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Combined neutron and x-ray diffraction experiments demonstrate the formation of a low-
temperature minority magnetic tetragonal phase in Bag.76Ko.24Fe2Asa in addition to the majority

1

magnetic, orthorhombic phase. The coincident enhancement in the magnetic (5 % 1) peaks shows

2

that this minority phase is of the same type that was observed in Ba;_;NazFesAss (0.24 < z < 0.28),
in which the magnetic moments reorient along the c-axis. This is evidence that the tetragonal mag-
netic phase is a universal feature of the hole-doped iron-based superconductors. The observations
suggest that in this regime the energy levels of the C2 and C4 symmetric magnetic phases are very

close.

PACS numbers: 74.70.Xa, 74.25.Ha

I. INTRODUCTION

A key to understanding the pairing mechanism in the
superconducting state of the iron pnictide and chalco-
genide superconductors is characterizing the nature of
the electronic interactions that are responsible for the
spin-density-wave (SDW) state that competes with the
superconductivity. The origin of the magnetic order,
which is coupled to an orthorhombic distortion of the
high-temperature tetragonal lattice that is often labelled
‘nematic’ order, is still debated, with a range of theoret-
ical treatments that range from localized orbital models
to weak-coupling itinerant models based on Fermi surface
nesting.! 3

Since it seems that, until now, each class of mod-
els could be modified to comport with the measured
properties, solely studying the principal SDW state is
apparently not enough to settle the dispute. Recently
we have shown that a second tetragonal magnetic phase
appears near the end of the SDW dome in hole-doped
Baj_,Na,FesAsy which we called the “C,” phase to dis-
tinguish it from the more usual stripe SDW phase, which
has “Cy” symmetry.* ® The magnetic component of the
C} phase transition was shown to come from the reorien-
tation of the moments from in-plane to out-of-plane.”®
The reorientation temperature, T}, occurs well above T¢,
indicating that it does not arise from a coupling of the
superconducting order parameter with the other order
parameters as was observed in Ba(Fe;_,Co,)2Ass,” but
instead must be a manifestation of changes in the cou-
pling between iron atoms. Usually symmetry is reduced
at low temperature for thermodynamic reasons, so the re-
turn to tetragonal symmetry accompanying the magnetic
reorientation puts new constraints on the set of plausible
electronic ordering mechanisms. A group theory analy-
sis shows that it may be possible to distinguish between
itinerant and quasi-local orbital models through the ob-

servation of orbital order in the C4 phase.®

As such, it is important to establish whether this phase
is unique to the Ba;_,Na,FeyAs, system, or whether it
is observed in other related systems, in order to decide if
the inferred physics of these specific compounds are atyp-
ical or more general. Related families such as the hole-
doped Ba;_,K,Fes;Ass have been extensively studied in
earlier publications.'®!! Here we return our attention to
the region near the edge of the dome of Ba; K, FesAs,y
using fine temperature control with both high-resolution
x-rays and high-intensity neutrons. The combined anal-
ysis shows that the reentrant C, tetragonal phase is in-
deed present in the Ba; K, FesAsy phase diagram at
x = 0.24, but not below z = 0.22, indicating that it
is a common feature of the hole-doped ‘122’ iron com-
pounds. It is only present as a minority phase below
a first-order transition, consistent with the delicate en-
ergy balance between the Cy and Cy phases predicted by
itinerant spin-nematic theory,? and is rapidly suppressed
below the superconducting transition. We had earlier re-
ported that the C4 phase in Ba;_,Na,FesAss exhibited
a stronger competition with superconductivity than the
(5 phase,® but this is the first time we have observed the
complete suppression of the C4 phase below T..

