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Abstract

We study nanoscale phase separation in iron-pnictides and its relation to doping and electronic degeneracies across the te-
tragonal-orthorhombic and uncollapsed to the collapsed tetragonal phases. The structural implications of these transitions
are probed using the optical phonon spectrum. We notice a previously less-acknowledged coexistence of two phases on
small length scales and at ambient conditions. Undoped, these phases have similar tetra-to-ortho transition temperatures.
In contrast, doping leads to a cascade of phase transitions in the temperature range from 72 to 100 K. In the overdoped
regime, electronic Raman scattering is observed. We attribute this to an enhancement of electronic correlations with increas-
ing doping, leading to a non-Fermi liquid behavior. Our work shows that nanoscale phase separation in iron-pnictides can
be tuned by doping leading to an unpreceded complexity which is attributed to electronic close-degeneracy and multiband

physics.
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Introduction

Starting from the discovery of superconductivity in LaFeAsO,_F, with critical temperature, T, = 26 K in 2008 [1], several fami-
lies of Fe-based superconducting materials have been discovered such as 11-FeX, , (X = Se/Te/S), 1111-ReFeAsO (Re =
La/Ce/Pr/Nd/Sm/Gd/Tb) [2], 111-AFeAs (A = Li/Na/La) [3], ternary 122-AeFe,As, (Ae = Ba/Sr/Ca/Eu) and 122-AxFe,Se, (Ax
= K/Cs/Rb) [4], 1144-AeAFe, As, [5], and 42622- Ae,M,0Fe,As, (M = V/Cr/Sc) [6]. All iron-based superconductors consist of
Fe,X, (X = pnictide/chalcogenide) layers, which are composed of edge-sharing, distorted FeX, tetrahedra. Usually, these tetrahe-
dra alternate with other intermediate layers [7] leading, e.g. to combinations of effective PtAs layers with FeAs layers [8-10].
The high interest and intensive studies of iron-based superconductors related to the interplay of multiband effects, correlation
effects, and structural variations led to a rich field of physics as described in the literature (see, e.g. Refs. 11-14) that goes be-

yond the previously known interplay of magnetism and superconductivity modified by doping and pressure.

The 122- AeFe,As, materials are among the most interesting materials in the Fe-As family of superconductors with very fragile
ground states and extreme sensitivity to external pressure, annealing, and chemical doping. They are considered to be an ideal
platform to study magnetic fluctuation-driven superconductivity. It was supposed that all the 122-AeFe,As, compounds crystall-
ize in the tetragonal ThCr,Si,-type structure at room temperature with structural transition an orthorhombic phase at lower
temperatures (T, = 171 K for Ca [15], = 205 K for Sr [16], = 140 K for Ba [17], and = 200 K for Eu [18]). The structural transi-
tion is accompanied by an antiferromagnetic (AFM) ordering of the Fe moments with the wave vector Q = [1, 0, 1] of the spin-

density-wave (SDW) pattern. Suitable substitutions on either the Ae site or the Fe site can suppress magnetic ordering, and the
system becomes superconducting for certain doping ranges [19-21]. Superconductivity can also be induced by applying pres-
sure [22].

The following general trends are reported:

i) There exist structural instabilities in 122- AeFe,As, compounds related to the existence of many energy minima in their ener-
gy landscape. CaFe,As, is conceivably one of the most interesting materials in the family of Fe-pnictide-based superconductors
with a very fragile ground state. It combines the salient physical features of the 122- AeFe,As, compounds and might serve as a
model system. On the other hand, there are studies with partly contrasting results, pointing to less understood complexities in-
herent in these compounds. In particular, the bulk properties of CaFe,As, are significantly dependent on the sample’s prepara-

tion techniques (Sn flux or FeAs self-flux growth), quenching temperatures, or post-growth treatment [23].

