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Recent nuclear magnetic resonance (NMR) measurements revealed the coexistence of stripe-type antiferromag-
netic (AFM) and ferromagnetic (FM) spin correlations in both the hole- and electron-doped BaFe,As, families
of iron-pnictide superconductors by a Korringa ratio analysis. Motivated by the NMR work, we investigate the
possible existence of FM fluctuations in another iron-pnictide superconducting family, Ca(Fe;_,Co,),As,. We
reanalyzed our previously reported data in terms of the Korringa ratio and found clear evidence for the coexistence
of stripe-type AFM and FM spin correlations in the electron-doped CaFe,As, system. These NMR data indicate
that FM fluctuations exist in general in iron-pnictide superconducting families and thus must be included to

capture the phenomenology of the iron pnictides.
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I. INTRODUCTION

Since the discovery of high 7. superconductivity in iron
pnictides [1], the interplay between spin fluctuations and the
unconventional nature of superconductivity (SC) has been
attracting much interest. In most of the Fe-pnictide super-
conductors, the “parent” materials exhibit antiferromagnetic
ordering below the Néel temperature [2-4]. SC in these
compounds emerges upon suppression of the stripe-type
antiferromagnetic (AFM) phase by application of pressure
and/or chemical substitution, where the AFM spin fluctuations
are still strong. Therefore, it is believed that stripe-type AFM
spin fluctuations play an important role in driving the SC in
the iron-based superconductors, although orbital fluctuations
are also pointed out to be important [5].

Recently nuclear magnetic resonance (NMR) measure-
ments revealed that ferromagnetic (FM) correlations also
play an important role in both the hole- and electron-doped
BaFe;,As, families of iron-pnictide superconductors [3,6,7].
The FM fluctuations are found to be strongest in the maximally
doped BaCo,As, and KFe,As;, but are still present in the
BaFe,As, parent compound, consistent with its enhanced
magnetic susceptibility x [3]. These FM fluctuations are
suggested to compete with superconductivity and are a crucial
ingredient to understand the variation of 7, and the shape of the
SC dome [7]. It is interesting and important to explore whether
or not similar FM correlations exist in other iron-pnictide
systems.

The CaFe, As; family has a phase diagram distinct from that
for the BaFe; As, family. Whereas for the BaFe; As, materials
the AFM and orthorhombic phase transitions become second
order with Co substitution, the CaFe,As; family continues to
manifest a strongly first order, coupled, structural-magnetic
phase transition even as Co substitution suppresses the transi-
tion temperature to zero. Another significant difference in the
phase diagrams of the CaFe, As; and BaFe;As; systems is also
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found in superconducting phase. Although SC appears when
the stripe-type AFM phase is suppressed by Co substitution
for Fe in both cases, no coexistence of SC and AFM has been
observed in Ca(Fe;_,Co,),As,, whereas the coexistence has
been reported in Ba(Fe;_,Co,),As,. These results are consis-
tent with the difference between a strongly first order versus
second order phase transition. Recent NMR measurements
revealed that the stripe-type AFM fluctuations are strongly
suppressed in the AFM state in the Co-doped CaFe,As;
system, whereas sizable stripe-type AFM spin fluctuations
still remain in the AFM state in the Co-doped BaFe,As;
system [8]. These results indicate that the residual AFM spin
fluctuations play an important role for the coexistence of
AFM and SC in Ba(Fe;_,Co,),As,. Furthermore, in the case
of Ca(Fe;_,Co,),As,, pseudogaplike behavior [8] has been
observed in the temperature dependence of 1 /7T and in-plane
resistivity. The characteristic temperature of the pseudogap
was reported to be nearly independent of Co substitution [8].

