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The interplay between structural and electronic phases in iron-based superconductors is a central theme
in the search for the superconducting pairing mechanism. While electronic nematicity is competing with
superconductivity, the effect of purely structural orthorhombic order is unexplored. Here, using x-ray diffraction
and angle-resolved photoemission spectroscopy, we reveal a structural orthorhombic phase in the electrondoped iron-pnictide superconductor Pr 4 Fe2 As2 Te0.88 O4 (Tc = 25 K), which is distinct from orthorhombicity in
the nematic phase in underdoped pnictides. Despite the high electron doping we find an exceptionally high
orthorhombic onset temperature (Tort ∼ 250 K), no signatures of phase competition with superconductivity,
and absence of electronic nematic order as the driving mechanism for orthorhombicity. Combined, our results
establish a high-temperature phase in the phase diagram of iron-pnictide superconductors and impose strong
constraints for the modeling of their superconducting pairing mechanism.
DOI: 10.1103/PhysRevResearch.3.023220

I. INTRODUCTION

Many iron pnictides display an intrinsic susceptibility towards fourfold symmetry breaking in structural, spin, and
electronic degrees of freedom (DOF) [1,2]. A well-known
and heavily investigated example is the nematic state, located in the underdoped range of the iron-pnictide phase
diagram. Due to its close proximity to superconductivity and
its putative quantum criticality [3–5], the nematic phase has
been under scrutiny to uncover the microscopic description
of the superconducting pairing mechanism. Among other experiments, transport [6–8] and angle-resolved photoemission
spectroscopy (ARPES) [9–14] studies have provided compelling evidence that nematicity in underdoped iron pnictides
is triggered by an electronic order that subsequently breaks the
lattice fourfold rotational (C4) symmetry [15], as illustrated
in Figs. 1(a) and 1(b). In ARPES experiments, the orbital
order was directly revealed by the splitting of the dxz – dyz
bands, which are degenerate in the high-temperature tetragonal phase [see Fig. 1(b)]. In some parent compounds, a band
splitting of up to ∼60 meV was observed [9–12], which is
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too large to be a trivial consequence of the small orthorhombicity of less than 1% (Ref. [16]). This led to the conclusion
that electronic order is driving the nematic state in underdoped pnictides [17], triggering a tetragonal-to-orthorhombic
transition in the lattice DOF at the same temperature scale
(Tort = Tnem ). Importantly, x-ray diffraction (XRD) measurements of the orthorhombic distortion revealed that the
electronically driven nematic phase is competing with superconductivity [15,18]. However, due to the strong coupling
of electronic and lattice DOF, the competing channel (i.e.,
electronic or structural) is ambiguous. This calls for a
disentanglement of structurally from electronically broken
symmetries and investigation of their separate effects on
superconductivity. Revealing new phases which show less
entangled orders in structural, spin, and electronic DOF is
therefore a promising avenue to solve this pressing problem.
Here we report the observation of an orthorhombic
phase in the electron-doped iron-pnictide superconductor
Pr 4 Fe2 As2 Te0.88 O4 (PFATO, Tc = 25 K) [19–21]. Our XRD
study reveals that this phase has an exceptionally high onset
temperature of Tort = 250 K. This is ∼50 K higher than the
maximum Tort which has so far been observed in iron-based
superconductors [2]. Considering the high electron doping
of 0.12 electrons per Fe, this observation is unexpected.
Furthermore, we find that the low-temperature structural orthorhombic order parameter δ is not suppressed below Tc ,
indicating a “friendly” coexistence of orthorhombicity with
superconductivity, as also observed in FeSe under pressure
[22]. The structural (phononic) origin of the orthorhombic
phase is further supported by our ARPES measurements,
which reveal the absence of orbital splitting down to the
Published by the American Physical Society
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FIG. 1. High-temperature orthorhombicity in Pr4 Fe2 As2 Te0.88 O4 (PFATO). (a) Schematics for structural C4 symmetry breaking at T < Tort
in iron pnictides. (b) Schematics of orbital splitting in the nematic phase of underdoped iron pnictides. Below Tnem , the dxz and dyz are no longer
degenerate and split in energy, with largest splitting at the M points of the Brillouin zone [17]. Here, Exz (Eyz ) denote the maximum (minimum)
of the holelike (electronlike) bands at My . (c) Room-temperature unit cell of PFATO [19]. (d)–(e) High-resolution transverse scans through
the (1, 1, 0) Bragg reflection (see inset) at temperatures as indicated. A splitting of the diffraction peak is observed below Tort ∼ 250 K.
(f) Magnetic susceptibility at 1 mT cooled in zero field. (g) Temperature dependence of the orthorhombic order parameter δ. Lower
inset: δ across Tc measured in finer temperature steps. Upper inset: Resistivity vs temperature, displaying a saturation above the onset of
orthorhombicity.

lowest measurable temperatures. Our ARPES results further
reveal the absence of hole pockets around , challenging
nesting-based theories for superconductivity and spin-density
wave order. These properties are orthogonal to what has been
found for the nematic phase in underdoped iron pnictides and
therefore indicate that this orthorhombic phase is distinct from
previously described phases in iron pnictides.
II. METHODS

