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We report °As nuclear magnetic resonance (NMR) studies on a new iron-based superconductor
CaKFesAss with T, = 35 K. As NMR spectra show two distinct lines corresponding to the As(1)
and As(2) sites close to the K and Ca layers, respectively, revealing that K and Ca layers are well
ordered without site inversions. We found that nuclear quadrupole frequencies vq of the As(1) and
As(2) sites show an opposite temperature (T) dependence. Nearly T' independent behavior of the
Knight shifts K are observed in the normal state, and a sudden decrease in K in the superconducting
(SC) state suggests spin-singlet Cooper pairs. 5 As spin-lattice relaxation rates 1 /T1 show a power
law T dependence with different exponents for the two As sites. The isotropic antiferromagnetic spin
fluctuations characterized by the wavevector q = (m, 0) or (0, ) in the single-iron Brillouin zone
notation are revealed by 1/717T and K measurements. Such magnetic fluctuations are necessary to
explain the observed temperature dependence of the “®As quadrupole frequencies, as evidenced by
our first-principles calculations. In the SC state, 1/71 shows a rapid decrease below T, without a
Hebel-Slichter peak and decreases exponentially at low T', consistent with an s nodeless two-gap

superconductor.

PACS numbers:
I. I. INTRODUCTION

Following the discovery of unconventional supercon-
ductivity (SC) in the so-called 1111 and 122 systems
exemplified by LaFeAsO! and BaFe;Asy?, respectively,
many pnictides have been investigated in the search
for unconventional superconductivity and other novel
properties®> 7. Quite recently, a new Fe-based SC
CaKFesAsy (in short, CaK1144) with a transition tem-
perature of T, ~ 33.1 K has been discovered®. In
CaK1144, Ca?*T and K't occupy different atomic posi-
tions in its crystal structure due to the different ionic
radii, forming alternating Ca and K planes along the crys-
tallographic c axis separated by FeAs layers®. This is con-
trary to the doped 122 system such as Baj_ K, FesAss
where alkaline-earth metal and alkaline ions occupy ran-
domly the same atomic position. The ordering of the K
and Ca ions changes the space group from I4/mmm sys-
tem to P4/mmm. Consequently, as shown in the inset
of Fig. 1(a), there are two different As sites: As(1) and
As(2) sites close to the K and Ca layers, respectively.

Soon after the discovery of CaK1144, thermodynamic
and transport measurements on single crystals revealed
that CaK1144 is an ordered stoichiometric superconduc-
tor with 7. ~ 35 K and a very high upper critical field of
92 T? with no other phase transition from 1.8 K to room
temperature, and shows similar physical properties to the
optimally doped (Baj_,K,)FeaAss. Muon spin rotation
and relaxation (uSR) measurements show two nodeless
gaps in CaK1144 with gap sizes of 2.5 and 8.6 meV'?,
consistent with tunnel-diode resonator (TDR) and scan-
ning tunneling microscope (STM) measurements'!. The

multiple superconducting gaps in CaK1144 are also re-
vealed by high resolution angle resolved photoemission
spectroscopy (ARPES) measurements and density func-
tional theory (DFT) calculations?. However, studies of
magnetic fluctuations in CaK1144 have not been car-
ried out yet. Since the magnetic fluctuations are con-
sidered to be one of the keys in driving SC in iron pnic-
tide superconductors®!3 16 it is important to character-
ize the dynamical properties of the Fe moments.

Nuclear magnetic resonance (NMR) is a microscopic
probe suitable for investigating static spin suscep-
tibility and low-energy spin excitations for pnictide
superconductors®'3. The temperature T dependence of
the nuclear spin-lattice relaxation rate (1/7%) is known to
reflect the wave vector g-summed dynamical susceptibil-
ity. On the other hand, NMR spectrum measurements,
in particular the Knight shift K, give us information on
static magnetic susceptibility x. Thus from the 7" depen-
dence of 1/T1T and K, one can obtain valuable insights
about magnetic fluctuations in materials. Furthermore,
1/T; measurements in the SC state provide important
information in understanding the gap structure in SCs.

