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Muon spin rotation studies on high temperature superconducting cup-
rates will be reviewed. After an introduction to the technique, studies on the
superfluid density will be described and the universal variation of the super-
fluid density ns as a function of p will be presented. Important exceptions will
be discussed, such as the YBa;Cu3zO7—s system, where, besides the intrinsi-
cally superconducting CuO; planes, an interlayer may be metallised (here the
CuO chains) which consequently contributes to a significant enhancement in
superfluid density and associated improvement in technologically interesting
properties such as flux pinning and critical current density. Evidence for an
unconventional pairing state, possibly with d-wave symmetry, is presented '
from studies of the rapid suppression of superfluid density due to the sub-
stitution of structural inhomogeneities (such as Zn) that introduce strong
scattering centers within the CuO» planes. Finally, the phase diagram of
the antiferromagnetic correlations and, in particular, their coexistence with
the superconducting state, will be discussed in terms of muon spin rotation -
experiments in zero external magnetic field.

PACS numbers: 74.25.Ha, 74.62.Dh, 76.75.+i

1. Introduction

The technique of muon spin rotation or relaxation (uSR) is a powerful tool
for studying the internal distribution of magnetic fields within solids [1]. In the
context of high temperature superconducting (HTS) cuprates uSR experiments
have provided important contributions to a better understanding of the physics
of the vortex state, superfluid density and the complex interplay between mag-
netism and superconductivity that distinguishes the HTS cuprates. These mate-
rials are strongly anisotropic due to their distinctive structure which comprises
quasi-two-dimensional CuQ; planes separated by insulating interlayers. The elec-
tronic correlations causing magnetism and superconductivity originate primarily
in the CuQ; planes. One of the most striking features of the HTS cuprates is the
strong dependence of these electronic correlations on the hole concentration per
CuOs plane, p, resulting in a generic p-dependent phase behavior as summarised in
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Fig. 1. At very low doping these materials are antiferromagnetic (AF) insulators
but with increasing p the AF correlations are weakened and the Néel tempera-
ture, TN, falls rather sharply to zero. At a critical concentration there occurs an
insulator-metal transition coinciding with the onset of superconductivity. The crit-
ical temperature T.(p) follows a universal, approximately parabolic p-dependence
that can be conveniently expressed as [2]

Te = Temax [1 —82.6(p— 0.16)?], (1)
where the maximum is reached for an optimum doping of p & 0.16 holes per CuO,
plane. This p-dependence appears to be common to the HTS cuprates and all
that varies between the different HTS compounds is the magnitude of the optimal
value, Tt max. As also shown in the figure, at intermediate doping levels extending
from the Néel state and well into the superconducting domain, short-ranged AT
fluctuations survive and at low temperatures freeze into a disordered spin-glass
state (annotated SG) which co-exists with superconductivity.
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Fig. 1. Schematic representation of the doping-dependent phase diagram for HTS
cuprates. AF and SG denote the antiferromagnetic and spin-glass phases.

After an introduction to the technique, studies on the superfluid density
will be described and the universal variation of the superfluid density ns as a .
function of p will be presented. Important exceptions will be discussed, such as
the YBayCusO7.s system, where, besides the intrinsically superconducting CuQ,
planes, an interlayer may be metallised (here the CuO chains) which consequently
contributes to a significant enhancement in superfluid density and associated im-
provement in technologically interesting properties such as flux pinning and critical
current density. Evidence for an unconventional pairing state, possibly with d-wave
symmetry, is presented from studies of the rapid suppression of superfluid density
due to the substitution of structural inhomogeneities (such as Zn) that introduce
strong scattering centers within the CuO, planes. Then, uSR studies revealing
new and exotic transitions in the vortex state of highly anisotropic cuprate sys-
tems (such as BisSrsCaCu,0s) will be discussed. Finally, the phase diagram of the
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antiferromagnetic correlations and, in particular, their coexistence with the super-
conducting state, will be discussed in terms of uSR experiments in zero external
magnetic field.

