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Electric-field gradients on mercury sites of the HgBa2CuO41d high-Tc superconductor were measured with
the perturbed angular correlation technique and interpreted withab initio calculations. Under oxygen anneal-
ing, an asymmetric electric-field gradient has been assigned to the presence of single oxygen atoms, Od , which
are located in the Hg planes. These experiments provide an atomic scale tool for studying charge-density
variations occuring in the neighborhood of the Hg atoms, which can be induced, particularly, by pointlike
defects.
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I. INTRODUCTION

Since the compounds of the famil
HgBa2Ca(n21)CunO(2n121d) have been synthesized the
have been revealed as one of the most interesting sys
among high-Tc superconductors.1 These compounds crysta
lize in a tetragonal lattice~space groupP4/mmm! with lat-
tice parametersa'aperovskite'3.88 Å and c'9.513.2(n
21) Å ~Fig. 1!. While the bond between Hg and the apic
oxygen O~2! seems to be quite strong and incompressib
the Cu-O~2! bond length is pressure dependent. At 30 GP
critical temperature (Tc) as high as 164 K can be achieved
the Hg-1223 (n52) compound.2 Such facts created the ex
pectation that precise measurements of the structural pro
ties would provide a better understanding of the char
transfer mechanisms that generate carriers in the C2
superconducting planes. However, it was soon realized
the Hg planes are particularly disordered. In fact, there
Hg vacancies, impurities replacing Hg and the nonstoich
metric oxygen, Od, that is considered to be the dopant th
regulatesTc .3 Meanwhile, structural distortions of the po
PRB 610163-1829/2000/61~17!/11769~7!/$15.00
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laronic type and of charge inhomogeneity in the CuO2 layers
have become the main issue of research in the field of su
conductivity. Neutron-diffraction studies performed on po
der samples4 as well as more local methods such as exten
x-ray-diffraction fine structure5 pointed to the existence o
local distortions in these compounds. So far it is not clea

FIG. 1. Schematic view of the Hg1201~left! and
HgBa2Can21CunO2n121d ~right! crystalline structures.
11 769 ©2000 The American Physical Society
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such effects are linked to the superconductivity mechan
or are simply due to crystal-impurity chemical effects.

Nuclear hyperfine techniques like nuclear magnetic re
nance~NMR! and nuclear quadrupole resonance~NQR! are
extremely useful in providing atomic scale information
the probe-element interactions with the lattice host.6 In par-
ticular, the measurement of the electric-field gradient~EFG!
at specific probe-element nuclei provides direct informat
about the local charge distribution. The EFG is highly sen
tive to the probe’s local environment and can thus provid
fingerprint of the lattice site or of a defect that is located
the probe’s neighborhood. Unfortunately, NQR on201Hg,
the only stable isotope with spin.1/2, is not too promising
and very few experiments on different materials with201Hg
were reported since 1954 by Dehmelt.7 Alternatively, time
differential perturbed angular correlation~PAC! of g rays,
from the decay of the 42.6 min half-life199mHg isomeric
state~Fig. 2!, is a very well-suited method for this purpos
PAC measures the EFG that is generated by the devia
from cubic symmetry of the charge distribution around t
probe nuclei.8 In the case of199mHg, the interaction of the
EFG with the quadrupole momentQ50.67460.077 b of the
5/22 158 keV intermediate state of the cascade leads to
level energy splitting.9 That induces a time-dependent mod
lation G(t) on the intensity of the angular correlation b
tween the first gamma ray (g1), which populates the 158
keV intermediate state, and the second gamma-ray (g2)
emitted when the intermediate state decays to the199Hg
ground state. Experimentally,G(t) will be observed as a
modulation that is superimposed on the half-life decay cu
of the 158 keV state.

In the present work, the PAC technique was applied
the first time to investigate the EFG’s on Hg sites of t

FIG. 2. g-g cascade in the decay of the isomeric state of199mHg
(T1/2542.6 min! to the 199Hg ground state.
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Hg1201 (n51) compound as a function of the oxygen do
ing concentration.

