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RKKY coupled local-moment magnetism in NaFe,_,Cu,As
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A central question in a large class of strongly correlated electron systems, including heavy fermion compounds
and iron pnictides, is the identification of different phases and their origins. It has been shown that the antifer-

romagnetic (AFM) phase in some heavy fermion compounds is induced by Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction between localized moments, and that the competition between this interaction and Kondo
effect is responsible for quantum criticality. However, conclusive experimental evidence of the RKKY interaction
in pnictides is lacking. Here, using high resolution Na NMR measurements on lightly Cu-doped metallic
single crystals of NaFe;_,Cu,As (x &~ 0.01) and numerical simulation, we show direct evidence of the RKKY
interaction in this pnictide system. Aided by computer simulation, we identify the >*Na NMR satellite resonances
with the RKKY oscillations of spin polarization at Fe sites. Our 2*Na spin-lattice and spin-spin relaxation data
exhibit a signature of an itinerant and inhomogeneous AFM phase in this system, accompanied by a simulation

of Cu-induced perturbation to the ordered moments on the Fe sites. Our NMR results indicate coexistence of
local and itinerant magnetism in lightly Cu-doped NaFe,_,Cu,As.

DOI: 10.1103/PhysRevB.104.144421

I. INTRODUCTION

In the early days of investigation of the Kondo effect,
Boyce and Slichter [1] and Alloul [2,3] studied magnetic
interactions of a dilute magnetic impurity, such as Fe, in a
nonmagnetic, metallic Cu host. They observed ®*Cu NMR
satellites which they identified with atomic positions of
Cu atoms in shells at varying distances from the impurity,
attributed to the Ruderman-Kittel-Kasuya-Yosida (RKKY) in-
teraction of local moments at the Fe sites, coupling through
the hyperfine field to the copper nuclei. This interaction is
mediated by the conduction electron spins. The satellites
determine both the range and the magnitude of the RKKY
oscillations in the electronic spin density. It has been shown
by past studies that this interaction plays an important role in
the formation of magnetic order in strongly correlated electron
systems. For instance, in some heavy fermion metals, the anti-
ferromagnetic (AFM) order is driven by the RKKY interaction
among the localized f electrons, and is proposed to compete
with the Kondo effect to be responsible for quantum criticality
[4-6]. For iron chalcogenides, ab initio electronic structure
calculations show that this interaction stabilizes bicollinear
AFM order [7].

Numerical studies of iron pnictides based on multi-
band models [8] show that the RKKY interaction becomes
anisotropic in EuFe,As, where suppression of supercon-
ductivity has been reported [9]. Magnetic suppression of
superconductivity has also been attributed to RKKY-like
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interactions in the vicinity of Mn impurities in LaFeAsO;_F,
and BaFe;As, compounds [10,11]. In these instances, B As
NMR spectral shifts are associated with the 7 As nuclei that
are nearest neighbor (NN) to the Mn impurities. However, as
far as we know, there is no direct experimental evidence for
existence of the RKKY interaction in pnictides. It is important
to explore if RKKY can be directly observed in iron pnictides.
To this end, we take advantage of high resolution >*Na NMR,
which we use to identify the manifestation of the RKKY
interaction. This is what we report here.

The Cu-doped pnictide NaFe;_,Cu,As is distinct from
other iron pnictides. It is a Mott insulator in the heavily doped
regime (x =~ 0.5), while for low copper doping concentrations
(x < 0.05), it is metallic, exhibiting superconductivity in close
proximity to an AFM ordered state [12,13]. At high doping
long-range AFM order arises from localized moments on the
Fe sites [14-18] and the Cu dopants are nonmagnetic in a
valence state Cu'* with completely filled 3d orbitals [14,19].
We have previously studied this regime [17,18] using >*Na
NMR showing that long range order is only achieved for x
very close to 0.5; otherwise, the magnetic state is a spin glass
as exemplified in the case x = 0.39 (Fig. 1). In contrast, for
low concentrations x as we report here, the Cu dopants are
found to be electron doped, suggesting that they are magnetic
with valence 2+ [12,20]. The magnetic Fe ions are in the same
valence state as the dopants [19]. In this case, it is not yet clear
whether antiferromagnetism follows a local-moment picture
or is itinerant, associated with Fermi surface nesting [21-28].

The magnetic Cu impurities in a metallic host makes
lightly Cu-doped NaFe;_,Cu,As an ideal system for search-
ing for the effects of the RKKY interaction. Two NMR-
sensitive nuclei >*Na and 7> As are located on opposite sides
of the Fe layer (Fig. 1). Both nuclei are coupled to spin

©2021 American Physical Society


https://orcid.org/0000-0002-9414-1271
https://orcid.org/0000-0002-8835-9071
https://orcid.org/0000-0002-6088-3170
https://orcid.org/0000-0003-3411-5327
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.144421&domain=pdf&date_stamp=2021-10-22
https://doi.org/10.1103/PhysRevB.104.144421

XIN, STOLT, SONG, DAI, AND HALPERIN

PHYSICAL REVIEW B 104, 144421 (2021)