ii) Pressure- or doping-induced isostructural (uncollapsed-tetragonal (ucT) to collapsed-tetragonal (cT)) phase transition in
the 122-AeFe,As, family leads to an approximately 10% shrinkage of the unit cell's ¢ axis [24, 25]. Magnetic order as well as su-
perconductivity is suppressed and a Fermi-liquid electronic transport is restored. Interestingly, the phase diagram of Rh*"-
doped CaFe,As, is rather special as superconductivity occurs in a very narrow range of Rh-content (0.020 < x < 0.024) [26]. It
occurs in between the orthorhombic AFM phase and the tetragonal nonmagnetic phase. This means that this system has proba-
bly the most intricate interplay of electronic and lattice degrees of freedom. The suppression of magnetic order can be related
to an absence of a magnetic moment on the iron site, in a molecular context described by a S = 0 low spin state [27]. Summariz-
ing, Ca(Fe, ,Rh,),As, allows in an unprecedented way to study the interplay of magnetic fluctuations, superconductivity, and

the orbital or magnetic origin of the ortho-to-tetra structural phase transitions.

iii) There exists a re-entrance and competition of magnetic phases with orthorhombic C, and tetragonal C, rotational symmetry

and superconductivity in the region of the superconductivity dome in the phase diagram [28-30].

Therefore, we reconsidered studying Rh**-doped Ca(Fe, ,Rh,),As, single crystals on freshly cleaved surfaces with an emphasis
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to better understand the role of doping and phase coexistence in samples with x = 0, 0.035, and 0.19. These stoichiometries rep-
resent specific regimes of the phase diagram [26] and a focus on temperature-dependent polarized Raman spectra should lead
to conclusive results. Despite the intriguing properties of undoped and doped CaFe,As,, the number of spectroscopic studies is
rather limited. Raman spectroscopy is a highly sensitive and informative method that allows us to reveal the local crystal distor-
tions, defects, and impurities and to probe the phonon, electronic, and magnetic excitations simultaneously. As an example, we
can cite a series of very successful fundamental Raman studies on the spin and charge degrees of freedom in iron-containing

pnictides and chalcogenides [31].

The performed data analysis indicates that in the undoped CaFe,As, sample, four modes instead of the two symmetry-allowed
ones are observed. They are pairs of A,, and B,, modes that give evidence for the presence of two tetragonal phases in the sam-
ple. This suggests a phase separation into tetragonal uncollapsed and collapsed phases in undoped CaFe,As, at ambient condi-
tions. Evidence for such a phase separation or structural modulations on small length scales have been found before and will be
discussed in detail. Both phases undergo a tetra-to-ortho structural phase transition under cooling. Within the accuracy of our

technique, the transition temperatures of these phases are similar.

For the x = 0.035 sample, we also observed spectra corresponding to two phases at room temperature. However, up to T = 100
K, we did not observe the appearance of all four lines in the YX-scattering geometry. Below some critical T* ~ 100 K, we ob-
serve the emergence of new phonon lines in coexistence with the previous ones. The only explanation for this feature is the
emergence of a new order parameter with different translation symmetry. Upon further cooling to the temperature of the uncol-
lapsed > collapsed tetragonal phase transition T.;, cardinal changes occur in the Raman spectra. One can suppose that the last
effect is related to the remnant magnetic ordering which should be realized in the uncollapsed phase of the phase-separated x =

0.035 sample with iron atoms in a nonzero spin state.

The overdoped sample with x = 0.19 located on the right side of the phase diagram [26] of Ca(Fe, Rh,),As, also shows phase se-

paration in the temperature range of 7 - 295 K.

In addition, Ca(Fe, Rh,),As,is considered as an unconventional superconductor, which cannot be described according to the
Bardeen-Cooper-Schrieffer theory and mean-field electron-phonon coupling. In particular, nanoscale phase separation with
delicate sublattice interactions revealed in our Raman studies may play an important role in the emergence of the superconduct-

ing state in a surprisingly narrow Rh** doping range.

