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Quasistatic internal magnetic field detected in the pseudogap phase of Bi,,,Sr;_,CaCu,0g,;
by muon spin relaxation
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‘We report muon spin relaxation («SR) measurements of optimally doped and overdoped Bi, ., Sr,_,CaCu,Os 15
single crystals that reveal the presence of a weak temperature-dependent quasistatic internal magnetic field of
electronic origin in the superconducting and pseudogap (PG) phases. In both samples the internal magnetic field
persists up to 160 K, but muon diffusion prevents following the evolution of the field to higher temperatures. We
consider the evidence from our measurements in support of PG order parameter candidates, namely, electronic

loop currents and magnetoelectric quadrupoles.
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In high transition temperature (7, ) cuprate superconductors,
the origin of the pseudogap (PG), associated with a loss
of low-energy electronic spectral weight above T, is an
enduring mystery. However, it is widely believed to be a
manifestation of a thermodynamic transition to a phase which
breaks various symmetries [1]. One longstanding idea is that
electronic loop-current order with translation symmetry forms
in the PG phase [2—4]. The apparent detection of an ubiquitous
intraunit cell (IUC) magnetic order in various cuprate families
by polarized neutron diffraction (PND) [5-14] lends support
to this proposal. The existence of magnetic order in the PG
phase is supported by the observation of the Kerr effect
in YBa,Cu3O, (Y123) [15,16]. Motivated by these results
and other loop-current order predictions [1], there have been
numerous unsuccessful attempts to detect intrinsic magnetic
order in the PG phase of high-7, cuprates by zero-field (ZF)
muon spin rotation (uSR) [17-22], and nuclear magnetic
resonance (NMR) [23-26].

Atodds with the above-mentioned neutron results is a recent
PND experiment which failed to detect magnetic order in the
PG phase of high-quality underdoped Y123 single crystals
[27]. It has since been argued that this new neutron experiment
is not sensitive enough to detect the [TUC magnetic order [28],
particularly if the correlation length associated with the broken
symmetry state is finite. Thus, there is uncertainty as to the
origin of the PND signal. It has been proposed that the PND
experiments do not directly detect magnetic dipolar ordering,
but rather quasistatic ordering of magnetoelectric multipoles
[29]. In this scenario, internal magnetic fields generated by
the magnetoelectric quadrupole ordering are estimated to be
below the detection limit of NMR, but potentially detectable
by ZF-uSR [30]. This highlights the need to explore this
phenomenon with complementary techniques.

The ZF-uSR method is sensitive to weak internal mag-
netic fields originating from magnetic order or randomly
oriented magnetic dipoles. Originally, theory [2] predicted an
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oscillatory ZF-uSR signal indicative of static [IUC magnetic
order, which has never been observed [31]. This has led
to speculation that the ITUC magnetic order resides in fast
fluctuating domains [4], which may cause only weak or
no relaxation of the ZF-uSR signal [22,32]. In hindsight,
Y123 is nonideal for ZF-uSR investigations of [UC magnetic
order or magnetoelectric quadrupole ordering, because a weak
magnetic component associated with either phenomena cannot
be disentangled from other contributions to the ZF- SR signal.
In particular, uSR studies of Y123 [17,18,20,32] must account
for the known effects of charge-density-wave (CDW) order in
the CuO chains, a potential unbuckling of the CuO; layers, and
muon diffusion [18,33,34], as well as magnetic correlations
due to oxygen vacancies in the CuO chains [35]. Although ©SR
studies of La,_,Sr,CuO4 (La214) [19,21] are limited only by
muon diffusion, the failure to detect PG magnetic order in
this compound is not surprising given that neutrons have thus
far only detected short-range, two-dimensional IUC magnetic
order in La214 far below the PG temperature (7*) [8].

We report zero-field (ZF) and longitudinal-field (LF) uSR
measurements on a more promising system, namely, optimally
doped and overdoped Bi,, Sr,—,CaCu,0g,45 (Bi2212) single
crystals with 7. =91 K (OP91) and 7, = 80 K (ODS80),
respectively. Details on the sample preparation are provided
in the Supplemental Material [36], while the ©SR technique
is described elsewhere [37]. All uSR asymmetry spectra
were recorded with the initial muon spin polarization P(0)
(and LF) parallel to the ¢ axis. The spectra are of the form
A(t) = apG,(t), where ay is the initial asymmetry and G,(t)
describes the time evolution of the muon spin polarization due
to the local magnetic fields sensed by the implanted muon
ensemble.