II. EXPERIMENTAL

Hg1201 powder samples were produced by solid-state
action under high pressure~18 kbar! and high temperature
~1193 K! of a mixture of a precursor with the nominal com
position Ba2CuOy and the stoichiometric amount of HgO~in
Loureiro10,11~a!!. The mixture was placed inside a gold ca
sule for the high pressure–high temperature synthesis. In
der to reduce the Od concentration the synthesized mater
was annealed at 523 K under 1 bar Ar flow during 24
Thereafter, to obtain homogeneous samples the anne
powder was thoroughly mixed in an agate mortar and pac
in self-sustained pellet disks, each one with approximate
mm diameter and 0.5 mm thickness. To avoid contamina
or degradation the pellets were stored and manipulated in
Ar atmosphere. Small samples with approximately 0.5 m3

were cut out of the disk to be used in the PAC experimen
The 199mHg isotope was produced at the ISOLDE/CER

~Ref. 12! on-line mass separator and implanted into t
samples with 60 keV energy under vacuum at room temp
ture ~RT!. The 199mHg projected range isRP517 nm with
the straggling ofs57 nm.13 In order to produce a homog
enous implanted zone and to minimize the implantation da
age the199mHg beam was swept to achieve a relatively lo
dose of 531011at/cm2. Under these conditions, 15 min an
nealing at 473 K suffices to eliminate the implantation da
age in the199Hg neighborhood. The experimental setup w
equipped with a high-precision temperature controlled f
nace where the annealing can be performed during the m
surement under gas flow.14 For controlling the sample qual
ity and the oxygen concentration, x-ray-diffractio
measurements of the lattice parameters were done before
after the PAC experiments on each sample~Table I!.

The PAC experiments were performed with a highly ef
cient 6-detector TDPAC-camera equipped with coni
shaped BaF2-scintillators, which has 650 ps~full width at
half maximum! time resolution for the199mHg cascade.15 In
this setup 6g1-g2 coincidence time spectra from detect
pairs atu5180° and 24 coincidence time spectra from d
tector pairs atu590° are simultaneously recorded. With th
coincidence countrates,Nj (180°,t), j 51 – 6, andNi(90°,t),
i 51 – 24, for each detector pair, the experimental ratioR(t)
is formed@Eq. ~1!#:
er the
TABLE I. a andc lattice parameters measured by x-ray diffraction on the samples before and aft
199mHg implantation and the PAC experiments.d was estimated from the lattice parametera as presented in
Fig. 5 and explained in the text.

Experiment:TA , tA , gasa a ~Å! c ~Å! TC ~K! d ~%!

As-prepared 3.878560.0004 9.499860.0013 88 10.0
First exp.: 490 K, 220 min, Ar 3.880160.0005 9.50260.002 Not measured 7.9
Third exp.: 490 K, 180 min, Ar 3.882060.0007 9.50660.002 9.1
Second exp.: 490 K, 200 min, O2 3.876860.0002 9.498160.0007 10.7
Fourth exp.: 490 K, 240 min, O2 3.875860.0009 9.49560.003 11.1

aTA5annealing temperature,tA5annealing time.
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R~ t !52
A6 ) j

6Nj~180°,t !22A4 ) i
24Ni~90°,t !

A6 ) j
6Nj~180°,t !122A4 ) i

24Ni~90°,t !
. ~1!

This ratio eliminates the half-life exponential component,
vealing the perturbation function that contains all the r
evant information. For each angleu, the angular correlation
functionsW(u,t) are calculated numerically by taking int
account the full Hamiltonian for the nuclear quadrupole h
perfine interaction.8,16 Equation ~2! defines the theoretica
function Rfit(t), whose parameters are fitted to the expe
mentalR(t) function:

Rfit~ t !52
W~180°,t !2W~90°,t !

W~180°,t !12W~90°,t !
. ~2!

For a g-g cascade with the intermediate level of spinI
55/2, three frequencies are observable per EFG. From t
frequencies the coupling constant of the interactionnQ
5eQVzz/h and the asymmetry parameterh5(Vxx
2Vyy)/Vzz are extracted.Vzz is the principal component o
the EFG tensor that is produced by the charge distribu
outside the probe nucleus.Vyy and Vxx are the component
of the tensor along they and x axes, which are chosen ac
cording touVzzu.uVyyu.uVxxu. In the case of an interactio
with randomly distributed defects a distribution of freque
cies is observed, which broadens the frequency spectrum
thus attenuates theR(t) function. In this work only weak
distributions are found, which were assumed to
Lorentzian-like. These are characterized by the average v
nQ and standard deviationsQ , which depend on the densit
and variety of the lattice defects.17

III. RESULTS

A. Experiments

Figure 3 shows the experimentalR(t) functions~left! and
the corresponding Fourier transforms~FT’s! ~right! of four
experiments that were performed on the described sam
In order to enhance the quality of the fits, which are rep
sented by continuous lines in theR(t) spectra, the corre
sponding Fourier transforms of the theoretical functions
included as thicker lines on the FT plots. In order to impro
statistics, the summed data taken under the same experi
tal conditions are also included in Fig. 3. Table II shows
fit parameters. Italic characters are subsequently ado
when referring to fit parameters of added spectra.

