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The application of hyperfine interaction techniques to problems in solid state physics has been stead-
ily growing over the last decade with the use of radioactive ion beam facilities such as ISOLDE at CERN.
New applications of the e"—y Perturbed Angular Correlation (PAC) technique are underway at ISOLDE
using probe nuclei with highly converted cascades. In this paper we present the motivation for extend-
ing PAC experiments to elements/isotopes not usable with the conventional y—y PAC technique.
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Examples will be shown where the long-lived ">As/">Ge, the short lived 127Ba/!'2’Cs and the '9’™Hg/
Hg decay cascades are applied to measurements of nuclear quadrupole interactions in materials.
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1. Introduction

The “hyperfine interaction techniques” which rely on
properties of (mostly) excited nuclei were introduced in
solid state physics research during the sixties. These tech-
niques are complementary to Nuclear Quadrupole and
Nuclear Magnetic Resonance (NQR, NMR) techniques
that use stable isotopes with non-zero nuclear moments
to probe hyperfine fields in materials. Mossbauer Effect
(ME) [1], Perturbed Angular Correlations (PAC) [2], Nu-
clear Orientation (NO) [3] and B-Nuclear Magnetic Res-
onance (-NMR) [4] are examples of techniques that use
excited states or unstable nuclei with non-zero magnet-
ic and quadrupole moments. These radioactive tech-
niques provide access to new probe elements, generally
for impurity concentrations below the detection limit of
the non-radioactive techniques.

The y—7y PAC technique has been extensively applied
to materials science studies since the seventies. Its con-
tribution to the microscopic characterisation of impur-
ities and defects in bulk and surface materials is well dem-
onstrated in [2, 5, 6, 7]. For this technique excited nuclei
that decay through y—y cascades are necessary. The inter-
mediate level should be an isomeric state with a half-life
ranging from a few nanoseconds up to a few microsec-
onds, and should have non-zero magnetic and/or quad-
rupole moments. One limitation of this technique that re-

stricted its applications, is the limited number of radio-
active probe elements with adequate isotopes. However,
there are many cases in which the cascades involve high-
ly converted low energy transitions and y—Y PAC can be
efficiently replaced by e —y or even e™—e~ PAC, thus in-
creasing the number of probe elements available to new
applications.

Finally it is worth mentioning that on-line production
is the technical approach that best provides a large varie-
ty of radioactive isotopes. Several of such radioactive fa-
cilities exist or are being built around the world [8].
Among such, the best example is the ISOLDE/CERN
(Isotope Separator On-Line/European Organisation for
Nuclear Research) facility at Geneva [9], due to its high
diversity, isotopic purity, and high yields of the radioac-
tive beams. At ISOLDE the radioactive isotopes are pro-
duced by bombardment of different target materials by
the 1 GeV proton beam from the PS-Booster accelerator
at CERN. Plasma sources, surface ion sources or highly
element-selective laser ion sources are coupled to the tar-
gets and ionise the desired elements. Then applying a
high voltage produces a 60 keV beam, which is mass sep-
arated by high resolving power magnets.

In this paper we will briefly introduce the e~y PAC
technique and the experimental setup at ISOLDE. Then,
examples of ongoing studies using the highly convert-
ed isotopes >As/"*Ge (Ty,=80d), '*’Ba/'?'Cs (T, =
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13 min) and '*’™Hg/'*"Hg (T,,, = 124 h) will be present-
ed and discussed.

2. The e”—y PAC Technique: An Overview

The PAC technique has been extensively presented and
discussed in many papers and textbooks [2, 6, 10, 11].
We will only mention here a few relevant features that
help to understand the differences and similarities
between y—vy and e™—y PAC.