In this paper, we carried out ">As NMR measurements
to investigate the electronic and magnetic properties of
single crystalline CaKFesAs,; with T, = 35 K. We ob-
served two ”As NMR signals corresponding to the two
different As sites in the crystal structure, showing the
ordering of Ca and K ions on each layer. The antiferro-
magnetic (AFM) spin fluctuations are clearly evidenced
by 7® As spin-lattice relaxation rate 1/7; and Knight shift
K measurements. Ab initio density functional theory cal-
culations of the 7> As nuclear quadrupole frequency (vq)



confirm the importance of such fluctuations for the de-
scription of the observed temperature evolution of vg.
In the superconducting state, 1/77 shows a rapid de-
crease below T, without showing a Hebel-Slichter coher-
ence peak and decreases exponentially at low tempera-
tures, which is explained by a two-nodeless-gap model,
consistent with previous reports.

II. II. EXPERIMENTAL METHODS

The single crystals of CaKFeyAsy for NMR measure-
ments were grown by high temperature solution growth
out of FeAs flux® and were extensively characterized by
thermodynamic and transport measurements’. NMR
measurements were carried out on PAs (I = 3/2, v/27
= 7.2919 MHz/T, @Q = 0.29 Barns) by using a lab-
built, phase-coherent, spin-echo pulse spectrometer. The
7 As-NMR spectra were obtained by sweeping the mag-
netic field at a fixed frequency f = 53 MHz. The
magnetic field was applied parallel to either the crys-
talline ¢ axis or the ab plane. The As 1/} was mea-
sured with a recovery method using a single 7/2 satu-
ration pulse. In the normal state above T¢, the 1/T} at
each T was determined by fitting the nuclear magneti-
zation M versus time ¢ using the exponential function
1—M(t)/M(c0) = 0.1e 4Tt 40.9¢=64/T1 for ™ As NMR,
where M (t) and M (oo) are the nuclear magnetization at
time ¢ after the saturation and the equilibrium nuclear
magnetization at ¢ — oo, respectively. In the SC state,
the function could not reproduce the M versus ¢ data.
Then we fitted the data with the two 77 component func-
tion 1 — M(t)/M(o0) = Mg[0.1e~4/Tis 4 0.9e=6t/T1s] 4
My, [0.1e7 /71 4 0.9e= /7] where Mg + My, = 1. The
Mg and My, correspond to the fraction for the short re-
laxation time Tis and the long relaxation time Tir,, re-
spectively. The My, was estimated to be ~ 0.5 in a tem-
perature range of 4.3 - 25 K and then starts to increase
slowly up to 1 at T.. The Tys and Ty, could be attributed
to Ty for the As(2) and As(1) sites, respectively, in the
SC state.

III. TIII. RESULTS AND DISCUSSION
A. A.™As NMR spectrum

Figure 1(a) shows typical field-swept 7> As-NMR spec-
tra of the CaKFesAs, single crystal at T = 36 K for
the two magnetic field directions: H | ¢ axis and H
|| ab plane. The typical spectrum for a nucleus with
spin I = 3/2 with Zeeman and quadrupolar interac-
tions can be described by a nuclear spin Hamiltonian
H=—yh(1+K)HIL+ 22312~ [(I+1)+in(12 +12)),
where K is the Knight shift, h is Planck’s constant,
and h = h/2m. The nuclear quadrupole frequency for
I = 3/2 nuclei is given by vq = eQVzz/2h\/1+ 1?/3,
where @ is the nuclear quadrupole moment, V7 is the
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FIG. 1: (a) Field-swept ">As-NMR, spectra at f = 53 MHz
for magnetic fields H || ab plane and H | c axis at T =
36 K. The red and blue lines are simulated spectra for the
As(1) and As(2) sites, respectively. Inset shows the crystal
structure of CaKFesAsy. (b) Temperature dependence of the
central transition lines of "> As-NMR. spectra for the As(1)
and As(2) sites for H || ¢ axis.

