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Despite over two decades of intense scrutiny, much controversy surrounds many of the most prominent
characteristic phenomena found in the high-7,. cuprate-based superconductors. These include the pseudogap,
the presence or absence of charge/spin ordering at 1/8 doping, the evolution of the Fermi surface with charge
doping, and the physics determining the magnetic field-temperature phase boundary between the electrically
dissipationless and dissipative mixed states, H, (7). From an analysis of the evolution of H,(7) of thin-film
samples of Y gCag,Ba,Cu30, and Sm,_,Ce,Cu0,_, with oxygen and Ce doping, respectively, we observe that
the proximity to the doping state p.;=1/8 and to the putative quantum-critical point of the pseudogap p.,
~0.195 both have a quantifiable impact on the shape of H,(T).
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Of the many characteristic phenomena found in the
high-T, cuprate superconductors, two controversial issues, in
particular, standout as among the most critical to developing
a full understanding of these materials; the nature of the
pseudogap phase, and the existence and/or importance of
“stripe”” phases arising from the 1/8 doping state; the doping
region where evidence points to a likely reconstruction of the
Fermi surface.! Hence they are also included in the most
hotly debated issues with proponents arguing that the physics
underlying each phenomenon holds the answer to the mecha-
nism of superconductivity.>™ The issue remains open, for
both the hole- and electron-doped cuprates, as to whether the
pseudogap state competes with, or is a precursor to the su-
perconducting state. Controversy remains as to whether or
not the state extends into the superconducting phase encom-
passed by the “T,-x dome,”0~® since results vary depending
on the materials examined and on the types of measurements
made.>%!0 Furthermore, there is disagreement as to whether
or not the carrier concentration at which the pseudogap ap-
pears to terminate at 7=0 is a quantum-critical point (QCP)
and hence results in order-parameter fluctuations that provide
the driving mechanism of superconductivity.>? Similarly,
phenomena such as charge/spin stripes have been associated
with the 1/8 doping state,'!> and it is argued that stripe
formation is a common characteristic in the cuprates and
under certain conditions can mediate superconducting elec-
tron pairing in cuprates.*> The existence of a QCP in the
overdoped regime of high-7, cuprates is challenged by the
recent work of Cooper et al.'* on the La,_,Sr,CuQO, system.
From measurements of low-temperature in-plane resistivity
and a subsequent dual-component analysis, they find a
T-linear contribution to the resistivity throughout the right-
hand side of the superconducting dome that extends to dop-
ing concentrations beyond the superconducting region;
hence, the pure Fermi-liquid state is never reached before
superconductivity expires. It is suggested that this behavior
is to be associated with an “extended quantum phase” rather
than a QCP. Furthermore, they observe abrupt anticorrelated
changes in the values of the coefficients of the 7T-linear and
T? resistivity components, «, and a,, respectively, with dop-
ing at the concentration p.~0.19, which is generally identi-
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fied with the location of the QCP associated with the
pseudogap phase. A scenario emerges where p,. is thought to
coincide with the onset of incoherent normal-state transport
at all finite temperatures for concentrations p =p,, to which
the pseudogap forms in response as an effort to lower the
energy of the electronic ground state.

