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The temperature dependence of the in-plane magnetic penetration depth (1,;) in an extensively characterized
sample of superconducting CaKFesAs, (T, ~ 35 K) was investigated using muon-spin rotation (uSR). A
comparison of )\;bz(T) measured by «SR with the one inferred from angle-resolved photoemission spectroscopy
(ARPES) data confirms the presence of multiple gaps at the Fermi level. An agreement between 1SR and ARPES
requires the presence of additional bands, which are not resolved by ARPES experiments. These bands are
characterized by small superconducting gaps with an average zero-temperature value of Ay = 2.4(2) meV. Our

data suggest that in CaKFe, As, the s* order parameter symmetry acquires a more sophisticated form by allowing
a sign change not only between electron and hole pockets, but also within pockets of similar type.
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Since their discovery, iron-based superconductors (Fe-
SCs) have attracted much interest. This broad class of
materials exhibits unconventional superconducting prop-
erties due to the strong interplay of superconductivity
with various electronic ground states, including a nematic
phase and spin-density wave magnetism [1-5]. Recently a
new Fe-SC family was synthesized, namely, AeAFesAs4
(Ae = Ca, Sr, Eu, and A = K,Rb,Cs) with superconducting
transition temperature (7;) reaching ~36 K [6,7]. CaKFe4As,4
(CaK1144) is currently the most studied representative of the
AeAl1144 Fe-SC family with 7, ~ 35 K and an estimated
upper critical field of Hcé" ~ 92T [6,7]. High-resolution
angular-resolved photoemission (ARPES), nuclear magnetic
resonance, tunneling, penetration depth measurements [8—
12], as well as density functional theory (DFT) calculations
[8,13] support multiband superconductivity in CaKFesAsy
with Cooper pairing occurring in electron- and hole-like bands.

Despite the good agreement between results obtained by
different techniques, the gap structure as well as the gap
magnitudes are still not conclusively determined. DFT calcu-
lations suggest that ten bands cross the Fermi level (six hole-
and four electron-like bands) [8,13]. ARPES experiments,
on the other hand, reveal only the presence of four bands
(o, B, v, and 8§ bands) with nearly isotropic superconducting
energy gaps with the corresponding zero-temperature values of
AO,a = 105, Aoyﬂ = 13, Ao,g = 8, and Ao,y = 12 meV [8]
Tunneling experiments show that the superconducting gaps
are spread between 1 and 10 meV with a broad peak appearing
ataround 3 meV, whereas the superfluid density measurements
suggest nodeless two-gap superconductivity with a larger gap
of ~6-10 meV and a smaller gap of ~1-4 meV [9,10,12].
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In this Rapid Communication, we report on measurements
of the in-plane magnetic penetration depth (A,;) and the vortex
core size (&,5) in a CaKFe4As, single-crystal sample by means
of the muon-spin rotation («SR) technique. The obtained tem-
perature dependence of A,;, was compared with the calculations
based on the analysis of the electronic band structure and
the momentum-dependent superconducting gap extracted from
the ARPES data. An agreement between the results obtained
by both techniques requires the presence of additional bands
which were not resolved in ARPES experiments.

CaKFesAs,s single crystals were grown from a high-
temperature Fe-As rich melt and extensively characterized via
thermodynamic and transport measurements [7]. A fraction
of the ARPES data was previously reported in Ref. [8]. A
crystal with dimensions of ~4.0 x 4.0 x 0.1 mm?® was used
for the uSR experiments, which were carried out at the 7 M3
beam line using the GPS spectrometer (Paul Scherrer Institut,
Switzerland) [14]. Transverse-field (TF) ©SR measurements
were performed at temperatures from ~1.5 to 50 K. The
external magnetic field (H,p) ranging from 5 to 580 mT was
applied along the crystallographic c axis of the crystal. A spin
rotator was used to orient the initial spin polarization of the
muon beam at 45° with respect to the applied field. A special
sample holder designed to measure thin samples by means
of SR was used [15]. The experimental data were analyzed
using the MUSRFIT package [16].

