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Impurity effects on the superconducting coherence length
in Zn- or Ni-doped YBa,Cu;0g g Single crystals
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The superconducting coherence lengtiof Zn- or Ni-doped YBaCu;Og g Single crystals was measured
through the diamagnetic susceptibility in the reversible region, and through the resistivity in the mixed state.
Upon impurity doping,¢ increases along both the in- and out-of-plane directions, which suggests that the
doped impurities act as pair breakers. The in-plang well explained by the pair-breaking theory dfvave
superconductivity. On the other hand, the increase of the out-of-glankarger than the theoretical prediction,
which might indicate that the interplane coupling of the order parameter is modified by the impurities.
[S0163-18299)06625-4

Impurity effects in highT. cuprategHTSC's) have long the diamagnetic susceptibility and the mixed-state resistivity.
been a subject of intense debate. the beginning, that non- Susceptibility is more advantageous than resistivity, because
magnetic ZA* suppresses the superconducting transitior(i) it is a thermodynamic quantity reflecting the bulk nature,
temperaturel; as much agor even more effectively than (i) the transition temperatuig,(H) is well defined, andiii)
magnetic N* was a mystery. Considering that increasingno fitting is necessary to obtaifithroughT,(H).2 A large
evidence of tha&-wave superconductivity in HTSC's, we can size of our crystals enables us to measure it precisely in all
now understand it in terms of the pair-breaking effect indirections. The measureds increased with impurities along
anisotropic superconductivity. However, there is still no con-both the in- and out-of-plane directions. While the increase
sensus on how the impurity breaks the superconducting paiof &,,, is quantitatively explained by the theory of Sun and
According to Sun and Maki,a standard treatment of impu- Maki,?> the out-of-plane coherence length exhibits an
rity scattering(as Abrikosov and Gor'kov did is-wave su- anomalously large increase beyond the theoretical prediction.
perconductivity well explains theT. reduction, on the as- We prepared single crystals of YR&Lw, ,M,)30, with
sumption that the order parameter is suppressed uniformly iR=0.004, 0.006 for Znx=0.010 for Ni, andx=0 (pure
space by impurities. On the other hand, Uemiutas pro- YBCO) by the solute rich liquid crystal pullingSRLCP
posed that the order parameter becomes spatially inhomogeethod® After initial growth of pure YBCO on MgO single
neous by impurity doping, and its amplitude is fully sup- crystal, an appropriate amount of substituents, 99.99% grade
pressed near the impurities. ZnO or NiO, was charged to the SRLCP molten. The grown

To address this issue, it will be crucial how the supercon<crystals’ compositions were analyzed by the inductively
ducting coherence length changes with impurities. In par- coupled plasm&CP) analysis. Within the detection limit of
ticular, since the in-plane superconductivity of HTSC is inICP analysis, no undesirable impurity was detected. Each
the clean limit} the in-plane coherence lengy, is written  crystal (typical size of 110 mn? in the ab plane and 5
as fab~hvéb/A, wherevﬁb and A are the in-plane Fermi mm in thec axis) was cut into a rectangular shape and an-
velocity and the(maximum superconducting gap. Accord- nealed in flowing @ for 200 h at 500 °C, and terminated
ingly £,, can be a measure &f. Semba, Matsuda and Ishii with rapid quench to room temperature. Thus obtained
have evaluated the Zn-doping effects émf YBa,Cu;059  Samples are optimally doped with twinned structure. By Zn
crystals by fitting the mixed-state resistivity with the super-or Ni doping, T of 93 K for pure YBCO is suppressed down
conducting fluctuation theoy.With the same technique, to 85 K for Zn=0.4%, 82 K for Zr=0.6%, and 87 K for
Watanabe and Matsuflahave studied the Co-doped Ni=1.0%. TheseT. reductions are consistent with the
Bi,Sr,CaCyOs. In these works¢ is obtained through com- literaturel and warrant the uniform substitutions in these
plicated fitting, and it is desirable to obtaéin a simpler crystals. Sharp transitiond{T.~1 K) also support the crys-
way. tal qualities.

