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Abstract
We report the magnetic properties of LaFe2As2, La0.8Ba0.2Fe2As2, and La1−xBaxPt0.1Fe1.9As2 (0 ≤ x ≤ 0.6) compounds 
prepared by solid-state reaction in a wide temperature range of 5–300 K in a field up to 9 T. All as-prepared samples act as 
superconducting magnets at low temperatures under normal atmospheric pressure. The magnetic state of LaFe2As2 has been 
studied in detail in a temperature range of 5–200 K for the fields in between H = ± 1 T. We conclude that the samples are 
made up of a large number of smaller and similar magnetic domains developed by the thermal agitation under the internal 
magnetic field during the cooling process. Considering LaFe2As2 as a parent compound, it is assumed that substituting of 
Ba2+ to the site La3+ results in hole doping similar to K doping in Ba1−xKxFe2As2. We have investigated the magnetic prop-
erties of La1−xBax Pt0.1Fe1.9As2. The paramagnetic contribution to the magnetization is determined by fitting the M (H, 5 K) 
curve using the Langevin function for each sample. Then, from the paramagnetic subtracted M-H curves, the critical current 
density, Jc, and normalized pinning force Fp/Fp,max as a function of the applied field is obtained. Moreover, the normalized 
pinning force density, Fp/Fp,max, curves versus h = H/Hirr (Hirr is the irreversibility field) were scaled using the Dew–Hughes 
model. Hence, the nature of the flux-pinning centers is revealed. Based on the results obtained from these analyses, we claim 
that the superconductivity in all as-prepared samples occurs on the domain boundary with the filamentary character and bulk 
superconductivity inside the domains.

Keywords  Iron-based superconductors (FeSC) · diamagnetism · magnetization · resistivity · critical current density · 
pinning forces in superconductors

Introduction

The discovery of superconductivity with critical tempera-
tures up to 55 K in two families of layered iron arsenides1–3 
has led scientists to explore and discover new iron-based 
superconductors. These iron-based materials can be clas-
sified on the basis of their atomic structures using different 
codes for each, such as CuZrSiAs-type LnFeAsO (Ln1111) 
and ThCr2Si2-type AeFe2As2 (Ae122),1,4–6 where Ln and 
Ae are lanthanoid and alkaline earth metal elements, 

respectively. The other structures are “111” Cu2Sb-type 
LiFeAs,7 “11” PbO-type FeSe,8 “42622” Sr2FeO3CuS-type 
Sr4Sc2O6Fe2P2,9 and “10-3-8” phase Ca10(Pt3As8)
(Fe2As2)5.10,11 Among them, the 122 system has attracted 
the most interest because of similarities in their supercon-
ducting properties (SC) with those of the high-temperature 
superconducting cuprates (see the review paper of Stewart 
and Ref. 2 for further detail). Interestingly, the emergence 
of superconductivity in both families usually accompanies 
the suppression of a long-range antiferromagnetic (AFM) 
ordered state in a corresponding parent compound with 
both hole- and electron-doped or pressure. Such similarities 
might suggest a common origin for SC and, indeed, AFM 
spin fluctuations. The 122 system can be easily prepared by 
various techniques and open the way to investigate intrinsic 
physical properties and the close interplay between struc-
ture, magnetism, and superconductivity.12
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There are only a few papers published based on La-doped 
122 systems13–17 due to difficulties arising from samples 
synthesized by La. The LaFe2As2 compound can be con-
sidered an exceptional one among the other 122 systems 
due to electron doping level beyond 0.2e/Fe to destroy 
superconductivity observed for AeFe2As2-based supercon-
ductors (FeBS). However, very recently, Iyo et al.18 found 
that when its crystal structure transforms from a collapsed 
tetragonal structure to an uncollapsed tetragonal structure 
by annealing, the sample becomes a superconductor at low 
temperatures (Tc = 12.1 K). Therefore, it is expected that 
the difference in the electronic structure of collapsed and 
uncollapsed LaFe2As2 may hold the key to understanding 
the origin of superconductivity, as discussed for other iron-
based superconductors.19,20

This newly discovered compound has some properties 
that could lead to discussing the role of the valency of 
La atoms on superconductivity. The common idea is that 
electron doping beyond 0.2 e/Fe can break electron pairs 
and destroy the superconductivity in Fe-based materials 
(FeBS). Very recently, Mazin et al. argued21 an unusual 
valance value of La in this compound and tried to clarify 
this puzzling behavior. They have found that the valence 
of Fe2+ is close to + 2.7, which corresponds to doping of 
0.35e, rather than 0.5e; it is thus an acceptable level of over-
doping. In fact, the heavily electron doping limit had already 
been exceeded for 1111-type Fe-based superconductors. For 
example, Hosono’s group showed that it would be possible 
to go beyond the highest Fe1.5+ valency on the 1111 material 
LaFeOAs, with up to 50% of O2− replaced by H−. Intrigu-
ingly, they observed two superconducting domes, possibly 
with different pairing symmetries and/or mechanisms22–24

As for the LaFe2As2 compound, one may consider it an 
end member of La-doped BaFe2As2, which can be obtained 
by the complete substitution of Ba2+ for La3+, which cor-
responds to a very heavy electron doping of 50%. A band 
structure calculation of LaFe2As2 has shown that the hole FS 
around the Γ point is indeed missing due to the hybridization 
between La d and Fe d orbitals.21 They have argued the role 
of the hopping mechanism between electron and hole bands 
(the direct hopping between La and Fe d orbitals and the 
indirect hopping through the As p orbitals) plays an impor-
tant role in the spin fluctuation-mediated pairing scenario. 
Both studies indicate that the correspondence between the 
presence or absence of the hole FS and Tc can be naturally 
understood within the spin fluctuation-mediated pairing 
scenario.

On the other hand, the relationship between crystal struc-
ture and superconductivity in iron-based superconductors is 
often reported.25–30 The tetrahedral geometry of the FeAs4 
significantly depends on the composition of the compounds 
and pressure. Governing Tc in FeSCs, the As−Fe−As bond 
angle of the FeAs tetrahedrons (αAs−Fe−As) and the As 

height from the Fe layers (hAs) are known important fac-
tors. The highest reported Tc value was obtained when the 
Fe–As–Fe angle reached the ideal value of 109.47° for a 
perfect tetrahedron. The deviation of the Fe–As–Fe bond 
angle from the ideal FeAs tetrahedron might be correlated 
with the density of states near the Fermi energy.31

They have pointed out that the disappearance of the dxy 
hole FS or deeply moving below the Fermi level for the 
collapsed phase, as compared to that in the uncollapsed 
phase, is due to the large Fe–As–Fe bond angle (110.80° and 
118.10° for uncollapsed and collapsed phases, respectively). 
They have also concluded that the hybridization between 
La d and Fe d orbitals originates from both the direct hop-
ping between La and Fe d orbitals and the indirect hop-
ping through the As p orbitals. That is, the nearest neighbor 
distance between La and Fe compared to that between Fe 
and As plays an important role in the hopping mechanism, 
which, in turn, imposes constraints on the spin fluctuation 
interaction.

In this paper, we study the interplay of spin fluctuations, 
and superconductivity in LaFe2As2 (La-122) compounds 
with La and Fe substituted by Ba (hole doping) and Pt (elec-
tron doping), respectively. We showed that hole doping leads 
to superconductivity, while, on the contrary, further electron 
doping suppresses the superconductivity, consistent with the 
band calculation predictions.

Experimental Procedure

Superconducting compounds were synthesized by combin-
ing highly pure equimolar (99.99%) La, As, Ba, Fe, and Pt, 
LaFe2As2 and La1–xBaxPt0.1Fe1.9As2 (x = 0, 0.05, 0.2, 0.4, 
and 0.6). All sample compositions were obtained in proper 
stoichiometries separately by solid-state reaction. At the first 
stage, depending on x steps, related chemicals were added 
into an agate mortar and mixed to form the desired stoichi-
ometry.15 The separately obtained samples were pressed by 
a rectangular-shaped pressing die. The pressed samples were 
then sealed off into quartz tubes and vacuumed. The samples 
were kept in a furnace for almost three days at 1150°C and 
released for self-cooling to room temperature. The sintered 
compositions in the quartz tubes were then taken from the 
furnace at room temperature and ground in an agate mor-
tar separately. The samples were repressed for rectangular 
shapes and resealed into the quartz tubes to ensure the final 
desired compositions. The second sintering procedure, the 
same as the first, was applied to obtain a better homogene-
ity. To check the structural phase, standard θ–2θ measure-
ments under operating details of 30 mA, 40 kV with Cu 
Kα source Rigaku SmartLab x-ray diffractometer (XRD) 
was used. The surface morphology of the LaFe2As2 sample 
was evaluated by scanning electron microscopy (SEM-EDX; 
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Jeol-6390-LV). Four-probe resistivity measurements were 
performed under a wide temperature range (5-300 K). The 
presented magnetic measurements were provided by a com-
mercial physical property measurement system (PPMS; 
Quantum Design Model 6500) with an in situ attachment 
vibrating sample magnetometer (VSM).

