,
where there is more than one superconducting gap.

In this experiment we are investigating the vor-
tex state of NbSe2 (Tc = 7.0 K) and other supercon-
ductors using depth resolved β-detected NMR of 8Li.
While μSR is primarily a bulk probe, β-NMR can be
used to investigate the vortex lattice much closer to
the surface, i.e. on the scale of the vortex lattice spac-
ing a0 = 1546/

√
Bext[mT ] nm. In general, we expect

vortices and vortex interactions to be different near a
surface or interface due the discontinuous nature of the
superconductor.

Figure 1a shows the β-NMR spectrum in the nor-
mal state of NbSe2 in a magnetic field of 300 mT ap-
plied along the c-axis. Above Tc the lineshape is nearly
independent of magnetic field, temperature and im-
plantation depth. After field-cooling below Tc, the res-
onance broadens asymmetrically (Fig. 1b) and exhibits
all the characteristic features of a triangular vortex lat-
tice. In particular, note the most probable frequency, or
cusp frequency, shifts by an amount Δc below the nor-
mal state frequency. The cusp frequency (or magnetic
field) arises from Li located midway between two adja-
cent vortices. In addition, there is also a high frequency
tail which corresponds to the magnetic field distribu-
tion near the vortex core. The high frequency cutoff,
which is shifted by an amount Δv above the normal
state frequency, corresponds to the field at the vortex
core. The curve in Fig. 1b is a fit to the vortex lineshape
model taking into account the close proximity to the
surface. The best fit gives a London penetration depth
λ = 230(30) nm and a vortex core radius ρ = 13(1) nm.
These parameters are close to what is observed from

μSR in the bulk NbSe2 at the same temperature and
field, indicating at this field the vortex lattice is similar
to that deeper inside the sample.

Figure 2 shows the β-NMR lineshape in a much
lower magnetic field of 10.8 mT. Note the line is slightly
narrower in Fig. 2b compared to 2c. This is predicted
in a simple model of vortices near a surface. The most
surprising result is the remarkable similarity of line-
shapes in Figs. 1 and 2, given the magnetic fields differ
by a factor of 27. In particular, in Fig. 2, note the ob-
served cutoff at a frequency Δv above the normal state
frequency, corresponding to the frequency at the vor-
tex. The small value of Δv in Figs. 2b and 2c can only
be explained by a very extended vortex. The curves
are a fit to the vortex lineshape model assuming a
depth independent λ nm and ρ nm. The best fit is
with λ = 167(15) nm and ρ = 77(10) nm. Thus the
core size at this field is much larger than the coherence
length and what is measured in high field. A plausible
explanation is that in a lower field the vortices are fur-
ther apart and thus interact more weakly. This would
lead to enhanced thermal vibrations in low field. It is
likely that multiband effects also contribute to the gi-
ant vortices we observe in NbSe2. These results point
to the need for a comprehensive theory of the vortices
and their interactions, which includes both electronic
and vibrational excitations.
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Fig. 1. (a) The β-NMR spectrum in the normal state of
NbSe2 at 10 K in a magnetic field of 300 mT applied along
the c-axis. The beam energy of 20 keV corresponds to a
mean implantation depth 〈z〉 = 85 nm. The observed Gaus-
sian line broadening is attributed to 93Nb nuclear moments.
(b) The same conditions as (a) except field cooled to 3.5 K
or 0.5 Tc. The asymmetric lineshape is characteristic of a
triangular lattice of magnetic vortices.

Fig. 2 β-NMR resonances in NbSe2 in a low magnetic
field of 10.8 mT. (a) In the normal state at 10 K with a
beam energy corresponding to a mean implantation depth
〈z〉 = 8 nm. (b) The same conditions as (a) except field
cooled to 0.5 Tc. (c) The same temperature and magnetic
field as (b) but the mean implantation depth is about 10
times larger.

Experiment 891
Superconductivity and magnetism in
CenTmIn3n+2m

(K. Ohishi, R.H. Heffner, JAEA-ASRC)

Heavy fermion compounds possess a characteristic
temperature T ∗ signifying a crossover from localized
behaviour at high temperatures to coherent behaviour
at low temperatures. This behaviour is explained as
the onset of coherent conduction electron scattering
by the Kondo lattice of f spins; at high temperatures
the f electrons scatter the conduction electrons inde-
pendently as local impurities.

It is observed that heavy-fermion Knight shift
anomalies, which are a deviation from a linear rela-
tion between the shift K and the magnetic suscepti-
bility χ, occur at low temperatures. Such behaviour
is attributed to local phenomena associated with the
f electrons. Quite generally, K = Aχ/(NAμB), where
A is the hyperfine coupling, NA is Avogadro’s num-
ber and μB is the Bohr magneton. One cause of such
an anomaly is low-lying crystal field levels, where
the hyperfine coupling A changes as the 4f electron
states become depopulated from the excited states
of the crystal-field split multiplets [Ohama et al., J.
Phys. Soc. Jpn. 64, 2628 (1995)]. In another sce-
nario, the local susceptibility rather than the hyper-
fine coupling changes. Here the susceptibility can be
decomposed into a high-temperature component χff ,
corresponding to non-interacting local moments, and
a low-temperature component χcf , which is charac-
teristic of the coherent state below T ∗ [Nakatsuji et
al., Phys. Rev. Lett. 92, 016401 (2004); Curro et al.,
Phys. Rev. B70, 235117 (2004)]. Curro et al. reported
that this heavy-electron component scales universally
as χcf ∝ (1 − T/T ∗) ln(T ∗/T ) for some Ce, Yb and
U based materials. Note that a Knight shift anomaly
caused by crystal fields is not expected to display such
a temperature dependence. In a previous muon Knight
shift study of Ce2IrIn8 [Heffner et al., Physica B374-
375, 184 (2006)], a deviation from the linear behaviour
of K versus χ was observed below T ∗ = 24(1) K
for applied field H0 ‖ c-axis, and χcf proportional to
(1 − T/T ∗) ln(T ∗/T ) below T ∗ was extracted.

In order to elucidate the effects of Ce dilution on the
heavy electron state in Ce2IrIn8, we have performed
muon Knight shift measurements in single crystalline
samples of (Ce1−xLax)2IrIn8 (x = 0.1, 0.25, 0.5, 0.7 and
0.9). Here we report the data for x = 0.1.

In the present experiments we used single crys-
talline samples grown by the In-flux method at Los
Alamos National Laboratory [Macaluso et al., Chem.
Mater. 15, 1394 (2003)]. Transverse-field (TF-) μSR
experiments were performed at the M20 beam line.
The external field was applied along the c-axis of the
crystals and parallel to the beam direction. The crys-
tals were mounted on a silver sheet, which served as
a reference material to calibrate the applied field. The
signals which came from muons stopping in the sample
and the silver were separated electronically and accu-
mulated individually.

The observed muon Knight shift is defined as fol-
lows: Kexp = fi−f0

f0
= Kμ + Kdem, where fi is the

measured precession frequency of the i-th signal com-
ponent, and f0 = γμH0/2π is the muon frequency
in the external field H0, with γμ as the muon gy-
romagnetic ratio (= 2π × 135.54 MHz/T). Kdem =
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4π(1/3−N)ρmolχ is the contribution from the Lorentz
and demagnetization terms, where N ∼ 1 is the de-
magnetization factor in this experiment and ρmol is
the molar density.

According to the report of Curro et al. [op. cit.], the
uniform susceptibility is written as χ(T ) = χff(T ) +
2χcf(T ) + χ0, where χ0 is a temperature-independent
component. The muon Knight shift from the i-th fre-
quency component Kμi, including the contribution
from χcf , is summarized as follows:

Kμi = Ki
exp − Kdem

= Ki
o +

(Ai
cf − Ai

hyp)χcf + Ai
hyp(χ − χ0)

NAμB
,

where Ai
cf and Ai

hyp are the couplings between the
muon and χcf and χff , respectively, and Ki

o is a
temperature-independent shift.

Figure 1 shows the fast Fourier transform spectrum
of μSR signals at 20 K. The dashed line shows the
K = 0 frequency. Clearly, four frequencies are observed
in the La-doped sample, i.e., La doping induces a split-
ting of the lines, likely due to muons stopping in a local
environment either rich in Ce atoms (Kμ1) or depleted
in Ce atoms (Kμ1′). Here we focus on the lowest fre-
quency peak Kμ1.

The shift Kμ1 is shown versus the bulk suscepti-
bility χ in Fig. 2; for comparison, the shift of the un-
split line in Ce2IrIn8 is also shown. We find that the
shifts scale with χ below χ ∼ 0.014 emu/mol-Ce. A
clear deviation from linear behaviour is also observed
for χ > 0.014 emu/mol-Ce. The Ahyp value from the
high-temperature fits to the data (where T > T ∗ and,
hence, χcf = 0) is –805(9) Oe/μB. As seen in Fig. 2,
the values of Ahyp for Kμ1 in both samples are almost
the same.

Using the derived values of Ahyp and χ, the term
containing χcf(T ) in the above equation was obtained.
Figure 3 shows that these data are well described by

Ki
cf = Ki0

cf

(
1 − T

T ∗

)
ln
(

T ∗

T

)
,

where Kcf = K0
cf for T/T ∗ = 0.259. The solid

line in Fig. 3 is the fitting result using this equa-
tion with parameter T ∗ = 20.1(8) K. It is obvious
that the Kcf scales with the universal relationship
∝ (1 − T/T ∗) ln(T ∗/T ), even in the La-doped sample.
The reduction of T ∗ indicates that the intersite inter-
action between 4f electrons becomes weaker in the La-
doped system. The analysis of the samples with x > 0.1
is under way.
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Fig. 1. The fast Fourier transform spectra of μSR signals
at 20 K. The dashed line shows the K = 0 frequency.
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Fig. 2. Knight shift Kμ1 vs. susceptibility χ plots in
(Ce0.9La0.1)2IrIn8. Knight shift in Ce2IrIn8 [Heffner et al.,
op. cit.] is also plotted for comparison.
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to the equation with parameter T ∗ = 20.1(8) K.

Molecular and Materials Science — ar06-sci-mu.tex . . . 11:40 November 23, 2007 . . . 3



D
RA

FT

Experiment 895
The vortex structure and magnetism of
electron-doped cuprate superconductors
(K.H. Satoh, Graduate Univ. for Advanced Studies; R.
Kadono, KEK-IMSS)

The question whether or not the mechanism of su-
perconductivity in electron-doped (n-type) cuprates is
common to that in hole-doped (p-type) cuprates is one
of the most interesting issues in the field of cuprate
superconductors, which is yet to be answered. Unfor-
tunately, the study of flux line lattice (FLL) state in n-
type cuprates such as T′-phase RE2CuO4 compounds
(RE = Nd, Pr, Sm, etc.) is far behind that in p-type
cuprates because of strong random local fields from
rare-earth ions which mask information from CuO2

planes for magnetic probes such as muon. In this re-
gard, infinite-layer structured Sr1−xLaxCuO2 (SLCO)
is a suitable compound for detailed μSR study of
electron-doped systems, as it is free from magnetic
rare-earth ions.

In 2005 and 2006, we made μSR measurements un-
der zero/longitudinal field (ZF/LF) and a high trans-
verse field (HTF) on SLCO with x = 0.1, 0.125, and
0.15 using the HiTime spectrometer. Here we report
a preliminary result on the sample with x = 0.125.
The SLCO sample was prepared with the high-pressure
technique using a cubic anvil press, and the obtained
polycrystalline sample was confirmed to exhibit super-
conductivity below 42 K by magnetic susceptibility
measurement. Figure 1 shows fast Fourier transform
(FFT) of some HTF-μSR spectra under 60 kG. A small
satellite peak (labelled as B) appears on the positive
side of the central sharp peak (labelled as A), where
the satellite exhibits no appreciable shift at lower tem-
peratures. With decreasing temperature, the linewidth
of the satellite peak becomes broader, and its volume
fraction increases to nearly 50% at 50 K. The appear-
ance of the satellite peak in the normal state clearly
indicates occurrence of a phase separation irrespective
of superconductivity. It is inferred from ZF/LF-μSR
measurements that the corresponding magnetic phase
is spin glass-like and quasi-static in the μSR time win-
dow.

Taking this result into consideration, we deduced
the magnetic penetration depth λ from the μSR spec-
tra below Tc using the modified London model. In the
London model, B(r) is approximated as the sum of
magnetic inductions from isolated vortices to yield

B(r) = B0

∑ e−iK·r

1 + K2λ2
F (K, ξV )

F (K, ξV ) = e−(K2ξ2
V )/2

where K are the vortex reciprocal lattice vectors, B0(�
H) is the average internal field, λ is the effective Lon-
don penetration depth, and F (K, ξv) is a non-local cor-
rection term with ξv being the cut-off parameter for the
magnetic field distribution; the Gaussian cut-off gen-
erally provides satisfactory agreement with data. As
a result, λ for SLCO(x = 0.125) is estimated to be
∼87 nm. This value is much shorter than that previ-
ously reported for p-type cuprates, where the corre-
sponding “Gaussian linewidth” σ vs. Tc point falls far
off the Uemura line. This is in line with the recent re-
sult on SLCO by A. Shengelaya et al. [Phys. Rev. lett.
94, 127001 (2005)], although the occurrence of phase
separation and associated magnetic phase is not con-
sidered in their data analysis.

We also found that the dimensionless parameter η,
corresponding to the normalized slope of λ(h) against
an external field, is positive in this compound. This be-
haviour is commonly found in the materials whose su-
perconducting order parameter has a nodal structure,
and the magnitude of η is a good measure for the degree
of anisotropy in the superconducting order parameter.
However, the deduced value of η (∼1.9) is smaller than
that of typical d-wave superconductors at lower fields,
e.g., YBa2Cu3O6.95 (YBCO, where η ∼ 5.6–6) [Sonier
et al., Phys. Rev. B55, 11789 (1997)]. Recently, a dif-
ference in the superconducting order parameter be-
tween p-type and n-type cuprates has been suggested
by ARPES measurement [Matsui, et al., Phys. Rev.
Lett. 95, 017003 (2005)]. The observed difference of η
between SLCO and YBCO might be further evidence
for such difference.
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Fig. 1. Fourier transform of HTF-μSR spectra at Hext =
60 kG. The peaks labelled as (A), (B), and (C) correspond
to non-magnetic phase, magnetic phase, and FLL phase,
respectively.
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at 2 K. Dashed line is a linear fit.

Experiment 913
Photo-induced dynamics and reactivity of spin
polarized 8Li in semiconductors
A. Mansour, K.H. Chow (Alberta); Z. Salman (Ox-
ford)

In order to understand the dynamics and reactivity
of spin-polarized 8Li in semiconductors, it is important
to be able to establish the microscopic site of the probe.
In order to accomplish this goal, we recently initiated
studies in a prototypical metal, the face centred cubic
copper to learn how to obtain site-sensitive informa-
tion. The sample used is a 50 nm film evaporated on a
MgO substrate (see Figs. 1 and 2).

In metals, there is an abundance of free electrons in
the system and hence certain interactions are present
that are otherwise not there in a semiconductor. Of
particular interest to us is the 8Li Knight shift, i.e. the
normalized frequency shift compared to that expected
for 8Li in vacuum. In Cu, this quantity is shown to be
different for 8Li located in different sites in the lattice
(see Fig. 1). Note that there is a change of site start-
ing at about 50 K from the O (octahedral) to the S
(substitutional) site.

The next step is to build upon this information
and develop the technique of level crossing resonance, a
powerful technique for providing site-sensitive informa-
tion. This method can be applied to many solid-state
systems, including metals and semiconductors.
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Fig. 1. Representative resonance signals of 8Li in the
Cu/MgO sample in an applied field of 4.1 T. Each spec-
trum was obtained at an implantation energy of 10.6 keV,
except the bottommost one, which was obtained at the full
implantation energy of 30.6 keV. The three vertical dashed
lines indicate the peak frequencies of the MgO, S and O sig-
nals. The zero shift in frequency is taken to be that in MgO
at room temperature. The long-dashed lines indicate the S
and O contributions of the signal at each temperature.
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Experiment 917
Correlation between magnetism and transport
properties of thermoelectric oxides
(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

The antiferromagnetic (AF) nature of the normal
spinel Co3O4 with Néel temperature (TN) = 30 K
[Khriplovich et al., J. Chem. Thermodyn. 14, 207
(1982)] was investigated by means of positive muon
spin rotation and relaxation (μ+SR) techniques using
the surface muon beam line of M20. Here, the crys-
tal structure of Co3O4 is a cubic normal spinel with
a space group O7

h-Fd3̄m, lattice constant a = 8.084 Å
at ambient temperature [Smith et al., Acta Crystal-
logr., Sect. B: Struct. Crystallogr. Cryst. Chem. 29,
362 (1973)]. The charge distribution for Co3O4 is rep-
resented by [Co2+]8a[Co3+

2 ]16d[O2−
4 ]32e, in which 8a

denotes the tetrahedral site and 16d the octahedral
site surrounded by O2− ions at 32e sites. dCo3+−O is
∼1.92 Å and dCo2+−O ∼ 1.93 Å. The spinel Co3O4

is considered to be a cation-deficient rocksalt, that is,
O2− ions at the 32e site and Co3+ ions at the 16d
site form an RS lattice together with the vacant 16c
site, while Co2+ ions locate at the interstitial 8a site.
By comparison with the layered cobalt oxides, Co3O4

possesses a simple structure with a well-known charge
distribution in the lattice.

The wTF-μ+SR spectra for Co3O4 were well fitted
in the time domain using a combination of an expo-
nentially relaxing cosine oscillation, due to the external
field, and an exponentially relaxing non-oscillatory sig-
nal caused by the appearance of random internal fields
in the ordered state:

A0P (t) = ATF exp(−λTFt) cos(ωμt + φ)
+ Aslow exp(−λslowt), (1)

where A0 is the total initial asymmetry, P (t) is the
muon spin polarization function, ωμ is the muon Lar-
mor frequency, φ is the initial phase of the muon pre-
cession and An and λn (n = TF and slow) are asym-
metries and relaxation rates of the two signals.

Figures 1(a) and 1(b) show the T dependence of An

and λn for Co3O4 below 60 K. Above 30 K, ATF is al-
most constant at its maximum value (∼0.24), showing
that the whole sample is paramagnetic. As T decreases
from 30 K, ATF suddenly decreases and vanishes below
29 K, while Aslow appears at 30 K and seems to level
off to the constant value (∼0.075) below 20 K. As T de-
creases from 60 K, λTF is also independent of T down
to 40 K, then slightly increases, leaps by 0.1 μs−1 at
30 K and then disappears with further lowering T be-
low 30 K. λTF above 40 K is mainly due to the nuclear
magnetic moments of 59Co nuclei in the paramagnetic

state, while the slight increase below 40 K would im-
ply the formation of short-range AF order of Co ionic
moments. On the other hand, λslow decreases monoton-
ically with decreasing T below the transition, showing
typical critical behaviour for a transition at TN.

These indicate a sharp transition to a long-range
AF order which completes below 30 K, that is, TN =
30 K, which is very consistent with the result of the
Cp measurement. Moreover, Aslow(5 K) corresponds to
1/3 of the maximum value of ATF, as expected for a
powder sample since 1/3 of the muons experience the
internal field component parallel to Sμ (part of the sig-
nal known as the “1/3 tail”). Since ATF is proportional
to the volume fraction of paramagnetic phases in the
sample, the wTF results show that the whole sample
volume enters into the AF phase.

In order to investigate the internal magnetic field
( Hint) of the AF phase for Co3O4 in detail, ZF-
μ+SR experiments were performed below 31 K. Fig-
ure 2 shows ZF-μ+SR time spectra at 30.5 K (top),
29.7 K (middle) and 8.1 K (bottom). A clear sponta-
neous muon spin oscillatory signal due to a quasi-static
Hint is observed below 29.7 K (“quasi-static” means
static at least within the time scale of μ+SR, i.e. up
to ∼10 μs), whereas there is no oscillation signal at
30.5 K, further indicating the appearance of a long-
range AF ordered state below 29.7 K.

The Fourier transforms of ZF-μ+SR time spectra
clearly show two distinct frequency components in each
spectrum (see Fig. 3). The spectrum at 8 K consists of
a main peak at ν2 = 51.6 MHz and a second broad
weaker maximum at ν1 =72.7 MHz, corresponding to
Hint,2 = 3.8 kOe and Hint,1 = 5.4 kOe, respectively.
Both ν1 and ν2 monotonically decrease with increas-
ing T and disappear simultaneously at 30 K.

The ZF time spectra were well fitted with the
following formula [Sugiyama et al., Phys. Rev. B73,
224437 (2006)]:

A0P (t) = A1J0(2πν1t) exp(−λ1t)
+ A2 exp(−λ2t) cos(2πν2t + φ)
+ Aslow1 exp(−λslow1t)
+ Aslow2 exp(−λslow2t), (2)
ν1 > ν2,

where A0 is the total initial asymmetry, P (t) is the
muon polarization function, An, λn and νn (n = 1 and
2) are the asymmetries, relaxation rates and oscillation
frequencies of the two oscillating signals, respectively,
φ is the initial phase of the exponentially damped term,
Aslow,n and λslow,n (n = 1 and 2) are the asymmetries
and relaxation rates of the non-oscillating signals, re-
spectively. J0(2πν1t) is the zeroth-order Bessel func-
tion of the first kind. This fitting function represents
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presence of incommensurate (IC) magnetic order in the
AF phase of Co3O4. This is because according to the
lattice sum calculation, a generalized IC field distribu-
tion at the muon site H is given by [Sugiyama et al.,
op. cit.]:

P (H) =
2
π

H√
(H2

1 − H2)(H2 − H2
2 )

, (3)

H2 < H < H1,

where 2πν1 = γμH1 and 2πν2 = γμH2 (γμ: muon gyro-
magnetic ratio). Since Eq. 3 represents the field distri-
bution in a frequency domain, Eq. 3 is unavailable to fit
ZF-μ+SR time spectra. On the other hand, the sum of
J0(2πνt) and cosine function, which corresponds to the
first two terms in Eq. 2, is known to well represent the
fine spectrum of P (H). We thus used Eq. 2 to fit the
ZF-μ+SR spectra of Co3O4. The two non-oscillating
components in Eq. 2 correspond to the “1/3 tail”, as
described in the previous section on wTF-μ+SR re-
sults.

Figure 4 shows the T dependences of (a) λn, (b)
A1 + A2 and Aslow1 + Aslow2, and (c) νn and Δν =
ν1 − ν2 of the two oscillating signals (n = 1 and 2)
obtained by the fitting results using Eq. 2. As T de-
creases from 30 K, both λ1 and λ2 rapidly decrease
with decreasing slope and reach their minima below
∼15 K. This is reasonably explained by the critical
phenomenon in the magnetically ordered system at the
vicinity of TN.

A1 + A2 is almost T -independent below TN and
levels off to its maximum value (∼0.15) for a magnetic
powder sample. Aslow1 + Aslow2 is also T -independent
below TN and levels off to half value of A1+A2 (∼0.08).
This indicates that Aslow1 + Aslow2 represents the 1/3
tail, which is consistent with the result of wTF-μSR.
The result is further evidence supporting that the
whole sample enters into the IC-AF order phase be-
low TN.

The two νn(T ) curves exhibit a similar T depen-
dence (see Fig. 4(c)). As T decreases from 31 K, both
ν1 and ν2 suddenly appear at 30 K and increase with
decreasing T , and with decreasing slope. At the vicin-
ity of TN, Δν rapidly increases with decreasing T , and
seems to level off to ∼20 MHz below 20 K. Since Δν
measures the field distribution of the IC order, this im-
plies that the IC AF structure of Co3O4 is completed
at 20 K. This is consistent with the result of the T
dependences of the λn as described above.

The other parameters, Aslow1, Aslow2, λslow1 and
λslow2, lack T dependence below TN, indicating that
the implanted muon does not change the site at least
in the time scale of the muon life. The φ(T ) curve is
independent of T with φ ∼ 10◦ at whole temperatures
measured. This phase shift is due to the rotation of

the initial muon spin direction by 10◦ to avoid direct
positrons from the muon source.

In earlier μ+SR work, two major precessing sig-
nals with νn(0 K) = 54 and 78 MHz, plus a mi-
nor signal at 150 MHz, were observed in a rocksalt-
type CoO (Co2+O2−) crystal [Nishiyama et al., Hyp.
Int. 104, 349 (1997)], comparable to the present ex-
perimental values of νn(0 K) = 60 and 80 MHz for
the [Co2+]8a[Co3+

2 ]16d[O2−
4 ]32e spinel. In the AF phase

of CoO below TN = 290 K, the spins of Co2+ ions
align parallel to each other on (111) planes, but with
anti-parallel spin directions in alternate (111) planes.
It is therefore very surprising that Hint detected by
μ+ for CoO are almost the same as for Co3O4, in
spite of the fact that the magnetic structure of CoO
is so different from that of Co3O4. This could sug-
gest the existence of Co2+ ions in the 16d site in
Co3O4, as in the case for the well-known Fe3O4 =
[Fe3+]8a[Fe2+Fe3+]16d[O2−

4 ]32e case.

Fig. 1. Temperature dependences of (a) asymmetries (ATF

and Aslow) and (b) relaxation rates (λTF and λslow) for
Co3O4. The data were obtained by fitting the wTF-μ+SR
spectra using Eq. 1.
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below TN = 30 K. The full spectra extend up to 10 μs. Solid
lines represent fits using Eq. 2.

Fig. 3. Fourier amplitude of ZF-μ+SR spectra at several
temperatures below TN.

Fig. 4. Temperature dependences of (a) λn, (b) A1+A2 and
Aslow1+Aslow2, and (c) νn (n=1 and 2) and Δν = ν1 − ν2.
These results were obtained by fitting the ZF-μ+SR spectra
with Eq. 2. Solid curves are a guide to the eye.

Experiment 931
Magnetic properties of multinuclear, open-shell
coordination complexes and polymers probed
by μSR
(J.E. Sonier, J. Lefebvre, D. Leznoff, SFU)

Scientific motivation

The intense interest in metal-organic coordination
polymer research can be attributed to the potential to
design functional materials with specific physical prop-
erties by choosing the appropriate building blocks. A
series of isostructural coordination polymers with the
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general formula M(μ-OH2)2[Au(CN)2]2 (M = CuII,
NiII, CoII, and FeII) were prepared in the Depart-
ment of Chemistry at SFU. These compounds have
an unusual basic structural motif in which the water
molecules play the key structural role; the structure
type is unique both with respect to cyanometallate-
based polymers and, more broadly, is rare in aque-
ous coordination chemistry. In these polymers, double
aqua-bridges, M(μ-OH2)2M , are found between the
metal centres and generate infinite chains.

Since the structural motif often defines the phys-
ical properties (e.g. magnetism) of a particular com-
pound, the magnetic behaviour of each analogue was
investigated. In addition to SQUID magnetometry ex-
periments, muon spin relaxation (μSR) studies were
carried out. In contrast to bulk magnetic susceptibility
measurements, μSR is a local magnetic probe that is
highly sensitive to weak internal magnetic fields, short-
range magnetic order and disordered magnetism. Fur-
thermore, μSR is sensitive to spin fluctuation rates that
are beyond the range accessible with ac-susceptibility
magnetometry. Using this technique we obtain infor-
mation on the spin order and dynamics in these com-
pounds, which we correlate to the magnetic inter-
actions mediated along this uncommon bridge and
through weak bonding that exists between the chains.
Through previous μSR experiments, we were able to
determine that long-range magnetic order was present
in the copper analogue below 0.2 K, while the nickel
analogue undergoes a transition from a paramagnetic
state to a spin-glass state in zero-field at 3.6 K. We
concluded that the different magnetic behaviour for
these two polymers could be explained by the differ-
ences in magnetic interaction pathways, which arise
from differences in the structures and the magnetic or-
bitals involved. To pursue our magneto-structural cor-
relation studies, we investigated the cobalt and iron(II)
M(μ-OH2)2[Au(CN)2]2 analogues. We also prepared
a similar compound, Fe(μ-OH2)(μ-OH)[Au(CN)2]2. In
this compound, a bridging water molecule has been re-
placed by a bridging hydroxide group (OH). The effect
on the magnetic properties incurred by disrupting the
aqua bridge, with only minor structural changes, is of
importance to these studies.
Experimental results

In 2006, we performed zero-field (ZF) μSR mea-
surements on M(μ-OH2)2[Au(CN)2]2 with M = Co
and Fe and Fe(μ-OH2)(μ-OH)[Au(CN)2]2. The ZF-
μSR signals for all compounds are well described by
a function of the form

A(t) = A1e
−λ1t + A2e

−λ2t + Abg ,

where the first two terms are contributions from muons
stopping in the sample, and the third term comes from

muons that stop outside the sample.

Figures 1, 2 and 3 show the temperature depen-
dences of the exponential relaxation rates λ1 and λ2.
Since λ1(T ) and λ2(T ) exhibit qualitatively similar
behaviour in both Co(μ-OH2)2[Au(CN)2]2 and Fe(μ-
OH2)2[Au(CN)2]2, we associate the two different relax-
ation rates with two different muon stopping sites. In
Co(μ-OH2)2[Au(CN)2]2, twice as many muons stop at
the first site (A1 ≈2A2), whereas the same number of
muons stop at the two sites in Fe(μ-OH2)2[Au(CN)2]2
(A1 ≈A2). In both compounds the increase of λ1 and
λ2 with decreasing temperature indicates a slowing
down of spin fluctuations, that essentially saturate be-
low T = 1 K. However, no magnetic transition of any
kind is observed.

