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Over the past decades, the search for high-Tc supercon-
ductivity (SC) and its novel superconducting mechanisms
is one of the most challenging tasks of condensed matter
physicists and material scientists, wherein the most striking
achievement is the discovery of high-Tc and unconventional
superconductivity in strongly correlated 3d-electron systems,
such as cuprates and iron pnictides/chalcogenides. Those
exotic superconductors display the behaviors beyond the
scope of the BCS theory (in the SC states) and the Landau-
Fermi liquid theory (in the normal states). In general, such
exotic superconductivity can be seen as correlated electron
systems, where there are strong interplays among charge,
spin, orbital, and lattice degrees of freedom. Thus, we focus
on the exotic superconductivity in materials with correlated
electrons in the present special issue.

To address the fruitful aspects in this special issue, we
invited the authors ranging from experimentalists to theorists
to submit their original researching papers. The topics also
range from material synthetizing to physical investigations.
In the former topic, two papers made efforts to explore new
superconducting materials in different systems through dif-
ferent approaches. In the latter topic, one paper investigated
the crystal field excitations in an iron-pnictide superconduc-
tor using the inelastic neutron scattering. Another two papers
focused on the gap structure of the unconventional cuprates
and iron-pnictide superconductors.

The paper by B. Li et al. reported pressure induced
suppression to the valence change transition in a 4d-electron
compound EuPdAs. Two-phase transitions at about 10 K
and 180K, respectively, were observed from resistivity and

magnetic susceptibility measurements. They attempted to
explore superconductivity in this system by applying pres-
sure.They found that the transition at 180K can be suppressed
with a pressure as low as 0.48GPa and no superconductivity
has been inducedwith the pressure up to 1.90GPa. Y. B. Sun et
al. reported the insulator to superconductor transition in Ga-
doped semiconductor Ge single crystal. The rapid thermal
annealingwas found tomakeGa redistribute in theGematrix
and realize the superconducting circuits. With increasing the
annealing temperature, the samples show a crossover from
the insulator to the superconductor. They argued that the Ga
doped layer plays a leading role in the superconductivity.

Iron-pnictide superconductor NdFeAsO
0.85

F
0.15

was
investigated by P. Cheng et al. using inelastic neutron
scattering measurements. They used the polycrystalline
samples and the experiments were carried out over a wide
temperature range of 3 K–250K. They identified up to seven
ground state crystal field excitations from the inelastic
neutron spectra. A crystal field energy level scheme for Nd3+
was proposed. It shows quite different features comparing
with that in tetragonal parent phase NdFeAsO. Their results
indicate that the fluorine doping induced the superposition
of crystal fields and lowered local point symmetries around
the Nd3+.

The symmetry and structure of the energy gap are one
of the most important issues in the studies of the high-
Tc and unconventional superconductors. Recently it was
revealed by angle-resolved photoemission spectroscopy that
the whole Fermi surface is fully gapped for several families of
underdoped cuprates, which challenges the present theories
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for the high-Tc superconductors. Based on a phenomeno-
logical model, T. Zhou et al. propose that the incommen-
surate diagonal spin-density-wave order can cause a finite
gap along the d-wave nodal line. Their work gives a good
explanation to the experimental observation. G. Mu et al.
studied the gap structure of the iron-pnictide superconductor
Ba(Fe

0.942
Ni
0.058

)
2
As
2
by the low-temperature specific heat

measurements. A simple and reliable analysis shows that a
clear T2 term emerges in the low-temperature specific heat
data. Their observation is similar to that observed in the
Co-doped system in their previous work and is consistent
with the theoretical prediction for a superconductor with line
nodes in the energy gap.
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Low-temperature specific heat (SH) is measured on the postannealed Ba(Fe
1−𝑥

Ni
𝑥
)
2
As
2
single crystal with x = 0.058 under different

magnetic fields. The sample locates on the overdoped sides and the critical transition temperature 𝑇
𝑐
is determined to be 14.8 K by

both themagnetization and SHmeasurements. A simple and reliable analysis shows that, besides the phonon and normal electronic
contributions, a clear T2 term emerges in the low temperature SH data. Our observation is similar to that observed in the Co-doped
system in our previous work and is consistent with the theoretical prediction for a superconductor with line nodes in the energy
gap.

1. Introduction

The superconducting (SC) state of a superconductor is pro-
tected by an energy gap. The symmetry and structure of the
energy gap can be very different in different SCmaterials. For
the conventional superconductors (e.g., metallic supercon-
ductors), the gap is isotropic in the 𝑘 space which is called the
s-wave symmetry [1]. In somematerials (e.g.,MgB

2
),multiple

gaps have been discovered on different Fermi surfaces [2].
Highly anisotropic (the so-called d-wave) gap symmetry was
confirmed in high-𝑇

𝑐
cuprate superconductors [3]. The situ-

ation is more complicated in the iron-pnictide superconduc-
tors, because there are typically four or five bands crossing
the Fermi level. Theoretically several candidates symmetries
of the SC gaps were proposed [4], among which the so-called
S± case seems to be accepted widely [5, 6]. On the experimen-
tal sides, the nodeless superconductivity has been confirmed
in (K,Tl)

𝑥
Fe
2−𝑦

Se
2
[7]. However, nodes (zero points) have

been reported in the gaps of LaFePO, KFe
2
As
2
, and

BaFe
2
(As
1−𝑥

P
𝑥
)
2
[8–10]. At the same time, the consensus has

not been reached on other systems of iron-pnictide supercon-
ductors [11–20]. In the electron doped (Co- or Ni-doped) 122
system, one tendency that the gap anisotropy becomes large
and even gap nodes emerge in the overdoped samples has
been reported by different groups and experimental methods
[21–26].

Specific heat is a bulk tool to detect the quasiparticle
density of states (DOS) at the Fermi level, which can provide
information about the gap structure. The variation of the
electronic SH in the SC states (𝐶sc) versus temperature can be
rather different for different gap structures [27, 28]:

𝐶sc ∼

{{{{

{{{{

{

𝑒
−Δ 0/𝑘𝐵𝑇, s-wave

𝑇
2
, line nodes

𝑇
3
, point nodes,

(1)

where Δ
0
is the magnitude of the energy gap. In order to

segregate the pure electron SH from the measured mixed
contributions, many methods have been tried [18, 29, 30]. In
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Figure 1: (a) The mapping image (color online) of Ni concentration throughout an area of 38 𝜇m × 28 𝜇m based on the EDS quantitative
results. (b) The chart of the Ni distributions summarized from same data as (a).

our previous work, we reported the clear presence of 𝑇2 term
in𝐶el of the overdopedBa(Fe1−𝑥 Co𝑥)2As2 from the rawdata,
giving a more solid evidence for the line-nodal gap structure
[25, 26]. It is very important andnecessary to investigatemore
systems with other dopants to check the universality of such
a behavior.

In this paper, we studied the the low temperature SH of
theNi-dopedBaFe

2
As
2
in the overdoped region.Herewe also

observed a clear𝑇2 term in𝐶sc, being consistent with the the-
oretical prediction for the line-nodal superconductors. Our
result along with the previous work indicates that it is a
universal feature of the electron-doped 122 system.

2. Materials and Methods

The Ba(Fe
0.942

Ni
0.058
)
2
As
2
single crystal was grown by the

self-flux method [31]. The as-grown sample was annealed
under high vacuum at 1073K for 20 days, because it was
reported that the annealing process can improve the sample
quality significantly [23].The sample for the SHmeasurement
has a mass of 2.9mg. The actual Ni concentrations were
checked and determined by the energy dispersive X-ray
spectroscopy (EDS) measurements on a Bruker Quantax 200
system.The dc magnetization measurements were done with
a superconducting quantum interference device (Quantum
Design, MPMS7). The specific heat was measured with a
Helium-3 system based on the physical property measure-
ment system (Quantum Design, PPMS). We employed the
thermal relaxation technique to perform the specific heat
measurements. The thermometers have been calibrated
under different magnetic fields beforehand.The external field
was applied perpendicular to the 𝑐 axis of the single crystal.

The distribution of the Ni-dopant on a microscale was
investigated by EDSmeasurements.Themapping image of Ni
concentration and the chart of its distributions throughout an
area of 38 𝜇m × 28𝜇m for our sample are shown in

Figures 1(a) and 1(b). The spatial resolution is 1.9𝜇m. The
distribution shows a peak at about 0.058, which is very close
to the average value. Consequently, this value is taken as the
actual doping level. The SC transition of the obtained single
crystal was checked by the dc magnetization and specific
heat measurements. As shown in Figure 2(a), the clear SC
transition at about 14.8 K can be seen from both the 𝑀-𝑇
and 𝐶/𝑇-𝑇 curves, indicating a high quality of the selected
sample. Figure 2(b) shows schematically the phase diagramof
the present Ni-doped system, whichwere reported byNi et al.
[32]. It is clear that our sample locates on the overdoped sides
of the phase diagram and no magnetic order exists in this
region, which supplies a clean platform to study the behaviors
of specific heat.

