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We present a broadband optical-conductivity study of supercon-
ducting single-crystalline EuFe,(As;_,P,), with three different
substitutional levels. We analyze the normal-state electrody-
namics by decomposing the conductivity spectra using a Drude—
Lorentz model with two Drude terms representing two groups
of carriers with different scattering rates. The analysis reveals
that the scattering rate of at least one of the Drude compo-
nents develops linearly with temperature for each doping level.
This points toward strong electron—electron correlations and a
non-Fermi-liquid behavior in the P-substituted superconduct-
ing Eu-122 pnictides. We also detect a transfer of the spectral
weight from mid-infrared to higher frequencies and assign it
to the Hund’s-rule coupling between itinerant and localized
carriers. The conductivity spectra below the superconducting
transition show no sharp features to be associated with the dirty-
limit superconducting s-wave gaps. We interpret these results
in terms of clean-limit superconductivity in EuFe,(As;_,P,),.
The best parametrization fit can be achieved using a two-gap
model. We find that the larger gap at the hole pockets of the
Fermi surface is likely to be isotropic, while the smaller gap at
the electron pockets is anisotropic or even nodal.

1 Introduction Among the superconducting iron
pnictides, the so-called 122-family (AFe,As, with A =Ba, Sr,
Ca, Eu) is the most studied composition. The superconduc-
tivity in this family can be achieved not only by doping the
antiferromagnetic parent compounds with charge carriers,
but also by pressure, either external or chemical [1, 2]. Sub-
stituting As by isoelectric P is often considered as a “clean”

Schematic phase diagram of EuFe,(As;_,P,),. The indicated
phases are: spin density wave (SDW), superconductivity (SC),
magnetic ordering of Eu spins (7 gy, brown), and a spin-glass
state of the Eu subsystem (7sg gy, green). Above the SC dome,
a non-Fermi-liquid behavior (NFL) points toward a possible
quantum critical point (QCP). The black arrows indicate the
approximate positions of the compositions investigated in this
study.

route toward superconductivity [3] because in this case the
conducting Fe layers remain undisturbed, the quasiparticle
scattering is presumably not increased by the presence of
dopants, and hence the inherent superconducting properties
manifest themselves in the most vivid way. Indeed, most con-
vincing experimental evidence for such remarkable proper-
ties as the presence of a quantum critical point (QCP) beneath



the superconducting dome [4, 5] or the existence of the line
nodes in the superconducting gap [6] have been obtained on
P-substituted BaFe,As,.

Among the 122-family, the Eu-based systems are of par-
ticular interest because of their unique properties originat-
ing from the strong local-moment magnetism of the Eu®*
ions [7-14]. More investigations on EuFe,(As,_,P,), are cur-
rently highly desirable to further examine the impact of the
Eu*™ magnetism on electronic properties and to eventually
compare the Eu-based systems with other members of the
AFe,As, family in this regard. In order to fulfill this task, we
performed an optical investigation of EuFe,(As;_,P,),. Op-
tical spectroscopy is a proven powerful tool to gain insight
into the electrodynamics of correlated-electron materials in
general [15] and of iron pnictides in particular [16].

2 Experiment We investigated EuFe,(As;_,P,), sin-
gle crystals with three different levels of phosphorus con-
tent (x = 0.15, 0.165, and 0.21). The samples with x = 0.15
and 0.21 (PO15, P021) were grown at Zhejiang University
in Hangzhou, China, via spontaneous nucleations, similar to
the previous report [7], but using Fe(As,_,P,) as the self flux.
The x = 0.165 sample (P0165) was synthesized at Gottingen
University in Germany utilizing the Bridgeman method [13].
The chemical compositions were found by energy-dispersive
X-ray spectroscopy.

The dc resistivity measurements were made in a standard
four-probe geometry using a home-built cryogenic setup. The
magnetization measurements were performed in a Quantum
Design MPMS 7 T system in the static mode. All measure-
ments presented in this article, including resistivity, magne-
tization, and optical reflectivity, were performed for the ab
plane of EuFe,(As,_,P,), crystals (the “in-plane” geometry).

The optical reflectivity, R(w), was investigated for tem-
peratures between 3.5 and 300 K over a wide frequency range
from 12 to 12000 cm™'. Additionally, reflectivity measure-
ments up to 22000cm™" were performed on sample PO15
at room-temperature. Measurements at far-infrared frequen-
cies (FIR, 12-1000 cm™") were carried out with a Bruker IFS
113v Fourier-transform infrared (FTIR) spectrometer utiliz-
ing several beam-splitters and bolometric detectors operating
at 4.2 and 1.3 K. For referencing, in situ gold coating of the
samples was performed in this frequency range. At higher
frequencies (i.e., in the mid- and near-infrared (MIR, NIR)
as well as in the visible ranges (VIS); 800-22 000 cm™"),
the measurements were conducted using a Bruker Hyperion
infrared microscope attached to a Bruker Vertex 80v FTIR
spectrometer. Freshly evaporated gold mirrors acted as ref-
erences in MIR and NIR, protected silver mirrors were used
in the VIS range.

