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High-field evidence for the Bloch-Gruneisen curve in the cuprates
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A clear evidence for the Bloch-Gruneisen curve in the cuprates is obtained on the basis of recent resistive
measurements in a transverse magnetic fiesfdb0T. It is demonstrated that such magnetic field suppresses not
only superconductingSC), but also spin-density-wavéSDW) phase transition, preceding the SC one in the
cuprates. This picture is consistent with the Fermi-liquid behavior of the electron system in the cuprates and
thus with thes-wave BCS theory.
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A possible role of electron—phonon interactidgPl) in  subtraction from p,, yields the p,n(T)=pap(T,H=60T)
the cuprates has been discussed since the discovery of highp,(H=60T) contribution(dashed curves in Figs. 1 angl 2
T, superconductivityfor review, see e.g., Refs. 1 angl As The second issue is that deviation of thg(T,H=60T)
known, in conventionalLTSC) superconductors this interac- gependence from the zero-fighg,(T, 0) one(see Figs. 1 and
tion results in the electrical resistivity(T) in the normal 2) begins in the region oF=T" corresponding to the ons&t
state(p~T, at high temperat“fgs‘ﬂd provides Coopgr PaI™ o formation of a pseudogap and a stripe structure in the
ing at low temperaturegp~T°) in accordance with the CuO, plane observed in the cuprates

s-wave BCS model. Then, from Figs. 1 and 2 it follows that thg,(T) behav-

However, already the first calculationdhave demon- . - '
strated that phonon scatterifigalculated for parameters of lor (dashed curve In Figs. 1 ang 2an be fitted by the well
known BG relatior?,

the cupratesalthough providing the observed linearity of the
normal-statep(T)-dependence in the optimally doped cu- T \5 (@07 x5dx
prates but the magnitude of the calculated phonon resistivity Pph= pl(—) f )
ppr(T) is “much smaller than anything seen experimentally Op/ Jo  (expx)— (1 -exgd-x))

so far” Moreover, in the Bi,St-,CuGs., (BSCO com- Here the scaling parametgyf is determined by the slope of

Egugdwzssg;z:%g;)& “Srffr:p gi;gﬁﬁfﬁgd::;ecgggge:gé as the normal-state linear part of thg,(T) dependence. It is
' gsential to note here that (&), in addition to the highF

anomalous one and the EPI role in the cuprates remains to . = .
open(for review, see e.g., Refs. 1, 2, angl 5 finear ~ region (ppn=~0.2%,T/@p), there exists an
In the present work, it is demonstrated that recent experi'—merme‘j'ate—r linear reglon(0.22§ T_/®D$O'43 with Pph
mental findings in a high magnetic fi€ldertainly indicate to 20'_275011_/@'3_.0'039' characteristic for most m_ete(lm—
the Bloch-GruneiseBG) character of the normal-state be- ¢luding magnetic ongs$ Namely, the latter, linear iff (not
havior of resistivity(and dominant role of ERlin the opti- ~ Proportional toT), region corresponds to the normal state of
mally doped cuprates down to near zero temperatures. 1€ cuprates.**2 Note that (1) perfectly describes the
Figures 1 and 2 show ap,(T)-dependence for pph(T)—dependence of most metals Zﬂ@Ds(_).ZZ als_,o, _
Bi,Sh,La,CuQ;,; and La_,Si,CuQ, single crystals with while gt _hl_gh temperatures it can be an essential contribution
optimal doping, respectively, in the transverse magnetic field® resistivity from Umklapp processesee, e.g., Ref.)9
H=60T (symbolg as compared with the zero-field case . The characterlstlc Debye temperat'l(fﬂeted by us from
(solid line.® As seen from Figs. 1 and 2, well abovie Intermediate- and low- parts of (1)) is ®p~360 K for

