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As anew type of iron pnictide superconductors, CsCa,Fe, AsyF,, featured by its unique FeAs bilayer, presents
a quasi-two-dimensional characteristic which distinguishes itself from other iron pnictides. Here we systemati-
cally investigated its transport properties and thermoelectric effects, including the Seebeck and Nernst effect, and
NMR. An unusual hump in the Nernst coefficient is observed as temperature decreases below 90 K, far above its
T, of 28.5 K. Simultaneously there is a suppression in the Hall coefficient as well as the nuclear spin-lattice
relaxation rate in the same temperature range. To clarify this phenomenon, we comparatively investigated
two other similar iron-based pnictide superconductors, Ba;_,K,Fe,As, and CaKFe As,. Our work indicates
there could exist an incoherence-coherence crossover or a kind of Cooper pairing precursor in CsCa,FesAssF,
before achieving its superconductivity, which is different from other iron-based high-7; superconductors. Such a
comparative study may help us to understand the effect of dimensional evolution from three dimensional to two

dimensional on high-7, superconductivity.
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I. INTRODUCTION

Since the discovery of the iron-based superconductor
LaFeAsO;_,F, (so called “1111”-type structure) in 2008 [1],
lots of new structure types of pnictide superconductors have
been reported, including the “11117-, “1117-, and “122”-type
[2,3]. Recently, a new structure of iron-based superconductor
CsCa,Fe AsyFy, namely, “12442” type was discovered [4].
It can be regarded as the intergrowth of 122- and 1111-type
structures, where the 1111-type block is inserted between the
Cs atom and the Fe,;As; layer. It is hole-type self-doped with
a nominal doping level of 0.25 hole/Fe and contains double
Fe,As; layers in a unit cell. The two conducting Fe,As, lay-
ers are separated by an insulating Ca,F, layer, which makes
it quite quasi two dimensional, and thus this 12442-type
structure is apparently unique and different from other iron
pnictides. Previous electrical transport measurements have re-
vealed its giant anisotropy in resistivity between the ab plane
and c axis direction [5,6], and an extremely high upper critical
field in the ab plane [7]. Speaking to its electronic struc-
ture, angle-resolved photoemission spectroscopy (ARPES)
experiments have identified the phenomenon of band split-
ting induced by this bilayer structure, which is the first
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observation in iron-based superconductors [8]. The analogous
phenomenon has previously been observed in the “2212”-type
cuprate Bi;Sr,CaCu,yOg.s [9]. Furthermore, recent neutron
scattering experiments have found two-dimensional (2D) spin
resonances and revealed a downward dispersion, which re-
sembles the dispersion observed in the hole-doped cuprates
and cannot be explained by the theory based on s-wave pair-
ing symmetry [10]. These results imply that the 12442-type
iron-based pnictides may share some similar features as the
cuprates, which is believed to be intimately related to the
unique quasi-two-dimensional structure.

As is well known, dimensionality has a remarkable impact
on superconducting properties and there are several ways
to achieve two-dimensional superconductors. A widely used
way is to grow epitaxially thin films on suitable substrates,
and a successful example is the monolayer FeSe thin films
on SrTiO3;. A much larger superconducting gap in monolayer
FeSe films, compared to the bulk FeSe, was observed by
the scanning tunneling spectra (STS) [11], which promises
a higher T, around 77 K, and was confirmed by the ARPES
[12,13]. Another way is to fulfill the quasi-2D structure by
increasing the distance between the crucial conducting lay-
ers, such as the organic ion intercalated superconductors
(CTA),FeSe [14] and (TBA).FeSe [15]. In these cluster-
intercalated iron-based materials, the evidence to support
preformed Cooper pairs above 7. was found in the recent
measurements of NMR and Nernst effect [16]. These unusual
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features induced by the two-dimensional structure can provide
insights into understanding the role played by dimensionality
in the high-7; superconductors.

