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Abstract

The radioactive isotope '"™"Hg was implanted at 60 keV with low fluences (10'3 ions/cm?) into YBa,Cu3O.
(YBCO) superconducting thin films at ISOLDE/CERN. We report on the Hg dynamics and stability inside the YBCO
lattice as a function of annealing temperature up to 890 K in a vacuum or O, atmosphere. The perturbed angular
correlation (PAC) technique was used for probing the Hg behavior at the atomic scale, while by monitoring the
sample’s activity in situ the Hg outdiffusion was studied. We found that Hg ions occupy unique lattice sites and that Hg
should be bound to two apical oxygens. Hg diffusion occurs only for annealing temperatures above 653 K, in vacuum.
The Hg migration energy was estimated to be Eyy =1.58 £ 0.15 eV. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 68.55.L; 74.62.D; 74.76
Keywords.: Ton implantation; Thin films; High-T7, superconductors; Doping; Diffusion; Nuclear techniques

1. Introduction free from parasitic phases. Doping studies have
shown that the superconducting properties of

Since the discovery of YBa,Cu;Og,, (YBCO) YBCO are always degraded, except when doping
[1] intensive work has been done, in order to with Au or Hg, which increases the critical tem-
produce high quality bulk and thin film materials perature (7,) by 2 K [2] and 10 K, respectively [3].
In these studies several atomic percent of Hg were

introduced during sintering by changing the com-

* Corresponding author. Tel.: +41 22 767 6491; fax: +41 22 position of the reactants. Therefore the Hg site was
767 8990; e-mail: guilherme.correia@cern.ch not experimentally determined, and the presence
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of different crystalline phases or different com-
pounds cannot be excluded. Recently [4] we com-
bined the emission channeling (EC) and perturbed
angular correlation (PAC) techniques [5] to show
that Hg occupies a unique highly symmetric site in
the YBCO Iattice, directly after implantation. In
such studies a first annealing stage where point
defects diffuse away from the Hg neighborhood
was identified at 511 K, and it was further ob-
served that the Hg is stable in the YBCO lattice up
to 653 K.

In the present work radioactive '*’"Hg was in-
troduced into YBCO thin films by ion implanta-
tion at very low fluences. The atomic environment
of Hg was studied using the e"—y PAC technique
and the Hg out diffusion was studied by moni-
toring in-situ the sample’s activity.

2. Experimental details

Poly-and [001] single-crystalline high quality
YBCO thin films (100-3000 nm) were deposited by
Pulsed Laser Ablation or Metal Organic Chemical
Vapor Deposition on [100] SrTiOs;, and [100]
MgO substrates. The crystalline quality was
checked using the Rutherford Backscattering/
Channeling (RBS/C) with a 1.6 MeV He™ beam,
and X-ray diffraction measurements. For control
of the superconductivity, 7, was measured with
the Alternate Susceptibility (y..) technique [4]. The
197mHg radioactive isotope was implanted into the
films at room temperature (RT) and an energy of
60 keV at the ISOLDE facility [6]. To avoid the
production of unknown crystalline phases the
beam was swept to get a homogeneous low fluence
of 1.0x10" Hg*/em? over the implanted area,
covering ~95% of the 5x5 mm? film’s surface. The
Hg projected range is Rp =16 nm, and the peak
concentration is 7x10'® at/cm?, i.e. about 0.01 at%
[7].

The PAC measurements were performed using
the well-known 165-134 keV cascade from the
decay of the 24 h half-life "’™Hg isomeric state [8].
Details of the experimental set-up and procedures
can be found in Ref. [9]. The PAC technique is
particularly suitable to probe the vicinity of the
implanted Hg nuclei at an atomic level [10]. Its

sensitivity is given by the electric field gradient
(EFG) which is caused by the deviation from cubic
symmetry of the charge distribution around the
probes. This results in a modulation of the PAC
spectrum, R(?). For a cascade with an intermediate
level with spin I=15/2, three frequencies are ob-
servable per EFG. From these frequencies the
coupling constant of the interaction, vo =eQV../h,
and the asymmetry parameter y=(Vyu—V,)/V..
can be extracted. V_; is the principal component of
the EFG tensor, which is produced from the extra
nuclear charge distribution. Q is the quadrupole
moment of the 134 keV excited state. The inter-
action with randomly distributed defects leads to a
distribution of frequencies instead of a sharp fre-
quency. Here we assume such distributions to be
Gaussian-like, with average value (vp) and stan-
dard deviation oo, depending on the density and
variety of the lattice defects.