High-quality single crystals of Pr 4 Fe2 As2 Te0.88 O4 were
synthesized by high-pressure flux growth, as described in
Ref. [19]. The tellurium off-stoichiometry provides 12%
electron doping and superconductivity with a 95%±5% volume fraction [19]. We selected the largest crystals—50 ×
50 × 10 μm3 —for ARPES and XRD experiments, respectively. Our XRD experiment was carried out on the P07
beamline at PETRA III at DESY in Hamburg. The crystal
mosaicity yields additional shoulders in the room-temperature
(300 K) rocking curve in Fig. 1(d). Due to the small sample
mass, the profile deviates from a Gaussian line shape [23].
ARPES experiments were performed at the SIS [24] and I05
beamlines [25]—Swiss Light Source, Switzerland, and Diamond, UK, respectively. The effective angular and energy resolution (standard Gaussian deviation) were set to ∼0.1◦ and
σR = 5 meV. Pristine surfaces were obtained through a top
post cleaving method. Angle-dependent x-ray photoelectron
spectroscopy measurements suggest that the cleaving plane

is the charge-neutral Te layer (see Supplemental Material,
Fig. S6). Thermal and electrical grounding were realized
through a combination of silver epoxy and graphite paste.
We estimated the Fermi level from reference spectra of gold
or copper in electrical and thermal contact with the PFATO
sample. Using density functional theory (DFT) as implemented in the WIEN2K package [26,27], we calculated the
band structure of stoichiometric Pr 4 Fe2 As2 TeO4 (details are
provided in [23]).
III. RESULTS
A. X-ray diffraction

We reveal the tetragonal-to-orthorhombic phase transition
in PFATO by XRD measurements of the (1,1,0) Bragg reflection. At room temperature, XRD studies have previously
shown that PFATO has a tetragonal I4/mmm structure with a
large c axis (29.86 Å) lattice parameter [19] [see Fig. 1(c)].
As shown in Figs. 1(d)–1(e), below Tort = 250 K, the (1,1,0)
reflection splits into two peaks along the transverse direction,
evidencing the existence of orthorhombicity. However, the
onset temperature is ∼50 K higher than the highest structural transition temperature in any other iron-pnictide parent
compound [2]. In light of the rather high electron doping of
Pr 4 Fe2 As2 Te0.88 O4 (0.12 electrons per Fe [23]), such a high
onset temperature is surprising.
By analyzing the structural peak splitting [28], we infer
the orthorhombic order parameter δ = (aO − bO )/(aO + bO ),
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FIG. 2. Electronic band structure of Pr 4 Fe2 As2 Te0.88 O4 . (a) Symmetrized Fermi surface map recorded on PFATO around zone corners and
displayed in false color scale with color saturation as indicated (maximum intensity is normalized to 1). The Fermi surface contours of the
two electron pockets are shown schematically, with solid lines in the top right zone corner. The two underlying Fermi pockets amount to a
combined filling of ∼0.11 ± 0.01 electrons per Fe [23]. (b)–(d) Low-energy electronic band structure along cut 0 (0 − M0 ) measured with
circular, σ , and π polarized light (hν = 80 eV). Overlaid lines are shifted and renormalized DFT calculated bands. All bands are visible with
circular polarized light, while linear polarization probes bands depending on their orbital character, (see Supplemental Material, Fig. S1). All
spectra were recorded at 5.5 K. (e) DFT-calculated Fermi surface and (f) band structure of undoped Pr 4 Fe2 As2 TeO4 in which the two electron
pockets around M compensate the three hole pockets around .

where aO and bO are the orthorhombic lattice parameters [see
Fig. 1(a)]. As shown in Fig. 1(g), δ gradually increases and
plateaus below ∼50 K at 6 × 10−4 . Importantly, δ retains its
maximum value for all temperatures below Tc (within error
bars) indicating “friendly” coexistence with superconductivity
[see lower left inset of Fig. 1(g)]. This is in contrast to the
strong phase competition between the electronically induced
nematic phase of underdoped iron pnictides in which nematicity gets suppressed below Tc and C4 rotational symmetry
restores at low temperatures close to optimal doping [15]. It
has been suggested that the suppression of orthorhombicity in
the electronic nematic phase is indirect and arises due to the
competition for the same electronic states between magnetism
and superconductivity [1,29]. This suggests that orthorhombicity in PFATO is not triggered by electronic DOF, which
compete with superconductivity.
B. Angle-resolved photoemission spectroscopy

