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c-axis magnetoconductivity of anisotropic superconducting single crystals: The density-of-states
fluctuation scenario
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The c-axis magnetoconductivity B|c[I) of (T, Hg),BaCaCuOyg. s (Tl 2223)  and
(Hg, Cu)BaCu0,, s (Hg 1201) single crystals has been measured. For Tl 2223, the observed change of sign
in magnetoconductivity is explained in terms of density-of-sta3S) fluctuations and competition of this
effect with the positive Aslamasov-Larkin contribution. The mercury-based comp@igdl20) does not
show such an anomaly. Indeed, in accordance with the theory, owing to its low anisotropy, this material shows
a vanishing DOS contribution preventing any change of sign in the experimental magnetoconductivity. Be-
sides, the nature of the impurity state and the pair-breaking regime are disdu&3#63-182699)03010-4

The c-axis transport properties are powerful fields of in- Measurements of the magnetoconductivityAo
vestigation because they provide insight into the nature of ¢(B,T)— o (0,T)=1/p(B,T)—1/p(0,T) is a great experi-
the normal state and the origins of the anomalous supercomnental technique to investigate the superconducting fluctua-
ducting properties of highly anisotropic, layered superconyions and related problems such as the singular negative
ductors. The occurrence of a maximum in the temperat“rﬁ1agnetoresitivit)}.o'“'zzComparison with theoryy does not

dependence of the-axis resistivity near the edge of the su- j, e assumptions concerning either a clean or a dirty

perconducting transition is a common feature of the cuprateg, ;. o 5 strong or a weak pair-breaking regime of the ma-
or organic superconductotg. This peak was observed to '

have a strong field dependence with its position shifting tote”al' Thus, a quantitative analysis can give reliable esti-

lower temperatures when the field increadetAlthough mates of parametg rs ;uch as the phase pair—brgaking I?fetime
this has unambiguously been seen in bisfittrand in (79), the scattering lifetime 4), and the Fermi velocity
thalliumP-based compounds, the situation is less clear irfVf)- This may allow us to discuss the nature of the impurity
Y-Ba-Cu-O(Refs. 10,11 and mercury?-based compounds. §tate, the |mpur|Fy aSS|steq chlaracter of ¢hexis conductiv-

The c-axis resistivity peak seems to be closely related tdty, @nd the pairing state in high-temperature superconduct-
the anisotropy and to the doping level of the sampidd. Ors HTSC's.
Indeed, this peak is very pronounced in highly anisotropic In the present study, we have measuredaxis
and/or underdoped samples and is almost absent in ovefesistivity under various magnetic fields for two
doped samples having low anisotropy. Various theories havéompounds:  (Tl, HpBa,CaCuzO49, 5 (TI 2223) and
been proposed regarding this topic, either considering onl¢Hg, Cu)BaCuQ,. s (Hg 1201). For Tl 2223, the magne-
the normal-state properties and describing the peak by meatgconductivity shows a change of sign from positive néar
of nonmetallic normal-state conduction mechanisms !’  to negative abovd ., whereas such an anomaly is not ob-
or treating the normal and superconducting stateserved for Hg 1201. We account for this difference by con-
together’*®=20 In the latter, Briceno etl.® and Gray and sidering the fluctuation-induced decrease in the normal den-
Kim2° account for the maximum of the-axis resistivity as-  Sity of states, as evoked by Dorinat*® and which is known
suming a competition between the decrease of quasiparticlég be strongly dependent on the interlayer coupling.
tunneling with decreasing temperatseippressed by the su-  Crystal growth of (Tl, Hg)Ba,CaCu30:0, s and
perconducting gap below,) and the appearence of inter- (Hg, Cu)BaCuQy. 5 is reported elsewheré* These crys-
layer currents due to Josephson-like shorts in magnetitls have a doping level close to the optimum with respect to
fields. Besides, loffe eal.®and Dorin etal.!® have evoked their critical temperatures. For each phase, two high-quality
the role of superconducting fluctuations. This fluctuation scecrystals were extracted from the batches. They are denoted as
nario indeed gives satisfactory results and matches the exigA and HgB for Hg 1201 and TIA and TIB for Tl 2223.
perimental behavior in many paperd?! The authors of the  This will allow us to check the correctness of our analysis for
theory have shown that the main effect of these fluctuationgach phase by showing that our results are not sample de-
is to create a virtual gap in the electronic spectrum whichpendent.
reduces the quasiparticle density of sta®®$), and thus, The crystals, which had typical dimensionsx1
decreases the one-electron conductivity at the edge of th&0.1 mn¥, were contacted in the direct cross configuration.
superconducting transition. Tleeaxis resistivity peak is then The measured®R. was transformed t@. using the crystal
induced by the negative contribution to conductivity arisingdimensions; this has been shown to yield reliable values of
from this fluctuation reduction of DOS. pe in comparison to more sophisticated multiterminal
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netic fields(7, 5, 3, and 1 Tfor Tl 2223 (Sample A.
FIG. 1. Normalizedc-axis resistivity vs temperature at different

