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Resistive upper critical field of thin films of underdoped YBaz(Cuo 97Zno o3)3o7
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We report measurements of the magnetic-field dependence of the superconducting transitions of a
series of underdoped YBa&(CuQ97ZnQQ3)307 z thin films with transition temperatures (T, ) of 9.4, 12.5,
23, and 56.5 K. The ab-plane resistivity was measured in magnetic fields of up to 21 T applied both
parallel and perpendicular to the c axis, at temperatures between 1.5 and 100 K, and for one sample
down to 50 mK in fields of up to 16 T. The resistive critical field shows strong positive curvature all the

way down to 0.006T„similar to that observed previously for overdoped T1~Ba2Cu06+z single crystals.

In most cuprate superconductors, the resistive transi-
tion from the normal to the superconducting state
broadens significantly in an applied magnetic field. '

The onset of the transition is hardly affected by the field,
indicating that H, 2 is very large, and there is a broad re-
gion of mixed state conductivity before zero resistance is
reached. However for some compounds with sufficiently
low transition temperatures T„ it is possible to apply
magnetic fields comparable with H, 2. In these cir-
curnstances a parallel shift is seen rather than a broaden-
ing, and the normal state resistivity can be recovered well
below T, . This allows a resistive upper critical field
H to be defined more easily, and H* has a very unusual
temperature dependence with positive curvature and a
steep rise at low temperatures, ' the origin of which is
not understood.

Parallel shifts and unusual temperature dependences of
H* have been seen for two compounds which are heavily
overdoped [La2 Sr Cu04 (Ref. 4) and T128azCu06+s
(Refs. 5 and 6)], for samples of Bi2SrzCu06 whose exact
doping level is not known, and for electron-doped super-
conductors such as Srnz „Ce Cu04. It is of interest to
study how the behavior of the resistive transition depends
on the value of T„ the doping level and on other factors
which may be relevant. For example, specific heat mea-
surements in zero magnetic field show that both
La2 Sr CuO4 and TlzBa2Cu06+z have very low super-

conducting condensation energies, and furthermore there
is evidence for unpaired carriers at low temperatures,
suggestive of pair breaking.

In this work, our principal aim was to investigate the
properties of a material in which T, can be lowered by
underdoping. For heavily underdoped or overdoped ma-
terials it is difficult to prepare samples with narrow resis-
tive transitions in zero magnetic field, which is at least
partly due to the stronger dependence of T, on the dop-
ing level in these regions of the phase diagram. One obvi-
ous candidate for heavy underdoping is YBazCu307 & in
which oxygen is removed from the Cu-0 chains. An un-
derdoped sample of YBa2Cu307 & displaying zero resis-
tance at less than 20 K has been reported, but its transi-
tion is clearly very broad, even in zero applied field. '

In the present work, epitaxial thin films of
YBa2Cu307 & doped with Zn were prepared and then un-
derdoped by oxygen depletion. Zn substitutes for Cu
atoms on the Cu02 planes of YBa2Cu307 &, and reduces
T, very rapidly. "' In fully oxygenated samples, the
normal state resistivity approximately obeys
Matthiessen's rule, and the carrier concentration is
thought to remain essentially unchanged. ' ' The fully
oxygenated 3%%uo Zn films had the same T, (56.5 K) as the
corresponding ceramic samples. Removing oxygen gave
samples with T, below 20 K at 6-0.3. The low tempera-
ture resistivity in these samples is high (-400 pQcm),
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providing a second useful contrast with overdoped
T12Ba2CuO6+&, in which it is at least a factor of 50
lower. On the other hand, the pair breaking and low
condensation energy mentioned above are still present in
Zn-doped YBa2Cu307 &, so our experiment is probing
the effects of reducing the doping level and shortening
the electron mean free path on the unusual behavior of
H'(T).

Surprisingly, we have observed similar behavior to that
established previously for the overdoped materials, with
the transition evolving from a broadening in a field to
more of a shift as T, is lowered. Furthermore, the tem-
perature dependence of the resistive critical field for the
lowest T, sample shows positive curvature down to
0.006T„similar to that previously reported for
T12Ba2Cu06+ &.

