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Vanishingly small Maki-Thompson superconducting fluctuation in the magnetoresistance
of high-T. superconductors
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The magnetoresistan¢®R) of high-T. cuprate superconductofsTSC's) is studied. We have shown that
the Zeeman term of the Maki-Thomps@T) process could not be detected in the longitudinal MR of 90
K YBCO crystals. We show here that the MT process is thought to be also negligible in the transverse MR of
90 K and Zn-doped YBCO crystals. The MR, which has been assigned previously to a MT-orbital process, is
more naturally understood as normal-state orbital MR that is proportional to the square of the Hall angle. We
conclude that the MT-fluctuation is vanishingly small, at least abyein these HTSC's. In addition to the
Hall measurements, MR measurements also support the hypothesis of two distinct relaxation times in HTSC's.
[S0163-182697)03817-4

Normal-state magnetoresistan¢®R) of a supercon- It comes from the bending effect of an electron trajectory by
ductor has two different origins. One is caused from suppresthe applied magnetic field in the mean free time between
sion of superconducting fluctuation, by the applied magnetiscatterings. Hereafter, we call this MR the normal-state or-
field, and the other is the normal-state MR the sense of bital MR (NOMR).
the Boltzmann transport theory Treatment of the MT fluctuation in HTSC's is still con-

Let us consider the fluctuational MR first. Just above thelroversial. Riceet al!’ reported that the MT process is sur-
transition temperature, resonant scattering occurs betwedHisingly dominant in the fluctuation Hall conductivity of
electrons of opposite spin and momentum over the Fermintwinned YBCO crystals. According to Rice, the MT pro-
surface, leading to the Cooper instability. Normal electron<S€SS iS larger than the AL process frdfto 180 K. On the

begin to form bound pairs of a finite lifetime. The virtual pair °ther hand, we have reportethat the MTZ contribution

state causes excess conductivity, this is the Aslamazm}:-Ould not be detected in the longitudinal MR of 90-K YBCO

. )} : . ; twinned crystals. Sekirnjakt all! proposed that the failure
!_arkm (AL)-type fluctuatlo_nal _conductlwty. The pair decays of detecting the MTZ term implies that the MTO contribu-
into a long-wavelength diffusive mode of the normal elec-

trons with small total momentum. This mode also deca Stion, too, is absent or at least rather small. Recently, Lang
) Yt all? reported that the MT fluctuation is vanishingly small

into single quasiparticles by phase-breaking scattering, %om T, to 130 K from the measurement of fluctuation Hall
back into the virtual pair state again. This diffusive mOdeconduétivity in (Bi,Pd) ,Sr,Ca,Cus0
) X

causes excess conductivity, this is the Maki-Thompson Recently, MR of HTSC's have been reconsidered includ-
(MT)-type fluctuational conductivitﬁTGThe AL-fluctuation ing the normal-state orbital MR, for YB&u;0O, 3,11

arises from a “superfluid" of the virtual reﬁonant pair_ s,t,ate, Laz_xSrXCuO4,3’13 Bi 2_18r1_9Ca1_0Cu208+5,14 and thin film

whereas the MT fluctuation arises from a “normal fluid” of g; ,Sr,Ca,Cu30, .2 In particular, Harriset al3 pointed out

the difoSiVe mOde. The f|uctuati0na| MR comes from Sup'that the MR Wh|Ch had been assigned to the MTO prOCeSS’

pression of AL and MT fluctuation under a magnetic field. may be the normal-state orbital MRIOMR).

Near the transition, MR from the AL fluctuation dominates. For a fourfold two-dimensional Fermi surfad€9), if

As temperature increases, a crossover from AL to MT flucthere is no contribution from the fluctuational MR, the or-

tuation takes placéThe first theory of the fluctuational MR pital MR (Aplp) can be written

that could be applied to highz cuprate superconductors

(HTSC's) was proposed by Aronov, Hikami, and Larkin p ; 5

(AHL).2 In the theory the Zeeman effect on paraconductivity 7:<9(S) )—(6(s))", D

was considered and it has been successfully observed in the

HTSC?! It has also demonstrated the singlet nature of thavhere(- - -) means the average over the FS, @) is the

Cooper pair in HTSC’s. In the conventional superconductorslocal Hall angle on the arc lengths along the FS. From the

the depairing by spin-splitting Zeeman energy is negligibleobserved Hall angle §,=(6(s))) and MR (Ap/p), they

compared to the orbital depairing effect i.e., AL-orbital showed that for 90-K and 60-K YBCO, all three terms in Eq.

