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Optical spectroscopy study of the collapsed tetragonal phase of CaFe2 (As0.935 P0.065 )2 single crystals
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We present an optical spectroscopy study on P-doped CaFe2 As2 which experiences a structural phase transition
from tetragonal to collapsed tetragonal (cT) phase near 75 K. The measurement reveals a sudden reduction of
low-frequency spectral weight and the emergence of a feature near 3200 cm−1 (0.4 eV) in optical conductivity
across the transition, indicating an abrupt reconstruction of band structure. The appearance of the feature is
related to the interband transition arising from the sinking of hole bands near the  point below Fermi level
in the cT phase, as expected from the density function theory calculations in combination with the dynamical
mean field theory. However, the reduction of Drude spectral weight is at variance with those calculations. The
measurement also indicates an absence of the abnormal spectral weight transfer at high energy (near 0.5–0.7 eV)
in the cT phase, suggesting a suppression of the electron correlation effect.
DOI: 10.1103/PhysRevB.90.144513
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I. INTRODUCTION

Understanding the relationship between electron correlations, magnetism, and unconventional superconductivity has
been a focus in the current study of iron-based superconductors. Iron pnictides/chacolgenides are multiorbital systems;
different Fe 3d orbitals turn out to have different fillings and
bandwidths [1]. The electronic correlations are also found to
be orbital dependent and highly influenced by Hund’s coupling
[2–9]. Thus, the orbital-dependent electronic correlation is
of particular importance for understanding the normal-state
electronic properties and the pairing mechanism of the ironbased superconductors.
Experimentally, the “122” compound CaFe2 As2 provides
an excellent opportunity to study the correlation effect and
its role on superconductivity as the compound appears to
be easily tuned into different electronic phases. At ambient
pressure CaFe2 As2 undergoes an antiferromagnetic (AFM)
phase transition coupled with structural distortion at 170
K [10], being similar to two other 122 parent compounds
AFe2 As2 (A = Ba, Sr) [11,12]. Superconductivity could be
induced by hole or electron doping [13–17]. On the other
hand, it is found that CaFe2 As2 is rather sensitive to pressure
[18–22]. With hydrostatic pressure, it undergoes a structural
transition from a tetragonal (T) phase to a collapsed tetragonal
(cT) phase [21]. The cT phase has the same crystal symmetry
as the high-temperature T phase but with an abrupt ∼10%
reduction in c-axis parameters and a 2% increase along the a
axis. The cT phase can also be stabilized at ambient pressure
by chemical substitution on the As site [23], Fe site [16], and
Ca site [17,24].
The T to cT phase transition is linked with the formation of
a direct As-As interlayer bond and a weakening of in-plane
Fe-As bonds [21,25]. Magnetic and electronic structures
are found to be strongly influenced by the transition. In
the cT phase, the Fe local moment is quenched [26,27],
the AFM order or magnetic fluctuation disappears [28–30],
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and the standard Fermi liquid behavior recovers [16,23]. In
addition, in sharp contrast to the paramagnetism in the T
phase, intrinsic superconductivity is absent in the cT phase.
Recent angle-resolved photoemission spectroscopy (ARPES)
measurements show that the two electron pockets at the M
point transform into one cylinder, and the hole pockets at 
disappear [31–33], being in agreement with the band structure
calculations [23,34,35]. However, in a de Haas–van Alphen
effect study on CaFe2 P2 , which is a structural analog of the
cT phase of CaFe2 As2 , the hole pockets do not completely
vanish; two small hole pockets centered at the Z point still
exist [36]. Very recently, two density function theory (DFT)
calculations in combination with the dynamical mean field
theory (DMFT) (DFT-DMFT) have been performed on both T
and cT phases in an effort to address the electron correlation
and its effect on electronic properties [7,8]. It is found that
the electron correlation becomes weaker for all Fe 3d orbitals
in the cT phase. Especially, the Fe 3dxy orbital undergoes a
change from being the most strongly renormalized orbital in
the T phase to the least renormalized orbital in the cT phase [8].
The calculated optical conductivity indicates a kinetic energy
gain due to the loss in Hund’s rule coupling energy in the cT
phase. In addition, a feature near 0.5 eV emerges in the optical
conductivity [7].
It is highly desirable to investigate experimentally the
charge dynamics in the cT phase and to compare with
the DFT-DMFT calculations. In this work, we present a
transport and an optical spectroscopy study of the collapsed
tetragonal phase of CaFe2 (As0.935 P0.065 )2 single crystals. The
isovalent substitution of As with P in CaFe2 As2 does not
introduce extra carriers, but induces a structural transition
to the cT phase near 75 K. An interfacial or filamentary
superconductivity at about 30 K emerges at the same time. Our
optical spectroscopy measurement reveals a sudden spectral
change at low frequencies, indicating an abrupt reconstruction
of band structure. A feature appears near 0.4 eV, being roughly
consistent with the DFT-DMFT calculations. However, the
overall Drude-like spectral weight is lowered in the cT phase.
We analyze the low-frequency data in terms of a DrudeLorentz approach containing a narrow and a broad Drude
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component. On the other hand, the spectral weight transfer
at high energy, commonly observed for AFe2 As2 (A = Ba, Sr,
Ca), is absent in the cT phase, which could be assigned to
the weakening of the Hund’s coupling energy. The sudden
weakening of electron correlation appears to be correlated to
the vanishing of intrinsic superconductivity in the cT phase.
II. EXPERIMENT