When annealing at 489 K under dry Ar flow, the spec
of the experiments 1 and 3 show a frequency triplet t
reveals one axially symmetric EFG1, characterized bynQ1
5144865 MHz and n150. This clearly corresponds t
199mHg nuclei placed on regular sites of the Hg1201 latt
with local tetragonal symmetry. A small attenuation of t
R(t) spectra is still observable that is characterized bysQ1
53563 MHz. Most likely the long-range disorder of the H
planes produces this small EFG distribution.

When annealing at 489 K under oxygen flow, the spec
of experiments 2 and 4 exhibit three frequency triplets. T
of them correspond to slightly different EFG’s. A fractio
f 156665% of Hg nuclei interact with the same axial
symmetric EFG1 as above, while a fractionf 252364% of
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199Hg nuclei interact with a nonaxially symmetric EFG2,
characterized bynQ251229614 MHz andh250.2160.04.
Thus a large fraction of Hg atoms are on lattice sites w
lower than tetragonal symmetry. A third EFG3 was observed
which is characterized byf 351162% and nQ35673
621 MHz. In this case theh3 parameter was set equal t
zero, since the small fraction and the overlap of other f
quencies does not allow us to determine it unambiguou
Due to the small attenuation of theR(t) spectrasQ25sQ3
50 was further assumed for the sake of simplicity.

B. EFG calculations

In order to interpret the experimental data, EFG calcu
tions were performed with theab initio full-potential-
linearized-augmented-plane-wave~FLAPW! electronic

FIG. 3. PAC time spectraR(t) ~left! and the corresponding
Fourier transforms of theR(t) functions~right!. In theR(t) and the
Fourier spectra the thicker lines represent the fit function and
Fourier transform of the fit function, respectively.
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structure method using thelocal-density approximation.18

This method allows, in particular, the computation of hyp
fine parameters in crystalline solids by only requiring t
lattice constants as input parameters, which in this w
were taken from neutron diffraction experiments@Table I in
Ref. 11~b!#. To account for the Od doping, several supercell
were considered with composition HgmBa2mCumO4m1n .
They are denoted asundopedfor d50 (m51, n50), over-
doped for d50.25 (m54, n51! and saturated for d
50.5 (m52, n51!. Figure 4 shows a schematic view of th
supercells projected along the@001# axis onto the Hg planes
Table III presents the EFG parameters obtained for theun-
dopedcase, for each lattice element. They are in good ag
ment with previous calculations by Singh.19 It should be
stressed that the present calculations were performed by
ting the internal structure parameter of the apical O~2! oxy-
gen to zO~2!50.2061, as obtained from neutron diffractio
data. By slightly increasing/decreasingzO~2! a strong varia-
tion of the EFG at the Hg site was found, e.g
u]Vzz/]zO(2)uHg'23104 V/Å 2 ~see Table III!. As expected,
the EFG at the O~2! site has also strongly changed. Mo
surprising is the big influence of smallzO~2! variations on the
EFG at the Ba site, while for Cu and O~1! the results are
virtually unchanged. Additional information can be obtain
from the calculated forces acting on O~2!. When allowing
the apical oxygen to relax, while keeping the lattice para
eters unchanged elsewhere, one would obtain a theore
value forzO~2!50.2086, somewhat different from the expe
mental data.

