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Stripe antiferromagnetism and disorder in the Mott insulator NaFe1−xCuxAs (x � 0.5)
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Neutron scattering measurements have demonstrated that the heavily Cu doped NaFe1−xCuxAs compound
behaves like a Mott insulator exhibiting both real-space Fe-Cu stripes and antiferromagnetism below a
Néel temperature for x � 0.5. We have investigated the evolution of structural and magnetic ordering using
23Na and 75As NMR for single crystals (x = 0.39 and 0.48), confirming antiferromagnetism in the form
of magnetic stripes. We show that end-chain defects in these stripes are the principal source of magnetic
disorder and are responsible for cluster spin-glass transitions in both compounds, in the latter case coexistent
with antiferromagnetism. Aided by our numerical simulation of the 75As spectra, we show that a staggered
magnetization at the Fe sites is induced by nonmagnetic Cu dopants.
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I. INTRODUCTION

An important step in understanding the physics of
iron-based superconductors is to investigate the connection
between superconductivity and magnetism. The heavily
Cu-doped pnictide NaFe1−xCuxAs (the phase diagram is
displayed in Fig. 1) becomes a Mott insulator that exhibits
both real-space Fe-Cu stripe ordering and long-range
antiferromagnetism (AFM) below the Néel temperature
TN ≈ 200 K for x close to 0.5 [1–3]. Several studies showed
the importance of the interplay of electronic correlations and
spin-exchange coupling [4,5]. This is the only known Fe-
based material for which superconductivity can be smoothly
connected to a Mott-insulating state with increasing doping.
Our recent investigation [6] showed a systematic development
of AFM Fe-Cu clusters with increasing Cu dopant at low
copper concentrations. In this paper we report nuclear
magnetic resonance (NMR) and magnetization measurements
complemented by numerical simulation for x � 0.39 that
identify antiferromagnetic and cluster spin-glass transitions
and staggered magnetization induced by nonmagnetic Cu
even in the paramagnetic state. Our results reveal stripe
AFM and structural evolution, as well as the link between
them, consistent with neutron scattering [1]. With NMR we
have discovered the coexistence of long-range AFM and
cluster spin glasses that corresponds to end-chain defects at
temperatures T � 30 K for x = 0.48, making the compound
the first iron pnictide system that shows the coexistence of
long-range magnetic order and spin-glass behavior.

As indicated in Fig. 1, the 75As and 23Na nuclei in
NaFe1−xCuxAs are located on opposite sides of the Fe
layer and are both coupled to the electronic spins at four
nearest-neighbor (NN) sites in the Fe-Cu plane via transferred
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hyperfine interaction. Our 23Na NMR spectra and nuclear
spin-lattice (1/ 23T1) and spin-spin (1/ 23T2) relaxation rates
show evidence of the x = 0.48 compound being a stripe-
ordered Mott insulator with a Néel transition temperature at
TN = 200 K, first identified by neutron scattering [1–3] for
x = 0.44 and confirmed by our NMR measurements. We find
that the long-range three-dimensional AFM order for x =
0.48 coexists with a spin-glass phase at lower temperatures,
T � 30 K, due to magnetic frustration in the Fe-Cu plane. In
contrast the compound with x = 0.39 forms a cluster spin-
glass with a much higher transition temperature, Tg ≈ 80 K.
Aided by numerical simulation, our analysis of the 75As
NMR spectra for x � 0.5 indicates the existence of staggered
magnetization induced by imperfect stripes of nonmagnetic
Cu dopants, similar to that in cuprates [7–10].

II. EXPERIMENTAL METHODS

Single crystals of NaFe1−xCuxAs were grown by the self-
flux method at Rice University [1]. Detailed information on
sample preparation, including specially designed hermetic
sample holders for NMR measurements, can be found else-
where [6]. We performed 75As and 23Na NMR experiments
for compounds with x = 0.39 and 0.48, with the c axis parallel
to the external magnetic field, H0 = 13.98 T. We used the
quadrupolar echo (π/2-τ -π/2) NMR pulse sequence and a
saturation-recovery sequence for 1/ 23T1, with a π/2 pulse
length of ∼6 μs.

