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We report combined experimental and

theoretical
CaK(Fei1—;Niz)4Ass (CaK1144) for x =0, 0.017 and 0.034.

analysis of superconductivity in
To obtain the superfluid density,

p= (14 AXL(T)/A2(0))"?, the temperature dependence of the London penetration depth, AXr,(T'),
was measured by using tunnel-diode resonator (TDR) and the results agreed with the microwave
coplanar resonator (MWR) with the small differences accounted for by considering a three orders
of magnitude higher frequency of MWR. The absolute value of A\r(T' < T¢) ~ A1 (0) was measured
by using MWR, A (5 K) &~ 170 4 20 nm, which agreed well with the NV-centers in diamond optical
magnetometry that gave Az (5 K) ~ 196 £ 12 nm. The experimental results are analyzed within the
Eliashberg theory, showing that the superconductivity of Ca1144 is well described by the nodeless
s+ order parameter and that upon Ni doping the interband interaction increases.

I. INTRODUCTION

The CaK(Fe;_,Ni;)sAsy (1144) family of iron-based
superconductors (IBS) are particularly suitable for the
studies of the fundamental superconducting properties
due to the stoichiometric composition of the “optimal”
compound, CaKFesAs,, exhibiting clean-limit behavior
and having a fairly high critical temperature, T, ~ 35K.
This allows working with a system where unwanted ef-
fects caused by large amount of chemically substituted
ions are minimal. Multiple experimental and theoreti-
cal results are compatible with the clean-limit nodeless
s+ symmetry of the order parameter in 1144 system and
with all six electronic bands contributing to the super-
conductivity [1-6].

A rich and intriguing 7' — x phase diagram emerges upon
electron doping of the parent CaKFeyAsy, for example,
by a partial substitution of Ni for Fe [7]. The peculiar-
ity of this system is that it exhibits an antiferromagnetic
(AFM) state without nematic order (contrary to most
IBS) called spin-vortex crystal (SVC) structure [8, 9]. Its
presence is related to the existence of two nonequivalent
As sites induced by the alternation of Ca and K as spac-
ing planes [10] between the Fe-As layers that support
superconductivity[11]. It was suggested that a hidden
AFM quantum-critical point (QCP) could exist in the
CaK(Fe;_,Ni,)4Asy system near x = 0 [9].

A very useful approach to investigate the pairing state of
a material, the presence of nodes in its superconducting
gaps and the presence of a QCP in its phase diagram,
is to study the London penetration depth Ar and its
changes in different compositions across the phase dia-
gram [12]. The low-temperature variation of the London
penetration depth, AN, (T < T.), is directly linked to
the amount of thermally excited quasiparticles. Expo-
nential behavior is expected for a fully gapped Fermi sur-
face and T'—linear variation is obtained in the case of line

nodes. Therefore, the analysis of the exponent, n, in the
power-law fitting of the high-resolution measurements of
AN (T) = AT™ can be used to probe gap anisotropy, in-
cluding the nodal gap [1, 12-14]. On the other hand, in
the clean limit, the absolute value of the London penetra-
tion depth depends only on the normal state properties,
notably the effective electron mass, A% (0) ~ m*. Mea-
surements of Az (0) as a function of doping reveal a peak
deep in the superconducting state due to the effective
mass enhancement approaching a quantum phase transi-
tion [15-18]. Theoretically, London penetration depth
can be computed on quite general grounds using the
Eliashberg theory and, reproducing experimental data,
one can discuss intrinsic quantities, such as the gap val-
ues and the coupling matrix coefficients [19-22].

In this work, a complete picture, from the experimentally
determined superfluid density to Eliashberg analysis is
obtained in CaK(Fe;_,Ni;)4As, system for three differ-
ent compositions, x =0, 0.017 and 0.034. To achieve this,
we employed three complementary measurement tech-
niques that combined provide a full and objective experi-
mental information. Specifically, we used high—T,.-based
microwave coplanar resonator (MWR), the tunnel diode
resonator (TDR) and the N'V-centers in diamond optical
magnetometry. This systematic approach enabled us to
discuss details of the pairing state and the most likely ef-
fect of Ni doping, in particular on the interaction matrix.
The paper is organized as follows. In Sect.Il the experi-
mental and theoretical techniques are explained, the re-
sults are presented and discussed in Sect.III in terms of
what can be deduced from them, and finally conclusions
are drawn in Sect.IV.



