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We report on an unexpectedly extensive dissipative gapped regime in the zero-temgerentem limit
in highly overdoped BiSr,CaCyOg, , . Using high-field interlayer resistivity measurements we show that as
T—0 the magnetic field that closes the pseudogap and the upper criticalfiglcbincide, uniquely defining
the upper limit on the vortex state. By mapping the upper and lower bounds on the molten vortex state, we find
the gapped quantum fluctuation regime stretching fre®0 to 70 T. This exceeds by far the conventional
estimates, pointing to the anomalous gapped nature of the strongly overdoped regime.
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High-temperature superconductivity in cuprates arisegjuantum fluctuations is a harder task, and estimatusgy
from doping the charge carriers into a Mott insulating parenhigh) H., in the cuprates has been a subject of much
compound. So, naturally, the spotlight is chiefly trained oncontroversy* not surprisingly aggravated by the pseudogap
the low doping(underdopefiregime where the pseudogap is below T*. We adopt an approach based on closing the
the feature most prominent and the least understood. Theseudogap with the fielth ,, and restoring the supercon-
pseudogap—an incomplete depletion in the quasiparticlgyctor to its ungapped “true” normal state, since this sets an
density-of-stateDOS) near the Fermi enerdy-dominates «jiimate” upper limit” to the vortex state. Probing the gap
the phase diagram way above the superconducting transitioity the intrinsic (between Cu@ planes tunneling c-axis
temperatureT ., expressing striking electronic correlations resistivity'> we track the fielcH. . at which tunneling of qua-
preserving the-symmetry of the superconducting gap below siparticles overtakes that of Cstc)oper pdftghis field sets a

T. but with finite dissipation. By a way of contrast, on the L
high doping(overdoped side cuprates are deemed conven-IOWer bound onHc,. We show that in highly overdoped

tional, and as such are expected to display behaviors of corp1252CaCy 0., (BSCCQ these lower and upper bounds
ventional (Fermi-liquid metals. merge atT=0, unambiguously fixing the value &f.,(0).

The very root of highT, is intertwined with the existence BY Mapping the zero-resistivity fielti,, we find the DGS
of the pseudogap viewed in disparate theoretical proposaRR€arT=0 (the regime of quantum vortex mekven far on
either as a form of a predeces&dror as a competitde to the overdoped sidenconventionally largeunaccountable by
high T.. So, on the one hand, the pseudogap onset temperé_he_ usual phenomenology of the mixed state in the quantum
ture T*(>T.) may characterize the onset of some sort oflimit.
pairing correlations® while the overall phase coherence is We chose a BSCCO crystal with the hole dopipg
set atT.. Indeed, vortexlike excitations in cuprates were=0.225 and—essential for sizing up the fluctuation
reported well aboveT,. On the other hand, the “competi- effects—a sharp diamagnetic transitioriTa¢0)~ 60 K (Fig.
tor” scenarios require the pseudogap to be closed in a phasB. To overdope, the crystal was annealed to high homoge-
transition at the so-called “quantum critical poifQCP,>®  neity in 200 atm Q. Measurements were performed at 100
turning the cuprate pseudogapless on the overdoped sid&Hz in a 60 ms pulse magnet at National High Magnetic
Thus, central to the competing views is the very existence oField Laboratory(NHMFL) in Los Alamos using a lock-in
the pseudogap in strongly overdoped superconductingechnique. A negligible eddy-current heating was verified by
cuprates—the existence experimentally still in questionthe consistency of data taken with successive pulses with
since with increased doping the pseudogap temperdttre different maximum target fields.

rapidly falls and when it arrives to the neighborhoodTof The crystal displays the expected sharp “second peak”
the pseudogap is arguably hard to distinguish from the usuahagnetization anomal{'® nearly up toT, at a field Hsp
thermal fluctuation effects. =0.1 T(Fig. 1) that marks a transition from a low-field line-

