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Hall anomaly and vortex charge in Bi2Sr2CaCu2Ox
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We present a systematic study of the Hall conductance in Bi2Sr2CaCu2Ox thin films over a large range of
doping. We find that, in a large part of the phase diagram, the Hall coefficient changes sign as a function of
temperature in the flux-flow regime. By comparing data from many samples, we show that the sign reversal
is tied to the superconducting transition and is not a result of a competing order. We then compare our data
to the predictions of the Bardeen-Stephen model and show that, in all samples, there is an additional negative
contribution to the Hall conductivity. We extract from the negative excess Hall a vortex charge that is found to
be strongly doping dependent.
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I. INTRODUCTION

The phase diagram of the cuprates is characterized by sev-
eral competing and intertwined orders. In most of the doping
range, the superconductivity dome obscures other phases at
low temperatures. By applying very high magnetic fields,
one can suppress superconductivity and reveal the underlying
“normal” state. Hall measurements in magnetic fields of up to
88 T in YBa2Cu3Oy (YBCO) have found that, at low doping,
the Hall number is positive, at intermediate doping (0.08 <

p < 0.16), the Hall number is negative, and, for p > 0.16, the
Hall number is positive again [1–4]. The negative Hall sign in
YBCO at low temperatures [3] is consistent with a Fermi sur-
face reconstruction [2,5,6] caused by a charge-density wave
(CDW) [7–9]. The correlation length of the CDW increases
as the superconductivity is suppressed by increasing the mag-
netic field [10], suggesting that the CDW is “field revealed”
rather than “field induced.” CDW instabilities were found in
Bi2Sr2CaCu2Oy (Bi2212) [11] as well.

There is an alternative way to learn about the state hiding
beneath the superconducting dome. This can be performed
by measuring the resistivity in the flux-flow regime. It was
shown by Bardeen and Stephen (BS) [13] and by Nozieres
and Vinen [14] that the resistivity in the flux flow regime is
proportional to the vortex core resistivity. Since superconduc-
tivity is suppressed in the vortex cores, it is possible that the
same Fermi-surface reconstruction will also be present in the
vortex cores. This should result in a sign change in the Hall
resistance in the flux-flow regime.

Such a sign reversal, dubbed a Hall anomaly, has been the
subject of many studies since the discovery of the cuprates.
Hall measurements in YBCO [15,16], Bi2212 [17], and
ErBa2Cu3O7 [17] have shown a sign reversal near the critical
temperature, indicating that the Hall anomaly is a universal
property of the cuprates [18]. The sign change have been
attributed to charged vortices [19–22], additional forces acting
on the vortices [23,24], thermal fluctuations [25], backflow
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induced by hydrodynamic effects [26], and a Magnus force,
which could be demonstrated to exist using a Berry phase
argument [27]. Recently, a double sign reversal has been
measured also in atomically thin Bi2212 samples. The sign
reversal has been observed below and slightly above the criti-
cal temperature [28]. Whether the Hall anomaly is a result of
a Fermi-surface reconstruction due to a competing order, and
its connection to the behavior of the Hall number at high fields
are still open questions.

In this paper, we report measurements of the conductivity
(both longitudinal and Hall) of a series of Bi2212 thin films in
a large-doping range. We find a reversal of the sign of the Hall
number around the critical temperature for part of the samples.
We examine the doping dependence of the Hall anomaly in
Bi2212 over large-doping and critical temperature (Tc) ranges.
We use Zn substitution to decouple the critical temperature
from the doping level. The substitution of a small amount of
Cu atoms by Zn atoms lowers the critical temperature whereas
effectively keeping the doping level unchanged [29,30]. This
allows us to test for correlations between the Hall anomaly
and the critical temperature and doping level independently. In
addition, in YBCO, it was shown that Zn substitution reduces
the CDW correlations substantially [31], so the Zn samples
are expected to have a weaker Fermi-surface reconstruction.