III. 23Na AND 75As NUCLEAR MAGNETIC
RESONANCE SPECTRA

The temperature dependence of the 23Na spectra for both
x = 0.39 and 0.48 compositions are shown in Figs. 2(a)
and 2(c). There are two Na spectral components. One is small
and narrow at all temperatures, which we have identified with
a site that has no NN Cu dopant, denoted as Na(0) [6]. The
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FIG. 1. Phase diagram of NaFe1−xCuxAs single crystals showing
superconducting regions at low Cu doping and magnetic ordering at
high doping levels; adapted from Ref. [11] for x < 0.05. The green
data point is from neutron scattering [12]; red and blue points are
from this work. TN is the Néel temperature, and Tg is the temperature
of spin-glass transitions from NMR. Insets show Na and As sites
relative to nearest-neighbor Fe or Cu substituted for Fe.

second, which we call main-Na, appears as a triplet that can
be attributed to the central transition and its two quadrupolar
satellites for which the satellite splitting is proportional to
the local electric-field gradient (EFG). The main-Na has a
significantly larger spectral weight and broader linewidth
than Na(0). Its spectral weight and broadening increase with
increased doping and with deceasing temperature, indicating
that it is in a magnetic environment adjacent to one or more
Cu atoms substituting for Fe [6]. However, for x = 0.48 the

(a)

(c) (d)

(b)

FIG. 2. Temperature evolution of 23Na and 75As NMR spectra
H0 = 14 T ‖ c axis. (a) and (c) 23Na spectra and (b) and (d) 75As
spectra; doping x = 0.48 is in red, and 0.39 is in blue. There are
two inequivalent 23Na sites, denoted by Na(0) having no nearest-
neighbor Cu sites; otherwise, it is main-Na. The room-temperature
75As spectral splitting, x = 0.48, is an end-chain effect (see text).
The dashed lines are the Larmor frequencies. All spectra are
normalized to peak height.

main-Na peak is narrower, and its quadrupolar satellites are
better defined than for x = 0.39. This is consistent with a more
uniform structural environment for x = 0.48, indicated by a
narrower distribution of EFG and, concomitantly, linewidths
dominated by the local field distribution. We ascribe this to
the Fe-Cu stripe formation, identified from neutron scattering
[1]. The decrease in total integrated spectral intensity is
a “wipeout” effect due to both significant inhomogeneous
broadening of the spectrum and increased inhomogeneity
of the relaxation rates at low temperatures. The latter is
discussed in detail in Appendix A.

The temperature dependence of the 75As spectra for
x = 0.48 and 0.39 is shown in Figs. 2(b) and 2(d). The main
75As peak that is centered approximately at ∼102 MHz
is associated with the As sites that are within the Fe-Cu
stripes, evident from its growing relative spectral weight with
increasing x. A relatively small spectral component centered
at ∼102.45 MHz for x = 0.39 is most likely from 75As sites
outside the stripe region and is negligible for x = 0.48. The
main 75As peak displays greater inhomogeneous broadening
than 23Na owing to the order-of-magnitude larger hyperfine
field coupling to the electronic spins in the Fe-Cu plane
[6]. Interestingly, for x � 0.39, the 75As spectra deviate
significantly from that for lower doping (Appendix B),
showing increased magnetic disorder with increasing x at
room temperature but with a marked reversal as x approaches
0.5, which we associate with the stripe order reported from
neutron scattering and transmission electron microscopy [1].
Remarkably, for the x = 0.48 composition the central 75As
peak shows a splitting of ∼130 kHz. The splitting we observe
is accurately accounted for by our numerical simulation
at various dopings near the fully stripe ordered compound
x = 0.5, and from these simulations we identify end-chain
defects as the source of the splitting.

IV. 23Na SPIN-LATTICE AND SPIN-SPIN RELAXATION

The temperature dependence of the spin-lattice relaxation
rate (1/ 23T1) of the main 23Na central transition provides
important information about spin dynamics. We fit the time
dependence of the longitudinal magnetization to a stretched
exponential in order to account for a distribution of re-
laxation rates [13–16], M(t ) = M0[1 − 2 f (θ )(0.9e−(6t/T1 )β +
0.1e−(t/T1 )β )], where f is a function of the tipping angle θ .