In this paper we investigated the possible existence of
FM fluctuations in Ca(Fe;_,Co,),As, and found the clear
evidence of coexistence of stripe-type AFM and FM cor-
relations based on >As NMR data analysis. In contrast to
the case of Ba(Fe;_,Co,),As, where the relative strength of
FM correlations increases with Co substitution, that of the
FM correlations is almost independent of the Co content in
Ca(Fe;_,Co,),As; from x = 0 to 0.059. Although we have
investigated a relatively small Co substitution region, the
existence of the FM spin correlations would be consistent
with the fact that CaCo,As,, the end member of the electron-
doped Ca(Fe;_,Co,),As; family of compounds, has an A-type
antiferromagnetic ordered state below Ty = 52-76 K [9,10],
where the Co moments within the CoAs layer are ferromag-
netically aligned along the ¢ axis and the moments in adjacent
layers are aligned antiferromagnetically. Since the coexistence
of FM and AFM spin correlations are observed in both the hole-
and electron-doped BaFe;As, systems [7], our results suggest
that the FM fluctuations exist in general in iron-pnictide su-
perconductors, indicating that theoretical microscopic models
should include FM correlations to incorporate all features of
the iron pnictides.
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II. EXPERIMENT

The single crystals of Ca(Fe;_,Co,),As; (x =0, 0.023,
0.028, 0.033, and 0.059) used in the present study are from
the same batches as reported in [8]. These single crystals were
grown out of a FeAs/CoAs flux [11,12], using conventional
high temperature growth techniques [13,14]. Subsequent to
growth, the single crystals were annealed at 7, = 350 °C for 7
days and then quenched. For x = 0, the single crystal was
annealed at 7, = 400°C for 24 h. Details of the growth,
annealing, and quenching procedures have been reported in
Refs. [11,12]. The stripe-type AFM states have been reported
below the Néel temperatures Ty = 170, 106, and 53 K for x =
0, 0.023, and 0.028, respectively [15]. The superconducting
states are observed below the transition temperature of 7, = 15
and 10 K for x = 0.033 and 0.059, respectively [12].

NMR measurements were carried out on *As (I =
3/2, v/2r =7.2919 MHz/T,Q = 0.29 barns) by using a
laboratory-built, phase-coherent, spin-echo pulse spectrome-
ter. The 7> As-NMR spectra were obtained at a fixed frequency
f = 53 MHz by sweeping the magnetic field. The magnetic
field was applied parallel to either the crystal ¢ axis or the ab
plane where the direction of the magnetic field within the ab
plane was not controlled.

The "As 1/T, was measured with a recovery method
using a single m/2 saturation rf pulse. The 1/7) at each T
was determined by fitting the nuclear magnetization M versus
time ¢ using the exponential function 1 — M(#)/M(co0) =
0.1e7"/Tt 4 0.9¢75/T1  where M(t) and M (oo) are the nuclear
magnetization at time ¢ after the saturation and the equilibrium
nuclear magnetization at 1 — 00, respectively.

Most of the NMR experimental results were published
elsewhere [8,16].

III. RESULTS AND DISCUSSION

In this paper we discuss magnetic correlations in
Ca(Fe;_,Co,),As; based on a Korringa ratio analysis of the
NMR results. Figure 1(a) shows the x and T dependence
of the Knight shifts K., for H parallel to the ab plane and
K. for H parallel to the c axis, where new Knight shift data
for x = 0.033 and 0.059 are plotted in addition to the data
(x =0, 0.023, and 0.028) reported previously [8,16]. The
NMR shift consists of a T-independent orbital shift K, and a
T'-dependent spin shift K,in(T') due to the uniform magnetic
spin susceptibility y (q = 0) of the electron system. The NMR
shift can therefore be expressed as K(T') = Ko + Kypin(T) =
Ko + Antxspin/ N, where N is Avogadro’s number, and Ay is
the hyperfine coupling constant, usually expressed in units of
T/us. As reported in Ref. [8], the temperature-dependent part
of Knight shift K, was reproduced by thermally activated
behavior K, ~ exp(—A /kgT) with a nearly x independent
of A/kg ~ 490-510 K. In order to extract Kqpn(T), which
is needed for the following Korringa ratio analysis, we plot
K (T) against the corresponding bulk static uniform magnetic
susceptibility x (7)) with T as an implicit parameter as shown
in Fig. 1(b). From the slope of the linear fit curve, the
hyperfine coupling constant can be estimated. The hyperfine
coupling constants for H||c and H||ab are estimated to be
A, = (—12.2£2.0) kOe/ g /Fe, (—14.6 == 1.4) kOe/up /Fe,
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FIG. 1. (a) Temperature dependence of ™ As NMR shifts K, and
K, for Ca(Fe,_,Co,),As,. (b) K(T) versus magnetic susceptibility
x(T) plots for the corresponding ab and ¢ components of K in
Ca(Fe;_,Co,),As, with T as an implicit parameter. The solid and
broken lines are linear fits.

