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Spectroscopic measurements in model 1D correlated systems offer insights for understanding their two-
dimensional counterparts, which include the cuprate and iron pnictide/chalcogenide superconductors. A
major challenge is the identification of such correlated systems with dominantly 1D physics. In this Letter,
inelastic neutron scattering measurements on NaFe, 53Cuy 47As single crystal directly reveal quasi-1D spin
excitations, resulting from atomic order that leads to magnetic Fe and nonmagnetic Cu chains. The
dominant exchange interaction is antiferromagnetic along the chain [SJ) ~ 90.1(3) meV], whereas the
inter-chain couplings are much weaker [SJ | ~ —2.4(1) meV and SJ. ~ 0.15(5) meV]. The quasi-1D spin
excitations in NaFe 53Cu 47As stem from both the Néel and stripe vectors, with Néel excitations sensitive
to Fe impurities on the Cu site. The spin excitations in quasi-1D NaFeg 53Cu47As and quasi-2D FeSe
exhibit a striking resemblance, suggesting a common origin for their coexistent stripe and Néel excitations.
Our findings demonstrate magnetic dilution in NaFeAs leads to dimension reduction of its magnetic degree
of freedom, presenting a strategy for discovering low-dimensional quantum materials.

DOI: 10.1103/5vdj-9wlt

Understanding the behaviors of correlated electrons in
the cuprates and the iron pnictides/chalcogenides (FePn/
Ch) is a central problem in condensed matter physics [ 1-4].
The discovery of superconducting ladder cuprates [5,6] and
FePn/Ch [7-9] indicate that the essential physics of these
systems are retained approaching the 1D limit, and suggest
quasi-1D materials as model systems for studying corre-
lated electrons and their emergent properties. In the
cuprates, spectroscopic studies of 1D systems such as
chains and ladders can be benchmarked against numerical
solutions of many-body Hamiltonians [10-12], and further
led to observations such as spin-charge separation [13,14],
multispinons [15], and long-range quantum entanglement
in the solid state [16].

Compared to the cuprates, the multiorbital nature of the
FePn/Ch gives rise to orbital selectivity absent in the
cuprates [17-22], leading to rich phase diagrams and
magnetic phases in 1D systems [23-35]. For instance, since
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a two-orbital chain maps to a single-orbital ladder, a multi-
orbital chain could behave like a single-orbital ladder system
and realize a superconducting ground state [36-39].
However, due to a scarcity of 1D FePn/Ch, there have been
limited experimental studies of such physics. Moreover, the
crystal morphology of typical 1D FePn/Ch hinders spectro-
scopic measurements of their electronic structures via
scanning tunneling microscopy or angle-resolved photo-
emission (ARPES), and measurements of their spin excita-
tions have mostly been limited to powder samples [40-44].

The NaFe;_,Cu,As (NFCA) series provides another
route for realizing FePn/Ch in the 1D limit. For x ~ 2%,
the spin-density wave in NaFeAs is suppressed and give
way to a superconducting dome with maximal 7. = 10 K,
similar to most FePn superconductors [45,46]. With
increasing Cu substitution the system becomes semicon-
ducting/insulating for x Z 0.1, accompanied by the devel-
opment of short-range Fe-Cu atomic order and
antiferromagnetic (AF) order, both of which approach
long-range when x = 0.5 [45,47-49]. The ideal NFCA
withx = 0.5 (NFCAS50) is a correlated insulator [48,50-52],
with Fe-Cu ordering leading to AF Fe chains separated by
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nonmagnetic Cu chains [48]. While these atomic chains
should lead to quasi-1D electronic states and magnetism,
ARPES measurements find a two-dimensional (2D) elec-
tronic structure near the Fermi level [50], and the over-
lapping of scattering from different domains at small
momenta hampered direct spectroscopic observations of
quasi-1D magnetism via resonant inelastic x-ray scattering
(RIXS) [53].