3. Results and Discussion

We focus our attention on the SH data in the low temper-
ature range to study the low-energy excitations. Generally
speaking, in a system without magnetic order or magnetic
impurities, the total SH is a simple integration of different
components:

𝐶 (𝑇) = 𝛽𝑇
3
+ 𝐶sc + 𝛾𝑇. (2)

The first term is the phonon SH, which is a very good approx-
imation for the Debye model in the low temperature region.
As mentioned in the introduction, the second term 𝐶sc
is the electronic SH in the SC states excited by the thermal
energy. This is the most important and concerned in our
study, because its responding behavior to temperature sup-
plies the information of the gap structure. The third term is
quite complicated. Under zero field, it is a residual electronic
term typically coming from small amounts of nonsupercon-
ducting content in the sample or impurity scattering in some
unconventional superconductors [3, 33]. With a field higher
than the lower critical field, it reflects the contribution of the
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Figure 2: (a) Temperature dependence (color online) of dc magnetization (left) and specific heat coefficient 𝐶/𝑇 (right) for the sample. The
magnetization data are collected with field 𝐻 = 10 Oe using the zero field cooling (ZFC) process. (b) Phase diagram for the Ni-doped 122
system [32]. The red mark shows the location of our sample.
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Figure 3:The raw data (color online) of the SHunder different fields
in the low temperature region. The data are shown in 𝐶/𝑇 versus
𝑇
2 plot. The solid lines display the theoretical fitting (see text). The

dashed straight line is the guide for the eyes.

vortex states. Here we plot the raw data of SH as 𝐶/𝑇 versus
𝑇
2 in Figure 3. A clear feature in this figure is the negative

curvature in all the curves under different fields, rather
than a linear behavior as revealed by the dashed pink line.
This behavior is not expected for the SC gap with s-wave
symmetry or point nodes. In the case of s-wave, the value
of 𝐶sc is negligibly small in the low temperature region due
to the exponential relation. For systems with point nodes,

the contribution of 𝐶sc has the same 𝑇3-dependence as the
phonon term. In both cases, the𝐶/𝑇-𝑇2 curves should show a
linear behavior in the present low temperature region. Intu-
itively, the case of gap with line nodes is the best candidate.
Consequently, we fitted our data using (2) based on the line-
nodal situation (𝐶sc = 𝛼𝑇

2). As represented by the solid lines,
the fitting results are shown in Figure 3. One can see that the
fitting curves coincide the experimental data very well. This
gives a direct evidence for the presence of line nodes in the
energy gap.

To further confirm the reliability of the analysis, we
checked the obtained fitting parameters carefully. We show
the field dependence of the parameters 𝛽, 𝛼, and 𝛾 in
Figures 4(a), 4(b), and 4(c), respectively. The value of 𝛽 is
almost independent of field, which is reasonable because
magnetic field cannot affect the phonon SH. Moreover, 𝛼(𝐻)
decreases monotonously with the increase of magnetic field
up to 9 T. This is similar to that observed in overdoped
Ba(Fe

1−𝑥
Co
𝑥
)
2
As
2
and has been attributed to the combined

effects imposed by the three-dimension dispersion of the line
nodes on the Fermi surface and the destruction of V-shape of
the density of states (DOS) at the nodes by the field [25, 26].
The residual value of 𝛾 under zero field (denoted as 𝛾

0
) is esti-

mated to be 0.75mJ/mol K2, which is also comparable to the
reports in overdoped Ba(Fe

1−𝑥
Co
𝑥
)
2
As
2
and suggests a high

sample quality. A clear increase of 𝛾with the field is observed.
It is difficult to describe the field dependence of 𝛾 using a sim-
ple formula due to themultiband effect in the present system.
Qualitatively, 𝛾 increases more quickly in the system with a
highly anisotropic gap. At the present stage, we could not
evaluate the information supplied by the field dependent data,
since the upper critical field 𝐻

𝑐2
and the normal state

electronic SH coefficient 𝛾
𝑛
are not clear.

The clear data and reasonable fitting parameters give us
the confidence about the credibility of the present analysis
process. More importantly, very few fitting parameters are
involved in this approach. However, we cannot obtain the
precise location of the line nodes, since SH measurements
integrate the information from different directions of the
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Figure 4: Field dependence (color online) of the fitting parameters 𝛽 and 𝛼 and 𝛾.

Fermi surface. Most likely, the magnitude and structure of
the gaps on different Fermi surfaces are rather different. We
must emphasize that such a multiband does not destroy the
validity of our analysis results because the electronic SH from
the Fermi pockets with line nodes will prevail against that
from fully gapped pockets in the low temperature limit.

In summary, we studied the low-temperature specific
heat on the Ba(Fe

1−𝑥
Ni
𝑥
)
2
As
2
single crystal with 𝑥 =

0.058. Beforemeasurements, the single crystals were carefully
annealed to improve the sample quality. We found a clear
evidence for the presence of 𝑇2 term from the raw SH data,
which is consistent with the theoretical prediction for the
superconductors with line nodes. Our result is very similar to
the previous reports on the Co-doped system. Future investi-
gations on other systems of the iron-pnictide superconduc-
tors are needed to check whether it is a common feature
for the presence of line nodes on the overdoped sides of the
electron-doped 122 system.
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By applying a hydrostatic pressure, we have successfully suppressed the valence change transition in EuPdAs.The studied compound
EuPdAs crystallizes in a P63/mmc space group.Through resistivity andmagnetic susceptibility measurements, we find that EuPdAs
shows a phase transition at 180K and another transition below 10K at ambient pressure, aswas reported before.Theoverall transport
and magnetic behavior is to some extent similar to that of the parent phase of iron based superconductors. With application of a
hydrostatic pressure, the transition at 180K is sensitively suppressed with a pressure as low as 0.48GPa. However, superconductivity
has not been induced with pressure up to 1.90GPa.

1. Introduction

TheEuPdAs alloy adopts the hexagonal CaIn
2
-type structure.

The transport and magnetic measurements of this material
reveal a similarity to the parent phase of iron based super-
conductors [1, 2]. Particularly, there is a clear transition at
around 180K, which is of first order and accompanied with
a large volume collapse caused by a strong contraction of
the 𝑐-axis [3–5]. The transition at 180K was reported to be
induced by the fluctuation of Eu valence from 2.15 to 2.40
between 300K and 4K as revealed by experiments of Moess-
bauer measurement and 𝜇SR method [3, 6, 7]. However,
whether this transition is related to some kind of magnetic
transition is still unclear. And as it is known in the iron
based superconductors, there is a close relationship between
the high temperature phase transition and the emergence
of superconductivity [8, 9]. Inspired by this similarity, we
intend to check whether the transition at 180K can be
suppressed under hydrostatic pressure, as many iron-based
superconductors do, and, if the transition is really related to
a certain magnetic transition, whether superconductivity can
be induced with the suppression of the transition.

2. Experimental Details

The polycrystalline sample of EuPdAs was synthesized by
solid state reaction method, using EuAs as the precursor

made by reaction of Eu and As (purity 99.9%, Alfa Aesar).
High purity EuAs and Pd powder (99.99% purity, Cuibolin)
were weighed in stoichiometric ratio, mixedwell, and pressed
into a pellet in an argon filled glove box.The pellet was loaded
into an alumina crucible, which was sealed in an evacuated
quartz ampule and then kept inside a PID controlled furnace.
The temperature of the furnace was raised to 1000∘C with
a heating rate of 1.2∘C/min and maintained for 24 hours.
The sintered sample was cooled down naturally to room
temperature with the furnace power turned off from 1000∘C.