In order to calculate the effect of the oxygen doping in t
Hg planes, twosaturatedd50.5 supercells~a! and~b! were
constructed~Fig. 4!. These correspond to an unrealistic hig

FIG. 4. Representation of the Hg planes of Hg1201 as view
along thec axis. Shaded regions represent theundoped(d50),
overdoped(d50.25), andsaturated C f(a) andC f(b) (d50.5) su-
percells, which were used for the EFG calculations. Ellipses wh
enclose italic characters show the position of rows ofBaa, Bab,
Bac, andO~1!a, O~1!b, O~1!c atoms, which are located out of th
Hg planes, as it is explained in the text.
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degree of doping and describe two different configurations
two Od atoms located around every Hg in relative positio
(21/2,21/2,zHg)(1/2,1/2,zHg)@C f(a)# and (1/2,21/2,zHg)
(1/2,1/2,zHg)@C f(b)#. In this way the EFG’s at the Hg sit
produced by two Od neighbors are estimated to be nonaxia
symmetric and much weaker then the one found for theun-
dopedcase~Tables III and IV!. In C f(a) and C f(b) two
sites exist for Ba, e.g.,Baa and Bab, which are located in
and out of Od rows parallel to the@001# axis. O~1! has only
one equivalent site,O(1)b, in C f(a), while it has three
inequivalent sites inC f(b):O(1)a located in betweentwo
Od rows, O(1)b located nearonly oneOd row, andO(1)c
located in siteswithout Od rows nearby.

Due to Fermi level changes, the EFG at the Cu site
significantly changed between theundopedand thesaturated
C f(a) andC f(b) simulations. The EFG is most affected

TABLE III. EFG parameters obtained from FLAPW firs
principles calculations for theundoped(d50) cell. For those posi-
tions with a calculated value ofh50, the principal system of axis
~psa! of the EFG has thez axis parallel to@001# and thex andy axes
parallel to the@100# and@010# directions. For the O~1! position the
z axis of the psa of the EFG is parallel to@100#, along the Cu-O~1!
bond, thex axis is parallel to@001# and they axis is parallel to
@010#. a53.88881 Å,c59.5398 Å,zBa50.302.

Element Vii

zO(2)

Standard
0.2061

Compressed
0.2011

Expanded
0.2161

~V/Å2! ~h! ~V/Å2! ~h! ~V/Å2! ~h!

Hg Vzz 2818.8 0 2929.4 0 2653.4 0
Ba Vzz 60.4 0 48.4 0 85.6 0
Cu Vzz 228.4 0 228.2 0 227 0

Vxx 243.3 242.7 245.6
O~1! Vyy 283.9 0.318 284.6 0.329 283.2 0.292

Vzz 127.2 127.3 128.8
O~2! Vzz 141 0 128.8 0 163 0
f
s

is

the Baa site where even the sign ofVzz has changed, due to
the presence of the nearby Od atom ~Table IV!.

In order to study a more realistic case with smaller ox
gen doping concentration, the EFG at the Hg site with o
one Od neighbor in the tetragonal plane has to be calculat
The primary difference between theundopedand theC f(a)
saturatedsupercells is the presence of two Od atoms as
neighbors to Hg. Since only moderate changes of the EFG
the Hg site are calculated, a first guess for the effect of
Od as a neighbor to Hg may be obtained by interpolat
between these cases leading toVzz

int5751 V/Å2 and h int

50.17.
Further calculations were performed with theoverdoped

superlattice withd50.25 which is close to the maximumd
;0.235 ever found in Hg1201.11 Due to the much longer
computing time needed for this large supercell, full conv
gence in the self-consistency cycle was not obtained.
extrapolated EFG parameters obtained from the trend in
calculation are shown in Table IV. There are now three d
ferent sites for Ba, e.g.,Baa, Bab, and a newBac site that
corresponds to Ba atoms which are locatedout of and far-
thest awayfrom Od rows. For O~1! there are only two dif-
ferent possibilities e.g.,O(1)b andO(1)c ~Fig. 4!.

The overall consistency of the EFG calculations has b
further cross checked for theundopedandoverdopedsuper-
lattices that approximately reproduce the EFG’s at the
site, as measured by NQR with67Cu on differently doped
Hg1201 materials.20

IV. DISCUSSION

By comparing the experimentaluVzzu values that were ob-
tained when annealing the samples in Ar~Table II! with the
calculated one at the Hg site for theundopedcell ~Table III!,
an excellent agreement is found. Therefore, EFG1 is assigned
to Hg atoms at regular Hg1201 lattice sites without Od or
other defects in the near neighborhood.

