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Muon spin relaxation and fluctuating magnetism in the pseudogap phase of YBa,;Cu;0,
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We report the results of a muon spin relaxation study of slow magnetic fluctuations in the pseudogap phase
of underdoped single-crystalline YBa,Cu30,, y = 6.77 and 6.83. The dependence of the dynamic muon spin
relaxation rate on applied magnetic field yields the rms magnitude BJ5;’ and correlation time 7. of fluctuating
local fields at muon sites. The observed relaxation rates do not decrease with decreasing temperature below the
pseudogap onset at 7*, as would be expected for a conventional magnetic transition; both BJ’ and t. are roughly
constant between 7* and the superconducting transition. NMR relaxation rates due to putative loop-current

fluctuations are estimated and found to be too small to be observed. Our results put strong constraints on the

theories of the anomalous pseudogap magnetism in YBa,CuzO,,.

DOI: 10.1103/PhysRevB.103.134426

I. INTRODUCTION

The pseudogap phase in hole-doped cuprates is one of the
most studied quantum states in high-temperature supercon-
ductors [1-10]. It is characterized by the loss of low-lying
electronic excitations, and it emerges below a characteristic
temperature 7 that depends strongly on the hole con-
centration on the CuO, plane. Anomalous transport [11],
thermodynamic [11,12], and electrodynamic [6] properties are
observed below T*. Extensive work [2] has shown that the
pseudogap state is quite different from a normal metal, and it
is widely believed that it holds the key to a general model
for high-temperature superconductivity. Two categories of
theories, involving either a crossover [1,3,10] or a true ther-
modynamic phase transition with a quantum critical point
[4,8], attempt to explain the origin of the pseudogap. Both are
consistent with several experimental phenomena [10].
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A variety of symmetry-sensitive techniques have discov-
ered broken inversion and time-reversal symmetries (TRS)
in a number of cuprate superconductors below 7 [13-19].
Among the various models, theories that posit intra-unit-
cell (IUC) magnetic order [20-23] have been proposed in
which both of these symmetries are broken. Polarized neutron
diffraction (PND) experiments yielded evidence for TRS-
breaking ordered IUC moments below T* of the order of
0.1up [13,14,16,24], but also for the absence of such mo-
ments [25,26]; the latter has, however, been refuted [27,28].
Resonant inelastic x-ray experiments [29] observe magnetic
correlations across a wide family of cuprates from under- to
overdoping, albeit at low temperature.

Objections to IUC magnetism were raised, however, as
probes of magnetic moments and local fields expected from
TRS breaking yielded a wide variety of results. Claims of both
the presence [30-32] and absence [33-38] of static and/or
dynamic fields in the pseudogap phase have been made based
on muon spin relaxation (uSR) experiments [39-41] carried
out using different configurations. NMR experiments [42-44]
have not observed such fields. The current consensus is that
there is no evidence for static magnetic order from either
1SR or NMR. However, most £SR data were taken in zero
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field (ZF) [30,32-38,45], where static and dynamic fields both
contribute to the relaxation [39-41]. In longitudinal-field (LF)
1SR experiments, relaxation in a sufficiently strong field is
solely dynamic and is therefore a probe of fluctuating mag-
netism.

Only a small number of LF-uSR measurements in the
pseudogap phase have been reported [31,32,37,38], most with
very few data in strong LF. Dynamic muon spin relaxation by
slowly fluctuating magnetic fields was, however, observed in
recent LF-#SR experiments in YBa;Cu30, [31]. Measured
relaxation rates A in the pseudogap phase yielded heuristic
estimates of ~100 mT for the rms fluctuating local field B}
at muon sites, and ~10~% s for the correlation time 7, of
the fluctuations. The fluctuations are consistent with “static”
IUC order from PND experiments, for which the experimental
timescale (~10~'2 s) is much shorter than 7. The fluctuations
also explain the absence of static fields in NMR and uSR
experiments, where timescales for quasistatic behavior are
considerably longer (=107 s).

