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A superconducting transition in the temperature dependence aflifpane resistivity of
underdoped YBgCu;05 ., Crystals in the rang& <30 K has been investigated. Unlike the case
of samples with the optimal level of doping, the transition width increased insignificantly
with magnetic field, and in the range< 13K it decreased with increasing magnetic field. The
transition pointT.(B) was determined by analyzing the fluctuation conductivity. The

curves ofB.,(T) measured in the regioh/T.=0.1 did not show a tendency to saturation and
had a positive second derivative everywhere, including the immediate neighborhood of

T.. The only difference among the curves®f,(T) for different crystal states is the scalesTof
andB, so they can be described in terms of a universal function, which fairly closely

follows Alexandrov’s model of boson superconductivity. I®99 American Institute of Physics.
[S1063-776(99)02301-X]

1. INTRODUCTION they assumed, cause pair breaking and effectively suppress
superconductivity neaf.. The tendency to magnetic order-
The nature of high-temperature superconductivity ising at lower temperatures results in a lower spin-flip scatter-
presently one of the most interesting subjects of the solidng amplitude, thus enhancing superconductivity. The pres-
state physics. An important topic of research in this field isence of magnetic impurities is a common feature of HTSC,
the temperature dependence of the upper critical B since current carriers in most of them are due to doping,
In conventional (low-temperaturg superconductors, in ac- which generates magnetic defects at the same time.
cordance with the BCS theory, the cuiBg,(T) is described Spivak and Zhotstudied the role of Landau quantiza-
by a universal functiorbgcg(t) in terms of reduced vari- tion combined with a random potential. The quantization
ables: the temperature is scaled by the zero-field transitioads to a higher density of states on Landau levels, whereas
temperaturet=T/T, and the magnetic field is scaled by the the random potential brings to the Fermi level Landau sub-
product of T, and the derivative ofB,(T) at Tc: b levels with opposite spins at points close to one another in
=B/[To(—dB,/dT)1-1_]." The functionbgc(t) is linear  space. In this case, the random potential must satisfy two
in the neighborhood of ; and saturates tb=0.7 att=0. In  opposite conditions: its variation over the coherence leggth
high-temperature superconductdidTSC the behavior of should be larger than the Zeeman splitting, on the other
Be(T) is radically different. In TJBaCuQs? and hand, scattering by this potential should not wipe away peaks
BiZSrZCuq,3 films, and in K JBa, BiO; single crystal$®>a  in the density of states. The HTSC structure favors both
positive second derivative and a sharp increasBy{T) at  these conditions: fluctuations in the concentration of dopants,
low temperature have been detected. Similar properties ofhich are at the same time scattering centers, should occur
functionB.,(T) have been observed in other HTSC systemsgven in high-quality crystals, but these scatterers and current
namely, in YBa(Cu,_,Zn,)30s« With a critical tempera- carriers are separated in space.
ture lowered by the strong scattering and It is possible that there are more fundamental causes of
Smy gsC& 15CUO, — with n-type conductivity’ the peculiar shape d@.,(T) curves that can be put down to
HTSC is not the only class of materials where the uppeman exotic nature of superconductivity in HTSC. One example
critical field does not follow the BCS universal function is the “bipolaron” or, in a more general approach, the “bo-
bgc(t). But, as concerns HTSC, such deviations are probson” model of superconductivity suggested by Alexandrov
ably present in all materials of the family, and magnitudes ofand Mott'° The model assumes that paicharged bosons,
these deviations are enormouSTherefore, there is every e.g., bipolarons are preformed, and the superconducting
reason to seek fundamental causes of these deviations, whittansition consists in Bose-condensation of these pairs. In the
are general for all HTSC. presence of a random potential, the curveBg§(T) has a
Several models have been suggested. Ovchinnikov angositive curvature. The conventional superconductivity in a
Kresirf focused attention on magnetic impurities, which, asFermi liquid can transform to the boson superconductivity if
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the electron—phonon coupling is strong and the carrier derare separated by lines of second-order phase transitions:
sity is low. Again, HTSC materials are good candidates foB.(T) between the Meissner and mixed phasesBgdT)
realization of such a scenario. Their carrier concentration ibetween the mixed state and normal metal.
lower than in conventional metals and drops further with  Beyond the mean-field approximation, thermal fluctua-