The values ofuVzzu andh that characterize EFG2, which
rdoped
TABLE IV. EFG parameters obtained from FLAPW first-particles calculations on thesaturated~a! and ~b! configurations withd
50.5 andoverdopedwith d50.25 supercells. For theBaa andBac sites the EFG psa is defined as in Table III whenh50. For the EFG
at theO(1) a, O(1) b, andO(1) c sites the psa is identical to that of O~1! in Table III. For the EFG at the Hg,Bab, Cu, O~2!, and Od sites,
the psa is now defined with thez axis parallel to@001#, thex axis parallel to@110#, along the Hg-Od direction, and they axis parallel to the
@1210# direction. For the localization ofBaa, Bab, Bac, O(1) a, O(1)b, andO(1)c in the unit cell see Fig. 4 and text.

Element

Vzz Vyy Vxx uhu

Saturated Overdoped Saturated Overdoped Saturated Overdoped Saturated Ove
C f(a) C f(b) C f(a) C f(b) C f(a) C f(b) C f(a) C f(b)

Hg 2682.8 2602.8 2760 1457.1 1305.7 1468 1225.7 1297.1 1292 0.339 0.015 0.232
Baa 2110.6 299.6 294 155.3 150.2 147 155.3 149.4 147 0 0.008 0.000
Bab 146.8 134.0 146 223.4 219.2 224.5 223.4 214.8 221.5 0 0.129 0.065
Bac 139 219.5 219.5 0.000
Cu 252.2 258.0 213 126.9 130.6 16.5 125.3 127.4 16.5 0.031 0.055 0.000
O(1) a 1144.3 282.1 262.2 0.138
O(1) b 1154.5 1146.3 1150 284.0 284.9 276.5 270.5 261.4 273.5 0.087 0.161 0.020
O(1) c 1144.4 1148 285.1 277.7 259.3 270.3 0.179 0.050
O~2! 1125.2 1121.5 1131 267.2 265.7 267.5 258.0 255.8 263.5 0.074 0.082 0.030
Od 2158.6 2127.2 286 179.3 180.0 143 179.3 147.2 143 0 0.258 0.000
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was found when annealing under oxygen flow, compare w
with the EFG parameters calculated for Hg sites with a sin
near-neighbor Od atoms, as calculated with theoverdoped
superlattice and by interpolating between theundopedand
saturated C f(a)EFG estimations. Therefore, EFG2 is as-
signed to Hg atoms that have one single oxygen atom in t
neighborhood in relative coordinates (61/2,61/2,zHg).

At this point it should be stressed that the main contrib
tion for the EFG at the Hg site comes from the tightly bou
apical oxygen, O~2!, that dominates the influence of th
weakly Hg-bound Od defect. This is clearly seen in the ex
perimental data, as well in the calculations of theoverdoped
model, where the presence of a single Od atom mainly
changes the asymmetry parameter (h2Þ0) of the EFG at the
Hg site.

For realistic low Od concentrations the PAC fraction
should provide information ond within the implanted region
of the sample. The EFG calculations showed that only
overdopedconfiguration explains the fractionf 2 of Hg nuclei
interacting with EFG2. From the atomic point of viewf 2
accounts for the Hg atoms that have only one Od atom in
their neighborhood, which are located at the center of the
square. Since four Hg atoms surround each Od , the corre-
sponding abundance is given bydPAC5 f 2/4'0.06.

It should be noted that when annealing under oxygen fl
a fraction of 199mHg atoms interact with an additional an
weaker EFG3. Oncef 3 is small, the full characterization an
assignment of EFG3 to a specific Hg-defect configuratio
cannot be achieved with the present set of data. However
fact thatuVzz3

u5413649 V/Å2 has a much lower value tha

expected for configurations of Hg atoms with two Od near-
neighbors, as predicted by thesaturatedmodel, hints that
EFG3 cannot be due to simple Od defects. Hence, more
oxygen-related defects should exist near the Hg plane
unknown configurations and with unknown oxygen conte

Once the PAC experiments were finished, x-ra
diffraction analyses were done on the same samples. T
revealed thata andc have changed as expected, i.e., incre
ing on the samples which have been annealed under Ar
decreasing on the samples which have been annealed u
oxygen flow, relative to the lattice parameters of theas-
preparedmaterial~Table I!.

Looking forward to estimated on an independent wa
from the PAC experiments, Fig. 5 shows the trend ofd as a
function ofa. The continuous line is a parabolic fit to a set
d values which were experimentally measured by several
thors and compiled by Loureiro.11 Based on this trend and o
the x-ray-diffraction data,d was estimated in the prese
samples to bed'0.08 andd'0.11 after annealing under A
and O2, respectively.

