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Elastoresistance measurements on CaKFe;As, and KCa,Fe As F, with the Fe site of C,, symmetry
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We report resistance and elastoresistance measurements on (Bags;Kgs)Fe,As,, CaKFe Asy, and
KCa,Fe AssF,. The Fe-site symmetry is Dy, in the first compound but G, in the latter two, which lifts the
degeneracy of the Fe d,, and d,, orbitals. The temperature dependence of the resistance and elastoresistance
is similar between the three compounds. Especially, the [110] elastoresistance is enhanced with decreasing
temperature irrespective of the Fe-site symmetry. This appears to be in conflict with recent Raman scattering
studies on CaKFe4sAs,, which suggest the absence of nematic fluctuations. We consider possible ways of
reconciliation and suggest that the present result is important in elucidating the origin of in-plane resistivity

anisotropy in iron-based superconductors.

DOI: 10.1103/PhysRevB.102.054511

I. INTRODUCTION

Parent compounds of iron-based superconductors typi-
cally exhibit a tetragonal-to-orthorhombic structural phase
transition at 7y and a stripe-type antiferromagnetic transi-
tion at Ty (< T;) [1-3]. In spite of the tiny orthorhom-
bicity § = (a —b)/(a+b) =2 —4 x 1073 [2,3], noticeable
in-plane anisotropy appears in various electronic properties
below 7; as revealed by, e.g., resistivity [4], optical conduc-
tivity [5,6], inelastic neutron scattering (INS) [7,8], and NMR
measurements [9]. We especially note that angle-resolved
photoemission spectroscopy measurements show that the de-
generate d; and d,. levels of Fe in the tetragonal phase split
considerably below 7; [10]. Those observations suggest that
the transition at 7y is electronically driven, and hence, it is
regarded as an electronic nematic transition (see, e.g., [11-13]
for a review). However, which electronic degrees of freedom,
spin or orbital, are responsible for the nematic transition is still
highly debated [11,14]. The primary order parameter of the
nematic phase would be deduced from the difference in spin
fluctuations at Q = (;r, 0) and (0, 7) (1-Fe unit cell) in the
former case, while it would be the difference in the occupation
between the d,; and d,, orbitals in the latter [11].
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Nematic fluctuations in the tetragonal phase above T are
probed by various techniques. The elastoresistance, which we
report on in this paper, refers to the change in the resistance
AR/R as the strain € is applied and is defined as m =
d(AR/R)/de, which is a measure of resistivity anisotropy
between the strain direction and the perpendicular direction
induced by the strain. The elastoresistance with strain applied
along the tetragonal [110] direction, which becomes the a or
b axis in the orthorhombic phase below Ty, is assumed to be a
proxy for the nematic susceptibility [15]. Raman scattering in
B;, symmetry (1-Fe unit cell) can detect nematic fluctuations
and hence can be used to derive the nematic susceptibility
[16-24]. The shear modulus can also be related to the nematic
susceptibility [25]. Nematic susceptibilities in 1111-, 122-,
and 1l-iron-based superconductors (or parent compounds)
estimated by these different techniques are broadly consis-
tent (when a comparison can be made), exhibiting strong
enhancement as 7 — T; (or T — 0 in the case of moderately
overdoped compounds in which the structural transition does
not occur down to absolute zero) [15,17,23—40].