II. EXPERIMENTAL TECHNIQUES AND
THEORETICAL METHODS

A. Crystals preparation

High quality single crystals of CaK(Fe;_,Ni,)sAsy
with doping levels of x=0, x=0.017 and x=0.034, were
grown by high temperature solution growth out of FeAs
flux. The Ni doping level was determined by wavelength-
dispersive x-ray spectroscopy (for details of the synthesis
and complete characterization see Ref. [23]). All the in-
vestigated crystals were cleaved and reduced to the form
of thin rectangular plates with thickness of less than 50
pm, in the direction of the c-axis of the crystals, and
width and length one order of magnitude larger.

B. Tunnel-diode resonator

A temperature variation of the London penetration
depth in-plane component AA 45(T) was measured us-
ing a self-oscillating tunnel-diode resonator (TDR) where
the sample is subject to a small ac magnetic field par-
allel to the c-axis of the sample. This field configu-
ration induces in plane supercurrents j,;, and allows a
direct measure of Ap 4. The resonant frequency shift
from the value of the empty resonator is recorded and
is proportional to the sample magnetic susceptibility, de-
termined by Az and the sample shape, in the end the
variations of the penetration depth with temperature
AXLab(T) = Ap,ab(T) — AL,ap(0) can be determined (see
Fig. 1). A detailed description of this technique can be
found elsewhere [12, 14, 24, 25].

C. NV centers magnetometry

The determination of the low temperature absolute
value of the London penetration depth Ar(0) is carried
out by means of the newly developed NV centers magne-
tometry technique [26]. This consists in the measurement
of the field of the first vortex penetration I, on the sam-
ple edge by looking at the the optically detected magnetic
resonance (ODMR) of Zeeman-split energy levels in the
NV centers of a diamond indicator positioned directly on
top of the analyzed sample. From H, it is possible to
calculate the value of the lower critical field H., consid-
ering the effective demagnetization factor N for a 2a X
2b x 2c cuboid in a magnetic field along the ¢ direction:

N‘1:1+Z§(1+%) 2)

where y is the intrinsic magnetic susceptibility of the
materialin the superconducting state, which can be taken
to be equal to - 1. Finally, from H.; it is possible to
calculate the absolute value of the London penetration
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FIG. 1. Temperature dependence of AXp qp for all doping
levels measured with the TDR technique. The critical tem-
peratures reported in Tab. I correspond to the maximum of
the temperature derivative of these curves. The good quality
and low disorder level of the samples is testified by the narrow
transitions.

depth [27]:

) AL
Her = 15 (m : +o.497). (3)

The coherence length £ can be calculated from the upper
critical field and its uncertainty has a small influence on
A1 (0) since it appears in the equation only as a logarithm.

D. Microwave resonator

The complete characterization of the London penetra-

tion depth (absolute value and temperature dependence)
can also be carried out by means of a microwave resonator
(MWR) technique that has already been applied to other
IBS crystals [20-22, 28, 29]. In this case the measurement
system consists of an YBaysCuszOr_, coplanar waveguide
resonator (with resonance frequency fy of about 8 GHz)
to which the sample is coupled. The whole resonance
curve is recorded, making it possible to track not only
frequency shifts but also variations of the quality factor,
giving access to the absolute value of the penetration
depth after a calibration procedure is performed.
It should however be noted that an important difference
exists with respect to the TDR technique: in this case
the applied ac magnetic field that probes the sample is
oriented in plane instead of along the c-axis. For this
reason the measurements yields an effective penetration
depth Az that is a combination of the main components
AL.ab and Ar, . dependent on the geometry of the sample
under consideration.
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FIG. 2. Deconvolved components Ar ., (red line) and
AL,e (cyan line) of the MWR measured Az (7) for undoped
CaKFesAss.  Apap(T) from TDR+NV measurements is
shown for comparison as black circles. The inset shows the
anisotropy factor vx.

