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Coexistence of a new-type antiferromagnetic (AFM) state, the so-called hedgehog spin-vortex
crystal (SVC), and superconductivity (SC) is evidenced by " As nuclear magnetic resonance study
on single-crystalline CaK(Fe.951 Nio.049)4As4. The hedgehog SVC order is clearly demonstrated by
the direct observation of the internal magnetic induction along the ¢ axis at the Asl site (close
to K) and a zero net internal magnetic induction at the As2 site (close to Ca) below an AFM
ordering temperature Tn ~ 52 K. The nuclear spin-lattice relaxation rate 1/77 shows a distinct
decrease below T. ~ 10 K, providing also unambiguous evidence for the microscopic coexistence.
Furthermore, based on the analysis of the 1/71 data, the hedgehog SVC-type spin correlations are
found to be enhanced below T ~ 150 K in the paramagnetic state. These results indicate the
hedgehog SVC-type spin correlations play an important role for the appearance of SC in the new

magnetic superconductor.

PACS numbers:

The relationship between antiferromagnetism (AFM)
and superconductivity (SC) has received wide interest
in the study of high-temperature SC in iron-based su-
perconductors. Among the iron-based superconduct-
ing compounds, those of the 122-type family AeFesAss
(Ae = Ca, Ba, Sr, Eu) with a ThCrySis-type struc-
ture at room temperature attracted most attention [1-3].
In these systems, by lowering temperature, the crystal
structure changes from high-temperature tetragonal (Cy
symmetry) to low-temperature orthorhombic (Co sym-
metry) at, or just above, a system-dependent Néel tem-
perature Ty, below which long-range stripe-type AFM
order emerges. SC in these compounds emerges upon
suppression of both the structural and magnetic tran-
sitions by application of carrier doping and/or pres-
sure. The stripe-type AFM order with the C5 symme-
try coexists with the SC phase in various doped “122”
compounds such as Ba;_,K,FeaAsy, BaFea(As1_ P, )2,
Ba(Fe;_,Co,)2Ass, and Ba(Fe;_,Ru,)2Asy [4-12], but
not in Ca(Fe;_,Co,)2As2 [13].

Recently, new magnetic states with the Cy-symmetry
have attracted much attention [14]. These states are
characterized by the wave vectors Q; = (m,0) and Qq
= (0,m) as in the stripe-ordered state, and can be un-
derstood as the superposition of two spin density waves
(SDW) S(r) = M;e'@T 4 Maye!QT [14-16]. Here,
M; and My are the magnetic order parameters associ-
ated with the two wave vectors Q1 and Qa, respectively.
When M; and M5 are either parallel or antiparallel, a
nonuniform magnetization is produced where the aver-
age moment at one lattice site vanishes and staggered-
like order appears at the other lattice sites [15]. This
so-called charge-spin density wave (CSDW) has been
demonstrated to be realized in Srq_,Na,FesAss [17], and
likely occurs in Ba(Fe;_,Mn,)2Ass, Baj_,Na,FesAso,
and Baj_,K,FeaAss as well [18-24]. A possible coexis-
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FIG. 1: Phase diagram of CaK(Fei_;Niz)4Ass. Tn and T:
determined from resistivity and magnetization are from Ref.
25. The inset shows the crystal structure of CaKFe4 Ass where
the two crystallographically inequivalent As sites exist: Asl
and As2 sites close to the K and Ca layers, respectively.

tence of CSDW and SC is reported in Baj_,Na,FesAsoy
[19], and Ba;_,K,FeaAsy [20, 22, 24].