II. TECHNIQUES

The polycrystalline samples reported in Ref 11 were
used in the new measurements. The Baj_,K, FeqAss
samples reported here were previously determined to
have the following compositions: x = 0.225, 0.237, and
0.249. For simplicity they will be referred to as x = 0.225,
0.24, and 0.25, respectively. Powders were prepared by
combining stoichiometric amounts of BaAs, KAs, and
FeyAs in sealed Nb tubes, which were in turn sealed
in quartz tubes and fired at 1050 °C. More details
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FIG. 1. Overlaid x-ray diffraction scans of Bag.76K¢.24Fea Ass
at approximately uniform increments from 10.5 to 53.5 K. The
top panel shows the (112) reflection and the bottom shows the
(114) reflection. The split peak in the orthorhombic phase
corresponds to the (117) and (117) components (I-cell), which
are the (201) and (02!) peaks in the conventional F-centered
cell.

can be found in the original publication.!! Powder x-
ray diffraction experiments (PXRD) were measured at
the Advanced Photon Source, Argonne National Lab-
oratory, on beamline 11-BM-B using the liquid helium
cryostat (A = 0.413429 A). The sample was prepared for
measurement by dusting the outside of a greased kapton
capillary with sample powder. 26 scans were collected
approximately every 1 K as the temperature was con-
stantly ramped from ~10 to 105 K. Rietveld refinements
were performed using General Structure Analysis System
(GSAS)!'? and the graphical user interface, EXPGUIL!'3
Powder neutron diffraction (PND) experiments were per-
formed at ISIS, Rutherford Appleton Laboratory, on the
Wish beamline.
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FIG. 2. False color map drawn using the x-ray diffraction
data on Bag.76Ko.24FeaAss. The top panel shows the temper-
ature range from 10 to 120 K of the (112) reflection, which
splits into the (202) and (022) orthorhombic peaks. The bot-
tom panel shows the (114) (corresponding to the (204) and
(024) components of the orthorhombic cell) from 10 to 53 K.
The arrows point to the peak corresponding to the minority
tetragonal phase.

11.24

III. RESULTS AND DISCUSSION
A. Ba0,76K0,24FezASQ

The diffraction data on Bag 7¢Kg.24FeaAse are summa-
rized in Figures 1, 2 and 3. The peak indices are given for
the body-centered tetragonal cell in all cases. The cas-
caded diffractograms of the x-ray diffraction data (Figure
1) shows the splitting of the (112) and (114) reflections,
with clear evidence of a minority phase growing in and
disappearing again on warming from 10 (7, to 30 K
(T1,2) between these two reflections. The same data can
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FIG. 3. Left panels: Temperature-dependent color maps de-
picting the magnetic peak intensity of the (3 1 1) (top) and
(3 3 3) (bottom) reflections. The right panels are peak in-
tensities integrated from a 5-point-wide cut through the peak

of interest.

also be visualized using a false color map, as depicted in
Figure 2. The neutron diffraction data (Figure 3) shows
an evolution in the magnetic intensity within the same 10
to 30 K region for the (311) reflection. Little change is
observed in the (343) peak below 50 K. Previous results
from Bay_,Na,Fes Ass showed that the Cy phase exhibits
a 10-fold increase in intensity of the (%%1) magnetic peak,
and a slight reduction in the (33) magnetic peak, re-
sulting from the spin reorientation. Here the magnitude
change in the (%%1) is consistent with an approximately
10% C4 phase fraction.

A two-phase Rietveld refinement was used to model the
minority phase in the 11BM data. For two-overlapping
phases of such similar structure, it is difficult to refine the
lattice parameters for the minority phase reliably, and
similar R values are obtained regardless of whether cer-
tain parameters of the tetragonal phase are constrained
or allowed to refine freely. For example, freely refining the
lattice parameters of the minority phase gives obviously
incorrect peak positions, due to convolution with small
features in the majority phase peak’s shoulders that are
not perfectly modeled using conventional Rietveld peak
shapes. These values also covary with the relative phase
fraction, making a unique solution unattainable. As de-
tailed below, several assumptions and approximations
must be made in order to minimize systematic errors and
to produce a model that is physically meaningful.

To start, the c-axes of both phases (¢; and co, for the
majority orthorhombic and minority tetragonal phases,
respectively) were constrained to be equivalent, since no
extra broadening of the (00l) reflections was observed

when comparing the two-phase and one-phase temper-
ature regions. The shoulders in the peaks split by the
orthorhombic distortion (such as what is shown in Fig-
ure 1) can then be used to define the other cell axis
of the minority phase, as, which allows the free refine-
ments of a; and by, giving good agreement with the data.
Thermal and peak profile parameters of both phases
were constrained to be equivalent—excepting small dif-
ferences in the peak profile arising from the differing
phase symmetries—which allowed the weight fractions
to be refined self-consistently. Using this method, the
final two-phase refinement models have all of the crys-
tallographic parameters of the orthorhombic phase freely
refined, while, for the tetragonal phase, only the scale
factor is refined by GSAS.