(ALO) and MT-orbital(MTO) terms. In the HTSC's, how- (1) share the same temperature dependence, T.e’,

ever, the Zeeman effect is indispensable because of the shdfohler’s rule [Ap/p=F(H/p)=T 2] (Ref. 19 is strongly

coherence length. Moreover, in the longitudinal MR, whereviolated, which means breakdown of a single-relaxation-time

B|lLc, the Zeeman terms, AL-Zeema@#LZ) and MT-  approximation. This indicates tha(s) changes uniformly

Zeeman(MTZ), are dominant. with T around the FS and excludes the proposed models of
On the other hand, in the metallic state, the ordinal orbitathe Hall angles which assumes the FS effect on the relax-

magnetoresistance, in the Boltzmann sense, generally exisation time?¢’
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FIG. 1. MR data of a YBaCu;0-_; crystal in the transverse 10°
configuration. Note that the data are plotted agaB&t At each
temperature, ten data points were taken, five while increasing the 10% |
magnetic field and the other while decreasing. We subtracted the
small systematic drift p/p~0.01% supposing that amount of drift
is proportional to the time interval. We obtained representative MR
at 1 T as aslope of the least-squares fit, shown as solid lines.
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Here, however, a natural question arises. Does the ob- w |
served MR mainly come from the normal-state MR? Is the
paraconductivity contribution really negligible? Therefore, 10° | o]
we measured the effect of Zn doping on the MR, because it : i
affects the MT magnetoconductivity and the normal-state
MR in different ways. We can determine which is dominant

in the observed MR. FIG. 2. Magnetoconductance Aoc=—[p~*(B)—p 1(0)]/B?

. The crystals used in this stu_dy are the same, 90-K YBCQ)f a fully oxygenated YBaCuz;0-_ s crystal is plotted against re-
in Ref. 1 and Zn-doped YBCO in Ref. 18, that we used in they,,ceq temperature=In(T/T,) in a log-log scale. The factor is

earlier Vgorks- Samples were grown by the Ba-Cu rich fluXchosen to be 1.05a) shows the optimal fit by the modéi), with
method® and annealed at 500°C for 100 h in ambient pres-r_—g2.5 K, ¢,,=14.0 A, £,=4.6 A, fit,*(kgT) *=2.0, and a
sure oxygen. For each crystal, Zn concentration was detenean free path(T.) =117 A (Ref. 22. (b) shows the optimal fit
mined by the electron-probe microanalysis after the magnepy the model(ii), with T,=92.5 K, £,,=13.2 A, £=2.9 A,
toresistance measurement. Contamination by the crucible/m=0.0217, and c=0. NOMR of the form Ap/pB?
material(PY) is found to be less than26x 102 per Cu. =[m/(bT?+c)]? (Ref. 3 is used.

Data were taken by a commercial 12-T superconducting
magnet with the He flow controlled by a needle valve. Two Model (i): The observed MR is the fluctuational MR of
PID-controlled heaters are used to stabilize sample temper#hie AL and MT types. Longitudinal MR is fitted by contri-
ture. One is placed just behind a rotatable copper block, thbutions from ALZ and MTZ. Transverse MR is fitted by
sample stage, and is controlled by a carbon-glass-resistepntributions from ALO, ALZ, MTO, and MTZ.
(CGR) sensor H=0) and a capacitance sensét£0) em- Model (ii): The observed MR is composed of AL-type
bedded in the sample stage. Another one, is placed at tHfctuational MR and the normal-state orbital MROMR)
shield block which surrounds the sample stage and acts asvehich is proportional to the squared Hall angle. Longitudinal
heat bath. For every destination temperature, we first used MR is fitted only by the ALZ contribution. Transverse MR is
CGR sensor to stabilize sample temperature within 10 mKfitted by contributions from ALO, ALZ, and NOMR.
Then, before applying a magnetic field we switched control We use the Thompson-corrected AHL theBryf fluctua-
from the CGR sensor to the capacitance sefisake Shore tional MR in the clean limit as pointed out by Bieri and
CS-401. After the sample temperature was well stabilizedMaki,?! and also by Ref. 1. Here, we mention tBefactor,
under capacitance sensor control, the magnetic field wagn adjustable parameter which comes from sample inhomo-
applied. Figure 1 shows the raw MR data of ageneity. We estimated it from the observdd/dT of the
YBa,Cu;0;,_4 crystal in the transverse configuration. As sample. We takalp,/dT of the untwinned samplé re-
shown in Fig. 1, for all samples in the longitudinal and theported in Ref. 10 as the idealp/dT of the CuO, plane.
transverse configuration we measured MR in a weak-fiel&ince our samples are densely twinned in a submicron scale,
regime where\ p/ p<B? holds. HereAp=p(B)—p(0). We  CuO-chain conductivity is thought to be negligible. We used
obtained the normalized MR at 1 T, as a slope of the leasttdp,,/dT) sampid(dpa/dT) ynwin @s the standar@ factor of
squares fit. In the following discussions, we use this normalthe sample. Since Zn doping makes the resistivity curve shift
ized MR as the representative MR. Magnetoconductancparallel upward with its slope unchanged, we also use the
— Ao was calculated as a change in the inverse resistivitgame method to estima factors of Zn-doped samples.
Ao=p YB)—p~1(0). For every crystal, we have com- In Figs. 28 and 2b), the MR of a YBgCuz0,_;
pared the following two models. twinned crystal is shown with theoretical fits by modgl

