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TOPICAL REVIEW — Iron-based high temperature superconductors

Optical spectroscopy studies on FeTe;_,Se, and
AzFes_,Se; (A =K, Rb, Cs): A brief overview
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In this short overview, we summarize the optical spectroscopy studies on iron selenide superconducting systems
FeTe;_,Se, and A Fe;_,Ser. We elaborate that optical spectroscopy measurements yield fruitful information about the
band structure evolution across the AFM phase transition temperature, the electronic correlation effect, the superconduct-
ing pairing energy gap, the condensed carrier density or penetration depth, the inhomogeneity and the nanoscale phase
separation between superconductivity and antiferromagnetism in those systems.
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1. Introduction

The discovery of iron-based superconductors has at-
tracted a great deal of interest in condensed matter physics
community since 2008.[!! Similar to the cuprate compounds,
the iron-based materials adopt a layered structure, and the
As the
simplest materials in the iron-based family, the 11 structural

essential structure unit is Fe,(As/Se); tetrahedron.

type FeTe/Se system consists of only Fey(Te/Se), tetrahe-
dron layers.?! Bulk FeSe is a superconductor with T, ~ 8 K.
With Te doping, T:. could be enhanced to 15 K in FeTe;_,Se,
(x ~ 0.5).531 Under high pressure, the superconducting transi-
tion temperature of FeSe could be raised to 37 K.[* Recently,
it is found that the single layer FeSe thin film grown on StTiO3
by molecular beam epitaxy (MBE) has a onset critical temper-
ature over 50 K.[1 On the other hand, the other end member
of the system, Fe;,,Te (usually with excess Fe, y # 0), has a
bi-collinear antiferromgnetic (AFM) structure, and is usually
considered as the parent compound of the system. A, Fe;_,Se»
(A =K, Rb, Cs) is another interesting Fe-chalcogenide based
superconducting system whose superconducting temperature
T, can reach 32 K at ambient pressure®! and up to 48 K under
high pressure.!”] Those compounds can be viewed as interca-
lating alkaline metal into FeSe layer. However Fe vacancies
are usually present in those compounds.® The physical prop-
erties of K Fe>_,Se; are much different from the FeAs-based
systems. Neutron diffraction measurements revealed a novel
block antiferromagnetic state with a very large ordered mo-
ment for Ko gFe; ¢Se,.[”) ARPES experiments on the super-
conducting compound revealed an absence of the hole pocket
at the Fermi level.['% Furthermore, it is found that the super-
conductivity is very close to an insulating phase.

Optical spectroscopy is a powerful experimental tool in
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exploring the electronic structure and correlation effect in a
quantum material. Here we present a short overview on the
infrared study of FeTe;_,Se, and A,Fe;_,Se; systems. The
contents include the normal state properties, the superconduct-
ing energy gap, the inter-plane optical response, the electronic
correlation effect, inhomogeneity and nanometer phase sepa-
ration, and magnetic transitions for the two type compounds.

2. FeTej—_,Sey

The first infrared study of the in-plane conductivity of
FeTe;_,Se, was reported by Chen et al.!''l The single crys-
tal sample used in that work has the composition of Fe gs5Te,
which undergoes a first order structural phase transition at ~65
K along with the bicollinear AFM order. Figure 1 shows the
temperature dependences of optical reflectance R(®) and op-
tical conductivity oj(®). The R(®) spectra display a weak
temperature dependence between 70 K and 300 K. The low
frequency R(®) decreases slightly with decreasing tempera-
ture. However, below 70 K, the low frequency R(w) increases
with decreasing temperature. Correspondingly, the low fre-
quency conductivity decreases slightly with decreasing tem-
perature from 300 K to 70 K. The spectra are rather flat with-
out showing a clear Drude-like response. Since the width of
the Drude component is the scattering rate of the charge car-
riers, the flat spectral structure indicates that the charge carri-
ers experience rather strong scatterings or they have extremely
short lifetimes. In this case, one would expect an absence of
the well-defined quasiparticles. Below the structural/magnetic
transition temperature of 65 K, a narrow Drude-like peak de-
velops in 0] (w), indicating clearly a metallic response. Dif-
ferent from FeAs-based parent compounds where spin density
wave (SDW) energy gaps develop below structural/magnetic
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transition temperatures, !> no clear signature of the SDW gap
formation is observed for the Fe; ¢sTe system. The same con-

clusion was also obtained subsequently by ARPES measure-
13]

ments on Fe; gsTe.!
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Fig. 1. (a) Optical reflectance and (b) conductivity spectra at different
temperatures for Fe; gsTe. (1