60 ; . ; . ,7 ; . ; 250
NaFe, Cu As Ty

ORT o o 9200
— @ . —
< <069 <
‘-’40 O Na/As H 1 H ~
VL 56 50” Misop
B 30} ﬁiftl,a b 0© @ ®
g N 220 290 0% i_»e—t— ¢ {100 &
qE_) 20} &6 &-& &< c a Tg 0 g
[ T [

10 c 5.'“

0 L L n / L . ) 0
0.01 0.02 0.03 0.04 // 02 0.3 0.4

Doping x

FIG. 1. Magnetic order in NaFe;_,Cu,As single crystals; phase
diagram adapted from Refs. [18,32]. The system evolves from the
lightly Cu-doped regime, to a correlated insulator with heavy doping.
For x > 0.3, the green data point is from neutron scattering [14]; red
and blue data points are from nuclear magnetic resonance (NMR)
measurements [18]. 7y is the Néel temperature for antiferromagnetic
transitions, and T is the temperature of spin-glass transitions [18].
The two data points in the lightly Cu-doped regime are from this
work. 7; and 7, are the temperatures of tetragonal-to-orthorhombic
structural and superconducting transitions, respectively. Insets show
Na and As sites relative to nearest-neighbor (NN) Fe or Cu substi-
tuted for Fe.

polarization of the Fe ions through transferred hyperfine in-
teraction, providing complementary information about the
magnetism in the conducting plane. However, one distinct ad-
vantage of choosing the *Na nucleus for NMR measurements
lies in that it is associated with a significantly narrower NMR
linewidth than 7> As due to its weaker hyperfine coupling [17],
allowing higher spectral resolution in probing distributions of
local magnetic fields.

Using Na NMR measurements on lightly Cu-doped
metallic single crystals of NaFe;_,Cu,As (x &~ 0.01), we have
discovered direct evidence for the RKKY interaction in a pnic-
tide system. Our 2>Na NMR spectra of the central transition
(1/2 <> —1/2) reveal four satellites, which can be similarly
interpreted as was the case for dilute alloys of Fe in Cu.
However, there are significant differences with the Kondo sys-
tem analogy. For our pnictide crystals, the pure host material
exhibits antiferromagnetism with a small ordered magnetic
moment m = 0.17 upg/Fe, and transition temperature Txp ~
46 K [29]. Assuming a random distribution of Cu dopants, we
have simulated the corresponding hyperfine field distribution
at the Na sites at room temperature and compared with our
experiment, identifying each of the >>Na NMR satellites with
a shell of Na nuclei. This leads to a value for the Fermi wave
vector kg consistent with other measurements [30], and ac-
counts for the frequencies and spectral weight of the satellite
resonances.

Measurements of spin-lattice (1/77) and spin-spin (1/7)
relaxation rates provide characterization of the electronic spin
dynamics which, in the former case, is at nonzero wave vec-
tor. Measuring 1/77T at low temperatures close to the AFM
transition Tap, we find NMR signatures indicative of three-
dimensional (3D) spin fluctuations in a weak itinerant AFM
metal [31]. These results in lightly Cu-doped NaFe;_,Cu,As

are complemented by simulation, and are consistent with our
interpretation of an itinerant inhomogeneous AFM phase co-
existing with local magnetism, very different from the more
heavily doped, nonmetallic, crystals of the same compound
0.5>x>0.3[18].

II. EXPERIMENTAL METHODS

The single crystals of NaFe;_,Cu,As which we performed
NMR measurements on were grown by the self-flux method at
Rice University [14]. Detailed information on sample prepa-
ration, including specially designed hermetic sample holders
for NMR measurements, can be found elsewhere [17]. We
performed 2Na NMR experiments for compounds x = 0.010
and 0.012, with an external magnetic field Hy = 13.98 T,
along the sample ¢ axis, the [001] direction. Since **Na
has a nuclear spin of 3/2, we used the quadrupolar echo
pulse sequence (7 /2-t-1 /2-T-echo) to maximize the excita-
tion bandwidth for collecting NMR spectrum. The linewidth
is taken to be the full width at half maximum (FWHM) of
a spectrum. For 7, measurements we varied the delay time
from 0.2 us to 2 ms to measure recovery profile from which 7,
was extracted by fitting. A saturation-recovery sequence was
used for 77 measurements. The length of 7 /2 pulse length was
typically set to ~6 us.

III. RKKY INTERACTION SHOWN IN 2*Na NUCLEAR
MAGNETIC RESONANCE SPECTRA

The room-temperature >*Na spectra of the central tran-
sition (1/2 < —1/2) are given in Fig. 2(a) for x = 0.010
and 0.012. The quadrupolar satellites (£3/2 <> £1/2) are
well resolved and an order of magnitude outside the spectral
range shown here [17]. The dashed line represents the Larmor
frequency f; calculated from f; = yHy/2m, where y is the
gyromagnetic ratio of 2*Na and y /27 = 11.2625 MHz/T.
Both spectra show a larger spectral component with some
smaller satellites. The dopant concentrations are sufficiently
small that statistically they can be treated as independent
impurities, Xin et al. [17].