The Kramers—Kronig analysis of the reflectivity spectra
was performed in two stages. For the initial transformation,
the measured R(w) spectra were extrapolated to infinite fre-
quency using first the room-temperature measurements on
PO15 up to 22000 cm™! and then the standard free-electron
behavior, R(w) o« w™*. Using the room-temperature data
from one of the samples at these high frequencies is justified
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by the fact that R(w) has neither temperature nor doping-level
dependence at w > 10000 cm™', see Fig. 2. At this stage, the
zero-frequency extrapolations were made using the Hagen—
Rubens relation, [1 — R(w)] & +/w, in the normal (metal-
lic) state and [1 — R(w)] o @?* in the superconducting state.
The optical conductivity spectra, o(w) = o1(w) + io,(w), ob-
tained from this initial Kramers—Kronig transformation were
subsequently fitted together with the measured R(w) using
the Drude-Lorentz model discussed below. For the final
Kramers—Kronig transformation, the free-electron behavior
at w — oo and the low-frequency extrapolations of R(w)
were replaced by the results obtained from this fit. The ex-
perimental data below 200 cm™! were moderately smoothed
prior to the initial transformation to avoid excessive noise in
the optical conductivity at low frequencies.

3 Resistivity and magnetic susceptibility Fig-
ure 1 shows temperature variation of the in-plane resistivity
p and the molar magnetic susceptibility xn, for the sam-
ples investigated. At high temperatures, all three samples
exhibit resistivity linear in temperature. For samples PO165
and PO21, this linearity persists down to the onset of su-
perconductivity. For PO15, however, the resistivity levels off
below T~ 75K and stays constant until superconductivity
sets in. Such behavior of resistivity in PO15 is reminiscent of
resistivity in strongly underdoped EuFe,(As,_,P,),, where
the spin-density-wave (SDW) ordering of the Fe*™ moments
is responsible for the leveling off the po(T) curve [13]. Ac-
cording to Ref. [13], the doping level of the crystal and the
temperature, where the leveling-off happens, appear to be too
high to make the SDW-formation scenario probable. A de-
tailed transport study of EuFe,(As,_,P,), under hydrostatic
pressure [17] puts the PO15 sample in a range of the phase
diagram where the SDW transition still appears in the tem-
perature range where we observe the anomaly. However, in
contrast to Ref. [17], we cannot identify any discontinuity
in the resistivity of PO15, that could be assigned to a SDW
transition.

As one can see from the panels (a—c) of Fig. 1, the three
samples show onsets of superconductivity at T ,, = 25, 22,
and 27 K, respectively.

Both specimens, PO15 and PO165, have a rather broad su-
perconducting transition affected by a pronounced resistivity
re-entrance around 19 K. This re-entrant resistivity is a well-
known phenomenon for Eu-based 122 iron pnictides; it stems
from ordering of the Eu** moments at 7,, ~ 19 K, which has
no significant doping dependence for underdoped and super-
conducting samples [9, 18, 19]. The P021 sample exhibits
the highest T.,, and reaches zero resistance at 7,y ~25K,
i.e., well above the Eu-ordering temperature. Thus, super-
conductivity is fully developed at 19 K and no re-entrance of
resistivity is observed. A summary on the transition temper-
atures, resistivity values at 300 K, and the residual resistivity
ratios (RRR) for the investigated samples is given in Table 1.

Panels (d—f) of Fig. 1 display the results of the in-plane
magnetization measurements, performed in the static (dc)
mode. All three samples exhibit a complex magnetic behav-
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Figure 1 Top panels: Temperature-dependent in-plane dc resistivity, p(T), of EuFe,(As;_,P,), for x = 15% (a), x = 16.5% (b), and
x = 21% (c). Main panels show p(T) near the superconducting transitions, while the complete resistivity curves up to 300K are given
in the insets. Arrows at 7. ., mark onsets of the superconducting transitions; 7;. refers to the resistivity re-entrance temperatures in
samples PO15 and P0165; T o indicates the temperatures, where zero resistivity is reached. Open symbols in the insets correspond to the
zero-frequency limits of the inverse optical conductivity, 1/07(w — 0), obtained as described in the text. Bottom panels: Molar in-plane
susceptibility, xmoi(T), for the same samples, as indicated in the corresponding top panels. At Ty, magnetic ordering of the Eu>* moments
takes place, while spin-glass transitions occur at Tsg [9]. Both types of magnetic transitions are seen in the zero-field cooled (ZFC, blue
curves) as well as in the field-cooled (FC, red curves) measurements, the spin-glass transitions being most pronounced in the latter. Note
different vertical scales in the panels and the broken vertical scale in panel (b).