Briefly, PAC relies on the fact that the detection of the
first y-ray (y;) of the cascade defines a principal quan-
tification axis, k, in the detector direction along which
the m states of the spin / of the intermediate state are un-
equally populated (e.g., see [6]). In consequence, due to
angular momentum conservation, the intensity distribu-
tion of the second y-ray (y,), W(6), will be anisotropic
in space relative to k;.

oieis

In (1) Ai(7) represents the anisotropy coefficients that,
for each transition of the cascade, depend only on angu-

lar momentum selection rules applied to the spins of the
initial and final states and of the multipolarity of the
y transitions [12]. Pi(cos 6) are the Legendre polynomi-
als that reflect the angular dependence of W(8). Then,
the coupling of the nuclear magnetic and quadrupole mo-
ments of the intermediate state with the materials magne-
tic field and electric field gradiant, respectively, will
change the m state population. In the case of a static inter-
action, the density of states will change periodically with
time, inducing a time dependent modulation, Gy (), of
the 7y, spatial distribution (Figure 1). Equation (2) repre-
sents W (0, t) for the simple case when the local field is
randomly oriented.

W(e,n«e"”(n > Ak(yl)Akm)Pk(cos@-Guu)).

k=2,4,...

2

This perturbation is observable superimposed onto the
histogram measurement of the half-life of the intermedi-
ate state, and contains all information about the coupling
between the nuclear moments and the hyperfine fields.
The 7,— 7, PAC maximum observable amplitude of the
perturbation function is essentially determined by the
products A,(7;) - Ax(%2). The main observable effects
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Table 1. Characteristic parameters of most current PAC isotopes adequated for e —y PAC. The values of the conversion coef-
ficients, o, particle parameters, b,, and anisotropy values, b, A,,, are specific of the K or L atomic shells from where the elec-

tron is ejected.

Parent iosotope PAC isotope
Element Ty, Element Cascade o b, byAy, Tin r

1% transition 2 transition (ns)

e (keV, M) — y(keV, M’)

BAs 80d BGe ¥(53, M2) - ¢ (13, E2) 780  +126  +0.13 2860 (30) S/2*
Himeg 49m g ex (151, E3) — (245, E2) 1.5 +13 +0.23 85.0 (7) 512*
119mgp 293 d 119G e1.(66, M4) — y(24, M1) 2600 4095  -0.15 17.8 (2) 3/2*
12784 13m 127 y(115, M1) — ¢ (66, E2) 8 +126 025 249 (2) 5129
lsige 42d 18l ex (133, E2) —y(482, E2+M1) 0.5 +1.82 -0.56 10.8 (1) 5/2*
197mp g 24h 197Hg e (165, M4) — y(134, E2) 300  +0.97  +0.21 8.10(8) 5/2°
199mHg 43 m 199Hg ex (374, M4) - y(158, E2) 3.5 +1.06 +0.24 240(2) S/

when performing angular correlations with conversion
electrons can be taken into account using new anisotro-
py coefficients, A;(e”), which are simply calculated as
the products A (e;)=b,(E, Z, M, X). A;(y) in the case of
pure multipolar transitions. The particle parameters,
by (E, Z, M, X), are strongly dependent on the energy of
the nuclear transition E, on the atomic number of the ele-
ment, Z, on the multipolarity of the transition, M, and on
the atomic orbital from where the electron is ejected,
X=K,L,M,.... However, to calculate the A, (e;) coef-
ficients is an easy task once most of the cascades are well
characterised and the particle parameters have been ta-
bled for most of all elements [12]. In Table 1 we show
the relevant parameters of currently used isotopes for
e —y PAC. It is particularly important to note that the
particle parameter is in general greater than one, ampli-
fying the observable anisotropy of the y—y correlation,
which can be advantageous even when the conversion
coefficient is small [13].

The -y PAC spectrometer consists of two magnet-
ic lenses of the Siegbahn type [14, 15] for detection of
conversion electrons, and two BaF, scintillators for y de-
tection, all arranged in one plane. As shown in Fig. 2,
each lens is at relative 90° with one y 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 mag-
netic lenses.