II. EXPERIMENTAL DETAILS

A series of 200-nm thick films of pristine and 3%
Zn-substituted Bi2212 samples were prepared using a DC
sputtering system on LaAlO3 substrates. The doping level was
set by annealing the samples at different temperatures and
oxygen pressures. Using deep UV lithography, the films were
etched into six-contact Hall bars 1.5-mm long and 140-μm
wide. In this configuration, we were able to measure the lon-
gitudinal and Hall resistivity simultaneously and calculate the
conductivity tensor (σi j). The zero-field critical temperature
is defined by the maximum of dR/dT . The Presland formula
[12] was used to derive the doping level p from the transition
temperature. In Fig. 1(a), we show the critical temperature as
a function of doping for all the samples used in this paper.
In Fig. 1(b), we show the carrier concentration derived from
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FIG. 1. (a) Critical temperature vs doping. In red, are 3% Zn-
doped samples, and in black, are pristine Bi2212 samples. Empty
markers identify samples with no Hall anomalies. In the inset, we
show an image of the Hall bar and a plot of the topography of
part of the Hall bar as measured using an optical profilometer.
(b) Charge-carrier density inferred from the Hall resistance at 120 K
as a function of doping—derived from the critical temperature and
maximal critical temperature using the Presland formula [12].

the Hall resistivity measured at 120 K as a function of p. The
carrier density grows linearly with the doping level p that we
extract from Tc.

The magnetoresistance measurements were performed by
applying a magnetic field at high temperatures and measuring
while cooling down. Then, the temperature was raised again
above Tc, the field polarity was reversed, and the measure-
ment was repeated. The field-cooled procedure ensures that
no vortices are trapped in the process of reversing the field.
More details can be found in the Supplemental Material [32].
We, then, separate the symmetric part (longitudinal resistivity)
and the antisymmetric part (Hall resistivity) with respect to
the magnetic field. As an example, in Fig. 2, we present the
longitudinal and Hall resistivities for an overdoped (p=0.19)
Tc=77 K pristine sample for magnetic fields ranging from
0.4 to 14 T. The Hall resistivity at high temperatures varies
slowly with temperature and is linear in the magnetic field.
Approaching the superconducting transition, the Hall resistiv-
ity drops. At low-magnetic fields (B < 5 T) the Hall resistivity
changes sign for a range of temperatures around Tc. The Hall
resistivity for all the samples can be found in the Supplemental
Material [32].
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FIG. 2. (a) Longitudinal resistivity and (b) Hall resistivity as a
function of temperature for a Tc=77 K (p=0.19) pristine Bi2212
sample for various magnetic fields between 0.4 and 14 T. The inset
of (a): Vortex lattice phase diagram for the same sample. Black dots
show the vortex lattice melting line, red dots show Hc2 (solid lines
are guides to the eye). The flux flow regime lies between the lines.

III. RESULTS

In Fig. 3(a), we present the same Hall data shown in
Fig. 2(b) as a color map. The anomaly is clearly seen as
the red-yellow region in the plot. The solid black line tracks
ρxy = 0 where the Hall changes sign. In Fig. 3(b), we plot
the sign reversal lines for all the samples that show a sign
reversal, the temperature is normalized by the zero field Tc for
each sample. The inset shows the un-normalized data. At low
magnetic fields, all the normalized lines collapse one on top of
the other. At higher magnetic fields, there is some scattering,
and the sign reversal lines do not seem to scale together. The
data indicate that, in the limit of zero field, the sign reversal
takes place slightly above the transition temperature at about
1.05Tc.

This scaling of the data over a large range of doping for
samples with and without Zn substitution is remarkable, it
shows that Tc is the only temperature scale that plays a role
in setting the Hall anomaly temperature. In any model de-
scribing the Hall conductance in the superconducting phase,
it is expected that the conductance of the vortex cores will
play a role. A formation of any competing order that recon-
structs the Fermi surface and creates electron pockets should
be noticeable in the Hall data. Since it is not reasonable to
assume that the transition temperature associated with the
competing order coincides perfectly with Tc over the entire
phase diagram, we conclude that the competing phase, if it
exists, is not affecting the Hall signal. It is possible that, in
Bi2212, the CDW is very weak at low fields and does not lead
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FIG. 3. (a) Hall resistivity as a function of temperature and mag-
netic field for a pristine overdoped Tc=77 K sample. The black line
represents the points at which the Hall resistivity changes sign. At
low temperatures, the vortices freeze, and the Hall resistivity van-
ishes. (b) Hall sign reversal temperature normalized by the transition
temperature as a function of the magnetic field for all the samples that
exhibit a sign change. The inset: Zero Hall lines on an un-normlized
temperature scale.

to a significant Fermi-surface reconstruction. Nonetheless,
scanning tunneling microscopy measurements performed at
similar fields to the ones used here find a clear “checkerboard”
pattern surrounding the vortex cores [33].