3. Results

Fig. 1 shows the RBS/C spectra measured in the
thick (>2 pm) YBCO film. The ratio between
the random and [001] aligned spectrum gives a

Energy(keV)
800 900 1000 1100 1200 1300 1400 1500
1 L " 1

6

Counts(/10%)

T T T T T T T
300 400 500 600 700
Channel
Fig. 1. Random as-grown (W) and [001] aligned RBS spectra
taken before (O) and after(®) implantation of 1x10'3 Hg*/cm?,
and after subsequent 6 hours annealing at 723 K under O, flow
(). Notice the recovery of the implantation defects after the

annealing.
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minimum yield of 30% which indicates an epitaxial
film with a fairly good crystalline quality. The Hg
signal, which should appear in front of the Ba
signal, is below the detection limit due to the low
Hg concentration and detector pileup background.
On the other hand, the implantation disorder and
annealing recovery of the YBCO lattice can be
seen in the corresponding Y, Cu and Ba [001]
aligned signals. Still, due to the Y and Cu signal
overlapping and smaller RBS crossections, only
the Ba aligned spectra could be quantitatively
checked. After implantation the surface peak in
the [001] spectrum increases, revealing the pro-
duction of near surface defects. From the area of
the Ba peak we calculate the number of Ba dis-
placed atoms to be 2.6x 10" at/cm?. The thickness
of the damaged region is 26 nm. After 6 h an-
nealing at 723 K under O, flow the lattice signifi-
cantly recovers in the implanted region as the
[001] aligned spectrum shows. This agrees with
previous PAC experiments which showed that
annealing above 511 K in a vacuum or oxygen
atmosphere removed the point defects from the Hg
neighborhood [4,11]. With these low implantation
doses and annealing conditions, 7 can return to
the as-grown values [4].

Fig. 2 (a) shows the PAC spectrum measured at
RT, after implantation and annealing at 723 K in
flowing O,, of a single-crystalline-like film placed
with its normal (#) in the detector’s plane, making
an angle of 45° with each electron detector direc-
tions. X-ray diffraction showed that the film was
epitaxially grown, with the c-axis pointing towards
ii. The R(f) spectrum was fitted assuming that all
Hg probe nuclei interact with the same EFG,
characterized by a sharp (oo; =0) frequency cen-
tered at (vo;)=121.5£0.4 MHz, where V! is
aligned along ¢, and a small #=0.19£0.02. 64, =0
reflects the fact that no point defects remain in the
Hg atomic vicinity [4,11]. Fig. 2 (b) and (c) show
refined measurements of the EFG orientation
where R(z) spectra have been measured with #
placed in the detector plane but now making 18°
and 72° with each electron detector directions,
respectively. In these pictures the continuous lines
are just simulations of the R(?) spectra, assuming
that V! is fully aligned with 7]|c, but making now
an angle of 18° or 72° with the electron detector.
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Fig. 2. PAC spectra measured on a single-crystalline-like film
at RT after implantation and annealing under flowing O, at 723
K with 7 making 45° with both electron detectors (a), and
making angles of 18° (b) and 72° (c). PAC spectra taken on a
slightly textured film during annealing in vacuum at 670 K (d)
and 757 K (e). The spectrum measured at 578 K (f) was ob-
tained after annealing at 757 K.

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
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lattice symmetry. These measurements confirm our
previous work where preliminary EC experiments
shown that Hg lies along the Cu or Y/Ba c-axis
rows. The fact that the magnitude of |V!] is very
close to |V..| measured in '*"Hg doped HgO en-
hances the supposition that Hg in YBCO has two
linear coordinated (apical) oxygen atoms as first
neighbors, as is the case for the Cu(l) lattice site

[4].

Fig. 2 (d) shows a PAC spectrum measured at
Ty =670 K in vacuum (2.107% mbar), slightly
above the temperature at which diffusion starts
(~653 K). The R(¢) spectrum has clearly changed
and was fitted by considering that the Hg ions are
now interacting with two different EFGs. A frac-
tion f; =35%+2% of the Hg nuclei was still inter-
acting with the same EFGy, while f; = 651 2% was
interacting with a distribution, EFG,, character-
ized by (vg,)=18+3MHz and ¢y, =19+*5MHz.
After further increasing Ty to 757 K the R(?)
spectrum shows no more evidence of EFG; (Fig. 2
(e)). Only EFG, is present with parameters
(vo2)=23%13MHz and oy, =2529MHz. More-
over this effect is irreversible when returning to low
annealing temperatures. This can be seen by an-
nealing in vacuum at Ty =578 K (a temperature
where diffusion should be hindered) after anneal-
ing at 757 K (see Fig. 2 (f)). EFG, is now char-
acterized by (vo2)=23+3MHz and
002 =241 13MHz. The fact that vg, <vo, hints
that diffusion of the Hg ions must take place by
lattice sites with a higher symmetry, most likely
not bound to oxygen anymore.