Results and Discussion

Structural Analysis

The diffraction peaks of LaFe2As2, LaPt0.1Fe1.9As2, 
and Ba0.05La0.95Pt0.1Fe1.9As2 compositions synthesized 
by solid-state reaction are shown in Fig. 1. These sam-
ples revealed a ThCr2Si2-type body-centered tetragonal 
structure with a space group of I4/mmm. The ignorable 
unknown peaks were marked by an asterix (*) in LaFe2As2 
and La0.95Ba0.05Pt0.1Fe1.9As2 samples. The Debye–Scherrer 
method was used to calculate the crystallite size of all sam-
ples varying between 45 and 60 nm. Rietveld refinement 

(FullProf program) was used for indexing the patterns and 
calculating the lattice parameters of all compositions (see 
the other XRD patterns and lattice constants in our pub-
lished paper15). As seen in Fig. 1a, Yobs, Ycal, Yobs–Ycal, 
and Bragg positions are the data taken from XRD, the data 
calculated by the FullProf program, the difference between 
Yobs and Ycal, and possible peak positions according to 
Bragg’s law, respectively. The lattice parameters and cell 
volumes were calculated for the compositions LaFe2As2 
(a = 4.0034 Å, and c = 11.01445 Å, and V = 176.53 Å3), 
LaPt0.1Fe1.9As2 (a = 4.0036 Å, and c = 11.0145 Å, and 
V = 176.549 Å3), and Ba0.05La0.95Pt0.1Fe1.9As2 (a = 3.983 
Å, and c = 12.995 Å, and V = 206.156 Å3). As seen in 
Fig. 1d, the SEM image of the LaFe2As2 sample is shown 
in a 10-µm area. Three different areas were chosen to figure 
out the elemental composition of each element. The atomic 
ratios of Fe, As, and La in the areas of spectrum 1, spec-
trum 2, and spectrum 3 are (Fe = 48.23, As = 38.85, and 
La = 12.92), (Fe = 40.54, As = 42.27, and La = 17.19), 
and (Fe = 46.41, As = 37.67, and La = 15.92), respec-
tively. These results confirm that the desired stoichiometry 
of the LaFe2As2 main composition was achieved.

Fig. 1   XRD patterns and Rietveld refinements of LaFe2As2, LaPt0.1Fe1.9As2, and La0.95Ba0.05Pt0.1Fe1.9As2 in (a), (b), and (c), respectively. (d) 
SEM image of LaFe2As2 .
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Magnetic Analysis

Note that irreversibility still exists at our highest tempera-
ture, 400 K, pointing to a much higher temperature for Tirr. A 
small jump is observed on the MZFC (warming) curve at Tcr 
= 129 K and MFC (cooling) at Tcr = 124 K curve. The insets 
on the right and left sides show the jumps on an expanded 
scale. The magnetization measurements were carried out on 
the sample of LaFe2As2 in the temperature range from 5 to 
400 K at the applied magnetic field, H = 50 Oe. Magnetiza-
tion data are taken in different cases: either during cooling in 
an applied field (FC) or while warming up after the sample 
has been cooled in zero field (ZFC). A large irreversibil-
ity in the zero-field-cooled versus field-cooled (ZFC/FC) 
magnetization is observed. The MZFC and MFC branches of 
M(T) curves separate at T = 400 K, our highest available 
temperature, as shown in Fig. 2.

In fact, M(T) curves split into MZFC and MFC branches at 
the irreversibility temperature, Tirr. It appears that the irre-
versibility occurs at a much higher temperature than T = 400 
K. The observed magnetization (T) reveals some of the main 
features of a magnetic system consisting of a large number 
of magnetic entities (the assembly of particle systems). We 
see that the magnetization for both branches decreases with 
decreasing temperature until it falls to the critical tempera-
ture, Tcr where the sample exhibits a first-order structural 
transition. After the structural transition, MFC changes its 
slope and increases with decreasing temperature, while MZFC 
continues to decrease. It is found that a structural first-order 

phase transition begins to occur at Tcr ~ 129 K in the ZFC 
case (during warming), while the transition takes place at 
Tcr ~ 124 K in the FC case (during cooling), as shown in the 
insets of Fig. 2 on the expanded scales. This behavior indi-
cates a typical first-order structural transformation except 
that the peaks are not as intense as expected. It appears that 
the partial volume of the sample undergoes a first-order, 
structural phase transition to a low temperature (two phases 
coexist at low temperatures).

Figure 3 shows the field dependence of magnetization in 
the sample of LaFe2As2 at some selected temperatures such 
as at T = 5K, 20K, 50K, 150K, 200K, 300K, and 400 K in 
the field up to H = ±1 T. The M vs. H curves can be sepa-
rated into two regions: one below and the other above Tcr. 
The M–H curves exhibit no hysteresis loop except at T = 5 
K. Consequently, a hysteresis loop response is observed at T 
= 5 K (see the inset of Fig. 4a because the sample becomes 
a magnetic superconductor at lower temperatures.

As seen in Fig. 3, hysteresis is absent (except for M–H 
at T = 5 K with a little remanence and coercivity, Hc), 
which suggests the presence of a long-range magnetic 
dipole–dipole interaction among the assemblies of super-
paramagnetic nanoscale regions. Note that M–H curves split 
into two groups, one below 100 K, the other above 100 K. 
The hysteresis is likely to be associated with superconduc-
tivity, as described in the following paragraphs in detail. In 
this superparamagnetic state, the relative magnetization M/
Ms can be described by the standard Langevin function, L, 
using the relation

(1)M = Ms

{

coth
[

�effH∕kB
(

T + T0
)]

− kB
(

T + T0
)

∕�effH
}

+ �H + M0,

Fig. 2   Temperature dependence of magnetization for LaFe2As2 at H 
= 50 Oe in the zero-field case (MZFC) and the field-cooled case (MFC).

Fig. 3   The magnetization vs. field plots (M vs. H hysteresis loops) at 
selected temperatures for LaFe2As2.
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where Ms is the saturation magnetization value for assembly 
of a cluster and μeff is the magnetic moment for each cluster, 
T0 is the effective Curie–Weiss temperature for the superpar-
amagnetic clusters. The second term denotes the contribu-
tions from the paramagnetic impurity ions. This contribution 
might be emerging from some defects, as described above. 
The fitting of the magnetization data to the above Langevin 
function for T = 5 K, T = 20 K, and T = 400 K has been 
demonstrated in Fig. 4a, b, and c, respectively.

The fitting parameters Ms, μeff, χ, and M0 are estimated 
from the best fitting and shown in Fig. 4 a, b, and c. T0 is 
found to be less than 1 K for all temperatures, suggesting 
a weakly antiferromagnetic-like intercluster interaction. 
It should be noted that μs stays almost constant, slightly 
decreasing with the increasing temperature. The other fitting 

parameters obtained from the best fitting to the above Eq. 1 
are summarized in Fig. 5.

Note that the magnetic susceptibility χ at higher tem-
peratures obeys with a reasonable accuracy this modi-
fied Curie-Weiss law (Eq. 4 in the text). The upper inset 
gives the temperature dependence of μeff, as a plot using a 
logarithmic scale for both the μeff-axis and the T-axis. It is 
worth noting that μeff in terms of μB per cluster increases 
linearly with the temperature by 52 μB/K ion. The lower 
inset on the left shows the magnetic moment that originated 
at the As vacancy, μAs normalized to its maximum value, 
μAs,max (= 13.5 μB/As vacancy as indicated in the figure) as 
a function of the temperature. Note that the paramagnetic 
moments have been extracted from the modified Curie law. 
The lower inset on the right indicates dχ/dT versus T, and 
the curve passes through a minimum at 55 K, as indicated 

Fig. 4   Mrev versus H together with Langevin fit (a) at T = 5 K. The 
continuous red line shows Mrev vs. H together with the data fit to Lan-
gevin function. Inset displays the magnetization data at low fields 
with a weak hysteresis on an expanded scale. (b) T = 20 K. There is 

no hysteresis. M is completely reversible. The red line gives the fitting 
curve by using the Langevin equation. (c) T = 400 K. It demonstrates 
the Langevin fit quality at higher temperatures.
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in the figure. The paramagnetic impurity susceptibility χ is 
plotted as a function of the temperature in the range of 5–400 
K, which shows a typical paramagnetic behavior. The data 
below Tcr pertaining to the high-temperature phase can be 
well described by the standard modified Curie–Weiss equa-
tion for the presence of the temperature variable magnetic 
impurity moment.32 We use the following expression for the 
susceptibility:

where N is the Avogadro number, n = N1/N2; N1 is the num-
ber of the site with <�2

1
> magnetic moment, N2 is the num-

ber of the site with <�2

2
> ≈ 0. Eexc = E2 - E1, where the ener-

gies of these two states are E1 and E2. The Eexc energy can be 
regarded as the energy required to form a local moment of 
<μ1> on iron sites in the lattice. The best-fitting values are 
C = 0.0566 emu K/g Oe (μeff ~ 13.5 μB/cluster), TN = − 56 
K (tendency to become ferromagnetic), n = 137, Eexc = 835 
K, and χ0 ~ 1 × 10-4 emu/g Oe. The susceptibility, χ presents 
the total paramagnetic moment arising from the impurities, 
defects, or other sources. Grinenko et al.,33 pointed out that 
a disorder in the As-deficient sample of LaFeAs1−δO0.9F0.1 
superconductors gives rise to the formation of an electroni-
cally localized state around each As vacancy (AV) carrying a 
magnetic moment of about 3.2 μB per AV or 0.8 μB/Fe atom. 
Since the As vacancies in the La-1111 compound behave as 
magnetic defects with a net magnetic moment associated 
within [VAsFe4], they observed a strong enhancement of the 
spin susceptibility by a factor of 3–7. We also assume that 
the As vacancies in the LaFe2As2 compound give rise to the 