We address the relationship of all the above issues to that
of the vortex solid to liquid boundary H,(7) of films of the
hole-doped  Y(3Cay,Ba,Cu;0, and electron-doped
Sm,_,Ce,CuO,_, systems in this study. Since the transport
properties of the electronic states within the vortex core are
anticipated to have an impact on the dynamical properties of
vortices in the region of the vortex-solid-vortex-liquid phase
transition,'*!> measurements of the temperature field depen-
dence of this boundary as a function of charge doping can
serve to reveal the evolving nature of the underlying elec-
tronic species. The H,(T) line of the Y,gCa;,Ba,Cu;0,
films in this study was established from electrical transport
measurements in magnetic fields up to 35 T with the applied
field H || to the film ¢ axis, as described below. Subsequently,
the H,(T) data, shown in Fig. 1, were analyzed within the
context of an empirically modified'*!3 form of the quantum-
thermal vortex lattice melting model of Blatter and Ivlev!'®
which was used to analyze similar data of both films and
single crystals of high-7, cuprates. The H,(T) data of the
Sm,_,Ce,CuO,_, system has been previously reported!’ but
not analyzed in the context of this model. We report here two
key observations concerning the evolution of H,(T) with
charge doping. For the Y3Ca,,Ba,Cu;0, system, we ob-
serve: (1) the temperature field H-T dependence of H,(T) of
samples with hole-doping levels above and below p=1/8
are unambiguously distinct, with the former scaling simply
with the value of the critical temperature 7. and the 7=0
value of the upper critical field H.,(0) and (2) the latter
evolving steadily toward the temperature-dependent form of
the upper critical field H,,(T) observed for conventional su-
perconductors. For Sm,_,Ce,CuQO,_,, where superconductiv-
ity first appears in the underdoped (UD) region close to p
=1/8, the H,(T) lines evolve with Ce doping toward a con-
ventional form of H,,(T) in a manner concordant with those
of Y, gCaj,Ba,Cu;0,. Furthermore, based upon an analysis
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FIG. 1. Vortex melting line H, vs T data for Y 3Caj,Ba,Cu30,
films. The H,(T) data was taken in the field range 2.5 kOe<H
<350 kOe. Fits of the modified vortex glass melting line expres-
sion, Eq. (7) of Ref. 14, to the data, are shown in (a) linear and (b)
semilog plots to emphasize the quality of the fits over the entire H-T
range. Shown in (c) are the extrapolated fit curves to 7=0 K, H
=H,(0), and the upper critical field H,,(T) for a conventional su-
perconductor, normalized in temperature and field to T, and H.,(0),
respectively.

of H,(T), as a function of charge doping p (oxygen/Ce dop-
ing x), within the context of a phenomenologically modified
model'*!> of the melting of a vortex solid in high-T,
superconductors,'® we find evidence that the underlying
physics of the 1/8 doping state and the pseudogap are both
relevant to the problem of the vortex solid-liquid transition
and play an important role in determining the phase bound-
ary H,(T) in both systems. We point out in advance that
some of the results presented below provide further rational-
ization of conclusions reached in recent important studies
which have significantly advanced the understanding of the
nature of the pseudogap and its relationship to the supercon-
ducting gap, and the likely reconstruction of the Fermi sur-
face. However, in addition to arriving at conclusions, via
distinctly different methods of analysis, that are consistent
with independent recent work, we develop a perspective of
the ground state of high-7, cuprates, based upon the ob-
served correlation of the strength of quantum-driven vortex
fluctuations and the pseudogap energy scale. We suggest that
the pseudogap and the superconducting states are indepen-
dent, and, that the electronic states belonging to the
pseudogap are in a fluctuation regime that is unable to
achieve a coherent superconducting state, even at T=0, with
the consequence that the electronic states of the pseudogap,
which exist at all finite temperatures below the pseudogap
temperature 7°, form a population of charge carriers that, in
underdoped specimens, appear to behave as “preformed
pairs” at temperatures 7> T, but never fully participate in
superconductivity as they are unable to achieve phase coher-
ence.

I. EXPERIMENTAL

Films of Y,3Caj,Ba,Cu3O, and Sm,_,Ce,CuO,_, were
used in this study since single crystals grown via the flux
method can have nontrivial variations in the dopant concen-
tration (Ca, Ce) within a single batch. In the case of the
Y sCay,Ba,Cu;0, films, by producing all samples from the
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FIG. 2. (a) Electrical resistivity p(7T) data in zero field for
Y 3Cag,Ba,Cu30, films with the oxygen doping levels indicated.
The inset (b) shows x-ray diffraction data for the x=6.29 sample.
The film is seen to be of high quality with c-axis orientation and no
impurities or off-axis peaks are seen. Spurious reflections attributed
to the substrate are indicated by asterisks.

same target, we can infer the oxygen content of the samples
with greater certainty. In the case of the Sm,_,Ce,CuO,_,
films, the nominal Ce concentration is that of the prepared
target material.