The temperature dependence of the lattice parame-
ters of the majority phase is summarized in Figure 4.
Note that the missing data around 60 K is due to a
limited malfunction of the temperature controller that
made quantitative analysis impossible in this tempera-
ture range. The refined lattice parameters of the majority
(orthorhombic) phase do not appear to be affected by the
presence of the minority (tetragonal) phase. For exam-
ple, the orthorhombic order parameter shows the usual
discontinuity at T, (26 K), but there is no evidence of
a change in slope corresponding to the (dis)appearance
of the tetragonal phase. This is further evidence that
the transition from orthorhombic C5 phase to the mag-
netic Cy phase is of first order and that the two phases
are microscopically decoupled. The structural transition
at T is also clearly in the primitive basal plane lattice
parameter (here, called atet) and orthorhombic order pa-
rameter, 6 = Zi;gi (Figure 4 (a) and (b), respectively).
Note that ¢ implies an orthorhombic model was used,
even if the sample was concluded to be tetragonal on av-
erage. The in-plane lattice parameter, aqt, is calculated
from the orthorhombic phase by transforming the con-
ventional F-centered cell back to the I-centered one, via
a1 et = /(a? + b3)/2. Below Ty, this value is clearly en-
hanced, as is typical of hole-doped 122 iron-pnictides,'*
while the c-axis shows little change. The volume anomaly
at Ty is primarily seen as a subtle change in slope.

The properties of the minority phase are also plotted in
Figure 4(c) and (d). What is observed is a small tetrag-
onal phase fraction that reaches a maximum (~ 8%) be-
tween 20.8 and 22.7 K, and becomes indistinguishable
from background below 12 K and above 30 K. The in-
plane lattice parameter appears to be rather smaller than
the primary phase (Figure 4 (¢)). The phase fraction de-
rived from the x-ray data peaks at the same tempera-
ture as the enhancement in the magnetic peak intensity
of the (4 3 1) reflection in neutron data. This agrees
well with the interpretation that this minority phase is
the same tetragonal magnetic phase that was observed
in Baj_;NayFesAsy.4. The decrease, and eventual com-
plete suppression, of the Cj phase fraction below T,
shown in the inset to Fig. 4d, is consistent with our
earlier observation that it competes more strongly with
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FIG. 4. Refined lattice parameters for the majority phase in
Bag.76Ko.24Fea Asy determined from x-ray powder diffraction.
(a) c1 is shown in black, and ajtet in blue (see text). Or-
thorhombic (open circles) and tetragonal (closed circles) fits
were used below and above 87 K, respectively. (b) The major
phase orthorhombic order parameter. Inset is a detailed view
around T, and T:. (c) In-plane lattice parameters (a (black
circles) and b (red circles), orthorhombic phase; a1 (blue cir-
cle) and a2 (blue triangles), tetragonal phases. Tetragonal
lattice parameters are scaled by v/2. (d) The volume of the
majority phase (V41), with blue and black circles being used
to demarcate the transition from tetragonal to orthorhombic
models, respectively. The inset is the refined phase fraction
of the minority phase.
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FIG. 5. X-ray powder diffraction data from

Bag.775Ko.225 Fea Aso. (a) X-ray (11BM) diffractogram
of the (220) reflection. (b) Integrated intensity across the
(311) reflection from the neutron (Wish) powder diffraction
data. (c) Neutron powder diffraction data (HRPD) on
Bao_75Ko_25F€2ASQ reproduced from Ref. 11

superconductivity than the Cy phase.*

B. Bao.775Ko.225Fe2Ase and Bag.75Ko.25Fe2Aso

While the above results unambiguously show that the
C4 phase also forms in the K-substituted BaFe; Ass phase



diagram, it is useful to discuss the scope of this Cy
regime. We performed similar high-resolution x-ray and
high-intensity neutron diffraction experiments on a x =
0.225(10) sample, with a temperature spacing of 2 K,
which showed no evidence of a lt- (low temperature)
tetragonal phase nor of any spin reorientation (Figure
5a and b, respectively). This sets a reasonable lower
limit at this composition, since the x-ray and neutron
experiments have detection limits of ~ 1% and 3% phase
fractions, respectively.