(2)𝜒 = C∕([1 + nExp(−Eexc∕(kBT))](T + TN)) + 𝜒0 and C = N(< 𝜇
2
eff

>)∕(3kB),

formation of some paramagnetic spin clusters of unknown 
origin. Based on this study, the main contribution to the 
magnetization in LaFe2As2 has been attributed to the As 
vacancies. Under this condition, the As vacancies of para-
magnetic contribution, normalized to its maximum value 
as a function of the temperature, are plotted in the lower 
inset of Fig. 5. The other lower inset depicts the temperature 
derivative of the susceptibility, passing through a minimum 
at about 55 K. It is likely that a partially magnetic phase 

transition occurs at around this temperature.
In the study of the coexistence of superconductivity, we 

know from our studies15–17 and previous reports that M versus 
H decomposes into two parts, namely, M = Mrev+Mirr .34,35  
The magnetization which has a field-dependent positive con-
tribution to the magnetization (Mpara, hereinafter referred to 
Mrev) superimposed on the diamagnetic response originated 
from superconductivity. According to the Bean model,35 the 
arithmetic mean value of the upper (M+) and lower (M−) 
branches of hysteresis, ((M+ + M−)/2) gives the reversible 
component, while the irreversible component is associated 
with superconductivity, assuming that the ferromagnetic 
hysteresis arising from the lattice or ferromagnetic impuri-
ties is negligible if it exists. The critical current density is 
related to the hysteresis cycle width, ∆M  = |(M+-M−)| by 
the equation Jc = (15|∆M|)/R where R is the radius of the 
sample in cm, J in A/cm2, and M in emu/cm3. Following the 
same procedures used in our previous works for similar Fe-
based superconductors, the Mirr versus H curve for T = 5 K 
is obtained after subtracting the paramagnetic contribution 

Fig. 5   Paramagnetic susceptibility χ versus T is plotted for the 
LaFe2As2. The red line is the fit to Eq. 4, as described in the text.

Fig. 6   Mirr versus H at T = 5 K for the LaFe2As2 after subtracting the 
paramagnetic contribution from M measured as described in the text.
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from the measured M–H loop as described above and plot-
ted in Fig. 6.

In Fig. 6, the arrows indicate the Hc1 and Hc2 ≈ Hirr, 
respectively. The lower inset displays Δ M versus H, where 
Δ M is obtained from the upper and lower branches of the 
M vs. H hysteresis curve as to be ΔM =½(M+ − M−). The 
continuous blue line gives the fit to Eq. 4, as described in 
the text. It is noted that we obtain a typical superconducting 
magnetization hysteresis curve. The first critical field Hc1 
and the second critical field Hc2 (here, Hirr is taken approxi-
mately to be Hc2) values are determined to be 0.055 T and 
0.5 T, respectively. Here, we claim that LaFe2As2 is a super-
conducting ferromagnet (The magnetic irreversibility occurs 
at temperatures higher than the onset temperature of super-
conductivity, Tirr > Tsc), whereas Iyo et al. recently pointed 
out18 that the observed superconductivity in the collapsed 
La122 sample (the sample as prepared) is due to a small 
amount of uncollapsed La122 component included in the 
sample. We believe that, in order to clarify this assertion, the 
magnetoresistance measurements would be a highly useful 
microscopic probe to reveal the existence of some local (its 
size is larger than the mean free path of the conduction elec-
trons) superconductivity in the magnetic or non-magnetic 
matrix.36

We have also calculated ∆M as a function of the field H 
and plotted as shown in the inset of Fig. 6 Using the above 
equation for Jc, we obtain the critical current density to be 
Jc(0) ~ 2 × 104 A/cm2 at zero field for T = 5 K. It is shown 
that ∆M (αJc) decays exponentially with the applied field. 
The best fit the data to the equation, ∆M = ∆M0 + Aexp(−H/
H0) yields the fitting parameters, ∆M0 = 0.02 emu/g, A = 2 
emu/g, and H0 = 0.0335 T. On the other hand, in our previ-
ous study,15 the ratio of Jc(H)/Jc(0) can be expressed in terms 
of the activation energy, U, and some fitting parameters k1 
and k2 related to the vortices pinning nature. Using the Pois-
son distribution of the vortices, one can obtain the following 
formula (see Eq. 4 in Ref.15):

The data are fitted to Eq. (3), and the best-fitted param-
eters are k1 = 2.45, k2 = 0.155 T, α = 0.44, and Jc(0) = 
1.2 × 104 A/cm2. It should be noted that the data near H = 0 
deviates from the fitting curve. These data may be attributed 
to the surface effect. Indeed, these data are not symmetric 
with respect to the field direction owing to the avalanche of 
the flux jumps [15 and references therein].

It is also possible to explore the field dependence of the 
pinning force. The pinning force density depends on the pin-
ning of the flux distribution in the fluxoid lattice against 
Lorentz-like electromagnetic forces (F = γ/cJxB≈JB/c, 
in sufficiently high fields γ≈1). Magnetization relaxation 
in superconductors occurs because of the nonequilibrium 

(3)Jc = Jc(0)∕
[

1 + k1 exp (−1∕x) ⋅ x�
]

with x = H∕k2

spatial distribution of vortices. The critical equilibrium state 
is determined by the competition of the Lorentz force, the 
disorder-induced pinning force, and the thermal fluctua-
tion. The critical current is defined when the Lorentz force 
is just balanced by the pinning force. In the critical state, 
the interaction between the vortices and all microstructural 
defects gives rise to a pinning force Fp. The normalized pin-
ning force f = Fp/Fp,max as a function of reduced field h = 
H/Hc2 (here it is considered to be Hc2 ≈ Hirr) is found to 
obey a scaling relation, i.e., f = Ahp(1−h)q in which A is a 
prefactor, p and q are the exponents that describe the actual 
pinning mechanism.15 The normalized pinning force f = Fp/
Fp,max based on the model of Dew–Hughes can be modified 
to account for flux creep effects as follows37–40:

where S is the static flux rate, the exponent μ is an impor-
tant parameter to characterize both the relaxation and vortex 
dynamics. The activation energy, U can be related to β with 
the relation by U(Jc, H) = kBTβ (here, β = ln (tm/τo), tm is the 
measurement time, τo is the characteristic relaxation time 
for reaching from the initial non-equilibrium state to the 
equilibrium state, as is intrinsic to the system). The term f0 
is the background field-independent part. Figure 7 shows f 
versus h curves for the sample, LaFe2As2. The curve consists 
of two successive peaks, with the first narrow and intense 
peak at h ≈  0.06 and the second magnetization peak (SMP) 
at h ≈ 0.6, much broader, which is associated with a crosso-
ver from elastic to plastic vortex creep. In higher fields, the 
critical current density is affected by flux creep, whereas, in 
the low field regime, the grain boundaries appear to pin the 

(4)f = A0h
p(1 − h)q[1 + ��|S|]−1∕� + f0

Fig. 7   The normalized pinning force density, Fp/Fp,max, curves versus 
h = H/Hirr (Hirr is the irreversibility field) at T = 5 K is plotted sample 
of LaFe2As2.
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flux lines. At the low field, the supercurrent does not flow 
homogeneously and strongly depends on usually randomly 
oriented grains.41  The pinning on the grain boundary pro-
duces a low field maximum in the field dependence of pin-
ning force density. But a collective creep pinning becomes 
progressively easier with increasing field and the second 
maximum in Fpin has been attributed to the effect of collec-
tive pinning of vortices. Above the crossover, plastic vortex 
creep governs the vortex. Since S ∝ (Jc∕Jc0)

�,42–45 for the 
fitting to the lower field, we assume S = S0exp(−αh)hn. It 
should be noted that Jc decays exponentially at lower fields. 
By inserting this term into Eq. 4, we get f = A0hp(1−h)q[1+
μβS0exp(−αh)hn]-1/μ + f0. The best fitting parameter values 
are A0 = 7.26, p = 0.46, q = 0.97, μ = 1/7, α = 6.4, n = 1.86, 
μβS0 = 11.1, and f0 = − 0.43 for the first peak. As for the 
SMP, we assume S∝ hn and insert S =S0 hn term. The best 
fit to the SMP yields the fitting parameters A0 = 4.63, p = 2, 
q = 1, μ = 1/7, n = 2, μβS0 = 0.157, and f0 = 0.09.

Note that Fp/Fp,max exhibits two separate second magneti-
zation (SM) peaks. Data were scaled using the Dew–Hughes 
model. The continuous line indicates the fits with different 
colors with SM peaks using Eq. 5, as described in the text.

According to the obtained fitting parameters, the results 
can be interpreted as follows: (1) there are two kinds of 
pinning centers. At low fields, the normal surface pinning 
becomes dominant (perhaps, on the grain boundaries) while, 
at high fields, the results indicate Δk-pinning, point pins 
(inside the grains). (2) The field dependence of S in the range 
of 0 < h < 1 can be obtained by combining the low fields 
and high fields results in a single S curve, normalized to its 
value at H = Hirr (see Fig. 8). As a result, we conclude that 
the as-prepared LaFe2As2 sample consists of a number of 

smaller and similar magnetic domains (or clusters) devel-
oped by thermal agitation and magnetic field and becomes 
a superconductor at about T ∼ 14 K (see also the resistiv-
ity, Fig. 19a) such that the filamentary (between domain 
boundaries) and bulk (inside the domains) superconductiv-
ity coexist.