In order to investigate the origin of the spectral compo-
nents, we invoke a RKKY model describing a long range
magnetic coupling between local moments on the Cu and
Fe sites. Within this picture, the magnetic Cu®* impurities
are polarized by the external field H, giving rise to local
fields, which induce a spin polarization s(r) of the conduction
electrons at position specified by r; s(r) « xrxxy #)H, with
the magnetic susceptibility given by [1,33,34]

G113 sin[2kp (r — reu,) + @]
2k

Ir —reu,il*

XRKKY () o Z

cos[2kg(r — reyi) + @]
— &1y o
[r —rew,l

, ey

where kp is the Fermi wave vector and ¢ is the average phase
shift due to disorder of the dopants [35], and rc,; is the
location of the ith Cu ion, for which the summation over i
represents contributions to the susceptibility at r from all Cu
ions in the conduction plane. The spin-polarized conduction
electrons are coupled through exchange interaction to the
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FIG. 2. RKKY interactions for x 2 0.01. (a) Room-temperature >*Na spectra of NaFe,_,Cu,As for the central transition (—1/2 <> 1/2),
Hy = 14 T||c axis for x = 0.010 and 0.012. (b) For x = 0.012, Gaussian fits of spectral components indicated by color. The inset K(7)
versus bulk susceptibility x (7), 125 < T < 250 K for each spectral component; the slopes are the hyperfine field form factors. The numbers
correspond to different spectral components. (¢) Comparison of the RKKY model with the Gaussian fits to the experimental spectrum, corrected
for the chemical shift K. obtained from (b). (d) Calculated hyperfine fields in the ab plane hrkxy. Na sites are small black open circles near
the Cu dopant (black cross). Large black circles label shells of Na sites color coded in (b), (c) and (e). (e) Larger view of the simulation field.
(f) Black trace is the susceptibility xrxky versus the ratio of the radial distance r from a Cu dopant to the lattice spacing d between two NN
Fe atoms. The data points are measurements of hyperfine fields for Na in different shells. The numbers correspond to the different spectral
components in (b) and (c). The inset shows a comparison of relative spectral weights between the simulated and experimental results for each

spectral component.

local moments at the Fe sites, giving rise to a transferred
hyperfine field hrgky at their near-neighbor Na nuclei,

hRKKY

Ho = A Z XRKKY, j» (2)

Jj=NN

where A, is the transferred hyperfine field form factor given
by one of the diagonal components of the the hyperfine cou-
pling tensor (Appendix A). This constant is determined by the
slopes of K(T') versus y (T) for each >*Na spectral component
[36]; inset Fig. 2(b), where K(T) is the frequency shift deter-
mined by K(T') = Af/f. = [f(T) — f.1/ f, and x(T') is the
bulk susceptibility. Thus the hyperfine field at any Na site is a
sum of the hyperfine coupling to its nearest-neighbor (NN) Fe
atoms, atr; (j = 1-4). A detailed understanding of the origin
of the transferred hyperfine field at the Na sites is beyond
the scope of the present work. To verify this RKKY model,
we performed a computer simulation of the room-temperature
ZNa spectrum shown for x = 0.012; the simulated spectrum
is essentially a histogram of the hyperfine fields at the Na sites.

However, Eq. (2) only addresses the magnetic coupling in
the spin degrees of freedom. The frequency shift measured for
each »*Na spectral component, shown in Fig. 2(b), must be
corrected for the temperature independent contribution from
the chemical shift K. given by linear extrapolation of K(x)
to zero [inset Fig. 2(b)], for each spectral component. The
K, -corrected Gaussian fits to the experimental spectrum can
then be compared with the simulation shown in Fig. 2(c). The
simulation was performed with a 800 x 800 Fe lattice, ran-
domly populated by Cu dopants with a probability p = 0.012.
A small portion of the simulated Fe-Cu lattice is depicted in
Fig. 2(e), showing a broader view of hrkky at each Na site.
Five concentric shells of Na sites, centered at a single Cu
dopant, are identified [Fig. 2(d)], associated with the spectral
components labeled from smallest to largest in Fig. 2(c). Each
shell represents a group of Na nuclei contributing to one of the
spectral components. The radius of each shell is determined
by the average distance of the corresponding Na sites to the
Cu dopant in the ab plane, with the exception of the fifth
shell which corresponds to all Na sites contributing to the
main spectral component. The dependence of the simulated
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Xrkky on distance r from a single impurity at the origin, is
shown in Fig. 2(f), revealing a damped oscillation between
ferromagnetic and antiferromagnetic coupling. At short dis-
tance r < d, where d is the lattice spacing between two NN
Fe atoms, the RKKY interaction is ferromagnetic. In the same
figure we compare the average hrxgy associated with each
spectral component between the simulated and experimental
spectra corrected for K. The reasonable agreement is within
experimental uncertainty. We also compare the relative spec-
tral weight associated with each spectral component between
the two, as shown in the inset of Fig. 2(f). This comparison
shows a good agreement with the exception of the spectral
component color coded green in Figs. 2(b) and 2(c). We note
the possible existence of additional Na sites contributing to
this particular spectral component, which are not considered
in our model. Indeed, our assumption of RKKY interaction
in the form of Eq. (1) could break down in small regions of
the lattice where more than one dopant are located relatively
close to one another. Incidentally, these regions are occupied
by Na sites that are colored coded black in Fig. 2(e), contribut-
ing to none of the spectral components based on our model.
Overall, our model provides a good representation of the field
distribution at Na nuclei due to the RKKY interaction among
the local moments at the Fe and Cu sites. Direct hyperfine
coupling between Na and conduction electrons is neglected.
Contributions to the hyperfine fields at Na sites from the
next-nearest Fe-Cu layer can also be ignored.

