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Recent results on the study of high-TC superconductors using the e−–γ perturbed angular
correlation technique are presented. The basic features of the experimental equipment and
its installation at the ISOLDE facility are briefly described. Results obtained from 197mHg
implanted into high quality Y1Ba2Cu3O6+δ epitaxy thin films are presented and discussed.
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1. Introduction

The discovery of high-TC superconductors (HTS) triggered an intense experimen-
tal and theoretical research program in the last decade. Hundreds of new materials
were synthesised and new cuprate families of superconductors with increasing critical
temperature were produced [1,2]. However, many problems at the structural micro-
scopic level remained unclear [3–5]. The structure of the cuprates can be described by
the intergrowth of two block layers along the crystallographic c-axis, as represented
in figure 1, i.e., the superconducting (Sc) layer, with an oxygen deficient perovskite-
like structure in which n CuO2 layers alternate with cation layers (M), and the charge
reservoir (CR) layers which have usually a rocksalt-like structure with two cations A
and B. The cations are arranged in two B-O outer planes directly bound to the Sc block
layers, while m planes of the composition A-O are located in between the B-O planes.
In contrast with the Sc layers, the CR ones have several chemical configurations and
behave as insulators or metals, depending on the presence of chemical and/or struc-
tural defects. Changes of the oxygen concentration in these blocks can cause metal
to insulator transitions and structural changes, and will induce an injection of charge
carriers in the superconducting blocks.
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Figure 1. Schematic representation of the cuprate structure of the high-TC superconductors, from [4].

The understanding of the mechanisms that regulate the transfer of charge car-
riers between the CR and the Sc blocks is a major point of present experimental
research [5,6]. In particular, the replacement of elements in the CR block layer by
elements or chemical groups with different oxidation states is of special interest since
it is expected that such doping induces changes of the HTS properties [7]. However,
the number of impurities, which can be incorporated during growth, limits the amount
of replacements. Furthermore, the common techniques,1 which are used to charac-
terise the new CR structures, are often not able to characterise on an atomic scale the
order/disorder and their interactions with point defects of both the lattice constituent
and the dopant elements.

The specific advantages of nuclear spectroscopic techniques, which use radioac-
tive isotopes to study HTS are still far from being exploited. Previous studies using
Mössbauer Spectroscopy [8], Perturbed Angular Correlations (PAC) [9] and Emission
Channeling (EC) [10] were limited by the small number of suitable probe elements
and by the poor quality of the available samples of superconductors.

An interdisciplinary collaboration received an approved proposal at ISOLDE/
CERN [11] for research in high-TC Superconductors [3]. The work of this collaboration
has been recently summarised in [12,13]. From that work, examples of the application
of e−–γ PAC technique to studies of the Hg doping of YBa2Cu3O6+x (YBCO) high
quality thin films will be shown.

2. Experimental details

The PAC technique has demonstrated its potential when applied to systems as
diverse as metals, semiconductors, insulators and biological molecules [14,15]. Being
highly sensitive to the probe’s atomic neighbourhood, PAC measures the electric field

1 E.g., electron microscopy, Raman and infra-red spectroscopy, synchrotron radiation and X-ray analysis,
neutron diffraction and iodometry (for determination of oxygen content).
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Figure 2. Schematic representation of the decay of 197mHg.

gradient (EFG) which is generated by the deviation from cubic symmetry of the charge
distribution around the probe nuclei [16]. However, the number of suitable radioactive
isotopes is limited. In many cases γ–γ cascades can be substituted with advantage
by e−–γ cascades, enlarging the number and variety of PAC probes. Such is the
case for, e.g., 73As [17], 127Ba [18], 119mSn and 197mHg, where at least one of the
transitions is highly converted. In these extreme cases γ–γ experiments are just not
feasible. Furthermore, a larger experimental anisotropy is normally obtained, due to a
favourable electron particle parameter.

At ISOLDE the 197mHg nuclei are produced by bombardment of a molten Pb
target with the 1 GeV proton beam from the PS-Booster accelerator at CERN [11].
197mHg has a 24 h half-life and decays via a 165–134 keV cascade, shown in figure 2.
Both the K and L-conversion electrons from the 165 keV transition can be selected.
Figure 3 shows a conversion electron spectrum obtained in the decay of 197mHg. The
L-conversion electrons are more convenient due to a higher conversion ratio and higher
energy, which improves the time resolution. 197Hg then decays to 197Au with 64 h
half-life. The quadrupole moment of the 134 keV state in 197Hg has been recently
re-evaluated to be Q(197Hg) = −0.057 ± 0.007 b [19].