Epitaxial Y,Caj,Ba,Cuz0, films (6.29 =x=6.86) were
grown on (001) SrTiO; substrates via the pulsed laser abla-
tion method using a 248-nm laser. Following the method of
Ref. 18, the target material used for the ablation process was
prepared from stoichiometric quantities of Y,0;, CaO,
Ba(NOs),, and Cul. All heating, cooling, and annealing of
the target material were carried out under flowing oxygen at
a rate of ~150 cm?®/min. During the ablation process, the
laser beam was focused onto the target over an area of
I mmX2 mm with an incident energy of 100 mJ. Films
were grown at 780 °C in 300 mtorr of flowing oxygen with
the incoming gas directed onto the substrate/film. The films
were immediately cooled to 450 °C and annealed in situ in
sealed oxygen atmospheres of 150 mtorr to 900 torr for a
period of 4 h. Zero field resistivity and x-ray data (see Fig. 2)
confirm the quality of the films and the x-ray data confirms a
c-axis orientation. The films were lithographically formed to
have  dimensions of {XwXr=0.3 cmXx0.05 cm
X200 nm for electrical transport measurements. The oxygen
content of the films was inferred from the 7, vs & data of
Ref. 19 with the error bars representing the uncertainty of x.
T, is determined here by the vanishing of the electrical re-
sisitvity. The hole concentration per copper atom in the CuO,
planes are estimated via the empirical formula
[Tp)/ T, pa]=1-82.6(p—0.167)%, similar to those used in
Refs. 20 and 21 and by comparison to the 7, vs p data of
Ref. 22 for YBa,Cu;O¢,,. Having films of thickness ¢
~200 nm, we can reasonably rule out strain effects on in-
trinsic electronic properties.?>2*

The electron concentration per copper atom, p, in the
CuO, planes of the Sm,_,Ce,CuO,_, thin-film samples was
estimated here according to the following considerations: in
the electron-doped high-T, cuprate system R, Ce CuQO,,,
(R=La,Pr,Nd,Sm,Eu), the substitution of Ce introduces
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FIG. 3. Low-field resistivity data. (a) Electrical resistivity data
p(T) of the Y(3Cag,Ba,Cus0¢43 film in magnetic fields ranging
from 0 to 9 T. Data in fields of 0, 0.5, 0.75, 1.0, and 9 T are
indicated. Data taken in fields between 1 and 9 T are in 1 T incre-
ments. (b) The vortex-glass melting temperature 7,~15.6 K (for
H=6.0 T) is defined here as the vanishing of the resistivity in the
context of the vortex glass model of Fisher, Fisher, and Huse (Ref.
29), where the linear region, when plotted as above, (open circles)
defines the critical region of the melting transition. This method of
determining 7, was used for all p(7) data.

electrons into the CuO, plane. However, a further step is
necessary: the reduction in oxygen content by a very small
amount. It has recently been established that oxygen doping
plays a dual role in these materials: the introduction of itin-
erant carriers for superconductivity and the reduction in
disorder.?>26 Of the two, it is believed that the disorder effect
dominates, and is primarily attributable to oxygen vacancies
at the apical (or interstitial) sites and in the CuO, plane. With
the remaining site located in the CeO layer, where main
charge doping process takes place via the rare-earth site, we
conclude that this is the most natural location for the intro-
duction of charge via a vacancy at the oxygen site. With an
optimal reduction level of oxygen 6~ 0.02, determined for a
Sm, ¢sCe ;sCu0, sample,?’ this gives an approximate oxy-
gen reduction in 6/4=0.005 of the CeO layer. From this we
estimate p=x+0.005, for all samples. It should be noted,
however, that in the case of nonsuperconducting samples of
Nd,_,Ce,CuOy,,, annealed under the same conditions, the
oxygen content 4+y varies with the Ce concentration level.?®
Hence, the error estimate likely increases for samples with
x#0.15.