decreasing doping level, whereas the coupling constarttons of the order parameter slightly change the phase dia-
A=1. gram configuration. Now, it contains a region of “vortex
Abrikosov suggested for HTSC a model whose centraliquid,” where fluctuations change largely the order param-
component is a saddle-like singularity in the electron speceter phaséwhich can be interpreted in terms of free motion
trum. This model predicts, in particular, a positive curvatureof Abrikosov’s flux lineg, and a region of critical fluctua-
of the B¢,(T) curve'! because the problem becomes effec-tions close toB.,(T), where the order parameter amplitude
tively one-dimensional due to the saddle point; as a resulffjluctuates and its mean value changes rapidly with the tem-
the magnetic field's capability of destroying superconductiv-perature or magnetic field intensity. There are superconduct-
ity is limited considerably. In the absence of the paramaging fluctuations aboveB;,(T) also, but their amplitude is
netic limit, the model yields the divergent functi@y,(T), small and decreases away from the lindg3gf(T). The phase
but if the paramagnetic limit is taken into account, the criti- transition to the superconducting state with a long-range or-
cal field is limited to a finite value. der established occurs on the boundary between the vortex
The experimental data accumulated over recent years atigluid and vortex latticdmelting line B.,(T)], whereas the
insufficient for making an ultimate choice of one of thesecurve ofB.,(T) determined in the mean-field approximation
model. Further research is needed, and the present paper islefines the line of a crossover from the normal metal, where
step in this direction. We present an investigation of the efthe order parameter fluctuation amplitude is low, to the vor-
fect of a magnetic field on the resistivity of YBau;Og,x  tex liquid, where the magnitude of the order parameter is
single crystals at doping levels below the optimal one. Thealmost unity4~1¢
aim of this work was to measure the temperature dependence In conventional superconductors, the regions of critical
of B, in this material atx such thatT.<30K and derive fluctuations and vortex liquid are quite narrow and essen-
from these data changes in parameters that coBrolvhen tially unobservable. The melting linB,(T) coincides with
T.—0. B.o(T), therefore, the mean-field approximation adequately
The paper is organized as follows. Section 2 presentdescribes the phase diagram. In HTSC the situation is differ-
basic theoretical concepts concerning the superconductent. Owning to the high critical temperature, small coherence
phase diagram in a magnetic field and the behavior of conlength, and high anisotropy, fluctuations play a more impor-
ductivity around the superconducting transition point; theytant part, and the vortex liquid phase occupies a considerable
are essential in the analysis of experimental data. Section i2gion of the phase diagram, &, and B, are separated.
describes sample fabrication techniques and experiment&8ince fluctuations broaden features of field dependencies of
procedures, Sec. 4 reports on experimental results. Theeansport and thermodynamic properties at p@gi, it is
curvesp(T) and their evolution induced by the magnetic most difficult to determine this point in experiment. None-
field are discussed in Sec. 4.1. The derivationBg(T) theless, the value d.,(T) is still very important since this
from resistance-versus-temperature data for HTSC has rés the parameter that controls the behavior of thermodynamic
mained a controversial issd&l3therefore this topic is given quantities in the region far from the line of transition, where
special treatment in Sec. 4.2. Since the transition broadeninifpe mean-field approximation is valid.
induced by magnetic field is insignificant, qualitative conclu- In materials with strong pinning, the phase diagram is
sions concerning the behavior Bf,(T) are not affected by further modified: the pinning destroys the order in the vortex
the specific routine employed in determination of the superiattice and transforms it to a vortex glass. The melting line is
conducting transition point. Nonetheless, in determiningreplaced by the “irreversibility line”B* (T), above which
B.»(T) quantitatively, we analyzed the fluctuation conduc-vortices are depinned by thermal fluctuations and move
tivity in the normal state as a function of temperature. Secfreely even at very low current densities, which results in a
tion 4.3. discusseB;,(T) derived from experimental data: finite resistivity and reversible dc magnetization. Below
the curvature ofB.,(T) curves proved to be positive B*(T) vortices are pinned in the low-current limit, and the
throughout the available temperature range, including thenagnetization curve shows a hysteresis.
close neighborhood df ; no signs of saturation in the low-
temperature range have been detected; the experimental data

