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Magneto-resistance and vortex phase diagram of
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The transition from vortex glass to a liquid phase is studied in BaNi0.1Fe1.9As2 single crystal with Tc = 19.4 K by
magneto-resistance measurements. The resistivity curves are measured in magnetic fields in a range of 0 T–13 T for H ‖ c
and H⊥c. Good scalings for all values of resistivity ρ(H,T ) and the effective pinning potential U0(H,T ) are obtained
with the modified vortex glass theory by using the critical exponents s and H0. Phase diagrams for H ‖ c and H⊥c are
determined based on the obtained vortex glass temperature Tg, the vortex dimensionality crossover temperature T ∗, and the
upper critical magnetic field Hc2. Our results suggest that both below and above 5 T, single vortex pinning co-exists with
collective creep, and collective creep is dominant. There is a narrower vortex liquid region for H⊥c than for H ‖ c in the
vortex phase diagram, which may originate from a stronger pinning force.
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1. Introduction
The investigations of magneto-resistance and vortex

properties in a mixed state for the iron-based superconductors
are crucial to studying their superconducting mechanisms and
exploring their potential application aspects. The broadening
and tailing of the resistive transition with increasing magnetic
field in high-Tc oxypnictide have attracted much attention.[1–6]

In the mixed state, thermal fluctuation directly affects the vor-
tex motion by the thermal activated flux flow, leading to the tail
at the resistive transition.[6] These features are similar to those
of high-Tc superconductors.[7] In contrast to high-Tc super-
conductors, iron-based superconductors have novel electronic
structures.[8] However, the pinning mechanisms and the vor-
tex phase transitions in iron-based superconductors have not
been fully understood, especially for the vortex glass phase.
According to the vortex glass theory,[9–12] the vortex glass
correlation length at the glass transition Tg(H) diverges as
ξg(T ) =

∣∣T −Tg
∣∣−υ where ν is the static critical exponent. For

a second-order vortex solid–liquid phase transition in highly
disordered system, the dc current–voltage (I–V ) characteristic
for a vortex glass could be scaled onto two or one branches.
The experimental results of the I–V curves of the Co-doped
Ba-122 single crystal have given a perfect scaling.[11] There-
fore, the boundary between the lattice and glass or the glass
and liquid phases is strongly affected by both the anisotropy
and the disorder of a superconductor. For the Ba-122 sys-
tem, the anisotropy is only 2–3,[13] so the glass line should

be sensitive to dopant and magnetic direction. Vortex phases
and magnetic flux pinning mechanisms have been studied in
Ba-122 compounds doped by Co, Ni, and K, and so on.[14]

However, little work has been reported on the determination of
glass lines in iron-based superconductors. Furthermore, most
attention has been focused on the results for H ‖ c, for the
vortex properties for another magnetic field direction are also
important.

In this paper, we study the vortex liquid–glass phase tran-
sitions in BaFe1.9Ni0.1As2 single crystal by magnetoresistance
measurement under H ‖ c and H⊥c. We find that the vor-
tex liquid region is narrow for H⊥c compared with for H ‖ c,
and that all the values of measured resistivity ρ(H,T ) in mag-
netic fields up to 13 T could be scaled. Our results suggest
that the vortex glass theory is applicable to describing the vor-
tex glass transition in BaFe1.9Ni0.1As2 single crystal, and the
pinning potentials and motion mechanisms are different from
their corresponding counterparts in the two applied magnetic
field directions.

2. Models
The phase transition can be clearly visualized in resistive

behaviors under the magnetic field. According to the vortex
glass theory proposed in high Tc cuprate,[11] at the vortex glass
transition temperature Tg, the resistivity varies as a power law

ρ = ρ0

∣∣∣∣ T
Tg
−1
∣∣∣∣s , (1)
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where ρ0 is a characteristic resistivity in normal state, s is a
constant related to the type of disorder. At the glass line, equa-
tion (1) should be modified as[15]

ρ = ρn

∣∣∣∣ kBT
U0(H,T )

−1
∣∣∣∣s , (2)

where U0 is the pinning potential, kB is the Boltzmann con-
stant, and ρn is the resistivity in a normal state. To extract
the relation between the explicit field and temperature, the
U0(H,T ) could be expressed as[16]

U0(H,T ) = kBTc
1− t

(H/H0)β
, (3)

where t = T/Tc, B0 and β are field- and temperature-
independent constants respectively. In the thermal activation
model, the resistance can be considered to be a result of the
competition between thermal activation kBT and the effective
pinning energy. Combining Eqs. (2) and (3), one obtains a
typical scaling function for resistivity

ρ = ρn

∣∣∣∣T (Tc−Tg)

Tg(Tc−T )
−1
∣∣∣∣s . (4)

3. Experimental details
The Ni-doped BaNi0.1Fe1.9As2 single crystals were

grown by self-flux method.[17] The dimensions of the sam-
ple were 1.18 mm × 1.25 mm × 0.34 mm. The sample has
a Tc of 19.4 K and a small superconducting transition width
(10%–90%) of 0.6±0.1 K. Temperature-dependent electrical
resistivity was measured by using a Quantum Design Phys-
ical Property Measurement System. The electrical contacts
were placed on samples in standard 4-probe geometry, and
the current flowed within ab-plane. The resistivity values
were measured in the ab-plane (ρab) and c-direction (ρc) for
BaNi0.1Fe1.9As2 single crystal over a wide temperature range
at magnetic fields in a range of 0 T–13 T.