The low field (H=9 T) vortex-glass melting line H,(T)
data of the Y3Cay,Ba,Cus0, films were determined from
the vanishing of p(T) data in fixed magnetic fields in the
context of the vortex glass model of Fisher, Fisher, and Huse
(FFH).* See Fig. 3 as an example for the
Y, sCay,Ba,Cu3O0g43 sample. The high-field (H>9 T)
H,(T) data of the Y4Caj,Ba,Cu;0, films were determined
by the vanishing of p(H) data at fixed temperatures, as
shown in Fig. 4. For the x=6.43, 6.77, 6.84, and 6.86
samples, the melting temperature 7, at H=35 T was deter-
mined by slowly sweeping the temperature, as shown below
for the x=6.43 sample in the inset of Fig. 4. The melting line
H,(T) data of the Sm,_,Ce,CuO,_, samples from Ref. 17
were determined using the modified vortex glass model of
Rydh, Rapp, and Andersson®*3! which is based upon the
FFH model.
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FIG. 4. (Color online) High-field resistivity data. Electrical re-
sistivity data p(H) of the Y gCap,BayCusOg 43 film at fixed tem-
peratures ranging from 3.6 to 8.9 K. The melting field H, for each
temperature is indicated by arrows, where p(H) discernibly van-
ishes. The error associated with each H, value is no larger than 0.5
T. The p(H) data were taken in slow swept fields of 2-3 T/min. Raw
data are shown in black. A smoothing algorithm was used to assist
in defining H,. Smoothed data are shown as the red solid line.
Shown in the inset are data taken at a fixed field of 35 T. The
temperature in this case was controlled by pumping on a He-4 bath
which the probe and sample were immersed in.

II. ANALYSIS

For the analysis carried out here, four parameters are used
to fit Eq. (7) of Ref. 14 to the data; the upper critical field
H.,(0), the Lindemann number c¢;, an exponent s, and a
quantum fluctuation parameter Qy= Q,(0),7%(0). The Lin-
demann number c; characterizes the stability of the solid
vortex ensemble to displacements of vortices from an equi-
librium position by quantum and/or thermal fluctuations. The
exponent s characterizes the temperature dependence of the
relaxation time of a single vortex (SVRT) displaced by a
quantum  or  thermal  fluctuation = where  7(7)

=7(0)(T./D(A-T/T.)]. Qu(O)—g:—g] is the quantum of
resistance, and Qy=min[Q ,,Qx0] is a cut-off frequency
such that, Q0 1/\py72(0) and Qyo*Ay." Finally, py is
the normal state resistivity just above T, &, is the (T=0)
superconducting coherence length and A, is the (T=0) su-
perconducting energy gap. The value of the upper critical
field is initially estimated from a linear extrapolation (on a
semilog scale) of the H,(T) data to T=0, and allowed to vary,
along with the other parameters for the best possible fit. The
quality of the fit to the data is very sensitive to all four
parameters so that we have small errors, less than 5%, asso-
ciated with each of ¢;, s, and Qp, and less than 2% for

H,»(0). Values of ¢;, s, Qp, and H,,(0), for the fits to the data
of each of the films examined here, as well as T, are given in
Appendix B, along with additional details of the fitting pro-
cedure.

A. Quantum vortex fluctuations and the pseudogap
In Figs. 5(a) and 5(b), values of the quantum vortex fluc-
tuation parameter Q= QM(O)QOT‘;(O) are plotted vs p (and x)
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FIG. 5. (Color online) The superconducting critical temperature
T, (a) open circles, (b) open and closed squares), (unitless) quantum
vortex fluctuation parameter Q0=Qu(0)907’;(0) (green solid dia-
monds), and log(%R) (closed black circles), vs oxygen/Ce content x
or carrier/Cu concentration p for: (a) Y(gCap,Ba,Cuz0, film
samples. The x-axis error bars for the T, vs x (or p) data represent
the uncertainty in the oxygen content (carrier/Cu) as described in
Sec. I. The H,(T) line was not measured for the sample indicated by
the solid red symbol (x=6.36), and hence is not represented in the
0(0) or log(%R) data, or in Fig. 1. (b) Sm,_,Ce,CuO,_, film
samples. 7, vs. x data are taken from Refs. 17 and 36 and are
represented by open and closed squares, respectively. The values of
p are estimated for both compounds as described in Sec. I.