In contrast, the ZF-μSR relaxation rates be-
have very differently in Fe(μ-OH2)(μ-OH)[Au(CN)2]2.
Approximately three quarters of the sample signal
(A1 ≈ 3A2) is characterized by a slow temperature-
independent relaxation rate λ1. The remainder of the
sample signal is described by an exponential relaxation
rate λ2 that exhibits cusp-like behaviour near T =2 K,
indicative of a magnetic phase transition. Although the
large value of λ2 at T =0.02 K indicates that the spins
do not completely freeze, this analysis of the data is
preliminary, and a static component to the ZF-μSR
signal has not been ruled out. The very different be-
haviours of λ1(T ) and λ2(T ) may be due to phase sepa-
ration in the sample. Consequently, further μSR stud-
ies of different Fe(μ-OH2)(μ-OH)[Au(CN)2]2 samples
are being planned to identify the intrinsic magnetic
properties of this system.

Fig. 1. Temperature dependence of the exponential relax-
ation rates λ1 (open circles) and λ2 (solid circles) that de-
scribe the ZF-μSR signal from Co(μ-OH2)2[Au(CN)2]2.
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ation rates λ1 (open circles) and λ2 (solid circles) that de-
scribe the ZF-μSR signal from Fe(μ-OH2)2[Au(CN)2]2.

Fig. 3. Temperature dependence of the exponential
relaxation rates λ1 (open circles) and λ2 (solid cir-
cles) that describe the ZF-μSR signal from Fe(μ-OH2)(μ-
OH)[Au(CN)2]2.

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

Experiment 939 is concerned with the μSR mea-
surements of Mu-substituted alkyl radicals in zeolites,
primarily Mu-ethyl and Mu-butyl radicals in faujasites.
An important motivation of the work is to assess the
possible importance of free radical intermediates in
these industrially important heterogeneous catalysts,
for which there is essentially no ESR data.

This experiment was brought to a close in one fi-
nal week of M20 beam time in August, with additional

data obtained for trans-butene and iso-butene in NaY
as well as further data obtained in neat iso-butene and
trans-butene. A publication has been submitted to J.
Phys. Chem., “Hyperfine interactions and molecular
motion of the Mu-ethyl radical in NaY, HY and USY”,
by M.D. Bridges (2004 UBC Chemistry M.Sc. thesis),
D.J. Arseneau, D.G. Fleming and K. Ghandi, which is
currently in the refereeing stage. The data analysis for
the Mu-butyl radicals is ongoing with the expectation
of 2–3 additional papers being published.

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

In previous reports on the Mu defect centres in
SiC we characterized two neutral states in the 4H
crystal structure and a total of four Mu0 centres
in the 6H structure. All of these Mu0 signals show
isotropic hyperfine interactions. The Mu0 centre with
Ahf = 3029.9 MHz in 4H-SiC has acceptor properties,
thus we assigned it to the expected low energy TSi ac-
ceptor site in the cubic-like regions of the 4H structure.
Based on that result we also assigned Mu0 states with
Ahf ≥ 3000 MHz in 6H-SiC to the two nearly equiva-
lent TSi sites in that structure. The other Mu0 states,
all having Ahf near 2800 MHz, were then tentatively
assigned to various anticipated sites within the 2H-
like regions of the more complex hexagonal structures.
However, serious questions remain regarding these pre-
liminary Mu0 site assignments.

We have been investigating the muonium charge-
state transitions in n-type and p-type samples to make
a stronger argument regarding the Mu0 site assign-
ments, specifically to assign donor or acceptor char-
acter to each neutral signal. Figure 1 shows the tem-
perature dependence of the diamagnetic amplitude as-
sociated with the Mu+ and Mu− ionic charge states in
each electrical type of 6H-SiC from a combination of
TRIUMF Expt. 944 data plus results from associated
measurements at ISIS. No direct experimental label
exists to assign specific features to Mu− or to Mu+.

The initial assignment of transition processes for
steps below 350 K is electron capture to form Mu− at
acceptor sites in n-type and hole capture at donor sites
to give Mu+ in p-type samples, based on expectations
and correlation of the activation energies with known
dopant ionization energies for the N donor (85 meV)
and Al acceptor (230 meV). The 400 K step in low-T
data on the high-resistivity sample is tentatively as-
signed to ionization of the Mu0 donor at ABC, the
carbon anti-bonding site, while the more complicated
result for high-T data taken in an optical furnace looks
like a combination of hole capture and ionization.

The high-temperature transition in high-resistivity
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and p-type 6H-SiC appears to be the same process,
perhaps hole ionization of Mu0 in the low-energy ac-
ceptor site, TSi. The transition above 300 K in the
n-type sample is controlled by a different process, per-
haps a Mu0 donor to acceptor site transition followed
by rapid electron capture. If correct, these assignments
give a Mu donor energy of about 0.28 eV relative to the
conduction band and a Mu acceptor energy of roughly
0.87 eV relative to the top of the valence band. How-
ever, correlations with disappearance of the appropri-
ate Mu0 signals have not yet convincingly confirmed
most of these tentative transition assignments.

Much of the most recent Expt. 944 time was ded-
icated to examining the behaviour of the Mu0 centres
using microwave resonance techniques. Figure 2 shows
results for a high-resistivity 6H-SiC sample. These data
show that the two signals with Ahf ≥ 3000 MHz (Mu1

and Mu1b), tentatively assigned to the TSi acceptor
sites, show identical dynamics but disappear with no
change in their linewidth, suggesting a shut off of the
formation channel rather than a transition out of that
state. This conclusion would seem to be problematic for
some of the other transition and site assignments. The
second signal (Mu2) shows the increase in linewidth
expected for a transition out of that Mu0 state. This
signal was initially assigned to a metastable acceptor
site, ABSi, in the short 2H-like channel regions of the
structure. We suggest that this transition might be a
Mu0 site change.

The energy obtained for Mu2 from the microwave
resonance linewidth increase is close to the result
for the high-temperature transition in n-type 6H-SiC
(Fig. 1). If we are correct that the energy of ∼550 meV
may be the barrier for a Mu0 site transition, then
assignment of Mu2 (A2 = 2768 MHz in 6H-SiC) to
the expected donor site, ABC in the channel regions,
makes more sense than the metastable acceptor loca-
tion. These two results then fit together in a man-
ner consistent with general expectations. The decrease
in diamagnetic amplitude for the p-type sample gives
∼460 eV (energy not shown in Fig. 1), which appears
to correlate well with the result from the resonance
amplitude decreases (Fig. 2). A donor to acceptor site
transition for the Mu0 precursor thus may also survive
consistency checks as an explanation for that feature.

We have obtained similar but less conclusive res-
onance data for both Mu0 signals from the high-
resistivity 4H sample, however the full temperature de-
pendence for the diamagnetic signals in 4H-SiC is not
yet available for comparison.

Over the course of this experiment we have col-
lected a fairly large amount of data related to the quite
complicated charge-state and site transition dynamics
in the two common hexagonal structures of SiC. Al-

though significant progress has been made, a consistent
model of these dynamics supported by strong correla-
tions among the various transition features has not yet
fully emerged. Consistency with theoretical expecta-
tions across the three electrical types is required, and
may dictate re-assessment of some additional site and
transition assignments, based on arguments similar to
those briefly presented above for Mu2.

Fig. 1. Temperature dependence of the diamagnetic muon
spin-precession amplitudes for the three electrical types of
6H-SiC. Data are a composite from Expt. 944 and various
measurements at ISIS.

Fig. 2. Linewidths and amplitudes from microwave reso-
nance data on the ν12 lines from the main Mu0 signals in
high-resistivity 6H-SiC extend the hyperfine spectroscopy
results (HiTime data) to above 300 K.
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Experiment 945
Muoniated radicals formed from carbenes and
carbene analogues
(P.W. Percival, SFU)

Carbenes (R2C:) are molecules that possess a neu-
tral dicoordinate carbon atom with six valence elec-
trons, which generally results in high reactivity, so that
carbenes tend to be considered only as reaction inter-
mediates. However, over the past decade several singlet
carbenes have been synthesized and isolated. The ad-
dition of a hydrogen atom to a dicoordinate carbon
corresponds to a very significant chemical process –
the isolated creation of a new chemical bond – and
Expt. 945 has been focused on exploring this funda-
mental chemistry.

Our initial work on the detection and characteri-
zation of novel imidazolyl radicals [McKenzie et al., J.
Am. Chem. Soc. 125, 11565 (2003); McKenzie, Ph.D.
thesis, SFU (2004)] developed into a study of the tem-
perature dependence of the muon hyperfine constant
[Expt. 945, TRIUMF Annual Report 2005]. The goal
was to understand how substituents (Ad in Fig. 1) on
the imidazole N atoms affect the unpaired spin density
on the C radical centre. The muon hyperfine constant
provides a measure of the latter, and its temperature
dependence is sensitive to various molecular vibrations,
in particular the inversion mode at the radical centre,
which is in turn coupled to inversion at the N atoms. To
test our model and the associated computational pre-
dictions we have extended our series of measurements
to the Mu adduct of 1,3-bis(adamantyl)imidazol-2-
ylidene, which has particularly bulky substituents (see
Fig. 1). The results (Fig. 2) are close to expectations
and will be combined with the 2005 data in a forth-
coming publication.

Another aspect of Expt. 945 involves Mu addition
to carbene analogues in which the carbene carbon has
been replaced by other Group 14 elements: silicon or
germanium. Such novel silylene and germylene com-
pounds have only been synthesized in the past few
years, and we are fortunate indeed in having captured
the interest and active collaboration of Prof. Robert
West (University of Wisconsin), a world leader in this
field. His group has recently published the first elec-
tron spin resonance spectra of radical adducts of a
N-heterocyclic silylene and a germylene [Tumanskii et
al., J. Am. Chem. Soc. 126, 7786 (2004); Tumanskii et
al., J. Am. Chem. Soc. 127, 8248 (2005)]. Relatively
large radicals were chosen so that the silyl (or germyl)
radical products are stabilized by electron delocaliza-
tion. Our own experiments with muonium complement
this work since instead of creating a Si–C (or Ge–C)
bond at the reaction site, we form a Si–Mu (or Ge–
Mu) bond. Since Mu is considered an isotopic substi-

tute for H, the radicals that we study are closer to
the transient intermediates postulated in various ther-
mal and photochemical reactions of organosilicon and
organogermanium compounds.

To date, we have been successful in detecting the
muoniated radical formed from a silylene [Expt. 945,
TRIUMF Annual Report 2004] and we have contin-
ued to study this and other silyl radicals by both
transverse-field μSR and muon level-crossing reso-
nance. Our most recent success is detection of the Mu
adduct of an unsaturated germylene. Its transverse-
field μSR spectrum is shown in Fig. 3.

H

H

H
N

Ad

N

Ad

Mu Ad =

Fig. 1. Formation of a muoniated radical by addition of
muonium to 1,3-bis(adamantyl)imidazol-2-ylidene.
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Fig. 2. Temperature dependence of the muon hyperfine
constant of the radical shown in Fig. 1.
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Fig. 3. Upper: Muonium addition to a N-heterocyclic
germylene. Lower: Fourier power TF-μSR spectrum show-
ing the pair of muon precession signals from the germyl rad-
ical product. The break in the frequency axis hides the un-
interesting but much stronger diamagnetic precession sig-
nal.

Experiment 949
μSR study of magnetic order in high-Tc super-
conductor under high pressure
(T. Goko, J. Arai, Tokyo Univ. of Science)

In La-214 high-Tc superconductors, suppression
of superconducting temperature Tc and a one-
dimensional SDW-like magnetic order are observed
in the vicinity of x ∼ 1/8. Until recently, it was
widely believed that these anomalies are closely re-
lated to the low-temperature tetragonal (LTT) struc-
ture. However, recently, we have carried out zero-field
μSR measurements in La2−xBaxCuO4 with x = 0.125
under pressure up to 1.5 GPa, and have found that
Tm increases by applying pressure. The LTT struc-
ture is suppressed by pressure and vanishes above
∼0.6 GPa [Katano et al., Phys. Rev. B48, 6569
(1993)]. We therefore conclude that the LTT struc-
ture is dispensable for the magnetic order. On the
other hand, it is reported that Tm decreases by ap-
plying pressure in La2−x−yEuySrxCuO4 with x = 0.15
and y = 0.20 [Klauss et al., Physica B326, 325
(2003)]. This pressure dependence is opposite to that
for La2−xBaxCuO4 with x = 0.125. Furthermore, we
have revealed that Tm has a negative pressure depen-
dence also in La2−x−yEuySrxCuO4 with x = 0.125 and
y = 0.10. In order to clarify the origin of the magnetic
order, we have performed zero-field μSR measurements

in La2−x−yEuySrxCuO4 with x = 0.125 and y = 0.025
under high pressure.

First we exhibited the Eu concentration depen-
dence of the magnetic ordering temperature Tm in
La2−x−yEuySrxCuO4 with x = 0.125 in Fig. 1. This
experiment had been done at KEK several years ago.
The Eu substitution up to y ∼ 0.05 induces the mag-
netic order and rapidly increases Tm. The Eu substi-
tution shrinks a lattice and enhances a disorder in the
A-site ion radii. On the other hand, the Ba substitu-
tion for Sr in La2−xSrxCuO4 with x = 0.125 causes
a lattice expansion and an enhancement of the A-site
disorder, and increases Tm. These results, therefore,
indicate that the A-site disorder is one of the most im-
portant factors for Tm. Above y = 0.05, Tm decreases
slowly with increasing y. This is the optimum Eu con-
centration for Tm.

Figure 2 shows the time dependence of normalized
asymmetry for La2−x−yEuySrxCuO4 with x = 0.125
and y = 0.025 under pressures of 0.00, 0.20 and
0.72 GPa. This sample lies in the low Eu concentra-
tion regime. An oscillation component is observed at
low temperatures under pressures up to 0.72 GPa. Here
we define the magnetic ordering temperature Tm as the
temperature where an oscillation component starts to
appear in the μSR spectra. For example, in the case
of ambient pressure (0.00 GPa), Tm exists between 15
and 17 K. These spectra include contributions from
the sample signal and the pressure cell. The ratio of
the sample signal to the background is typically 1:2.
The slow relaxation observed over a wide temperature
range is due to the pressure cell.

The values of Tm for La2−x−yEuySrxCuO4 with
x = 0.125 and y = 0.025 are plotted as a function
of pressure in Fig. 3. The pressure dependence of Tm is
similar to the Eu concentration dependence of Tm for
La2−x−yEuySrxCuO4 with x = 0.125 and y ≥ 0.05,
which is shown in Fig. 1. This similarity suggests that
pressure has the same effect on Tm as Eu substitution
has, and can be explained in terms of the following
scenario. An increase in the A-site disorder caused by
Eu substitution or a shrinkage in the distance between
the A site and the CuO2 plane caused by pressure en-
hances local distortion and/or local potential distur-
bance in the CuO2 plane. A slight disturbance in the
CuO2 plane induces/enhances the magnetic order, and
an excessive disturbance depresses the magnetic order.
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Fig. 1. Eu concentration dependence of Tm for
La2−x−yEuySrxCuO4 with x = 0.125.
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Fig. 2. ZF-μSR time spectra of La2−x−yEuySrxCuO4 with
x = 0.125 and y = 0.025 under pressure of 0.00, 0.20 and
0.72 GPa. The spectra are vertically offset for clarity.
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Experiment 951
Magnetism and flux line lattice structure of
oxychloride superconductors
(R. Kadono, KEK-IMSS)

Oxychloride superconductor Ca2−xNaxCuO2Cl2
(Na-CCOC) has uniform CuO2 planes suitable for
preparing a clean surface by cleaving and thus it
has been the subject of detailed investigation by
spectroscopy measurements including STM/STS and
ARPES. In particular, the checkerboard-like electronic
modulation in underdoped Na-CCOC revealed by
STM/STS study [Hanaguri et al., Nature 430, 1001
(2004)] attracted much attention. Recently, another
oxychloride superconductor, Ca2−xCuO2Cl2 (Ca-def),
was discovered [Yamada et al., Phys. Rev. B72, 224503
(2005)]. Hole carrier is derived from the deficiency of
calcium ion in this system, and the maximum super-
conducting transition temperature (TC � 42 K) upon
varying x is about 10 K higher than that of Na-CCOC
(�30 K), although they are derived from the same
parent compound Ca2CuO2Cl2 without causing any
difference in their crystal structure. In order to com-
pare their magnetic property in the underdoped region,
we conducted ZF-μSR measurements in the polycrys-
talline samples of Ca-def (p = 0.056 ∼ 0.141) on the
M15 beam line at TRIUMF.

Figure 1 shows the ZF-μ+SR time spectra obtained
at 2 K in the samples of p = 0.056, 0.075, 0.094 and
0.141. The spectrum of p = 0.056 clearly shows muon
pressesion signals due to long-range antiferromagnetic
(AF) order. While no precession signal was observed
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in superconducting samples with p = 0.094 and 0.141
(TC = 10 and 28 K, respectively), a remnant of the pre-
cession with fast relaxation is observed at p = 0.075.
This indicates that the magnetic ground state changes
probably from long-range AF to superconducting state
through a disordered long-range AF state upon car-
rier doping. It is interesting to note that the carrier
concentration dependence of the magnetic state is dif-
ferent from that seen in Na-CCOC, although the ob-
served tendency is common to that of Na-CCOC. More
specifically, the long-range AF state tends to persist
at higher carrier concentration (up to p = 0.056) in
Ca-def than that of Na-CCOC where it changes into a
disordered AF state at p = 0.05. The observed differ-
ence suggests the influence of A-site cation disorder on
the magnetic state, which may deserve more detailed
study to clarify the intrinsic phase diagram of oxychlo-
rides.
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Fig. 1. ZF-μ+SR time spectra of Ca-def at 2 K. The spec-
tra are offset by 0.1, 0.2, and 0.3 for p = 0.075, 0.094, and
0.141, respectively.

Experiment 958
HTF-μ+SR lineshapes in overdoped high-Tc su-
perconductors
(J.H. Brewer, CIAR/UBC/TRIUMF)

The magnetic penetration depth λab and the coher-
ence length ξab are revealed indirectly in the field distri-
bution at random sites in the vortex lattice of a Type 2
superconductor in the mixed state, which is very effec-
tively revealed as the Fourier transform of a high trans-
verse field (HTF)-μ+SR spectrum in the sample. This
is therefore our method of choice. Most μSR exper-
iments on high-Tc superconductors (HTcSC) address

mainly the magnetic properties of optimally doped
and/or underdoped materials, primarily YBa2Cu3Ox

(“Y123” or “YBCO”).
The original stated goal of Expt. 958 (admittedly

somewhat tongue-in-cheek) was to achieve “boring” re-
sults of lineshape analyses in overdoped cuprate su-
perconductors – boring in the sense of a good match
to theoretical predictions. At the time, the overdoped
cuprates were considered to have no exotic properties
related to “spin gap” magnetism, SO(5) or quantum
critical points. Unfortunately we appear to have missed
the first wave of boredom, and now overdoped materi-
als are attracting new theoretical interest.

Our problem with the timely exploitation of disin-
terest stems from the difficulty of growing high quality
single crystal samples of highly overdoped cuprates, in
particular Tl2Ba2CuO6+δ (Tl-2201). (It appears to be
impossible to grow good single-phase crystals of YBCO
that are more than mildly overdoped.)

Tl2Ba2CuO6+Æ (Tl-2201) samples from UBC

The UBC group of R.-X. Liang, D.A. Bonn and
W.N. Hardy has spent the past few years learning to
make large (several mm across) Tl-2201 single crys-
tals of a quality comparable to their famous YBCO
crystals; the difficulty with Tl-2201 is that one of its
constituents, Tl2O3, is highly volatile as well as ex-
tremely poisonous. Moreover, overdoping (increasing
δ) requires annealing at high temperature and oxygen
pressure, conditions under which Tl2O3 tends to evap-
orate from the sample. The final annealing therefore
must be done in a sealed high pressure cell made of
gold. This work is the Ph.D. project of Darren Peets.

In 2005 we were able to make HTF-μ+SR measure-
ments on the first Tl-2201 single crystals from the UBC
group, which had a critical temperature of Tc = 72 K.
The resultant mosaic was very small and enormous
statistics were required to obtain each spectrum. Nev-
ertheless we were able to obtain the lineshapes (fre-
quency spectra) shown last year, along with a prelim-
inary analysis in the time domain.

In 2006 the UBC group supplied us with two more
mosaics, this time consisting of a large number of quite
small crystals (construction of the mosaics was limited
by eye strain). The first had Tc = 60 K and the second
had Tc = 46 K, so we were finally exploring the very
overdoped regime with high quality samples. Results
are shown in Figs. 1–6.

Lineshapes in overdoped Tl2Ba2CuO6+Æ

Lineshapes for the Tc = 72 K mosaic were shown
last year. Figures 1 and 2 show those for Tc = 60 K (the
sample with the greatest linewidth); Figs. 3–5 show
those for Tc = 46 K (the most overdoped sample).
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Note that all lineshape plots have the same horizontal
scale.

Several features are immediately evident from the
frequency spectra. First, all the spectra below Tc ex-
hibit the expected asymmetric shape, with a “tail”
extending to high frequency corresponding to muons
stopping in or near the vortex cores, and a cusp just
below the average frequency due to the van Hove sin-
gularity at saddle points between vortices.

Second, the distribution does not go sharply to zero
on the low field side, corresponding to the minimum
field between vortices; this probably reflects a signifi-
cant disorder in the vortex lattice, and/or some mis-
alignment of the small individual crystals, which were
meant to have their ĉ axes parallel to the field.

Third, the sharp background peak from muons
stopping in other materials decreases in amplitude with
increasing field, reflecting the focusing effect of the field
on the beam spot in the Helios spectrometer.

Finally, the overall width and the shift of the cusp
with respect to the average field decrease dramatically
with increasing field. These last two features are dis-
tinctly exhibited in Fig. 6.

Penetration depth in overdoped Tl2Ba2CuO6+Æ

Last year we were only able to show preliminary
analyses of the Tc = 72 K spectra in the time domain,
using fits to a model lineshape function composed of
a Gaussian “cusp” and a displaced Lorentzian “tail”.
This year, thanks in part to the larger samples and
higher statistics, we were able to obtain fits to the full
vortex lattice distribution using an improved “LSHfit”
minimization program based on the venerable “msrfit”
and the CERN “MINUIT” library.

The data were not yet fine enough to provide in-
dependently reliable estimates of both the penetration
depth λab and the coherence length ξab, so (as is usually
done) we found a value of κ ≡ λab/ξab = 100 which fit
all the spectra satisfactorily and held κ fixed in global
fits to a range of temperatures at a given field for each
sample.

This procedure yielded the following results for the
temperature dependence of λ−2

ab , which should be pro-
portional to the density of superconducting carriers in
the sample (Fig. 7).

The same data are shown in normalized form in Fig.
8, suggesting that all the samples share roughly the
same qualitative behaviour, differing only (or mainly)
in the changing values of λ−2

ab (0) and Tc.
Again, several features are obvious. First, all the

samples exhibit a roughly linear λ−2
ab (T ) at low temper-

atures, reflecting nodes in the superconducting energy
gap, as expected for a d-wave superconductor.

Second, there is a suggestion of a “dip and recov-
ery” behaviour in λ−2

ab (T ) in the region around 1
2Tc.

Third, while the normalized curves of
λ−2

ab (T )/λ−2
ab (0) vs. T/Tc look similar, there is a dis-

tinctly larger value of λ−2
ab (0) in the Tc = 60 K sample

than in either of the other dopings. This is clear ev-
idence of the so-called “boomerang” effect previously
observed in a number of unoriented sintered or pow-
dered samples, where Tc grows and λ−2

ab (0) increases
with increasing doping up to optimal doping, and then
first Tc decreases while λ−2

ab (0) continues to increase,
followed by both decreasing with further overdoping.

This is clearly shown inn Fig. 9 in the form of a
so-called “Uemura plot”.

Comparing the 1 kG and 5 kG points at Tc = 46 K,
we note a much more dramatic H-dependence than in
near-optimally doped YBCO at 5 kG and 15 kG. This
remains to be explored, but we do not think the differ-
ence is due to “melting” of the vortex lattice in 5 kG
or to formation of 2D “pancake vortices”. There might,
however, be an incipient transition to a “vortex glass”;
if so, it would be unprecedented in the cuprates for it
to occur at such a low field.

What cannot be determined from the three points
at 1 kG is whether Tc is increasing or decreasing with
λ−2

ab (0) at Tc = 72 K, whether the Tc = 60 K sam-
ple really has the highest possible λ−2

ab (0), and how the
“boomerang” curve approaches Tc = 0 at still higher
doping.

We will therefore be studying approximately three
new Tl-2201 samples in the coming year, hoping to
obtain a more complete “boomerang” (the first such
measurement on aligned single crystals) and also to
determine ξab(H, T ) if possible.

Fig. 1. Fourier transforms of μ+SR spectra in the Tc =
60 K UBC Tl-2201 mosaic at 200 G.
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Fig. 2. Fourier transforms of μ+SR spectra in the Tc =
60 K UBC Tl-2201 mosaic at 1 kG.

Fig. 3. Fourier transforms of μ+SR spectra in the Tc =
46 K UBC Tl-2201 mosaic at 200 G.

Fig. 4. Fourier transforms of μ+SR spectra in the Tc =
46 K UBC Tl-2201 mosaic at 1 kG.

Fig. 5. Fourier transforms of μ+SR spectra in the Tc =
46 K UBC Tl-2201 mosaic at 5 kG.
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46 K UBC Tl-2201 mosaic at 5 K in different fields.

Fig. 7. Temperature dependence of λ−2
ab in several UBC

Tl-2201 samples at 1 kG. Lines are spline fits to guide the
eye. All are forced to go through λ−2

ab (Tc) = 0.

Fig. 8. Dependence of λ−2
ab (T )/λ−2

ab (0) upon T/Tc in several
UBC Tl-2201 samples at 1 kG.

Fig. 9. “Uemura plot” of Tc vs. λ−2
ab (0) in several UBC

Tl-2201 samples at 1 kG (squares) and 5 kG (circle). Val-
ues for UBC YBCO crystals (lines through triangles and
nablas) are shown for comparison.

Experiment 976
Muon Knight shift measurements in the super-
conducting state of (Pr1−xLax)Os4Sb12 (x =
0.0, 0.4)
(W. Higemoto, JAEA-ASRC)

The discovery of superconductivity in the heavy
fermion, filled-skutterudite compound PrOs4Sb12 has
attracted much attention due to novel properties
[Bauer et al., Phys. Rev. B65, 100506(R) (2002)].
PrOs4Sb12 is the first known example of a Pr-
based heavy fermion superconductor exhibiting uncon-
ventional superconductivity. The crystalline-electric-
field(CEF) ground state of the localized f -electron has
been confirmed to be a non-magnetic Γ1 singlet state.
The existence of a field-induced antiferro-quadrupolar
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ordered phase was proved by neutron scattering exper-
iments. This phase lies close to the superconducting
phase and therefore, it is argued that quadrupole fluc-
tuations play an important role for the electron pairing
mechanism in the superconducting phase.

La substitution for Pr makes drastic change of su-
perconducting properties. In Pr1−xLaxOs4Sb12, a su-
perconducting transition temperature Tc monotoni-
cally decreases with increasing x. However, it is not
clear how superconductivity changes from unconven-
tional (x = 0) to conventional (x = 1) and the substi-
tution effect is quite an interesting subject.

One of the central issues for this compound is the
symmetry of the superconducting order parameter. In
our previous precise zero-field μSR in PrOs4Sb12, the
weak spontaneous internal magnetic field was observed
below superconducting transition temperature. This
result provides unambiguous evidence of the time re-
versal symmetry breaking superconductivity [Aoki et
al., Phys. Rev. Lett. 91, 067003 (2003)]. Knight shift
provides crucial information about the pairing symme-
try of Cooper pairs. Since a muon has spin 1/2, one
can deduce the Knight shift without any complication
due to an electric field gradient (EFG). In this arti-
cle, we report on muon Knight shift measurements on
single crystalline Pr1−xLaxOs4Sb12 (x = 0.0, 0.4) to
elucidate superconducting symmetry and the La sub-
stitution effect on it.

Single crystalline specimens of Pr1−xLaxOs4Sb12

(x = 0.0, 0.4) were grown by the Sb-flux method. Small
(∼1–2 mm) crystals were aligned so that the muon spin
rotates in the (001) plane. Magnetic fields were applied
along the [001] direction of the crystals. Conventional
μSR measurements under transverse fields (TF) were
carried out at the M15 beam line of TRIUMF.

Figure 1 shows a typical spectrum of the fast
Fourier transform (FFT) of the μSR spectra above
and below Tc at 3 kOe in PrOs4Sb12. We fitted the
μSR spectra by using a sum of two Gaussian functions,
namely,

P (t) =
∑

i=1,2

Ai exp(−σ2
i t2) cos(−2πfit + φ) .

We defined the muon Knight shift of i-th compo-
nent Ki as Ki = (fi − fext)/(fext). Here fext indi-
cates the external field frequency defined as fext =
γμBext/2π, where Bext indicates the external field. In
Pr0.6La0.4Os4Sb12, we obtained similar results with
PrOs4Sb12. Figure 2 shows the FFT of the μSR spec-
tra at 5 kOe in Pr0.6La0.4Os4Sb12. From these results,
we confirm that the Knight shift does not decrease be-
low Tc in both specimens [Higemoto et al., Phys. Rev.
B75, 020510(R) (2007); Higemoto et al., J. Mag. Mag.
Mat. in press].

No reduction in Knight shift indicates that spin-
triplet (odd-parity) superconductivity is realized in
PrOs4Sb12. In the previous ZF-μSR, we have found
that the spin or orbital component of the Cooper pairs
in PrOs4Sb12 carries a nonzero momentum and gen-
erates a hyperfine field at the muon site. Even in the
spin-triplet pairing case, there are still two possible
sources for the magnetic fields observed in the ZF-μSR
measurements. Theoretically, several possible pairing
symmetries have been discussed. For example, it is ar-
gued that a spin-triplet superconductivity can possibly
be stabilized by considering an exciton-mediated pair-
ing mechanism in the Th symmetry [Matsumoto and
Koga, J. Phys. Soc. Jap. 74, 1686 (2005)]. However,
there are still several candidates for the pairing sym-
metry. Further experimental and theoretical investiga-
tions are required.
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Fig. 1. FFT spectra of the μSR signal above and below
Tc at 3 kOe in PrOs4Sb12. Arrows indicate the muon spin
rotation frequency for peak f1.
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Fig. 2. FFT spectra of the μSR signal above and below Tc

at 5 kOe in Pr0.6La0.4Os4Sb12. Arrows indicate the muon
spin rotation frequency for peak f1.