For one-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

Fig. 2. General view of the e™—y PAC spectrometer mounted
on-line with the ISOLDE beam line. RIB denotes “Radioactive
Ion Beams”.

changing without breaking the vacuum in the chamber.
Moreover, by having the sample holder directly connect-
ed to heating equipment, it is possible to implant and
measure within a large temperature range up to 923 K.
Measurements can also be performed off-line, e.g., when
complex annealing procedures are required. When per-
forming e™—y 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
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conversion electrons emitted by the shallow implanted
radioactive nuclei. Absorption and scattering lead to de-
crease of 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 elec-
trons. With the successful installation of a cryogenic
system, which allows for cooling the samples down to
30 K, low temperature e"—y PAC experiments will soon
become feasible [16]. Under typical working vacuum of
~5x10~" 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 stud-
ies. Compared to the usual Nal or BaF, scintillators used
in Y-y PAC, the energy resolution of the electron detec-
tor is better, usually in the order of a few percent, and the
conversion electrons from the right transition can be se-
lected without admixtures from other ones. Since ener-
gy selection takes place before detection, the count rate
in the detector is significantly reduced. In this way it is
possible to use weak lines in the presence of other intense
transitions, or to use stronger activities without overload-
ing the detectors and subsequent electronic circuits. Elec-
tron detection in the magnetic lenses is achieved using
plastic scintillators in order to optimize the time resolu-
tion. The energy resolution of the plastic scintillators is
only important for low energy electrons (E<15 keV), for
which most of the signal falls within the photo-
multiplier’s noise. To separate efficiently the signal for
such low energy electrons a pre-acceleration system has
been developed and successfully used in several meas-
urements with the "*Ge probe [17].

The currently used BaF, scintillators are 2” thick to
ensure a good efficiency for a wide range of energies.
Transistorised bases coupled to XP2020Q photomultipli-
ers ensure a stable operation up to 200 kHz for anode
pulses with ~1000 mV amplitude. The time resolution is
strongly dependent on the electron and gamma energies,
being 1.0 ns (FWHM) for '''™Cd, '*’™Hg and '°™Hg
cascades, 2.5 ns for the '>’Ba/'?’Cs cascade and 4.5 ns
for the "*As/*Ge cascade.

The PAC spectrometer collects 4 time spectra from
time coincidences between the conversion electron and
the gamma radiation from the first and the second tran-
sitions. These are detected by one electron-gamma de-
tector pairs atrelative angles of 6 =180° or 8 =90°, whose
counting rates are denoted by N;(180°,¢) and N;(90°, 1),
Jj=i=1, 2 respectively. The experimental function R(z),

is constructed according to

2 2
\/[[ N;(180%1) -\/1] N;:(90%1)

R(t)=2 2’ : . (3)
\/I‘[ N;(180°1) +2\/1’[ N;(90°,)
j i

This ratio eliminates the half-live exponential compo-
nent, revealing the perturbation function that contains all
the relevant information. For each angle 6, the angular
correlation functions, W(0, ), are calculated numerical-
ly when the EFGs are oriented (in single-crystalline sam-
ples) or randomly distributed (in poly-crystalline sam-
ples), by taking into account the full Hamiltonian for the
quadrupole hyperfine interaction [2, 10, 18]. The theo-
retical function, Rg; (f), whose parameters are fitted to the
experimental R(f) function, is defined by

W(180°,1)— W(90°,7)

R (D=2 38000 +2W (90 (e

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 interac-
tion, vo=eQV,,/h, and the asymmetry parameter 7=
(Vee—V,y) V,, can be extracted. V,, is the principal com-
ponent of the EFG tensor that is produced by the charge
distribution outside the probe nucleus and Q is the quad-
rupole moment of the intermediate excited state.

In the case of interactions with randomly distributed
defects or with time dependent EFGs a distribution of
frequencies is observed instead of a sharp frequency [19].
In many cases, however, even when the distributions are
due to implantation defects, the shape of the distributions
is not known. Then Lorentzian or Gaussian-like distri-
butions, which are characterised by a mean value (vq)
and standard deviation 0, can be chosen to reproduce
the attenuation of the R(f) spectrum.

