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Abstract. Magnetoresistance (MR) of Bi-2212 single crystals with Tc ≈ 87 − 92 K is studied in pulsed
magnetic fields up to 50 T along the c-axis in a wide temperature range. The negative out-of-plane and the
positive in-plane MRs are measured in the normal state. Both MRs have similar magnitudes, exceeding
any orbital contribution by two orders in magnitude. These are explained as a result of the magnetic
pair-breaking of preformed pairs. Resistive upper critical fields Hc2(T ) determined from the in– and out-
of-plane MRs are about the same. They show non-BCS temperature dependences compatible with the
Bose-Einstein condensation field of preformed charged bosons.

PACS. 74.72.Hs Bi-based cuprates – 74.25.Fy Transport properties (electric and thermal conductivity,
thermoelectric effects, etc.) – 74.25.Op Mixed states, critical fields, and surface sheaths – 74.20.Mn
Nonconventional mechanisms (spin fluctuations, polarons and bipolarons, resonating valence
bond model, anyon mechanism, marginal Fermi liquid, Luttinger liquid, etc.)

In the cuprates [1–10], high magnetic field studies revealed
a non-BCS upward curvature of resistive Hc2(T ). When
measurements were performed on low-Tc cuprates and
other unconventional superconductors [2,3,7,11,12], the
Pauli limit was exceeded by several times. A non-linear
temperature dependence in the vicinity of Tc was unam-
bigously observed in a few samples [4,7,9,10]. This strong
departure from the canonical BCS behaviour led some
authors [6,13–15] to conclude, that the abrupt resistive
transition in applied fields is not a normal-superconductor
transition at Hc2, and some traces of the superconduct-
ing order-parameter could survive in the CuO2 layers well
above the resistive Hc2(T )-line. However, some of these
conclusions were based on experimental artifacts [14] not
confirmed by more recent experiments (see text below and
also Ref. [16]). Some others were based on a fallacious
proposition, that only the vortex flow is responsible for
the large Nernst signal [15] above Tc in the superconduct-
ing cuprates. Actually, the large normal state Nernst effect
in cuprates most probably originates from disorder [17].

The apparent controversy in the different determina-
tions of Hc2(T ) needs to be further addressed both ex-
perimentally and theoretically. In particular the bipolaron
theory [18,19] suggests that unconventional superconduc-
tors could be in the ‘bosonic’ limit of preformed real-space
pairs, so their resistive Hc2 is actually a critical field of
the Bose-Einstein condensation of charged bosons [18,20].
On the experimental side it was particulary important
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to verify that Hc2 determined from c-axis and in-plane
resistivities data yield the same value especially for ex-
tremely anisotropic medium. High magnetic field stud-
ies also revealed the negative c-axis longitudinal magne-
toresistance (MR) [8,10,21] above Tc while the in-plane
transverse MR was found to be positive [22]. Because of
its ‘normal’ sign, several authors attributed the in-plane
MR above Tc to orbital effects. However these MRs were
measured on different samples, so that their quantitative
comparison was not possible in most cases, and their mi-
croscopic origin has remained unknown.

We report here on a study of both, the in-plane and
the out-of-plane MRs, Rab(B) and Rc(B), of the same
Bi2Sr2CaCu2O8+δ (Bi-2212) single crystals subjected to
a pulsed magnetic field up to 50 tesla along the c-axis.
In contrast with the negative out-of-plane MR, the nor-
mal state in-plane MR is found to be positive. Despite the
opposite sign of the MRs and huge anisotropy (ρc/ρab �
104), relative magnitudes of the MRs, δR(B)/R(0) and
their temperature dependences are found to be similar.
Qualitatively and quantitatively similar estimates of the
upper critical field Hc2(T ) were obtained from the in– and
out-of-plane data taken at T < Tc. Hc2(T ) shows a diver-
gent behaviour consistent with results obtained in other
materials [2–4,7–9,23]. We propose a microscopic expla-
nation of these observations based on the bipolaron theory
of cuprates.

