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Superconducting properties of YBa,Cu;0,-Au

composites

C. NGUYEN VAN HUONG, M. NICOLAS, A. DUBON, C. HINNEN*
Laboratoire de Physique du Solide, ESPCI, 10 rue Vauquelin, 75231 Paris cedex 05, France

By X-ray diffraction and photoelectron spectroscopy, we have demonstrated that Au is
incorporated in the YBCO lattice up to a concentration 0.1. An XPS study gave evidence for
an electronic valence state Au’*. Its replacement in the Cu(1) site appears questionable due
to the large difference in ionic radii (Cu?*: 0.073 nm; Au'*: 0.137 nm). The so called
‘irreversibility lines’” determined by AC susceptibility measurements are strongly affected by the
doping. Up to the limit of solubility in the grains, an improvement in intra and intergrain
coupling and flux pinning energy is observed, showing the beneficial interest of YBCO-Au

composites.

1. Introduction

Chemical doping of high T, superconductors by addi-
tives or substituents has been widely investigated. The
substitution at barium or copper sites induces a degra-
dation of T, [1]. Despite the similarity of the valence
electron structure of Ag and Au with Cu, noble metals
substitute very little for Cu in YBa,Cu,0, [2, 3]
However, when they are included as additives to
stoichiometric YBCQ during synthesis, YBCO-Ag or
YBCO-Au composites are obtained. YBCO-Ag com-
posites have been extensively studied because added
Ag is located in the intergrain region, does not alter 7,
and gives rise to low normal state resistivity and
improved mechanical properties.

In spite of the fact that Au is often used in physical
measurements on superconductors (gold contacts on
YBCO exhibit best contact resistances), YBCO-Au
composites have been much less investigated, never-
theless, recent works have shown that Au can be
incorporated in the YBCO lattice, at x < 0.1, suppos-
edly at the chain Cu(1) site [4, 5]. The problem of the
valence of Au is not yet clear.

In this work, we have attempted to gain insight into
the effect of Au on the superconductivity properties of
YBCO, in particular on the so called “irreversibility”
line (IL).

Among the various magnetic aspects of the behavi-
our of high 7, superconductors (HTSC) is the exist-
ence of an IL in the H(T) diagram. This line separates
the region of reversible from irreversible behaviour.

Miiller et al. [6], then Yeshurun and Malozemoff
[7] and Neumann et al. [8], found that by increasing
applied field, the IL shifted according to

H* = /T, (1)

where o = 3/2 (for H ,c) or 4/3 (for H||c) in the case of
single crystals and H* is the irreversible field. The
results were explained in terms of a thermally

a(l —t) witht =

activated flux creep model. Other mechanisms have
been suggested to explain IL: either vortex lattice
melting [9, 10] or a phase transition from vortex glass
to vortex liquid [11]. However, many experimental
studies have shown that many HTSC do not follow
the behaviour represented by Equation 1: (i) the value
o can be different from 3/2 or 4/3; (ii) the law differs

_according to field range, exponential or power

[12-15].

a.c. susceptibility was considered as the most sensi-
tive method for the determination of IL [16, 17]. By
this method, the IL is defined as the relation between
the temperature T, (or T,) of the peak observed in the
imaginary part " of the a.c. susceptibility and the a.c.
field / or d.c. field H. Very recently, Samarappuli et al.
[18] and Steel et al. [19], by detailed comparison
between a.c. susceptibility and resistivity measure--
ments, have suggested that the dissipation peak in "
is due to skin size effects and the peak position lines
T, or T, (h, H) can be interpreted as lines of equal
resistivity whiclapproach the d.c. irreversibility line
when @ — 0. Within the skin effect picture a criterion
for the determination of the true IL from a.c. suscepti-
bility measurements can be formulated and it was
suggested that the temperature T,, where ¥’ =0
rather than the temperature peak indicates irreversible
behaviour. Senoussi [39] made the same suggestion in
a recent review paper. However, this definition does
not yield well-defined values for T§,. As already poin-
ted out by Krusin-Elbaum et al. [15], under some
conditions the maximum in " will occur very near the
temperature where nonlinear behaviour is first noted
in the I-V curves.