Thermoelectric effects, including the Seebeck and Nernst
effect, are sensitive to the electronic structure and the low-
energy excitations. The Nernst effect measurements have
revealed strong superconducting phase fluctuations above
T, in high-T, cuprates [17]. In iron-based pnictides, the
anisotropy of the Nernst effect is utilized to study the nematic
phase [18,19], spin density wave [20], and the evolution of
the intermediate phase under pressure [21]. Moreover, re-
cent experiments have exhibited a spontaneous Nernst effect
in Fei,,Te;_Se,, implying the possibility of locally time-
reversal symmetry breaking [22]. Therefore, we propose that
the measurements of thermoelectric effects could help un-
derstand the unique properties of 12442-type materials that
should have a characteristic of reduced dimensionality.

In this paper, we carefully investigated the electrical
transport properties, thermoelectric effects, and NMR simul-
taneously. We observed several unusual features which should
be associated with the quasi-2D nature of 12442-type sys-
tems. There may exist a large regime of vortex liquid state
revealed by the vortex-flowing Nernst effect below 7,. As
for temperature above T, there is a significant drop in the
Hall coefficient and an obvious broad hump in the Nernst
coefficient as the temperature cools down below about 90 K.
To clarify its origin and explore its relation with dimension-
ality, we also measured two other similar layered pnictide
superconductors Ba;_,K,Fe,As, (122 type) and CaKFesAsy
(“1144” type) for comparison. These two superconductors are
both more three-dimensional, and the 1144-type compound
contains the same FeAs bilayer as in the 12442 type. However,
the 1144 type is distinguished from the 12442 type by lacking
the insulating Ca,F, layer between the two FeAs bilayers.
The vortex liquid regime in Ba;_,K,Fe;As, and CaKFe4As,4
is much narrower, implying the close relationship between
the vortex liquid state and quasi-two-dimensional structure.
Compared with the NMR experiments, we argued that the
unusual features observed in both the Nernst effect and the
Hall coefficient of 12442 type may be caused by a kind of
precursor which represents an incoherent-coherent crossover
or even preformed Cooper pairs. Such kind of precursor has
also been proposed and discussed in the monolayer FeSe thin
films and molecular-intercalated FeSe systems, and a com-
mon character of these systems is the quasi-two-dimensional
nature.

II. EXPERIMENTAL DETAILS

Single crystals of these three type samples are all grown
by a self-flux method and the details are reported previously
[5,23,24]. All the transport measurements are carried out on
a Quantum Design physical property measurement system
(PPMS-DynaCool) and/or an Oxford-15T cryostat. The stan-
dard six-terminal method was used in resistivity and Hall
effect measurements. As for the measurements of thermoelec-
tric effect, a resistor of 1000 €2 is utilized as the heater to
establish the thermal gradient. The E-type thermocouple is
used to measure the temperature differences across the sam-
ples. In the measurements of the Hall and Nernst effect, the
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FIG. 1. Temperature dependence of (a) resistivity and (b) Hall
coefficient of CsCa,Fe,As;F,, Ba;_ K ,Fe,As,, and CaKFe;As,.
Different colors: black, magenta, and blue represent CsCa,FesAs4F,,
Ba,_,K,Fe,As,, and CaKFe4As,, respectively.

magnetic field was swept from positive to negative direction
to eliminate the misalignment of transverse electrical contacts.
The Nernst effect measurements of CsCa,Fe4As4F, were con-
ducted on two different pieces of samples, which are named
S1 and S2, in order to rule out possible accident signals. All
the other data of the transport measurements were collected
from the samples cut from the same crystal or batch for each
system. The maximum magnetic field in the Hall measure-
ment and Nernst effect for S1 is 3 T and 8 T, respectively.