Bi-2212 single crystals were grown by solid state re-
action [8] and had a zero-field transition temperature,
Tc ≈ 87−92 K. We measured Rc on samples with in-plane
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Fig. 1. Rc(B) and Rab(B) of Bi-2212 at �70 K normalised by
RN (0, T ) obtained with the linear extrapolation from the nor-
mal state region (short dashes). The linear fits, shown by long
dashed lines, refer to flux-flow region. The inset shows the zero-
field R(T ) (solid lines) together with estimates of RN(0, T )
marked by symbols explained in the text.

dimensions from �80×80 µm2 to �30×30 µm2 while Rab

was studied on a longer crystals, from �300 × 11 µm2 to
�780 × 22 µm2. All samples for the in-plane and out-of-
plane measurements were cut from the same parent crys-
tals of 1 − 3 µm thickness. The zero-field in– and out-of-
plane resistances, Rc(T ) and Rab(T ), typical for the six
pairs of samples selected for this study, are shown by solid
lines in the inset to Figure 1. Metallic type of Rab(T ) in-
dicates vanishing out-of-plane contribution to Rab. Each
crystal was fixed on a quartz substrate with four leads
made of 5 µm gold wire; the misorientation between the
field and the c-axis of the crystal was estimated to be less
than a few degrees. No detectable change in the orien-
tation was observed even after a sequence of numerous
50 T-pulses of different polarity. However, noticeable re-
duction of a zero field Rab(T ) was observed on two sam-
ples during extensive investigations with 50 T-pulses. This
change became measurable after 30−60 pulses and reached
quasi-stable value after similar number of shots. The ‘fi-
nal’ Rab(T ) is shown in the inset to Figure 1 by the long
dashed line. Field induced modification of the inhomo-
geneities’ distribution might be responsible for the effect
which requires further investigation.

The absence of hysteresis in the data obtained on the
rising and falling sides of the pulse and the consistency
of measurements made at the same temperature in pulses
of different Hmax excludes any measurable eddy-current
heating effects. This is confirmed by a consistency of dc-
R(B) taken at identical conditions on different currents,
j = 10− 1000 A/cm2 for Rab and 0.1− 20 A/cm2 for Rc.

Figure 1 shows a typical effect of magnetic field on
Rc(B) and Rab(B) resistances of a Bi-2212 single crys-
tal below Tc. The low-field portions of the curves are at-
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Fig. 2. The absolute value of in– and out-of-plane normal state
MR taken at 50 T, [R(50 T) − R(0)]/R(0). Solid line shows
the theoretical fit; the dashed line is drawn through rescaled
low-field data of the whisker of lower Tc [22]. The inset shows
in-plane δR(B)/R(0) taken at T ∼ 97, 100, 104.2, 107, 111,
116, 122.4, 129.2, 138.5, and 158.2 K (from the top).

tributed to the resistance driven by vortex dynamics. The
thermally activated flux flow is responsible for a nonlinear
power-law field dependence, which is followed by a regime,
RFF (B, T ), where a linear field dependence fits the exper-
imental observations rather well, Figure 1. We ascribe this
positive linear MR, which persists to the lowest temper-
atures to the flux-flow, RFF (B, T ). Flux-flow resistance
would not normally be expected in a longitudinal geome-
try, Rc(B), but a highly anisotropic structure, with alter-
nating quasi-metallic and disordered non-metallic layers,
would favour current paths with in-plane meanders, lead-
ing to a finite Lorentz force applied to the vortex [10]. It
is natural to attribute the high field portions of the curves
in Figure 1 (assumed to be above Hc2(T )) to a normal
state. Then, in agreement with original findings of [8,10],
the c-axis high-field MR appears to be negative and quasi-
linear in B in a wide temperature range both above and
below Tc. Contrary to Rc(B), normal state in-plane MR
is positive as seen in the insert to Figure 2 (we use uni-
fied notations in the figures throughout the paper, where
the open and solid symbols refer to Rab and Rc respec-
tively). Rapid change of its relative value with tempera-
ture may be fitted by |δR(B)/R(0)| ∝ (T1/T ) sinh(Ts/T )
as shown by the solid line in the main panel of Figure 2
with T1 = 0.6 K and Ts = 320 K. As it is clearly seen from
Figure 2, both, the in-plane and the out-of-plane MR in
the normal state have similar magnitudes and tempera-
ture dependences. The giant magnitudes of MRs, which
are about or larger than 1%, Figure 2, rule out their or-
bital origin. This is because the measured Hall angle in
Bi-2212, is rather small, ΘH < 10−3B (B in tesla), [25],
so that the orbital contribution to MRs is less than 0.2%.
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Fig. 3. Flux-flow resistance of Bi-2212, determined from as-
measured Rab and Rc. The inset shows the in-plane MR nor-
malised by RN(B) for T ∼ 23.1, 28, 33.1, 37.3, 42.7, 47.5, 52.1,
62.1, 70.6, 79.4, 85.7, 90.1, and 108.8K (right to left).