We find that x = 0.39 has a glass transition at Tg ≈ 80 K,
evident from three observations: (i) the bifurcation of mag-
netic susceptibility χ vs T taken under zero-field-cooled
(ZFC) and field-cooled (FC) conditions [Fig. 3(a)], (ii) the
peak in 1/ 23T1 vs T shown in Fig. 3(c), and (iii) the peak
in 1/ 23T2,e vs T in Fig. 3(g) with a transition from Gaussian
to exponential relaxation followed by its increase with lower
temperature. Each of these three observations provides an
indication of a spin-glass transition.

A stretched exponential form for a relaxation process is
a pragmatic approach to account for a distribution in rates
[13,14,16]. This appears to be the case for both x = 0.39
and 0.48. For x = 0.39, in the temperature range T < Tg,
β has a sudden drop to �0.2, indicating that 1/ 23T1 varies
by almost 2 orders of magnitude across the distribution at
temperatures T < Tg [16]. In fact, β has already started to
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FIG. 3. Magnetic transitions (dashed vertical lines). (a) and
(b) Magnetic susceptibility H = 1 T ‖ ab plane. (c) and (d) Spin-
lattice relaxation rate (1/ 23T1) of main-Na; curves are fits to data
(see text). (e) and (f) Stretched exponent β. (g) and (h) Gaussian and
exponential components of the spin-spin relaxation rate (1/ 23T2).

decrease at T ≈ 150 K, approaching β ∼ 0.5 above the glass
transition for both samples, indicating that the inhomogeneity
of spin fluctuations is evident well above spin freezing.
Magnetic inhomogeneity, described in terms of magnetic
cluster formation [6], together with the slow spin dynamics,
suggests that x = 0.39 is a cluster spin glass, where local
AFM fluctuations develop in disconnected spatial regions
with varying domain sizes similar to what has been reported
in both underdoped “122” pnictide Ba(Fe1−xCox )2As2 and
cuprates [13,14,17–20].

The temperature dependence of 1/ 23T1 for Na(0),
x = 0.48 in Fig. 3(d), shows the same pseudogap behavior
as with low doping, x < 0.39, which we have shown to
be completely suppressed for the main-Na component [6].
Instead, the temperature dependence of the main-Na rate for
x = 0.48 has a cusp at T = 200 K that can be associated
with the Néel state transition, in excellent agreement with
the results from elastic neutron scattering [1]. The data are
well fit to T −1

1 = aT + bT/(T − TN )1/2, shown as a green
dashed curve in Fig. 3(d), for T > 200 K. The first term
represents a Korringa relaxation from itinerant quasiparticles
(negligible for x = 0.48), and the second term arises from
3D fluctuations of AFM local moments [21,22]. The data
also show a power-law behavior of 1/T1 ∼ T 2.65±0.12, close
to T 3, over the intermediate temperature range (100 K �
T � 200 K), suggesting a two-magnon Raman process as the
main relaxation mechanism that has been observed in an AFM
insulating state when T � �, where � is the energy gap
anisotropy in the spin wave spectrum [23,24].

At low temperatures near 30 K there is an additional peak
in 1/ 23T1 for x = 0.48 that is evidence of a second transition.
It appears that the two magnetic transitions are from distinct
regions, one of which forms Fe-Cu stripes and exhibits long-
range AFM order at TN , while the other is occupied by spin-
glass clusters which undergo spin freezing at Tg. Supporting
this identification, we note that there is similarity in the
temperature dependence of β and 1/ 23T2,g with the glass
transition for x = 0.39. However, this is in contrast to the
temperature independent behavior of the rate at TN , ruling
out a different form of AFM order at 30 K. Furthermore,
neutron scattering results indicate three-dimensional long-
range AFM order for T � 200 K, robust down to ∼4 K. We
conclude that there is coexistence of long-range AFM
order and cluster spin-glass behavior for T � 30 K in
NaFe0.52Cu0.48As. Coexistence of spin-glass behavior and
long-range order has been discussed theoretically and from
numerical simulation [25,26].

While the temperature dependence of χ shown in Fig. 3(b)
exhibits no obvious ZFC-FC bifurcation around T ≈ 30 K,
it is possible that it is suppressed by the large external
field, H = 1 T.