Here we focus instead on the dissipative gapped statike [three-dimensional3D)] ordered vortex lattice to a
(DGY) in the zero temperaturgquantum limit that can be high-field pancakelike[two-dimensional (2D)] disordered
accessed at ultrahigh fields. In the quantum regime, the sisolid*® Our point of departure is the 2D vortex solid above
perconducting state sets in below the upper critical fi¢lg, Hsp Which driven by fluctuatior’S will melt into a liquid
whereas the superconducting coherence is globally estallistinguished by a finite dissipation. This crystal is so over-
lished when the dissipationless state is reached. This occudoped that the zero-field-axis resistivityp.(T) is metallic
when “vortex matter” solidifies’~*2—conventionally very (dp.(T)/dT>0) nearly all the way down tdr, (Fig. 2.
nearH., (Refs. 10 and 18 Evaluating the significance of However, the application of even a moderate magnetic field
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FIG. 1. (Color online MagnetizationM vs H
loops in a highly overdoped BSCCO crystal at
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£ low fields (dotted arrows indicate the field-sweep
o direction. A characteristic “second peak” is at
g Hso(T) (arrows. In contrast with optimally
= 0 doped BSCCQRef. 1%, in such overdoped re-
ﬁ gime this peak associated with an order-disorder
'-0_-5 transition is always in the irreversible regime
c e 350K (Ref. 18. The sharp second peak and the sharp
% -1~ e« 375K magnetic transition af . (inse) ensure high crys-
S * 400K tal quality and a homogeneous doping.
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(~10 T) along thec direction uncovers the semiconducting o,(E) is a measure of the DOS in the Cu@lanes. Further
upturn inp(T) before it plunges to zero in the dissipation- increases in the field begin to affect the pseudogap itself; the
less state belowW,. An upward deviation op(T) from the  upturn is suppressed and the metallic regime is extended to
metallic pJ(T) is a measure of the DOS depletion at low lower temperatures. The metallic regime in the fully un-
excitation energies, since the intrinsic tunneling conductivitygapped state is characterized by the temperature-|pf§a)
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FIG. 2. (Color onling c-axis resistivity vs
temperature in overdoped BSCCO up to 55 T.
The normal ungapped state resistivipi(T)
(dashed ling is evaluated from the measured
T-linear dependence(Ref. 20 above T*
(~100 K). Inset:p. corresponds to the inverse
of the interlayer tunnelingdifferentia) conduc-
tivity o, near Fermi energ¥e=Er .
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FIG. 3. (Color onling c-axis resistivityp(H)
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10 100 is marked by three characteristic fieldst,,,
Hsc, andH,q. The onset of finitep, atHg, is a
harbinger of a vortex liquid state. Above the peak
=] field Hs((=H,), quasiparticle tunneling be-
’g H comes dominant. The negative magnetoresistance
o N S¢ (MR) aboveH(T) disappears at the pseudogap
©} \§ _ temperaturd* (Ref. 15. p. reaches its ungapped
& 7 == state valuep{ (dashed ling at the pseudogap

closing field H,4 (inset, see text The p.(H)
curves broaden at low, more so below 10 K.
— Large quantum fluctuations appear as a large
“gap” betweenHg, andHs..

|
50 60

(Fig. 2) down to very low temperaturé8.The excess quasi- “vortex matter” physics. The upper critical field must lie
particle resistivityAp, obtained by subtracting thgl was = somewhat aboveéds. but belowH,,. However, asT—0,
recently shown to follow a power-law field dependence up tdHsc and H,y merge, giving a firm evaluation ofi ,(0)
60 '|'_l5 Upon C|05ing the pseudogamcqo, and we deter- ~70 T. It is evident that the |OW'temperatUre Valueg'té;j

p.(H) andp" at each temperature through the power-law fit, two I?mi'gs is the regime_ of quantum vortex liquid. In for.ming
as describegj in Ref. 15. the liquid (and producing a finitep;) quantum fluctuations

have to overcoméat least the elastic energies in the vortex

system. The quantum regime is identified by the relevant
energyh wg of the quantum vibration modes which can be
estimated as follows. Taking the vortex dynamics to be

To probe the DGS from “below,” we turn to lower fields
wherep. is zero(Fig. 3), the vortex state is a solid with finite
pinning, and our crystal is truly superconducting. An ear-
mark of the s_ol_id-to_-liq_uid_transformation_in Cg(pl_anes is dissipativé? with viscosity 7~(H,B)/p,c? (induction B
the onset of fmlte ﬂISSIpatIOI’] due to mobllg two-dlmensmnaNH at high fields,p,, is the in-plane dissipation in the nor-
(pancakg vortices.” The pancakes in adjacent planes arémg,) state, and is the velocity of light, we compare elastic
co_nnected by J'osephson st'rlngs that are _pu_lled_along, gentflgccee(élwlag)] and dynamid = 7] energies to find a typi-
gltlng .ph?ese slips .r.e5||30r(1jS|bIe fOL the d|SS|pgt|on in ¢hﬁ cal wowpnczB/(l&-rizch). 'I',rf.re’ ce6_=<1>oB/(87r)\)2 is

irection” p. sensitively detects the vortex agitation in the (he shear modulus, = (®,/B) 2is the intervortex spacing,
planes and we use it to evaluate the onset of the liquid phasgyq )\ is the magnetic penetration depth. CloseHg,(0),
at Ho,(T). For the estimate oH,, we took ap.=0.01p¢  with A~200 nm andp,~20 xQcm (Ref. 23 we obtain
criteriorf* appropriate to our experimental resolution, see the, w,~10 K. So at high fields and below 10 K, quantum
inset in Fig. 3. With a further increase in fielel,(H) reaches effects dominate the melting process.
a maximum at a temperature-dependent fléld(T), where The general Lindemann criterion says that the solid turns
the JosephsofCooper-pair tunnelingcurrent becomes com- unstable when the mean vortex displacemerfy*?=c, a,
parable to the tunneling of quasiparticlésH (T) can be is a good fraction ofa, with ¢, ~0.1-0.3(Ref. 14. For
accurately tracked defining a limit on th., (=Hs) from  kgT>%Aw, we have the equipartition theorengu?)
below. ~0.2T/(cged), whered is the interlayer spacing. And as near