The NMR measurements were performed on the "> As nu-
clei whose nuclear spin number is 3/2 and the gyromagnetic
ratio for bare nuclei is 7.2919 MHz/T. The standard NMR
spin-echo technique was applied with a commercial NMR
spectrometer from Thamway Co. Ltd. The external magnetic
field B = 12 T is applied to the ¢ axis of CsCa;FesAssF,
single crystal and generated by a 12 T magnet from Oxford
Instruments. There are two types of As sites, namely, the Asl
site which is close to the Cs plane and the As2 site which is
close to the Ca,F, block.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the temperature dependence of resis-
tivity for the three samples, i.e., 12442, 1144, and 122 type.
The obtained superconducting temperature, which is defined
as the zero-resistance temperature, is 28.5, 33.9, and 35.6 K
for the 12442-, 1144-, and 122-type samples, respectively,
and they are qualitatively consistent with the literatures [5,25—
27]. By comparing the shapes of the resistivity curves, it can
be found that all exhibit a convex behavior upon cooling.
Such a convex temperature dependence of resistivity is often
observed in hole-type 122-type superconductors [28,29]. In
addition, the temperature dependence of the elastoresistance is
similar among the three systems [30], indicating the compari-
son of these three materials is appropriate. Another interesting
feature in resistivity is that the temperature dependence of
resistivity becomes almost linear as the temperature is below
about 90 K for CsCa,Fe4As4F,, which is consistent with the
literature [5]. In the previous studies, it has been found that, as
the doping level is around the optimal doping, the temperature
dependence of resistivity will usually be close to the linear
dependence in 122-type pnictides [28,29,31]. From this view-
point, CsCa,Fe4As,F; is in the nearly optimally doped region.
In addition, it has been confirmed by the ARPES experiment
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FIG. 2. Temperature dependence of Seebeck coefficients of
CsCa,FesAssF,, Ba;_ K, Fe,As,, and CaKFesAs,, indicated by
black, magenta, and blue symbols, respectively.

recently that the hole density is about 0.25 hole/Fe in the re-
lated compound, i.e., KCa,FesAssF; [8]. All these results are
consistent with the nominal doping level in CsCa,FesAs4F,,
which suggests it could be in the slightly overdoped
region.

Figure 1(b) displays the temperature dependence of the
Hall coefficient. All the Hall coefficients of three systems
are positive, suggesting that the hole-type charge carriers are
dominant. However, the three samples exhibit some different
features in the Hall coefficient. Let us focus on the behavior of
CsCa,Fe4AsyF,, which is the most unusual one among them.
There is a slope change at the temperature around 80 K, which
qualitatively agrees with the hump detected in the Nernst
effect [shown in Fig. 3(c)] and will be discussed with the
Nernst effect in detail later. In addition to this, as the tem-
perature decreases close to 7;, a jump emerges and then the
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FIG. 3. (a) and (b) stand for the Nernst effects of CsCa,Fe4As,F,
at various temperatures by sweeping the magnetic field. Temperature
range is below 7. in (a) and above T in (b). (c) Nernst coefficients
of two different pieces of samples with logarithmic coordinates.
Red dashed line represents the background. (d) Comparison of three
different materials’ Nernst coefficients. Inset: enlarged plot for tem-
perature below 40 K.

coefficient drops to zero eventually as the sample enters the
superconducting state. Such a jump around 7. is not observed
for the other two systems. Since a large regime of vortex liquid
state has been observed in this 12442-type material through
the measurement of irreversible field [5], this phenomenon
of Hall coefficient might be related to the vortex movement.
Once the temperature is close to 7., by applying a magnetic
field, the vortex begins to move, which contributes to the
Hall coefficient, as a result. As the temperature continuously
decreases, the irreversible field becomes larger, therefore the
vortex is pinned and the Hall coefficient drops quickly to zero.
A similar vortex Hall effect near 7, has been reported in the
hole-doped cuprate superconductor La,_,Sr,CuO4 [32]. As
for the other two superconductors, different behavior is ob-
served. The Hall coefficient of CaKFe4As, remains increasing
upon cooling and then drops to zero quickly as it becomes
superconducting, consistent with the previous report [25]. For
Ba;_,K,Fe,As;, the behavior is similar to CaKFe4As4 at high
temperature, but below 80 K, it presents a tendency of sat-
uration. Comparing the temperature dependence of the Hall
coefficient and T;. with the literatures [26,27], it is suggested
that Ba;_,K,Fe,As; is in the moderately overdoped region,
possibly x ~ 0.45.

Speaking to the Seebeck coefficients shown in Fig. 2, the
thermopower is all positive, consistent with the Hall coef-
ficient. The signal drops to zero at their superconducting
transition temperature T, corresponding with the resistivity
measurements, albeit a little lower, which may be due to
the slight sample heating in the thermal measurements. The
thermopower of the three systems exhibits similar tempera-
ture dependence, like in resistivity, and no anomaly has been
observed.

