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We present an extended zero-field muon spin relaxation (ZF-uSR) study of overdoped Bi,,,Sr,_,CaCu,Os.4s
(Bi2212) single crystals, intended to elucidate the origin of weak quasistatic magnetism previously detected
by ©SR in the superconducting and normal states of optimally doped and overdoped samples. New results
on heavily overdoped single crystals show a similar monotonically decreasing ZF-uSR relaxation rate with
increasing temperature that persists above the pseudogap (PG) temperature 7% and does not evolve with hole
doping (p). Additional measurements using an ultralow-background apparatus confirm that this behavior is an
intrinsic property of Bi2212, which cannot be due to magnetic order associated with the PG phase. Instead we
show that the temperature-dependent relaxation rate is most likely caused by structural changes that modify the
contribution of the nuclear dipole fields to the ZF-uSR signal. Our results for Bi2212 emphasize the importance
of not assuming that the nuclear-dipole field contribution is independent of temperature in ZF-uSR studies of
high-temperature (high-7;) cuprate superconductors, and do not support a recent SR study of YBa,Cu3Og¢.,

that claims to detect magnetic order in the PG phase.

DOI: 10.1103/PhysRevB.101.184511

I. INTRODUCTION

The origin of the pseudogap (PG) phase in cuprate su-
perconductors is an enduring mystery that is widely believed
to hold the key to understanding high-7, superconductivity.
Polarized neutron diffraction (PND) measurements have pro-
duced evidence for the existence of an unusual intra-unit-cell
(IUC) magnetic order in the PG region of several cuprate
families [1-11], which has given credence to an orbital loop
current model for the PG [12-14]. Yet this claim remains
controversial and has been challenged by an independent PND
study of underdoped YBa;Cu30¢, (Y123), which found no
evidence for orbital magnetic order in the PG phase [15].
The ensuing debate [16,17] has not quelled the controversy
over the PND results, emphasizing the need to confirm the
magnetic order by other experimental methods.

The IUC magnetic order detected by PND has an ordered
moment of ~0.1upg and should be detectable by the local
probe techniques muon spin relaxation (uSR) and nuclear
magnetic resonance (NMR), unless it is rapidly fluctuating
beyond the dynamical range of these methods [8]. To date, no
evidence for magnetic order in the PG phase has been found
by NMR [18-21]. While an initial zero-field (ZF) uSR study
of Y123 reported the onset of magnetism near 7* [22], it was
subsequently shown that the results can be explained by the
effects of charge order in the CuO chains on the nuclear dipole
fields sensed by the positive muon, as well as the onset of
muon diffusion above T ~ 150 K [23]. This understanding of
the ZF-u SR results on Y123 was reinforced in a comparative
ZF-uSR investigation of small high-quality single crystals
grown at the University of British Columbia (UBC) and a
large underdoped single crystal in which IUC magnetic order
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was reportedly detected by PND [24]. Only in the latter
sample was any evidence for [UC magnetic order found, but
only in 3% of the sample and hence apparently associated
with an impurity phase. A subsequent ;SR investigation of an
underdoped (p = 0.11) Y123 UBC sample found no evidence
for magnetic order down to 0.025 K, and placed a lower limit
of 10° Hz on the fluctuation rate of any potential PG magnetic
order [25].

More recently, Zhang et al. have claimed to detect the onset
of slow magnetic fluctuations in Y123 at 7* by uSR [26].
Yet neither the effects of the CuO chains or muon diffusion
on the nuclear-dipole contribution to the SR signal were
disentangled from the measurements. Because hole doping in
Y123 is dependent on the oxygen content and order in the
CuO chain layer, the effects of the CuO chains on the uSR
signal are expected to change with increased hole doping.
In addition to the influence of charge order on the nuclear
dipole contribution, magnetic correlations are induced in the
chain layer by oxygen vacancies [27], and both the charge and
magnetic chain correlations are imprinted on the CuO; plane.

