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The in-plane resistance of two single crystals of YBa2~Cu120.01xZn0.01x)3O72d , x51 and 3.5, was measured
in magnetic fields up to 12 T parallel to thec axis at temperaturese5ln(T/Tc) up to about13. The coherence
lengths and the phase-breaking scattering timetf were determined.jab andjc were both found to decrease
with Zn doping, with a slow increase of the anisotropy ratiojab /jc . The phase-breaking scattering rate
1/tf increases strongly with increasing Zn concentration, indicating that Zn causes pair breaking in
YBa2Cu3O72d .

The origin of the strong effect on the superconducting
transition temperature, Tc , of doping Zn into
YBa2Cu3O72d , is interesting and controversial. For
YBa2~Cu120.01xZn0.01x)3O72d , depression rates in the range
2dTc /dx51062 K/% have been reported1–8 with a few
results of both smaller9 and larger10 values. The scatter of
these results may be due to varying oxygen concentration,
with a larger effect onTc for oxygen deficient samples.4

Nevertheless all data confirm a strong depression ofTc . For
conventional superconductors magnetic pair breaking is the
only known mechanism causing such a dramatic effect on
Tc , and this picture has consequently often been suggested
also for Zn in YBa2Cu3O72d . Other explanations include an
influence on the hole carrier concentration in the planes,11 or
the possibility ofd-wave pairing,10,12 with a sensitivity to
nonmagnetic impurities similar to magnetic impurities in
conventional superconductors.

The starting point for the present work is the question if
pair breaking can be verified or disproved from studies of
superconducting fluctuations. If pair breaking is present, one
would expect an increased phase-breaking scattering rate,
tf

21, leading to reduced Maki-Thompson~MT! terms
in the observed magnetoconductivity,Ds(T,B) @5s(T,B)
2s(T,0)#.

This idea is hampered by difficulties in analyzing the ex-
perimental magnetoconductivity. First, in the temperature re-
gion where the fluctuations are large, the MT contributions
are a minor part of the measuredDs(T,B), and at higher
temperatures the small fluctuations and the strong tempera-
ture dependence ofs~T,0! makes temperature regulation in
magnetic field a major limit to experimental precision. Fur-
thermore, in the clean limit of fluctuation theories, one can
determine only the producttfl from the MT terms.l is the
electron mean free path. Therefore additional assumptions
aboutl must be made in order to extracttf . Consequently
the errors intf

21 determined from magnetoresistance are
large.

In a recent study of fluctuations in the magnetoconductiv-
ity of Zn-doped YBa2Cu3O72d it was concluded that Zn im-
purities do not act as magnetic pair breakers.7 Unfortunately
this analysis was limited to the small magnetic field of 1 T,
and furthermore it is not clear what the accuracy of the fitting
parameters obtained was.

In the present paper we report on measurements and
analyses ofDs~T,B! in YBa2~Cu120.01xZn0.01x)3O72d single
crystals withx51 and 3.5%. The measurements were ex-
tended up to temperaturese5 ln(T/Tc)'

1
3 in magnetic fields

to 12 T. More stringent fitting results are obtained from such
an extended measurement range. The errors intf are never-
theless substantial. Different methods of analysis were there-
fore used. In all cases it was found thattf decreases rapidly
with Zn concentration.

Two samples of Zn-doped YBa2Cu3O72d were prepared
by a self-flux method as described previously.13 Excess zinc
oxide was carefully mixed with powders of copper and yt-
trium oxides and barium carbonate. Y2O3 stabilized ZrO2
crucibles were used for crystal growing. Final oxygen an-
nealing was performed at 450 °C for a few days. Zn concen-
tration was determined from an analytical scanning electron
microscope, by averaging over several samples from the
same batch. The results ofx51 and 3.5% are believed to be
accurate to within 10–20 %. Electrical contacts were made
with silver paint and cured for 30 min at 450 °C in oxygen.

The midpoints of the resistive transitions and the widths
of the transitions were 85.6 K~0.2 K! for 1% Zn and 70.0 K
~1.5 K! for 3.5% Zn. The corresponding average depression
rate of about 7 K/% is on the low side of the majority of data
quoted above. The zero-field resistivity is shown in Fig. 1.
Due to the small crystal size, the absolute values for the
resistivities are uncertain. The approximately parallel curves
suggest that Zn doping mainly affects the resistivity by in-
creased elastic scattering. This is in agreement with previous
investigations at comparable concentrations.3,6,7

Measurements were made with the current along the
planes and the magnetic fieldBic axis. The temperature was
held constant and the magnetic field was swept from
0→12→0→212→0 T. A Pt thermometer located 20 cm
above the sample where Helmholtz coils cancelled the mag-
netic field was used for temperature control. The temperature
at the sample position in zero field was measured with an Ir
thermometer. Temperature drift during one field sweep was
typically below 40 mK. In most cases it was possible to
compensate for this since the temperature drift was negli-
gible during at least one half of the sweep.

