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The fishtail magnetization observed in many type II superconductors has been investigated since the ear-
liest nineties and associated with different phase transitions and dynamic crossovers in complex vortex
matter. In systems without a sharp order–disorder phase transition, the fishtail has been related with a
crossover from elastic to plastic vortex creep regimes. In this paper we perform a critical revision of this
accepted picture. We show that, in slightly underdoped YBa2Cu3O7�d single crystals, there is a clear cor-
relation between the fishtail magnetization and the Peak Effect observed in ac experiments with the asso-
ciated history effects. We propose that both features are originated in the same dynamic crossover,
between two plastic creep regimes. The proposed picture can also apply to other system, as those belong-
ing to same families of iron-based pnictides.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the vortex lattice (VL) of type II superconductors elastic and
pinning interactions together with thermal fluctuations compete,
giving rise to complex behaviors [1]. One of the consequences of
this complexity is the well known fishtail magnetization [2], a
non-monotonous dependence of the irreversible magnetization
Mirr with the applied magnetic field H, whose physical origin has
been investigated from the earliest nineties and associated with
different phase transitions and dynamic crossovers.

In this context, the extensively studied cuprate YBa2Cu3O7�d

(YBCO) is particularly interesting. In these samples, the phase dia-
gram as well as the fishtail physical origin, are strongly modified
by subtle changes in the oxygen doping level d. In optimally doped
and slightly overdoped crystals, a minimum in the irreversible mag-
netization curve as a function of the applied field MirrðHÞ at H ¼ Hon,
followed by a maximum in a upper field H ¼ Hp are observed and
indicate a non-monotonic dependence of the measured critical cur-
rent density Jc . In those samples, the maximum in the measured Jc

at Hp indicates an order–disorder (O–D) transition from an ordered
Bragg Glass (BG) to a disordered Vortex Glass (VG) at higher fields
and/or temperatures [3,4]; Hp increases with temperature (T) and
disappears after crossing the melting line at the critical point [5].
On the other hand, in slightly underdoped crystals, there is no trace
of the melting transition. There is also a minimum in MirrðHonÞ and a
maximum in MirrðHpÞ but, in those cases, Hp decreases with T up to
crossing the irreversibility line HirrðTÞ and depends on the acquisi-
tion time [3,6]. These facts, including non monotonous current
relaxation rate S, indicate that, in slightly underdoped YBCO crys-
tals, the fishtail magnetization is related with a dynamic crossover.
The nature of this crossover has been investigated by several groups
in the nineties [6,7]. Whereas in the first studies the maximum in
the critical current at Hp had been attributed to a dimensional pin-
ning crossover [7], some years later a crossover from an elastic to a
plastic creep regime has been proposed as the origin of the fishtail
magnetization [6]. This second picture assumes a finite plastic
creep activation barrier U0

pl at J ¼ 0 (in agreement with the theories
developed at that time) to explain the increase in the creep rate and
the decrease in the measured Jc with increasing field observed
above Hp, in the plastic creep regime. However, different experi-
ments showed that the disordered phase has an apparent higher
Jc [8]. In the following decade, the role of the dislocations in the vor-
tex dynamics has been extensively studied and both experimental
and theoretical works demonstrated that divergent plastic barriers
at small driving currents are expected in the plastic vortex creep,
with higher critical exponents that those expected from the elastic
creep [9,10]. However, the original fishtail description has been
maintained, and further extended for various authors (including
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Fig. 1. (Main panel) Irreversible magnetization curves as function of the applied
field l0H for various temperatures plotted in logarithmic scale. Green, red and blue
squares indicate the characteristic fields Hon;Hp and Hirr (see text). (Inset) Full MðHÞ
curve at T ¼ 89 K, reversible diamagnetic field expulsion is indicated in dashed line.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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some of us) [11,12] to describe the phase diagram of other com-
pounds displaying a similar phenomenology, as some families of
pnictides superconductors.

