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Abstract

High quality YBa,Cu;Og,, (YBCO) superconducting thin films were implanted with the radioactive '"™Hg
(T1»=24 h) isotope to low fluences of 10'* atoms/cm? and 60 keV energy. The lattice location and stability of the
implanted Hg were studied combining the Perturbed Angular Correlation (PAC) and Emission Channeling (EC)
techniques. We show that Hg can be introduced into the YBCO lattice by ion implantation into a unique regular site.
The EC data show that Hg is located on a highly symmetric site on the YBCO lattice, while the PAC data suggests that
Hg occupies the Cu(1) site. Annealing studies were performed under vacuum and O, atmosphere and show that Hg
starts to diffuse only above 653 K. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 68.55.L; 74.62.D; 74.76
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1. Introduction

The YBa,Cu30¢,, (YBCO) compound is one of
the most studied and interesting high-7¢ super-
conductor materials. Doping studies have shown
that the superconducting properties of YBCO are
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22 767 8990; e-mail: joao.pedro.esteves.de.araujo@cern.ch

always degraded, except when doping with Au or
Hg, which increase T¢ by 2 K [1] and 10 K [2]. In
these studies Hg was introduced to several percent
during sintering by changing the composition of
the reactants. Therefore the Hg site was not
known, and the presence of different crystalline
phases cannot be excluded.

In the present work radioactive ""Hg was in-
troduced into YBCO thin films by ion implanta-
tion to very low fluences. The atomic environment
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of Hg and its lattice site position were studied with
the e —y Perturbed Angular Correlation (PAC),
and Emission Channeling (EC) nuclear techniques
[3]. For control, the critical temperature (7;) was
measured with the Alternate Susceptibility (y.c)
technique in the as-grown state and after the im-
plantation and annealing treatments.

2. Experimental details

Poly- and [001] single-crystalline high quality
YBCO thin films (100-350 nm) were deposited by
Pulsed Laser Ablation or MOCVD on [100]
SrTiO; substrates. The crystalline quality was
checked by Rutherford Backscattering/Channeling
and X-ray diffraction. The ""™Hg radioactive
isotope was implanted into the films at room
temperature (RT) and 60 keV energy at the
ISOLDE facility [4]. To avoid the production of
unknown crystalline phases the beam was swept to
get homogeneously low fluences of 1.0x10'3 Hg/
cm?. The Hg projected range is Rp = 16 nm, and its
peak concentration 7x10'® at/cm?® [5], i.e. about
0.01 at.%. The implanted samples were firstly an-
nealed in vacuum (3x107% mbar), increasing the
temperature from RT up to 757 K in 100 K steps
of 10 h each. PAC measurements were made after
implantation and during vacuum annealing. Sub-
sequently the samples were annealed at 723 K
under O, flow (1 bar). The temperature was in-
creased from RT to 723 K in 30 min and after 6 h
annealing, slowly decreased (1 K/min) back to RT.

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 [6].
Details of the experimental setup and procedures
can be found in Ref. [7]. The PAC technique is
particularly suitable to probe the vicinity of the
implanted Hg nuclei at an atomic level [8]. 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 7=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 n = (V. — V},)/Ve.
are extracted. V. is the principal component of the
EFG tensor, which is produced from the extra
nuclear charge distribution. Q=-0.057£0.007 b
is the quadrupole moment of the 134 keV excited
state. The interaction with randomly distributed
defects does not lead to the measurement of a
sharp frequency, but rather to a distribution of
frequencies. Here we assume such distributions to
be Lorentzian-like, with average value (vo) and
standard deviation oy, depending on the density
and variety of the lattice defects.

The EC experiments were performed after im-
plantation by measuring the yield of the L+M
conversion electrons from both the 165 and 134
keV transitions, as a function of angle towards the
[001] crystallographic direction. For this purpose
we used 30x30 mm? position sensitive detectors
developed at CERN for high-energy physics ex-
periments and recently adapted for the present use

[9].