ior, which is typical for the Eu-122 family [8, 9, 13]. In the
case of samples PO15 and P0165, two clear humps can be re-
solved in the zero-field-cooled (ZFC) and field-cooled (FC)
curves. It has been shown, that the feature at Ty can be as-
signed to the magnetic ordering of the Eu>* moments with
strong ferromagnetic component out of plane [20, 8, 9]. The
dip at T preceding the second hump is identified as a tran-
sition to an in-plane glass-like behavior of the Eu spins [9].

Although according to Figs. 1d—f, anegative in-plane sig-
nal, typical for diamagnetism, is only seen in P021, we are
confident that bulk superconductivity develops in all three
samples. Measurements of the static magnetic susceptibil-
ity with the field applied perpendicular to the ab-plane (i.e.,
when the screening currents flow within this plane) do show
a strong diamagnetic signal also in the samples PO15 and
P0165 (not displayed). Furthermore, it was demonstrated re-

cently that PO165 exhibits a strong diamagnetic signal in the
measurements of the in-plane dynamic magnetic susceptibil-
ity with a large constant magnetic field applied to suppress
the ordering of the Eu*" moments [9].

4 Optics: The normal state Panels (a—c) of Fig. 2
display the normal-state in-plane reflectivity of the investi-
gated samples. All three compounds demonstrate a qualita-
tively similar temperature evolution of R(w). The reflectivity
in the FIR range increases with lowering temperature, in-
dicating the metallic nature of our samples. Oppositely, the
reflectivity at MIR frequencies (~ 2000-10000cm™") de-
creases as temperature goes down. This behavior is usually
ascribed to electron correlations arising from the Hund’s-
rule coupling of electrons [21,22]. For all three crystals,
there is a narrow region of frequencies (around 1300 cm™")



Table 1 Parameters of the EuFe,(As;_,P,), samples investigated
in this work, as extracted from their dc-resistivity and optical-
conductivity measurements. Note, that BD and ND refer to the broad
and narrow Drude components at the lowest measured normal-state
temperature (25 K for sample P015; 30 K for samples PO165 and
P021). 2A; and 2 A, indicate the large and small superconducting
gaps as obtained from the BCS-parametrization fits [46] to the mea-
sured optical conductivity. The small gap is likely nodal, thus the
value should be considered as an averaged one. A denotes the pen-
etration depth.

quantity PO15 P0165 P021
p@300K (pnQcm) 268 507 351
RRR 25 53 42
Tt.on (K) 25 22 27

Teo (K) 11.5 9 25

BD w, (cm™) 8079 - 9404
BD ! (cm™) 560 - 416
ND w, (cm™") 3540 2767 6235
ND 7! (cm™) 32 14 37

24 (cm™!) 56 (£5) - 63 (£3)
2A¢ (cm™) 12 (£5) - 11 (£3)
A (nm) 355 - 345

where R(w) is nearly temperature independent. Apart from
these common features, there is one important difference be-
tween the reflectivity spectra of the samples: while the FIR
reflectivity is monotonic in frequency at any temperature for
P021, the R(w) curves of the two other samples exhibit a
non-monotonic frequency behavior at 7 < 100 K for P0165
and at T < 50 for PO15.