(=157+1.4) kOe/ug/Fe, (—15.1+£1.5) kOe/ug/Fe,
and (—13.3+£2.0) kOe/ug/Fe and A, =(—179+
2.2) kOe/ug, (—19.0+2.0) kOe/ug/Fe, (—20.5+£3.0)
kOe/ug/Fe, (—18.2 & 1.8) kOe/ug/Fe, and (—20.3 £2.7)
kOe/ug/Fe for x =0, 0.023, 0.028, 0.033, and 0.059,
respectively. The nearly x independent hyperfine coupling
constants have been reported in [8]. From the y inter-
cept of the linear fit curve, one can estimate the or-
bital shift Ko, and extract Kgy,(7) to discuss magnetic
correlations.

A Korringa ratio analysis is applied to extract the character
of spin fluctuations in Ca(Fe;_,Co,),As, from °As NMR
data as has been carried out for both the electron-doped
Ba(Fe;_,Co,),As, and hole-doped Ba;_,K,Fe,As; families
of iron-pnictide SCs [7]. Within a Fermi liquid picture, 1/ T, T
is proportional to the square of the density of states D( EF) at the
Fermi energy and Kpin(X Xspin) is proportional to D(EF). In
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particular, TlTKbpm yr= ks( )> = S, which is the Korringa

relation. For the ">As nucleus (yn/27 = 7.2919 MHZ/T)
S =8.97 x 107° K s. The Korringa ratio & = S/(T1T Kg,,),
which reflects the deviations from S, can reveal information
about how electrons correlate in the material [17,18]. o ~ 1
represents the situation of uncorrelated electrons. On the other
hand, « > 1 indicates AFM correlations while o < 1 for FM
correlations. These come from the enhancement of x (q # 0),
which increases 1/T; T but has little or no effect on Kyn, since
the latter probes only the uniform x(q = 0). Therefore, the
predominant feature of magnetic correlations, whether AFM
or FM, can be determined by the Korringa ratio «.

To proceed with the Korringa ratio analysis, one needs to
take the anisotropy of K, and 1/7T into consideration.
1/ T, picks up the hyperfine field fluctuations at the NMR Lar-
mor frequency wy, perpendicular to the applied field according
to (1/T)ay = wellH} (@0)]> + |H (w0)*], where (i, j.k)
are mutually orthogonal directions and |H]'?f(a)0)|2 represents
the power spectral density of the jth component of the hyper-
fine magnetic field at the nuclear site. Thus, defining H =
HM = HM which is appropriate for the tetragonal param-
agnetic (PM) state, we have (1/T1)pgc = 2v2| H(wo)|* =
/T, 1. The Korringa parameter oy = S/T1 1 T Kgy;, o), Will
then characterize fluctuations in the ab-plane component
of the hyperfine field. Similarly, we consider the quantity
1/ T =201/ T)wya — (1/ T)wye = 2yg | HM (0n)I?, since
1/ T)aiar = YL HI (@) + [H (@x)]P]. We then pair
Kpin,c with 1/Ty ), so that the Korringa parameter o =
S/Th, HTKs in.c Characterizes fluctuations in the c-axis com-
ponent of the hyperfine field.

