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ial. Then these isotopes can be either diffused or implanted into
the material under study. The most versatile procedure is ion
implantation: Depending on the implantation energy, the con
centration of dopants, their lateral and their depth distribution
can be controlled easily. Any unwanted co-doping by other ele
ments is only determined by the purity of the ion beam and ion
implantation is a process not limited by thermal equilibrium,
therefore doping is possible beyond any solubilities. But, the ener
gies used for implantation (keV to MeV) are much higher than
typical binding energies of atoms in a crystal (eV) so that high
concentrations of intrinsic defects (vacancies, interstitials, anti
sites, dislocations, even amorphous layers) are created. A thermal
annealing treatment of the implanted crystal is required in order
to remove these defects.

The most versatile "isotope factory" is represented by an on
line isotope separator facility such as ISOLDE at CERN in Geneva
[5]. Here, the production, the chemical separation, the mass sep
aration and the implantation of radioactive isotopes are
integrated into one device (figure 1). At ISOLDE the radioactive
isotopes are produced by spallation, fragmentation or fission
reactions in solid or liquid targets hit by an external high energy
proton beam. More than 600 different isotopes of 70 elements can
be produced. The big success of the on-line mass separation
technology at ISOLDE in manyfields, nuclear and atomic physics,
astrophysics and solid state physics, triggered worldwide interest
in installing similar facilities for the production ofradioactive ion
beams [6].

N uclear physics has developed a number of experimental
techniques for detecting particles or y-radiation emitted

during the decay of radioactive isotopes. The radioactive decay
also opens the possibility to detect with high sensitivity the inter
action of nuclear moments with external electromagnetic fields.
Many of these techniques have successfully entered the field of
condensed matter physics often labelled as "nuclear solid state
physics" [1,2]. The first application of radioactive isotopes in
solid-state physics research dates back to 1920, when radioactive
Pb atoms were used by G. v. Hevesey to study self diffusion in
lead [3]. Hevesey also first used radioactive atoms to study bio
logic systems by tracking the flow of radioactive tracers from
plant roots to the leaves. The "radio tracer diffusion" technique
was born. Nowadays it is a common method for investigating
atomic diffusion processes in solids. An important advantage of
employing radioactive nuclei is the ability of detecting signals
from very small amounts of impurity atoms. This is particularly
important for the characterization of semiconductors or surfaces
where already a very low concentration of impurity atoms has a
significant influence on the properties of the system. An especial
ly useful tool represents the nuclear transmutation process caused
by the ~-decayof radioactive atoms since this process effects a
change of the chemical properties of the respective atoms in a
solid on a well-known time scale determined by the decay con
stant and therefore all properties (i.e. conductivity, luminescence)
connected to the chemical nature of the impurity atoms should
also change. The choice ofa radioactive atom for a specific exper
iment is on the one hand determined by its chemical nature and
on the other hand by its nuclear properties. The host system
under study can be doped with these radioactive "probe" atoms
either by diffusion, nuclear reaction or ion implantation. The
probe atoms interact with their lattice surroundings and the
information on these interactions is transmitted to the outside
world by the emitted decay products and gives access to internal
electric and magnetic fields in crystals, to lattice sites of the probe
atoms, to diffusion processes, and to interactions between the
probe atoms and other defects present in the crystal.

The ongoing experiments in solid state physics using radioac
tive ion deal with a wide variety of problems involving bulk
properties, surfaces and interfaces in many different systems like
semiconductors, superconductors, surfaces, interfaces, magnetic
systems, metals, and ceramics. This article can highlight only a
few examples to illustrate the potential of the use of radiaoctive
isotopes for various problems in solid state physics. For more
extensive reviews of the field see [2,4].