Here we report on the measurements and analyses of the The magnetization of the samples were measured by a
anisotropic coherence lengths of Zn- or Ni-dopedcommercial superconducting quantum interference device
YBa,Cu;05 ¢ (YBCO) crystals prepared by a crystal-pulling magnetomete(QD-MPMS-XL7), and magnetic fieldd was
technique. The coherence lengths are evaluated through bagipplied forH||c andH_L ¢ configurations up to 7 T. In-plane
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FIG. 2. Temperature dependence of the upper critical field of all
the samples. The opénlosed symbols represent the magnetic field
parallel (perpendicularto the c axis.

Then, ¢ is evaluated through the relations @.,(0)

= pol2meZ,, for Hilc, and Hep(0)= ¢pol2méqpé, for Hlc,
where ¢, is the quantum fluxoid € hc/2e). In Fig. 3a), the
thus obtainedé,, and &, are plotted as a function of 1
—(T¢/Tg), where Ty representsT, for pure YBCO. As
clearly shown in Fig. @), impurity substitution increases
both &, and&.. This implies that the impurity weakens the
superconductivity to decreas®. Quantitatively, however,

the amount of increase i§; is not understandable; it is by

FIG. 1. Temperature dependence of the magnetization for PUrRvice for Zn=0.6%

YBa,Cu;05 ¢ (upper panegl and Zn=0.6% doped YBsCu;044
(lower panel in a magnetic fieldtH of 7 T. (a) H parallel to thec
axis and(b) H perpendicular to the axis.

doping, whileT; is reduced only by

10%. A similar increase of; was already reported in Ref. 5.
Now let us discuss the increase &f,. As mentioned

above, 1£,, is proportional taA in the clean limit. Although

o _ the doped Zn or Ni acts as a strong scatterer to shorten the
resistivity p,p, was measured by a standard four-terminalmean free patil) of carriers, the evaluatdds about 50-100
method. Typical sampling current density was aroundg jyst aboveT, for Zn=0.6% doped YBCG, which still

5 Alcn?, andH was applied parallel to the axis of the
samples. All the resistivity measurements were done in the
field-cooling condition.

Typical magnetizationsi 7 T are shown in Fig. (&) for
H|lc, and in Fig. 1b) for HL c. Note that the data are taken
in both cooling fromT, and warming toT;, to specify the
temperature range for the reversible magnetization. The up-
per panels are the results of pure YBCO and the lower ones
for Zn=0.6% doped YBCO. The critical temperature in
magnetic fieldT;(H) is evaluated from the cross point of the
linear slope of the reversible magnetization curve belqw
and the normal state basal likeReflecting the two-
dimensional nature, the two samples show a larGgi0)
—T(H) for H|/c than forHL c. Since¢ is proportional to
|dH.,/dT|, this indicates that. is shorter thané,,. It
should be noted thal.(0)-T.(H) is larger in Zn doped
YBCO than in pure YBCO, which means that Zn doping
increase<.

In Fig. 2, we plottedl' .(H) for all the samples in thel-T
diagram, from whichH.,(T) can be evaluated. Considering
that H.,(T) for each sample is roughly linear ik we can
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satisfies a condition of the clean limi§€!). We would like

FIG. 3. (a) ¢ and(b) (&,/¢) plotted as a function of 1. /T),
where T, and &, representT, and £ for pure YBgCu;Og 9. The

apply the Werthamer-Helfand-Hohenberg formula givel! as dashed line is the theoretical calculation by Sun and MBkif. 2.
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TABLE I. The transition temperatures'{) and the coherence

Zn(;6%1§I(BCOI R lengths €,, and &) of all the samples. Note that the coherence
1500 H//c 1//ab lengths are obtained from both magnetization and resistivity mea-
- surements.
. © H=0T . o
= L x 2T Magnetization Resistivity
S T 24 sample T (K)  EwB) &R LB & A
= °
z 8T pure 93 129 200 100 170
& 5ol i Ni 1.0 % 87 13.8 2.55
r 1 Zn 0.4 % 85 12.8 3.56 10.4 1.90
Zn 0.6 % 82 14.3 4.10 10.5 2.00
0‘“.‘ PRI I S | P I T T Y HW ‘ PN | ._
60 65 70 75 80 85 _ _
T () curves at lower temperatures are out of the applicable region