magnetic fields for TI 2223Sample A and Sample)B Cu-O usually shows a weaker maximum in #axis resis-
tivity, a change of sign in the measured magnetoconductivity
configuration€*?5Indeed, owing to the large anisotropy, the May also be observed.Hg 1201, like Y-Ba-Cu-O, exhibits
planes perpendicular to the current flow can be regarded drather small peak. However, for both studied crystaisA
equipotential surfaces making a decomposition analysis urR"d HgB, no change of sign is evidenced. .
necessary. Gold wires were attached to the “evaporated- AS it was shown in the framework of a Gaussian model
silver stripes” with silver paint. The samples were then an-developed by loffeet al,™ and Dorinet al,™ c-axis conduc-
nealed in air at 400°C for 10 min. tivity fluctuations in high-temperature superconductivity is
The c-axis resistivity was measured as a function of tem-comprised of four terms. The direct cozlgtr_ibution, initially
perature at a series of fixed fieldB|(c| ). Distinct behav- Proposed by Aslamasov and LarkiAL),”™ is due to the
iors are shown for Tl 2223 and Hg 12QFigs. 1 and 2, acceleration in an electric field of short-lived Cooper pairs in
respectively. For the Tl 2223, a pronounced maximum of thermal nonequilibrum. On the basis of various conditions,
resistivity at zero field and a strong shift of the zero resis-alterative expressions of this contribution have been
tance temperature in magnetic fieldAT,~70 K for B derived-"“"The DOS contribution arises from corrections to
—7 T) are observed. In addition, a large field-inducedthe normal quasiparticle density of states owing to fluctua-
broadening of the zero-field resistivity peak is seen. AUONS of normal quasiparticles into the superconducting state.
smaller maximum is shown for Hg 1201 and the broadening NiS contribution is expected to be negative in sign since the
is not as marked as in the above case. As developed belo OS contribution in a magnetic field causes a decrease of
such a difference and its consequences in terms of magnetfESistivity. It is possible to observe a negative-fluctuation-
conductivity may be understood in the framework of theinducedc-axis magnetoresistance in the temperature region
DOS fluctuation contribution to conductivity. where the DOS contribution exceeds the positive AL one.
Hereafter, this study is focused on magnetoconductivity! Ne regular and anomalous Maki-Thomps®4T) contribu-
data. Experimentally, a striking but well-known behavior is ions, respectively, result from the scattering of the normal-
observed for TI 2223: a change of sign occurs for bothState particles and the superconducting psifSThose con-
samples TIA and TIB(see for instance Fig. 3 for sample TIA tributions are usually small and in the following, the main
measured at various fieldShis anomalous magnetoconduc- 'SSU€ IS to know the relevancy of this contribution to describe
tivity is a common feature of very anisotropic materials suchth® experimental results since they are not considered in

9’30 . . .
as Bi 2212222 |t has to be pointed out that although Y-Ba- Many _paper_§. In this paper, the interactions of the mag-
netic field with electron spins leading to a Zeeman effect are