The Hg out diffusion was studied by measuring
the y count rate CR, of the 134 keV transition and
the PAC coincidence rate CRpac at constant
temperature, as a function of annealing time. At
temperatures higher than 653 K both CR, and
CRpac decreased faster than it would be expected
if it were only due to the natural “’™Hg decay. The
relative decrease of CR, and CRpac was the same,
thus indicating that Hg was diffusing out. If Hg
would only diffuse within the film, then CRpac
would decrease faster than CR,, due to higher
absorption and scattering of the conversion elec-
trons through the film. Four measurements were
done at T— 684, 757, 800 and 888 K. When an-
alyzing the data, the count rates were corrected for

the natural decrease due to the radioactive decay,
and normalized to unity at the beginning of each
measurement. In Fig. 3 (a) we show the average
(In) of the CR, and CRpac corrected normalized
intensities, for the three highest temperatures. It is
clearly seen that the rate of Hg losses increases
with Ty. For the clearness of the picture we did
not include the measurements at 684 K, for which
In changed only slightly. Iy is proportional to the
remaining ’"Hg nuclei into the film, thus Iy is
proportional to the integral of the Hg depth pro-
file. The solid lines in Fig. 3 (a) are fits assuming a
simple one-dimensional Gaussian-like diffusion
model on a semi-infinite film without surface traps.
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Fig. 3. (a) In plotted as a function of annealing time
(In =average of CRy and CRpac count rates after half-life
correction and normalization, see text); (b) Arrhenius plot of
the apparent Hg diffusion coefficient. Solid lines are fits ex-
plained into the text.
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Under these assumptions, the solution of the dif-
fusion equation is given by

1 (x — x0)2
—— | &p| —
n(4Dt + 203) 4Dt + 20}

e [ X0
P 4Dt + 203 | |’

where xo is the initial range corresponding to the
maximum of the gaussian profile, g, is the stan-
dard deviation, D is the diffusion coefficient, and ¢
is the time. For each temperature the fit function
to Iy is the integral of the depth profile. This is an
error function with xo/\/4Dt + 263 as argument
and only D and g as free parameters. The time is
the independent variable. TRIM [7] was used to
estimate xo= Rp (that was kept constant during
the fit), as well the initial as-implanted straggle
0o =>5.6 nm. Within this model an apparent diffu-
sion coefficient Dfpg (Tw) is found, that is plotted in
Fig. 3 (b) as a function of reciprocal temperature.
In this plot the error bars for the three highest
temperature values are smaller than the point size.
The solid line is a linear fit to an Arrhenius plot
assuming that DJI*(T) = Dyexp (Em/kT). The mi-
gration energy for Hg in YBCO was found to be
Ey=1.5820.15 eV. On the other hand the pre-
factor Dy= exp(—12.412.3), with most probable
value D=4 x 107% cm? s7!, could not be accu-
rately determined.

4. Discussion and conclusions

In this work we have combined PAC, RBS/
Channeling and X-ray diffraction measurements to
study the stability and diffusion of implanted Hg
into thin YBCO films. The results are shown to be
fully reproducible in all films that we studied, in-
dependently of their production method. The
RBS/C analysis shows that after annealing the
lattice damage has partially recovered, signifi-
cantly reducing the defect concentration in the
implanted region. Combining X-ray diffraction
with PAC refinement orientation measurements
we determined that the principal axis of the EFG

was aligned with the major symmetry (c) axis of
the YBCO Iattice.

By measuring the y and the PAC coincidence
rates during annealing in vacuum, we observed
that Hg starts to out-diffuse above 653 K. With a
simple model that neglects surface trapping and
surface reflection, we were able to estimate the Hg
diffusion coefficients at different temperatures, and
the migration energy for Hg in an oxygen deficient
(due to vacuum annealing) YBCO lattice [4]. We
stress that both the y and PAC coincidence rates
are proportional to the integral of the Hg ions that
still remain in the film, and thus cannot hint about
the real Hg profile or microscopic diffusion
mechanisms. On the other hand, the low frequen-
cies that characterize the R(r) PAC functions,
which were taken during diffusion, suggest that Hg
is diffusing via highly symmetric lattice sites, not
bounded to oxygen, probably the Y or Ba sites [4].
Also, a big g, was found for all measuring tem-
peratures. When measuring at 7y = 578 K (Fig. 2
(f), a temperature where diffusion should be hin-
dered, but after annealing at 757 K, ¢, remained
unchanged. This excludes a correlation with a
dynamical diffusion process. g, is probably due to
Hg that occupies lattice sites with oxygen vacan-
cies in its surroundings, due to vacuum annealing.
Furthermore, we should also consider that Hg
could now be interacting with remaining implan-
tation and surface defects. Finally, the abundance
of oxygen in the YBCO lattice seems to hinder the
Hg diffusion because the Hg losses are much
smaller when annealing at 723 K under O, flow,
and only EFG, was observed (Figs. 2 (a)-(c)).

These results are motivating new experiments,
in which the transport properties of YBCO doped
by diffusion with higher concentrations of Hg will
be studied.
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