are compared with existing models. 2.2. Resistive transition
In high-temperature superconductors with optimal dop-
2. BASIC THEORETICAL CONCEPTS ing, curves ofp(T)|g form a fan with a common transition

onset point, so the positions of the transition onset are almost
independent of the magnetic fieltil’ The drop in the resis-
The phase diagram of a type-ll superconductor in theivity around the transition onset is controlled by the contri-
B—T plane in the mean-field approximation contains abution of superconductive fluctuations to the conductivity.
Meissner region, where magnetic field is fully ejected from aThe characteristic field of fluctuation suppressionBis,
sample, a mixed state region, where a lattice of Abrikosov’shence the shift of the transition onset should follow the func-
flux lines exists, and a normal metal region. These regiontion B, ,(T). On the low-temperature side, the resistivity

2.1. Phase diagram
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should vanish when the vortex motion is frozen. Qualita-of block structure and shaped as plates 20 tou40 thick
tively, the line on theB—T phase diagram where the vortex with areas of several square millimeters. After oxygenating
mobility becomes significant is the “irreversibility line” at 500 °C, they had’ ;~90-92 K and fairly narrow resistive
B*(T). Thus, the resistive transition is confined by the linessuperconducting transitions withT <1 K.
B.»(T) andB*(T) and is associated with the vortex liquid In YBa,C3;04,, current carriergholeg are generated
region on the phase diagram so that the fan-like appearande CuO, planes as a result of capturing electrons in layers of
of resistivity curves is due to broadening of this region withCuQ, chains. The hole density depends on the oxygen con-
the magnetic field while the line &.,(T) is almost vertical. tentx and configuration of oxygen atoms in chains in GuO
The breadth of the vortex liquid region, hence the trandayers. Consequently, the carrier density in ¥8e;04. .
sition width, is determined by the relation between pinning(along with the superconducting transition temperatasn
and fluctuations. The vortex depinning is favored by thebe varied by two methods: changing the oxygen content and
small coherence length, high temperatures, and weak cou- varying its ordering in CuQlayers.
pling between neighboring superconducting layers of EuO The technique for changing the oxygen content is the
i.e., by the high anisotropy. Variations in the doping levelhigh-temperature annealing, and it allows one to produce the
(carrier densityn) to both sides from the optimal dopimg,;  whole range of states from antiferromagnetic insulator to op-
lead to lowerT. and larger¢. On the other hand, the anisot- timally doped superconductor. The annealing temperature at
ropy is stronger at lower doping and weaker at higher doping given partial pressure of oxygen controls the oxygen con-
levels. The resistivity curves of overdoped HTSC samplesent in a crystal and is a convenient technological parameter
with high carrier densities and low anisotropy are similar tojin processing superconducting sampteg order to reduce
those of conventional superconductors with strongthe oxygen content te=0.37-0.47, we annealed crystals in
pinning*® air at 700—800 °C and then quenched them in liquid nitrogen

The difference between over- and underdoped states wag prevent exchange of oxygen with the atmosphere during
demonstrated by comparing 18SrCu0, samples with  cooling.