Very recently, a new magnetic state called “hedgehog”
spin vortex crystal (SVC) with the Cy symmetry has been
identified in the electron doped 1144-type iron pnictide
SC CaK(Fey_,M,)4Asy (M = Co or Ni) [25] (Fig. 1).
The hedgehog SVC state is another double-Q SDW state
in the iron-based systems, in which M; and Mj are or-
thogonal. Importantly, CaK(Fe;_,M,)4Asy (M = Co or
Ni) crystallizes through alternate stacking of the Ca and
K layers across the FesAsy layer as a result of the large
ionic radius difference [25-27]. The ordering of the Ca
and K layers changes the space group from I4/mmm in
AFesAsy to P4/mmm in CaKFesAs, (CaK1144). Con-
sequently, as shown in the inset of Fig. 1, there are two



inequivalent As sites: Asl and As2 sites close to the K
and Ca layers, respectively. The multiband nature and
two nodeless isotropic superconducting gaps have been
revealed in the parent compound by various techniques
[28-33]. Whereas an overlap between the hedgehog SVC
and the SC regions appears in the phase diagram com-
piled in Ref. 25 and shown in Fig. 1, it remains an impor-
tant question whether or not this new AFM state coexists
with SC at a microscopic scale. Furthermore, the spin
fluctuations in the materials with hedgehog SVC order
have never been investigated. Here we have carried out
75AAS NMR study on CaK(F€0,951Nio,Q49)4AS4 (49%N1—
CaK1144) single crystals (Tn ~ 52 K, T, ~ 10.5 K) in
order to investigate the magnetic and electronic proper-
ties from a microscopic point of view. The well defined
NMR signals from the Asl and As2 sites allow us to de-
termine the temperature dependence of hyperfine fields
and magnetic fluctuations at each site separately, pro-
viding clear evidence of the coexistence of the hedgehog
SVC and SC.

Single crystals of 4.9%Ni-CaK1144 for the NMR mea-
surements were grown out of a high-temperature solution
rich in transition-metals and arsenic [25, 27, 34]. NMR
measurements of PAs (I = 3, I& = 7.2919 MHz/T, Q =
0.29 barns) nuclei were conducted using a lab-built phase-
coherent spin-echo pulse spectrometer. In situ ac mag-
netic susceptibility (xac) was measured by monitoring the
resonance frequency f of the NMR coil tank circuit as a
function of temperature (7T') using a network analyzer.
The ™As-NMR spectra were obtained by sweeping the
magnetic field H at a fixed frequency f = 43.2 MHz.
The " As nuclear spin-lattice relaxation rate 1/7) was
measured with a saturation recovery method [35]. Pre-
liminary results of ">As NMR spectrum measurements
have been reported in the previous paper [25].

Figures 2 (a) and (b) show the T dependence of field-
swept 7 As-NMR spectra of 4.9%Ni-CaK1144 at f = 43.2
MHz for two magnetic field directions, H || ¢ axis and H
| ab plane, respectively. The typical spectrum for a nu-
cleus with spin I = 3/2 with Zeeman and quadrupolar
interactions can be described by a nuclear spin Hamilto-
nian H = —yh(1 + K)HI, + (312 — I?), where H is
the external field, h is Planck’s constant, h = h/2w, K
is the Knight shift, and vq is the nuclear quadrupole fre-
quency. The nuclear quadrupole frequency for an I = 3/2
nuclei is given by vq = €2QVzz/2h, where Q is the nu-
clear quadrupole moment and Vzz is the electric field
gradient at the As site. When the Zeeman interaction is
greater than the quadrupolar interaction, this Hamilto-
nian produces a spectrum with a sharp central transition
line flanked by one satellite peak on either side. The two
inequivalent As sites of this 1144-structure results in two
sets of I = 3/2 quadrupole split lines which are actually
observed for both H directions in the paramagnetic state
as seen in Fig. 2. The observed spectra are very similar
to those in the pure CaK1144 where the lower field cen-
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FIG. 2: T dependence of the field-swept "> As-NMR spectra of
4.9%Ni-CaK1144 measured at f = 43.2 MHz, for H || ¢ axis
(a) and H || ab plane (b). The inset in (a) enlarges the central
transition around 5.9 T. The inset in (b) shows the sketch of
hedgehog SVC spin structure on an Fe-As layer. The wine
arrows represent the magnetic moments at the Fe sites and
the red arrows represent the magnetic induction Bins at the
Asl sites.

tral peak with a greater Knight shift K (and also larger
vq) has been assigned to the As2 site and the higher field
central peak with a smaller K (and also smaller vq) has
been attributed to the Asl site [32].