If the uSR signal in Y123 is a signature of slow mag-
netic fluctuations associated with magnetic order in the PG
phase, similar results are expected in uSR investigations of
cuprate superconductors without CuO chains. Yet no evidence
of PG magnetic order of any kind has been detected in
La,_,Sr,CuO,4 (La214) by uSR [28-30]. Instead, the ZF-
uSR relaxation rate in La214 measured over a wide hole-
doping range (0.13 < p < 0.30) evolves little with p and is
essentially independent of temperature up to 7 ~ 150 K—
above which a significant decrease in the relaxation rate
signifies the onset of muon diffusion.
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FIG. 1. Temperature dependence of the bulk magnetic suscepti-
bility for the OD55 (blue circles) and OD70 (red circles) samples
measured under (a) zero-field-cooled (ZFC) and (b) field-cooled
(FC) conditions. The slight decrease of the ODS55 data with de-
creasing temperature between the two downward pointing arrows in
(b) indicates the onset of superconductivity in some small volume
fraction of the ODS55 sample prior to the main superconducting
transition at 55 K.

The situation for Bi2212 is less clear. A low-temperature
(T <5 K) 1SR investigation of optimally doped (p = 0.16)
and underdoped (p = 0.094) Bi2212 single crystals did not
find evidence of magnetic order down to 0.024 K [25]. How-
ever, a subsequent SR study of optimally doped (p = 0.16,
T. =91 K) and overdoped (p = 0.198, T, = 80 K) Bi2212
single crystals (which we henceforth refer to as OP91 and
ODS80) at temperatures up to 200 K provided evidence for
weak quasistatic magnetic fields of apparently electronic ori-
gin in the superconducting and PG phases [31]. Due to the
onset of muon diffusion above ~160 K (similarly to Y123 and
La214), it was not possible to determine whether the onset of
the magnetic fields coincide with 7*. Moreover, because the
size of the corresponding field sensed by the muon is only on
the order of 1 G, it is unclear whether the quasistatic magnetic
fields stem from a magnetically ordered phase.

To overcome the limitations imposed by muon diffusion,
we have carried out additional ZF-uSR measurements on
heavily overdoped Bi2212 single crystals with expected val-
ues of 7* below the onset temperature for muon diffusion. Us-
ing a specialized background suppression setup, we demon-
strate that the previously identified quasistatic magnetic fields
definitely originate from the Bi2212 samples, but are not asso-
ciated with the PG phase. Instead we show that the variation of
the corresponding ZF-uSR relaxation rate with temperature
can be explained by a change in the nuclear dipole fields
sensed by the muon due to changes in the crystal structure.

II. EXPERIMENTAL

Single crystals of Bi2212 were grown by the traveling-
solvent-floating-zone method [32] at Brookhaven National
Laboratory. The doping level was adjusted by tuning the
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FIG. 2. Schematic of the arrangement of the external muon,
external positron, internal muon, and internal veto counters, where
external and internal refer to outside and inside the helium-gas
flow cryostat, respectively. Muons passing through the internal p*
counter that trigger the veto counter are rejected. Also shown are
internal Ag and plastic scintillator counter annuli with equivalent
3-mm-diameter holes. These serve as a second type of veto (“active
collimator”) in the “ultralow background” (ULB) setup. Muons
stopping in the Ag annulus do not pass through the internal muon
counter and are rejected. The Ag annulus protects the scintillator
counter annulus from muons, so that it can be used to detect and
reject positrons from decay muons in the Ag annulus.

excess oxygen content. In particular, overdoped single crystals
were attained by annealing in an oxygen partial pressure of
2.3 atm for 72-250 hours at 400 °C. The superconducting
critical temperature 7, for the new samples estimated from
bulk magnetic susceptibility measurements (see Fig. 1) are
T. =70 K and 55 K, corresponding to hole-doping concen-
trations p ~ 0.213 and p ~ 0.23, respectively. Henceforth,
we refer to these samples as OD70 and ODS55. The ODS55
sample is a 0.117 g single crystal that has an ab-plane surface
area of ~0.68 cm?. The OD70 sample is a thinner 0.0259 g
single crystal with an ab-plane surface area of ~0.25 cm?.
Raman scattering measurements indicate that the PG phase
vanishes at p ~ 0.22 [33] and hence should be absent in
the ODS55 sample. However, we note that field-cooled bulk
magnetic susceptibility data for the OD55 sample shows an
initial decrease below T ~ 70 K [see Fig. 1(b)], indicating
there are some phase-separated superconducting regions of
somewhat higher 7 in the bulk or at the surface.