Materials and Methods

Single crystals of Ca(Fe, Rh,),As, (x = 0, 0.035, and 0.19) were grown using a self-flux method. Details of the growth of single
crystals and the resulting phase diagram are given in Ref. 26 (Figure S1 in Supplementary Information). In addition, X-ray dif-
fraction experiments have been performed after the Raman study to ensure their structural integrity. The freshly cleaved sam-
ples were installed into a He-closed cycle cryostat (Oxford/Cryomech Optistat) with a temperature-controlled range of T'=7 -
295 K. Raman-scattering experiments were performed in quasi-backscattering geometry using a A = 532 nm solid-state laser.
The laser power was set to 7 mW with a spot diameter of approximately 100 pm to avoid heating effects. The local heating in
the laser spot didn’t exceed 1 K. The spectra were collected via a triple spectrometer (Dilor-XY-500) by a liquid-nitrogen--
cooled CCD (Horiba Jobin Yvon, Spectrum One CCD-3000V).

Raman spectra were measured in parallel and crossed scattering geometry with X and Y laboratory axes rotated at 45 degrees
relative to the crystallographic a and b axes (see the inset of Figure 1). This choice and additional details are discussed in the

Supplementary Information. The spectra were fitted using sets of Lorentz functions.
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Figure 1: (a) The crystal structure of CaFe As, at ambient conditions. (b) Room temperature Raman spectra of the CaFe, As,
single crystal measured from the ab plane in two scattering geometries. The inset on the right shows the scattering geometry used in
the experiment with the directions of the incoming (blue arrows) and scattered (green arrows) photon polarizations rotated by 45

degrees relative to the a and b axes of the crystal.

Results and Discussion

Undoped x = 0 samples. CaFe,As, at ambient pressure and temperature realizes the paramagnetic tetragonal ThCr,Si,-type struc-
ture (space group I14/mmm ( D}/, #139) with lattice parameters a = 3.887(4)) A, ¢ = 11.758(23) A [32]. The crystal structure of
CaFe As, under ambient conditions is shown in Figure 1.a. Alkaline-earth ions, Fe, and As occupy 2a, 4d, and 4e positions,
respectively. According to the factor group analysis for the I4/mmm space group, the total irreducible representation of
Raman-active phonon modes is given by four Raman-active phonons: Alg(As), Blg(Fe), Eg(As), and Eg(Fe), see also the Supple-

mentary Information.

Upon cooling at ambient pressure, CaFe,As, undergoes a first order transition at about 170 K from the high temperature tetrag-
onal-paramagnetic phase into the low temperature orthorhombic structure (space group Fmmm (D2, #69)). It is accompanied by
the appearance of a spin density wave (SDW) state, which has been observed in a variety of experiments [33]. This tetragonal--
to-orthorhombic (T-O) structural phase transition in a parent, as well as substituted, CaFe,As, is extremely sensitive to external
stresses and strains and can be even partially or completely suppressed. The factor group analysis of low-temperature Fmmm
phase with Ca, Fe, and As in 4a, 8f, and 8i Wyckoft positions, respectively yields six Raman-active phonon modes: I ;, = A,(As)
+ B, (Fe) + 2B,,(As,Fe) + 2B, (As,Fe).

In a Raman study by K.-Y. Choi et al. [34] two weak phonon modes were observed at 182 (189) cm™ - A, and 204 (211) cm’ -
B, at T'=295 and 4 K, respectively. The authors also noted abrupt changes in the temperature-dependence of the frequencies
and linewidths upon cooling down through the first-order I4/mmm > Fmmm structural phase transition near 170 K. In a se-
cond study by Kumar and co-workers, three phonon modes were observed in electron-doped single crystals, Ca(Fe,Co,s),As,
[35]. They were assigned to the 205 cm ™' - B, Fe, 215 cm ' - A, As, and 267 cm ™' - E;: Fe and As modes and displacements. Th-

ese modes showed anomalies at the tetragonal-to-orthorhombic structural transition at T, = 140 K.

