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We study the temperature dependence of the in-plane magnetoresistance ρab(T ) in untwinned YBa2Cu3O7−δ

single crystals with the optimal oxygen content and with a small de�cit of oxygen atoms at di�erent angles
between the external magnetic �eld 15 kOe and the ab-planes α. We found that at high temperatures in the
pseudogap region external magnetic �eld does not a�ect the ρab(T ) but it broadens transitional region Tc − Tc0

from 0.3 K at zero �eld and α = 0 to approximately 6 K at α = 60◦ in the �eld. In case of optimal doping the
function ρab(T ) display a 3D to 2D dimensional crossover when temperature decreases from Tc to Tc0 and scaling
near the Tc0 which we relate to the �ux-�ow and vortex-lattice melting. In the underdoped sample the vortices
are e�ectively pinned by the random oxygen vacancies and the function ρab(T ) in transitional region has smooth
tails without any traces of crossover and scaling.

PACS: 74.25.Fy, 74.25.Qt

1. Introduction

It is well known that external magnetic �eld in�u-
ences the shape of the temperature behavior of the resis-
tance of the high-Tc cuprates nearby the superconduct-
ing transition. The transitional region broadens and the
magnetoresistance ρ(T ) acquires non-monotonous fea-
tures which are attributed to the vortex dynamics. The
latter is very complex in cuprates which are layered
(quasi two-dimensional) strongly correlated non Fermi-
-liquid conductors with the pseudogap in their energy
spectrum. The phase diagram of cuprates on the plane
temperature�oxygen per Cu site includes the parabolic
superconducting dome and the pseudogap crossover line
above [1, 2]. In between there is a region of the Nernst-
-e�ect which is interpreted as a result of the vortices
present well above the Tc. The nature of these vortices
as well as the origin of the pseudogap is a matter of hot
debates so far [2].
Contrary to the enigmatic normal properties the super-

conducting ones in cuprates are very much the same as in
conventional layered superconductors. In particular, the
Abrikosov vortices phenomenology is well understood [3].
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The unconventional features in this phenomenology arise
due to the very small atomic scale coherence length ξ
and very large penetration depth λ which, in particular,
makes oxygen vacancies [4] and atomic impurities [5, 6]
e�ective pinning centers. Twins, grain boundaries, clus-
ters of point defects also strongly pin vortices complicat-
ing thereby the exploration of the oxygen vacancies in�u-
ence on the phase state of the vortex matter in cuprates.
The layers as well produce the so called intrinsic pinning
in the tilted magnetic �elds.
To study the above points in a more detail we mea-

sured the temperature dependence of the in-plane resis-
tance in untwinned YBa2Cu3O7−δ single crystals with a
small oxygen hypostoichiometry in the tilted at di�erent
angles α external magnetic �eld 15 kOe. The usage of
untwinned single crystals excludes the in�uence of the
grain and twin boundaries on the vortex pinning. The
intrinsic pinning in our experiments vary by the tuning
of the tilt angle α.
An important property of the YBa2Cu3O7−δ com-

pound is that one can relatively easily obtain a necessary
concentration of the point defects by the variation of the
oxygen content [5]. The resulting changes in the ραβ(T )
makes it possible to study the correlations between the
shape of the magnetoresistance and the concentration of
the point defects. We analyze then these correlations in
terms of the vortex matter near the transition tempera-
ture.
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2. Experimental techniques

The YBa2Cu3O7−δ single crystals were grown in
a gold crucible with the solution-melting method,
with the methodology described previously [5]. The
YBa2Cu3O7−δ oxygen saturating regime leads to the
tetra-ortho structural transition that in its turn results
to the crystal twinning in order to minimize its elastic
energy. To obtain untwinned samples, we used a special
cell at 420 ◦C and pressure 30�40 GPa, in accordance to
the procedure of Giapintzakis et al. [7]. To obtain homo-
geneous oxygen content, the crystal was annealed again
in an oxygen �ow at a temperature of 420 ◦C for seven
days.
To form electric contacts the standard four-contact