High-quality CaFe2 (As1−x Px )2 single crystals with nominal composition of x = 0.065 were grown by the self-flux
method. The typical size was about 5×5×0.1 mm3 . The
actual x values were about 0.0575 ± 0.008 determined by the
energy dispersion x-ray spectrum (EDX) on several pieces of
samples in the same batch. Resistivity measurements were
performed with a Quantum Design physical property measurement system (PPMS). Magnetization was measured using
a Quantum Design superconducting quantum interference
device (SQUID-VSM). The optical reflectance measurements
were performed on Bruker IFS 113 v and 80 v spectrometers
in the frequency range from 50 to 35 000 cm−1 . An in
situ gold and aluminum overcoating technique was used to
obtain the reflectivity R(ω). The real part of conductivity
σ1 (ω) is obtained by the Kramers-Kronig transformation of
R(ω). The Hagen-Rubens relation was used for low-frequency
extrapolation; on the high-frequency side a ω−1 relation was
used up to 300 000 cm−1 , above which ω−4 was applied.
III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of in-plane
resistivity for CaFe2 (As1−x Px )2 single crystals at zero field.
In the case of x = 0, the parent CaFe2 As2 shows a sharp
increase in resistivity at TN ≈ 165 K, corresponding to a
first-order structural transition from the tetragonal phase to
the orthorhombic AFM phase. By substituting isovalent P for
As, the SDW state is suppressed and an abrupt decrease of
resistivity occurs at about TcT ≈ 75 K upon cooling. The large
thermal hysteresis about 10 K suggest the first-order nature
of the transition. With a further decreasing in temperature,

FIG. 1. (Color online) Temperature dependence of normalized
resistivity of CaFe2 As2 and CaFe2 (As0.935 P0.065 )2 . The inset
plots an enlarged region for superconducting transition in
CaFe2 (As0.935 P0.065 )2 .

FIG. 2. (Color online) Temperature dependence of magnetic susceptibility of CaFe2 (As0.935 P0.065 )2 with Hab-plane at 3000 Oe. The
inset shows the zero-field-cooled and field-cooled data at 30 Oe.

the resistivity shows a T 2 dependence, which indicates the
recovery of Fermi liquid behavior, consistent with the previous
reports [16,23]. Notably, there is another obvious downturn at
about 32 K, and the resistivity reaches zero at about 20 K, as
shown in the inset of Fig. 1. This is very similar to the case
of rare-earth-doped CaFe2 As2 , where the superconductivity is
considered as an interfacial or filamentary effect. This is very
interesting because it was suggested that isovalent substitution
of P for As in CaFe2 As2 could not induce superconductivity
before [23].
The temperature dependence of dc susceptibility of
CaFe2 (As0.935 P0.065 )2 single crystals in an applied magnetic
field of H = 0.3 T aligned in the ab plane is shown in
Fig. 2. The susceptibility decreases slightly with cooling
temperatures, but drops abruptly below TcT . The strong
Curie-Weiss-like tail at lower temperature is not intrinsic and
can be attributed to the presence of paramagnetic impurities
or defects, since Knight shift measurements on compounds
showing similar Curie-Weiss behavior in the cT phase did
not reveal any upturn [28]. The huge thermal hysteresis and
sudden decrease of susceptibility provide further evidence of
first-order transition in this compound. At 30 Oe, as shown
the inset of Fig. 2, a diamagnetic signal of superconducting
transition at about 15 K and a rapid drop of the dc susceptibility
at 7 K are observed. This is very similar to Pr-doped CaFe2 As2 ,
suggesting the possible existence of two superconducting
phases [37]. However as shown in Fig. 2, the superconductivity
is killed at a small magnetic field (H = 0.3 T), consistent with
interfacial or filamentary superconductivity scenario. Both the
resistivity and magnetic properties suggest that the SDW state
is suppressed and the system exhibits a first-order structural
phase transition from tetragonal to collapsed tetragonal phase
in CaFe2 (As0.935 P0.065 )2 single crystals.
Figures 3(a) and 3(b) show the reflectance spectra of the
CaFe2 (As1−x Px )2 crystals (x = 0 and 0.065) at different temperatures. The reflectance exhibits a metallic response in both
frequency and temperature dependence, and the most obvious
feature is the suppression of R(ω) in both compounds at low
temperatures. As a consequence, relatively sharp reflectance
edges appear at low frequency, which suggests a reduction
of the carrier scattering rate. In the parent CaFe2 As2 , whose
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FIG. 3. (Color online) Left panel: R(ω) for (a) CaFe2 As2 and (b) CaFe2 (As0.935 P0.065 )2 below 8000 cm−1 . Middle panel: σ 1 (ω) for (c)
CaFe2 As2 and (d) CaFe2 (As0.935 P0.065 )2 below 4000 cm−1 . The Drude-Lorentz fit for T = 10 K is shown at the bottom. Inset: The optical
conductivity over a much wider frequency range. Right panel: Temperature dependence of ωp2 normalized to the value of 300 K and scattering
rate 1/τ of the two Drude terms of CaFe2 (As0.935 P0.065 )2 .