X-ray diffraction (XRD) measurements were performed
on a Bruker D8 advanced diffractometer with the Cu-K

𝛼

radiation. Dc magnetization measurements were carried out
with a SQUID-VSM-7T (Quantum Design). Measurements
of resistivity under pressure were performed up to 2.3GPa on
a physical property measurement system (PPMS-16T, Quan-
tum Design) by using HPC-33 piston type pressure cell with
the Quantum Design dc resistivity and ac transport options.
For the resistive measurements, silver leads with a diameter
of 50𝜇m were glued to the EuPdAs sample in a standard
four-probe method by using silver epoxy, and the sample was
immersed in the pressure transmitting medium (Daphne
7373) in a Teflon cap with a diameter of 4mm. Hydrostatic
pressure was generated by a BeCu/NiCrAl clamped piston-
cylinder cell. The pressure upon the sample was calibrated
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Figure 1: Powder X-ray diffraction patterns and the Rietveld
refinement profile of the EuPdAs sample at room temperature. All
main diffraction peaks can be indexed well by the P63/mmc space
group (hexagonal structure) with 𝑎 = 4.262 Å and 𝑐 = 8.535 Å with
Eu
5
As
3
andPd

2
As as the impurity phases.The ratio betweenEuPdAs

and the impurities is found to be 90 : 10.

with the shift in 𝑇
𝑐
of a high purity Sn sample by measuring

the temperature dependence of resistivity.

3. Results and Discussion

Figure 1 shows the powder XRD patterns of the EuPdAs
sample at room temperature, along with the result of the
Rietveld structural refinement using the TOPASprogram.On
the whole, it is clear that the main diffraction peaks can be
indexed well by a hexagonal cell structure with the P63/mmc
space group. In addition to a principal phase, some weak
peaks arising from the impurity phases of Eu

5
As
3
and Pd

2
As

can also be seen. A detailed fitting to the structural data shows
that the ratio between EuPdAs and the impurity phases is
around 90 : 10 for this sample. The refined lattice parameters
are extracted to be 𝑎 = 4.262 Å and 𝑐 = 8.535 Å.

Figure 2(a) shows the temperature dependence of zero-
field-cooled (ZFC) andfield-cooled (FC) dcmagnetic suscep-
tibility for EuPdAs under 20Oe. An anomaly can be clearly
seen around 8K, where the ZFC curve shows some deviation
from the FC curve; this may be an indication of long range
magnetic ordering of Eu ions. We can also observe a kink
at around 5.4 K, which has not been reported before. We
conjecture that the 5.4 K kink may be a secondary transition
of the Eu ions ordering, but we cannot rule out the possibility
that this anomaly arises from the impurity phases of Eu

5
As
3

or Pd
2
As. Figure 2(b) shows the temperature dependence of

ZFC magnetic susceptibility under 1𝑇. In addition to the
susceptibility saturation below 10K, corresponding to the 8K
anomaly in Figure 2(a), there is another kink around 180K,

which can be easily observed in the inset of Figure 2(b). And
above 180K, the magnetic susceptibility of EuPdAs follows
Curie-Weiss law behavior very well.

The temperature dependence of electrical resistivity for
EuPdAs with temperature ranging from 2.3 K to 300K is
shown in Figure 3. The 8K and 180K kinks also clearly
appear in these resistivity curves, which is consistent with the
magneticmeasurements (while the 5.4 K anomaly is absent in
the resistive curve).The overall transport behavior, especially
the 180K anomaly, reminds us of some parent phases of iron-
based materials, like BaFe

2
As
2
, which exhibits antiferromag-

netic order originated from Fe ions around 140K. When
we apply pressure or do some chemical substitutions on
BaFe
2
As
2
, the 140K transition will be gradually suppressed

to lower temperature, eventually, the antiferromagnetic tran-
sition will totally disappear and superconducting state will be
induced [2, 10].

Inspired by the knowledge in the parent phase of iron
based superconductors, we suspect that the 180K anomaly
for EuPdAs may be related to some kind of magnetic order
of the Pd ions. If we can find some way to suppress this
transition, we may expect some interesting properties, like
superconductivity. To realize this purpose, we try to apply a
hydrostatic pressure to EuPdAs.

The temperature dependence of resistivity for EuPdAs
at various pressures with temperature ranging from 2.3 K to
250K is illustrated in Figure 4. We find that the transition
at 180K is totally suppressed with a pressure of 0.48GPa,
and the resistivity value is depressed monotonously upon
increasing pressure. However, no superconducting transition
has been observed with pressure up to 1.90GPa, while the
8K anomaly is always preserved. Since the 180K transition
is so sensitive to pressure, we deem that it is merely a valence
change transition and may not relate to the formation of any
long rangemagnetic order. In addition, the 180K anomaly can
completely recover when pressure is removed (see Figure 3,
the red curve); this reminds us of some pressure-induced
iron-based superconductors, like CaFe

2
As
2
, in which the

crystal structure will completely recover with pressure
removed [11].

It is reported that the transition at 180K is accompanied
with a giant volume collapse of 1.9% caused by a strong
contraction of the 𝑐-axis (2.3%) between 180K and 150K [3–
5]; on the other hand, the lattice parameters will experience a
strong but continuous decrease with increasing pressure [12].
Under the above considerations, it is reasonable to assume
that the pressure we applied can result in the volume collapse
at room temperature, which may induce the valence shift
to 2.4 to occur at much higher temperature. Thus when
applying pressure, the behaviour of the resistivity curve is well
preserved below 180K, while the 180K transition disappears
and the curve above 180K extends smoothly from that at
lower temperature.

The resistivity of the system is generally about 100–
300 𝜇Ωcm, which manifests that the sample can be catego-
rized as a badmetal. Since Euhas usually an ionic state of Eu2+
and/or Eu3+, while the As can stay at several anionic states
such as As3− and As1−, in this case the ionic state of Pd can be
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Figure 2: (a) Temperature dependence of dc magnetic susceptibility for EuPdAs as measured at an applied magnetic field of 20Oe in the
temperature range of 4.5 K to 50K. Both magnetic susceptibilities measured in zero-field-cooled (ZFC) and field-cooled (FC) modes are
shown. (b) Temperature dependence of dc magnetic susceptibility for EuPdAs under 1𝑇 in the temperature range of 4.5 K to 300K.The inset
shows 1/𝜒 versus 𝑇 to clarify the 180K anomaly.
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EuPdAs in the temperature range 2.3 K to 300K (the black curve).
The red curve is the result measured after pressure is removed
(sample still immersed in the pressure transmitting medium).

widely tuned.This provides a good way to tune the electronic
states of thematerials.Thismay provide an explanation to the
transition at around 180K, which is most probably induced
by a valence change effect. From our recent study, one can see
that the magnetic moment detected in the material is quite
weak, either from the Pd or Eu ions. Nor has the long range
magnetic order formation been foundon the Pd ions. It would
be interesting to use chemical doping to tune the electronic
state 4d orbital in order to achieve a good balance between
the itinerancy and local magnetism.
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Figure 4: Temperature dependence of electrical resistivity for
EuPdAs at various pressures in the temperature range 2.3 K to 250K.

4. Conclusion

In summary, we have synthesized polycrystalline samples of
EuPdAs by solid state reaction method. Through resistivity
and magnetic susceptibility measurements, we find that
EuPdAs shows a phase transition at 180K, as well as a second
phase transition below 10K at ambient pressure. With appli-
cation of hydrostatic pressure, the transition at 180K is totally
suppressed under a pressure of 0.48GPa, and the resistivity
curve is depressed monotonously upon increasing pressure.
However, superconductivity has not been induced at low
temperature with pressure up to 1.90GPa. In order to achieve
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some novel electronic properties, such as superconductivity,
we suggest that tuning the occupation of the 4d orbitals of Pd
with electrons would be essential.
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Recently it was revealed that thewhole Fermi surface is fully gapped for several families of underdoped cuprates.The existence of the
finite energy gap along the 𝑑-wave nodal lines (nodal gap) contrasts the common understanding of the 𝑑-wave pairing symmetry,
which challenges the present theories for the high-𝑇

𝑐
superconductors. Here we propose that the incommensurate diagonal spin-

density-wave order can account for the above experimental observation. The Fermi surface and the local density of states are also
studied. Our results are in good agreement with many important experiments in high-𝑇

𝑐
superconductors.

The energy gap is one of the most important properties in the
studies of the high-𝑇

𝑐
superconductors. Recently, measure-

ments of the energy gaps by angle-resolved photoemission
spectroscopy (ARPES) in lightly doped high-𝑇

𝑐
materials

revealed the existence of the nonzero energy gap along the
diagonal directions of the Brillouin zone (also referred to as
the “nodal gap”) [1–6]. The earliest indication of fully gapped
single-particle excitation was reported in [7]. The existence
of the nodal gap seems to be generic. It has been observed
in several families of cuprates [1–7]. Moreover, it has been
reported that the nodal gap exists in the antiferromagnetic
(AF) state [5, 6], the spin glass region [3], and the super-
conducting and normal states for deeply underdoped region
[1, 2, 4, 7]. This result is surprising and contrasts the usual
understanding of the 𝑑-wave superconducting pairing or
the conventional pseudogap behavior; both should generate
energy nodes along diagonal lines of the Brillouin zone. The
opening of the nodal gap in the AF state is also intriguing. It
was reported that the commensurateAF order forms at 140K,
well above the temperature that the nodal gap opens, which
is only 45K [6].