We performed shell-model calculations of the CaFe,As, lattice dynamics [36] taking model parameters for Fe*’, Ae*’, and As™
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ions from Ref. 37 as starting points. For homogeneous CaFe,As,, we obtained the A,, and B,, modes frequencies 182 and 201

cm’, in good agreement with the experimental Raman data.

Our room temperature Raman spectra of single crystalline CaFe,As, measured from the ab plane are shown in Figure 1.b. The
sharpness and large scattering intensity of the observed peaks are related to the high quality of the studied single crystals. These
data show four well-resolved phonons. The extracted frequencies of the Raman-active optical phonon modes are the two A,
(159 and 218 cm™') and B, (136 and 164 cm’) modes, respectively. A weak E (Fe,As) at around 116 cm’' is observed and as-
signed to a small leakage due to the quasi-backscattering geometry of the experiment. Similar data were achieved on different
sample batches. The assignment of the observed modes has been performed based on the shell lattice calculations mentioned
above and Raman tensors resolved from the Bilbao Crystallographic Server [38]. Furthermore, we state that the frequency of
the most intensive 218 cm™ A, (As) mode is higher compared to the frequencies of both B, (Fe) modes (which should be the
other way around, given the As and Fe ions mass ratio). Summarizing, the present phonon spectra are more complex than the

ones previously reported [34, 35, 37].

The observation of two pairs of Raman modes is evidence for two tetragonal phases in the single crystal. Assuming that the ra-
tio of the mode intensities corresponds to the volume ratio of the phases, it is reasonable to assign the 218 cm'l(Alg) and 136
cm'l(Blg) to the t1 tetragonal phase and the second pair of modes of 159 cm'l(Alg) and 164 cm'l(Blg) - to the t2 tetragonal phase.
With this identification, the frequency order of A,, and B,, modes in phase t2 is identical to the one previously observed and cal-

culated [34, 37].

Our observation agrees also well with the complex phase diagram of CaFe,As, [39-44]. Accordingly, undoped CaFe,As, can be
stabilized in two slightly different tetragonal phases (PI and PII) by rapid quenching from 850 °C and prolonged annealing at
350 °C, respectively. The PI phase with lattice parameter ¢ = 11.547(1) A corresponds to a tetragonal structure at room tempera-
ture and transforms to a cT phase with ¢ = 10.720(1) A below the T-cT transition temperature T, =~ 100 K. The PII phase also
exhibits a tetragonal structure at room temperature but with a slightly longer ¢ (c = 11.763(1) A). It undergoes a tetragonal--
to-orthorhombic (T-O) structural transition at T, =~ 170 K. It was found that the PI and PII phases could be reversibly trans-
formed through PI + PII-mixing phases by a heat treatment [43]. This supports our assignment of the mode multiplication to a

coexistence of phases.

Various research techniques were used to identify and better understand phase separation in CaFe,As, and its dependence on
varjous heat treatment procedures [39, 44-46]. Systematic XRD and HRTEM studies found related micro- and nanoscale struc-
tures and their evolution with annealing CaFe,As, [45]. They revealed the presence of a clear pseudo-periodic structural modu-
lation at room temperature with a wavelength of around 40 nm, interpreted as local structural distortions within the Ca layers

[45].

Also, angle-resolved photoemission spectroscopy CaFe,As, [47] found related features. They revealed a hitherto hidden cT
phase in CaFe,As, under ambient conditions, which were attributed to quantum fluctuations and exotic electronic properties.
Similar conclusions were based on hard X-ray photoemission spectroscopy [48]. Annealing leads to an increasing transition
temperature of the antiferromagnetic phase transition. For the most homogeneous crystals, the antiferromagnetic and or-
thorhombic phase transitions occur at 168 K [39]. This confirms our results with similar transition temperature of the two phas-

€S.

The effect of magnetic ordering on the phonon system has previously been studied in CaFe,As, and Ca(Fe,Co),As, [35]. A
strong spin—-phonon coupling has been found with frequency shifts of the order of 20 - 50 cm ™' from the paramagnetic to anti-

ferromagnetic phases. This is in good agreement with our observations for the t1 phase, with an inversion of the A | (As) mode
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with respect to the B,,(Fe) mode.