behavior is very similar to that of the other two members of
the AFe2 As2 system (A = Ba, Sr) [38], the significant decrease
in energy scale of the reflectance edge implies a considerable
reduction of carrier density. While in the P-doped CaFe2 As2 ,
there is a sudden suppression of the reflectance between
1000 cm−1 to 3500 cm−1 across the T to cT phase transition.
As a result, the spectra were separated into two groups above
and below TcT , suggesting an abrupt band reconstruction as
well. Nevertheless, the spectral change is distinctly different
from the AFM phase for the parent compound.
The middle panels of Fig. 3 show the conductivity spectra
σ 1 (ω) below 4000 cm−1 . In the parent compound, the spectra
are severely suppressed at low frequencies; only a very sharp
and narrow Drude term is left, and a double-peak feature
appears below TN , which are known as the SDW gaps [38]
as shown in the Fig. 3(c), while in the P-doped compound, the
optical conductivity is suppressed suddenly below TcT at much
higher and wider frequency range. A peaklike structure appears
near 3200 cm−1 (0.4 eV), which we shall discuss later. The
data are in agreement with a recent DFT-DFMT calculation of
the collapsed tetragonal phase of CaFe2 As2 [7].
To make a quantitative analysis of the temperature evolution
of the different part of electronic excitations, we decompose
the optical conductivity using a simple Drude-Lorentz model
[38]:
(ω) = ∞ −



2
ωp,i

i

ω2 + iω/τi

+



2j

j

ωj2 − ω2 − iω/τj

, (1)

where ∞ is the dielectric constant at high energy, and the
middle and last terms are the Drude and Lorentz components,
respectively. The Drude components represent the contribution
from conduction electrons, while the Lorentz components
describe the interband transitions.

