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Large Hall angle of vortex motion in high-Tc cuprate superconductors revealed
by microwave flux-flow Hall effect
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We investigated the nature of the quasiparticle state in the vortex core by means of the flux-flow Hall effect
measurements at 15.8 GHz. We measured the flux-flow Hall effect in cuprate superconductors, Bi2Sr2CaCu2Oy

and YBa2Cu3Oy single crystals, whose equilibrium B-T phase diagrams were different. As a result, we found
that the Hall angle is independent of the magnetic field, and reaches an order of unity at low temperatures in
BSCCO. However, in YBCO, the angle increases with increasing magnetic field even at low temperatures. We
understood that this difference in the magnetic field dependence of the Hall angle is due to the difference in
the influence of the pinning, which originated from the difference in the vortex state (liquid vs. solid) between
the two materials. However, as a common feature, both materials showed a large tangent of the Hall angle at
low temperatures, which was larger by an order of magnitude than those obtained in the effective viscous drag
coefficient measurements. We discussed the origin of the discrepancy both in terms of the possible nonlinearity
of the viscous drag force and possible hidden dissipation mechanisms. The unexpectedly large Hall angle of the
vortex motion in cuprates revealed in our flux-flow Hall effect study poses a serious question on the fundamental
understanding of the motion of the quantized vortex in superconductors, and it deserves further investigation.

DOI: 10.1103/PhysRevB.104.L020503

In type II superconductors under magnetic field, the
magnetic field penetrates as a quantized flux, which is accom-
panied by the surrounding rotating currents. Thus, it is called
a magnetic vortex. In the central part of the vortex, called the
vortex core, quasiparticles (QPs) are confined. The confined
QPs form quantized energy levels [1], which are expressed
as En = h̄ω0(n + 1/2), h̄ω0 ≡ �2/EF , where n is an integer,
and � and EF are the superconducting gap and the Fermi en-
ergy, respectively. These quantized levels have a finite width,
δE ≡ h̄/τ , where τ is the scattering time of the QPs in the
vortex core. The nature of the core depends on the ratio of the
energy spacing �E ≡ h̄ω0 to its width δE , which is expressed
as r ≡ �E/δE = ω0τ. When r � 1 (dirty core), the core is
almost like a normal metal. In contrast, when r � 1 (clean
core), the quantized nature of the QPs becomes prominent.
In between these values, the core is called moderately clean.
The core of almost all conventional superconductors is dirty,
because �E is extremely small (typically 0.01 K). On the
other hand, the quantized nature are expected to be prominent
in high-Tc cuprate superconductors, since the energy gap is
large (∼0.01 eV) and the Fermi energy is small (∼0.1 eV),
leading to a large �E ∼ 10 K. Indeed, in the STS spectra of
YBa2Cu3Oy [2] and Bi2Sr2CaCu2Oy [3], peaks in the dI/dV
spectra were observed, which implies the existence of the
quantized levels. However, this interpretation is somewhat
controversial even at present (Refs. [2–17] and those cited
therein).

Another approach for investigating the electronic structure
in the core is to investigate the vortex motion to an external
driving current, the flux flow [18–22]. In the conventional

understanding, the equation of motion of a quantized vortex
(for the magnetic field in the z direction) under the driving
current density J, is expressed as

κpu + ηu̇ + αH u̇ × ẑ = 	0J × ẑ, (1)

where u = (x, y) is the displacement of the vortex, κp is a
pinning constant, η and αH are the viscous drag coefficients in
the longitudinal and transverse directions, respectively, ẑ is the
unit vector in the magnetic field direction, and 	0 ≡ h/2e is
the flux quantum. If the pinning can be neglected, the direction
of the motion can be expressed in terms of the Hall angle θ as

tan θ = |ẋ|
|ẏ| = αH

η
= ω0τ (2)

(see Supplemental Material for details [23]). Thus, if we mea-
sure the flux flow in the longitudinal direction and transverse
direction, namely, flux-flow Hall effect (FFHE), we will find
the parameter r = ω0τ . Alternatively, an effective viscous
drag coefficient,