Figure 1 shows the Fourier transform of TF-uSR time
spectra reflecting the internal field distribution P(B) in
the CaKFesAs, single-crystal sample. The results of field-
cooled measurements in a field of poH,, = 30 mT [panel
(a)] and 580 mT [panel (b)] above (T = 42.2 K) and below
(T = 1.55 K) T, =~ 35 K are presented. The asymmetric P(B)
distributions at 7 = 1.55 K possess the basic features expected
for an ordered vortex lattice, namely: The cutoff at low fields,
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FIG. 1. Fourier transform of the TF-uSR time spectra obtained
in an applied field of (a) poHy, = 30 mT and (b) poH,, = 580 mT
above (T = 42.2 K) and below (T = 1.55 K) T, ~ 35 K. The red
lines are the two- (T = 42.2 K) and three- (T = 1.55 K) component
Gaussian fits corresponding to the field distribution P(B) described
by Eq. (1). The peak at B = j1o H,, represents the background signal.

the peak shifted below H,;, and the long tail towards the high-
field direction (see, e.g., Refs. [15,17] and references therein).
The sharp peak at B = poH,, represents the residual back-
ground signal from muons missing the sample. The SR time
spectra were analyzed using a three-component Gaussian ex-
pression with the first (the temperature- and field-independent)
component corresponding to the background contribution and
another two components accounting for the asymmetric P(B)
distribution in the mixed state of the superconductor (see the
Supplemental Material [18] and Refs. [24,25] for details). The
time-domain expression is equivalent to a distribution in the
field domain,

P(B) = P(B), + P(B)s
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Indices b and s correspond to the background and
the sample contributions, respectively. A,(A;), op(0;), and
By(B;) are the asymmetry, the relaxation rate, and the
mean field of the background (ith sample) component.
Yu = 2m x 135.5342 MHz/T is the muon gyromagnetic ratio.
For T > T, the analysis of the sample contribution was
simplified to a single Gaussian line shape.

The first moment ({(B)), the second- ({AB?)), and third-
central moments ((A B3)) of P(B), were obtained analytically
(see the Supplemental Material [18]) and have the following
physical interpretations: (i) The first moment (the mean field)
is generally smaller than H,, due to the diamagnetic nature
of the superconducting state. The field shift poHap — (B)
scales with the sample magnetization [26]. (ii) The second
moment encodes the broadening of the signal and contains
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FIG. 2. (a) Field dependence of (AB?)!/? of CaKFe,As, at
T = 1.55 K. (b) Dependence of oy on Hy,. The pink and blue
solid lines in (a) and (b) are calculations obtained within the frame-
work of the London model with a Gaussian cutoff for A,, = 208,
&, = 10nm and A,, = 208, &, = 1 nm, respectively. (c) Depen-
dence of &,/ éﬁc‘; on H,,. The dashed lines correspond to (vg); /A,
values (i = «, /3_, y, 8, or € is the band index).

contributions from the vortex lattice and the nuclear dipole
field. The assumedly temperature-independent nuclear dipolar
field contribution (o,,) is determined from measurements
made above T,. The superconducting component ((AB?);) is
then obtained by subtracting o, from the measured second
moment: (AB?); = (AB?) — o2 . (AB?); is a function of the
magnetic penetration depth A and the vortex core size § ~ &y,
(&m,, 1s the coherence length as obtained from the upper critical
field). In extreme type-1I superconductors (A >> &p_,) and for
fields much smaller than the upper critical field (AB?); is
proportional to A~* [27,28]. (iii) The third moment accounts
for the asymmetric shape of P(B), which is described via the
skewness parameter o = (AB3)1/3/(AB2)}/?. In the limit of
A > & and for realistic measurement conditions o =~ 1.2 for
a well-arranged triangular vortex lattice. It is very sensitive to
structural changes in the vortex lattice which may occur as a
function of temperature and/or magnetic field [29,30].