We are mainly concerned about the evolution of the lowenergy optical conductivity. Unlike the parent CaFe2 As2 , the
low-energy optical conductivity of CaFe2 (As0.935 P0.065 )2 can
be fitted very well by two Drude terms, a narrow one and a
broad one, at all temperatures as shown in Fig. 3(d). The two
Drude components may provide information about different
types of carriers in this compound [39]. The temperature
dependence of normalized plasma frequency ωp2 and scattering
rate 1/τ is shown in Figs. 3(e) and 3(f). The subscripts n and
b stand for the narrow and broad Drude terms, respectively.
2
The plasma frequency ωp,b
undergoes a discontinuous
2
decrease at TcT ; however ωp,n shows an opposite trend.
Nevertheless, the total low-energy plasma frequency ωp2 =
2
2
ωp,n
+ ωp,b
decreases by about 30% in the cT phase, indicating
an overall decrease of n/m∗ . Very recently, the angle-resolved
photoemission spectroscopy (ARPES) investigations on the
cT phase of CaFe2 As2 single crystals have suggested that the
hole pockets near the  point sink below the Fermi level
while the electron band moves to a higher binding energy,
resulting in a decrease of the band effective mass of the electron
pocket [31–33]. Evidently, if we associate the narrow Drude
component with the electron pocket and the broad one with
2
the hole pocket, we can attribute the increase of ωp,n
to the
reduction of band mass of the electron pocket and the decrease
2
to the partial removal of the hole pocket (mainly close
of ωp,b
to the  point). In an earlier study on various 3d transition metal
based 122 compounds, Cheng et al. found that the moderate
3d-electron correlation is responsible for the incoherent term
(the broad Drude term here) in the iron pnictides [40]. Thus the
decrease of ω2 p,b suggests a suppression of correlation effect,
which is consistent with recent NMR and theoretical study
[7,28]. It deserves a remark that, although the effective mass
from the electron Fermi surface is indeed reduced in the cT
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phase [7,32], the overall plasma frequency ωp2 is still reduced
due to the large reduction of hole carrier density. Since the
kinetic energy of the electrons is proportional to the plasma
frequency, the measurement indicates that the overall kinetic
energy of charge carriers decreases in the cT phase. The result
is different from the DFT-DMFT calculations that suggests
an increase of the low-frequency spectral weight in the cT
phase [7]. We notice that, in the above-mentioned calculations,
the optical kinetic energy was estimated by summarizing the
conductivity spectrum up to a certain cutoff frequency, and the
same cutoff frequency was used for both T and cT phases. In
fact, the Drude spectral weight is shifted to lower frequency
in the cT phase in comparison with the T phase. Therefore,
different cutoff frequencies should be used in summarizing the
Drude components of conductivity for the two phases. Further
work is needed to address this issue.
Figure 3(f) shows the T dependence of the scattering rate
of the two Drude components. The scattering rate of the
narrow Drude term 1/τ n decreases upon cooling and there is a
downturn below TcT , while the 1/τ b decreases suddenly below
TcT . In the optimally doped K- and P-doped BaFe2 As2 , 1/τ n
decreases linearly with temperature and 1/τ b keeps constant
in the whole temperature range above Tc [41]. Then, the
sudden changes of 1/τ n and 1/τ b in CaFe2 (As0.935 P0.065 )2
upon entering the cT phase may be related to the suppression
of spin fluctuation or the reduction of scattering channel caused
by the loss of hole pockets near  point.
To further elaborate on the spectral evolution, we
plot the frequency-dependent integrated spectral weight of
CaFe2 (As1−x Px )2 (x = 0 and 0.065) at 10 K, as shown in
Fig. 4, and the low-temperature integrated spectral weight has
been normalized to the integrated spectral weight at room
temperature. For the parent CaFe2 As2 , the strong dip blow
1000 cm−1 represents the formation of the SDW gaps, and
the small turning point around 4000 cm−1 is attributed to
unconventional spectral weight transformation due to Hund’s
coupling [42]. In the P-doped compound, there is no SDW
gap that develops at low temperature, and the low-ω spectral
weight change is induced simply by the narrowing of the
Drude component. Additionally, a peak emerges starting from
3000 cm−1 , leading to a gradual recovery of the spectral

weight at very high energy. As we have mentioned, the hole
bands at the  point, which cross the Fermi level above TcT ,
suddenly sink below the Fermi level in the cT phase; as a
consequence, the original intraband transition in the T phase
would vanish in the cT phase and an extra interband transition
around the  point would appear. The structure is also evident
in the DFT-DMFT calculations but with the peak centered at
slightly higher energy 0.5 eV [7].
Finally, we would like to comment briefly on the spectra
at higher energies. It is well established that, for the ironpnictides/chacogenides, there exist a temperature-induced
spectral weight transfer at high energies. With decreasing
temperature, the low-frequency spectral weight is transferred to the high-energy region (usually above 0.5∼0.7 eV)
[38,42–44]. Such spectral weight transfer was ascribed to
the electron correlation effect, in particular, to the Hund’s
coupling effect between itinerant Fe 3d electrons and localized
Fe 3d electrons in different orbitals [42,43]. It represents the
redistribution of the spectral weight between different 3d bands
[42,44]. In the present P-doped sample, this temperaturedependent spectral weight transfer at high energy is not visible
in the cT phase, as shown in the inset of the middle panel of
Fig. 3. It provides further evidence that the electron correlation
is suppressed in the cT phase. The result is also consistent
with the DFT-DMFT calculations which indicates a loss of
Hund’s coupling energy. The suppression of the electron
correlations, including the Hund’s coupling, is apparently
linked with the loss of Fe magnetic moment and disappearance
of superconductivity in the cT phase.
IV. SUMMARY

In summary, a systematic investigation of resistivity,
susceptibility, and optical spectroscopy is performed on the
collapsed tetragonal phase of CaFe2 (As0.935 P0.065 )2 single
crystals. The isovalent substitution of P for As suppresses the
SDW state and results in a first-order structural phase transition
from tetragonal to collapsed tetragonal phase. It also induces
an interfacial or filamentary superconductivity near 30 K.
Related to the change in the topology of the Fermi surface, the
optical spectroscopy shows a sudden change. The low-energy
optical spectrum can be decomposed into two components, a
broad and a narrow Drude in the whole temperature range.
The narrow Drude term increases its spectral weight in the
cT phase which can be attributed to the decrease of the band
effective mass of electron pocket, whereas the weight of broad
Drude term decreases abruptly being likely due to the vanish
of the hole pockets near the  point, which also leads to an
additional mid-infrared peak in the cT phase. Furthermore, our
data reveal that the electron correction is suppressed, which is
correlated with the loss of Fe magnetic moment and quenching
of superconductivity in the cT phase.
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