Maxima in A(7") were observed at temperatures Ty, ~ T*
in YBa,Cu30,, y =6.72, 6.77, and 6.95, followed by in-
creases of A with decreasing temperature in the pseudogap
phase [31]. It was determined that the maxima were not due
to activated muon hopping, charge inhomogeneity, nuclear-
dipole fields, or other phenomena. In addition, the values of
B¢ were consistent with the [IUC moments observed in PND
experiments. These results are strong evidence for fluctuating
IUC magnetic order in the pseudogap phase. A recent uSR
study of Biy;,Sry_CaCu;0s.5 [32] found quasistatic mag-
netic fluctuations that might have the same origin as those in
YBa;Cu30,. Comparison between different cuprate materials
cannot be made due to the dearth of LF-uSR results.

In this article we report the temperature dependencies of
B;¥ and 7. in the pseudogap phase of YBa,Cu30O,, y = 6.77
and 6.83, from LF-u SR measurements of dynamic relaxation
rates A.. The oxygen concentrations were chosen so that 7*
is above the onsets of charge density wave phases [10,46] but
well below the muon hopping temperature regime 7' 2 200 K
[31]. We determine B;.?° and 7. separately by extracting them
from the field dependence of A, measured at a number of
temperatures. We find that they are both roughly constant
in the pseudogap phase down to the superconducting transi-
tion temperature 7;.. This is in contrast to ordinary magnetic
transitions, where both quantities decrease with decreasing
temperature in the ordered state [47], and it raises the question
of the origin of the spin dynamics at low temperatures. It has
been suggested [48] that the fluctuations arise from quantum
size effects in domains of IUC order.

II. EXPERIMENT

Parent compounds for the single crystalline samples
of YBa,Cu;0,, y=6.77 and 6.83, were synthesized by
a polythermal top-seeded solution-growth method using a
3Ba0-5CuO solvent flux [49]. This method can yield crystals
with high crystallinity [50]. The bulk single crystal was then
cut into small pieces with ab plane lateral dimensions of
2mm x 2 mm and c-axis thicknesses of 0.5 mm. Oxygen con-
centrations y = 6.77 and 6.83 were achieved by postannealing
the parent compound in flowing ultrahigh-purity oxygen at

TABLE 1. Doping level p, superconducting transition tempera-
tures 7., pseudogap onset temperatures 7, and peak temperatures
Thag in p* relaxation rates for YBa,Cu30,, y = 6.77 and 6.83. From
Ref. [31] except as noted.

y p o T.(K(onset) T*(K)(@pprox) T (K)
6.77 0.138 80 155-185 160(10)
6.83 0.149 88 130-160 142(10)
*Unpublished data.

different temperatures [31,51,52]. Values of y and doping
level p were obtained from measurements of 7.. T* was de-
termined as the temperature for which the resistivity departs
from T-linear behavior at high temperatures (Fig. 4 C of
Ref. [31]). For comparison, values of T;, T*, and T, are
given in Table L.

uSR experiments were carried out using the LAMPF
spectrometer at TRIUMF, Vancouver, Canada; the ARTEMIS
spectrometer at J-PARC, Tokai, Japan; and the EMU spec-
trometer at the ISIS Facility, Rutherford Appleton Laboratory,
Chilton, UK. At all facilities, 100% spin-polarized positively
charged muons (u*) were implanted into the samples with
the initial £ spin polarization P, (0) normal to the ab plane.
Appropriate functional forms were least-squares fit to the
asymmetry data using the MUSRFIT uSR analysis program
[53].

Previous SR experiments on YBa;Cu3O, [31] revealed
that fluctuations of local fields at u*t sites are motionally
narrowed: y,B™1, < 1, where y, = 8.5156 x 108 s~! T~!
is the muon gyromagnetic ratio. In an externally applied
longitudinal field H;, || P,(0), the corresponding motionally
narrowed relaxation rate A; follows the so-called Redfield
relation [54,55]

2(y,B™)’ 7.