=T.(0) the normal-statey,,(T) dependencies in both cases

(H=0 andH=60T) are practically linear irl and coincide 0%
with each othefnegligible (negative in sigh magnetoresis- § = B=60T
tance(MR) effecf.. But at someT=T" the p,,(T) dependen- G 041 ;E‘?S‘G’”"e'se" ,
cies atH=0 and atH=60T begin to diverge: the zero-field ; 03 o
pan(T) dependence decreases with decreasingown to 2 .7
pan(T,0)=0 (the SC transitioy while thep,(T,H=60T) de- % 024
pendence tends to be saturated at Ibwith a residual re- o
sistivity pm=pan(T—0,H=60T). 5 o1

There are two main issues in such a picture. First, it was £

noted in Ref. 6 that “because the MR in the normal state is 00 5
negligible,” thep,,(T,H=60T) curve “represents the normal-
state behavior at temperatures beldow’ If so, then thep,,
=const contribution in the totgl,,(T,H=60T) resistivity is FIG. 1. Temperature dependenceqf, for the BSLCO single
present in the entir@-range under consideration, so that its crystal with optimal dopingafter Ref. 6.
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FIG. 2. Temperature dependence mf, in the LSCO single 10 :
crystal with optimal dopindafter Ref. 6. ol Ay 7 N RN
5. 08 ’ N /0';/"‘]/ ) /o/"/ B TRANSITION
BSLCO and®p~270 K for LSCO single crystals whose «_~ | (b) J57 //Q
values agree within +5% accuragyf. with Ref. 4 with the T 04 AN Y
. o <& VAR VA BV,
available data from specific heat measurements for thest ] /I/ s A
compoundgsee, e.g., Ref. 13 0 4 !
In addition to the above procedure, it can be noted that, 4
e.g., in transition metals, at very low temperatures, as known,
it is observedr2-contribution in resistivity which can include 5
contrlbutlons_ fro_m botts-d exchange and-d transitions as R SUPERCONDUCTING
well as contribution due to electron—electron scattering and it £ TRANSITION
is very difficult to estimate their relative importance. Of ¢ 08 -
course, thisT?-term being mixed witfr>-term leads to some-  «- | (¢) // .
what another temperature dependencg(® but since mag- 504 Y
nitude of these contributions in zero-temperature region is L~ 4 2
small compared with that of normal-state “magnetic residual L~ 1
resistivity” (so, e.g., for Ni suci?-term in the resistivity at o s 60 70 80 % wo 110 T.K

T=1 K is of the order of 10" Q cm, see, e.g., Ref. 1@hen
their effect is out of accuracy frames of given phenomeno- FIG. 3. (a) Shows in-plane(T) curves(solid lineg from Ref. 8.
logical analysigcf. with scale ofp-axis in Figs. 1 and 2 (Of  The arrows indicate the “shoulder” points & Ty (H). The total
course, the very low temperature resistivity effects are theesistivity pi; is here considered as a sum of two contributions:
field of special interest but this field is beyond the scope oPhononpg(T) [dashed curve corresponding ¢b)] and magnetic
the present investigation. scatteringp,(T) ones(shaded areaThe inset shows the geometry
As an additional argument for such a picture in the cu-of experiment.(b) Shows p(T) dependenciegsolid lines [see
prates it can be considered the appearance ofdB€ to EPI ~ Shaded area in Fig. @)]. The decrease ipn(T) (sharp drop ati
in present treatmeptn the system well above zero tempera- =9) floM pm=const alT=T =Tspy~120 K 10 zero(py=0) at T
ture atH=0 (see solid lines in Figs. 1 and.BSuch behavior = 1«H)=Tspw (“shoulder” poin) is here treated as evidence of

is consistent with that in Ref. 11 where it was demonstratetﬁnagnenc(AF SDW) phase transition before SC transition in the

that “the residual electron—electron interaction is of quite.(:uprates. The inset shows a schematic view of the SDW/CDW state

short range. so that an independent-particle treatment Im the CuQ-plane.(c) Shows phonon contribution in resistivity
h ﬁ N tified” B pf thi “t[;] ffects of C (%olid lineg, dashed curve corresponds(iD. It is seen that in the

rather we JU.S“e ) e,Cause 0 HIS e eliects of Lou- present treatment the SC transition starts only TatT(H)

lomb correlations on SC(due to EP) “are small, so that the  _tord

_ - O _ QEC(H)=T2"¢tH) (“shoulder” poiny. The inset show32"¢{H)
neglect of Coulomb interactions in the formulation of the Scdependence plotted from “shoulder” poiriirve 2 with He,(0)
problem is justified.” .