Experiment 998
Muon spin relaxation and dynamic scaling in
novel magnetic materials
(D.E. MacLaughlin, California, Riverside; R.H.
Heffner, JAEA-ASRC, Tokai)

In the antiferromagnetic insulator NiGa2S4 the
Ni2+ ions (S = 1) form a two-dimensional triangular
sublattice, so that their spins are geometrically frus-
trated if the interplanar exchange coupling is small. A
van der Waals gap separates the planes in the crys-
tal structure, so that this condition is fulfilled and
NiGa2S4 is a quasi-2D spin system. The specific heat
indicates freezing of single-spin excitations at roughly
the Curie-Weiss temperature θW ≈ 80 K. Considerable
remaining entropy (∼1

3 ln 3 per spin) is found down
to ∼10 K, however, suggesting a high degeneracy of
more complicated low-energy states due to magnetic
frustration in the triangular lattice. The entropy loss
below ∼10 K suggests freezing out of these degener-
ate states. Specific-heat measurements at low temper-
atures exhibit a T 2 dependence, with practically no
field dependence up to ∼7 T. This behaviour indicates
gapless linearly-dispersive field-independent low-lying
modes, suggesting long-range correlations, associated
with a singlet spin liquid, that do not couple directly
to a uniform field. Such behaviour is surprising in light
of the short spin correlation length observed using neu-
tron diffraction.

We have carried out μSR experiments in NiGa2S4

at the M20 beam line at TRIUMF. At 2.1 K the
muon depolarization function P (t) is distinctly non-
exponential, with extremely rapid initial relaxation
(Fig. 1; note this is a semilog plot). This initial depo-

larization might be due to muonium formation, but the
maximum expected polarization P (0) ≈ 0.2 is recov-
ered above ∼10 K. This is near the crossover indicated
by the specific heat data, suggesting a magnetic origin
for the rapid initial relaxation; moreover, a muonium
ionization energy this low would require an unphysi-
cally large dielectric constant (�100). Thus the data
are consistent with strong inhomogeneity of the Ni2+

spin dynamics in NiGa2S4.
A sum of two components P (t) = ArGr(t) +

AsGs(t), where Ar and As are the component am-
plitudes, gives good fits with a rapidly-relaxing com-
ponent Gr(t) = exp(−λrt), a “power-exponential”
slowly-relaxing component Gs(t) = exp

[−(Λst)K
]
,

and no asymmetry loss (Ar + As = const.). We do not
observe the Gaussian muon relaxation found in some
related Kagomé-lattice compounds that exhibit a sim-
ilar field-independent T 2 specific heat.

The temperature dependencies of λr, Λs, the slow-
component fractional amplitude ηs = As/(Ar + As),
and K are given in Figs. 2–4. The two relaxation rates
are very different in magnitude and in dependence on
temperature (Fig. 2): Λs increases with decreasing tem-
perature to a maximum at ∼6 K and then decreases
at lower temperatures, whereas λr , measurable only
below ∼15 K where Ar becomes appreciable (Fig. 3),
saturates at about 50 μs−1 at low temperatures. This
behaviour is expected of a static order parameter but,
as noted below, other properties of the muon spin re-
laxation do not necessarily support such a picture. Fig-
ure 4 shows that Gs(t) is most inhomogeneous (small-
est K) near 10 K but becomes roughly exponential
(K ≈ 1) at low temperatures and near 100 K. Below
20 K, however, P (t) as a whole is highly nonexponen-
tial, indicating strong inhomogeneity in the spin dy-
namics.

The data of Fig. 1 exhibit neither the long-lived
“1/3 tail” in low applied field nor the restoration of
slow full-amplitude relaxation (decoupling) in a strong
longitudinal field HL expected for a static field dis-
tribution due to frozen spins. Thus the observed be-
haviour suggests that the relaxation is not static but
dynamic, i.e., due to Ni2+ spin fluctuations. The com-
plicated form of P (t) makes this conclusion tentative,
however. The muon spin relaxation becomes slower
with increasing HL up to 2700 Oe.

The strongly inhomogeneous spin dynamics agree
with the short spin correlation length found from neu-
tron scattering. The spin fluctuations become very slow
for a fraction of the sample volume that increases
strongly with decreasing temperature below ∼15 K.
There is no evidence for spin freezing, in agreement
with a number of recent theoretical pictures. The field
dependence (μBHL 	 kBT ) of the muon relaxation

Molecular and Materials Science — ar06-sci-mu.tex . . . 11:40 November 23, 2007 . . . 20



D
RA

FT

(cf. Fig. 1) suggests that the spin excitations responsi-
ble for this relaxation, unlike those responsible for the
specific heat, couple to the applied field.
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Fig. 1. Dependence of muon spin depolarization function
P (t) on longitudinal field HL in NiGa2S4 at 2.1 K. Curves:
fits as described in the text.
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Fig. 2. Temperature dependence of rapid and slow zero-
field muon spin relaxation rates (λr and Λs, respectively;
see text) in NiGa2S4.
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Fig. 3. Temperature dependence of the slow-component
fractional amplitude ηs = As/(Ar + As) (see text) in
NiGa2S4.
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Fig. 4. Temperature dependence of the exponent K
for slow-component power-exponential fits (see text) in
NiGa2S4.

Experiment 1000
Measurements of the vortex core size in type-II
superconductors
(J.E. Sonier, SFU)

Scientific motivation

For nearly two decades, arrival at a firm theory
for high-Tc superconductivity has been hindered by
an incomplete characterization of the phase diagram
for doped copper oxides. There is speculation today
about a quantum critical point (QCP) under the su-
perconducting (SC) dome, corresponding to a zero-
temperature phase transition at which a competing
order is stabilized, and about which unusual proper-
ties emerge. So far the main experimental evidence for
this has come from μSR and neutron scattering mea-
surements on La2−xSrxCuO4. Zero-field (ZF) μSR on
Zn-substituted samples reveal a SG transition at what
has been argued to be a universal critical doping con-
centration pc = x 
 0.19. However, neutron studies of
field-induced static magnetism in La2−xSrxCuO4 sug-
gest there is a zero-field QCP closer to x=0.125, sup-
porting a proposed phase diagram in which the pure
superconductor undergoes a quantum phase transition
(QPT) to coexisting SC and spin-density-wave (SDW)
orders.

It is now well established that a common in-
trinsic normal-state property of high-Tc superconduc-
tors is the occurrence of a field-induced metal-to-
insulator crossover (MIC) at low temperatures at a
non-universal doping. It has been hypothesized that
the MIC is associated with a QCP, at which rem-
nants of the antiferromagnetic (AF) phase disappear.
However, this interpretation is not widely accepted, as
experiments that measure the MIC do not determine
whether there is a competing magnetic order hidden in
the SC phase at zero magnetic field. Moreover, neither
the zero-field QCP deduced from the neutron studies,
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nor the QCP inferred from ZF-μSR experiments, corre-
spond to the critical doping for the normal-state MIC.

Kivelson et al. [Phys. Rev. B66, 144516 (2002)]
have proposed that the true field-induced QPT in high-
Tc superconductors is one in which the competing order
parameter is stabilized in a halo around weakly inter-
acting vortex lines. In this situation the magnitude of
the competing order parameter is spatially inhomoge-
neous and may only be detectable by a local probe
technique, such as μSR.
Experimental results

Figure 1 shows the tail regions of the Fourier trans-
forms of the muon spin precession signal in the vortex
state of YBa2Cu3Oy near the critical doping yc = 6.55
for the normal-state MIC. The Fourier transform, of-
ten called the μSR line shape, provides a fairly accurate
visual illustration of the internal magnetic field distri-
bution n(B) sensed by the muons. On the high-doping
side of the MIC, the μSR line shapes for the y = 6.67,
y = 6.60 and y = 6.57 samples are nearly identical,
while the line shapes for the y = 6.50 and y = 6.46
samples on the low-doping side of the MIC are clearly
different. At y = 6.50, there is a clear suppression of
the high-field tail, which corresponds to the spatial re-
gion of the vortex cores. A previous μSR study of y =
6.50 at higher fields concluded that the unusual high-
field tail originates from AF vortex cores, but in fact
this feature of the μSR line shape is also consistent
with static magnetism that is not ordered. At y = 6.46
the change in the high-field tail is accompanied by the
appearance of a low-field tail, which indicates an en-
hancement in the size of the average magnetic field at
the muon site(s).

Similar differences between the μSR line shapes
above and below the critical doping xc ≈ 0.16 for the
MIC are also observed in La2−xSrxCuO4 (Fig. 2). At
higher magnetic field where the density of vortices in

the sample is greater, the differences in the tails of
the μSR line shapes become more apparent (compare
Figs. 2(b)–(d)), consistent with an increased volume
of magnetism in the low-doped samples. With increas-
ing temperature, the line shapes become more alike
(see Figs. 2(c), (e) and (f)), signifying thermal de-
struction of the static magnetism in and around the
vortex cores. This is also confirmed by a detailed anal-
ysis of the muon spin precession signal. Figure 2(g)
shows the temperature dependence of the relaxation
rate Λ, which is a measure of the field inhomogeneity
associated with the static magnetism induced in and
around the vortex cores. The diverging temperature
dependence of L indicates a slowing down of Cu spin
fluctuations, which is entirely consistent with the ap-
proach to a second-order magnetic phase transition at
T = 0 K.

Our experiments establish the presence of a field-
induced QPT below the SC dome that coincides with
the critical doping for the MIC (see Fig. 3). At rel-
atively weak fields, competing disordered static mag-
netism is stabilized in and around weakly interacting
vortices at the QPT. This confirms one of the main the-
oretical predictions of the modified phase diagram pro-
posed by Kivelson and co-workers. Accounting for the
interlayer couplings of vortices in neighbouring CuO2

planes, Kivelson et al. showed that a competing phase
could be stabilized in nearly isolated vortices, thus al-
tering the position and character of the QPT. In their
theoretical model, the pure superconductor undergoes
a field-induced QPT to a coexistence phase in which
the competing order parameter (which we identify here
as the mean squared local magnetization) is spatially
inhomogeneous. With increasing field, stronger overlap
of the magnetism around neighboring vortices may lead
to a co-operative bulk crossover to long-range magnetic
order, as is apparently the case in La2−xSrxCuO4.
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Fourier transforms of the measured muon spin precession signal in the vortex state for samples with oxygen content above
(y = 6.57) and below (y = 6.46) the critical doping yc ≈ 6.55 for the normal-state MIC. (b), (c), (d), (e) Blowups of the
tail regions of the Fourier transforms for samples above (y = 6.67, 6.60 and 6.57) and below (y = 6.50 and 6.46) the critical
doping for the MIC. For comparison, all the line shapes have been normalized to their respective peak amplitude npk(B).
Furthermore, to account for changes in the magnetic penetration depth, the widths of the line shapes in (b), (c), (d), and
(e) have been made equivalent by rescaling the horizontal B − B0 axis, where B0 is the applied magnetic field.

Fig. 2. Doping, temperature and magnetic field dependences of the mSR line shapes for La2−xSrxCuO4. (a) Fourier
transforms of the measured muon spin precession signal in the vortex state of samples with strontium content above (x
= 0.176 and x = 0.166) and below (x = 0.145) the critical doping xc ≈ 0.16 for the normal-state MIC. (b), (c), (d), (e),
(f) Blowups of the tail regions of the Fourier transforms. The height and width of the line shapes have been normalized
in the same way as in Fig. 1. With increasing magnetic field, (b), (c) and (d) show the suppression of the high-field tail
and growth of the low-field tail for the sample with x = 0.145. Panels (c), (e) and (f) show that both tails gradually
disappear with increasing temperature. (g) Temperature dependence of the relaxation rate Λ for La2−xSrxCuO4 (circles)
and YBa2Cu3Oy(squares) at H = 5 kOe. The open and solid symbols denote samples on the high-doping and low-doping
sides of the critical doping for the normal-state MIC, respectively.
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high-Tc superconductors deduced from this study. The SC
(hatched region) and normal phases occur below and above
the upper critical field Hc2(p), respectively. The vertical
solid line at pc(H) represents a QPT at finite H coinciding
with the low-temperature normal-state MIC. Below Hc2,
the phase boundary pc(H) separates a pure SC phase from
a SC phase coexisting with static magnetism (SM). Just to
the left of pc(H) the SM is disordered, but strong coupling
between neighbouring vortices may result in a crossover to
long-range magnetic order (above the dashed curve), as is
apparently the case in La2−xSrxCuO4. On the other hand,
according to Kivelson et al., pc(H) must have a discontinu-
ity at H = 0, i.e. an avoided QCP (open circle), with the
QCP at H = 0 (solid circle) lying at a lower doping concen-
tration. Above Hc2, pc(H) separates the metallic and insu-
lating normal phases. The unusual charge localization that
occurs below pc(H) results from the onset of field-induced
SM. The phase boundary pc(H) is non-universal, occur-
ring in the underdoped region of the phase diagram for
YBa2Cu3Oy, but at optimum doping for La2−xSrxCuO4.
Our experiments probe the region well below the dashed
curve.

Experiment 1001
Muonium defect levels in semiconductors
(R.L. Lichti, Texas Tech)

The main goal of this experiment has been to ob-
tain ionization energies for each Mu0 centre observed in
several semiconductors in which at least two separate
Mu0 signals are observed. Generally, the two neutrals
can be assigned to sites that separately have donor and
acceptor characteristics. In zincblende compounds, the
bond centre (BC) site has donor properties since it is
the stable location for Mu+ and one of the T-sites is
stable for Mu−, and thus has acceptor properties. Ion-
ization energies for the Mu0 centres at these sites locate
the donor and acceptor levels relative to the conduc-
tion and valence band edges respectively, subject to a
correction of one of these levels for the site metastabil-
ity of Mu0. The BC site is usually the low-energy Mu0

location when that signal is observed, thus the Mu0
BC

ionization energy locates the donor level relative to EC.
The BC neutral is seen in GaAs, and GaP, but not in
any other III-V or in the II-VI compounds. ZnSe shows
two isotropic Mu0 signals at very low temperatures.
These may be from the two different T-sites, individu-
ally having donor (TSe) and acceptor (TZn) properties.

We have recently obtained the Mu acceptor energy
in GaAs by careful analysis of existing RF-μSR data
on growth of the diamagnetic signal between 300 and
400 K coupled with the relaxation rates from TF-μSR
data which imply that the final state of that transi-
tion is Mu− rather than Mu+. The T-site ionization
energy from this analysis places the T−/0 data point
for GaAs in Fig. 1. The Mu defect levels we obtain for
GaAs, and those found earlier for Si and Ge, are dis-
played within a theoretical band alignment scheme in
which the midpoint between donor and acceptor levels
of hydrogen is claimed to be at a constant energy inde-
pendent of host material. We obtained an experimental
determination of the offset between the BC and T-site
energies in GaAs based on an interpretation of Mu+

motion characteristics; indirectly yielding the correc-
tion from the T−/0 experimental point to the thermo-
dynamic Mu acceptor level. This adjustment for the
metastability of Mu0

T compared to Mu0
BC had been di-

rectly measured for Ge but only estimated for Si. The
results shown in Fig. 1 support universality but place
the Mu pinning level (broken line) 0.3 to 0.5 eV higher
than the predicted hydrogen pinning energy. We con-
tinue our efforts to add GaP, ZnSe, and perhaps SiC
to this diagram to further test the theory.

ZnSe results

Earlier spin-precession results for ZnSe demon-
strated that a transition from one isotropic Mu0 centre
to another takes place below 50 K. Based on a predic-
tion that the T-site with Zn neighbours should have the
lower energy for a Mu0 centre, we tentatively assigned
the final state MuII to the TZn acceptor site, and the
initial state MuI to the donor site TSe. This was sup-
ported by calculated hyperfine constants for Mu0 in
the two T-sites of ZnSe. Figures 2 and 3 show the re-
sults of a series of microwave resonance measurements
on the MuII centre.

At power levels that do not saturate this signal,
up to 280 K we observe clear evidence (Fig. 2) of nu-
clear hyperfine (nhf ) contributions from a spin 1/2
neighbour but no evidence of neighbours with a larger
nuclear spin. This demonstrates interaction with 77Se
(7.6% I = 1/2) rather than with 67Zn (4.1% I = 5/2);
thus we are forced to conclude that both of the ampli-
tude peaks in Fig. 3 are from Mu0 at the TSe donor
site, reversing the earlier assignment. Observation of
these nhf lines also implies that this Mu0 centre is sta-
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tionary in ZnSe, in contrast to the rapid motion seen
for Mu0

T in most other cubic diamond or zincblende
structured semiconductors. Above about 300 K the Se
nhf lines broaden and weaken, suggesting the onset of
motion. This needs to be pursued to higher tempera-
tures to verify motion and determine whether there is
motional averaging of the primary hyperfine constant,
which would imply that Mu0 visits both T-sites.

As seen in Fig. 3, the resonance amplitude for MuII

disappears very soon after the low-temperature site
change and then reappears near 200 K. The energy
associated with this low-T decrease is consistent with
the ionization energy for the native defect that makes
ZnSe naturally n-type. The amplitude suppression is
incomplete for a second ZnSe sample, but both show
the second peak in amplitude near 260 K. There are
numerous features in the TF-μSR and RF-μSR data
on the diamagnetic Mu± states in ZnSe, as well as
in the longitudinal relaxation; together these features
indicate quite complicated dynamics. Because of the
above site re-assignment for the dominant Mu0 signal
above 20–50 K, we are now required to re-examine all
of our preliminary assignments for these features.

Fig. 1. Muonium defect levels determined for Si, Ge and
GaAs. The data points are from experimental ionization
energies related to the BC (donor) and T-site (acceptor)
muonium states. Acceptor levels need correction for Mu0

metastability, as shown, in order to compare with theory.

Fig. 2. Microwave resonance spectra from MuII in ZnSe
display an I = 1/2 nuclear hyperfine structure, identifying
near neighbours as Se instead of Zn, implying a TSe site.

Fig. 3. Temperature dependent amplitudes from recent
microwave resonance measurements on MuII in ZnSe. The
same spectra, shown in Fig. 2, occur at both peaks.

Experiment 1005
Optically induced dynamics and site changes in
group IV semiconductors
(I. Fan, K.H. Chow, Alberta)

Positive muons implanted into Si can form either
singly charged (diamagnetic) or neutral (paramag-
netic) muonium (Mu) centres. In fact, it is now well-
established that under certain conditions, and because
of the short lifetime of the muon, multiple muonium
centres can coexist in the material at low temperatures.
In silicon, two distinct neutral muonium states are ob-
served which are now commonly referred to as Mu0

T

and Mu0
BC . In addition, a diamagnetic state, likely

Mu+ and/or Mu−, is seen. If free carriers are intro-
duced into the sample, such as through doping, the
various muonium centres can have dramatic interac-
tions with them and undergo a variety of processes,
including spin and charge exchange. Another method
of introducing carriers into the system is to use light of
the appropriate wavelength (i.e. energy) to photoexcite
carriers across the bandgap of the semiconductor.

Experiments on muonium interacting with photo-
excited carriers have produced many interesting re-
sults. In these semiconductors, spin and charge ex-
change with carriers are observed to take place, as
are muonium site changes. The majority of the recent
photoexcitation experiments are carried out at pulsed
muon beam facilities and typically focus on studying
the time-dependence of the muon polarization in a
longitudinal magnetic field. If photoexcitation exper-
iments are carried out at a continuous muon beam
facility such as TRIUMF, additional/complementary
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information is potentially available because the (high
frequency) muon precession signatures associated with
the various paramagnetic and diamagnetic muonium
signals can be directly monitored. In addition, higher
relaxation rates can be measured at continuous as com-
pared to pulsed facilities.

However, it is not clear a priori that such exper-
iments are possible at continuous facilities since the
instantaneous amount of light that can be introduced
into the sample is much smaller than at pulsed facili-
ties. We illustrate in Fig. 1 that such experiments are
indeed possible. These data were obtained in high resis-
tivity silicon, and show that the diamagnetic muonium
signal is heavily influenced by photoexcitation.
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Fig. 1. Example of Mu+ precession spectra with (a) light
off, and (b) light on, with B = 100 mT and T ≈ 300 K.

Experiment 1006
Magnetism in RECrSb3

(W.A. MacFarlane, UBC; K.H. Chow, Alberta)

Lanthanide and actinide intermetallic compounds
exhibit a rich variety of magnetic phenomena, from
strong permanent magnetism to heavy fermion super-
conductivity. It is thus interesting to seek materials in

this class with novel characteristics, particularly sys-
tems containing both d and f electrons. The objec-
tive of this experiment is to study newly discovered
compounds in this class. We have carried out measure-
ments on several members of the family RECrSb3 (RE
is a lanthanide), which exhibit interesting two dimen-
sional transport properties and a complex magnetic
phase diagram.

More recently, we have started to study the newly
synthesized series RE12Co5Bi. The large size of the Bi
atom in this material leads to a highly ordered struc-
ture with negligible substitutional disorder. Thus far,
the only characterization of the magnetic state has
been via macroscopic dc magnetization which shows
Curie-Weiss behaviour in M(T ) down to an apparent
ordering transition at 16 K, evident in a saturation of
M . On closer inspection, M(T ) decreases slightly be-
low the transition, exhibiting unusual features that are
not currently understood. Interestingly, the magnetic
ordering at 16 K does not show up in the electrical re-
sistivity ρ(T ). Furthermore, there is a sharp kink in ρ
at about 110 K which is not evident in M(T ). It is im-
portant to determine whether these features are char-
acteristic of the bulk state or whether they originate in
dilute defects or rare impurity phases. To answer this,
one requires a local, rather than macroscopic, probe
such as the implanted muon.

While magnetic ordering is clearly evident by μSR
below a bulk magnetic transition at Tc ∼ 30 K, no zero
field oscillations are observed, likely due to very high
internal fields. Above the transition in the paramag-
netic state, transverse and longitudinal field measure-
ments indicate large amplitude fluctuating fields per-
sist to quite high temperatures. Longitudinal field mea-
surements reveal interesting behaviour with a relax-
ation rate λ that is proportional to temperature times
the magnetic susceptibility, consistent with Moriya’s
theory of nearly ferromagnetic metals. However, the
proportionality constant appears to change abruptly,
just at the temperature of the resistance anomaly at
110 K as shown in Fig. 1. Planned measurements will
focus on the strongly anisotropic magnetic properties
of these systems using single crystal samples.
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Fig. 1. The longitudinal field relaxation rate in Ho12Co5Bi
at 0.9 mT divided by the temperature vs. the susceptibility
χ(T ) with temperature as an implicit variable, here running
between 300 K and 50 K. In the SCR picture the relation-
ship should be linear. There are clearly two separate linear
regimes with a crossover bracketed by the two vertical lines
at ∼110 K.

Experiment 1011
μSR study of LiHoxY1−xF4

(G.M. Luke, McMaster)

The transverse field Ising model is attractive for
theoretical analysis of magnetic systems due to its
simplicity comparing to other models (e.g. Heisen-
berg model). The Ising model is also interesting be-
cause it has been able to reproduce physically observed
phenomena (e.g. magnetic glasses). Many times, this
model is an approximation of real physical systems so,
in order to fully test the predictions of the model, it is
desirable to study systems with intrinsic Ising nature.
LiHoxY1−xF4 is thought to be a physical realization of
the Ising model and it has been shown to be both an
achievement and a challenge of the model. The physical
behaviour of this system is rich and not yet completely
investigated; it displays ferromagnetism, glassiness and
a puzzling coherent phase which has been designated
by some authors as an “anti-glass”.

The crystal fields in LiHoxY1−xF4 result in the
Ho3+ moments possessing an Ising electronic ground
state (μeff = 7 μB) with a distance of 9.4 K to the
first excited crystal field level. The Ising ground state is
further split by hyperfine interactions into eight doubly
degenerate levels. The distance between hyperfine lev-
els is ∼200 mK. Also, the ions interact mainly through
magnetic dipolar fields [Chakraborty, et al., Phys. Rev.
B70, 144411 (2004)].

For x = 1 the system has a ferromagnetic ground
state with Tc = 1.53 K. If magnetic holmium atoms are
substituted by non-magnetic yttrium ones, random-
ness is introduced into the system and around x = 0.5
the ground state is that of a spin glass. Whether the

glassy state coexists with the ferromagnetic one is still
not known. If the system is further diluted, the low
temperature behaviour is that of the previously men-
tioned anti-glass phase. χAC data taken in this phase
suggest that, as the system cools down, its dynami-
cal response tends to a single fluctuation rate. This is
in contrast to the slowing down of the broad fluctua-
tion distribution observed in glassy systems. Hence the
term anti-glass [Reich et al., Phys. Rev. Lett. 77, 940
(1987)].

More experimental data are needed to have a clear
phenomenological picture of the behaviour of this sys-
tem at high dopings. With this in mind, we are using
μSR to probe the magnetic properties of the diluted
system at the microscopic level.

To our knowledge, all the measurements performed
in the anti-glass phase had been done using a sin-
gle specimen (x = 0.045 or 4.5% Ho concentration).
Then, not only the experimental picture of the anti-
glass phase needs to be rounded, but also a study of
where in the phase diagram this anti-glass phase exists
needs to be addressed.

Together with our collaborators at Waterloo Uni-
versity, we are studying the magnetic behaviour of
three highly doped samples: x = 0.08, 0.045 and 0.018.
In this report we present the data we have acquired in
TRIUMF, as well as a partial analysis of it.

Experimental procedure

Sample preparation was performed at McMaster
University. Thin single crystal discs were aligned us-
ing a Laue camera, then they were cut using a water
cooled diamond saw. The μSR measurements were per-
formed in zero and longitudinal magnetic field (perpen-
dicular to the Ising axis), and in a temperature range
from 0.02 mK to 200 K. Scans from room temperature
to 2 K were performed in a He flow cryostat at the
M20 beam line; those from 10 K to 0.02 K were per-
formed inside a dilution refrigerator at the M15 beam
line. In M20 the samples were mounted in a low back-
ground sample holder using silver tape. In M15 they
were mounted on a silver sample holder using Apiezon
N grease. Longitudinal field runs were performed up to
1 T.

Analysis of the data

The high level of dilution and the observed shape
of the μSR signal in zero external magnetic field, mo-
tivated us to analyze our data by fitting a Lorenzian
Kubo-Toyabe function in longitudinal field. This func-
tion, which has its origins in the stochastic theory of
Kubo and Toyabe, assumes that the probability that
a thermalized muon sees a given field has a Loren-
zian shape and is characterized by the parameter “a”.
This function also assumes that the time correlation of
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magnetic moments is Markovian (〈S(0)S(t)〉 α e−νt).
Figures 1 and 2 present the fitted parameters at low
longitudinal field for the three samples.

Even though high temperature data still need to be
taken, Fig. 1 seems to indicate that the parameter a
increases in two stages. The first stage is from ≈0.1 K
to ≈1 K, and the second from ≈1 K to ≈10 K. This
last stage has the right temperature scale of the first
excited crystal field level. We believe that this increase
in relaxation is due to the depopulation of this level
and the consequent increase of the magnetic moment
of the ions. The origin of the low temperature increase
on a is not clear to us yet. It must be noted that,
even though it has the right temperature scale of the
hyperfine interaction, a slowing down of the nuclear
magnetic moment can’t produce such a big increase
in the relaxation of the signal (the magnetic nuclear
moment is 1000 smaller than the electronic one). One
possibility is that small transverse dipolar fields can
couple hyperfine levels with different Ising states, then
the change in a could be due to the depopulation of
hyperfine levels with renormalized magnetic moments.

It is interesting to note that the fluctuation rate ν
on Fig. 2 does not change very much in the explored
temperature range. Still, there is a monotonic decrease
of “ν” as a function of x. This behaviour is similar to
that of a spin liquid (persisting fluctuations down to
base temperature). Figure 3 shows that, at base tem-
perature, ν scales almost linearly with x. Now, the av-
erage magnetic interaction between the moments also
scales linearly with x. Then it is possible that the fluc-
tuation rate scales linearly with the average magnetic
interaction. If this is true then, the persistent fluctua-
tions down to base temperature might have its origin
in a collective behaviour.

Conclusions

We have found a narrowing of the magnetic field
distribution as x (the magnetic Ho concentration) is
reduced. This effect might be associated with a renor-
malization of the Ho magnetic moments induced by
dipolar transverse fields. Also we have observed per-
sistent fluctuations of the magnetic moments down to
base temperature (∼20 mK). These fluctuations seem
to scale linearly with x.

Fig. 1. Temperature dependence of a in low longitudinal
field for the x = 0.08 (black squares), 0.045 (red circles)
and 0.018 (blue triangles). The magnitude of the external
field is 4 G for the 0.08 sample, 15 G for the 0.045 and 4 G
for the 0.018 one.

Fig. 2. Temperature dependence of ν in low longitudinal
field for the x = 0.08 (black squares), 0.045 (red circles)
and 0.018 (blue triangles). The magnitude of the external
field is 4 G for the 0.08 sample, 15 G for the 0.045 and 4 G
for the 0.018 one.

Fig. 3. Doping dependence of ν at base temperature and
low longitudinal field.
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Experiment 1012
Organic free radicals under hydrothermal con-
ditions
(P.W. Percival, SFU)

There was little progress on Expt. 1012 in 2006,
mostly due to technical problems. First, beam time
originally allocated for the summer was postponed in
favour of an installed experiment which had been de-
layed by the extended shutdown work in the T2 area.
Secondly, a large part of the beam time taken in Octo-
ber suffered from very high background counts which
resulted in unacceptably noisy spectra. This was even-
tually traced to a facility set-up error (incorrect ar-
rangement of shielding inside the beam line).