N i neglected. Finally, the fluctuation magnetoconductivity is
14 Hg 1201 : Sample A 7T; 5T ;3T ; 0T given by
12+
< T,=93.4K A(TC:AO’?L'FAO'EOS‘FAO'('\:AT“GQ)"'A(T('\:AT(an), (1)
10 n
% val whereA o= o2 (B, T)— 02-(0,T), etc... .
< The weak-field expression of Ref. 18 is valid for our field
2 iad Hg 1201: Sample B strength in Tl 2223 and Hg 1201. The resulting expressions
e o4 T,=02K for the four terms are then
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FIG. 2. Normalized-axis resistivity vs temperature at different AcPOYB,T)= © SrK[ pletrl2) , ®)
magnetic fields for Hg 1201Sample A and Sample)B ¢ 1677ﬁ{24[ e(e+r)]%?
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In these formulase is the electron charges is the lattice  of the minimum is perfectly predicteiSee enlargements in

period along thes axis, and the insets of Fig. 4a and Fig(®)]. This agreement is ob-
5 tained for the two sampled1A and TIB) using the follow-
__VF }+ h )_ (E)_ h /(1” ing parameters: J=4 K, (100 K)=r7 (100 K)~5.1
g 2 2 AmkgTr 2] A4wkgTr  1\2]/]"  x10 s for both TIA and TIB andv=4.4x10° cm/s or

the latter and 4.2 10 cm/s for the former. Such values can

whereuv is the Fermi velocity parallel to the layersjs the P trusted since there exists a very weak discrepancy from
uasiparticle scattering time¥(x) and \If’(x) are the di- sample to sample. The same kind of analysis has been per-

q P functi q ? derivative— 432K /v 252 is th formed on the positive magnetoconductivity of Hg 1201. In

gamma function and Is derivative== 7. Kg/vgh™ IS the .tthis case, no change of sign is observed suggesting a vanish-

. ) e ; |¥1g (DOS+MT regulap contribution compared to the posi-

of the fluctuations and is an effective interlayer energy in tive (AL+MT anomalous one. This is indeed checked by

Kelvin. B=4neB/h ande=In(T/T.). The constank and«  numerical calculations where tiBOS+MT regulap contri-

are ruled by the impurity concentration and are function ofyytion is shown to be negligibly small. On Fig. 5, the pre-

7T diction of the AL4+MT anomalous contributions are com-
— W' (3+hl4mkgTr)+ (h12mkgTT)W' (%) o
= : , ool T12223: Sample A o
(W (3 +hal4mkgTT)— W (3)— (Rl47kg TV (3)] 08l 3T 008
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Tg 06 0.02
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V(3 +hl4mkegTT)—V(3)— (hlA7kg TV (3)] T ol o0
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where T, is the pair-breaking lifetime. Since<1 is as-

sumed in the theory, the normal state magnetoconductivity o8k
can be neglected since the fluctuations are large clo$g.to ozl
It has to be pointed out that the theory only accounts for a _ .|
Gaussian conductivity fluctuation arising above the mean- :E os|
field superconducting transition temperature. The critical ¢
fluctuations and the effects of the vortex structure on the
broadening of the transition are not considered in the above
description.

The first step of our analysis is to calculate numerically ool
the prediction of the theory in order to compare with experi- R e e e
mental data. In the comparison we togk c/2=1.5 nm for
Tl 2223 ands=c=0.95 nm for Hg 1201. In the following, () TX)
the result of the analysis is shown for 3 T, was obtained

from the midpoint of the resistive transitions and we as-2223(Sample A. The solid line represents the theoretical calcula-

sumed 7 and To < 1UT. Flgur.es 48) and Fig. 4b) (fgr tion with parameters given in the text. The symbols are the experi-
samples TIA and TIB, respectivelghow that the weak-field mental magnetoconductivitko, (BJc|!1). (b) Magnetoconductiv-
theoretical predictiortS for magnetoconductivity agree with ity vs temperatureta3 T for TI 2223 (Sample B. The solid line
experimental data when including the fours contributionsiepresents the theoretical calculation with parameters given in the
AL, DOS, and both MT terms. In particular, the change oftext. The symbols are the experimental magnetoconductivity
sign is obtained at the right temperature and the magnitudgs, (B|c||1).

FIG. 4. (8) Magnetoconductivity vs temperaturé & T for TI
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FIG. 5. Magnetoconductivity vs temperature at 3T for Hg 1201 -0.04 |-[5x10"s 3T -
(Samples A and B The solid line represents the theoretical calcu- S e
lation with parameters given in the text. The symbols are the ex- T (K)
perimental magnetoconductivityo, (Bl|c||l).