The Nernst effect of CsCa,FesAssF, is presented in
Figs. 3(a) and 3(b), below and above T, respectively. The
signals of the Nernst effect are nonlinear in the superconduct-
ing state, which is a feature of the vortex-flowing induced
Nernst signals. Below 5 K, the Nernst signals drop to zero
because the vortex lattice becomes solid and pinned. In an
intermediate temperature regime around 7., the Nernst sig-
nals start to increase quickly once the magnetic field exceeds
its depinning field and the vortices begin to move. As the
temperature increases much above 7T, the Nernst signals be-
come linear with the magnetic field. Upon further increasing
temperature, more than 90 K, the temperature dependence of
Nernst signals becomes very weak. The Nernst coefficient is
deduced and plotted in Fig. 3(c). It is defined as the initial
slope for the temperature below T.. As for above T, it is
the slope of the magnetic field dependent curve. The Nernst
coefficient almost coincides with each other for two pieces
of samples, S1 and S2, which indicates that this behavior
of the Nernst effect should be intrinsic and repeatable for
CsCa,Fe AssFs.

It can be noticed that the Nernst signal is still large
in a wide temperature region below 7, until it goes down
to zero, reminiscent of the large vortex-flowing regime in
LaOg9Fy 1FeAs [33]. This phenomenon implies the vortex
motion exists even at very low temperatures, which agrees
well with the aforementioned Hall effect data and suggests
a large vortex liquid regime due to the quasi-2D nature of
this system. As for the temperatures above 7. up to 90 K,
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FIG. 4. (a) Temperature dependence of Nernst coefficients in
the temperature range of 40-200 K. (b) Temperature dependence
of oy, /0B and —S tan 6 /B, represented by solid and hollow marks,
respectively. The inset of (b) is the temperature evolution of the
off-diagonal Peltier coefficient «,,. The red arrow in (b) indicates
the deviation of origin behavior.

an unusual hump in the Nernst coefficient is observed, far
away from its T, which also coincides with the slope change
in the Hall coefficient. Above 90 K, there is the back-
ground marked by the red dashed line although the Nernst
signals are still large compared to usual metals or super-
conductors, which may result from its multiband electronic
structure.

In order to understand the abnormal Nernst effect above
T., the Nernst effect of two similar layered pnictide super-
conductors, Ba;_,K,Fe,As, and CaKFe4As,, were measured
and their data are plotted together with CsCa,FesAssF, in
Fig. 3(d). Visibly, the Nernst effect behaviors of the three sys-
tems are significantly different. Below T, a sharp peak in the
Nernst coefficients of Ba;_,K,Fe,As, and CaKFe4As, is ob-
served from the inset figure of Fig. 3(d), which is contrary to
CsCa,Fe4AssF,, demonstrating that the vortices are quickly
pinned below T, for the former two systems, in accord with
the results of the Hall effect. This comparison implies that
Ba;_,K,Fe,As, and CaKFe4As, are more three-dimensional
superconductors, and reconfirms that CsCaFesAssF, is
quasi-two-dimensional [5]. For a better view of the Nernst ef-
fect in higher temperatures (above T;), i.e., for the temperature
range between 40 and 200 K, an enlarged plot of Nernst data
is shown in Fig. 4(a). As the temperature is slightly above
T., the Nernst signals of Ba;_,K,Fe,As, and CaKFesAsy
are negative and increase to positive slowly upon warming
around 80 K. The sign change of the Nernst effect is often
observed in multiband metals. In contrast, the Nernst signals
of CsCaFesAssF, remain always positive and remarkably
larger than that of the other two systems; for instance, almost
two to four times larger around 90 K.

To further elucidate this abnormal Nernst effect of
CsCayFesAssF,, we separated the Nernst effect into two
terms by using the following equation:

p= (%' —Stan@)l (1
_ =

o

The first term represents the off-diagonal Peltier coefficient
divided by electrical conductance and magnetic field. In the
second term, S and 6 denote the thermopower and Hall angle,
respectively, where tan @ = p.,/0x.. From the results shown
in Fig. 4(b), the second term —S tan 6 /B, represented by the
hollow marks, is quite similar for the three systems in this