As in our previous study of the OP91 and ODS80 Bi2212
samples, the ZF-u SR measurements reported here were per-
formed on the M20D surface muon beam line at TRIUMF in
Vancouver, Canada, using the LAMPF Helmholtz-coil spec-
trometer and a muon veto cryostat insert. The latter utilizes
a positive muon (u™) plastic scintillator counter placed in
front of the sample and a “veto” plastic scintillator detector
positioned behind the sample to discard events from muons
that miss or pass through the sample (see Fig. 2). Both of these
counters are contained within a helium-gas flow cryostat. The
ZF-uSR signal is constructed from the detection of decay
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TABLE I. Summary of samples and £SR measurement conditions.

Area  Area density® Degrader thickness®

Sample (cm?) (mg/cm?) Ap,/p.° (mm)
OP91¢ 0.25 140 —4.0% 0.025
oDgo!¢ 0.39 185 —4.0%

OD70 0.25 104 —2.5% 0.025
OD55 0.68 172 0

OD80° 0.18 216 0

Ag 0.56 262 —2.5%

Agf 0.36 262 0

Age 0.18 262 0

*Thickness of Ag needed to stop muons with momentum p,, =~ 29.3
MeV/c is ~0.19 mm, corresponding to an area density of 199
mg/cm?.

"Nominal muon beam momentum is p,, =~ 29.3 MeV /c.

€99.998% pure Ag foil.

dStacked and tiled mosaic of single crystals studied in Ref. [31].
“Measurements carried out using an ultralow-background cryostat
insert.

fStudied in Ref. [31].

positrons originating from muons that trigger the internal "
counter, but not the veto detector.

Nearly 100% spin-polarized u* were implanted in the
sample with the initial muon spin polarization P(t = 0) par-
allel to the muon beam (denoted as the z direction) and the
crystallographic c axis of the sample. The external magnetic
field at the sample position was nullified using three-axis
Helmholtz coils. To stop a sufficient number of muons in the
OD70 single crystal, the muon beam momentum was reduced
by 2.5% and a layer of 0.025-mm-thick 99.998% pure silver
(Ag) foil was placed in front of the sample to act as an
energy degrader. We note that the muon beam momentum
was reduced by 4% for our previous measurements on the
OP91 and ODB8O single crystals [31], but Ag foil was used
as an energy degrader only for the measurements on the OP91
sample. No reduction of the muon beam momentum or the use
of Ag foil as an energy degrader was necessary for the thicker
OD55 single crystal. For comparison, we also performed ZF-
#SR measurements on stacked layers of the high-purity Ag
foil with a total thickness of 0.25 mm. Silver is regarded
as a reference material due to the very small size of its
nuclear moments, minimizing any muon spin depolarization
processes. Table I lists the new samples and those previously
studied [31], and also indicates which samples were measured
with the use of Ag degrader and/or a reduction of the muon
beam momentum from the nominal value p,, >~ 29.3 MeV/c.

III. DATA ANALYSIS AND RESULTS

Figure 3 shows representative ZF-uSR spectra for the
ODS55 and OD70 single crystals. While Figs. 3(a) and 3(b)
indicate a slightly enhanced relaxation rate with decreasing
temperature for both samples, Figs. 3(c) and 3(d) show that
the temperature dependence does not evolve with hole doping.
The ZF spectra are described by the equation

A(t) = aoG(1), ey

—
OD55 7

150K ]

A(t)/a,

A(t)a,

t (ps)

FIG. 3. Normalized ZF-uSR asymmetry spectra for (a) OD70 at
T = 150 K (red circles) and T = 4 K (black circles), and (b) OD55
at T = 150 K (blue circles) and T = 4 K (black circles). Normalized
ZF-pSR asymmetry spectra for OD70 (red circles) and OD55 (blue
circles) at (¢) 7 = 150 K and (d) T = 4 K. The solid curves are fits
to A(t) = aoG,(t), where G,(t) is given by Eq. (3).

where ay is the initial asymmetry and G, (¢) is a ZF relaxation
function that describes the time evolution of the muon spin
polarization P(t) due to internal magnetic fields sensed by
the muon ensemble inside the sample. The following ZF
relaxation function is commonly assumed for high-7, cuprate
superconductors:

G,(t) = Ggr(A, t)exp(—At), 2)

where Ggr(A, t) is a temperature-independent static Gaussian
Kubo-Toyabe (GKT) function. The GKT function approx-
imates relaxation of P(t) by a dense system of randomly
oriented nuclear dipole moments, which on the uSR timescale
generate an internal static magnetic field distribution of width
A/y,, where y, is the muon gyromagnetic ratio. The ex-
ponential relaxation function is intended to account for any
temperature-dependent relaxation caused by electronic mo-
ments. Since it has been shown that the GKT function does
not adequately describe the relaxation of the ZF-u«SR signal in
La214 by the nuclear moments [29], here we make no assump-
tions about the functional form of the relaxation functions
that describe the nuclear and electronic moment contributions,
and instead fit the ZF-uSR asymmetry spectra for Bi2212 to
a phenomenological stretched-exponential relaxation function
of the form

G.(t) = exp [—(M)F]. 3)

Any magnetism associated with the PG phase should evolve
with changes in hole-doping concentration, and if fluctuating
slow enough to affect the muon spin relaxation, will cause a
corresponding change in the ZF relaxation rate. To determine
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FIG. 4. Temperature dependence of (a) the ZF relaxation rate A
and (b) the stretching exponent 8 resulting from fits of the ZF-uSR
asymmetry spectra assuming Eq. (3). The two data sets for the
OD80 sample in (a) correspond to data collected during two separate
experiments, demonstrating the reproducibility of the results. The
range of 7" values shown at the bottom of panel (a) are compiled val-
ues from angle-resolved photoemission spectroscopy and tunneling
experiments [34]. (c) Temperature dependence of the ZF relaxation
rate in high-purity Ag measured in the same experimental setup. Note
that A in this case comes from fits to Eq. (3) with 8 = 1.

whether there is any doping dependence, we carried out global
fits of the ZF-uSR spectra for the OD55 and OD70 samples,
as well as the previously studied OP91 and OD80 samples
[31]. Both A and B were treated as temperature-dependent
fitting parameters. Representative fits are shown in Fig. 3 and
the fitting results are shown in Figs. 4(a) and 4(b). Typically,
the fitting parameters A and S are expected to be independent
of temperature if the relaxation of the ZF signal is solely
due to nuclear magnetic moments. Although this is clearly
not the case, the increase in A with decreasing temperature
is similar for all the Bi2212 samples. We note that § is larger
and independent of temperature for the ODSS5 single crystal,
which was measured with nominal beam momentum and no
Ag degrader foil.

To better compare the different hole-doping concentra-
tions, Fig. 5 shows the time at which the ZF-u SR asymmetry
spectrum decays to half of its initial amplitude (¢, /,) for a few
selected temperatures. This parameter has input from both
A and B, but reflects the local internal field sensed by the
muon with a single parametrization. While the value of #;,,
is reduced for lower temperature, as a function of hole doping
it exhibits no obvious trend.

Since a PG is not expected in the ODS5 sample, except per-
haps in a p < 0.22 minority phase occupying a small volume
fraction, the temperature-dependent ZF relaxation rate cannot
be associated with the PG phase. This raises the question
of whether the source is an intrinsic property of Bi2122 or
a background contribution from muons stopping outside the
sample.
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FIG. 5. The time at which A(t) = ay/2 as a function of hole
doping for several temperatures. The multiple data points for the
OD80 sample at 50 K, 100 K, and 150 K correspond to independent
measurements.

IV. ULTRALOW BACKGROUND MEASUREMENTS

The standard muon veto cryostat insert used for experi-
ments here, in Ref. [31], and for a number of the other previ-
ous ZF-uSR studies of high-T, cuprates (including Ref. [26])
is designed for samples with an area of ~0.25 cm? t0 9.6 cm?.
The sizes of some of the Bi2212 samples listed in Table I are
at or near the lower limit. To determine whether a background
contribution from muons passing through or missing the sam-
ple is the source of the temperature-dependent ZF relaxation
rate, we repeated measurements on one of the OD80 single
crystals of Ref. [31] using an “ultralow background” (ULB)
cryostat insert specifically designed for small samples. The
OD8O0 single crystal has an area of 0.18 cm? and mass of ~39
mg, and is thick enough to negate the need for placing Ag foil
in front of the sample or reducing the muon beam momentum.
Here we note that the muon beam momentum was reduced
by 4% for the measurements on mosaics of OD80 and OD91
single crystals reported in Ref. [31]. The ULB insert achieves
a negligible background signal by the placement of a second
kind of internal veto counter (“active collimator”) upstream of
the sample, as described in the caption of Fig. 2. The trade-off
is a significantly slower count rate compared to the standard
muon veto cryostat insert.