) . ] FIG. 6. Variation of tle 3 T theoretical calculation of magneto-
pared with experiments. As expected, the use of this solgonductivity (AL +MT anomalous+DOS+MT regulay for differ-

contribution gives a satisfactory result using the parametersent values of the phase pair-breaking time. The other parameters are
J=40 K, 7(100 K)=2x10 14 s, Tq}(lOO K)=2 given in the text. Main panel: TI 222@ample B. Inset: Hg 1201
x10 8 s, andvg=2x10° cm/s for both HgA and HgB (Sample A.
samples. Once again, no discrepancy is observed in the val- . ) )
ues of the parameters between samples. close to the weak limit, rather than strong pair break_mg._ As
The values of the obtained parameters cannot be directl§ Matter of fact, the regular and anomalous MT contributions
compared with those obtained in other experiments on TR'€ relatively small. This is evidenced in Fig. 7 where the
2223 and Hg 1201 single crystals. Howeveaxis transport dlffergnt contributions are separated for.TI 2223_. The overall
measurements on Bi-Sr-Ca-Cu-O 2212 gavio be in the magnitude of the anc_)malous_ MT contrlb_utlon is _small beT
range of 2—% 10" s for single crystals and thin films: cause of the weak pair-breaking mechanls_m. Ob\{|ously, t_hls
. 13 13 _ 681321 is also true for Hg 1201. Such a result is consistent with
values varied from X10 ~sto ox107 s. . In- ther experiments that showed the AL term alone adequately
plane rr1§elasur_ements of BI—SI’—C:’:ll—EU—Q 2212 single-Crystglos rines the fluctuation contribution to the in-plane magne-
whiskers™ estimated Tq)%7.5>< 10 s, i.e., an order of toconductivity in Bi-Sr-Ca-Cu-G°
magnitude lower than the above results. Very few results are Another important parameter that can be extracted from
reported for Y-Ba-Cu-O; neverthelessjs within the range  thjs analysis is the in-plane scattering timeAs emphasized
3-5x10 ' s for single crystals’ An important discrep- above, the theory is valid for an arbitrary impurity concen-
ancy is found in the literature fa¥ values.J=40 K andJ  tration making the determination afextremely reliable. For
=15-20 K were reported for Bi-Sr-Ca-Cu-O thin samples TIA and TIB, as well as for the HgA and HgB, an
f”ms-lgﬁ’sA value d 4 K was given for an optimized single intermediate case is achievedslg T /% ~10 for Tl 2223
_crystal. Such scattering reflects th_e differences in the dopand 4mkg 7T,/ ~3 for Hg 1203. From results fod, , and
ing level of the various samples. Finally, our results for Tl;,_ and using the relatiog?,(T=0 K)=7(T.), one calcu-

2223 and Hg 1201 show an overall agreement with valuegyies values ok,, and|, where&,, and| are the BCS co-
obtained from the literature.

Let us now focus on the pair-breaking life timg. Ty 10
only enters in the very small MT anomalous contribution; o7
thus the uncertanity on this parameter is expected to be large.
Figure 6 shows the sensitivity of the overall result upon the :
variation of Ty for Tl 2223 and Hg 1201, respectively. As '
noted above, the best descriptions are obtained for
7,(100 K)=~5x10"* s~7(100 K) for TI 2223 and

7,(100 K)=2x10"** s for Hg 1201. However, if we fur-

T12223 : Sample A

om )

Q
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-0.08 L
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ther decrease the values t)qf by an order of magnitude, the o0f  mme—- SR

calculation is not appreciably modified. This is partly ex- o T ST
plained by the fact that(b directly controls the magnitude of 19 120 12 2z 123 12 125 1% 127 18 19
the anomalous MT contribution which is expected to be sev- T

eral times smaller than the other contributions, such as AL or g 7. pecomposition of the calculation of theoretical magne-
DOS. Hence, the determined values have to be considered ggonductivity for Tl 2223(Sample A at 3 T with parameters are

upper limits for this parameter. This result suggests that thgjven in the text. The different contributions are shown. Long
best agreement with experiments, for Tl 2223 and Hg 120%ashed line: AL contribution: short dashed line: MT anomalous