work. Meanwhile, it exhibits quite different features for the
first term, indicated by the solid marks. For CsCa,Fe;sAs4F;,
an obvious deviation emerges around 90 K in «,, /0 B, which
is tagged by the red arrow. As the temperature decreases
to 90 K, a,,/0B diverges from its initial moderate behav-
ior and increases quickly. This phenomenon is absent in the
other two systems, where a,,/oB of Ba;_.K,Fe;As, and
CaKFe4As, are almost independent with temperature, ex-
hibiting similar behaviors. Furthermore, comparing the terms
ayy/oB and —Stan 6 /B, they exhibit similar temperature de-
pendence for Ba;_,K,Fe;As, and CaKFe4As,, which implies
the “Sondheimer cancellation” [34] is more complete in these
two systems. In contrast, this cancellation is obviously vi-
olated for CsCa,FesAssF, since a large disparity between
ay/oB and —Stan6 /B is observed below 90 K. However,
the off-diagonal Peltier coefficients o, of all three systems
exhibit analogous behavior, as shown in the inset of Fig. 4(b).
This may correspond to the aforementioned linear resistivity
behavior, i.e., the resistivity becomes almost linearly tem-
perature dependent as temperature decreases below 90 K for
CsCa,Fe4AsyF,. Therefore, the hump observed in the Nernst
effect may correspond to the onset of linear resistivity, which
may represent an incoherent-coherent crossover of charge
dynamics. It is similar to the incoherent-coherent crossover
observed in the resistivity of heavily doped AFe,As; (A = K,
Rb, Cs) [35,36].

Recently, the evidence of a pseudogap associated with pre-
formed Cooper pairs was discovered for the two-dimensional
superconductor (TBA),FeSe [16]. The large organic cluster
TBA™ inserts between the FeSe layer, which significantly in-
creases its interlayer distance from ~5.5 A, in pristine FeSe, to
~15.5 A [15,16]. Several experiments, including spin-lattice
relaxation rate divided by temperature (1/777) as well as
the Knight shift (deviation from high temperature behav-
ior around 60 K), magnetic susceptibility (deviation around
60 K), and Nernst effect (a broad hump below 65 K), all
imply the existence of a pseudogap phenomenon and pre-
formed Cooper pairs above its 7. (~43K) in this unique
two-dimensional superconductor [16]. By comparing these
two-dimensional and quasi-two-dimensional superconductors
of (TBA),FeSe and CsCa,FesAs4F, it is obvious that they
share some similarities. CsCa,Fe4As4F, also exhibits large re-
sistivity anisotropy, reaching about 3150 around 7, [5], which
is smaller than (TBA),FeSe (~10° [16]) and significantly
larger than BaFe,As;(~150 [37] or ~6 [38]) and pristine
FeSe (~4 [39]), suggesting CsCa,Fe,AssF, is between three
dimensional (3D) and 2D. Both of them exhibit an analogous
broad peak of Nernst effect below T, because the vortex
solid (Bragg lattice) is difficult to exist in a two-dimensional
system. As for above T, they both reveal the unusual Nernst
coefficients. However, unlike the pseudogap in (TBA),FeSe
[16], the phenomenon is not obvious in CsCa,Fe4As4F, and
absent in Ba;_,K,Fe;As, and CaKFe4As,. It may be a kind
of Cooper pairing precursor for CsCa,FesAssF, as the sys-
tem evolves from 3D to quasi 2D. This is also consistent
with the proposal that a two-dimensional nature helps to
increase the temperature of the pairing gap based on the ex-
periments of combined in situ electrical transport and ARPES
of monolayer FeSe films grown on SrTiO; [40], which
discovers that there exists a large pseudogap regime with
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incoherent Cooper pairs above zero-resistance temperature.
It explains the remarkable difference between the temper-
ature of pairing gap detected by STS/ARPES experiments
(higher than 60 K) [11-13] and the temperature of zero re-
sistance obtained by transport measurements (below 40 K)
[41-44].

Moreover, let us consider the possibility of Gaussian
superconducting fluctuations [45] or electronic-nematic fluc-
tuations [46] above T.. However, there is a clear deviation,
especially below ~80 K, when fitting the data to the Gaus-
sian superconducting fluctuations (which is not shown here).
As for the nematic fluctuations, the elastoresistance mea-
surements show similar results for the three materials [30].
Meanwhile, our data of the Nernst effect and Hall effect ex-
hibit a significant difference between the 12442-type material
and the other two systems, against the elastoresistance exper-
iments. Therefore, these two explanations may not be suitable
for our results.