electric field gradient (EFG) along z at the As site and
n = (Vwy — Vxx)/Vzz is the in-plane asymmetry of the
EFG tensor. For I = 3/2 nuclei, when the Zeeman in-
teraction is much greater than the quadruple interaction,
this Hamiltonian produces a spectrum with a sharp cen-
tral transition line flanked by single satellite peak on each
side for each equivalent As site. As shown in the crys-
tal structure [inset of Fig. 1(a)], CaKFesAsy has two in-
equivalent As sites: As(1) and As(2) close to the K and
Ca layers, respectively. As seen in Fig. 1(a), we indeed
observed two sets of I =3/2 quadrupole split lines corre-
sponding to the two As sites for each H direction. The
observed ™ As NMR spectra are well reproduced by simu-
lated spectra [the red and blue lines in Fig. 1(a)] from the
above simple Hamiltonian where the Zeeman interaction
is greater than the quadrupole interaction. Since the dis-
tance between the As(1) and Fe ions is 2.395(2) A which
is slightly greater than 2.387(2) A for the As(2) sites at
300 K2, the As(1) site is expected to be less strongly cou-
pled to the Fe ions than the As(2) sites. Thus we assign
the lower field central peak with a greater Knight shift
K to the As(2) site and higher field central peak with a
smaller K to the As(1) sites, respectively [see, Fig. 1(b)].
The well separated As(1) and As(2) lines indicate that
K and Ca ions are not randomly distributed but are well
ordered making the Ca and K layers without a significant
site inversion. The full-width at half-maximum (FWHM)
of each satellite line is estimated to be 1.35 kOe and 1.40
kOe for the As(1) and As(2) sites at 36 K and H || ab
plane, respectively. Since the FWHM of the satellite line
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FIG. 2: (a) Temperature dependences of the "> As-NMR shifts
K. and Kgp for the As(1) and As(2) sites. (b) Temperature
dependences of quadrupole frequency vq for the As(1) and the
As(2) sites, estimated from NMR and NQR spectra measure-
ments. The vqs above 205 K were not determined due to poor
signal intensity. 75As—1/Q data for KFesAsy'® and CaFesAsy?°
are also plotted for comparison.

is proportional to the distribution of vq and thus Vzz,
the results indicate no large difference in inhomogeneity
for the local As environments, again consistent with the
ordering of the Ca and K ions for each plane. It is noted
that these values are greater than ~ 0.75 kOe for the
satellite line of ®As NMR at 200 K and H || ab plane in
CaFezAss which exhibits a stripe-type antiferromagnetic
order below Tx ~ 170 K'7 and are also greater than ~
0.4 kOe at 10 K in the superconductor KFesAss with Tt
= 3.5 K. On the other hand, these values are smaller
than the K-doped BaFesAs, case, for example, ~ 2.5 kOe
at 50 K in Ba0_42K0_58F62A8219.

The T dependence of the central transition lines of the
As(1) and As(2) sites under H parallel to the ¢ axis is
shown in Fig. 1(b) where no obvious change in the spec-
tra has been observed down to T, = 33 K which is slightly
reduced from the zero-field transition temperature due to
the application of H ~ 7.23 T. The FWHM of the cen-
tral line is nearly independent of T' with ~46 and ~85
Oe for the As(1) and As(2) sites, respectively, in the nor-
mal state, indicating no magnetic and structural phase

transitions above T,. The difference in FWHM originates
from the distribution of the hyperfine field at the As sites.
The small hump between the As(1) and As(2) lines is not
intrinsic, probably due to unknown impurity, since no
angle and temperature dependences are observed. Below
T, the intrinsic two peaks shift to higher magnetic field
and, at the same time, the lines became broad due to the
SC transition. Even at 30 K, just 3 K below T, the two
lines were smeared out and no clear separation of the two
lines is observed as seen in Fig. 1(b). Despite a very low
signal intensity, we were able to measure the spectrum at
4.2 K which is very broad but still allows to determine
the peak position.