The temperature dependence of the spin-spin relaxation
rate 1/23T2 is shown in Figs. 3(g) and 3(h). The expo-
nential (1/T2,e) and Gaussian (1/T2,g) components are ex-
tracted from fitting the transverse magnetization, M(t ) =
M0exp[− t

T2,e
]exp[− t2

T 2
2,g

]. At high temperatures, the relaxation

is dominated by 1/ 23T2,g. With T approaching Tg, both com-
pounds show a crossover from Gaussian to exponential decay.
The increase of 1/ 23T2,e at low temperatures is a result of
slow spin dynamics due to glass freezing [17,27]. The in-
plane resistivity ρab also increases significantly over the same
temperature range [1], suggesting that charge localization
might be a precursor effect to spin freezing, similar to cuprates
[18]. For x = 0.39, the peak in 1/T2,e at 80 K is due in part to
a sizable Redfield contribution from 1/ 23T1. The suppression
of 1/T2,g indicates quenching of the nuclear spin flip-flop
dipole interaction between neighboring 23Na nuclei where
the local field becomes sufficiently inhomogeneous below the
glass transition that Zeeman energy is not conserved [27,28].

V. NUMERICAL SIMULATION OF CU-INDUCED
STAGGERED MAGNETIZATION

A very unusual splitting appears in the x = 0.48 75As
spectra for T � TN . At such high temperatures this distribu-
tion in local fields cannot come from static antiferromagnetic
order. Rather, this must be from a distribution of staggered
hyperfine fields h at As sites. We describe this as follows.

The hyperfine field at any As site is a sum of the hyperfine
coupling to its NN Fe atoms,

h

H0
= A

∑
i=NN

Mi

H0
= A

∑
i=NN

χ ′
i , (1)

where A represents the hyperfine coupling between the 75As
nuclear spin and the electronic spins from its NN Fe sites. We
previously measured A ≈ 4.5 T/μB for 75As, with H ||c [6].
The magnetization and local magnetic susceptibility at the NN
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FIG. 4. Numerical simulation of room-temperature 75As spectra
with the staggered magnetization model. (a) Comparison between the
75As spectra of x = 0.39 and 0.48 with simulations. The frequencies
of experimental and simulated spectra are aligned for better compari-
son. (b) Hyperfine fields h at the As sites in a simulated Fe-Cu lattice
with Fe defects (black circles) in the Cu chains for x = 0.48. Only a
small portion of the total simulated lattice with a size of 400 × 400
is shown here.

Fe sites are denoted by Mi and χ ′
i , respectively. To determine

χ ′
i we adopt a Gaussian model for the wave-vector-dependent

χ ′(q) [7–10],

χ ′(q) = 4πχ∗
(

ξ

a0

)2

exp[−(q − QAF)2ξ 2], (2)

which assumes a peak at QAF = (1,1,0) corresponding to
the Bragg peak determined from neutron scattering data [1].
The parameters χ∗, ξ , and a0 represent the amplitude of
the oscillation, AFM correlation length, and lattice constant,
respectively. The staggered susceptibility is then given by the
inverse Fourier transform of Eq. (2) [8],

χ ′(ri − rCu) = ±χ∗(−1)na+nbexp(−|ri − rCu|2/4ξ 2), (3)

where ri − rCu = naa + nbb represents the relative position of
an Fe atom at ri with respect to a Cu dopant, with na and
nb specifying the location along the crystalline a and b axes.
Then to obtain χ ′

i for each Fe, we sum over all Cu sites. The
prefactor (−1)na+nb gives rise to the oscillatory behavior of χ ′
as a function of position ri, embodying antiferromagnetic cor-
relations between iron atoms. We numerically simulated the
75As line shape [Fig. 4(a)] using this staggered magnetization
model with a 400 × 400 square lattice of Fe-Cu stripes with
defects. The defects are Fe atoms on Cu chains introduced
at each Cu chain site with a probability p = 1 − 2x, where x
is the Cu concentration. Details of the lattice simulation can
be found in Appendix D. Thus, the simulated Fe-Cu lattice
becomes more stripe ordered with x approaching 0.5, while
the ratio between Fe and Cu is given by x/(1 − x). A compar-
ison between the relative spectral weights of different Na sites
given by our simulated lattice and that obtained from 23Na
NMR is shown in Appendix C. We used Eq. (3) to calculate
the susceptibility at each Fe site due to all Cu dopants and then
used Eq. (1) to compute the hyperfine field along the c axis h
at each As site. The simulated 75As spectrum is a histogram
of these local fields. A least-squares fit of the 75As spectrum
with this simulation gives ξ = 3a0 and 71a0 for x = 0.39 and
0.48, respectively, leading to the splitting in the simulated
spectrum of x = 0.48. Shown in Fig. 4(b), the alternating h
at the As sites in the simulated Fe-Cu lattice is responsible for