differentx.'® Whereas a magnetic field &=8 T broadened The second technique allows us to vary the carrier den-
by 15-20K the resistive transition in an underdoped samplgity over a relatively narrow interval by changing the average
with x=0.08 andT.~30K, the transition curve in an over- |ength of oxygen chains at constant>2¢In chains of finite
doped sample witx=0.20 and approximately the sarile  |engths, there are oxygen atoms peg+1 copper atoms,
was shifted by magnetic field without changing its shdpe. hence, one hagyt+ 1)/q electrons per oxygen atom. For this
This observation was confirmed by other research&$, reason, oxygen atoms in shorter chains are less efficient in
who also reported that decreasing the oxygen content igapturing electrons from CuOplanes. The average chain
YBa;CuO6 4« thin films and single crystals considerably en- |ength can change owing to the high diffusion mobility of
hances effects Originated from vortex motion, in partiCUlar,oxygen in CuQ |ayers at the room temperature and above.
increases transition broadening in the magnetic field. A”Longer chains have lower energy, but they contribute less to
these experiments, however, used samples With40K,  the entropy, which makes them less preferable at high tem-
and it remained unclear whether this tendency should persigleratures. The balance between these two factors determines
in the range of lowT.. the average chain length in equilibriuthence, the number
There is an alternative interpretation of the resistive tranof h0|eg as a function of temperature. The relaxation time
sition in cuprates, which attributes most of the change in tn%trong|y depends on temperature, SO rapid Coo”ng freezes the
resistivity to a phase transition between the vortex liquid anthxygen configuration, thus fixing the carrier density. In real
vortex lattice(vortex glass at Bp(T).**"??In this case, the experiments, we heated crystals to 120—140°C and then
resistive transition is decomposed into a resistivity jump onquenched them in liquid nitrogen. This procedure notably
the B,,(T) line [well below B,(T)] and a crossover on line reduced the number of holes in the sample, hence lowered
Bc2(T),?* which can produce only slight changes in resistiv-T_ . After that samples could be stored in liquid nitrogen for
ity. indefinitely long times without any changes whatsoever. If a
The high conductivity in the normal state of overdopedsample was exposed to the room temperature, the carrier
cuprates might in fact mask the transition from the normal toconcentration increased gradually owing to oxygen coagula-
vortex |IC]UId Staté. But Changes in transport characteristicstion in |0nger chains. This aging process could be monitored
aroundB,, are evident even in high-quality YB&UsOs.x  continuously by measuring the sample resistance at a con-
crystals with optimal doping and very weak pinnfigThey  stant temperature and interrupted at any moment by cooling
should be the much more notable in underdoped sampleghe sample, thus we could obtain any intermediate value of
whose conductivity in the normal state is essentially lower. T_. The aging of a sample at the room temperature for sev-
eral days returns it to its initial equilibrium state. Since all
restructuring processes in the oxygen subsystem proceed at
relatively low temperatures, this method allows one to obtain
YBa,Cu;Og,  Single crystals were grown by slow cool- a sequence of sample states with minimal differences in con-
ing the melt containing 10.0 to 11.4 wt.% of YB2w,Og,,  figurations of defects and pinning centers.
and eutectic mixture of 0.28 BaO and 0.72 CuO as a solvent All in all, we have studied three crystals at several car-
with subsequent decanting of the residual flux. For our exsier densities in each. The sample parameters are listed in
periments, we selected single crystals without visible signgable I. The different crystals are numbered 1 to 3, their

3. EXPERIMENTAL
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TABLE I. samples with loweiT, the effect of magnetic field on the
resistive transition is radically different, and in this publica-
tion we concentrate on these effects, namely, the behavior of
YBa,Cu;04, « Samples in states with.<30 K (samples 1a,

Samples
Sample  poom/ pso K X Degree of quenching T., K Bg., T

. 5 0.43 _qi’e”Chg_dt 126655 33;08 2a, 3a, and 3b in all quenching statek these samples,
a : n 2323 ate st gg  Magnetic field shifts the transition without a notable broad-
2a 8 0.41 aged 19 28 e_ning(Fig. 1), which indicat_e_s that the effect of vortex mo-
2b 10 0.47 quenched 385 120 tion on the shape of transition curve no longer dominates.
aged 445 240  Nonetheless, the shape of the transition curve is affected by
sa 3 ~0.37 quenched 0 - the magnetic field, and one can see on curves of temperature
aged 6.3 0.61