Figure 2(a) shows the T dependence of NMR shifts
Ka, (H || ab plane) and K. (H || ¢ axis) for the two
As sites. For both As sites, K’s are nearly independent
of T above ~130 K and decrease very slightly down to
T. upon cooling. Similar weak T dependence of K is
observed in (Ba;_,K,)FesAsy'?. Below T¢., K, for both
the As sites show a sudden drop, indicating spin-singlet
Cooper pairing.

B. B. "As quadrupole frequency

Figure 2(b) shows the T dependence of vq for the two
As sites estimated from the fit of the NMR spectra, to-
gether with the 75AS—VQ data in KFeyAsy and CaFegAss.
The vgs for the As(1) and the As(2) sites are also ob-
tained by nuclear quadrupole resonance (NQR) measure-
ments under zero magnetic field. For the As(2) site, with
decreasing 7', vq increases from 13.8 MHz at 205 K to
14.8 MHz at 36 K, while for the As(1) site an oppo-
site trend is observed and vq decreases from 13.2 MHz
at 205 K to 12.2 MHz at 36 K with decreasing 7. It
is interesting to note that the T dependences of vq of
As(1) and As(2) are similar to those of vq of the As site
in KFeyAsy'® and CaFeyAsy??, respectively, as shown in
the figure. These results are also consistent with our site
assignment.

In order to understand the peculiar temperature de-
pendence of vq for As(1) and As(2), we have performed
a density functional study of the electric-field gradients in
CaKFesAsy under different assumptions concerning the
structural and spin degrees of freedom.

By making use of the experimental lattice parame-
ters measured between 6 K and 300 K°, two types of
structures were created due to the present lack of knowl-
edge of the internal positions of As and Fe; one type
was obtained by fixing the zp. and zas to their val-
ues known for the 300 K structure (zpe = 0.2319; As:
zca = 0.1235 and zx = 0.3415) and the volume adapted
to the experimental data at each temperature. This
procedure is equivalent to a uniform stretching of the
crystal when going to higher temperatures. The second
type of crystal structures was obtained by fixing the vol-
ume given at each temperature and relaxing the inter-
nal atomic positions. Magnetic fluctuations are taken
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FIG. 3: (a) Sketch of (i) the spin-vortex hedgehog and (ii) the
stripe spin structure of CaKFesAsy. Theoretical estimates of
the As quadrupole frequencies vg vs temperature (b) assum-
ing an underlying spin-vortex hedgehog magnetic configura-
tion (Fe spins in one of the FeAs layers are shown in the
inset) compared to (c) the non-magnetic phase. As(1) and
As(2) stand for As sites near the K and Ca layers. Solid lines
in (b) and (c) represent simulations with structures where the
two As positions zas are fixed at the experimental values at
room temperature, while the dashed lines correspond to the
zAs optimized in each case [with magnetism in (b) and with-
out it in (¢)]. (d) Calculated vq for the stripe order with fixed
and optimized As positions.

into account -in a first approximation- by imposing dif-
ferent types of frozen magnetic order. This approach
has been successfully applied to the recently discovered
half-collapse transition in CaKFeyAs,; where a specific
type of spin configuration reproduces the structural be-
havior under external pressure?!. In the present study,
we analyze the effect of such (fluctuating) spin config-
urations on the electric field gradients (EFG) Vzz on
As sites. The latter were calculated fully relativistically
in the generalized-gradient approximation (GGA) using
the projector-augmented wave pseudopotential method
of the Vienna Ab initio Simulation Package (VASP) 2226,
The integration over the irreducible Brillouin zone was
realized on the I'-centered (10 x 10 x 10) k-mesh. The
Vzz values are converted to the quadrupole frequencies
using the relation vq = eQVzz/2h+/1 + n?/3, discussed
already in Sec. IIT A. For clarity, we first consider here in
detail the spin-vortex hedgehog phase?” and compare its
behavior to the purely non-magnetic case. This type of
order has one of the lowest energies among the configu-
rations preserving the Cy symmetry and has been deter-
mined already to play a role for pressure-induced struc-
tural collapse transitions in CaKFesAs,?!, as well as in
Co and Ni-doped CaK1144 where a hedgehog long range
order has been identified?”.