Our plan had been to continue our study of acetone
keto-enol tautomerism in superheated water by de-
tecting and monitoring the muoniated radicals formed
from aqueous solutions of 13C-enriched acetone. Given
the technical problems, we decided not to risk the valu-
able sample and instead started a preliminary investi-
gation of methyl ethyl ketone (MEK). At room tem-
perature this molecule is essentially all in the keto form
(the left-most structure in Fig. 1), but we expected to
find evidence of enhanced enol formation at high tem-
perature, as we have shown for acetone [Ghandi et al.,
J. Am. Chem. Soc. 125, 9594 (2003); Percival et al.,
J. Am. Chem. Soc. 127, 13714 (2005)]. The situation
for MEK is more complicated than acetone because
there are two possible enols and multiple potential sites
of Mu addition, resulting in as many as five muoni-
ated free radicals (1–5). In principle each radical can
be identified from its muon level-crossing (LCR) spec-
trum, since each pair of muon and proton hyperfine
constants gives rise to a distinct resonance.

We studied an aqueous solution of MEK at both
low (30◦C) and high (330◦C) temperatures. The low-
temperature signals were unambiguously assigned to
the keto adduct (5), because only this radical has a
low enough muon hyperfine constant to account for the
pair of LCR resonances detected near 1 kG. At high
temperature we found six resonances in the 8–11 kG
region. The problem is, the four enol adducts (1–4 are
expected to produce only five signals here, with a fur-
ther two at much higher fields. The distinction between
the two groups of signals is due to the sign of the pro-
ton hyperfine constant, which is negative for H atoms
directly bound to a radical centre (the dots on specific
carbon atoms in the radical structures), but positive
for H atoms adjacent to the radical centre.

At this stage it is not clear if the unexpected num-
ber of resonances is due to inequivalence of H atoms
in a particular CH2 or CH3 group, or if there is some
additional molecule in the system, perhaps as a result
of decomposition or transformation of MEK. One pos-

sible strategy for future investigation is to simplify the
situation by investigating the symmetrical diethyl ke-
tone.
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Fig. 1. Competitive formation of muoniated radicals by
addition of muonium to enol and keto tautomers of methyl
ethyl ketone in water.

Experiment 1016
Muonium in isotopically enriched Si and Ge
(K.H. Chow, Alberta)

Hydrogen is an important impurity in many semi-
conductors, including Si and Ge. Information on the
isolated states of hydrogen come, albeit indirectly, from
studies of muonium. However, the dynamics and reac-
tivity of the isolated states of muonium are very dif-
ficult to study in systems such as Si and Ge. One in-
teresting method to enable such investigations is to
use materials that are isotopically enriched with nu-
clei with spin; for example, 29Si in silicon, etc. At the
same time, we attempt to develop a new technique to
improve our ability to directly study non-enriched sys-
tems. This new technique is based on collecting the in-
tegrated signal, hence enabling us to use the full incom-
ing muon rate (as opposed to standard time-differential
techniques). The data are collected as a function of
field near zero applied field. At very low applied fields,
the dipolar interaction dominates while at high fields,
the Zeeman interaction is the dominant interaction. An
example of such a signal is shown in Fig. 1.

As a demonstration of the power of this technique,
Ag is investigated. Figure 2 shows a comparison of data
obtained using this technique versus that using zero-
field, taken in samples of high-purity Ag at the ISIS
facility. Recall that ISIS is able to study very slow re-
laxations. The agreement is reasonably good; both sets
of data appear to show an abrupt change in behaviour
between 100 and 150 K.
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Fig. 1. Typical ZeroX spectrum for a sample of p-type
GaAs:Zn at 50 K. Solid line is a fit to a Lorentzian (dis-
cussed in text).
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Fig. 2. (a) Fitted Lorentzian amplitude, and (b) zero field
relaxation Δ in samples of high-purity Ag. Solid lines are
guides to the eye.

Experiment 1017
Quasicrystals
(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

The purpose of Expt. 1017 is to detect a short-range
order and/or an accompanying critical phenomenon
around a spin-glass-like transition in magnetic qua-
sicrystals by μ+SR.

Here, quasicrystals have highly ordered atomic
structure but have neither translational symmetry nor
unit-cell. Interestingly, they also have five-, eight-, ten-
or twelve-fold symmetry, which is usually forbidden in
a periodic lattice. Among several quasicrystals, the i-
Zn-Mg-RE and Cd-Mg-RE, where RE denotes rare
earth elements, are among the rare cases which ex-
hibit magnetism due to localized 4f -electrons [Belin
and Traverse, J. Phys. Cond. Matter 3, 2157 (1991);
Niikura et al., Phil. Mag. Lett. 69, 351 (1994); Hattori

et al., J. Phys. Cond. Matter 7, 2313 (1995); ibid. 7,
4183 (1995); Fisher et al., Phys. Rev. B59, 308 (1999);
Guo et al., Jpn. J. Appl. Phys. 39, L770 (2001)]. Ac-
tually, the effective magnetic moments in i-Zn-Mg-RE
and i-Cd-Mg-RE estimated by χ(T ) measurements are
reported to be almost equivalent to those of free RE3+

ions. Also, the χ(T ) measurements suggested the exis-
tence of a spin-glass-like transition in the temperature
range between 15–1.8 K (freezing temperature Tf de-
pends on RE) in i-Zn-Mg-RE and i-Cd-Mg-RE. Re-
cent neutron scattering experiments on i-Zn-Mg-Ho in-
dicated that the short-range magnetic order with Tf =
1.95 K is induced by a magnetic modulation with six-
dimensional hyper-cubic symmetry [Sato et al., Phys.
Rev. B61, 476 (2000)].

Earlier μ+SR results by Noakes et al. on i-ZnMgTb
and i-ZnMgGd [Noakes et al.; Phys. Lett. A238, 197
(1998); Phys. Rev. B65, 132413 (2002)], for which
spin-glass-like freezing was reported to occur at (Tf =
5.8 K) and (Tf = 5.5 K) respectively, were analyzed in
terms of concentrated disordered magnetism, with the
differences between the Tb and Gd results explained
with reference to crystalline electric field (CEF) effects.
We report here our first μ+SR results on i-ZnMgHo,
i-CdMgHo, and i-CdMgGd in zero field (ZF), weak
transverse field (wTF), and longitudinal fields (LF) of
up to several T.

Alloys of three QCs (Zn60Mg31Tb9, Zn60Mg31Dy9,
and Zn60Mg31Ho9) were prepared at ISSP, University
of Tokyo, by melting constituent elements in an Ar gas
flow and then annealing at 673 K for 250 hours. The
preparation and characterization of these QCs are re-
ported in greater detail elsewhere [Sato et al., op. cit.].
The shapes of the sample for the μ+SR experiment
were ∼8 × 8 × 1 mm3 thin plates cut from the ingot
rod of the QC. Four plates were set on the Ag sample
holder for the Helios spectrometer on the M20 surface
muon channel and were measured in the temperature
T range between 2 K and 100 K.

Figure 1 shows ZF-μ+SR time spectra at 2.2, 10.0,
and 12.5 K for the i-ZnMgTb sample. It should be
noted that the appearance of the first minimum – i.e.
the Kubo-Toyabe type behaviour due to randomly ori-
ented Tb moments – is clearly different for the past re-
sults, for which the ZF-spectrum is well explained by a
power exponential relaxation (exp(-(λt)β)) [Noakes et
al., op. cit.]. The full spectra were thus fitted using a
combination of the following three signals: a dynamic
Gaussian Kubo-Toyabe function GDGKT(t, Δ, ν) and
two exponential relaxation signals, which relax slowly.
Since one of the two exponential relaxation signals was
almost time independent, this signal is determined to
be coming from the muons stopped outside the sample,
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mainly in the silver holder:

A0 P (t) = AKTGDGKT(t, Δ, ν) e−λKTt

+ Aslow e−λslowt

+ AAg e−λAgt

where A0 is the empirical maximum muon decay asym-
metry, AKT, Aslow and AAg are the asymmetries asso-
ciated with the three signals, λKT, λslow, and λAg are
their relaxation rates, Δ is the static width of the lo-
cal frequencies at the muon sites in the aperiodic lat-
tice, and ν is the field fluctuation rate. Note that λKT

has a finite value when the first minimum disappears.
This is consistent with the fact that, in the fast fluc-
tuation limit (ν 
 Δ) in zero field, GDGKT(t, Δ, ν) ∼
exp(−λt) [Kalvius et al., Handbook on the Physics and
Chemistry of Rare Earths, eds. Gschneidner, Jr. et al.
(North-Holland, Amsterdam, 2001) v.32].
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Fig. 1. ZF-μ+SR time spectra of i-Zn-Mg-Tb (Tf = 5.8 K)
at 2.2, 10, and 12.5 K. Each spectrum is offset by 0.1 for
clarity of the display. The solid lines represent the fits using
the equation.

Figures 2(a–c) show the T dependence of Δ and
ν for i-ZnMgTb, i-ZnMgDy, and i-ZnMgHo obtained
from the ZF spectra. Interestingly, both Δ and ν have a
finite value below ∼30 K for i-ZnMgTb and i-ZnMgDy,
and below ∼5 K for i-ZnMgHo, although Tf = 5.8 K
for i-ZnMgTb, 3.6 K for i-ZnMgDy, and 1.95 K for
i-ZnMgHo. Furthermore, as T decreases from 30 K,
the ν(T ) curve seems to show a rapid decrease below
Tf , being consistent with the result of the 2005 exper-
iment on i-ZnMgHo at M15 with DR. This suggests
that μ+SR detects the critical slowing down of the field
fluctuation rate at Tf , as expected.
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Fig. 2. Temperature dependence of the field distribution
width Δ and the field fluctuation rate ν for (a) i-ZnMgTb
(Tf = 5.8 K), (b) i-ZnMgDy (Tf = 3.6 K), and (c) i-
ZnMgHo (Tf = 1.95 K). The broken lines represent Tf .

On the other hand, Δ is naturally due to the mag-
netic moments caused by localized 4f -electrons of RE.
According to the χ measurements on i-ZnMgRE [Hat-
tori et al., op. cit.], the effective magnetic moment
(μeff) was reported as 10.29 μB for i-ZnMgTb, 10.83 μB

for i-ZnMgDy, and 10.08 μB for i-ZnMgHo. Since the
spatial structures of the three QCs are essentially equal
to each other, muons are expected to sit at equivalent
sites in the three QCs. As a result, the magnitude of
Δ is thought to be directly correlated with the μeff of
RE, if we ignore the crystalline electric field (CEF)
effects. Actually, the order of magnitude of Δ(2 K)
corresponds with the order of μeff for these three QCs.

The overall picture of the current QCs is as follows.
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Above 30 K, the localized 4f moments are fluctuating
too fast to be seen by μ+SR. As a result, since ν 
 Δ,
the ZF-spectrum is mainly fitted by an exponential re-
laxation function (or a power exponential relaxation
function). As T decreases from 30 K (in the case of
i-ZnMgTb and i-ZnMgDy), ν decreases to such a low
value (i.e. slow fluctuations) that muons experience the
Kubo-Toyabe type relaxation. The monotonic increase
in Δ with lowering T is probably due to the CEF ef-
fects, for the detail is still unknown. This is because
the magnitude of Δ is considered to be T -independent
at low T , if ν ∼ Δ and the magnitude of the 4f mo-
ments do not depend on T . With further lowering T ,
the 4f moments freeze with random-orientation at Tf ,
inducing the rapid decrease in ν.

Experiment 1032
Penetration depth and time reversal
symmetry breaking in filled-skutterudite
Pr(Os1−xRux)4Sb12

(D.E. MacLaughlin, California, Riverside)

A number of μSR studies of Pr-based filled skut-
terudites have been reported. In PrOs4Sb12, ZF-μSR
spin relaxation data at low temperatures could be fit by
a product of an exponential damping factor exp(−Λt)
and the Kubo-Toyabe (K-T) functional form expected
for a quasistatic Gaussian field distribution. The ex-
ponential damping was determined by LF-μSR mea-
surements to be due to dynamic fluctuations of an
additional component of the local field Hloc at muon
sites. In the normal state above Tc the quasistatic field
distribution was attributed to dipolar interactions be-
tween μ+ spins and neighbouring (principally 121Sb
and 123Sb) nuclear magnetic moments. The origin of
the dynamic relaxation (damping) was not clear, al-
though 4f -electron dynamics associated with the small
CEF splitting were noted as a possible mechanism.
An increase in the quasistatic relaxation rate Δ was
observed below Tc, and interpreted as evidence for
time-reversal symmetry breaking in the superconduct-
ing state of PrOs4Sb12.

We have carried out LF-μSR experiments in
Pr(Os1−xRux)4Sb12, x = 0.05, 0.1, 0.2, 0.6, and 1.0,
and (Pr1−yLay)Os4Sb12, y = 0.2, 0.4, 0.6, and 0.8, to
determine the origin of this exponential damping and
as an auxiliary characterization of the normal states of
these alloys. Data were taken at the M15 channel at
TRIUMF in 2005, and also at KEK, Tsukuba, Japan
in 2005 and at ISIS, Chilton, U.K. in 2006. We argue
that the damping is due to enhancement of 141Pr nu-
clear magnetism via its intra-atomic hyperfine coupling
to the Pr3+ 4f electrons. This coupling induces a Van
Vleck-like admixture of low-lying Pr3+ magnetic CEF-
split excited states into the singlet ground state, which

greatly enhances the effect of 141Pr nuclear moments
on μ+ spin relaxation by increasing both the 141Pr-μ+

dipolar coupling (by a factor of ∼20) and the 141Pr
spin-spin interaction strength (by a factor of at least
∼400). This “hyperfine enhancement” accounts qual-
itatively for the observed damping, and we conclude
that electron spin dynamics, 4f or otherwise, are not
directly involved.
Longitudinal-field muon spin relaxation

LF-μSR experiments were performed in weak longi-
tudinal fields HL in the normal state just above Tc, to
confirm the dynamic nature of the exponential damp-
ing. This procedure makes use of the fact that for
HL of the order of or greater than the rms magni-
tude of (quasistatic) Hloc the resultant field is nearly
parallel to the initial μ+ spin direction, so that the
precession that causes quasistatic relaxation does not
take place and the μ+ spin polarization is nearly time-
independent. This phenomenon is called “decoupling,”
and does not occur for dynamic relaxation if the mech-
anism for the latter is field-independent. Thus LF-μSR
measurements help to determine whether the observed
ZF relaxation is due to static or dynamic contributions
to Hloc. In addition, the dependence of the damping
rate Λ on HL yields statistical properties (rms ampli-
tude, correlation time) of the fluctuating field.

Representative LF-μSR spectra are shown in Fig. 1.
In zero field the asymmetry at long times is expected
to approach 1/3 of its initial value A for any distri-
bution of quasistatic local fields. In Pr-based samples,
however, the zero-field value of the asymmetry at long
times is typically much lower than A/3. In the case of
PrRu4Sb12 this can be seen in Fig. 1(c) (circles). Such
behaviour is evidence that the exponential damping is
dynamic.

The “damped Gaussian K-T” function

G(t) = exp(−Λt)GKT
z (Δ, t) (4)

(solid curve) was fit to our LF-μSR data. Here Λ is the
exponential damping rate, and GKT

z (Δ, t) is the qua-
sistatic K-T function in longitudinal field HL that de-
scribes μ+ spin relaxation by randomly-oriented qua-
sistatic μ+ local fields with Gaussian distributions of
their Cartesian components. This function is charac-
terized by the K-T relaxation rate Δ; the rms width of
the field component distributions is Δ/γμ, where γμ is
the μ+ gyromagnetic ratio.

The field dependence of Λ from fits such as those
shown in Fig. 1 is shown in Fig. 2 for several alloys.
If the exponential damping were due to a (Lorentzian)
distribution of quasistatic contributions to Hloc, the
observed ZF value of Λ leads to an estimate Λ/γμ ∼
1 Oe for the spread of these local fields. Then an ap-
plied longitudinal field of order 10 Oe should nearly
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decouple these local fields and there should be almost
no relaxation. But it can be seen from Fig. 2 that Λ is
reduced by only ∼25% for HL = 10 Oe. This is good
evidence that dynamic relaxation is involved, thus cor-
roborating the conclusion reached above from the ab-
sence of a “1/3 tail.” The temperature dependence of
Λ (not shown) is small, which suggests that nuclear
magnetism (rather than electronic spin fluctuations) is
the source of the dynamic relaxation. The obvious can-
didate is fluctuating hyperfine-enhanced 141Pr nuclear
magnetism as discussed above.

Relaxation by fluctuating 141Pr nuclear spins

Before analyzing the relaxation data, we discuss
the choice of Eq. (1). In LF-μSR, fluctuations of Hloc

are often treated using the “dynamic K-T” relaxation
function, in which Hloc fluctuates as a whole with a
single correlation time. Such a procedure is not appro-
priate in the present experiments, however; a quasi-
static contribution to Hloc, due mainly to Sb nuclear
dipolar fields, is also present, so that Hloc is the sum
of quasistatic and rapidly-fluctuating components. The
near equality (not shown) of the quasistatic rates Δ for
PrOs4Sb12 and LaOs4Sb12 (where there are no 4f elec-
trons) is strong evidence for this situation. In addition,
significantly better fits to zero-field data are obtained
from damped quasistatic K-T fits (reduced χ2 typically
∼1.1) than from dynamic K-T fits (χ2 ∼ 1.4). Thus
on the local scale μ+ spin states are split into Zee-
man levels by the quasistatic component of HL +Hloc,
and the μ+ spin polarization amplitude decays due to
transitions induced between these Zeeman levels by the
fluctuating component of Hloc. This situation is mod-
elled by a damped quasistatic relaxation function of
the form of Eq. (1).

Hayano et al. have treated LF-μSR and TF-μSR
relaxation due to dipole-coupled fluctuating nuclear
spins based on the theory of magnetic resonance ab-
sorption formulated by Kubo and Tomita. Their cal-
culation applies to the present experiments when mod-
ified to include hyperfine enhancement of the 141Pr
nuclear spins. This is accomplished by replacing the
bare 141Pr gyromagnetic ratio γPr by γPr(1 + K),
where K is the hyperfine enhancement factor (i.e., the
141Pr Knight shift), assumed isotropic for the tetra-
hedral Pr site. Assuming the rapid-fluctuation limit
σVVτc 	 1 (since otherwise an exponential relaxation
function would not be expected), the relaxation rate is

found to be of the form

Λ =
σ2

VV

2

{
τc

1 + [γPr(1 + K) − γμ]2H2
Lτ2

c

+
3τc

1 + (γμHLτc)2

+
6τc

1 + [γPr(1 + K) + γμ]2H2
Lτ2

c

}
. (5)

Here σVV is the high-field μ+ Van Vleck relaxation
rate due to 141Pr dipolar fields (used as a measure of
the rms amplitude of these fields), τc is the correlation
time of the 141Pr spin fluctuations due to their mu-
tual spin-spin interactions, and a powder average has
been taken. Equation (2) gives the contributions to Λ
of both longitudinal and transverse 141Pr spin fluctua-
tions, which are assumed to have a common correlation
time τc.

From Fig. 2 it can be seen that the field depen-
dence of Λ is well fit by Eq. (2) except perhaps for
Pr0.2La0.8Os4Sb12, where the damping is weak because
of the low Pr concentration. We find that the form of
this relation does not determine K well compared to
the other fitting parameters, so that we obtain K in-
dependently from the observed low-temperature molar
susceptibility χmol of the Pr ions and fix it in the fit-
ting. This is done by means of the standard relation
K = ahfχmol, where ahf = 187.7 mole emu−1 is the
Pr atomic hyperfine coupling constant. The calculated
values of K together with the fit values of σVV and τc

are given in Table I.
Next we compare our results with the expected re-

laxation behaviour based on the model of Hayano et al.
We first calculate the “unenhanced” powder-average
μ+ Van Vleck relaxation rate σ0

VV (i.e., assuming only
the bare 141Pr gyromagnetic ratio) from a standard lat-
tice sum for the candidate μ+ site (0, 1

2 , 0.15) (12e in
Wyckoff notation) in the filled-skutterudite structure
(space group Im3̄). The unenhanced correlation time
τ0
c is taken to be the inverse of the zero-field-like-spin

Van Vleck rate for the (unenhanced) 141Pr nuclear spin
system, which is calculated from a similar lattice sum.
The hyperfine-enhanced values of these parameters are
then

σVV = σ0
VV(1 + K) and τc = τ0

c /(1 + K)2 ; (6)

in both cases the dependence on K comes solely from
the hyperfine enhancement of γPr. The calculated val-
ues of σVV and τc are also given in Table I.

The inequality σVVτc 	 1 required for our analy-
sis is satisfied by the data, at least approximately. It
can be seen that the fit values of 1/τc generally exceed
the calculated values, sometimes as much as an order
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of magnitude. This may be an indication that the as-
sumption that the 141Pr-μ+ and 141Pr-141Pr interac-
tions are purely dipolar is not valid; RKKY interac-
tions may play an important role. Then 1/τc could be
increased considerably. In addition, the calculation of
σVV depends on the assumed μ+ stopping site, which
has not been determined definitively; indeed, there
may be more than one stopping site in PrOs4Sb12,
as evidenced by the observation of two resonances in
high-field TF-μSR. Given these caveats the qualitative
agreement can be regarded as satisfactory.

Figure 3 gives the Ru and La concentration depen-
dencies of the zero-field relaxation rate Λ(0) extrapo-
lated to T = 0. We see that Λ(0) decreases linearly
as we dilute the Pr with La ions, as expected. This
strengthens our conclusion that the dynamic relaxation
is due to 141Pr nuclear magnetism. For an undiluted
Pr sublattice, one finds Λ(0) = 5σ2

VVτc from Eq. (2).
Therefore, from Eq. (3) there should be no K depen-
dence of Λ(0); i.e., no dependence on Ru concentration.
It can be seen in Fig. 3(b), however, that Λ increases
slightly from the end compound PrOs4Sb12 with Ru
doping, and decreases again in the other end compound
PrRu4Sb12. This behaviour, which is not well under-
stood, will be investigated in future experiments over
a wider range of Ru doping.

Fig. 1. Representative ZF- and LF-μSR spin polarization
decay functions. (a) Pr0.6La0.4Os4Sb12. Triangles: HL =
5.9 Oe. Diamonds: HL = 16.1 Oe. Squares: HL = 121 Oe.
(b) Pr(Os0.9Ru0.1)4Sb12. Triangles: HL = 5.3 Oe. Di-
amonds: HL = 16.0 Oe. Squares: HL = 75.6 Oe. (c)
PrRu4Sb12. Circles: HL = 0 Oe. Triangles: HL = 6.3 Oe.
Diamonds: HL = 10 Oe. Squares: HL = 63 Oe. Curves:
fits to the damped quasistatic K-T function in longitudinal
field (Eq. (1), see text).

Fig. 2. Exponential damping rate Λ vs. longitudinal ap-
plied field HL for Pr1−yLayOs4Sb12, y = 0, 0.4, 0.6, and
0.8; and Pr(Os1−xRux)4Sb12, x = 0.05, 0.1, 0.6, and 1.0.
Curves: fits to Eq. (2).

Fig. 3. Concentration dependence of zero-field low-
temperature exponential damping rate Λ(T → 0) in (a)
PryLa1−yOs4Sb12 and (b) Pr(OsxRu1−x)4Sb12.
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Table I. Parameters from fits and calculation of longitudinal field dependence of relaxation rate Λ to Eq. (2) for alloys:
PrOs4Sb12, Pr1−yLayOs4Sb12 (y = 0.4, 0.6, and 0.8), Pr(Os1−xRux)4Sb12 (x = 0.05, 0.1, and 0.6), and PrRu4Sb12. σVV:
Van Vleck relaxation rate due to fluctuating local field. τc: correlation time. Kχ: Hyperfine enhancement factor (Knight
shift) calculated from the observed molar susceptibility.

Alloy Kχ σVV (μs−1) τc (μs)
fit calc. fit calc.

PrOs4Sb12 19.7 0.26(1) 0.34 0.31(2) 1.31
Pr0.6La0.4Os4Sb12 18.1 0.20(0) 0.25 0.38(3) 1.98
Pr0.4La0.6Os4Sb12 7.13 0.14(1) 0.085 0.44(7) 13.36
Pr0.2La0.8Os4Sb12 9.39 0.013(3) 0.077 0.2(1) 11.57
Pr(Os0.95Ru0.05)4Sb12 15.9 0.43(1) 0.28 0.19(1) 1.96
Pr(Os0.9Ru0.1)4Sb12 12.2 0.28(1) 0.22 0.23(3) 3.22
Pr(Os0.4Ru0.6)4Sb12 7.51 0.20(1) 0.14 0.4(1) 7.66
PrRu4Sb12 6.76 0.22(1) 0.13 0.35(6) 9.19

Experiment 1036
β-NMR study of single molecule magnets
mono-layers
(Z. Salman, Oxford; R.F. Kiefl, UBC)

The use of nanoscale magnets for technological
applications such as information storage or quantum
computing requires monodisperse magnets that can be
addressed individually. A major step towards achieving
this goal came recently with the discovery of molecules
that function as identical magnets, and the ability to
deposit a monolayer of these molecules on a suitable
substrate. At low temperatures these single molecule
magnets (SMMs) exhibit fascinating quantum mechan-
ical behaviour that dramatically affects macroscopic
properties such as magnetization. These include the
observation of quantum tunnelling of the magnetiza-
tion (QTM), topological quantum phase interference,
and quantum coherence. However, the small quantity
of magnetic material present in a monolayer (or sub-
monolayer) implies that it is virtually impossible to
accurately determine their magnetic properties with
conventional bulk techniques. However, depth-resolved
β-detected NMR (β-NMR), which has ≈1013 orders of
magnitude higher sensitivity compared to conventional
NMR, is well-suited for studying such systems.

The experiments reported here were performed on
two different samples. Sample 1 was prepared using a
three-step process: 1) grafting of methyl ester of 10-
undecanoic acid on a H-terminated Si(100) substrate,
2) hydrolysis of the ester group, and 3) ligand exchange
between [Mn12O12-(OAc)16(H2O)4]·H2O·2AcOH and
the grafted undecanoic acid to anchor the Mn12 SMMs
to the organic layer. A schematic of sample 1 is shown
in Fig. 1(a). Sample 2 is an identically prepared Si sub-
strate, i.e. following step 1 only. It is used as a control
sample in order to confirm that the effects measured in
1 are solely due to the Mn12. The resonance lines of 8Li
were measured at various temperatures and implanta-

tion energies in both samples in an external magnetic
field H0 = 6.55 T.

The β-NMR spectra were measured by implanting
the 8Li beam at different energies in the Si substrate
below the Mn12 monolayer. An example of the stop-
ping profile of the implanted 8Li at two different ener-
gies is shown in Fig. 1(a). At E = 1 keV, where most
of the 8Li stop within 10 nm of the surface of Si, the
dipolar field from the Mn12 moments is large. However,
at E = 28 keV the average 8Li implantation depth is
∼250 nm, and the dipolar field at this depth is negligi-
ble; hence, the local field experienced by the 8Li is sim-
ply the applied uniform field H0. As a result the mea-
sured resonance line at 1 keV is significantly broadened
compared to that measured at 28 keV, as clearly seen
in Fig. 1(b) at T = 3.2 K. Furthermore, the resonance
measured in sample 2 at E = 28 keV and T = 3.2 K
is identical to that measured in sample 1 under the
same conditions, and the broadening observed in sam-
ple 2 is much smaller at E = 1 keV. This demonstrates
that low energy β-NMR spectroscopy is sensitive to
the magnetization of the Mn12 monolayer. In particu-
lar, the 8Li nuclei implanted into sample 1 at low E,
and hence stopping close to the Mn12 molecules, expe-
rience a large distribution of magnetic fields, which are
attributed to the dipolar fields from the Mn12 mono-
layer.

The observed broadening of the resonance line at
low implantation energies, compared to high implan-
tation energy, enables the determination of functional
form of the dipolar magnetic field from the Mn12 mo-
ments experienced by the 8Li. This is found to follow
a power law decaying function with power ∼–3 as ex-
pected from its dipolar nature. It also provides a mea-
sure of the size of the magnetic moment of individual
Mn12 molecules. The main finding of our study is that
the temperature dependence of the size of magnetic
moment on a Mn12 molecule is dramatically different
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from bulk. In particular, at low temperatures (∼3.2 K)
the magnetic moment in the monolayer is estimated to
be 5–12 μB compared to 20 μB in bulk.

Fig. 1. (a) A schematic of sample 1 where the Mn12

molecules are grafted on a Si substrate. The stopping pro-
files of 8Li in Si at E = 1 and 28 keV are also shown
(purple and grey lines respectively). (b) The measured β-
NMR spectra from sample 1 in an applied magnetic field
H0 = 6.55 T at T = 3.2 K. The top spectrum is for
E = 1 keV and the bottom for E = 28 keV. The solid
lines are fits to the calculated resonance lineshape.

Experiment 1040
β-NMR investigation of the magnetic proper-
ties of manganites
(R. Miller, UBC–UILO; W.A. MacFarlane R.F. Kiefl,
UBC)

The manganites exhibit a range of interesting be-
haviour which includes large magneto-resistance, a
sharp insulator-metal transition and a rich magnetic
phase diagram. Numerous probes have shown that
the magnetic transitions are unconventional, involv-
ing both phase separation and phase competition. In
La1−xCaxMnO3 (LCMO) (x > 0.2), it is proposed that
a strong coupling of the charge and spin degrees of
freedom arises from double exchange and strong Hund
coupling between the spins of the itinerant Mn charge
carriers and the core spins. In materials with low dop-
ing (x < 0.2), Jahn-Teller effects and polarons domi-
nate the behaviour. In many of these materials, charge
order, orbital order, ferromagnetic, antiferromagnetic
and paramagnetic phases can be induced with small
changes in temperature, an external magnetic field,
chemical composition, and light levels. Given this one
would expect their properties to change as a function
of distance from a surface or interface. Although many
experimental methods have been applied to these ma-
terials, including μSR, neutron scattering, and NMR,
none can be used to probe local properties in a depth-
controlled manner.