ZF-uSR. Figure 1 shows representative ZF-uSR asym-
metry spectra recorded for the OP91 sample. As shown in
Fig. 1(a), the ZF-uSR spectra below 160 K are well described
by the product of an exponential relaxation function and
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FIG. 1. (a) Representative ZF-1.SR spectra below 160 K with fits
to Eq. (1). (b) Temperature dependence of the muon hop rate v in the
OP91 sample together with similar data for underdoped Y123 [18].
For the purpose of comparison, the OP91 data are shifted downward
by 0.181 us™". The solid curves are fits to an Arrhenius equation v =
Aexp(—Ey/ksT), which yield an activation energy of Ey, = 127(5)
meV for OP91 and Ey = 151(9) meV for underdoped Y 123. The inset
shows representative ZF-u SR spectra for the OP91 sample and fits to
Ggr(A,v,t), with A a common fit parameter.

a T-independent static Gaussian ZF Kubo-Toyabe function
[37] intended to account for a nuclear-dipolar contribution.
Specifically,

G (1) = Ggr(A, 1) exp(—Azrt), (D

where A? is the second moment of the internal static magnetic
field distribution, assumed to be Gaussian. Global fits of
the ZF-uSR spectra as a function of temperature with A
as a common parameter yield A = 0.0958(6) s~ and A =
0.095(1) pus~! for the OD80 and OP91 samples, respectively.
Figure 2 shows the temperature dependence of the relaxation
rate Azg. For comparison, the inset of Fig. 2(a) shows Az vs T
measured in a sample of 99.998% pure Ag comparable in size

the OD80 sample are from measurements performed during different
beam periods. The range of values for 7* is from Ref. [39]. The inset
in (a) shows Azg measured separately in a 5.45 x 6.54 x 0.25 mm
sample of 99.998% pure Ag foil. The values of Az for Ag come from
fits to Eq. (1) with A = 0.

to the Bi2212 samples. The ZF relaxation rate in Ag is solely
due to weak nuclear dipole fields, and is essentially negligible.
The results on Ag show that any temperature dependence in
Azr between 184 and 10 K is less than 0.0014 ps~'. On the
other hand, Azr in the Bi2212 samples exhibits a significant
decrease with increasing 7.

Above 200 K, Eq. (1) no longer adequately describes the
data. Specifically, the slower relaxation rate observed at the
highest temperatures in the inset of Fig. 1(b) is due to muon
diffusion. To show this is the case, the spectra at T > 95 K
were fit to the nonanalytic strong-collision dynamic Gaussian
Kubo-Toyabe relaxation function Ggr(A,v,t) [38], where v is
the muon hop rate, or, equivalently, the average rate at which
there are changes in the local magnetic field sensed by the
muon. The temperature dependence of the fitted v with a zero
offset correction is shown in Fig. 1(a), together with earlier
results for underdoped Y123 [18]. The zero offset of v suggests
the magnetic field distribution in Bi2212 is not as close to a
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Gaussian as in Y123. Such deviations from a Gaussian form
are to be anticipated, having been observed in La214 [21],
and can be quantitatively accounted for if the muon site(s) and
electric field gradients in the material are known. With the zero
offset correction, the hop rate in Bi2212 obeys an Arrhenius
relationship similar to Y123. In both compounds, v increases
above T ~ 160 K, indicating a similar onset temperature for
muon diffusion. In cuprates the muon is known to form an
O-H like bond with an oxygen ion. The results here imply that
the thermal energy required to break the O-p bond in Bi2212
is comparable to Y123. Unfortunately, muon diffusion masks
clear evidence of PG magnetic order above 160 K. However,
at lower temperatures, the behavior reflects a change in the
linewidth of the internal magnetic field distribution sensed by
the muon ensemble, which cannot be explained in terms of
muon diffusion alone. This is our main finding.

The values of 7* for Bi2212 are ill defined. The temperature
ranges for T* indicated in Fig. 2 come from a compilation
of values measured by different techniques [39]. Because the
range of experimental values for 7* extend above 160 K,
we cannot say whether there is a spontaneous ZF relaxation
appearing at the PG onset.

LF-uSR. To determine whether the local magnetic field
detected in the PG region is static or fluctuating, we
performed LF- SR measurements on each sample just above
T.. Figure 3(a) shows LF-uSR asymmetry spectra for the
ODB80 sample with fits assuming the relaxation function

G.(t) = Gxr(BLr, A,t) exp(—ALF!). )

Here, Gkr(Bip,A,t) is an extension of Ggr(A,t) to the LF
case [37], which accounts for the addition of the applied field
By r to the local internal nuclear dipole fields. The external
field does not reorient the nuclear dipoles, and hence A was
fixed to the values determined by ZF-uSR below Eq. (1). The
field dependence of the residual exponential relaxation rate Aj g
[Fig. 3(b)] is well described by the Redfield theory [38],

vi\B)T

T 1+ (uBurr)? ©)

ALF
where y,, /27 is the muon gyromagnetic ratio, (Bi) is the mean
of the square of the fluctuating transverse field components,
and 1/t is the characteristic fluctuation rate of the local fields

B,,. Fits to this equation yield (Bli)l/2 =14Q2)Gand 1/t =

0.7(1) MHz for the OP91 sample, and (B2)"/* = 1.3(3) G and
1/7 = 0.6(2) MHz for the OD80 sample. Thus the residual
local internal magnetic field sensed by the muon is quasistatic
and on the order of the resultant field of the nuclear dipoles.
In ortho-1I Y123, NMR measurements place upper limits of
4 and 0.3 G for any magnetic field fluctuating slower than
~0.01 MHz at the planar and apical oxygen sites, respectively
[26]. A similar upper bound for static local fields at the apical
oxygen site has been deduced from NMR on HgBa,CuO4
(Hg1201) [25]. Hence, the weak quasistatic fields detected here
in Bi2212 are likely fluctuating too fast to be detected by NMR.

