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Quasiparticle scattering in 3 MeV proton irradiated BaFe2(As0.67P0.33)2
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Effects of 3 MeV H+ (proton) irradiation on superconductivity in BaFe2(As0.67P0.33)2 was investigated through
in situ resistivity measurements and magnetotransport measurements. The suppression of Tc by H+ irradiation
is more moderate in comparison with electron irradiation, yet more effective than that of irradiation of heavier
He+ ions. Surprisingly, the B-linear magnetoresistance (MR) in the pristine crystal crosses over to an anomalous
negative MR after the irradiation. We discuss that the negative MR is most likely to emanate from sparse magnetic
impurities. The appearance of a paramagnetic signal in magnetization measurements supports the existence of
magnetic impurities in the sample. Although the estimated concentration of local magnetic moments suggests
that the concentration of magnetic impurities is dilute, thereby signifying that irradiation-induced defects are
dominantly nonmagnetic, the role of magnetic scattering cannot be completely neglected. Hence, H+ irradiation
in this system contains magnetic-scattering centers, which are pair breakers for both the s++- and the s±-gap
structures, indicating that the suppression of Tc is a consequence of both magnetic and nonmagnetic scatterings.
This result opens up the possibility for the scenario of the slow but steady suppression of Tc emanating from the
s++-gap symmetry with pair breaking due to dilute magnetic scatterers.
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I. INTRODUCTION

Disorder is a powerful phase-sensitive utility in allowing
one to probe the pairing interaction in superconductors. As
asserted in Anderson’s theorem, in conventional isotropic
s-wave superconductors, nonmagnetic-scattering centers in
the weak disorder regime bear no impact on the supercon-
ducting transition temperature (Tc) [1]. On the other hand,
perturbations that break time-reversal symmetry induced, for
example, by magnetic impurity scattering produce midgap
bound states, impairing superconductivity in accordance with
the Abrikosov-Gor’kov (AG) equation [2]. An extension of
this rudimentary theory is applied to superconductors with
unconventional gap structures where nonmagnetic impurities
in those with symmetry-protected gaps, such as the d-wave
or s±-wave gap symmetry scatter quasiparticles between sign-
reversing gaps. Such a scenario leading to the formation of
midgap states suppresses Tc following the AG framework [3,4].

Albeit recent experimental investigations strongly advocat-
ing the sign-reversing s±-gap structure in iron-based supercon-
ductors (IBSs), experimental investigations through chemical
doping and light-particle irradiation indicate a suppression
of Tc with increasing nonmagnetic impurities much slower
than that of the AG theory [5–8]. The inconsistency of the
slow Tc suppression rate is currently rationalized through two
competing theories: (1) A scenario of the sign-preserving s++

gap without impurity-induced midgap states thereby being
insensitive to scattering [9,10], and (2) a scenario of the s±
gap with a realistic finite-ranged impurity potential [U imp(q)]
with a stronger intraband than the interband scattering potential
(U imp

intra > U
imp
inter), which results in a passive Tc suppression [11].

Experimentally, the Tc suppression by electron irradiation on
isovalently substituted Ba(Fe0.76Ru0.24)2As2 has been claimed
to be consistent with a two-band s±-gap scenario with variable
scattering potential strength thereby ruling out the likelihood
of the s++-gap case [12]. This claim is further supported
by the argument that electron irradiation results in a Tc

suppression rate closer to the AG model as it induces true
lattice interstitial/vacancy, closer to the ideal strong pointlike
scatterers (U imp

intra = U
imp
inter) in contrast to proton (H+) irradiation

which is assumed to create larger clustered defects. Yet, the
scattering properties of experimentally induced impurities lack
a clear understanding.

To deconvolute discussions on the effect of impurities
on superconductivity, it is therefore crucial to identify the
characteristics of the artificially incorporated defects and the
scattering properties they devise. In this paper, we employ
BaFe2(As0.67P0.33)2, a prototypical IBS with isovalent dop-
ing, subject to 3 MeV H+ irradiation. Extensive studies
on the material have proclaimed that optimal doping coin-
cides with the quantum critical point, notably by exhibiting
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non-Fermi-liquid linear temperature dependence of resistiv-
ity through a wide range of temperatures [13], despite the
still on-going debate [14,15]. Analogous to the empirical T -
linear relationship h̄/τ = αkBT , a B-linear relationship h̄/τ =
βμBB has been reported, where α and β are proportionality
constants on the order of unity, implying that temperature
and magnetic fields are both dominant energy scales that
determine the scattering rate of quasiparticles in this particular
system [16]. Although such phenomena were realized in
BaFe2(As0.67P0.33)2, which resides in the clean limit, whether
adding on to the quasiparticle scattering through engineering
defects into the system would modify the temperature and field
dependences remains obscure.