At the present time there is consensus that the proliferation of
dislocations increases the apparent critical current density Jc and
reduces the VL mobility. The VL disordering causes the well known
Peak Effect (PE) [13] anomaly, observed in both ac susceptibility
and transport experiments. In all the cases, metastability and VL
history effects are concurrently observed in the PE region [14–
17], and associated with history dependent VL configurations with
different dislocation densities. Whereas in the presence of a first
order O–D transition there is a sharp PE, in the slightly underdoped
YBCO crystals, at intermediate magnetic fields, a broad dynamic PE
can be observed [15–17], and very particular dynamic history
effects occurs: the VL mobility increases after applying a high dc
transport current and can be increased or even decreased by apply-
ing different shaking ac fields, being the proposed scenario a
dynamic reordering of the VL [15].

Based in the previous considerations, in this paper we perform a
critical revision of the accepted picture that explains the fishtail
magnetization in slightly underdoped YBCO and other compounds
based in a crossover from an elastic to a plastic regime. We show
that, in slightly underdoped YBCO single crystals, there is a clear
correlation between the fishtail magnetization, the PE observed
in ac experiments, and the associated history effects. We propose
that both features are originated for the same dynamic crossover,
and we discuss the underlying physics.
2. Experimental

Experiments were carried out in YBa2Cu3O7�d single crystals
[18]. Results shown in this work correspond to a single crystal of
approximated dimensions (0:55� 0:45� 0:05) mm3, with
Tc ¼ 92:5 K (defined as the onset of the ac shielding at H ¼ 0)
and a transition width (defined between 5% and 95% of the com-
plete shielding in the linear regime) DTc � 0:3 K. Light polarized
images show domains of twin boundaries, so experiments were
performed with the applied dc magnetic field rotated in an angle
h � 20

�
relative to the crystal c axis in a plane rotated approx 45

�

from both twin plane orientations, in order to avoid the Bose Glass
phase. Magnetization and ac susceptibility measurements at
f ¼ 1 kHz were carried out in a Quantum Design MPMS 7 Tesla
SQUID magnetometer equipped with Reciprocating Sample Option
(RSO) and ac accessories. In this setup, the ac and dc field are both
in the same direction. In all the susceptibility measurements, the
in-phase and out of phase components of the first harmonic ac sus-
ceptibility (v0 and v00) were normalized in way that v0 ¼ v00 ¼ 0
when the ac field fully penetrate the sample (normal state) and
v0 ¼ �1; v00 ¼ 0 when the ac field is completely screened (super-
conducting state with H ¼ 0). To obtain the magnetization of the
samples, magnetic moment has been recorded with an RSO acces-
sory using 1 Hz, ±1 cm excursions from the center of the coils. The
diamagnetic background coming from the sample holder has been
subtracted. Because the center of the sample holder and sample are
not identical, the quantitative fit of the sample magnetic moment
at high temperatures (when both magnetic moments are compara-
ble) is not accurate, but can be used for the qualitative approach of
this paper.
Fig. 2. (Main panel) In-phase component of the ac susceptibility as a function of the
applied dc field 4pv0ðHÞ, measured at f ¼ 1 kHz with an ac amplitude ha ¼ 1:6 Oe,
at various temperatures. Green, blue, red and gray triangles indicate the charac-
teristic fields H1;H2;H3 and H4 (see text). (Inset) Normalized responses obtained at
two different ac amplitudes at two selected temperatures. The vertical arrow
indicates the crossover to the linear Ohmic response. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
3. Results and discussion

Example of irreversible magnetization curves as a function of
the applied magnetic field l0H for various temperatures are shown
in Fig. 1 in logarithmic scale. The reversible magnetization is only
significant at the higher temperatures, when the measured critical
current drops. An example of a full MðHÞ curve at high temperature
is shown in the inset, with the reversible diamagnetic field expul-
sion is indicated in dashed line. In the main panel, the characteris-
tic fields Hon (green squares), Hp (blue squares) and Hirr (red
squares) are indicated in each curve. Around Hon (local minimum
in MirrðHÞ) there is a region where Mirr is nearly H independent, sig-
naled with horizontal error bars in the figure. Hp indicate the local
maximum in MðHÞ, and Hirr the fields where Mirr � 0 at each T
within our experimental resolution. We are able to measure an
irreversible dc magnetization up to T ¼ 90:5 K. The fishtail is
observed up to this temperature, and all the characteristic fields
decreases with increasing T. These features, together with the
nearly optimal Tc approx 92.5 K, are in agreement with that
expected for slightly underdoped samples [3].