A (Hp) =
W) = o H )

ey

if the fluctuations are Markovian and characterized by a sin-
gle correlation time 7.. Equation (1) represents the effect of
sweeping the u* Zeeman frequency y, uoH, through the fluc-
tuation noise spectrum, and it assumes no field dependence of
the spin dynamics. A crossover occurs for y,uoHr ~ 1/7.,
and the area fooo M (Hp)dH;, = JI)/HBIZOC is independent of ..
For more general fluctuation spectra, Ay (H;) decreases with
increasing Hy as the ut Zeeman frequency passes through a
high-frequency cutoff. The Redfield relation has been widely
applied in SR to characterize dynamic fluctuating magnetic
fields in strongly correlated electron systems [56-58].

We measured A (Hy) in YBa;CusO,, y = 6.77 and 6.83,
at various temperatures above the superconducting transitions.
All data were taken using the LAMPF spectrometer except for
y=6.83, T =170 K, for which the ARTEMIS spectrometer
was used.

Figure 1(a) shows representative asymmetry versus time
spectra from YBa,CuszO¢77, T =95 K, uoHp =6 and
280 mT. The decrease in relaxation rate with increasing LF
expected from Eq. (1) is small but resolved. The absence of
deviation in the residuals and the good statistical x> values
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FIG. 1. (a) Representative LF-uSR asymmetry time spectra from
YBa,Cu3;0¢77, T =95 K, pnoHy = 6 and 280 mT. Curves: fits of
exponential relaxation functions (linear for slow relaxation). Uncer-
tainties are statistical and one standard deviation. (b) Residuals (data
— fits) and reduced x? values.

[Fig. 1(b)] show that the data are well characterized by the
fits.

The observed ™ spin relaxation in YBa,Cu30y is very
slow [31], and care must be taken to characterize spurious
spectrometer-dependent signals. 1t relaxation is even slower
in pure silver [31,59], so that control experiments on Ag
samples serve as a check for such signals. LF-uSR data were
taken on the LAMPF and ARTEMIS spectrometers using
a pure silver sample with lateral dimension and thickness
similar to those of the YBa;Cu3O, samples. Figure 2 shows
the field dependencies of u* dynamic relaxation rates Aag
measured on the spectrometers used in this study. Data from
the EMU spectrometer, taken from the supplementary mate-
rial for Ref. [31], are also shown. The values Ap, ~ 1 ms~!
are in good agreement with previous results [59], and they
serve as a field-independent upper bound on any such signal
up to 400 mT. They are evidence for the absence of strong
spectrometer-dependent effects.

Small spectrometer-dependent corrections, different for the
LAMPF and ARTEMIS spectrometers, were, however, neces-
sary because of the very slow relaxation rates. In the TRIUMF
VG-Quant gas-flow cryostat used in the LAMPF spectrome-
ter, the sample is suspended in a copper frame. Muons that
miss the sample “fly past” and are vetoed by downstream
counters. However, “empty-frame” data taken with the sample
removed revealed that a few percent of the muon flux stopped
in the frame and relaxed at a significant rate, resulting in a
spurious signal. Use of the empty-frame results to correct the
observed LF relaxation data is described in Appendix A.

In the ARTEMIS cryostat, a sizable weakly relaxing con-
tribution to the signal was observed from muons that missed
the sample and stopped in the silver sample holder; this is

8 .
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FIG. 2. LF muon spin relaxation rates in pure silver samples
with dimensions similar to those of the YBa,Cu3O, samples. Data
taken using three different spectrometers at different temperatures.
Squares: J-PARC/ARTEMIS. Circles: ISIS/EMU (from Ref. [31]).
Triangles: TRIUMF/LAMPE.

typical for many SR cryostats. Its amplitude was measured
using ZF data, where the sample and Ag contributions could
be separately determined because of their different relaxation
rates. The correction for ARTEMIS LF data, also described in
Appendix A, uses Ag rates from Fig. 2.