the splitting. Similar simulation results are given for QAF =
(0, 1, 1

2 ), as shown in Appendix E.
Our result of ξ = 71a0 for x = 0.48, expected to be

roughly temperature independent for TN � 200 K, is compa-
rable to the weakly temperature dependent AFM correlation
length of ∼97a0 from neutron scattering of the compound
0.44 at temperatures below TN [1]. However, it is not es-
tablished that these two correlation lengths are related. We
emphasize that the staggered magnetization at Fe sites is in the
paramagnetic state, fundamentally different from spontaneous
long-range AFM order, and can be revealed only by an exter-
nal field H0, which was not applied in the neutron scattering
measurements. The staggered magnetization we have identi-
fied is mediated by valence electrons in an insulating system
and rather different from the Ruderman-Kittel-Kasuya-Yosida
susceptibility in a metallic system. A connection can be made
with NMR studies of staggered magnetization induced by
both nonmagnetic and magnetic impurities in cuprates [7–10],
showing that AFM correlations enhanced by nonmagnetic
dopants are a common phenomenon in both pnictides and
cuprates.

Since we have found that disorder in Fe-Cu stripes is
responsible for the splitting in the simulated 75As spectrum,
we have used the simulation as a tool to investigate other
possible structures, where Fe and Cu are either randomly dis-
tributed or stripe ordered without defects. No splitting larger
than the simulation resolution of ∼60 kHz was found for
ξ � 200a0. It is also worth noting that we found no splitting
in our simulated 23Na spectra, consistent with experiment,
which we attribute to the weaker hyperfine coupling of 23Na:
23A / 75A ≈ 1/12 [6].

VI. MAGNETIC FRUSTRATION

We have demonstrated that insight into the interplay
between the structural and magnetic orders can be gained
from visualization of the Fe-Cu lattice using a simulation, and
we have identified end-chain defects. It is natural to associate
these defects with the magnetic disorder and frustration in
the cluster spin-glass states we have observed [15,29,30].
This is illustrated in Fig. 5(a), where competing exchange
interactions between nearest-neighbor Fe atoms (J1) and that
between next-nearest-neighbor Fe atoms (J2) cause magnetic
frustration, for which a theoretical basis is discussed in
Ref. [31]. The frustration is lifted by nonmagnetic Cu
in ideal Fe-Cu stripes [32]. However, in the presence of
disorder in the stripes, frustration can be locked in, as
shown in the schematic in Fig. 5(b), where we distinguish a
frustrated Fe-Cu square from a nonfrustrated one. Compared
to x = 0.39, the compound with x = 0.48 shows smaller,
but non-negligible, frustrated regions [Figs. 5(c) and 5(d)],
qualitatively consistent with our interpretation of the origin
of the low-temperature spin-glass transition being caused by
a region occupied by frustrated Fe-Cu clusters coexisting in
an antiferromagnetic background.

VII. CONCLUSION

In summary, with 23Na NMR we have identified the
Néel state transition in the compound NaFe0.52Cu0.48As at
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FIG. 5. Frustration in the Fe-Cu lattice is due to Fe defects in Cu
stripes. (a) Schematic of J1 coupling between two nearest-neighbor
Fe sites and J2 coupling between two next-nearest-neighbor Fe sites.
(b)–(d) Schematic of a Fe-Cu stripe with Fe defects in the Cu chain
(dark green). Frustration is lifted in the region away from defects
(light green). The observed cluster spin-glass transition temperatures
are 80 K for x = 0.39 and 30 K for x = 0.48.

