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Abstract

We report on isochamp magneto-resistivity and ac susceptibility curves obtained in a high-
quality single crystal of the isovalent optimally doped pnictide BaFe,(Asg¢sPo32)> with
superconducting temperature 7, = 27.8 K for H||c-axis. Plots of the logarithmic derivative of the
resistivity curves allowed the identification of a vortex—glass (VG) phase and to obtain the values
of the critical glass temperature T, the temperature 7" marking the transition to the liquid phase
and of the critical exponent s. The presence of the VG phase is confirmed by detailed
measurements of the third harmonic signal of the ac magnetic susceptibility. The modified VG
model was successfully applied to the data allowing the obtention of the temperature
independent VG activation energy U,. The activation energy U, obtained from the Arrhenius
plots in the flux—flow region are compared with U, and with U, obtained from flux—creep
measurements on a M(H) isothermal in the same sample. A phase diagram of the studied sample
is constructed showing the T, glass line, the 7" line representing a transition (melting) to the
liquid phase, the mean field temperature 7.(H) line and the H,, line obtained from the peaks in
isothermal critical current, J.(H) curves, which are explained in terms of a softening of the vortex
lattice. The glass line was fitted by a theory presented in the literature which considers the effect
of disorder.

Keywords: superconductor pnictide, vortex—glass state, pinning activation energy, critical
current

(Some figures may appear in colour only in the online journal)

1. Introduction

A rich variety of phenomena have been observed in the vortex
state of type II superconductors, where in most cases the
distribution and energy of pinning sites play an important
role. Among these phenomena, one which received great
attention is the transition occurring in the vortex state as it
approaches the reversible region, which can be either first

0953-2048/17,/055003+-07$33.00

order when a melting in the vortex lattice occurs or second
order when the vortex liquid approaches a vortex—glass (VG)
irreversible phase as the temperature is reduced [1]. The VG
phase, which depends on the disorder has been predicted in
[2] as a possible phase occurring in the high-T. super-
conductors [3, 4], and since then it has been observed and
studied in many type II superconductors [1, 5]. A character-
istic critical behaviour predicted for this phase is that the

© 2017 IOP Publishing Ltd  Printed in the UK
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resistivity in the flux—flow liquid region should approach zero
as the temperature approaches the glass temperature 7, fol-
lowing a power law behaviour [T — T,* where s is a com-
bined glass critical exponent. In addition to the above
prediction for the VG phase occurring below T, a modified
VG model was developed in [6, 7] to study the VG phase in
the high-T, superconductors. This model assumes that the VG
pinning energy should scale with kg7, where kg is the
Boltzmann constant, and defines the VG activation energy
Uy = kgT,. As shown in [6, 7] this modified VG model
allows the detalied study of the VG phase as it predicts new
equations and relations that should be followed by the resis-
tivity and Uy in the vicinity of T,, and also allows the
extraction of the temperature independent VG activation
energy Uy,

The search and study of the VG phase in iron-pnictides
[8-10] appears to be still restricted to a few works, but it is
gaining increasing attention. So far, the VG phase has been
observed and studied in (Ba,K)Fe,As, [11, 12]; Ba(Fe,
TM),As, with TM = Ni, Co [12-18], SmFeAsOggs [19], and
in the chalcogenide Fe; 1 Teg2Seq3s [20]. Out of these, the
modified VG model has been applied with success to the
study of the VG phase in pnictide crystals (Ba,K)Fe,As,,
Ba(Fe,Co),As, and Ba(Fe,Ni),As, [12, 14, 18]. However,
there is a lack of research on searching for the VG phase in
isovalently substituted materials like BaFe,(As,P),. Here we
address this issue through measurements of the magnetore-
sistance around 7, in a high quality single crystal of this
compound with T, = 27.8 K and a transition width 67, < 1
K, previously used in magnetic relaxation measurements [21].
The data are complemented with ac susceptibility measure-
ments, focusing on the third harmonic, which is sensitive to
the non-linear dissipation of the VG phase. The analysis of
the resistivity curves allowed the observation of a distinct
critical behavior associated with the VG phase and the
determination of 7, as a function of H. The flux—flow region
was interpreted in terms of the thermally assisted flux—flow
model (TAFF) [22], allowing the extraction of values of the
corresponding activation energy, U,. The modified VG model
was applied to the resistivity curves producing isochamp
curves of the VG activation energy, from which it was pos-
sible to extracted values of T, U, and also of a temperature
T,(H) which is close to T.(H). The TAFF U, and U, were
compared with the activation energy U, obtained from flux—
creep measurements in the same sample [21]. Critical current,
J.(H) curves are obtained from previous measurements [21]
and the peak, H,, in each curve is explained in terms of a
softening of the vortex lattice, further suggesting an order—
disorder transition occurring near the Hy, line above which the
VG phase develops. The T, line was fitted by a theory
developed in [23] which takes in to account the effect of
disorder.