for Y gCaj,Ba,Cu;0, and Sm,_,Ce CuO,_,, respectively. In
both cases, Q, is seen to have a linear dependence with p and
x across the entire range of doping examined with Qy— 0 at
a critical concentration p.=~0.195. This behavior immedi-
ately brings to mind the linear 7-x behavior of the pseudogap
temperature 7%(x), which extrapolates linearly to 7=0 in the
vicinity of p=~0.19-0.20.%1932 Since the dynamical proper-
ties of vortices are directly dependent upon the nature of the
electronic states within the vortex core,>? then, with evidence
from scanning tunneling microscope measurements of
pseudogap states within the vortex core,?* it seems natural to
associate the strength of quantum vortex fluctuations, char-
acterized by Q, with the strength of the pseudogap. If such a
connection is valid, then one can ask—what does Qy— 0
mean?
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As T—0, the quantum of resistance remains finite. For

the cut-off frequency (2, we have either (2, 1/py7.(0) or

Qpp* A" from which it follows ,,7(0) %

Qp07™(0) 2 Ag72(0). Thus, for Q to vanish, either case im-
plies that 72(0)—0; i.e., quantum fluctuations of vortices
cease, with only thermally driven vortex fluctuations remain-
ing. In the above model, the empirically deduced tempera-
ture dependence of the SVRT, 7%, can be explained by the
quasiparticles within the vortex core conforming to a relax-
ation time consistent with fluctuating Cooper pairs in a criti-
cal regime, i.e., the dominant population of quasiparticles in
the vortex core are in a fluctuation regime rather than being
Drude-type.!*!133% In this context, the result 72(0) —0 indi-
cates that the quasiparitcle population in the fluctuation re-
gime vanishes as p—p,=0.195, and, that, as the system
moves to larger values of p, the vortex cores will be prima-
rily populated by conventional Drude-type quasipartices.
This viewpoint is consistent with the results of Cooper et
al."® wherein their observation of a significant change in the
dominant normal state quasiparticle properties from coherent
to incoherent transport can be identified here with the tran-
sition from a Drude-type to a fluctuationlike form of the
SVRT # with decreasing doping at p.. It follows that a con-
nection can be made between the quasiparticles in the
pseudogap state and strong quantum driven fluctuations of
vortices. Furthermore, from heat capacity measurements on
Y 5Cag,Ba,Cus0,_s°% it is found that, while the energy
scale E, associated with the pseudogap approaches zero lin-
early as p—0.19, E, in fact remains finite, tailing off to at
least p~0.22, a value close to the oxygen doping limit in
this compound. Thus, if the correlation between Q, and E,
holds, we would then expect Q, (for Y, ¢Cay,Ba,Cu;0, at
least), to also remain finite for p>p,, in a manner propor-
tional to the values E, and consistent with the residual a
(T-linear) resistivity component associated with the
pseudogap.'?

B. “Conventionality” parameter R

With growing evidence for a two-fluid conductivity sce-
nario and the relative increase of the Fermi-liquidlike (72
resistivity) component as p increases, we might anticipate
that superconducting properties will evolve with increased
doping toward that found in conventional superconductors.
In this vein, we attempt to characterize the “extent of
conventionality” across the Y,gCay,Ba,Cu;0, and
Sm,_,Ce,CuO,_, systems by considering how closely their
H,(T) lines resemble the canonical form of the upper critical
field of a conventional BCS superconductor, which can be
approximated as H,(T)=~H.,(0)[1-(T/T,)*]. We introduce
a measure of conventionality via the number R, defined as
the ratio of the area in the H-T plane under the fitted H,(T)
curve to the area under the BCS upper critical field with
the same H.(0) and T, values, RE[fngg(T)dT]/
[J0<H o(T)dT].