The above experimental observations challenge the
present theory for high-𝑇

𝑐
superconductors. As is known,

even in the superconducting state the quasiparticle energy
gap is not necessarily tied to the superconducting order
parameter. It is rather important to explore the physics behind
the gap-like feature. Previously, it was proposed that the
spin-density-wave order may account for the nodal gap [8].
Recently many groups have attempted to give other possible
theoretical scenarios for the nodal gap. It was proposed
that the Coulomb disorder effects [9] or strong disordered
magnetism [10] can account for the nodal gap while it
was argued that the experimentally observed spectra are
sufficiently sharp near the nodal momentum so that the
nodal gap is unlikely disorder driven [2, 11]. Very recently, it
was proposed that the underdoped high-𝑇

𝑐
superconductors

are topological superconductors and the topological phase
is induced by the AF order. The nodal gap is due to an
additional 𝑝-wave pairing term [11, 12] or 𝑑

𝑥𝑦
-pairing term

[13]. However, the existence of the AF order in the super-
conducting phase needs further experimental evidence. And
so far there is no direct experimental observation to support
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the 𝑝-wave or 𝑑
𝑥𝑦

pairing component in high-𝑇
𝑐
supercon-

ductors. Moreover, note that the nodal gap is also observed
in the nonsuperconducting state [1–6]. It is temperature
independent when crossing the superconducting transition
temperature 𝑇

𝑐
[2]. This seems to suggest that the nodal

gap is not superconductivity driven; thus the topological
superconductivity scenario is challenged.Therefore, so far the
origin for the nodal gap is still far from obvious and a widely
accepted theoretical explanation is still awaited.

Actually, now our understanding of the underdoped
high-𝑇

𝑐
superconductors is still rather incomplete. There

may exist various competing orders that can induce the
gap-like feature. One possible candidate order is the spin
order. Experimentally the presence of the spin order can be
examined by neutron scattering experiments. It was reported
that the incommensurate diagonal spin-density-wave order
(ID-SDW) with the wave vectorsQ = (𝜋 ± 𝛿, 𝜋 ± 𝛿) forms in
the deeply underdoped region [14–19]. As the doping density
increases, the spin modulation along the parallel direction
with the incommensurate wave vectors (𝜋, 𝜋 ± 𝛿) and (𝜋 ±
𝛿, 𝜋) was observed, accompanied by the appearance of the
superconductivity. It was revealed that the diagonal spin
order could persist in the superconducting state and coexist
with the parallel spin order [18]. Very recently, based on the
muon spin rotation measurement, the ID-SDW order was
also observed in the AF state, with the temperature about
30K. It is much lower than the AF Neel temperature, while it
is close to that of the nodal gap being observed [6].Therefore,
the ID-SDW order and the nodal gap appear in the same
region experimentally.

Motivated by the above experimental observations and
theoretical attempts, and in order to give a more definitive
explanation for the nodal gap, in the present work, we start
from a phenomenological model in the presence of an ID-
SDW order with the wave vectors Q = (𝜋 ± 𝛿, 𝜋 ± 𝛿) to
elaborate its effect on the spectral function. Our numerical
results show that the nodal gap is reproduced in the presence
of the above ID-SDW order. The numerical results are in
good agreement with the experiments; thus we propose that
the ID-SDW order is the main reason for the nodal gap. We
also discuss the origin of the ID-SDW order and propose
that it is understandable within the Fermi surface nesting
picture. The renormalized Fermi surface in the normal state
and the modulated real space local density of states are
also calculated and the results are qualitatively consistent
with previous experiments, which may be the additional
evidences for the presence of the ID-SDW order. We also
emphasize that our present theory is fundamentally different
from previous one considering the existence of the static
commensurate AF order [11–13]. Namely, in the present
work, the superconducting pairing has always pure 𝑑

𝑥
2
−𝑦
2

symmetry. The nodal gap will appear for even very weak ID-
SDWorder. It is induced directly by the spin order and would
persist in the normal state.

Our starting phenomenological model includes the
superconducting term and an ID-SDW order term, which is
expressed as

𝐻 = 𝐻SC + 𝐻𝑆, (1)

where the superconducting Hamiltonian is expressed as

𝐻SC = −∑
ij,𝜎
𝑡ij𝑐
†

i𝜎𝑐j𝜎 − 𝜇∑
i𝜎
𝑐
†

i𝜎𝑐i𝜎

+∑

ij
(Δ ij𝑐
†

i↑𝑐
†

j↓ + ℎ.𝑐.) .
(2)

In the present work, we assume phenomenologically the
SDW ordered periodically, expressed as

𝐻
𝑆
= ∑

iQ𝑠
𝑉
𝑠
𝑆
𝑧

i 𝑒
𝑖Ri⋅Q𝑠 . (3)

The above Hamiltonian can be transformed to the
momentum space by taking into account the 𝑑

𝑥
2
−𝑦
2-wave

superconducting pairing, the nearest-neighbor, and next-
nearest-neighbor hopping, which is rewritten as

𝐻SC = ∑
k𝜎
𝜀k𝑐
†

k𝜎𝑐k𝜎 +∑
k
(Δ k𝑐
†

k↑𝑐
†

−k↓ + ℎ.𝑐.) , (4)

where 𝜀k = −2𝑡(cos 𝑘𝑥 + cos 𝑘
𝑦
) − 4𝑡

 cos 𝑘
𝑥
cos 𝑘
𝑦
− 𝜇 and

Δ k = Δ 0(cos 𝑘𝑥 − cos 𝑘𝑦).𝐻𝑆 is expressed as

𝐻
𝑆
= ∑

k𝜎Q𝑠

(𝑉𝜎𝑐
†

k𝜎𝑐k+Q𝑠 ,𝜎 + ℎ.𝑐.) , (5)

with 𝑉 = 𝑉
𝑠
/2 being the ID-SDW order magnitude.

In the present work, we consider the four incommen-
surate scattering wave vectors Q

𝑠
= (𝜋 ± 𝛿, 𝜋 ± 𝛿),

consistent with previous experiments [6, 14–19]. Hereafter, if
not specified otherwise, the parameters are used as 𝑡 = 1, 𝑡 =
−0.3, 𝜇 = −0.857 (corresponding to the doping 𝑥 = 0.08),
Δ
0
= 0.25, and 𝑉 = 0.1. The incommensurability 𝛿 is taken

as 0.15𝜋, which is obtained from the Fermi surface nesting
vector, as discussed below.We have checked numerically that
our results are not sensitive to the reasonable changes of the
chosen parameters.

Before presenting our results, let us elaborate the numer-
ical technique with the incommensurate order. Firstly one
may rewrite the Hamiltonian to the matrix form with the
basis including the particle operator 𝑐k𝜎 and 𝑐k+𝑛Q𝑠 ,𝜎 (𝑛 =

1, 2, 3, . . .). For commensurate density wave (e.g., Q
𝑠
=

(2𝑠𝜋/𝑁, 0)), the wave vectors k and k + 𝑁Q
𝑠
have the

same reduced wave vectors in the first Brillouin zone. As a
result, the Hamiltonian is expressed as a finite order matrix
and can be solved strictly. However, for incommensurate
density-wave order with irrational real space modulation,
the order of the Hamiltonian matrix is indeed infinite and
can only be solved approximately. Since generally the incom-
mensurability is usually considered approximately as a finite
decimal, then the Hamiltonian can be solved numerically.
For the present incommensurability under consideration
(𝛿 = 0.15𝜋 = 2𝜋 ∗ 3/40), the whole Brillouin zone
is divided into 40 × 40 = 1600 parts. The Hamiltonian
with the superconducting pairing can be written as 3200 ×
3200 matrix. Then the retarded Green’s function 𝐺(k, 𝜔 +
𝑖Γ) can be obtained through diagonalizing the Hamiltonian.
The quasiparticle spectral function 𝐴(k, 𝜔) is given from



Advances in Condensed Matter Physics 3

0.2

0.0

−0.2

−0.4

−0.6

−0.8

−1.0
0.3 0.4 0.5

𝐤/𝜋

𝜔

16

12

7.9

3.9

0.0

0.0

−0.5
0.36 0.40 0.44

(𝜋, 𝜋)

(a)

(b)

(c) (d)

V = 0

(0, 0)

V = 0.1

V = 0.1

A
(𝐤
,𝜔

)

𝜔

−1.0 −0.5 0.0

Figure 1: ((a)-(b)) Intensity plots of the spectral function with and without the ID-SDW order, respectively. (c) The normal state Fermi
surface. The arrow indicates the cut along which (a), (b), and (d) were taken. (d) The energy dependence of the spectral function along the
arrow in (c) (from bottom to top).

the retarded Green’s function with 𝐴(k, 𝜔) = − Im𝐺(k, 𝜔 +
𝑖Γ)/𝜋.