Pt has a strong spin-orbit coupling (SOC) due to 5d elec-
tronic orbitals. It is well known that strong spin-orbit cou-
pling and its strong correlations in electronic structure lead 
to a number of exotic physical phenomena in the system. 
We believe that, doping Pt in LaFe2As2, might cause a great 
influence by the SOC on the electronic degrees of freedom 
of the system, which, in turn, plays an important role in the 
participation of both in the magnetic and in the supercon-
ducting properties.

Figure 9 shows the temperature dependence of MZFC ver-
sus MFC at H = 20 Oe for the sample of LaP0.1Fe1.9As2. The 
irreversibility shifts significantly toward low temperature 
upon Pt doping when compared to that of LaFe2As2 and 
occurs below 250 K. Above Tirr, MZFC, and MFC merges, 
the magnetization increment linearly with temperature, T. 
Above Tirr, the susceptibility, χ is given by χ(T) = χ0 (1 + 
aT) at H = 0.02 T in which χ0 = 8.15 x 10−5 emu/g Oe (~ 
3.37 × 10−2 emu/mol) and a = 5.37 × 10−3 K−1.

Note that MFC changes its slope and turns up at Tcr ≈ 126 
K. As the temperature further drops, it is leveling off. It is 
also worth noting that M increases linearly with T (universal 
linear temperature behavior of the susceptibility) above Tirr. 
The inset on the left shows dMZFC/dT versus T, and the arrow 
indicates Tm where the curve passes through a maximum 
(Tm = 93 K). The inset on the right displays MFC versus 
T under H = 2 Oe cooling field. The arrows indicate the 

Fig. 8   The field dependence of relaxation rate, S(H, T) normalized to 
its value at H  = Hirr in the range of 0 < h < 1 at T = 5 K, where h = 
H/Hirr.

Fig. 9   MZFC(T) versus MFC(T) at H = 50 Oe for LaPt0.1Fe1.9As2. Note 
that M(T) splits into two branches (referred to as MZFC and MFC) at 
Tirr ∼ 250 K.
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critical temperature, Tcr, and superconducting phase transi-
tion temperature, Tc ≈ 10 K.

Thus, the universal linear temperature dependence sus-
ceptibility suggested for Fe-HTCS is confirmed, but it is 
held at high fields.46 MFC increases suddenly at Tcr ≈ 126 
K (and then levels off at lower temperatures), which is very 
close to the structural transition temperature, Tcr inferred 
from the sharp drop in MFC and MZFC curves for LaFe2As2 
(see Fig. 2). MZFC curve decreases gradually with decreasing 
temperature; no superconductivity is observed in our tem-
perature measurement range. However, when the sample is 
cooled under a very low field (in our experiment, the applied 
field is estimated to be less than H = 2 Oe), it becomes 100% 
bulk superconducting at around T = 10 K (see the inset of 
Fig. 9). The existence of superconductivity is evidenced 
from a sharp drop in the FC data in H = 2 Oe at T = 10 K 
(The value of 4πχ (FC) at 5 K exceeds −1, indicating that 
the shielding volume fraction at 5 K is almost 100%, a full 
Meissner state) and, in particular, from the zero resistance 
at this temperature in the resistivity measurement as given 
below. The other most remarkable finding concerned the 
large diamagnetic observed in the magnetization below Tcr. 
Similar behavior has already been observed in some other 

Fe-based superconductors [32 and references therein]; its 
origin is still under consideration. Figure 10a presents MZFC 
versus MFC at H = 20 Oe in the temperature range of 5–150 
K for La0.95Ba0.05Pt0.1Fe1.9As2 in the three different modes. 
The sample was first cooled from the room temperature 
down to 5 K in the applied field, H ~ −0.5 Oe. Subsequently, 
the magnetic field of 20 Oe was then applied. The magneti-
zation MZFC(T) was obtained while the sample was slowly 
warmed up to 300 K. As for the field-cooled magnetization, 
MFC(T) measurements, the sample was cooled down again to 
5 K without turning the magnetic field off. The most remark-
able observed features are concerned with a sharp drop in 
the initial magnetization at T ~ 100 K and giant diamag-
netism below 90 K. This diamagnetic signal stabilizes and 
decreases gradually but slightly until Tsc ~ 17.5 K, where the 
superconducting phase transition occurs. The curve changes 
the slope and goes up with Δ Msc ~ 3 × 10−3 emu/g down 
to 5 K.

In Fig. 10, the arrows indicate the initial measurement 
and subsequent measurement of magnetization. Initially, the 
sample is cooled down from room temperature to 5 K in the 
field of H ∼ − 0.5 Oe and then H = 20 Oe is applied. Note 
that the initial curve is upturned slightly at T ∼ 17.5 K, 21.5 

Fig. 10   Temperature dependence of magnetization, M(T) for (a) for La0.95Ba0.05Pt0.1Fe1.9As2, (b) for La0.8Ba0.2Pt0.1Fe1.9As2, (c) for 
La0.6Ba0.4Pt0.1Fe1.9As2, (d) for La0.4Ba0.6Pt0.1Fe1.9As2.
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K, 23.5 K, and 24 K with increasing Ba content due to bulk 
superconductivity. The insets of Fig. 10c and d present the 
magnetization data plotted on an expanded scale to demon-
strate the sample when cooled down in a very small field, 
whether positive or negative, a negative magnetization is 
produced, and thus the susceptibility becomes negative. It is 
noticed that the total detected diamagnetic moment between 
90 and 110 K, ΔMD ~ − 1 × 10-2emu/g at H ~ − 0.5 Oe. It 
should be noted that, unless the external field, H, exceeds 
the demagnetization field HD = 4πM(HD), the diamagnetic 
signal does not change its polarity, implying that the sample 
is cooled down in the internal field of the sample Hint. At T 
~ 17.5 K, the system undergoes a superconducting phase 
transition in the field of H = 20 Oe. The shielding volume 
fraction at 5 K (bulk superconductivity) is estimated to be 
η ~ 10% at H = 20 Oe. Here, we should emphasize that Ba 
doping (even a very small amount of doping, 0.05% Ba) 
results in a drastic change in the superconducting properties 
of LaPt0.1Fe1.9As2.

Figure 10b shows MZFC versus MFC as a function of the 
temperature in the range of 5-150 K at H = 20 Oe for the 
sample of La0.8Ba0.2Pt0.1Fe1.9As2. This sample has quite 
similar behavior to that observed in the previous sample. 
The only difference between these samples arises from the 
values of superconducting parameters, such as Tscand the 
superconducting volume fraction, induced by Ba doping. 
We find Tsc~ 21.2 K, η ~ 40%, and almost the same ∆MD 
~ −1 × 10−2 emu/g at H ~ − 0.5 Oe for this sample. In our 
previous work,32 we observed a similar giant diamagnet-
ism in the BaFePtAs2 compound. We point out here that the 
micro- (or nano-) scale ferromagnetic domain formations in 
the demagnetized state play a similar effect on the magnetic 
state in the case of the coexistence of magnetism and super-
conductivity. In the sample below 110 K, in order to demon-
strate the formation of the magnetic ordering on nanoscale 
with a diamagnetic contribution, we assume that magnetiza-
tion has two kinds of components; one is a pure diamagnetic 
contribution, the other is a paramagnetic component, which 
varies linearly with temperature. Here, the exponential term 
reflects from thermal agitation of the ordered magnetic 
regions (domains frozen with decreasing temperature). We 
use the formula M = Md + Mbexp(T/T0) + MpT, for the fit-
ting of M data taken under a very small external field. We 
get a perfect fit with the best fitting parameters’ values: Md 
= − 1.2 × 10−2 emu/g, Mb = 2.18 × 10−5emu/g with T0 = 
13.8 K and Mp = 3.6 × 10-5 emu/g K. When compared with 
those obtained parameters in our previous work, along with 
this respect for BaFePtAs2, it seems that all these results 
are quite reasonable. Similar measurements have been car-
ried out for the other compounds, La0.6Ba0.4Pt0.1Fe1.9As2 and 
La0.4Ba0.6Pt0.1Fe1.9As2, as shown in Fig. 10c and d, respec-
tively. We find Tsc ~ 23.2 K, η ~ 35% for the former sample 
and Tsc ~ 24 K, η = 100% (The value of 4πχ (ZFC) at 5 K 

exceeds − 1, indicating that the shielding volume fraction 
is 100%) for the later, at H = 20 Oe in both samples. Close 
inspection of the data at higher temperature reveals that the 
diamagnetic contribution still exists in both samples (see 
the insets Fig. 10c and d, for each sample), but the signal 
is reduced by a factor of 10 for the former sample. Interest-
ingly, it remains on the same order for the latter as com-
pared to those observed for the first two samples. It should 
be noted that this diamagnetic signal manifests as a jump in 
the magnetization, as shown on an expanded scale version 
of Fig. 10d at higher temperatures (see the inset of Fig. 10d.