4. Results and discussion

When the applied current is small, the pinning barriers are
large compared with the thermal energy, but are still finite. In
this case, the vortex system acts as a very viscous liquid. Ac-
cording to the thermal assistant flux flow (TAFF) model,[18]

one obtains an Ohmic resistivity

ρ = ρ0 e−U0/κBT , (5)

where U0 is the pinning potential which is both field- and
temperature-dependent. Equation (2) suggests that the resis-
tivity in the TAFF regime will show linear behavior in the Ar-
rhenius plot of lnρ versus 1/T . Figures 1(a) and 1(b) show the
variations of resistance R(H,T ) with 1/T of BaNi0.1Fe1.9As2

single crystal near the superconducting transition for H ‖ c and
H⊥c axis, respectively. Note that the results are shown in a
common logarithmic scale. By increasing the magnetic fields,
the resistivity transition widths are broadened gradually. The
superconductivity values shift toward lower temperatures for
both magnetic field directions, but the trend is more obvious
for H ‖ c than for H⊥c. In the TAFF region, the curves all
show Arrhenius relations.

According to the vortex glass model,[9] resistance varies
at the vortex glass temperature Tg as ρ ∝ |T −Tg|s, s = ν(1−
z), where ν is a static exponent related to the vortex glass cor-
relation length, ξg ∼ (T −Tg)

−ν , and z is a dynamic exponent
for the correlation time, Tg∼ ξ z

g . Therefore, the Vogel–Fulcher
relation [d(lnρ)/dT ]−1 is usually used to analyze the vortex
glass boundary. According to Eq. (4), the inverse of the loga-
rithmic derivative of the resistivity will be linearly dependent
on T as [

d(lnρ)

dt

]−1

=
1
s
(T −Tg). (6)
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Fig. 1. (color online) Arrhenius plots of the resistance for BaNi0.1Fe1.9As2 single crystal for (a) H ‖ c and (b) H⊥c. The applied magnetic fields are (from
left to right) 0, 1, 3, 5, 7,9, 11, and 13 T.
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Figure 2 shows the temperature dependence of
[d(lnρ)/dT ]−1 under various magnetic fields of 1 T–13 T
for H ‖ c and H⊥c. By fitting the linear region of the curves
according to Eq. (6), Tg and T ∗ are estimated. T ∗ is a crit-
ical temperature, at which the curve deviates from linearity,
corresponding to the upper temperature limit of the critical
region associated with the transition from vortex glass to
vortex liquid.[6] As we can see in Fig. 2, the resistances of
BaNi0.1Fe1.9As2 are well described by the vortex-glass pic-
ture in a temperature range of Tg < T < T ∗. The temperature-
dependent resistances have also been investigated for other
pnictides such as SmFeAsO0.85

[19] and (Ba, K)Fe2As2.[20]

The values of exponent s and the slop of the fitting straight
line are obtained as 2.7±0.2 and 1.5±0.3 for H ‖ c and H⊥c,
respectively. The value of s for H ‖ c is consistent with the
corresponding results of (Ba, K)Fe2As2.

Equation (4) suggests a scaling behavior in the double
logarithmic plot of ρ versus T . According to Eq. (4), the resis-
tive curves for different fields should scale into one when the
normalized resistivity ρ/ρn is plotted versus scaled tempera-
ture Tsc = [T (Tc−Tg)/(Tc−T )−1]. Figure 3 shows the ρ/ρn

dependences on scaling temperature Tsc for different magnetic
field directions, respectively. The combined exponents s and
Tg are obtained from the inverse of the slop and the intersection
with the temperature axis of the linear parts of these curves in
Fig. 3. As can be seen in Fig. 3, all the resistivity transitions
between 0 T and 13 T are scaled into one curve with the ob-
tained critical exponents. These scaled results are similiar to
the behaviors observed in high-Tc cuprates such as Y-123[21,22]

and BSCCO[23] single crystals, Tl-2212 thin films,[24] etc.
According to Eq. (2), the pinning energy U0 could be ob-

tained as

U0(T,B) = kBT

[
1+
(

ρ

ρn

)1/s
]−1

. (7)