Even if the definition according to which the peak
position lines are the IL is not rigorously exact, we
believe that the observed influence of Au addition on
the temperature peak lines reflects approximately well
the situation on the ‘irreversibility line’.
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2. Experimental procedure
2.1. Sample preparation
The YBCO-Au, composites were prepared from stoi-
chiometric YBa,Cu;0, and Au powder. YBa,Cu,0,
were synthesized by solid state reaction from pure
Y,0;, BaCO, and CuO powders. The stoichiometric
mixture was ground, pelletized, reacted in air at 950 °C
for 24 h and cooled at room temperature. This proced-
ure was done three times. Finally the pellet was oxi-
dized in flowing O, at 950 °C for 1 h, then at 500 °C for
4 h and furnace cooled at room temperature.
YBa,Cu,;0, was then finely ground and mixed with
Au powder in the ratio (YBCO), _ Au, (x < 0.3). The
mixture was sintered in flowing O, at 950°C for 17 h,
then at 500°C for 4 h and furnace cooled at room
temperature. The specimens were then characterized
by X-ray diffraction. In order to avoid the sample size
effect on the a.c. susceptibility [20], samples used in
these measurements are parallelepiped-shaped bars
having approximately the same dimensions.

2.2. Apparatus
a.c. susceptibility measurements were performed with
a home made susceptometer described in a previous
work [13], using the standard mutual inductance
technique, at a frequency of 312 Hz (except for the
lowest a.c. field of 0.18 G), for different times and in the
absence or presence of a static field H. '

The resistivity has been measured with the aid of an
a.c. four probe equipment. Prior to the measurements,
the contacts made with Ag lacquer were heated under
an O, atmosphere at 360-400 °C for 2 h and cooled in
a furnace at room temperature in order to minimize
contact resistances.

The valence states of ions were determined by
photoelectron spectroscopy (XPS), the oxygen con-
centration by the iodometric titration technique.

3. Results and discussion
3.1. Structure of the composites and valence
states of Au and Cu

X-ray diffraction measurements have shown that the
specimens are single-phased except for x = 0.2 and
0.3, where a peak of metallic Au is observed , implying
that for these concentrations Au is present in a segre-
gated phase. The structure is orthorhombic for all
concentrations. The influence of Au on the lattice
parameters is shown in Fig. 1: a and b parameters
remain unchanged while ¢ increases up to x = 0.2 then
becomes constant for x = 0.3. As this ¢ expansion is
not accompanied by an a or b variation it cannot be
attributed to a decrease of oxygen content. Indeed,
this latter, determined by chemical titration, is slightly
increased by doping (8 = 7.00 for the undoped sample
and 7.04 for x = 0.1). These results show that Au is
incorporated into the YBa,Cu,O; structure for
x <(0.1. .

The question was about the site occupied by Au. By
analysis of X-ray and neutron diffraction results and
consideration on the probable valence state of the
dopant (Au?*), Hepp et al. [21] and Cieplak et al. [5]
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Figure 1 Lattice parameters a, b and ¢ as a function of Au concen-
tration. [J, x, @ YBa,Cu;0,-Auy,; O YBa,Cu, ,0,Au, ;
A Y, ,Au,,Ba,CusO04 A YBa,Cu, ;Au, 50,

suggested that Au replaces the chain Cu(1). However,
our detailed XPS investigation [22] gives evidence.
that in the YBCO composite the Au valence state is
rather close to 1* and this value questions the replace-
ment of Cu(l) by Au because of the large difference in
ionic radii (Cu?*: 0.073 nm; Au'": 0.137 nm). Else-
where, Rudkman and Hepp [23] recently proposed a
valence state intermediate between 2 and 3. Further-
more, our XPS results show that the binding energy of
the Cu(2p3/2) photoelectron peak in YBCO is not
changed by the presence of Au.