ηeff = η + α2
H

η
= π h̄nω0τ, (3)

also provides information on r = ω0τ . Indeed, ηeff can be
obtained by the surface impedance measurement by using a
cylindrical cavity [24–26]. It should be noted that the flux-
flow resistivity ρeff is expressed as ρeff = 	0B/ηeff . From an
experimental point of view, the latter is much easier. Thus,
there have been many studies of the flux flow of high-Tc su-
perconductors along this direction [27–31]. All of these show
that the parameter r is 0.1 ∼ 0.3, which means that the core
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of high-Tc cuprate is moderately clean. This is in contrast to
the result expected from the STS data [2,3]. In particular, in
a series of YBCO crystals where the cleanness of the sample
was changed systematically, the QP scattering time in the core
was found to always be shorter than those outside the core
[31]. Since this trend seems very universal, this suggests the
existence of an universal mechanism of the extra dissipation
for the vortex motion. Although some mechanisms such as the
Andreev reflection [32,33] or the spectral flow [34,35] might
contribute to this extra dissipation, there is no established
understanding or any compelling explanations on what these
results implicate. In addition, a new dissipation mechanism
where the inelastic relaxation contributes to conductivities
in addition to the conventional Bardeen-Stephen conductivity
has recently been proposed [36]. Therefore, the experimental
investigation in a different manner is becoming important.

Bardeen and Stephen discussed FFHE of dirty supercon-
ductors, based on the scenario that Lorentz force acts on the
vortex [18]. In this model, the vortex core was the normal
conductive core. Thus, tan θ is proportional to the magnetic
field. Another early phenomenological theory was given by
Nozières and Vinen, where they consider the vortex core in the
superclean limit [19]. FFHE was referred hydrodynamically,
and they presume that the Magnus force was the main force
acting on the core. They found that tan θ was independent of
the magnetic field. After these early studies, microscopic the-
ories were presented. In particular, calculations based on the
Green’s function approach were performed [37,38]. In these
theories, tan θ was independent of the magnetic field in the
superclean regime. In contrast in the moderately clean case,
FFHE was represented as the sum of a small term, which was
proportional to the magnetic field and another term, which
was independent of the magnetic field. In addition, many
other theoretical calculations have been presented based on
the quasiclassical equations [39–42]. We note that many of
these theories are for temperatures that are sufficiently lower
than the superconducting transition temperature Tc.

However, no work has experimentally investigated the
FFHE study, except in the very vicinity of Tc [43,44]. To
discuss r = ω0τ , we need to understand FFHE in the super-
conducting state. In addition, it is necessary to eliminate the
effect of pinning [45]. One way to eliminate it is the mea-
surement by using dc pulses. However, it could cause Joule
heating, which prevents accurate measurements. Another way
to measure FFHE by using high frequencies (typically mi-
crowaves) and analyze it using a model that includes the
pinning effect [46], as was the case for the flux-flow mea-
surement with cylindrical cavity. In a previous paper, we
developed a method to measure the microwave Hall effect
in materials in the skin depth region, which enables us to
measure FFHE [47].

In this study, we investigate the microwave FFHE in
cuprate superconductors, by using the recently developed
method, and attempt to discuss the above-mentioned mystery.
We measured two different superconductors; Bi2Sr2CaCu2Oy

and YBa2Cu3Oy. The former has the very strong anisotropy
and exhibits vortex-liquid behavior in the wide region of the
B-T phase diagram, whereas the latter exhibits vortex-solid
behavior in the major part of the B-T diagram. In fact, both
materials exhibited very contrastive behavior for the mag-

netic field dependence of the Hall angle. However, more
importantly, both materials showed a large r = ω0τ at low
temperatures, different from the effective viscous drag coef-
ficient measurements. Although we try to interpret the results
in terms of the nonlinearity in the viscous drag coefficient or
novel dissipation mechanisms not well understood yet, results
pose a serious question on the fundamental understanding of
the motion of the quantized vortex in superconductors, and it
deserves further investigation.

The tangent of the flux-flow Hall angle can be expressed
as | tan θ | = |ẋ/ẏ|. Faraday’s law (E = v × B) yields |ẋ/ẏ| =
|Ey/Ex|, where E denotes the electric field vector. Since
E = σ̃−1J ∝ Z̃J, the tangent of the flux-flow Hall angle is
given by

| tan θ | =
∣∣∣∣ZH

ZL

∣∣∣∣, (4)

where σ̃ denote the conductivity tensor; ZL and ZH are
the longitudinal and transverse components of the surface
impedance tensor Z̃ , respectively. Thus, we can obtain the
Hall angle from the measurement of the longitudinal and
off-diagonal component of the surface impedance tensor. The
off-diagonal component, ZH ≡ RH − iX H is obtained as fol-
lows, by using the cross-shaped bimodal cavity [47]. The
changes in the resonance characteristics of the bimodal cavity
are represented as

�

(
1

2QH

)
= GLRL + GH |X H |, (5)