3. Results

3.1. 7As/”>Ge Probe

A probe nucleus that is not an impurity in elemental
semiconductors is a must for studies of defects and im-
purities in Si, Ge and Si-Ge alloys. The best candidate is
the 53-13 keV cascade in "*Ge (Figure 3). The 13 keV
state is also a potential candidate for high resolution
Maossbauer spectroscopy [20]. However, due to the ex-
tremely long half-life, 7}, =2.86 ps, the linewidthis very
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Fig. 3. Schematic representation of the >Ge cascade populat-
ed in the *As decay.

small and it is difficult to find and characterise the reso-
nance. The fact that this cascade is highly converted ex-
cludes the use of the Y-y PAC technique. Additional dif-
ficulties arise from the low energy of the L electrons from
the 13 keV transition (12 keV), whose signals fall with-
in the noise level of the photomultiplier electron detec-
tor. Recently, this problem was eliminated by pre-accel-
erating the electrons out of the noise level, thus allowing
first successful experiments that characterised the nucle-
ar magnetic and quadrupole moments of the ">Ge 13 keV
state [17].

Figure 4 shows the experimental PAC functions, R(z),
obtained in the decay of "*As for magnetic hyperfine
interaction of "*Ge in Ni foil (Fig. 4a) and quadrupole
interaction of "*Ge in a Sb single crystal (Figure 4b). The
magnetic interaction in Ni foil was studied with
¥(53 keV)—ef (13 keV) coincidences, while the gamma
absorption in the thick Sb sample obliged us to perform
ex (53 keV)—¢f (13 keV) coincidences to measure the
quadrupole interaction. Each measurement ran for about
30 days. From the measured "*GeNi Larmor frequency,
@y =74.2(7)Mrad-s™', the *GeSb quadrupole frequen-
¢y, Vo= 19.7(2) MHz, the known values of the hyperfine
field for Ge in Ni and the EFG for Ge in Sb, we obtained
|g1=0.430 (12) and | @|=0.70 (8) b for the 13 keV state
in *Ge [17]. Since then this isotope has been applied to
several studies in semiconductors [21, 22].

A potential application of this isotope is to study the
hydrogen passivation of shallow impurities in semicon-

R(1) -
0.04 |
0.00
|
-0.04 |
h) 200 200 800
N(t) -
e-M.
1.00 { II
0.95 5 500 1000 1500

t(ns)

Fig. 4. (a) Anisotropy ratio, R(z). for "*Ge in Ni foil obtained
with y(53 keV)—e; (13 keV) coincidences; (b) Perturbation
function for >Ge in an Sb single crystal with c-axis on the de-
tector plane at 45° oriented in between the magnetic lenses ob-
tained with ek (53 keV)—e¢y (13 keV) coincidences.

ductors. While the passivation of shallow acceptors has
been extensively studied, significantly less is known on
the donor-hydrogen interaction [23]. Since the parent
isotope 7*As is a donor in Si it is able to trap hydrogen.
After the radioactive decay (7}, =80 d) into the excited
state (/=1/2") of the isovalent daughter isotope *Ge
(Fig. 3) hydrogen is no more bound to the probe atom
by Coulomb interaction. Thus the free hydrogen diffu-
sion can be observed as a function of temperature with-
in the time window defined by the nuclear half-life
(T;2=0.5 s) of the first excited state of 3Ge. First PAC
experiments have been done on the interaction of hydro-
gen with 3As implanted silicon at room temperature
(RT) [21].

Figure 5a shows two R(t) spectra of a Si sample after
implantation and subsequent annealing at 570 and 1220 K.
After annealing at 570 K a fraction fg=62(8)% of the
BGe probe atoms are located on lattice sites within a
slightly perturbed environment, characterised by an EFG
distribution centered at (vgs)=0 MHz with a standard
deviation 0gg = 3.4(3) MHz. The rest of the probe atoms
Jp=38(8)% are located in a heavily perturbed environ-
ment. With increasing annealing temperature the fraction
fp decreases while the fraction fg increases and the stan-
dard deviation og of the corresponding EFG distribu-
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Fig. 5. (a) R(t) PAC experimental function measured at room
temperature, after implantation of "°As and annealing at
570(5) K and after annealing at 1220(20) K. (b) R() spectra
taken after hydrogen loading and (c) after annealing at
1070(5) K. The dashedline represents the T at 1220 K annealed
spectrum, before the hydrogen loading.