Dashed line in Figure 2 shows re-scaled low-field data
reported previously in [22] for a whisker of significantly
lower Tc ≈ 69 K. Evident similarity between dependences
in this panel suggests a normal state origin of the effect
and its universality [26].

Zero-field resistance of the crystals in the absence of
superconductivity, RN (0, T ), estimated for in– and out-
of-plane transport by the extrapolation of the high-field
portion of experimental R(B) to B = 0 are shown in the
insert to Figure 1. There is some uncertainty in the es-
timates of RN (0, T ) growing up on temperature lowering
due to shrinking of the range of total suppression of the su-
perconductivity by experimentally accessible fields. There
is also somewhat different in-plane RN (0, T ) for different
crystals studied. This non-universality of the RN (0, T ) is
illustrated by short dashed lines in the insert. However it
should be emphasised that the upper critical field, Hc2(T )
(see below), is virtually insensitive to the particular choice
of RN (0, T ).

Referring to Figure 3, the inset shows the field de-
pendence of Bi-2212 in-plane resistance normalised by its
normal state zero-field value, RN . Very similar result is ob-
tained for Rc(B) as in [8,10]. A striking difference in com-
parison with conventional superconductors is a progressive
broadening of the transition with decreasing temperature
instead of a nearly parallel shift. We consider this to be
a result of an unconventional shape of Hc2(T ) since the
slope of the flux-flow resistance is inversely proportional
to Hc2 as RFF = RN ×B/Hc2. The unusual temperature
dependence of this slope, ∂RFF /∂B, is clearly seen from
the main panel of Figure 3.

The resistive upper critical field, Hc2(T ), is estimated
from Rc(B) and Rab(B) either as the intersection of two
linear approximations in Figure 1, or from the definition
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Fig. 4. Hc2 estimated from the in– and out-of-plane MR
in Bi-2212 are shown together with the fit to equation (4)
(dashed line). Estimates obtained in [27] from independent
studies of Bi-2201 by [5] and [28] are labelled as 1 and 2 respec-
tively. Broken lines in these pairs correspond to the data taken
from Rc, solid – to Rab. The inset addresses the anisotropy of
our crystals; γ(T ) ∝ ρc(T )/ρab(T ); γ(300 K) ≈ (2 − 5) × 104.

of the flux-flow resistance, Hc2 = RN (0, T )(∂RFF /∂B)−1;
both estimates are found to be almost identical. This
procedure allows us to separate contributions originating
from the normal and superconducting states and, in par-
ticular, to avoid an ambiguity due to fluctuations in the
crossover region. The downward deviations from the linear
field dependence at fields around Hc2 in Figure 1 are most
likely caused by the conventional (3D-XY [24]) critical be-
haviour rather than any off-diagonal superconducting or-
der parameter in the “normal” phase. Hc2(T ) estimated
from Rab(B) and Rc(B), is shown in Figure 4 together
with our estimate of Hc2 obtained by similar method [27]
from independent studies of in– and out-of-plane MR in
parent compound, Bi-2201 of similar anisotropy but of
lower Tc ≈ 13−25 K [5,28]. Reasonable agreement be-
tween Hc2(T ) estimates from Rc and Rab which is evident
from Figure 4 favours our assignment of resistive Hc2 to
the upper critical field especially taking into account the
extreme electric anisotropy of the crystals (insert to Fig. 4)
and presumably different mechanisms responsible for Rab

and Rc.
In what follows, we show that the unusual features of

the c-axis and in-plane magnetotransport, Figures 1–4,
can be broadly understood within a phenomenological
model of preformed pairs (bosons) in particular, with
bipolarons [18,19]. Within the theory holes are paired at
any temperature into bipolarons, which coexist with ther-
mally excited unpaired carriers. The c-axis normal state
transport in cuprates is dominated by single unpaired
holes, except at low temperatures where unpaired carriers
are frozen out [29]. This is due to a large c-axis effective
mass of bipolarons compared with the polaron mass. But
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the in-plane transport is due to both mobile bipolarons
and polarons because their in-plane masses are compa-
rable. Single polarons exist as excitations with the en-
ergy kBT ∗ = ∆/2 (the normal state pseudogap) or larger,
where ∆ is the bipolaron binding energy. The edges of
two polaronic spin-split bands depend on the magnetic
field due to spin and orbital magnetic shifts as [10]