We have also measured M(H) for the samples of 
La1−xBaxPt0.1Fe1.9As2 (x = 0.05; x = 0.2; x = 0.4 and 0.6) 
at 5 K in the field range 0–9 T (Fig. 11). As long as Ba 
content increases, the superconducting irreversibility in the 
isothermal magnetization gradually gets weakened such that 
M(H) approach towards typical modeling superparamagnetic 
(SPM) behavior. To investigate the origin of exclusion irre-
versibility with decreasing Ba doping, in our first attempts, 
the magnetic isotherms were analyzed by considering the 
fact that there are two main types of elementary mechanisms 
changing the magnetization, reversible and irreversible. The 
irreversible processes are responsible for magnetic and ther-
momagnetic hysteresis as well as time-dependent magnetiza-
tion phenomena (including the contribution of superconduc-
tivity to the irreversibility effects). In order to explore SC, 
the reversible part of the magnetization Mrev = (M+ + M−)/2 
where and M+ and M− are upper and lower branches of the M 
vs. H curves) was subtracted from the M(H) curves. We can 
decompose M versus H into two parts, namely, M = Mrev + 
Mirr, as mentioned above. Mrev versus H is plotted in Fig. 12.

Mirr versus H is also presented in Fig. 13a, b, c, and d 
for each sample separately. The shape of M(H) for x = 0.05 

Fig. 11   Field dependence of magnetization at 5 K for the 
La1−xBaxPt0.1Fe1.9As2 (x = 0.05, 0.2, 0.4, and 0.6) compounds. Note 
that all the samples exhibit the Meissner Effect. The paramagnetic 
contribution increases with increasing Ba content.
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suggests that we should consider the presence of an SPM 
phase in this compound. This S-shaped hysteretic M(H) 
curve for x = 0.05 could have its origin in short-range fer-
romagnetic ordering or a superparamagnetic (SPM)-like 
state or a combination of both. Note that the continuous 
red lines give the initial magnetization curves. Figure 13d 
presents Mirr versus H at 5 K up to the ± 2 T field to see low-
field details for x = 0.6. Figure 13e shows M versus H for 
positive H field-side up to H = 9 T. It is exclusively plotted 
to see high-field behavior. Note that M, Δ M, and Mrev are 
presented in the same figure in comparison with each other 
for x = 0.6. Indeed, we obtained reasonably a good fit for 
all the M(H) curves, by considering the equation M(H) = 
MLs(x) + M0 where x = μeffH/kBT. Ms represents the satura-
tion magnetization, μeff is the average magnetic moment per 
ion, L(x) = coth(x) − 1/x is the Langevin function, and M0 is 
the temperature-independent term as mentioned above. The 
results of these fits are listed in Table I.

It can be seen from the table that for all samples the 
effective magnetic moments are close to each other and 
lie between μeff = 1.8 −2.3 μB/ion, whereas the saturation 
magnetization, μs decreases linearly with temperature as Ba 
doping increases. The saturation magnetization increases 
linearly with decreasing Ba content, x, which can be well 
described by the straight-line equation of Ms = 8.85−12.6x 
(emu/g) (x is the atomic percent of Ba doping).

This result indicates that the magnetic ordering corre-
lation length decreases with increasing Ba atoms, but the 
bulk superconducting volume fraction increases with Ba, as 
mentioned above. This behavior leads us to suggest that the 
magnetic order competes with the superconducting ground 

state in this system. On the other hand, as already discussed 
above, the critical current density, Jc(H, T), is proportional 
to the Δ M = (M+ − M−). We have also calculated Jc as a 
function of the field, H at T = 5 K for all samples, and Jc(H) 
normalized to their zero-field values Jc(0) at T = 5 K is plot-
ted as shown in Fig. 14. The critical current density, Jc (T 
= 5 K; H = 0 Oe) of the sample of La0.4Ba0.6Pt0.1Fe1.9As2 
is thus estimated to be ∼ 1.8 × 105 A/cm2. Jc(0) versus x, 
Ba content. The current density, Jc(0) at T = 5 K, showed a 
linear behavior with the x content (see the inset of Fig. 14). 
The most remarkable feature in these figures is that Jc drops 
exponentially with temperature as

where H0 is an empirical characteristic field value. The fit 
using Eq. 5 yields the fitting parameters H0 for each sample. 
The results are summarized in Table II. It would be better to 
verify whether the current density for each sample decays 
exponentially with T as well or not. If so, as described in 
the previous reports for some high-Tc superconductors,15,47 
the results indicate the presence of superconducting grains 
separated by a weak link. A previous study47 shows that the 
presence of weak links reduces the Jc value due to the cur-
rent passing through Josephson junctions.

In Fig. 14, Jc(H)/Jc(0) for x = 0.05 behaves differently 
when compared to the other, as explained in the text. The 
inset presents Jc (T =5 K, H =0) versus x, the critical current 
density, Jc increases linearly with T. To give further sup-
port to the collective vortices dynamic, the normalized pin-
ning force, Fp/Fp,max as a function of the reduced field h=H/
Hirr. Here, we define the irreversibility field Hirr at which 
Jc(H) extrapolates to zero from the field closure of hysteretic 
magnetization loops (as described below). Figure 15 shows 
Fp/Fp,max versus h (= H/Hirr) at T = 5 K for the sample of 
La0.95Ba0.05Pt0.1Fe1.9As2.

Here, Hirr is estimated from the field closure of hysteretic 
magnetization loops after subtracting reversible paramag-
netic component (see Fig. 13a) to be ~ 12 T. We observe a 
second magnetization peak (SMP), which is associated with 
collective vortex behaviors. For example, Krusin-Elbaum 
et al.48 described the fishtail effect as a change in magneti-
zation relaxation due to the crossover from single vortex to 
collective pinning. It is well known that the SMP is closely 
related to the property of an elementary pinning center. 
There is a number model suggested for this effect [48, 49, 
and references therein]. We have used Eq. 4 to fit the data. 
The fit of Fp/Fp,max for the SMP yields the prefactor A0 = 
16.2, p = 1, q =2, μCS0 = -2.75 with μ = 1/7, α=1.95, and 
the background j0 = -2.7. As described above, we assume 
that S ∝ exp (-α/h) possess a similar reason as mentioned 
above (since S ∝  (Jc/Jc0)μ and thermal agitation of the pin-
ning centers at higher fields become dominant) to introduce 

(5)Jc(T)∕ Jc(0) = a − exp
(

−H∕H0

)

+ j0

Fig. 12   Mrev versus H (up to 9 T) at T = 5 K for the 
La1−xBaxPt0.1Fe1.9As2 (x = 0.05, 0.2, 0.4, and 0.6) compounds. Note 
that the fitting curves using the Langevin expression are presented for 
all the samples with continuous lines of the same color (cyan) .
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this term. This can improve the quality of fitting, as seen in 
Fig. 15.

Note that a change from single vortex creep to collective 
vortex creep with increasing field sets on hon ≈ 0.05 T is 
indicated in the figure. The relaxation rate, S, passes through 
a maximum at he-p ≈ 0.5 T, where the transition from elastic 

to plastic state may take place. Indeed, instead of using one 
unique function, including two peaks in the fitting, each peak 
fitting was performed separately. To reduce the number of 
fitting parameters, we could use the results obtained from 
the separate fitting. Instead, the fitting parameters of S are 
plotted in the same figure, and then we combine them to get 

Fig. 13   The Mirr versus H at T = 5 K in between H = ± 9 T for the 
La1−xBaxPt0.1Fe1.9As2 (x = 0.05, 0.2, and 0.4) compounds after sub-
tracting the paramagnetic contribution from M measured as described 

in the text, presented as Fig. 13a, b, c, and Fig. 12d for x = 0.05, 0.2, 
0.4, 0.6, respectively.
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a common curve in the entire range of h(=H/Hirr). Thus, 
using such a simple way, we could get the field depend-
ence of the logarithmic relaxation rates S=−(1/M) (dM/dlnt) 
determined at 5 K. As shown in Fig. 16, S passes a through a 
minimum at hon =0.05 where a collective creep mechanism 
starts (note that the pinning energy U does not depend on 
field below hon) and then increases with the field, reaches a 
maximum at a field he-p =0.5 and then slows down where 
it takes a phase transition from an elastic vortex state to a 
plastic vortex.45,50,51 As a result, we conclude that more than 

Table I   Fitting of the Mrev versus H at T = 5 K using the Langevin equation for the samples of La(1−x) BaxPt0.1Fe1.9As2 (x = 0.05, 0.20, 0.40, and 
0.60). The fitting parameters Ms, M0, μs, and μeff are listed

Sample Ms (emu/g) μs (μB/f.u) μeff (μB/ion) M0 (emu/g)

La0.95Ba0.05Pt0.1Fe1.9As2 8.67 0.64 1.80 0.46
La0.8Ba0.2Pt0.1Fe1.9As2 5.77 0.43 2.23 0.40
La0.6Ba0.4Pt0.1Fe1.9As2 3.69 0.27 2.22 0.36
La0.4Ba0.6Pt0.1Fe1.9As2 1.5 0.12 2.22 0.16

Fig. 14   The critical current density, Jc (H, T= 5 K) normalized to its 
value at H = 0, Jc(0, T = 5 K), Jc(H)/Jc(0) versus H at T = 5 K for the 
La1−xBaxPt0.1Fe1.9As2 (x =0.05, 0.2, 0.4, and 0.6) compounds.