2. The uSR technique

The basic idea of a uSR experiment is very similar to that of the NMR tech-
nique. Positive muons are incorporated as local probes in the host lattice of the
sample to be studied. The spin of the muon and the related magnetic moment act as
a sensitive probe for the local magnetic field through its precession in the field with
a frequency of wy, = 7, Bloc, where v, = 851.4 MHz/T is the gyromagnetic ratio of
the muon and Bjq, is the local field. The polarisation of the muon is conveniently
determined by the fact that when a muon decays (half life 2.2 us) the resulting
positron is emitted preferentially in the direction of the instantaneous polarisa~
tion. A schematic diagram of the standard uSR experiment is shown in Fig. 2. A
beam of 100% spin-polarised muons is directed onto the cuprate sample which, for
studies of the vortex state and superfluid density, is mounted in a magnetic field of
strength H transverse to the polarisation of the muon spin. The sample may be a
sintered polycrystalline body, an oriented single crystal, a mosaic of single crystals
or even a compact of powder. The injected muons thermalise rapidly without any
significant loss in polarisation and come to rest at locations in the sample which
are random on a scale of the London penetration depth, A (100-300 nm) but at
distinct sites in the crystallographic unit cell, forming a muoxyl bond with apical
or chain oxygens [3]. The muon spin precesses about the local field which may be
modulated due to flux vortices in the presence of the field but may, in zero field,
arise from magnetic ordering or local moments. In the transverse-field experiment,
the precession frequency is randomly distributed due to the random distribution
of local fields and so the muons dephase and progressively lose their polarisation.
The time-resolved polarisation signal is thus oscillatory with decaying amplitude.
Its depolarisation rate provides a measure for the inhomogeneity of the magnetic
field in the vortex state and hence for the magnetic penetration depth. By Fourier
transformation one can obtain the frequency-resolved signal which in the case of
single-crystalline materials exhibits the characteristic features of the vortex struc-
ture, i.e a tail towards high frequencies (fields) caused by the vortex cores, a peak
at the field of the saddle point between two vortices and a sharp cut-off on the low
field side. For polycrystalline samples the distribution of precession frequencies is
almost symmetrical and of approximately Gaussian shape. In this case, the Gaus-
sian depolarisation rate, o, may be found from the second moment (Aw?) of the
frequency distribution or more conveniently it may be more directly determined
from the envelope of the oscillatory time-resolved polarisation, as given by

P(t) o exp(—a?t?/2). (2)
The key factor is that o, being a measure of the field distribution, is proportional to
/\e_ﬂz, where Ae is an effective magnetic penetration depth related to the in-plane
and out-of-plane penetration depths A, and A, by the degree of anisotropy and
field orientation. As such it is a measure of the superfluid density, ng, as will be
seen.
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Fig. 2. Schematic diagram showing the main components of the uSR technique.

Barford and Gunn [4] have analysed the situation for highly anisotropic
systems such as the HTS cuprates and find for a polycrystalline sample that A.g =
1.23% Agp provided that the anisotropy A = A;/Aqp > 5, which is generally satisfied.
They deduce

o [pus™!] =7.086 x 10* x A7? [nm] (3)
= 2.75 x 10° ng/mf, [em™3 kg~1]. (4)
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Here ng is the superfluid density expressed as the density of single quasiparticles
which contribute to the condensate, and m}, is the electronic effective mass for
a—>b plane transport. We stress that for an ideal homogeneous superconductor in
the absence of pairbreaking the low-temperature superfluid density is expected to
be equal to the carrier concentration.

3. Superconducting condensate density

The early uSR studies on the cuprates appeared largely confined to under-
doped and near optimally doped samples. This led to the remarkable observation
by Uemura and coworkers [5, 6] that, for a wide range of cuprates, 7 and the low
temperature depolarisation rate are linearly related

T x 09 x Ay% o ng(T = 0)/m*, (5)

where A and m are to be understood as Agp and mgp. This relationship is shown in
Fig. 3. This universal linearity was taken at the time to be evidence of the super-
conducting transition being a Bose-Einstein condensation of performed real-space
pairs [5] in which '

T. « Ep = wh’n/m* (6)

for a 2D free-electron gas. While this view continues to maintain some support
it is not upheld by heat capacity measurements. Dissociation of pairs at elevated
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Fig. 3. T plotted as a function of the uSR depolarisation rate for underdoped cuprates
showing the universal linear relation T ~ o0 ~ ns/m*.
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temperatures would lead to a clear increase in entropy/7" which is not evident [7].
Several alternative models have been shown to lead to this key T¢ o o relationship
(see [8] and references therein).