Figure 2 shows the temperature dependence of 1/7} ; T and
1/Ti T in Ca(Fe;_Coy,),As, at H ~ 7.5 T, obtained from
the (1/T1T)Hyjap and (1/T1 T) i data reported previously [8].
For x =0 and 0.023, 1/T;;Ts show a monotonic increase
with decreasing 7 down to 7y = 170 and 106 K for x = 0 and
0.023, respectively, while 1/7; | T are nearly independent of
T although the slight increase can be seen near 7Ty for each
sample.

Since the increase of 1/7; T originates from the growth
of the stripe-type AFM spin fluctuations [8], the results
indicate that the AFM spin fluctuations enhance the hyperfine
fluctuations at the As sites along the ¢ axis. Atx = 0.028 (Ty =
53 K), both 1/T; T and 1/T;, ; T show similar behavior with
those in x = 0 and 0.023 above T* ~ 100 K (marked by
arrows) from room temperature as shown in Fig. 2. However,
below T, both 1/T; T and 1/T; ; T decrease slightly upon
cooling. The reduction in both 1/7, T and 1/7T, ;T below
the crossover temperature 7* has been explained by the
suppression of the stripe-type AFM spin fluctuations and has
been ascribed to pseudogaplike behavior in [8]. In the case of
the superconducting samples with x > 0.033, both 1/7, , T
and 1/T; T show a slight increase or constant above T* ~
100 K on cooling and then show the similar pseudogaplike
behavior observed in x = 0.028 below 7*. As described in [8],
the pseudogaplike behavior in Ca(Fe;_4Co, ), As; is defined by
the suppression of the stripe-type AFM spin fluctuations only.
With a further decrease in 7', both 1/T; yT and 1/T; | T show
sudden decreases below 7¢. [15 (10) K for x = 0.033 (0.059)]
due to superconducting transitions.
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FIG. 2. Temperature dependence of 1/7\T with anisotropy
in Ca(Fel,xCOX)zAsz. (a) 1/T1.J_ = (I/TIT)HHc" (b) l/Tl,HT =
2/ TiT)uyar — (1/ T T) - The arrows indicate a crossover tem-
perature 7* ~ 100 K. Below T*, both 1/T; , and 1/T; ;T decrease
due to the suppression of the stripe-type AFM spin correlations,
pseudogaplike behavior defined in the text.

Usingthe 1/7y, 1T, 1/T; T data and Knight shift data, we
discuss magnetic correlations in Ca(Fe;_,Co,),As; based on
the Korringa ratios. The 7' dependencies of the Korringa ratios
a, =8/Th, iTKspm wpwanday =S/Ty, ||TKgpln . are shown in
Fig. 3(a). All ) and o increase with decreasing 7 down to Ty
or T*. The increase in «, which is the increase in l/leTKz,
clearly indicates the growth of the stripe-type AFM spin
correlations as have been pointed out previously [8]. It is noted
that ot is always greater than o) for each sample, indicating
that hyperfine field fluctuations parallel to the ¢ axis at the
As sites originated from the stripe-type AFM spin correlations
(in-plane) are stronger than those perpendicular to the ¢ axis,
as described in more detail below. On the other hand, o | values
seem to be less than unity: the largest value of «z; can be found
to be ~0.4 in x = 0. The even smaller values «; of 0.1-0.2
in x = 0.023 and 0.028 at high temperatures are observed,
suggesting dominant FM fluctuations in the normal state.
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FIG. 3. (a) T dependence of Korringa ratios r; and «. (b) 7' dependence of intraband Korringa ratios a'""a and oz‘"‘" above Ty or T*,
obtained by subtracting a CW term from the temperature dependence of 1/T; , T and 1/T; ;T as described in the text.