Such large effects can also be described in terms of changing 3d electron occupation named Fe-spin state that modulates the in-
teractions of the As ions as well as shifts the ¢ axis lattice parameter [49]. Decreasing the Fe-spin state reduces the Fe-As bond-
ing, which leads to an increase in the As-As bonding and causes the observed huge reduction in lattice parameters. It is noted
that this effect is maximal in the case of the CaFe,As, system due to the proximity of two arsenic ions in adjacent Fe-planes. Sim-

ilar effects have been stated for the FeTe compounds [50].

The evolution of XX and YX Raman spectra of undoped CaFe,As, with temperature are shown in Figure 2. Upon cooling, the
main effects of the [4/mmm > Fmmm structural transition should be a splitting of the E, modes and Raman tensor transforma-
tion. Indeed, we observe such effects during the structural T-O phase transition at T, = 160 K of both tetragonal phases in
CaFe,As,. The low-frequency modes at 100-130 cm ' can be assigned with either B,, or B;, This is of secondary importance and

not further discussed here.

Intensity (arb. units)

100 150 200 250 100 ;l 50 200 250
Raman shift (cm )
Figure 2: Temperature dependent Raman spectra of the CaFe,As, single crystals measured from the ab plane in two scattering
geometries. The spectra are vertically shifted for clarity. Splitting are attributed to the structural T-O phase transition at T, =

160 K of both tetragonal phases.

Figures 3.a and 3.c show the respective analysis of phonon frequencies. Upon lowering temperature all phonon modes show a

weak anomaly at about T, = 160 K adding to the standard anharmonicity [51].

In Figures 3.b and 3.d the integrated phonon intensities of the Raman active modes are given. There exists a change in slope
and a significant enhancement of the intensity of the A, (As) and B, (Fe) modes belonging to the t1 phase with crossing T, up-
on cooling. The Raman intensity of a phonon mode consists of the scattering volume multiplied by the electronic polarizability
of the respective displacement. As the scattering volume and optical penetration depth develop in parallel for the t1 and t2 phas-
es, the anomalies must be related to the local enhancement of electronic polarizability in the t1 phase. We relate this to an elec-

tronic and structural instability [52] found in resistivity measurements in CaFe,As, [39].
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Figure 3: (a,c) Temperature dependencies of the frequency peak positions and (b,d) integrated intensities of the Raman active

phonon modes in undoped CaFe,As,.

Summarizing the above we see evidence for phase separation into two tetragonal phases even in the parent CaFe,As,. These
phases may very well consist of the tetragonal collapsed and uncollapsed phases. However, also modulations of the Ca planes or
ordering processes along the ¢ axis have been proposed based on structural investigation. Both phases undergo a tetra-to-ortho
structural phase transition under cooling as shown by the appearance of phonon modes simultaneously in XX and YX-scatter-
ing geometries. Within our accuracy, the transition temperatures of the tetra-to-ortho transition are the same for both phases.
This could be related to the existence of magnetic moments in both phases or due to the crosstalk of a nonmagnetic cT phase

due to the surrounding magnetic ucT phase.

Doped x = 0.035 sample. This sample is on the verge of the orthorhombic AFM phase and the tetragonal nonmagnetic phase of
Ca(Fe, ,Rh,),As, [26]. Figure 4 shows the temperature-dependent evolution of polarized Raman spectra of the x = 0.035 single
crystal. The number of strong phonon lines and their frequencies are similar to those of the undoped sample (Figure 2). So, the
same two-phase separation scenario is suggested. It should be noted that small orthorhombic distortions are already present in
the tetragonal phase t1 at room temperature as there exist low-intensity A,,(As) and B, (Fe) lines in the forbidden scattering ge-
ometries. This could be an internal pressure effect induced by the Rh doping. However, cooling down to T* = 100 K, no change

is observed.