tion decreases. After annealing at 1220 K a fraction
fs=90(9)% of the probe atoms interacts with ran-
domly distributed defects leading to a weak EFG dis-
tribution characterised by (vps)=0MHz and ogs=
0.16(2) MHz. This indicates the removal of the implan-
tation damage for the majority of the probe nuclei which
we assume to be located on substitutional lattice sites in
agreement with Emission Channeling measurements
[24]. After annealing, the samples have been implanted
at400 K with adose of 5x 10'° at/cm? of H* with 300 eV,
below the threshold energy for the creation of Frenkel
pairs in Si.

Figure 5 shows the PAC spectra measured at RT after
H* loading (b) and after annealing at 1070 K (c). Imme-
diately after H* loading a modulation of the R(r) spec-
trum appears which was fitted considering two EFG dis-
tributions characterised by their average values
(q1)=65(2) MHz and (V) =204(10) MHz and the cor-
responding standard deviations og, =4.6(6) MHz and
02 = 14.2(2) MHz, respectively. More than 50% of all
probe atoms interact with these EFGs (f;=17(4)%,
f>=36(4)%). After annealing at 1070 K both fractions
fi and £, vanish but without recovering the previous sit-
uation before hydrogen was loaded. In fact the fraction
of the probe atoms which are located on almost unper-
turbed lattice sites, fg=72(5)% is smaller and the stan-
dard deviation 0gg = 0.28(1) MHz is greater than the cor-
responding values measured before hydrogenation. The
observed EFGs which give origin to the non-vanishing
(V1) and (vg;) frequency values must be due to *As/Ge
trapped hydrogen atoms or hydrogen correlated defects
which are not yet mobile at RT. At RT the diffusion of a
single H atom should be fast enough to leave the nearest
neighbourhood of the *Ge atom, which is isovalent to
Si, within the first 0.5 s after the decay of "*As. There-
fore we propose that the observed complexes are hydro-
gen related, either consisting of several H atoms or
H-defect clusters, which are immobile at RT. Since the
implanted H dose of 5x10'> at/cm? was rather high it
might well be that, complexes consisting of more that
one H atom or H and defects are formed. The high
hydrogen dose can also be the reason why the situation
previous to the hydrogen implantation was not recovered
after annealing at 1070 K. In fact it is well known that
high concentrations of hydrogen can produce many
stable defects such as hydrogen agglomerates in Si.

The application of the electron-gamma PAC technique
to the *As/"*Ge decay opens new possibilities on mate-
rial studies with a semiconductor probe. Obviously the
accurate measurement of electric field gradients and
magnetic hyperfine fields, including their temperature
dependence, would be a straightforward application. Al-
so the study of semiconductors with this new technique,
particularly defects and impurities in Ge, would be very
interesting. In particular, As is a n-type dopant in Si and
Ge that enables the trapping of hydrogen. Then PAC
measurements at temperatures below the onset of the hy-
drogen diffusion should allow the observation of the sin-
gle, unbound hydrogen at the probe atom after the decay
of "As into the isovalent impurity "*Ge. Thus it would
be possible to directly observe the diffusion of the iso-
lated hydrogen in Si and Ge.
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3.2. 127Bal'?7Cs Probe

An alkali probe element is desirable to study several
problems in solid state research. As examples we men-
tion the study of diffusion mechanisms that depend on
the interaction of alkali impurities with implantation de-
fects in ferromagnetic metals [25] and the probing of
charge density shifts at the Ba site on High-T¢ supercon-
ductors [26]. Recently, PAC measurements on the
66.0 keV excited state of '?’Cs have been successfully
performed, by using the y(115 keV)—ep (66 keV) cas-
cade (Fig. 6) fed in the decay of the short lived '*’Ba
[27]. Here we introduce the '*’Ba/'?’Cs decay as a new
PAC probe for hyperfine interaction studies.