TN = 200 K and a cluster spin-glass phase at tempera-
tures T � 30 K owing to disorder in Fe-Cu stripes. For
NaFe0.61Cu0.39As, there is no similar long-range antiferro-
magnetic order; however, we have observed a cluster spin-
glass transition at T ≈ 80 K in that compound. Our 75As
NMR spectra for the x = 0.48 compound have a well-defined
splitting at temperatures above the Néel transition tempera-
ture. Aided by numerical simulation, we interpret this splitting
as evidence of a staggered magnetization induced by nonmag-
netic Cu in a lattice occupied by Fe-Cu stripes with defects.
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APPENDIX A: WIPEOUT EFFECT IN 23Na SPECTRA

Similar to what has been found in a glassy system such
as underdoped cuprates and 122 pnictide [13,14,17,33,34],
the total integrated spectral intensity of the main-Na peak

(a)

(c)

(b)

FIG. 6. Quantitative study of the wipeout effect. (a) and (b) Dis-
tribution of spin-lattice relaxation rate (1/T1), P(W ), where W =
1/T1, for compounds x = 0.39 and 0.48. The distribution of 1/T1

becomes more asymmetric and develops a long tail to faster rates
with decreasing temperature. (c) Temperature dependence of N0, the
fraction of 23Na nuclei contributing to the main-Na spectrum. Values
of N0 are obtained from integrating P(W ) for different temperatures
up to a cutoff value Wcut , defined as the rate at which P(Wcut ) drops
to 1% of its maximum [14]. For x = 0.39, values of N0 below 100 K
have limited accuracy due to a poor signal-to-noise ratio in this
temperature range.

diminishes dramatically with decreasing T for x ≈ 0.39. This
phenomenon, known as the wipeout effect, indicates that not
all of the nuclei are contributing to the NMR signal due to
inhomogeneous and glassy freezing of spin dynamics within
the antiferromagnetic (AFM) Fe-Cu clusters [13,17].

To qualitatively study the wipeout effect, we first derive the
1/T1 distribution function P(W ), where W = 1

T1
, for different

temperatures with the equations [13,35]

P(W ) = T1
B

(W T1)(1−β/2)/(1−β )
exp

[
− (1 − β )ββ/(1−β )

(W T1)β/(1−β )

]

× 1

1 + C(W T1)β(0.5−β )/(1−β )
(β � 0.5), (A1)

P(W ) = T1
B

(W T1)(1−β/2)/(1−β )
exp

[
− (1 − β )ββ/(1−β )

(W T1)β/(1−β )

]

× (1 + C(W T1)
β(β−0.5)

1−β ) (β > 0.5), (A2)

where values of B and C are β dependent and given in
Ref. [35]. Then we determine N0, the fraction of 23Na nuclei
contributing to the main-Na spectrum, by first integrating
P(W ) for different temperatures up to a cutoff value Wcut,
defined as the rate at which P(Wcut ) drops to 1% of its maxi-
mum [14]. As shown in Figs. 6(a) and 6(b), P(W ) becomes
significantly more asymmetric and develops a long tail ex-
tending to faster rates with decreasing temperature, signifying
development of inhomogeneity in the system with T reaching
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FIG. 7. Doping evolution of room-temperature 75As NMR spec-
tra (H0 = 14 T ‖ c axis). The dashed line is the Larmor frequency.
All spectra are normalized to peak height.

Tg and below. The temperature dependence of N0 plotted in
Fig. 6(c) clearly shows that N0 diminishes significantly with
decreasing temperature for x = 0.39, consistent with the 23Na
spectra.

APPENDIX B: ROOM-TEMPERATURE 75As SPECTRA
FOR H0||c AXIS

The room-temperature 75As spectra are shown in Fig. 7 for
x = 0.13, 0.18, 0.24, and 0.39, with H0 = 14 T || c axis. The
dashed line is the Larmor frequency. For x � 0.18, the 75As
spectra resemble that of 75Na and show inequivalent 75As
sites having different numbers of nearest neighbors occupied
by a Cu dopant. For compounds with Cu concentration x �
0.24, however, a spectral component centered close to the
Larmor frequency starts to develop with increasing x and can
be attributed to As sites that are within the Fe-Cu stripes. Since
the second-order quadrupolar contribution to the 75As central
transition is negligible, the significant difference between the
75As spectra for compounds with x close to 0.5 and those
with low doping suggests new evolution of local magnetic
environments in the paramagnetic state as x is increased
beyond 0.24. The most striking feature of the 75As spectra is
the splitting of ∼130 KHz for x = 0.48 above TN . A detailed
interpretation of the splitting with a staggered magnetization
model is discussed in the main text.