We show in Figures 1(a) and 1(b) the spectral function
along the diagonal direction (along the cut indicated in Figure
1(c)) with and without the ID-SDW order, respectively. The
dashed lines are the quasiparticle dispersions. The spectral
functions as a function of the energy (EDCs) along the
diagonal direction are plotted in Figure 1(d). As is seen, the
quasiparticle energy decreases as the wave vector moves
towards the Fermi surface. An obvious gap exists in the
presence of the ID-SDW order, as shown in Figure 1(a). We
can also see clearly that the gap closes and the quasiparticle
dispersion crosses the Fermi momentum 𝐾

𝐹
for 𝑉 = 0, as

is seen in Figure 1(b). We also checked numerically that the
above results are in fact independent of the 𝑑-wave pairing
magnitude Δ

0
and the nodal gap exists when we set Δ

0
= 0

(not shown here).Therefore, the above nodal gap should exist
both in the superconducting state and the normal state. Our
results for the nodal gap are qualitatively consistent with the
experiments [1–7].

The momentum dependence of the energy gap along the
Fermi surface is studied in Figure 2. The EDCs with different
Fermi surface angle 𝜃 (defined in Figure 2(b)) are plotted in
Figure 2(a).Wedefine the energy gaps as the peak positions of
EDCs.Then the energy gap as a function of the Fermi angle is
shown in Figure 2(c). As is seen, the energy gap is significantly
anisotropic. It reaches the maxima value at the Brillouin
boundary and decreaseswhen thewave vectormoves towards
the diagonal direction. It reaches the minimum value at the
diagonal direction.The 𝑑-wave gap magnitude is also plotted

in Figure 2(c) for comparison. The observed energy gap
and the 𝑑-wave gap are nearly the same near the antinodal
direction. Near the diagonal direction the gap is different
from the 𝑑-wave one; namely, an obvious finite gap exists due
to the presence of the ID-SDW order. The above results are
qualitatively consistent with the experimental observations
in the superconducting state [2]. Note that here the wave
vector Q is important for the momentum dependence of the
energy gap. We also note that very recent ARPES experiment
on the insulating samples has also revealed that the energy
gap is anisotropic; that is, it reaches the maxima value at the
Brillouin zone boundary and is minimum at the diagonal
direction [5]. This experimental result can also be explained
qualitatively based on our model. Note that the origin of the
energy gap in deeply underdoped high-𝑇

𝑐
materials is indeed

complicated. There may exist several candidate competing
orders.We propose that the energy gap near the𝑑-wave nodal
points is still due to the ID-SDW order. The gap near the
Brillouin boundary is generated by another order (e.g., the
𝑑-density wave order [20] or the AF order (at the mean-field
level, the AF order can be obtained simply by setting Q

𝑠
=

(𝜋; 𝜋) in (5))).The coexistence of two orders in the insulating
sample is also supported by very recent experiments [6].
Theoretically, the energy gap produced by the 𝑑-density-wave
order orAF order should bemaximumnear the hot spots (the
crossing points between the normal state Fermi surface and
themagnetic Brillouin zone). For hole doped samples, the hot
spots are close to the antinodal points. Thus the anisotropic
gap in nonsuperconducting materials [5] is understandable.
We have also checked numerically (not shown here) that
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similar anisotropic behavior can be reproduced with the
model including both the ID-SDW order and the 𝑑-density-
wave order (or the AF order).

The explanation of the ID-SDW order can be given
based on the Fermi surface nesting picture. The normal
state Fermi surface is shown in Figure 3. As is seen, the
tangent lines of the Fermi surface curve are parallel at the
𝑑-wave nodal points, revealing the Fermi surface nesting
feature. The corresponding nesting vector is marked in
Figure 3, for which the incommensurability can be obtained
from the Fermi momentum along the diagonal direction.
The ID-SDW order comes mainly from such node-to-node
excitations. As such, the existence of the nodal gap can be
immediately understood. Namely, the vector of the ID-SDW
order connects different nodal points of Fermi surface. The
electron hopping between these points can occur due to the
ID-SDW order. This destroys the state of the quasiparticle
near nodal points and an energy gap opens.

We now discuss the differences between our model and
previous one in [8]. A commensurate SDW order with the
wave vector (𝜋, 𝜋) was taken into account in [8]. For the ID-
SDW order considered in our present work, the SDW gap
is opened first at the nodal direction, while, for the com-
mensurate SDW order, the SDW gap is opened first near the
antinodal direction and the nodal gap appears for a relatively
strong SDW order. As a result, the momentum space of the
total energy gap (shown in Figure 2) may be different as the
SDW wave vector changes to the commensurate one.
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𝐤
y
/𝜋

𝜋 − 𝛿

Figure 3: The normal state Fermi surface (𝜀k = 0). The diagonal
nesting wave vectors are indicated.

The signatures of this ID-SDW order can be probed
by studying the normal state Fermi surface. Previously
many interesting results for the Fermi surface of under-
doped cuprates have been obtained by ARPES experiments.
One important observation is that the Fermi surface is
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logarithmic scale is used.

gapped near the antinodal direction and leaves an ungapped
Fermi arc [21]. This conventional pseudogap behavior is still
unsolved and not concerned with in the present work. On the
other hand, the electronic structure along diagonal direction
is also nontrivial. It was revealed that the spectral weight
is low and the quasiparticle peak is broad near the nodal
direction for underdoped La

2−𝑥
Sr
𝑥
CuO
4
samples [22, 23].

Another interesting result is the observation of the Fermi
pocket in the underdoped samples [24]. It was revealed that
the Fermi pocket coexists with the Fermi arc and exists only
in the underdoped samples. Interestingly, the experimentally
observed Fermi pocket is not symmetrical with respect to
the (0, 𝜋) to (𝜋, 0) line. Thus the 𝑑-density-wave order or
AF order may not account for the Fermi pocket. It was also
proposed in [24] that the incommensurate diagonal density-
wave may potentially explain their results.

The numerical results of the normal state zero energy
spectral function [𝐴(k, 𝜔 = 0)] (Δ

0
= 0, 𝑉 = 0.1) is

presented in Figure 4. The normal state Fermi surface can
be obtained through the peaks of the spectral function. As
is seen in Figure 4(a), the spectral weight near the diagonal
direction is quite low, consistent with the experimental obser-
vations [22, 23]. This is due to the node-to-node scattering
caused by the ID-SDW.When the spectral function is plotted
in a logarithmic scale, the weak features of the spectral
function are revealed more clearly. As is seen, besides the
main Fermi surface, contributed by the normal state energy
band 𝜀k, another band with much lower spectral weight can
be seen clearly. Then a Fermi pocket forms. Here the Fermi
pocket is nonsymmetrical and not centered at (𝜋/2, 𝜋/2).
The above results are qualitatively consistent with the recent
experimental observation [24].

The relationship of the SDW and charge-density-wave
(CDW) orders has been an important point and attracted
intensive attention previously. Experimentally the charge
order could be detected through the STM experiments. One

prominent feature is the “checkerboard structure” from the
energy-dependent local density of states (LDOS). It was
first reported to exist in vortex cores of optimally doped
materials, with a two-dimensional modulation along Cu–O
bond directions [25–27]. Later experiments also observed
similar modulation in the superconducting samples without
the magnetic field [28, 29]. In the meantime, the charge
order can also be revealed in more detail through the Fourier
transform of the LDOS (FT-LDOS).The nondispersive peaks
would be observed in the presence of the charge modula-
tion. The periodicity can be determined through the peak
positions in the momentum space. An incommensurate
charge modulation with the periodicity of about 4.5a∼4.7a
was reported in the normal and superconducting states
[30–32].