For a slightly higher composition, x = 0.25, no evi-
dence was observed in our previous high-resolution neu-
tron diffraction (HRPD) of a lt-tetragonal phase.!! The
raw data from 1.5 to 60 K are displayed in Figure 5(c)
for comparison. With temperature steps every 10 K, the
sample appeared entirely single phase orthorhombic be-
low Tn. The detection threshold is slightly higher for
HRPD than 11BM, but even a 5% phase fraction would
be visible above the noise. Thus, while it is not impossi-
ble that the Cy phase exists in this sample, the tempera-
ture window and/or phase fraction must be much smaller
than in x = 0.24.

C. Extent in Phase Space

Recent uniaxial dilatometry measurements provide ev-
idence of a return to tetragonal symmetry in a narrow
temperature range all the way up to the edge of the mag-
netic dome in compositional space.'® While it can be dif-
ficult to non-arbitrarily compare compositions between
studies, the T can be used as a metric for determining
whether a sample has higher or lower composition than
another. The 3 samples exhibiting the C); phase from
dilatometry each have a lower Ty than the 3 samples re-
ported here (64.5, 54.5, and 45.5 K; and 94.0, 86.7, and
74.8 K, respectively). This means that the compositions
of those samples are all higher than the compositions of
the samples reported here. According to dilatometry the
C, phase fraction is very large, possibly even 100%. This
differs from our result, where only a small phase frac-
tion is observed at a lower composition than in dilatome-
try, which either partially or entirely goes away at higher
compositions.

The question remains on how to explain the discrep-
ancy. A simple, yet unlikely, explanation would be that
the x = 0.24 sample reported here has a large distribution
of local stoichiometries that overlap with the regime re-
ported via dilatometry. However, this does not comport
with observation, since this would mean that the struc-
tural transition at Ty would be extremely broad, with
at least 10% of the sample remaining tetragonal below
65 K. This nominal = = 0.24 sample (average estimated
composition z = 0.237) shows no tetragonal phase below
80 K in the x-ray data, which means that more than 99%
of the sample has a composition less than 0.249 (the av-
erage composition of the x = 0.25 sample, which has a
Tn = 74.8K) let alone the higher relative compositions

reported in dilatometry (T max = 64.5 K).1® This means
that the small phase fraction is intrinsic to this compo-
sition window, and not from an overlap with a nearby,
larger dome.

Another explanation could be that the application of
uniaxial stress necessary to measure dilatometry may
change the properties enough to shift phase boundary
lines (see Hassinger et al.!®). Yet another alternative is
that the existence of the C4 phase may be sensitive to
preparation method, such that an uncontrolled parame-
ter may have a strong effect on its formation. For exam-
ple, in the related g-FeSe system, the presence of trace
amounts of oxygen has a strong effect on the supercon-
ducting properties.!”

IV. CONCLUSION

The combined neutron and x-ray powder diffraction
on Bag 7Kg 24FesAsy shows evidence of a second, mi-
nority phase below 30 K. The structural and magnetic
features of the secondary phase provide direct evidence
that it is the same electronic phase as the previously re-
ported tetragonal magnetic phase in Ba;_,Na,FesAsy,*
but with a reduced stability, possibly due to the larger
cation size. This provides evidence that the Cy phase is
a universal feature of the hole-doped 122 family of iron-
based superconductors. The resulting phase diagram is
similar to the one recently reported by Béhmer et al'®,
although they claim that the tetragonal phase fraction is
100%. The fact that we observe it as a minority phase
suggests that the stability of the C; phase is extremely
sensitive to subtle changes in sample composition and
measurement conditions. We have proposed that the Cy
phase is evidence for itinerant spin-nematic theory, in
which the coupled magnetic and structural transitions
are due to magnetic fluctuations caused by Fermi surface
nesting. This theory predicts that the Co and Cy4 phases
have very similar free energies close to the suppression of
C5 order,* which is consistent with the delicate stability
of the C4 phase. In this model, the Cy SDW results from
a simultaneous coupling between Fermi surfaces along
two in-plane directions, rather than just one in the Cy
phase, providing a natural explanation for the stronger
phase competition with superconductivity evident in the
phase diagram.
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