Below the critical temperature T*, we observe the appearance of a number of new phonon lines (see Figures 4 and 5). This T-de-
pendence completely excludes a Rh-impurity origin of the new lines. To ensure that these “unusual” observations are not con-
nected to an electronic resonance effect, we carried out Raman measurements using different excitation energies. Our data (see
Figure 6) unequivocally rule out the presence of resonance effects. It is clearly seen that Raman spectra measured at different las-

er excitations practically coincide.

The temperature dependence of these modes (see Figure 7, with magnetic susceptibility from Ref. 26) indicates that there is an
intermediate region about 28 K wide between T* and T.,. Please note that the observation of the coexistence of several phases
in the temperature range of 45 K to 90 K in Ref. 39 is very probably related to strain fields and the formation of domains of vary-

ing c lattice parameters. Our data does not show such anomalies.
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Figure 7: Overview of the phonon modes in the frequency range of 130 - 245 cm™ as function of temperature for x = 0.035 in

XX and YX scattering geometries

With cooling below T., = 72 K we notice a large frequency shift of the A, (161 cm”) and B,,(167 cm™) lines for temperatures be-
low the temperature T, of ucT> cT phase transition. As for the t1 phase, the phonon Raman spectra at low temperatures
change completely. The phonon lines of the uncollapsed tetragonal phase fully disappear and new lines appear. Moreover, be-
low T, all phonon lines are active in both parallel and crossed scattering geometries. Regarding earlier X-ray and neutron scat-
tering experiments, and nonmagnetic DFT calculations [25] this is a surprising result. In the latter only smaller effects are ex-
pected through the uncollapsed > collapsed tetragonal phase transition. In contrast, changes in the spectra of the t2 phase are
in good agreement with Ref. 25. We attribute this to the emergence of a new order parameter with translational degrees of free-

dom.

Unconventional high-T. superconductivity in iron pnictides is related to Fe-magnetism. The competition of superconductivity
and magnetism is especially pronounced in the re-entrance of the SDW phases C, (twofold) and C, (fourfold rotational) symme-

try inside the superconducting dome both in electron- [28] and hole-doped [29, 30] AeFe,As,. Numerous studies showed (see,
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e.g. Ref. 49) that Fe-magnetism is not totally lost in the cT-phase, but it is only partially reduced. Different mechanisms, name-
ly, magnetic and orbital ordering, for symmetry lowering in the orthorhombic and the re-entrant tetragonal phases were consid-
ered in the hole-doped Ba,,;Na,,,Fe,As, [53]. However, in this compound, the transition is not complete and the re-entrant
phase coexists with the orthorhombic down to the lowest measured temperature of 1.5 K. The magnetic mechanism for symme-
try lowering in the re-entrant tetragonal phase with out-of-plane magnetic moments implies a two-k magnetic structure with te-
tragonal P4,/ncm symmetry which imposes zero dipole magnetic moments for half of the Fe sites. In this case, the crystal struc-
ture symmetry (ignoring the magnetic subsystem) of the system is well approximated by the parent I4/mmm space group. The
orbital ordering mechanism predicts a lowering of symmetry down to P4/mnc or 1422 depending on the stacking of the (ab) or-
dered layers along the ¢ axis. Both types of orbital ordering do not allow any atomic displacements in comparison with the par-
ent I[4/mmm space group. The combination of the magnetic order with orbital M%/I'; ordering results in the ortho-

rhombic P.ccn/C,222, magnetic space groups, respectively.

The most preferable magnetic structure of Ba,,Na,,,Fe,As, in the re-entrant phase according to Ref. 53 is the tetragonal one,
P4,/ncm, with G-type order of nonmagnetic and magnetic states on neighboring iron atoms (see Figure 4 in Ref. 53). Such a
structure should lead to the appearance of a number of new phonon modes in Raman scattering. Nevertheless, with a high prob-
ability, we can assert a novel re-entrance of the C,-symmetric phase in x = 0.035 doped sample at T < 72 K that coexists with the
collapsed tetragonal phase. The last statement is based on the fact that: i) there exist only insignificant orthorhombic distor-

tions evidenced from Raman scattering; ii) at temperatures below T, = 72 K, all appeared phonon excitations are active in both
parallel and perpendicular scattering geometries. Note that these new phonon modes are not present in the magnetically or-
dered uniform phase of the x = 0 undoped sample. This evidences that its magnetic structure is distinct from the orthorhombic

one at low temperatures with x = 0.035. For a further discussion, we refer to Ref. 53.