For these reasons, we considered replacement at the
rare earth site as well as at the Cu ones. We compared
(YBa,Cu;0,)-Au,; with YBa,Cu, 4Au,,0; and
Y,.0Au, Ba,Cu;0;, where the substitution was ef-
fectively done on Cu and Y sites, respectively, from the
preparation. In contrast to the case of YBCO-Au,, ,,
one can detect traces of second phase in the Cu and Y
substituted samples. The Cu substituted sample ex-
hibits similar lattice parameters and supraconducting
properties (7, and ) (Fig. 2) as the equivalent com-
posite. In contrast, the Y substituted sample shows a
slightly larger ¢ parameter, the magnetic transition is
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Figure 2 Comparison of the diamagnetic transition of a
YBCO-Au, ; composite with that of other substituted samples.

noticeably larger in the low temperature (intergrain)
region, whereas in the high temperature (intragrain)
region the behaviour is unchanged (same 7, and
abrupt onset) and the whole superconducting volume
decreases: these observations allow us to suggest that
Au does not go to the Y site, Yq 0Auq {Ba,Cu304 49
behaves in part as grains of YBCO-Au, ; and the lack
of Y leads to a more important and less coupled
intergrain volume. However, we can suggest that small
amounts of Au'* replace Ba®”, since they have a
nearly similar radius. Furthermore, this replacement
can explain the observed slight increase in the
¢ parameter and enhancement of T, by the expected
increase in hole concentration.

3.2. Resistivity

Resistivity results are shown in Fig 3, where are
plotted normalized resistivity R/R, 45 as a function of
temperature for different concentrations x. In normal
state, all the specimens are “metallic”, meaning that
they show a positive temperature coefficient. Above T,
the normalized resistivity can be expressed as

R/R295 = a + bT

The coefficient b is the same for the doped samples,
but slightly larger than the value obtained with the
undoped one. As shown in Fig. 4, up to x = 0.1 the
normal state resistivity increases then decreases for
x > 0.1. At the same time, the T, defined as the onset
temperature of p(7) curves increases for x = 0.05 and
0.1 and saturates further for x > 0.1. One can note the
sharpness of the transition for all the doped samples in
contrast to the undoped one, which shows a signific-
ant tail. These results give fairly good evidence of the
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Figure 3 Normalized resistance of YBCO-Au composites as a func-
tion of temperature for different Au concentrations. x 1:0; 2:0.05;
3:0.1;4:0.2; 5:0.3.
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Figure 4 Influence of Au concentration on the room temperature
resistivity.

limit of the solubility of Au in grains (x = 0.1), in
agreement with the literature, and the strengthening of
the intergrain coupling by Au doping.

3.3. a.c. susceptibility and peak line

3.3.1. T_.enhancement

Results of a.c. susceptibility measurements for the pure
YBCO compound and for doped ones (x = 0.05, 0.1,
0.2 and 0.3) are presented in Fig. 5. Superconducting
transitions are abrupt in all cases. Au doping tends to
sharpen them. T, is clearly enhanced (about 1.5 K for
x = 0.1). The onset of %' (T) curves is also very abrupt.
This may be attributed to a better intragrain coupling
and/or to a different microstructure, as can be seen on
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Figure 5 Real part ' of the a.c. susceptibility as a function of
temperature for different x values of YBCO-Au, composites. x 1:0;
2:0.05;3:0.1;4:0.2; 5:0.3.

SEM micrographs (Fig. 6). Pure YBCO shows a typi-
cal granular structure with a relatively broad distribu-
tion of grain sizes. Gold added to YBCO causes
extended grain growth allowing the production of a
nearly uniform grain size distribution with relatively
large plate-like grains (30—40 pm). Uniformity of grain
size should ensure a dense packing of grains and a
better coupling of them. The shielding is quasi-com-
plete for all the samples except for x = 0.1, where ¥ is
slightly inferior to — 1 (perhaps due to a more import-
ant demagnetizing effect or a different density for that
sample).

This T, enhancement may be due to the slight
increase in the hole concentration pointed out above.
This behaviour is quite different from that of other
monovalent dopants such as Li* or K*, which cause
an orthorhombic tetragonal transition and decreased
superconductivity properties [24].