∆↓,↑
2

=
∆

2
+ µ∗

BB ± (Jσ + µBB), (1)

where J is the exchange interaction of holes with localised
copper electrons and σ is an average magnetisation of cop-
per per site (Ts = Jσ/kB is about hundred K [10]). The
exchange interaction leads to the spin-polarised polaron
bands split by 2Jσ. They are further split (the last term
in Eq. (1)) and shifted by the external magnetic field. Here
µB and µ∗

B are the Bohr magnetons determined with the
electron me and polaron m∗ mass, respectively. Assuming
that kBT is less than the polaron bandwidth and noting
that polarons are not degenerate at any temperature, we
obtain for the polaron density

np ∼ T
d
2 exp

(
−T ∗

T
− µ∗

BB

kBT

)
cosh

(
Jσ + µBB

kBT

)
, (2)

where d is the dimensionality of their energy spectrum.
As follows from equation (2) the density of polarons

increases with the magnetic field, while the density of
bipolarons decreases, δnb = −δnp/2, if the total number
of carriers does not depend on the magnetic field. That
can explain both the negative c-axis and positive in-plane
MR, Figures 1 and 2. It is reasonable to assume that the
(bi)polaron mobility, µb,p = e∗τb,p/mb,p, is field indepen-
dent in the relevant region of B because the Hall angle is
small. Here τb,p, mb,p are the relaxation times and effective
masses, respectively, e∗ = 2e for bipolarons and e∗ = e for
polarons. Then the in– and out-of-plane normal state MRs
are given by

δRc,ab(B)
Rc,ab(0)

= −δnp

np

Ac,ab − 1
Ac,ab + 2nb/np

. (3)

Here nb is the bipolaron density, Ac,ab = µc,ab
p /µc,ab

b is the
ratio of the polaron and bipolaron mobilities, and δnb,p

is a change of the (bi)polaron density with the magnetic
field. According to the theory [19] Ac � 1, so that the
c-axis MR, equation (3), is negative. However, the in-
plane MR is positive, equation (3), if the in-plane bipo-
laron mobility is larger than the in-plane polaron mobil-
ity, Aab < 1. The bipolaron mass is about twice of the
polaron mass or larger [19]. So this condition requires
a shorter relaxation time of polarons compared with the
bipolaron relaxation time. The relaxation time of nonde-
generate carriers has different mass dependence for dif-
ferent scattering mechanisms. While the relaxation time
of carriers scattered by acoustic phonons decreases with
their effective mass, it increases with the mass of carri-
ers scattered by neutral and charge impurities [30]. Also
the scattering rate of bipolarons might be smaller than
polarons due to avoiding scattering by spin fluctuations.

Hence, the value of Aab < 1 is quite plausible. Moreover, it
could depend on temperature due to a difference in scat-
tering mechanisms at different temperatures. As a result
one might expect a change of sign of the in-plane magneto-
resistivity at sufficiently high temperatures in case the
scattering mechanism changes and the orbital effects re-
main negligible. Both relative MRs are of the same order
of magnitude, though of the opposite sign. We estimate
δnp/np � (µBB/(kBT )) sinh(Ts/T ), which is about 0.1
at T = 100 K and B = 50 T, as observed, Figure 2.

Finally, resistive Hc2(T ) determined from the c-axis
and in-plane data are virtually the same as seen from
Figure 4 where the temperature dependence of Hc2 is
presented together with the theoretical Bose-Einstein con-
densation field [18] given by

Hc2(T ) ∼ (t−1 − t1/2)3/2 (4)

with t = T/Tc. Both Hc2(T ) show an upward temperature
dependence in agreement with equation (4).

Our model of the c-axis and in-plane magnetotransport
is supported by other independent observations. In partic-
ular, the temperature dependences of the in-plane [31–33]
and out-of-plane resistivities [29,34], magnetic suscepti-
bility [29,33,35], and of the Hall effect [31,33] strongly
support the bipolaron origin of the normal state pseudo-
gap T ∗. The isotope effect on the carrier mass [36] pro-
vides another piece of evidence for (bi)polaronic carriers
in cuprates.

In conclusion, we have measured the longitudinal out-
of-plane and transverse in-plane MR of Bi-2212 single
crystals in magnetic fields up to 50 T (see also Ref. [37].
We observed a negative c-axis MR and a positive in-plane
MR in the normal state of the same samples of Bi-2212 and
discovered the quantitative similarity of their magnitudes.
We determined the resistive upper critical field, which is
virtually the same from both resistivities. The opposite
sign of out-of-plane and in-plane magnetoresitances, their
magnitudes, and the unusual shape of Hc2(T ) were inter-
preted within the framework of the bipolaron theory.
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