In this context, it is intriguing that recent Raman scattering
measurements on CaKFe;Ass [41] fail to observe nematic
fluctuations [42,43], despite the fact that the [110] elastoresis-
tance is enhanced with decreasing temperature [44]. The au-
thors of [43] ascribe the absence of nematicity in CaKFe4Asy
to the reduced symmetry of the Fe site (see Fig. 1). The
Fe-site symmetry in 1111-, 122-, and 11-type iron-based
superconductors (or parent compounds) is D,,;, where the
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FIG. 1. Crystal structures of (Bag 5K s)Fe,As,, CaKFe,As,, and
KCa,Fe,As,F, (from left to right, prepared using the software VESTA
[45]). In (BagsKos)Fe,As,, the Fe layers are located at z = 1/4
(and equivalent), and the heights (distances) 4 measured from the Fe
layers of the As layers above and below are the same. The symmetry
of the Fe site is D,,, where the d,, and d,, orbitals are degenerate.
In CaKFe,As, and KCa,Fe,As,F,, the Fe layers are displaced from
z = 1/4, and the height %, of the As layers above and &, of the As
layers below are different. The symmetry of the Fe site is lowered to
C,,, where the d., and d,, orbitals are no longer degenerate.

dy; and d,; orbitals are degenerate. On the other hand, the
Fe-site symmetry in CaKFe4As, is Cy,, as explained in Fig. 1,
where the d,, and d,, orbitals are no longer degenerate. The
authors argue that this would result in a static antiferro-
quadrupolar (AFQ) order and preclude ‘“Pomeranchuk-like
fluctuations” [43].

The present study was motivated by this contra-
diction. We perform elastoresistance measurements on
(Bag 5Ky 5)Fe,As,, CaKFesAsy, and KCa,FeyAsyF, [46]. As
Fig. 1 shows, CaKFe4As, is an ordered hybrid of two 122
compounds, CaFe;As, and KFe;As;, while KCa,FesAssF;
is that of a 1111 compound, CaFeAsF [47], and KFe;As;.
The three compounds have the same doping level of 0.25
hole per Fe, corresponding to a slightly overdoped region,
and remain tetragonal down to absolute zero temperature. The
Fe-site symmetry of the first one is D,,, while that of the latter
two is Cy, (Fig. 1). The first one is measured for comparison.
We confirm the enhancement of the [110] elastoresistance in
CaKFe4As, reported in [44] and further find that the [110] ela-
storesistance is also enhanced in KCa,Fe4As4F,. Implications
of the results will be discussed.

II. EXPERIMENTS

Single crystals of (Bag 5Ky s)Fe,As, and CaKFesAs, were
prepared in Tsukuba using KAs and FeAs as flux, respec-
tively, and were thoroughly characterized as described in

[48,49]. For the former, crystals were picked up from the same
growth batch as the x = 0.51 sample of [48], but consider-
ing the known composition variation of a few percent from
crystal to crystal within the same growth batch, we round the
composition off to 0.5. Single crystals of KCa,FesAs4F, were
grown in Shanghai using KAs as flux and were thoroughly
characterized as described in [50].

For electrical resistance and elastoresistance measure-
ments, [110]- and [100]-oriented samples were cut from
grown crystals. To gain the full strain transmission in elas-
toresistance measurements [15,28], samples with a thickness
less than 50 um and a length larger than 1 mm were used.
X-ray diffraction was employed to determine the crystal axes.
Electrical contacts were spot-welded or made using silver
paste. Elastoresistance was measured using a piezostack in a
way similar to [15]. A sample and a strain gauge were glued
on the surface of a piezostack, and the sample resistance R was
recorded as a function of the strain € as the operating voltage
of the piezostack was ramped up and down. Instead of holding
a constant temperature for each measurement, we collected
R vs € data continuously, slowly cooling or warming the
sample (typically, 0.3 K/min), and corrected the data for the
resistance variation due to the temperature variation to deter-
mine the elastoresistance (see Appendix for details). Results
reported below are for the longitudinal configuration; that is,
the current / was applied parallel to the strain €. The elas-
toresistance coefficients myj1o; and my;o9; were measured with
I || [110] and [100], respectively. Nematic fluctuations under
consideration enhance miy19; but not myjoo;. Some previous
studies determined values of 2mgs and (m;; — mj,) by using
both longitudinal and transverse configurations [26] or more
sophisticatedly by using a modified Montgomery method [28]
or transverse-resistivity configuration [51]. m;;’s are com-
ponents of the elastoresistance tensor [26], and 2mgs and
(my; — myy) represent the elastoresistance responses in the
B,, and B, symmetry channels (2-Fe unit cell), respectively
[52]. my110) and mygp) are practically proportional to 2mgs and
(m“ — m12) [15,31,53].