In Figs. 5(a) and 5(b), we have plotted log(%R)
=1og(100 X R) vs p (and x), where %R is the “percentage of
conventionality,” and a value of log(%R)=2 corresponds to
“complete conventionality.” Two key features are observed.
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First, in the case of Y3Caj,,Ba,Cu;0,, for doping values
p<p.=1/8,1log(%R) is independent of p. However, for p
=p.i, the p dependence of log(%R) abruptly increases lin-
early, where, (the second important observation) log(%R) in
this region extrapolates to a value of 2, i.e., “conventional
superconductivity,” just as the limits of oxygen doping are
reached at x=7.0 (p=~0.225). This scenario is consistent
with the results of Cooper et al.,’3 wherein the non-Fermi-
liquidlike 7-linear contribution to the resistivity extends out
past the superconducting dome and hence pure Fermi-liquid
behavior is not recovered before superconductivity expires.
In the case of Sm,_,Ce,CuO,_,, (where superconductivity
appears for p=1/8), the same linear with p dependence of
log(%R) is also observed over the same range of p, and
log(%R) also extrapolates to a value of 2 at p=0.225. This
conclusion should be taken with some caution, since, in both
cases, we lack data on samples with concentrations p>p.,
~0.195 where p,, is the putative QCP associated with the
suggested termination of the pseudogap at 7=0. If p,, is in
fact a QCP, then we could anticipate a change in the p de-
pendence of log(%R) as we cross over from one ground state
to another. Additionally, had we chosen a different form for
H,,(T), the value of R would change accordingly, and hence
the conclusion as to whether or not conventional supercon-
ductivity is reached by p=0.225 is subject to further reser-
vation. For instance, it is possible that the apparent existence
of two superconducting bands could result in a modification
of H,,(T) such that,’ if the observed linear dependence of
log(%R) on p persists, then H,(T) and H(T) would coin-
cide at a lower oxygen concentration. We however stress
that, even with a different expression for H,,(T), the abrupt
change in log(%R) at p=<1/8 for Y, ¢Ca,,Ba,Cu;0, would
remain, as can be easily seen from the simply scaled H,(T)
data in Fig. 1(c), as would the conclusion that the electronic
states above and below p.,=1/8 are significantly
different—a result consistent with a reconstruction of the
Fermi surface.'

III. CONCLUSIONS

The independent behavior (with doping) of the quantum
vortex fluctuation parameter Q(0) and the conventionality
parameter log(%R) of Y 3Caj,Ba,Cu;0, suggests that phe-
nomena associated with the pseudogap, on the one hand, and
the 1/8 doping state, on the other, are independent as well,
and hence there exist coexisting electronic populations, both
of which have an impact on the evolution of superconducting
properties across the 7.(p) dome.

An implication of a connection between the size of the
pseudogap and the magnitude of the quantum parameter Q,
is that for p=p.,=0.195, a significant portion of the elec-
tronic states in the “normal” vortex core belong to the
pseudogap, and, most importantly, that these electrons are in
a fluctuation regime. In addition to the empirically observed
form of the SVRT, the notion that the pseudogap states are in
an incoherent precursor state to that of coherent bulk super-
conductivity is supported by evidence for the presence of
vortices in the pseudogap phase above 7. from Nernst
effect®® and magnetoresistance’® measurements, and by a

PHYSICAL REVIEW B 81, 174511 (2010)

quantitative analysis of zero field fluctuation conductivity.*
From the form of the empirically observed single vortex re-
laxation time 7% and its direct relationship to the value of Q,
with doping, we also conclude that the pseudogap states re-
main in a fluctuation regime down to T=0. We are then left
with a picture similar to the low lying “extended quantum
phase” proposed by Cooper et al.,'* expanded to include
both hole- and electron-doped high-T, cuprates, wherein we
would conclude that the electrons comprising the pseudogap
are electronic states that are unable to achieve a coherent
superconducting phase at any finite temperature, and, that
these electrons are distinct from those which form the super-
fluid condensate. We emphazise that our proposition as to the
(quantum-driven) fluctuating nature of the pseudogap state is
unique, even though the conclusion of the independence of
the pseudogap and superconducting states has been arrived at
in earlier work.*! Within the scenario we are proposing, we
can explain the long-standing contradiction between experi-
ments which support the pseudogap as preceding the super-
conducting state and those that indicate that they are com-
peting states. That is, the experiments and analyses in Refs.
38-40 (and similar papers) can be explained in terms of the
fluctuating nature of the pseudogap without having to con-
tradict other experiments that indicate that the pseudogap
state is not a precursor to the superconducting state.
Finally, we would suggest at least two issues to be ad-
dressed within the realm of high-T, superconductivity: (1) a
theoretical explanation is lacking to explain the abrupt
change in the temperature dependence of H,(T) of the
Y 3Caj,Ba,Cu;z0, system at p=1/8, and the linear p depen-
dence of log(%R) of both the Y,¢Cay,Ba,Cu;0, and
Sm,_,Ce,CuO,_, systems in the p>1/8 region and (2) an
implication of the assertion that the pseudogap is in a fluc-
tuating superconducting state, independent of the true phase
coherent superconducting state, is that the fluctuations of the
pseudogap charge carriers will affect measurements of criti-
cal scaling phenomena. Specifically, it is a long-standing
question as to why the scaling behavior of certain (supercon-
ducting state) phenomena of the cuprates do not conform to
a pure three-dimensional- (3D-) XY model. A theoretical
treatment of coexisting fluctuation phenomena belonging to
different universal classes may provide such an explanation.
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APPENDIX A: SUMMARY 3D PLOT OF H-T-p PHASE
DIAGRAM