For the fit of the NMR spectrum to the RKKY model,
we chose kg ~ 0.187 /d. This value is reasonable for iron
pnictides with a Fermi surface composed of both hole and
electron pockets [30]. The average phase shift owing to the
random distribution of the dopants was found to be ¢ ~ 0.87.

In addition to the RKKY model, one might attribute the
2’Na NMR satellites to inequivalent Na sites, each of which
is associated with a different number of nearest-neighbor Fe
sites occupied by a Cu dopant, similar to that discussed in
Ref. [17] for the more insulating compounds x > 0.1. How-
ever, if this were the case, the scarcity of these sites due to low
Cu concentration would lead to satellites of spectral weight
that is at least an order of magnitude smaller than what has
been observed from the NMR spectra which we report here.

IV. SPIN-LATTICE RELAXATION

Spin-lattice relaxation measurements can be very in-
formative regarding the nature of AFM order in pnictide
compounds as demonstrated by Ning et al. [24], Dioguardi
et al. [37,38], and Oh [39] in their "As studies of the
Bal22 system and with 2*Na NMR in Co-doped Nalll
compounds by Oh et al [40]. Our data for 1/TiT of
the main spectral component in both x = 0.010 and 0.012,
for Hyl||c axis, is presented in Fig. 3(a). These measure-
ments probe spin dynamics at nonzero wave vector ¢ and
are related to the imaginary part of the g-dependent dy-
namic susceptibility x”: 1/TiT ~ Y, 1A@)* x"(q. i)/ fi.
where A(q) is the form factor of the hyperfine interaction
between the electronic and nuclear spins. The 1/TiT ver-
sus 7 data were fit to a combination of pseudogap and
Curie-Weiss-like terms, 1/T1T = (1/T1T )pg + (1/T1T )ar =
[Aexp(—A,e/kgT ) + Bl + C/(T — Tar)”, where the critical

exponent is y = 0.5. This fit has been used previously to
account for contributions to the spin-lattice relaxation from
both pseudogap and AFM fluctuations in pnictides [24,37].
The effects of the pseudogap on K(T') and 1/T,T, over arange
of composition, die out at low temperatures as previously
reported [17,18]. While the pseudogap is clearly shown by
1/T\T and K at temperatures 7 2 100 K, the Gaussian com-
ponent of the spin-spin relaxation rate 1/7; ,, which probes
the real part of the static susceptibility x'(¢g, @ = 0), is largely
temperature independent in the paramagnetic state [Fig. 3(b)].
This, combined with the decrease in 1/7;T, suggests an in-
crease in the ratio T17T /T,,, consistent with opening of a
spin pseudogap [41]. At temperatures T < 40 K, (1/TiT )ar
becomes dominant and the critical exponent of y = 0.5
corresponds to 3D spin fluctuations due to weak itinerant anti-
ferromagnetism [31] at the AFM wave vector g,p = (7 /d, 0)
[42]. This interpretation is consistent with the observed tem-
perature independent behavior of y (g = 0) probed by K(T)
in the same temperature range [inset Fig. 3(a)]. In contrast,
the critical exponent clearly deviates from 0.5 for compounds
in the heavily doped regime. Setting y as a free parame-
ter for fitting, we obtain for comparison, y ~ 1.5 0.1 and
1.57 £ 1.30 for x = 0.39 and 0.48, respectively (Appendix
C). We infer that the magnetic state evolves from itinerant to
localized as x exceeds ~0.3 [43].