The films were prepared by laser ablation from a 3%
Zn doped polycrystalline sintered target of density 5.5
g/cm onto SrTi03 substrates which were heated to
780'C. After deposition, they were cooled to 470 C in 1

atm of pure 02, held for 20 mins and then cooled to room
temperature in a further 20 mins. The as-grown films
used in this study had resistive transition widths
(10—90%) of between 1 and 2.5 K. The zinc concentra-
tion was transferred accurately from target to film and
was found to be homogeneous within the detection limits
of electron microprobe analysis (+1.5% of the total zinc
concentration). The electron microprobe was also used
to determine the film thickness, by studying the accelerat-
ing voltage dependence of x-ray emission from the film
and substrate. ' This gave absolute errors of +10% and
relative ones of +2% in p. The technique used for oxy-
gen removal has been described previously' and involves
the samples being heated to high temperature in pure
fiowing oxygen and then quenched. Quench tempera-
tures of 570'C and 605 C gave values for 6 of approxi-
mately 0.26 and 0.30, respectively, and led to values of T,
of 23 and 12.5 K. These films were studied from 1.5 to
100 K in fields of up to 21 T, along with an as-grown
sample (5-0.05) with T, of 56.5 K, and a further film
with T, =9.4 K and a nominal 5 value of 0.30 was stud-
ied down to 0.05 K.

The temperature-dependent resistivities of the three
films used for the high field runs down to 1.5 K are
shown in Fig. 1, with details of the transitions given in
the inset. As oxygen is removed T, drops and the normal
state resistivity increases. The transitions of the lower T,
samples are rounded, with some excess conductivity to at
least 10 K above the transition to "zero" resistance. This
rounding is more apparent than for crystals of
T12Ba2Cu06+& with similar values of T, . In the present
case, the normal state conductivity is much lower, which
would highlight Auctuation effects, but we are unable to
rule out oxygen inhomogeneity as the cause. This uncer-
tainty leads to difficulty in interpreting the data in the ap-
plied magnetic fields both at the top of the transition and
well into the normal state.

Figure 2 shows the behavior of the resistive transition
as a function of temperature at a series of applied mag-
netic fields of up to 8 T applied parallel to the c axis of
the films. For the fully oxygenated sample (A), all fields
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FIG. 2. The resistive transitions for all three samples with
the fields of up to 8 Tesla applied parallel to the c axis (the field
values are 0, 0.3, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 Tesla).

50 100 150 200 250
T(K)

FIG. 1. The in-plane resistivity, p,b, is plotted against tern-
perature from 0 to 300 K for thin films of
YBa&(Cu& „Zn„)307 z with 6-0.05 (sample A), 5-0.26 (sarn-

ple B) and 5-0.30 (sample C). The inset shows a close-up of
the transitions.
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The results of a series of sweeps to high fields at con-
stant temperature are shown in Fig. 3, and again there is
a marked difference between the broadening shown by
sample A and the tendency towards a shift shown by
samples B and C. As a rule of thumb, the p(T) curves
near the 50% point become parallel when the application
of the field has reduced T, by a factor of 2. As expected,
as T, is lowered smaller fields are required to destroy su-
perconductivity. For sample A, 21 Tesla causes hardly
any observable resistance at t =T/T, =0.5 but appears
to restore the normal state even at t =0. 1 for sample C.

The critical field anisotropies for the 12.5, 23, and 56.5
K samples were extracted from measurements with the
field parallel and perpendicular to the c axis, and were
found to be approximately 10.5, 8, and 5.5, respectively.
These compare with approximately 5 for the most over-

doped La2 Sr Cu04 sample in Ref. 4 and approximate-

ly 35 for the overdoped TlzBazCu06+& sample in Ref. 6,
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for which the anomalous temperature dependence for the
resistive critical field was originally found. So the field
dependence of the resistive transitions does not seem to
show any obvious correlation with the anisotropy.

As noted in Ref. 5, one of the features of a transition
which shifts rather than broadens in an applied magnetic
field is that no matter what criterion is chosen to define a
resistive critical field H, the same basic temperature
dependence is obtained if H* is plotted against t = T/T„
and t is obtained taking into account that there is a finite
transition width in zero applied field. ' If the transition
broadens, different criteria lead to different temperature
dependences for H*. For sample A, whose transition
does broaden, this is indeed the case, with the 10% cri-
terion leading to a significantly more curvature for H' vs
t than the 50% criterion (not shown).

