PHYSICAL REVIEW B 93, 245110 (2016)

Optical study of the antiferromagnetic ordered state in electron-overdoped Ca0.77 Nd0.23 FeAs2
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In Ca1−x Rx FeAs2 (R = rare earth), an antiferromagnetic (AFM) phase as well as a structural transition have
been reported, even in the electron-overdoped regime. Here, we investigated the temperature-dependent in-plane
optical spectroscopy of overdoped Ca0.77 Nd0.23 FeAs2 . Upon entering the AFM state, we found an abrupt reduction
of low-frequency (500–2000 cm−1 ) spectral weight in the optical conductivity. In sharp contrast to the parent
compounds of the 122 system, where spin-density-wave gaps have been clearly observed in the AFM state, a
gap signature is absent in Ca0.77 Nd0.23 FeAs2 . This may be a consequence of the poor nesting condition between
the hole and electron pockets. However, a spectral weight analysis shows that the reduced spectral weight at
low frequency is transferred to the high-frequency range (4000 cm−1 ), pointing to a localization effect. These
observations suggest that the AFM order in Ca0.77 Nd0.23 FeAs2 is most likely to originate from a localized nature
rather than Fermi-surface nesting.
DOI: 10.1103/PhysRevB.93.245110
I. INTRODUCTION

Since unconventional superconductivity usually arises as
a consequence of suppressing an antiferromagnetic (AFM)
order in the parent compounds by chemical substitution, its
pairing mechanism is believed to be intimately related to
magnetism [1]. Understanding the origin of magnetism may
provide an important clue to the unconventional pairing. The
parent compounds of iron-based superconductors (FeSCs),
such as BaFe2 As2 [2] and LaFeAsO [3], generally feature
well nested hole/electron pockets that undergo an AFM
transition at low temperatures [4]. Charge doping can degrade
the nesting condition to suppress the AFM transition, thus
inducing superconductivity at the boundary of the AFM
phase. Therefore, the pairing mechanism has been proposed
to be associated with the scattering between the hole and
electron pockets, which is induced by nesting-related spindensity-wave- (SDW-) type fluctuations [4,5]. In this picture,
magnetism, as well as superconductivity, may strongly depend
on the topology of the Fermi surface [6].
However, in FeTe, Fermi-surface nesting fails to account for
the bicollinear AFM order [7]. Moreover, in K2 Fe4 Se5 [8] and
(Li0.8 Fe0.2 )(OH)FeSe [9], even though no hole pockets exist
at the  point, superconducting gaps still open on the Fermi
surfaces. Thus, the pairing mechanism cannot be understood in
terms of a Fermi-surface instability, and the electrons below the
Fermi surface may also play an important role [4]. Moreover,
Iimura et al. [10,11] have found another superconducting
dome and AFM ordered state in an electron-overdoped area of
RFeAsO1−x Hx (R = rare earth); these anomalous behaviors
introduce additional puzzles and could reveal more rich
physics in FeSCs. However, owing to the lack of a large
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sized single crystal, there is difficulty in carrying out detailed
experiments.
Ca1−x Rx FeAs2 is a newly discovered iron-pnictide family
with a monotonic structure (space group P21 ) [12]. It consists
of alternatively stacked FeAs and (Ca,R)As layers. Rare-earth
doping on the Ca site can introduce electrons into the FeAs
layers and induce superconductivity with Tc = 35 K (x =
0.15) [13]. With further electron doping, superconductivity is
suppressed, however, instead of the Fermi-liquid (FL) behavior
observed in some other iron pnictides, there is a recovery of
the AFM order, which is confirmed by recent nuclear magnetic
resonance (NMR) [14] and neutron scattering results [15],
similar to what happened in RFeAsO1−x Hx [10]. Since the
AFM is intimately related to superconductivity, studying such
anomalous behavior may provide some new physics and shed
light on the mechanism of unconventional superconductivity
in FeSCs.
In this paper, we have synthesized single crystals of
electron-overdoped Ca0.77 Nd0.23 FeAs2 [12] (TN  73 K), and
measured its temperature-dependent in-plane reflectivity before and after the AFM phase transition. To analyze the optical
conductivity, we use two Drude components to describe the
low-energy (<2000 cm−1 ) response, to account for the multiband nature of FeSCs [16,17]. Such a two-Drude model reveals
a narrow temperature-dependent Drude item representing
the coherent response, and a broad temperature-independent
Drude one representing the incoherent response. Across the
phase transition, we notice that the broad Drude component is
significantly suppressed. Correspondingly, the spectral weight
of optical conductivity at low frequency (50–2000 cm−1 ) is
reduced. Unlike the parent compound of the 122 system,
the lack of a signature of a SDW transition in the optical
conductivity indicates a poor nesting condition. However,
a spectral weight analysis shows that the reduced spectral
weight at low frequency is transferred to a high-frequency
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area (4000 cm−1 ), indicating a localization effect, such as
Hund’s rule coupling. We infer that the magnetism in such
an electron-overdoped system may come from a localization
effect and does not rely on the topology of the Fermi surface.
II. EXPERIMENT