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the
resistance and elastoresistance for (BagsKgs)Fe,As,,
CaKFesAsy, and KCayFesAssF,. For each compound,
the same sample was used to measure the temperature
dependence of the resistance and [110] elastoresistance, while
a different sample was used for the [100] elastoresistance (it
is impossible to remove epoxy without damaging samples).
In addition, at least one more sample for each compound
was measured to confirm the reproducibility of the [110]
elastoresistance. For the [110] samples used in Fig. 2, the
residual resistivity ratio, defined as R(300K)/R(36K), and
superconducting transition temperature 7;, determined from
the midpoint of transition, are summarized in Table 1. The
large residual resistivity ratios and transition temperatures
indicate the high quality of our samples. Although the actual
resistivity o is not easy to accurately determine because of
uncertainty in the sample dimensions and inhomogeneous
current distribution, especially along the interlayer direction,
resistivities at 7 =300K of (BagsKys)Fe,As, and
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FIG. 2. Temperature dependence of (a), (c), and (e) the resistance and (b), (d), and (f) elastoresistance for (Bag K¢ s)Fe,As,, CaKFesAss,
and KCa,Fe,As4F, (from left to right). The dashed lines in (a), (c), and (e) are the temperature derivatives. In the elastoresistance measurements
in (b), (d), and (f), the electrical current / and the strain € are parallel and applied parallel to [110] and [100]. The dashed lines show Curie-Weiss
fits myy10) = C/(T — 0) 4 my to the [110] data in the region between 100 and 185 K (see text).

CaKFe4 As; were estimated from measurements on four
and five samples, respectively, and are shown in Table I as
well. The resistivity was not determined for KCa;Fe,AssF,
because of technical reasons. The dashed lines in Figs. 2(b),
2(d) and 2(f) are Curie-Weiss fits myj109y = C/(T —0) + my
to the [110] data in the temperature range between 100 and
185 K (the upper bound 185 K was set because it was the
highest temperature for the elastoresistance measurements on
KCa,Fe AssF;). The estimated parameters C, 6, and mg are
also listed in Table I.

The three compounds show a similar temperature depen-
dence of resistance [Figs. 2(a), 2(c) and 2(e)]: the R(T)
curves are slightly concave at high temperatures and become
convex at low temperatures. The inflection point is 86, 93, and
69 K for (Bay 5K 5)Fe,As;y, CaKFegAsy, and KCa,Fey AsyFs,
respectively (see the derivative curves). Furthermore, the
derivative curves (dashed lines) of the former two compounds
emphasize a particularly close similarity between them.

The measured [110] elastoresistances are enhanced consid-
erably with decreasing temperature irrespective of the Fe-site
symmetry, while the [100] ones are much smaller and much
less temperature dependent [Figs. 2(b), 2(d) and 2(f)]. The
[110] elastoresistances can be described well by the Curie-
Weiss formula down to ~100 K (dashed lines) but deviate