II1. RESULTS
A. Field dependence of relaxation rate
1.y=6.77

Figure 3 shows the field dependence of A, for y = 6.77 at
a number of temperatures. Data for 7 = 85 K were reported
in Ref. [31] and are not shown here. Fits to Eq. (1) are shown
for 95 < T < 188 K. The latter is higher than T, but all
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FIG. 3. Dependence of dynamic u™ relaxation rate A; on longi-
tudinal field H; in YBa,;Cu3Og77, T > T.. Solid curves: fits of Eq. (1)
to the data. Dashed curves: extensions of fits to regions outside data
ranges.
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FIG. 4. Dependence of A, on H; in YBa,Cu30¢43, T > T.. Solid
and dashed curves as in Fig. 3.

temperatures are in or below the range of reported 7* values
(Table I). The half-widths of the fit curves, which, as noted
above, are measures of 1/7., are of the order of 100 mT,
corresponding to 7. & 10 ns. At 157 K and above there is a
significant decrease in the relaxation rate at low fields, possi-
bly due to a spatially inhomogeneous distribution of 7* in the
sample.

2.y=6383

Corresponding results for y = 6.83 are shown in Fig. 4.
A Redfield field dependence of A, (H) is again observed for
temperatures up to and slightly above Ty, but at 170 K
(above the range of T*) the rate has fallen to zero to within
errors. This is discussed below in Sec. III B.

Statistical data for these fits are discussed in Appendix B.

B. Temperature dependencies

Figure 5 shows the temperature dependencies of B * and
7. obtained from the fits shown in Figs. 3 and 4. Values of
B¥ agree with previous results [31]. There is a slight but sta-
tistically marginal increase in t. with decreasing temperature
below T* for both dopings, which, however, is accompanied
by a decrease in Bj)"; it can be seen that the two parameters
are strongly anticorrelated statistically, a property of Eq. (1).
Thus the data are suggestive but not conclusive. Results for
y=16.83, T =93 K differ from those previously reported
[31], most likely due to less uncertainty in the present data.

Fory = 6.83,T = 170 K (=10 K above T*), essentially no
relaxation was observed within errors up to pwoH"™™ = 0.4 T
[Fig. 4(1)]. This and the consequent absence of a high-field
cutoff put an upper bound 1/(y,puoH"*) ~ 2 ns on 7.. We

note that if fluctuating magnetism exists above T* [60], then
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FIG. 5. Temperature dependencies of ut rms local fields Bjne
and correlation times 7. in YBa;Cuz0y. (a) y = 6.77. (b) y = 6.83.
Shaded areas: superconducting phase. Horizontal bars: ranges of
reported pseudogap onset temperatures 7*.

B¥ is nonzero there and thus is not an order parameter for
the pseudogap phase.

Due to time limitations at the accelerator facilities, not
enough temperature points could be taken to resolve the pre-
viously observed peaks in A.(T') at Tipae ~ T [31]. As noted
above, the LF-u4SR results in this earlier study were associated
with the pseudogap phase by these peaks and by the consis-
tency of B> with the IUC moments observed by PND.

loc

IV. DISCUSSION
A. Fluctuations and PND

As has been previously noted [31], values of B[S ~
1 mT (Fig. 5) are consistent with calculated local fields
from ~0.1up IUC magnetic moments observed by PND in
YBa,;Cu30, [16]. The fluctuations would not affect the PND
results; the consequent broadening 7/t. of the Bragg re-
flections is ~0.1 pueV, much smaller than the PND energy

resolution ~1 meV [48].

B. Conflicting conclusions

As mentioned in the Introduction, a series of wSR stud-
ies [30-37] reported conflicting results on the nature of the
detected magnetic fields in the pseudogap states of several
hole-doped cuprates. Concerns were raised [45] whether the
putative IUC field is instead associated with charge inho-
mogeneity or muon diffusion effects. However, it has been
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TABLE II. Muon and nuclear gyromagnetic ratios y, and Ve,
experimental relaxation rates 1/7, in YBa,Cu;0, at ~100 K
(Ref. [64]), and estimated rates 1/7*" from loop-current magnetic
fluctuations.