Despite these differences, we note that the magnetic transi-
tion in x = 0.010 and 0.012 share some similarity with that
in x 2 0.3: (i) the magnetization recovery from the spin-
lattice relaxation exhibits a stretched exponential behavior
(Appendix B) with T approaching the AFM transition tem-
perature Tar [Fig. 3(c)], indicating a distribution of relaxation
rates, (ii) the fraction of 2Na nuclei contributing to the NMR
spectrum Ny diminishes with decreasing temperature, and (iii)
the spin-spin relaxation rate 1/7, can be separated into Gaus-
sian T , and the exponential 75 . components (Appendix B).
A crossover from the former to the latter occurs as the tem-
perature approaches Tar [Fig. 3(b)]. These observations are
strong indications of inhomogeneous local magnetic fields,
and is a general signature of glassy magnetic phases at low
temperatures [38,44]. This is also the case for large x = 0.39
[18]. However, it is unlikely that the inhomogeneity of local
fields for x = 0.010 and 0.012 is due to magnetic frustration
in contrast with x = 0.39. We note that a majority of the
Na nuclei that contribute to the main spectral component are
sufficiently far from Cu dopants that near neighbor Fe atoms
cannot be frustrated due to competing RKKY interactions.
Furthermore, the independence of Cu dopants in x = 0.010
and 0.012 precludes significant structural disorder leading to
magnetic frustration as is the case for x = 0.39 [18]. This
inference is also consistent with the fact that the stretched
exponent S for x = 0.010 and 0.012 only starts to decrease
from S = 1 close to Tar [Fig. 3(c)]. In contrast, B for x = 0.39
is clearly already suppressed at room temperature, indicating
intrinsic magnetic inhomogeneity and frustration due to the
aforementioned structural disorder caused by dopants. The
time recovery of both the spin-lattice and spin-spin relaxation
is discussed in Appendix B. No obvious bifurcation has been
observed between the bulk susceptibility x(7") taken under
zero-field-cooled (ZFC) and field-cooled (FC) conditions for
x = 0.010, even for the small applied field H = 10 Oe, as
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FIG. 3. Magnetic transitions. (a) Spin-lattice relaxation (1/777) measurement measured for the central transition of the main spectral
component in x = 0.012 and 0.01. The dashed and solid lines are fits that capture both a pseudogap and a Curie-Weiss-like behavior of the
data. The fits give Tar &~ 11 and 20 K for x = 0.012 and 0.01, respectively, marked by arrows. At high temperatures both K(7") (inset) and
1/T\T are due to the pseudogap. (b) Gaussian and exponential components of the spin-spin relaxation rate (1/73). (c) Stretched exponent S.
(d) Bulk magnetic susceptibility for x = 0.010 and 0.39, with H = 10 Oe and 1 T||ab. The bifurcation between data field-cooled (FC) and
zero-field-cooled (ZFC) conditions for x = 0.39 demonstrates a classic manifestation of spin glass, absent for x &~ 0.01.

shown in Fig. 3(d). This offers further evidence of negligible
frustration effects in x = 0.010 and 0.012.

V. MAGNETIC INHOMOGENEITY

The *Na linewidth associated with all satellite spectral
components increases substantially as the temperature ap-
proaches the AFM transition (Appendix D), rendering the
satellites difficult to be resolved. To determine the origin of
the magnetic inhomogeneity in x = 0.010 and 0.012, we com-
pared our spectra for the central transitions with a simulation
for the distribution of local fields. We adopted a Gaussian
model to describe the AFM background in which the magnetic
moments at Fe sites map(rg.) point along the crystalline a axis
and are suppressed in the vicinity of Cu dopants [37],

mar(rre) = mar(rre ) = Co COS(G AR - T'Re)

X {1 -G Zexp[_|rFe - rCu,ilz/zsz]}&

= Cy(—1)™ [1—61 > exp(—lrre — rcu,i|2/252>}fz,

3

where g r = (7/d, 0) [42], and & is the length scale of this
suppression. The constant Cy represents the magnitude of
the AFM ordered moment and C; the suppression. Thus the
magnitude of the total hyperfine field %, at a Na nucleus can
be approximated by

hotal % FAca Y (=1 map(ree.)

j=NN

+A.Hy Z XRKKY (PFe, j )
J=NN

“

where A, is the off-diagonal hyperfine field form factor
(Appendix A) approximated to be A, ~ 0.027 T/up [13],
the plus and minus signs in front of A, correspond to Na
nuclei above and below the Fe plane [12]. The susceptibility
Xrkky 1S given by the RKKY simulation based on Eq. (1)
for the room-temperature spectrum. We fit the main compo-
nent of the ?Na NMR spectrum of x = 0.012 at T =9 K
to the histogram of Ay, given by Eq. (4) with results in
Fig. 4(a). From the fit we obtained Cy ~ 1.3, C; =~ 0.64, and
& ~ 6.5d, indicating that the Cu dopant in NaFeAs gives
rise to a magnetic perturbation that has similar magnitude
but a longer range than Ni does in the Bal22 system [37],
possibly due to the fact that the Cu atoms are associated with
a stronger magnetic scattering potential than impurities in
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FIG. 4. Analysis of Na NMR line shapes from impurity in-
duced perturbation of the AFM background. (a) Comparison between
the *Na spectrum for T =9 K and H, = 14 T||c axis, and the
simulated spectra. Both Gaussian and Lorentzian models were con-
sidered leading to similar length scales & ~ 6.5d, where d is the Fe
lattice spacing. A schematic of the magnetic perturbation is shown
in the inset; black arrows represent perturbed magnetic moments.
(b) Dependence of the hyperfine field form factor A.., on r/d. The
solid curve represents a fit to our model for A..(r/d).

Bal22 [45,46]. A Lorentzian model gives similar results, also
shown in Fig. 4(a). The Cu-induced magnetic perturbation
increases with x in the doping range 0 < x < 0.02, consistent
with the suppression of the AFM order shown in the phase
diagram (Fig. 1). The exchange interaction between Cu and
Fe sites could give rise to ordered moments at the former,
leading to additional contributions to hrkky at the Na sites in
the AFM phase. However, such contribution can be neglected
in our simulation as we mainly focus on the broadening of
the main peak due to the Cu-induced suppression of the back-
ground AFM order. The Na nuclei associated with this peak
are located sufficiently far away from the Cu dopants so that a
change in hrgky would have negligible effect on these nuclei.