.
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FIG. 3. Magnetoconductance Ao=—[p 1(B)—p (0)]/B?
of a fully oxygenated YB&(Cug 972N 929307 s Crystal is plotted
against reduced temperatuses In(T/T¢) in a log-log scale. Th&
factor is chosen to be 1.68) shows the optimal fit by the modé),
with T;=57.8 K, £,=17.0 A, £,=12.7 A #ir; (kg T)"*=0.93,
and a mean free patt’(T,)=50 A (Ref. 22. (b) shows the opti-
mal fit by the modelii), with T,=57.8 K, £,,=18.4 A, £,=7.0 A,
b/m=0.023, and c¢/m=384. The NOMR of the form
AplpB2=[m/(bT?+c¢)]? (Ref. 3 is used.

and (i), respectively. TheC factor is chosen to be 1.05. If
we take model(i), NOMR and Anderson localization are

assumed to be negligible. Here we tried a full fit with the

four components: ALO, ALZ, MTO, and MTZ. As we have
mentioned earliet,if we include the MTZ term, we could

model (i), the NOMR and Anderson localization are both
assumed to be negligible. Here, we also tried a full fit with
the four components: ALO, ALZ, MTO, and MTZ. We also
obtain a large¢.. Obtained parameters are.=57.8 K,
£p=17.0£15 A, £=12.7+03 A, fir, kg T=0.9+0.2,

and a mean free path?(T.)=50 A?? Below 120 K, the
mean free path is estimated to be longer than 40 A and is still
larger than the obtained in-plane coherence lergti=17

A), so the clean limit analysis is appropriate. However, the
obtainedé,=12.7 A is comparable to the obtained in-plane
coherence lengt,,=17.0 A, and these values are clearly
out of the limit of the layered-structure model. It is inconsis-
tent with other experiments. If we take modg), the MR is
assumed to be the sum of ALO, ALZ, and NOMR of the
form A p/pB?=[m/(bT?+c)]?.2 The contributions from the
MT process and Anderson localization are both assumed to
be negligible. In Fig. &), the optimal fit withT.=57.8 K,
£b=18.4+0.3 A, ¢£,=7.0-0.1 A, b/m=0.023+0.002, and
¢/m=384= 26 is shown.

From the orbital MR of the 0.7% Zn-doped YBCO
crystal'® we obtained an optimal fit with modéii) with a
C factor of 1.3, T,=84.0 K, &,,=14.5 A, £=3.0 A,
b/m=0.022, andc/m=100.

From the above analyses, rather different coherence
lengths were obtained compared with our previous analysis
of resistive transition$® In these,po(T), the resitivity with-
out superconducting fluctuation, was estimated as a linear
extrapolation of resistivity over the higher temperature. A
C factor was treated as a fitting parameter. On the other
hand, here, theC factor is determined by the observed
dp/dT of the sample. Though the obtained coherence-length
values are different, the tendency, reduction of anisotropy by
Zn doping, does not change. Recently, Panagopatlas®
reported a systematic decrease in the anisotropy ratio
v=Ac(0)/\55(0) with Zn doping from ac-susceptibility
measurements of the grain aligned Zn-doped-YBCO powder,
which is consistent with our results, whereas Asieaal®
reported an increase of the anisotropy ratig/é. with Zn
doping. We do not understand this discrepancy.