For quite some time the expectation was that the superfluid density
ns(T = 0) should continue to increase with growing carrier concentration in the '
overdoped regime. Experimentally it was found that ns was strongly depressed
in the overdoped region so that T versus ns(T" = 0) follows a reentrant loop as
shown in Fig. 4. This behavior was first demonstrated for the TlyBazCuOg.ts sys-
tem [9-11] and later reproduced for Ybg 7Cag 3Bai 6Sr0.4CusOr7—5 [12], a system,
in which the hole concentration can be varied throughout the entire range from
heavily underdoped to heavily overdoped. This behavior was modelled in terms
of intrinsic pairbreaking progressively developing on the overdoped side [9,10] and
providing an increasing density of normal-state carriers. This view was under-
scored by heat capacity measurements on the same samples of TI1-2201 [13] which
showed the low-temperature linear coefficient of the electronic heat capacity, 7o,
progressively rising with overdoping from zero towards the normal-state value, ¥y,
well above T¢. This increasing density of low-energy excitations is strongly sugges-
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Fig. 4. Tc/T: max plotted as a function of the uSR depolarisation rate extending from
the under- to overdoped region showing the generic re-entrant loop behavior on the
overdoped side. The “plane+chain” samples of Y;_;Ca;BazCuzO7—s are represented
by (o) for = 0, (e) = = 0.03, (full triangle) z = 0.13, (O0) z = 0.2 and (m) for -
Ybo.7Cao.3Ba1.65r0.4CusO7_s. The broad plateau occurs for § < 0.15. Here oo dou-
bles as the chains become fully oxygenated. “Plane-only” samples are (full diamond)
Tl2Ba2CuOg4s, (%) Y1-:CazBazCusO6.2Br, (z = 0 and & = 0.2) and the highly de-
oxygenated “plane+chain” samples (§ > 0.3).
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tive of pair breaking. The suppressed condensate density was confirmed in TI-1212,
La-214 and in Ca-substituted RBayCuzO7_s with R = Y and Yb [14] and may
be considered to be a generic effect amongst the cuprates. More recent infrared
reflectivity measurements on overdoped Bi-2212 confirm the reduction in /\;bz and
at the same time show a dramatic filling of the gap in o(w) with overdoping and
an increase in elastic scattering [15].

In contrast, YBa;CuzO7_s develops a broad plateau as § — 0 (open circles .
in Fig. 4). An important structural aspect of this high T¢-superconductor is the
presence of linear CuO-chains in addition to the CuOq-planes. We have argued that
upon full oxygenation the chains become metallic and ng rapidly increases due to
the additional condensate density induced there [14, 16]. To further elucidate this
chain condensation we studied a series of Y;_;CazBasCuzO7_s with z = 0.03,
0.06, 0.13, 0.2 and Ybg 7Cag.3Baj 6Srg.4CuzOr—s. In this 1-2-3 system hole doping
of the CuQOs-planes is not only achieved by oxygenation of the CuO-chains but also
by replacing Y3+ by Ca2t. With increasing Ca-content the complete oxygenation
of the CuO-chains is thus shifted towards the overdoped regime. While for z = 0
the final filling of the CuO-chains coincides with optimum doping in the planes
(Te,max) and one therefore observes the well known “plateau” in o versus T,
the “plateau” disappears gradually with increasing Ca-content and is completely
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Fig. 5. The low temperature depolarisation rate oo for optimally doped
Y1_zCazBasCusOr_s as a function of the oxygen deficiency, §; (o) TmBazCuzOr—s; .
(w) slightly overdoped YBazCusOr—s for § = 0.02, 0.04, and 0.07; () optimised samples
for z = 0, 0.03, 0.06, 0.13, and 0.20 and (*) YBa2CusOs.2Br, with Tc =92 K. The solid
line is a fit by a model, where the chain condensate is mobile just along the CuO-chains
and suppressed by pairbreaking effects that are caused by randomly distributed oxygen -
vacancies.
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absent for = 0.2 and 0.3. In these compounds the planes are already overdoped
when the additional chain-condensate is formed.