In light of this, the objective of this investigation is
to attempt to suppress superconductivity through the in-
corporation of scattering centers through H+ irradiation in
BaFe2(As0.67P0.33)2 and examine its effect on: (1) Tc and (2) on
the scattering rate at varying temperatures and magnetic fields,
hence, gaining insight into the effects of disorder on transport
and superconductivity in IBSs.

II. EXPERIMENT: CRYSTAL GROWTH
AND IRRADIATION

BaFe2(As0.67P0.33)2 single crystals were grown
through a Ba2As3/Ba2P3 flux method [17]. Presynthesized
Ba2As3, Ba2P3, FeAs, and FeP were placed in an alumina
crucible and vacuum sealed in a quartz tube. All procedures
were carried out in a glovebox with a N2 atmosphere in
order to prevent oxidation of chemically unstable Ba2As3 and
Ba2P3. The assembly was heated to 1150 ◦C and cooled to
900 ◦C over a period of 250 h in an electric furnace, yielding
crystals of several millimeters. The chemical stoichiometry
was determined through both energy dispersive x-ray analysis
and the angle of the (008) peaks in the x-ray diffraction
pattern. The superconducting transition temperature Tc was
determined by the onset of the diamagnetic response showing
that Tc = 29.4 K with a sharp transition width of �Tc ≈ 1 K,
indicating the high quality and the high homogeneity of the
crystal. In order to ensure that the crystals are identical in
character, the samples subject to measurements were collected
from the same batch.

The crystals obtained were cleaved into a thickness of
<30 μm to allow for homogeneous incorporation of defects
through H+ irradiation. In order to monitor the effect of irradi-
ation on the scattering rate and Tc, the resistivity was measured
in situ. The advantage of an in situ approach is that the sample
subject to irradiation can be maintained at low temperatures
of less than 50 K, preventing room-temperature annealing
of irradiation-induced defects. The resistivity was measured
through a four-terminal method with gold pads sputtered on
the surface in order to reduce contact resistance. On the gold
pads, 25 μm diameter gold wires were attached using silver
paste. Here, two samples were subjects for irradiation, denoted
as No. 1 and No. 2 hereafter. To prevent overheating of the
crystal, the H+ flux was bound under 1012 ions cm−2 s−1, and
resistivity measurements were performed at least 30 min after
the irradiation to ensure the sample was at thermal equilibrium.

The crystals were mounted on a sapphire plate and irradiated
along the c axis at the National Institute of Radiological

Sciences Heavy Ion Medical Accelerator in Chiba at 50 K with
a 4He refrigerator. After the in situ resistivity measurements
were completed, the samples were heated to room tempera-
ture. Without disturbing the electrical contacts on the crystal,
magnetoresistance was measured using a physical property
measurement system (Quantum Design) with a four-probe ac
lock-in method.

III. RESULTS

A. In situ resistivity measurements

As shown in Figs. 1(a) and 1(b), the pristine transition
temperature (Tc0) of No. 1 and No. 2 prior to irradiation are 29.5
and 28.6 K in the respective order; the transition temperatures
were quantified as the midpoint of the transition. The slight
resistive upturn in No. 2 stems from the antiferromagnetic
phase residing in the slightly underdoped region. After the
irradiation, both samples experience a drop in the Tc and

FIG. 1. (a) and (b) Temperature dependence of resistivity with an
increasing H+ dose below 50 K of two BaFe2(As0.67P0.33)2 crystals,
No. 1 and No. 2. (c) Comparison of Tc suppression in this paper with
2.5 MeV electron irradiation [18] and 4 MeV H+ irradiation [19],
depicted by �ρ versus tc. The inset indicates the dose dependence of
�ρ and tc of BaFe2(As0.67P0.33)2 No. 1 and No. 2 revealed through
this investigation.
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FIG. 2. (a) Optical microscope image of BaFe2(As0.67P0.33)2 No.
1 with the electric contacts attached to the crystal surface. The
outer two contacts are connected to a current source, and the inner
two contacts are attached to a digital voltmeter. Moreover, the area
enclosed in the dotted lines indicates the section subject to magneto-
optical (MO) imaging. (b) MO image of No. 1 at various temperatures
in a field of 100 Oe parallel to the crystal c axis after zero-field cooling.

increase in the scattering rate, suggesting that defects prompted
by the irradiation are effective pair breakers.