411.1 keV; 62%
124.7 keV, 12%
= asca ]

1 27Xe

Fig. 6. Simplified decay schema of the '*’Ba/'?’Cs decay.
The two most intense gamma lines obtained from the
127Cs/'27Xe decay are also indicated.

Figure 7 shows the half-life histogram of the 66.0 keV
state, which was obtained by performing time coinci-
dences between the 114.7 keV y-line and the L (66 keV)
conversion electrons. From this histogram a precise value
of the half-life of the 66.0 keV state, T;,,=24.88(30) ns,
was obtained. The quoted error includes the time calibra-
tion uncertainty of 1%. The resolving time of the experi-
mental setup was measured during the decay of '?’Cs to
127Xe. By letting the ¥ and electron energy windows set
as during the PAC experiments, * and conversion elec-
trons, which are inelastically scattered in the sample, are
detected in prompt coincidence with the '2"Xe 124.7 keV
y-line. In this way a prompt spectrum with FWHM=
2.43(3) ns is obtained.

Figure 8 shows the experimental R () functions meas-
ured during implantation of '?’Ba at 453 K in a Be hcp

100003

1000+ T,, =24.88(15) ns

Counts

1004

10

Fig. 7. Measurements of the half-life of the 66.0 keV '*’Cs
state, and of the time resolution of the experimental setup.

single crystal (Fig. 8a) and during implantation at RT
in a Ga sample (Figure 8b). About f; =47(9)% of the
127Ba/'?’Cs nuclei occupy the same lattice site in the
Be single crystal, which EFG is characterised by | vg; | =
358.8(25) MHz and n, =0, without defects in their neigh-
bourhood (0q, =0). The rest of the Banuclei are random-
ly located or associated with defects on the Be lattice,
whose mean EFG is characterised by (Vgz)= g1, and
0q2=1770(142) MHz. After RT implantation in the Ga
sample (Fig. 8b), 100% of the '*"Ba/'?’Cs nuclei are lo-
cated in the same site of the orthorhombic lattice, whose
EFG is characterised by |vg;|=125.5(7) MHz and
1,=0.119(16). The R(z) spectra measured in the non-cu-
bic metallic Be and Ga hosts have clearly shown a char-
acteristic set of three observable frequencies per EFG,
thus proving that the spin of the 66.0 keV state is /=5/2.

The nuclear quadrupole moment was estimated in two
different ways. The first one is based on general system-
atics of EFGs, applied to Cs in Be, from where an em-
pirical value for | @|=0.60(1) b is obtained [27]. The sec-
ond calculation is based on the known value of the quad-
rupole interaction of *°Rb in Ga, vy = 50.8(1) MHz with
1 =0.283(5), obtained with the Perturbed Angular Dis-
tribution technique [28]. The quadrupole moment of the
561 keV state where the measurement is performed, has
been determined as | Q (*°Rb, 561 keV)|=0.51(5) b [29].
Since Rb is isovalent to Cs, we assume that V (CsGa)/
Vzz(RbGa) = (1-7..(Cs))/(1- y..(Rb)), where ¥.. are the
Sternheimer factors that account for the polarisation of
the electronic core [30]. We thus obtain |Q (%Cs|=
0.58(12) b. The magnitudes of both values found for Q,
which were obtained in two independent ways, are in ex-
cellent agreement. It is interesting to note that '’Cs has
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Flg 8. (a) Expenmental R (#) function measured after implan-
tation at 453 K of '?’Ba in a Be single crystal. The insert shows
the orientation of the c-axis perpendicular to the detector plane.
(b) Experimental R(t) funcuon measured after room tempera-
ture implantation of '*’Ba in Ga lump.

aquadrupole moment similar to the ground state of '*'Cs
[31]. This observation may be explained by the fact that
both nuclear states should have a similar single-particle
configuration.