The observed change of the conductivity in magnetic
field, Ds~B,T! was analyzed by considering four contribu-
tions;
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AL means Azlamasov-Larkin, MT Maki-Thompson, O is an
orbital contribution and Z a Zeeman term.C is a factor ac-
counting for possible sample deficiencies.C>1 unless the
resistivity is underestimated.C can be estimated from the
normal-state temperature derivative of the electrical
resistivity.14 A summary of these formulas, including refer-
ences to the original work and some details of our fitting
procedures are given in Ref. 15. Inclusion of a nonlocal ef-
fect has been suggested to be necessary;16 however, adequate
experimental support is still missing and this contribution
has seldom been considered.

Some results and an analysis from Eq.~1! are shown in
Fig. 2. For each sample three constants were determined; the
coherence lengthsjab andjc , andtf . The accuracy of these
results was investigated by repeated analyses with different
choices ofC and the temperature dependence oftf .

We first discuss the coherence lengths. The results for
jab andjc were found to be rather stable in different analy-
ses and can be summarized asjab51461 Å, jc5260.5 Å
for 1.5% Zn, andjab51561 Å, jc51.560.5 Å for 3.5% Zn.
The results were compared to those for a pure single crystal
close toTc , where data forBic andBiab were analyzed by
the same procedures as presently employed.15 The results are
shown in Fig. 3

Contrary to our results, Semba and co-workers7 found an
increase in both coherence lengths and a reduction of anisot-
ropy with increasing Zn concentration. We do not understand
this difference but point out some observations supporting
our results.

In the clean limitj decreases with reduced impurity mean
free pathl i as ~Ref. 17! j215j0

211al i
21, wherea is a

constant of order 1 andj0 the coherence length of ideal
YBa2Cu3O72d with an infinite mean free path. The curve for
jab(x) in Fig. 3 was calculated fora51.18 Considering the
errors of the experimental results, this model qualitatively
describes our results forjab(x).

The anisotropy ratio g5Amcmab
21 of Fe-doped

YBa2Cu3O72d has been obtained from studies of breaking of

vortices in the vortex liquid.19 This method was recently ap-
plied to Zn-doped samples.20 The results are shown in the
lower panel of Fig. 3. The difference betweeng values ob-
tained from two widely different methods is not unreason-
able, and the weak concentration dependence is similar.
These observations give strong support to our analyses of
Ds~B,T!.

The clean limit of the theories was used to determine
tf . Good fits could also be obtained in the dirty limit, but
these results forjab were not consistent with the requirement
l !jab . Neglecting variations with Zn concentration of the
carrier density~Ref. 21! n* and effective massm* and as-
sumingvF to be constant,l 21 was obtained from the mea-
sured r. For the pure sample we took~Ref. 15! tf5t tr
535 ~100/T! fs with T in K. For x.0, tf was obtained from
the fittedtfl by assuming two different temperature depen-
dences oftf ; ~i! tf

21 proportional toT and~ii ! tf
21 propor-

tional to t tr
21(x), i.e., of the forma1bT, wherea/b was

determined from the resistivity curves. Method~ii ! thus con-
tains the same number of fitting parameters as method~i!,
i.e., the two coherence lengths and the value oftfl at a
chosen temperature taken to be 100 K. In addition, the analy-
ses were repeated for a range of different values ofC in Eq.
~1!, taking into account different unknown levels of imper-
fections in the crystals and to some extent errors in the re-
sistivity measurements. When using results fort tr

21(x)
evaluated from the values ofr~x! reported by Chienet al.,3 it
was found thattf

21 increases even faster with Zn doping
than the results obtained from ourr values described below.

FIG. 1. The electrical resistivity of single crystals of
YBa2~Cu120.01xZn0.01x)3O72d.