Let us now dissect the complete field-temperature diaH_, the superfluid density is suppressed, the thermal melting
gram shown in Fig. @) by the practiced phenomenology of line of a 2D solid becomes
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FIG. 4. (Color online (a) H-T diagram for
overdoped BSCCO reveals a huge regime of
quantum melt(shadegl with finite dissipation.
The previously unexplored regime is above the
3D-2D transition(Ref. 19 atH(T). As T—0,
Hs(T) is exponential in temperatur@Ref. 15
with no saturation, approaching-70 T—the
same as theT-independentH ,q (error bars in
Hpo(T) are the size of symbolsThis fixes the
value ofH.,(0), exposing quantum melt within
[Hc2(0), Hg,l. NearerT. thermal melting ex-
pectedly follows the (+T/T.)? dependence
(Ref. 14 (dashed ling At ~25K, Hg,(T)
crosses to the 2D thermal melting in Ed) (dot-
ted ling, with H.,(T) approximated byH(T).

(b) Temperature-field-doping diagram of BSCCO
highlights the overdopedOD) region nearT,
and nealT=0. In the scale shown, & =0 the
dissipative pseudogapped staleGS between
T* “line” and T, fills the T-p phase space. At
T=0 the DGS betweeii,, and H,4 occupies
unconventionally large region in the sample more
overdoped than the proposed QCP near
p=0.19.
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TLT/TCw(cf/GiZD)(l— H/H¢y)?, (1) the observed reduction in the effective viscosityRef. 30

. . . _ [implying a higher vortex velocity and thus a largeg in

2D 2D
where the Ginzburg numbe&i®™ (with d~15 A, GI™  Eq.(2)], points to a reduced number of carriers available for
~0.05, see Ref. )dis a measure of thermal fluctuations in

X . . X . pushing the current through the core, consistent with the
two dimensions. This expression with=0.14 above 10 K

ts for the low-t ture trend T pseudogap depletion in the DOS.
accounts for the low-temperature tren H)JP.( ). 10 The T-p-H diagram is compiled in Fig. #), where we
At T=0, a rough Lindemann estimate in the 2D liffiit . :
. ) focus on a regime not accessed previously by other tech-
gives quantum melting at

niques. In a view where the deduced QCP is nea0.198
@ max - 7T3CERQ the difference betweem, andT* (double-ended arrombe-
H/H,~1-0.6 > eXD<T), (20 yond the QCP may come from thermal fluctuations. How-
0 = ever, the unconventionally large DGS we observe at high
where RQ=ﬁ/e2=4.1 KQ is the (universal quantum resis- fields asT—0 may suggest the pseudogap in the quantum
tance,Ry=p,/d~150(), andwma=Al% is set by the su-  Jimit far on the overdoped side. This picture is consistent
perconducting gap =20 meV (Ref. 1). The observed over jth the upturn in thep.(T) recovered in a moderate mag-
~50% suppression oo, as T—0 corresponding 10 netic field, and the smooth continuity &f,4(p) from the
H/Hc2=<0.5 can only be accounted for with a very small ynderdopedUD) side’® with its “flat” low-temperature be-
c.=0.1. havior atall doping levels.

Such a small Lindemann numb@nr such large size of the In summary, by exploring the phase space below the
quantum meltis unexpected in the context of models requir- ,sedogap closing field we obtain a reliable value of the
ing the strongly overdoped regime to be conventional. It is;pper critical fieldH., in the quantum limit. A clear quanti-
the classic 2D dislocation mediateosterlitz-Thouless  tative consequence of this is that the estimates that work well
thermal melting that correspondsdp~0.1. Quantum melt- {4 the conventional superconductors fail to account for the
ing of a 2D lattice should be hard&requiringc, ~0.25—a  gpserved large size of the gapped quantum fluctuation re-

number closely obtained, e.g., in layer¢dD) organic  gime, witnessing an anomalous behavior of a strongly over-
26 7
superconductof$?® that also have al symmetry?’ Note doped cuprate.

that, following Ref. 28, disorder pushes the line of zero re-
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