To separate the chain and plane contributions to the superconducting con-
densate density, we performed puSR-experiments on samples with optimally doped
CuOs-planes but with different degrees of chain filling. The results for og versus
oxygen deficiency § are shown in Fig. 5. For all samples with 6 > 0.3 we observe
the same value of 09 ~ 3.0(1) ps~!, which therefore represents the contribution
of the CuOs-planes to the condensate density. The additional contribution due to
the appearance of superconductivity in the chains is only observed for samples
with lower oxygen deficiencies (6§ < 0.25). The solid line is a fit by a model where
the additional chain condensate is mobile just along the CuO-chains and rapidly
destroyed by pair-breaking due to oxygen vacancies, which we assume to be ran-
domly distributed. We deduce a chain-coherence length of (§F = 5.6 nm and a
pronounced in-plane anisotropy with A, = 150 nm and A; as low as 80 nm. Such
an in-plane anisotropy for A; and ), is confirmed by microwave experiments [17].

Cu nuclear quadrupol resonance experiments provide information on the av-
erage length n of the ordered chain-fragments [18]. For (Y,Gd,Tm)-123 Liitgemeier
et al. observe a sharp increase in n when § < 0.25, most probably because the oxy-
gen vacancies tend to form clusters. Comparing their data with our uSR-results
(open circles in Fig. 5) we find that the increase in n is correlated to the growth of
the chain-condensate. Rather short chain-fragments (due to a random distribution
of the O-vacancies) are found in the case of NdBayCugOr—_s. Consequently, the
observed og-value of 2.85 us~! for NdBayCuzQg.94 nearly equals that of a slightly
underdoped “plane-only” sample. These results indicate that the chain-condensate
is extremely sensitive on any disruption of the long range order in the CuO-chains.

4. Symmetry of the superconducting order parameter

The substitution of Zn for Cu has attracted much attention because it sup-
presses 1. exceptionally fast while not altering the carrier concentration of the
CuO3 sheets. While the rapid depression of T; may be explained by magnetic
pair breaking for any symmetry of the order parameter, the variation of ns upon
impurity concentration is predicted to depend very sensitively on the symmetry
of the order parameter [19]. In Fig. 6 we plot the ratio of the condensate density
measured in Yo 8Cao.2Baz(Cuy_yZny )307_5 and Lay 79Sro.21Cu1—yZny Oy relative
to that obtained for the Zn-free sample as a function of the relative depression of
the critical temperature. A satisfactory description of the very rapid initial de-
crease (for low Zn content) in the condensate density requires a model based on a
dy2_y2-wave order parameter (OP) (or another unconventional OP which changes
a sign in k-space) in which Zn causes a strong potential scattering in the unitarity
limit as shown by the solid line. The corresponding behavior for an s-wave OP
(where T is substantially reduced only by magnetic scattering) is shown for the so
called “clean limit” (£ > &g, dotted line) and the “dirty limit” (¢ > £, dash-dot .
line [20]), where & is the superconducting coherence length and £ is the transport
mean free path. For more details see Ref. [21].



Muon Spin Rotation Studies of Doping ... 221

WO —
Ne T s-wave
D i i
o pair breaking only (| >>&,)
\\\
0,8# 2 ;‘\d-wave. Born limit ﬁ
NN
- M .\
506
— S 1
7 O \

022 « . s-wave |
- Mo Pairbreaking+Pippard
= 0.4+ s |
= 0.

o\-/

A
c
0.2- 1
|
0.0 +——— T '

00 02 04 06 08 10
[T (y=0)-T (T (y=0)

Fig. 6. The depression of the normalised superconducting condensate density
ng(y)/ng(y = 0) plotted as a function of the relative decrease in T;. Data are
shown for the under- (o), optimally- () and overdoped series (full triangle)
of Yo.5Cao.2Bas(Cui—yZny)sO7_s and for overdoped Lai.7eSro.21Cui—yZnyO4 (0).
The crosses represent some of our previous results for almost fully oxygenated
YBaz(Cuy—~yZny)sOr_s. Asterisks show the data for optimally doped to overdoped
Tl2Ba;CuOs4s. The expected behavior for a d,2_,» symmetry of the OP and
non-magnetic elastic scattering in the unitarity limit (Born limit) is shown by the solid
(dashed) line. The corresponding case of an isotropic s-wave OP with magnetic scatter- -
ing is shown by the dotted (dashed dotted) line for the “clean” (“dirty”) limit.