In the application of the Korringa ratio to the iron pnictides,
the question arises as to the role of the hyperfine form factor,
which can, in principle, filter out the AFM fluctuations at the
As site. This filtering effect could affect the balance of FM vs
AFM fluctuations as measured by the Korringa ratio [19]. In
order to discuss the filtering effects, it is convenient to express
1/Ty in terms of wave-number (q) dependent form factors
and q dependent dynamical spin susceptibility x(q,wq). By
an explicit calculation of the form factors (see the Appendix)
using the methods of Ref. [20], we find that

! NKN_)xab(Qwo) (1 5_) ”(0600)}
T] N T /LB hw() MB ha)()

ey

o [<3_2 2>Xab(0 0) <1 4_> x.(Q, wo)}
IL.T pg/ o ug/  hwo

@

where x"(0,wp) and x”(Q,wp) represent the imaginary part
of the dynamical susceptibility for q = 0 ferromagnetic and
Q = (7,0)/(0,7) stripe-type AFM components, respectively.
The numbers are calculated from the hyperfine coupling
constants in units of T/up for CaFe;As; given in [8]. From
these equations, itis clear that the stripe-type AFM fluctuations
are not filtered out for either direction in the iron pnictides. It
is also seen that for 1/7; T, the form factor favors AFM
fluctuations, which explains the larger (more AFM) values
of . On the other hand, for 1/7, T, the ferromagnetic
fluctuations dominate more than the AFM fluctuations as
actually seen in Fig. 3(a) where o) is less than o for each
sample.

Now we consider the origin of the hyperfine field at the 7 As
site in order to further understand the physics associated with
each term in Eqs. (1) and (2). The hyperfine field at the ">As
site is determined by the spin moments on the Fe sites through
the hyperfine coupling tensor A, according to H" = A - S. In

the tetragonal PM phase, the most general form for A is [21,22]

A, D B
A=|Dp A, B, 3)
B B A,

where A; is the coupling for FM correlation, D is the coupling
for in-plane Neél-type AFM correlation, and B is coupling
for stripe-type AFM correlations. Since there is no theoretical
or experimental reason to expect Neél-type AFM correlation
in the iron pnictides, below we simply set D = 0. We then
obtain H" = A, S| + BS, and H" = 2BS, + A.S,. There
are therefore two sources of hyperfine field pointing along the
c axis [21]: fluctuations at ¢ = Q = (77,0)/(0,7) with the spins
pointing in-plane [as illustrated in Fig. 4(a)] or fluctuations at
q = 0 with the spins pointing along the ¢ axis [Fig. 4(b)]. The
first and second fluctuations correspond to the first and second

(@) As |0
4 $

FIG. 4. (a) and (b) Sources of hyperfine field along the ¢ axis. (c)
and (d) Sources of hyperfine field in the ab plane.
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crossover temperature 7, and T are determined by NMR measurements for H || ab plane and H || ¢ axis, respectively. The pseudogaplike
behavior in the present paper is defined, as in [8], by the suppression of the spin fluctuations with only stripe-type AFM wave vectors,
not from g = 0 component. AFM, SC, and PG stand for the antiferromagnetic ordered state, superconducting, and pseudogaplike phases,

respectively.

terms, respectively, in 1/77 T [Eq. (1)]. Similarly, hyperfine
field fluctuations in the ab plane can result from fluctuations
at q = 0 with the spins pointing in-plane [Fig. 4(c)], or from
fluctuations at q = Q with the spins pointing along the ¢
axis [Fig. 4(d)]. Again, the first and second fluctuations can
be attributed to the first and second terms, respectively, in
1/T 1T [Eq. (2)]. In what follows, we will refer to the
correlations depicted in Fig. 4(a) as “(a)-type” correlations
(similarly for the others). To summarize, the value of «;
reflects the competition between (a)- and (b)-type correlations,
while «; reflects the competition between (c)- and (d)-type
correlations.