APPENDIX C: SIMULATION OF Fe-Cu LATTICE WITH
STRIPE ORDER

As shown in Fig. 8, for x � 0.18, the relative spectral
weights of both Na(0) and main-Na sites agree well with that
given by a binomial model (dashed lines), indicating a random
distribution of Fe and Cu [6]. With increasing x, however,
Fe and Cu start to form stripes instead of being randomly
populated, evident from the deviation of the spectral weight of

FIG. 8. Comparison of relative spectral weights of 23Na room-
temperature spectra and those of Na(0) and main-Na sites from
simulation. The dashed lines represent spectral weight, given by
a binomial model intended for a random distribution of Cu; these
deviate from the measurement results for x � 0.24, while our sim-
ulated lattice gives rise to spectral weights that agree reasonably
well with the experimental values, suggesting that our scheme of
creating the simulated lattice captures the stripe-forming feature in
the compounds with x close to 0.5.

main-Na from that given by the binomial model. We show that
the spectral weights of main-Na and Na(0) sites both agree
reasonably well with that given by our 400 × 400 simulated
lattice for x close to 0.5.

(a)

(c) (d)

(b)

FIG. 9. Schematic of staggered magnetization peaked at QAF in-
duced around nonmagnetic Cu dopants in the presence of an external
magnetic field H0. The progression for increasing Cu concentration
toward x = 0.5 is shown for (a) through (d). The direction and
magnitude of the staggered magnetization and the magnetic field H0

are schematic. In actuality, they point along the c axis.
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FIG. 10. Step-by-step procedure for numerical simulation of the
75As spectra. We first simulate the Fe-Cu lattice by populating a
400 × 400 lattice with alternating chains of Fe and Cu. Then we
introduce a Fe atom (defect) with a probability p = 1 − 2x at each
Cu site. We calculate the total susceptibility χ ′

i from all Cu atoms at
each Fe site positioned at ri in the lattice. Finally, we calculate the
hyperfine field h at each As site transferred from nearest-neighbor Fe
sites to obtain the As spectrum.

APPENDIX D: NUMERICAL SIMULATION OF 75As
SPECTRA

The nonmagnetic dopant-induced enhancement of AFM
correlation peaking at QAF lies at the foundation of our numer-
ical simulation of 75As spectra. A staggered magnetization Mi

in the presence of an external magnetic field H0 at the Fe site
position ri can be obtained from Mi = H0χ

′
i , where χ ′

i is the
staggered susceptibility given by Eq. (3) summed over all Cu
atoms. A progression with increased doping toward x = 0.5 is
depicted in Fig. 9.

In a lattice occupied by ideal Fe-Cu stripes without defects,
as shown in Fig. 9(d), the hyperfine field along the c axis
at As sites is negligible by symmetry. However, as shown in
Fig. 9(c), a Fe defect introduces an uncompensated hyperfine
field at As sites since the hyperfine fields transferred from
their nearest-neighbor Fe atoms no longer cancel each other
out along the c axis. This results in an alternating hyperfine
field at As sites near these end-chain defects [as shown in
Fig. 4(b)] and causes the splitting of the spectrum. A step-
by-step guide to the simulation is outlined in Fig. 10.

A connection can be made with NMR studies of staggered
magnetization induced by both nonmagnetic and magnetic

FIG. 11. 75As spectrum simulation on a 400 × 400 lattice for
x = 0.48 with QAF = (0, 1, 1

2 ). The simulation results are similar
to that with QAF = (1,1,0): the correlation lengths ξ agree with one
another within uncertainty.

impurities in cuprates [7–10]. The enhancement of AFM cor-
relations by nonmagnetic dopants is a common phenomenon
in both pnictides and cuprates.