Getting the radioactive isotopes
The radioactive isotopes used can be produced at reactors or
accelerators. For a few luckycases ofcombinations ofprobe atoms
and host lattices the samples can be doped directly via nuclear
reactions inside the material. However, research in solid state
physics demands a large variety of combinations of probe atoms
and host lattices. Long-lived isotopes can be produced at
cyclotrons and radio chemically separated from the target mater-
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Fig. 1: The basic ISOL (Ion Separation On-Line) prindple: Radioactive
nuclides are produced by spallation, fission or fragmentation
reactions triggered within a thick target by an external proton beam
of 1 GeV.The target is kept at high temperatures permitting the rapid
diffusion of the reaction products into the ion source where they get
ionized by plasma, laser excitation or surface ionization.The singly
charged ions are then accelerated, mass separated in a magnetic
field and fina"y available for experiments at different beamlines.
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located inside the crystal under study that emit charged particles
(P-, p+, conversion electrons, ex), the so called emission channel
ing technique [7]. Detecting the emission ofthese particles along
different major lattice directions results in different emission
yields compared to the observation along a random lattice direc
tion (figure 2). For the case of electrons, an enhanced emission
yield along a certain lattice direction is always the sign ofan emit
ting atom residing on or near this lattice row which guides the
electrons toward the surface. A reduced yield or the absence of an
increased yield along a major axis hints at an interstitial site of
the emitting atom. Observing the emission along different lattice
direction allows the determination of the lattice site of the emit
ting atom with an accuracy of a few tenth of an Angstrom.

Along with Fe, Ni, and Co, the element Cu is the most com
mon but unwanted transition metal impurity in silicon devices.
It interacts with various dopants and other defects, thereby chang
ing the electrical effects of dopants. Positively charged Cu is the
fastest known interstitial diffuser in Si. At high temperatures the
solid solubility of Cu in Si is the highest among all transition met
als but it is negligible at room temperature. As a consequence, Cu
shows a strong tendency to react with various defects. Using the
sensitivity of the emission channeling technique, the first direct
determination of the lattice location of Cu in Si became possible
(figure 3) [8]. The experiments showed, that after the implanta
tion of67CU into As-doped Si followed by an annealing at 600 QC,
90% ofthe eu atoms are located close to substitutionallattice sites
with a slight displacement of 0.5 A
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Doping of semiconductors
Progress in semiconductor technology is driven by two require
ments: Developing new materials with unique optical or electrical
features and reducing the size of the individual constituents of an
integrated device. These requirements demand a thorough under
standing and control of defects responsible for the properties of
these materials, both of intrinsic defects, such as vacancies, self
interstitials, or anti-sites, and of extrinsic defects, such as dopants
and impurity atoms. As a consequence, a strong effort in basic and
applied research is devoted to the investigation of defects and the
electrical activation of dopant atoms for may different semicon
ductors: Elemental semiconductors (e.g. Si" Ge, and diamond),
Ill-V (GaAs, GaN), II-VI (ZnSe, CdTe), and IV-IV semiconduc
tors (SiGe, SiC). Like stable isotopes, radioactive isotopes used as
dopants influence the electronic and optical properties of semi
conductors according to their chemical nature. Moreover, the
properties of a semiconductor are not only determined by the
chemical nature of a dopant but also by its location in the crystal
lattice. Experimental and theoretical tools are needed for identi
fying the properties of defects, the diffusion mechanisms being
responsible for the mobility of defects and the strengths of the
mutual interactions between dopant atoms and intrinsic as well as
extrinsic defects. Depending on the material and the smallest
structural size used in a device, the electrical and optical proper
ties can be already significantlyaltered by a defect which is present
at a concentration as low as 1012 cm-3•Therefore, the reliable con
trol of the performance ofsemiconductors requires experimental
techniques that combine high sensitivity to low defect concentra
tions with chemical sensitivity to the nature of the defects
involved. Two ofthese techniques involving radioactive atoms will
be presented here:

For decades, the most straightforward technique for locating
impurity atoms within a lattice has been the so-called ion beam
channeling effect, where an external ion beam (e.g. a He+ beam
with an energy of several MeV) is steered by small angle Ruther
ford scattering along atomic rows or planes of the crystal
('channels'). Using this technique, the detection of impurities is
limited to concentrations of at least 1018 cm-3• The sensitivity of
techniques based on the channeling effect can be improved by
several orders ofmagnitude by using radioactive impurity atoms

Fig. 2: Emission channeling of electrons (~-) emitted from
radioactive atoms on a lattice row:The electrons are steered along
the lattice row leading to an enhanced emission yield (recorded
by a 2-dimensional electron detector) along the lattice rows and

.planes compared to random lattice directions.

