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Muon-spin-rotation study of vortex states in RBazCu307 using maximum-entropy analysis
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A maximum-entropy method has been applied to transverse-field muon-spin-rotation vortex data of
RBa2cu307 (R 1:2:3:7;R =Er, Gd, and Eu); this produces spectra representing estimates for the
magnetic-field distributions. The information on the field distribution is of better quality than that re-

sulting from Fourier transformation and curve fitting of the same data. Significant deviations from Abri-
kosov predictions have been observed for the estimated R 1:2:3:7vortex-field distributions. Below 10 K,
for Er 1:2:3:7and Gd 1:2:3:7,the non-Abrikosov features appear to be influenced by the magnetism of
the rare-earth layers.

Muon-spin-rotation (@SR) studies' are making
significant contributions towards understanding the vor-
tex states of the Cuo-based high-T, superconductors.
Improvement in basic understanding of these mixed mag-
netic and superconducting states is necessary for both
fundamental and technological reasons. Whether the
field distribution is best described by a vortex glass or a
vortex lattice is a crucial issue to be resolved. In the for-
mation of the vortex state, thermal fluctuations and mag-
netic disorder may play significant roles. Detailed micro-
scopic measurements (such as by @SR)or vortex field dis-
tributions can provide direct answers to these fundamen-
tal questions.

In most @SR studies of field distributions, ' the ob-
served muon-decay time histograms are analyzed by
Fourier-transformation methods and curve fitting. In
principle, the field distribution is given by the real part of
the Fourier Transform (FT). For real @SR data, which
is discrete, noisy and truncated after a few muon-life
times, FT analysis is problematic. In several FT and
curve-fitting investigations, Gaussian distributions have
been reported rather than the discontinuous distributions
with sharp features predicted by canonical Abrikosov
theory.

An alternative approach for analyzing time series is the
maximum-entropy (ME} method. Some particular ME
methods, like the Burg algorithm, are based upon autore-
gression prediction techniques. ' ' In contrast to FT, ME
is quite successful for short-time range and noisy data,
and does not suffer from truncation effects, like the well-
known FT sine wiggles. ME has the major advantage of
producing in the frequency spectrum only structure for
which sufhcient statistical euidence is present in the time
series. In recent years, ME has been successfully applied
to NMR spectroscopy. We have developed and success-
fully tested an ME method for transverse field (TF) @SR
data based on the Burg algorithm. '"'

In this paper, we report the results of our ME analysis
of @SR vortex data reported earlier for RBa2Cu307 (R
1:2:3:7;R = Eu, Gd, Er). Below, the relevant pSR vortex
studies and theoretical predictions are discussed briefly,

followed by an outline of our ME-@SR method. Next,
the results of the ME-Burg analysis are presented and
discussed. Finally, the conclusions are offered; these re-
sults help improve the understanding of the vortex states
of cuprate superconductors.

Following the Bednorz and Mueller discovery (1986),
several TFpSR studies on CuO-based superconductors
have been reported. ' In standard time-differential @SR
techniques, polarized positive muons are implanted one
at a time into the sample under study. The time intervals
between p+ implantation and the decay positron emis-
sion (preferentially along the direction of the muon spin)
are recorded. The resulting time histogram of p-decay
events is given by N(t) =Noexp(

tlat„)[—

1+A, (t)],
where r„ is the muon-life time ( -2.2 @sec). When a sin-

gle inagnetic field value is dominant, the time-dependent
asymmetry, A, (t), can be approximated by
A, (t)- A G(t)cost(tot+/), where A is the initial asym-
metry, A G (t) is the envelope of the oscillations, to is the
mean precessing angular muon frequency
(to=2mv=2mgB with g =13.55 MHz kOe '), and P is a
phase angle. A, (t) contains the exact information on the
magnetic field distribution, while G(t} provides an ap-
proximate measure. This information on the probability
distribution of the local magnetic fields at the p+ stop-
ping sites can be extracted from A, (t) by means of
Fourier transformation, or by maximum-entropy
analysis —as reported here in some detail.