derivativesdp/dT plotted on the right of Fig. 1 that these
changes are nonmonotonic. Since the normal state resistivity
is almost constant with temperature, the peak amplitude on
the derivative curve is inversely proportional to the resistive
states with different oxygen contents are labeled a and b, artdansition width. These graphs clearly show that, irrespective
the quenching states are referred to as itquenched, itintermef T, (<30K), the transition width is maximum at about
diate, and itaged. The ratio between resistances at the rooti8—14 K. If the zero-fieldT, is higher, the transition first
temperature and 50K, when the free path is largely conshifts to lower temperatures with magnetic field and broad-
trolled by defect scattering, is a characteristic of crystal puens(Fig. 18. Then, below 13-14 K, the transition narrows
rity. This parameter of sample 2 is a factor of about threeconcurrently with its shift to lower temperatures. Tf is
higher than in samples 1 and 3. Paramd&gy will be dis-  initially lower than 13-14 K(Fig. 1b and 1 the transition
cussed in Sec. 4.3. is narrowed by magnetic field concurrently with its shift to
We measured the resistance in #ieplane using a four- lower temperatures from the start, and the slope of the tran-
terminal circuit. Since YBgCu;Og .,  Crystals with low oxy-  sition curve in magnetic field becomes steeper than at zero
gen contents are highly anisotropic, it is very important thafield.
the current be uniformly distributed over the sample thick- The comparison between samples la and 2a demon-
ness, so that only one component of the resistivity tensor istrates that the nonmonotonic change in the transition width
measured. To this end, the current contacts were fabricatesdith magnetic field is a reproducible property and is little
over the entire surfaces of two opposite crystal faces. Thaffected by the sample quality. The superconducting transi-
contacts were made by a silver paste and fixed by annealingpn temperatures of these two samples were driven to one
before all thermal manipulations designed to vary the holevalue by annealingFig. 1b and 1§ but their parameters in
concentration. The resistance was measured by the standatg normal state were notably different. Sample 2a contained
technique using a nanovolt-range lock-in amplifier at 23 Hzless impurities and structural defects, as a result, its resistiv-
The probe current was weak enough to ensure the lineaty aroundT. was twice as smal(Fig. 1), it dropped more
regime and avoid overheating even at the lowest temperaapidly in the process of cooling from the room temperature
tures. The uncertainty in the geometrical factor restricted théo 50 K (Table ) and showed a smaller increase in the range
accuracy of absolute measurements of conductivity to 10-ef lower temperatures. Nonetheless, irrespective of all these
20%, nonetheless, note that the geometrical factor of eadtffifferences, both the transition shift rate in magnetic field
sample was the same in all conducting states. and the evolution of transition curves of these samples are
Most of experiments were performed in a cryostat with asimilar. Narrowing of the resistive transition in an under-
3He pumping system, which allowed us to vary the temperadoped YBaCu;Og., , With increasing magnetic field in this
ture between 0.3—300 K. At temperatures of 0.3—1.2K the temperature range was detected by Seietel.?® but, since
sample was immersed in liquitHe, at higher temperatures it their measurements were presented in a different form, it is
was in the’He atmosphere at a pressure of several torr senwdifficult to compare them directly with our results.
ing as a heat-exchange gas. The temperature was measured Such a behavior of transition curves is observed for all
by a carbon resistance thermometer calibrated by a referensamples withT.=6 K. In states with lower transition tem-
platinum thermometer/He vapor pressure, and cerium— peratures, we were not able to achieve sufficiently narrow
magnesium nitrate in appropriate temperature ranges. Theansitions at zero magnetic field to measitiggand transi-
magnetic field of up to 8.25T was applied along thaxis.  tion width. Therefore, the measurement data for sample 3b
Sample 3b in the aged state with Idw was tested in a will be given and discussed separately in Sec. 4.3.
dilution refrigerator at temperatures down to 30 mK and
magnetic fields of up to 14 T.

3b 3 ~0.37 aged ~3 -

4.2. Derivation of B,(T) from resistance measurements

4. RESULTS The absence of the notable transition broadening in mag-
netic field in YBgCu;Og, , Samples with lowT . indicates
that, unlike samples witlT .=30-35K, they have a nar-

In our experiments on samples with,=30-35K rower region of the “vortex liquid” on the phase diagram.
(samples 2b guenched and agesle record fans op(T)|g ~ The transition width, however, is not so small that it could be
curves similar to those reported by other authdrd. In neglected in determininB.,(T). Since the poinB,, is not

4.1. Temperature dependence of resistivity
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marked by a sharp feature on curves¢T), there is a good 1 e? .
reason to determine this point by fitting a theoretical curve ~ 9fn=7g74€ 2

describing the crossover between the normal metal and vor-
tex liquid to the experimental data. In developing this ap-
proach, let us consider the sample conductivity as a sum of In oxygen deficient crystals, the anisotropy is up to
the normal and fluctuation components:(T)=o,(T) (5—10)x 102 therefore Eq(2) is a fortiori valid through-
+ o4 (T). out the temperature range in question, except the neighbor-
The fluctuation conductivity o in quasi-two- hood of T,.
dimensional systems in zero field is usually described by the There is no consistent theoretical description of
Lawrence—Doniach formula: o1 (T,B) in nonzero magnetic field for arbitraB.,(T). Ul-
lah and Dorse¥f analyzedo, in a system with strong fluc-