Representative ZF-uSR asymmetry spectra from the ULB
measurements on the OD80 single crystal are shown in
Fig. 6(a) together with fits assuming the relaxation function of
Eq. (3). Figures 6(b) and 6(c) show the ensuing temperature
dependencies of the relaxation rate A and 8 compared to the
results obtained using the standard muon veto cryostat insert.
For the most part, the ULB measurements of OD80 produce
larger values of A and B that are comparable to the values
obtained from measurements of the large OD55 single crystal
using the standard muon cryostat insert without reduced beam
momentum or Ag degrader (see Table I). For comparison,
Fig. 6(d) shows that the relaxation rate of 0.25-mm-thick Ag
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FIG. 6. (a) Normalized ZF-uSR asymmetry spectra from ULB
measurements of the OD80 Bi2212 sample at 7 = 150 K (blue
circles) and 7 = 5 K (red squares). Solid curves are fits to Eq. (3).
Temperature dependence of (b) the ZF relaxation rate and (c) g for
the OD80 sample from measurements using the ULB cyrostat insert
(gray triangles) and two sets of measurements in different muon
beam periods using the standard muon veto cryostat insert (orange
circles). (d) Temperature dependence of the ZF relaxation rate in
high-purity Ag from experiments using the ULB (blue circles) and
the standard (black squares) muon veto cryostat inserts, and previous
results [31] (pink triangles) using the standard muon veto cryostat
insert. The values of A for Ag are from fits assuming g = 1.

foil samples measured using the standard and ULB cryostat
inserts are similar. These results and an inspection of the
sample sizes and measurement conditions in Table I indicate
that the unsystematic variation of A and 8 with hole doping
in Figs. 4(a) and 4(b) is due to muons stopping outside
the sample in the standard muon cryostat insert setup. In
particular, at lower beam momentum a greater fraction of
muons are scattered at wide angles upstream of the sample and
the veto detection efficiency is reduced by the lower energy
muons. There is also a temperature-independent contribution
from muons stopping in the Ag-degrader foil placed in front
of some of the Bi2212 samples. Irrespective of the various
background contributions, the OD80 results obtained with the
ULB setup show that the temperature dependence of A is
predominantly an intrinsic property of Bi2212.

V. NUCLEAR DIPOLE FIELDS

The crystal structure of Bi2212 is orthorhombic. Thermal
expansion [35], internal friction [36], and neutron diffraction
[37] measurements on Bi2212 show that the lattice parameters
decrease with decreasing temperature and a subtle structural
change occurs near 160 K. While the shrinking of the a-axis
and c-axis lattice parameters ceases near ~50 K and ~90 K,
respectively, the contraction of the b-axis lattice parameter
persists to much lower temperature. In general, structural
changes modify the nuclear dipole contribution to the ZF-u SR
signal by changing the distance between the muon stopping

site and the host nuclei, and by changing the interaction
of spin I # 1/2 nuclei that possess an electric quadrupole
moment with the electric field gradient (EFG) at the nuclei.
For example, a significant structural change in Y123 near
60 K has previously been argued to be the source of observed
changes in the ZF-u SR relaxation rate [23,24].

The magnitude (~1 G) and quasistatic nature of the mag-
netic fields detected in Bi2212 by ZF-uSR [31] are character-
istic of nuclear dipole fields. To understand whether changes
in the lattice parameters of Bi2212 can be responsible for the
observed change in the ZF relaxation rate with temperature,
we have calculated the second moment of the distribution of
nuclear dipolar fields at various potential muon stopping sites.
In Bi2212, the nuclei that contribute to the nuclear dipolar
fields are 2”Bi with spin / = 9/2 and magnetic moment
upi = 4.1103un, and the two I = 3/2 isotopes %Cu and
%Cu, which have a magnetic moment weighted by natural
abundance of pucy, = 2.275uyN. The second moment of the
corresponding Gaussian distribution of nuclear dipolar fields
Bgipn for a particular muon site is given by