Overdoped x = 0.19 sample. This sample is located on the right side of the electronic phase diagram of Ca(Fe  Rh,),As, with a
first-order phase transition from the ucT phase to the ¢T at comparably high temperatures, i.e. T, = 295 K [26]. Respective Ra-
man spectra at 295 and 420 K in Figure 8 show very weak phonon lines and a pronounced quasielastic scattering. The latter is
assigned to electronic Raman scattering due to the enhanced charge carrier concentration with Rh-doping. Such electronic scat-
tering is rarely observed in conventional metals due to screening. In the present case, non-Fermi liquid behavior evidenced
from electronic transport reduces screening in a scenario similar to cuprate HTSC. Subtracting the electronic contribution
leads to the spectrum shown in the inset of Figure 8. We notice the appearance of additional bands in the frequency region of
high (245 cm™) and low (165 cm™) energy phonons probably related to impurities. Such impurities are often observed in lay-

ered materials.

In Figure 9 we compare spectra with x = 0.035 and x = 0.19 at T = 70 K and 295 K, respectively. We notice for x = 0.19 that
there exist broadened phonon lines at Room temperature in the same frequency region where the x = 0.035 sample in the cT
phase indicates phase separation with intensive, multiplied phonon lines. This indicates that the x = 0.19 sample shows a simi-

lar phase separation at high temperatures that exists for x = 0.035 onlyat T < T..
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Figure 8: Raman spectra of the overdoped single crystal Ca(Fe, Rh,),As,, x = 0.19, from the ab plane in XX scattering geometry
at 295 and 420 K. The inset shows a spectrum at T'= 295 K with a subtracted quasielastic background of electronic origin.
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Figure 9: Comparison of Raman spectra of x = 0.19 at room temperature with 70 K-spectra of x = 0.035 in the cT phase. Data

are from the ab plane and in the XX and YX polarization, respectively.

Thus, our Raman studies have made it possible to very clearly demonstrate the tendency of the Ca(Fe, Rh,),As, system to mi-
crostructural phase separation, a property that a property that was not expected in this material, gives rise to discussion and re-
quires further study. Besides, for the first time, structural-phase transformations were detected in the doped samples during the

transition to a collapsed state, which contradicts the statements of previous studies using various experimental methods.

Conclusions

Fe-based superconductors are distinct from other high temperature superconductors with respect to specific features of the Fe
ion itself, related multiband effects, degeneracies, and electronic crossover phenomena. In particular, Ca(Fe, ,Rh,),As, has a
phase diagram with a very restricted regime of superconductivity, evidence for structural modulations, and phase separation
that are affected by thermal annealing procedures close to room temperature. Therefore, a careful reinvestigation of Raman

scattering spectra with the special emphasis on phase separation is desirable.
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In detail, we have observed evidence for nanoscale phase separation for both the undoped (x = 0) and the doped (x = 0.035)
samples. It is most reasonable to attribute these phases to the collapsed and uncollapsed tetragonal phases with slightly differ-
ent volumes of the unit cells. However, previous studies using TEM and X-ray diffraction found evidence for modulation ef-
fects in the Ca planes and the c axis parameters that are not described within this scenario. Analyzing the resolved scattering in-

tensities of the Raman experiments it follows that these phases are not limited to local distortions.

Further experiments show that the observed transition temperatures of the two phases coincide within a few K. This could be
based on an intrinsic effect or follow a scenario of mutual interaction of the order parameters in the two phases. We suggest

that the cT and ucT phases should possess similar magnetic moments.