: ) ) =45T as compared with theT,(H) dependence from zero-
Then, in our earlier workit was suggested that the,  resistancép=0, Fig. 3a)] points(curve 1. Curve 3 represents the

contribution in the normal-state resistivity, has a magnetic  proposedT (H)=TZ5%(H) dependence for this systetsee, also
nature(cf. with Ref. 3: parent compounds for SC cuprates Ref. 7).

are antiferromagnetiCAFM) insulators, and under doping . ) )
the AF spin fluctuations persist in the SC compounds providJ-independent scattering of mobile charge carriers by local-
ing an effective channel for scattering of mobile charge carized magnetic momentd. MM) in the paramagneti¢PM)
riers in the normal state. Note that the above decompositioffgion for magnetic metals and allogsee, e.g., Ref. 30
procedure (pyo T)=ppr(T) +p(T)) is usual for magnetic ~ (M/mg)2NG?s(s+ 1) s
metals!® Pm= (7/3) 13213 n-=r, 2
As seen from Figs. 1 and 2, well aboVe T,(0) the mag-
nitude of p,, is high enough and nearly-independen{cf. = whereG is the coupling constans is the spin of fluctuating
with Fig. 3(b)]. This behavior is consistent with the LMM, N is the effective number of these LMM in unit vol-
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ume, m andn are the effective mass and density of mobile

charge carriers, respectively. It is seen from Figs. 1 and 2 that

the magnitude ofp,, in the normal state is negs,~1.3
X104 Q cm and p,=2.5X10°Q cm for BSLCO and

LSCO single crystals, respectively; such values seem to be

reasonable for magnetic metals and all&yblote that these
estimations do not take into account the z&reesidual re-
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itinerant
« SDW state

(dxz_yz—WaVe)

sistivity pes arising, e.g., because of possible disorder due to
the doping procedure, since according to the BG-fit with the

data from Fig. 3see, Ref. Ythe value ofp,.sis negligible as

compared with that of normal-state magnetic contribution

Pm-
On the other hand, with a decreasifigthe magnetic con-

tribution py(T,0)=pa(T,0)—ppr(T) disappears al=T,(0)

corresponding to the intersection point of thg(T,0) de-

pendence and the BG oii@ashed curve see Figs. 1 and 2.
Such a behavior g(T) [cf. with Fig. 3b)] indicated®to

FIG. 4. Schematic sketch for coexistence of itinerant SDW and
SC states in the cuprates.

thermodynamic, transport, and other properties of the cu-

a phase transition in the magnetic subsystem of the CUprat%?ates

from spin-disorderedp,,~ const in the normal statdo the
magnetically-ordered statg,,=0) with a modulated mag-
netic structureflike the spin density waveAF SDW)]1416
coexisting with the SC af <T,(H). As follows from the
analysis of literature data available at the ti(see, Ref. Y,

According to the theory of itinerant electron magnet®m,
the T-independence qf,, well aboveT=T,(0) was described
in Ref. 7 in terms of so-called@-induced localized magnetic
moments(LMM). Note that suchT-induced LMM were
studied in a number of magnets. As shown in Ref. 25, such

the SDW in the system is realized in the form of a quasistatiG piv - when both amplitude and orientation fluctuate in

stripe structure in the Cuiplane[see the inset in Fig.(B)]
when magnetic stripegtriangleg alternate with charge
stripes(circles [charge density waveCDW) accompanying
the SDW with a wavelengtihcpw=Aspw/2] (see, also the
review Ref. 17.