In this Letter, we report spin excitations in the FePn chain
NFCA with x = 0.47 (NFCA47, approximating NFCAS50)
measured via inelastic neutron scattering. The spin excita-
tions reveal a prominent anisotropy of exchange interactions
for directions along and perpendicular to the Fe chains,
directly demonstrating the quasi-1D character of magnet-
ism. Strikingly, the magnetic scattering patterns of NFCA47
exhibit remarkable similarities to those in FeSe [54,55].
Common to the two systems are spin excitations that stem
from both stripe and Néel vectors of the square lattice, a
strong in-plane anisotropy, and an effective moment S ~ 1.
These findings demonstrate NFCAS50 to be a quasi-1D
insulating FePn with magnetic excitations resembling super-
conducting FeSe, and showcase magnetic dilution as a
viable approach for discovering quasi-1D systems in layered
compounds.

Single crystals of NFCA47 were synthesized using the
self-flux method [48,53]. 4.3 g of samples were coaligned,
and neutron scattering measurements were carried out using
the MAPS chopper spectrometer [56] at the ISIS
Neutron and Muon source, and the Polarized Triple-Axis
Spectrometer HB-1 at the High-Flux Isotope Reactor, Oak
Ridge National Laboratory. Momentum transfers Q =
(2z/a)Ha* + (2z/b)Kb* + (2z/c)Lc* are referenced in
reciprocal lattice units (H, K, L), where a ~ b ~ 5.70 A and
c~6.88 A [Fig. 1(a)]. The MAPS measurements were
carried out in the [HOL| plane, with k;||¢ (incident energy
E; =50, 81, and 245 meV) or via sample rotation about the
vertical axis (K) in steps of 2° (E; = 50 meV). The energy
transfer £ and L are coupled in the k;||c measurements,
whereas four-dimensional E — Q data are obtained in the
sample rotation measurements, and are analyzed using
HORACE [56]. The measured intensities are converted into
absolute units through measurements of a vanadium
reference.

The in-plane crystal and magnetic structures of NaFeAs
and NFCAS0 are compared in Figs. 1(b) and 1(c), with
the associated scattering represented by red symbols in
Figs. 1(d) and 1(e). In NaFeAs, the Fe atoms form a square
lattice with stripe magnetic ordering at Qg = (1, 0) [59]. In
NFCAS5O0, Fe and Cu atoms order into chains and form an
atomic analogue of the stripe magnetic order, leading to
superstructure peaks at (1,0) and equivalent positions. The
Fe spins in NFCA50 exhibit AF order along the Fe chains,
resulting in magnetic peaks at (0,1). Equivalent magnetic
peaks occur at integer (H, 1) positions, including the Néel
vector Qy = (1,1). For the (0,1) magnetic peak, the
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FIG. 1. (a) Schematic crystal and magnetic structures of
NFCASO0. In-plane magnetic structures for (b) NaFeAs and
(c) NFCAS50. These structures (blue symbols) and their 90°-
rotated twins (red symbols) lead to magnetic and superstructure
peaks in (d) and (e), where the main Bragg peaks are not shown.
Elastic scattering data for NFCA47 in the (f) L = 0.5 and the
(g) L = 0 planes. The data are folded into a single quadrant and
reproduced in other quadrants. (h) Temperature dependence of
the normalized elastic magnetic scattering in NFCA. The
x = 0.47 data are measured with polarized neutrons [57]. The
x =0.39 and 0.44 data are from Ref. [48], measured with
unpolarized neutrons. (i) The local susceptibility y(w)” of
NFCAA47, compared with that of NaFeAs at 5 K [58]. The
square, circle, and triangle symbols are for E; = 50, 81, and
245 meV, respectively. The solid lines are guides to the eye.

longitudinal direction K is along the Fe chains, and the
transverse direction H is perpendicular to the chains. As
single crystals of both NaFeAs and NFCAS5O0 are typically
twinned, experimentally measured scattering patterns
exhibit fourfold rotational symmetry, such that magnetic
peaks are seen at Qg = (1,0)/(0,1) in both two
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FIG. 2. Constant-energy HK-maps for NFCA47 at T =5 K, shown in the upper half of each panel. Panels (a)—(d) are from E; =
50 meV sample rotations scans. Panels (e)—(j) are from k;||c data. The intensities are color encoded, and are in units of mbarn

meV~! sr! fu. !

, where f.u. stands for formula unit. The data are folded into a single quadrant and reproduced in other quadrants.

Simulated intensities are shown in the bottom half, for NFCA50 on the left, and for NFCA47 on the right, based on a Heisenberg model

for NFCAS0 [57].

compounds, and also at Qy = (1, 1) in NFCA50 [Figs. 1(d)
and 1(e)]. See Supplemental Material for a detailed com-
parison of expected Bragg peak positions in NaFeAs and
NFECAS50 [57].

