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Relevance of the scheme of regularization of the density-of-state fluctuation contribution
in an arbitrary magnetic field
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The problem of the regularization of the fluctuations induced renormalization of the one-electron density of
states(DOS) has been recently clarified. So far, only the weak-field limit was considered because of the field
dependence of the cutoff in the DOS expression. Recently, theoretical fgsult8uzdin and A. A. Varla-
mov, Phys. Rev. B8, 14195(1998] have proposed a scheme of regularization of the problem allowing
numerical calculations for an arbitrary magnetic field. By comparing magnetoconductivity measurements under
a strong magnetic field and the theoretical predictions, the robustness of the expression for the DOS contribu-
tion obtained as a convergent series independent of cutoff is shown. Such an analysis allows us to calculate the
zero-field contribution of the fluctuations to the measured resistivity. The great influence of this effect on both
the magnitude and the temperature dependence of the resistivity ibdve&lemonstrated.

Among the various scenarios proposed to elucidate th@heree andh are the reduced temperature and field, respec-
unusual behaviors af -axis temperature dependence, opticaltjyely. Buzdin and Varlamo¥? have proposed a scheme of
conductivity, c-axis magnetoresistance, nuclear magnetiGegylarization of the DOS contribution in order to obtain
resonance(NMR) spin-relaxation rate neaf., tunneling  expressions valid for any field strengths. It is shown in this
conductance and any other normal-state anomalies Qktier paper that the usual weak-field asymptotic expression

HTSC'’s in the metallic part of the phase diagram, interpre-yarived from the this new scheme is similar to the result
tation in terms of a pseudogap originating from the fluctua-

i induced izt £ th lectron densit tnitially proposed by Dorin. As pointed out in the following,
lons induced renormaiization of Ih€ one-electron density O, proposed expressions are very suitable for numerical cal-

states at the Fermi level found excellent agreement with ex-

. lations in th Faxis MR for anisotropi rcon-
perimental results.Other proposals have been made to ex—gﬂg[()?ss the case araxis or anisotropic superco

plain the occurrence of a pseudogap, featuring spin charge Underdoped Bi-2212 single crystals are good candidates
efor studying the change of sign in the MR because of the

latters, a quantitative analysis cannot be achieved. Such $§rong semiconducting behavior of the out-of-plane resistiv-
formalism is available for the theory of the fluctuation renor-1ty and the large magnitude of the observed nggapve%/lR.
malization of the density of state®0S). This has been Measurements achieved under strong magnetic fields allow
initially proposed by Doriret al.” to describe experimental US to reach the domain of validity of the high-field
results concerning magnetotransport measurements. In pa@symptotic and more generally, to show the robustness of the
ticular, the prediction of a sign change in tbexis magne- DOS contribution expression obtained as a convergent series
toresistivity (MR) is very interesting and matches perfectly independent of cutoff. In this paper, the prediction of the
experimental results in numerous pap&ré. Nevertheless, theory for fluctuations contribution to magnetoconductivity
as emphasized recently by Buzdin and Varlartthe field  is numerically calculated considering previously published
dependence of the cutoff parameter in the DOS contributiomesults and is compared with high-field experimental data

to conductivity prevents any numerical analysis for an arbi-T). The derived parameters are then used to evaluate the
trary magnetic field. Thus to make this model convincingzero-field contribution of the fluctuations to resistivity. Thus
and to perform numerical calculation, Doret al.” had to it is possible to determine the “true” normal state resistivity
distinguish asymptotic regions of relevant field strength: thgust above the peak after substraction from experimental
weak-field region f<e€) and the strong-field onee&h), data. The results obtained in this last section emphasize the
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great role played by the superconducting fluctuations in the A g =AgAt+AgPOS+ AGMTIRD L A MT@D (g
temperature dependence of the out-of-plane resistivity well
above the critical temperature. whereAght=o025(B,T)— o25(0,T), etc.