Now, since o reflects the character of hyperfine field
fluctuations with a c-axis component, the strongly AFM ¢ in
Fig. 3 can be attributed to stripe-type AFM correlations with
the Fe spins in-plane [i.e., (a)-type]. These must dominate
the (b)-type correlations in order to have an AFM value of
«y. Similarly, since o reflects the character of the ab-plane
component of hyperfine field fluctuations, the strongly FM
value of o in the high 7' region may be attributed to in-plane
FM fluctuations [Fig. 4(c)], while the increase of «; as the
temperature is lowered reflects the increasing dominance of
stripe-type AFM correlations with a c-axis component to the
spin [as in Fig. 4(d)]. By examining the c-axis and ab-plane
components of the hyperfine field fluctuations separately via
oy and o), we see the simultaneous coexistence of FM
and AFM fluctuations in Ca(Fe;_,Co,),As,. Furthermore,
the dominance of (a)- and (c)-type spin fluctuations in
the high temperature region suggests that both the AFM
and FM fluctuations are highly anisotropic, favoring the ab
plane. A similar feature of the coexistence of FM and AFM
fluctuations [7] has been reported in Ba(Fe;_,Co,),As; and
BalfoxFezASZ.

It is interesting to separate the FM and the stripe-
type AFM fluctuations and extract their 7 dependence,

as has been performed in the hole- and electron-doped
BaFe,As; [7]. According to the previous paper [7], 1/T\T
was decomposed into inter- and intraband components ac-
cording to 1/T'T = (1/T1T)inter + (1/T1 T )intras Where the
T dependence of the interband term is assumed to follow
the Curie-Weiss (CW) form appropriate for two-dimensional
AFM spin fluctuations: (1/T1T)iper = C/(T — Ocw). For T
dependence of the intraband component, (1/71T )inra Was
assumed to be (1/T1T)inra = @ + Bexp(—A/kgT). Such a
decomposition of 1/7;T data has been performed in several
iron-based superconductors such as BaFe;(As;_,P,), [23],
Ba(Fe;_,Co,),As, [24], and LaFeAsO_,P, [25]. Here we
also tried to decompose the present 1/7) T and 1/7T, T
data following the procedure. We however found large
uncertainty in decomposing our data, especially for the
1/T, 1T case, due to the weak temperature dependence
of 1/T\T. Nevertheless, we proceeded with our analysis
to qualitatively examine the x dependence of Curie-Weiss
parameter C, which measures the strength of AFM spin
fluctuations, and ®cw corresponding to the distance in T
from the AFM instability point [22,24,26]. Here we fit the
data above Ty or T* for each sample. ®cw decreases from
38+ 17K (x =0)to 15 £ 13K (x = 0.023), and to a negative
values of —33 £ 21 K (x = 0.028). This suggests that
compounds with x = 0.023 and 0.028 are close to the AFM
instability point of ®cw = 0 K. A similar behavior of Ocw is
reported in Ba(Fe;_,Co,),As, [7,24], BaFe;(As;_,P:), [26]
Ba;_,K Fe,As, [22], and Ba(Fe;_.Ni,),As, [27]. The x
dependencies of CW parameters C, Cy, and ©cw are shown
in Figs. 5(a) and 5(b) together with the phase diagram reported
in [8]. Although these parameters have large uncertainty,
C) seems to be greater than C,, consistent with that the
in-plane AFM fluctuations are stronger than the c-axis AFM
fluctuations. This result is same as in Ba(Fe;_,Coy),As;
samples in [7]. On the other hand, the C; and C| parameters
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are almost independent of x in Ca(Fe;_,Co,),As; in the range
of x = 0-0.059, while the C| and C parameters decrease with
Co substitution in BaFe, As, where the c-axis component AFM
spin fluctuations decrease and die out with x > 0.15 [24]. It is
interesting to point out that a similar x-independent behavior
is also observed in the crossover temperature 7 attributed
to the pseudogaplike behavior in the spin excitation spectra
where the stripe-type AFM spin correlations are suppressed
in the Ca(Fe;_,Co,),As; system [8]. Although we do not
have a clear explanation about the x dependence of T* at
present, it could be related to the x dependence of CW
parameters as both the CW parameters and 7* are considered
to be associated with the AFM interactions between Fe spins.
Further detailed studies will be required to understand peculiar
properties of pseudogaplike behavior in Ca(Fe;_,Co,),As;. It
is also interesting to mention nematic spin correlations which
have been recently discussed in Ba(Fe;_,Co,),As, [28,29]
and BaFe,(As;_,P;), [30] based on NMR-7; and spectrum
measurements. In the case of Ca(Fe;_,Co,),As,, the nuclear
magnetization recovery curves in the tetragonal PM states
were well fitted by the function shown in Sec. II within our
experimental uncertainty, indicating no obvious distribution in
T,. This would suggest that nematic spin correlations are not
significant in Ca(Fe|_,Coy),As;.