The formation of a pairing energy gap in the excitation
spectrum is an important property of a BCS superconductor.
A threshold in the dissipative part of the conductivity spec-
trum at @ = 2A could be observed in dirty superconductors
(1/t>2A)atT < T.. The in-plane optical result of supercon-
ducting FeTe( s55Seq 45 single crystal was reported by Homes et
al. (Fig. 2)."" Figure 2 shows the temperature dependence of
the real part of the optical conductivity of FeTeq s5Seg45. The
far-infrared region is shown in the inset. At room temperature,
the conductivity is relatively flat and structureless, except for
a sharp feature associated with the infrared-active Eu mode at
204 cm~! which is due to the in-plane displacements of the
Fe-Te/Se atoms. As the temperature is lowered, there is a re-
distribution of the spectral weight from high frequency to low
frequency. This corresponds to a decrease of the scattering rate
with decreasing temperature. The plasma frequency estimated
from the Drude-Lorentz analysis is about @, p = 7200 cm™!.

Below T, there is a dramatic suppression of the low-
frequency conductivity. The loss of spectral weight is asso-
ciated with the formation of a superconducting condensate,
whose strength may be calculated from the Ferrell-Glover—
Tinkham sum rule [;* [0} (®,T) > T. — 01(0,T < Tp)|do =

a)g‘ys/& Here, (1)375 = 4xnge® /m* is the superconducting

plasma frequency, and the cut-off frequency @, ~ 150 cm™!
is chosen so that the integral converges smoothly. The sum
rule yields @p s = 3000 4200 cm™!, corresponding to an ef-
fective penetration depth A9 = 5300 & 300 A. The value is in
good agreement with the recent tunnel-diode measurement on
FeTep 635€0.37.
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Fig. 2. Optical conductivity spectra at different temperatures, the inset
shows the spectra at the far-infrared region. ['4!
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Fig. 3. Conductivity spectrum at 6 K for FeTe( 55Se( 45 together with
calculations using a Mattis—Bardeen formalism for the contribution
from the gapped excitations and a mid-infrared component./1#!

The conductivity spectrum at 6 K has been modeled quite
well with the Mattis—Bardern formalism as shown in Fig. 3. A
two-gap feature appears at 20 cm~! (2.5 meV) and 41 cm™!
(5.1 meV), which is consistent with the ARPES measurement
result.['3] Note that a single isotropic energy gap cannot re-
produce the conductivity spectrum at 6 K as displayed in the
inset of Fig. 2. The two energy gaps reflect the multiband
nature of the iron-based superconducting compounds. How-
ever, the infrared technique cannot distinguish between the s*
and the nodeless s wave gaps. Recently, Pimenov et al.!'%
measured the conductivity of FeSe(sTegs superconducting

087404-2



Chin. Phys. B  Vol. 22, No. 8 (2013) 087404

films in the terahertz frequency range using backward-wave-
oscillator spectroscopy. In the superconducting state, the real
part of the complex conductivity remains finite, indicating the
existence of a very strong anisotropic gap, the smaller one of
the two gaps is estimated to be close to 12 cm™! (1.5 meV).
The infrared spectroscopy study of the inter-plane elec-
for the
FeTe 55Seq.45 crystals (Fig. 4).!'7] The ab-plane and the c-axis

tronic response was reported by Moon er al.

optical reflectance spectra are shown in Fig. 4(a). Although the
electronic background is identified by the up-turn on R.(®) in
the far-infrared region, it is still strongly suppressed as com-
pared with the ab-plane response. In spite of the relatively low
anisotropic ratio of in-plane conductivity over c-axis conduc-
tivity, the out-of-plane optical response is rather incoherent. In
Fig. 4(b), o.(®) does not show a well-defined Drude peak at
all temperatures. The o.(®) is continuously suppressed with
decreasing T, and the suppressed spectral weight is not recov-
ered up to 5000 cm™!, as shown in the inset. The spectral
weight transfer from low frequency to high frequency implies
the presence of c-axis pseudogap, and the unexpected high en-
ergy scale of spectral weight redistribution is regarded as a
spectroscopic hallmark of the strong electronic correlation.
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Fig. 4. (a) The T-dependent c-axis reflectance R.(®) of FeTeq s5Seg 45
with 7. = 14 K. The ab-plane reflectance Ry,(®) is also plotted for
comparison. (b) The T-dependent c-axis optical conductivity o, (®) for
FeTeq s5Seq.45.['7)