The real part of the optical conductivity, o;(w), obtained
via the Kramers—Kronig transformation, is shown in the bot-
tom panels of Fig. 2. The non-monotonic FIR reflectivity in
PO15 and PO165 manifests itself in o, (w) as very broad modes
dominating the FIR conductivity. As one can see from Fig. 2,
the development of the FIR mode has no systematic doping
dependence. Thus, we can conclude that the appearance of
the modes is a sample-related issue. In case of PO15, we can
speculate whether the FIR anomaly below 7' = 100 K is due
to a possible SDW transition discussed for this sample in
the previous section. However, comparing the o,(w) spectra
to previous optical studies on electron or hole underdoped
BaFe, As, that clearly show a SDW transition, we notice that
below Tspw a common feature is a pile up of spectral weight
(SW) at approximately 1000 cm~! while at lower frequen-
cies the spectra get suppressed, irrespective of doping type
or level [23-25]. Hence, the mismatch in energy scale of our
FIR feature together with the absence of any sharp feature in
the resistivity in Fig. 1a enables us to conclude, that this FIR
peculiarity in PO15 is not related to a SDW ordering. In case
of the PO165 sample, the same argument holds. We want to
point out that the observation of similar modes in the FIR
in iron pnictides is by far not exceptional. There are reports
of FIR modes in hole [25,26] and electron doped [27, 28]
Ba-122, as well as in the parent compound [29]. For all these
reports, we can not see a systematic doping level dependence
and there are also reports where any comparable feature is ab-
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sent (e.g., Refs. [23,30, 31]). Even though the interpretation
of these modes range from pseudogap to low lying interband
transitions, we find, that due to the non-systematic appear-
ance, localization of itinerant carriers induced by impurities
[32] is the most probable origin of the modes, as already
suggested in Refs. [27,29, 33].

Typical metallic behavior of the optical conductivity,
i.e., a monotonic narrowing of the zero-frequency-centered
Drude-like mode with decreasing temperature, is clearly vis-
ible only for sample P021. In PO165 and P0O15, the tempera-
ture development of the Drude response is perturbed by the
localization modes. Nevertheless, the zero-frequency limit
of the optical conductivity, o;(w — 0), nicely follows the dc
data for all the samples at any temperature, as it can be seen
from the inserts of Fig. la—c.

We now calculate the frequency-dependent spectral
weight defined as follows:

SW(w) = / ’ o1(@)dw. 1
0

For temperatures in the normal state, the spectral weight nor-
malized to the spectral weight at 7 = 300K is displayed in
the insets of Fig. 2d—f. The general trends of the spectral-
weight behavior are the same for all three samples, although
the localization modes affect the normalized spectral weight
at low frequencies, where it stays above 1 and is maximal at
the lowest temperatures. In the MIR range, the temperature-
dependent spectral weight is below its room-temperature val-
ues; the lower the temperature, the more pronounced the
losses are. After passing a minimum at 3000-4000 cm™', the
normalized spectral weight increases again. Only at frequen-
cies above 20000 cm™!, the spectral weight becomes even-
tually conserved (within an uncertainty of <1%) for all the
samples. The presence of the spectral-weight transfer up to
such high energies is an important feature of iron pnictides
and is ascribed to correlation effects, e.g., to the Hund’s rule
correlations mentioned above [30, 34, 35]. In this regard, the
members of the Eu-122 family, investigated in this work,
behave very similarly to many other pnictides.

In order to get insight into the mechanisms contributing
to the frequency-dependent optical response, one needs to
decompose the measured spectra into a number of simple
terms. We fitted our experimental spectra in a standard way
— by a sum of Drude and Lorentz terms. For the complex
optical conductivity, the model reads as follows [36]:

w; 1

o) = El/r—iw

Drude

2
H_ @
4 i(w} — ) + o/t

w
@

Lorentz

Here, w, is the plasma frequency of each term, w, is the
resonance frequency of each Lorentz term, and 1/t denotes
the scattering rates of free carriers in the case of Drude terms
and introduces a damping for each Lorentz oscillator.
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Figure 2 Frequency-dependent in-plane reflectivity of EuFe,(As;_,P,), forx = 15% (a), x = 16.5% (b), and x = 21% (c) at temperatures
T =300K (red), 200 K (orange), 100 K (brown), 50 K (purple), and at (or slightly above) T o, (cyan; 25 K for x = 15%, 30 K for the other
two doping levels). Panels (d—f) display the real part of the optical conductivity obtained by Kramers—Kronig transformation for x = 15,
16.5, and 21%, respectively. The development of localization modes in the FIR is clearly visible in the conductivity spectra for x = 15%
and x = 16.5%. The normalized spectral weight, SW(7')/SW(300 K), displayed in the insets of panels (d—f), uncovers a spectral-weight

transfer to higher energies with decreasing temperature.