scheme was used. In this, silver paste was applied onto
the crystal surface and the connection of silver conduc-
tors (with diameter 0.05 mm). Thereafter, they were
annealed at a temperature of 200 ◦C in an oxygen at-
mosphere for 3 h. This methodology results in contacts
with resistance smaller than 1 Ω and allows measure-
ments with a current of 10 mA in the ab-plane. All
the measurements were performed in a temperature drift
mode using the method for two opposite directions of the
transport current. This e�ectively eliminates the impact
of the parasitic signal. A platinum thermo-resistor was
used to monitor the temperature, whereas the voltage
was measured across the sample and the reference resistor
with V2-38 nanovoltmeters. Here, the critical tempera-
ture (Tc) was de�ned as the temperature corresponding
to the main maximum in the dρab(T )/dT dependence
in the superconductive transition similarly to previous
studies [8]. To produce oxygen hypostoichiometric sam-
ples, the crystal was annealed in an oxygen �ow, at a
temperature of 650 ◦C for 48 h. The measurements were
performed 7 days after annealing to avoid the in�uence of
the relaxation e�ects. The magnetic �eld at 15 kOe was
created by an electromagnet, which could vary the orien-
tation of the �eld relative to the crystal. The accuracy
of the �eld orientation relative to the sample was better
than 0.2◦. A bridge was mounted in the measuring cell
so that the vector �eld H was always perpendicular to
the vector of the transport current j.

3. The results of measurements

The temperature behavior of the in-plane magnetore-
sistance ρab(T ) of the YBa2Cu3O7−δ single crystals, mea-
sured at di�erent tilt angles α ≡ ∠(H, ab) between the
applied external magnetic �eldH = 15 kOe and the basal
ab-planes are shown in Fig. 1. Sample in Fig. 1a is op-
timally doped with the oxygen atoms so that its critical
temperature Tc at zero �eld H = 0 (curve 1) is close
to the maximal value of about 93 K at the apex of the
superconductimg dome. Curves 2�9 were measured in ex-
ternal magnetic �eld H = 15 kOe at di�erent tilt angles
α from zero (curve 2) up to 90◦ (curve 9). All notations
in Fig. 1b are the same as in Fig. 1a. The di�erence is
in the oxygen content of the samples which in Fig. 1b
is slightly smaller than the optimal value. That has two

consequences. First, the critical temperature at H = 0 is
slightly smaller (92 K) in Fig. 1b than in Fig. 1a where
Tc is 93 K. Second, the shape of the curves 2�9 nearby
the critical temperature are dramatically di�erent which
is more clear seen in Fig. 2 displaying the temperature
derivatives of the magnetoresistance nearby Tc. The high
temperature linear asymptotes ρ0 = (A+BT ) are slightly
di�erent in Fig. 1a and b but the temperature T ∗ ≈ 134K
where all curves merge with this asymptotes remains ap-
proximately the same. This temperature demarcates the
pseudogap regime T ≫ T ∗ from the one in which all
curves ρab(T ) go down up to the same temperature near
Tc where they split into a fan at di�erent tilt angles α.
Figure 2a and b demonstrate clearly the di�erence: sharp
peaks in the end of transition in the optimally doped sam-
ples and broad peak in the underdoped single crystals. In
both cases external magnetic �eld broadens the transition
region. It is more convenient to analyze the transitional
region in terms of the conductivity σ = ρ−1(T ).

Fig. 1. Temperature dependence of the magnetoresis-
tance ρab(T )measured in a single crystal YBa2Cu3O7−δ

with the optimal (a) and slightly decreased (b) oxy-
gen content. The curves correspond to H = 0 (1) and
H = 15 kOe at tilt angles α ≡ ∠(H, ab): 0; 5; 10;
20; 30; 45; 60 and 90◦ (curves 2�9). The dashed lines
display an extrapolation of the linear resistance in the
pseudogap regions.

Fig. 2. Resistive transitions into the superconducting
state in single crystals YBa2Cu3O7−δ in the coordinates
dρab/dT −T . The notations of the curves are the same
as in Fig. 1.

Assuming that a deviation from the pseudogap asymp-
tote σ0 = (A + BT )−1 near the critical temperature
can be written as ∆σ = σ − σ0 ∼ (T − Tc)

−β , we
plot in Fig. 3 the inverse logarithmic derivative χ(T ) =
−d ln∆σ/dT = β/(T − Tc) at the same tilt angles of
the magnetic �eld α as in Figs. 1 and 2. A typical
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Fig. 3. Resistive transitions into the superconduct-
ing state in the optimally doped single crystals

YBa2Cu3O7−δ in the coordinates
[
−d(ln∆σ)

dT

]−1

− T .