2¢:(0) tuations in magnetic field and suggested a scaling expression

d for the fluctuation conductivity, which is often used in de-
scribing the resistive transition and determiniBg,(T) of
whered is the interplane separation. Friedmainal 2 show  cuprate superconducto$:®! Since their approach is based
that, even in analyzing optimally doped YR2u,O0g ., , Crys-  on the mean-field approximation and assumes a linear depen-
tals with the resistivity anisotropy no higher than 30—100,denceB.,(T) nearT., it does not apply wheiB:,(T) is
one can neglect the factor in brackets which takes into acstrongly nonlinear(It will be shown below that this is the
count effects of the third dimension and use Aslamazov-case in our samplesNonetheless, in the region well above
Larkin’s expression for two dimensions: T.(B) (eg=0.1), where Gaussian fluctuations dominate, a
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0.8 FIG. 2. Characteristic points of the superconduct-
6r ing transition in sample 2a plotted {r) B— T and
(b) p—T planes(the resistivity is normalized to
0.6 function p,(T) in Eq. (4), which was used in de-
termination of the fluctuation conductivjty(open
4r circles “irreversibility line,” p=5uQ-cm;
0.4 (squarey peak of derivativedp/JT; (full circles)
B.,(T); (triangles “transition onset,” doy /9T
=10 (Q-cm) YK.
2 =
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formula similar to that suggested by Aslamazov and LarkinThis function with three fitting parameters is used in process-
can be used: ing our experimental data.
By approximating the conductivity in zero magnetic
In ———, (3) field by a sum ofo,, from Eq. (4) and oy, from Eq. (2), T,
Te(B) andd being fitting parameters, along witl, 8, and y, we

in both zero and finite magnetic fieldsee Ref. 16 and ref- obtain reasonable values=8-15 A, which are in fair agree-
erences therejn Here T.(B) is the functional inverse of ment with the YBaCu;Og,, lattice constant along the
B(T). This formula also assumes, generally speaking, &-axis. This indicates that the Aslamazov—Larkin formula
linear dependencB.,(T), but a possible change in the ex- yields a correct estimate of the fluctuation conductivity in
ponent of this function should lead only to a small systematiaCuQ, layers and its application is justified. The normal con-
shift of the resulting curva¢(B). ductivity is fitted so as to obtain the best approximation of

In contrast to the case of optimal doping, the normalthe fluctuation conductivity throughout the range of magnetic
conductivity in our samples is low, of order ef/7id (Fig.  field. Nonetheless, the uncertainty in the normal resistivity
1), if d is assumed to be of order of the lattice constantyyas quite considerable. It turned out, however, that calcula-
11.7A. Simple estimates based on the Aslamazov—Larkifions of the transition temperature are little affected by ad-
formula (2) with a reasonable value af indicate that the mjssible variations ino,(T). The resulting uncertainties in
contribution of fluctuationsg, should be several percent ine transition temperature are shown in Fig. 2.
of o, even ateg=0.5. This makes determination of,(T) This procedure enable us to deriBe,(T) in the mean-
more difficult. The difficulties are exacerbated by the factfig|g approximation from our measurements. Since the re-
that the normal ;tate resistivity has a minimum in the regiony iting curve ofB.,(T) is nonlinear and it casts doubt on the
of 30-40K and increases at lower temperatures. Thereforgy,,jicanility of Eq.(3), we deem it necessary to demonstrate
we decide to sele priori the functionoy(T) with several o o the qualitative level, the shape of Big(T) curve is
fitting parameters. The fitting to experimental data is P€hot affected by subtleties of the data processing, owing to the

formed by varying all parameters in both (T) and ; o ; :
o(T).2 This procedure could hardly produce sensible re_absence of considerable transition broadening. Figure 2a