We now systematically discuss explanations for the ob-
served muon spin relaxation. Below 160 K where the implanted
muon is immobile, the T-dependent Azr may originate from
a continuous change in the nuclear dipole contribution or be
caused by magnetic dipole moments of an electronic origin.
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FIG. 3. (a) Representative LF-uSR asymmetry spectra recorded
on the OD80 sample at 7 = 85 K. The curves are fits to Eq. (2). (b)
Dependence of the LF exponential relaxation rate A g on the applied
magnetic field. The solid curves are fits to Eq. (3). The relaxation rates
above 100 G are at the sensitivity limit of #SR and may be compared
with the values of Az in Ag.

The former may result from structural changes that modify
the distance between the muon and nuclear spins, as well
as the direction of the maximal local electric field gradient
(EFG) that defines the quantization axis for the nuclear spins.
A T-dependent electric quadrupolar interaction of the nuclei
with the local EFG can also result from a gradual development
of charge inhomogeneity or charge order. While 70O NMR
measurements on overdoped Bi2212 (7, = 82 K) demonstrate
an inhomogeneous distribution of local EFG at the O(1) sites in
the CuO; plane, this does not evolve with temperature [40]. X-
ray scattering measurements on underdoped Bi2212 show the
development of CDW order within the PG phase [41], persist-
ing as weak dynamic CDW correlations near 7* [42]. Indeed,
short-range CDW order has been identified in recent years to be
ubiquitous in cuprates [43]. However, the CDW correlations
are most pronounced in the underdoped regime and signifi-
cantly weaken or fade away near optimal doping. Moreover, in
contrast to Azr (Fig. 2), the CDW correlations are suppressed
below 7. Hence CDW correlations do not seem to explain the
T -dependent ZF relaxation rate observed below 160 K.
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FIG. 4. Temperature dependence of the bulk magnetic suscepti-
bility for the OP91 sample measured in an applied magnetic field
of H =5 Oe under field-cooled (FC) and zero-field-cooled (ZFC)
conditions. The insets show similar measurements above and below
T. at H = 50 and 5 kOe.

Another potential source of the ZF relaxation is dilute
magnetic impurities. Dilute remnants of the underdoped phase
containing Cu spin correlations fluctuating slow enough to be
detectable on the SR time scale are unlikely to be present near
and above optimal doping. Bulk magnetization measurements
down to 2 K show no evidence of a magnetic impurity or
secondary phase. As shown in Fig. 4, the normal-state magnetic
susceptibility of the OP91 sample measured up to 300 K ex-
hibits no low-T upturn indicative of a paramagnetic impurity.

A previous weak LF-uSR study of overdoped polycrys-
talline samples of Bi,SryCa;_, Y,Cu;,0g,s revealed a small
increasing relaxation rate below 7 ~ 135 K at 20 G in a
T, = 81 K sample [44]. While attributed to an inhomoge-
neous distribution of internal magnetic field generated by
supercondicting (SC) domains, the frequency scale for SC
fluctuations above 7, (10'°—10'* Hz) established by other
methods [45-47] is too high to produce an observable LF

relaxation. Inserting (Bi)l/2 <20 G and 1/t =10' Hz in

Eq. (3) yields A g < 3 x 107* pus™!, which is far smaller than
the LF relaxation rates reported in Ref. [44] and well below
the reliable detection limit.

The TUC magnetic order in Bi2212 inferred by neutrons
is characterized by a pair of staggered magnetic moments in
the CuO; unit cell predominantly perpendicular to the CuO,
plane and displaced from a Cu atom along the [1,1,0] direction,
with an ordered magnetic moment of ~0.1ug [12]. While
the precise muon site in Bi2212 is undetermined, the muon
is expected to reside near an O atom. Calculations of the
magnetic dipolar field generated by static ITUC magnetic order
at the oxygen sites in the CuO,, SrO, and BiO planes yield
3.1, 116, and 1.4 G, respectively. Two of these values are on
the order of the magnitude of the quasistatic internal field just
above T, estimated from the LF-SR data. However, this does
not exclude the possibility of magnetic order fluctuating too
fast to be detectable on the uSR time scale, or, equivalently,
Az = ylf(Bi)t <0.001 us~!. With this said, the detected
field is close to the calculated size of the internal magnetic
fields generated by quasistatic magnetoelectric quadrupolar
ordering—estimated to be ~0.3 G at the oxygen sites in
Hg1201 [30] and potentially larger at the muon site(s) in
Bi2212.

In summary, we have detected a weak T -dependent
quasistatic internal magnetic field in the SC and PG phases
of Bi2212, seemingly of electronic and intrinsic origin. While
consistent with a static version of the IUC magnetic order
inferred from neutron measurements, this interpretation is
difficult to reconcile with ©SR studies of other cuprates. Our
findings offer some support for a theory ascribing the primary
order parameter in the PG phase to quasistatic magnetoelectric
quadrupoles.
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