Figure 3 shows the T dependence of vq, K (H || ab)
and K. (H || ¢ axis) for the two As sites. Due to the
poor signal intensity at high T', vq and Ky can only be
determined precisely up to 150 K. For both the As sites,
K are nearly independent of T'. A similar weak T de-
pendence of K has been observed in the non-magnetic
CaK1144 [32], indicating that static magnetic suscepti-
bility is almost insensitive to the electron doping and also
to the magnetic or non-magnetic ground states.

The T dependences of vq of Asl and As2 of 4.9%Ni-
CaK1144 are similar to those of vq of the As sites in pure
CaK1144 [32] as shown in Fig. 3(a). For the Asl site,
with increasing 7', vq increases from 12.2 MHz at 4.3 K to
12.75 MHz at 150 K, while the As2 site shows an opposite
trend where vq decreases from 15.0 MHz at 4.3 K to 14.2
MHz at 150 K. The first-principles analysis shows the
different 1" dependences of vqs for the two As sites can be
explained by hedgehog SVC magnetic fluctuations [32].
The full-width at half-maximum (FWHM) of the central
line for H || ¢ axis is nearly independent of T' with ~ 114
and ~ 142 Oe for the Asl and As2 sites, respectively, in
the paramagnetic state. The FWHMs of each satellite
line are estimated to be 1.60 kOe and 1.65 kOe for the
Asl and As?2 sites at 55 K and H || ¢ axis, respectively.
The linewidths of both the central and satellite lines are
much greater than those in the pure CaK1144, which
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FIG. 3: (a) T dependences of quadrupole frequency vq for
the Asl and the As2 sites, estimated from the NMR spectra.
vqs for pure CaK1144 are from Ref. 32. (b) T' dependence of
the internal magnetic induction BAS! for the Asl site in the
magnetic ordered state for H || ¢ axis. The curve is a guide
to the eyes. (c) T dependences of the "> As-NMR, shifts K.
and K,y for the Asl and As2 sites. (d) T' dependence of the
resonance frequency f of the NMR tank circuit.

could be due to the disorder in the FeAs layer introduced
by the substitution of Ni for Fe.

When T is lowered below Ty = 52 K, for H || ¢
axis, each line of 4.9%Ni-CaK1144 starts to broaden and
the observed spectra become more complex, as typically
shown in the middle panel of Fig. 2 (a). As reported in
Ref. 25, the observed spectra in the magnetic state are
well explained by the superposition of NMR spectrum
from two As sites: six peaks from the Asl site (doubling
the number of resonance lines due to internal magnetic
induction Biyt) and three peaks from the As2 site. Here
it is noted that the different vq value for each As site
makes unambiguous peak assignments of the complicated
spectrum in the AFM state possible. When H is applied
parallel to the ab plane, in contrast, no splitting for the
Asl NMR line is observed as shown in Fig. 2 (b). The
effective magnetic induction Beg is given by the vector
sum of By, at nucleus site and H, i.e., |Beg| = |Bint +
H|. Therefore, when B, is parallel or antiparallel to
H, Bsg = H + Biys and a splitting of each line is ex-
pected. On the other hand, when H | By, no splitting
of the line is expected since Beg is expressed by Beg =
VH? + B2,. Thus, the doubling the resonance lines at
the Asl site only for H || ¢ clearly shows that Biyt at the
Asl site is oriented along the ¢ axis. The absence of a
clear splitting or shift of the resonance lines associated
with the As2 site below Ty indicates the net Bj,; at the
As2 sites is zero for both H directions. This hyperfine
field pattern is consistent with the hedgehog SVC [inset
of Fig. 2 (b)] [16, 25]. The line broadening indicates that

Bint is slightly distributed probably originating from the
distributions of the Fe ordered moments. It is noted that
no NMR signal from paramagnetic impurity phase can
be observed, indicating a high quality of the sample.