It should be noted that from the PAC experiments, wh
were performed during annealing under Ar flow, no fracti
of Hg atoms interacting with Od was found (f 1
5100%⇒dPAC50). Only when annealing under oxyge
flow was a value fordPAC50.06 found as obtained from th
fraction of Hg atoms that interact with single Od atoms. In
both casesdPAC is much smaller thand estimated from the
lattice parameters.

Besides the uncertainty that characterizes the system
trend of Fig. 5, different reasons can explain this differen
ll
le

ir

-

e

g

w

he

in
t.
-
se
-
nd
der

u-

h

tic
.

The first one is the fact that the shallow implantation de
of the 199mHg nuclei is very close to the surface. Cons
quently, during annealing treatments the199mHg probe nuclei
are more exposed to oxygen release than the bulk of
samples that is probed by x-ray analysis, resulting in non
mogeneous Od concentration. The second reason has to
with the fact thatdPAC only accounts for those oxygen atom
that exist as single Od atoms at the center of the Hg plane
without defects nearby. As it was already discussed, the P
data show that other defect complexes should exist, but
far, with unknown oxygen content. When using the tra
tional nonlocal techniques for measuring the oxygen conc
tration, on which the systematic trend of Fig. 5 is bas
single oxygen atoms are not distinguished from oth
oxygen-related defects. This can lead, in particular, to
overestimation of the concentration of the simple Od defect.

V. CONCLUSIONS AND PERSPECTIVES

The EFG’s at the Hg site in Hg1201 have been measu
with the PAC nuclear technique. Annealing performed un
Ar and O2 flow revealed that the EFG’s at the Hg site a
quite sensitive to the Od doping concentration. After oxygen
annealing a value ofdPAC50.06 is found, which represent
the concentration of Od atoms located at the center of the H
squares. PAC has further revealed that more unidenti
oxygen-related defects must be present near the Hg pla
These can lead to a misinterpretation ofd when measured by
the more traditional bulk techniques.

EFG first-principles calculations were performed for t
undoped and oxygen doped Hg1201 lattice structure. Th
reproduced well the experimental values obtained for
EFG at the Hg site, as well those which were measured
Machi20 for the Cu site. Theab initio calculations have con
firmed that Hg is tightly bound to the apical oxygen, who
contributions dominate the EFG at the Hg site. The calcu
tions have further shown that the EFG at the Ba site is
tremely sensitive to the Od presence. This fact suggests th
an experimental effort should be envisaged to measure

FIG. 5. Trend ofd as a function of the lattice parametera. The
continuous line is a parabolic fit to the experimental data collec
in Ref. 11. The dotted lines confine the region of the fit within 95
confidence level. For the sake of clearness the experimental p
where the fit was done are not included in the figure.
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EFG’s at the Ba site, in order to probe the changes of the
local charge density and symmetry as a function of dop
and temperature.

The reproducibility of the present experiments and t
consistency of the theoretical simulations show that PA
experiments on pure and underdoped Hg1201 samples
provide microscopic information about the Od doping. Fu-
ture experiments should provide details on the Od diffusion
a
g

e

an

mechanisms as well as on the local behavior of Hg and
electronic environment as a function of temperature.
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9W. Tröger, T. Butz, P. Blaha, and K. Schwarz, Hyperfine Intera
80, 1109~1989!.
l

,

,

.

,
i,

.

n-

r-

t-

s.

.

ts

ct.

10S. M. Loureiroet al., Physica C243, 1 ~1995!.
11~a! S. M. Loureiro, Ph.D. thesis, Universite´ Joseph Fourier,

Grenoble, 1997;~b! S. M. Louneiro, J. J. Capponi, E. V.
Antipov, and M. Marezio,On the Synthesis and Structure of
HgBa2Can21CunO2n121d Superconductors, Studies of High
Temperature Superconductors Vol. 25, edited by A. V. Narlikar
~Nova Science, New York, 1997!, and references therein.

12E. Kugler, D. Fiander, B. Jonson, H. Haas, A. Przewloka, H. L.
Ravn, D. J. Simon, K. Zimmer, and the ISOLDE Collaboration,
Nucl. Instrum. Methods Phys. Res. B70, 41 ~1992!.

13J. F. Ziegler, J. P. Biersack, and U. Littmark,The Stopping and
Range of Ions in Solids~Pergamon, New York, 1985!.
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