Because of the multiband nature of iron pnictides, there
are many ways to decompose their optical spectra, as it has
been already discussed, e.g., in Ref. [37]. We use a model
that captures all major spectral features, but still keeps the
number of free parameters as small as possible. It has been
shown that a Drude-Lorentz model with two Drude com-
ponents provides an adequate description for the optical re-
sponse of many iron pnictides [38,39]. For the 122 family,
it is well established, that one of the two Drude components
is rather broad in frequency (large 1/7) and the other one
is quite narrow (small 1/7). Sometimes, the broad compo-
nent is replaced by an overdamped Lorentzian. The broad
term is usually associated with the hole pockets of the Fermi
surface, while the narrow Drude component is normally as-
signed to the electron pockets [23,30,31,37,40]. This as-
signment is based on the differences in scattering rates of the
two carrier types found in pnictides by Hall measurements:
holes posses a rather large 1/7, while electrons scatter much
less frequently, i.e., their 1/t is smaller [41]. Thereafter, we
abbreviate the broad and the narrow Drude components as

broad Drude (BD) and narrow Drude (ND), respectively.
The fit parameters of the Drude components for the lowest
normal-state temperatures of all three samples are given in
Table 1.

In addition to the two Drude terms, a number of
Lorentzians are necessary to fit the experimental spectra
properly. We use a broad Lorentzian (titeled MIRL in Fig. 3)
to describe the flat MIR background, which was previously
reported in a number of 122 compounds and which is be-
lieved to be due to an interband-transition band located at
around 1000 cm™" [37,42]. Another Lorentz term, marked
as “HUND?”, is used to fit a pronounced broad interband-
transition band located around 6000 cm™'. Both bands dis-
play a strong temperature dependence, which is believed to
stem from a strong renormalization by Hund’s-rule coupling
effects [16]. Additionally, we need to use a few temperature-
independent modes at higher frequencies. Let us note, that
the optical conductivity was fitted together with the measured
reflectivity in order to provide the most consistent description
of the experimental spectra.
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Figure 3 Left panels (a—): Frequency-dependent optical conductivity of EuFe,(As;_,P,), for x = 15% (a), 16.5% (b), and 21% (c) at

the lowest measured normal-state temperature (30 K for x = 16.5 an

d 21%; 25 K for x = 15%). Dark cyan crosses represent data points;

orange lines are the resultant Drude—Lorentz fits. Contributions of the single terms of Eq. (2) are also displayed in the panels. Center
panels (d—f): Scattering rates of the narrow (ND) and broad (BD) Drude terms for the three samples measured. Straight lines are guides
to the eye. Panel (g): Temperature evolution of the spectral weights of the high-frequency MIRL and HUND modes for all three samples.
The spectral weight of the HUND mode grows at the expense of the MIRL mode with decreasing temperature for all three samples, as
indicated with arrows. Panels (h) and (i): Temperature evolution of the low-frequency single-term spectral weights for samples PO15 (h)
and P0165 (i). In P021, the spectral weights of the low-frequency (i.e., Drude) terms are temperature independent.

For sample P021, the described model is sufficient for
an adequate description of the experiment (see Fig. 3c). For
the two other samples, we had to introduce more terms to de-
scribe the localization bands. In the case of sample PO15, one
additional Lorentzian (LOC) in the FIR range was sufficient
(Fig. 3a). For PO165, we had to introduce two Lorentzians
(LOC and LOC?2) and to omit the BD term at all temperatures
(Fig. 3b), as otherwise no reasonable description was possi-
ble ' . This indicates that localization effects are particularly
strong in PO165.

We now discuss the temperature changes in the single
terms of Eq. (2). First, we discuss the scattering rates 1/t

!In Ref. [37], the room-temperature spectrum of PO165 was fitted simply
with two Drude terms. However, taking the low-temperature spectra into
account, a self-consistent fit can only be achieved with the method described
above.

of the Drude terms shown in the middle panels of Fig. 3. In
PO21, the scattering rate of both, broad and narrow, Drude
terms is linear in temperature. The same behavior is visi-
ble in the only (narrow) Drude component of PO165. This
observation together with the 7-linear resistivity provides a
strong evidence for non-Fermi-liquid behavior which might
be caused by strong magnetic fluctuations around a possi-
ble QCP beneath the superconducting dome. Indications for
such QCP have been observed by other experimental meth-
ods [43,44]. Also, a similar T-linear scattering rate has been
reported in hole and electron-doped Ba-based pnictides of
the 122 family [31, 45], yet only for the ND component. The
reason for the fact that we also observe T-linear scattering
for the BD component possibly is related to the difference in
substitution method. Hence, it would be interesting to com-
pare our finding to an equivalent study on BaFe,(As,_,P,),.
However, to our knowledge, there is to date no temperature-
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dependent optical investigation on P-substituted Ba-122
that utilizes the Drude-Lorentz model to decompose the
spectra.