The e−–γ PAC spectrometer consists of two magnetic lenses of the Siegbahn
type [20] for detection of conversion electrons, and two BaF2 scintillators for γ de-
tection, all arranged in one plane. As shown in figure 4, each lens is at relatively 90◦

with one γ detector and 180◦ with the other. In this way a classical four-detector PAC
spectrometer is formed, with two start-detectors and two stop-detectors. The sample is
situated inside a vacuum chamber, with the side to be implanted facing both magnetic
lenses.

For on-line implantation and measurement, the ISOLDE ion beam enters the
chamber through a narrow tube, 30 cm long and 1.2 cm wide, mounted in between the
magnetic lenses. Albeit this narrow aperture, a beam transmission of 90% is achieved.
The sample holder is mounted on a feed-through system that allows sample changing
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Figure 3. Electron spectrum from the decay of 197mHg and 197Hg. The spectrum shows already a strong
concentration of nuclei in the 197Hg ground state, which is revealed by the intense L and M 77 keV
conversion lines from the decay of 197Hg to 197Au. Legend: Bρ = p/e, where B = magnetic field,
ρ = curvature radius of the focusing trajectory in the magnetic spectrometer, p = electron momentum

and e = electron charge.

without breaking the vacuum in the chamber. Moreover, by having the sample holder
directly connected to heating equipment, it is possible to implant and measure within
a large temperature range. Measurements can also be performed off-line, e.g., when
complex annealing procedures are required. When performing e−–γ PAC experiments
at low temperatures it is essential to avoid the condensation of residual gas at the
sample’s surface, since that will absorb and scatter the conversion electrons emitted by
the shallow implanted radioactive nuclei. Absorption and scattering lead to a decrease
of the electron intensity, to the electron energy spread and, most important, to the loss
of the anisotropy of the angular correlation, in particular for low energy electrons.
With the successful installation of a cryogenic system, which allows cooling of the
samples down to 30 K, low temperature e−–γ PAC experiments will soon become
feasible [21]. Under typical working vacuum of ∼5× 10−7 mbar, the condensation of
residual gas at the sample’s surface was efficiently reduced. Therefore the experiments
can run at 30 K during 48 h periods after which the sample’s surface should be baked,
to remove the condensed gas, by heating it up to RT.

A magnetic lens has specific advantages for PAC studies. Compared to the usual
NaI or BaF2 scintillators used in γ–γ PAC, the energy resolution of the electron de-
tector is better, usually in the order of a few percent, and the conversion electrons
from the right transition can be selected without admixtures from other ones. Since
energy selection takes place before detection, the count rate in the detector is sig-



J.G. Correia et al. / Angular correlation studies on high-TC superconductors 465

Figure 4. General view of the γ–e− PAC spectrometer mounted on-line with the ISOLDE beam line [18].
Legend: RIB = radioactive ion beams; L1, L2 = electron magnetic lens 1 and lens 2; te, tγ = anode
signals used for time analysis from the electron and gamma photomultipliers, respectively; Eγ = dynode

signal used for γ-ray energy discrimination.

nificantly reduced. In this way it is possible to use weak lines in the presence of
other intense transitions, or to use stronger activities without overloading the detec-
tors and subsequent electronic circuits. Electron detection in the magnetic lenses is
achieved using plastic scintillators in order to optimise the time resolution. The en-
ergy resolution of the plastic scintillators is only important for low energy electrons
(E < 15 keV), for which most of the signal falls within the photomultiplier’s noise.
To separate efficiently the signal for such low energy electrons a pre-acceleration sys-
tem has been developed and successfully used in several measurements with the 73Ge
probe [17].
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The currently used BaF2 scintillators are 2′′ thick to ensure a good efficiency for
a wide range of energies. Transistorised bases coupled to XP2020Q photomultipliers
ensure a stable operation up to 200 kHz for anode pulses with about −1000 mV
amplitude. The time resolution for the e−–γ 197mHg cascade is 1 ns (FWHM).

The PAC spectrometer collects 4 time spectra from time coincidences between the
conversion electron and the gamma radiation from the first and the second transitions.
These are detected by one electron-gamma detector pairs at relative angles of θ = 180◦

or θ = 90◦, whose counting rates are denoted by Nj(180◦, t) and Ni(90◦, t), j = i =
1, 2, respectively. The experimental function R(t) is constructed according to eq. (1).