M+ 63Cu 137Ba 170 89Y

Vimse (107 71 T71) 85.156 7.1088 2.988 —3.6279 —1.3155
T (s7h) ~1000 ~2000 ~20  ~30 ~0.02
1Tt (57 7.0 1.2 1.8 02

shown [31,61] that these issues are not related to the observed
maxima in the o relaxation rates at Tinae ~ T*. We note that
much of the data of Ref. [31] and all of the present results
were obtained for LF strong enough to decouple static nuclear
dipolar relaxation [54], and they are thus not subject to a
recent critique [38].

C. Loop-current fluctuations and NMR

From our results A(H;=0)=2(y,B™)*1, ~ 1 ms~!
(Figs. 3 and 4), we can roughly estimate nuclear spin-lattice
(dynamic) relaxation rates 1/7; contributed by putative IUC
loop currents [20,21,62,63]. Assuming fluctuating fields at
nuclear sites with similar magnitudes and correlation times as
at muon sites, we scale our SR rates by factors (ynuc/Vu )2,
where Yy, is the nuclear gyromagnetic ratio, to obtain
estimates 1/7,°" of NMR rates. Loop currents flow between
ions and are spin-free, so that spin hyperfine coupling is not
involved. Intersite orbital matrix elements might contribute to
NMR relaxation, but they have not been estimated [64].

Table II compares values of 1/7* with experimental val-
ues 1/77™" at ~100 K for Cu, '¥7Ba 70, and Y NMR in
YBa,Cu;0, [64]. With the exception of ¥y, the estimated
NMR rates are more than an order of magnitude smaller than
the measured rates, making observation of the loop-current
contributions difficult. Furthermore, the NMR rates would
be suppressed by the Redfield field dependence [Eq. (1)] for
applied fields greater than a few tesla. Observation would also
be difficult for 32 Y NMR; the Y site in the YBa,Cu30, crystal
structure is symmetric with respect to oppositely directed IUC
loop currents, and the local fields there would cancel [44].
Absent further information on an intersite orbital hyperfine
contribution, the LF-uSR results are not in conflict with the
absence of NMR evidence for the slow fluctuations.

D. Hidden-order phase of Sr,Ir;_,Rh,Oy4

It is intriguing that similar unusual magnetic fluctua-
tions have been observed via the Redfield field dependence
of u™ dynamic relaxation in the “hidden-order” phase of
SrpIr_Rh,O4 [58]. The hole-doped cuprates and the Rh-
doped iridates share similar crystal symmetry, and there is a
similarity in electronic structure and magnetic order geometry
as well [18,65]. In addition, PND experiments found evidence
for TRS breaking [66]. Both 7. and B}5;’ are of the same mag-

nitude as in YBa,Cu30y, suggesting that slow spin dynamics
might have the same origin in both systems.

V. CONCLUSIONS

Using LF-uSR, we have measured the correlation times t,
and rms dynamic local fields Bj;?* at muon sites associated
with slow magnetic fluctuations in the pseudogap phase of
YBaCu30,, y = 6.77 and 6.83. Our results show that the
fluctuating IUD magnetism of this phase persists down to
the superconducting transition. Although ©SR does not yield
direct information on the spatial structure of the fluctuating
magnetization, the rate maxima at T, ~ 7* and the consis-
tency of the magnitude of BJ)* with the IUC moment values
from PND experiments are evidence that the fluctuating fields
arise from IUC moments. Persistent dynamic relaxation in the
pseudogap phase has been attributed to quantum size effects in
disordered loop-current domains [48]; an alternative scenario
might involve a macroscopically degenerate ground state. The
long but finite correlation times are perhaps conceptually
similar to long-range order in the presence of long but finite
correlation lengths [67]. More work is needed to understand
this situation. Finally, recent reports [68,69] suggest interest-
ing behavior in overdoped cuprate samples with p > 0.19,
where the pseudogap phase is usually believed to vanish. This
overdoped region should be studied further by ©SR.
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APPENDIX A: SR DATA ANALYSIS, BACKGROUND
CORRECTIONS