In this experiment we are using low energy β-
NMR to monitor magnetic properties of a thin film
of La1−xCaxMnO3 with x = 0.30. The main result is
the implanted 8Li’s spin relaxation rate is sensitive to
the LCMO magnetic fluctuations both in the film and
in the substrate. This shows that low energy β-NMR
can be used to probe spin dynamics in thin films and
near the surface of a material as a function of depth.

The LCMO film was synthesized by pulsed laser de-
position at the University of Toronto on epitaxially pol-
ished SrTiO3 substrate and has a thickness of approx-
imately 2,500 Å. The film exhibits a sharp insulator-
metal transition at 260 K, such that it is semiconduct-
ing above Tc and metallic at lower temperatures. The
magnetic properties also change at Tc since it is ferro-
magnetic below Tc. Although the measurements pre-
sented here were performed at a single implantation
energy, a high voltage platform is being constructed
for the low field spectrometer. This will allow the mean
depth of implantation to be controlled on a nm length-
scale. Figure 1 shows the simulated implantation pro-
file for a 28 keV 8Li ion, the beam energy used in this
experiment. The peak in the distribution occurs near
the middle of the film (1,500 Å) such that only about
5% of the beam lands in the substrate.

Figire 2 shows the spin relaxation measurements in
a small magnetic field (B = 150 G) at a few different
temperatures. The measurements were taken by deliv-
ering relatively long (4 s) beam pulses separated by
long periods (12 s) of beam off. The beta-decay asym-
metry is measured during the beam-on and beam-off
periods, although only the beam-on period is shown in
Fig. 2. In order to fit the data one must convolute the
theoretical relaxation function with the square beam
pulse. Typically a short beam pulse would be used for
this purpose, in which case no convolution is required.
However, we have found that the statistics and result-
ing signal quality are much higher with the long pulse
method. At low temperature (Fig. 2a [T = 10 K]), the
initial asymmetry is close to the full asymmetry ex-
pected (0.19) and most of the relaxation is visible in
the 8Li time window. A fast component relaxes on a
timescale of 100 ms while most of the signal relaxes on
the timescale of seconds. As the temperature increases
the relaxation rates increase rapidly. Near Tc, the re-
laxation is so fast the signal is barely visible in our time
window (Figs. 2c [T = 260 K] and 2d [T = 290 K]). On
a long time scale there is still a small amplitude slowly
relaxing component, which we attribute to 8Li in the
STO substrate expected from the predicted implanta-
tion profile (see Fig. 1).

Below Tc the spin relaxation rate in STO is about
an order of magnitude larger than in a bare STO crys-
tal and about a factor of two larger above Tc. The
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difference can be attributed to the spin fluctuations in
the LCMO film. The 8Li in the STO lies mostly within
a few hundred Angstroms of the LCMO interface (see
Fig. 1) and therefore will experience fluctuating dipo-
lar magnetic fields from the LCMO. This is confirmed
by the fact that at T = 260 K, the relaxation rate in
the STO increases sharply and is too fast to be seen.
These results suggest it is possible to use the signal
in the substrate to monitor fluctuations in the film.
This could be useful in situations where the relaxation
in the film itself is too fast to be observed directly
(T1 	 τ = 1.2 s, the 8Li lifetime).

Figure 3 shows the relaxation rate of the fast com-
ponent, that we attribute to the LCMO film. Near Tc

the relaxation rate is outside the 8Li time window.
Therefore we plot a lower bound for the relaxation rate.
Above Tc the signal falls back into our time window.
This behaviour is expected for a ferromagnet since the
spin relaxation rate should peak near Tc. Above Tc

there is a critical slowing down of the spin fluctuations
as one approaches the transition from above, whereas
well below Tc the relaxation rate in the film decreases
due to the freezing out of the magnetic excitations.

In conclusion, we have demonstrated that low en-
ergy β-NMR can be used to probe magnetic spin fluc-
tuations in thin magnetic films. The spin fluctuations
result in nuclear spin relaxation of the Li both inside
the film and also in the substrate next to the film. This
opens up a range of possible new experiments on man-
ganites and other thin magnetic films.

Fig. 1. Simulated implantation profile of 8Li ions at
28 keV implantation energy in 2,500 Åthick LCMO film
on SrTiO3 substrate. The implantation profile is calculated
with TRIM Monte Carlo simulation.

Fig. 2. Relaxation of the polarization of 8Li decay in the
La1−xCaxMnO3 (with x = 0.33) film measured with 8Li
β-NMR at various temperatures. A 4 s pulse of Li beam
is delivered onto the film starting at t = 0. The curves are
fits to the sum of a stretched exponential (β = 0.5) and
an exponential function. Note that the y-axis for panels c
and d are expanded compared to panels a and b. Insets:
Polarization on an expanded time scale. The time axis is
the same for each inset. Panel (a) is at the top.

Fig. 3. Relaxation rate of the fast component from fits in
Fig. 2. This relaxation is attributed to the LCMO layer.
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Experiment 1042
β-NMR investigation of finite size effects in
metallic thin films and nanoparticle arrays
(T.J. Parolin, W.A. MacFarlane, UBC)

As part of our ongoing study of finite size effects in
thin metallic films, we have recently focused our atten-
tion on the particularly interesting case of palladium,
a transition metal intrinsically close to a ferromagnetic
instability.

The technique of β-NMR is well suited for the
study of thin films, offering the potential to gain depth-
resolved information that very few other spectroscopic
techniques can, especially conventional NMR. Earlier
results from a sample of Pd foil showed unusually large
Knight shifts (K, a key quantity in the NMR of met-
als) for the implanted 8Li. A follow-up study using a
100 nm film on SrTiO3 confirmed that the large K is
intrinsic to the Pd host. Before proceeding with further
detailed studies of thinner samples, the results from
this film are themselves intriguing as measurements
of the local susceptibility around dilute, non-magnetic
impurities in bulk Pd.

The incident beam was electrostatically decelerated
to 11 keV for these measurements to maximize the
number of ions stopping in the Pd. Two overlapping
signals are seen for Li in Pd; their resonance frequencies
both decrease by a similar amount as the temperature
is lowered. The reference frequency used to compute
K was determined from the known K of Li stopping
in the Au capping layer (10 nm) that was deposited in
situ onto the Pd film. Panel (a) of Fig. 1 displays the
average K for the Li signals as a function of temper-
ature in an external field of 4.1 T (points). The trend
in Kavg with T is similar to what was seen in the 12.5
μm foil. K is assumed to be dominated by the local
magnetic susceptibility at the Li. If this susceptibility
were the same as that for bulk Pd, Kavg should scale
with χPd for all T . This appears to be the case above
≈100 K as indicated by the solid line in (a) obtained
from the linear fit of this region shown in the inset. Be-
low this point, χPd is known to decrease, while Kavg

is seen to increase further. This low-T deviation can
be taken as a measure of the local response of the Pd
host to the isolated defect of the implanted Li+ (the
concentration of Li here is only ∼1 in 1011). This re-
sponse can now be compared with detailed theoretical
calculations based, for example, on the scattering of
the host Pd spin fluctuations from the defect.

The spin-lattice relaxation T−1
1 for the Li was mea-

sured in the foil at 4.1 T and the results are shown in
Fig. 1(b). It is overall linear as expected for relaxation
due to polarized electrons in a metal; however, the de-
viation at higher T is attributed to Li making a site
change. The rates of relaxation are much slower than

expected from the large Kavg. For instance, applying
the Korringa relation for Kavg = −885 ppm predicts
a T−1

1 given by the dashed line. In Fig. 1(c) the prod-
uct (T1TKavg) is seen to be essentially constant, as has
been predicted for a nearly ferromagnetic system. The
high-T change in T−1

1 , and the low-T increase in Kavg

discussed are responsible for the small nonlinearity ob-
served.

Preliminary measurements indicate that the shift of
8Li in Pd is strongly dependent on the Pd film thick-
ness for thicknesses below 100 nm. Further measure-
ments are planned to study this remarkable and unex-
pected finite size effect.

Fig. 1. (a) Knight shift of Li in 100 nm Pd at 4.1 T.
The solid line represents the shifts predicted for Kavg lin-
ear with the bulk susceptibility of Pd for all T (inset). (b)
Spin-lattice relaxation rate T−1

1 of Li in Pd foil at 4.1 T. (c)
The product T1TKavg is nearly independent of T as pre-
dicted for nearly ferromagnetic material. Some of the Kavg

have been interpolated/extrapolated from (a).

Experiment 1047
Magnetic correlations and superconductivity in
La2−xSrxCuO4

(K. Ishida, Kyoto)

In the cuprate superconductors, hole or electron
carrier doping changes an antiferromagnetic (AFM) in-
sulator to a d-wave superconductor. One of the most

Molecular and Materials Science — ar06-sci-mu.tex . . . 11:40 November 23, 2007 . . . 38



D
RA

FT

important issues is to understand the interplay be-
tween the AFM and superconducting (SC) phases, i.e.
whether the SC phase can coexist with the AFM phase
homogeneously or whether these two phases compete
with each other inhomogeneously.

A lot of experiments have already been carried
out in various cuprate compounds to elucidate the in-
terplay between two phases. The appearance of the
low-temperature magnetism below Tc was indicated
by early μSR studies [Brewer et al., Phys. Rev. Lett.
60, 1073 (1988); Weidinger et al., Phys. Rev. Lett.
62, 102 (1989)], and it has been established by recent
comprehensive μSR measurements in YBa2Cu3O6+y

[Sanna et al., Phys. Rev. Lett. 93, 207001 (2004)]
and (CaxLa1−x)(Ba1.75−xLa0.25+x)Cu3O6+y [Kanigel
et al., Phys. Rev. Lett. 88, 137003 (2002)]. However,
microscopic information about this low-temperature
magnetism, e.g. the magnitude and inhomogeneity of
the static moments and magnetic structure, is still un-
clear. These are very important to understand the re-
lation between two phases.

In the present μSR studies on La2−xSrxCuO4

(LSCO), we planned to measure the distribution of the
internal field at the muon site below Tc, and to estimate
the SC and magnetic volume fractions from the anal-
yses of the TF-μSR spectra. Single crystals of LSCO
with x = 0.053 (Tc = 17 K), 0.07 (Tc = 17 K), 0.10
(Tc = 30 K), 0.12 (Tc = 29 K) and 0.15 (Tc = 38 K)
were used for the TF-μSR measurements. The TF-μSR
measurements were performed in the field of 1 kOe
and 60 kOe parallel to the c-axis. The field dependence
of the relaxation rate was also investigated at several
temperatures. In this report, the experimental results
obtained in 1 kOe are discussed.

The muon spin relaxation rate σ measured by the
TF-μSR measurement is related to the magnetic field
penetration depth λ, superconducting carrier density
ns, and effective mass m∗, as σ ∝ ns/m∗. The re-
laxation rate σ was estimated by fitting μ+ time-
differential relaxation data to the relaxation function,

G(t) = A exp[−(σt)γ ] cos(γμBμ + φ),

where A is the initial muon decay asymmetry, γμ is
the μ+ gyromagnetic ratio, Bμ is the local field at the
stopping muon site, and φ is the phase of the initial
μ+ spin orientation.

Figure 1 shows the temperature dependence of σ
for La2−xSrxCuO4 with x = 0.07, 0.10, 0.12 and
0.15. Above Tc, σ(T ) is temperature independent with
the value of σ ∼ 0.15 μs−1 in these compounds. In
x = 0.15, σ(T ) increases below Tc, following the rela-
tion of

σ(T ) = 0.15 + Δσ(T → 0)

[
1 −

(
T

Tc

)β
]

.

In x = 0.15, the best fitting was observed when β = 1,
and Δσ(T → 0) = 0.65 (μs−1). In x = 0.07, 0.10 and
0.12, σ(T ) increases below Tc, but abruptly enhances
below Tg, which is much lower than Tc. The abrupt in-
crease below Tg gives clear evidence of the occurrence
of the static magnetism. The TF-μSR spectra of these
compounds at the lowest temperature exhibit a broad
peak without clear structure, indicating that the inter-
nal field is inhomogeneously distributed. In x = 0.07,
the internal field ranges from zero to ∼150 Oe, suggest-
ing that the ordered moments are distributed from 0 to
0.17 μB, when the coupling constant between the muon
spins and the ordered moments (Aμ ∼ 860 Oe/μB)
found in undoped La2CuO4 is employed [Nachumi et
al., Phys. Rev. B58, 8760 (1998)].

Figure 2 shows a plot of Tc vs. Δσ(T → 0) in these
compounds. It is well known that the universal rela-
tion called the “Uemura relation”, which is the linear
relation between Δσ and Tc, holds in various under-
doped cuprate superconductors [Uemura et al., Phys.
Rev. Lett. 62, 2317 (1989)]. As seen in Fig. 2, the
linear relation seems to be observed between Tc and
Δσ(T → 0), and the coefficient is 72.9± 8.0 (K/μs−1).
It is noted that Δσ(T → 0) in this estimation ap-
proximately corresponds to σTF /

√
2, since σTF is given

by exp[−(σTF t)2/2] cos(γμBμt+φ). Therefore, the co-
efficient in the present measurement corresponds to
51.5 ± 5.7 (K/μs−1) in σTF in the Gaussian func-
tion, which is close to ∼40 (K/μs−1) in the Uemura
plot, because σTF was used in the Uemura plot. It
seems that the Uemura relation holds in the under-
doped La2−xSrxCuO4.

Figure 3 shows the Sr concentration dependence of
Tc and Tg, in which those temperatures determined
in polycrystalline LSCO samples were also plotted
[Panagopoulos et al., Phys. Rev. B66, 064501 (2002)].
Tg was determined from the abrupt increase of σ(T )
in Fig. 1. Tg gradually decreases with increasing Sr
concentration, but has the local maximum around
x = 0.12, which corresponds to the 1/8 anomaly. The
internal field at the muon site at 2 K in x = 0.12 is
much larger than that in x = 0.10, indicating that
the static magnetism is enhanced in x = 0.12. Tg in
x = 0.15 seems to be lower than 2 K. Our present data
are in good agreement with the previous data. The
analyses of the TF-μSR spectra for the estimation of
the two-phase volume are now in progress.
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Fig. 1. The TF-μSR relaxation rate σ as a function of
temperature for the LSCO with x = 0.07, 0.10, 0.12, and
0.15. Tc determined with dc-susceptibility measurements
are shown by arrows. Tg below which the σ abruptly in-
creases is also shown by arrows.
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Fig. 2. The increase of the muon spin relaxation rate
σ(T → 0) ascribed to the SC diamagnetism is plotted
against Tc. The dotted line is the fitting of these data, with
a linear coefficient 72.9 ± 8.0 (K/μs−1).
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Fig. 3. The Sr concentration dependence of Tc and Tg. Tc

and Tg determined in polycrystalline LSCO by Panagopou-
los et al. were also plotted.

Experiment 1049
Spin state transition in RECoO3 (RE = La,Pr,
Nd and Sm)
(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

The purpose of Expt. 1049 is to detect a spin state
transition and an accompanying critical phenomenon
in RECoO3 perovskites with RE = La, Pr, Nd, and
Sm by means of muonic Knight shift(s) measurements.

In a September μ+SR experiment on single crystals
of the RECoO3 perovskites in the T range between 1.8
and 320 K, we have found evidence of a spin state tran-
sition around 150 K as seen in the muon Knight shift
(Kμ) in LaCoO3. A similar indication also appears in
PrCoO3 and NdCoO3 around 150 K, whereas no Kμ

anomalies are seen in La0.95Sr0.05CoO3.
LaCoO3 exhibits temperature-induced magnetic

transitions around 100 and 500 K, which have at-
tracted considerable interest in the past 50 years
[Radaelli and Cheong, Phys. Rev. B66, 094408 (2002)].
Goodenough [J. Phys. Chem. Solids 6, 287 (1958); in
Magnetism and the Chemical Bond (Wiley, New York,
1963)] originally explained that LaCoO3 underwent a
spin state transition from a low-T low-spin (LS, S=0,
t62g) state to a high-T high-spin (HS, S=2, t42ge

2
g) state

at around 100 K. In 1996, a new concept including an
intermediate-spin (IS, S=1, t52ge

1
g) state was proposed

based on an LDA+U calculation [Potze et al., Phys.
Rev. B51, 11501 (1995)]. Currently, the two transi-
tions (T L

SS and T H
SS) are believed to be the spin-state

transitions from LS to IS around 100 K and IS to
HS around 500 K, respectively. For other RECoO3,
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T L
SS ∼200 K and T H

SS ∼500 K for PrCoO3, 300 K and
500 K for NdCoO3 and unknown for SmCoO3. For
lightly Sr-doped LaCoO3 crystals, the value of T L

SS de-
creases linearly from 100 K to below 4.2 K as the Sr
content increases up to 0.01.

Since μ+SR is a very powerful technique for de-
tecting spin-state transitions, as we demonstrated
in the layered cobalt dioxides [Ca2CoO3]0.62[CoO2]
[Sugiyama et al., Physica B326, 518 (2003)], we pro-
posed systematic μ+SR measurements on RECoO3

crystals in high transverse magnetic fields over a wide
temperature range (1.8 K to 900 K) in order to clarify
the nature of the spin-state transitions and the low T
magnetic phase.

Indeed, we successfully detected an indication of
T L

SS for LaCoO3, PrCoO3 and NdCoO3 around 150 K
by means of TF-μ+SR with H = 1 T on M15
using Helios, although there are no anomalies in
La0.95Sr0.05CoO3.

Figure 1 shows all the results obtained in the exper-
iment in 2006, that is, the T dependence of the Knight
shift (Kμ) and the dc susceptibility (χ) measured in a
magnetic field of H = 1 T. Note that both measure-
ments were carried out using the same sample. The
Knight shift was measured by a TF-μ+SR technique
with a reference mode using Ag as a reference.

Basically, the Kμ(T ) curve is similar to the χ(T )
curve, because of the relationship Kμ(T ) = Ahfχ(T ),
where Ahf is the hyperfine coupling constant. How-
ever, the Kμ(T ) curve deviates from the χ(T ) curve be-
low 150 K for LaCoO3, although both curves are very
similar for La0.95Sr0.05CoO3, which does not exhibit
a spin state transition. Moreover, the Kμ(T ) curve
for PrCoO3 shows a small maximum around 140 K,
while χ increases monotonically with decreasing T .
For NdCoO3, the Kμ(T ) curve shows a small shoulder
around 150 K, in spite of the Curie-Weiss behaviour of
χ.

In order to confirm the relationship between Kμ

and χ, Fig. 2 shows the so-called Kμ − χ plot for the
four samples. One can clearly see anomalies – i.e. a
small maximum at χ = 0.004 emu/mol-Co for LaCoO3

and at 0.008 emu/mol-Co for PrCoO3 and NdCoO3.
The linear χ dependence of Kμ for La0.95Sr0.05CoO3

with a slope of 45◦ indicates that the sample is a simple
Curie-Weiss paramagnet under H = 1 T in the whole T
range measured. Since the slope for La0.95Sr0.05CoO3

is almost the same as that for LaCoO3 above 200 K for
which Co ions are in the intermediate-spin state, the
spin state of Co ions in La0.95Sr0.05CoO3 is also likely
to be an intermediate-spin state below 320 K.

Assuming that the small maximum corresponds to
T L

SS, T L
SS ∼ 150 K for LaCoO3, although the past bulk

measurements showed T L
SS ∼100 K. This is probably

due to the fact that μ+SR is sensitive to local mag-
netic environment. We also find that T L

SS ∼ 140 K
for PrCoO3 and ∼150 K for NdCoO3, while the past
χ(T ) measurement suggested ∼200 K for PrCoO3 and
∼300 K for NdCoO3. This is because the large mag-
netic moments of Pr and Nd hinder the anomaly asso-
ciated with the spin state transition in the χ(T ) curve.
Usually, the contribution of the rare earth moment
is subtracted from the measured χ(T ) curve. How-
ever, the residual χ(T ) curve showed a broad mini-
mum which may lead to ambiguous conclusions (see
Fig. 3) [Yan et al., Phys. Rev. B69, 134409 (2004)].
Hence we wish to emphasize that the existence of T L

SS

for PrCoO3 and NdCoO3 is definitely confirmed only
by the present μ+SR experiment.

In conclusion, we have used μSR to detect spin-
state transition in the RECoO3 perovskites via muonic
Knight shift measurements. This could also lead to
other uses for μSR in studying magnetism. For ex-
ample, if μ+SR detects the spin state transitions, we
could also possibly observe a Jahn-Teller transition in
transition metal (M) oxides, in which the spin state is
also altered by the competition between thermal fluc-
tuation and a crystal field splitting in MO6 octahedra.
Here, it should be noted that a 59Co-NMR technique is
unavailable above 50 K due to a short nuclear spin-spin
relaxation time in the IS state [Itoh and Hashimoto,
Physica C341-348, 2141 (2000)].
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Fig. 1. T dependence of both Kμ relative to Ag and χ for
(a) LaCoO3, (b) La0.95Sr0.05CoO3, (c) PrCoO3, and (d)
NdCoO3. Kμ and χ were measured using the same sample
under magnetic field of H = 1 T with field-cooled mode by
TF-μ+SR and SQUID magnetometer.
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RECoO3 crystals. The three pure samples show a local
maximum due to TL

SS, whereas a quite linear relationship
is obtained for the Sr-doped LaCoO3 in the whole T range
measured.

Fig. 3. [Yan et al., op. cit.] T dependence of χ for single
crystals of LaCoO3, PrCoO3, and NdCoO3 measured at
500 Oe. Contribution from magnetic Pr3+ and Nd3+ were
subtracted. Inset: Measured χ before the subtraction for
PrCoO3 and NdCoO3.

Experiment 1050
Lithium battery materials LiCo1−yNiyO2 with
0 ≤ y ≤ 1
(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

The layered nickel dioxides, a series of materials
with chemical formula A+Ni3+O2, such as rhombo-
hedral LiNiO2 [Kitaoka et al., J. Phys. Soc. Jpn. 67,

3703 (1998); Chatterji et al., J. Phys.: Cond. Matter
17, 1341 (2005)], NaNiO2 [Darie et al., Eur. Phys. J.
B43, 159 (2005); Lewis et al., Phys. Rev. B72, 014408
(2005); Baker et al., Phys. Rev. B72, 104414 (2005)],
and AgNiO2 [Shin et al., J. Solid State Chem. 107, 303
(1993); Kikuchi et al., Hyp. Int. 120/121, 623 (1999)],
in which Ni ions form the two-dimensional triangular
lattice 2DTL by the connection of edge-sharing NiO6

octahedra, have been considered to be good candidates
for an ideal half-filled 2DTL. In these materials at low
temperature, there is a strong interaction between the
Ni3+ ions and the crystalline electric field of the NiO6

octahedron. This causes the Ni3+ ions to be in the low
spin state with a t62ge

1
g (S = 1/2) configuration.

Among the three layered nickel dioxides, NaNiO2

is perhaps the best investigated. It exhibits two tran-
sitions at TJT ∼ 480 K and TN = 23 K. The for-
mer is a cooperative Jahn-Teller (JT) transition from
a high-T rhombohedral phase to a low-T monoclinic
phase, while the latter is a transition into an A-type
AF phase – i.e. ferromagnetic (FM) order in the NiO2

plane but AF between the two adjacent NiO2 planes,
as has been reconfirmed very recently by both neutron
diffraction [Darie et al., op. cit.; Lewis et al., op. cit.],
and positive muon spin rotation/relaxation (μ+SR) ex-
periments [Baker et al., op. cit.]. The magnetic order
is associated with the JT induced trigonal distortion
which stabilizes a half occupied dz2 orbital [Meskine et
al., Phys. Rev. B72, 224423 (2005)].

Although LiNiO2 and NaNiO2 are structurally very
similar, LiNiO2 shows dramatically different magnetic
properties. LiNiO2 exhibits neither a cooperative JT
transition nor long-range magnetic order down to the
lowest T investigated. In fact, both heat capacity and
NMR measurements suggest a spin-liquid state with
short-range FM correlations [Kitaoka et al., op. cit.].
Chatterji et al. [op. cit.], however, found a rapid in-
crease in the muon spin relaxation rates in LiNiO2

below ∼10 K using the longitudinal field-μ+SR tech-
nique, suggesting a spin-glass-like behaviour below
10 K. The discrepancy between the two results is con-
sidered to be a sample-dependent phenomenon that
arises from the difficulties in preparing stoichiometric
LiNiO2. The third compound, AgNiO2, also lacks a co-
operative JT transition. A magnetic transition TN was
clearly observed by both susceptibility (χ) and μ+SR
measurements but long-range magnetic order was not
detected by a neutron diffraction experiment even at
1.4 K [Kikuchi et al., op. cit.].

While the nature of the magnetic ground states
of LiNiO2 and AgNiO2 is still not clear, the FM in-
teraction on the 2DTL NiO2 plane has been thought
to be common for all the layered Ni dioxides with a
half-filled state because of the clear magnetic order ob-
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served in NaNiO2. In this paper, we present measure-
ments that demonstrate this supposition is incorrect.
This is accomplished by investigating the magnetism
in Ag2NiO2, a material that can be represented by the
chemical formula (Ag2)+Ni3+O2 and hence is expected
to have a NiO2 plane that has properties identical to
the above three layered nickel dioxides. However, in
Ag2NiO2, static AF order, likely the formation of an
incommensurate AF structure in the NiO2 plane, is
observed instead.

Disilver nickel dioxide Ag2NiO2 is a rhombohedral
system with space group R3m (aH = 0.29193 nm and
cH = 2.4031 nm for the hexagonal unit-cell) [Schreyer
et al., Angew. Chem. 41, 643 (2002)] that was found
to exhibit two transitions at TS = 260 K and TN =
56 K by resistivity and χ measurements, while the sym-
metry remains rhombohedral down to 5 K [Yoshida
et al., Phys. Rev. B73, 020408(R) (2006)]. Interest-
ingly, Ag2NiO2 shows metallic conductivity down to
2 K probably due to a quarter-filled Ag 5s band, as
in the case of Ag2F [Andres et al., J. Phys. Chem.
Solids 27, 1747 (1966)]. Very recently, Yoshida et al.
proposed the significance of the AF interaction in the
2DTL NiO2 plane from the χ(T ) measurement.

Susceptibility (χ) was measured using a super-
conducting quantum interference device magnetome-
ter (mpms, Quantum Design) in the temperature range
between 400 and 5 K under magnetic field H ≤ 55 kOe.
For the μ+SR experiments, the Ag2NiO2 powder was
pressed into a disk of about 20 mm diameter and 1
mm thickness, and subsequently placed in a muon-veto
sample holder. The μ+SR spectra were measured on
the M20 surface muon beam line at TRIUMF.

Figure 1 shows zero-field (ZF-)μ+SR time spectra
in the T range between 1.9 K and 60 K for a powder
sample of Ag2NiO2. A clear oscillation due to quasi-
static internal fields Hint is observed below 54 K, un-
ambiguously establishing the existence of long-range
magnetic order in the sample. Interestingly, as T is de-
creased from 60 K, the relaxation rate first decreases
down to ∼20 K and then increases as T is lowered
further. By contrast, the average oscillation frequency
increases monotonically down to 1.9 K. This implies
that the distribution of Hint at T ≥ 54 K and ≤20 K
is larger than that at 20 K < T < 54 K.

This is further established by the T dependence
of the Fourier transform of the ZF-μ+SR time spec-
trum shown in Fig. 2. Note that there is clearly line
broadening below 20 K as well as above 54 K. The
line-broadening above 54 K is reasonably explained
by critical phenomena in the vicinity of TN = 56 K;
however, it is difficult to understand the origin of the
line-broadening below 20 K using a classical AF model
without invoking the presence of an additional mag-

netic transition. Furthermore, even the spectrum at
30 K, which is the sharpest FFT measured, consists of a
main peak at ∼14 MHz and a shoulder around 16 MHz,
suggesting a wide distribution of Hint in Ag2NiO2.

We therefore use a combination of three signals to
fit the ZF-μ+SR time spectrum:

A0 PZF(t) = A1 cos(ωμ,1t + φ) exp(−λ1t)
+ A2 J0(ωμ,2t) exp(−λ2t)
+ Aslow exp(−λslowt) , (7)

where A0 is the empirical maximum muon decay asym-
metry, A1, A2 and Aslow are the asymmetries asso-
ciated with the three signals, J0(ωμ,2t) is a zeroth-
order Bessel function of the first kind that describes
the muon polarization evolution in an incommensu-
rate spin density wave (IC-SDW) field distribution
[Kalvius et al., Handbook on the Physics and Chem-
istry of Rare Earths eds. K.A. Gschneidner Jr. et al.
(North-Holland, Amsterdam, 2001) v. 32, chap. 206],
and ωμ,1 < ωμ,2.

Although J0(ωt) is widely used for fitting the ZF-
μ+SR spectrum in an IC-SDW state, it should be
noted that J0(ωt) only provides an approximation of
the generic IC magnetic field distribution. This is be-
cause the lattice sum calculation of the dipole field at
the muon site (HIC) due to an IC magnetic structure
lies in a plane and traces out an ellipse. The half length
of the major axis of the ellipse corresponds to Hmax,
whereas half of the minor axis corresponds to Hmin.
As a result, the IC magnetic field distribution PIC is
generally given by [Kalvius et al., Physica B206-207,
205 (1995)]

PIC = P (HIC) =
2
π

H√
(H2 − H2

min)(H2
max − H2)

. (8)

The distribution diverges as H approaches either Hmin

or Hmax (see Fig. 3). J0(ωt) describes the field distri-
bution very well except in the vicinity of Hmin, and
the value of ω should be interpreted as an accurate
measure of Hmax. However, J0(ωt) provides no infor-
mation on Hmin. Hence, the first term A1 cos(ωμ,1t +
φ1) exp(−λ1t) is added in Eq. (1) to account for the
intensity around Hmin and to determine the value of
Hmin(=ωμ,1/γμ) [Andreica, Ph.D. thesis, IPP/ETH-
Zurich (2001)] (γμ is the muon gyromagnetic ratio and
γμ/2π = 13.55342 kHz/Oe). In other words, only when
Hmin = 0, Eq. (2) is well approximated by J0(ωt). Here
it should be emphasized that μ+SR spectra are often
fitted in a time domain, i.e. not by Eq. (2) but by
Eq. (1), since information on all the parameters such
as A, ω, λ and φ are necessary to discuss the magnetic
nature of the sample.