�

(
fH

fH0

)
≡ − fH − fH0

fH0
= GLX L − GH |RH |, (6)

where RL and X L are the longitudinal components of the
surface resistance and the surface reactance tensors, which
are obtained in the ordinary cylindrical cavity measurement,
RH and X H are the off-diagonal components of the surface
resistance and the surface reactance tensors, GL and GH are
the geometrical constants, which depend on the shape of
the bimodal cavity and sample, respectively, � represents
the difference between the data of the same sample in the
superconducting state and those in the normal state, which is
understood very well. Therefore, together with the cylindrical
cavity measurement, whose detail is described in Supplemen-
tal Material [23] (see, also, the Supplemental Material for the
preparation of samples [48,49]), we can obtain flux-flow Hall
angle.

We performed the measurement using the cross-shaped
bimodal cavity, operating in the two orthogonal TE011 and
TE101 modes at 15.8 GHz, which had the quality factor Q ∼
3 × 103. First, the microwave response was measured in the
zero magnetic field. Then, along with the surface impedance
data obtained in the cylindrical cavity, the geometric factors
were obtained as GL(= GH ) = 3.5 × 10−6 �−1 for BSCCO
and GL(= GH ) = 1.3 × 10−6 �−1 for YBCO. Since the ge-
ometrical factors were obtained, we could evaluate RH and
X H from Eqs. (5) and (6) in the bimodal cavity measure-
ment under finite magnetic fields. Figures 1(a) and 1(b) show
the RH and X H of BSCCO from 10–70 K as a function of
the magnetic field. Because the sign of RH and X H are not
uniquely determined in the cross-shaped cavity measurement,
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FIG. 1. (a) Transverse surface resistance and (b) transverse sur-
face reactance of BSCCO as a function of the magnetic field.
(c) Transverse surface resistance and (d) transverse surface reactance
of YBCO as a function of the magnetic field. The signs of RH and
X H are set to be positive.

we set these signs to be positive. Both RH and X H do not show
remarkable dependence on the magnetic field, except at low
temperatures, and they increase with deceasing temperature.
Figures 1(c) and 1(d) show the RH and X H of YBCO as a
function of the magnetic field. Although the uncertainty was
somewhat larger than that in the BSCCO case due to small
signals, RH and X H of YBCO had essentially the same tem-
perature dependence as those in the BSCCO, and they show
dependence on the magnetic field.

Figure 2(a) shows the tangent of the Hall angle of BSCCO
obtained from Eq. (4). The Hall angle increases with decreas-
ing temperature and its tangent becomes approximately 3 at
10 K. This is remarkable in two senses. First, this number
is larger by one order of magnitude than those obtained pre-
viously from ηeff by using the ordinary cavity perturbation
technique [29]. Second, the Hall angle does not considerably
depend on the magnetic field, which is expected for a clean
core. This suggests that the vortex core of BSCCO is at least
cleaner than expected previously based on ηeff . Figure 2(b)
shows the tangent of the Hall angle of YBCO. The tangent
of the Hall angle of YBCO reaches an order of unity at
10 K, which is also one order of magnitude larger than those
obtained by ηeff [27]. Another interesting feature of the data in
YBCO is that the Hall angle shows remarkable magnetic field
dependence even at the lowest temperatures, which increases
with the magnetic field, whereas the Hall angle does not
depend on the magnetic field in BSCCO [Fig. 2(c)].

First, we discuss the latter feature. We believe that the
difference in the magnetic field dependence of the low-
temperature Hall angle between BSCCO and YBCO is
because of the remarkable difference in the equilibrium B-T
phase diagram. In BSCCO, where the anisotropy is extremely
strong, the vortices are in the liquid state for the most part
of temperature and magnetic field [50,51], whereas in YBCO,
they are mostly in the solid phase [52]. Thus, the observed
difference is likely due to the difference in the influence of the
pinning. In fact, solving Eq. (1) yields

| tan θ ′| = | tan θ | × |1 + i(ωp/ω)|−1, (7)

FIG. 2. Tangent of the flux-flow Hall angle of (a) BSCCO and
(b) YBCO as a function of the magnetic field from 10–70 K. The
magnitude of the tangent of Hall angle increases with decreasing
temperature, and it reaches an order of unity both for BSCCO
and YBCO. The tangent of Hall angle did not show remarkable
dependence on the magnetic field for BSCCO, whereas it showed
magnetic field dependence even at the lowest temperatures for
YBCO. (c) Summary of the experimental results at 10 K and the-
oretical expectations of FFHE. Here, we assumed that Bc2 ∼ 100 T
both for BSCCO and YBCO. The dashed lines are visual guides.