High-quality single crystals of Ca1−x Ndx FeAs2 were synthesized by heating a mixture of Ca, Nd, FeAs, and As powders
with a nominal composition of x = 0.2 [12,18], whose typical
size was about 3 × 3 × 0.1 mm3 . The composition determined
by an inductively coupled plasma emission spectrometer (ICP)
was Ca0.77 Nd0.23 FeAs2 . Resistivity measurements were taken
on a Quantum Design physical property measurement system
(PPMS). Magnetization was measured using a Quantum Design superconducting quantum interference device (SQUID).
The reflectivity from the cleaved surface has been measured
at a near-normal angle of incidence on a Fourier transform
infrared spectrometer (Bruker 80v) for light polarized in the
ab planes using an in situ evaporation technique [19]. Data
from 40 to 15 000 cm−1 were collected at eight different temperatures from 15 to 300 K on an ARS-Helitran cryostat. The
reflectivity in the visible and UV range (10 000–40 000 cm−1 )
at room temperature was taken with an Avaspec 2048 × 14
optical fiber spectrometer. The optical conductivity has been
determined from a Kramers-Kronig analysis of reflectivity
R(ω) over the entire frequency range. Since the measurement
is made in a√limited energy range, a Hagen-Rubens relation
(R = 1 − A ω) is used for low-frequency extrapolations.
Above the highest measured frequency (40 000 cm−1 ), R(ω) is
assumed to be constant up to 40 eV, above which a free-electron
response (ω−4 ) is used [20].
III. RESULTS AND DISCUSSION

Figure 1(a) shows the temperature-dependent resistance
with the I  ab plane and I  c axis. We note that above
73 K the in-plane resistance shows a metallic behavior
which decreases upon cooling, while the interplane resistance
shows an insulating behavior, i.e., it increases with decreasing
temperature. It means that even though the CaAs layer has
been reported to be metallic, the interlayer coupling is still
weak. At 73 K, we note a sudden drop on both curves, and
a kink could also be observed in its magnetic susceptibility
[Fig. 1(b)]. These anomalies have been demonstrated to be
caused by structural and AFM phase transitions [15]. Below 10
K, another drop in R(T ) [Fig. 1(a)] may come from filamentary
superconductivity. In addition to these observations, we also
note that, in the normal state, the in-plane resistance shows
an obvious non-Fermi-liquid (NFL) behavior (discrepancy of
the T 2 behavior) [17,21], but after the phase transition, the
system becomes much more coherent. Such a phenomenon
can be understood in terms of spin-fluctuation scattering,
i.e., in the normal state, there exists strong spin fluctuation
to scatter the carrier that results in NFL behavior, while
in the magnetic ordered state the fluctuation is greatly
suppressed [17].
The measured in-plane reflectivity and the real part of
the optical conductivity σ1 (ω,T ) are summarized in Fig. 2,
for selected temperatures above and below the AFM phase

FIG. 1. (a) Temperature dependence of normalized resistivity of
Ca0.77 Nd0.23 FeAs2 with I  c axis (blue) and I  ab plane (red).
(b) The temperature dependence of magnetic susceptibility of
Ca0.77 Nd0.23 FeAs2 with H  ab plane at 1 T. The inset is its derivative
with temperature. Arrows indicate the Néel temperature.

transition. The reflectivity shows a typical metallic behavior,
approaching unity at low frequencies (<1000 cm−1 ) and
increasing upon cooling. After the AFM phase transition,
a suppression of R(ω,T ) in the midinfrared range (500–
2000 cm−1 ) can be seen. Correspondingly, similar behavior
is also found in the optical conductivity spectra, indicating a change in the band structure and a loss of density
of states near the Fermi level. Compared with BaFe2 As2 ,
which also undergoes an AFM phase transition [22], below 73 K, no additional gaplike feature below 3000 cm−1
can be found, indicating no SDW transition occurred in
Ca0.77 Nd0.23 FeAs2 —the reason for this will be discussed
later.
To quantitatively analyze the optical data of
Ca0.77 Nd0.23 FeAs2 , we fit the σ1 (ω,T ) with a simple
Drude-Lorentz mode for the dielectric function,
(ω) = ∞ −


i

2p,i
ω2 +

iω
τi

+


j

2j
ωj2 − ω2 −

iω
τi

,

(1)