Fig. 3: Experimental emission yields of electrons emitted by 67CU in
the vicinity of {111} (a), {lOO} (b), and {11 O} (c) directions in As doped
Si after annealing at 600°(, Panels (d), (e), and (t) show simulated
patterns ofthe experimental yields, corresponding to 90% of Cu
dose to substitutional lattice sites with a displacement of 0.5 A[8J.
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fi9..-2; Identification of optical states created by Ag and Cd in
GaN: GaN has been doped with radioactive 111Ag which decays to
stable 111Cd (Tll2=7.45 d) and photoluminescence spectra have
been recorded between 1 day and 68 days after the doping. The
intensities of the photoluminescence transitions labeled Cd and
Ag follow exactly the concentration changes due to the decay of
"'Ag and therefore these transitions must be caused by Ag and
Cd, respectively [9).

High-le superconductors
Oxide materials have gained a great interest in fundamental and
applied research due to their large variety of structural, electric
and magnetic phenomena. Especially the discovery ofthe high-Tc

superconductors triggered an intense experimental and theoreti
cal research program for these systems. Among them,
HgBa2Can- I CUn02n+2+5 represents the family ofhigh temperature
superconductors with the highest Tc•An exited nuclear state ofthe
isotope 199Hg can be used to characterize on an atomic scale the
oxygen atoms (01\2-), which are incorporated in the Hg-planes and
dope the superconducting CU02 planes. So far, it has been shown
that the doping concentration of 01\2- is about 1.5 higher than
expected for the induced hole charge carriers. Furthermore, struc
tural anomalies that are possibly related with the superconducting
transition, have previously been observed (but not resolved) by
neutron diffraction and EXAFS.

If the charge distributions around a nucleus in a lattice (l99Hg
in this case) has a symmetrylower than cubic, an electric field gra
dient (EFG) is created at the site of the nucleus. This situation
exists in non-cubic crystal lattices or in the presence of defects in
the neighbourhood of the probe atom. The EFG, defined as the
second spatial derivative of the electric potential and, therefore,
being a tensor, contains information on the symmetry and the
orientation ofthe charge distribution in respect to the crystal axis,
and delivers information on the configuration of the defect

change should occur in the lll,Ag doped crystal besides the
decrease of the Ag concentration and the increase of the Cd con
centration, the vanishing luminescence at 1.5 eV has to be caused
by recombination centers involving Ag. On the other hand, the
two growing PL bands centered at 2.7 eV and 3.2 eV have to
involve Cd defects.
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Fig. 4: Photoluminescence spectroscopy in semiconductors:
At low temperatures, electrons are excited to the conduction
band by a laser.The excited electrons diffuse through the lattice
and finally recombine back to the valence band emitting light
with an energy characteristic for the transition.The transitions can
be a direct band-band transition, but can also involve donor or
acceptor states present in the band-gap.

During the last years, there has been a great interest in the study
of the wide band gap semiconductor GaN, mainly due to its
potential applications in optoelectronics in the UV and blue spec
tral region. The aim of the following experiment, which will
serve as an example for photoluminescence investigations with
radioactive isotopes, was to uniquely identify the optical transi
tions created by Cd and Ag in GaN [9]. GaN was doped by ion
implantation with radioactive 111Ag at ISOLDE. In order to reduce
the implantation induced damage, the sample was annealed at
1270 K. Figure 5 shows a series of photoluminescence spectra
spectra recorded within 68 d after the doping. A strong photolu
minescence band centered at 1.5 eV being not present before the
doping became visible in the first spectrum recorded one day
after implantation. Only weak luminescence could be observed
between 2.4 eV and 3.3 eV. During the following 17 days, howev
er, the intensity between 2.7 eV and 3.2 eV increased while the
intensity of the 1.5 eV luminescence decreased. After 70 days, no
luminescence at 1.5 eV could be detected any more and no further
change of the spectrum has been observed. From this observa
tions it is clear that the two energy regions, that exhibit a
decreasing and increasing intensity as a function of time, have to
be correlated with the elements Ag and Cd, respectively. Since no
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From the application point of view, the electrical and optical
properties of a semiconductor as determined by the presence of
dopants and defects decide on the feasibility of a device. To
determine these properties, a set of very accurate techniques like
photoluminescence spectroscopy (figure 4) has been developed in
semiconductor physics. All of them are perfectly feasible without
any radioactive isotope, but they have often severe problems to
identify the chemical nature of the defects which they are detect
ing. In combination with radioactive atoms, however, the element
that gives rise to the observed electrical or optical properties can
be unambiguously identified. If a change of an optical transition
is due to a defect state in which the parent or daughter isotope is
involved, the concentration ofthat defect will change according to
the half-life of the radioactive decay. This time dependent change
of the defect concentration has to show up in the corresponding
intensity of the spectroscopic signal adding the lacking chemical
information to the data delivered by photoluminescence spec
troscopy.
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Fig. 8: Outline ofthree pioneering experiments using radioactive
atoms performed at metallic surfaces and interfaces. Left:
Radioactive probe atoms were positioned ardifferent surface
structures of Ni (e.g., terraces, steps) and, using PAC, the magnetic
hyperfine fields were measured with an unsurpassed structural
resolution. Centre:The 'ferromagnetic' behaviour of ultrathin Pd
grown on Ni was investigated with different radioactive probe
atoms. Right: Magnetic properties in Pd, induced by a coverage of
an ultrathin Ni layer on Pd, were measured for different distances
from the Ni/Pd interface.
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fine interactions with the high sensitivity which is required for
studies of surfaces, ultrathin layers and interfaces [12). Three
pioneering experiments performed at ISOLDE have concentrated
on Ni/Pd thin-layer systems, where induced magnetic interac
tions in Pd were investigated. The possibility to use different
radioactive probe atoms on the same systems, for example sp-ele
ments as ad-atoms on a nickel surface, allows the experimental
test ofdetailed theoretical predictions. Recently, within epitaxial
ly grown Pd layers on Ni surfaces, Pd or Cd PAC probe atoms were
positioned in a controlled way at different distances from the
interface. The different probe atom locations in such experi
ments are illustrated in figure 8. The measured static magnetic
hyperfine interactions at Pd revealed a ferromagnetic ordering of