APPENDIX E: 75As SPECTRUM SIMULATION FOR
x = 0.48 WITH QAF = (0, 1, 1

2 )

Additional simulations are done for QAF = (0, 1, 1
2 ) for

the compound with x = 0.48. For QAF = (0, 1, 1
2 ), the sus-

ceptibility at an Fe site at ri with respect to a Cu dopant
χ ′(ri − rCu) becomes

χ ′(ri − rCu) = χ∗(−1)nbexp(−|ri − rCu|2/4ξ 2). (E1)

Changing from (−1)na+nb to (−1)nb flips the direction but
maintains the magnitude of the spin polarization revealed by
an Fe defect in the Cu chain at the Fe sites in the Fe chains.
This change has the same effect on the hyperfine field at
the majority of the As sites; therefore, the simulated 75As
spectrum and fitting results for QAF = (0, 1, 1

2 ) are similar
to that for QAF = (1,1,0), as shown in Fig. 11.
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Bakharev, P. Ségransan, G. Collin, and J.-F. Marucco, Phys.
Rev. Lett. 84, 3422 (2000).

064410-7

https://doi.org/10.1038/ncomms13879
https://doi.org/10.1038/ncomms13879
https://doi.org/10.1038/ncomms13879
https://doi.org/10.1038/ncomms13879
https://doi.org/10.1103/PhysRevLett.117.097001
https://doi.org/10.1103/PhysRevLett.117.097001
https://doi.org/10.1103/PhysRevLett.117.097001
https://doi.org/10.1103/PhysRevLett.117.097001
https://doi.org/10.1016/j.cossms.2013.05.003
https://doi.org/10.1016/j.cossms.2013.05.003
https://doi.org/10.1016/j.cossms.2013.05.003
https://doi.org/10.1016/j.cossms.2013.05.003
https://doi.org/10.1103/PhysRevB.96.245128
https://doi.org/10.1103/PhysRevB.96.245128
https://doi.org/10.1103/PhysRevB.96.245128
https://doi.org/10.1103/PhysRevB.96.245128
https://doi.org/10.1103/PhysRevB.96.195121
https://doi.org/10.1103/PhysRevB.96.195121
https://doi.org/10.1103/PhysRevB.96.195121
https://doi.org/10.1103/PhysRevB.96.195121
https://doi.org/10.1103/PhysRevB.99.155114
https://doi.org/10.1103/PhysRevB.99.155114
https://doi.org/10.1103/PhysRevB.99.155114
https://doi.org/10.1103/PhysRevB.99.155114
https://doi.org/10.1103/PhysRevLett.84.3422
https://doi.org/10.1103/PhysRevLett.84.3422
https://doi.org/10.1103/PhysRevLett.84.3422
https://doi.org/10.1103/PhysRevLett.84.3422


XIN, STOLT, SONG, DAI, AND HALPERIN PHYSICAL REVIEW B 101, 064410 (2020)

[8] J. Bobroff, H. Alloul, Y. Yoshinari, A. Keren, P. Mendels, N.
Blanchard, G. Collin, and J.-F. Marucco, Phys. Rev. Lett. 79,
2117 (1997).

[9] R. E. Walstedt, R. F. Bell, L. F. Schneemeyer, J. V. Waszczak,
W. W. Warren, R. Dupree, and A. Gencten, Phys. Rev. B 48,
10646 (1993).

[10] D. K. Morr, J. Schmalian, R. Stern, and C. P. Slichter, Phys.
Rev. B 58, 11193 (1998).

[11] A. F. Wang, J. J. Lin, P. Cheng, G. J. Ye, F. Chen, J. Q. Ma, X. F.
Lu, B. Lei, X. G. Luo, and X. H. Chen, Phys. Rev. B 88, 094516
(2013).

[12] Y. Song, Z. Yamani, C. Cao, Y. Li, C. Zhang, J. Chen, Q. Huang,
H. Wu, J. Tao, Y. Zhu et al., arXiv:1504.05116.

[13] A. P. Dioguardi, J. Crocker, A. C. Shockley, C. H. Lin, K. R.
Shirer, D. M. Nisson, M. M. Lawson, N. apRoberts-Warren,
P. C. Canfield, S. L. Bud’ko, S. Ran, and N. J. Curro, Phys.
Rev. Lett. 111, 207201 (2013).
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