A comparison of the charge dynamics of Fe; gg7Te and
SrFe,As, across the structural/magnetic transitions was re-

ported by Hancock et al.!'8! The two systems have different
antiferromagnetic patterns below the magnetic transition tem-
peratures, collinear AFM order for 122 and bicollinear AFM
order for 11, as displayed in Fig. 5. The magnetic Brillioun
zones are shown in Figs. 5(c) and 5(d). In the 122 system,
the magnetic phase shows decreased plasma frequency and
scattering, associated with the appearance of strong midin-
frared features. The 11 system also shows a decreased scat-
tering, but an increase in the plasma frequency, while no clear
midinfrared features appear below the ordering temperature.
The marked contrast is interpreted in terms of the different
magnetic-ordering patterns of the ground states. The collinear
AFM order results in the band folding between I" and M points
in the Brillouin zone, leading to the SDW gap opening due to
the mixing electron and hole bands in the 122 system, whereas
the folding by the bicollinear AFM order is between M and X
points, which does not lead to the mixing of the electron and
hole bands in the 11 based system.
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Fig. 5. Low-temperature magnetic structures of (a) Fej og7Te and (b)
SrFe;As;. (¢) and (d) Fermi-surface folding expected from the lowered
structural/magnetic symmetry. Optical conductivity of (e) Fe; og7Te and
(f) SrFe,As, at different temperatures.[lg]

Theoretical calculations indicated that pure FeSe has a
two-dimensional electronic structure similar to that of the Fe
pnictides with cylindrical electron sections at the zone corner
and hole sections at the zone center. Therefore, a similar SDW
order with a collinear antiferromagnetic structure was pre-
dicted. Although no experimental evidence for the presence of
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such an SDW order was found in earlier experiments on poly-
crystalline samples, a very recent ARPES measurement!'®! on
FeSe thin films indicated that, except for the single layered
FeSe film, the band structure near the Brillouin zone corner at
low temperature is very similar to that observed for the par-
ent compounds of the FeAs-based systems, e.g., BaFe,As,
and NaFeAs in the SDW state. The phenomenon was sug-
gested to arise from the formation of the collinear antiferro-
magnetic structure. However, unlike BaFe,As, compound,
no clear folding effect between I" and M points in the Bril-
louin zone was observed. The emergence of gap-like exci-
tation at low temperature was also found in earlier transient
optical pump—probe measurement on the FeSe film.[?") The
experiment revealed the presence of an additional sub-ps re-
laxation below roughly 130-140 K after pump (Fig. 6), which
was suggested to be associated with the nematicity-induced
short-range charge and/or orbital ordering in FeSe.
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Fig. 6. (a) Temperature dependence of picosecond response of transient
optical reflectivity AR/R. The data are normalized and vertically shifted
for clarity. (b) The T-dependent 771 and (inset) Agyg. 20

slow

Nevertheless, the determination of the energy gap from

the above measurement is indirect, which is different from
the infrared spectroscopy technique in the equilibrium state.
Yuan et al. reported an in-plane optical spectroscopy measure-
ment on the (001) FeSe thin film grown on SrTiO3 substrate
(Fig. 7).1211 From the inset of Fig. 7, the line shape of o1 (®)

of the FeSe film is similar to that of BaFe,As,. However,
the low-frequency conductivity o} (®) is smaller than that in
iron-pnictides 122 compound, implying a smaller plasma fre-
quency. Comparing with the density function calculations, a
stronger correlation effect is obtained. Figures 7(a) and 7(b)
display the o7 (w) spectra up to 8000 cm~! and 500 cm™~',
respectively. Similar to iron pnictides, a temperature-induced
spectral weight transfer from low frequency to high frequency
(roughly above 3500 cm™!) is observed for FeSe, though the
relevant energy scale is smaller. Such a spectral change rep-
resents the redistribution of the spectral weight between dif-
ferent 3d bands. Hund’s coupling between itinerant electrons
and more localized electrons of Fe 3d orbitals plays the major
role here. More significantly, the measurement does not reveal
any signature of SDW energy gap formation or band structure
reconstruction. This suggests an absence of the static SDW or-
der in FeSe. The gap-like reconstruction or relaxation seen by
ARPES or pump—probe measurements may reflect very short
life-time SDW fluctuations present in their samples.
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Fig. 7. (a) Conductivity spectra o7 (®) of FeSe film at different temper-
atures. Inset: the comparison of o} (®) with BaFe,As,. (b) Detailed
plot of &1 (w).21