In sample PO15, the T-linear scattering rate at 10-300 K
is only observed for the BD component, while 1/7 of the ND
component is not linear at 7 < 100 K. At 100K, the local-
ization mode (LOC) appears in the conductivity spectra and
obviously affects the temperature behavior of the ND scat-
tering rate: 1/t of the ND term collapses, implying that the
carriers scatter less. The resistivity of this sample shows a
flattening at low temperatures, as seen in the inset of Fig. 1a.
Since p o« 1/(zN) with N being the carrier density, and since
the BD scattering rate is linear in temperature, the simultane-
ous flattening of the p(T") curve and collapsing 1/t of the ND
term can not be consistently understood, if N remains con-
stant. However, in our case N is not constant, because some
electrons get localized. As one can see from Fig. 3h, the sum
of the spectral weights of the ND and LOC terms remains
basically constant as a function of temperature. The spectral
weight and therefore the number of carriers contributing to
the BD term are also temperature independent. Thus, it is
evident that only the carriers from the ND term are affected
by the localization effects.

It is likely that the remaining free carriers of the ND term
scatter less because the contribution of the electron—electron
interactions to the scattering processes becomes reduced with
decreasing the number of free carriers. Alternatively, the re-
duction of the ND scattering rate below 100 K can be ex-
plained as if the localization mode and the ND term stem
from two different electron bands, which can not be distin-
guished at elevated temperatures.

In sample P0165, the spectral weight developments in the
FIR region (Fig. 3i) reveal a spectral-weight transfer to lower
frequencies (LOC2 to LOC) with decreasing temperature,
reminiscent of a Drude behavior with collapsing scattering
rate. It is important to note, that the spectral weight of the ND
term and of the sum of the spectral weights of the localization
modes stay constant as a function of temperature. The LOC
localization mode in PO165 (as well as in PO15) softens with
decreasing temperature, while the center frequency of the
LOC2 mode stays the same at all temperatures.

Thus, all three samples demonstrate at least one Drude
band with a directly observable T-linear scattering rate. This
signals the importance of electron—electron interactions in
Eu-based pnictides of the 122 family. The localization ef-
fects in PO15 and PO165 samples strongly affect the optical
conductivity and possibly mask the linearity of 1/7 in other
Drude bands. The question remains, why the resistivity of
the PO15 sample only (Fig. 1a) is affected by the localiza-
tion effects. This can be explained considering the fact, that
the localization effects in PO15 appear to be moderate and
only affect the carriers when their thermal energy falls below
T =~ 75 K.InP0165, however, the localization of a part of the
carriers persists up to room temperature, while the remaining
itinerant carriers follow the observed NFL behavior.

In the MIR and NIR spectral ranges, all three samples
display a spectral-weight transfer from the MIRL interband

transition to the HUND mode upon cooling (Fig. 3g). This is
a general observation in iron pnictides and is usually associ-
ated to electron correlations originating from the Hund’s-rule
coupling between itinerant and localized electrons [34, 35].

5 Optics: Superconducting state In Fig. 4a—c, we
show the reflectivity of the investigated samples for two tem-
peratures below the superconducting transition and one tem-
perature right above T ,,. Unlike in the reflectivity spectra
of superconducting EuFe,(As, Py 13), previously published
in Ref. [47]2, we do not see any sharp upturns in the reflec-
tivity, which would indicate positions of dirty-limit isotropic
superconducting gaps [36, 48]. Neither a full 100% reflec-
tivity is observed. Consequently, the conductivity spectra do
not show any sharp gap-like edge either, as seen in Fig. 4d—f.

For homogenous single-phase superconductors, there are
two possible reasons why no clear signatures of a supercon-
ducting gap are observed. The first option is a strong gap
anisotropy, preferably with nodes: optical transitions of the
nodal quasiparticles do not allow the gap features to man-
ifest themselves in the optical conductivity [49], which is
a momentum-averaged response. The second possibility is
superconductivity in the clean limit. In this case, the scat-
tering rate of the quasiparticles is much smaller than the
superconducting gap, 1/7 < 2A. As a consequence, o(w)
at frequencies around 2A is very close to zero already in
the normal state, thus no gap feature can be detected in
the optical-conductivity spectra in the superconducting state
[50]. Below, we argue that realization of both, the clean-
limit superconductivity and the gap anisotropy, are likely in
EuFe,(As,_,P,),. Let us note that our optical measurements,
performed above and below Ty, show that the ordering of
the Eu magnetic moments at T does not affect the optical
conductivity, in agreement with previous optical studies on
the parent compound [37, 39, 40]. Thus, influence of the Eu-
moments ordering on the optical-gap feature is very unlikely.

