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Cayo(PtsAss)(FezAsz)s is the parent compound for a class of Fe-based high-temperature super-
conductors where superconductivity with transition temperatures up to 30 K can be introduced by
partial element substitution. We present a combined high-resolution high-energy x-ray diffraction
and elastic neutron scattering study on a Caio(PtsAsg)(FezAss)s single crystal. This study reveals
the microscopic nature of two distinct and continuous phase transitions to be very similar to other
Fe-based high-temperature superconductors: an orthorhombic distortion of the high-temperature
tetragonal Fe-As lattice below Ts =110(2) K followed by stripe-like antiferromagnetic ordering of
the Fe moments below Tn =96(2) K. These findings demonstrate that major features of the Fe-
based high-temperature superconductors are very robust against variations in chemical constitution
as well as structural imperfection of the layers separating the Fe-As layers from each other and
confirms that the Fe-As layers primarily determine the physics in this class of material.

PACS numbers: 74.70.Xa, 75.25.-j, 61.50.Ks, 75.30.Kz

In early 2011, a new class of Fe-based high-
temperature superconductors was discovered,
the Calo(PtgASg)(Feg_mPthSQ)g, (10—3—8) and
Caio(PtsAsg)(Fea_, Ptz Asz)s  (10-4-8) compounds.!3
The parent 10-4-8 compound shows superconductivity
with a transition temperature T, ~ 38 K** which can be
suppressed by applied pressure or chemical doping.*
In the partner system, the parent 10-3-8 compound
is non-superconducting. However, superconductivity
can be induced by partial element substitution of
Fe by Pt with T, values up to 14K,"%%9 by par-
tial substitution of Ca by La with maximum 7. of
30K, %101 or by applied pressure.'? Varying the Pt
concentration in either compound yields charge doping
in the (Fey_,Pt,Asy)s (Fe-As) layers®>313 and in the
Pts;yAss or Ptyi,Ass (Pt-As) layers.>* Recently,
the 10-3-8 and 10-4-8 class expanded with the dis-
covery of (Caj_yLag)10(PdsAss)(Fea_yPdyAse)s and
Caqg(IrgAsg)(Fea Ase)s compounds with T, values up to
17K and 16 K, respectively. Their crystal and electronic
structures are almost identical to their 10-3-8 and 10-4-8
elder sibling compounds.*!?

The crystal structures of both 10-3-8 and 10-4-8 com-
pounds share a common feature with other families of
Fe-based high-temperature superconductors: a stacking
of Fe-As layers with equivalent arrangement and elec-
tronic configuration to that in the parent BaFesAss and
LaFeAsO compounds.'® However, there are several dis-
tinguishing structural features of the 10-3-8 and 10-4-
8 compounds: (i) the Fe-As layers are separated by
slightly puckered Pt-As layers and Ca planes, yielding
a much larger separation of the Fe-As layers, approxi-
mately 10.3 A; (ii) the arrangement of atoms in the Pt-

As layers leads to chemical structures with lower sym-
metries than found in other Fe-based high-temperature
superconductors, triclinic P1 for the 10-3-8 compound,
and tetragonal P 4/n, monoclinic P 2 /n, or triclinic P1
for the 10-4-8 compound in different structure studies;! *
(iii) imperfections in the chemical structure have been
observed by diffuse scattering and streaking of spots in
x-ray diffraction studies?? that are interpreted as result-
ing mainly from stacking disorder of the Pt-As layers.

Beyond these structural differences, the physical prop-
erties of 10-3-8 and 10-4-8 compounds are very reminis-
cent of other Fe-based high-temperature superconduc-
tors. For example, angle-resolved photoemission stud-
ies supported by band-structure and phonon-spectra cal-
culations have shown that the electronic structure is
quite similar to that observed for BaFeyAsy.16720 In-
elastic neutron scattering measurements on large sin-
gle crystals?!?? demonstrated that magnetic fluctuations
occur at the same stripe-like antiferromagnetic wave
vector as observed in other Fe-based high-temperature
superconductors. However, no indication of magnetic
order could be found — likely related to the high Pt
content?’22 and the reported inhomogeneity in one of
the samples.?? Furthermore, in resistance measurements
on Cag(Pt3Asg)(FeaAss)s single crystals, Ni et al.!? and
Gao etal.'? found two features that they interpreted
as a structural transition at 73 =103 K and a magnetic
transition at 75 =95K. The presence of a structural
transition is consistent with the observation of domain
patterns in polarized-light images due to a lowering of
the lattice symmetry at low temperatures,” and recent
high-resolution x-ray diffraction experiments on pow-
der samples.?? Susceptibility measurements on a powder



sample,® muon spin-resonance (uSR) measurements on
powder samples,?® and "®As nuclear magnetic resonance
(NMR) measurements on a single crystal?* showed fea-
tures interpreted as an onset of antiferromagnetic order
below 120 K for powder samples and below 100 K for sin-
gle crystals, respectively. Nevertheless, there are indi-
cations of a strong sensitivity of physical properties to
different sample preparation routes, e. g., in specific heat
measurements. Whereas the observed jump at T, is much
smaller for superconducting polycrystalline material®!
than one would expect from the almost universal behav-
ior in Fe-based high-temperature superconductors,?® it
follows the anticipated behavior much more closely for
single crystals.'°