To reveal the absence of rotational symmetry breaking in the electronic DOF, we performed high-resolution
ARPES measurements on twinned crystals. It is worth
noting that due to the very small sample size of 
50 × 50 μm2 , the usual methods, such as in-plane resistivity anisotropy on detwinned samples, are not feasible. However, as ARPES directly accesses the electronic
structure in momentum space, it presents a suitable tech-

nique to measure the electronic nematic order parameter
on twinned samples by resolving the dxz – dyz orbital
splitting [9].
Figures 2(a)–2(d) show the Fermi surface and representative diagonal cuts through the tetragonal Brillouin zone (BZ)
center () and corner (M). Vertical (σ ) and horizontal (π )
linear light polarizations are used to enhance bands of different orbital character (see Supplemental Material, Fig. S1).
Furthermore, we use density functional theory calculations
to assign the orbital character of each measured band, as
illustrated in Figs. 2(e) and 2(f), and Supplemental Material
Fig. S1. Colors of the overlaid lines indicate the main orbital
character of the DFT-derived bands. Figure 3(a) summarizes
the extracted electronic band structure along the  – M highsymmetry cut. Due to the very large c-axis lattice constant we
expect a weak out-of-plane dispersion, which is confirmed by
our DFT calculations.
Electronic nematicity manifests as an energy splitting
of the dxz and dyz orbitals, as sketched in Figs. 1(b) and
3(b). We disentangle the bands of different orbital character by using light polarization analysis on a twinned sample
[Figs. 3(c)–3(n), and Supplemental Material Figs. S1–S6].
Using π - and σ -polarized light, we observe two electronlike
bands at around M1 , which we identify as the dxy band (blue)
and a superposition of the dxz and dyz bands [see Figs. 3(c)–
3(f)]. A cut through M0 with circular polarized light is shown
in Figs. 3(g) and 3(h). We observe the dxz – dyz holelike
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FIG. 3. Absence of electronic nematicity in Pr 4 Fe2 As2 Te0.88 O4 (PFATO). (a) Schematics of observed band dispersion in PFATO.
(b) Schematics of band dispersion expected for the electronic nematic phase with a finite nematic order parameter (energy splitting between
dxz and dyz states) of δnem ∼ 20 meV. (c)–(h) Diagonal cuts through M0 and M1 , defined in panel (o), measured at 5.5 K with photon energy
and polarization as indicated, plotted in false-color scale with color saturation as indicated (intensity normalized to 1). (e), (f), (h) Curvature
plots of the raw spectra (c), (d), and (g) calculated as described in Ref. [30] (minimum intensity renormalized to –1). All expected bands with
dxy , dxz , and dyz orbital character (blue, red, and green lines) are identified. (i)–(n) Similar spectra as (c)–(h) but for cuts through 0 and 1 ,
as indicated in (o). Spectra in (j) and (l) are symmetrized around 1 . (o) Sketch of the Brillouin zone and electronlike Fermi surface sheets
indicated in gray colors and cut 0 and cut 1 indicated in orange and blue. Horizontal dashed lines in (a)–(n) indicate the Fermi level EF .

band at binding energy of EB ∼ −100 meV. Note that the dxy
band at M is clearly separated from the dxz – dyz bands, as
it disperses down to much lower energies. This allows us to
unambiguously disentangle them and avoids complications as
found in the nematic state of FeSe, where all three bands are
much closer to one another [31,32].
Figures 3(i)–3(n) depict the bands around the  point in
the first and second BZ, probed by different light polarization.
We observe the top of the three holelike bands with each
polarization. The inner two dxz – dyz bands are degenerate
at  but disperse at a different velocity such that they can
be clearly disentangled at nonzero momenta. Their degeneracy at  agrees with our orbital assignment based on their
polarization dependence (see Supplemental Material, Figs. S1
and S3). The outermost holelike band (dxy ) is distinct from
the inner two bands at all momenta around . For all three
light polarizations and around both the M and  point, we
observe that the dxz and dyz bands are degenerate in the raw
ARPES spectra as well as in the corresponding curvature
plots. This indicates negligible nematic band splitting [32,33]
at lowest measured temperatures and in the normal state (see
Supplemental Material, Figs. S4 and S5).

similarly sized δ ∼ 6 × 10−4 (see inset of Fig. 4 [15,18]).
Such behavior signals a pronounced phase competition, as illustrated by blue dashed line in Fig. 4. In PFATO δ is constant
across Tc , demonstrating “friendly” phase coexistence, and
suggesting that orthorhombicity is not triggered by electronic
nematicity.
To further demonstrate the absence (negligibility) of
electronic nematicity, we compare the dominating energy
scales in PFATO. PFATO shows remarkably strong superconductivity with a superconducting gap size of sc ∼ 12 meV
(see Supplemental Material, Fig. S7). If nematicity was triggering orthorhombicity, we would expect its energy scale to
be dominating over sc due to (i) the absence of suppression
of δ, and (ii) the record-high orthorhombic transition temperature. In such a scenario we would expect the nematic band
splitting to be considerably larger than sc ∼ 12 meV. Our
applied energy resolution sets a lower bound of 12 meV for
the possible nematic band splitting. Any splitting larger than
12 meV would be resolved (see Supplemental Material, Fig.
S8). We therefore conclude that the orthorhombic phase is not
triggered by electronic nematicity and is of different origin.
V. CONCLUSION

IV. DISCUSSION

In doped iron pnictides, orthorhombicity, that is triggered
by electronic nematicity, is strongly suppressed below Tc for

In combination our XRD and ARPES study on the ironbased superconductor PFATO provide strong evidence for
a different phase in the iron-pnictide phase diagram. The
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