Calculations of vq in the hedgehog phase for both
sets of structures show the same temperature trend as
observed in our measurements [compare Fig. 3(b) with
Fig. 2(b)]. The first set of structures [z45 fixed struc-
tures, solid lines in Fig. 3(b)] indicate a significantly non-
zero splitting between the two As frequencies at low tem-
perature [Avg = 2.5 MHz at 6 K and vq(Ca) > vq(K)],
while the splitting is almost zero in the room-temperature
structure [vq(Ca) = vq(K)]. Our low-temperature esti-
mate of Avg is in a good agreement with the experi-
mental result Avg = 2.5 MHz, although both calculated
frequencies are ~2.5 MHz lower than in experiment. The
second set of structures (z45 relaxed structures, see Ta-
ble I) show that relaxation of the internal positions in-
duces slight changes of the zas for As(1) and As(2) which
translates into a shortening of the As-As bonds across the
Ca layer and their stretching across the K layer. Accord-
ingly, in the optimized structures, the Fe magnetic mo-
ment is slightly diminished compared to the non-relaxed
structures which is correlated with the overall smaller
Fe-As distances (Table I). As a function of temperature,
the relaxed Fe-As distances barely change, which is in
contrast to the case of fixed zas where these distances
decrease upon cooling. Upon structure optimization, vq
for the Ca layer is almost uniformly increased by ~1.4 —
1.8 MHz at all temperatures [compare dashed and solid
lines for As(2) in Fig. 3(b)], while vq for the K layer
[As(1)] is much less affected. The effect of zo5 optimiza-
tion on the NQR properties can be interpreted in terms
of the Fe moments which change by only 0.04 up with
temperature, while they increase by 0.11 ugp and have,
in general, a larger magnitude when the zaq is fixed at
all temperatures, as highlighted in Table I. Furthermore,
the Fe-As and As-As bonding certainly affects the size
and ordering of vqs, but it is not the only determining
factor.

Ilustrative of the role of magnetic degrees of freedom is
a comparison with the results for the truly non-magnetic
state with zero Fe local moments [Fig. 3(c)]. The or-
der of the quadrupole frequencies is reversed leading to
vq(Ca) < vq(K) and no crossing is observed at higher
temperatures, which contradicts the experimental obser-
vations. Optimizing za, for this non-magnetic state re-
stores the correct order vg(Ca) > vq(K) but the split-
ting Avg is severely overestimated compared to the spin-
polarized calculations and experiment. In addition, one
of the quadrupole frequencies is significantly underesti-
mated by a factor of two compared to the measured val-
ues of vq. Finally, from plot (d) in Fig. 3, we see that
the stripe configuration provides similar values of the
quadrupole frequencies as the hedgehog order. The stripe
order is close in energy to the hedgehog order, which is
discussed in detail in Ref. 27. The quadrupole frequen-
cies resulting from the magnetic fluctuations may be ap-
proximated by an average of the data shown in Figs. 3
(b) and (d). Such average would stay in good agreement
with the measured vq.

These results show that both temperature-dependent



TABLE I: Temperature dependence of Fe magnetic moments for the CaKFe4 Ass hedgehog structures depicted in Fig. 3(a,i)
with optimized Fe and As positions is shown in comparison with the Fe moments for the case when the internal positions are
fixed at their room-temperature values (zre = 0.2319; As: zca = 0.1235 and zx = 0.3415). The measured lattice parameters a

and ¢ from Ref. [9] are given at each temperature.

fixed zas optimized zas a (A) . (A)
T (K) mre (1B) mre (1B) ZCa 2K

6 1.51 1.32 0.12318 0.33286 3.861 12.675
50 1.51 1.32 0.12319 0.33276 3.862 12.682
100 1.52 1.33 0.12320 0.33251 3.862 12.705
150 1.55 1.33 0.12323 0.33213 3.864 12.737
200 1.57 1.34 0.12325 0.33169 3.866 12.773
250 1.58 1.36 0.12325 0.33130 3.867 12.802
300 1.62 1.36 0.12325 0.33081 3.870 12.838