The notations of the curves are the same as in Fig. 1.
The inset displays the curve obtained at α = 60◦. The
dashed lines correspond to the asymptotes and the ar-
rows mark the characteristic temperatures correspond-
ing to the beginning, Tc, and the end of the supercon-
ducting transition Tc0. The TM is a vortex-lattice melt-
ing temperature at which the kink has a maximum.

curve is shown in the inset in Fig. 3 from which one
can see that the function χ(T )−1 has two asymptotes
χ(T )−1 = β−1

c0 (T − Tc0) and χ(T )−1 = β−1
c (T − Tc) at

temperatures Tc and Tc0. In this, Tc0 is the critical tem-
perature of the transition in para-coherent area, deter-
mined at the point of intersection with the linear interval,
approximating the so-called para-coherent area with the
axis of temperature. Tc is the temperature corresponding
to the mean-�eld critical temperature, determined as the
maximum in the curves dρab(T )/dT [8]. Between these
asymptotes at the temperature TM there is a kink which
shifts towards lower temperatures and enhances its height
and width with the enhancement of the tilt angle α.

4. Outlook and conclusions

Analyzing the resistive measurements in cuprates
above the critical temperature in external magnetic �eld
one has to keep in mind that despite the nearly 25 years of
intensive researches neither the nature of the charge car-
riers nor the mechanisms of the conductivity in cuprates
are not known at the moment. Recent observation of
the quantum magnetic oscillations in the underdoped
cuprates [9�11] revealed two types of the fermion-type
carriers, negatively charged �electrons� and positively
charged �holes�. The phase diagram of cuprates in
the region of the hole concentration of our experiments
p < 0.16 consists of the parabolic superconducting dome
Tc = Tmax

c [1−82.6(0.16−p)2] and a pseudogap crossover
line ∆pg = ∆max

pg (0.27 − p)/0.22 above it. Here p stands
for a hole concentration per cuprum atom [1]. In the
space between the pseudogap and the dome, at hole con-
centration p < 0.16, the Nernst e�ect holds which most
likely is related to the vortices of unknown nature which
in some theories are related to the gauge �elds of the 2D
strongly correlated charge carriers of cuprates [2].
The pseudogap regime is characterized by the linear

temperature resistance ρ0 = A + BT = σ−1
0 at T > T ∗.

This regime is seen clear in Fig. 1. Although below the T ∗

the resistance curve in Fig. 1 bends down we cannot at-
tribute this only to the beginning of the superconducting
transition since it is well known that for smaller p the
resistance curve ρ(T ) in underdoped cuprates �rst up-
turns above ρ0 before transition to the superconducting
state at critical temperature [4]. The physics behind this
behavior is unclear so far as well as many other normal
properties of cuprates.

On the other hand, the superconducting properties
of cuprates are more or less the same as in conven-
tional superconductors. Because of that we can make
some conclusions concerning the physics in transitional
region nearby the critical temperature shown in Figs. 2
and 3. The broadening of the resistance in that re-
gion in external magnetic �eld is caused mainly by the
Abrikosov vortices. Without magnetic �eld the width
of transition is small ∆Tc ≈ 0.3 K. In external mag-
netic �eld in the optimally doped samples it enhances
gradually up to the value ∆Tc ≈ 7 K at α = 90◦ as
one can see in Fig. 3b. The function χ(T ) in that �g-
ure has two linear asymptotes χ(T )−1 = β−1

c0 (T − Tc0)
and χ(T )−1 = β−1

c (T − Tc) nearby the Tc0 and Tc with
βc ≈ 1 and βc0 ≈ 1/2 which means a crossover from one
regime to another when temperature decreases from Tc

to Tc0. We argue below that this crossover can be related
to the well known 3D to 2D crossover in the upper crit-
ical �eld Hc2(T ) since the ratio H/Hc2(T ) determines
both the �ux-�ow resistance ρff(T ) = ρH/Hc2(T ) and
the Abrikosov lattice elastic moduli cij = cij [H/Hc2(T )],
which are polynomials of this ratio [12]. It is well known
that in layered superconductors in a tilted magnetic �eld
the function Hc2(T ) displays a 3D to 2D-dimensional
crossover [13]. This crossover is a smooth transition from
the linear dependence Hc2(T ) ∝ (T − Tc) just below Tc,
typical for the 3D samples, to the square root depen-
dence Hc2(T ) ∝ (T − Tc0)

1/2 which holds in 2D thin
layers. A nontrivial feature of this 3D to 2D crossover
is that the temperature Tc0 is lower than the Tc. As
was shown in the papers [14, 15] the di�erence Tc − Tc0

depends on the strength and some other details of the
coupling between the layers.