Not to mention, for both No. 1 and No. 2, an anoma-
lous structure in the temperature dependence of resistivity
is observed between Tc and Tc0. Such a structure appearing
right above Tc is a consequence of the experimental setup
employed for in situ resistivity measurements. Ideally, particle
irradiation on the sample should be homogeneous. However,
due to interference caused by the electrical contacts attached to
the surface of the crystal, the region of the sample beneath the
contacts [Fig. 2(a)] is irradiated by particles with lower energy.
In order to understand the effects of irradiation underneath the
contacts, MO imaging of a section of the irradiated sample
was observed. As exhibited in Fig. 2(b), superconductivity in
the region underneath the contacts is strongly suppressed; in
other words, it has a relatively lower Tc than the surrounding
region. This is because the contacts on top of the crystal cause
energy decay of the irradiated particle, thereby increasing the
energy deposition per distance traveled, destroying a larger
portion of the crystal. Thus, the crystal consists of a region

FIG. 3. A scheme of the planar view of the sample surface at
various temperatures is shown on the left. Here, “S” represents the
region in the superconducting state, and “N” represents the region
of the normal state. The corresponding temperature dependence of
resistivity at various temperatures is shown on the right. The inset
represents the equivalent circuit of the sample.

with low Tc (Tc1) and high Tc (Tc2). At temperatures well
below Tc1, superconductivity is maintained throughout the
whole sample [Fig. 3(a)]. However, for Tc1 < T < Tc2, normal
regions underneath the contacts appear, contributing to finite
resistance [Fig. 3(b)]. Above Tc2, the whole superconductor
transitions to the normal state [Fig. 3(c)]. Such two-step
temperature dependence explicates the structure in the vicinity
of the temperature dependences of resistivity in the irradiated
sample.

To make quantitative discussions on the impurity scattering
rate, the zero-temperature resistivity (ρ0) was extrapolated
through fitting the resistance above Tc to the following lin-
ear function: ρ = ρ0 + AT . The temperature dependences of
resistivity are aligned parallel to each other with the coefficient
A ≈ 0.5 μ� cm K−1 after each dose, which surprisingly is in
stark contrast to that of Ref. [19] where a greater temperature
dependence is observed after H+ irradiation. The nonchanging
slope of the temperature dependence of resistivity with an
increasing H+ dose even after superconductivity is fully
suppressed, signifies the robustness of the energy scale in
determining the T -linear scattering in the quantum critical
point. Using ρ0, the evolution of the resistivity was obtained
through �ρ = ρi

0 − ρ0
0 , where the superscript i represents the

ith irradiation resistivity and the Tc suppression was obtained
with (�Tc = Tc0 − Tc). Moreover, the average �Tc/�ρ was
quantified through the slope determined by linear regression
analysis of the �Tc versus �ρ plot in the range of 0.8 < tc(=
Tc/Tc0) < 1 [Fig. 1(c)]. In this experiment, �Tc/�ρ is −0.25
and −0.20 K μ�−1 cm−1 for No. 1 and No. 2, respectively,
which is comparable to the suppression rate for the 4 MeV
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FIG. 4. Dimensionless scattering rate gλ of e−, neutron, H+, and
He+ particle irradiations on various types of IBSs compared with that
proposed by the AG theory [18–21].

H+ irradiation experiment of −0.15 K μ�−1 cm−1 [19], yet
slower than electron irradiation showing −0.33 K μ�−1 cm−1

[18]. It is noteworthy that, in this investigation, we were
able to heavily irradiate the samples to an extent where
superconductivity is fully destroyed and recognize that rather
than exhibiting a linear ρ0 versus �Tc, the suppression rate
steepens at higher irradiation doses as observed in Ref. [19].