By considering the interlayer atomic and magnetic
orderings in NFCAS0 [Fig. 1(a)], magnetic peaks are
expected at half-integer-L Qg, and at integer-L Qy.
These magnetic peaks are confirmed in the MAPS data
of NFCA47 at 5 K [Figs. 1(f) and 1(g)]. The temperature
dependence of magnetic peaks in NFCA with different Cu
concentrations are compared in Fig. 1(h), showing that
magnetic order onsets below Ty ~210 K in NFCA47,
slightly higher than the x = 0.39 and 0.44 samples, con-
sistent with an ideal ordered phase at x = 0.5.

HK-maps of spin excitations in NFCA47 at T = 5 K are
shown in the upper half of panels in Fig. 2. For £ = 5 meV,
low-energy spin excitations are observed at half-integer-L
Qg [Fig. 2(a)] and integer-L Qy [Fig. 2(b)], consistent with
spin waves stemming from the magnetic Bragg peaks
[Figs. 1(f) and 1(g)]. Different from the magnetic Bragg
peaks that are nearly isotropic in the HK plane, the low-
energy spin excitations at Qg exhibit a pronounced elon-
gation perpendicular (transverse) to Qg [Figs. 2(a)-2(d)].

With increasing energy transfer, the excitations at Qg
further broaden along the transverse direction, become
connected to excitations at Qy, and eventually become
independent of the transverse direction for E 2 60 meV
[Figs. 2(e)-2(h)]. For the in-plane direction along Qg

(longitudinal direction), the excitations broaden with
increasing energy at a much slower rate, and a splitting
is observed only for E Z 80 meV [Figs. 2(h)-2(j)].
Such a splitting is also clearly resolved in Fig. 3(a), with
similar spin excitations persisting in the paramagnetic state
[Fig. 3(b)] [57], consistent with the energy scale of spin
correlations well exceeding T. Similar persistence of spin
excitations well above Ty are observed across various
FePn/Ch compounds [59].

The strong in-plane anisotropy of excitations is also
clearly revealed by comparing E-Q slices with Q corre-
sponding to in-plane longitudinal and transverse directions
[Figs. 3(a) and 3(c)]. In combination with the E-L slice that
shows a band top of ~#20 meV along L [Fig. 3(d)], these
E-Q slices demonstrate that spin excitations above
~60 meV are sheets perpendicular to the in-plane
longitudinal direction (Fe chain direction), and are thus
quasi-1D. Due to orthogonal twin domains, these quasi-1D
excitations give rise to gridlike HK-maps [Figs. 2(g)-2()].
Similar gridlike H K-maps were found in the heavy fermion
metal CeSb,, also due to its quasi-1D spin dynamics and
orthogonal twin domains [60]. The quasi-1D nature of
magnetism in NFCA47 suggests the 2D electronic structure
close to the Fermi level in ARPES measurements [50] are
dominated by As atoms that form a 2D network [52].

The local susceptibility y”(w) of NFCA47 can be
obtained by averaging the measured scattering intensities
over momentum [59], as shown in Fig. 1(i). The total
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FIG.3. E — Qslices for NFCA47 with Q along [0, K] at (a) 5 K
and (b) 300 K, (c) along [H, 1] at 5 K, and (d) along [0, 1, L] at
5 K. (a)—(c) are from E; =245 meV k;||c measurements, by
binning H = [—0.2,0.2] in (a) and (b), and K = [0.9, 1.1] in (c¢).
Data in (d) are from E; = 50 meV sample rotation scans, by
binning H = [-0.1,0.1] and K = [0.9, 1.1]. The red circles are
extracted from fits to constant-Q cuts, with the horizontal and
vertical bars corresponding to the integration range and fit
uncertainties. The curves in (a), (c), and (d) are the spin wave
dispersion for a Heisenberg model [57]. A similar figure showing
intensity x energy is reproduced in Supplemental Material [57].