3. Results

Fig. 1 shows R(f) spectra measured at several
temperature steps up to 757 K. All spectra were
fitted assuming one frequency distribution cen-
tered at (vp;) =122+ 1 MHz. In Fig. 2 69 and n are
plotted as a function of annealing/measuring
temperature. o, decreases strongly from o¢p=
29+2 MHz (as-implanted) to 6.6+0.6 MHz
(T =511 K), enhancing the amplitude of the R(¢)
spectra (Fig.1). The strong attenuation of the as-
implanted spectrum is due to Hg nuclei that in-
teract with randomly distributed defects. Within
our range of sensitivity, a few nanometers around
the Hg probe nuclei, we identify one annealing
step at 511 K where the lattice recovers and no
point defects are in the neighborhood of the
probes. The 5 parameter vanishes for annealing
temperatures above 511 K.

The Hg stability was studied measuring the vy
count rate of the 134 keV transition and the PAC
coincidence rate. No losses were observed up to
653 K. Above this temperature Hg starts to diffuse.
During annealing at 757 K both the y and the PAC
coincidence rates had the same relative decrease,
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Fig. 1. PAC spectra measured after implantation and during
annealing in vacuum up to 757 K.

indicating a strong out-diffusion of Hg. If Hg
would only diffuse within the film, the coincidence
rate would decrease at a higher rate than the vy rate,
due to a higher absorption and scattering of the
conversion electrons through the film. At 757 K
the diffusion was still slow and the Hg losses small
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Fig. 2. Plot of the standard deviation oy, and the asymmetry
parameter 7 as a function of annealing/measuring temperature
in vacuum.

enough to measure an 8§ h long R(?) spectrum
(Fig.1), which displays a different pattern, char-
acterized by (vg,)=2313 MHz and o =25+9
MHz. This change was shown to be irreversible
when returning to measurements at temperatures
lower than 653 K. We further checked that all the
remaining activity was still on the film. Thus the
R(?) spectrum taken at 757 K is due to Hg atoms
which are no more in the initial lattice sites but are
still in the YBCO lattice.

Fig. 3 shows the normalized conversion elec-
tron yields measured after implantation, as a
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Fig. 3. Normalised conversion electron intensities measured off
the [00 1] direction, after implantation.
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function of the angle off the [001] axis. The
increase of the electron yield along the [001] axis
reveals that Hg lies along the c-axis either on the
Y/Ba or the Cu rows, since EC effects along pure O
rows are expected to be much less pronounced.
This agrees with the high symmetry of the '"Hg
(YBCO) EFG, whose principal component (V..)
was found to be aligned with the [001] axis [10].
New EC experiments investigating different crys-
talline axes are in progress.

Fig. 4 shows the in-phase component of the
alternate susceptibility (') measured as a function
of temperature in the as-grown film, after im-
plantation and subsequent annealing in vacuum
up to 757 K, and after subsequent annealing at 723
K for 6 h under flowing O,. As expected, the
sample didn’t show the superconducting phase
transition after annealing in vacuum. The oxygen
losses should have caused the orthorhombic-te-
tragonal structural phase transition, thus trans-
forming the superconductor compound into an
antiferromagnetic insulator. Superconductivity
was recovered after 6 h annealing at 723 K under
O, flow. The structure that is seen in the y’ curve
after annealing in oxygen, is most likely due to
inhomogeneous O doping.
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Fig. 4. In-phase component of alternate susceptibility (y,c)

measured: (a) as deposited; (b) after Hg implantation and

subsequent annealing in vacuum (no superconductor transition

was found down to 20 K), and (c) after subsequent annealing
under flowing O,.