Fig. 3. JcðxÞ / 1=Kacðv0Þ (panel a) and Jc / Mirr (panel b) measured at various T in
arbitrary units. Vertical lines identify the characteristic fields H1 (blue), H2 (green)
and H3 (red) named in Fig. 2. There is a clear correlation between the minimum and
the maximum in Jc at each T. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Dynamics phase diagram, dc field, l0H as a function of temperature. Full
squares (triangles) are characteristic H identified in MðHÞðXðHÞÞ curves (Figs. 1 and
2); hollow triangles are characteristic T identified in X 0ðTÞ curves (Fig. 5). Four
regions are identified: vortex liquid (IV) and three dynamics region inside the
vortex glass phase (I, II, III, see text). Dynamics and history effects (HE, yellow stars)
are observable in Region III and II. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2 shows examples of the in-phase component of the ac sus-
ceptibility as a function of the applied dc field 4pv0ðHÞ, measured at
f ¼ 1 kHz with an ac amplitude ha ¼ 1:6 Oe, at various tempera-
tures. At high T, pinning is weak, and the small ac field is enough
to move vortices in the bulk sample; in this situation, the non-lin-
ear ac response displays a sharp peak at low fields, indicating a
strong suppression in the vortex mobility between a local maxi-
mum in v0 at H1 (green triangles) and a local minimum at H2 (blue
triangles), followed by a region where @v

@H is smaller and v0 is nearly
H independent. In the inset, the normalized responses obtained at
two different ac amplitudes at two selected temperatures are
shown; whereas at high T (where the peak is observed) the
response is non-linear (i.e. amplitude dependent), below T � 80 K
a linear response (i.e. amplitude independent) is obtained. This is
not surprising: at low T, pinning is stronger and therefore the ac
field only penetrates the outer region of the sample, moving the
pinned vortices inside their pinning potential well, in a Campbell
regime [19]. As shown in Ref. [20], the dynamic PE is not present
in the Campbell regime. Above H3 (red triangles) the mobility
increases faster with H due to the VL depinning preceding the lin-
ear Ohmic response (arrow in the inset), before the complete ac
sample penetration, at H � H4 (gray triangles).

To compare magnetization results with ac susceptibility mea-
surements, a brief review of their connection with vortex dynamic
could be useful:

As it is well known, if a superconducting sample in the critical
state is fully penetrated by the magnetic field B, the irreversible
magnetization Mirr is proportional to Jc . In high-Tc superconduc-
tors, due to the high thermal activated motion, the current density
flowing in the sample can be much lower than the ‘‘true’’ critical
current density Jc0. However, as long as a strong non-linear cur-
rent–voltage law EðJÞ persists, the problem can be approximated
by a critical state response, with a time dependent effective
critical current density Jc / Mirr , being the proportion a geometrical
factor [1].

On the other hand, when a small ac magnetic field
hacðtÞ ¼ ha cos xt is added to a much larger dc field H, different
regimes can hold. At low T and H, in the region of very strong pin-
ning, the ac field is shielded and only the outer vortices move,
inside their pinning potential well, in a linear Campbell regime. If
the ac amplitude is small enough, the linear response can extend
up to the liquid phase. However, at typical ac amplitudes
(� 1 Oe), at high T, vortex displacement are larger, so vortices
move across various pinning centers and the ac penetration depth
Kac can be associated with the vortex mobility. If the strong non-
linear law EðJÞ persists, an effective frequency dependent
JcðxÞ / ha=Kac holds, being the proportion a geometrical factor
[1]. The function v0ðKacÞ depends on the dynamic regime and
geometry but, in the case of a non-linear response EðJÞ ¼ EcðJ=JcÞ

n,
there is a weak dependence with the particular geometry and the
creep exponent n [21]. Therefore, an approximate estimation of
the effective Kac can be obtained by inverting the function
v0ðKacÞ [21] for a thin disk in a Bean critical state (n!1) proposed
by Clem [22]. Without aim to quantitatively calculate the critical
density current, we can qualitatively compare the effective Jc

obtained from ac and dc measurements in the higher T > 83 K
region.