For further discussions, the normalized impurity scattering
rate (g) is estimated from the Drude model,

g = h̄

2πkBTc0τ
= h̄ne2�ρ

2πkBTc0m∗ , (1)

where τ is the quasiparticle scattering time, n is the carrier
density, and m∗ is the effective mass of the quasiparticle. The
penetration depth λ0 =

√
m∗/μ0ne2 is used to quantify τ such

that g can be calculated solely from λ,

gλ = h̄�ρ

2πkBTc0μ0λ
2
0

. (2)

Using the penetration depth λ0 = 200 nm evaluated from
a tunnel diode oscillator experiment for BaFe2(As0.67P0.33)2

[22], gλ was plotted against the corresponding tc. As depicted
in Fig. 4, the normalized scattering rate intercepts the t = 0
axis at gcrit ≈ 1.0, whereas the suppression rate described by
the Abrikosov-Gork’ov theory,

− ln(tc) = ψ

(
1

2
+ g

2tc

)
− ψ

(
1

2

)
, (3)

where ψ is the digamma function predicts a critical value of
gcrit ≈ 0.3. Moreover, Tc suppression emanating from electron
irradiation indicates a critical value more consistent with that
of the AG model with approximately gcrit ≈ 0.5 [12,18]. It
should be noted that α-particle irradiation in NdFeAs(O,F)
suppresses Tc with a significantly slower rate with gcrit ≈ 1.5
[20]. An even slower Tc suppression is evident in neutron-
irradiated LaFeAsO0.9F0.1 [21].

These trends are common for a wide range of IBSs, indi-
cating that rather than the intrinsic properties of the irradiated
material, the type of damage caused by the irradiated particles
heavily influences the suppression of Tc.

B. Defect morphology

To elucidate the deviation from the ideal strong pointlike
scattering situation (U imp

intra = U
imp
inter), the cross section of the

sample was subject to scanning transmission electron mi-
croscopy (STEM) to directly observe the size and morphology
of the defects in the irradiated crystal. Numerical calculations
have reported that H+ irradiation creates cascades and clusters
of point defects in the crystal, much larger than atomic intersti-
tials and vacancies [18,19]. Although direct observations have
never been reported, understanding the size and the shape of the
defect generated through the process of irradiation is critical
in gaining knowledge of the scattering mechanism.

The sample subject to STEM imaging was irradiated up
to a total dose of 27 × 1016 ions/cm2 [the final irradiation
dose Tc < 4.2 K (the minimum temperature reached in the
4He refrigerator)], then was cut using a focused ion beam
to reveal the cross-sectional plane, taken on the approximate
midpoint between the top surface and the bottom surface of the
crystal. The cross-sectional STEM image of the H+ irradiated
sample [Fig. 5(b)] exhibits black speckles much stronger than
those in the pristine sample [Fig. 5(a)]. From the fact that the
strong speckles are only present in the irradiated samples, we
rationalize that they are related to defects in the crystal derived
from irradiation. Each of the defects typically has a radius of
up to ≈5 nm as revealed in Fig. 5, which is comparable to the
coherence length of ξ0 = 1.6 nm [23]. For further analysis,
the degree of disorder in the crystal generated from irradiation
was quantified through geometrical phase analysis (GPA) of
TEM images [Figs. 6(c) and 6(d)]. TEM images were analyzed
over STEM images to keep out any phase distortion caused
by scan noise. The degree of strain, just by sight, is larger in
the irradiated sample than in the pristine sample. Each of the
highly strained domains is of nanometer scale. Even from the
histogram of Fig. 6(e), which shows the distribution of in-plane
strain εxx , averaged from four TEM images, it becomes clear
that there is a larger number of areas with a high degree of εxx ,
indicative of an increase in the degree of disorder in the crystal
after irradiation.

Therefore, rather than each of the atomic-scale defects
being homogeneously distributed within the crystal, defects are
distributed to form nanoscale clusters with highly distributed
radii. In contrast to ideal point scatterers with uniform atomic
size, the varying defect sizes in this experiment imply that
the scattering centers encompass a wide range of scattering
lengths. In particular, long-range scatterers span wave vectors
in k space within bands thereby mainly contributing to intra-
band scattering. As intraband scattering does not contribute to
pair-breaking Tc [24], the observed defects here are consistent
with the slow Tc suppression rate. Yet, undoubtedly, the effect
of H+ irradiation is in stark contrast to the effects of heavy-ion
irradiation, such as in Au, Pb, and U which create linear tracks
of columnar defects [Fig. 5(c)] [25,26].