Figures 2(a) and 2(b) show the dependence of the square
root of the second-moment (AB2>;/ % and the skewness pa-
rameter ag on Hy, at T = 1.55 K. Since in our experiments
the magnetic field was applied along the crystallographic ¢
axis, both (ABZ);/ 2 and agc are functions of the in-plane
components of the magnetic penetration depth (,;) and the
vortex core size (§,,). The experimental data were compared
with calculations performed within the framework of the
London model with a Gaussian cutoff for an ideal hexagonal
vortex lattice (see the Supplemental Material part [18] and
Refs. [27,31-33]).

The analysis reveals that both experimental (A B?) 51/ * and
agk field dependencies can be described with an essentially
field-independent A,; >~ 208 nm and &,, ranging from ~I
to 10 nm. As an example, the solid curves in Figs. 2(a)
and 2(b) correspond to the theory calculations for an ideal
vortex lattice with A,;, = 208, &,, = 10 nm (the pink curve)
and A,y = 208, £,;, = 1 nm (the blue curve). Note that due
to vortex lattice distortions, which are always present in real
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TABLE I. Parameters extracted and calculated from ARPES and
1SR data. Ay ; is the zero-temperature value of the superconducting
gap, (vr); is the mean value of the Fermi velocity, (d); is the average
diameter of the Fermi-surface sheet, and A;Z :(0)/A,2(0) s the relative
contribution of the ith band to 1_2(0).

-2

Ag,i (vg)i (dp);i i“f’zi ((00)) Technique

ab
(meV)  (eV nm) (nm~1)
aband 10.5(0.8) 0.036(1) 1.60(25) 0.073(11)
B band 13.0(0.8) 0.050(2) 3.23(25) 0.202(15)
ARPES

y band 8.0(0.6) 0.040(1)* 6.53(25) 0.323(12)
dband 12.0(1.3) ~0.008 3.30(25) 0.032(3)
ebands 24(2) ~0025  ~100°  0370(40) uSR

?Averaged over hv = 6.7- and 21.2-eV photon energies, Fig. 3.
>The sum of diameters.

superconducting samples, the experimentally observed oy is
slightly smaller than the ideal value of o jq obtained after
calculations [17]. The independence of A on the magnetic field
is a characteristic feature of fully gapped superconductors. As
shown by Kadono [34], X increases with an increasing field if
the superconducting gap contains nodes and is field indepen-
dent if the gap is isotropic. Our results suggest, therefore, that
CaKFe4As, is a nodeless superconductor in good agreement
with the previously reported data [§-10,12].

According to Fente er al. [10], the vortex core size in
CaKFe4Asy decreases with an increasing field. Our exper-
imental data are consistent with this finding. Figures 2(a)
and 2(b) imply that the low-field (B2)Y? and ay points
stay closer to the &,, = 10 nm theory curves, whereas the
high-field values are closer to &, = 1 nm curves. The field-
induced decrease in &, also accounts for the local minimum
on ow(Hyp) at puoHyp >~ 150 mT [see Fig. 2(b)]. Un-
der the assumption of field-independent A,;, = 208(4) and
E»(0.58 T) = S}ﬁ (élﬁ = 1.43 nm is the coherence length
as obtained from the upper critical field, Ref. [7]) the field
dependence of &,,(Hyp)/ Sﬁz was reconstructed {see Fig. 2(c)
and the Supplemental Material for details [18]}.

The decrease in the vortex core size with an increasing
field was observed in various conventional and unconven-
tional superconductors in tunneling, magnetization and uSR
experiments (see, e.g., Refs. [35-38]) as well as reported
for CaKFe4As, in tunneling experiments for fields exceeding
0.5 T [10]. The strongest effect was observed in multigap
superconductors, such as MgB,, NbSe, [36,39], and it was
explained by the gap and Fermi-velocity-dependent length
scales & o< (vr)i/Ao,; (i is the band index, and (vg) is the
mean value of the Fermi velocity). At low and high magnetic
fields the vortex core size is governed by the high and low
(vr)i /Ao, ratios, respectively. Previous ARPES experiments
on CaKFesAs, reveal the presence of at least four bands
crossing the Fermi level with the corresponding A values sum-
marized in Table I [8]. Fermi velocities were further obtained in
this Rapid Communication by performing linear fits of the band
dispersion curves near the Fermi energy (see Fig. 3 and Table I).
Obviously, the four bands reported in ARPES experiments do
not explain the &, /Eﬁ; vs H,, behavior shown in Fig. 2(c).