structural features, non-zero Fe moment and the type of
magnetic fluctuations shape the temperature evolution
of NQR in CaKFeyAsy. In this respect, different tem-
perature behavior of the quadrupole frequencies for the
two crystallographically inequivalent As sites might indi-
cate the presence of Cy-type magnetic fluctuations com-
peting with the usual stripe fluctuations, as suggested
by the first-principles analysis. Additional calculations
(not shown here) suggest that the splitting between the
quadrupole frequencies of As(1) and As(2) is sensitive
to pressure, especially near the half-collapse transition
around 4 GPa?!'. Finally it is noted that the origin of the
opposite 1" dependence of vq in CaFeyAsy and KFepAso
is still an open question. It is interesting to see that
our approach based on the first-principles calculation ex-
plains this behavior, however disentangling the details of
the various trends requires further investigations that are
beyond the scope of the present study.

C. C.As spin-lattice relaxation rate 1/7}

In order to investigate magnetic fluctuations in
CaK1144, we measured 1/T at various temperatures.
Figure 4 shows the T dependences of 1/T} of both As
sites for magnetic field directions, H || ¢ axis and H || ab
plane. 1/T} of the As(2) sites is nearly T independent
above T™ ~ 130 K for both H directions. Below 7%, 1/T}
decreases with a power law T dependence of 1/T7 o T°6
as shown by the black line in Fig. 4. Similar 7" depen-
dence of "As 1/T; has been reported in AFepAsy (A =
K, Rb, Cs) where 1/T; increases with a power law 1/T}
o T975 and levels off above T* ~ 165 K, 125 K, and 85 K
for A = K, Rb, and Cs, respectively?®. Such a charac-
teristic T' dependence of 1/T; is often observed in heavy
fermion systems where the exponent strongly depends
on the type of quantum criticality nearby, such as 1 for
URUQSiQQQ, 0.25 for CGCOIH530 and 0 for YthQSngl.
As for the As(1) sites, a similar 7' dependence is also
observed, but the exponent is found to be ~ 0.2 which

is smaller than 0.6 for the As(2) sites. Since the As(1)
and As(2) are expected to probe the same spin dynam-
ics from the Fe layers, one naively expects a similar T
dependence of 1/T} for both sites, although the magni-
tude can be different due to different hyperfine coupling
constants. The results suggest that the Fe spins produce
different magnetic fluctuations at the As(1) and As(2)
sites in CaK1144 and a possible origin of the different 7'
dependence of 1/T7 is discussed later.

In the SC state below T, ~ 33 K, we attempted to
measure 1/7; at the As(1) site for H || ¢ axis. As de-
scribed above, however, we could not distinguish the two
As sites due to the broadening of the spectra. There-
fore, 1/T} is measured at the peak position of the spec-
trum at low 7. Because of the overlap of the spectra,
we found two Ty components: short (T1s) and long (T41,)
relaxation times, which could be attributed to T} for the
As(2) and As(1) sites, respectively. Just below T, both
1/Ty1, and 1/T3g decrease rapidly without any coherence
peak, consistent with an s* model. With further de-
crease of T, both 1/Ty1, and 1/Ts show broad humps
around ~ 15 K and exponential decreases at lower T,
which can be clearly seen in the semi-log plot of 1/77 vs.
1/T shown in the inset of Fig. 4. Similar behavior of 1/T}
in SC state has been observed in LaFeAsO;_,F,%? and
K-doped BaFe;As, superconductors®®34. These results
suggest a multiple fully-gapped SC state, consistent with
previous measurements. In fact, the 7" dependence of
1/T} is roughly reproduced by a two full gap model with
superconducting gap parameters A = 2.0 + 0.4 meV and
20 + 9 meV for 1/T3;, and A = 1.9 + 0.4 meV and 16 +
8 meV for 1/T}s as shown by the solid lines. The smaller
gap ~ 2.0 meV is not far from 2.5 meV obtained from
the SR measurements!? and in good agreement with 1-
4 meV from the TDR and STM measurements'!. On
the other hand, the larger gaps of 20 + 9 and 16 + 8
meV seem to be greater than 6-9 meV from the other
measurements'!. However, it should be noted that our
estimates of the larger gap have a large uncertainty due
to the poor statistics accuracy and relatively narrow T'
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FIG. 4: Temperature dependences of 1/T3 of both As sites for
H || ¢ axis and H || ab plane. The black and red lines show
the power law temperature dependence with an exponent of
0.6 and 0.2 for the As(2) and As(1) sites, respectively. The
blue lines are calculated 1/77 with a two full gapped s model
using the SC gap parameters of A = 2.0 £ 0.4 meV and 20
+ 9 meV for 1/Th, and A = 1.9 + 0.4 meV and 16 + 8 meV
for 1/T1s. The inset shows the semi-log plots of 1/71s and
1/Ti1 vs. 1/T in the SC state.