Moreover, in contrast to 190 keV H+ irradiation which
generates cascade-type defects, STEM images reveal that
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FIG. 5. Cross sections of BaFe2(As0.67P0.33)2 observed through STEM. Here, the cross-sectional images shown are (a) pristine, (b) 3 MeV
H+ irradiated in which the yellow arrows indicate the defects, and (c) 320 MeV Au+ irradiated. The horizontal stripes in the STEM images
indicate the FeAs layers.

FIG. 6. Cross-sectional TEM images of (a) the pristine, (b) the
irradiated sample, (c) and (d) the strain map of in-plane εxx determined
through GPA. (e) A histogram of εxx averaged from four TEM images.
The inset is a blowup of the range of εxx ≈ 0.2–0.8 to emphasize the
increase in strain in the irradiated sample.

irradiation of higher energies as in this paper results in defects
of a more pointlike nature [27]. The key difference between the
two types of irradiation is the relationship between the location
the peak of the Bragg curve and the sample thickness. For the
case of Ref. [27] in which cascade-type defects were observed,
the Bragg peak is located at 100 nm, around the same length of
the sample thickness of ≈100–130 nm. On the other hand, the
3 MeV H+, the Bragg peak, which is approximately 57 μm as
revealed from stopping and the range of the ions in the matter
calculations [28], is much longer than the sample thickness
of 10 μm, bringing about minimal energy deposition per path
traveled with small recoil, contributing to mainly point defects.
It is noteworthy that, since the samples were exposed to room
temperature for STEM imaging, the sample was accountable
for room-temperature annealing, which destabilizes and elim-
inates defects to a certain extent.

C. Magnetoresistance measurements

Once the irradiation was complete, the samples were ex-
posed to room temperature for 6 weeks, stored in a vacuum
desiccator, and then studied for their magnetotransport prop-
erties. After being exposed to room temperature, the irradiated
samples experienced a sharpening in the resistivity drop with
a shift of onset Tc to a higher temperature (Fig. 7).

As exhibited in the magnetoresistance (MR) at various
temperatures illustrated in Fig. 8 below Tc, a sharp increase
in resistivity is recognized due to flux flow resistivity in the
superconducting phase [29]. At 30 K, slightly above Tc, a
H -linear MR is observed in a wide range of fields. Further-
more, above Tc in the normal state, the resistivity follows a
conventional quadratic relationship ∝H 2 at lower fields [30],
whereas it crosses over to a linear MR at even higher fields due
to the presence of spin-density wave order [31]. It has been
reported that, at even higher fields of up to 92 T, the linearity
is maintained with scalability between magnetic field and tem-
perature, implying that the high-field H -linear behavior could
have the same origin as the T -linear behavior characteristic of
the quantum critical point [16,32]. However, as shown in the
MR of highly disordered BaFe2(As0.67P0.33)2(No. 1) in which
tc = 0.3, such linearity seen in the pristine sample collapses
(Fig. 9). As the temperature is further increased, the MR
at higher fields saturates and surprisingly shows a negative
quadratic field dependence above Tc0 [Figs. 9(i) and 9(j)].
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FIG. 7. The effect of room-temperature annealing depicted by the
temperature dependence of resistivity before the irradiation and 6
weeks after irradiation being exposed to room temperature. The inset
shows the blowup between 0 and 35 K.

It is clearly important to rationalize such anomalous nega-
tive MR observed in the disordered sample. For macroscopic
samples, a negative MR among disordered systems can be
accounted for by several different phenomena.

(I) One is the kinetic interference phenomena of electrons in
the variable-range hopping conduction regime [33]. However,
this scenario does not seem to fit the present case as hopping
conduction occurs between localized electronic states of the
system that reside in the critical regime of the metal-insulator
transition. Moreover, localized states are not compatible with
the periodicity of the crystal structures [34].

(II) The second possible origin of the anomalous MR is
the notion that disorder brings about spatial fluctuations in
the superconducting order parameter, ultimately resulting in
numerous superconducting islands [35,36]. Since the magnetic
field decreases the size of the superconducting islands thus
increasing its charging energy, electron transport via the normal
“sea” surrounding the islands becomes favorable and more
dominant. A further increase in the magnetic field decreases
the size of the islands and increases the number of paths
available for electron transport, hence, reducing resistance.