In order to deconvolve the anisotropic contributions from
the measured Ar, one can study samples with different
aspect ratios and analyze how they combine, consider-
ing that the penetration of the field occurs starting from
all the sides of the crystal due to demagnetization effects
from the sample that can not be considered infinite in any
direction. The induced supercurrent is therefore in plane
Jab in a thickness Ap o5 along the c-axis from both top
and bottom faces, and out of plane j. in a thickness Ar, .
along the a and b axes from the two sides. Accordingly,
and in the hypothesis that A\ o < ¢ and Ap. < a,b
(where ¢, a, b are respectively the thickness, width and
length of the samples), the fraction of penetrated volume
can be estimated as Ap qp/c+ AL c/a+ Ap.c/b [28]. Thus,
the measured penetration depth can be expressed as:

AL =AL,ab + fs " ALc, (4)

where fs =c-(1/a+ 1/b) is the sample shape factor.

Considering two samples with different shape factors f,
it is therefore possible to deconvolve the Ap qp and Ar .
contributions to the total A\; measured, and to deter-
mine the anisotropy parameter vx = Ap.c/ALqp. These
quantities are shown in Fig. 2 for the undoped samples.
The substantial agreement between the Az, 4, curves val-
idates the approach and the small differences will be dis-
cussed in Sect.III C in light of the differences between the
TDR and MWR techniques. Lambda anisotropy, shown
in the inset, is found to be comparable to that measured
with SR [30]. Theoretically, substantial variation of the
anisotropies of the characteristic lengths with tempera-
ture is consistent with multi-gap superconductivity and,
as recently shown, can both increase or decrease with

temperature depending on the order parameter symme-
try and electronic structure [31].

E. Eliashberg modelling

The experimental data can be reproduced within a
two-bands Eliashberg si-wave model, allowing a deeper
understanding of the fundamental properties of the mate-
rial. The first step consists in calculating self consistently
the gaps and the renormalization functions by solving the
two-band Eliashberg equations, then from these quanti-
ties the London penetration depth can be calculated. The
two-band Eliashberg equations [32-34] are four coupled
equations for the gaps A,;(iw,) and the renormalization
functions Z;(iwy,), where i is a band index ranging from
1 to 2 and w, are the Matsubara frequencies. Start-
ing from the general form of the Eliashberg equations, it
is possible to reduce the number of input parameter by
making some reasonable assumptions for the particular
case under consideration. First of all one needs to iden-
tify the model for coupling that wants to consider. In
the IBS it has been shown that electon-boson coupling is
mainly provided by antiferromagnetic spin fluctuations
[11], therefore we neglect the phononic contribution and
we consider the shape of the spectral functions aijsf (Q)
discussed in details in Refs. [20, 28]. However, since the
two-bands model is an effective one, it is not possible to
set to zero the intraband coupling, hence the resulting
electron-boson coupling-constant matrix A;; reads:

Asf Asj >
Ay = e 12 5
! ( 15’/12 Azg ®)

The parameter v12 = N1(0)/N2(0) can be extracted from
the ARPES measurements in Ref. [3], by assuming that
the Fermi momentum in each band is proportional to the
normal density of states at the Fermi level in the same
band, and adding the contribution of all hole bands for
band 1 and all electron bands for band 2. The three con-
stants AS], A3) and A3) will be free parameters (the only
ones) of the model.

It is important to note that the choice of coupling mech-
anism limits the typology of order parameter obtainable,
in the specific case of IBS and of AFM spin fluctuations
the only order parameter symmetry allowed is s [11, 35].
This specific state was chosen for the theoretical analysis
because most experimental data points toward it [36-38]
and we find it is compatible with our data as well.