2. Experimental

We measured a
BaFe»(Asg.68P0.32)2

high-quality = single crystal of
with approximate dimensions of

14 (2
3
o]
S
—_ (o
\_% 16 | 275
¥
=
5
-18 -E
(o8
| 20 Y
-20 1 T(K)l 1 |D<l>li>l>
0.03 0.034 0.038
1T (1/K)

Figure 1. In(p) is plotted against 1/T. Solid lines in the 7 T data
curve evidence the two different regions, flux—flow and VG region.
The upper inset shows the superconducting transition and the lower
inset the original resistivity curves plotted in the main figure.

2 x 3 x 0.05 mm® and mass m = 1.746 mg. The crystal was
grown by the BaAs/BaP flux method[24]. The sample exhi-
bits a sharp T, = 27.8 K with 6T, < 1 K. Isochamp resistivity
data were obtained by the standard four probe, ac (71 Hz)
lock-in technique, with the current (1 mA) flowing along the
ab-planes of the sample. A Quantum Design PPMS system
was used for resistivity and for ac susceptibility measure-
ments, where the magnetic field was applied parallel to the c-
axis of the sample. Resistivity was measured in a ZFC mode,
by increasing temperature, while magnetic susceptibility was
measured in FC mode, by decreasing temperature. We men-
tion that all results concerning the VG phase (7, and T*), the
VG and the flux—flow activation energies and the T.(H)
crossover line were obtained from resistivity and ac sus-
ceptibility data measured in this work, while the isothermal
critical current curves and flux—creep activation energy were
obtained by using isothermal M(H) curves and magnetic
relaxation data previously published in [21] in the same
sample. It is worth mentioning that both the flux—creep acti-
vation energy as well the isothermal critical current curves
discussed here were not discussed or even shown in the
previously published work [21].

3. Results and discussion

Figure 1 shows a plot of Inp versus 1/T exhibiting the usual
linear behaviour observed in the flux—flow region which is
commonly explained in terms of the TAFF model with
Inp = Inp, — Uy/ksT, where kg is the Boltzmann constant
and U, is the TAFF activation energy. The upper inset of
figure 1 shows the superconducting transition for H = 0 T,
and the lower inset shows a plot of p versus T as obtained for
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Figure 2. The inverse of the logarithmic derivative of resistivity is
plotted against temperature. Solid lines are only a guide for the eyes
evidencing the critical region in each curve. The inset of figure 2(a)
shows a selected double plot of In(p) and 1/d(In(p)dT versus 1/T,
and the inset of figure 2(b) a plot of Inp versus In|T — T,|.

all fields, evidencing the non-Fermi-liquid behaviour of p in
the normal region. It is worth noting that the lower part of the
curves in figure 1 change the behaviour above 1/T* (indicated
by an arrow) to a slightly smaller slope region developing as p
approaches zero, a change that is found to be associated with
a critical behaviour of the resistivity observed as temperature
approaches T.

The resistivity near the VG phase is expected to obey the
expression

p = pl(T — T)/Tyl", (1

where T is the glass transition temperature, p, is the normal
resistivity and s is a combined glass critical exponent.
Figure 2 shows plots of the inverse logarithmic derivative of p
(7). It is worth noting that the curves in figure 2 show a
distinct linear region approaching zero, which is identified as
the power law behaviour expected as temperature approaches