materials, is attained with moderate pair breakingcontribution; dotted line: DOS+ MT regular contributions; solid
(47kgTep T /h~10 and 4rkg7eT./fi~30, respectively line: total magnetoconductivity.
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herence length and the intralayer mean free path, respeandI’~6 for Hg 1201. Those values are slightly lower than

tively. One obtains &,,(0)~2.1 nm for Tl 2223 and

results derived from other experiments~ 17 for Hg 1201

£ap(0)~0.6 nm for Hg 1201. This gives for both samples through angular-resolved magnetoconductifitgnd I'~70
I/€ap~1. These results agree with other experiments showfor TI 2223 from magnetization measureméftsNeverthe-
ing that HTSC single crystals are not extremely clean wheness, this unambiguously demonstrates the more anisotropic
/&,y is of the order unity. So, the use of the clean-limit nature of TI 2223 as compared to Hg 1201. Hence, we argue

expression I £&,,,) is not justified for these materials.
As discussed above, our single cryst@l$ 2223 and Hg

that the negative magnetoresistivity, on the one hand, and the
great magnitude of the resistivity peak in Tl 2223 compared

1201 show moderate pair breaking with an intermediate im- Hg 1201, on the other hand, may be ascribed to the stron-

purity concentration(far from the usually assumed clean-

limit case. In such a case, according to Dor al.,'® the
effective interlayer tunneling rate is of the ordegd?/#2.

For the compounds Tl 2223 and Hg 1201, we hav

kgd?r/fi?<r *~7"' and kgd®*r/h’<r '<77', respec-

ger anisotropy of Tl 2223. According to the theory, the weak
anisotropy of Hg 1201 should involve vanishing DOS and
MT regular contributions to magnetoconductiviyoth com-

epounds are at their optimum doping leneThis is indeed

verified by the experimental data where no change of sign in

tively. This suggests that the phase coherence of paired qughe magnetoconductivity is observed. Consequently, this
siparticles is destroyed before tunneling to the neighboringould imply that the fluctuating scenario is not a universal
layers. Moreover, in accordance with the Matthiesen ruleexplanation of the sharp increase of thaxis resistivity

Dorin etal.!® assumed in their theory®> 7. This assump-
tion is fullfilled for Hg 1201, whereas Tl 2223 show%

aboveT,; and that the nonmetallic normal-state conduction
mechanisms, such as activated behavior of the normal-state

— r involving scattering processes which break the time-fesistivity, might be relevant in this ca¥®!®3*This will be
reversal symmetry, as for example, localized magnetic mod€alt with in a forthcoming paper.

ments.
As seen previously, our material§l 2223 and Hg 1201

In summary, we have analyzed the magnetoconductivity
of Tl 2223 and Hg 1201 single crystals in terms of fluctua-

are not vastly different in terms of impurity concentrations ion conductivity. The observed change of sign for the aniso-
and pair-breaking mechanisms. Nevertheless, they exhibffoPic Tl 2223 is explained by considering the density-of-

basic differences regarding theaxis resistivity peak and

states fluctuations. Hg 1201 does not show any anomaly in

magnetoconductivity. The important point is that positiveitS magnetoconductivity and only the AL contribution is nec-
AL and MT anomalous contributions are smaller in materialseSSary to describe experimental data. This is in agreement

with higher anisotropy ratid”=(m./m,;)*% they are both
proportional to 1r'2, while the negative DOS and MT regu-

with the low anisotropy of this compound. Furthermore, the
parameters deduced from this analystsq the quasiparticle

lar are 1T. The out-of-plane coherence length can be calcuScattering time and is the pair-breaking lifetimesuggest

lated from r(TC)m4§§(O)/sz. One obtains &.(0)
~0.038 nm for Tl 2223 and.(0)~0.09 nm for Hg 1201.
The resulting anisotropy ratio are théh=55 for Tl 2223

that our samples lie in the intermediate region between clean
and dirty limits. Moreover, the@ results show that the phase

pair-breaking process has a moderate strength.

*Also at Universite Franmis Rabelais, UFR Sciences et Tech-

nigues, Parc Grandmont, 37200 Tours, France.
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