3.3.2. a.c. field effect

The results are shown in Fig. 7, where are represented
the temperature dependence of the real part ' and the
imaginary one " of the pure YBCO compound and
doped samples (x = 0.3) for different a.c. fields A
varying from 0.18 G to 14.4 G. At the lowest h, '
approaches the value —1, implying complete
diamagnetic shielding. With increasing temperature,
¥'(T) exhibits a shoulder which becomes clearly mar-

Figure 6 (a, b, c) Scanning electron micrographs of fractured surfaces. (a) undoped sample; (b) YBCO-Au, o5; (c) YBCO-Au, ,; (d) Optical
electron micrograph of YBCO-Au, , showing Au clusters (bright spots) and large composite crystals.
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Figure 7 Influence of a.c. field k on the real ¥’ and imaginary " parts of a.c. susceptibility. h (Gauss) 1:0.18; 2:0.9; 3:1.8; 4:7.2; 5:14.4.

ked at high a.c. fields. As expected, the effect of h is
observed only in the low temperature (intergrain)
region. Simultaneously, on " (T) curves, a single peak
at T,, is observed for low h. At fields higher than H,,
(of grains) a second peak appears at temperature 7,
with T, > T,,. These two peaks originate from energy
losses in inter and intragrain regions, respectively.
With increasing h, the intergrain peak becomes broad-
er and shifts noticeably towards lower temperature,
because the intergranular pinning force is rather weak.
In contrast, the intragrain peak which appears only at
higher fields is only slightly shifted, meaning that in
that field range the vortices are strongly pinned in the
grain. Qualitatively this kind of variation of x” with h
has been reported by numerous authors [25-27], but
sometimes the high temperature peak 7, is not ob-
served even for a high a.c. field [28, 297, this may be
due te many factors: processing procedures inducing
different microstructures and more or less hon.ogen-
eity, sample geometric dimensions, etc.

The influence of a.c. field on T, (intergrain) and 7,
(intragrain) is represented in Fig. 8, where are re-
presented A* as a function of ¢; h* is the a.c. field at
which are observed the peaks on %”(T) curves, t is the
reduced temperature 7/T, where T, is the onset tem-
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perature and T is either T}, or T,. It can be seen that
for x < 0.1 (which is the limit of solubility of Au in the
grains), the curves shift towards higher temperature in
the whole h range, revealing a little increase in the
intergranular coupling and in the first critical field
H,,;,in agreement with resistivity data. For higher Au
concentrations (x = 0.2 and 0.3) the segregated Au
seems to induce a better intergrain coupling only for
low fields, while at high fields the visible decrease of
the slope dh/dt reflects rather a decrease of this
coupling.

In order to analyse for a power law behaviour, we
have plotted the data in log-log form (Fig. 9). For all
the samples studied the curves are straight lines with,
however, a kink for x = 0.2 and 0.3, which indicates
the separation of the low field region from the high
one. The power law is obeyed, but with different slopes
(o of Equation 1). In Table I are shown the values of o
in low and high field regions.

The main remarks which can be deduced from
Table I and Fig. 9 are as follows.

(i) the exponent o is noticeably larger than the values
predicted either by the flux creep model (3/2) or the
melting transition (2).
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TABLE I Values of o exponent in low and high field regions
x o Low field o High field h*

0 50

0.05 34

0.1 3.1 2.7 7.2

0.2 6.5 2.3 20

0.3 2.8 20 2.5

h* is the field value separating the two regions

(i) The A* value indicating the change of the field
range depends on x. When x > 0.1, A* tends to de-
crease with increasing x. This behaviour may be
attributed to a decrease in the intergrain pinning
energy caused by the presence of segregated Au which
transforms the SIS junctions into SNS ones.

All these remarks strongly suggest the validity of the
model based on flux line pinning; up to the limit of
solubility of Au in the grains, Au doping leads to a
better intergrain coupling and an increase of the flux
pinning energy. For higher Au concentrations this
latter parameter tends to decrease. Analogous phe-
nomena were observed by Loegel ez al. [31] on differ-
ently treated samples and by El-Abbar in
YBCO-Y,BaCuO, composites [32].