We now study numerically the real space modulation
induced by the ID-SDW order. Diagonalizing the Hamil-
tonian (1), we can obtain the LDOS 𝜌(i, 𝜔) numerically.
To compare with the STM experiments, we also define the
Fourier transformation of the LDOS (FT-LDOS), which is
expressed as 𝑍(q, 𝜔) = ∑i 𝜌i(𝜔) exp(𝑖Ri ⋅ q). The numerical
results for the LDOS and FT-LDOS are presented in Figure 5.
The LDOS in the normal state with the energy 𝜔 = 0.1 is
plotted in Figure 5(a). The checkerboard pattern is revealed
clearly. Figure 5(b) is the FT-LDOS spectra. There exist
four peaks at the wave vector (0, ± 0.3𝜋) and (±0.3𝜋, 0)
(indicated with circles). The above results are robust and
qualitatively the same for different energies. The LDOS and
FT-LDOS in the superconducting state are plotted in Figures
5(c) and 5(d). As is seen, the intensities decrease due to
the existence of the superconducting gap while the main
results are qualitatively the same as those of the normal
state. Interestingly, although here we consider the ID-SDW
order in the starting model, the modulations of LDOS are
along the Cu–O bond directions. This is consistent with the
STM observations. It is also worthwhile to point out that
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Figure 5: The LDOS [𝜌i(𝜔)] and FT-LDOS [𝑍(q, 𝜔)] in the normal state and superconducting state with 𝑉 = 0.1 and 𝜔 = 0.1. (a) LDOS in
the normal state with Δ = 0. (b) FT-LDOS in the normal state. (c) LDOS in the superconducting state with Δ

0
= 0.25. (d). FT-LDOS in the

superconducting state.

the relation between the SDW order and charge order is still
an open question. If both have the same origins, then a simple
relation for the incommensurability of the SDW order 𝛿

𝑠

and the CDW order 𝛿
𝑐
should satisfy 𝛿

𝑐
= 2𝛿
𝑠
[33]. Exper-

imentally this relation is consistent with the observations
in La
2−𝑥

Sr
𝑥
CuO
4
[33, 34] and La

2−𝑥
Ba
𝑥
CuO
4
[35] samples.

However, it was also revealed that this relation is not satisfied
in the Bi

2
Sr
2−𝑧

La
𝑧
CuO
6+𝑥

[36, 37] and YBa
2
Cu
3
O
𝑦
samples

[38].
In summary, based on a phenomenological model, we

elaborate that an ID-SDW order can cause a finite gap along
the 𝑑-wave nodal line. This is in good agreement with recent
experimental observations. The origin of the ID-SDW order
can be explained through the Fermi surface nesting picture.
The normal state Fermi surface and the local density of states
are also studied. The results are qualitatively consistent with
the experiments.
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Inelastic neutron scattering experiments were performed on polycrystalline samples of NdFeAsO
0.85

F
0.15

over a wide temperature
range (3 K–250K). Based on the analysis of the experimental data, a Nd3+ CF energy level scheme is proposed to give a consistent
explanation about the observedCF transitions.The observed extra ground-state CF transitions could not be simply explained by the
transitions between five Kramers doublets split from the Nd3+ 4𝐼

9/2
ground state in the 𝐶

4V point symmetry. A reliable explanation
would be a superposition of crystal fields due to different local symmetries around the Nd3+ ions induced by the fluorine doping.

1. Introduction

For materials with rare-earth (R) elements, the interactions
between f-electrons and the crystal field potentials produced
by local lattice environment play important roles in deter-
mining the electronic ground state of R ions, as well as in
understanding the magnetic and thermodynamic properties
of these compounds. Inelastic neutron scattering has been
widely accepted as themost reliable technique in determining
the crystal field potentials in rare-earth based materials.
Particularly, for superconducting materials, in either high-𝑇

𝑐

cuprates or other R based heavy fermion superconductors,
important research progress has been made in investigating
the neutron spectroscopy of the CF excitations [1, 2].

The discovery of Fe-based superconductor LaFe AsO
1−𝑥

F
𝑥
has caused a tremendous upsurge of scientific interest

since 2008 [3]. Shortly after the report of 26K supercon-
ductivity in LaFeAsO

1−𝑥
F
𝑥
, through the substitution of La

by other R elements with f-electrons (such as Ce, Pr, Nd,
and Sm), superconducting critical temperature 𝑇

𝑐
above

50K could be observed in RFeAsO
1−𝑥

F
𝑥

[4–6]. So far,
these so-called FeAs-1111 compounds mark the highest 𝑇

𝑐

in all Fe-based superconductors, which also provided a
unique opportunity in studying the correlation between CF

excitations and physical properties in these exotic supercon-
ducting families. Up to now, there have been several pub-
lications about crystal field studies in FeAs-1111 compounds
through inelastic neutron scattering technique. For example,
in CeFeAsO

1−𝑥
F
𝑥
(𝑥 = 0, 0.16), the Ce CF levels were deter-

mined and the intrinsic linewidth Γ of 18.7meV was found
to have a clear anomaly at 𝑇

𝑐
[7]; inelastic neutron scattering

measurements of CF transitions in RFeAsO
1−𝑥

F
𝑥
(RE = Pr,

Nd) provided evidences that there were two distinct charge
environments around the RE ions arising from a random
distribution of fluorine ions [8]. The CF level structures for
both paramagnetic phase and antiferromagnetic phase of
NdFeAsO were constructed by Xiao et al. [9]. However, for
NdFeAsO

1−𝑥
F
𝑥
, there are still insufficient neutron scattering

data on the CF transitions and the CF energy level scheme of
Nd ion is still not clear.

In this paper, we report inelastic neutron scattering
studies on superconductingNdFeAsO

0.85
F
0.15

samples. Based
on the analysis of inelastic neutron scattering spectra at
different temperatures, we propose a crystal field energy
level scheme for Nd ion, which could explain the CF
transitions observed in the experimental data. The addi-
tional CF transitions beyond the requirements of 𝐶

4V
point symmetry indicate the superposition of crystal field
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and inhomogeneous ligand environments around the rare-
earth ions in NdFeAsO

0.85
F
0.15

.

2. Experimental Results and Discussions

About 20 grams of NdFeAsO
0.85

F
0.15

polycrystalline samples
were synthesized using the solid state reactionmethod. Resis-
tivity measurements show that the onset superconducting
transition temperature of our samples is about 47K while
the state of zero resistivity is reached at about 43K, as
shown in the inset of Figure 1(a). Inelastic neutron scattering
measurements on NdFeAsO

0.85
F
0.15

were carried out on
thermal triple-axis spectrometer TAIPAN at the Australian
research reactor OPAL [10]. The final neutron energy 𝐸

𝑓

was set to be 14.7meV, with pyrolytic graphite (PG) as the
monochromator and analyzer. The collimation was 48-40-
40-120.

Figure 1 shows the raw data of the inelastic neutron
spectra for NdFeAsO

0.85
F
0.15

at different temperatures. From
3K to 250K, constant-𝑄 scans were performed every 50
Kelvin. The momentum transfer 𝑄 was fixed to be 3.1 Å in
the whole measurements. First of all, the strong peaks at
about 45meV and 40meV (marked with red stars) could be
easily distinguished as the spurious peaks, which originated
from the 2𝜆 elastic neutron scattering. (The best energy
windows for PG filter are 14.7meV and 13.5meV. In our
experimental setup, 𝐸

𝑓
was fixed to be 14.7meV; when

𝐸
𝑖
= 58.8meV and 54meV, the energy transfers of 2𝜆

neutron (14.7meV and 13.5meV) were corresponding to the
strong elastic scattering signals. That is the origin of the
spurious peaks at the energy transfers equaling 44.1meV and
40.5meV.) At below 30meV plenty of CF excitation peaks
could be clearly observed in the spectra at 3 K (marked with
green arrows). With increasing temperature, the intensities
of these peaks gradually decreased, which indicates that the
corresponding CF excitations are ground-state excitations.
In high temperature regions, some new CF peaks gradually
emerge at around 11meV and their absolute intensities got
higher with increasing temperature. So these peaks should
correspond to the excitations between excited CF states.

In order to fit and carefully analyze the CF peaks, after
subtracting the spurious peaks, the next thing needed is to
clarify the phonon contributions from the inelastic neutron
spectrum. From both experimental data and theoretical
calculations, it is known that the phonon spectra are almost
the same for both parent compound and F-doped supercon-
ductors in FeAs-1111 system [11–13]. So with the generalized
phonon density of states (GDOS) of NdFeAsO in reference
paper [9], after transformation with Bose factor and the
neutron cross section equation [14, 15]

𝑑
2
𝜎

𝑑Ω𝑑𝐸
= 𝑁

𝑘
𝑓

𝑘
𝑖

(𝛾𝑟
0
)
2

4
𝑔
2

𝐽
𝑆 (𝑄, 𝐸) , (1)

we can finally calculate the phonon background for each
temperature in our inelastic neutron spectra. The results
calculated for 𝑇 = 3K are shown in Figure 1(f) (red hollow
scatters).