Finally we show, in Fig. 3(b), the intraband Korringa ratios

(xh"“a and oM™ by subtracting the interband scattering term

C/(T — Ocw). Both oc““ra and ™™ remain roughly constant

above Ty or T*. We plotted the average value of a“““‘ and

ozl“‘m as a function of x in Fig. 5(a). We find that ocm"a is

smaller than ozh“‘m for all the samples, confirming again the

dominant in-plane FM spin fluctuations. The calculated oM™
and o™ in Ca(Fe,_,Co,),As; are almost same order w1th
those in both the electron- and hole-doped BaFe,As,. FM
values of o were also observed in different iron-based SCs
such as Lagg7Cag 13FePO (o = 0.37) [31], LaOgoF, FeAs
(a = 0.55)[32],and K¢ gFe,Se; (¢ = 0.45) [33]. These results
indicate that the FM spin correlations exist in general and may
be a key ingredient to a theory of superconductivity in the iron
pnictides.

IV. SUMMARY

Motivated by the recent NMR measurements which re-
vealed the coexistence of the stripe-type antiferromagnetic
(AFM) and ferromagnetic (FM) spin correlations in both
the hole- and electron-doped BaFe,As, families of iron-
pnictide superconductors [7], we have reanalyzed NMR
data in Ca(Fe_,Co,),As, and found clear evidence for the
coexistence of the stripe-type AFM and FM spin correlations.
In contrast to the case of Ba(Fe;_,Co, ), As, where the relative
strength of FM correlations increases with Co substitution, the
FM correlations are almost independent of Co substitution for
our investigated range of x = 0-0.059 in Ca(Fe;_,Co,),As;.
The Curie-Weiss parameters C | | representing the strength of
the stripe-type AFM correlations are almost independent of Co
doping, close to a feature of T* representing a characteristic
temperature of the pseudogaplike behavior. The observed
nearly x-independent behaviors of the AFM and FM spin
correlations may be associated with the small change of T¢
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from 15 K for x = 0.033 to 10 K for x = 0.059 for the Co
doping range investigated. Our analysis of the NMR data
indicates that FM fluctuations exist in general in iron-pnictide
superconducting families. A recent theoretical study using the
dynamical mean field theory also pointed out an importance
of FM fluctuations in iron pnictides [34]. Further systematic
theoretical and experimental investigation on the role of the
FM correlations in iron-pnictide superconducting families are
highly required.

ACKNOWLEDGMENTS

We thank David C. Johnston for helpful discussions. The
research was supported by the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering. Ames Laboratory is operated for
the U.S. Department of Energy by Iowa State University under
Contract No. DE-AC02-07CH11358.

APPENDIX: CALCULATION OF FORM FACTOR

Here we directly calculate the appropriate form factors for
the PM state of the iron pnictides according to the theory
of [20]. We make the assumption that the external applied
field is much larger than the hyperfine field, which is certainly
true in the PM state. We further assume that the wave-number g
dependent dynamic susceptibility tensor x *#(q, ) is diagonal
in the PM state. Under these assumptions, the spin-lattice
relaxation rate in an external field hy is given by

m[X““(q,wo)]

kBT Zf“w( ) , (Al)

= lim
Ti(hex) @00 2N

where o = (a,b,c) sums over the crystallographic axes. The
general expression for the g dependent form factor is