Next, we provide a more quantitative description of the
Hall conductivity in the flux-flow regime. To characterize the
Hall anomaly, we calculate the deviation of the Hall signal
from the prediction of the Bardeen-Stephen model. According
to this model: ρflux flow

i, j = H
Hc2

ρcore
i, j [13], where i and j can

be x or y, and Hc2 is the upper critical field at which su-
perconductivity vanishes. The result is that the Hall angle,
tan θBS = ρyx

ρxx
= tan θnormal, does not depend directly on the

critical magnetic field and should evolve continuously through
the superconducting transition. Using the Hall angle we by-
passed the need to estimate the temperature dependence of
Hc2. By extrapolating the normal state Hall angle to lower
temperatures, we can estimate the Bardeen-Stephen predic-
tion for the Hall angle in the flux flow regime and compare
it to our data. The flux flow regime is bounded between the

vortex lattice melting line Hm(T ) [34] where vortices are free
to move, and Hc2(T ) where vortices cease to exist (see Fig. 2
inset). We define Hm to be the point at which the resistivity is
1000 times lower than the normal state resistivity.

We demonstrate the procedure used to calculate the devi-
ation from the Bardeen-Stephen model in Fig. 4, using data
from the same overdoped Tc=77 K sample, and an under-
doped (p=0.11) Tc=71 K sample which does not show a sign
reversal. We first calculate the Hall angle vs temperature for
different magnetic fields. In the normal state, the Hall angle is
linear in temperature so the extrapolation into the SC state
is straightforward (shown as dashed lines). The difference
between the measured Hall angle and the extrapolated values
tan θ excess = tan θ − tan θBS are shown in Figs. 4(c) and 4(d)
along with the Bardeen-Stephen extrapolations.

We emphasize that these results are only valid in a small
range of temperatures near the critical temperature. Deeper
into the SC state, the Hall angle extrapolation and the
Bardeen-Stephen model are not expected to describe the data
correctly.

IV. DISCUSSION

The use of the conductivity data (instead of the resistivity
data) allows us to treat the Hall voltage as a sum of differ-
ent contributions, σxy = σ BS

xy + σ excess
xy , where the excess Hall

conductivity is given by: σ excess
xy = tan θ excessσxx.

We find that, in addition to the Bardeen-Stephen term,
there is a contribution that is negative for any temperature and
magnetic field. Comparing the data of the two samples shown
in Fig. 4, we see that for the p=0.19 sample there is a range
of temperatures and magnetic fields for which the negative
excess Hall term is larger than the Bardeen-Stephen term
resulting in a sign reversal. On the other hand, for the p=0.11
sample, the negative term is smaller than the Bardeen-Stephen
term for any temperature or magnetic field.

One possible source for the excess Hall conductivity is
mobile charges trapped in the flux vortices. Different models
for vortex charge suggests different mechanisms for an excess
Hall conductivity, which will result in different values and
even different signs for a vortex charge [19,22]. We adopt the
model from Ref. [21],

σ excess
xy = 2|e|Qv

hd
,

where d is the c-axis lattice constant and Qv is a tempera-
ture and field-dependent vortex charge per layer given in this
model by

Qv = Q0

(
ln

1

H
+ C(T )

)
,

where Q0 is the scale of the vortex charge, which is expected
to depend very weakly on the temperature around Tc and C is
a parameter that is not dependent on the magnetic field.