1. Data analysis

LF-uSR experiments typically involve two opposing
positron counters (+ and —), oriented parallel to the initial
muon spin polarization [39-41]. Counts N*(¢) from the coun-
ters are analyzed using the corresponding two expressions

NE@) = NE0)e /™ [1 £ AT(1)], (A1)

where 7, = 2.197 us is the muon beta-decay lifetime. The
asymmetry relaxation functions A*(¢) are given by

A=) = ATG(), (A2)

with initial values A(f and a normalized relaxation function
G(t). The N*(0) and A§ are spectrometer-dependent.

Two approaches are commonly used to fit these expres-
sions to the data: “separate-histogram” fits, in which Eqgs. (A1)

134426-5



Z.H.ZHU et al.

PHYSICAL REVIEW B 103, 134426 (2021)

are fit separately with a common G(¢); and “asymmetry-plot”
fits [70], in which parameters « = N~ (0)/N*(0) and B =
Ay /Ag are introduced, and N*(0) and 7, are eliminated from
Eqs. (A1). This yields a single equation for AJ G(¢).

2. o checks

At each temperature, we first performed a so-called «-
check run in a weak (2-mT) transverse field, where the
oscillations provide accurate determinations of N*(0) (and
thus «) and AOjE (and thus ). Parameters without field de-
pendence were fixed during the LF fits. LF values 20.1 T
influence «, so it was left free in the fits. Separate o checks for
each temperature determine parameter changes due to thermal
expansion in the cryostat.

3. Background correction

There are two classes of spurious background positron
counts in SR experiments. For a continuous-beam muon
source such as at TRIUMF, counts from a counter in the muon
beam initiate the detection of an event. A small uncorrelated
(time-independent) background is present due to muons not
registered by this counter; their positrons contribute (small)
constant additive terms B* to Egs. (A1). For asymmetry-plot
fits, “¢# < 0” data from times earlier than muon stops are
normally used to estimate the B*. Bueno et al. [59] found,
however, that this introduces a systematic error in ultraslow
relaxation measurements. Separate-histogram fits, where the
BT are fit parameters, were therefore used in the present study.

Correlated background is due to muons that trigger the
muon counter but miss the sample and stop in the sam-
ple holder or cryostat. It is spectrometer-dependent and, as
noted in Sec. II, the correction procedures for LAMPF and
ARTEMIS data are different.

In the TRIUMF VG-Quant gas-flow cryostat, the ampli-
tude of the signal from the sample support frame is small, but
its relaxation rate is significant. To estimate the correction we
obtained data from the frame itself with the sample removed.
TRIUMEF spectrometer scalers provide total counts of incom-
ing muons (7y) and “gated” (nonvetoed) muons (i), so that
the fraction of gated events is p4/Ty. These were recorded for
the “empty-frame” data and separately for “total” (i.e., sample
+ frame) data with a pure silver sample. Then the fraction 5
of the frame signal is

_ (g/Th) ¢
"7 g/ Tt
This yields ny = 0.0267.