Table II   The critical current density normalized to its value at 
T = 5 K, Jc(H)/Jc0 is fitted to the empirical expression, Jc(H)/
Jc0 = j0 + a.exp(-H/H0) for the samples of La1-xBaxPt0.1Fe1.9As2 (x 
=0.05,0.20,0,40, and 0.60). The fitting parameters, j0, a, and H0 are 
listed

Sample A0 k1 k2(T) α

La0.95Ba0.05Pt0.1Fe1.9As2 0.43 1.7x10-6 0.0082 2.57
La0.80Ba0.20Pt0.1Fe1.9As2 3.38 3.32 0.020 0.009
La0.60Ba0.40Pt0.1Fe1.9As2 7.78 3.03 0.625 0.0123
La0.40Ba0.60Pt0.1Fe1.9As2 11.15 2.03 0.35 0.29

Fig. 15   The normalized pinning force density, Fp/Fp,max, curves ver-
sus h=H/Hirr (Hirr is the irreversibility field) at T = 5 K is plotted 
sample of La0.95Ba0.05Pt0.1Fe1.9As2. Note that Fp/Fp,max exhibits two 
separate magnetization (SM) peaks. Data were scaled using the Dew-
Hughes model. The continuous line indicates the fits with different 
colors with SM peaks.

Fig. 16   The field dependence of relaxation rate, S (H, T) normal-
ized to its maximum value, Smax in the range of 0<h<1 at T = 5 for 
La0.4Ba0.6Pt0.1Fe1.9As2.
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one pinning mechanism may be operating in this material. 
Their effects will add and produce a new pinning function; 
thereby, different mechanisms govern the shape of Fp/Fp, max 
curve. Jc(H) at T = 5 K was analyzed within the collec-
tive pinning model at low fields for La0.8Ba0.2Pt0.1Fe1.9As2, 
La0.6Ba0.4Pt0.1Fe1.9As2, and La0.4Ba0.6Pt0.1Fe1.9As2. Under 
the collective pinning model,15 Jc(T)/Jc0 (5K) versus H 
curves were evaluated, and the related fitting parameters 
were obtained by using Eq. 3 and listed in Table III.

It must be borne in mind that careful measurement of Jc 
versus H over as wide a temperature range as possible is 
required to compare the predicted pinning functions with 
experimental findings. We assume that Hc2 ≈ Hirr, an accu-
rate determination of Hc2 is usually estimated by extrapo-
lation of Jc versus H to Jc = 0. It is common to make a 
linear extrapolation, or it is more appropriate to extrapolate 
J
1∕2
c  versus H. It is also worth noting that there is a remark-

able difference in the field dependence behavior of Jc /Jc0 
between the sample for x =0.05 Ba content and those for 
the others x= 0.2, 0.4, and 0.6, as shown in Fig. 14. Jc(H) 
behavior closer to exponential decay A exp(−H/H0) rather 
than a power-law decay H-α (which is consistent with strong 
pinning theory predictions) is observed in x =0.2, 0.4, and 
0.6 samples covered the measurement field range 0-9 T. 
While we observe an exponential decay for x = 0.05, in Jc 
at H< 30 T, but, at higher fields, it exhibits a rounded maxi-
mum located at H ~ 7 T (h =0.7, Hirr ~ 10 T) to the second 
magnetization peak (SMP) as described above, which allows 
us to determine an accurate determination of Hirr for this 
composition at T = 5 K. However, we fail to reveal the pin-
ning mechanism at higher fields for the other compounds at 
this temperature because the accurate interpretations in this 
respect are only possible by knowing the exact determination 
of the irreversibility field Hirr. To demonstrate the difficulty, 
we also present M(H) curve separately at 5 K in higher field 
sides, as seen in Fig. 10e. As shown in the figure, it appears 
that the irreversibility will take place at much higher fields 
than our highest measurement field 9 T.

The only way to determine the Hirr is to perform the mag-
netization measurements at higher temperatures below Tsc. 
The M vs. H measurement at Tsc =24 K in between H =±9 
T for La0.4Ba0.6Pt0.1Fe1.9As2 is performed. Its irreversible 

component, Mirr vs. H, obtained from the M vs. H curve 
after subtracting the reversible component, Mrev is plotted 
in Fig. 17. Please see also M-H, Mrev vs. H, and Jc/Jc0 vs. H 
presented in the insets of Fig. 17. The fit to Eq. 4 yields the 
best-fitting parameter values. These are k1 =0.66, k2 =0.9 T, 
α = 0.23, and Jc(0) = 22.5 A/cm2.

Note that Fp/Fp,max exhibits two separate second mag-
netization (SM) peaks. The continuous red line presents 
the fit to the Eq. 4 is described in the text. Note that the 
second magnetization peak is relatively weak. The accu-
rate determination of the irreversibility field will enable 
us to provide the field dependence of the pinning force 
normalized to its maximum value, Fp/Fp,max at this tem-
perature (see Fig. 18). It should be noted that two peaks 
are superimposed, but both are evident in Fig. 18. The 
peak on the high field side gives the second magnetization 
peak, which is relatively too weak, inappropriate for fit-
ting. We only evaluate the peak located at the lower field 
side. The fitting parameters (extracted after fitting the low-
field side data to Eq. 4 used) are A0 = 14.1, p = 1, q =2, 
μCS0 = 0.13 with μ = 1/7, α=0.86, n = −2.16 and the 
background j0 = -0.025. As described above, we assume 
that S ∝ hnexp(-α/h) possesses a similar reason as men-
tioned above. This pinning corresponds to normal point 
pins. In fact, there are usually two types of pinning centers 
to be referred to as '∆κ pinning' and 'normal pinning'. The 
values of these parameters suggest point pins whose 
dimensions in all directions are less than the inter-flux line 
spacing 
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Table III   Normalized current density to its value at T = 5 K to the 
empirical equation Jc(H)/Jc0 =1/ [1 +k1exp(-k2/H) (H/k2) α]. The fit-
ting parameters, J0c, k1, k2, and α are listed for the samples of La(1-x) 
BaxPt0.1Fe1.9As2. (x =0.05, 0.20, 0.40, and 0.60)

Sample J0 a H0 (T)

La0.95Ba0.05Pt0.1Fe1.9As2 -0.001 0.022 1.54
La0.80Ba0.20Pt0.1Fe1.9As2 2.11 6.46 2.67
La0.60Ba0.40Pt0.1Fe1.9As2 2.16 6.56 0.48
La0.40Ba0.60Pt0.1Fe1.9As2 3.12 9.87 0.34

Fig. 17   Mirr versus H at T = 24 K in between H = ±9 T for the 
La0.4Ba0.6Pt0.1Fe1.9As2. Note that the initial magnetization curve was 
given by the continuous red line. The lower inset on the right presents 
M versus H at T = 24 K between H = ±9 T. The upper inset on the 
left displays Jc/Jc0 versus H. The red line is the best fitting curve to 
Eq. 4 in the text.
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quantum, B is the magnetic induction field in the sample. 
Since small and point-sized defects limit the mean free 
path, l, of the conduction electrons, the vortex pinning in 
this sample can be attributed to δl-type pinning.

The  magnet i c  and  e l ec t r i c  p rope r t i e s  o f 
La0.8Ba0.2Fe2AS2 compound have been investigated exclu-
sively to explore the role of Ba (hole-doped in an indirect 
way) in the superconducting properties. Temperature-
dependent magnetization curves measured in the ZFC, 
FC conditions in the presence of H = 20 Oe are shown in 
Fig. 19. The initial magnetization data are also recorded 
during cooling the sample from the room temperature to 
5 K in the remnant field of the magnet (the residual mag-
netic field is the field that remains in the magnet after the 
current is turned off, which is estimated to be ∼ 1 Oe) 
(indicated by black symbols in Fig. 19).

It should be noted that MZFC drops sharply at around 126 
K and exhibits a giant diamagnetic magnetization. The con-
tinuous line is the fitting curve using the empirical equation 
M = Mdia+M1exp(−Δ/T) as described in the text.

The kink observed in this curve can be associated with 
the onset (indicated by arrow) of the bulk superconducting 
transition at Tc ~ 14 K, at which the resistivity shows a sharp 
drop (see Fig. 26). The volume fraction of superconductiv-
ity at T=5 K is estimated to be approximately 27 %. The 
other phase transition occurs at around T = 126 K (indicated 
by another arrow in the figure), which seems to be associ-
ated with the cluster frozen processes.32 It should be noted 
that a giant diamagnetism is observed in the ZFC condition 
and FC unless the cooling field, Hc is much greater than the 

coercive field, Hcoer of the sample, implying that the sample 
is cooling in its internal field or other words the effective 
magnetic field, Heff seen by clusters is almost zero. Indeed, 
we use M = Mdia +M1exp(−Δ /T) to fit the M data, yielding 
Mdia = −0.0167 emu/g , M1 = 13 emu/g, and Δ = 860 K. 
The fitting quality is quite satisfactory. In fact, the freezing 
transition is a quite general phenomenon and thus applicable 
to a diverse range of systems, such as spin glasses via (say) 
the random energy model. The theory of thermal activation 
plays a central role, in which the rate at which a particular 
<Meq > occurs is given by the product of an attempt rate 
νi, and the probability that such an attempt is successful, 
exp(−β∆Ei ), which is characterized by an energy barrier 
∆Ei = kB Δ and temperature β = 1/ kBT. As for Mdia used in 
magnetization can be attributed to the frozen domain pairs. 
As pointed out by the Buzdin group,52 perhaps the domain 
walls may generate superconducting vortices in the domains.