Fig. 7: Local environment of Hg atom in the high-Tesuperconducto(
HgBa2Can.,(unOZn+2+0 observed by PAC spectroscopy using the
isotope 199Hg: PAC time spectra R(t) (left) have been measured under
Argon flow (undoped material) and under oxygen flow (oxygen
doped material).The pictures on the right show the corresponding
Fou-rier transforms of the R(t) functions. In the R(t) and the Fourier
spectra the blue lines represent the fit fUnction and the Fourier
transform ofthe fit function, respectively.The electric field gradient
EFG2 could be assigned to oxygen sitting in the centre of the Hg
channel, EFG3 is due to a still unknown oxygen related defect [10].
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fi9..§! Alocal electric field gradient Vu. created by a defect present
in the neighbourhood of a radioactive probe atom interacts with the
nuclear quadrupole moment of the probe nucleus.This interaction
causes a precession of its nuclear spin which can be detected by
recording the y-quanta "{I and "{Z in coincidence (perturbed angular
yycorrelation, PAC}.This results in a time spectrum R{t) which can be
analyzed by calculating its Fourier transform F(m).The observed
frequencies are characteristic for a specific defect configuration.

Magnetism at surfaces and in ultrathin metallic layers
Surfaces and interfaces of solid materials have become a field of
tremendously growing interest in several areas ofphysics, in par
ticular in ultrathin metallic layer magnetism. The information
on the variation of magnetic properties from atomic layer to
atomic layer ofultra-thin multilayer systems or even from atom to
atom in such a monolayer is of fundamental interest. Therefore,
local structural and electronic properties ofsurfaces and at inter
faces measured on the atomic scale are in the centre of many
investigations [11).

One beam-line connected to the ISOLDE separator is designed
for ultra-high vacuum, a prerequisite for surface and thin layer
experiments. PAC spectroscopy can also detect magnetic hyper-
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causing the EFG. It interacts via the hyperfine interaction with the
nuclear quadrupole moment of the probe nucleus and leads to a
quadrupole splitting of the m-substates of the involved nuclear
levels. A technique being especially suited for detecting EFG is the
perturbed yyangular correlation spectroscopy (PAC) [1). In a
PAC experiment (figure 6), the precession frequency of the
nuclear spin I is measured, which depends on the magnitude of
the EFG. In addition to the EFG, the spin I and the nuclear
quadrupole moment Q of the intermediate nuclear state of the
isotope define the values of the observed frequencies. The
observed number ofdifferent frequencies depends on the number
of m-sublevels, in the case ofI = 5/2 for 199Hg, there are three fre
quencies observed for each EFG.