For the low T, samples, the present case is slightly
more complicated than the situation discussed in Ref. 5,
for several reasons. Firstly, the rounding and high tem-
perature tail of the transitions in zero field lead to some
ambiguity in defining T„especially for the 90% resis-
tance point. There are also difficulties in obtaining p„at
a given temperature and field, as it is large, and there is
the possibility of localization, which could give unusual
behavior at low temperatures and high fields. These com-
plications all lead to greater uncertainty as the criterion
is raised, so in Fig. 4 we only show the temperature
dependence of H' obtained from the 50% and 1% cri-
teria with the 1% data scaled by a factor of 1.71. All
three show the strong upward curvature observed in the
overdoped materials, and they have a remarkably similar
temperature dependence to that of TlzBa2Cu06+&. This
similarity was confirmed by measurements on another
film (sample D), with T, =9.4 K which was studied down
to 50 mK in fields of up to 16 Tesla (solid circles in Fig.
4).

Several quite different interpretations of the unusual
behavior of H*(T) have been proposed recently. It has
been suggested that it may reAect the unusual properties
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of the normal state, ' evidence for a bipolaron picture,
evidence for a low-energy scale and a very temperature-
dependent effective mass ' or even strong (almost critical)
Quctuation effects. The present work places constraints
on all of the above theories since the unusual behavior is
shown to be present on both the underdoped and over-
doped sides of the phase diagram, in compounds for
which the mean free path is shorter (the present work) or
longer (TlzBa2CuO&+&, Refs. 5 and 6) than the supercon-
ducting coherence length.

Et is possible that the low-energy scale suggested in
Ref. 21 could be linked with the linear term in the
specific heat below T, which is common to both materi-
als. However the linear term also results in a low con-
densation energy which is the basis of the approach sug-
gested in Ref. 22. A key question is whether the observed
value of H, z(0) is enhanced over that expected for a con-
ventional superconductor or not. En common with obser-
vations on other materials, if we use the standard
Werthamer-Helfand-Hohenberg (WHH) formalism based
on dH, 2(T, )/dr, we estimate H, 2(0) to be less than 1 T
for samples C and D, considerably less than that mea-
sured. A very low estimate of 0.7 T is also obtained from
a simple estimate of the coherence length (gp) in terms of
the Fermi velocity and T, . These estimates of H, 2(0)
strongly favor the temperature-dependent mass enhance-
ment picture, but the very short mean free path in these
Zn-doped films ( —10 A if k~ -0.6 A ') could cause gp to
be considerably lower and H, 2(0) to be correspondingly
higher (1S T or more is possible). Thermodynamic mea-

surements in a magnetic field (specific heat or magnetiza-
tion) should help to resolve this issue.

In conclusion, we have shown that the qualitative
behavior of the resistive transition in oxygen depleted,
zinc doped YBa2Cu307 & is similar to that seen in oxy-
gen rich T12Ba2CuO&+&. As T, is lowered, the transition
behavior changes from a broadening to more of a shift,
making it possible to define a resistive critical field H*
for the lowest T, sample. In spite of the fact
that YBa2(Cup 97Znp p3)307 s differs greatly from
T128a2CuO&+& in its doping level (heavily underdoped as
opposed to heavily overdoped) and has a much higher
normal state resistivity, H* for the two compounds has a
remarkably similar temperature dependence. These re-
sults suggest that a low T, is of primary importance, but
both compounds also have the common features of very
low superconducting condensation energies and a linear
term in the specific heat at low temperatures. Further
work is needed to determine the precise relationship be-
tween these properties and the temperature dependence
of H*.

We acknowledge useful discussions with J. M. Wade.
Samples A, B, and C were studied between 1.5 and 100 K
in a 21 T Bitter magnet at the High Magnetic Field Labo-
ratory, a joint CNRS/MPI facility in Grenoble. The 18
T superconducting magnet/dilution refrigerator system
at the University of Cambridge was used for the low-
temperature measurements on a fourth sample (D).
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