(b)
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FIG. 3. Band dispersions of CaKFe,As, at T = 40 K obtained
in ARPES experiments: (a) by using the laser light source at the
photon energy hv = 6.7 eV; (b) by using a plasma helium lamp with
hv = 21.2 eV. The red lines are fits of the band dispersion curves
near zero energy allowing to obtain the Fermi velocities. The units of

L el . .
momentum are kept in A~ for consistency with ARPES works.

One needs to assume the presence of an additional band or
series of bands (e bands) with (vg)c/Ap =~ 10 nm. Bearing
in mind that a small gap of Ay >~ 2.4 meV was obtained in
our k;f(T) studies (see the following discussion) as well as
reported in tunneling and superfluid density experiments by
other groups [9,10,12], the average Fermi velocity within the
€ bands is (vg) >~ 0.025 eV nm. This value is well within the
range for (vp)’s obtained by ARPES (see Table I).

Figure 4(a) compares the )L;,)Z(T) dependence obtained in
the uSR experiment from the measured (B?)'/? at puoH =
11 mT (the red open circles) with the one calculated from the
electronic band dispersion and the momentum-resolved super-
conducting gap measured by ARPES. Following Refs. [25,40—
42], Aa_bz(T) is determined as

EdE

2y =S 1 ¥ (¥ \_EdE
Aab(T)—Zi:l,[l +2/Am<aE> E2_Ai(T)2]. 2)

Here f =11 —i—exp(E/kBT)]‘1 is the Fermi function,
Ai(T) = Ao, tanh{1.82[1.018(T./ T — 1)]°3'} [43], and I; is
the contribution of the ith gap to A_2(T = 0), which is
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FIG. 4. (a) A,7(T) obtained from the measured (B2)"/? at
woH =11 mT (A;; usr) and inferred from ARPES data (A ArPES)-
The colored stripes are contributions of various Fermi surfaces to
A;,,Z(T). (b) Gaps as a function of momentum distance from I in hole
(h) and electron (e) pockets as obtained from DFT calculations within
the framework of the s* model [13]. (c) The same as in (b) but for a
modified s* model. The red line is Ay = 2.4 meV. The blue points
refer to the ARPES values [8].
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obtained as [40]

&2

= ——— (K)dk. 3
2meoc?h L, féthband e () ©)

Here e is the elementary charge, ¢ is the electric constant,
h is the Planck constant, ¢ is the speed of light, L. is the
c-axis lattice parameter, and k is a momentum vector within
the reciprocal space. Integrations are performed over the
corresponding Fermi-surface contours.

The analysis reveals that the four bands observed in the
ARPES experiment alone do not describe the experimen-
tally measured k;f(T). In analogy with the above-discussed
&.p(Hyp) tesults [see Fig. 2(c)] the presence of additional
bands with smaller superconducting energy gaps are needed.
The difference between the calculated and the measured
A 2’s allows access to the zero-temperature value of the
superconducting gap of the ¢ bands. A reasonably good
agreement is achieved for Ay . =~ 2.4(2) meV, A4p arpes(0) =~
187(11) nm, and a contribution to the zero-temperature su-
perfluid density [A_; (0)/,;(0)] of ~37(4)% {see Fig. 4(a),
Table I, and the Supplemental Material for details [18]}. With
the known value of the Fermi velocity (vg). >~ 0.025 eV nm
(see Table I), a sum of the diameters of additional bands
(dp)e ~ 10.0 nm~! was found. Two important points need
to be mentioned. (i) The data in Fig. 4(a) were analyzed
using only three independent parameters [Ag., (dr)e, and
n = Aap, ARPES(0)/Aap, usr (0)]. The rest of the parameters were
fixed to the values obtained in ARPES, magnetization, and
&.p(H,p) measurements [see Fig. 2(c), Ref. [7], and Table I]. (ii)
The zero-temperature value of the in-plane penetration depth
calculated from the ARPES data (including the contribution
of the € bands) results in A5 aArpes(0) >~ 187(11) nm, which is
approximately 10% lower than 208(4) nm as determined by the
1SR experiment. Note that a similar difference was reported
for Ba;_, K Fe;As, in Refs. [40,42].