We have also demonstrated the Meissner state of this 
compound at T =5 K. Figure  20 shows Mirr versus H 
curve between in H = ∓ 0.05 T. From the same M data, as 
described above, The normalized pinning force to its maxi-
mum value as a function applied magnetic field, Fpin/Fpin,max 
versus h (H/Hirr), has been plotted in Fig. 21. Using Eq. 4, 
the best values of the fitting parameters are obtained as fol-
lows A0 = 3.27, p = 0.5, q =2, μCS0 = 0.333 with μ = 1/7, 
h0=0.017 T [here, we used exp(-h0/h) term instead of exp 
(-�h)], n = -0.216 and the background j0 = 0.36. The fitting 
parameters obtained from the fitting lead us to suggest that 
normal surface flux pinnings occur on the interfaces of grain 
boundaries (or on the domain wall surfaces).

Fig. 18   The normalized pinning force density, Fp/Fp,max, curves ver-
sus h=H/Hirr (Hirr is the irreversibility field) at T = 24 K is plotted for 
the sample of La0.4Ba0.6Pt0.1Fe1.9As2.

Fig. 19   MZFC versus MFC at H = 20 Oe in the temperature range, 
5 K<T<300 K. The lower curve is the initial magnetization data 
recorded during cooling the sample to 5 K, in the very small field 
estimated to be ~ 1 Oe (remnant field of the magnet).
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Resistivity Analysis

The resistivity measurements have been carried out on 
the samples of LaFe2As2, La1-xBaxPt0.1Fe1.9As2 (x = 0, 
0.05, 0.2, 0.4, and 0.6) in the temperature range of 5 
– 300 K. Figure 22 shows the temperature dependence 
of resistivity for the samples with different x values. In 
the nanoscale range, all of the samples transition from 
a high-temperature spin disordering (or partly ordering) 
state to a low-temperature spin ordering (ferromagnetic-
like) state. However, in a larger scale range, we observe 

superparamagnetic-like behavior as described above. In 
the normal state, the resistivity data is divided into two 
regions: the lower temperature range takes place between 
Tc and Tm where the resistivity change the slope (note that 
the mean free path of the conduction electrons is about a 
few angstroms in over the entire temperature range), the 
other is considered to cover the range of temperatures, 
Tm≤T<300 K.

Figure 22a shows the resistivity, ρ(T) for the collapsed 
tetragonal phase of LaFe2As2 (CT-La122) taken from the 
paper published by Iyo et al. (see Ref 18). The supercon-
ducting phase transition, Tsc is estimated to be as 14 K indi-
cated in the figure. Tsc for each sample is also estimated in a 
similar way and indicated in the figure. The continuous blue 
lines are the fitting curves using ρ= ρ0 + ATn (T-power law) 
in low-temperature range; the continuous red lines are the 
fitting curves using ρ= ρ0 + ρ1T +ρ2(1/T) exp(−Δ/T) expres-
sion in the high-temperature range for all samples. Insets 
present the temperature derivative of the resistivity, dρ/dT 
vs. T. It passes through a maximum at Tm where a magnetic 
transition from paramagnetic phase to magnetic ordering 
phase is observed.

We find that the resistivity of all the samples except 
La0.4Ba0.6Pt0.1Fe1.9As2 is well described by the temperature 
dependence of the form ρ(T) = ρ0+ ATn. The best values of 
the fitting parameters are listed in Table IV.

The resistivity of the LaFe2As2 sample just above the 
superconducting transition follows almost perfectly a linear 
temperature dependence. The other doped sample displays a 
T2 dependence or close to the quadratic behavior as expected 
for a Fermi liquid at low T in terms of a single band pic-
ture, despite the multiband nature of the electronic structure 
predicted for the Fe based superconductors. The observa-
tion of T2 behavior at such elevated temperatures indicates 
the presence of strong electronic correlations. The linear 
temperature behavior of the resistivity in LaFe2As2 may be 
associated with their two-dimensional character for electron 
transport as commonly observed in high-Tc cuprate53 and 
previously reported in some Fe-based superconductors [54, 
and references therein] as well. It is also noticed that with 
the increasing Ba content, the resistivity deviates slightly 
from the T2-dependence. These findings impose new con-
straints on the mechanisms responsible for inelastic scatter-
ing of the conduction electrons and Fermi-surface transfor-
mation in the Ba-doped LaFe2As2 system. Note also that the 
residual resistivity, ρ0 increases linearly with the increasing 
Ba content, x from 37 μΩ cm for x =0.05 to 117 μΩ cm 
for x = 0.40. It may be attributed to the atomic disordering 
induced by Ba content, apart from also lowering the electron 
charge carrier density.

At higher temperatures, we adapted the following empiri-
cal expression to describe the resistivity data, as suggested 

Fig. 20   Mirr versus H at T = 5 K between H = ∓ 0.05 T for the 
La0.80Ba0.20Fe2As2. Note that the continuous red line gives the initial 
magnetization curve.

Fig. 21   The normalized pinning force density,Fp/Fp,max, curves versus 
h=H/Hirr at T = 5 K is plotted for the sample of La0.80Ba0.20Fe2As2. 
The continuous line indicates the fitting data.
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by Gasparov et al.55 for the system of K-doped BaFe2As2 
compounds.

(6)�(T) = �0 + �1T
� + �2(1∕T) exp (−∕T)

It is noted that α varies within the range 1≤α≤2. The 
first two terms are closely related to those obtained for the 
low temperature-side region. It is found that the adding of 
the second exponential term together with (1/T) prefactor 
well describes the resistivity above Tm. The fitting tem-
perature ranges are indicated in the figure for each sample. 
The best-fitting value for the fitting parameters, ρ0, ρ1, ρ2, 
α, and Δ are given for each sample in Table V.

In fact, Wilson56 first suggested the exponential term in 
the above equation arising from interband electron-pho-
non umklapp scattering from a low-mass s-band sheet to 
a heavy-mass d-band sheet for Nb3Sn. The freezing out of 
these processes at low temperatures is responsible for the 
exponential dependence of ρ(T). Then, such a scenario for 
electron-phonon umklapp scattering between a small and 
large Fermi-surface sheet was considered by some low-tem-
perature superconductors such as Nb3Sn. In this model, Δ = 
ћ Δ ks/kB is the temperature at which the averaged phonon 
wave vector q is equal to the inter-sheet distance Δk, s is 
the sound velocity, and kB the Boltzmann constant. For our 

Fig. 22   Resistivity as a function of the temperature for the LaFe2As2 and La1-xBaxPt0.1Fe1.9As2 (x = 0, 0.05, 0.2, and 0.4) compounds introduced 
by (a), (b), (c), and (d), respectively.

Table IV   The resistivity ρ(T) is fitted to the empirical expression for 
the sample of LaFe2As2 and La1-xBaxPt0.1Fe1.9As2(x =0, 0.05, 0.20, 
0.40, and 0.60), ρ = ρ0 +ATn. The fitting parameters ρ0, A, and n are 
listed

Sample ρ0 (x10-2mΩ 
cm)

A (x10-6mΩ 
cm K-α)

n

LaFe2As2
* 11.6 71 1.0

LaPt0.1Fe1.9As2 4.3 0.34 2.0
La0.95Ba0.05Pt0.1Fe1.9As2 3.7 0.98 2.0
La0.80Ba0.20Pt0.1Fe1.9As2 7.6 0.72 1.85

La0.60Ba0.40Pt0.1Fe1.9As 11.7 1.91 1.75
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system, Δk may correspond to the nesting vector between 
d-holes and electron pockets. It is widely believed that spin 
fluctuations due to interband electron-hole scattering play 
a crucial role not only in the superconducting pairing but 
also in normal transport.57 However, rigorous theoretical 
approaches are required to clarify these assertions. It should 
be noted that the parameter Δ decreases with x by the rela-
tion Δ = Δ0(1 − x) where Δ0=183 K. It is interesting to note 
that the linear increase of Tc with x seems to be highly cor-
related with the linear decrease in the energy gap Δ.

It is also noted that La0.4Ba0.6Pt0.1Fe1.9As2 exhibits a 
Kondo effect, as seen in Fig. 23. The resistivity data below 
Tk=51 K is well described by the ρ = ρ∞ -ClnT. The fitting 
parameters are indicated inn the inset in Fig. 22d. Similar 
behavior has already been observed in the epitaxial thin 

films of Ba1-xLaxFe2As2 (x = 0.13 and 0.18) and reported 
previously [for further detail see Ref. 58]. Finally, we would 
like to point to a certain similarity in the temperature behav-
ior of the resistivity in Ba1-xKx122 and La1-xBax122 super-
conductors. By substituting Ba2+ for La3+ ions, we have 
introduced holes in LaFe2As2, while by substituting Ba2+ 
for K+ ions, one can introduce holes in the BaFe2As2 system. 
Both parent components have the same crystal structure. So, 
it is expected to find similarities in the temperature behavior 
of their resistivity between these systems.