the critical temperature T, allowing us to obtain the values of
Ty(H), of the temperature 7* above which the vortex liquid
state develops, and of the exponent s. Due to the scattering of
the data, the values of the exponent s for the different field
curves are found to vary between 2.0 and 2.5, corresponding
to an average value of s = 2.3. The inset of figure 2(a) shows
a double plot of Inp versus 1/T and of the inverse logarithmic
derivative of p versus 1/T, where it can be seen that the lower
slope regions of the curves in figure 1 (occurring above the
temperature 7° indicated by an arrow) corresponds to the
linear regions (VG critical behaviour) shown in figure 2. To
check for the distinct behaviour of the VG region when
compared with the flux—flow one, we plotted the dependen-
cies of Inp versus In|T — T,|, which are shown in the inset of
figure 2(b). It can be seen that a large number of curves at
fields H > 2 T are practically collapsing in one curve, clearly
showing the existence of two different regions where the
small region with a lower slope corresponds to the VG critical
region with an exponent s ~ 2.3. It should be mentioned that
even if the curve for 17 does not fall in the collapsing curve, it
shows the same behaviour with a value of s = 2.3. The value
of the exponent s ~ 2.3 found here is smaller than the value
predicted for the VG phase [2], s = 2.7. A similar low value
of the exponent s was observed for SmFeAsOqgs [19], but
with s decreasing as H increased. This was claimed to be a
possible crossover to a 2D-like behaviour induced by the field
as observed in the Bi-cuprates, but it is not the case here as the
values of the exponent s do not show a field dependence.
Also, the doped BaFe,As, systems are known to be 3D in
nature, so probably the values of the exponent s found here
might be accommodating within a lower limit value of the
exponent s representing a VG phase in pnictides.

The transition between VG and vortex liquid can also be
determined from ac susceptibility measurements with very
small perturbation (very small probing current, hence, very
small ac field amplitude) [25]. The principles of this matter
come from the very basic properties of vortex matter: for
sufficiently low currents, in the VG phase the dissipation is
strongly non-linear, while for the vortex liquid phase, the
dissipation is ohmic, hence linear. At the same time, it is well
known that the out-of-phase susceptibility is a measure of the
total dissipation (linear plus non-linear), while the third har-
monic is a measure of the non-linear dissipation only [26].
Experimentally, we have probed the VG-vortex liquid
transition by measuring the temperature dependence of both
fundamental out-of-phase susceptibility and third harmonic
susceptibility. At the onset temperature of the out-of-phase
susceptibility the sample enters the superconducting state,
while at a lower temperature T, the onset of third harmonic
susceptibility reflects the appearance of non-linear dissipation,
hence the appearance of VG. As the literature is lacking on
third harmonic studies associated with the VG phase in
pnictides, we performed a detailed study of the ac suscept-
ibility response in our sample, for which the VG phase is well
identified (see figure 2). The study was performed by
obtaining isochamp ac susceptibility for several frequencies
and amplitudes of the ac magnetic field. Figure 3(a) shows
double plots of selected isochamp susceptibility
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Figure 3. (a) Double plot of M"” and M3 (third harmonic) as a
function of temperature for selected fields. (b) The temperature
dependence of the out-of-phase (M") and third harmonic (M3)
magnetic response in a DC field of 3 T, at a low ac field excitation of
0.05 Oe and frequency of 9997 Hz. It can be seen that the difference
in the two onsets is more than 0.5 K.

measurements obtained for a 9997 Hz frequency and 0.05 Oe
ac magnetic field, where the out-of-phase part of the ac sus-
ceptibility M” is plotted along with the third harmonic
magnetic response, M3, against temperature. As expected the
curves in figure 3(a) show that the onset of the non-linear
dissipation, shown by an arrow in the M3 curve for H = 3 T,
does not coincide with the corresponding onset of linear
dissipation in M” curves, similar to what have been observed
in the high-T, superconductors [25]. This can be seen more
clearly in figure 3(b), which is in fact an enlargement close to
the onset of the two curves for 3 T. As expected the onset of
the non-linear dissipation observed in each M3 curve marks
the onset of the VG state as these values obtained from the
isochamp M3 curves going from 0.5 T to 7 T almost coincide
with values of T, obtained from figure 2.