downward at lower temperatures. Although the coefficient C
in (Bag 5Ky s)Fe,As; is considerably larger than those in the
other two (Table 1), its significance is unclear. A quantitative
analysis of C would require an elaborate theory dealing with
changes in the electronic structure and electron scattering
due to an applied strain. The [110] elastoresistance data for
(Bag sKos)Fe,As, is qualitatively consistent with the 2mgg
data for (BageKp4)FesAs, [28]. The present fit parameter
0 = 44.3(5)K (Table ) is close to 8 = 46.1(2.4) K reported
in [28]. The [110] elastoresistance data for CaKFe4As, is also
qualitatively consistent with the 2mgg data reported in [44].
In order to compare the [110] elastoresistance data between
the three compounds, we prepared two types of plots (Fig. 3).
Figure 3(a) shows C(m10) — mp)~" as a function of temper-
ature. The [110] elastoresistance data of the three compounds
show similar behavior: a Curie-Weiss behavior (i.e., straight
line) in a limited temperature range, upward deviation at
lower temperatures, and downward deviation at higher tem-
peratures. This is actually typical behavior observed in many
other iron-based superconductors, especially nearly optimally
doped compounds [28,31,53]. Figure 3(b) shows myj10T as
a function of temperature. This plot was motivated by the
following idea: for a local magnetic moment system, a plot of
xT vs T, where y is the magnetic susceptibility, would give a

TABLE I. The second column shows resistivities at 7 = 300 K of (Bag ;K s5)Fe,As, and CaKFe4As, estimated from measurements on
four and five samples, respectively. Resistivity was not determined for KCa,Fe,As,F,. The rest of the columns show values determined for the
[110] samples of Fig. 2: the residual resistivity ratio, defined as R(300 K)/R(36 K); the superconducting transition temperature 7. determined
from the midpoint of the transition; and the coefficients C, 8, and m, determined from the Curie-Weiss fit to the [110] elastoresistance data

(see text).

p(300K) (12 cm) R(300K)/R(36 K) T. (K) C (K) 6 (K) mg
(BagsKg5)Fe,As, 430(180) 14 34.8 1280(20) 44.3(5) —3.6(1)
CaKFe Asy 350(190) 17 35.9 890(20) 49(1) —-3.7(2)
KCa,Fe,As,F, 12 33.7 750(20) 45(1) —1.8(1)
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FIG. 3. (a) C(my10) — mg)~" and (b) mioT as a function of
temperature for (Bag 5K¢ s)Fe,As,, CaKFe,As,, and KCa,Fe As4F;.
myy10) is the [110] elastoresistance shown in Figs. 2(b), 2(d) and
2(f), while C and my are the Curie-Weiss fit parameters listed in
Table 1. The dashed line in (a) corresponds to the Curie-Weiss fit
to the CaKFe4As, data shown in Fig. 2(d).

flat line in the absence of interaction between the moments
but, generally, would show enhancement or suppression of
xT as temperature is lowered depending on whether the
interaction is ferromagnetic or antiferromagnetic and hence
could give some insight into the interaction. Figure 3(b)
again emphasizes the particularly close similarity between
(Bagy5Ky.5)Fe,As, and CaKFe4Asy: the two curves are almost
parallel, indicating that the elastoresistance is similarly en-
hanced with decreasing temperature. It is also interesting to
note that for these two compounds my10;7 does not diverge
but rather levels off or slightly decreases at low temperatures.
KCa,Fe AssF, behaves differently in this plot. While the
former two compounds are a 122 compound and a hybrid of
122’s, the last one is a hybrid of a 122 and CaFeAsF. CaFeAsF
has a more two-dimensional electronic structure and stronger
electronic correlations than 122 compounds [54-56], and
KCa,Fe AsyF,; itself is also highly two-dimensional [50,57].
These might be related to the difference.

It is unclear why the [110] elastoresistances are suppressed
and deviate from the Curie-Weiss behavior at low temper-
atures. The nematic susceptibility of (Ba;_,K,)Fe,As, was
also derived from shear modulus measurements in [39]. The
obtained nematic susceptibility for K concentrations x of 0.3
and higher cannot be described by a Curie-Weiss law with

a constant Weiss temperature 6. If a temperature-dependent
0 is introduced, it is negative for x > 0.3, contrary to the
present result for x = 0.5, and gets more negative as temper-
ature is lowered. The Curie-Weiss behavior of the nematic
susceptibility was originally suggested from a phenomeno-
logical Ginzburg-Landau free-energy model which considers
the nematic order parameter, elastic strain, and their linear
coupling [15]. The same model predicts that the structural
transition should occur at a temperature higher than the Weiss
temperature 6, which is clearly inconsistent with the present
experimental observations. Inclusion of some other ingredi-
ents in the model or going beyond the mean-field level may
be necessary to explain the observed suppression of the elas-
toresistances and the discrepancy between the elastoresistance
and shear modulus data.