where tan θ ′ indicates that it is the observed value under the
presence of pinning, whereas tan θ is for the one without
pinning. Generally, the pinning becomes less effective with
increasing magnetic field. We represent the strength of the
pinning by a parameter K ≡ B

1
2 ωp/ω, where ωp = κp/η is the

crossover frequency from the reactive motion to the dissipa-
tive motion and ω is the angular frequency, respectively. For
example, high-Tc cuprate superconductors in vortex solid state
have ωp ∼ 50 GHz [27], that is, K > 1. It should be noted
that K is zero in the vortex liquid state, which means that in
BSCCO K = 0 in most parts of the phase diagram. The behav-
ior of | tan θ ′| expected by Eq. (7) is shown as Fig. 3(a) with an
assumption that κp depends on magnetic field as B−1/2 [53],
which means that K is field independent, and | tan θ | = 3.7.
The equation reproduces the tendency that with increasing
magnetic field, | tan θ ′/ tan θ | increases. The magnitude of the
parameter used is also reasonable; for the data of YBCO at
10 K, the experimental results is in agreement with the curve
with K = 2. Note that the effect of pinning on the Hall angle
in the mixed state has also been discussed in terms of anoma-
lous sign reversal of Hall resistivity [54]. Other possibility
to understand the difference between BSCCO and YBCO is
the difference of vortex feature (Abrikosov vs. pancake). If
we consider stack of pancake vortices, it might be possible
that pancakes in each layer oscillates incoherently, which can
make the Hall signal smaller than is expected for a single
Abrikosov vortex. However, it does not lead to the observation
that the Hall angle in BSCCO is larger than that in YBCO.

L020503-3



OGAWA, NABESHIMA, NISHIZAKI, AND MAEDA PHYSICAL REVIEW B 104, L020503 (2021)

FIG. 3. (a) Magnetic field dependence of the absolute value of
the Hall angle for various K = ωp/ω. Here, we assume that the
pinning constant kp depends on magnetic field as B−1/2 and | tan θ |
equals to 3.7 both for BSCCO and YBCO.When the effect of pinning
can be ignored (K = 0), the Hall angle is constant. On the other hand,
when the effect of pinning is present (K �= 0), the Hall angle in-
creases with increasing magnetic field. (b) The velocity dependence
of viscous drag coefficient. In the case that v is three times larger than
v∗, the viscous drag coefficient is more than one order of magnitude
smaller from that in the low velocity limit.

Next, we discuss the most remarkable but puzzling feature
of the present experiment; the large Hall angle. The observed
large Hall angle is considered to be a common feature of
the flux flow of high-Tc cuprate superconductors since both
BSCCO and YBCO show a similar number, instead of the
fairly different features of vortices themselves. First, the tem-
perature dependences are similar to those observed in the
effective viscous drag coefficient study [27]; it increased with
decreasing temperature. This has been understood by the in-
crease in the superconducting gap at low temperatures, since
tan θ = �2τ/h̄EF . The puzzling feature is its magnitude. As
discussed above, the field-independent behavior observed in
BSCCO represents the more essential feature of FFHE of
high-Tc cuprates without pinning. This suggests that the vortex
core of the cuprate superconductors is cleaner (r = ω0τ ∼ 1)
than expected in previous experiments [27–31], but it is rather
consistent with the early expected clean core for superconduc-
tors with the large � and the small EF . Thus, the most serious
problem to be solved is the disagreement of the Hall angle
obtained in the two different techniques.

There have been long-term extensive discussions on the
forces acting on the vortex and the resultant equation of
motion. However, the exact descriptions of the forces act-
ing on the vortex in superconductors have not been obtained
[18,19,55–63]. In terms of this, we can consider the differ-
ences as follows. The effective viscous drag coefficient is
defined by Eq. (3). It is related to the viscous drag coefficient
of the longitudinal direction and the ratio of the viscous drag
coefficient in the transverse direction to the longitudinal direc-
tion. On the other hand, flux-flow Hall angle is defined by the
Eq. (2). It is related to the ratio of the viscous drag coefficients
of the transverse direction to the longitudinal direction alone.
Therefore, if there is anything that was considered not to
be important, nor was considered at all, it might be possi-
ble to understand the difference. This can be expressed as
the following simple model. For some reason, suppose that
the measured viscous drag coefficients in the longitudinal η∗
and transverse directions α∗ comparably become smaller than
those directly tied to the QP state that have been considered
so far, that is, η and α. This assumption yields η∗ = Cη and

α∗
H = CαH , where C is a constant less than unity. We find the

measured flux-flow Hall angle as

tan θ∗ = α∗
H

η∗ = αH

η
= tan θ. (8)

On the other hand, we find the effective viscous drag coeffi-
cient as

η∗
eff = η∗ + α∗

H
2

η∗ = C

(
η + α2

H

η

)
= Cηeff < ηeff . (9)

As above, the factor C disappears in the measured flux-flow
Hall angle tan θ∗; however, it remains in the measured effec-
tive viscous drag coefficient η∗

eff . Thus, ω0τ estimated from
the effective viscous drag coefficient is smaller than that
evaluated from the FFHE measurements, and this result is
consistent with the experimental results.