The RKKY interaction is particularly sensitive to the elec-
tronic structure of the system. In the paramagnetic state, the
frequency shift associated with each satellite appears to be
following approximately the same temperature dependence
down to ~125 K (Appendix D), suggesting that the RKKY
interaction is largely temperature independent at high temper-

atures. However, the amplitude of the RKKY oscillation could
weaken due to a spin-density-wave (SDW) gap in the AFM
state [8,21], leading to smaller hyperfine fields at the Na sites
and therefore smaller frequency shifts of the satellites with
respect to the main peak. This change in relative frequency
shift, combined with the line broadening of the NMR spec-
trum, could lead to the satellite resonances being absorbed
into the main peak, and therefore rendering the satellites ab-
sent in the AFM state, as shown in the experimental spectrum
at 7 =9 K. This is in contrast to the simulated spectra for
which the effect of SDW gap was not considered [Fig. 4(a)].
A scanning tunneling microscopic study of the SDW gap in
the parent compound is discussed in Ref. [47].

VI. COEXISTENCE OF LOCAL AND ITINERANT
MAGNETISM

From the simulation results we approximated the ordered
moment of the AFM background to be m =~ 0.003 up/Fe,
smaller than that approximated from the linear interpolation
of the neutron scattering results for x = 0.016 and the parent
compound m = 0.02 ug/Fe [14]. This discrepancy could be
partly attributed to the relatively large uncertainty associated
with the moment for the parent compound. Also, the evolu-
tion of the ordered moment with doping may not be linear,
as reflected for the Co-doped Na-111 system [48]. More
importantly, thermal fluctuations could suppress the ordered
moment probed by NMR which has a timescale at least three
orders of magnitude longer than that of the neutron scattering.
A NMR study extending into the superconducting state can re-
veal further information about the evolution of the AFM order
moment at lower temperatures 7 < 7.. However, this is be-
yond the scope of the present article. Despite the discrepancy
between the NMR and neutron scattering results, the magnetic
moments given by the two measurements are both small;
orders of magnitude weaker than that for a NaFe( 56Cug 44As
single crystal (m ~ 1 ug/Fe at T ~ 4 K) [14]. Such small
magnetic moments in x ~ 0.01 are aligned with itinerant
antiferromagnetism, consistent with our analysis of the spin-
lattice relaxation data. Another possible cause for the small
ordered moment could be the presence of magnetic frustration
[26]; however, we found no evidence for significant frustration
from inhomogeneous relaxation, from our simulation, or from
x(T).

The conduction electrons are mainly responsible for the
long-range magnetic order; however, the existence of local-
ized moments is intrinsic to the RKKY model since the
local moments are coupled through that interaction. Using
the RKKY simulation results and K(y ), we calculate the r
dependence of the hyperfine field form factor A.. vs r/d,
in Fig. 4(b), with r being the distance from a Cu dopant
in the ab plane. Since A, characterizes the strength of the
transferred hyperfine interaction between the Fe 3d electrons
and the Na nuclei, its » dependence may originate from a
change in the local electron density around a Cu dopant
[46,49]. Indeed, for iron pnictides, it was demonstrated that
the extra d electrons contributed by the dopants are largely
localized in their near vicinity, leading to a strong increase in
the electron density close to the dopant [46]. Fitting the data
to the phenomenological model, aexp[—(r/d)*/(2A%)] + b
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[Fig. 4(b)], we obtain A = d £ 0.8d, significantly smaller than
the correlation length of the Cu-induced perturbation to the
AFM order; £ &~ 6.5d. The result of this comparison can be
attributed to possible enhancement of the magnetic perturba-
tion by the background long-range AFM order, which has a
correlation length £xr = 35d [50]. On the other hand, in a
metallic crystal, an excessive impurity potential responsible
for a perturbation to the local electron density can be almost
completely screened by conduction electrons within the im-
purity Wigner-Seitz cell [51]. Thus, the relative small value
of A might also be ascribed to the screening effect of the
conduction electrons.

Our direct evidence for the RKKY interaction, com-
bined with analysis of the spin-lattice relaxation rate and the
Cu-induced magnetic perturbation, indicate that the picture
of coexisting itinerant and localized electrons is impor-
tant for understanding the magnetism in lightly Cu-doped
NaFe;_,Cu,As. This is consistent with theoretical studies
in pnictides showing that part of the Fe 3d electrons are
itinerant and the rest are localized [52-54]. Moreover, neu-
tron scattering results show that the Bragg peak remains at
a commensurate position in compounds approaching opti-
mal doping (x & 0.02) [42], which is not compatible with a
purely itinerant picture where Fermi surface nesting gives rise
to incommensurate magnetic order. The existence of RKKY
interaction also reveals commonality between metallic pnic-
tides and other strongly correlated electron systems including
heavy fermion compounds, prompting future identification
of quantum criticality and study of its nature in Cu-doped
NaFe;_,Cu,As.