Depicted in Fig. 6 is a 3D summary plot of the resulting
H-T-p phase diagram of hole-doped cuprates. At
temperatures/fields below the colored vortex-glass H,(T,p)
surface, the system is in the superconducting solid vortex
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FIG. 6. (Color online) A summary sketch of the H-T-p phase
diagram of hole-doped cuprate-based high-7,. superconductors,
based upon the analysis and references given in the text. At
temperatures/fields below the colored vortex-glass H g(T, p) surface,
the system is in the superconducting solid vortex state. The panels
labeled UD and OD are cartoon depictions of the Fermi surface of
the highly underdoped and highly overdoped regions, respectively,
as inferred by results from quantum oscillation experiments (Refs. 1
and 42-46). The blue and purple shaded regions are directly based
upon the H,(T,p) data of the Y, 5Cag,Ba,Cus0, system examined
in this study. The red-shaded region is calculated based upon the
observed evolution of Hg(T) with carrier/Cu concentration p. It is
proposed that the strength of quantum-driven vortex fluctuations is
directly attributable to the transport properties of electrons belong-
ing to the pseudogap. If this connection is valid then we can con-
clude that the electronic states belonging to the pseudogap are in a
fluctuation regime that is unable to achieve a fully superconducting
state, even at 7=0. Hence, the pseudogap and bulk superconductiv-
ity are distinct phenomena in the high-7. cuprates.

state. As shown, the H,(T,p) phase diagram is broken up
into three roughly equal (in range of hole doping p) regions
having distinct electronic characteristics. The left (highly un-
derdoped) blue region is characterized by having a discon-
nected Fermi surface (as indicated in the “UD” Fermi surface
cartoon) and a superconducting state subjected to increas-
ingly strong destabilizing quantum-driven vortex fluctuations
(with decreasing p). In the center (lightly underdoped to
lightly overdoped) purple region, the Fermi surface has un-
dergone a reconstruction at its underdoped border p.; evolv-
ing toward that of a conventional metal. The strength of
quantum-driven vortex fluctuations approaches zero with a
linear in p dependence at the overdoped border p., with the
red (highly overdoped) region on the right as does the
pseudogap line. In the red region beyond p,,, the Fermi sur-
face has completed its transformation [overdoped (OD)
Fermi surface cartoon] and the H,(T,p) lines continue to
evolve toward the upper critical field lines H.,(T) as the
decreasingly residual pseudogap population vanishes along
with quantum-driven vortex fluctuations. As T, decreases
with increasing p, the importance of thermal fluctuations will
also decrease and eventually H,(7) will coincide with
H_,(T). From the perspective of the performance of high-T,
cuprates in high-field applications, the optimal carrier con-
centration is p.,. At this concentration, T, is approximately
90% of the maximum 7, value found near the center of the
purple region, yet, the value of H,(T,p.) is greater than
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TABLE 1. Doping dependence of the fitting parameters c;, s,
00Q¢79, and H,»(0) used in the fitting of Eq. (7) of Ref. 14 to the
Hg(T) data shown in Fig. 1. The errors of the parameters for all fits
is Ac;=0.015, As=0.10, AQ=~5%, and H(0)=2%. Also given
are values of 7T, defined here as the temperature at which the resis-
tivity vanishes.