We note that the data can also be well-described
using two cosine oscillation signals, A1 cos(ωμ,1t +
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φ1) exp(−λ1t) + A2 cos(ωμ,2t + φ2) exp(−λ2t) with φ2

= –54 ± 10◦ below TN. The delay is physically mean-
ingless, implying that the field distribution fitted by a
cosine oscillation, i.e. a commensurate Hint does not
exist in Ag2NiO2. [Kalvius et al., op. cit. (2001)] Fur-
thermore, as T decreases from 54 K, A1 (A2) decreases
(increases) linearly with T from 0.15 (0) at 54 K to 0
(0.15) at 1.9 K. In order to explain the A1(T ) and
A2(T ) curves, one would need to invoke the existence
of two muon sites, and a situation whereby the popu-
lation of μ+ at each site is changing in proportion to
T . Such behaviour is very unlikely to occur at low T .
Hence, we believe that our data strongly suggest the
appearance of an IC-AF order in Ag2NiO2 below TN,
as predicted by the calculation using a Mott-Hubbard
model (discussed later). Such a conclusion is also con-
sistent with the fact that the paramagnetic Curie tem-
perature is –33 K estimated from the χ(T ) curve below
260 K [Yoshida et al., op. cit.].

Figures 4(a)–4(d) show the T dependence of the
muon precession frequencies (νi = ωμ,i/2π), the vol-
ume fraction of the paramagnetic phases (Vpara), Δν =
ν2−ν1, λ1, λ2, the asymmetries A1+A2, A1, A2, Aslow,
and χ for the powder sample of Ag2NiO2. Here, Vpara

is estimated from the weak transverse field (wTF-)
μ+SR experiment described later. In agreement with
the FFTs shown in Fig. 2, as T is decreased from 60 K,
ν2 appears at 54 K. It then increases monotonically
with decreasing T down to around 20 K, and then in-
creases more rapidly upon further cooling. The ν1(T )
curve exhibits a similar behaviour to that observed for
ν2(T ). It is noteworthy that as T is decreased from
80 K, the Vpara(T ) curve shows a sudden drop down to
∼0 at TN, indicating that the whole sample enters into
an IC-AF state.

As T decreases from TN, Δν, which measures the
distribution of Hint in the IC-AF phase, rapidly de-
creases down to ∼0.8 MHz at 40 K, then seems to
level off the lowest value down to ∼20 K and then
increases with increasing slope (|dΔν/dT |) until it
reaches 4 MHz at 1.9 K. The overall T dependence of
Δν is similar to that of λi. This behaviour is expected
since a large Δν naturally implies a more inhomoge-
neous field distribution – i.e, an increased flattening
of the ellipse that enhances λi. The asymmetry of the
IC magnetic phase, A1+A2, also increases monotoni-
cally with decreasing T , although a small jump likely
exists around 20 K. The existence of a significant A1

underscores the inappropriateness of fitting the ZF-
μ+SR data with only a J0(ωμ,2t) term. In fact, note
that A1 < A2 above 20 K, suggesting that the IC-AF
order develops/completes below 20 K. This is consis-
tent with the rapid increases in Δν and λi below 20 K,
as described above.

The behaviour of the muon parameters is quite con-
sistent with the χ(T ) curve, which exhibits a sudden
increase in the slope (|dχFC/dT |) below ∼22 K (= Tm)
with decreasing T . Note the χ(T ) curve measured un-
der ZFC conditions starts to deviate from that mea-
sured in the FC configuration below TN, suggesting
the development of a ferro- or ferrimagnetic compo-
nent probably due to a canted spin structure [Lewis et
al., op. cit.]. The ferro- or ferrimagnetic behaviour is,
however, observed only at low H , although the cusp at
TN is clearly seen with H = 100–10 kOe (see Figs. 4(d)
and 6(d)). Below Tm, χFC increases with decreasing
T , while the slope is suppressed by increasing H (see
Fig. 5). Keeping in mind that μ+SR is insensitive to
magnetic impurities, we conclude that Ag2NiO2 un-
dergoes a transition from a paramagnetic to an IC-AF
state at TN = 56 K and then to a slightly different
ordered state at Tm ∼ 22 K.

It is worth contrasting the current μ+SR results on
Ag2NiO2 with those in related compounds NaNiO2 and
AgNiO2. The ZF-μ+SR spectrum on a powder sample
of NaNiO2 consists of two signals below TN(∼20 K): an
exponentially relaxing cosine oscillating signal (same
as the first term in Eq. (1)) as the predominant com-
ponent and a minor signal described by an exponen-
tial relaxation [Baker et al., op. cit.] This indicates
that the whole NaNiO2 sample enters into a commen-
surate AF state below TN, being consistent with the
magnetic structure determined by neutron diffraction
experiments, i.e., an A-type AF order [Darie et al.,
op. cit.; Lewis et al., op. cit.]. Interestingly, the value
of νT→0 K = 64.2 MHz, which corresponds to Hint ∼
0.5 T, is 2.5 times higher than that for Ag2NiO2. The
muon site in NaNiO2 is assigned to the vicinity of the
O ions [Baker et al., op. cit.], and is also thought to
be reasonable for the other layered nickel dioxides. The
differences between the μ+SR results on NaNiO2 and
Ag2NiO2 hence suggest that the magnetic structure of
Ag2NiO2 is most unlikely to be an A-type AF. Fur-
thermore, there are no indications for additional tran-
sitions of NaNiO2 below TN by χ, μ+SR and neutron
diffraction measurements.

In AgNiO2, the primary ZF-μ+SR signal is one that
exponentially relaxes down to the lowest T (∼3 K).
Below TN (= 28 K), three minor oscillating compo-
nents appear. These have small amplitudes and cor-
respond to internal fields from 0.2 to 0.33 T (27–
45 MHz) [Kikuchi et al., op. cit.]. The comparison
between AgNiO2 and Ag2NiO2 indicates that the in-
terlayer separation (dNiO2) enhances the static mag-
netic order in the NiO2 plane. It is highly unlikely
that the AF interaction through the double Ag2 layer
is stronger than that through the single Ag layer, since
dNiO2 = 0.801 nm for Ag2NiO2[Schreyer et al., op. cit.]
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and 0.612 nm for AgNiO2 [Shin et al., op. cit.].
Our results therefore suggest that the AF order ex-

ists in the NiO2 plane, in contrast to the situation in
NaNiO2. Assuming the AF interaction is in the NiO2

plane, an IC-spiral SDW phase is theoretically pre-
dicted to appear in a half-filled 2DTL [Krishnamurthy
et al., Phys. Rev. Lett. 64, 950 (1990)] (calculated us-
ing the Hubbard model within a mean field approxima-
tion with U/t ≥ 3.97, where U is the Hubbard on-site
repulsion and t is the nearest-neighbour hopping am-
plitude). In order to further establish the magnetism
in Ag2NiO2, it would be interesting to carry out neu-
tron diffraction experiments to determine the magnetic
structure below TN and below Tm.

We wish to mention here that if the valence state
of the Ni ion in the NiO2 plane can be varied for
Ag2NiO2, the resultant phase diagram should serve as
an interesting comparison with that of AxCoO2 (A =
alkali elements) with x ≤ 0.5. Unlike LixNiO2, (Ag2)-
deficient samples are currently unavailable, probably
because of the metal-like Ag-Ag bond in the disilver
layer [Schreyer et al., op. cit.]. A partial substitution
for Ag2 by other cations has thus far also been unsuc-
cessful for reasons unknown.

In order to elucidate the magnetic behaviour above
TN, in particular near TS = 260 K, we carried out
weak transverse field (wTF) μ+SR measurements up
to 300 K. The wTF-μ+SR spectrum was fitted by a
combination of slow and fast relaxing precessing sig-
nal; the former is due to the external field and the
latter due to the internal AF field (same as the first
term in Eq. (1));

A0 PTF(t) =
ATF cos(ωμ,TFt + φTF) exp(−λTFt)
+AAF cos(ωμ,AFt + φAF) exp(−λAFt) , (9)

where ωμ,TF and ωμ,AF are the muon Larmor frequen-
cies corresponding to the applied weak transverse field
and the internal AF field, φTF and φAF are the initial
phases of the two precessing signals and An and λn

(n = TF and AF) are the asymmetries and exponen-
tial relaxation rates of the two signals. Note that we
have ignored the J0(ωt) term in Eq. (3) since we are
primarily interested in the magnetic behaviour above
TN.

The results are shown in Fig. 6 together with χ−1.
Besides the transition at 56 K, there are no anomalies
up to 300 K in the normalized asymmetries, the relax-
ation rate (λTF) or the shift of the muon precession
frequency (Δωμ,TF). Transverse field (TF) μ+SR mea-
surements at H = 2600 Oe, which should be about 50
times more sensitive to frequency shifts than the wTF
measurements, show no obvious changes in Δωμ,TF

at TS either. On the other hand, the χ−1(T ) curve

exhibits a clear change in slope at TS. Above 60 K,
the normalized wTF-asymmetry (ATF) levels off to its
maximum value – i.e. the sample volume is almost
100% paramagnetic. This therefore suggests that TS

is induced by a purely structural transition and there
is no dramatic change in the spin state of Ni ions; that
is, TS is unlikely to be a cooperative JT transition. This
is consistent with the fact that the crystal structure re-
mains rhombohedral down to 5 K [Yoshida et al., op.
cit.].
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Experiment 1051
Muonium and muoniated free radical formation
and reactivity in ionic liquids
(K. Ghandi, Mount Allison)

Industries now are trying to change their processes
to use environmentally friendly or “green” solvents
such as ionic liquids. Yet there is significant lack of
thermodynamic and kinetic data on chemical reactions
in these green solvents. Knowledge of reaction mecha-
nisms, rates and molecular motion of radicals is impor-
tant for understanding processes that use free radicals.
Our focus is to study free radicals and chemical reac-
tions in ionic liquids. Our experimental tools include a
range of techniques used at TRIUMF. This approach is
being reinforced with theoretical modelling in order to
apply experimental results to industrially relevant and
complex systems. The ultimate goal of this project is
to generate and detect free radicals and subsequently
determine their reactivity and dynamics in ionic liq-
uids in pure form or mixtures with green molecular
solvents over as wide a range of temperature as feasi-
ble. To work towards this goal we began an initial study
aimed at characterizing possible free radicals formed in
ionic liquids by measuring their hyperfine interactions.
We showed that it is possible to form free radicals in
a phosphonium ionic liquid and investigated the free
radical formation by both TF-μSR and ALCR meth-
ods. We have also developed experimental techniques
needed to work with the ionic liquids.

Radicals from addition to benzene (Mu-
cyclohexadienyl), toluene and 1,3,5 tert-butyl benzene
in phosphonium ionic liquid tetradecyl (trihexyl) phos-
phonium chloride (Fig. 1), formed by Mu addition to
the double bond in these solutes, were investigated
by both TF-μSR and ALC-μSR mostly at room tem-
perature except for solutions of benzene which has
been studied over a range of temperatures. (From now
on the ionic liquid tetradecyl (trihexyl) phosphonium
chloride that was used for this experiment will be
called IL 101, its commercial name.)

Preparation of the samples included purification
of ionic liquids, dissolving the double bonded solutes
in the ionic liquid and freeze/pump/thaw cycles, to
remove the residual oxygen, on our vacuum line at
Mount Allison University, and sealing of the sample
cells designed for these types of experiments from non-
magnetic stainless steel. The samples were sealed in a
glove box under argon atmosphere. Several solutions
were used in this experiment to test the possibility of
studying free radicals in ionic liquids by μSR. The solu-
tions were 1.4 M benzene in ionic liquid, in ionic liquid
with a trace of water (∼0.05%), in propanol, 0.7 M
benzene in ionic liquid and in n-heptayne and 0.7 M
1,3,5 tri-tertiary butyl benzene in ionic liquid and in

propanol and in hexane. The experiments on solutions
in molecular liquids were for comparison with ionic liq-
uids.

Results are incomplete with ALC-μSR and TF-μSR
at only a few temperature points. Both the benzene
and toluene solutions in the ionic liquid IL 101 need
further study using ALC-μSR and TF-μSR, in order
to obtain all relevant hyperfine coupling and dynamics
information of these radicals in this ionic liquid.

Our studies in benzene were from 298 to 341 K.
The temperature range of studies of 1,3,5-tri-tert -butyl
benzene in the ionic liquid is from 60 to 125◦C. The
studies at upper limit of the temperature range were
restricted by the circulating liquid used to control
the temperature. The upper limits of temperatures in
molecular liquids are due to their boiling point, e.g. in
propanol we were limited to 85◦C. This shows the com-
plementary nature of our studies in ionic liquids to the
studies in molecular solvents and also it demonstrates
the broad range of temperature available to study free
radical chemistry in ionic liquids.

Despite our limited data due to relatively short
beam time, we have some significant results, described
in the following. We detected non-persistent (reactive)
free radicals in a phosphonium ionic liquid. As an ex-
ample of our data, the TF spectrum obtained for the
Mu-cyclohexadienyl radical in IL 101 is shown in Fig. 2
in comparison to the data in a molecular solvent at
the exact same conditions with the same FT parame-
ters and scale. The pair of peaks (in IL 101) is due to
the radical with a muon hyperfine coupling constant of
515 MHz. At low concentrations our data showed that
free radical product from addition to a solute with the
double bond in the ionic liquid is much more favoured
as compared to molecular solvents.

The LCR resonance of the same radical in the ionic
liquid, corresponding to the methylene (CHMu) group,
is shown in Fig. 3.

mu-1051_1.eps

Fig. 1. The trihexyl (tetradecyl) phosphonium chloride
ionic liquid (IL 101).
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Fig. 2. The TF-μSR spectrum of 0.7 M solution of benzene
in n-heptane (pink) and IL 101 (red). The temperature and
magnetic field is the same. The scale of the y axis is the
same in both figures.

mu-1051_3.eps

Fig. 3. An LCR spectrum of C6H6Mu radical in trihexyl
(tetradecyl) phosphonium chloride ionic liquid at room
temperature. The resonance is due to coupling to methy-
lene (CHMu) proton.

Experiment 1052
μSR studies in MnSi under applied pressure
(Y.J. Uemura, Columbia; T. Goko, Tokyo Univ. of Sci-
ence)

Suppression of critical dynamics in MnSi in quan-
tum magnetic phase transitions

MnSi is a weak helical magnet based on itinerant
electrons which orders with a very long helical spin
modulation of 180 Å below Tc ∼ 30 K at ambient pres-
sure. Previous μSR studies have shown that dynamic
spin fluctuations of this system can be described well
by the self consistent renormalization theory of Moriya
and co-workers. In the late 1990’s, Pfleiderer et al. of
Cambridge showed that the magnetic order can be sup-
pressed by the application of hydrostatic pressure, with
the critical pressure pc of 15 kbar above which the or-
dered moment disappears. Temperature dependence of
transport properties above p∗ ∼ 12 kbar exhibits his-
tory dependence. Short range correlations of spin fluc-
tuations have also been detected at p > p∗ by neutron
studies of Pfleiderer et al.

In the last year’s Annual Report, we reported our
results of μSR measurements in weak transverse field
(WTF) at applied pressure up to 15 kbar. The vol-
ume fraction VM of the magnetically ordered region
at T → 0 start decreasing from 100% with increasing
pressure at p > p∗, and VM (T → 0) finally become
zero for p > pc. This clearly implies phase separation
in quantum phase transition (QPT) at the boundary
between helically ordered and paramagnetic phases.
Similar behaviour was also observed in another itin-
ernant ferromagnet (Sr,Ca)RuO3 in ambient pressure
as a function of (Sr,Ca) substitution.

In 2006, we performed further μSR measurments
in longitudinal external field (LF) of 200 G, which was
applied to decouple the effect of nuclear dipolar fields.
Figure 1 shows the relaxation rate 1/T1 observed as a
function of temperature at several selected pressures.
The divergent behaviour of 1/T1 becomes weaker with
increasing pressure. Between p∗ < p < pc, we do not
see any anomaly of 1/T1 at Tc, and the relaxation rate
becomes smaller than our detection limit (indicated by
the broken line) for a pressure above pc. These results
reinforce the view that the QPT of MnSi is achieved
in a first order phase transition.

These results of ZF, WTF, and LF μSR measure-
ments in MnSi and (Sr,Ca)RuO3 will been published
as an article in the January, 2007 issue of Nature
Physics [Uemura et al., Nature Phys. 3 (in press)]. As
we pointed out in this article, not only in itinerant-
electron magnet systems, but also in heavy fermion and
HTSC systems, QPTs in the overwhelming majority of
cases are associated with discontinuous changes, phase
separation and/or suppression of dynamical critical be-
haviours. It would be very interesting to develop theo-
retical discussions on the origin of this behaviour and
on the possibly important role played by soft collective
mode excitations [Uemura et al., Physica B374-375,
1 (2006)] at/near QPTs of correlated electron systems.
In the future, we are planning to extend this study to
cover the effect of high applied field in MnSi, as well
as to perform further studies of QPTs in (Mn,Fe)Si,
(Fe,Co)Si, and some other itinerant weak ferromagnet
systems.
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Fig. 1. The muon spin relaxation rate 1/T1 and the relative
magnitude of the corresponding muon asymmetry in MnSi
in a longitudinal field (LF) of 200 G. Divergent critical be-
haviour of 1/T1, seen at p ∼ 1 kbar, is gradually suppressed
with increasing pressure. No anomaly of 1/T1 is seen at Tc

(indicated by arrows) at p = 12.7 kbar (p∗ < p < pc). At
p = 16.3 kbar, 1/T1 becomes smaller than the technical
limit of detection, indicated by the broken line.

Experiment 1053
μSR studies of S = 0 doped inorganic spin
Peierls system Ti1−xScxOCl
(T. Imai, G. Luke, McMaster)

Spin S = 1
2 chain material TiOCl recently emerged

as a new inorganic model spin-Peierls system. Un-
like CuGeO3, the uniform spin susceptibility fits quite
nicely with the nearest neighbour Heisenberg model.
This means that we may consider the spin-Peierls tran-
sition at Tc = 95 K (or, the incommensurate transition
to be more precise) a much cleaner one-dimensional
phenomenon than in CuGeO3. In fact, both NMR and
Raman measurements showed a clear evidence for lat-
tice softening high above Tc. Our primary goals are (a)
to establish a magnetic phase diagram of Ti1−xScxOCl
in the presence of spin S = 0 doped into the S = 1

2 Ti
sites, and (b) to shed a new microscopic light on the in-
terplay between the magnetic moments induced by Sc
ions and the spin-Peierls distortion of the lattice. We
use 35Cl NMR to observe the temperature dependence

of the nuclear quadrupole interaction, which reflects
the lattice distortion.

We conducted one week of μSR experiments dur-
ing the fall for Sc doping concentration x = 0.01 and
x = 0.03. Our preliminary analysis showed that the re-
laxation rate begins to grow below ∼100 K. Moreover,
the relaxation rate nearly saturates below 10 ∼ 15 K,
but the time evolution is always overdamped and never
shows the signature of a magetic long range order. Our
finding is in remarkable contrast with the case of doped
CuGeO3, in which a long range Néel ordering was read-
ily observed at any doping concentration.

We are in the process of further data analysis, and
also plan to conduct more ZF and TF measurements
to understand the dynamics of spin fluctuations in
Ti1−xScxOCl.

Fig. 1. Two representative ZF-μSR spectra observed for
Ti0.97Sc0.03OCl. Notice that no precession is observed even
at the base temperature.

Experiment 1079
Spin liquid state in the square-lattice antifer-
romagnet (CuCl)LaNb2O7 and related com-
pounds
(H. Kageyama, Kyoto; Y.J. Uemura, Columbia; G.M.
Luke, McMaster)

Geometrical spin frustration in low-dimensional
quantum spin systems gives rise to unusual quantum
phenomena such as spin liquids. From an experimen-
tal point of view, however, such spin liquid states are
mostly realized in quasi-one-dimensional systems (e.g.,
CuGeO3, SrCu2O3). However, spin liquids also appear
in 2D systems as well, such as the Kagomé lattice. The
frustrated two-dimensional square lattice system, the
so-called J1–J2 model, is the most interesting system
in relevance to the RVB concept proposed after the
discovery of high-Tc superconductivity.

We demonstrated from the magnetic susceptibility,
magnetization curve and neutron elastic/inelastic scat-
tering experiments that a double-layered perovskite
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(CuCl)LaNb2O7 is a new class of 2D Heisenberg spin
system, where a spin-singlet ground state with a finite
energy gap (Δ = 2.3 meV) is achieved in an S = 1

2
frustrated square lattice, while its isostructural Br-
based counterpart (CuBr)LaNb2O7 exhibits a stripe
magnetic order at 32 K. Although some analysis of the
temperature dependence of the magnetic susceptibility
and high-field magnetization data suggests that both
compounds have competing antiferromagnetic and fer-
romagnetic interactions, the origin of the spin-singlet
formation as well as the relevance of J1–J2 model re-
main to be solved.

We carried out μSR experiments at the M15 and
M20 beam lines, based on the proposal of Expt. 1079.
From the temperature dependence of μSR spectra of
(CuCl)LaNb2O7 for T > 2 K, we found very weak re-
laxation with a Gaussian peak shape. The observed
slow relaxation is comparable to that of the two-leg
ladder system SrCu2O3. Figure 1 shows LF decou-
pling measurements at 2 K, demonstrating that the
μSR spectrum becomes flattened in a LF ∼50 G, indi-
cating the static nature of the spectra. The spectra at
15 mK and 2 K are essentially the same, providing firm
evidence that the spin-singlet ground state is realized
in this compound.

Figure 2 shows that the static magnetic order of
(CuBr)LaNb2O7 starts to set in around T = 32 K.
The volume fraction of the ordered region increases
with decreasing temperature towards T = 25 K, be-
low which the full volume of the system exhibits static
magnetism. We have analyzed the data by assuming
three types of signals:

(a) oscillating signal
(b) fast relaxing signal
(c) slow decay signal

(a) and (b) represent muons stopped where the local
field is perpendicular to the initial muon polarization
direction, while (c) represents muons whose local field
is parallel to the initial polarization direction. Usu-
ally, we expect (a) + (b) to have about 2

3 of the total
asymmetry and (c) to have 1

3 , in the magnetically or-
dered state. In the paramagnetic state, we will only
see (c). In our measurements, the total asymmetry,
which can be derived from the weak transverse field
measurements, is about 0.24–0.25. So, we expect (c)
to contribute about 0.08 to the asymmetry. The ac-
tual asymmetry of the “slow” (c) component is about
0.11 at low temperatures. We would guess that about
10% of the total muons have been stopped in the sur-
roundings or counters, and contribute to background,
apparently increasing the slowly decaying component
(c). The volume fraction of the magnetically ordered
region increases sharply below T = 32 K, and saturates
at around T = 28 K.

Fig. 1. Longitudinal field decoupling measurements at 2 K
for (CuCl)LaNb2O7.

Fig. 2. Zero-field mSR spectra of (CuBr)LaNb2O7.

Experiment 1080
Full phase diagram of NaxCoO2

(J. Sugiyama, Toyota CRDL Inc.; J.H. Brewer, UBC-
TRIUMF)

The phase diagram of the NaxCoO2 (NCO) sys-
tem is a solid state physics treasure trove, because of
a variety of magnetic phases that appear as a func-
tion of x: long-range antiferromagnetic (AF) order with
TN ∼ 22 K for NCO with x ≥ 0.75 [Sugiyama et
al., Phys. Rev. B67, 214420 (2003); Bayrakci et al.,
Phys. Rev. Lett. 94, 157205 (2005)]; two successive
AF transitions (TN1 = 87 K and TN2 = 53 K) in NCO
with x = 0.5 [Foo, et al., Phys. Rev. Lett. 92, 247001
(2004)]; and superconductivity with TC = 5 K for NCO
with x = 0.35 and absorbed water [Takada, et al., Na-
ture 422, 53 (2003)]. All these magnetic behaviours are
considered to be influenced by geometrical frustration
in the two-dimensional (2D) triangular lattice formed
by edge-sharing CoO6 octahedra in the CoO2 planes.

The AF order of Na0.5CoO2 appears to be an iso-
lated island in the narrow x range between a metallic
Pauli paramagnet (0.3 < x < 0.5) and a Curie-Weiss
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metal (0.5 < x < 0.75), although the phase boundary
of the AF phase is still unknown. Since resistivity (ρ)
measurements [Foo et al., op. cit.] and TEM obser-
vations [Zandbergen, et al., Phys. Rev. B70, 024101
(2004)] on Na0.5CoO2 indicated charge-ordering in the
CoO2 plane probably due to the order of Na ions,
the origin of the AF order was naturally explained
using this model. The Na-ordering also reduces the
symmetry of Na0.5CoO2 from hexagonal to orthorhom-
bic even at 295 K, due to the formation of Na zig-zag
chains [Zandbergen et al., op. cit.]. As expected from
the layered structure of NCO, Na0.5CoO2 is highly
anisotropic: the χab(T ) curve exhibits a clear change in
slope (dχ/dT ) at both TN1 and TN2 , whereas the χc(T )
curve only changes slope at TN2 [Yokoi et al., J. Phys.
Soc. Jpn. 74, 3046 (2005)]. Here χab and χc are χ mea-
sured under H ⊥ c and H ‖ c, respectively. However,
as T decreases from high T , the ρab(T ) curve exhibits
a rapid increase at TN2 without any clear anomalies
around TN1 [Yokoi at al., op. cit.].

Past μ+SR experiments on a powder Na0.5CoO2

sample showed the existence of three different inter-
nal magnetic fields (H int

i ) below TN1 [Mendels et al.,
Phys. Rev. Lett. 94, 136403 (2005)]. From these three
H int

i (T ) curves, it was postulated that reorientation
of AF coupled moments occurs at both TN2 and 29 K
without direct experimental evidence. Recently the AF
magnetic structure was determined at 8 K by a neu-
tron scattering experiment using a single crystal of
Na0.5CoO2 [Gašparović et al., Phys. Rev. Lett. 96,
046403 (2006)]: in the alternating arrangement of Co3+

(S = 0) and Co4+ (S = 1/2) chains along the b-axis,
the neighbouring Co4+ spins, which are parallel to
the chain (a-axis), are coupled antiferromagnetically.
In contrast to the results of μ+SR, χab and ρab mea-
surements, the T dependences of the AF Bragg peaks
indicate that there are no crucial changes in magnetic
structure at TN2 and 29 K.

In order to solve the discrepancy concerning the na-
ture of the AF phase, we measured the T dependence
of not only H int

i but also the angle of Hint
i relative to

the ab-plane by means of μ+SR using single crystals of
Na0.5CoO2. Here we clearly demonstrate the reorien-
tation behaviour at both TN2 and 35 K.

The μ+SR experiments were performed on the M20
surface muon beam line at TRIUMF. Five crystals
were arranged in a mosaic in an active-muon-veto sam-
ple holder with their c axes parallel to the beam direc-
tion z as defined in Fig. 1. Muon-spin rotation and
relaxation spectra were obtained in zero applied field
(ZF) with four positron detectors (backward (B), for-
ward (F), up (U) and down (D)) arranged as shown in
Fig. 1.

Figure 2 shows ZF-μ+SR time spectra and their

Fourier transforms (FTs) at 2.1 K, 20 K, 40 K and 60 K
for the crystals of Na0.5CoO2. The top spectrum was
obtained in SR mode by U and D counters (A0

xPz(t)),
while the bottom spectrum was obtained in NSR mode
by B and F counters (A0

zPx(t)). Here A0 is the empir-
ical maximum muon decay asymmetry, mPn(t) is the
muon spin polarization; m is the direction of Sμ(0)
and n denotes the direction of Hint

i . A clear oscillation
due to quasi-static Hint

i is observed in all four spectra,
unambiguously establishing the existence of coherent
magnetic order in the sample.

The FTs of the ZF-spectra indicate that there are
at least five oscillatory signals in A0

xPz(t) and two in
A0

zPx(t); four peaks and one shoulder around 2.1 MHz
at 20 K, clearly showing the anisotropic nature of the
magnetic order. Indeed the ZF-μ+SR spectra were well
fitted by a combination of five oscillatory signals with
a common phase and a slowly relaxing non-oscillatory
signal:

A0
mPn(t) =

5∑
i=1

mAn,i cos(ωμ
i t + φn) exp

[
−σ2

i t2

2

]

+mAn,tail exp(−λtail t)

where {m, n} = {x or z}, φn is the initial phase of the
precession, mAn,i are the asymmetries, σi (i = 1−5) are
Gaussian relaxation rates, and ωμ

i are the muon Lar-
mor frequencies of the five signals. The angle (θi) be-
tween Hint

i and the ab-plane is defined by xAz,i/
zAx,i =

tan θi.
Figure 3 shows that the Fourier transform spec-

trum of A0
xPz(t) depends strongly on T below 85 K:

above 50 K, the spectrum consists of two sharp peaks;
for 15 ≤ T < 50 K it splits into up to five peaks; and
below 15 K the peak around 1.6 MHz is dominant,
with two or three side-peaks. This behaviour is sim-
ilar to that observed for K0.49CoO2 crystal platelets
[Sugiyama et al., Phys. Rev. Lett. 96, 037206 (2006)].

