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Abstract

We have investigated the influence of oxygen content and disorder on the surface impedance of epitaxial
YBa;Cu3O7_s (YBCO) films at 87 GHz. For this purpose, five films prepared by DC-sputtering on MgO sub-
strates were annealed for 1h at 500° C in different oxygen pressures between 80 and 1000 mbar. The degree
of oxygen disorder was varied by a change of the cooling procedure or a subsequent annealing at 250° C. The
absolute values as well as the slope of the resistivity in the normal conducting state and the penetration depth
in the superconducting state are continuously increasing with §. The transition temperatures change only slowly
and a maximum in T¢ vs. § occurs. As a main result, we observe a strong influence of § on the surface resis-
tance below 0.87 which first increases at the maximum of 7. and then decreases for higher oxygen deficiencies.
Oxygen disorder leads to a degradation of all measured quantities, but R, was found to be most affected. These
observations can be explained in the context of a recent model by Kresin and Wolf which proposes two conduc-
tive subsystems and, as a result, a two-gap structure of YBCO. Charge transfer between the Cu-O planes and
chains leads to an induced superconducting state in the chains. Oxygen content and order affect the value of
the smaller energy gap of the chains, which in turn has a large impact on R,. However, T, changes only slowly,

reflecting its main correlation to the large energy gap given by the planes.

1. Introduction

In contrast to classical superconductors, for most of
the YBCO films a high and only slightly temperature
dependent surface resistance R, has been measured at
temperatures below 0.8T, [1, 2]. Recent observations
of a weak exponential decrease of R, at temperatures
below 50K [2, 3] for films with improved structural
properties as well as a decrease of R, after 10-ion
irradiation [4] indicate that the high residual losses
are not intrinsic. Several experimental results [5, 6, 7]
and recent theoretical studies [8, 9] demonstrate that
oxygen content and order are important parameters
which affect the superconducting properties of YBCO.

In the test series reported here, we started to in-
vestigate the surface impedance of films with different
oxygen deficiency and disorder in order to clarify the
role of oxygen for the microwave losses of YBCO. First,
we describe the details of the preparation and the an-
nealing procedure. In the main part, the results of the
surface impedance measurements are presented and
discussed in the frame of a recent theoretical model
by Kresin and Wolf [9].
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2. Preparation and characterisation of the films

Five epitaxial, c-axis oriented YBCO films were de-
posited in situ on single-crystalline 1 x 1 cm? substrates
of (100) MgO by high oxygen pressure DC-sputtering
and cooled to room temperature in 1h. The oxygen
was partially removed by annealing the films in a vac-
uum chamber for 1h at 500° C (Tx) in different oxy-
gen pressures p(O3) (Tab. 1). The samples were slowly
cooled (sc¢) in 2min down to 250° C and in 20 min to
room temperature. In a second test series, sample #1
was annealed stepwise. First (#1b), it was annealed in
the same way as #2 but fast cooled (fc) in 4s down to
250° C and in 20s to room temperature. In the second
step (#1¢), this film was annealed for 0.5h at 250° C
at 1000 mbar and cooled slowly. Finally (#1d), the an-
nealing and cooling procedure of #4 was repeated.

After each step, the surface impedance was mea-
sured (Sec. 3) and the length of the c-axis was deter-
mined from the evaluation of up to seven (00£) reflec-
tions. As oxygen is removed, the (00£) peaks remain
sharp, indicating that the oxygen content is uniform
in the samples. For state d of sample 1 and for sam-
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Tab. 1: Overview of the structural and microwave data of the YBCO films. All symbols are explained in the text.

# d  p0) Tu ¢ 5 T, R,(42K) R,(0.85T.) A(0) p(100K)  8p/oT
[nm] [mbar] [°C] [A] iPrer) K] [mQ] [mQ)] [nm]  [pQcm]  [uQem/K]
1 300 not annealed  11.689  0.15 89.5 4 23 150 80 1.3
2 330 1000  500,sc 11.704 0.25 92 22 54 200 116 2.3
3 290 300 500,sc 11.710 0.27 91 6 24 210 151 2.8
4 280 1560  500,sc 11.716 0.3 87 5 33 240 168 3.1
5 300 80 500,sc 11.729 0.4 59 100 102 290 215 -
1b 300 1000 500, fc 11.705 0.25 89.5 71 68 290 154 2.8
lc 300 1600 250, sc 11.705 0.25 89.5 21 72 290 175 4.3
1d 300 150  500,sc 11.72 0.33 80 6 77 310 182 5.0

ple #5, we observe a peak broadening, which can be
explained with a distribution of c-axis values.