After subtracting phonons, we noticed that the spectrum
at 3 K almost overlapswith the spectrum at high temperatures
in energy transfer above 36meV except for notable additional
intensity contributions between 40meV and 48meV. These
additional neutron intensities gradually disappeared with
increasing temperatures, which indicates the existence of
ground-state CF excitations in this energy range. So it is
reasonable to choose the spectrumabove 36meVat high tem-
perature as instrument background because these intensities
could not come from CF excitations and most likely result
from the 2𝜆neutron contributions. After subtracting both the
phonon and instrument background, the spectrum obtained
at 3 K could be well fitted by seven CF excitation peaks
with the method of Gaussian fitting, as shown in Figure 2(a)
(labelled as A–G, resp.). The similar crystal field excitations
at energy transfer below 30meV were also observed by
Goremychkin et al. [8]. Because our data included higher
energy transfer region, we could observe the CF excitations
at 41.5meV and 44.5meV. From both Figures 1 and 2(b), it
can be seen that the intensities of all these seven CF peaks
decrease with increasing temperatures, which is clearly the
characteristic of ground-state excitations.

Therefore based on our inelastic neutron data, we pro-
posed a Nd3+ CF energy level scheme for NdFeAsO

0.85
F
0.15

,
which is illustrated in Figure 3. The crystal field energy levels
of NdFeAsO were obtained from another publication [9]. As
shown in Figure 3, under crystal field with the𝐶

4V point sym-
metry, the Nd3+ 4𝐼

9/2
ground state splits into five doublets

in NdFeAsO at temperatures above the antiferromagnetic
and structural phase transition [9]. For NdFeAsO

0.85
F
0.15

, the
ground-state CF transitions marked as “A” to “G” in Figure 3
were observed in the inelastic neutron spectra as shown in
both Figures 1 and 2(a). From the comparison between the
150K and 3K data in Figure 2(b), we could also notice that,
in high temperature neutron spectra, therewere somenewCF
peaks emerging at around 11meV and 26meV.These new CF
peaks were corresponding to the excitations between excited
states, as illustrated in Figure 3 (i.e., transitions “H” and “I”).
The consistence between the observed CF transitions and the
CF energy level scheme proved the validity of our CF model
proposed in this paper.

It is clear that the CF level scheme of NdFeAsO
0.85

F
0.15

is significantly different from that of tetragonal NdFeAsO.
In order to understand this difference, first of all we need
to check whether there were CF states splitting caused by
magnetic phase transitions. In the inset of Figure 1(a), the
typical temperature dependence of resistances was measured
on our samples. There were no traces of phase transitions
because there was no anomaly in the normal state resistance
which should be the typical features in the samples with
structural or magnetic phase transitions. The resistance
measurements were also performed in different batches of
our samples which show similar features. Also based on
our previous neutron measurements on samples with similar
doping [16], we could safely rule out the possibility of struc-
tural or magnetic phases transitions induced additional CF
states.

All the CF peaks should correspond to certain tran-
sitions of Nd f-electrons between different CF states. In
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Figure 1: Inelastic neutron scattering spectra of NdFeAsO
0.85

F
0.15

were measured with fixed 𝐸
𝑓
= 14.7meV and𝑄 = 3.1 Å. The energy scans

were carried out at temperatures from 3K to 250K as marked on each figure. The solid lines are guides to the eye. The red stars marked the
spurious peaks caused by the instrument setup. In the inset of Figure 1(a), the temperature dependence of resistance data of our samples is
shown.

the weak crystal field approximation, which applies well to
the R elements, the multiplets of different 𝐽’s (total angular
moment) are well separated in energy compared to the intra-
multiplet splittings; therefore, the interactions between mul-
tiplets can be ignored. In such a case, the crystal field states
can be considered based solely on the ground-state splitting
[17].

According to Hund’s rules, the ground state of Nd3+

ion, which contains three f-electrons, is 4𝐼
9/2

. The splitting
of CF levels is directly related to the local lattice sym-
metry. NdFeAsO

0.85
F
0.15

samples have a tetragonal crystal
structure with 𝑃4/𝑛𝑚𝑚 space group. The Nd atoms are
located at the 2𝑐 crystallographic site therefore having 𝐶

4V

point symmetry. This gives the crystal field Hamiltonian as
follows:

𝐻CEF (𝐶4V) = 𝐵
0

2
𝑂
0

2
+ 𝐵
0

4
𝑂
0

4
+ 𝐵
0

6
𝑂
0

6
+ 𝐵
4

4
𝑂
4

4
+ 𝐵
4

6
𝑂
4

6
, (2)

where 𝐵𝑚
𝑛
are the CF parameters and𝑂𝑚

𝑛
are Steven’s operator

equivalents. This CF symmetry splits the 4𝐼
9/2

ground-state
multiplet of the Nd3+ ion into five Kramers doublets.

However, suppose the CF peaks at 𝑇 = 3K in our
NdFeAsO

0.85
F
0.15

samples all came from the transitions
between the five doublets as in the high temperature tetrag-
onal phase of NdFeAsO [9]; then the number of ground-
state excitation peaks should be at most four. According to
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Figure 2: (a) Energy spectra of CF excitations in NdFeAsO
0.85

F
0.15

at 𝑇 = 3K after subtracting the phonon and instrument background.
The spectra were well fitted by seven Gaussian peaks. The instrumental energy resolution is 0.98meV at elastic position (horizontal bar). (b)
Comparison of the energy spectra of CF excitations between𝑇 = 3Kand𝑇 = 150Kafter subtracting the phonon and instrument background.
The black lines are guides to the eye.
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Figure 3: The Nd3+ CF energy level schemes for both NdFeAsO
and NdFeAsO
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are shown. The values of energies of Nd3+
in NdFeAsO

0.85
F
0.15

are sorted in increasing order: 0, 4.49, 7.34,
8.97, 15.17, 19.79, 41.50, and 44.51meV. The energies of CF levels of
NdFeAsO were obtained from another paper [9].

our data, the observed CF transitions for NdFeAsO
0.85

F
0.15

outnumbered the transitions allowed for Nd3+ with𝐶
4V point

symmetry. Therefore the Hamiltonian in (2) is insufficient to
describe the CF states in F-doped samples.

A reliable interpretation of the experimental data would
be the occurrence of a superposition of crystal fields due to
different local symmetries around the Nd3+ ions induced by
the fluorine doping, similar to the case of oxygen defects in
the R compounds RBa

2
Cu
3
O
𝑥
[18] andRCoO

𝑥
[19].There are

four nearest-neighboring oxygen ions around the Nd3+ ion;
the ways of substitution of fluorine for oxygen could not
all be the same. So different local charge environments and
CF potentials around Nd3+ ions are expected. As in the
analysis of RCoO

𝑥
[19], in this situation because of the

lowered point symmetry, additional terms are needed to
enter the Hamiltonian in (2) which would produce more CF
states as in our experimental data. Although it is difficult to
give a parameterization in terms of the current complex CF
Hamiltonian based on our data, the clear observation of seven
ground-state CF transitions would provide strong evidence
for the above analysis.

Besides NdFeAsO
0.85

F
0.15

, the additional CF states
induced by F-doping were also observed in PrFeAsO

0.87
F
0.13

[8]. However it is interesting to mention that, for another
typical FeAs-1111 compound CeFeAs(O,F) [7], there is
not much difference between the CF states in tetragonal
CeFeAsO phase and PrFeAsO

0.86
F
0.14

phase. The reason
could be that the line widths ofmajor CF transitions in the Ce
compounds are of the order of 10meV, which is significantly
larger than that in Nd compounds (mainly below 3meV). So
the presumably small effect of fluorine doping could not be
detected.

3. Concluding Remarks

Inelastic neutron scattering measurements were carried out
on polycrystalline samples of NdFeAsO

0.85
F
0.15

at different
temperatures.Through the analysis of inelastic neutron spec-
tra, up to seven ground-state CF excitations were identified.
A crystal field energy level scheme for Nd3+ was proposed
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which shows quite different features comparing with that in
tetragonal NdFeAsO phase. This indicates the occurrence of
superposition of crystal fields due to the inhomogeneous lig-
and charge environments and lowered local point symmetries
around the Nd3+ upon fluorine doping.
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We have fabricated the heavily Ga-doped layer in Ge single crystal by the implantation and rapid thermal annealing method. The
samples show a crossover from the insulating to the superconducting behavior as the annealing temperature increases. Transport
measurements suggest that the superconductivity is from the heavily Ga-doped layer in Ge.