In high-T, cuprates, TFpSR has been successful in the
determination of magnetic penetration depths and the
strengths of the flux pinning. ' ' Further, it has been
claixned that for the 1/2/3 cuprates and other type-II su-
perconductors, T, is inversely proportional to the square
of the T~O London penetration depth. Truncation
effects and statistical noise make FT and curve fitting
rather insensitive to sharp features of the field distribu-
tion. Another (albeit minor) problem is the fact that the
muon does not randomly sample the magnetic environ-
ment at the atomic scale, as has been frequently assumed.
Below about 150 K the muon primarily probes the vicini-
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ty of the oxygens in the BaO layers, an insulating part of
R 1:2:3:7.These diSculties limit studying details of the
flux configurations and dynamics.

Several TFpSR line shape studies of type-II su ercon-
ductors in the mixed state have been published, ' " fol-
lowing the pioneering work of Ivanter and Smilga. "
The predicted line shape of the field distribution for a sin-
tered powdered sample exhibits a sharp peak occurring
slightly below the applied field value, with a long tail (up
to 150 Oe) at higher fields. Over a 50-Oe field interval
below the sharp peak, the field distribution initially falls
precipitously followed by a steady decline to zero. (See
also inset of Fig. 2.) For Y 1:2:3:7,differences between
experimental FT shapes and theoretical curves were dis-
cussed and explained in terms of flux-trapping models. "'

Particular aspects of the data acquisition and analysis
need to be pointed out. First, in the @SR vortex
data" '" " ' taken at LAMPF, two pSR signals are ob-
served: one that broadens drastically with decreasing
temperature below T„and a second frequency nearly
equal to that corresponding to the applied field. The
LAMPF TFpSR data need no "background" subtraction,
because the positron counters are placed inside the cryo-
stat, precluding any background signal arising from non-
sample sources. This has been confirmed by auxiliary
TFpSR measurements on magnetite. " ' This slightly
temperature-dependent signal, observed near the applied
field, may stem from grain boundaries or other nonsuper-
conducting regions, where disorder in the chain layers ex-
ists at the atomic scale. " ' Second, for the R 1:2:3:7data,
the A, (t} behavior indicates that A is about 0.21 and
below about 60 K, G(t) dies out quickly within 1 psec.
Below T„A .6 (r) plots show slight, but systematic, devi-
ations from Gaussian behavior near 0 and 1 psec. Thus,
Gaussian curve fitting may overlook significant features
of the vortex data.

An ME-p, SR method has been developed a brief
description follows. Let x; be the signal to be analyzed;
for @SR this is A, (t), which is obtained by removing the
background noise and muon-decay exponential, and sub-
tracting the nonoscillating term; x; is sampled in X equal-
ly spaced time bins (i = 1, . . . , N). One can write~' "

X;= g CkX; k+1l;
k=1

The autoregressive coeScients ck are determined from
the data, p is called the order of the model description,
and n; is the assumed white noise term for each bin. Us-
ing the Burg minimization criterion to obtain the least
structure in the transform, the ck values are estimated.
The power spectral density (PSD) is easily calculated us-
ing ck, and a reliable estimate for the probability distribu-
tion is obtained by taking the square root of the PSD;+'~
we refer to this as the ME transform. For simulated and
real TFpSR data in the 10-MHz range, we have deter-
mined p empirically by monitoring the Akaike prediction
error" in this ME approach. The optimal order p,~, is
about 1/5 to 1/3 of the number of points (N, }in the time
series. Spurious signals appear when p is larger than —,'N, .

To maximize the ME signal-to-noise ratio, the data x;

can be weighted before ME transformation by an ex-
ponential or Gaussian filter function with filter time Tf.
Taking into account the Poisson statistics of the p decay,
exponential weighting (with twice the p+-decay time as

Tf } would remove most of the inherent p,SR scatter. If
the A, (t) signal shows approximate Gaussian relaxation,
a Gaussian filter is more beneficial for signal-to-noise im-

provement in the ME transform. A I/Tf-broadening
effect in the ME distributions should be expected. We
have found that filtering reduces the background scatter
much more at frequencies outside the signal region(s)
than where the signals occur.