Such a picture depicts cases in the vicinity of the percolation
limit. Importantly, the depicted negative MR mechanism can
only occur with the coexistence of the superconducting phase
and normal phase, in other words, limited to temperatures
below Tc. However, the negative MR is revealed only above Tc

thereby not being applicable to the current case.
(III) This leaves us with the most feasible explanation for the

negative MR: the contribution of magnetic scattering induced
by the defects. When the irradiated particle collides with an
atom in the target crystal, ions in the crystal are dislocated.
The irradiated particles, in particular, affects the spin state of
the dislocated Fe ion; whereas the local magnetic moment of
Fe in BaFe2As2 has a total magnetic moment of μs = 1.3μB,
the magnetic moment of a free Fe2+ is 4.9μB [37]. Intuitively,
irradiation would therefore allow for a congregation of both
magnetic- (Fe2+ and Fe3+ interstitials) and nonmagnetic-
(vacancies) scattering centers.

The presence of magnetic impurities can give rise to spin-
dependent scattering. When the electron spin and the magnetic
field of the impurity are parallel, the probability of electron
scattering decreases, whereas the resistance increases when
the two are antiparallel [38]. Through applying a uniform
external magnetic field, scattering of different spin-dependent
processes could be suppressed thereby resulting in a neg-
ative MR. There have been previous reports on 200 keV
α-particle- (He+-) irradiated Ba(Fe1−xCoxAs)2 thin films ex-
hibiting crossover from positive to negative magnetoresistance
for temperatures above Tc0 = 24.5 K [39] and in neutron-
irradiated polycrystalline LaFeAsO0.9F0.1 [21]. Although the
lack of the logarithmic upturn in the temperature dependence
of resistivity due to the Kondo effect suggests the small effect
of magnetic scattering, a method with a considerable resolution
must be used to quantify the effect of magnetic-scattering
centers in the system.

D. Magnetic susceptibility measurements

To directly reveal the existence of such magnetic impurities,
the sample was subject to magnetization measurements. Fig-
ure 10 exhibits the temperature dependence of magnetization
field cooled from 150 to 2 K under a field of 10 kOe.
Here, the molar susceptibility was calculated from the volume

of the chemical formula unit 99 Å
3
, which is half the value of

the unit-cell volume of 199 Å
3

[40]. The irradiated sample

FIG. 8. The magnetoresistance of pristine BaFe2(As0.67P0.33)2 No. 1 between −9 and 9 T at temperatures of (a) 25 K, (b) 27.5 K, (c) 30 K,
(d) 40 K, and (e) 50 K.
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FIG. 9. The magnetoresistance of irradiated BaFe2(As0.67P0.33)2 No. 1 between −9 and 9 T at temperatures of (a) 2 K, (b) 6 K, (c) 10 K,
(d) 14 K, (e) 20 K, (f) 24 K, (g) 26 K, (h) 28 K, (i) 30 K, and (j) 32 K.

shows a significantly higher degree of paramagnetic signal
at lower temperatures. A dip seen at temperatures below
30 K in the pristine sample owing to vortex expulsion is
absent in the irradiated sample. The increase in magnetiza-
tion at lower temperatures in the pristine sample represents
the paramagnetism from the BaFe2As2 parent compound
[41–43]. Yet the paramagnetic signal in the irradiated signal is
significantly greater than that of the pristine one.

Concerning the irradiated sample, the monotonic increase
in magnetization at low temperatures signifies the existence
of paramagnetism, well described by Curie’s law χ = C/T ,
where C is the Curie constant. Fitting through a least-mean-

FIG. 10. The temperature dependence of magnetization of the
H+-irradiated and pristine sample No. 1 in a field of 10 kOe. The
magnetization of the irradiated sample is fitted with Curie’s law. The
background of the sample holder is subtracted to ensure that the signal
measured is entirely from the sample.

squares method reveals that C = 5.5 × 10−2 emu−1 K−1 mol
for the irradiated sample. Thus, the effective magnetic moment
is estimated to be μeff = 0.662μB per formula unit, obtained
from the equation,

μeff =
√

(3kBC)/NA. (4)