The experiments (figure 7) provided the local identification of
single 05 atoms placed in the center ofthe Hg planes [10). In addi
tion, the experiments revealed the existence of other, not yet
identified oxygen-related defects near the Hg planes. The results
proved the existence of different oxygen defects near the Hg
planes. This work also triggered first-principle band structure cal
culations of the charge distribution in undoped and oxygen
doped lattice structures, which are consistent with the experi
mental data.
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the Pd layers of rather complex nature. By contrast, discrete
hyperfine fields were measured for Cd probe atoms which could
be attributed to specific lattice locations [13).

Conclusion
Radioactive isotopes are used in many different fields ofsolid state
physics: semiconductors, surfaces and interfaces, magnetism,
high-Tc superconductors, metals, ceramics. They provide as
nuclear probes unique information about their local surround
ings on an atomic scale. Due to the high sensitivity of the used
spectroscopic techniques, they constitute an important tool for
the determination of chemical nature, lattice location, thermody
namical properties, dynamical, electronic and optical behaviour
of intrinsic and extrinsic defects in solids.
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Making quark matter at Brookhaven's new collider
Peter lones, School ofPhysics and Astronomy, University ofBirmingham, Birnzingham, UK

The vast majority ofvisible matter in the universe consists of
the protons and neutrons that are found in atomic nuclei.

According to our understanding of the structure of matter, pro
tons and neutrons are not fundamental particles in their own
right, but are composite particles made of quarks. Quarks are
believed to come in six flavours, only the lightest ofwhich, the up
and down quarks, are found in protons and neutrons. Particles
formed from some ofthe heavier quarks have onlybeen observed
in particle accelerator experiments. Curiously, although a wide
variety of particles like the proton and neutron are now known
to exist, isolated quarks have never been observed. They appear to
exist only in the presence of other quarks.

The reason for this communal existence ultimately has to do
with the nature of the strong nuclear force. Quarks are thought to
carry one of three so-called colour charges and interact with
each other by the exchange ofbi-coloured gluons, a process that is
described by Quantum-chromodynamics (QCD), a gauge field
theory for the strong interaction. What is peculiar about the
strong interaction is that the particles that mediate the force, the
gluons, are also colour charged. This is not the case for the elec
tromagnetic interaction for example, where the force is mediated
by the exchange of photons, which are electrically neutral. This
difference is ultimately responsible for the confining property of
the strong interaction. Importantly; it is also responsible for deter
mining its short-distance behaviour, which has profound
consequences for the structure of matter under extremes of high
temperature and density.

As quarks are brought closer together, the force between them
decreases dramatically, vanishing as the separation becomes very
small. For this reason QCD is said to be an asymptotically free
theory. This suggests that quarks may become unbound if the
density of quarks could be increased by squeezing a nucleus. In
the dense medium formed when the nucleons begin to overlap,
another effect comes into play: the interaction between any two
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quarks in a nucleon becomes screened by their interactions with
quarks in neighbouring nucleons. Under these conditions, it
becomes meaningless to think ofmatter as being made up ofindi
vidual nucleons. The nucleons would have "melted", their
constituent quarks now free to roam the extended volume of the
compressed nucleus.

The situation described above would mark a significant change
in the structure of matter corresponding to a change of phase,
rather like the transition from solid to liquid, but in this case from
quark confined matter, to a quark-gluon plasma (QGP). This
new state ofmatter has important cosmological and astrophysical
implications. It would have been the natural phase ofmatter until
approximately 10 microseconds after the Big Bang, when the tem
perature of the universe would have been around 2xl012 kelvin
(about 150 000 times hotter than the centre of the Sun). It may
also exist today in the core of cold but dense stellar objects, such
as neutron stars.

Recreating the early universe
Very little is known about this high temperature and high densi
ty phase of matter. Theoretical guidance comes from
Monte-Carlo simulations of QCD performed on a discrete
space-time lattice. Calculations such as these suggest that the
energy density needed to observe the phase transition is around 1
GeVIfro3, approximately 8 times that ofnormal nuclear matter. If
sufficiently high densities and temperatures could be achieved in
the head-on collision of two heavy nuclei at very high energy, it
may be possible to recreate this form of matter in the laboratory;
albeit over a small volume.

If created in this way, the plasma phase, would be too short
lived to be observed directly. Rather, its existencewould have to be
inferred from the hundreds of new particles created out of the
energy brought into the collision. Theorists have put forward
various "signatures", which might be indicative of QGP
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