VII. CONCLUSION

In summary, using >?Na NMR measurements on the lightly
Cu-doped NaFe;_,Cu,As (x =~ 0.01) single crystals and nu-
merical simulation, we have shown direct evidence of RKKY
interaction between the local moments at the Cu and Fe sites
in this pnictide system. For the AFM phase, we have shown
that the magnetic order exhibits itinerant nature, associated
with a small ordered moment. The ordered moments at the Fe
sites are perturbed in the vicinity of the Cu dopants, giving
rise to magnetic inhomogeneity. Our NMR results indicate
coexistence of local and itinerant magnetism in the lightly
Cu-doped NaFe;_,Cu,As.
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APPENDIX A: TRANSFERRED HYPERFINE FIELDS AT
NA SITES

The coupling of a Na nucleus to on-site orbitals and orbitals
on surrounding Fe?" ions gives rise to transferred hyperfine
field at the Na site. For the Fe-Na configuration in Fig. 5, the
transferred hyperfine coupling tensors A; (i = 1-4) are defined
by

Aaa _Aah _Aac

A=A Aw A |
_Aca Acb Acc
Aaa Aab Aac
A=A A Ai |,
Aca Ach Acc
(A1)
. Aaa Aab _Aac
A3 = Aba Abb _Abc 5
_Aca _Ac'b Acc
B Aaa _Aab Aac
Ay =|—Apa Aw  —Ap |,

Aca _Acb Acc

each of which is associated with the coupling of the Na
nucleus with one of its nearest-neighbor (NN) Fe?* ion. In
the paramagnetic state with Hy || ¢ axis, the magnetic mo-
ment (m;) of a Fe?t jon is polarized along the ¢ axis; m; =
xirkxyHo. The susceptibility due to the RKKY interaction
XirRkky is given by Eq. (1) in the main text. Therefore, the
hyperfine field at a Na site is given by

0
hrxxy = ZAi -mgrxxy,i = Hy ZAi . 0
NN NN XRKKY,i
_Aac Aac
= | xrkky,1| Ave | + xrrxyY,2 | Abe
ACC ACC
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_Aac Aac
+ xrkKY,3 | —Abe | + xrrxy4 | —Asc | |Ho.
ACC ACC

(A2)

In the paramagnetic state, the total field can then be ap-
proximated by its component along the ¢ axis, Ho = Ho +
hrgxy ~ Ho + AccHo ) N XRKKY,i-

In the antiferromagnetic (AFM) state, the collinear mag-
netic ordered moments point along the a axis. Therefore for
the same Fe-Na configuration, the hyperfine field due to the
AFM order can be calculated as

har = E A; s MAF,;
NN

Aaa _Aab _Aac

=|—Ape Aw  Apc | -mar1
_Aca Ach Acc
Aua Aab Aac
+ | Ava A Ape | - maR2
Aca Acb Acc
Aaa Aab _Aac
+ | Aw Ap,  —Apc | -mar3
_Aca _Acb Acc
Aaa _Aab Aac
+| A A —Apc | -maR4, (A3)

Aca _Ach Acc

where the AFM ordered moment at the ith NN Fe site is given
by mar i = map(ree,i) = mar(ree,:)@ [Eq. (3)]. Thus,

A[la Aaa
har = | —Apa |map,1 + | Ava | maF,2
_Aca Aca
A(lu Aua
+ | Apa |mars + | —Apa |MaF4. (A4)
_Aca Aca

For Hy || c axis, the total magnetic field in the AFM state can
be approximated as

Hior = Ho + hrrxy + har

0
~ Hy + A..Hy 0
XRKKY, 11 XRKKY, 2+ XRKKY,3F XRKKY.4
0
+ A 0

—MAE,1 + MAF2 — MAE3 + MAF 4

=H)+A.Hyp Z XRKKY,i T Aca Z(_l)imAF,ié~
NN NN

This result is calculated for Na nuclei that are above the ab
plane, for those which are below the ab plane, Hoa =~ Hy +

AccHo Y an XRKKY,i — Aca D nn(—1)'mag €.

x10%

| —stretched exponential fit
—normal exponential fit

2z = 0.01, »Na NMR
2 TA9K

FIG. 6. Low-temperature time recovery of spin-lattice relaxation
for x = 0.01; Hpl|c. For temperatures approaching Ty, the recovery
is better fit to the stretched exponential formula than to the normal
recovery.