Some of the applications foreseen for this new PAC
probe element involve investigations of high-T super-
conductors that contain Ba/Cs, studies of the interaction
of point defects in metals with alkali-earth elements and
also the study of amorphous to crystalline phase transi-
tions in barium compounds.

3.3. 197mHg/"7Hg Probe

The ef (165 keV)-y (134 keV) '"™Hg/'°"Hg cascade
(Fig. 9) is well known for being an excellent case for
e —7y PAC due to the high conversion coefficient of the
165 keV M4 transition (Table 1) and suitable 24 h half-

- Electron-Gamma PAC: New Possibilities for NQI Studies

197mI_Ig

23.8 br

Fig. 9. Schematic representation of the '®’Hg cascade in
the '*’"™Hg decay.

life of the parent '?’™Hg state [13]. At ISOLDE, in the
past few years, the '°7™Hg isotope was used to study hy-
perfine fields in metals [32] and semiconductors [33].
More recently both '**™Hg and '*"™Hg isotopes are be-
ing applied to research in high-T superconductors of the
HgBa,Ca, ,Cu,Oyn4245 and YBa,Cu3Qs.5 (YBCO)
families [34]. In the particular case of the YBCO mate-
rial, the PAC experiments were motivated by previous
works that reported that by doping with Hg the lattice
stability is improved and the optimum critical tempera-
ture is raised by 10 K [35]. In [35] Hg was introduced
into YBCO during sintering by changing the composi-
tion 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 crystal-
line phases, other than YBCO, cannot be excluded. Re-
cently we combined the emission channeling (EC) and
PAC techniques to show that Hg occupies a unique high-
ly symmetric site in the YBCO lattice, already after im-
plantation [36].

Figure 10a shows a PAC spectrum measured on a sin-
gle-crystalline-like film at room temperature (RT) after
197mHg implantation and subsequent annealing the sam-
ple at 723 K in flowing O,. 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(#) spectrum was fitted assuming that
all Hg probe nuclei interact with the same EFG;, char-
acterized by a sharp (0g,=0) frequency centered at
(vg1)=121.5+0.4 MHz, where V_, is aligned along c,
and asmall 7=0.19+0.02. The value o, = Oreflects the
fact that no point defects remain in the Hg atomic vicin-
ity. Figure 10(b) and 10(c) show refined measurements
of the EFG orientation where R(f) spectra have been
measured with n placed in the detector plane but now
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Fig. 10. PAC spectrameasured on a single-crystalline-like film
at room temperature implantation and annealing under flowing
0, at 723 K. (a) n is at 45° with both electron detectors; (b) n
is at 18° (b) and 72° (c) with each electron detector, respective-
ly.

under angles of 18° and 72° in respect to each electron
detector directions, respectively. In these pictures the
continuous lines are just simulations of the R(f) spectra,
assuming that V. is fully aligned with | ¢, but now under
an angle of 18° or 72° with respect to the electron detec-
tor. 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 sur-
rounded by a charge distribution with the lattice symme-
try. The fact that the magnitude of | V1, | is very close to
|V,,| measured in '*™Hg doped HgO strengthens the
supposition that Hg in YBCO has two linear coordinat-
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Fig. 11. PAC spectra measured after implantation and during
annealing in vacuum up to 757 K.

ed (apical) oxygen atoms as first neighbors, as it is the
case for the Cu(1) lattice site. Complementary EC ex-
periments and EC simulations, which have shown that
Hg lies along the Cu c-axis rows, further support this
interpretation [37].

Figure 11 shows R(r) spectra measured at several
temperatures up to 757 K. The vacuum was kept at
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3% 107° mbar. 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 unsym-
metrical but still unique EFG,. The strong attenuation of
the as-implanted spectrum, which disappears at 511 K,
is due to Hg nuclei that interact with randomly distribut-
ed defects. Within the PAC range of sensitivity of a few
nanometers around the Hg probe nuclei, the lattice re-
covers by annealing at 511 K and no point defects remain
in the Hg neighborhood. For annealing temperatures
above 511 K EFG, becomes axially symmetric (1 =0),
thus revealing that the orthorhombic-to-tetragonal struc-
tural transition has occurred in our thin films between
511 K and 587 K. In agreement with this, the y,. meas-
urements show that due to the vacuum annealing, the
superconductor compound was transformed into an anti-
ferromagnetic insulator. Superconductivity was then re-
estrablished, and T recovered to the as-grown value, af-
ter 6 h annealing under O, flow at 723 K.