In Fig. 3, JcðxÞ / 1=Kacðv0Þ (panel a) and Jc / Mirr (panel b) mea-
sured at various T are plotted in arbitrary units, and can be com-
pared up to a geometrical multiplicative factor. Vertical lines
identify the characteristic fields H1 (blue), H2 (green) and H3

(red) identified in Fig. 2. There is a clear correlation between the
minimum and the maximum in Jc at each T revealing that the
non-monotonous v0ðHÞ and the fishtail in MðHÞ have the same ori-
gin. However, whereas above Hp (maximum in Jc identified in
Fig. 2) the Jc estimated from dc measurements strongly drops,
the ac penetration depth slowly decreases up to the upper field
H3, that precedes the irreversibility line. This fact is consistent with
previous results, that report an increasing creep rate with increas-
ing magnetic fields above Hp [6]. The correlation can be better
appreciated in the dynamic phase diagram built in Fig. 4: the char-
acteristic fields obtained in the high T region by ac measurements
H1 (green) H2 (blue) and H3(red) (see Fig. 2) and the onset of the ac
diamagnetic signal (gray) are plotted with full triangles, together
with the characteristic fields obtained from dc measurements Hon

(green), Hp (blue) and Hirr (red) (see Fig. 1) plotted with full
squares. The onset of the ac shielding (gray symbols) corresponds
to the points where the flux flow resistivity is high enough to fully
penetrate the sample (around 1 lX cm) at each H. The dashed line
indicates the estimated Hc2ðTÞ � 1:6 T=KðT � TcÞ. Below this line, in
the superconducting phase, four regions can be identified: Region
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IV corresponds to the vortex liquid. Above the (resolution depen-
dent) irreversibility line, there is a pinned liquid (called amorphous
phase in some references [23]), followed by an ohmic liquid before
H4. In the vortex glass phase, three dynamic regions are identified
as Region I (below H1), Region II (H1 < H < H2 � Hp), and Region III,
above the maximum in Jc. The key point that we would like to
focus in the following is the relationship between these regions
and the existence of dynamic and thermal history effects.

In the above experiments, the magnetic field was swept at fixed
T, so the vortex entry and exit difficult the observation of dynamic
history effects, frequently reported in ac susceptibility field-cooled
experiments, performed at fixed H. Moreover, in the MPMS setup,
even at fixed applied H, the sample moves through field gradients
larger than the ac field, and the induced currents move vortices,
avoiding a good control of the dynamic history. However, in
slightly underdoped YBCO crystals, thermal history effects can be
observed in non-linear v0ðTÞ curves as well as in resistance RðTÞ
curves [24]. In both cases, there is a higher VL mobility in the
warming processes, that could be associated with a VL ordering
at low T. Fig. 5 shows examples of field-cooled v0ðTÞ curves at dif-
ferent H recorded in cooling (FCC) and warming (FCW) T proce-
dures. Thermal history effects are present at intermediate fields
(in this sample 200 Oe K H K 3000 Oe), in the T region below
the temperature T3ðHÞ (indicated with red hollow up triangles in
Fig. 5) where @v

@T suddenly increases toward a vanishing diamagnetic
shielding near T4 (gray hollow down triangles in Fig. 5). Below
T3;