1. Introduction

Since the superconductivity was observed in metal in 1911,
intensive efforts have been performed to find new super-
conductor such as high 𝑇

𝑐
cuprate [1] and pnictide [2]. The

application of superconductor on the traditional industry
now motivates scientists to find the superconductivity in
semiconductor materials, since it can solve the problem
of power consumption of integrated circuit and improve
the efficiency of the device. As the superconductivity is
induced in the diamond doped with boron [3] and the silicon
doped with boron [4], the Ga-implanted germanium [5]
with a total dose of 2 × 1016 cm−2 Ga was recently found
to show superconductivity at the low temperature with the
superconducting transition temperature lower than the ger-
manium heavily doped with 4 × 1016 cm−2 Ga [6]. The origin
of superconductivity in the heavily doped semiconductors,
however, is an open question yet, even after the intensive
study [6–8]. In this work, we fabricated the heavily Ga-doped
Ge with a 30 nm SiO

2
cover layer by implanting Ga into the

Ge single crystals and performed the rapid thermal annealing
(RTA) on these samples. After performing the scanning
electron microscope (SEM) and transport measurement, we
find that the annealing temperature can induce an insulator

to superconductor transition in Ga-doped Ge samples. Our
study of superconductivity in the Ga-implanted Ge combines
the superconductor and semiconductorwhichwill contribute
to application of superconductor on the traditional semicon-
ductor industry.

2. Experimental Details

We chose the (1, 0, 0) oriented and P doped germanium as
the substrate in this experiment. On the top of the germa-
nium we grew a 30 nm SiO

2
cover layer through plasma-

enhanced chemical vapor deposition (PECVD). After that,
we implanted 4 × 1016 Ga cm−2 at an ion energy of 100 keV
into it. Here, the SiO

2
capping layer can prevent the surface

degradation [6] except the implanted region during implan-
tation as shown in Figure 1.

We annealed the Ga-doped Ge samples by the rapid
thermal annealing (RTA) for 60 s in flowing Ar atmosphere
at various temperatures. The RTA was reported to play an
important role in recrystallizing the amorphous implanted
layer, which leads to the formation of the highly Ga-doped
layer at the SiO

2
/Ge interface [6, 8]. We therefore investigate

the surface structure of the samples by the scanning electron
microscope (SEM). The surface degradation does not occur
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(a) (b)

Figure 1: Surface structure investigated with SEM in the (100) oriented Ge single crystal, which exposed at 4 × 1016 cm−2 Ga dose at an ion
energy of 100 keV. (a) As-implanted sample. (b) Sample annealed at 800∘C RTA in the flowing 𝐴𝑟 atmosphere.
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Figure 2: (a) 𝑇 dependence of the sheet resistance 𝑅
◻
for samples with the different annealing temperatures. (b)The enlarged plot of (a) near

the superconducting transition temperature 𝑇
𝑐
. (c) The thermal hysteresis curves for the samples annealed at temperature window (600∘C–

850∘C). The arrows show the direction of the thermal cycle.

on the surface of the sample because of the protection of the
SiO
2
capping as discussed before. But there are many discrete

holes on the surface as a result of high dose implantation.
For the as-implanted samples, the holes are discrete islands
containing gallium; but for the samples annealed at 800∘C,
the gallium islands inside the holes percolate which can be
regarded as superconducting grains of gallium percolating in
the normal state germanium matrix.

To clarify the properties of the different annealed samples,
we performed the electronic transport measurements on
those annealed samples. We contacted the electrodes by
the bonding lines and carried out the measurements in
the usual four-terminal geometry at the temperature from
2.5 K to 300K in a physical property measurement system
(PPMS). The resistance was measured by ETO option whose
excitation current is 100 𝜇A. The temperature dependence of

resistance in the as-implanted state and annealed at various
temperatures under Ar flowing atmosphere is presented in
Figure 2.

Figure 2(a) is the 𝑇 dependence of the sheet resistance 𝑅
◻

for the unannealed and annealed samples. The 𝑅
◻
s decreases

as the annealing temperature increases.The logarithmic scale
of 𝑅
◻
here shows how dramatic the electronic transport

can be influenced by the annealing temperature. For dif-
ferent annealing temperature, it shows a transition from
the insulating to superconducting behavior. Upon cooling,
the as-implanted samples show an increasing resistance,
which could reflect intrinsic semiconductor property of Ge,
while upon increasing the annealing temperature, the sheet
resistance decreases, which could be due to the change of
the discrete Ga islands to percolating ones as discussed
above.
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Figure 3: (a) The 𝐻 dependence of normalized magnetic resistance (𝑅(𝐻)/𝑅(0) − 1) measured at 𝑇 = 2.5K for the samples annealed at
temperature ranging from 300∘C to 850∘C. (b) 𝑇 dependence of the sheet resistance 𝑅

◻
at various magnetic fields 𝐻 applied perpendicular

to the surface for the samples annealed at 800∘C.The inset shows the field-temperature (𝐻 − 𝑇) phase diagram.

At the annealing temperatures ranging from 600∘C to
850∘C, the samples show a superconducting transition below
7K as shown in Figure 2(b). There is a gradual drop of
sheet resistance but zero resistance is not possible because
of the discontinued superconducting path in the sample.
When focusing on the low temperature transport carefully,
we observed a detailed dependence of the superconducting
properties on the annealing conditions. There is an optimal
annealing temperature window (600∘C–800∘C). Out of that
temperature window, the superconductivity is weak. There
are two critical temperatures in the samples with annealing
temperature at 830∘C and 850∘C.

It was shown in Figure 2(c) that the samples with super-
conducting behavior display a thermal hysteresis loop during
the thermal cycle and the arrows mark the direction of those
thermal cycles. The thermal hysteresis observed here shows
the presence of the first order phase transition which could
be attributed to the phase transition of the Ga grains from
endothermic and exothermic process [9]. The gallium with
exothermic process actually shows a similar superconducting
transition temperature [10, 11] as the 𝑇

𝑐
in Figure 2(b). The

superconducting gallium grains actually play an important
role in the process. Based on [9], the 𝛽-Ga, 𝛾-Ga, and 𝛿-
Ga show the similar hysteresis loop in the single-energy
X-ray absorption measurements and the reason is their
endothermic and exothermic process during thermal cycle.
So we attribute the hysteresis loop to the gallium and relate
the superconductivity to the hysteresis loop. Particularly the
𝑇
𝑐
of 𝛽-Ga is 6 K. It therefore clarifies the reason that the

superconducting behavior is related to thermal hysteresis as
observed in this experiment.

To obtain the further understanding of the character of
superconducting state, we measured the magnetic field 𝐻
dependence of the sheet resistance of the samples annealed
from 300∘C to 850∘C. The normalized magnetoresistance
(𝑅(𝐻)/𝑅(0) − 1) is plotted in Figure 3(a). (The data is
shifted for clarity.) Here the 𝐻 is perpendicular to the ab-
plane of samples. As shown in Figure 3(a), the samples
show the largest magnetoresistance variation at the annealing
temperature window between 600∘C and 800∘C,whichmight
suggest the strongest superconducting character there. We
also performed the 𝑇 dependence of sheet resistance 𝑅

◻

measurement for the sample annealed at 800∘C with the
applied magnetic fields 𝐻 perpendicular to the 𝑎𝑏-plane of
the sample (Figure 3(b)). It is shown in Figure 3(b) that the
superconducting transition is suppressed by the applied field
𝐻.We can define the critical temperature𝑇

𝑐
as the 2% drop of

normal state resistance for the sample measured at different
𝐻. The inset in Figure 3(b) is the 𝐻 − 𝑇 phase diagram of
the samples.The𝐻

𝑐2
(0 K) at zero temperature was estimated

as the 10% drop of 𝐻
𝑐2
at 2 K, which is approximately 0.5𝑇.

Such a criterion is the same as the early work [6]. By using the
standard theory, we can calculate the value of the Ginzburg-
Landau coherence length 𝜉GL. We deduce the 𝜉GL = 26 nm
via 𝜙
0
= 2𝜋𝐻

𝑐2
𝜉
2

GL, where 𝜙0 is the magnetic flux quantum.

3. Summary

In summary, we have fabricated heavily Ga-doped Ge with a
30 nm SiO

2
cover layer.The ion implantation and subsequent

RTA annealing were employed to form a Ga-doped layer
at the SiO

2
/Ge interface. The RTA annealing enables Ga to
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redistribute in the sample and realize the superconducting
circuits. Ga forms metallic precipitates in the Ge matrix.
With increasing annealing temperature, the samples show
a crossover from the insulator to the superconductor. The
𝑇
𝑐
is the same with the gallium’s transition temperature and

the hysteresis loop is related to gallium. So, the electronic
transport measurements indicate that the Ga-doped layer
plays a leading role in the superconductivity.
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