where ∞ is the real part of the dielectric function at
high frequencies, and the second term corresponds to the
Drude response characterized by a plasma frequency 2p,i =
4π ne2 /m∗ , with n a carrier concentration and m∗ an effective
mass, and 1/τi the scattering rate. The third term is a sum
of Lorentz oscillators characterized by a resonance frequency
ωj , a linewidth γj , and an oscillator strength j . The Drude
term accounts for the itinerant carrier (intraband) response,
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FIG. 3. (a), (b) Optical conductivity of Ca0.77 Nd0.23 FeAs2 at 75
and 5 K (thick black lines), fitting with the Drude-Lorentz model
(thin red lines), and its decomposition into individual Drude and
Lorentz terms. (c) Plasma frequency for the narrow Drude (blue),
broad Drude (green), and the total weights of the narrow and broad
Drude components (red) for various temperatures. (d) T dependence
of the quasiparticle scattering rate 1/τnD derived from the coherent
narrow Drude component. (The vertical dashed line denotes the phase
transition.)

FIG. 2. (a) Reflectivity and (b) optical conductivity of
Ca0.77 Nd0.23 FeAs2 at various temperatures. The red arrows indicates
the suppression in reflectivity and optical conductivity.

while the Lorentz contributions represent the localized (interband) excitations [23]. The complex conductivity σ̃ (ω) =
σ1 + iσ2 = iω[ε̃(ω) − ε∞ ]/60 (in units of −1 cm−1 ). The
fitting results shown in Figs. 3(a) and 3(b) can well reproduce
the experimental results.
Figures 3(a) and 3(b) summarize the fitting results, and
considering the multiband nature of FeSCs, we use two Drude
components (a narrow one and a broad one) and a Lorentz component to describe the optical response below 6000 cm−1 [16].
The narrow Drude item has a strongly temperature-dependent
scattering rate at low temperature (1/τnD  32 cm−1 , 10 K)
and represents the coherent response. The scattering rate of
the broad Drude item is 2000 cm−1 or larger, corresponding
to a mean free path that is shorter than the lattice spacing
and indicating a highly incoherent character [24,25]. The
broad Drude item is much stronger than the narrow one,
but it almost does not change with the temperature, representing an incoherent background [23]. Across the AFM
transition, in Fig. 3(c) we note the broad Drude component
is greatly suppressed. Meanwhile, the scattering rate of the
coherent response is also reduced [Fig. 3(d)]. Considering
the suppressed spin fluctuation in the AFM ordered state,
we infer the incoherent response may have a relation with
the AFM fluctuation. The overall plasma frequency p is
considered to contribute from both narrow and broad Drude
1/2
components with p = (2nD,p + 2bD,p ) . In Fig. 3(c),
we note that even though the narrow Drude component

is a little enhanced, the overall frequency is suppressed
across the phase transition, indicating a loss of itinerant
carriers after the transition. So where do the lost carriers
go?
In Fig. 4(b), we have calculated the spectral weight in
different areas of optical conductivity. From the results, one
notes that the spectral weight at high energy (4000–15 000
cm−1 ) varies significantly with the temperature. Upon cooling,
the spectral weight at high frequency is continuously enhanced
while the overall spectral weight keeps constant. It means the
spectral weight at low frequency is transferred from a low- to
high-frequency area. Such a pseudogaplike behavior has been
widely attributed to the Hund’s rule coupling effect, which
can localize and polarize the itinerant electrons to enhance
the electron correlation and AFM exchange interaction [26].
At low temperatures (73 K), we observed an additional
enhancement of the high-frequency spectral weight, and,
combined with the result of the fitting analysis, we find that the
suppressed spectral weight at the low-frequency area (500–
2000 cm−1 ) in the magnetic ordered state has been moved
to the high-frequency area, reflecting a suddenly enhanced
localization effect. Further research is needed to determine
whether this effect is caused by Hund’s rule coupling or some
other effects.
Even though the spectral weight at the low-frequency area
is greatly transferred to the high-frequency area during the
phase transition, we do not observe any additional gaplike
feature in the optical conductivity [Fig. 2(b)] after the AFM
phase transition (evidence given by the spectral analysis is
shown in Appendix B). This is different from what happened
in BaFe2 As2 , which undergoes an SDW transition and has
a signature of opening a gap in its optical spectrum [22].
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understood in terms of the Fermi-surface nesting. Thus, the
mechanism for magnetism in an overdoped area should be
reconsidered.
Very recently, x-ray diffraction (XRD) experiments [15] on
Ca1−x Lax FeAs2 found that the height of the As atom (in FeAs
layer) corresponding to the Fe layer in an electron-overdoped
sample (x = 0.27) is 1.422(5) Å, while it is 1.412(5) Å for the
less doped one (x = 0.195) [12], indicating that rare-earth
doping could somehow increase the pnictogen height in
Ca1−x Lax FeAs2 . Such behavior could enlarge the distance
between the Fe and As atoms and suppress the hybridization
between Fe 3d and As 4p orbitals [31]. As a result, electrons
on Fe atoms could be much more localized, and the electron
correlation as well as the local magnetic moment are enhanced
[31,32]. Furthermore, across the AFM phase transition in
Ca0.73 La0.27 FeAs2 , the lattice parameters a,b,c as well as
the cell volume are found to be enlarged abruptly, and such
a negative thermal expansion could narrow the bandwidth
and localize the electrons, which is consistent with our
observations in optical spectroscopy. Thus we propose that the
magnetic transition is mostly like to have a localized origin.
Even though an enhanced localization effect is accompanied
with a phase transition, the system is still in a metallic state.
From the fitting analysis of the optical data in Figs. 3(a) and
3(b), we note that the AFM transition mainly affects the broad
Drude item, while the narrow one is almost unaffected. This
may reflect the multiband nature of FeSCs [33,34], from which
the much incoherent bands (or orbitals) are selected to be
localized across the phase transition [35].
FIG. 4. (a) Enlarged optical conductivity of Ca0.77 Nd0.23 FeAs2
before and after the phase transition, from which we could clearly
see the spectral weight transference, indicated by the red
 ω arrow. (b)
Temperature dependence of the spectral weight Wωωab = ωab σ1 (ω)dω
between different lower and upper cutoff frequencies. The vertical
dashed line denotes the phase transition.