When annealing in vacuum above 653 K Hg starts to
diffuse out of the sample and the R (#) spectra change irre-
versibly. Above 757 K only EFG; is present with param-
eters (Ug)=23+3 MHz and 0g,=25+9 MHz. More-
over, this effect is irreversible when returning to lower an-
nealing temperatures. The fact that vy, < Vg, is a hint that
diffusion of the Hg ions must take place to lattice sites with
higher symmetry, most likely not bound to oxygen any-
more. However, recent experiments have shown that upon
6 h oxygen annealing at 723 K the initial PAC spectra is
recovered to show again the v, frequency.

The Hg outdiffusion was studied by measuring as a
function of annealing time the y count rate, CR,, of the
134 keV transition and the PAC coincidence rate, CRpyc,
at constant temperature. At a temperatur of 653 K (and
highest 684 K, 757 K, 800 K, 888 K) both CR, and
CRpac decrease faster than expected from the '°’™Hg de-
cay. When analysing the data, the count rates were cor-
rected for the natural decrease due to the radioactive de-
cay, and normalised to unity at the beginning of each
measurement. The decrease of CR, and CRpa¢ With time
was equal, thus indicating that Hg is diffusing out. If Hg
would only diffuse within the film, then CRpsc would
decrease faster than CR,, due to higher absorption and
scattering of the conversion electrons through the film.

Figure 12a shows the average (Iy) of the CR, and
CRpac corrected normalised intensities. It is clearly seen
that the rate of Hg loss increases with Ty. I is propor-
tional to the remaining '*’™Hg nuclei into the film, thus
it is proportional to the integral in depth of the Hg den-
sity distribution. The solid lines in Fig. 12a are fits as-

time (min) : mea.mrememalT, = 684K
20

1.04

= 684K

I, : measurement at T,,

0.41

D (10"5cmzs")

p%=p, %'~

001] E,=158+015eV

10 11 12 13 14 15 16
1000/T (K

Fig. 12. (a) Iy plotted as a function of annealing time (/x=av-
erage of CRy and CRpsc 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 de-
tailed in [28].

suming a simple one-dimension Gaussian-like diffusion
distribution in a semi-infinite film without surface traps.
The apparent diffusion coefficient fopg (T\y) obtained is
plotted as a function of the reciprocal temperature in Fig-
ure 12b. 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 Ey;=1.58+0.15 eV. Fi-
nally, the abundance of oxygen seems to delay the Hg
diffusion, since after annealing at 723 K under O, flow
only a small amount of Hg was lost and the value of EFG,
did not change.

Conclusions

To date, the potential of the e~y PAC technique is far
from extensively explored. Two main reasons contribute
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to this fact. The first one is the need for an increased and
more regular access to facilities like ISOLDE which pro-
vide a range of different isotopes. The second reason is
the need of an appropriate e —y PAC setup, where the
use of electron spectrometers is mandatory since it is nec-
essary to shield the electron detector from y-rays while
having a good resolution in energy and time.

To illustrate today’s potential of the e™—y PAC tech-
nique we have reviewed some of the technical features
and focused on examples of ongoing studies that use
highly converted isotopes. Two extreme cases were pre-
sented of new applications of the long-lived "*As/”>Ge
decay to studies on hydrogen passivation of n-type do-
pants in Si, and the first PAC measurements of the EFG
of Cs in Be and Ga, made with the short lived '?’Ba/'?’Cs
decay. Finally we presented recent applications of the
197mHg/197Hg decay to studies on Hg implanted YBCO
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