=A—2=—Zu, @
pL

ij

((Baipn — (BdipN))

where i indexes the nuclear species and j indexes the location
of the jth nucleus. The 2/3 prefactor is intended to account for
the modification of the EFG at the nuclei by the unscreened
positive muon [38,39]. The muon stopping sites in Bi2212
are unknown, but it is widely believed that in cuprates the
positive muon forms a hydrogen-like bond with an oxygen
atom. Previous studies show that the muon resides near an
apical oxygen in La214 [29], whereas in Y123 there are two
muon stopping sites—one near an apical oxygen and the other
near an oxygen atom in the CuO chain layer [40,41]. Since
Bi2122 does not have CuO chains, we have calculated A for
sites in the SrO layer where the apical oxygen reside, using
values of the lattice parameters for 7T = 150 Kand T =5 K
reported in Ref. [37]. Figures 7(b) and 7(c) show contour plots
of the calculated A values, and Fig. 7(d) shows the difference
in these values for the two temperatures, which we denote by
SA.

Fits of the OD80 asymmetry spectra recorded using the
ULB cryostat insert to the following asymmetry function,

A(t) = aoGkr(A, 1), &)

yield A =0.1036(8) us~! and 0.1136(8) us~! for T =
150 Kand T = 5 K, respectively—and hence a change §A =
0.010(1) us~! between these two temperatures. While there
are no sites in the SrO layer where both the calculated values
of A and A match the experimental values, the muon is
expected to reside somewhat out of the SrO layer. Moreover,
the angle of the muon bond with the apical oxygen atom is
expected to change slightly with the change in lattice parame-
ters. Figure 7(e) shows calculated values of § A assuming the
muon site at T = 5 K is slightly displaced by 0.15 A out of
the SrO layer toward the BiO layer. The region of radius ~1.5
A centered about the apical oxygen atom produces not only
values for A that are in agreement with the fits to Eq. (5)
(A ~ 0.1 us~1), but also a change in A similar to what is
measured (A ~ 0.01 us™!). We note that there are no sites in
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magnification. (e) The difference between the A values within the SrO layer for T = 150 K and within a parallel plane 0.15 A toward the
nearest BiO layer for T = 5 K. Note that the large values for A near the apical oxygen atoms are due to the Cu and Bi nuclei located directly

below or above in the adjacent CuO, and BiO layers.

or near the BiO and CuO, layers where the calculated values
of A and §A agree with the experimental results. This does
not mean that we have determined the muon site(s) in Bi2212,
but rather have demonstrated that the observed temperature
dependence of the ZF relaxation rate can be explained by
changes in the nuclear dipole fields. Lastly, we are unaware
of experimental evidence for structural changes in Bi2212 as
a function of hole doping that could result in similar changes
in the nuclear dipole fields sensed by the muon.

VI. SUMMARY AND CONCLUSIONS

To summarize, we have shown that there is a weak
temperature-dependent ZF-uSR relaxation rate in Bi2122
that does not evolve over a wide hole-doping range 0.16 <
p < 0.23 and persists outside the PG phase. Measurements
using an ULB cryostat insert demonstrate that while the
temperature dependence in the relaxation rates is an intrinsic
property of Bi2212, the doping dependence in 8 arises from
muons stopping outside the sample. Previous longitudinal-
field uSR measurements showed that the relaxation is caused
by quasistatic magnetic fields, which were presumed to be of
electronic origin [31]. Although the precise muon stopping
site(s) in Bi2212 are unknown, here we have shown that
a change in the nuclear dipole contribution to the ZF-uSR

signal associated with a small change in the lattice parameters
is the probable source of the temperature-dependent ZF-u SR
relaxation rate. An evolution of the crystal structure with tem-
perature should also influence the nuclear dipole contribution
in other high-7, cuprates, although the effect may be weaker
or difficult to disentangle from other influences. Like Bi2212,
the crystal structure of Y123 evolves over a wide temperature
range [42,43]. Yet differently from Bi2212, the nuclear dipole
contribution in Y123 presumably varies with hole doping due
to a change in the relative population of the muon sites [41]
and charge order in the CuO chains. Our results on Bi2212
show that it is generally not valid to assume that the nuclear
dipole contribution to the ZF-uSR asymmetry spectrum of
cuprate high-T, superconductors is temperature independent.
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