Then, the central issue to be solved is the origin of C. One
possibility for the reduction of the viscous drag coefficient is
the nonlinearity, namely, velocity dependence of the viscos-
ity drag coefficient. Larkin and Ovchinnikov showed that a
high velocity results in the decrease in η as η(v) = η(0)/[1 +
(v/v∗)2], where a characteristic velocity v∗ is proportional to

(1 − T/Tc)
1
4 τ

− 1
2

in with an inelastic electron-electron scattering
time τin [64]. Thus, for example, if v � 3v∗, the viscous drag
coefficient is different by more than one order of magnitude
from that in the low-velocity limit, which is tied to the QPs
state in the vortex core [Fig. 3(b)]. In BSCCO and YBCO, v∗
at 70 K was estimated to be ∼104 cm/s by the I-V character-
istic study [65,66]. In contrast, our microwave electric field
was typically ∼10−2 V/cm, leading to the vortex velocity
v = E/B ∼ 102 cm/s. Although this number is seemingly
less than v∗, we cannot exclude this possibility by considering
that v∗ decrease as temperature decrease [67]. In the paper,
the quasiparticle relaxation time of a superconductor for vari-
ous cleanness is calculated using Eliashberg formalism. They
showed the temperature dependence of the critical velocity
v∗ as a function of temperature, for various QP relation time
τε , which is expressed as [(1/τs) + (1/τr )]−1, where τs and
τr are scattering time of the QP and the recombination time
of the Cooper pair, respectively. For τε ≈ τr , v∗ decreases
more than two orders of magnitude smaller from 0.8–0.1
Tc. In cuprates, it is well established that the quasiparticle
scattering time increases sharply with decreasing temperature
[68], whereas it is reasonable to assume that τr is almost
equal to the one for Andreev reflection at the vortex core
boundary. Thus, it is likely that τε ≈ τr in our experimen-
tal situation for most of the temperature region investigated.
Therefore, v∗ at low temperature may be larger than v and
we cannot exclude the possibility that the viscous drag co-
efficient decreases at low temperatures due to the velocity
dependence.

Another possibility is the existence of a hidden mechanism
of dissipation; some dissipation mechanisms, which cannot
be represented in the simple equation of motion, but they do
contribute to the vortex motion. Possible candidates might be
the dissipations at the core boundary, which have not been
understood well even now [32–35]. Also, it might be related to
the recently proposed new dissipation mechanism in flux-flow
regime [36]. Moreover, experimental results suggesting the
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possibility of the additional dissipation have been obtained
from measurements not only on cuprate superconductors but
also on iron-based superconductors [69]. In short, the dis-
crepancy of two measurements can be due to the velocity
dependence of viscous drag coefficient and/or the additional
dissipation, which has not been considered so far. Regardless,
the unexpectedly large Hall angle of the vortex motion in
cuprates revealed in our FFHE study poses a serious question
on the fundamental understanding of the motion of the quan-
tized vortex in superconductors. Therefore, it is extremely
important how large the Hall angle measured in this technique
is for other superconductors, not only for which a clean core
feature is expected, such as FeSe [70], but even for many
conventional superconductors to perform a quantitative evalu-
ation and identify its origins.

In conclusion, we investigated the nature of the QP state
in the vortex core by means of the FFHE measurements at

15.8 GHz. We measured FFHE in cuprate superconductors,
BSCCO and YBCO single crystals. Both materials showed
a large tangent of the Hall angle at low temperatures, which
was larger by an order of magnitude than those obtained in the
effective viscous drag coefficient measurement. We discussed
the origin of the discrepancy both in terms of the possible
nonlinearity of the viscous drag force and the possible hidden
dissipation mechanisms. The unexpectedly large Hall angle
of the vortex motion in cuprates revealed in our FFHE study
poses a serious question on the fundamental understanding
of the motion of the quantized vortex, and it deserves further
investigation.
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