fluctuating moment (m?), related to the integral of y”(w)
over energy, is found to be 6.3 4- 1.0 43 /Fe at 5 K [57]. By
normalization to a weak structural Bragg peak in HB-1
measurements, an ordered moment M = 1.2 £ 0.1 ug/Fe
at 5 K is found for NFCA47 [57], similar to
values in NFCA with x = 0.44 [48]. The total moment
M3} = M? + (m?) is then found to be 7.7 + 1.1} /Fe.
Since M3 = ¢?S(S+ 1), the experimental value of M3
suggests an effective spin S = 1, significantly larger than
S~ 1/2 for NaFeAs [58], while similar to S~ 1 for
FeSe [54]. Analyses of y”(w) for 190 and 300 K yields
M3 =6.4+0.9and 6.3 + 1.0 43 /Fe [57], smaller than the
value at 5 K, possibly due to the broadening of spectral
weight to higher energies.

By fitting constant-Q cuts at various momenta, the
dispersion of spin excitations in NFCA47 is extracted, which
can be described by a Heisenberg model containing three
exchange couplings [Fig. 1(a)], with SJ; = 90.1(3) meV,
SJ, = —-2.4(1) meV, and SJ. = 0.15(5) meV (solid lines
in Fig. 3) [57]. These exchange couplings are in reasonable
agreement with RIXS measurements (SJ = 79 meV) [53]
and DFT + U calculations (SJ I ~75meV,SJ | ~—1.1 meV,
SJ. =~ 0.35 meV). The scattering signals at magnetic zone

centers peak around ~9 meV, resulting from a single-ion
anisotropy term SA = 0.096(5) meV [57]. Interestingly,
8J) in NFCA47 is roughly twice of SJy, (connecting
nearest-neighbor AF spins) in NaFeAs [58], mirroring the
difference in S.

The experimental Néel excitations in NFCA47 (top of
panels in Fig. 2) are weaker than expected for NFCA50
(bottom left of panels in Fig. 2), which indicates they are
vulnerable to Fe impurities on the Cu site, whereas the
stripe excitations are less susceptible. The spin excitations
in NFCA47 can be quantitatively reproduced using
exchange couplings described above, a Q-dependent damp-
ing, and an empirical function that suppresses the Néel
excitations [57], with the simulated intensities shown in the
bottom right of panels in Fig. 2. The agreement between
experimental and simulated scattering patterns in Fig. 2
shows that while biquadratic couplings are likely present in
NFCAA47, the resulting spin excitations can be mapped to
an effective Heisenberg model with the same symmetry as
its crystal structure. In contrast, biquadratic couplings are
necessary to describe the spin excitations in quasi-2D FePn/
Ch, when using Hamiltonians that retain symmetries of the
square lattice [55,61,62].

While NFCA47 is an insulator, its spin waves are
significantly broadened in energy (Fig. 3), different from
typical insulating magnets but similar to metallic/super-
conducting FePn/Ch [59]. The exchange couplings
obtained from the dispersion of spin waves and an effective
S =~ 1 suggest that magnetic frustration [63,64] and spin-
1/2 spinons [15,65-67] play no role. Instead, we attribute
the broadening to (1) an intermediate intraorbital Coulomb
interaction that leads to both broad excitations and the
absence or weakening of a Haldane gap [68]; (2) a charge
gap (~20 meV [50,52]) much smaller than the spin wave
bandwidth, with charge excitations across such a small a
gap leading to damping effects absent in typical insulating
magnets; (3) disorder effects due to deviations from the
ideal NFCASO structure, with end-chain defects leading to
coexistent cluster spin-glass and long-range AF order [49].

There are several remarkable similarities in the spin
dynamics of NFCA47 and FeSe [54,55]: (1) magnetic
excitations stem from both the stripe Qg and Néel Qy
vectors, (2) excitations from Qg exhibit a pronounced
transverse elongation, (3) Néel excitations are weaker
relative to stripe excitations, and (4) the effective spin is
S = 1. It is worth noting that while (1) is also found in Mn-
doped BaFe,As,, the Qg and Qy excitations there have
distinct origins [69], different from NFCA47.