We have applied our ME method to simulated @SR
data containing closely spaced but discrete frequencies, or
having continuous square or triangular frequency distri-
butions, as well as to actual ZFpSR data' obtained for
the antiferromagnetic phase of Y2BaCu05 (Y 2:1:1}.All

@SR signals are in the 10-MHz range. The simulations
show that the ME estimates for the field distributions
closely resemble the generated field distributions. ' ME
application to LAMPF (2M statistics) data of Y 2:1:1
confirmed the five signals previously reported and ob-
tained by curve fitting of high statistics PSI data. ' The
precision of all positions of the five sharp ME peaks is a
factor of 10 better than that of the frequency signals
determined by their' curve-fitting analysis. During ME
development and p,~, determination, we saw the need for
an estimate of error. We have found two sources of error
in the ME transforms: a random noise contribution
determined by statistics (as usual}, and a smaller one
whose value correlates positively with the magnitude of
the slope in the ME transform.

We now present and discuss the results of the applica-
tion of the ME-Burg method to TFpSR data recorded for
R 1:2:3:7in their mixed states. The polycrystalline sam-
ples are high-quality, single-phase ceramics R 1:2:3:7
(R =Er, Gd, and Eu) with T, 's of about 94 (k2) K.
These samples were field cooled in a 1-kOe field. (For
further details, see our earlier reports. ~) We note that the
Er and Gd ions carry magnetic moments, while Eu (like
Y) does not. Er 1:2:3:7has been reported to be a two-
dimensional (2D) Ising antiferromagnet with a T~ of 0.7
K.' Gd 1:2:3:7is known to be a 3D antiferromagnet
below TN of 2.3 K.'

In Fig. 1 we show the ME determination of the field
distribution in the Er 1:2:3:7vortex state at 4.5 K. The
A, (t) data used for this transform has been weighted by a
Gaussian filter with Tf =0.7 psec; the signal-to-noise ra-
tio is a maximum for this filter time. Most of the field
distribution is well below the applied field, where a small
peak can be seen. This contribution may come from non-
superconducting regions (see above). A "fall-off" occurs
about 250 Oe below the main peak, and is followed by a
long tail down to 100 Oe. The steep decrease is reminis-
cent of Abrikosov features for single crystal samples, but
is not expected in polycrystalline ceramics. "" As dis-
cussed below, the fa11-off in the field distribution appears
to be due to the magnetism generated by the Er planes.

These three non-Abrikosov features (the small contri-
bution near the applied field, the fall-off and tail at lower
fields) do not show up for ME estimates for Pbo 91no „a
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typical type-II superconductor, at 3 K and, 500 and 800
Oe. ' Outside the main field distribution (with a width of
175 Oe, Tf =1.5 @sec), no contributions at lower field are
seen within error. This indicates the R 1:2:3:7cuprates
are not typical type-II superconductors.

In Fig. 2, we compare the ME field distribution esti-
mates for Eu 1:2:3:7at three different temperatures; well
below, below and above T, . At 150 K, the FWHM of the
peak is 40 Oe, which corresponds to 0.54 @sec '. This
can be compared with the estimated broadening effect of
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FIG. 2. ME estimates for the field distributions for Eu 1:2:3:7
at 4.6, 80, and 150 K. The applied field is 1 kOe. The 40-Oe
width at 150 K is mainly a broadening effect due to Gaussian
weighting (Tf =0.7 @sec). The field distribution at 4.6 K is
nearly triangular and asymmetric. The inset depicts the Abri-
kosov prediction for polycrystalline ceramics R ' 1:2:3:7(R ' is a
nonmagnetic rare-earth ion like Eu or Y: A,,b

=1400 A;A, , /A, ,b=5;~=100; from Ref. 1(e) and D. R. Harsh-
man (private communication).