5. Antiferromagnetism and superconductivity in HTS cuprates

Whenever the insulating composition of a given class is chemically stable, -
it generally exhibits a long-range AF order that is rapidly destroyed by small
amounts of doped carriers. Short-range 2D AF correlations, however, persist into
the superconducting regime. It is therefore of great importance to study the evo-
lution of magnetism as more holes are doped into the CuOs-planes and to explore
the interplay between the short-range magnetic order and superconductivity.

The zero-field (ZF) uSR technique is especially suited for such studies since
the positive muon is an extremely sensitive local probe able to detect internal
magnetic fields as small as 0.1 mT and covering a time window from 107¢ s to
about 10-10 s, Another advantage is the sensitivity of the muon probe to ex-
tremely short-ranged magnetic correlations. Systematic studies so far focused on
the La-214 [22, 23] and Y-123 [24, 25] systems. In Y-123 the phase diagram has to
be drawn versus oxygen content and a reliable determination of p is difficult due to
the rather complicated charge transfer from the CuO-chains to the CuOs-planes.
The Y;_;Ca;Bay;CuszOg system, i.e. with o = 1.0, avoids this complication, be-
cause hole doping is achieved by the substitution of Y3+ by Ca?*. This allows
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Fig. 7. ZF-uSR spectra obtained at low temperatures (T° < 1 K) for various degreeé of
hole doping in Y1-5CazBazCusOg02(1) and Laz—;Sr;CuO4. Dotted curves are the fit
to the data using Eq. (7).

one to directly control the hole concentration in the CuO2-planes in a quantitative
manner and p = z/2.

Representative ZF-uSR time spectra are shown in Fig. 7. At low temperature
and for p < 0.08, the time evolution of the muon spin polarization is well described
by the ansatz

G.(t) = % cos (Y But + P) exp [——% (7”AB#t)2] + éexp(-—)\t), )
where v, = 851.4 Mhz/T is the gyromagnetic ratio of the muon, B, the average
internal magnetic field at the muon site and AB its rms deviation. The two terms
arise from the random orientation of the local magnetic field in a polycrystalline
sample, which on average points parallel (perpendicular) to the muon spin direc-
tion with probability 1/3 (2/3) [1]. In analogy to NMR the dynamic spin lattice
relaxation rate A = 1/T7 is given by :

1 Te

ﬁ=7ﬁ (Btz>'1—m)_2' (8)
A slowing down of magnetic fluctuations typically causes a maximum of 1/7} at
wyuTe & 1, where wy, is the pt Zeeman frequency, (Bf) — the mean of the square of
the fluctuating transverse field components and 7. their average correlation time.
A precessing 2/3 component indicates static magnetic order on the time scale of the
uSR. technique (7. < 10~% s). For p > 0.08 no oscillations were observed and the
2/3 part of G,(t) was better represented by an exponential relaxation exp(—At)
(see Fig. 7c), which may indicate either a very strongly disordered static field
distribution or rapid fluctuations.
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Fig. 8. ZF-pSR results on Yo.04Cag.06 Ba2CusOg.02(1) plotted as a function of temper-
ature. (a) The muon spin precession frequency and (b) the longitudinal relaxation rate
1/Ty. The dotted line in (a) represents a fit of the data with a power law (1 — T/Tx)?
with 8 =0.2.