The discovery of the Fe-selenide superconductors
AFe;_ySe; (A = K, Cs, Rb, TI) has attracted a lot of
attention because they behave quite differently compared
with iron-pnictide superconductors.®! Muon-spin relaxation
(1SR), neutron diffraction, resistivity, and magnetization mea-
surements on A, Fe;_,Se; indicated a coexistence of supercon-
ductivity with a strong AFM order. In particular, the neutron
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experiments revealed a blocked checkerboard antiferromag-
netism for the system. Chen et al. performed an infrared spec-
troscopy measurement on Ko g3Fe| 53Se; (Fig. 8),1?) a semi-
conducting parent compound of the iron selenide supercon-
ductors. The reduction of the low-frequency R(®) with de-
creasing temperature suggests a semiconducting or insulating
behavior. Correspondingly, there is no Drude-like response
at low frequency in the conductivity spectra. From the ex-
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trapolation of the major absorption peak, a direct energy gap
of 0.37 eV is identified. In comparison with the band struc-
ture calculation,!?*! the insulating response could be attributed
to the K-245 phase, which is the majority phase. Below the
threshold, a weak absorption still exists. Another energy gap
rough about 30 meV (250 cm™!) could be identified, which

could be attribute to another semiconducting phase K-234.24]
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Fig. 8. (a) Optical reflectance R(®) spectra at different temperatures up to 8000 cm~!. (b) An expanded plot of R(®) spectra below
400 cm~!. (c) Conductivity o7 (®) spectra of the sample at different temperatures up to 8000 cm~!. (d) An expanded plot of o] (®)
spectra below 400 cm~'. The dashed straight lines are used for the extrapolation of energy gaps.!??]
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Fig. 9. (a) Magnetic structure determined by the neutron-diffraction experi-

ment. (b) Schematic picture for the band occupation of each Fe site.[??!

Besides the semiconducting/insulating response, the mea-
surement revealed two peculiar spectral structures: double in-
terband transition peaks in the mid- to near-infrared region
(4000 cm™1)-6000 cm~!) and abundant phonon modes below
400 cm~'. The two peculiar features have been thoroughly an-
alyzed and explained in terms of the coexistence of ferromag-
netic and antiferromagnetic couplings between the neighbor-
ing Fe sites. In this block AFM state, each Fe site is ferromag-
netic coupled with two neighboring Fe sites and antiferromag-
netic coupled with the third neighboring Fe site (Fig. 9). Site

4 has opposite spin-polarized occupations with sites 1, 2, and
3. Possible transitions are indicated by the arrows. It should
be noticed that, although the d—d transitions are forbidden in
an atom, such transitions become plausible through p—d hy-
bridizations in solids. The double peaks represent the coexis-
tence of the ferromagnetic and antiferromagnetic correlations
between the neighboring sites. The double peaks reflect the
coexistence of ferromagnetic and antiferromagnetic couplings
between the neighboring Fe sites.

The optical response of a superconducting single crystal
Ko 75Fe; 75Se; was first studied by Yuan ez al.[>! The study re-
vealed peculiar spectral features in the superconducting state,
which they attributed to the nanoscale phase separation be-
tween antiferromagnetic order and superconducting phase. As
shown in Fig. 10, the reflectance over broad frequencies is
rather low, roughly below the value of 0.4, being similar to
the insulating compound with a lower Fe content. The double-
peak absorption structure between 4000 cm~! and 6000 cm™!
and the abundant phonon peaks are also present in the super-
conducting crystals, suggesting the presence of Fe vacancies
and their orderings. The presence of the v/5 x v/5 x 1 super-
structure modulation was indeed identified by the transmission
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Fig. 10. (a) and (b) Optical reflectance R(®) and conductivity o} (@) spectra at different temperatures up to 8000 em~ L. (¢) and (d) Expanded plots of
R(®) and o (@) spectra below 250 cm™!. A sharp plasma edge in R(®) develops at low frequency in the superconducting state. (251

electron microscopy (TEM) measurement (Fig. 11). How-
ever, in the superconducting state, a sharp reflectance edge
was found at a rather low frequency. Yuan et al. elaborated
that this sharp feature is unlikely caused by the formation of
the superconducting energy gap, instead they attributed it to
the Josephson-coupling plasma mode arising from the super-
conducting condensate.