Once that the coupling mechanism has been defined,
other terms of the general form of the Eliashberg equa-
tions can be set to zero: it has been shown that the
Coulomb pseudopotential and the gap anisotropy can be
neglected for IBS [35, 39, 40]. Moreover, we decide to set
to zero also the impurity scattering rate based on two ob-
servations: first the fact that the superconducting tran-
sition is very narrow for all samples indicates clean sys-
tems, second the effects of impurity scattering (increasing



interband "mixing” and decreasing T;) can be effectively
considered by changing the coupling constants without
adding free parameters in a simple two-bands effective
model. It should be noted that this approach is only
an effective one. The Ni atoms introduced in the struc-
ture are scattering centers, but their scattering potential
can not be a priori modelled within a simple scheme as
in the case of irradiation induced disorder [21, 22]. For
these reasons it is more convenient to practically take
into account the effects of Ni doping by modifying the
coupling matrix instead.

The imaginary-axis equations [32, 39, 41] under these ap-
proximations read:

wn Zi(iwn) = wp + 7T Y T (iwn, iwm) N7 (iwm)  (6)

m.j

Zi(iwn) A (iwn) = 7T [TI5 (iwn, iwm)]

m,j

Xe(wc - |wm|)NjA(iwm)a (7)
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with H” (iwn, iwp) = A7 (iwn, iwm) and 115 (iwy, iwy,) =
—Aff (iwn, iwnm ), where

QaijSf(Q)
= wm)? + Q2]

! o
A% (iwy,, iwy,) = 2 / ds2 8
(¥ ( n m) o [(w ( )
© is the Heaviside function, w. is a cutoff en-
ergy and sf stands for spin fluctuations. Moreover,

NjA(iwm) = Aj(iwm)/y/wi, + A% (iwy,) and NjZ(iwm) =

Wi/ JwE, + A% (iwy,). Finally, the electron-boson cou-

2 psf
pling constants are defined as Afjf =2 f0+oo 402l )

The penetration depth can be computed starting from
the gaps A;(iw,) and the renormalization functions
Zz(lwn) by

2
_ w
APT) = ()23 wiaT
i=1

s A3 (wn) Z2(wn) o)

W [WRZE (wn) + A (wn) ZF (wn) P/
where w} = (wp.i/w,) are the weights of the single
band contributions that sum up to 1 (wp,; is the plasma
frequency of the i-th band and w, is the total plasma
frequency).  The multiplicative factor that involves
the plasma frequencies derives from the fact that the
low-temperature value of the penetration depth Az (0) is
related to the plasma frequency by w, = ¢/Ar(0) for a
clean uniform superconductor at 7' = 0 if Fermi-liquid
effects are negligible [41]. In our specific case, we have

only two additional free parameters: wy and Wp-
The values of the remaining free parameters (Aiq,
Ago and Aj2) are set so that the experimental data is
reproduced at best: gap values, critical temperature

and temperature dependence of the superfluid density
and London penetration depth. The procedure is the
following. The first step is to choose A;; values that,
after solving self consistently Eqs. 6 and 7, yield the
critical temperature observed experimentally and low
temperature values of the gap in agreement with those
from tunneling measurements on similar undoped sam-
ples reported in [1]. Then AL (T) is calculated using Eq.
9, and the superfluid density ps = (Az(0)/AL(T))?, that
is independent of the w, value, is compared to the ex-
perimental one. During this step the value of the weight
w} is set to better compare with the experimental data.
Finally, fine tuning of the A;; values is performed (the
Eliashberg equations are solved again and penetration
depth is recalculated until the best agreement with the
experimental data is found). Then the w, value is set to
obtain a A7, (0) value comparable to the experimental one.