The observed asymmetry relaxation A (¢) with the sample
present is then (s denotes sample, f denotes frame)

AR () = ARG (1) = n,AYG (1) + 1AL G (1),

(A3)

(A4)

where 7, = 1 — 7y, the Ay’s are initial asymmetries, and the
G(t)’s are relaxation functions, assumed exponential. Both
relaxation rates are small, so that the signals decay approxi-
mately linearly (cf. Fig. 1):

Aml(t) = A})m[l - )"tott]
= AN (1 — Agt) + 1AL (1 — Ast)

= () + nA]) — (i + AR ) (AS)

Thus
AF' = A+ nsAY (A6)
and
, f
NsAShs + 0 pAG A
Mop = OTW (A7)
so that

hy = T nf(Aé; /A (A8)
1 —ny(Ap /A"

Since Ag/Ag’t < 1, the denominator in Eq. (A8) is <2%
less than unity. This is well within the uncertainty in the
numerator, so that the correction of the LF data can be made
simply by fitting the function

Atm (t) = AE)Ol CXP[—()\L + )"corr )t]

(A9)

to the data, with Acor = 7,(A} JAS)A; = 0.4 ms™".

For ARTEMIS data, the sizable signal from the Ag sample
holder was taken into account in the fitting function. Its frac-
tion nag Was obtained by fitting ZF data, where the sample and
Ag relaxation rates are very different; this allows amplitudes
of the two contributions to be determined. With Ayg = 1 ms™
from Fig. 2, the LF relaxation function is

G(t) = (1 = nag)exp(—Art) + nagexp(—Aagt).  (Al0)

4. Oscillating component

The ut beam spin polarization is initially (anti)parallel to
the beam direction, but it precesses slightly as the beam passes
through a separator (crossed electric and magnetic fields) that
removes positron contamination from the muon beam. Thus
there is always a small angle between the stopped p™ initial
spin direction and the applied field (which is parallel to the
beam).

The resulting u precession at frequency y, poH; would
not contribute to the LF signal if the spectrometer were per-
fectly axially symmetric, but a small oscillating component
is sometimes observed. The oscillations identify this signal,
and it is easily included in the fit function if it is present [no
oscillations were observed in the data of Fig. 1(a)].

APPENDIX B: STATISTICAL DATA

The uncertainties in the ultraslow relaxation rates are large,
and some of the fit curves in Figs. 3 and 4 appear to be only
distantly related to the data. We therefore wish to empha-
size that all fits were obtained using conventional nonlinear
least-squares techniques, which produce the values and un-
certainties of the parameters shown in Fig. 5 in the usual way.

The parameter uncertainties in this article are standard
deviations o. The inverse relative standard deviation (IRSD)
of a parameter is its value divided by its standard deviation,
and it is the N in “No” that is commonly used to describe the
significance of the results. The cumulative IRSD is the square
root of the sum of squares of the individual IRSDs, and it is a
measure for the entire dataset.

Reduced x? values and IRSDs of 7. and B™ from fits

loc

shown in Figs. 3 and 4 are listed in Tables III and IV,
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TABLE III. Statistical data for YBa,Cu30Og77: reduced x? and
IRSDs of 7. and BJy’ from fits of the Redfield relation [Eq. (1)] to
the field dependencies of the relaxation rates (Fig. 3).

TABLE IV. Statistical data for YBa,Cu3Ogg3: reduced x? and
IRSDs of 7. and By’ from fits of the Redfield relation [Eq. (1)] to
the field dependencies of the relaxation rates (Fig. 4).

IRSD IRSD
T (K) x* T B T (K x’ T B
85 1.78 3.2 72 93 0.97 3.6 8.4
95 0.50 48 11.2 105 0.53 3.0 6.9
110 1.75 2.1 48 112 1.17 2.9 6.7
125 1.02 2.7 6.1 119 0.40 47 10.9
139 1.02 1.3 29 126 1.06 2.9 6.7
157 0.90 2.6 6.5 135 0.93 0.9 1.9
188 0.38 2.2 5.0 145 0.97 2.0 4.6
Cumulative 7.63 1769 155 0.30 3.9 9.5
170 N/A®
Cumulative 8.99 21.01

respectively. The scatter in x? is consistent with the number
of degrees of freedom in the data. Given the uncertainties,
it is not surprising that many of the ISRDs are smaller than
the usual standard of 5. The cumulative values for both

4Data not fit; cf. Sec. III B.

samples are, however, quite significant, and they are evidence

for nonzero 7. and BJ7’.
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