We used this expression to fit the excess Hall conductivity
data. The fit is valid only in the vortex-liquid regime where
the vortices are mobile. This is a narrow temperature range
around Tc for low magnetic fields and an increasingly larger
range of temperature as the magnetic field is increased. Within
this range, the model fits well the data as can be seen in Fig. 5
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FIG. 4. Excess Hall voltage analysis for a Tc=77 K p=0.19 sample, and a Tc=71 K p=0.11 sample. (a) and (b) Solid lines show the
measured Hall angle as function of temperature for different magnetic fields. Dashed lines show the extrapolation of the high-temperature
data to lower temperatures. (c) and (d) The deviation of the data from the Bardeen-Stephen model predictions as a function of temperature for
different magnetic fields (absolute value), compared to the Bardeen-Stephen model prediction.

for a 3% Zn-optimally doped sample. Beyond this range, the
freezing of the vortices will lead to a larger negative value of

2 4 6 8 10 12 14

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

Fitted line

54.5 [K]

53.6 [K]

52.7 [K]

51.8 [K]

50.0 [K]

Q
v

[e
]

H [Tesla]

80.0 [K]

77.3 [K]

73.6 [K]

70.0 [K]

65.5 [K]

60.0 [K]

55.5 [K]

FIG. 5. Vortex charge per layer for an optimally doped 3%
Zn-substituted sample as a function of magnetic field for various
temperatures. Solid lines are best fits to the data using the vortex
charge model.

excess Hall conductivity as we find for low temperatures and
low magnetic fields.

We apply our fitting procedure to all the measured samples.
For each temperature, we include only data points in the
flux-flow regime. Overall the model fits well the data for all
samples (the fit results for all the samples are presented in the
Supplemental Material [32]).

The ln( 1
H ) dependence of the data is not trivial. Other

vortex-charge models with different field dependences have
been proposed [22]. Other models require a positive vortex
charge in order for a Hall sign change to occur—we, on the
contrary, find a negative charge for the samples that show a
sign reversal.

In Fig. 6, we show Q0 averaged in the range of (0.8–1.0)Tc

as a function of the doping. We look at a small range below the
critical temperature where the extrapolation from the normal
states is well justified.

We find that the vortex charge strongly depends on the
doping. It is maximal at optimal doping and decreases by
about two orders of magnitude in the underdoped side. The
decrease in the overdoped side is smaller. For the optimally
doped pristine sample, the vortex charge that we find is in
agreement with the value found in Ref. [21] using data from
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FIG. 6. |Q0| as a function of the doping. The value presented is
an average in the range of 0.8Tc to Tc. Black squares are pristine
samples, red triangles are 3% Zn-doped samples. The solid lines are
guides to the eye. The dashed lines represent Tc.

Ref. [28]. The vortex charge scale for the optimally doped
sample is two orders of magnitude larger than estimated from
a BCS analysis [19]. This is to be expected since the model
based on BCS takes into account only charges which are lo-
cated inside the vortex cores, and it uses a different screening
model. In addition, this analysis predicts the vortex charge to
be proportional to �2/EF , where � is the superconducting
gap, and EF is the Fermi energy. For Bi2212, this should result
in a vortex charge that is large in the underdoped side and
decreases as the doping level increases, contrary to our results.
In addition, the vortex charge is significantly smaller in the

Zn-substituted samples compared to pristine samples whereas
the gap does not change with Zn substitution [30].

V. SUMMARY

We have measured the Hall and longitudinal resistivities as
a function of magnetic field and temperature of Bi2212 thin
films at a range of doping levels and critical temperatures.
We have observed a Hall sign reversal at doping levels down
to p ∼ 0.12. The sign reversal occurs at low magnetic fields
(B < 5T ) and always at temperatures around the supercon-
ducting critical temperature. This suggests that the Hall sign
reversal is closely related to superconductivity, and it is not a
result of a competing order.

We then use the Bardeen-Stephen model as a starting point
to calculate the excess Hall conductivity: σxy = σ BS

xy + σ excess
xy .

We find that the excess Hall conductivity is negative for most
temperatures and doping levels, not only where a sign reversal
is observed. We find that a vortex charge model [21] fits
very well our data. The model provides an interpretation to
the excess Hall conductivity as a result of mobile charged
vortices. We find that the vortex charge depends strongly on
the doping level of the sample. The exact doping dependence
of the vortex charge, and the reason for the pronounced asym-
metry with respect to optimal doping remain open questions.
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W. N. Hardy, R. Liang, D. A. Bonn, and M.-H. Julien, Nature
(London) 477, 191 (2011).