Fas(@) = )[Ry Ryl + (r < ) A7« A,

Bexe —-q’
V.8

(A2)
where Ry, is a matrix which rotates a vector from the
crystallographic (a,b,c) coordinate system to a coordinate
system (x,y,z) whose z axis is aligned with the total magnetic
field at the nuclear site. For details we refer the reader to

Ref. [20]. When he||c, the two coordinate systems coincide
so that

1 0 O
Rpge=10 1 0 (A3)
0 0 1
For hey||a, the appropriate matrix is
0 0 1
Rhexl”“ = 0 1 0 (A4)
-1 0 0

For the case of the As site in the iron pnictides, the matrix Aq
in Eq. (A2) is given by [20]

A%c,e, —A%s.s, i A%s,cp
Ag =4 —Abs,s,  Acicp A sy |, (A5)
iACs.c,  iACc,s,  Acuep
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where A% are the components of the hyperfine coupling tensor
and

Gao gbo
C, = COS T, Cp = COST
g gpbo
Sq = sin ——, s, = sin ——.
2 2
Here ay and by are lattice constants. Of course ay = by in the
PM state. Combining Egs. (A2)-(A5), we obtain
f:sxl”a(q) — 16(A"asacb)2 + 16(Abasasb)2, (A6)
Frele (@) = 16(A%cysp) + 16(Acocy)?, (A7)
fcl‘]e,ﬂ”u(q) — 16(Acccacb)2 + 16(¢4bcca5b)21 (A8)
and
Fhelle(q) = 16(A" c,cp)* + 16(As,5,)?, (A9)
Frele(q) = 16(APcocp)? + 16(As,50)7, (A10)
Frole(q) = 16(A"s4cp)” + 16(A"casy)’.  (Al1)

To calculate 1/7; from Eq. (Al), we assume for simplic-
ity that x*f(q,wp) is nonzero only near the wave vectors
q=0,q=0Q, = (£n/a0,0), and q = Q; = (0,7 /by). By
tetragonal symmetry we have a <> b. In particular, Q, =
Q, =Q and Im[x*(q,w0)] = Im[x"(q,w0)] = X/ (q,@0).
We also now write Im[x“(q,w0)] = x/(q,wp). We thus
obtain

1

8
- VN kB T
Tihewlle)

w0—>0 N

aav2 Xap(0,@0) ae X2 (Q,w0)
[Z(A )—h o + 4(A) oy }

(A12)
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and
1 = 8 1%/ ca 2Xab(Q o)
Tihodla) — oo N <8 T[4(A plad
" 0
+ (Aaa)Z Xab( ,@p) (ACC)ZX 0,w0)
(1)0 ho wo
* Z(Aac)zm]. (A13)
ha)()

We have summed over four AFM wave vectors Q =
(£m/ap,0) and Q = (0,£m/ap), which have the same value
of x”(Q,wp) in the PM state. Notice that, for both field
directions, AFM fluctuations at q = Q are completely filtered
out if A% =0, as pointed out in Ref. [3]. However, in the
iron pnictides A% # 0 [21], and therefore AFM fluctuations
are not filtered out. From Egs. (A12) and (A13) we can easily
calculate 1/ Ty | = 2/ Ti(hexlla) — 1/ Ti(hexcllc)and 1/ Ty | =
1/ Ti(hexllc),

2
L= lim 16yNkBT
TLJ_ w—0 N
|:(.Aaa)2 Xab(o o) +2(Aac)2 Xc Q. U)O)il’ (A14)
hawo wo
2
L = lim 16yNkBT
Tl,II wp—0 N
|:4(Am)2xab(Q» o) +(Acc)2X (0, w0)1| (A15)
hay @y

Notice that the fluctuations probed by 1/7; and 1/7 , are
consistent with the qualitative arguments used in the main text.
For the case of CaFe,As,, Ref. [8] gives A = 1.8 T/usg,
A“ =12T/up, and A = A% = 0.82 T/ug. A*“ and A«
are determined by Knight shift measurements and 4% is
found by comparing the measured internal field in the AFM
state to the value of the ordered moment obtained by neutron
scattering.
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