Figures 4(a)–(d) show the T dependence of the
muon precession frequencies νi = ωμ

i /2π, the asymme-
tries xAi and the angle θi, together with χ(T ). Like the
Fourier spectra shown in Fig. 3, the five νi(T ) curves
exhibit a complex T dependence. As T increases from
2 K, ν3, ν4, and ν5 monotonically decrease and disap-
pear around TN2 , 75 K and TN1 , respectively. Mean-
while, ν1 decreases with increasing T and reaches its
minimum around 35 K, above which it rises again, ex-
hibiting a broad maximum around 65 K, and finally
disappears at TN1 . The ν2(T ) curve shows a similar
behaviour: ν2 appears suddenly around 15 K, reaches
a minimum at TN2 and has a broad maximum at 65 K.
The overall T dependences of νi are quite similar to
those reported using a powder sample [Mendels et al.,
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op. cit.]
The dominant signal at low T is xA3, but as T in-

creases, xA3 decreases and disappears at TN2 . Above
TN2 , xA1, xA2 and xA5 are dominant instead. The sig-
nal with the highest ν, i.e., xA5, has a small ampli-
tude below TN2 . In order to explain the xAi(T ) curves,
one could consider changes in muon sites, and a sit-
uation whereby the population of μ+ at each site is
entirely changed at TN2 . Such behaviour is very un-
likely to occur at low T especially in oxides. The angle
θ1 decreases gradually from 90◦ as T increases from
2 K, almost reaches 0 around 35 K, and then rapidly
recovers up to 90◦ at ∼50 K, above which θ1 is inde-
pendent of T . The θ2(T ) curve behaves similarly, but
has its minimum around TN2 . The minimum in the
ν1(T ) (ν2(T )) curve thus indicates a rotation of Hint

1

(Hint
2 ). The angle θ3 of the dominant signal below TN2

decreases slowly from ∼80◦ to ∼70◦ with increasing T
from 2 K to TN2 . Angle θ5 looks almost T indepen-
dent and varies between 30◦ and 40◦ up to TN1 . The T
dependence of θ4 is unclear above TN2 , because the sig-
nal is very weak (xA4 ∼ 0). Ignoring the values around
10 K, the θ4(T ) curve is roughly similar to the θ5(T )
curve.

The three main signals (corresponding to Hint
1 ,

Hint
2 , and Hint

3 ) are almost perpendicular to the ab-
plane, although Hint

1 and Hint
2 rotate rapidly by ∼90◦

at 35 K and TN2 . The two minor signals (correspond-
ing to Hint

4 and Hint
5 ) are found to be canted by about

30◦ relative to the ab-plane. Since the initial phase is
almost 0 for the all signals, the five signals obviously
suggest the existence of five inequivalent muon sites
in the Na0.5CoO2 lattice. Among them, the Hint

5 sig-
nal probably corresponds to the AF signal detected by
neutron experiments, because of the lack of rotation
and its order-parameter-like T dependence of ν5 below
TN1 [Gašparović et al., op. cit.].

At 8 K (in the charge-order state), it is reported
that Co4+ is located at the same position in adja-
cent CoO2 planes but Co4+ spins are coupled antifer-
romagnetically along both a- and c-axis (see Fig. 5(a))
[Gašparović et al., op. cit.]. According to the dipole
field calculation shown in Figs. 5(b) and (c), the muons
at sites No. 2 and 5 with z = 0.075 experience Hcalc

i

with Θcalc
i ∼ 30 and 40◦, whereas the muons at site

No. 3 experience Θcalc
3 = 90◦ in the whole z range

(0.075 ≤ z ≤ 0.25). Making comparison between Hint
i

and Hcalc
i , the measured five Hint

i at 1.8 K are assigned
as follows:

Hint
1 : site No. 3 with z=0.25,

Hint
3 : site No. 3 with z=0.075,

Hint
4 : site No. 2 with z=0.075, and

Hint
5 : site No. 5 with z=0.075.

Here we assume that the stable muon sites are either

at z = 0.075 (in the vicinity of the CoO2 plane and
bound to oxygen) or at z = 0.25 (Na vacancies).

The origin of the dynamic changes in Hint
i and θi

at TN2 is most likely to be caused by the change in
the stable muon sites due to the charge-order. Note
that, above TN2 (without the charge-order), site No. 1
becomes electrostatically equivalent to site No 6, site
No. 2 to site No. 4, and site No. 3 to site No. 5 and 7
(see Fig. 5(a)). Actually, only three Hint

i are observed
above TN2 . In order to explain the whole T depen-
dences of Hint

i and θi, however, we need a more ac-
curate dipole field calculation, and such attempt is in
progress.

U

D

sample

Sμ Sμ

U

D

sampleμ+ μ+

(a) SR (b) NSR

x

zy

a
c

B FB F

Fig. 1. Geometry of the μ+SR experiment: four counters
(backward (B), forward (F), up (U) and down (D)) detect
decay positrons emitted in the −z, +z, +x and −x direc-
tions, respectively. The initial muon spin direction Sμ(0) is
in the +x direction (‖ â of the crystals) for spin-rotated
(SR) mode (a) or in the −z direction (‖ ĉ) for non-spin-
rotated (NSR) mode (b). Thus if the internal magnetic field
(Hint

i ) is parallel to ĉ, only U and D counters will detect
a muon spin oscillation, and that only in SR mode; but if
Hint

i ‖ â, only B and F counters in NSR mode will show an
oscillatory signal.
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Fig. 2. ZF-μ+SR time spectra at (a) 2.1 K, (b) 20 K, (c)
40 K, and (d) 60 K for Na0.5CoO2 crystals. Top: A0

xPz(t),
bottom: A0

zPx(t). Top spectrum is offset by 0.2 for dis-
play clarity. Solid lines represent fits using the equation.
The right panel shows Fourier transforms of the ZF time
spectra.
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tive to z direction in SR mode.
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Experiment 1082
Muonium defect energies in SiGe alloys
(P.J.C. King, Rutherford Appleton Lab; R.L. Lichti,
Texas Tech)

The aim of Expt. 1082 is to determine ionization en-
ergies of both the MuBC and MuT centres in Si1−xGex

bulk alloys as a function of alloy composition x. These
results would provide a test of theoretical predictions
for the energies of thermodynamic defect levels of hy-
drogen and for the valence band alignments across the
full alloy composition range. A simple band-alignment
model suggests that the MuBC ionization energy may
have a maximum near the Σ (Si-like) to L (Ge-like)
crossover at alloy composition x = 0.85, and that the
hole ionization energy for MuT should decrease linearly

with x, becoming zero near x = 0.9. This experiment
has therefore focused on high-Ge content alloys, with
several samples being available with alloy compositions
from x = 0.84 to x = 0.974. Samples were in the form
of single crystals cut from Czochralski-grown boules,
generally [100] in orientation and nominally undoped,
but with native defects giving p-type carrier concentra-
tions in the region of 1014−1015 cm−3. High transverse
field measurements were performed using HiTime on
M15 to observe the temperature-dependence of neu-
tral state and diamagnetic amplitudes.

Following earlier studies [King et al., J. Phys.:
Cond. Matt. 17, 4567 (2005)] on the alloy depen-
dence of hyperfine parameter for the neutral species
performed for x ≤ 0.77, the present studies confirm
the linear variation with x of MuBC isotropic hyper-
fine parameter component into the high-Ge alloy re-
gion. Figure 1(a) shows a Fourier spectrum in the fre-
quency region of the diamagnetic and MuBC ν12 and
ν34 lines from Si0.103Ge0.897 at 5 K. Several samples
showed asymmetric MuBC line amplitudes as observed
here. For MuT, hyperfine parameter values were again
observed to be suppressed below those expected for
a linear dependence of this parameter with x. In some
cases MuT lines were observed to be split, as shown for
Si0.148Ge0.852 at 25 K in Fig. 1(b) – the two peaks here
correspond to hyperfine parameter values of around
2003 MHz and 2126 MHz (compared with pure Si and
Ge values of 2005 MHz and 2360 MHz respectively at
this temperature).

Figure 2 shows low-temperature diamagnetic and
paramagnetic asymmetries from Si0.103Ge0.897. These
were produced from time-domain fits to the two MuBC

lines (the MuBC asymmetry shown is the total for both
lines), and a single line fitted to the MuT signal (in
order to get an estimate of its asymmetry variation
– more detailed fits using more than one component
to allow for line splitting are in progress). Both MuT

and MuBC show similar amplitude temperature depen-
dences below 50 K, and their disappearance at this
temperature is marked by the beginning of a rise in
the diamagnetic amplitude. Figure 3 shows the dia-
magnetic signal asymmetry up to room temperature.
Above 100 K two components are visible in the dia-
magnetic signal, one fast-relaxing (relaxation rates of
between 1 μs−1 and 10 μs−1) the other slow-relaxing
(relaxation rates between 0.06 μs−1 and 0.3 μs−1). The
fast-relaxing component amplitude peaks at around
150 K; full diamagnetic asymmetry is reached above
approximately 225 K. A conversion of both paramag-
netic species to diamagnetic is clearly happening over
this temperature range, most likely due to MuBC ion-
ization possibly together with a T to BC site change
followed by ionization.
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In Si0.16Ge0.84, the rise in diamagnetic asymme-
try occurs around 40 K higher in temperature than in
Si0.103Ge0.897, but is similarly accompanied by the ap-
pearance of a fast-relaxing component – the total dia-
magnetic asymmetry for Si0.16Ge0.84 is shown in Fig. 3
alongside the Si0.103Ge0.897 data. In the Si0.16Ge0.84

case, the paramagnetic species are both visible to
higher temperatures than in Si0.103Ge0.897. However,
they disappear in the transverse field data at different
temperatures, MuT being visible to around 70 K and
MuBC to around 130 K. There is a peak in the MuBC

signal amplitude at around 65 K, suggesting that a
site change of MuT to MuBC may be occurring here,
followed by a MuBC ionization occurring at a higher
temperature than in Si0.103Ge0.897.

More detailed data analysis is ongoing to properly
map out and quantify the paramagnetic species’ be-
haviour over this high-Ge alloy region.
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Fig. 1. Fourier plots showing (a) asymmetrical MuBC lines
at 5 K from Si0.103Ge0.897, and (b) split MuT line from
Si0.148Ge0.852 at 25 K.

Fig. 2. Low-temperature signal asymmetries for
Si0.103Ge0.897.

Fig. 3. Temperature dependence of diamagnetic signal
components for Si0.103Ge0.897 together with the total dia-
magnetic asymmetry for Si0.16Ge0.84.

Experiment 1083
Static and dynamic properties of multipoles in
f-electron systems
(T.U. Ito, JAEA/Tokyo IT; W. Higemoto, R.H.
Heffner, JAEA)

The intermetallic binary alloy PrPb3 crystallizes
into the AuCu3-type cubic structure. The crystalline
electric field (CEF) ground state of PrPb3 is believed to
be a nonmagnetic Γ3 doublet which carries quadrupole
degrees of freedom. This compound exhibits a second-
order phase transition at TQ (= 0.4 K in zero field)
ascribed to antiferroquadrupolar (AFQ) ordering. Re-
cently, the investigation of a field-induced dipole mo-
ment by neutron diffraction revealed that the AFQ
ordering has remarkable characters [Onimaru et al.,
Phys. Rev. Lett. 94, 197201 (2005)]. The arrangement
of quadrupole moments in the AFQ phases is not a sim-
ple alternating structure, but a periodically modulated
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structure. In addition, the AFQ ordering phase on the
high temperature side possibly has an incommensurate
ordering structure, which seems generally improbable
for quadrupolar ordering. The mechanism of such an
exotic AFQ ordering is still an open question.

We have performed muon Knight shift measure-
ments on PrPb3 to elucidate the novel AFQ order-
ing and local electronic states. To the best of our
knowledge, no microscopic measurements with a local
magnetic probe have been carried out on PrPb3, ex-
cept for our μSR. We observed quite anisotropic muon
Knight shifts in the temperature range much higher
than TQ. It is important to understand the nature of
a paraquadrupolar state, ahead of the investigation
of the novel AFQ ordering state. Here, we report on
muon Knight shift studies of PrPb3 above 2.5 K in the
paraquadrupolar state.

A single crystalline sample of PrPb3 was grown by
the Bridgman method. The ingot was cleaved into sev-
eral pieces with [001] cleavage plane and typical dimen-
sion 2× 2× 0.7 mm3. Transverse field (TF) μSR mea-
surements were performed from 250 K down to 2.5 K
at the M15 beam line. The HiTime spectrometer and a
conventional 4He flow cryostat were used. The sample
pieces were arranged in a rectangular shape with the
approximate area of 8 × 8 mm2 and the thickness of
0.7 mm. Positive muons were implanted into the sam-
ple with the initial spin direction perpendicular to the
[001] direction of the crystal. A magnetic field of 2 T
was applied along the [001] direction.

Two different muon spin precession frequencies
were observed in the time differential TF-μSR spec-
trum. One can find two peaks in a typical FFT spec-
trum at 45 K shown in Fig. 1. The relative intensity of
these two signals, 2:1, suggests that implanted muons
sit midpoint between nearest-neighbour Pr ions. We
hereafter assume this site as the crystallographically
exclusive muon site. In such a case, a magnetic field
along the [001] direction produces two inequivalent
magnetic sites. The precession frequency f⊥ of 2/3 sig-
nal corresponds to muon sites between Pr atoms ad-
joined along [100] and [010] directions while the fre-
quency f‖ of the remaining 1/3 signal comes from
muons stopping between Pr atoms along the field di-
rection [001].

The muon Knight shift was derived from the ob-
served precession frequencies through K⊥,‖ = (f⊥,‖ −
f0)/f0 − KL,dem, where f0 is a zero-shift reference
frequency and KL,dem is the correction term for the
Lorentz and demagnetization fields. An effective de-
magnetization factor was determined to be 0.572 from
the Knight shift of a reference sample with well defined
dimension. We show plots of the Knight shift K versus
the bulk susceptibility χ in Fig. 2. A linear scaling with

χ is clearly seen above about 10 K. We obtained the hy-
perfine coupling constants A⊥ = −1.08± 0.32 mT/μB

and A‖ = 0.697 ± 0.002 T/μB from the slope K/χ.
Under axial symmetry, the As values are expressed as
follows,

A⊥ = Ac
⊥ − 1

2
Adip

zz

A‖ = Ac
‖ + Adip

zz

where Ac
s and Adip

zz designate the contact-coupling con-
stant and the classical dipolar-coupling constant, re-
spectively.

Supposing an isotropic contact hyperfine inter-
action, Ac

⊥ = Ac
‖, we obtained unacceptably large

dipolar-coupling constant Adip
zz = 0.465 ± 0.002 T/μB

compared with the result of a simple dipole calcu-
lation, 0.243 T/μB. We therefore accept anisotropy
for the contact hyperfine interaction. Using the cal-
culated dipolar-coupling constant, we obtain strongly
anisotropic contact-coupling constants Ac

⊥ = 0.120 ±
0.001 T/μB and Ac

‖ = 0.454 ± 0.002 T/μB. This
anisotropy may be concerned with nonspherical distri-
bution of the 4f -electron remarkable below ∼46.7 K:
excitation energy of the highest CEF level [Gross et
al., Z. Phys. B37, 123 (1980)]. The upturn in K⊥ − χ
plot above 61 K possibly reflects thermal smearing of
the anisotropy. The upturn in the K − χ plot below
10 K is likely due to the lowest-lying CEF level with
excitation �19.4 K [Gross et al., op. cit.]. The magni-
tude of Ac

s is as large as the dipolar-coupling constant
Adip

zz , suggesting the strong hybridization between 4f
and conduction electrons. This result is qualitatively
consistent with a large electronic specific heat coeffi-
cient γ ∼ 1.5 J/mol·K2 [Morie et al., J. Phys. Soc.
Jpn. 75, Suppl. 183 (2006)], and may be related to
novel properties of the AFQ ordering state, where the
quadrupole Kondo effect was discussed.

Fig. 1. Typical FFT spectrum at 45 K.
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Fig. 2. K versus χ plot.

Experiment 1084
Searching for hidden magnetic order of the
pseudogap state of the 214 cuprates by μSR
and neutron scattering
(Y.J. Uemura, Columbia)

The purpose of Expt. 1084 is to explore the possibil-
ity that the pseudogap state in the cuprate supercon-
ductors is associated with the spontaneous ordering of
orbital currents in the copper-oxide planes. Through-
out the years, several variations on this theme have
been proposed, but largely dismissed due to the lack
of corroborating experimental data. In the past few
years, though, a handful of experiments have emerged
which support the existence of a particular “circulating
current” (CC) state, shown in Fig. 1, at temperatures
below pseudogap temperature, T ∗. In particular, re-
searchers at the Laboratoire Léon Brillouin have pub-
lished polarized neutron data on YCa2Cu3O6+y (123)
which they contend are consistent with this CC state
[Fauqué et al., Phys. Rev. Lett. 96, 197001 (2006)].
However, serious debate surrounds both the repro-
ducibility and interpretation of these results, and fur-
ther experiments are required.

To this end, we have performed a series of ZF-μSR
measurements on various dopings of La2−xSrxCuO4

(214) in order to search for the time reversal sym-
metry breaking (TRSB) fields which would necessarily
be associated with local currents in the copper oxide

planes. We chose to search for these fields in 214 be-
cause several high-quality crystals were readily avail-
able and the wide doping range allowed us to exam-
ine non-pseudogap samples on the heavily overdoped
side of the phase diagram, in addition to underdoped
samples. Moreover, evidence for the existence of a CC
phase in 214 would be more significant, as it would
point towards a more general property of the cuprates
rather than those particular to 123.

Zero field spectra were taken with the crystalline
c-axis aligned parallel to the beam axis and the inital
muon polarization direction rotated ∼45◦. This geom-
etry allowed us to search for spontaneous local fields
parallel and perpendicular to the copper-oxide planes
simultaneously, and reduce our experimental runtime.
In order to maximize our sensitivity to TRSB fields, we
performed our ZF-μSR measurements using the active-
veto, ultra-low background insert for the LAMPF spec-
trometer on M20. We also used trim coils to adjust
the total external field at the sample site to less than
50 mG.

The resultant spectra showed no sign of the preces-
sion which one would expect for a unique local field at
the muon site. Instead, the spectra in each direction
were well-described by a Gaussian function:

A(t) = A0e
−Δ2t2 ,

where Δ is the relaxation rate and varies with tem-
perature. This is what one expects for a Gaussian dis-
tribution of local fields from small, randomly oriented
nuclear dipole moments.

The relaxation rates for three 214 crystals, with
x = 0.13, 0.19 and 0.30, are shown in Fig. 2 as a
function of temperature. The two sets of relaxation
rates represent the root mean square field perpendicu-
lar and parallel to the copper-oxide planes. The rates
are roughly temperature independent below 200 K for
all three crystals. The decrease in relaxation above
200 K is ascribed to motional narrowing due to muon
diffusion, as 200 K is comparable to the diffusion tem-
perature seen in similar materials.

The important observation, however, is that the re-
laxation rates at a given temperature are roughly iden-
tical for all three crystals. This is significant since the
pseudogap dominates the 13% sample (T ∗ ∼ 500 K)
and is non-existent in the 30% sample (T ∗ ∼ 0 K).
Thus, we are effectively crossing the pseudogap line
along the Sr doping axis of the phase diagram. We
can use this fact to put an upper limit on any possi-
ble currents associated with the pseudogap state, and
ultimately compare with other experiments.

For example, the muon site for the 214 systems is
known [Hitti et al., Hyp. Int. 63, 287 (1990)]. If we
approximate the triangular current loops in Fig. 1 by
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magnetic dipoles of size n Bohr magnetons oriented
perpendicular to the copper-oxide plane (as done pre-
viously), then the size of the local magnetic field at the
muon site due to the 3 nearest current loops is

H = 0.135nγμ ,

where γμ/2π = 0.135 MHz/G.

If we say then that the relaxation rates for the dif-
ferent samples are the same within ∼0.01 μs−1, then
our data imply n ≤ 0.00012, which is 2–3 orders of
magnitude smaller than the moment reported by neu-
tron scattering in 123. Thus, we have effectively elimi-
nated the possibility that the CC state exists in these
materials. This has profound consequences for the gen-
erality of the previously mentioned neutron results.

This work is ongoing, with similar measurements
planned for other known pseudogap materials such as
La2−xBaxCuO4 and Bi2Sr2CaCu2O8+δ. The current
results are currently being prepared for publication
and will also be presented at the March meeting of
the American Physics Society in Denver, CO.

Fig. 1. The circulating current pattern proposed by Varma
to explain recent polarized neutron scattering and ARPES
data. Figure taken from Simon and Varma, Phys. Rev. Lett.
89, 247003 (2002). The muon site is 2.1 Å above and be-
low the copper-oxide plane at the position indicated by the
yellow circle.

Fig. 2. The relaxation rates as a function of temperature
for three 214 samples at dopings across the phase diagram.
The upper data represent relaxation of the signal in the
in-plane direction, and the lower is relaxation of the signal
in the out-of-plane direction.

Experiment 1085
μSR study of unconventional organic supercon-
ductor κ-(BEDT-TTF)4Hg2.89Br8
(K. Satoh, Saitama)

It is now widely accepted that the organic salts,
κ-(BEDT-TTF)2X (X = anion), can be regarded as
band width-controlled superconductors at fixed band
filling. In other words, the superconductivity in the κ-
type salt is realized by pressurizing the Mott insulator.
Among the κ-type salts, κ-(BEDT-TTF)4Hg2.89Br8
[Lyubovskaya et al., Pis’ma Zh. Eksp. Teor. Fiz. 46,
149 (1987)] shows a unique incommensurate structural
characteristic not seen in other κ-type salts. Due to
this incommensurability, the electron filling is possi-
bly shifted from the usual half-filled state of 2:1 salts,
and therefore the kind of hole-doped state may be re-
alized. κ-(BEDT-TTF)4Hg2.89Br8 shows superconduc-
tivity at 4.2 K and the upper critical field of this salt
is anomalously larger than the Pauli limit value. Fur-
ther electrical resistance in the normal state shows lin-
ear dependence on temperature at low temperatures,
which is characteristics of non-Fermi liquid properties.
From these measurements, we consider that uncon-
ventional superconductivity is realized in κ-(BEDT-
TTF)4Hg2.89Br8. In order to clarify the superconduct-
ing properties of κ-(BEDT-TTF)4Hg2.89Br8, we mea-
sured ZF-μSR to investigate whether the supercon-
ducting phase at ambient pressure violates the time-
reversal symmetry or not. Moreover, we measured the
temperature dependence of the muon Knight shift to
investigate the microscopic magnetic property of κ-
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(BEDT-TTF)4Hg2.89Br8 in the normal state.
Zero fieldμSR spectra ofκ-(BEDT-TTF)4Hg2.89Br8

are fitted by the product of the temperature-
independent Kubo-Toyabe function and the expo-
nential function. Figure 1 shows the temperature de-
pendence of the relaxation rate λ of the exponential
function. The relaxation rate λ increases with de-
creasing temperature due to the development of the
antiferromagnetic correlations at low temperatures.
The relaxation rate λ becomes almost temperature-
independent below 10 K and no anomaly is found at
the superconducting transition temperature, 4.2 K.
This result suggests that the superconducting phase
in κ-(BEDT-TTF)4Hg2.89Br8 does not break the
time-reversal symmetry. However, susceptibility of
κ-(BEDT-TTF)4Hg2.89Br8 decreases gradually be-
low 4.2 K and the Meissner volume fraction at 2 K
is about 10%. In order to clarify the superconduct-
ing phase with broken time-reversal symmetry in
κ-(BEDT-TTF)4Hg2.89Br8, zero-field μSR measure-
ment below 2 K is desired.

Figure 2 shows the temperature dependence of the
muon Knight shift of κ-(BEDT-TTF)4Hg2.89Br8 at
6 T. The Knight shift obeys Curie-Weiss behaviour
down to 2 K. Static magnetic susceptibility, however,
shows a peak around 30 K and a sharp decrease at
low temperatures. It is interesting to note that 1/T1T
measured by 13C NMR [Miyagawa, unpublished] also
shows Curie-Weiss behaviour down to 10 K and does
not show a maximum. The origin of the discrepancy
between macroscopic measurements and microscopic
measurements is not clear at present and further study
is needed.

κ

μ

λ
μ

Fig. 1. Temperature dependence of the relaxation rate of
κ-(BEDT-TTF)4Hg2.89Br8. No anomaly was found at the
superconducting transition temperature.

κ

μ

Fig. 2. Temperature dependence of muon Knight shift of
κ-(BEDT-TTF)4Hg2.89Br8. Magnetic susceptibility shows
a peak around 30 K and the K − χ plot deviates from the
linear relation at low temperatures.

Experiment 1087
Spin freezing in 5% Sr doped La2CuO4

(W. Bao, Los Alamos National Lab.)

The interest in the low doping region of
La2−xSrxCuO4 is related to the proximity to antifer-
romagnetic and superconducting domains. μSR pre-
viously found a spin glass behaviour, not usually ac-
counted for in the neutron scattering dynamic struc-
ture factor. Quasi-elastic spin fluctuations with energy
scale smaller than the energy resolution of neutron
spectrometers have been misinterpreted as static and
attributed to long-range antiferromagnetic order.

We performed zero field (ZF) and longitudinal field
(LF) measurements in the 5% doped La2−xSrxCuO4,
in the same sample that we used in neutron scatter-
ing experiments. Weak transverse field runs (Fig. 1)
already show the presence of a magnetic component
developing somewhere below 250 K.

ZF-μSR data (Fig. 2) can be described by

A(t) = Afaste
−λfastt + A cos(2πft)e−λt

where λ and λfast are relaxation of the two mag-
netic signals with amplitudes A and Afast. The non-
oscillating part is unchanged up to 25 K, and with a
very slow variation between 25 and 150 K. We ascribe
this to the same magnetic component seen in weak
transverse field runs.

The oscillating part, described by a frequency f , is
proportional to the strength of static magnetic field at
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the muon site. There is static magnetism in the sam-
ple below 5 K (Fig. 3). Frequency of the oscillating
part at lowest temperature is similar to previous results
obtained for 214 cuprates at dopings greater than 1–
2%. This confirms a similar magnetic environment for
muon in the spin glass like regime and spin density
wave regime around 1/8 hole doping. Temperature de-
pendence of the frequency of the oscillating signal is
typical of a second order phase transition. Relaxation
of the signal, proportional to magnetic field inhomo-
geneity, diverges around transition temperature.

LF-μSR data shows that both oscillating and non-
oscillating components are completely decoupled by
magnetic fields around 2 kG, at temperatures around
2 K. This indicates a static origin for both. The slow
temperature dependence of the “fast” relaxing signal
between 25 and 125 K can be understood if we believe
that this is due to a phase with doping concentrations
below 2%, but without long range magnetic order.

Fig. 1. Weak transverse field at 40 K and 250 K show
existence of a high temperature magnetic component.

Fig. 2. Zero field μSR data.

Fig. 3. Zero field μSR results: frequency and relaxation of
the low temperature magnetism component.

Experiment 1092
Electronic ground state of quasi-1D conducting
β-vanadium bronzes
(S. Takeshita, R. Kadono, KEK-IMSS)

As a quasi-one-dimensional (1D) conductor, β-
Na0.33V2O5 has been attracting much interest be-
cause it exhibits various phases separated by succes-
sive transitions from metal to insulator (TMI ∼ 135 K)
and then to antiferromagnetic phase (TN ∼ 24 K) un-
der ambient pressure, which occur besides Na ion site-
ordering (TNa ∼ 244 K). More interestingly, it falls into
a superconducting state below Tc ∼ 8 K under a pres-
sure of ∼8 GPa [Yamauchi et al., Solid State Science 7,
874 (2005)]. It has been reported that metallic conduc-
tivity is observed in the resistivity measurement above
TMI, whereas density of states at the Fermi level is
hardly observed in the ARPES measurement [Okazaki
et al., Phys. Rev. B69, 140506 (2004)]. While recent
neutron diffraction [Nagai et al., J. Phys. Soc. Jpn.
74, 1297 (2005)] and NMR measurements [Itoh et al.,
Phys. Rev. B74, 054434 (2006)] suggest the occurrence
of a complex electronic state such as charge dispro-
portion and/or spin density wave, more information
would be required to elucidate the microscopic origin
of those phases in more detail. We have performed high
transverse field muon spin rotation (HTF-μSR) mea-
surements on the M15 beam line using the Hi-Time
spectrometer, where the direction of the external field
(HTF) was parallel to the a∗-axis (which is perpendic-
ular to both the b and c-axis).

Fourier amplitude of the HTF-μSR spectra under
HTF = 60 kOe collected over the paramagnetic region
is shown in Fig. 1. The main signal component (C1)
observed at 300 K splits into two components, C1 and
C2, below TNa. Below ∼50 K, an additional component
(C3) appears between C1 and C2. Therefore, we ana-
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lyzed the obtained time spectra by using the following
equation:

A(t) =
m∑

i=1

Ai exp (−λit) cos (ωit + δ),

m = 1 (TNa < T ),
m = 2 (50 K < T < TNa),
m = 3 (30 K < T < 50 K),

where A2 is fixed to the average of values near TMI be-
cause it hardly exhibits temperature dependence. Frac-
tional yields of C2 and C3 (estimated from the ratio of
Ai) are approximately 10% and 20%, respectively. The
muon Knight shift is obtained as

Ki =
ωi/γμ − Hext

Hext
−
(

4π

3
− N

)
χ,

where χ is the uniform susceptibility, and we adopted
the demagnetization factor N ∼ 4π, considering that
the direction of HTF is perpendicular to the sample
plate.

The obtained muon Knight shift is plotted as a
function of susceptibility in Fig. 2, where Ki corre-
sponds to that of the respective component Ci. The
C2 signal emerges below TNa, which is tentatively at-
tributed to the Na site-ordering and associated differ-
entiation of vanadium ions. The origin of the C3 signal
is not clear at this stage due to the lack of detailed
information, including its temperature dependence.