range for the fit, therefore it should be regarded as ten-
tative estimate.

Now we discuss magnetic fluctuations in the nor-
mal state. Figures 5 (a) and (b) show the T depen-
dences of 1/T\T for H || ¢ and H | ab in CaK1144.
For comparison, we also plot the T; data of KFesAs,y
(TC = 3.5 K)lg, Ba0_45K0_55F62ASQ (TC =34 K)lg and
Ba0,68K0,32Fe2A52 (TC = 38.5 K)33. 1/T1T at the AS(l)
site is comparable to those of Bag45Kg55FeaAss and
Bag.6sKo.32FeaAsy, while for the As(2) sites 1/T17T is
enhanced larger than the KFesAsy case. All 1/T4T
show a monotonic increase down to T, with decreasing
T except for Bag 45K 55FeaAse where 1/T7 decreases at
low T showing gap-like behavior!®. In general, 1/T3T
is related to the dynamical magnetic susceptibility as

TllT = Q'YNkB Yog AP X (q “0) where A() is the wave-

vector ¢ dependent form factor and x”(q,wp) is the imag-
inary part of the dynamic susceptibility at the Larmor
frequency wp. Although the exponents of the power-law
behavior of 1/T} for As(1) and As(2) are different, we can
attribute the increase of 1/77T to the growth of AFM
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FIG. 5: (Color online) Temperature dependence of 1/717 in
CaKFesAsq, together with those in Baj—,KyFeaAss (2=0.32,
0.55, and 1). (a) H || c axis. (b) H || ab plane.

spin fluctuations at ¢ # 0 since both K. and Ky, reflect-
ing x'(¢ = 0,wp = 0), are nearly independent of T

In order to see the nature of spin correlations, we
plotted the ratio of 1/7; for the two field directions, r
= Ti.¢/T1 qp. According to previous NMR studies per-
formed on Fe pnictides and related materials!?3% 37 the
ratio r depends on AFM spin correlation modes as

5 \2
0.5+ ( S“Cb) for g = (m,0) or (0,7) (1)
0.5 for q= (w,m)

where S, is the amplitude of the spin fluctuation spectral
density at the NMR frequency along the « direction. The
wavevectors are given in the single-iron Brillouin zone
notation.

As plotted in Fig. 6(a), the ratios for both the As(1)
and As(2) sites are close to r ~ 1.5. This indicates that
the spin fluctuations in CaKFeyAsy are characterized by
the AFM spin fluctuations with ¢ = (mw, 0) or (0, )
and S, ~ Syp indicating the isotropic spin fluctuations.
In order to confirm the AFM spin correlations, we have
calculated x(q)® using the full-potential linearized aug-
mented plane wave method3? with a generalized gradient
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FIG. 6: (Color online) (a) Temperature dependence of r

= Ti,c/T1,ap for the As(1) and As(2) sites. The horizontal
dashed lines at » = 1.5 and 0.5 correspond to the ratios for
the AFM spin fluctuations with ¢ = (7, 0) [or (0, 7)] and (m,
m), respectively. The inset shows the calculated x(gq) vs. q.
(b) Temperature dependences of T1[As(2)]/T1[As(1)] forH ||
cand H || ab.

approximation??. The calculated x(q) is shown in the in-
set of Fig. 6(a), which actually exhibits the AFM spin
correlations where a peak around the wavevector q = (,
0) or (0, 7) is observed with a small structure. A similar
structure in x(q) was reported in CaFeyAsy?L.