Fig. 11. Phase separation in a Ko 75Fej 75Se, superconducting crystal.
(a) Electron diffraction pattern showing the presence of superstructure
spots along the [310] direction, the cycled spot is used for dark-field
imaging. (b) Dark field image taken from a thin region of the crystal.
Stripe-type phase separation can be directly observed. The arrow indi-
cates the [100] direction. 23]

In order to directly check the proposal, Yuan ef al. car-
ried out TEM investigations at room temperature, as shown
in Fig. 11. The dark field image taken from the red-circle
region is shown in Fig. 11(b). This kind of complex con-
trast in Fig. 11(b) can be explained directly as the coexistence
of Fe-vacancy ordered areas and Fe-disordered areas (metal-
lic/superconducting phase). The length of a stripe appears in
the range from several to several tens or even over 100 nm,

while its width is usually less than 10 nm. The combined op-
tical and TEM studies provide a compelling evidence for the
presence of nanoscale phase separation between superconduc-
tivity and magnetism.

Homes et al.?%) also studied the optical response of a su-
perconducting Ko gFe;_,Se; crystal. The extracted superfluid
density follows the scaling line pyo/8 o< 4.404. T (Fig. 12) in
a region associated with the Josephson coupling. They con-
cluded that this material is inhomogeneous and constitutes
Josephson couplings. They also modeled the normal state of
Ko.gFe>_,Se; using the Bruggeman effective medium approx-
imation (B-EMA) for metallic inclusions in an insulating ma-
trix. They estimated that about 10% of the total sample volume
is metallic. The result is consistent with the earlier studies.

Similar results were also obtained for K¢ 73Fe; ¢7Se, with
T. = 32 K by Wang et al. (Fig. 13).1?”! They performed both
uSR and infrared spectroscopy measurements. The combined
experiments can be consistently described in terms of a macro-
scopically phase segregated state with a matrix of ~ 88% vol-
ume fraction that is insulating and strongly magnetic and in-
clusions with a ~ 12% volume fraction which are metallic,
superconducting, and non-magnetic. The analysis of the in-
frared data with a model based on the effective medium ap-
proximation (EMA) revealed that the metallic inclusions have
an elongated, almost needle-like shape and the percolation be-
tween them is achieved in most of the sample volume. Fig-
ure 13 shows the fitting of the normal state spectra using the
EMA model. The resulting total unscreened plasma frequency
of the two Drude components, @, p ~ 5000 cm™!, appears to
be similar or on the same order of magnitude as in other iron
selenide or arsenide superconductors.
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Fig. 12. (a) Optical reflectance at different temperatures for Ko gFe_,Sey. Inset: structure of Ko gFe;_,Ses. (b) The log-log plot
of N = pso/8 versus 0. T; in the ab planes for a variety of cuprate superconductors as well as several iron-based superconductors
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Due to the fact that only electron pockets are present in
A,Fe;_,Se,, the nesting scenario, which is applied to other
iron selenide or arsenide superconductors, becomes apparently
invalid. It is interesting to examine the evolution of the elec-

tronic structure across the AFM transition in the A,Fe;_,Se>

compound. Csgg(Fej o5Se), with a relatively high Néel tem-
perature (T = 492 K) was studied by optical spectroscopy
(Fig. 14). The optical measurement was performed in the tem-
perature range from 10 K up to 500 K.[?8! The low-frequency

optical response shows an insulating behavior, with a major

087404-7



Chin. Phys. B  Vol. 22, No. 8 (2013) 087404

absorption near 0.31 eV. The double-peak structure in the mid-
infrared region and the low-frequency phonon modes support
the presence of the blocked anti-ferromagnetism. The study
clearly illustrates the absence of SDW energy gap formation
after the AFM transition, indicating that the electronic state
below the AFM transition is almost the same as that above
the transition. The magnetic transition is more similar to the
disorder—order phase transition, which is due to the local mo-
ment exchange interaction.
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Fig. 14. (a) Optical reflectance R(®) spectra at different temperatures.
(b) Conductivity of Csg g(Fej gsSe), comparing with that of BaFe;As,
up to 6000 cm~!.[28]

4. Conclusion

To summarize, optical measurements have provided fruit-
ful information about the band structure evolution across
the AFM phase transition temperature, the correlation effect,
the superconducting pairing energy gap, the condensed car-
rier density or penetration depth, the inhomogeneity and the
nanoscale phase separation between superconductivity and
antiferromagnetism in Fe-selenide superconducting systems.
Nevertheless, some issues remain to be resolved with re-
spect to the optical investigations. For example, although
the temperature-induced spectral weight transfer from low fre-
quency to high frequency was attributed to the redistribution of
electronic spectral weight within different Fe 3d orbitals, the
difference of energy scales between different systems needs to
be further addressed. It is believed that such a study would
shed new light on the electronic correlation effect in Fe-based

superconductors.
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