Although a full multiband Eliashberg analysis is the most
adequate approach for fitting the optical conductivity of iron
pnictides in the superconducting state [51], application of this
method requires advanced theoretical methods and goes be-
yond our capability. During the last years, it has been shown
by different groups [38, 52—54] that applying a relatively sim-
ple model [46], which parameterizes the optical response of a
BCS superconductor, is often sufficient in order to get arough
estimate for the magnitude of the superconducting gap(s) in
pnictides.

Even though we do not observe any clear gap features,
we can use this model to fit the spectrum of sample P021 in
the superconducting state with the constraint, that the plasma
frequencies and scattering rates of the BCS terms, as well as
all parameters of the Lorentz contributions, stay roughly the

2We want to note, that revising the raw data of Ref. [47] we realized a
large uncertainty due to the lower data quality at that time. Therefore, our
current findings do not necessarily contradict the old data, the observation of
a pronounced upturn in reflectivity, however, maybe more like due to noise
rather than to the superconducting gap.
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Figure 4 Frequency-dependent in-plane reflectivity (panels a—c) and conductivity (panels d—f) of EuFe,(As;_,P,), for x = 15%, x =
16.5%, and x = 21% at one temperature above (cyan) and two temperatures below (violet, blue) 7 ,,. No clear gap edge can be resolved
in any of the spectra. In panels (d) and (f), the resulting BCS fit is depicted as orange-dotted lines. The fits contain a broad (dashed gray)
and narrow (dash-dotted light gray) BCS term each corresponding to BD and ND, respectively. In panel (d), the fit also contains the
suppressed LOC mode in the superconducting state (dark gray dash-double dotted line).

same as in the normal state just above the superconducting To examine whether our samples are in the clean or
transition. In this sample, the optical response of free carriers ~ dirty limit, it is useful to calculate the frequency-dependent
is not masked by the appearance of localization modes, thus  penetration depth, A(w) = ¢/[47wo,(w)]"/?. The penetration
the analysis is relatively straightforward. Two BCS terms, depth for sample PO21 at 3.5K is shown in Fig. 5b. A(w)
each replacing a normal-state Drude term, were utilized in is basically flat, with a small gradual increase toward low
this fit, as displayed Fig. 4f. We obtained the gap values of frequencies. This is indicative for clean-limit superconduc-
24, =63+3cm'and2A, = 11 £ 3 cm™! for the two BCS  tivity [60] and consistent with reports on BaFe,(As,_.P.),
terms, which replaced the broad and narrow Drude terms, [61]. The model A(w), computed from our BCS fit, describes
respectively. A similar fit with an additional Lorentzian term  the experimental points fairly accurately, see Fig. 5.

(LOC) can also be utilized for sample PO15 (Fig. 4d). Let us Alternatively, one can obtain the penetration depth from
note, that the values of the small gaps should be considered the temperature evolution of the o;(w) spectra. The occur-
as the upper limits. rence of the superfluid condensate implies a transfer of the

For the larger gap of PO21, we obtain 2A /kgT, ~ 3.5, spectral weight from finite frequencies to a §(w = 0) func-
which is close to the BCS value. For the small gap, this ratio  tion in o (w), representative of the infinite dc conductivity in
is below 1. This indicates that the isotropic gap is likely nota  the superconducting state. As the measured optical o, (w) has
relevant approach and points toward anisotropy of the smaller no access to zero frequency, the value of its integral drops
gap (a moderate anisotropy of the larger gap is also possible).  when the superfluid forms. The difference between the spec-
Since the BCS term with the large/small gap in the supercon- tral weights in the normal and superconducting states is di-
ducting state corresponds to the broad/narrow Drude term in  rectly related to the superfluid density p, (the Ferell-Glover—
the normal state, we can interpret our data in the supercon- Tinkham (FGT) sum rule [36, 48]):
ducting state in terms of an (almost) isotropic gap on the
hole pockets and a highly anisotropic (or nodal) gap on the
electron pockets of the Fermi surface. This is in agreement
with multiple reports on the sister system BaFe,(As,_,P,),
[4,6,55-57], as well as with theoretical predictions for P- and allows calculation of the penetration depth via A =
substituted iron pnictides [58, 59]. ¢/(p,)'. The cutoff frequency w. needs to be chosen such,

ps =28 /wc [o1(w, 30K) — 0/(w, 3.5K)] do, 3)
0
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Figure5 Frequency-dependent penetration depth A(w) of
EuFe,(As;_,P,), at 3.5K for (a) x = 15% and (b) x = 21%. Blue
open symbols are data points, while red lines represent the two
gap BCS fits as described in the text. Large red symbols at zero
frequency denote the values of the penetration depth obtained by
use of the FGT sum rule.

that all the spectral weight transferred to the §(w = 0) peak
is captured. We find w. = 500 cm™! to be a reasonable value
for this purpose. Calculations using Eq. (3) provide a pen-
etration depth of 345 nm, which agrees very well with the
value obtained from o,(w), see Fig. 5, and thus, shows the
consistency of our analysis.