The effective spin-only magnetic moments of local magnetic
Fe ions with valencies of Fe3+ (6S1/2) and Fe2+ (5D4) free
ions are given by

μs = g
√

S(S + 1)μB, (5)

in which g = 2.0 is the Landé g factor for electrons and S =
5/2 and 2 are the spin angular momenta for valencies Fe3+

and Fe2+ in the respective order [44]. This yields the effective
magnetic moment of a single magnetic impurity μs(Fe3+) =
5.9μB and μs(Fe2+) = 4.9μB. For simplification, we assume
that the number of magnetic impurities emanating from the two
possible valencies are equally existing hence, μs ≈ 5.4μB, the
average between the two. This allows for a crude estimation
of the concentration of magnetic impurities nimp ≈ μeff/(2 ×
5.4μB) in which the factor of 1/2 accounts for the two Fe’s in a
single formula unit. Consequently, nimp is approximately 6.1 ×
10−2/formula unit, an order smaller than the concentration of
the dopant atom 6.6 × 10−1/formula unit, suggesting a dilute,
yet, definite effect of magnetic scattering in the participation
of pair breaking after irradiation.

IV. DISCUSSIONS

It must be emphasized that the step feature below Tc0

discussed previously and the negative magnetoresistance are
two separate phenomena with different origins. The step
feature occurs under the circumstance that there is coexis-
tence of the superconducting and the normal phases on a
macroscopic scale due to the magnified effect of irradiation
under the terminal wires. However, at temperatures above
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Tc0 (e.g., 30 and 32 K) where superconductivity and the
normal state cannot coexist, there is the appearance of negative
magnetoresistance. The negative magnetoresistance together
with magnetization data provide firm evidence of the presence
of magnetic-scattering centers independent of the macroscopic
inhomogeneities shown in Fig. 2.

The presence of local magnetic moments entails that the
Tc reduction is an outcome of the formation of midgap states
emanating from both magnetic and nonmagnetic scatterings.
The slow suppression of Tc even in the presence of magnetic
scattering produced by H+ irradiation therefore, cannot com-
pletely rule out the s++-gap symmetry scenario. However, it
should be noted that the presence of magnetic impurities could
be specific to the present system of BaFe2(As0.67P0.33)2 since
a negative MR is observed only in this system.

The whole scheme of differentiating a sign-changing or
a sign-preserving superconducting gap in an iron-based su-
perconductor is highly dependent on the assumption that
the midgap states are generated solely through nonmagnetic
scattering. Most reports concerning the effects of irradiation
have assumed that the defects induced by irradiation are
nonmagnetic due to the lack of temperature dependence repre-
senting Kondo scattering [18]. However, concerning optimal
P-doped BaFe2As2, we see that, despite the lack of the logarith-
mic temperature-dependence characteristic of Kondo scatter-
ing, negative magnetoresistance and magnetization measure-
ments have strongly indicated non-negligible incorporation of
magnetic-scattering centers through irradiation. Although our
investigation is limited to BaFe2(As0.67P0.33)2, the possible
generation of magnetic impurities could be present in other
systems as well.

V. CONCLUSION

To sum up, throughout this paper, we have presented in
situ resistivity measurements, STEM observation, magneto-
transport measurements, and magnetization measurements of
3 MeV H+-irradiated BaFe2(As0.67P0.33)2 crystals. We have
succeeded in suppressing Tc continuously down to zero. The
observed suppression of Tc was slower than that of electron
irradiation but faster than that of a He+ particle. Such a trend
holds for a wide range of different types of IBSs, implying that
the defect morphology rather than the superconducting order
parameter is the dominant influence for Tc suppression due to
multiband physics.

After the irradiation, the B-linear resistivity of the sample,
characteristic of the quantum critical state, collapses and is
replaced by an anomalous negative MR. We discuss that the
negative MR is most likely to emanate from sparse magnetic
impurities. The presence of a paramagnetic signal recognized
from magnetization measurements is a strong indication of
the presence of magnetic impurities. Yet, the small effective
magnetic moment suggests that the concentration of such
magnetic impurities is dilute. This has also been exhibited by
the lack of a Kondo-type logarithmic upturn, implying that
most scatterers are still nonmagnetic. Yet, the contribution of
magnetic scattering cannot simply be neglected.
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