So, in the intersection poir=T,(H=0) in Figs. 1 and 2
[cf. with “shoulder” points marked by arrows in Fig(e3],

the transition of the HTSC system to the magnetically-

ordered (SDW) state is over and the SC transition starts
[Tk(H:O):T‘S’rgf,’\;(O):Tg”s"KO)] (cf. with recent elastic neu-
tron scattering and specific heat resulty. Moreover, the
“shoulder” points plotted in thé1—T plane fall in the linear
part of theH,(T) curve withH,(0) =45T (&,,~25 A) [see
inset in Fig. 3c)] whose linearity neaf(0) is characteristic
for the sswave BCS and GL theories.

time, arise in the itinerant electron system due to saturation
of the amplitude fluctuations of the local spin density
(FLSD) above some characteristic temperatlirewhen the
transverse components become dominant in the FLSD spec-
tra (self-organization processOn the other hand, decrease

of p,, down to zero with a decreasingwas considered in

Ref. 7 as a consequence of the disappearance of transverse
components in the FLSD spectra of the HTSC magnetic sub-
system. Then, the value &f was attributed in Ref. 28 to the
onset temperatur&y for the itinerant SDW state.

So, atT=T" (p,=const, T-induced LMM regim¢ the
MR effect isnegativein sign and negligible in magnitudes
in the PM state of ordinary magnegtsiue to the linearity of
the Langevin formula in this temperature regicf. with
Ref. 26.

The picture obtained was not unexpected: from the theory On the contrary, aT <T" (SDW regim@, when the am-
of itinerant electron systems with interplay between the SGlitude of FLSD is out of saturation, the transverse magnetic

and magnetisf? it follows that with a decreasing the

SDW-gap is formed in symmetrical parts of the Fermi sur-

face (FS) before the SC gafsee Fig. 4 with the magnitude
Agpw>Agc (see Fig. 3 Such anisotropy of the SDW-gap

with a large energy scale is in agreement with the

dye-2-wave symmetry of the pseudogap with onseT afl”

(=T25ws in our treatmentobserved in many experimer(fsr

review, see, e.g., Ref. 21Since the pseudogap also persists

in the SC state, itg-wave symmetry mimics the symmetry
of the order parameter measured in the SC g&@tg, using
of ARPES-technique or tunnel experimexdwhile a genu-
ine SC order parameter remains to$s@ave in nature. Note

that such a conclusion was then supported by a new phase-
sensitive test of the order parameter symmetry on the

Bi,Sr,CaCuQ,s bicrystal c-axis twist Josephson junction,
the experimer which is still considered the strongest one
up to date. In addition, thewave symmetry of the SC order

field H leads to gpositiveMR effect due to enhancement of
spin fluctuations in a magnetic field characteristic for AFM

FIG. 5. Temperature dependence of the SC and SDW order

parameter was drawn in Ref. 24 on the basis of analysis gfarameters in the cupratéscheme
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systems(see Ref. Y. This enhancement can restore thecan mimic also the BG-like curve with a high residual resis-
T-induced LMM regime in the HTSC system. However, thetivity before the SC transition &~ 3 K.5-32

value of H should be high enough: first, to suppress SC  Another fact which is also considered as argument against
(H>H(0)) and, second, to enhance the spin fluctuations Ugne EPI mechanism of HTSC {®eay zero isotope effect in

to gaturation of the FLSD amplitudef. with depression of ygco. But as it was noted yet in Ref. 33ee, also recent
Tspw in Fig. Ab)]. The value ofH=60T satisfies this condi- o ie\s Refs. 34 and 3Fabsence of isotopic effecand

tion: it is higher thanH.,~45T (see Fig. 1 in Ref. pand oo
there is saturation of the positive MR effect specifically atcven negative isotope effe n be a natural consequence Of_
small-scale static and dynamic structure disorder when mi-

H=60T. Note that the data in Ref. 6 represent the normal- . . ; .