From the fit by modelii), we can only determine the ratio
b/m andc/m in the NOMR formula. In order to determine
m andc, we useb=0.041%" then we obtairm=1.9,c=0

not obtain reasonable parameters. In particular, a large out-

of-plane coherence lengtf,, and a large pair breaking pa-
rameterf rg’,,l(kBT)*l, generally tend to be obtained.
Obtained parameters afie=92.5 K, &,,=14.0-0.3 A,
£.=4.60.3 A #ir,'kgT=2.0+0.2, and a mean free path
/(Tc)=117 A% The obtaineds,~4.6 A is inconsistently
large compared with other measuremént&:'° The ob-
tained pair breakingir;1~2kBT exceeds the thermal en-

ergy, and is also rather difficult to consider. If we take model

(i), the MR is assumed to be a sum of ALO, ALZ, and
NOMR of Ap/pB?=CT * form. This is a special form of
AplpB2?=[m/(bT2+c)]? with c=0. Contributions from the
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MT process and Anderson localization are both assumed to X

be negligible. In Fig. @), an optimal fit with T,
=925 K, &,=132+03 A, ¢.=29+01 A and
C=(m/b)?=2128 K* is shown.

In Figs. 3a) and 3b), the MR of a 2.8% Zn-doped YBCO
crystal is shown with the theoretical fits by modéis and
(ii), respectively. The& factor is chosen to be 1.5. If we take

FIG. 4. The impurity contributiorC(x) in NOMR is plotted
against Zn concentration The solid line is a guide to the eyes. The
C(x) obtained from the MR fitfilled circles coincides with those
from Hall measurements by Chiegt al. (Ref. 2 (open circles,
converted into the data undBr=1 T).
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for 90-K YBCO, m=1.9,c=186 for Zn 0.7%-doped YBCO, MR which should be assigned to the MT process, although a
andm=1.8,c=684+46 for Zn 2.8%-doped YBCO. rather small contribution cannot be ruled out from the data.
It is well known that the Hall angle for impurity-doped Similar coincidence of the Hall measurement and the MR fit
YBCO behaves like cat,=b,T?>+c,, herecy changes in is reported for a single crystal LasSro ;Cu0,.2
proportion to the impurity concentratibandby, reflects the From the above analysis, we must conclude that at least
carrier density® The coefficienim, an adjustable parameter, above T, in the optimally doped 90-K and Zn-doped
is necessary to express the right-hand side of(Egby the  YBCO, the Maki-Thompson fluctuation seems to be vanish-
Hall angle{d(s)), assuming that all three quantities in Eqg. ingly small. However, there is increasing evidence cbf
(1) share the same temperature dependenzgT{+c,) 2. wave, and in general, gapless superconductivity in
The obtainedm value means thaté(s)?)~5(6(s))%. The  YBCO.283° The MT paraconductivity originates from the
observed MR A p/p) is comparable t¢6(s)?) and is larger phase-correlated diffusive mode of the “normal fluid,” so
than (4(s))? over the measured temperature range. This ishe gaplessness might be insufficient for the MT process to
just the opposite case, where the observed value is a smafanish® Rather, it may be originated from the unconven-
remnant produced by the subtraction of large values. In thaional normal-state property of HTSC’s. The MR, which has
case, special attention to both measurement and analysis been assigned to the MT-orbital procéss® should be as-
required. signed to the genuine normal-state MR which is proportional
Even for the Zn-doped YBCO, data of the higher tem-to a square of the Hall angle. In addition to the Hall effect,
perature region are well explained only by the normal-statdMR also supports the hypothesis of two relaxation times in
MR of the form{m/[bT?+ C(x)]}?, wherex is the Zn con- HTSC’s?**433|t might be a consequence of the non-Fermi-
centration. Moreover, as shown in Fig. 4, #6¢éx) obtained liquid nature of HTSC’s as described by the resonating va-
from our MR fit coincides well with that of the Hall mea- lence bond theori**or the theory of spin-charge-separated
surement by Chiet al? There is scarcely a portion of the quantum liquids®
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