Previous microscopic studies have been performed, for
the most part, on different samples and it is difficult to
compare and correlate the structural and magnetic prop-
erties due to variances in sample preparation and the ap-
parent wide spread of properties.! ®23 Therefore, impor-
tant questions concerning the properties of 10-3-8 and 10-
4-8 compounds remain unanswered. Which phase transi-
tions are intrinsic to homogeneous single-phase samples
and what is their nature? In particular, are the struc-
tural and magnetic transitions similar to lattice distor-
tions and antiferromagnetic ordering observed in other
Fe-based high-temperature superconductors? Are these
phase transitions coupled and discontinuous (1%% order)
or continuous (2" order)?

Here we present a combined high-resolution high-
energy x-ray diffraction and elastic neutron scatter-
ing study to answer most of the aforementioned ques-
tions on a microscopic level in an unambiguous manner
by performing measurements on the same, homogenous
Cayo(PtsAsg)(FeaAsy)s single crystal. We find two dis-
tinct and continuous phase transitions: an orthorhombic
distortion of the high-temperature square-like Fe lattice
followed by a stripe-like antiferromagnetic ordering of the
Fe moments at slightly lower temperature.

A Cayo(Pt3Asg)(FezAss)s single crystal of dimension
2x2x0.2mm? was prepared by solution growth? and was
characterized as described in Ref. 7. Herein, we disregard
the very small partial element substitution of 0.4% Pt for
Fe for similarly prepared samples.”"'22* The high-energy
x-ray diffraction study was performed at station 6-ID-D
at the Advanced Photon Source, Argonne National Lab-
oratory. The use of x-rays with an energy of 100.5keV
minimizes sample absorption and allows us to probe the
entire bulk of the sample. The sample was mounted on
a Cu post in an APD He closed cycle cryostat and He
exchange gas was used. Extended regions of selected re-
ciprocal lattice planes were recorded by a MAR345 image
plate system positioned 1497 mm behind the sample as
the sample was rocked through two independent angles
up to £3.2° about axes perpendicular to the incident
beam with a size of 0.1x0.1 mm?.2% High-resolution im-
ages were measured by employing a ScintX area detec-
tor positioned 2713 mm behind the sample while rock-
ing one of these angles after aligning the selected Bragg

peak of interest. The elastic neutron-scattering measure-
ments were performed on the HB-1A fixed incident en-
ergy (14.6 meV) triple-axis spectrometer at the High Flux
Isotope Reactor, Oak Ridge National Laboratory using
two pyrolytic graphite filters and 48’-48’-40’-80’ collima-
tion. The same sample employed in the x-ray diffraction
study was wrapped in Al foil and mounted on an Al sheet
in a He closed cycle cryostat. He exchange gas was used.
The (H H L) plane was selected as scattering plane in
the body-centered tetragonal pseudo-symmetric coordi-
nate system defined below.

Figure 1(a) shows the high-energy x-ray diffraction
pattern of the (H K 0) reciprocal lattice plane recorded
at T=120K well above all reported phase transition
temperatures. Two families of resolution-limited Bragg
peaks of the Cajo(PtsAss)(FeaAsy)s single crystal have
been observed: (i) strong Bragg peaks on a large square-
like reciprocal lattice related to the dimensions and ge-
ometry of the Fe-As layers, and (ii) weaker Bragg peaks
with a smaller square-like reciprocal lattice related to the
complex Pt3Asg layer structure with its in-plane triclinic
unit cell that is essentially a V5 x /5 superlattice form-
ing along the [2 1 0] direction of the tetragonal cell defined
by the Fe-As layers. This results in an in-plane inclusion
angle of arctan% = 26.56° and a length relation a =v/5aq
between the two lattices.?'6 We employ the description of
the chemical structure and the reciprocal space in terms
of a body-centered tetragonal unit cell common to other
Fe-based high-temperature superconductors with lattice
parameters ag = 3.912 A and co= 20.58 A related to the
base structure built by the Fe-As layers and Ca planes as
illustrated in Fig.1 in Ref. 16. This structure and lattice
yield the strong Bragg peaks depicted in (i). The addi-
tional weaker Bragg peaks (ii) in Fig. 1(a) arise from the
complex Pt3Asg layer structure and will be described as
superstructure hereafter. We note that only one of the
possible two orientations of the PtsAsg superstructure
relative to the Fe-As base structure is observed for the
entire sample.