state behavior not only &i=60T (as concluded in Ref.)6 crodomains separated by the dpmaln well. with Sstripe

but for H= H.,~ 45T as well structures, see aboyare formed in nonmonoatomic media
Suppressii)zn of the SDV\/—sta{'mcIuding the SDW-state & low temperatures. Also, there are a number of questions on

in the vortex coregnormal state of HTSC (cf. with Ref. technological procedure during oxigen atoms replacement as

: : Il as a role of the sample surface in this progees, e.g.,
29)] suggests(in our treatment disappearance of both the ¢ i .
str)iLe s?r%ctusr(e in the Cuchlarrze andptphe pseudogEPDW- Ref. 3@_. Moreover, recently, a pro_r_munced site-selective
gap(Refs. 22 and 28. Such closing of the pseudogap due to oxygen-isotope _effect ek transition temperatheas
the Zeeman splitting in a high magnetic figld = 60T) was well as on the in-plane penetration depth in Y-based com-
actually reported in a recent wofk.This splitting, in our pounds was observed using the muon-spin rotation tech-

model,resus in are- pairbreaking efect for the Cow, - GdCE TS TP e O mevamens
thus suppressing the SDW-stasee Ref. 28 Y P g

Note that the earlier attempts to estimate the normal—statOf the oxygen atoms in the Cyplane. Their finding implies

value of p,p in both H—o (Ref. 30 andH—0 (Ref. 31 &1a_t even in optlmally doped cuprate superconductors for
ab ) o which only a small isotope effect on, was observed, the
extrapolation limits take no into account the positive MR . :
: . supercarriers are strongly coupled to the lattsee Ref. 3Y.
effect, so, only BG-like(rather than a genuine B&urves X he ;
were obtained Such observation additionally supports the conclusion that

As for the metal-to-insulator crossover studied in Ref. 6’phonor_1$ are at the “core” of possible p.allr‘mg Tgchamsm but,
. - . _ according to our treatment, around this “core” it is a SDW/
in underdoped samples an increasepip(T— 0,H=60T)

) ) N . CDW state(additional order parametewhich provides con-
(see Fig. 2 in Ref. Bis (in gg&, ”ea"l‘ci{“d“e to that in ditions for pairing due to phonons at so high temperatures.

— SDW_ _scat ; ;
p(T,H)=pm "+ py ™, wherep, " andpy, " are contributions  ao'¢q the problem of lattice stability then it was in detail

from the SDW-gap formation in the nesting parts of the FSyiscussed in Ref. 1 and 2 and in Ref. 41.
(e-h pair condensatiorand from othe(conduction parts of In conclusion, high-field evidence of the BG behavior of a

the FS(_sc?tterlng of noncondensed éxrh pairs carriers  p5n0n contribution in resistivity is obtained. Such a conclu-
respectively. sion indicates to the Fermi-liquid behavior of the electron

Note that the unusual metallic behavior of a B.i'basedsystem in the cuprates, discussed in the literatiarereview,
compound down tol.=7 K, considered now as evidence (.o refs 2 and 38—j@nd, hence, to the-wave BCS pic-

against EPI mechanism in the cuprates, can also be explain e with Cooper pairing due to EPI. The conditions for such

her_e. Since al/6p<0.2 'ghe BG curve d_eviates f_rom_ lin- pairing at higher temperatures seem to be provided by for-
earity ap,(T) decrease with decreasifg(like that in Fig. mation of an additional ordefcf. with Refs. 38 and 4

3(b)] can compensate for this deviation down to ldwre-  gpw/CDW state, dynamical in natyrin the cuprates well
quested[p,(T)=0; see Figs. 143 So, for the sample of patore the SC transition.

BSCO with a linear lowF behavior ofp,,,* it follows that

®p =220 K from our BG fit(cf. with ®*Dz35K in Ref. 4). The author is indebted to A. A. Andronov for valuable
Moreover, a very weak upturn in the behaviorggfat low T discussions.
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