As already mentioned, the modified VG model assumes
that kg7, = Uy, where Uy is the VG activation energy. By
replacing T/T, = kgT/ Uy in equation (1) the authors in [7]
obtained

Uo(H, T) = ksT[1 + (p/p,)'/*T"". @)

30-|"'|"'U|'T"|"'—

O L 1 L L L 1 L L PR | hl 0 il 1Y L
22 24 26 28 30

T(K)

Figure 4. Plot of U, versus T as obtained from the modified VG
model. The dotted lines are guides for the eyes.

Figure 4 shows isochamp plots of U, versus T calculated by
using equation (2). The curves in figure 4 show a different
behaviour with temperature when compared with similar
curves obtained in optimally doped YBa,Cu3;O7_, [7] and
Ba(Fe,Ni),As,[14, 18], as the regions obeying the power law
behaviour in figure 2 show a distinct behaviour from the flux—
flow region. A consequence of that is that the 7, in each curve
can be found as the slightly rounded line (corresponding to
the linear region shown in figure 2) encounters the straight
inclined line defined by kT, = Up. On the other hand, the
extrapolations of the lower linear regions of the curves do not
encounter the T axis at T, as in [7] and [14], but at a temp-
erature named 7,(H) which we observed to be very close to
T.(H) obtained from the 90% criterion of the normal resis-
tivity. The later was also observed in [18] for Ba(Fe,Ni),As,.
The lower linear region shown in figure 4 defines an empiric
form for U, given by Uy(H, T) = Uy(1 — T/T,) which
allows to extract values of T,(H) and of the temperature
independent activation energy U,(H). It should be mentioned
that this empiric form obtained for Uy is different than that
obtained in [7, 14] namely U, = Uy(1 — T/T,). A con-
sequence of this is the impossibility to obtain an expression
for T, as a function of H as in [7].

Another interesting expression that can be obtained from
the modified VG model is by observing that the empiric form
of UyH, T)= Uyl —T/T,) = kgT, allows us to write
U, = kBTgTa/(Ta - Tg) so Up = kBTg(Ta - T)/(Ta - Tg)
which can be substituted in equation (2) producing a general
relation for the normalised resistivity in the vicinity of the VG
phase

p/py = T/TY(L — T /(Ta — T) — 1T 3)

The above equation predicts that curves of the normalised
resistivity plotted as a function of the scaled temperature
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Figure 5. p/p, is plotted versus (T/T)(T, — To)/(T, —T) — lin a
double log plot for all applied fields. The inset shows the same plot
but against (T/T)(T. — Ty)/(Ty — T) — 1.

ty = (T/T )T, — Ty)/(T, — T) — 1 should collapse in one
single curve. Figure 5 shows a plot of the normalised resis-
tivity as a function of #; from which is possible to see that all
curves, except the one at H = 1 T, collapse in one single
curve. In some way the resulting curve in figure 5 is quite
similar to the plot of Inp versus In|T — T,|shown in the inset
of figure 2(b). To check whether the empiric form of U, found
in [7] would produce a better result as in figure 5 we plotted in
the inset of figure 5 p/p, versus (T/T)(T. — Ty)/
(Ty — T) — 1 where the normalised resistivity in this case
was obtained by assuming the empiric form of
Uy = Uy(1 — T/T,). It can be seen that the curves in the inset
of figure 5 do not collapse nicely evidencing that the empiric
form of Uy(H, T) = Uy(1 — T/T,) is more appropriate.
Figure 6 shows U, obtained from the TAFF model, U,
obtained from the modified VG model and U, (= T/R)
obtained from the magnetic relaxation rate, R, at 7= 21 K
for the same sample [21]. It can be seen that Uy, obtained from
the TAFF model is about one order of magnitude larger than
Uy, but presents the same field dependence. An interesting
result is that U, is of the same order of magnitude as the one
obtained from flux—creep, but presents a different behaviour
since U, obtained from flux—creep is related to the second
magnetization peak (SMP) appearing in the respective iso-
thermal M(H) [21] (see the right inset of figure 6). As pre-
viously observed in other pnictides [14, 18, 27-30], the TAFF
Uy and U, present two different power law behaviours of the
form H~“, where a weaker dependence with H is observed up
to H=4 T with a = 0.19 for Uy and 0.21 for U, and a
stronger field dependence for H above 4 T with a = 0.45 for
Uy and 0.53 for U,. The authors in [30] suggested that the
double field dependence of U, shown in figure 6 is associated
with a crossover from single vortex-pinning in the low field
region to a small bundle pinning for higher fields. It is

g 2 @® Uo TAFF
- 107 ¢ === Uo flux-creep E
€ UbVG
10 ¢ 4
1 " " " " L y " L
1 10
H (T)