4. Discussion and conclusions

The results presented here were shown to be fully
reproducible for all thin films we studied, inde-
pendent of their production method. After im-
plantation the Hg probes are already in unique
lattice sites but are still interacting with randomly
distributed defects. When annealing up to 653 K,
100% of the implanted Hg atoms remain on the
same site, with no more point defects in its neigh-
borhood. In the same temperature range the fun-
damental frequency vy, didn’t show any relevant
change. This behavior can be understood by the
fact that the lattice parameters should not show
appreciable changes, although the orthorhombic—
tetragonal phase transition can occur due to the
annealing in vacuum [11]. Then # should be more
sensitive to the phase transition. We have shown
that when annealing under O, flow at 723 K [10], or
by annealing in vacuum at temperatures below 511
K [this work], Hg occupies a regular lattice site with
charge symmetry lower than tetragonal (1 =0.20).
When annealing in vacuum at temperatures above
511 K # vanishes to zero, revealing that the Hg site
symmetry changed to tetragonal. In previous work
where the oxygen diffusion coefficient (Do) was
studied for thin films in O, atmosphere [12], it was
found that oxygen starts to migrate, being ex-
changed with the atmosphere, above 523 K. By
using Dp(588 K) ~ 1.5x10713 cm?/s we estimated
the diffusion length for a 10 h long annealing,
L=(Do t)'/*> =735 nm, which is much larger than
the film thickness. The y,. measurements performed
after annealing in vacuum have shown that the
films were no more superconducting. Then the su-
perconducting transition was reestablished after
annealing in O, flow, reinforcing the interpretation
that oxygen was released during annealing in vac-
uum to a relative content x<0.4 on the YBa,
Cu;04., structure. Thus we interpret the vanishing
of n as being due to the orthorhombic-tetragonal
YBCO structural phase transition, which occurred
in our thin films between 511 and 587 K.

The EC results show that Hg lies along the
Cu or Y/Ba c-axis rows. It is known that Hg has a
big affinity to form linear-like coordinated bonds,
e.g., in the Hg;Ba,Ca(,_)Cu,Op,4249) high-Tc
superconductor family and in HgO. In both cases
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Hg has two linearly coordinated (apical) oxygen
atoms as its first neighbors. Moreover, the ratio
[vo/ Q| =leV../h|=2140£263 MHz b~' found in
this work is very close to the value |eV../
h|=1829%210 MHz b~!, found for ?Hg : HgO
[13]. Then the lattice contribution for the EFG is
in first order proportional to the ratio Ryg=V_./
(1-v,)=14.6 V/A2 where (1-7y.) is the Stern-
heimer antishielding coefficient that accounts for
the EFG enhancement due to the polarization of
the probe’s (Hg) electronic core [14,15]. Taking
equivalent ratios from the EFGs calculated for
different lattice sites in YBCOg(,—q) [16], we find
Rey) =13.5 V/IAZ, Rcu) 42V/A Rp,=1.4V/
A2, and Ry=1.1 V/A2 Thus the Cu(l) YBCO
lattice site appears as the most favorable to be
occupied by the Hg ions.

When annealing above 653 K Hg starts to dif-
fuse out slowly and the R(f) spectra changes irre-
versibly. The Hg diffusion mechanism is not
known. However, the very low value of
(vo2)~23%3 MHz suggests that Hg is no more
bound to oxygen and occupies low EFG lattice
sites in the YBCO lattice. Finally, the abundance
of oxygen seems to delay this diffusion, since in a
previous work we have shown that after annealing
under O, flow a small amount of Hg was lost at
723 K and v, did not change [10].

In conclusion, in this work we have applied the
PAC and EC nuclear techniques to study the sta-
bility and lattice site of implanted Hg into YBCO
thin films. We found that Hg occupies one unique
lattice site, which is stable up to 653 K. Both the EC
and the PAC results suggest that Hg occupies a
highly symmetric lattice site, most likely the Cu(1)
site, bonded to two apical oxygen atoms. A first
annealing step of the implantation defects was
found at 511 K. The orthorhombic-tetragonal
phase transition occurred between 511 and 587 K
under vacuum annealing. Hg diffusion starts only
above 653 K. The PAC results at 757 K show that
Hg is no more bound to oxygen and is now occu-
pying higher symmetry sites in the YBCO lattice.
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