As the spin excitations in NFCA47 are reasonably
described by a model of weakly coupled antiferromagnetic
chains (Fig. 3), the similarities described above suggest the
dynamic spin correlations in FeSe may likewise have a
quasi-1D character. First-principles calculations reveal a
number of proximate ground states in FeSe that order along
Qs-Qy;, including stripe and staggered dimer, trimer, and
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FIG. 4. (a) Schematic configurations for the two twins of

NFCAS5O0. (b) Schematics for two kinds of spin correlations
proposed for FeSe. In both NFCAS50 and FeSe, the spin
correlations are dominantly quasi-1D, represented by the shaded
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interchain correlations in magnitude (|(S - Sxan)| > [(S - San) -
(c) Schematic representation of excitations from (a) or (b), with
the two colors corresponding to scattering patterns arising from
the two structural twins in (a) or the two kinds of dynamic spin
correlations in (b).

tetramer orders, accounting for the unusual paramagnetic
ground state of FeSe [70]. These orders all consist of AF
chains with distinct interchain configurations, and their
near degeneracy suggests dominant 1D spin correlations,
which experimentally manifest as a prominent transverse
elongation of low-energy magnetic excitations [54]. In
theoretical models that account for the paramagnetic state
of FeSe via magnetic frustration, the spin dynamics are also
expected to exhibit quasi-1D features [71,72].

In NFCAS50 (approximated by our measurements), as the
Cu chains are nonmagnetic, the nearest-neighbor (NN)
interchain spin correlations between the Fe chains and Cu
chains are zero. The dominant interchain correlations at low
energies are then the ferromagnetic next-nearest-neighbor
(NNN) correlations between Fe chains, which in combi-
nation with the twinning of two structural domains, lead to
low-energy excitations at Qg and Qy [Figs. 4(a) and 4(c)].
Given the similarities of spin excitations in NFCAS0 and
FeSe, a similar explanation for low-energy excitations in
FeSe can be proposed [57]: although the Fe atoms in FeSe
form a square lattice, the dynamic spin correlations are
quasi-1D with weak NN interchain correlations but rela-
tively strong ferromagnetic NNN interchain correlations,
and two variants of such excitations related by a 90°
rotation give rise to scattering similar to that in NFCAS50
[Figs. 4(b) and 4(c)]. It should be noted that while one
variant of quasi-1D excitations is anticipated in single-
domain NFCAS5O0, the two variants coexist in detwinned

orthorhombic FeSe [55,73], resulting from the much
weaker anisotropy of its nematic state, compared to the
Fe-Cu chains in NFCAS50. Compared to the ideal NFCAS0,
the weakened Néel excitations in NFCA47 suggests that the
ratio between Néel and stripe excitations in NFCA can be
tuned by Fe/Cu concentration, reminisicent of their com-
petition in FeSe upon changing temperature [54].

It is interesting to note that in contrast to NFCA, heavily
Cu-substituted Ba(Fe,_,Cu,),As, (BFCA) only exhibits
short-range Qg magnetic order, with neither significant
atomic ordering nor Qy magnetic order [74]. At the same
time, NaFeAs exhibits Qy excitations for E 2 40 meV
[55,58], a feature absent in most FePn/Ch compounds such
as BaFe,As, [75]. These findings indicate that the presence
(absence) of low-lying Qp excitations in NaFeAs
(BaFe,As,) is correlated with the presence(absence) of
Qn magnetic order and atomic ordering in heavily
Cu-substituted NFCA(BFCA), which implicates a contri-
bution of magnetic interactions in the formation of atomic
orderings in magnetically diluted FePn/Ch compounds.
The theoretical capability to predict atomic orderings
realized upon magnetic dilution in FePn/Ch (and other
quantum materials more broadly) will be valuable, and
considering the sizable energy scale of magnetic excitations
(~200 meV) in these materials, the inclusion of magnetic
contributions to the formation energies may be required.

Our findings conclusively show that despite the planar
crystal morphology and 2D electronic states just below the
Fermi level [50], the magnetic excitations in NFCA47 are
unequivocally quasi-1D. This in turn suggests magnetic
dilution as a promising approach for realizing quasi-1D
FePn/Ch systems. Such an effort proved to be fruitful in
(Fe;_,Cu,),,Te, where Fe-Cu ordered phases with Fe
chains or ladders were suggested [76]. The layered struc-
ture of these quasi-1D FePn/Ch compounds enables a broad
range of spectroscopic studies [47,49-51,53,77], paving
the way for synergistic combinations of numerically exact
many-body theories and spectroscopy measurements in
quasi-1D FePn/Ch, as carried out for the cuprates [10-12].
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