3.3.3. d.c. field effect
As demonstrated above, a small amount of Au is
incorporated in the YBCO structure. Hence, it is
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interesting to study the effect of this substitution on
the behaviour of the intragrain flux lines. In Fig. 10 we
only show the influence of static field H on y’ and y”
for pure YBCO and x = 0.05 and 0.3. With increasing
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Figure 10 (a) Temperature dependence of the real and imaginary
part of the a.c. susceptibility at different static field H of undoped
YBCO sample. H (Gauss) 1:0; 2:140; 3:450; 4:2900; 5:4000;
6:5800. (b) Influence of d.c. field on the temperature dependence of
the a.c. susceptibility for YBCO-Aug os. H (Gauss) 1:0; 2:140;
3:450; 4:1545; 5:2900; 6:5800. (c) Influence of d.c. field on the
temperature dependence of a.c. susceptibility for YBCO-Au, ;. H
(Gauss) 1:0; 2:140; 3:460; 4:840; 5:1540; 6:2900; 7:5800.

H, T, is unchanged, y' (7)) becomes broader and
broader and the penetration of the field is easier when
x increases. " now is due to the motion of vortex lines
between and in the grains, since, H > H,;; of weak
link junctions. Although we keep in mind that the
peak lines do not strictly represent the irreversible line,
it is worth analysing the influence of Au doping on the
behaviour of these lines. A small shift towards higher
temperature is observed only for the slightly doped
sample (x = 0.05). For x > 0.1, the influence of the
doping is rather dramatic (Fig. 11). Similarly to inter-
grain regions, these results can be interpreted as an
enhancement of the intragrain coupling and of the first
critical field of grains H,,.

The power law is obeyed for all the samples, how-
ever, the exponent o is far from the value predicted by
the flux creep theory: a varies from 6 for pure 123 to
approximately 5 for doped compounds. These large
values have already been observed in many cases [32]
for granular anisotropic superconductors and also for
isotropic Chevrel phase superconductors [33].
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4. Conclusions

We have demonstrated that Au can be incorporated in
the YBCO lattice up to a concentration 0.1, in the
electronic valence state 17, hence its replacement at
the Cu(1) site becomes questionable due to the large
difference in ionic radii of Cu®?* and Au'*. For
x > 0.1, Au is segregated between grains.

The transition temperature is enhanced by 1.5 K.
Up to x = 0.1 the intergrain and intragrain couplings
and first critical fields are improved. We have sugges-
ted that this is related to the microstructure of the
composite which shows large, uniform sized and
oriented grains and to an increase in the hole concen-
tration induced by replacement of small amount. of
Ba’* by Au'".

It is interesting to recall the results reported in the
literature obtained with YBCO-Ag composites. The
influence of added Ag on the microstructure and
consequently on the intergrain resistivity and coupling
is similar [34—38]. In contrast, Ag does not diffuse into
the YBCO structure and does not change the trans-
ition temperature. Furthermore, the superconducting
properties of Ag composite grains are degraded due to
an oxygen deficiency. However, it has been reported
that the intergrain critical current density is enhanced.

Finally, it appears that YBCO-Ag and YBCO-Au
composites exhibit similar properties, concerning the
intergrain regions.

5. Summary
By X-ray diffraction and photoelectron spectroscopy

we have demonstrated that Au is incorporated into
the YBCO lattice up to a concentration 0.1. An XPS
study -gave evidence for an electronic valence state
Aul*; its replacement on Cu(1) site appears question-
able due to the large difference in ionic radii (Cu?*:
0.073 nm; Au®*: 0.137 nm). The so called ‘irreversibil-
ity lines’ determined by a.c. susceptibility measure-
ments are strongly affected by the doping. Up to the
limit of solubility of Au in the grains, an improvement
in intra and intergrain coupling and first critical fields
is observed, showing the beneficial interest of
YBCO-Au composites.
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