Comparing their Fermi surface, we note that BaFe2 As2 as
a compensate metal has equal sized electron and hole pockets,
and there is good nesting between them along the (π,π )
direction in the Brillouin zone [2,27]. This will lead to
the instability of the Fermi surface and SDW transition at
low temperatures [28]. Recent angle-resolved photoemission
spectroscopy (ARPES) results on Ca0.73 La0.27 FeAs2 indicate
electron-overdoped FeAs layers [15], in which the electron
pockets are much bigger than the hole pockets and lead to a
poor nesting condition (compared with the less doped ones)
and to no SDW transition and no gap on its Fermi surface. The
AFM transition in such a poorly nested system suggests the
magnetism in electron-overdoped Ca0.77 Nd0.23 FeAs2 does not
rely on the topology of the Fermi surface. The spectral weight
transfer without a SDW gap creates a pseudogap feature in the
optical spectrum across the AFM phase transition.
Such strong magnetism in electron-overdoped
Ca1−x Rx FeAs2 cannot be understood by previous theoretical
models [29,30], in which the electron doping could
continuously suppress the magnetic order and low-energy
spin fluctuation with worsening nesting conditions. Moreover,
recent NMR results point out that magnetism is rather
enhanced with doping [14], and such behavior cannot be

IV. SUMMARY

In summary, we have synthesized a single crystal of
Ca0.77 Nd0.23 FeAs2 and investigated its optical response at
temperatures before and after the phase transition. From
the optical conductivity, we find an obvious spectral weight
transfer from the low- to high-energy area without any
signature of a SDW gap across the AFM phase transition.
Therefore, we propose the magnetism in electron-overdoped
Ca1−x Rx FeAs2 may come from the localization effect, which
results in a pseudogap feature, and does not rely on the
Fermi-surface nesting. Since further electron doping by Co
in Ca0.73 La0.27 Fe1−x Cox As2 could induce another superconducting dome [36], more investigations on this system may
shed light on the mechanism of high-Tc superconductivity in
FeSCs.
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APPENDIX A: HALL COEFFICIENT

To
determine
the
electron
concentration
of
Ca0.77 Nd0.23 FeAs2 , we measured its Hall resistance ρxy and
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FIG. 5. Hall resistance and Hall coefficient of Ca0.77 Nd0.23 FeAs2
at 300 K.

calculated the Hall coefficient at 300 K. The Hall coefficient
of Ca0.77 Nd0.23 FeAs2 at 300 K is −9.5 × 10−9 m3 /C,
which is comparable with that of Ca0.73 La0.27 FeAs2 [36],
indicating that the Ca0.77 Nd0.23 FeAs2 is electron overdoped.
(See Fig. 5.)

APPENDIX B: DETAIL SPECTRAL WEIGHT ANALYSIS

In Fig. 6 we calculated the ratio of the spectral weight
as a function of cutoff frequency for BaFe2 As2 and
Ca0.77 Nd0.23 FeAs2 , respectively. Comparing with BaFe2 As2 ,
we find no obvious signature characteristic of opening a gap
within the SDW scale of BaFe2 As2 but an enhanced spectral
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