The diffraction pattern of the (H 0 L) reciprocal lattice
plane shown in Fig. 1(b) was recorded after rotating the
sample by -90° around the [100] direction in Fig.1(a).
Only resolution limited Bragg peaks related to the body-
centered tetragonal unit cell are observed. This is in con-
trast to the diffraction pattern shown in Fig.1(c) where
the sample was rotated such that the [001] direction
was still vertical and the [220]pt,as, marked direction
in Fig. 1(a) was horizontal. The strong resolution limited
Bragg peaks along the [00 1] direction are associated with
the base structure. The additional streak-like diffraction
features arise from the Pt3Asg superstructure, indicating
significant disorder along the c direction in contrast to
a well-ordered structure in the (ab) plane. This disor-
der appears to be static as demonstrated by very similar
features in the measurements at 7'=120K in the up-
per halves of Fig.1 and at T'="7K in the lower halves of
Fig.1. Additional measurements at T=20K, 40K, 60 K,
80K, and 100K yield similar features in the diffraction
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FIG. 1: (Color online) High-energy x-ray diffraction patterns of the Caio(PtsAss)(FezAss2)s single crystal measured by the
method described in the text. Reciprocal lattice plane recorded (a) with the incident x-ray beam perpendicular to the plate-
like crystals, (b) after rotating the sample by -90° around the horizontal axis in (a), and (c) after rotating the sample by -18.44°
around the vertical axis in (b). The lower halves of the patterns were measured at T'=7K and the upper halves at T'=120 K.
Selected Bragg peaks related to the body-centered tetragonal base structure built by the Fe-As layers and Ca planes are marked
with squares. Circles depict selected Bragg peaks related to the PtzAsg superstructure. The ring-like scattering features are

caused by the Cu-sample holder and the Be domes.

patterns and support this interpretation.

However, qualitative changes are observed in the
(H K 0) plane diffraction patterns measured at 7'=100 K
and below; in particular, the Bragg peaks split or show
significant broadening observable in the high-resolution
patterns shown in the inset in Fig.2(a) measured at
different positions on the sample. For the spots la-
beled A and C, a splitting of the single high-temperature
(220) Bragg peak into a pair of peaks is observed at
T =100K, which evolves in separation and shape down
to T=7K. The (220) Bragg peak splits into four peaks
at spot B which can be explained in terms of the
tetragonal-to-orthorhombic distortion of the base struc-
ture and the arising domain structure previously re-
ported for BaFesAsy and GdFeAsQ.2728 This is in ex-
cellent agreement with the analysis of similar diffrac-
tion patterns in these compounds.?” 3% The diffraction
patterns at spots A-C are similar to spots A-C shown
in Figs.2 and 3 in Ref.27 considering the 45° ro-
tated detector orientation between the two measure-
ments. This demonstrates a similar order of magni-
tude for the size of the orthorhombic distorted domains
in Cajg(Pt3Asg)(FeaAss)s as in BaFeaAsy, in agreement
with the similarity in polarized light-microscopic pictures
observed in both compounds.”27 The detailed tempera-
ture dependence is similar for all three sample spots A-C
in Cayo(PtsAss)(FezAsy)s, demonstrating a high degree
of homogeneity across the entire sample.

Based on the occurrence of a lattice distortion
in Cajg(Pt3Asg)(FezAsz)s similar to that observed in
BaFesAss and GdFeAsO, the question arises as to
whether the magnetic order of the Fe moments is also
similar, i. e., a stripe-like arrangement in the (ab) plane.
Indeed, magnetic Bragg peaks could be found at several