III. RESULTS AND DISCUSSION
A. Techniques comparison

Before focusing on the doping dependence of the pen-
etration depth in the CaK(Fe;_,Ni,)sAss system, we
compare the results obtained for undoped CaKFe;Asy
with the different experimental techniques described in
Sect. II. The low temperature absolute values of the
penetration depth Ar(0) from MWR and NV-centers
magnetometry measurements of undoped CaKFe As, are
remarkably close (170+£20 nm and 196+12 nm respec-
tively), considering that have been obtained with tech-
niques that operate at different frequencies. Also the
temperature dependence of Az 4, from TDR and MWR
shows an overall agreement (see Fig.2) although differ-
ent features emerge at low and high temperature. The
deviation at high temperature is due to the fact that
close to T, the deconvolution procedure of the MWR
measurement looses its validity, because the assumption
that Az 4 < c falls for the thinnest sample. The other
deviation between the two measurement happens below
T/T.=0.3, where the Ap, o, MWR values dip lower, a fea-
ture that nicely corresponds to the increase of pgs observed
by Khasanov et al. with the SR technique [30]. This
difference could be explained by looking at the probing
frequencies of the two techniques: we notice that at low
temperature the characteristic time for pairbreaking scat-
tering, that can be estimated within a two-fluids model
as done in [29], becomes comparable to the characteris-
tic time of the microwave probe (~ 125 ps) whereas the
characteristic time of TDR is two orders of magnitude
larger. It is therefore possible that the MWR techniques
effectively eliminates the scattering contribution at low
temperatures, resulting in a cleaner system with lower
Az values. The same argument applies to the compari-
son between the Az (0) values measured with the MWR
and NV-centers magnetometry techniques.



B. Low temperature data

As stated in the introduction, from the low temper-
ature behavior of Ap it is possible to get important
information about the pairing state of a superconducting
material and, by carrying out a study along the phase
diagram, also about the possible presence of a QCP.
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FIG. 3. Low temperature variation of the London penetration
depth in CaK(Fe1—;Niz)aAss for all doping levels and their
power-law fit AXr = a + b(T/T.)". n = 2 represents the
dirty-limit exponent for the sign-changing order parameters
s+. The inset shows the Ar(0) values as a function of Ni
doping.

For each sample we fit the AM.(T)curve with the
exponential function a + b(T/T.)" (see Fig. 3) up to
a reduced temperature t = T/T,=0.2 and discuss the
possible presence of line nodes in the superconducting
gaps in light of the obtained n values. n=1 implies
the gap has d-wave-like line nodes, exponential low-
temperature behavior of A(T), mimicked by a large
exponent n > 3-4, is expected for clean isotropic fully-
gapped superconductors, and n approaches 2 in dirty
line-nodal (e.g., d-wave) and dirty sign-changing sy
superconductors. [42]. We find that n decreases from 2.5
for the undoped sample to 1.9 for the =0.034 sample,
a strong indication that the system is fully gapped and
that Ni doping increases disorder driving the system
from the clean to the dirty limit. Moreover, it should
be noted that a conventional BCS exponential behavior
of AXNL(T) is expected if the exponent n > 3. This
is not the case for this system mainly due to the fact
that scattering in sy superconductors is pair-breaking
and that it presents multi-gap superconductivity. For
these reasons the behavior can look conventional only
below a temperature determined by the smallest gap,
and much smaller than the usual T./3 threshold. Tt

follows that the data shown in Fig. 3 can not be fit
well by a simple generalized two s-wave gap scheme
where AN oo 3 AL(0)/(7/2]A;(0)|/(ksTet)) x
exp(—[Ai(0)|/(kpTet)) [43].

It is in principle possible to identify a QCP in the phase
diagram by analyzing the A1 (0) curve as a function of
doping level x: it would correspond to a sharp peak in
the Az (0)(z) plot [15, 16]. In the present case such a
feature is not visible (as evident from the inset in Fig.
3) due to the fact that a finer spacing in z would be
needed and/or to an effect of disorder that induces an
increase of Az (0) that in turn hides the QCP peak. This
does not necessarily exclude the presence of QCP in the
analyzed doping range.