Then we compare the results of the NMR measurements
for these three materials. In the NMR measurements, 1/7; is
related to the dynamic spin susceptibility with the following
formula:

LIPS > VIAL@PK (g ) /o )
nro e I

where x”' is the g-dependent dynamic spin susceptibility,
A (q) is the transverse hyperfine form factor, y, is the nu-
clear gyromagnetic ratio, and  is the Larmor frequency.
Figures 5(a)-5(c) display the temperature dependence of
1/TiT of "As in CsCaFesAsyF,, CaKFeyAs, [47], and
Ba;_,K Fe;As; [48]. The 1/TiT in CsCa,FesAs4F, has a
clear enhancement with decreasing temperature, and dis-
plays a broad maximum around 7 ~ 90K, suggesting the
enhanced antiferromagnetic (AFM) fluctuation as similar to
that in KCa,FesAs F, [49]. Below 90 K, 1/T7T gradually
decreases with further lowering of the temperature above the
superconducting transition temperature 7, ~ 28.5K. A simi-
lar behavior in 1/T;T is also observed in the *Cu NMR of
underdoped cuprate superconductors (such as YBa,Cu3zOg 63
and Bi,Sr,CaCu,0g.45) which is ascribed to the pseudogap
phenomenon in spin degree of freedom [50,51]. In contrast,
the 1/71 T in CaKFe4As, and Ba;_,K,Fe;As, shows a mono-
tonic increase with decreasing temperature and reaching the
maximum around 7;, which indicates a persistent growth of
AFM spin fluctuations [47,48]. Considering the similar dif-
ferences in the Nernst and Hall effect, the reduction of the
1/T1 T below about 90 K in CsCa,Fe4AsF; is consistent with
the proposed incoherent-coherent crossover picture or a kind
of Cooper pairing precursor due to dimensional crossover in
CsCayFe AssFs.

IV. CONCLUSION

In conclusion, we have investigated transport, thermo-
electric properties, and NMR of quasi-two-dimensional
CsCa,Fe4As4F,, and also Ba;_,K,Fe,As, and CaKFesAs,
for comparison, and discovered unusual features in the 12442-
type system associated with its low-dimensional nature. In the
superconducting state, the Nernst signals of both the 122- and
1144-type systems exhibit a sharp peak just below 7. which
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FIG. 5. (a)—-(c) Temperature dependence of 1/T\T for B || ¢
in CsCa,Fe4As,F,, CaKFe,Asy, and Ba;_,K,Fe,As, (T, ~ 38.5K).
There are two types of As sites in CsCa,FesAssF, (CaKFe As,),
namely, the Asl site which is close to the Cs (K) plane and the As2
site which is close to the Ca,F, (Ca) block. Data for CaKFe4As, and
Ba,_.K,Fe,As, from [47,48] are shown for comparison.

implies that there is only a narrow vortex-flowing regime
in these two systems. Meanwhile, there may exist a large
regime of the vortex liquid state for the 12442-type system,
possibly connected to its quasi-two-dimensional nature. As
for the temperatures above T;, a hump in the Nernst coefficient
is observed up to the temperature far above its 7, around
90 K, in CsCa,Fe4AssF,, and correspondingly there is a clear
suppression in the Hall coefficient in the same temperature
range. Such abnormal features are absent in the other two
systems which are more three dimensional. By further an-
alyzing of the Nernst effect, the “Sondheimer cancellation”
is not complete in the normal state of CsCa;FesAssF;. The
unusual change in the Nernst and Hall effect, which coincides
with the NMR measurement, may represent an incoherent-
coherent crossover and/or a kind of Cooper pairing precursor
for CsCa,Fe4As,F, before it enters into the superconducting
state. Apparently, such a phenomenon is not observed in the
other two materials which are more three dimensional, thus
we believe that these unusual precursor phenomena should
result from the quasi-two-dimensional nature which is caused
by the separated double FeAs layer. Combined with the obser-
vations of strong superconducting fluctuations in even more
two-dimensional layered FeSe-based superconductors, this
work demonstrates that the decreased dimensionality could
have a significant impact on the superconductivity of iron-
based superconductors.
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