H,(0) T,

X cr § 007y (T) (K)
6.86 0.30 2.70 4.9 135.0 79.1
6.84 0.30 1.95 7.4 138.5 81.7
6.77 0.29 2.10 12.2 149.2 83.5
6.63 0.29 1.94 39.3 146.5 80.4
6.53 0.31 2.00 52.0 120.8 67.0
6.43 0.29 2.36 82 87.0 52.5
6.33 0.31 2.53 97 69.0 419
6.29 0.30 2.36 99 39.1 23.6

H,(T,p,,,) for over more than 90% of its temperature range,
with the consequence that higher critical current densities
can be achieved over this temperature interval. As an ex-
ample, for the Y,gCaj,Ba,Cuz0, system, at liquid helium
temperatures, H,(4.2 K,p.,)=~1.5H,(4.2 K,p,,,). At liquid
nitrogen temperatures, H,(77 K,p.) =H, (77 K,p,,,).

APPENDIX B: FITTING METHODS AND TABLES
OF PARAMETERS

The procedure for fitting the subsequent H,(T) data of
each sample is described in detail in Ref. 14, with the only
difference being that, for the data fit here, the value of H, ,(0)
was estimated, as described in the main text, and allowed to
vary to achieve the best possible fit. In Ref. 14, values of
H,,(0) were taken from the literature and held fixed during
the fitting process. For clarity, we reemphasize here, the steps
for fitting the data are: (1) an initial estimate of H(0) is
obtained from a linear extrapolation (on a semilog plot) to

TABLE II. Doping dependence of the fitting parameters c;, s,
00Q079, and H»(0) used in the fitting of Eq. (7) of Ref. 14 to the
H g(T) data taken from Ref. 17. The errors of the parameters for all
fits is Ac;=0.015, As=0.10, AQ=5%, and H.(0)=2%. Also
given are values of T, defined here as the temperature at which the
resistivity vanishes.

H»(0) T,
x cr s 007 (T) (K)
0.13 1.2
0.135 1.5
0.14 0.228 2.03 5.34 6.13 14.0
0.15 0.233 1.86 4.06 8.43 19.0
0.16 0.230 2.23 2.94 4.5 17.43
0.17 0.230 1.80 1.86 4.1 15.4
0.18 0.236 1.97 0.98 2.3 12.38
0.19 0.233 3.72 0.21 2.1 10.8
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T=0 K of the experimentally determined H,(7) data. (2) An
expression for G(T) is obtained by first evaluating G,(H,)
=[G,(0)]"**[H,/H(0)]"*, where « is the exponent that
characterizes the H,(T) line over the temperature range
0.6 T,=T=T, via the expression H,(T)~(1-T/T,)*. The
value of G;(0) is related to the fitting parameter ¢; (the Lin-
demann number) by the expression G;(0)=(7%c})*" ¢, is
initially estimated as 0.30, as this is a commonly found value
for the high-T, cuprates.?* G/(7) is obtained by fitting a third-
order polynomial to the calculated G(H,) data. This expres-
sion for G,(T) is inserted into Eq. (7) of Ref. 14. (3) The

PHYSICAL REVIEW B 81, 174511 (2010)

data are fit using Eq. (7) keeping H,,(0) fixed, with the re-
maining fitting parameters s, ¢;, and Q = Qy{)y7, allowed to
vary (Tables I and II). (4) Keeping s, ¢;, and Q fixed, the
data are refit allowing H,,(0) to vary. (5) The new value of
H,,(0) is used, and the procedure is repeated at step (2) until
there is less than =5% variation in the values of s, ¢;, Q, and
~2% in H.,(0). (If the new value of H,,(0) does not result in
an improved fit after two iterations, a new trial value of
H.,(0) is introduced, and the process repeated). The data
were fit using the commercially available software program
KALEIDAGRAPH v. 3.51.
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