Figure 6. Several activation energies obtained for the same sample
are plotted against H (double logarithmic scale). Solid lines represent
power law fittings while the dotted line is a guide for the eyes. The
left inset shows a characteristic plot expected for the isochamp
activation energy U(J), and the right inset shows the isothermal M
(H) obtained at 21 K from which U, in the main figure has been
obtained.

interesting to compare U, (obtained from the TAFF model)
and U, in figure 6 with values obtained for the same quan-
tities in [12] for the charge doped (Ba,K)Fe,As,, Ba(Fe,
N),As, and Ba(Fe,Co),As,. The TAFF U, in figure 6 is of the
same order of Uy for (Ba,K)Fe,As,, slightly larger than U, for
Ba(Fe,Ni),As, and more than twice as large as U, for Ba(Fe,
Co0),As;. On the other hand, U, in figure 6 is more than twice
as large than U, found for all the three charge doped 122
systems. The right inset of figure 6 shows the isothermal M
(H) at 21 K exhibiting the SMP over which magnetic
relaxation data were obtained. H,, marks the onset of the
SMP and H,, is the peak position which correlates with the
position of the maximum in U, shown in the main panel. The
left inset of figure 6 shows a typical non-linear form expected
for the isochamp activation energy U(J) as a function of the
critical current J [31, 32]. The tangent to a certain point of the
curve intercepts the y-axis at the U, value obtained from flux—
creep measurements [31, 32]. As shown in this inset, U is
expected to reach a very large value as J approaches zero (and
T approaches Ty), so one would expect that the value of Uy
obtained from the TAFF model, which should correspond to
the value of Uy at J = 0 in the inset figure, should be much
larger than the corresponding value of U, measured for the
same magnetic field in the irreversible region (flux—creep)
with a finite value of J. This conjecture may explain why
values of U, obtained from the TAFF model in the reversible
region are much larger than the values of U, found from flux—
creep.

We finally present in figure 7 the phase diagram con-
structed from values of T (H), T'(H), T,(H) and T.(H)
obtained for our sample, where the values of T.(H) were
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Figure 7. Magnetic phase diagram obtained from this work. The
solid line is a fit of equation (4) to the T, line while the other lines are
guides for the eyes. The inset shows selected J.(H) curves where the
solid lines are fits to the theory in [37].

obtained assuming that the mean field superconducting
temperature occurs at the temperature corresponding to 90%
of the normal resistivity. The values of T,(H) obtained from
the resistivity virtually coincide with the ones obtained from
the third harmonic. The very small, but systematic, difference
is most likely due to the difference in the probing current in
the two techniques (the transport current and the magneti-
cally-induced current, respectively). The region between the
lines formed by T, and 7" corresponds to the region where
resistivity vanishes exhibiting a power law behaviour with
|T — T, above which the vortex-liquid phase takes place.
The region between T and T has been identified in [19] as a
weakly entangled (pinned) vortex—liquid region. In that sense
the line formed by 7" would represent a melting line. Prob-
ably due to the equipment sensitivity we could not detect any
evidence of a melting transition. Figure 7 also shows that the
values of T,(H) obtained from figure 3 are close to the values
of T.(H) extracted from resistivity curves, where p, dH./
dT = —-19 T/K. We used the WHH expression [33],
H(0) = 0.695T;|dH,,/dT|, to estimate the value of
H.,(0) =38 T. As point disorder is fundamental for the
existence of the VG phase, it is interesting to fit the T, line in
figure 7 by the expression presented below which was
developed in [23] for the glass line by taking into account the
effect of disorder,