of the theory. The coherence lengths estimated by filting

FIG. 4. The in-plane resistivity of the 2Zn0.6% doped qualitatively agree with the susceptibility measurement, as
YBa,CusOg ¢ Crystal in magnetic field parallel to the axis. The listed in Table I. We note that obtained from the resistivity
dotted curves are calculated from fluctuation the@ref. 6. The is well consistent with Ref. 5.
parameters used for fitting are as follows. The in-plane coherence |n conventional superconductors including superconduct-
length £,,=12 A, the out-of-plane coherence length=3 A, the i multilayers, all the anisotropic properties are attributed to
critical temprgrat”re Tc=82 K, the specificheat JumpAC — ne anjsotropic effective masdSo far YBCO has been be-
I; ;gr'zspr:;/ncg;f‘ltfi (;f.nvers'on factoE = 1.9, and the conduction lieved lto be t_he case, because it is the least anisotropic

HTSCX In this case the coherence-length ratig,/&,

would be independent of impurities. The measuggg &. is,
however, strongly dependent on impurities, as shown in Fig.
5. An alternative approach is to introduce an interplane cou-
pling such as the Josephson junction. As we have pointed out
in our previous papers, the electronic states and charge dy-
namics of YBCO are essentially two dimensional, and their

YBCO).2 We thus conclude that the suppression of the Oroleamsotropy cannot be ascribed only to the effective méss.

. o L The anomaly ir¢€. might be another piece of the evidence. In
garameter by impurities is quantitatively understood by Ref’this scenario, the increase &f suggests that the interplane

The successful explanation by Ref. 2 seems to disagre%OUinSng is increased upon impurity doping. Panagopoulos
with the strong suppression of the superconducting pair derft @~ have found that the penetration depth becomes more
sity by Zn doping, as observed jaSR (Ref. 3 or infrared isotropic with Zn QOplng, which they ascribed to the en-
conductivity'! We claim that these experiments do not con-hancement of the interplane coupling by Zn doping. .
tradict themselves; they are done in different parts of the [N summary, we have successfully grown the Zn- or Ni-
H-T diagram. Since the present study is the measuremefioPed YBaCuwOg g single crystals by the crystal pulling
nearH,,, the order parameter is small enough to be homoMmethod and examined the impurity effects on the coherence
geneous in space, which justifies the treatment of “averaglength and its anisotropy ratio. The observed impurity depen-
ing” the impurity scattering. At low temperaturegsnd H dence of the in-plane coherence length is in an excellent
<H,,) where the amplitude of the order parameter fully @greement with the prediction of the pair-breaking theory in
grows, we have to consider two cases depending on the cé€d-wave superconductivity. However, the rapid iqcrease in
herence volume?2,£;. When £2,£, is small enough to pay the out-of-plane coherence length cannot be explained by the
negligible cost to break the superconductivity locally, the

to emphasize that Zn or Ni doping does not chané% or
the carrier density.Hence the relative change of¢}/, with
impurities is reduced to the relative changeAof We plot
&yl € in Fig. 3(b), where&, is & for pure YBCO. Note that
Eapo!€ap IS in excellent agreement with the theoretical cal-
culation ofA/Ay shown by the dashed liné\g is A for pure

superconductivity is likely to be suppressed near impurities. N
On the contrary, Wherfgbgc is large, the order parameter B —8— Magnetization |
favors to be uniform. Perhaps HTSC's are the former case, 6L S~ e Relsiiy
and superconductivity is robust in spite of a large amount of . P TR T b
unpaired carriers induced by impuriti€sWe therefore pro- el al 1
pose that the coherence volume determines how to suppress oF 8 i
the superconductity at=0, which should be further clari-
fied both experimentally and theoretically. 2r ]
To verify the rapid increase df, by impurities, we mea- L ]
sured the mixed-state resistivity. Figure 4 shows the tem- 0 0'.0 — 0'.1
perature dependence pf, for H||c for the Zn=0.6% doped 1-(Te/Teg)

YBCO. Using the superconducting fluctuation thebrye
successfully fit the resistive transition, as the dotted curves in FIG. 5. The anisotropic ratio of the coherence lengg/ ¢,
Fig. 4. Because of the pinning effect, the lower resistivity plotted as a function of 13,/ T.y).
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