With cooling from room temperature to below T* = 100 K new phonon lines emerge in the spectra and with decreasing temper-
atures through the ucT-cT transition temperature, T, = 72 K [26], drastic changes occur in the spectra. For the intermediate
temperature interval, we propose a structural distortion that precedes the transition from the uncollapsed to the collapsed te-
tragonal phase transition. Interestingly a similar scenario has been discovered in Ba, Na Fe,As, (x = 0.24 — 0.28) based on reso-
nant X-ray scattering [53]. In the overdoped sample (x = 0.19) [26] observation of electronic Raman scattering points to the im-

portance of non-Fermi liquid behavior as also evidenced by electric transport.

Summarizing, our study of optical phonons thought the phase diagram of Ca(Fe, [Rh,),As, shows a surprising complexity as
well as phase separation that goes beyond previous studies. In light of similar effects in other classes of layered materials, such
as the Kitaev material a-RuCl, and transition metal dichalcogenides, it might be important to reconsider the interplay of elec-
tronic degeneracies with local and collective distortions. Such studies may lead to an improved and deeper material understand-
ing, beyond basic structural studies and conventional electron-phonon coupling. In this sense we have opened an avenue that
did not show up in other physical methods [55] with Raman spectroscopy being a highly sensitive probe of local variations of

polarizability.
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Supplementary Information

Here we discuss the scattering geometry used in the Raman studies of pure and Rh-doped CaFe,As, single crystals, see also the
inset in Fig. 1. The factor group analysis yields four Raman-active phonon modes for CaFe ,As, (space group I4/mmm), 'y ., =

A (& +y',2") + B(x" = ") + 2E(xz,y2).

The corresponding Raman tensors are given by the following matrices [1]:

a 0 0) c 0 0) 0 0 —\(0 0 0
4,—>|0 a 0.8B,>|0 — 0|, E,.E > 40 0 e
0 0D 0 0 0 \—¢ e 0 0

Using the polarization selection rules and the fact that only the ab plane can be prepared by controlled cleaving processes, the
assignments of the modes is straightforward. In particular, the A,, and B,, modes are observed in the parallel and crossed scat-
tering geometries with the laboratory axes X,Y parallel to the a,b axis of the crystal respectively. At a 45 degree rotation of the

sample, the Raman tensors transform to [1]:

a 0 0) 0 ¢ 0) 0 0 g\y(0 0 f
4,50 a 0 B ,—>|c 0 0 E_.E_—|0 0 ¢g[|0 0 g
0 0 b 0 0 0 g ¢ o)\t g 0

The surfaces of high- T, iron-containing superconductor samples are not stable against surface oxidation. Therefore, freshly
cleaving the surfaces is mandatory which restricts the number of scattering geometries, see inset of Fig. 1b. In the latter A,, and

B,, modes may be invested separately in one sample setup.

Below in Fig. S1 we present the electron phase diagram of Ca(Fe, Rh,),As, with 0.00 < x < 0.22, adapted from Ref. 2, where the

yellow arrows show the Rh-concentrations of the samples we studied.

We performed repeated X-ray analysis on the single crystals from different growth batches (see Fig. S2). The new data showed
an excellent agreement with initial experiments. However, the XRD did not show a sufficient sensitivity to recover the nanos-
cale phase separation. This may also be due to the higher sensitivity of Raman scattering with respect to bond distortions and

other phenomena, see, e.g. [3].
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Figure S1: The electronic phase diagram of Ca(Fe, Rh,),As,. O, ucT, and cT denote the orthorhombic, uncollapsed-tetragonal,
and collapsed-tetragonal structure, respectively. Plot adapted from Ref. [2]. SC and AF denote the superconducting and the an-
tiferromagnetically ordered phases, respectively. T, T,, and Ty are the superconducting, ucT-O, and AF transition tempera-

tures, respectively.
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Figure S2: XRD patterns for CaFe,As, single crystals from different growth batches at 300 K.
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