C. Eliashberg analysis

The Eliashberg equations were solved and the London
penetration depth was calculated for all doping values
following the approach explained in Sect.IlE, yielding
the ps and AAp, vs T curves presented in Fig. 4 where
they are compared to the experimental ones.

A (um)

undoped
Ni 1.7%
——— Ni 3.4%

FIG. 4. Experimental p; and AXr vs T curves for all doping
levels (black circles for the undoped sample, blue squares for
1.7% Ni and green triangles for 3.4%) compared to the results
of the Eliasberg calculations shown as solid lines.

The excellent overall agreement, in particular consid-
ering that the model employed is an effective two-bands
one, testifies that the s; symmetry is consistent with the
observed data. The parameters used in the calculation
are given in Tab. I and Fig. 5 shows the calculated tem-
perature dependence of the gaps for all doping values.
The gap values obtained by analytical continuation on
the real axis at low temperature (crosses in Fig. 5) for the
undoped case are in nice agreement with those measured



10 i ' ' ' ! undoped
1 X Ni 1.7%
8 @ Ni 3.4%
® Tunneling
6 2 undoped

A, A, (o, T) (meV)

0 5 10 15 20 25 30 35 40

FIG. 5. Temperature dependence of the first value of the
energy gaps for the investigated compounds obtained by the
solution of the imaginary-axis Eliashberg equations. Crosses
give the values obtained by analytical continuation on the real
axis with the Padé approximants. Experimental data for the
stoichiometric composition (from [1]) are shown as red circles
for comparison.

by the tunneling conductance technique in similar sam-
ples [1]. With increasing doping (and therefore decreas-
ing T.) the gaps become smaller as expected. It is worth
noticing that the shape of the small gap changes drasti-
cally between the undoped and doped samples, becoming
more BCS-like when Ni substitutes Fe. This is due to an
increase of the interband coupling (A2 in Tab. I) neces-
sary to reproduce the experimental ps;. This means that
it is the large gap that determines the overall behavior of
the system when Ni is introduced: chemical substitution
increases scattering that intermixes more the bands, an
effect that can be taken into account by either increas-
ing interband scattering or effectively by changing the
interband coupling.

TABLE I. Summary of the experimental values and of the main model parameters used to reproduce the experimental data.
T. is the experimental critical temperature, Ar(0) is the low-temperature penetration depth determined by NV magnetometry
measurement, A;; are the coupling-constants for the Eliashberg equations, A; are the low-temperature values of the gaps on

the real axis, wp is the plasma frequency.

Ni doping Tc )\L (O) A11 A22 A12 Al AQ hwp
% K nm meV meV meV
0 36.0 196.4 0.80 2.77 -0.10 -2.76 8.66 10.3
1.7 28.2 227.0 0.10 2.34 -0.30 -2.11 6.82 7.7
3.4 19.3 285.2 0.00 1.51 -0.22 -1.14 4.14 5.8
[
IV. CONCLUSIONS 196+12 nm for NV) and the Ap 4 temperature depen-

In summary, we employed a combination of three
experimental techniques (TDR, NV magnetometry and
MWR) together with theoretical modelling based on
the solution of the two-bands Eliashberg equations to
demonstrate that a complete characterization of the Lon-
don penetration depth allows to study in depth the
fundamental properties of superconducting materials.
The comparison between the techniques on undoped
CaKFe Asy shows very good agreement both regarding
the AL(0) absolute values (170420 nm for MWR and

dence. We ascribe small differences at low temperature
to the high probe frequency of the microwave resonator
technique that hinders pairbreaking scattering. Over-
all, the CaK(Fe;_,Ni,)4Asy system (with doping levels
between x=0 and x=0.034) shows properties compati-
ble with the s order parameter symmetry without line
nodes in the gaps. Upon doping the system presents a
stronger interdependence between the two bands, proba-
bly caused by scattering induced by the Fe-Ni substitu-
tion. No sign of a QCP was found in the variation of the
penetration depth low temperature value upon doping,
due to the low number of available data and possibly to



the fact that the disorder induced increase of Ar,(0) hides
the QCP peak.
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