The resistance ρab(T ) = ρ0(1+∆σρ0)
−1 near the tran-

sition is determined by the term ∆σρ0 which means that
singularities in the ρab(T ) are of the same nature as in the
∆σ(T ). (In case ∆σρ0 ≪ 1 the quantity ∆ρab = ρab−ρ0
can be written as ∆ρab ≈ −ρ20∆σ.)

In optimally doped untwinned single crystals there are
no pinning centers which may �x or distort the Abrikosov
lattice. Under such circumstances it is naturally to as-
sume that the resistance near the transition temperature
in our experiments is due to the �ux-�ow mechanism
whose contribution to the ρab(T ) is given by the formula
ρff(T, α) = ρHperp(α)/Hc2(T ). For �xed tilt angle α
the value of Hperp(α) is constant and the temperature
behavior of the �ux-�ow resistance completely depends
on the Hc2(T ) which grows up and displays 3D to 2D
crossover with the decrease of temperature. Therefore
the ρff(T, α) decreases as a function of temperature and
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displays near the superconducting transition the same
3D to 2D crossover as that observed in the function
∆σ(T ). Approximating the value of the resistance de-
crease near the transition |∆ρab| ≈ ∆σρ20 by the �ux-
-�ow resistance ρff(T, α) we can explain the crossover in
∆σ(T ) and related asymptotes χ(T )−1 = β−1

c0 (T − Tc0)
and χ(T )−1 = β−1

c (T − Tc) by the 3D to 2D crossover
in the upper critical �eld Hc2(T ) and in the ρff(T, α).
With the enhancement of the tilt angle α a perpendic-
ular to layers component of the external magnetic �eld
Hperp(α) and ρff(T, α) increase in agreement with our ob-
servations. The kink between the asymptotes is related
to the transitional region of the 3D to 2D crossover. This
crossover through the elastic moduli of the Abrikosov lat-
tice cij = cij [H/Hc2(T )] has also an impact on the melt-
ing line [16, 17]. The melting line HM(T ) goes below the
Hc2(T ) on the phase diagram and in the absence of the
pinning centers depends on the shape of the Hc2(T ). The
�ux-�ow resistance of the melted and regular Abrikosov
lattices are di�erent. The melted Abrikosov lattice is in
a disordered glassy state for which, as was shown in [6],
the function χ(T ) must display a scaling in some reduced
coordinates. The corresponding plot is given in Fig. 4.
It really displays a scaling close to the temperature Tc0.

Fig. 4. Resistive transitions into the superconduct-
ing state in the optimally doped single crystals
YBa2Cu3O7−δ in the reduced coordinates χ(Tc −
Tc0)/εα − (T − Tc0)/(Tc − Tc0). The notations of the
curves are the same as in Fig. 1, where εα = (sin2 α +

ε2 cos2 α)1/2 and the anisotropy ε = 6−9.

Deviation from the optimal doping towards the under-
doped region p < 0.16 brings oxygen vacancies into the
ab-planes which are e�ective pinning centers in cuprates.
A pinned Abrikosov lattices is distorted and does not
�ow. The resistance in that case is due to the hopping
of the vortices and 3D to 2D crossover is absent. That
explains a dramatic di�erence between the pictures in
Fig. 2a and b.
In conclusion, we found that in optimally doped un-

twinned single crystals YBaCuO: (i) the function χ(T )
has linear asymptotes χ(T )−1 = β−1

c0 (T − Tc0) and
χ(T )−1 = β−1

c (T − Tc) nearby the Tc0 and Tc with
βc ≈ 1 and βc0 ≈ 1/2. (ii) We relate this with the
well known 3D to 2D crossover in the upper critical �eld

Hc2(T ) in the layered superconductors which through the
ratio H/Hc2(T ) in�uences the �ux-�ow resistance and
the melting line of the Abrikosov vortex-lattice. (iii)
The width of transitional region Tc − Tc0 increases from
0.3 K at zero �eld and α = 0 to approximately 6 K at
α = 60◦. (iv) The function χ(T ) displays a universal
scaling near the temperature Tc0 which means a melting
of the Abrikosov vortex-lattice. (v) All these features
are absent in the samples with a small deviation from
the oxygen stoichiometry in which oxygen vacancies ef-
fectively pin the vortices making impossible the mecha-
nisms of resistance discussed above in points (i)�(iv).
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