: . . shows the curve 0B ,(T) for sample 2a, along with its
sults if each curve(T) were described by a different set of ther characteristic fields, namely, the “irreversibility line”

parameters. Fortunately, the magnetoresistance 03 . B o :
. ) . . etermined ap=>5 w{)-cm, positions of the peak of deriva-
YB2;CusO 4 Crystals in the discussed region of fields and,; dpldT, and the line of “transition onset,” which was

temperatures is negligible in the normal state, i.e., the shapgefined as a point werdo,, /aT=10% (Q-cm)-YK. These

of o,(T) is constant with the magnetic field.
on(T) g lines are plotted in th&—T diagram in Fig. 2a, and Fig. 2b

Our previous investigations of YB&u;Og,, Single " . - ;
crystals near the boundary of the superconducting region oﬁhows positions of these points on the transition curileis

the phase diagrathrevealed that the normal resistivity of not_eworthy that the _values CBCZ_ are fairly C'O?_e to those
such samples af<20K is well described by a logarithmic which would be obtained by defining the transition point at a

function. In a broader temperature range (0.5 K< 150 K) constant resistivity leved/p,=0.8) Figure 2a clearly shows

the conductivity is very closely described by the empiricalth@t all curves in theB—T plane have positive curvature
function throughout the range of studied magnetic fields, including

. . the region of low fields. This leads us to a conclusion that,
on(T)=p, " =[a—BlogT+yT] " (4 even if the data processing procedure yields erroneous values

1
oxc—, where eg=
€B
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fB the t t d d f thi t FIG. 4. DependencieB.,(T) for different samples reduced to the universal
0 c21 € temperature dependence o IS parameter Iﬁmctlonbsc(t) using variable$5). The notation is the same as in Fig. 3. The

qualitatively correct. Our further analysis, however, will be inset plots the parameteB,. (left-hand axi$ and correlation lengt,
based on the values derived from measurement data for thelculated by Eq(6) (right-hand axis
fluctuation conductivity.

4.3. Universal temperature dependence of the upper critical

field

this interval is also positive and all measurement8gf(T)

ferent stategall the states of samples 1a and 2a and the age n be fitted to funct.|or(5). But, since no datq ]‘or Igwer
emperatures are available and the expected critical fields are

state of sample 3are given in Fig. 3. It turned out that the
. very high, the measurements of sample 2b have not been
curves for all the states can be brought to coincidence b
nalyzed in this context.

varying the scales of the magnetic field and temperature, i.e., Functionb,(t) is much different frombgcg(t). First, it

has no linear section net+ 1. This statement relies on Eq.
Bea=Bscdsc(t), t=T/Te, (5 (5), since for eactB.,(T) curve the limited precision allows
one to draw a straight line of a small slope in the region

whereB,. is the parameter characterizing the state lagt) within 1-2 K nearT., but if we consider the samples with
is a universal functiorfFig. 4). Functionb(t) contains an higherT,, this linear region would be more narrow, and the
arbitrary numerical factor. In Fig. 4 paramety, is defined  slope of functionbs(t) att=1 is smaller, which leads us to
as B., at a specific reduced temperature equal for alla conclusion that the universal curve has no linear section
samples, namelyT./2, i.e., the curves ofB;,(T) were neart=1.
brought to coincidence at two points, namely,tatl and Second b continues to rise as—0. Figure 4 shows
t=0.5. The values 0B for different states are listed in this tendency in the region down te=0.1. In order to test
Table 1 and plotted in the inset to Fig. 4 as a function of thehe range of lowert, we investigated sample 3b with
zero-field transition temperature. These points lie on ond.~3 K at millikelvin temperatures. Its transition curve is
smooth curve, even though they are derived from measurdeo wide to determine quantitativellj, and B.,(T). None-
ments of the three different samples. The characteristic scatbeless, the measurements yield important qualitative infor-
of magnetic field decrease&@ccordingly, the coherence mation. Figure 5 shows the sample resistance versus mag-
length increasgswith decreasing doping level more rapidly netic field obtained at temperatures of 50 and 36 mK
thanT,, i.e., Bs. is a superlinear function of .. This may normalized to the resistance at a magnetic field of 14T. It is
be the main cause of the narrowing of the vortex-liquid re-clear that a drop in temperature shifts the magnetoresistance
gion in theB—T phase diagram. As a result, YB2u;,04,,  curve to lower fields, i.eB.,(T) still grows with decreasing
crystals with a high degree of underdoping with=30K do  temperature even 8t/T.~0.01. We can obtain the follow-
not display notable broadening of the resistive transition duéng estimate: on the leved/p,=0.8, which approximately
to magnetic field. corresponds td.,(T) according to Fig. 2b, the magnetic

The functionB,(T) was measured on sample 2b in afield increases by 0.6 T; this yields a derivative of 40 T/K.
very narrow temperature rang&/T.=0.9, owing to the Unfortunately, we cannot plot these points in Fig. 4 for the
limit on available magnetic fields. Its second derivative inlack of T, andBs.