positions (§ § w) with v and v = odd and w = even in our

neutron diffraction study as shown in the left inset in
Fig.2(b). An intensive search for magnetic Bragg peaks
at positions (§ §w) with u, v, and w=odd performed
around (3 1), (3 33), (335), and (3 £ 7) failed to ob-
serve any Bragg peaks above a background level of 33
counts in 3min at T'=6 K. The observation of magnetic
Bragg peaks related to the propagation vector (% % 0) and
the absence of peaks related to the propagation vector
(% % 1) points to an antiferromagnetic arrangement of the
Fe moments along the [110] direction and ferromagnetic
arrangements in both perpendicular directions. A similar
stripe-like ordering in the Fe layers with ferromagnetic
arrangement between the layers was observed, e.g., in
CeFeAsQ, PrFeAsO, and NdFeAsO.3133 The antiferro-
magnetic Bragg peaks shown in the left inset in Fig. 2(b)
are very weak when the scattering vector direction is close
to the [110] direction and become stronger with increas-
ing angle between both directions despite Lorentz-factor
influence and potential structure factor effects. In addi-
tion, no Bragg peak could be found above background at
the (3 3 0) position. Both observations together demon-
strate that the antiferromagnetically ordered Fe moments
are primarily collinearly aligned along the [110] direc-
tion. From the similar shape and half width of the mag-
netic and nuclear Bragg peaks as shown in the insets in
Fig.2(b) we conclude that the antiferromagnetic order is
long-range in nature.

In the following discussion, the temperature depen-
dence of both ordering phenomena is elucidated. The
value of § = (aor — bor)/(aor + bor) is used as the
order parameter for the observed orthorhombic lattice
distortion.?* It is determined by extracting the in-plane
orthorhombic lattice parameters apr and bor from the
longitudinal splitting of the x-ray Bragg peaks near
the (220) peak. The lattice distortion sets in below
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FIG. 2: (Color online) Temperature dependence of the or-
der parameters of the Caio(Pt3Ass)(FezAss)s single crystal.
(a) Lattice distortion extracted from the high-resolution high-
energy x-ray diffraction data shown in the inset measured
at three different spots A-C on the sample in the surround-
ing of the (220) Bragg peak of the tetragonal body-centered
base structure. The origin of the reciprocal space and the
direct-beam direction is left from and far out of the shown
detector area. (b) Integrated intensities of the antiferromag-
netic (1 1 6) and nuclear (220) Bragg peaks measured in the
neutron diffraction study of the Caio(PtsAsg)(FeaAsz)s sin-
gle crystal. The insets show rocking scans through selected
antiferromagnetic and nuclear Bragg peaks presented with in-
tensity offsets for clarity.

Ts=110(2) K as shown in Fig.2(a) and reaches a max-
imum value of § =8.8(2)x 1074, the same order of mag-
nitude as observed in other Fe-based high-temperature
superconductors.?® The lattice distortion causes an in-
crease of the nuclear (220) Bragg peak in the neu-

tron diffraction study through an extinction release3® be-
low Tg as illustrated in Fig.2(b), confirming consistent
temperature scales for both scattering experiments per-
formed on the same sample. The antiferromagnetic order
sets in at Tx =96(2) K well below T as demonstrated
by the temperature-dependent intensity of the antifer-
romagnetic (4 3 6) Bragg peak shown in Fig.2(b). The
temperature dependence is consistent with a continuous
(or 274 order) phase transition at T similar to the struc-
tural phase transition at Tg characterized by the lattice
distortion § shown in Fig.2(a). This is also consistent
with the lack of a step-like feature in the temperature-
dependent curve of the distortion § around TN as ob-
served in BaFeyAss and derived compounds.?® The clear
orthorhombic splitting of the Bragg peaks at tempera-
tures around 100 K and the absence of an antiferromag-
netic signal at these temperatures (see insets in Fig. 2)
demonstrate unambiguously the separation of both phase
transitions.

Summarizing, Cajo(Pt3Ass)(FeaAss)s is very similar
to other Fe-based high-temperature superconductors not
only in macroscopic physical properties, like the reported
occurrence of superconductivity by partial element sub-
stitution of Fe by Pt, but also in its microscopic physical
properties: Below Ts=110(2) K, the high-temperature
square-like iron lattice gets distorted along its diagonal
directions; below Tx =96(2) K, the Fe moments order in
a long-range stripe-like antiferromagnetic structure built
by Fe moments aligned and antiferromagnetically corre-
lated along one of these directions and with ferromag-
netic correlations perpendicular to it. Both transitions
are continuous and well separated from each other. This
similarity in physical properties is remarkable based on
the observed strong differences in the chemical order: the
Fe-As layers are much further separated from each other
by Pt-As layers and neighboring Ca planes yielding a
much more complex structure with lower crystal symme-
try and severe chemical disorder in the sequence of the
Pt-As layers. These intermediate layers modify the phys-
ical properties, e. g., yield only weak ferromagnetic inter-
actions in the direction perpendicular to the layers!®?2°,
and potentially influence the continuous nature and sep-
aration of the phase transitions; however, major physical
features seem very robust against variations of these in-
termediate layers in their chemical constitution as well as
their structural perfection. These findings suggest that
the Fe-As layer in tetragonal arrangement are key in de-
termining the major physical properties of the class of
Fe-based high-temperature superconductors.
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