In most of the Fe pnictide SCs, the AFM fluctuations
are described in terms of the stripe-type spin fluctua-
tions. Recently another possible AFM fluctuation with
q vectors [(m, 0) and (0, m)] has been proposed in the
spin vortex crystal state where Fe spins are non-collinear
and form spin vortices staggered across the iron square
lattices*2. Since the stripe- and spin vortex-type states
produce the AFM spin correlations with the same ¢, in
general, it would be difficult to distinguish between the
two different spin correlations from the 77 measurements.
However, CaKFesAs, provides us a special occasion to
distinguish between them. In the hedgehog vortex or-
dered state, the internal fields at As(1) is calculated to
be finite along the ¢ axis while the internal field at As(2)
is zero due to a cancellation originating from the char-
acteristic spin structure?”. Therefore, one expects that
1/T\T for As(1) is more enhanced than that for As(2) if
the AFM spin fluctuations originate from the spin vor-

tex hedgehog-type spin correlations. On the other hand,
in the case of stripe-type AFM fluctuations, the tem-
perature dependence of 1/T1T for As(1) should scale to
that of 1/T7T for As(2) sites since there is no cancel-
lation of the internal field at both As sites?”. 1/T3T
for As(1) divided by 1/T7T for As(2) for H || ¢ and H
|| ab are shown in Fig. 6(b) where clear enhancements
are observed below ~ 150 K. Above ~ 150 K, the ratios
of T1[As(2)]/T1[As(1)] show a nearly temperature inde-
pendent value of ~ 0.35 which could be determined by
the different hyperfine coupling constants for the As(1)
and As(2) sites. The increases below ~ 150 K indicate
that the As(1) sites pick up the AFM spin fluctuations
more strongly than the As(2) sites, consistent with the
case of hedgehog-type spin fluctuations. Our ab initio
DFT total energy calculations show that both stripe or-
der and spin-vortex order are energetically competing in
CaKFeqAsy and the temperature dependence of vq, as
presented above, is well described by assuming a hedge-
hog spin vortex order. Furthermore, a hedgehog spin vor-
tex order has been recently observed in Co-doped and Ni-
doped CaKFey As,?7. Therefore, our results strongly in-
dicate the existence of the spin vortex hedgehog-type spin
correlations in the paramagnetic state. Further experi-
mental and theoretical studies are important to elucidate
more details of the characteristic of the hedgehog-type
spin correlations and also its relationship to superconduc-
tivity in CaKFesAs, and the carrier-doped CaKFe Asy.

IV. 1IV. SUMMARY

In conclusion, we have carried out ”>As NMR measure-
ments in the single crystalline CaKFegAsy. The obser-
vation of two distinct ">As NMR lines indicates that K
and Ca ions are not randomly distributed but are well
ordered forming the Ca and K layers without a signifi-
cant site inversion. We found that vq of the As(1) and
As(2) sites show an opposite T dependence. Based on
our ab initio density functional theory calculations, this
behavior might originate from the presence of spin vor-
tex hedgehog-type spin fluctuations which represent a
superposition of (m, 0) and (0, ) stripe fluctuations.
We find that the calculated quadrupole frequencies are
comparably affected by the Fe-As and As-As bonding,
non-zero Fe moments and the underlying magnetic order
which simulates the spin fluctuations to a first approx-
imation. In the normal state, we also observe evidence
of the enhancement of isotropic AFM spin fluctuations
with wavevector q = (w, 0) or (0, m) in the T depen-
dences of 1/T1T and K. It is suggested that the different
T dependence of 1/T; for the As(1) and As(2) sites is
explained by the peculiar spin fluctuations due to the
spin vortex hedgehog-type spin correlations. In the SC
state, we observed a sudden decrease in K, indicating
spin-singlet Cooper pairs. 1/T; shows a rapid decrease
below T, without showing a Hebel-Slichter peak and de-
creases exponentially at low temperatures. These results



indicate an s* nodeless two-gap SC state.
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