APPENDIX B: TIME RECOVERY OF SPIN-LATTICE AND
SPIN-SPIN RELAXATION

For the time recovery of the spin-lattice relaxation, we fit
the time dependence of the longitudinal magnetization of the
central transition to a stretched exponential formula,

M(t) = Mo[1 — 2£(0)(0.9 x e~ ©/TV 4 0.1 x ¢~ @/T)y),
(B1)
where f(6) is a function of the tipping angle 6; f(0) =
% The exponent § arises as a result of a distribution
of relaxation rates [38,55,56]. For 8 = 1, Eq. (B1) is equiva-
lent to the normal recovery formula for the central transition
(—1/2 < 1/2), for S = 3/2. In Fig. 6 a comparison between
the normal recovery fit and the stretched exponential fit for
x = 0.01 is shown. The data clearly fit to the stretched ex-
ponential formula better for temperatures close to Tag. For
T close to and below Tag, T} was measured from nonfully
relaxed magnetization. For this approach we approximate the
error margin of the fitted 7; to be ~4%, a small error com-
pared to the statistical uncertainty in the fitted value ~ £ 20%.
For the time recovery of the spin-spin relaxation, the time
dependence of the longitudinal magnetization is fit to

2
M(t) = Myexp (— T: )exp(—;—z), (B2)
,€ 2,8

where T, and T, , represent the exponential and Gaussian
component of the spin-spin relaxation, respectively. An ex-
ample of the 7; relaxation process is shown in Fig. 7.

APPENDIX C: NA SPIN-LATTICE RELAXATION OF
HEAVILY CU-DOPED COMPOUNDS

The 2*Na spin-lattice relaxation (1/7,T) for the heavily
Cu-doped compounds (x =0.13, 0.18, 0.39, and 0.48)
is shown in Fig. 8. The dashed lines represent fits to
a combination of pseudogap and Curie-Weiss terms,
1/TiT = (1/TiT)pe + (1/TiT)ar = [Aexp(—A g /kpT) +

144421-8
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7 x 1 O4 .
z = 0.012, *Na NMR

6F T'=40K

5 —exponential+Gaussian fit
= 3l

2 L

1 L

0 .

10°
t (ms)

FIG. 7. Time recovery of spin-spin relaxation for x = 0.012;
Hy||c. The red solid line represents a fit composed of both exponen-
tial and Gaussian terms.

Bl + C/(T — Tap)®>, as discussed in the main text. The
data fit to this formula relatively well for x =0.13 and
0.18; however, 1/T1T clearly deviate from this form for
x =0.39 and 0.48. Setting y as a free fitting parameter, we
obtained y = 1.5+£0.1 and 1.57 £ 1.30 for x = 0.39 and
0.48, respectively. This deviation of y from 0.5 indicates that
a picture of antiferromagnetic metal is no longer valid for the
heavily Cu-doped samples with x > 0.3 [14,15,43].

APPENDIX D: TEMPERATURE-DEPENDENT
FREQUENCY SHIFT OF #*NA SATELLITE RESONANCES

The frequency shift K is defined as the percentage shift
relative to the Larmor frequency (f); K = L ;LfL * 100%. For
x = 0.012, the temperature dependence of the frequency shift

for different 2*Na satellite resonances and the main spectral

10" - v
ox=0.48
0x=0.39

10%F o0x=0.18
0x=0.13

1T, T (sec'K?)
3

107 ' '
10 102
Temperature (K)

FIG. 8. »*Na spin-lattice relaxation for heavily Cu-doped sam-
ples, with Hy = 14 T||c. The dashed lines represent fits to a combi-
nation of pseudogap and Curie-Weiss terms; 1/T1T = (1/T1T )y, +
(1/TiT)ar = [Aexp(—Ape/kgT) + Bl + C/(T — Tap)?, with y =
0.5. The solid lines represent fits to the same terms but with y set
as a free parameter.

0.04 : : . ' .
* 15t shell 7 = 0.012, 2Na NMR
ond ghell Hy || c-axis .
0-03F +31d ghe .
*4" shell .
0.02F °5" shell L
L.,\C °
i
0.01} .
or e : . ®
_001 i 1 1 1 1
0 50 100 150 200 250 300

Temperature (K)

FIG. 9. Temperature dependence of *Na frequency shift for
x = 0.012. The data points are color coded to be associated with
each satellite, consistent with Figs. 2(b), 2(c), and 2(e) in the
main text. The solid line is a fit to an activation process; K(T) =
Aexp(—Ape/kgT) + B, where A, is the spin pseudogap, kg is the
Boltzmann constant, and A and B are constants.

component is shown in Fig. 9. Each satellite component is
contributed by a group of Na nuclei at a certain distance from
a Cu dopant, as discussed in the main text. For temperatures
down to ~125 K, the frequency shift of each satellite follows
almost the same temperature dependence, indicating that the
RKKY interaction is largely temperature independent at high
temperatures. For 7' < 125 K, line broadening renders the
satellites difficult to resolve, as shown by a comparison of the
room-temperature *Na spectrum with those taken at lower
temperatures (Fig. 10). The main peak is largely immune from
the line broadening and can be clearly resolved even in the
AFM phase. Consequently, we show the frequency shift data
for this spectral component down to ~20 K in Fig. 9.

1.2 . : .
Hy =14 T || c-axis -285 K
BNa NMR
1] 70K 1
z = 0.012 -15K

NMR Intensity
o
(o]

0 3
-0.06 -0.04 -0.02 0.02 0.04 0.06

0
Af (MHz)

FIG. 10. Line broadening of *Na spectrum. All satellites
broaden significantly as the temperature approaches Txr, rendering
them difficult to be resolved at low temperatures.
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