@v
@T decreases. At intermediate fields, there is a region where v0

is nearly T independent and thermal history effects are maxima,
vanishing around the lower temperature T1ðHÞ (green hollow up
triangles in Fig. 5). In experiments performed in a homemade sus-
ceptometer (where the sample is attached to a fixed position) it
can be seen that dynamic history effects extend to lower tempera-
tures and higher fields, in all the region below T3 [15]. These char-
acteristic temperatures at various dc fields are also included in the
dynamic phase diagram with hollow triangles. The line T3ðHÞ (red),
as expected, coincides with the line H3ðTÞ, where the ac penetra-
tion depth suddenly increases due to the vanishing pinning near
the irreversibility line HirrðTÞ. On the other hand, the line T1ðHÞ
(green), that indicates the lower T limit where thermal history
effects are observable, coincides with H1ðTÞ and the lower limit
of Region II. We define the maximum history effect at each H (yel-
low stars in Fig. 4) as the T where v0FCW � v0FCC (see Fig. 5) is
maximum.
Fig. 5. Field-cooled v0ðTÞ curves at different H recorded in cooling and warming T
procedures. Red hollow up triangles, T3ðHÞ, indicate where @v

@T suddenly increases
toward a vanishing diamagnetic shielding (gray hollow down triangles, Tðv0 ¼ 0Þ).
Green hollow up triangles, T1ðHÞ, indicate the temperature where thermal history
effects vanish. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
We arrive now to the goal that we want to emphasize in the
present work: history effects in the ac response are observable in
both Regions III and II. These effects are lager in Region II at
H < Hp. There is a consensus in the community that these effects
are due to the creation and/or annihilation of dislocations strongly
associated to plastic dynamics and plastic creep. In fact, plastic
dynamics below and above the minimum in v0ðH2Þ is not surpris-
ing, and was already pointed out in 1998 by Aouaroun and Simon
[25], from results in BSCCO samples. Therefore, the interpretation
of the fishtail effect as a crossover from an elastic (dislocation free)
to a plastic creep regime is not consistent with the observed corre-
lation between H2 and Hp.

The theory of plastic vortex creep [10], describes the thermally
activated dynamics of a medium with a vortex dislocations density
nD, in a medium with a weakly first order BG–VG transition, occur-
ring when the mean distance between dislocations ðnDÞ�1=2

decreases below the positional correlation length Ra, on which typ-
ical elastic vortex displacement are of the order of the lattice con-
stant a. Although in slightly underdoped YBCO crystals there is no
evidence of this transition, some results regarding the vortex dislo-
cation dynamics would be of help. Authors [10] demonstrated that
plastic creep exponents characteristic of single dislocation creep
regimes are much higher that those expected from elastic creep,
so the thermally activated current decay is drastically reduced,
producing an apparent increase in the measured Jc. However, with
increasing magnetic field a critical point is reached when
ðnDÞ�1=2 � a , beyond which the dislocation bundles creep domi-
nates with much lower creep exponent. The system is an amor-
phous pinned solid, with the same spatial symmetry that the
vortex liquid phase up to the field where thermal fluctuations
dominate and pinning vanishes.

We propose that, in these samples, the fishtail effect could be
related with a dynamic crossover from a regime of single disloca-
tion creep to one of dislocation bundles. Above H1 (Region II in
Fig. 4) dislocation density increases, reducing the vortex mobility
(and therefore the ac penetration depth) and increasing the mea-
sured Jc (Fig. 3). In this region, the dislocation density depends
on the history and influences the vortex mobility (history effects
in the ac response). Above Hp (Region III in Fig. 4) there is a drastic
decay of the measured Jc , but the mobility is still reduced due to
the high dislocation density, up to the liquid phase. This picture
is also consistent with the (time dependent) increase of creep rate
observed above Hp in other works [6].
4. Conclusions

By means of magnetization and ac susceptibility measurements
in slightly underdoped YBCO, we have carried out a critical revision
of the accepted fishtail magnetization picture. We have shown that
there is a clear correlation between the fishtail magnetization, the
PE observed in ac susceptibility measurements and the associated
history effects, indicating that plastic dynamic dominates in both
sides of the magnetization peak. We propose that, in these sam-
ples, the fishtail effect could be related with a dynamics crossover
from a regime of single dislocation creep to one of dislocation bun-
dles. This picture could also apply to other systems, as those
belonging to the Ba(FexCo1�x)2As2 iron-based pnictides where the
absence of an ordered phase [26], together with the dynamic char-
acteristics of the fishtail effect [11], are consistent with the pro-
posed scenario.
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