Temperature dependencies of the superfluid density com-
ponents of the «, f, y, and § bands follow the BCS type
of mean-field behavior, whereas the response of € bands is
markedly different (see Fig. 3 in the Supplemental Material
[18]). This may suggest that € bands are only weakly involved
in superconductivity and alone would have T, on the order of
15 K only. Above 15 K the superconductivity in the € bands
remains due to the effects of interband coupling [44,45].

The s*-gap symmetry with a sign change between hole and
electron pockets in CaKFe4As, was supported by the observa-
tion of the neutron-spin resonance peak with a characteristic
energy of ~12.5 meV at the antiferromagnetic wave-vector
Qar = (r,m) [46,47]. We should emphasize, however, that
the recent DFT calculations obtain two stable solutions for
possible gap functions in CaKFesAs4. The first corresponds
to the conventional s* state, whereas the second (modified s*
state) allows an additional sign change within the hole and
electron pockets with some gaps being small in magnitude
[13]. The modified s* state enhances the spin response at the
antiferromagnetic wave-vector (,7) and, therefore, becomes
consistent with the results of Iida ez al. [46]. This enhancement,
however, cannot be regarded as a pure spin resonance due to
relatively small gap sizes on some electron and hole pocket

bands. As a consequence, the resonance in CaKFe4As, cannot
be treated as a true spin excitation since its position is not below
but inside the particle-hole continuum (see the Supplemental
Material for details [18]).

Figures 4(b) and 4(c) show the superconducting gaps in
hole () and electron (e) pockets as a function of momentum
distance from the I' point (the center of the Brillouin zone)
as obtained from DFT calculations within the framework of
the s* and modified s* models, respectively [13]. Within
the s* approach only one out of ten bands has a gap value
smaller than 5 meV [Fig. 4(b)]. Note that, due to the so-
called red/blue shift reported by the authors of Ref. [13],
one cannot rely on the band diameters obtained from the
DFT calculations so the analysis similar to the one made
above for obtaining k;bz arpes(T) cannot be performed. One
would expect, however, that the contribution of nine bands to
A;bz(T) should be at least twice as high as for the four bands
obtained in the ARPES experiments [see Fig. 4(a)]. This would
lead to complete disagreement between the calculated and the
experimentally measured A;bz(T) dependencies. In contrast,
within the modified s* model 5 (two holes and three electron)
bands have gap values close to Ay = 2.4 meV [Fig. 4(c)]. They
may account, therefore, for a 37% contribution to 1,2(0) (see
Table I). The other five bands left (four hole and one electron
band) result in gap values comparable with that obtained in the
ARPES experiments. This implies that the modified s* model
agrees better with our experimental findings.

To conclude, the temperature and the magnetic-field depen-
dencies of the in-plane magnetic penetration depth A,j, and the
field dependence of the vortex core size &, in the CaKFe Asy
single crystal were studied by means of muon-spin rotation. A
comparison of the temperature dependence of A;f measured
by 1SR to the one determined from the ARPES experiments
confirms the presence of multiple gaps at the Fermi level. An
agreement between the uSR and the ARPES data requires
the presence of additional bands which are characterized by
small superconducting gaps with an averaged zero-temperature
value of Ay = 2.4(2) meV. Our data suggest that the order
parameter in CaKFesAss may acquire a more complex form
than the simple s* symmetry. The gap sign change occurs not
just between the electron and hole pockets, but also within
pockets of similar types. Such a gap state is favored by
weakened interband repulsion and yields further interesting
consequences for the spin resonance.
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