Below T¢, the NMR spectra measured for both H di-
rections in the SC state do not show any drastic change in
shape. However, we observe a strong reduction of NMR
signal intensity due to Meissner effect below T.. Here
Tes for both H directions were determined by y,. mea-
surements. As shown in Fig. 3(d), T, decreases to ~ 9
K and ~ 8 K for the application of H = 5.9 T along the
ab plane and the ¢ axis, respectively, from T, ~ 10.5 K
under H = 0. The difference in the reduction of T, for
the two H directions is due to an anisotropy of upper
critical field Hco, and the anisotropy parameter (7)) =
H(T)/HS,(T) is estimated to be ~ 2 near T, which is
comparable to that in the pure CaK1144 [27]. Since we
do not observe any trace of paramagnetic impurity phases
in the NMR spectrum below Ty, we can exclude a possi-
bility of phase separation in the compound. Therefore we
conclude the intrinsic coexistence of the hedgehog SVC
and SC states.

The T dependence of Bi, estimated from the splitting
of the Asl central line for H || ¢ is shown in Fig. 3(b).
Just below T, Bint starts to increase rapidly and sat-
urates at low T, consistent with the second-order phase
transition. A similar 7" dependence has been observed in
the hyperfine field at the Fe sites from Mossbauer mea-
surement [25]. It should be noted that no significant
reduction of B, is observed below T,.. This indicates
that SC for 4.9%Ni-CaK1144 does not substantially dis-
turb the hedgehog SVC AFM order parameter. For lower
Ni substitution levels, when T, is close to T, this may
change [36].

The coexistence of AFM and SC is further evidenced
by 1/T; measurements. Figure 4(a) shows the T depen-
dences of 1/T; of Asl and As2 for H || ¢ axis (1/T}; solid
symbols) and H || ab plane (1/T}4p; open symbols). At
high T above ~ 150 K, all 1/T3s are nearly proportional
to T, following the so-called Korringa relation. 1/T} for
As2 is greater than that of Asl, which is due to the dif-
ferent hyperfine coupling constant for each As site. With
decreasing T', all 1/Ts start to increase below 100 K and
then exhibit a peak at Tx = 52 K due to the hedgehog
SVC order. Below Ty, we were only able to measure
1/Ty at As2 for H || ¢ at the peak position where the
NMR signal is dominated by the central-transition line
of NMR spectrum for As2. 1/T; for As2 shows a sud-
den decrease just below Tx and then seems to follow the
Korringa relation 1/77 o< T. With a further decrease
in T', 1/Ty exhibits a decrease below T, due to the SC
transition, evidencing the coexistence of the AFM and
SC states. The decrease in 1/T; below T, is small, which
is due to our limited temperature range of the measure-
ments where NMR signal intensity becomes very poor at
low temperatures below 7. The strong reduction of the
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FIG. 4: (a) T dependence of 1/T1 of both As sites for H ||
c axis and H || ab plane. The inset shows the T dependence
of 1/ThT of As2 site for H || ¢ axis. The solid lines represent
the Korringa relation 1/77 o« T. (b) T dependence of r =
Thie/Tiap for the Asl and A2 sites. (c¢) 7' dependences of
T2 /T3 for H || ¢ axis and H || ab plane.

NMR signal intensity also evidences the observed NMR,
signals come from the SC region. It is interesting to
point out that the 1/T1T value below Ty is almost com-
parable to that of 1/T1T at higher T, as shown in the
inset of Fig. 4(a). A similar 7' dependence of 1/T1T is
observed in Ba(Fe;_,Co,)2Ass which exhibits the coex-
istence of the stripe-type AFM and SC states [13]. The
value of 1/T7T at low T', comparable to that at high T,
indicates that significant AFM spin fluctuations persist
in the AFM state [13]. This is completely different from
the case of Co-doped CaFesAsy, where the AFM spin
fluctuations are strongly suppressed in the AFM state,
and the AFM and SC do not coexistence [13]. Therefore,
we conclude that the remaining AFM spin fluctuations
play an important role for the coexistence of AFM and
SC in 4.9%Ni-CaK1144. In particular, the AFM fluc-
tuations in Ni-doped CaK1144 are characterized by the
hedgehog-type spin correlations as shown below.