Let us now turn to samples PO15 and PO165. In these
specimens, the behavior of the reflectivity (Fig. 4a and b) and
the optical conductivity (Fig. 4d and e) in the superconduct-
ing state is different as compared to sample P021, because of
the appearance of the localization mode(s) at low frequen-
cies. While in PO165, there is no clear difference between the
optical responses in the normal and superconducting state, in
PO15 the LOC mode appears to be suppressed and shifted to-
ward lower frequencies below T ,,. Again, a clear gap edge
is not observed.

In order to perform a meaningful analysis of the penetra-
tion depth in PO15, it is necessary to subtract the contribution
of the localization mode from o,(w) before calculating A(w).
When we do so, we obtain the low-frequency A(w) of PO15
to be rather similar to A(w) of PO21, as one can see from Fig.
5. The penetration depth, calculated using the FGT sum rule
yields now A = 355 nm, slightly larger than in P021, but in
good agreement with the frequency-dependent A, see Fig. Sa.

For PO15, the fit with the BCS terms in the superconduct-
ing state requires a spectral-weight transfer from the LOC
mode to the ND component as temperature decreases and

provides 2A = 56(+5)cm~! and2A = 12(£5) cm™!, which
is very similar to gap values in P021 (see Fig. 4d). Also sim-
ilarly to P0O21, the penetration depth, obtained from the BCS
fits, describes the experimental A(w) very well, as shown in
Fig. 5.

Thus, we can conclude that the optical responses of itin-
erant carriers in samples PO15 and PO21 are very similar
to each other; the differences in the doping level do not af-
fect significantly the values of the superconducting gaps. The
only major difference between these two samples, seen in the
optical response, is the localization mode, which is present
in PO15 and absent in PO21. In the sample with an interme-
diate doping level, PO165, the absorption due to localization
effects is even stronger than in PO15. This absorption (mod-
eled above with two Lorentzian terms) completely prevents
the observation of any superconductivity-induced changes in
the optical spectra of P0165, even though bulk superconduc-
tivity was confirmed in this sample by different magnetiza-
tion measurements, as discussed in Section 3. We pointed out
above, the non-systematic behavior of the FIR bands in our
EuFe,(As,_,P,), samples as a function x is evident for extrin-
sic character of the FIR absorption bands. If the density of
localized carriers is not very large (the case of sample P015),
the optical response remains to be primarily dominated by
itinerant carriers. In the case of very impure/disordered sam-
ples (sample PO165), the optical response becomes fully de-
termined by localized carriers. Looking on the entire set of
our experimental data, we can not exclude that sample P0165
has at least two phases, only one of which is superconducting.
The same might be true for sample PO15, but the fraction of
the superconducting phase is surely much larger in this sam-
ple.

6 Conclusions We performed a detailed study of
broadband optical response of single-crystalline supercon-
ducting EuFe,(As,_,P,), with x = 15, 16.5, and 21%. The
former two samples show moderate (x = 15%) to strong
(x = 16.5%) impurity-localization effects, while the later
(x = 21%) appears to be very pure. All of the samples exhibit
superconductivity with onsets at comparable temperatures,
basically independent of the doping level and appearance of
the localization effects. The response of the itinerant carriers
in the normal state can be generally best described by two
Drude components, which might be related to the hole and
electron pockets of the Fermi surface, similarly to other pnic-
tides [16, 38]. We were able to uncover a linear in temperature
scattering rate for at least one of the two Drude terms in each
of the samples. In the pure 21%-doped sample, the linearity is
apparent for both bands. In two other samples, the linearity
is (partly) masked by strong FIR modes due to the local-
ization effects. This linearity (as well as the linear tempera-
ture dependence of dc resistivity) points toward a non-Fermi-
liquid state in EuFe,(As,_,P,),, which leads to speculations
whether a QCP exists beneath the superconducting dome, as
it is evident in the sister compound BaFe,(As;_,P,),.

Analysis of the frequency-dependent optical spectra
in the superconducting state allows us to conclude that



EuFe,(As,_,P,), is likely a clean-limit superconductor with
two gaps: a smaller anisotropic (or nodal) gap on the electron
portion of the Fermi surface and a larger isotopic (or slightly
anisotropic) gap on the hole pockets. This is in agreement
with theoretical predictions as well as with experimental ob-
servations made in other P-substituted 122 iron pnictides.
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