[8] G. Ghiringhelli, M. L. Tacon, M. Minola, S. Blanco-Canosa,
C. Mazzoli, N. B. Brookes, G. M. D. Luca, A. Frano, D. G.
Hawthorn, F. He, T. Loew, M. M. Sala, D. C. Peets, M. Salluzzo,
E. Schierle, R. Sutarto, G. A. Sawatzky, E. Weschke, B. Keimer,
and L. Braicovich, Science 337, 821 (2012).

[9] J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen,
J. Larsen, J. Mesot, R. Liang, D. A. Bonn, W. N. Hardy,

A. Watenphul, M. v. Zimmermann, E. M. Forgan, and S. M.
Hayden, Nat. Phys. 8, 871 (2012).

[10] J. Chang, E. Blackburn, O. Ivashko, A. T. Holmes, N. B.
Christensen, M. Hücker, R. Liang, D. A. Bonn, W. N. Hardy,
U. Rütt, M. v. Zimmermann, E. M. Forgan, and S. M. Hayden,
Nat. Commun. 7, 11494 (2016).

[11] E. H. da Silva Neto, P. Aynajian, A. Frano, R. Comin,
E. Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schneeloch,
Z. Xu et al., Science 343, 393 (2014).

[12] M. Presland, J. Tallon, R. Buckley, R. Liu, and N. Flower,
Physica C 176, 95 (1991).

[13] J. Bardeen and M. Stephen, Phys. Rev. 140, A1197 (1965).
[14] P. Nozières and W. Vinen, Philos. Mag. 14, 667 (1966).
[15] S. J. Hagen, C. J. Lobb, R. L. Greene, M. G. Forrester, and J. H.

Kang, Phys. Rev. B 41, 11630(R) (1990).
[16] M. Galffy and E. Zirngiebl, Solid State Commun. 68, 929

(1988).
[17] Y. Iye, S. Nakamura, and T. Tamegai, Physica C 159, 616

(1989).
[18] T. Nagaoka, Y. Matsuda, H. Obara, A. Sawa, T. Terashima,

I. Chong, M. Takano, and M. Suzuki, Phys. Rev. Lett. 80, 3594
(1998).

[19] D. I. Khomskii and A. Freimuth, Phys. Rev. Lett. 75, 1384
(1995).

[20] Y. Kato, J. Phys. Soc. Jpn. 68, 3798 (1999).

094516-5

https://doi.org/10.1038/nature16983
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1038/nature06332
https://doi.org/10.1103/PhysRevB.69.104521
https://doi.org/10.1088/1367-2630/14/9/095023
https://doi.org/10.1146/annurev-conmatphys-030212-184305
https://doi.org/10.1038/nature10345
https://doi.org/10.1126/science.1223532
https://doi.org/10.1038/nphys2456
https://doi.org/10.1038/ncomms11494
https://doi.org/10.1126/science.1243479
https://doi.org/10.1016/0921-4534(91)90700-9
https://doi.org/10.1103/PhysRev.140.A1197
https://doi.org/10.1080/14786436608211964
https://doi.org/10.1103/PhysRevB.41.11630
https://doi.org/10.1016/0038-1098(88)90136-6
https://doi.org/10.1016/0921-4534(89)91293-8
https://doi.org/10.1103/PhysRevLett.80.3594
https://doi.org/10.1103/PhysRevLett.75.1384
https://doi.org/10.1143/JPSJ.68.3798


YUVAL NITZAV AND AMIT KANIGEL PHYSICAL REVIEW B 107, 094516 (2023)

[21] A. Auerbach and D. P. Arovas, SciPost Phys. 8, 061 (2020).
[22] M. Feigel’man, V. Geshkenbein, A. I. Larkin, and V. M.

Vinokur, Physica C 235–240, 3127 (1994).
[23] N. B. Kopnin, Phys. Rev. B 54, 9475 (1996).
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