The crystals of BiSr,Ca_,Y,CWw,Og, s used in this However, the full expressions afo¥ ("9 and A o2°S
study were grown by a self-flux method which has been decontributions given by Doriret al” cannot directly be used
scribed elsewher®:’ The structural investigations under- for comparison with experiments. The field-dependent cutoff
taken to check the quality of crystals, in particular their ac-for those contributions is unknown and can only be roughly
tual cationic compositions are reported in an earlier paper; approximated. Up to now, this lack in the theory has im-
it is demonstrated that substitutions of low concentrations oposed experimentalists to lie in the weak-field regime where
Y3+ on the Ca+ site lead to a set of Samp|es with different eXpIiCit formalism could be obtained. As mentioned above,
doping states. The actual cations contents were checked tRuzdin and Varlamot” have proposed interesting expres-
energy dispersive spectroscopifDS) x-ray spectroscopy sions that can be used in an arbitrary magnetic field and
with a Kevex analyzer mounted on a 200-kV electron micro-which are suitable for numerical calculations. For complete-
scope following the procedure described in Ref. 18 for eactiess, these expressions with the field-independent cutoff are
batch. In this work, we investigate charge transport ingiven:

Bi,SrLCq _,Y,Cuw,O with Xgps=0.36 which corre-
sp%nés ?o 2 ?le:\f/ilylfnderdope?gﬁitéihe crystal, which ~ A0¢°°=0g°%(B,T)~0c°%0,T)
had typical dimensions 1:01.0x 0.01 mnf was contacted

2
in the direct “cross” configuratiort? One can directly derive _&stK
a good estimate op. from such a cross measurement pro- 87
viding that the sample is small enough to ensure that the (1 Jer2nh+2h+ Jetrr+2nh+2h
current and voltage contacts are close together and close to XhE “In € €
the edges of the crystal. Several comparative studies with A=o0 | h Je+2nh+e+r+2nh
more sophisticated metho#%?! such as the measurement of
a “bottom” voltage, have shown that the direct combination 1
of R.;oss With the dimensions of the crystals yields reliable N Je+2nh+hyet+r+2nh+h|’ @

values of p..?'??2 Gold wires were attached to the

“evaporated-silver stripes” with silver paint. The samples AGMTe9) — GMT(re9) (B T) — MT(e9) o T)

were then annealed in air at 400 °C for 10 min. Taxis ¢

res?stance_ was measured as a function of _temperature at a e?sw > e+(2n+1)h+r/2
series of fixed fieldsB|/c//1) in the 20-MW resistive magnet =——h>

of the Grenoble High Magnetic Field Laboratofffrance. 47 n=o | Je+(2n+1)h\e+r+(2n+1)h

The temperature was controlled by an Oxford instrument 1
cryostat with an ITC5 controller using a Cernox sensor. The — —[VJe+(2n+1)h\e+r+(2n+1)h
sample resistance was measured by a four points AC- 2h
technique(3 mA atf=17 Hz).

As it was shown in the framework of a Gaussian model — Je+2nhye+r+2nh]}. 3
developed by loffeet al?® and Dorinet al,’ c-axis conduc-
tivity fluctuations in high-temperature superconductivity is
comprised of four terms. The direct contribution, initially  In these formulase is the electron chargs,is the lattice
proposed by Aslamasov and LarkiAL),* is due to the period along the axis, and
acceleration in an electric field of short-lived Cooper pairs in
thermal nonequilibrium. On the basis of various conditions, vir?
alternative expressions of the AL contribution have been7= ~ ~5—

v 1 N f q;( 1 f v 1
R 56 HIE | . 2 AkgTT 2 AmkgTT 2/
deriveds>“°The DOS contribution arises from corrections to

the normal quasiparticle density of states owing to fluctua- )
tions of normal quasiparticles into the superconducting statewherevg is the Fermi velocity parallel to the layersjs the
This contribution, negative in sign, causes a decrease of reuasiparticle scattering time(x) and W'(x) are the di-
sistivity in a magnetic field. It is possible to observe a negagamma function and its derivative.=47;Jzk§/v§ﬁ2 is the

tive fluctuation induced-axis magnetoresistance in the tem- usual anisotropy parameter characterizing the dimensionality
perature region where the DOS contribution exceeds thef the fluctuations and is an effective interlayer energy in

positive AL one. The regular and anomalous Maki-Kelvin. B=27eB/# ande=In(T/T,). The constank andx