According to a correlation between c¢-axis length and
oxygen deficiency [10], we determine rather high val-
ues of § (Tab. 1). They are not consistent with é val-
ues obtained from a T,-§-correlation [7], which are
about 0.07 lower. Since this problem does not occur
for films on LaAlOj3 or SrTiO3, we assume that films
on MgO exhibit an additional shift in the c-axis length
which is due to the large lattice mismatch. Therefore,
we present our data versus c-axis length as a relative
measure for the oxygen content. Detailed information
about the samples as well as structural and microwave
data are summarized in Tab. 1.

3. Surface impedance measurements

The effective surface impedance was measured at
low magnetic surface fields (< 20 A/m) between 4.2K
and 150 K. The films were mounted as an endplate of a
cylindrical cavity, which is excited near 87 GHz in the
TEg13-mode for Regr < 18 and in the TEg2;-mode for
Rer 2 1Q [11). The absolute accuracy of the effec-
tive surface resistance Reg of the films is limited by
the losses of the copper host cavity to about %3 mS.
Changes in Rerr and in the effective penetration depth
Aefe can be detected with a sensitivity of 0.3 m$2 and
1nm respectively. The intrinsic values, R, and A, de-
pend on the relative film thickness d/A and were deter-
mined by an analysis of the film-substrate sandwich,
based on impedance transformations [12]. The varia-
tion of the film thickness d, which was measured by
an a-stepper to be about 10% over the sample area,
contributes to additional 5% uncertainty in the deter-
mination of R, and A.

The average resistivity p of the films was determined
from R, by means of the normal skin effect formula.
The absolute values of p as well as the slope of the
resistivity 8p/0T up to 150K increase linearly with é

(Tab. 1, #1...45),in good agreement with other exper-
iments [6, 13]. The linear p(T') behaviour is observed
for all films, except for film #5 where a strong increase
of the slope above 120 K occurs. By comparison of the
films #2 and #1b, it is seen that fast cooling leads
to slightly higher values of p and dp/3T. Subsequent
low-temperature annealing (#1c) results in a further
enhancement of both quantities.

It can be seen from Fig. 1 that T,, determined from
the onset of the microwave transition, 1s not monotonic
with § but shows a maximum at ¢ = 11.704 A. This
peak within the “90 K-plateau” has been observed by
several authors [6, 13]. After fast cooling (#1b), the
maximum disappears (Tab. 1) and is not recovered by
low-temperature annealing (#1c).
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Figure 1: T, (%), A(0) (), and R,(4.2K) (A) versus c-axis
length for the films #1...#5. The lines are included to
guide the eye.
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Figure 2: R,(T) as a function of the oxygen content.

From the measurement of the resonant frequency
shift we obtain the change of the penetration depth
with temperature. The absolute A(0) values were de-
termined from fits to the weak-coupling BCS-theory
in the clean limit. The penetration depth increases lin-
early with increasing é (Fig. 1) and is enhanced after
fast cooling (#1b). This change is not recovered after
low-temperature annealing (#1c).

In contrast to p and A(0), the surface resistance in
the superconducting state exhibits a more complicated
dependence on the oxygen content (Figs. 1, 2). The
small maxima and minima in the R,(T) curves at low
temperatures are sometimes observed, but not under-
stood yet and will not be discussed in this contribu-
tion. Instead, we want to focus on the absolute level
of the residual losses. Below 0.8T,, R, first increases
(#2) and then decreases for higher oxygen deficiencies
within the “90 K-plateau” (#3,#4). There, R, is simi-
lar to that of the film with the highest oxygen content,
but the transition is broadened. At ¢ = 11.729 A (#5),
the residual losses are drastically increased. Another
important result is the strong effect of the annealing
procedure on R, (Fig. 3). After fast cooling, film #1b
shows significantly higher R, values than film #2, al-
though they exhibit the same c-axis value. After a sub-
sequent annealing at 250° C (#1c) this difference van-
ishes and the R,-values of #2 are recovered. Further
oxygen depletion (#1d) leads to an improvement of R,
below 0.87, and confirms the results of the first test
series (#4). However, for film #1d as well as for #5,
the microwave transitions are very broad, and there
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Figure 3: R.(T') as a function of oxygen content and order.

exists a discontinuity of the R,-data near 7., where
the microwave field distribution is switched from the
TEgp3- to the TEgo-mode. These results appear to
be consistent with the observed (00¢) peak broaden-
ing (Sec. 2), indicating that the oxygen contents are
not uniform.