We also attempted to measure 1/T for H || ab in the
AFM state for each As site separately. However, it was
very difficult to measure because of the overlap of the
spectrum as shown in the Fig. 2 (b). Instead, we mea-
sured 1/T} at the peak position to see how T; changes in
the SC state. Because of the overlap, the recovery behav-
iors of the nuclear magnetization were not reproduced by
the single T function, and a stretched exponential func-
tion was used to extract 1/73 [35]. The olive circles show
the T' dependence of 1/T}, which shows a clear decrease
below T, without exhibiting a Hebel-Slichter coherence
peak, providing again microscopic evidence of the coex-
istence of the hedgehog SVC AFM and SC states. No
observation of the Hebel-Slichter coherence peak just be-

low T, is consistent with the data in the pure CaK1144
which exhibits an s* nodeless two-gap SC state [32].

Finally we discuss the spin correlations in the param-
agnetic state. According to to previous NMR studies per-
formed on Fe pnictides and related materials [37-42], the
ratio 7 = T1./T14 depends on spin correlations. In most
of Fe pnictide SCs, r is greater than unity corresponding
to the AFM fluctuations with Q = (m,0) or (0,7m) [37-
40]. Here the wavevectors are given in the single-iron
Brillouin zone notation. On the other hand, r = 0.5 is
expected for Q = (w,7) spin correlations. As plotted in
Fig. 4(b), for both the Asl and As2 sites, r ~ 1.0 at high
T and increase below ~ 150 K down to Tn. This indi-
cates that the AFM spin fluctuations characterized with
Q = (m,0) or (0,m) are enhanced below ~ 150 K. Tt is
noted that the r ratio for the As2 site could be expected
to be unity if the internal field at the As2 site is can-
celed out perfectly. The small enhancement of r at the
As2 site could be due to the distributions of either the
Fe ordered moments or hyperfine coupling constant due
to Ni substitutions. In fact, such distributions will make
the NMR spectrum broad, consistent with the observed
spectra in the magnetic ordered state shown in Fig. 2.
In most of Fe-based SCs, the AFM spin fluctuations are
considered to be the stripe-type spin correlations. How-
ever, we show that the AFM spin fluctuations are char-
acterized by the hedgehog-type AFM spin fluctuation in
4.9%Ni-CaK1144. In the hedgehog SVC ordered state,
the Byt at Asl is finite along the ¢ axis while the By
at As2 is zero due to a cancellation originating from the
characteristic spin structure [25]. Therefore, one expects
that 1/7; for Asl is more enhanced than that for As2 if
the AFM spin fluctuations originate from the hedgehog
SVC-type spin correlations. For stripe-type AFM fluctu-
ations, the T dependence of 1/T} for Asl should scale to
that of 1/T} for As2 sites since there is no cancellation of
the internal induction at either As site [25]. 1/T} for Asl
divided by 1/T for As2 for H || ab and H || ¢ are shown
in Fig. 4(c). Above ~ 150 K, the ratios of T{*s?/T{*!
show a nearly T independent value of ~ 0.3 which could
be determined by the different hyperfine coupling con-
stants for the Asl and As2 sites. Below ~ 150 K, clear
enhancements of 7752 /T{s! are observed. This indicates
that the Asl sites experience stronger AFM spin fluctu-
ations than the As2 sites, evidencing the growth of the
hedgehog SVC-type spin fluctuations.

In summary, we have carried out >As NMR measure-
ments to investigate the local electronic and magnetic
properties of 4.9%Ni-CaK1144. The new magnetic struc-
ture of the hedgehog spin vortex crystal with the Cy sym-
metry has been clearly shown by ®As NMR spectra ob-
served below Ty ~ 52 K. The coexistence of the hedge-
hog SVC and SC states below T, has been evidenced
microscopically from the NMR spectrum and 1/7; mea-
surements. The hedgehog SVC-type spin correlations ob-
served in the paramagnetic state are shown to persist in



the AFM state, which is likely an important prerequisite
for the coexistence. These results open up new avenues
for future research for understanding the relationship be-
tween the new antiferromagnetism and SC, and further
detailed studies may provide some clues about the origin
of high-T, SC in iron-based SCs.
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