The resistivity data in Fig. 24 were fit to different empiri-
cal expressions [ρ = ρ0+aTn and ρ = ρ0 +ρ1T2 + ρ2(1/T) exp 
(− Δ/T)] below, and above Tm, the fitting curves are indicated 
by continuous blue and red lines, respectively. Indeed, when 
we introduced the resistivity curve of Ba0.62K0.38Fe2As2 from 
Gasparov's paper55 (see Fig. 24), we find that this compound 
behaves in the same way as far as the temperature depend-
ence of their resistivity is concerned. It should be noted that 
Tm ≈ 93 K indicated in the inset of Fig. 24, where the dρ/
dT passes through a maximum, which has taken as the Néel 

Table V   The resistivity ρ(T) is 
fitted to the emprical expression 
for the sample of LaFe2As2 and 
La1-xBaxPt0.1Fe1.9As2 (x =0, 
0.05,0.20, 0.40, and 0.60), ρ 
= ρ0 + ρ1Tα +ρ2exp(-Δ/T). The 
fitting parameters, ρ0, ρ1, Δ, and 
α are listed

Sample ρ0 (x10-2mΩ 
cm)

ρ1 (x10-6mΩ cm 
K-α)

ρ2 (mΩ cm K) Δ(K) α

LaFe2As2
* 17 115 166 525 2.1

LaPt0.1Fe1.9As2 3.8 0.6 10 150 1.6
La0.95Ba0.05Pt0.1Fe1.9As2 3.8 1.27 36 174 1.93
La0.80Ba0.20Pt0.1Fe1.9As2 7.1 1.26 12 143 1.82
La0.60Ba0.40Pt0.1Fe1.9As 12 1.87 8.2 118 1.82
La0.40Ba0.60Pt0.1Fe1.9As 63.7 2.43 255 70 1.82

Fig. 23   Resistivity as a function of the temperature for the sample of 
La0.4Ba0.6Pt0.1Fe1.9As2 . Two temperature regions above Tsc are evi-
dent: one ranges between Tsc ≈ 24 K and Tm ≈ 68 K, the other above 
Tm. The continuous blue line is the fitting curve using ρ= ρ0 + ρ1T 
+ρ2(1/T) exp(-∆/T) expression in the high-temperature range as 
described in the text. Below Tm, a resistivity minimum is observed at 
Tk ≈ 51 K, referred to as the Kondo minimum. ρ =ρ∞ –Cln(T) expres-
sion is used for the fitting above Tk (the continuous red line presented 
in the figure of the inset). Inset shows the resistivity data in the range 
Tsc<T<Tm on an expanded scale.

Fig. 24   The temperature dependence of the resistivity, ρ(T) for 
Ba0.68K0.32Fe2As2  introduced from Ref.  55 (see Fig. 1 in this refer-
ence). The inset shows the temperature derivative of ρ, dρ/dT ver-
sus T. It passes through a maximum at Tm, the Neel temperature, 
TN of Ba0.62K0.38Fe2As2.
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temperature, TN for this compound. However, Avci et al. for 
x >0.2 reported59 that the magnetization anomaly at TN is 
too weak to be detected in their magnetization study using 
SQUID. We believe that the cluster (or domain) frozen 
effects at higher K doping result in such peculiar behavior. 
We believe that the resistivity measurement technique pre-
sumably would be better as a microscopic probe to reveal 
the antiferromagnetic phase transition, owing to detect the 
spin ordering in the microscopic scale since the mean free 

path of the conduction electrons is about 10-50 Å (ρ ≈ a few 
mΩ cm in normal state).

It is also interesting to note that the superconducting tran-
sition temperature, Tsc determined from the magnetization 
measurements, which does not coincide precisely with that 
of obtained values from the resistivity measurements. From 
the electrical resistivity measurements, it is found that Tsc 
increases linearly with increasing Ba doping concentration 
x; namely, it is well described by Tsc =22.55 + 2.48x [K], 
whereas, from the magnetization study, it is seen that Tsc 
increases logarithmically with x given by the relation of Tsc 
=25.5 + 2.65lnx [K], as shown in Fig. 25. This difference 
can be explained by the fact that the resistivity measurement 
is microscopic; that is, it is very sensitive to the change in 
the magnetic state within the microscopic scale.

We also introduce the resistivity data of the compound 
La0.8Ba0.2Fe2As2 in the temperature range of 5–300 K. As 
shown in Fig. 26, there are many aspects of the data that 
require detailed temperature analysis.

In Fig. 26, the continuous blue lines are the fitting curves 
using ρ= ρ0 + ρ1T2 + ρ2 exp (−Δ∕T) in the low-temperature 
range (20 K<T<126 K), the continuous red lines are the 
fitting curves using ρ= ρ0 +ATexp(−Δ/T) expression in the 
high-temperature range (126 K<T<220 K). Insets present 
the temperature derivative of the resistivity, dρ/dT vs. T. It 
passes through a maximum at Tm where a magnetic tran-
sition from the paramagnetic phase to magnetic ordering 
phase is observed.

It seems to us likely that the same empirical expression 
used in similar compounds with thin films56 can account 
for the resistivity data in this compound. According to this 
study, in the temperature range in Tsc<T<Tm the resistiv-
ity changes its slope at Tm, shown in the inset of Fig. 26. 
The resistivity, ρ can be written as a sum of two com-
petitive terms: ρ = ρ0 +ρ1T2+ρ2exp(−Δ/T), the first term 
acts as ρc(1−αT2), implying that the resistivity increases 
with decreasing temperature due to the spin fluctuations 
(or Kondo effect); 60,61 the second term is associated with 
interband scattering. The exponential term was first sug-
gested by Wilson56 since there are two pockets to this 
Fermi surface for our system [one pocket near k=0 (the Γ 
point) and one pocket near k= (π, 0) (the M point); tThese 
two pockets are said to be nested], we have very recently 
suggested that this exponential term is closely related to 
the nesting vector between d-holes and electron pockets.58 
The fitting parameters are ρ0 = 0.3 mΩ cm, ρ1= −2.6x10−5 
mΩ cm/K2, ρ2 =3.27 mΩ cm, and Δ =148 K. It is noticed 
that the second term becomes dominant over the first 
term. Otherwise, it would exhibit a resistivity minimum 
at this compound, as observed in thin films of similar com-
pounds.58 As for the resistivity at temperatures above Tm, 
the following empirical expression gives a perfect fit: ρ = 
ρ0+ATexp (−Δ∕T). This expression has already been used 

Fig. 25   The superconducting transition temperature, Tsc as a function 
of doping concentration, x. Note that Tsc determined from resistivity 
increases linearly with x, well described by Tsc = 22.55+2.48x [K], 
but logarithmically with x, Tsc =25.5 + 2.65lnx [K] when it was deter-
mined from magnetization measurements

Fig. 26   Resistivity as a function of the temperature for the samples of 
La0.80Ba0.20Fe2As2). The superconducting phase transition, Tsc is esti-
mated to be 14 K as indicated by an arrow in the figure.
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by many authors62 in 122 Fe pnictide superconductors. It 
is generally introduced in order to describe the universal 
superlinear resistivity ρ(T). The above empirical formula 
yields the best fitting parameters values in the temperature 
range, Tm<T<220 K was obtained as ρ0 = 0.5 mΩ cm, A 
= 8.5x10-3 mΩ cm/K, and Δ = 128 K. Above 220 K, the 
fitting deviates more and more from the superlinear tem-
perature behavior to the normal linear T behavior. As a 
result, we can conclude that only hole-doped LaFe2As2 
provides significantly different temperature behavior of 
resistivity compared to electron-doped samples. This is 
due to electron and hole doping to LaFe2As2 resulting in 
different electron and hole pockets Fermi surface topolo-
gies as expected.

Conclusion

Novel superconductors La1-xBaxPt0.1Fe1.9As2 (x =0, 0.05, 
0.2, 0.4, and 0.6) were synthesized for the first time by 
using a conventional solid-state reaction method with sub-
stitution of a small amount of Pt (nominal ~1 at %) at Fe 
sites and divalent Ba for trivalent La in LaFe2As2. All the 
samples are well crystallized under the same conditions in 
the ThCr2Si2-type structure with a space group of I4/mmm.

1. As prepared, the LaFe2As2 sample in the normal state 
consists of a large number of smaller and similar magnetic 
domains developed by the thermal agitation under the inter-
nal magnetic field during the cooling process. It becomes a 
superconductor with Tsc ≈ 14 K (measured from the resistiv-
ity measurements). Based on the implication of the pinning 
force Fp analyses, we conclude that the superconductivity 
has a predominantly percolated filamentary character

occurring on the domain surfaces.
2. Ba2+substitution for La3+ produces a bulk supercon-

ductivity in La1-xBaxPt0.1Fe1.9As2 (x =0, 0.05, 0.2, 0.4, and 
0.6) with a maximum Tc of ~24 K at x ≈ 0.6. Superconduct-
ing volume fraction increases gradually with x. Its maximum 
value obtained by magnetic susceptibility measurement is 
100 % for x =0.6.

3. We observe a giant negative diamagnetic susceptibil-
ity at about 115 K for all Ba-doped samples, but its origin 
remains unknown.

4. After subtracting the paramagnetism from the meas-
ured M-H curves, the critical current density, Jc, and nor-
malized pinning force Fp/Fp, max as a function of the applied 
field are obtained. Based on the results obtained from these 
analyses, we claim that the superconductivity in as prepared 
all the samples occurs on the domain boundary with the 
filamentary character and bulk superconductivity inside the 
domains.

5. We revealed that La0.4Ba0.6Pt0.1Fe1.9As2 has a very 
high Hc2, and its critical current density Jc at 4.2 K and 9 
T achieves an order of 105 A/cm2, which is suggested for 
high-field magnet applications.

6. It is likely that the diamagnetism observed in this sys-
tem is due to the induced ring currents which are localized 
on the small clusters.32,63 The strongly enhanced diamag-
netism is scaled with the size of the cluster and the large 
number of electrons involved.
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