Thompson(MT) contributions respectively result from the are ruled by the impurity concentration and are function of
scattering of the normal-state particles and the superconduci--

ing pairs’?® These MT contributions are usually small and

in the following, the main issue is to understand the rel- 1 3 3 1
evancy of this contribution to describe the experimental re- - =+ + P =

. ) ) 2 4ukgTr) 2wkgTr 2
sults since they are not considered in many papef$in K= ,
this paper, the interactions of the magnetic field with electron 2yl h _ylt h oL
spins leading to a Zeeman effect are neglected. Finally, the 2 AwkgTr 2] AwkgTr 2

fluctuation magnetoconductivity is given by
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FIG. 3. Decomposition of the calculation of total theoretical
magnetoconductivity for an underdoped Bi-2212 single crystal at 27
T with parameters given in the text. The inset shows the MT regular
(reg) and MT anomalougan) contributions which are too small to

FIG. 1. Zero-field out-of-plane resistivity, of an underdoped
Bi-2212 single crystal versus temperature.

1 1 h 1 . L
| = = nl = be presented in the same scale as the AL and DOS contributions.
- TV ameT Y (2 t dkgTr ¥ (2)
K= ) 1 h 1 f 1\]’ cessfully applied using the same values of parameters at dif-
W 5"' dmkgTr) o \2]7 W‘I" > ferent magnetic fields. For our field strength and within the

range of temperature investigated, we are not in the so-called
weak-field limit (h<<e). So far, most of the analyses per-
wherer  is the pair breaking life time. The asymptotics for formed in the papers dealing with this subject have only
all regions of field can be found in Ref. 15. For numerical considered the weak-field expressions since the work of Buz-
din and Varlamov was not available yet. In the present study,
the experimental data are compared to the total MC predicted
by those latter authors. In a recent pafetealing with the
doping dependence of the description in terms of supercon-
follows: Ao=o(B,T)— (0T =1p(B.T)~ 1/p(0T). In ducting fluctuations, we have observed a weak doping de

: . g N endence of the values derived foland 7 . Moreover, the
order to intend connection with the magnetoresistivity, wep a

have plotted in the following the temperature dependence df°Ping state of the sample investigated in the present paper
— Ao, is rather close to the B6r,Ca ,Y,Cu,Og, s With Xgpg

In Fig. 2, the experimental MC is reported for the under-= 0-21 for Whigeh the values af andvr were found to be 28
doped single crystal of Bi-2212 under a magnetic field of 27K and 4.35<10” cm/s, respectively! As a starting point, the
T. It should be pointed out that, in a previously publishedvalues of the parameters obtained for this latter compound

paper'® the same analysis in the weak-field regime was suchave to _be considered_. Then, com'paring experimental data at
27 T with the numerical calculatiohEqg. (1)], the values

04 , , , , , were slightly modified until obtaining the result shown in

Fig. 2 where the four terms are consideféd., anomalous,

) and regular MT and DOS The best agreement exhibited in

ozl —:(Q;U"Z%';' :;‘g’s:fl';’; o) | Fig. 2 is obtained using the following parametets: 30 K,
7(100 K)=1.07x10"* 7 (100 K)~1.23x10"**s, and

——-=- : high field asymptotic (h >> &) |

ve=4.35<10° cm/s. Those values are in excellent agree-
ment with previous results derived through the same analysis
for underdoped Bi-2212 single crystals in the weak-field
limit.* Let us now focus on the respective magnitude of the
various contributions involved in the overall resufig 3).
The term in Eq(3), referred to as the regular MT contribu-
tion, gives a negative correction, as does the DOS| &g

calculations, we took=c/2=1.5 nm;T, is determined from
the midpoint of the zero-field resistive transiti®0 K) (see
Fig. 1) and we assumed and Ty UT.