R(t) = 2

√∏2
j Nj(180◦, t)−

√∏2
i Ni(90◦, t)√∏2

j Nj(180◦, t) + 2
√∏2

i Ni(90◦, t)
. (1)

This ratio eliminates the half-life exponential component, revealing the perturba-
tion function that contains all the relevant information. For each angle θ the angular
correlation functions W (θ, t) are calculated numerically when the EFGs are oriented
(in single-crystalline samples) or randomly distributed (in poly-crystalline samples),
by taking into account the full Hamiltonian for the quadrupole hyperfine interac-
tion [16,22]. Equation (2) defines the theoretical function, Rfit(t), whose parameters
are fitted to the experimental function R(t).

Rfit(t) = 2
W (180◦, t)−W (90◦, t)
W (180◦, t) + 2W (90◦, t)

. (2)

For a cascade with an intermediate level with spin I = 5/2, three frequencies are
observable per EFG. From these frequencies the coupling constant of the interaction,
νQ = eQVzz/h, and the asymmetry parameter η = (Vxx − Vyy)/Vzz can be extracted.
Vzz is the principal component of the EFG tensor that is produced by the charge
distribution outside the probe nucleus and Q is the quadrupole moment of the 134 keV
excited state.

In the case of an interaction with randomly distributed defects, a distribution of
frequencies is observed instead of a sharp frequency. In this work the EFG distributions
are only due to the implantation defects. Then, before annealing, we assume static EFG
interactions and represent them with a Gaussian-like distribution that is characterised
by a mean value 〈νQ〉 and standard deviation σQ [23]. 〈νQ〉 and σQ depend on the
density and variety of the lattice defects.

3. Experimental results

The YBCO compound is one of the most studied and interesting HTS materials
for applications. Doping studies have shown that the YBCO TC is always lowered
except for doping with Au or Hg which increases TC by 2 K [24] and 10 K [25],
respectively. In [25] Hg was introduced into YBCO during sintering by changing the
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composition of the reactants. By replacing a few percent of Ba by Hg it was expected
to dope the YBCO charge carrier block reservoirs. However, in those works the Hg site
was not measured, and the presence of several crystalline phases, other than YBCO,
cannot be excluded.

In the present work radioactive 197mHg was implanted into YBCO thin films by
60 keV ion implantation at a low dose of 1×1013 at. cm−2, thus, avoiding amorphiza-
tion and the formation of different crystalline phases. The crystalline quality and TC

have been controlled in the as-grown state and also after the implantation and subse-
quent annealing treatments. For this purpose the Rutherford backscattering/channeling
technique and the measurement of TC with the alternate susceptibility (χac) technique
have been used [26–28].

Figure 5(a) shows a PAC spectrum measured on a single-crystalline-like film at
room temperature (RT) after 197mHg implantation and subsequent annealing the sample
at 723 K in flowing O2. The film was placed with its normal (~n) in the detector’s
plane, under an angle of 45◦ to each electron detector. X-ray diffraction showed that
the film was epitaxially grown, with the c-axis pointing towards ~n. The R(t) spectrum
was fitted assuming that all Hg probe nuclei interact with the same EFG1, characterised
by a sharp (σQ1 = 0) frequency centred at 〈νQ1〉 = 121.5 ± 0.4 MHz, where V 1

zz is
aligned along c, and a small η = 0.19± 0.02. The value σQ1 = 0 reflects the fact that
no point defects remain in the Hg atomic vicinity. Figures 5(b) and (c) show refined
measurements of the EFG orientation where R(t) spectra have been measured with ~n
placed in the detector plane but now under angles of 18◦ and 72◦ with respect to each
electron detector directions, respectively. In these pictures the continuous lines are
just simulations of the R(t) spectra, assuming that V 1

zz is fully aligned with ~n ‖ c, but
now under an angle of 18◦ or 72◦ with respect to the electron detector. The agreement
between the experimental data and the simulations is remarkable, thus, confirming
that Hg is located at unique sites of the YBCO lattice and surrounded by a charge
distribution with the lattice symmetry. The fact that the magnitude of |V 1

zz| is very
close to |Vzz| measured in 199mHg doped HgO strengthens the supposition that Hg
in YBCO has two linear coordinated (apical) oxygen atoms as first neighbours, as it
is the case for the Cu(1) lattice site [26]. Complementary EC experiments and EC
simulations, which have shown that Hg lies along the Cu c-axis rows, further support
this interpretation [29].