Measurements oB.,(T) in three samples and five dif-
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FIG. 5. Reduced resistivity of sample 3b in the aged state at temperatures
50 and 36 mK as a function of magnetic field. The arrows indicate th
difference between magnetic fields at which the curves cross the lev

plp14r=0.8.

This observation oB,(T) increasing even at very low
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functional based on his model, which leads, naturally, to a
linear dependence &, in the first order in t.

The nonlinearity ofB.,(T) nearT, follows at present
only from the model of bipolaron superconductivfty®
which vyields positive curvature oB.,(T) for a charged
Bose-liquid in a localizing potential, this throughout the en-
tire temperature range. At temperatures that are not overly
low, the model predicts

)3/2} 3/2

T
Te

c

T 3/
L

=

Here &, is the correlation length ang| /2n characterizes

2mEs

n
2n

*
d

B (6)

of

Zhe random potential. Equatid) defines a universal func-

tion in reduced variables without free parameters. The only
normalization parameteBj corresponds to paramet&s.
introduced in Eq.(5). It follows from Eg. (6) that B}
=0.68,.. Comparison between our data and calculations

temperatures is in accord with measurements of other matgy Eq. (6) (Fig. 63 shows excellent agreement in the region
rials, e.g., TJBa,CuQs,” where the upper critical field con- T/T.>0.3. At lower reduced temperatures experimental

tinues to grow at temperatures downT6T .= 0.001.

Our data indicate that functioB.,(T) in underdoped
YBa,Cu;0g .,  is Nonlinear in the neighborhood af,, and
(chzl(?T)TC=O. This conclusion contradicts most theoreti-

points deviate from the theoretical curve, but note that in this
range we have only measurements of one stsaenple 3a
aged.

The factor (-n./2n)¥? in Eq. (6) is unknown, but,

cal models based on the BCS model or the Ginzburg-since neither in state 3a nor in state 3b have we detected a
Landau functional, which either predict a linear behavior ofre-entrant behavior dB,(T) predicted by Alexandrot it

this curve neafl ;. or assume its existeneepriori. This issue

should be rather close to unity. Assuming this, we can derive

was not discussed in previous publications of experimentalrom Eq.(6) the correlation lengtl§, (Fig. 4, right-hand axis

investigation€” but they all reported very low, if not zero,
values ofdB;,/dT at T..

The increase in the critical field owing to weakening of
the spin-flip scattering predicted by Ovchinnikov and Kr&sin

should occur in the range of low temperatures, so it leaves

the linearity of B.,(T) nearT. essentially unaffected. The
mechanism suggested by Spivak and Zhisteffective only

in high magnetic fields, where Landau quantization is signifi-

cant, i.e., it also should not affecB.,(T) near T..
AbrikosoV! derived B,(T) from the Ginzburg—Landau

in the insel. The length¢, varies between 70 and 300 A. The
notable increase in the correlation length may be the main
cause of the narrowing of the vortex-liquid region on the
B—T diagram.

In the low-temperature region G<t<0.6 the function
bs(t) can be empirically described by the exponential

bsc=bg exp(—t/ty), (7)

with parametersby=15 and ty,=5.4 (Fig. 6b. Such an

BcZ /Bsc I%‘ZIB.W
[ ¥ £ ;
3 b= 0.66t772(1 - 2P :
a
2 b

109 08 0.75

0.2

0.1 b= 15exp(-5.41)

0.1

b= 0.66:73(1 -

0 010203

FIG. 6. Functionbg(t) plotted in different coordi-
nates:(a) the coordinates are selected in accordance
with the boson model, Eq6); the inset shows the
section close to=T/T.=1 on the extended scaldj)
semilogarithmic coordinates; the dashed line follows
Eq. (6).
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