The experimental magnetoconductiviiMC) is defined as

O :data (27 Tesla)

-Ac (Q cm)"I

R — s o o pyos e (2)], while the anomalous MT term is positive. Neither the
anomalous nor the regular MT contributions are large
T (K) enough to dominate the AL and DOS ones, respectively, in

the studied range of temperature. It can also be observed that
FIG. 2. Magnetoconductivity versus temperature at 27 T for anthose corrections enter as a very small part in the total MC
underdoped Bi-2212 single crystal. The solid line represents th&hen one compares to the Alin the vincinity of T,) and
theoretical calculation with parameters given in the text. The symDOS contributions. In Fig. 3, the prediction for the high-field
bols are the experimental magnetoconductiity, (B c|!). asymptotic is calculated using the values given above for
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T Ty andvr. We observe that there exists a good agree- 60
ment of the theory with experimental data only in the vin- © o :measured resistivity (0 G)
cinity of T, where the conditiorh> € is fulfilled. As the I : numerical fit (Yan et al. )
temperature is increased, one comes out of the range of ve ¢t resistivity corrected
Py . S~ 40 - from fluctuations contribution -
lidity of the asymptotic and, as expected, the agreement failsg

(] R

In the case of NMR experiment3°some papers invoke
the extreme sensitivity of the anomalous MT term to the pair™~
breaking process, which is itself related to the symmetry of &
pairing fluctuations, to discriminate betwesor d wave. It
is important to stress that conductivity measurements do no
provide a reliable test for possibkor d pairing since the
temperature dependence of the AL and anomalous MT term: , , ) ) , ) ) ,
are very similar. It is worth mentioning that th% parameter 100 110 120 180 140 150 160 170 180

only enters in the anomalous MT term which has been T (K)
shown to be several times smaller than the AL and DOS

contributions. Thus the uncertainty fer is expected to be FIG. 4. Possible behavior of the normal-statexis resistivity
large as emphasized in Ref. 13 ® just above the peak after subtraction from experimental data of the

At this point of the paper, the proposed scheme of regufluctuations contribution for the parameters given in the text.

larization of the density-of-states fluctuations contributionsyitable for describing the data. However, the derived values
seems to be very suitable for analyzing the MC data in afor the gap are strongly different. When one applies the phe-
arbitrary magnetic field. In the next section, we discuss thévomenological analysis on the raw data we filne 240 K.

role of the density-of-states contribution in the temperatureThis can be compared with values reported by Watanabe
dependence of the-axis resistivity. In order to obtain the et al3® for underdoped Bi-2212 single crystals. The magni-
“true” temperature dependence of the normal-state resistiviude of the gap is raised up to 320 K when one considers the
ity, the zero-field fluctuations contribution has been calcutrue normal-state resistivity. This evidences the major role
lated on the basis of the expressions proposed by Doriplayed by the fluctuations correction in the value of the
et al” and using the parameters determined in the previousormal-state gap. When an analysis is performed through a
section. In Fig. 4, we report the experimental data and thgimple normal-state model, it seems essential to take into
resistivity obtained after substraction of the fluctuations conaccount the effect of the superconducting fluctuations to cor-
tribution, referred in the following to as the “true” normal- rectly describe the resistive behavior of the anisotropic su-
state resistivity, folT <130 K (for T>1.25T the theory is, perconductors abovE, .

however, no longer accurat® Such a result exhibits the In conclusion, numerical calculations have been per-
strong influence of the fluctuations contribution on the magformed on the basis of the field-independent cutoff expres-
nitude of the measured resistivity on the one hand and on itsions derived by Buzdin and Varlamov for the DOS and MT
temperature dependence on the other hand. Many papefsgular contributions to conductivity. The predictions have
have described the peculiar semiconducting behavior of thbeen compared with the experimental magnetoconductivity
c-axis resistivity only considering some normal-statemeasured under a magnetic field of 27 T in order to be far
models*~** However, as emphasized by Balestriebal!®  outside the weak-field limit. A good agreement is obtained
and Watanabet al,>® attempts to account for theaxis re-  between experimental data and theoretical predictions show-
sistivity by means of phenomenological models have faileding the robustness of the regularization scheme proposed by
For instance, Yaret al*? have proposed an activation-type the authors. Moreover, the parameters obtained through this
phenomenological formula of the typep.=A+BT  analysis permit us to evaluate the zero-field contribution of
+(C/T)exp(/T) to describe the diverging trend abovVe. the fluctuations to the resistivity. After substraction of this
Here,A is a normal-state gap. Numerical fits were performedcorrection from the experimental data, the behavior of the
on the raw data and on the resistivity corrected from thenormal-state transverse resistivity can be obtained and com-
fluctuations effect. It appears that in both cases, theared with the phenomenological expressions usually pro-
activation-type component, characterized by the gapis  posed to describe it.
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