1 —t—b+3n,(1 —02/4r —2J2G; b =0,  (4)

where t = T/T., b = H/H,,(0), and the fitting parameters are
H.(0), n, which measures the disorder, and G; which is
associated to the Ginzburg number measuring the strength of
thermal fluctuations. The result of the fitting of equation (4) to
the T, line is also shown in figure 7 as the thick full line,
where the resulting fitting parameters are p, H,(0) =49 T,
n, = 0.007 and G; = 0.8 x 10°. This H,,(0) is well above
the one estimated from the WHH formula, but it is important
to note that it underestimates the value of H,, (0) for some

multiband superconductors [34, 35]. n,, is about twice as large
than values found for Ba(Fe,Ni),As, [18, 36] and more than
three times larger than the one found for NbSe, [23]. Such a
large value of n, may be responsible for the robust evidence
of the VG critical region observed in figures 2 and 4. The
value of G; is about one order of magnitude larger than the
values found for Ba(Fe,Ni),As, [18, 36]. As the studied
sample presents the SMP in isothermal M(H) curves with
maximum magnetization occurring at H,, (see the right inset
of figure 6), it is unlikely that the VG phase exists below H,,,
as the many explanations found for the SMP do not include a
VG phase. On the other hand, exhaustive relaxation rate
curves obtained in [21] in the same sample did not show any
marked change as H, was crossed. A similar result was
observed for Ba(Fe,Ni),As, [36] where the maximum in the
critical current, J.(H), occurring at H,, was explained in terms
of a softening of the vortex lattice [37]. These facts motivated
us to analyse the shape of J.(H) curves in our sample. We
present in the inset of figure 7 the critical current calculated
for selected M(H) curves obtained in our sample [21] by using
the Bean Model expression [38], J. = 20AM/[a(1 — a/3b)]
where a < b are the sample dimensions perpendicular to the
applied magnetic field and AM is the width of the hysteresis
curves. As shown in this inset, the J.(H) curves show a broad
region followed by a more well defined peak, which
according to a theory developed in [37], might be explained
in terms of a softening of the vortex lattice where in that case
Jo(H) in the peak region is given by J.(H) = A/[(B — B,)* +
(AB)?]5/* where A, B, and AB are fitting parameters, B,, is
the peak position and AB is the peak width. The solid lines in
each curve of the inset represent a fitting of the above
expression to the peak, evidencing that the shape of the peaks
can be well explained in terms of a softening of the vortex
lattice. Results of the fitting parameters for the curves at
T=20, 21 and 22 K are B, =53, 44 and 36 kOe and
AB =33, 24 and 19 kOe respectively. The values of B,
coincide with the corresponding H,, in each curve, and the
values of AB are in agreement with those found in [36, 37].
Values of H, corresponding to the peak in J.(H) curves are
added to figure 7. As a VG phase is present below the T, line,
the latter further suggests that the softening is a precursor of
an order—disorder transition taking place above the H, line.

4. Conclusions

In conclusion, plots of the inverse logarithmic derivative of
resistivity and of the third harmonic signal with temperature
allowed the identification of a VG phase occurring below the
glass temperature T,(H) in a high quality single crystal of the
isovalently substituted iron pnictide BaFe,(AsgesPo.32)> with
T. = 28.8 K. From our knowledge this is the first study of the
VG phase in an isovalently substituted iron pnictide, which
are believed to be much cleaner systems when compared with
hole and electron doped pnictides [39]. Plots of the inverse
logarithmic derivative of p with temperature allowed us to
identify a region exhibiting critical behaviour (and the
corresponding critical exponent s) lying between T, and the
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temperature 7" above which a vortex-liquid phase takes
place. The TAFF Uy, is extracted from the Arrhenius plot of
resistivity. We successfully applied the modified VG model to
our data where isochamp plots of the VG activation energy
with temperature allowed the extraction of T, the temperature
independent VG activation energy U,, the temperature T~
marking the transition to the vortex liquid phase, and T,
which is close to T.(H). It is shown that isochamp plots of p/
p, versus t; for H > 2 T collapses in a single curve where
ty = (T/T )T, — Ty)/(T, — T) — 1 is a scaled temperature
obtained from the modified VG model. Values of U, obtained
from the TAFF model are found to be one order of magnitude
larger than the VG activation energy U,, but interestingly,
values of U, are of the same order of U, obtained from flux—
creep measurements. A H, line (corresponding to the peak in
isothermal J.(H) curves and related to a softening of the
vortex lattice) is added to the phase diagram as the lower
border of the VG phase. The resulting 7, line was well fitted
by a theoretical approach which considers the effect of
disorder.
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