Therefore, both the field- and temperature-dependent U0 could
be obtained from the experimental data, provided that the ρn

and s are known. s is estimated as mentioned above and
ρn is resistivity in a normal state. The calculated values
of U0 at magnetic fields between 0 T and 13 T are shown
in Figs. 4(a) and 4(b) for H ‖ c and H⊥c, respectively.
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Fig. 2. (color online) Temperature dependences of [d(lnρ)/dT ]−1 data at magnetic fields H = 1, 3, 5, 7, 9, 11, and 13 T for (a) H ‖ c and (b)H⊥c. The
vortex glass temperature Tg and a critical temperature T ∗ are estimated according to the linear fitting. The solid lines denote linear fittings to Eq. (6), and the
dashed line represents the position of the original point of the vertical axis.
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Fig. 3. (color online) Scalings of the temperature-dependent resistivity according to Eq. (4) under the magnetic fields of 0 T–13 T for BaNi0.1Fe1.9As2 single
crystal in the cases of (a) H ‖ c, (b) H⊥c.
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The solid lines represent the linear fittings to Eq. (3). As
can be seen in Fig. 4, the curves at low magnetic fields (less
than 11 T) are very well consistent with Eq. (3). Accord-
ing to Eq. (3), we have U0 (Tc) = 0 at the critical transi-
tion temperature Tc, and at the vortex glass temperature Tg

we have U0 (Tg) = kBTg. Therefore, the field-dependent part
UB = kBTc/(H/H0)

β could be directly obtained from the slope
of the fitting lines. The results are shown in Fig. 5. As we can
see in Fig. 5, the pinning potential for H⊥c is higher than for
H ‖ c. This is an obvious result. As is well known, the pan-
cake vortices in ab planes are pinned by Josephson coupling
between superconducting planes, while the Josephson vortices
are pinned by normal layers. The UB/kB shows different de-

pendences of magnetic fields for H < 5 T and H > 5 T. For
H < 5 T and H > 5 T, the UB/kB values decrease respec-
tively as B−0.4 and B−0.8 for H⊥c, while scale respectively
as B−0.6 and B−1.0 for H ‖ c. The result suggests different pin-
ning mechanisms for low and high magnetic fields. The weak
field dependences of UB(H)/kB in the low field for both ori-
entations indicate that single-vortex pinning dominates in this
region.[25] The vortex spacing becomes significantly smaller
than the penetration depth in higher fields and a crossover in a
collective-pining regime where the activation energy becomes
strongly dependent on the field, i.e. the collective creep is
dominant.[26] Similar crossovers were also observed in Nd(O,
F)FeAs[27] and Fe1+y (Te1−x, Sx)z single crystals.[28]
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Fig. 4. (color online) Calculated pinning potential U0(H,T ) values according to Eq. (7) for BaNi0.1Fe1.9As2 single crystal in the cases of (a) H ‖ c; (b) H⊥c.
The solid lines denote linear fittings to Eq. (3). All the fitting lines intersect at about Tc = 19.4 K.
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from Eq. (3) and the slopes in Fig. 4. The solid lines denote the fit-
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circles), the fittings to the data, giving different relation UB/kB ∝ H−0.4

for H < 5 T and UB/kB ∝ H−0.8 for H > 5 T.

Finally, combining the experimental results above, the ob-
tained vortex phase diagrams for BaNi0.1Fe1.9As2 single crys-
tal with different dynamic characteristics are shown in Fig. 6.
The upper critical field, Hc2, is obtained from the 90% value

of its corresponding resistivity transition, and the vortex glass

line Hg and the upper field limit of the critical region asso-

ciated with the vortex glass to liquid phase transition, H∗,

are estimated from Fig. 2. The H∗ lines are obtained as fol-

lows: First, we could estimate T ∗ values for 1 T–13 T from

Figs. 2(a) and 2(b), where T ∗ is the temperature which devi-

ates from linearity. Then, we plot Hg, H∗, and Hc2 in the H–t

(t = T/Tc) phase diagrams for the cases of H ‖ c and H⊥c

as shown in Fig. 6. As usually observed in high Tc cuprats,

a transition from vortex glass to a liquid phase is found in

our BaNi0.1Fe1.9As2 single crystal below Hc2. At magnetic

fields H > Hg. The vortex lattice becomes softer and eventu-

ally melts via a first-order transition into the vortex liquid.[29]

At H∗, the vortex system undergoes a dimensionality transi-

tion from 2D to 3D, and above Hc2, the system enters into

normal state. As can be seen in Fig. 6, the vortex liquid region

is narrower for H⊥c than for H ‖ c, which originates from

stronger pinning for H⊥c.
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Fig. 6. (color online) Static vortex phase diagram of BaNi0.1Fe1.9As2
for H ‖ c (solid symbols) and H⊥c (open symbols). The upper critical
magnetic fields Hc2 are estimated from the criterion of the 90% values
of their corresponding resistivity transition. The characteristic field Hg
for vortex glass-to-liquid transition, and 2D–3D crossover fields H∗ are
determined from Fig. 2.

5. Conclusion
In this paper, we analyze the resistivity transitions and

vortex phase transitions of a BaNi0.1Fe1.9As2 single crystal
for H ‖ c and H⊥c. For temperatures below superconductive
temperature Tc, scalings of all measured values of resistivity
ρ(H,T ) in magnetic fields up to 13 T with the values of criti-
cal component s are obtained. The vortex phase diagrams and
pinning potential U0(H,T ) values for H ‖ c and H⊥c are deter-
mined based on the obtained vortex glass lines and upper crit-
ical magnetic field Bc2 values. The results suggest a narrower
vortex liquid region for H⊥c, corresponding to a stronger pin-
ning force. For low and high magnetic fields, the dependences
of U0(H,T ) on B are different due to different pinning mech-
anisms.
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