Our experimental results show that (BagsKos)FeyAs,,
CaKFe4Asy4, and KCajFesAsyF, exhibit a similar temperature
dependence of resistance and elastoresistance. Especially, the
similarity between the former two compounds is striking. This
indicates that the electronic structure and scattering mecha-
nisms, which dominate the electrical conduction, are similar
between the three compounds. If the enhancement of the [110]
elastoresistance in (BagsKgs)Fe,As, is ascribed to nematic
fluctuations, as widely believed, it therefore appears natural
to ascribe the enhancement in the latter two compounds to
nematic fluctuations as well. However, this assumption is in
conflict with the Raman scattering studies on CaKFe Asy
[42,43], which did not observe nematic fluctuations, as al-
ready mentioned. We consider two possibilities to resolve this
conflict in the following.

First, one can argue that, although nematic fluctuations
exist in CaKFe4Asy, they were missed in the Raman studies.
The authors of [43] suggest that nematic fluctuations in the
charge/orbital sector may be precluded by the AFQ-order-
like arrangement of the d,, and d,, orbitals in CaKFesAs,.
However, this does not necessarily mean that spin-driven
nematicity, for which the degeneracy of the d.; and d,, orbitals
is not a prerequisite, is precluded. In addition, if the energy
splitting of the d,; and d,, orbitals at each site is small
enough, orbital physics may still play a role. We note that
Raman scattering due to nematic fluctuations in hole-doped
(Ba_,K,)Fe,As, [58] is already weaker than that in electron-
doped Ba(Fe;_,Co,),As, [17,23]. It is necessary to theoreti-
cally examine if the lowered Fe-site symmetry or the possible
absence of nematic fluctuations in the charge/orbital sector in
CaKFe4As, may further suppress Raman scattering intensity
(to the extent that scattering due to nematic fluctuations is
missed). Raman scattering measurements on KCa,FesAssF,
are also desirable.

Second, one can argue that enhanced elastoresistance
does not necessarily indicate enhanced nematic fluctuations.
Fluctuations of some order parameter other than nematic
ones may also enhance the elastoresistance if it couples to
the lattice, breaks tetragonal symmetry, and brings about a
unidirectional in-plane anisotropy in the electronic structure
and/or scattering. In the present case, mere stripe-type spin
fluctuations without nematic correlations already suffice. The
enhancement of spin fluctuations with decreasing temperature
is observed in NMR and INS measurements on CaKFesAs,
[59-62] and KCa,Fe4AssF, [63]. As a strain is applied, spin
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fluctuations at (;r, 0) and (0, 7) become inequivalent, which
can result in resistivity anisotropy. INS measurements on
CaKFe4As,s and KCa,FesAssF, under uniaxial pressure are
desirable to assess the validity of this scenario.

Finally, it is highly debated whether the in-plane resistivity
anisotropy in iron-based superconductors is due to anisotropic
scattering or an anisotropic Fermi surface [27,30,64-76]. If
the AFQ-order-like arrangement of the d,. and d,, orbitals
in C;, Fe-site compounds [43] suppresses Fermi surface de-
formation due to an applied strain, the present observation of
enhanced elastoresistance in CaKFe4As, and KCa,Fe AssF,
may suggest the dominant role of anisotropic scattering.