Figure 6 shows R(t) spectra measured at several temperatures up to 757 K. The
vacuum was kept at 3× 10−6 mbar [26,27]. All spectra are again fitted with only one
main EFG interaction. Below 587 K that is characterised by one frequency triplet that
reveals a slightly unsymmetrical but still unique EFG1. The strong attenuation of the
as-implanted spectrum, which disappears at 511 K, is due to Hg nuclei that interact with
randomly distributed defects. Within the PAC range of sensitivity of a few nanometres
around the Hg probe nuclei, the lattice recovers by annealing at 511 K and no point
defects remain in the Hg neighbourhood. For annealing temperatures above 511 K
EFG1 becomes axially symmetric (η = 0), thus, revealing that the orthorhombic-to-
tetragonal structural transition has occurred in our thin films between 511 and 587 K.
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Figure 5. PAC spectra measured on a single-crystalline-like film at RT after implantation and annealing
under flowing O2 at 723 K. (a) ~n is at 45◦ with both electron detectors; (b)–(c) ~n is at 18◦ (b) and

72◦ (c) with each electron detector, respectively, [27].

In agreement with this, the χac measurements show that due to the vacuum annealing,
the superconductor compound was transformed into an antiferromagnetic insulator.
Superconductivity was then reestablished, and TC recovered to the as-grown value,
after 6 h annealing under O2 flow at 723 K [27].

When annealing in vacuum above 653 K Hg starts to diffuse out of the sample
and the R(t) spectra change irreversibly. Above 757 K only EFG2 is present with
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Figure 6. PAC spectra measured after implantation and during annealing in vacuum up to 757 K [26].
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Figure 7. (a) IN plotted as a function of annealing time (IN = average of CRγ and CRPAC count rates
after half-life correction and normalisation, see text). At 684 K the diffusion is very slow and during a
short analysis only few points were taken. For the clearness of the picture, these points are plotted with
different scales that are shown at the top and right axis. (b) Arrhenius plot of the apparent Hg diffusion

coefficient. Solid lines are fits detailed in [27].

parameters 〈νQ2〉 = 23 ± 3 MHz and σQ2 = 25 ± 9 MHz. Moreover, this effect is
irreversible when returning to lower annealing temperatures. The fact that νQ2 � νQ1

is a hint that diffusion of the Hg ions must take place in lattice sites with higher
symmetry, most likely not bound to oxygen anymore.

The Hg outdiffusion was studied by measuring as a function of annealing time
the γ count rate CRγ of the 134 keV transition and the PAC coincidence rate CRPAC

at constant temperature. At a temperature of 653 K (and higher 684, 757, 800 and
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888 K) both CRγ and CRPAC decrease faster than expected from the 197mHg decay.
When analysing the data, the count rates were corrected for the natural decrease due to
the radioactive decay, and normalised to unity at the beginning of each measurement.
The decrease of CRγ and CRPAC with time was equal, thus indicating that Hg is
diffusing out. If Hg would only diffuse within the film, then CRPAC would decrease
faster than CRγ , due to higher absorption and scattering of the conversion electrons
through the film.

Figure 7(a) shows the average (IN) of the CRγ and CRPAC corrected normalised
intensities. It is clearly seen that the rate of Hg loss increases with TM. IN is propor-
tional to the remaining 197mHg nuclei in the film, thus it is proportional to the integral
in depth of the Hg density distribution. The solid lines in figure 7(a) are fits assum-
ing a simple one-dimension Gaussian-like diffusion distribution in a semi-infinite film
without surface traps, as described in detail in [27]. The apparent diffusion coefficient
D

Hg
ap (TM) obtained is plotted as a function of the reciprocal temperature in figure 7(b).

The solid line is a fit with an Arrhenius law from which the migration energy for Hg
in oxygen deficient YBCO lattice was found to be EM = 1.58± 0.15 eV. Finally, the
abundance of oxygen seems to delay the Hg diffusion, since after annealing at 723 K
under O2 flow only a small amount of Hg was lost and the value of EFG1 did not
change.

4. Conclusions

In this paper applications of the e−–γ PAC technique to study low concentration
Hg doped YBCO at the atomic level were presented and discussed. It was shown
that Hg atoms occupy unique lattice sites of the YBCO structure, which are stable
up to high annealing temperatures. Under our specific sample preparation conditions,
after the implantation and subsequent annealing treatments used in this work, we can
exclude that Hg occupies the Ba/Y sites. New Hg-YBCO phases will be further studied
where higher Hg doping is achieved by diffusion. The recent cryogenic system for
cooling down samples to be measured with the e−–γ PAC technique will allow for
further extended studies on low temperatures.
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