For only lightly doped systems the Cu?* spins and those of the holes order
independently. As an example we discuss the data on Y. 94Cag.gsBazCusQOg o2
which are displayed in Fig. 8. Well below the 3D Néel temperature of Ty &~ 170 K
a second magnetic transition occurs at a temperature Tr & 25 K. This is evident
from the peak in the longitudinal relaxation rate 1/77 and the upturn of the muon
spin precession frequency. A corresponding transition within the AF state has been
reported recently from La-NQR [26] and uSR studies [27] on La,Sr-214, where
Tt = (815 K)p has been obtained for p < 0.02. This transition was ascribed to a
freezing of the spins of the doped holes into a spin-glass state which is superimposed
on the preexisting 3D AF long-range order of the Cu?* spins. Interestingly, we find
that the spin freezing temperature Tt exhibits the same linear dependence on the
planar hole content for Y,Ca-123 and La,Sr-214 (see Fig. 9). According to the
model of Gooding et al. [28], in which kpTy &~ Jegp, this implies that the effective
in-plane exchange coupling constant, Jeg, is identical for both systems and that
the freezing of the spin degrees of freedom is a property of the hole dynamics -
within a single plane. The Néel-state, however, persists to a higher hole content in
Y,Ca-123 (0 < p < 0.035) as compared to La,Sr-214 (p < 0.02). This suggests that
the bilayer coupling makes the 3D AF-state more robust to the presence of doped
holes. A similar result was reported from a 3°Y NMR study of Ty in Y,Ca-123 [29].



224 ‘ Ch. Niedermayer

100-

Turge K]

101

1

0.00 0.02 0.04 0.06 0.08 o.‘10po.12

Fig. 9. Magnetic phase diagram as a function of the hole concentration per CuO2 sheet
for Laz—4Sr,CuO4 (open symbols) and Yi_;CazBazCusOg.02 (full symbols). For only
lightly doped systems two transitions are observed. The Néel temperatures Ti (squares),
at which the Cu?* spins order into a 3D AF state and a freezing transition of the
spins of the doped holes at Tt = (815 K)p (circles, including the data from Ref. [27]).
Ty (triangles) indicates a transition into a spin-glass-like state with strong magnetic
correlations which coexist with superconductivity for p > 0.06. Diamonds represent the
superconducting transition temperatures.

Only a single magnetic transition into a short-range AF correlated spin-glass-
-like state is observed for p > 0.02 in La,Sr-214 and p > 0.035 in Y,Ca-123. This
transition is characterized by a slowing down of the AF fluctuations towards a
glass transition which is defined by the maximum in 1/7} (corresponding to a
correlation time of the spin fluctuations of about 10~7 s). The spin-glass character
of this magnetic state has been demonstrated recently for La; ¢6Srg.04CuQy4, where
the susceptibility exhibits irreversible and remanent behavior and obeys scaling
laws [30]. T is significantly higher due to bilayer interactions in Y,Ca-123 than in
La,Sr-214.

It is notable that spin-glass behavior is observed for both compounds up to
about p = 0.11, the same point where static susceptibility, spin susceptibility and
heat capacity show the superconducting gap rapidly fills in. This also coincides
with the 60 K plateau for a wide range of Ca- and La- substituted Y-123 samples
and all of these features have been attributed to dynamic phase separation which
freezes out at low temperature [31].

In the picture of electronic phase separation the underdoped cuprates evolve -
on doping into a phase with hole poor antiferromagnetic islands separated by
grain boundaries of a hole rich “metallic” phase [32]. It is tempting to identify
the antiferromagnetic island phase with domain size L(p) ~ p~1/2 (p=1/2 is the
average distance between two holes) with the spin-glass phase. In this case the
sp1n glass transition temperature should be given by Ty ~ Jzy(fo /@)~ L2~ 1/p -
in qualitative agreement with the experlment

2
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6. Conclusions

As an internal probe of the local fields in HTS cuprates the uSR technique
has proved to be a powerful tool for revealing many generic features in the mag-
netic phase behavior of these materials and the systematic changes in superfluid
density with doping and substitution. Many of these were quite new results with
important implications for the origins and physics of superconductivity while, for
others, uSR played a complementary role. In all cases the strength of the technique
has been in investigating a systematic series of samples with progressive doping
of one sort or another where spurious impurity phases and grain boundary effects
do not affect the intrinsic response. The list is impressive: penetration depths,
proximity-induced superconductivity, temperature- and scattering-dependent su-
perfluid density, the symmetry of the order parameter, local moments and coexist-
ing magnetism and superconductivity. It would be difficult to find another single
technique for investigating HTS cuprates so broad in its compass and so rewarding
in its use.
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