IV. CONCLUSION

We have observed that (BagsKgs)Fe,As,, CaKFegAs,,
and KCaj,FesAs F, exhibit similar temperature dependence
of resistance and elastoresistance. The [110] elastoresistance
is enhanced irrespective of the Fe-site symmetry. The tem-
perature dependence of the [110] elastoresistance can be
described by a Curie-Weiss law down to ~100 K but deviates
downward at lower temperatures. The origin of the deviation
remains unclear. The enhancement observed in the C,, Fe-site
compounds CaKFe4As, and KCa,Fe4AssF, appears to be in
conflict with previous Raman studies [42,43]. We suggested
two possible ways of reconciliation: the first one assumes that
nematic fluctuations were missed in the Raman studies, while
the other assigns the enhanced elastoresistance to fluctuations
other than nematic ones. We also suggested that the present
result might shed new light on the issue of the origin of the
resistivity anisotropy in iron-based superconductors. Further
studies on C,, Fe-site compounds, not only experimental ones
but also theoretical ones, are clearly called for.
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FIG. 5. (a) The red marks show original resistance vs strain data
measured while the sample temperature was warmed slowly, while
the blue marks show the corrected data for T,,, = 45.036 K. The
green marks show data obtained with the sample temperature held
constant at 44.870(2) K (vertically shifted for clarity). The black lines
are linear fits for two types of data, which give the same slope, i.e.,
the same elastoresistance value. (b) The blue and red marks show
elastoresistance values obtained using the present correction method
while the sample was slowly cooled and warmed, respectively. The
green marks show elastoresistance values obtained while the sample
temperature was stabilized at each temperature.

ACKNOWLEDGMENTS

We thank Suguru Hosoi for showing us unpublished data.
This work was supported in Japan by JSPS KAKENHI Grants
No. 17K05556, No. 19H05823, and No. 19K15034. This
work was supported in China by the Youth Innovation Promo-
tion Association of the Chinese Academy of Sciences (Grant
No. 2015187).

APPENDIX: ELASTORESISTANCE MEASUREMENTS
WITH SLOWLY VARYING SAMPLE TEMPERATURE

We take a series of data (T;,R;,¢;) i =0,...,N—1) as
the operating voltage V), of a piezostack is ramped up and
down while a sample is cooled or warmed slowly. We measure
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the applied strain ¢; relative to the first data point for each
V, cycle, so that € = 0. In order to obtain the elastoresis-
tance, we correct the data for the temperature variation during
the measurement as follows. We interpolate the values of
temperature 7, and resistance R, at €, = O for the segment
where V), is ramped down (see Fig. 4). Then, we correct the
resistance data R; as follows:

R, — Ry

RE=R+ 70
M

1

(Tavg — 1), (AD)

where T, = (To +T;)/2. We plot R{/R,,, Vs €;, where
Ryye = (Rp + R,)/2, and fit a straight line to obtain a slope,
which gives the elastoresistance.

Figure 5(a) shows an example. The sample is a [110]-cut
CaKFe As, sample different from the one used in Fig. 2.
The red circles show measured resistance vs strain data (the
vertical axis is normalized using R,,, as defined above). The

resistance was measured with a digital lock-in, and hence, the
resistance values are quantized due to the resolution of analog-
to-digital conversion. The measurement took 108 s, and the
sample temperature varied from 44.795 to 45.282 K. The blue
marks show the corrected resistance data at 7,,, = 45.036 K,
and the black line is a linear fit, which gives a slope of 44.4(2).
For comparison, the green marks show resistance vs strain
data measured holding a sample temperature of 44.870(2) K
(vertically shifted for clarity). The linear fit (black line) gives
a slope of 44.4(2), the same as above.

Figure 5(b) shows elastoresistance vs temperature data.
The blue and red marks show elastoresistance values obtained
using the above correction method while the sample was
slowly cooled and warmed, respectively. The green marks
show elastoresistance values obtained while the sample tem-
perature was stabilized at each temperature. The excellent
agreement between the three sets of data demonstrates the
validity of our temperature-variation correction method.
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