B (kOe)

FIG. 1. ME estimate of the field distribution for Er 1:2:3:7at
4.5 K. The Gaussian filter time Tf used to weight the A, date is
0.7 @sec, which is about the lifetime of the vortex @SR signal.
The error in spectral density is about 0.05, a preliminary conser-
vative estimate (see text). Near the applied field (1 kOe), a con-
tribution from "normal" regions can be seen [Ref. 1(d)]. The
main part of the field distribution is at 800 Oe; a "fa11-off" is ob-
served near 620 Oe, together with a long tail reaching even
lower fields.

B (kOe)

FIG. 3. ME estimates for the field distributions for R 1:2:3:7
(R =Eu, Gd, and Er) at liquid-He temperatures ( Tf
=0.7 @sec). The applied field is 1 kOe. Vertical off-sets for Gd
(+0.5) and Eu (+1.0) have been introduced for clarity. The
field distributions appear to depend on the magnetism present in
the R planes. Significant deviations from the Abrikosov predic-
tion can be noticed.

the filtering (1/Tf=1.4 p,sec '; an exponential filter
with Tf=4.4 @sec yields a linewidth slightly smaller
than the fitted Gaussian relaxation rate of 0.2 @sec ').
Below T, (at 80 K), the peak broadens rapidly by a factor
of 2, and at 4.6 K the spread is over 200 Oe. No hint of a
signal is evident near the applied field, because the 1/Tf-
broadening causes substantial overlap of this small signal
with the main vortex signal. Well below T„nearly tri-
angular, asymmetric, non-Gaussian distributions are ob-
served; deviations from the Abrikosov prediction (see in-
set Fig. 2) can be noted.

In Fig. 3, the ME field distributions for R 1:2:3:7with
R =Er, Gd, and Eu at liquid-He temperatures are com-
pared (Tf=0.7 @sec). A significant fall-off seems not to
be presented in the distributions for the Eu 1:2:3:7data
recorded at 3.5 K (Fig. 3) and 4.6 K (Fig. 2). The fall-off
is seen for R =Gd (at 680 Oe) and Er (at 620 Oe), sug-
gesting that perhaps this feature is a magnetic effect. The
magnetic field value for the fall-off scales well with the
magnetic moment of the R ion. The low-field tail for Eu
1:2:3:7 at 3.5 K running from 0.5 to 0.75 kOe is
confirmed by comparison to higher temperatures, where
this tail disappears. At 4.6 K a smail part of the flat tail
centered near 0.77 kOe is still visible (see Fig. 2).

The existence of the low-field tail for all three R 1:2:3:7
T~O field distributions shows that, in the mixed state,
regions exist for which the magnetic field is much lower
than predicted by Abrikosov theory. Recall that the
muons are probing just below the insulating BaO layers.
The electrons of the neighboring Cu02 planes (which are
responsible for superconductivity) have managed to
screen substantially the applied field for these low-field
tail muons. These muons are sensing competing, perhaps
random, magnetic interactions. This magnetic frustra-
tion appears to be influenced by the presence of magnetic
R ions, as can be seen from Figs. 1 and 3. Thus, we
speculate that the low-field tail is caused by field-induced
magnetic frustration in the vortex-glass state. Further
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study is clearly needed.
In conclusion, an application of the maximum-entropy

technique to TFpSR has been developed and applied to R
1:2:3:7 (R=Er, Gd, and Eu) data reported earlier.
These vortex data were recorded in an applied transverse
field of 1 kOe at several temperatures below room tem-
perature. The ME information on the field distribution is
of better quality than that which resulted from FT and
curve-fitting methods on the same data.

Concerning the estimated field distributions in the R
1:2:3:7vortex states, we have observed significant devia-
tions from Abrikosov predictions. These deviations were
not seen for the canonical type-II superconductor
Pbo 9Ino &. For R =Er and Gd, the non-Abrikosov

features appear to be influenced by the magnetism of the
rare-earth layers. The low-field tail in the vortex field dis-
tribution suggests glassy characteristics in the vortex
state of cuprate superconductors. ME analysis of other
high-T, cuprate systems measured earlier at LAMPF is

underway.
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