FIG. 2. Magnetoconductivity of Zn-doped samples. Top panel:
1% Zn. Temperatures are from top to bottom 90.0, 95.3, 100.2,
105.6, and 110.3 K. Bottom panel: 3.5% Zn. Temperatures are from
top to bottom 75.9, 82.3, 89.5, 97.5, and 104.2 K. The curves are
fits of Eq. ~1!.
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In all calculations we have usedvF52.13105 m/s.7 A dif-
ferent choice would not affect the qualitative conclusions,
but would change the scale oftf .

tf was found to decrease strongly with Zn concentration,
x, in each of the analyses with different assumptions about
tf(T) and varying choices of theC factor. A vanishingtf
implies large errors in the phase breaking scattering rate and
the results fordtf

21(x)/dx were found to fall in a wide range
from about 0.2 to 231014 s21 (%)21. The several different
analyses made provide confidence in the lower limit of the
result: tf

21(x) increases with Zn doping by at least 0.23
1014 s21 ~%!21. This value is significantly larger than the
increase of the transport relaxation rate;dt tr

21(x)/dx'4
31012 s21 ~%!21 as estimated from the observed resistivity.
Thus we can safely separate the concentration dependence of
tf from that in the parametertfl used in the fitting proce-
dures.

Our results are firmly based on observations and Eq.~1!.
Figure 4 shows the observedDs~T! at 12 T for x53.5%
together with two sets of curves calculated from Eq.~1! with
C51.3 andtf(T) as in method~i! above. The full curves are
AL and MT components and their sum fortf53.5 fs. An
excellent description of the data can be obtained. For the
dashed curves it was assumed thattf~100 K!5t tr~100
K!524 fs and the best fits were calculated with the coher-

ence lengths as freely varying parameters. The MT terms are
now larger by a factor of 5 and forT.90 K the bestDs~T! is
significantly larger than observations. The value oftf at
x53.5% is quite uncertain but it must be small. The inset
showsDs calculated atB512 T andT5104.2 K for a range
of values oftf . At eachtf , jab andjc were adjusted. If
tf.8 fs, the calculatedDs is inconsistent with observations
within estimated errors. The resulting anisotropy ratiog de-
creases with increasingtf and is,7 for tf.8 fs. Such a
result would thus also violate the trend in Fig. 3, which in-
cludes independent information thatg should increase
with x.

Strong phase-breaking scattering by Zn impurities could
be associated with magnetic pair breaking, which in this case
presumably would occur through polarization of the Cu ions
in the planes.22 One cannot simply identifytf

21 with the
pair-breaking rate in the Abrikosov-Gorkov~AG! theory,23

since the resulting depression,Tc(0)2Tc(x)5\ptf
21(x)/

4kB , would then be 10–100 times larger than the observed
rate and the observed resistivity increase is smaller than the
increase of the phase-breaking rate. With a temperature-
dependent pair breaking as in the Mu¨ller-Hartmann theory,
the depression ofTc can become much smaller than in the
AG theory for certain ranges of the ratio ofTc and the
Kondo temperature.24 The stronger increase oftf

21(x) than
of t tr

21(x) is unconventional, and suggests that pair breaking
is not necessarily observable in the normal-state resistivity. A
similar conclusion that Zn doping affects different aspects of
charge dynamics in the normal and superconducting states
was recently made from Hall effect studies.25 Furthermore,
phase-breaking scattering of nonmagnetic origin cannot be

FIG. 3. jab , jc , and the anistropy ratiog5jab /jc . s: magne-
toconductivity ~present work!; s: magnetoconductivity~Ref. 15!;
n: vortex breaking~method of Ref. 19 and results from Ref. 20!.
The dashed curve forjab was calculated from the results for the
magnetoresistance and a clean limit expression for the relation be-
tween the coherence length and the mean free path discussed in
text.

FIG. 4. Excess conductivity at 12 T vs temperature for the 3.5%
Zn sample. The circles are observations. The full curves are MT and
AL terms, and their sumDs~T! obtained withC51.3, jab515.3 Å,
jc51.2 Å, andtf53.5 fs. The dashed curves are the best fits when
tf~100 K!5t tr~100 K!524 fs ~C51.3, jab513.9 Å, jc53.5 Å!.
Inset: calculatedDs at T5104.2 K andB512 T vs tf . The hori-
zontal line is the observed value and the dashed lines are estimates
of experimental errors. Although the actual value oftf is uncertain
it should be,8 fs.
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ruled out. Since the nature of the pairing state is not known,
it is not certain that magnetic scattering is pair breaking.

Summarizing, we have demonstrated by a number of dif-
ferent analyses of the magnetoconductivity thattf in Zn-
doped YBa2Cu3O72d decreases strongly with Zn concentra-
tion. Consistent results fortf , jc , jab , and the anisotropy
provide confidence in these analyses. Thus Zn causes pair

breaking in YBa2Cu3O72d . At present we cannot ascertain
the nature of this pair breaking.

We thank S. Zagoulaev and co-workers for communicat-
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supported by The Go¨ran Gustafsson Foundation, and by The
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