As shown in Fig. 3, the relaxation rate of the C2
signal (λ2) exhibits a remarkable increase below TMI,
which may be attributed to the broadening of local
field distribution (i.e., hyperfine coupling constant).
Considering that the muon hyperfine coupling constant
is predominantly determined by magnetic dipolar in-
teraction, the muon hyperfine coupling constant in the
paramagnetic phase is expressed as follows:

Aμ =
∑

i

Aα,β
i =

∑
i

1
r3
i

(
δα,β − 3rα

i rβ
i

r2
i

)
,

where ri is the distance of the i-th V ion from muon.
Upon the charge disproportion, the contribution of the
nearby V ions to Aμ would vary from site to site ac-
cording to the variation of local V states.

The hyperfine coupling constants estimated from
the K-χ plot are summarized in the Table I, where Aμ

i

corresponds to that of the respective Ci signal. It is
clear that Aμ

1 changes at T = TNa. This is understood
by considering a slight shift of the muon position due
to the change in the static electronic potential exerted
by the nearby Na ions. Besides this, there is a possi-
bility that the Na site-ordering leads to the change in

the electronic state of V ions. Near TMI, no discernible
change is observed for Aμ

1 , while Aμ
2 does exhibit a

slight change. The above difference between Aμ
1 and Aμ

2

has a good correspondence with that in the tempera-
ture dependence of λi, and thus it coherently indicates
that the C2 signal probes a change in the electronic
state of V ions associated with the MI transition.

In order to clarify the electronic states below TN

and behaviour of the C3 signal, we are planning to per-
form HTF-μSR measurements below TMI in more de-
tail. Additional HTF-μSR measurements for the sam-
ple with Na substituted by Ag (β-Ag0.33V2O5) are also
planned to investigate the universality of the present
result among β-vanadium bronzes.
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Table I. Hyperfine coupling constant in kG/μB.

T < TMI TMI < T < TNa TNa < T

Aμ
1 46.0 ± 0.8 47.7 ± 1.4 ∼41.4

Aμ
2 59.3 ± 0.3 67.2 ± 3.0 —

Aμ
3 ∼72.0 — —

Experiment 1093
β-NMR investigation of magnetic multilayers
(Z. Salman, Oxford; R.F. Kiefl CIAR/UBC)

Structures consisting of layers of ferromagnetic
metal separated by spacer layers of a nonmagnetic
metal have interesting and useful properties, partic-
ularly in regard to spintronic devices. For example,
the coupling between the ferromagnetic layers oscil-
lates between ferromagnetic (FM) and antiferromag-
netic (AF) as a function of the thickness of the non-
magnetic spacer. This in turn leads to a giant magneto-
resistance (GMR) effect whereby the resistance is a
strong function of magnetic field. The dramatic in-
crease in hard disk bit density over the last 20 years
was made possible by the vast increase in sensitivity of
read heads that incorporate GMR structures. Several
theoretical models have been proposed to explain this
behaviour but the models are difficult to test since few
experimental methods are capable of directly probing
the induced magentism in the non-magnetic layer.

In this experiment we are using depth resolved β-
NMR to investigate the induced hyperfine fields in
Ag/Fe magnetic multilayers. Recently we have taken
data on the simplest structure of this type consist-
ing of a layer of Fe (140 Å) followed by a layer of
Ag (200 Å) grown expitaxially on a GaAs (001) sin-
gle crystal substrate. There was also a protective cap
of 40 Å of Au on top. Representative β-NMR spectra
at room temperature and 3 different implantation en-
ergies are shown in Fig. 1. At full implantation energy
(see Fig. 1a) most of the 8Li ends up in the GaAs sub-

strate. The observed resonance fits well to a Lorentzian
lineshape. The linewidth (4 kHz) is close to that ob-
served in GaAs and is attributed to small nuclear dipo-
lar fields from the Ga and As nuclei. Figures 1b and
1c show the spectra obtained with implantation en-
ergies 4.0 and 3.5 keV respectively. At these energies
TRIM.SP Monte Carlo simulations predict about 50%
of the Li stops in the Ag layer and about 5% in the Au
capping layer. The remaining Li ends up in the Fe or is
backscattering and does not contribute to the observed
signal. The solid curves are fits to a model field distri-
bution based on the RKKY model of hyperfine field
oscillations in the Ag from the Fe. Note also there is a
sharp peak near zero which is attributed to a small sig-
nal from the Au capping layer. The main result is that
the induced fields in the Ag decrease away from the
Ag/Fe interface according to an asymptotic power law
x−1.93(8) in very good agreement with theoretical cal-
culations based on RKKY theory. Also we find that the
induced field at the Ag/Fe interface (B0 = 0.23(5) T)
is in resaonable agreement with calculations for Li in
Fe.

Fig. 1. β-NMR spectra measured at room temperature in
the MML sample at an implantation energy (a) 30.5 keV,
(b) 4 keV and (c) 3.5 keV. The solid red lines are best fit to
the calculated lineshapes. All spectra frequencies are shown
relative to the resonance frequency in the GaAs substrate
measured at 4.1 T.
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Experiment 1094
β-NQR study of the phase transition in SrTiO3

and related compounds
(M. Smadella, R.F. Kiefl, W.A. MacFarlane, UBC)

All phase transitions in condensed matter (except
Bose-Einstein condensation) arise because of interac-
tions between the basic constituents of the system in
question, e.g. spins, ions, electrons, etc. Near any sur-
face or interface the symmetry of those interactions
is broken and thus, in general, the phase transition
(order parameter, transition temperature, etc.) must
be altered to some extent. Unfortunately few experi-
mental methods are able to probe local properties in
a depth resolved manner. Recently we have developed
the technique of depth resolved β-detected NMR and
NQR for investigating local electronic, magnetic and
structural properties on a nanometre scale.

In this experiment we investigate the surface effect
on a well known phase transition in the ionic insulator
strontium titanate, SrTiO3 (STO). STO has a number
of interesting and useful properties, and is perhaps best
known for its use as a substrate for growing thin films.
There is a second order structural phase transition at
105 K in the bulk; the high temperature phase is cubic
whereas the low temperature phase is characterized by
a small tetragonal distortion. The phase transition has
been the subject of intense experimental investigation,
and its bulk properties are well understood. However,
much less is known about the behaviour close to a free
surface or interface. Optical SHG has demonstrated
that an enhancement of the transition temperature is
present at the surface, with a change in the surface lat-
tice geometry observed at approximately 150 K, but it
is not clear how this temperature enhancement varies
as a function of depth.

We have demonstrated that zero field spin relax-
ation and β-NQR of 8Li can be used as a probe of this
near surface transition behaviour. The quadrupole mo-
ment of the 8Li nucleus couples to electric field gradi-
ents within the crystal lattice, and since these gradients
are sensitive to the lattice geometry this makes the im-
planted 8Li a sensitive probe of the phase transition.
Specifically, the 8Li occupies three equivalent sites in
the cubic phase and, in the tetragonal phase, two of
these sites are oriented such that field gradients cause
fast precession of the 8Li nuclear spin. The signal from
lithium stopping in either of these sites is therefore av-
eraged to zero in the tetragonal phase, resulting in a
decrease of the initial β-decay asymmetry to 1/3 of its
value above the transition. The time dependence of the
asymmetry at several temperatures is shown in Fig. 1,
demonstrating a clear decrease in the initial asymme-
try with decreasing temperature. This initial asymme-
try is shown as a function of temperature in Fig. 2.

As expected, the asymmetry is decreased to 1/3 of its
high temperature value below the phase transition. It
is also clear that the loss of asymmetry begins around
150 K, indicating that the tetragonal axis lattice con-
stant begins to increase in some lattice sites at this
temperature.

The 8Li nuclei are implanted into the sample by di-
recting the particle beam on to the sample surface. As
a result, there is a distribution of penetration depths
of the 8Li into the sample. The data shown in Figs. 1
and 2 were taken using a 28 keV 8Li beam, and the
stopping distribution for such a beam is shown in the
inset of Fig. 2. Nearly all the 8Li occupy lattice sites
within 400 nm of the sample surface, with a large frac-
tion stopping within the first 200 nm. Thus the 8Li are
sensitive to surface effects.

In conclusion, we have demonstrated that the small
quadrupole moment of 8Li can be used as a sensitive
probe of the local crystal symmetry. We have also con-
firmed that the structural phase transition near the
surface of STO is shifted higher by about 50 K com-
pared to the bulk. This establishes β-NMR and β-
NQR developed here at TRIUMF as powerful tools
to probe phase transitions near a surface. We suspect
many other phase transitions will also be altered near
a surface or interface, and we intend to continue this
study both on STO and related materials. Addition-
ally, the upcoming completion of the beam decelera-
tion platform on the β-NQR spectrometer will provide
us with the ability to vary the beam implantation en-
ergy, thus allowing us to study these transitions as a
function of depth.

Fig. 1. Time dependence of the asymmetry at several tem-
peratures. The solid lines are fits to a double exponential
relaxation function.
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try. The solid line is a guide to the eye. The inset is the
implantation profile of the 28 keV 8Li beam.

Experiment 1095
Measurement of the London penetration depth
in NbSe2 using low energy polarized 8Li
(M. Hossain, R. Kiefl, UBC/TRIUMF)

A fundamental property of any superconductor is
the Meissner effect, whereby an external magnetic field
is expelled below Tc. This is only strictly true deep in-
side the sample since, close to the surface, the London
model predicts an exponential decay of the magnetic
field where the decay length is called the London pen-
etration depth (λL). Along with the coherence length
(ξ), λL is one of the two fundamental length scales in
any superconductor. The absolute value of λL along
with its behaviour as a function of temperature and
magnetic field is a sensitive probe of the supercon-
ducting state; i.e. the nature of the electron pairing
and the elementary excitations from the condensate.
Few experimental methods are capable of determining
a precise value for λL. For example, in most supercon-
ductors, there are a wide range of published values.
The reason for this is that most methods are fraught
with systematic errors. Only μSR can be applied to a
wide range of materials but conventional μSR can only
be applied to the vortex state.

In this experiment, we are using the technique of
low energy β detected NMR to investigate the Meiss-
ner state of superconductors and in particular, to mea-
sure the absolute value of the λL. The beam energy is
used to control the mean depth of implantation into
the sample, which is on the same length scale as λL.
Both the spin relaxation rate and the resonance spec-
trum depend on the local magnetic field and thus are
sensitive to λL. However, the spin relaxation rate is
much easier to measure, so we use this to monitor the
local magnetic field near the surface. The technique
should be applicable to most superconductors but as a
first example we have chosen NbSe2.

The 8Li nuclear spin relaxation rate 1/T1 in NbSe2

was investigated as a function of magnetic field above
and below the superconducting transition at Tc =
7.0 K. In low field, 1/T1 is determined primarily by
low frequency fluctuations of the host Nb nuclear spins,
which are characterized by an exponential correlation
time τc. Typical raw data in the normal state at 8 K
are shown in Fig. 1. The data are taken by deliver-
ing a long (4 s) pulse of 8Li and measuring the beta
decay asymmetry (which is proportional to the po-
larization) as a function of time during and after the
pulse. The fitting function is generated by convoluting
the spin relaxation function with a square pulse shape.
This complicates the fitting function but one obtains
much higher statistics than with a conventional short
pulse. The field dependence of the spin relaxation rate
is shown in Fig. 2 and fits well to a Lorentzian as ex-
pected for an exponential correlation time. Given this,
one expects the relaxation rate to increase below Tc

due to the Meissner effect. This is confirmed by the
measured temperature dependence of 1/T1 (open dia-
monds in Fig. 3). In particular note the sharp upturn
in 1/T1 below Tc. There is also a slight temperature
dependence to 1/T1 above Tc which is attributed to
Korringa relaxation of the host nuclear spins (i.e. spin-
flip scattering of electrons at the Fermi surface off the
nuclear spins). We have shown previously that the di-
rect Korringa relaxation of the 8Li is negligibly small
at this temperature. The temperature dependence of τc

was determined separately from measurements in the
vortex state (see solid circles in Fig. 3). These mea-
surements were taken in a much higher magnetic field
applied perpendicular to the surface where the sam-
ple is in the vortex state and then scaled up to align
with the normal state data at 8 K. Recall the aver-
age field is almost independent of temperature in the
vortex state, so the observed T dependence of 1/T1

is attributed solely to changes in τc. Note the small
bump below Tc for 1/T1 in the vortex state which we
attribute to the Hebel-Slichter peak in the niobium 1

T1
.

Finally, using a calculated implantation profile, as-
suming an exponential field distribution, and taking
into account the temperature dependence of τc, one can
extract the absolute value of the London penetration
depth in the Meissner state. The temperature depen-
dence of λL is shown in Fig. 4. These results confirm
low energy β-NMR can be used to measure the abso-
lute value of λL in a superconductor. In addition, the
experiment has shown that the spin relaxation rate of
the 8Li in low fields is a sensitive monitor of the host
nuclear spin dynamics which is also of interest in stud-
ies of superconductivity.
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in the normal state of NbSe2 at 8 K. The data were taken
using a 4 s long pulse method.

Fig. 2. Magnetic field dependence of the 8Li spin relaxation
rate in the normal state of NbSe2 at 8 K. The curve is a fit
to a simple Lorentzian function.

Fig. 3. Temperature dependence of the spin relaxation rate
of 8Li in NbSe2. The open diamonds are from data taken
with the magnetic field of 30 G applied parallel to the sur-
face so the sample remains in the Meissner state. The filled
circles are derived from measurements in the vortex state
where the magnetic field is applied perpendicular to the
surface.

Fig. 4. London penetration depth as a function of temper-
ature.

Experiment 1099
Muonium and muoniated radicals formed in
deep eutectic solvents
(B.M. McCollum, P.W. Percival, SFU)

The term deep eutectic (DE) solvent refers to a
mixture of a molecular compound with an ionic species
such that the melting point of the mixture is much
lower than that of either of the individual components.
DE solvents are closely related to ionic liquids, which
have gained much attention recently as “green” sol-
vents, due to their favorable properties of low volatil-
ity, non-flammability, etc. There is very little published
data on free radical chemistry in ionic liquids, and none
on DE solvents. TRIUMF Expt. 1051 uses muonium to
explore the former; this experiment, 1099, is concerned
with the latter.

Our exploration of DE solvents in Expt. 1099 was
motivated by two aspects of Expt. 945. On the one
hand, some of the radicals we have characterized are
structurally related to imidazolium salts, which com-
prise a major class of ionic liquids and whose chemistry
has been studied by one of our collaborators, Dr. Ja-
son Clyburne, Canada Research Chair in Environmen-
tal Studies and Materials at Saint Mary’s University,
Halifax. On the other hand, we are seeking a novel sol-
vent for our mechanistic study of the azulene to naph-
thalene conversion reaction. The transverse-field μSR
spectrum shows up to six radicals, but to identify them
we need to analyze the very complex muon LCR spec-
trum (each radical has as many as eight inequivalent
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protons, each giving rise to a unique resonance). The
difficulty is compounded by the relatively weak signals.
The principal problem is that only about 30% of ther-
malized muons form muonium (and hence muoniated
radicals) in the commonly used hydrocarbon solvents.
It is hoped that a suitable non-reactive DE solvent can
be found that generates a higher muonium fraction and
hence more intense radical signals.

To date we have been successful in detecting muo-
nium signals in a neat DE solvent, and radical signals
in a different DE solvent as well as in an inert DE
solvent containing a radical precursor as solute. The
muonium signal decayed rather quickly (exponential
time constant <0.5 μs), and until further experiments
are performed it is not possible to say if this is due to
chemical reaction with the components of the solvent
mixture (choline chloride and urea), reaction with an
impurity, or spin relaxation (perhaps accentuated by
the high viscosity). Nevertheless, detection of muonium
was sufficient grounds to proceed with experiments to
detect muoniated radicals. This requires high magnetic
fields (3–30 kG), and the apparatus used is not com-
patible with the low fields (5–10 G) used for muonium
detection.

Muoniated radicals have been detected in DE sol-
vents by both TF-μSR and LCR under two different
scenarios. In the first, muonium reacted directly with
one component (hydroquinone) of the DE mixture.
This is evident from the pair of radical precession fre-
quencies shown in the upper spectrum of Fig. 1. The
muon hyperfine constant (450 MHz) is typical for a di-
hydroxycyclohexadienyl radical. In the second example
hydroquinone was dissolved in an unreactive DE sol-
vent. The same muoniated radical product is formed,
as evident from the characteristic CHMu resonance
seen in the LCR spectrum shown in the lower part
of Fig. 1.

Although these results do not show any enhanced
muonium fractions, they establish the feasibility of us-
ing DE solvents in muonium chemistry studies. Future
research directions include a systematic study of muo-
nium decay kinetics and specific radical investigations,
such as the azulene problem mentioned above.
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Fig. 1. μSR spectra obtained from hydroquinone in a deep
eutectic solvent. Upper: Fourier power TF-μSR spectrum
showing a pair of radical precession signals at –27.5 MHz
and +422.5 MHz. Lower: Muon LCR spectrum showing the
resonance due to the CHMu group of a muoniated cyclo-
hexadienyl radical.

Experiment 1100/1041
Nature of the quantum critical transition
in electron-doped superconducting films of
Pr2−xCexCuO4

(H. Saadaoui, R. Kiefl, W.A. MacFarlane, UBC)

One of the key questions about the phase diagram
of high-Tc cuprate superconductors vs. charge-doping
is the occurrence and nature of quantum critical points,
i.e. phase transitions at zero temperature, which are
thought to control the electronic properties of the ma-
terial over a wide range of temperature and doping, and
may hold the key to the origin of the unconventional
superconductivity. In Expt. 1100, we are studying the
electron-doped family of cuprates (Pr2−xCexCuO4),
which can be prepared as high quality thin films, but
not readily as macroscopic crystals. For comparison,
we have also studied the canonical hole-doped cuprate
YBa2Cu3O7. This also provides an important con-
trol measurement for Expt. 1041 which will be run
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when the deceleration capability is completed on the
β-NQR spectrometer. In our preliminary experiments
on Pr2−xCexCuO4 and YBa2Cu3O7−δ, we measured
the magnetic field distribution in the vortex state near
optimal dopings.

Optimally doped Pr2��Ce�CuO4

Our measurements were taken on a c-axis ori-
ented Pr2−xCexCuO4 (PCCO) film (x = 0.15 and
Tc ∼ 20 K) of 300 nm thickness, epitaxially grown
by pulsed-laser deposition on a SrTiO3 substrate. We
carried out the experiment on the high-field β-NMR
platform, where a beam of 8Li+ with kinetic energies
ranging from E = 30 to 1 keV was implanted into a
thin overlayer of Ag (40 nm thick) evaporated onto
the PCCO. By stopping in the Ag layer, we measure
a field distribution due to the emergence of the mag-
netic field lines from the vortex lattice of the supercon-
ducting layer. The measurements were carried out in
the vortex state by applying magnetic fields B > Bc1.
Measurements of the temperature dependence of the
β-NMR resonance showed a dramatic broadening in
the vortex state (below Tc) as shown in Fig. 1a. The
FWHM vs. temperature displayed in Fig. 1b is tem-
perature independent above the transition where the
broadening is due to Ag nuclear dipolar fields. The
broadening increases dramatically below Tc, indicat-
ing a larger magnetic field inhomogeneity due to the
formation of flux vortices. However, the lineshape is
symmetric or even has a negative skewness, which is
inconsistent with the positive skewness expected for a
regular triangular or square vortex lattice.

A disordered lattice may lead to a symmetric or
negatively skewed field distribution [Divakar et al.,
Phys. Rev. Lett. 92, 237004 (2004)]. On the other
hand, it is also possible that the vortex lattice is molten
near the surface [De Col et al., Phys. Rev. Lett. 96,
177001 (2006)]. The extent of superconductivity in the
phase diagram is relatively well-established. The sym-
metry of the superconducting ground state is more
elusive, but also established in many systems. How-
ever, it has proven very difficult to follow the evolu-
tion of magnetism with doping. To determine whether
Pr2−xCexCuO4 at this doping is magnetic, we mea-
sured the resonance in the normal state at T = 30 K
and superconducting state at T = 5 K, at different ap-
plied fields. The FWHM of the field distributions as a
function of applied field is plotted in Fig. 1c. The ad-
ditional field dependent broadening apparent above Tc

indicates another nonsuperconducting source of mag-
netic inhomogeneity, such as might be expected from
some form of magnetic freezing in the PCCO. The
FWHM at 4.1 T plotted in the inset of Fig. 1b against
temperature clearly shows the existence of such mag-
netic broadening in the normal state.

Measurements of the field distribution for other
dopings and other applied fields are planned in order
to follow the evolution of magnetism and superconduc-
tivity, seeking evidence of a quantum phase transition.
More samples of different dopings ranging from under-
doped to overdoped will be studied next.

Optimally doped Ba2Cu3O7�Æ

Our measurements on PCCO proved to be unusual
as the asymmetry of the field distribution does not
show the known features of a regular vortex lattice.
For completeness, we needed to confirm these results
by performing control experiments on the well-studied
Ba2Cu3O7−δ (YBCO). For this purpose, we have mea-
sured the field distribution in a 120 nm Ag overlayer
on an optimally doped YBCO crystal (∼1 mm thick,
Tc = 89 K). Such systems have been studied by low-
energy μSR and revealed the emergence of a regular
vortex lattice in the superconducting state [Nieder-
mayer et al., Phys. Rev. Lett. 83, 3932 (1999)]. Here,
we measured the resonance by stopping the 8Li+ in
the Ag in an applied field of 516 G. We find an asym-
metric lineshape (see Fig. 2a) with a noticeable pos-
itive skewness as expected. The FWHM in Fig. 2b
broadens with T smaller than Tc because of the in-
homogeneity of internal fields in YBCO. The FWHM
should decrease at higher applied fields as the vortices
are packed more tightly (with spacing decreasing as
1/

√
B). However, the substantial broadening at high

applied fields is inconsistent with this, suggesting that
existing models for the field distribution in a normal
metal overlayer need to be modified to include the su-
perconductor/metal interface effects.
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Fig. 1. (a) The β-NMR resonance of the PCCO vortex state
measured in a longitudinal applied field of 216 G. Inset: the
profile of 8Li+ beam of 5 keV energy stopping into Ag sim-
ulated using TRIM code. (b) The FWHM of Lorentzian fits
of the resonance. (c) FWHM vs. B at temperatures 30 K
and 5 K. Inset: FWHM vs. T in an external field of 4.1 T.
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Fig. 2. (a) The β-NMR resonance in Ag/YBCO measured
in a magnetic field Bex of 516.7 G applied along YBCO
c-axis. Inset: the profile of 8Li+ beam of 8 keV energy stop-
ping into Ag simulated using TRIM code. (b) The temper-
ature dependence of the FWHM extracted from Lorentzian
fits of β-NMR data at 516 G and 33.3 kG.

Experiment 1101
μSR study of the spin singlet state in two-
dimensional system SrCu2(BO3)2
(G.M. Luke, McMaster)

Low-dimensional spin systems with spin-singlet
ground states have attracted considerable study over
the past 15 years. These systems are interesting for
a number of reasons, including possible relevance to
high temperature superconductivity and the existence
of novel ground states. SrCu2(BO3)2 is a quasi-two-
dimensional spin system with a spin-singlet ground
state. The unit cell is tetragonal and the structure is
characterized by layers consisting of Cu2+, O2− and
B3+ running perpendicular to the c-axis. These layers
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are separated from each other by planes composed of
Sr2+ ions. All Cu2+ sites have localized spin S = 1/2
moments and one nearest neighbour with which they
form dimeric units, while each of these units is sur-
rounded by four orthogonal dimers.

We grew single crystals of SrCu2(BO3)2,
SrMg0.05Cu1.95(BO3)2, Sr0.96La0.04Cu2(BO3)2, and
Sr0.95Na0.05Cu2(BO3)2 in floating zone image fur-
naces at Tokyo and McMaster University following
slightly different procedures. We then performed 5 T
transverse field (TF) μSR measurements on the pure
and doped SrCu2(BO3)2 samples to investigate the
presumed non-magnetic spin singlet ground states in
these systems. The samples were mounted in a low-
background apparatus with the c-axis parallel to the
incoming muon momentum (and the external field).
In this high field experiment, the measurements of the
muon precession frequency signal in our samples and a
reference material (CaCO3) were taken simultaneously
to allow for a precise determination of the frequency
shift.

Implanted positive muons reside at sites which are
minima in the electrostatic potential. Generally in ox-
ides, muons are hydrogen-bonded to O2− ions, roughly
1 Å away. Figure 1 shows a fast Fourier transform of
the transverse field muon precession signal measured
in an applied magnetic field B = 5 T ‖ ĉ at T = 20 K.
Two peaks are clearly visible which correspond to two
magnetically inequivalent muon sites in SrCu2(BO3)2;
we associate these with the two magnetically inequiv-
alent oxygen sites in the system. To take these two
muon sites into account, this 5 T TF data was fit to
the following function:

P (t) = A1 exp−λ1t cos(ω1t + φ1)
+A2 exp−λ2t cos(ω2t + φ2) .

The frequency shift is the fractional difference be-
tween the applied field and the local field at the muon
site, and it is proportional to the local spin susceptibil-
ity. We see that for one of the muon sites the frequency
shift roughly follows a Curie-Weiss temperature depen-
dence for T > 4 K (Fig. 2a), with the precise value
of the Curie constant depending on the temperature
range being fit. This is in contrast to 11B-NMR fre-
quency shift measurements [Kodama et al., J. Magn.
Mag. Mat. 272-276, 491 (2004)]. In that case, the au-
thors applied a field of 7 T perpendicular to the [1 –1
0] direction and observed a decrease in the frequency
shift below the singlet formation temperature of 15 K.
The lack of a similar decrease in our μ+ frequency shift
for this site indicates the presence of a larger local field
than expected in the singlet regime. The fundamental
difference between the two frequency shifts is that in
our case there is a muon present in the system, which

means the larger local field is likely the result of a
muon perturbation effect. More specifically, it seems
that the muon has locally broken a spin singlet bond
and created at least two quasi-free spins. These spins
are then polarized by the applied field which leads to
our observed frequency shift. As this appears to be
a strong effect, it then seems reasonable to associate
this muon site with the oxygen site in the Cu-O-Cu
superexchange path.

The shift at the other muon site is considerably
smaller and negative (see inset of Fig. 2a). In this
case, the frequency shift follows the temperature-
dependence of the bulk susceptibility reasonably well,
indicating the lack of any strong muon perturbation.
For this reason, this site likely corresponds to the O2−

ion out of the Cu-O-Cu superexchange path.
In the doped samples, three frequency peaks were

observed in the FFTs instead of two as in the case
of the pure sample. For this reason, the data were
fit to the same functional form as before, but three
exponentially-damped cosine terms were included in-
stead of two. The frequency shifts calculated from this
fit are given in Fig. 2b-d; the shifts for all three doped
samples examined appear to be essentially equivalent.
The upper and lower branches are remarkably similar
to the two branches in the pure case, but the middle
branch is new and so it seems is due to the dopants.

In one situation, we are substituting non-magnetic
Mg in for the Cu sites. It is well known that this leads
to the direct breaking of spin singlets, as some Cu spins
no longer have a nearest neighbour Cu with which to
form a dimer. In the other two cases, we are substi-
tuting La or Na in for the Sr sites. These are both
forms of charge doping, with each La introducing one
electron into our system and each Na introducing one
hole. Each electron or hole introduced by doping is ex-
pected to break a singlet pair and make a localized
spin-1/2. Resistivity measurements performed by Liu
et al. on La and Na-doped polycrystalline samples ver-
ify the localized nature of these carriers. The breaking
of singlets by the different dopants is supported by dc
susceptibility measurements performed on our single
crystals with an applied field H = 1 kG ‖ ab plane.
All three doped samples had much larger Curie tails
than the pure sample, indicating the presence of many
more free spin-1/2 Cus in the singlet regime. We have
calculated the fraction of free spins from this data; the
results are shown in Table I. In all the doped cases, the
fraction of free spins is at least five times as great as
in the pure case, but still lower than what we expect
considering the concentration of our starting materials.
This is likely due to difficulties involved in doping this
system and suggests that our doping concentrations
should be viewed as nominal values.
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With these insights, it then appears there are three
distinct possibilities for muons in the doped samples.
The muon can stop at the sites either in or out of the
superexchange path as before. If the muon stops at the
site in the superexchange path, it will break the sin-
glet and create two quasi-free spins in close proximity.
However, in some cases the singlet will already be bro-
ken due to the dopants and then the muon will have
no singlet to break. In this case, the muon will only
be in close proximity to one quasi-free spin and so a
smaller frequency shift will be measured with decreas-
ing temperature, giving us the middle branch. In fact,
Fig. 2b-d shows that this middle branch gives about
half the shift of the upper branch.

Fig. 1. Fast Fourier transform of precession signal for
SrCu2(BO3)2 measured in an external magnetic field B =
5 T ‖ ĉ at 20 K. The two peaks correspond to two magnet-
ically inequivalent muon sites.

Fig. 2. Frequency shifts vs. temperature measured
in an applied field of 5 T for: (a) SrCu2(BO3)2, (b)
Sr0.96La0.04Cu2(BO3)2, (c) SrMg0.05Cu1.95(BO3)2, and (d)
Sr0.95Na0.05Cu2(BO3)2. The insets show the temperature
dependence of the frequency shift for the muon site outside
of the superexchange path.

Table I. Estimated fraction of free spin 1/2-Cus by fitting
susceptibility data with H = 1 kG ‖ ab plane.

Sample Fraction of Cu free spins

SrCu2(BO3)2 0.06
SrMg0.05Cu1.95(BO3)2 0.95
Sr0.96La0.04Cu2(BO3)2 0.53
Sr0.95Na0.05Cu2(BO3)2 0.29
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