4. Discussion

In the model of Kresin and Wolf [9], the YBCO com-
pound is described as containing two conductive sub-
systems, i.e. Cu-O planes and chains, and correspond-
ingly, having two energy gaps. Charge transfer between
these subsystems can be provided by two channels:
1. intrinsic proximity effect and 2. phonon-mediated
coupling. Both make a positive contribution to the in-
duced energy gap in the chains, whereas T, is affected
in opposite ways by these two channels. The main re-
sult is that the chain gap is reduced, and even made
gapless, if oxygen is depleted from the chains. The gap-
less state arises when the average length of the Cu-O
chain fragments is less than the estimated coherence
length ¢ = 25 A of the chains [9]. For random oxygen
defects, this should occur somewhere between § = 0.1
and 0.2. However, if the oxygen defects order, the av-
erage chain fragments are longer than £ for the same
6, and the system does not become gapless.

The results of R, below T,/2, which is governed by
the smaller chain gap [14], appear to be consistent
with this model. The initial sample #1 with an oxygen
content of about 6.85 might have still a small gap. A
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much more pronounced exponential decrease was ob-
served for other films (2, 3, 14], which exhibit a higher
oxygen content. When the sample is heated and fast
cooled (#1b), random oxygen defects are produced,
with a resulting oxygen content below 6.8. Therefore,
the gap is suppressed, leading to the observed drasti-
cally enhanced losses. Low-temperature annealing and
slow cooling (#1c) do not alter the oxygen content [5]
but allow oxygen ordering, causing an increase in the
size of the chain segments and possibly the reappear-
ance of a gap on some of the chain segments and a
decrease in R,. In fact, R, is improved in good agree-
ment with the result of sample #2, where the same
oxygen content and ordering was achieved in one step.
The positive effect of low-temperature annealing has
been confirmed by N. Klein et al. [14].

As the oxygen content is further decreased, two or-
dered orthorhombic phases OIII (at § = %) or OII (at
§ = }) can be formed [5, 8], where every third or sec-
ond chain contains no oxygen, while the other chains
are filled. In this context, the improvement of R, after
further oxygen depletion (#3, #4, and #1d) can be
understood. The oxygen content of these films is close
to 6.7 and the OIII phase might be formed at least to
some extent. This leads to a decrease of R,, accord-
ing to the mechanism described above. We observed a
similar behaviour earlier: films irradiated with higher
160-ion fluences, which exhibit higher c-axis values,
show less losses than more weakly irradiated films [4].
Sample #5 exhibits very high losses which could be
attributed to the less ordered state between the OIII
and OII phases.

Within this model, we can also understand two fur-
ther observations: 1. The pronounced exponential de-
crease of R, at low temperatures {2, 3, 14] weakens a
few weeks after film preparation, as expected for re-
duction of the oxygen content. 2. For samples with
initially higher losses, we found an improvement of R,
after a few months, which could be explained by or-
dering due to “room-temperature annealing”.

The other quantities investigated in this contribu-
tion, i.e. T, R,(0.85T.), A(0), p(100K), and 8p/0T,
are mainly correlated to the Cu-O planes and there-
fore less influenced by changes of oxygen content and
disorder. Nevertheless, the distribution of oxygen in
the chains determines the coordination number of the
chain copper atoms, which is believed to affect the
charge transfer and, therefore, changes the carrier con-
centration in the planes [5]. This leads to the observed
small and monotonous increase of A and p with increas-
ing 6. However, T, is nearly unchanged and exhibits a
maximum in the “90 K-plateau”. This behaviour can
be explained by the assumption that T, is affected in
opposite ways by the two channels which provide the

charge transfer [9).

Although oxygen ordering, indicated by a decrease
of R,, affects T, p, and A only slightly, a negative
influence of fast cooling has been found for all quan-
tities. This is not yet understood, but we often found
that R,(4.2 K) is not strongly correlated with the other
quantities [2, 4]. Especially in this case, the improve-
ments of R, take place without improvements of A,
indicating that changes in the quality of weak links
(15, 16] are not the dominating mechanism.

In conclusion, we point out that microwave losses of
YBCO films depend strongly on oxygen content and
order. The number of Cu-O chain fragments seems to
be the key parameter which determines the chain gap
and therefore R, below T, /2. Further microwave mea-
surements on films with systematically varied oxygen
contents and annealing procedures, especially close to
§=0,6 =%, and § = ] are planned. Accompanying
electron diffraction experiments would be helpful to
investigate the relationship between atomic structure
and superconducting behaviour.
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