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The ground-state properties of CuFeAs were investigated by applying density functional theory calculations
within the generalized gradient approximation (GGA) and GGA+U. We find that the bicollinear antiferromag-
netic state with antiparallel orbital magnetic moments on each iron which violates the Hund’s rule is favored by
the on-site Coulomb interaction, which is further stabilized by Cu vacancy. The magnetic ground state can be
used to understand weak antiferromagnetism in CuFeAs observed experimentally. We argue that a breakdown
of the Hund’s rule may be the possible origin for reduced magnetism in iron pnictides, rather than magnetic

fluctuations induced by electronic correlations.
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I. INTRODUCTION

The discovery of the high-temperature superconductivity
in iron-based compounds with transition temperature 7¢ up to
55 K have attracted tremendous research interest for the last
decade [1-4]. Similar to the phase diagram in a cuprate [5],
the superconductivity in iron-based superconductors always
emerge in close proximity to a state with antiferromagnetism
[6-9]. Since previous theoretical studies have ruled out the
phonon-mediated pairing [10], it is widely believed that the
superconductivity in iron-based superconductors is unconven-
tional and has a magnetic origin.

Therefore, much effort have been spent on revealing the
origin of magnetism in iron-based superconductors. As con-
tinuous debates between the itinerant scenario [11-13] and
localized picture [14,15] remain unsettled, a compromising
explanation arises where the coupling of itinerant electrons
and localized spins is taken into account [16,17]. In spite
of the above open discussions, two consensuses have been
reached. One is that density functional theory (DFT) calcu-
lations can qualitatively describe the magnetic properties of
parent states in both iron pnictides and iron chalcogenides,
although the magnetic moments are always overestimated due
to the fact that the intermediate strength of the electronic cor-
relations in the open d shell of an iron atom cannot be properly
captured in the approximation of the functionals. The other is
that in contrast to the cuprates, the effect of electronic cor-
relations is adopted from the Hund’s rule coupling [18-20],
rather than on-site Coulomb repulsion. And the metallic states
of iron-based superconductors are called Hund’s metal, where
the Hund’s rule of maximum multiplicity is supposed to be
valid [21].
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However, the above consensuses have been seriously
challenged since the discovery of CuFeAs. The magnetic sus-
ceptibility measurements showed that it is antiferromagnetic
with Néel temperature Ty of around 9 K [22,23]. The antifer-
romagnetism was further demonstrated by neutron diffraction
experiments [24,25], where either an unusual G-type an-
tiferromagnetic order or proximity to an antiferromagnetic
instability was proposed. Though ferromagnetism was also
reported in the literature [26,27], it was pointed out that
the weak ferromagnetism probably comes from a ferromag-
netic component of a canted antiferromagnetic state [24,26].
Therefore, while the type of antiferromagnetic order is still
unclear, it seems conclusive that the ground state of CuFeAs
is antiferromagnetic experimentally. Nonetheless, an early
theoretical study based on DFT calculations suggested that
this compound is a ferromagnet [28], in stark contrast to the
experimental observations [22-25], which casts doubts on the
existing consensus. Obviously, further studies based on DFT
calculations are required to resolve the contradiction and to
clarify the magnetic structure in CuFeAs, as well as to verify
the role of Hund’s coupling.

Here, the nature of the magnetism of CuFeAs is in-
vestigated by applying DFT calculations. We find that the
ground-state magnetic structure of CuFeAs is controlled by
the As height has from the iron plane, similar to other
iron-based superconductor parent compounds, and the critical
height 4. of 1.612 A is identified. If has < he, the ground
state is in a collinear antiferromagnetic (CAFM) state. On
the contrary, when As height is larger than A, the on-site
Coulomb interaction is crucial to involve in order to correctly
account for the observed antiferromagnetic state. It is found
that bicollinear antiferromagnetic (BAFM) order gives the
lowest total energy among the states that we studied, which
becomes even more favorable in the intermediate value of
on-site Coulomb interaction after introducing Cu vacancy and
shows weak ferrimagnetism where the total magnetic moment
turns out to be nonzero. The small magnetic moment per iron
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is ascribed to the violation of Hund’s rule [29] where antipar-
allel orbital magnetic moments on each iron are present. Our
results can be applied to fully understand the experimental
results [22-26].

CuFeAs is isostructural to 111-type iron-pnictide super-
conductor parent compounds LiFeAs [30] and NaFeAs [31]. It
is characterized by large /s in comparison to other iron pnic-
tides, varying from hgam = 1.53 A [25] to hy; = 1.57 A [23]
and Arhaer = 1.74 A [22], and, finally, to Az, = 1.80 A [26].
Moreover, it was reported to be nonstoichiometric [22-26],
namely, the Cu vacancies are always present. Finally, like
other iron-based superconductor compounds, CuFeAs is a
material with large Sommerfeld coefficient, indicating that
electronic interactions are not negligible [26].

II. METHOD

The DFT calculations were performed using the full-
potential linearized augmented plane-wave method as imple-
mented in the WIEN2K code [32]. We adopted the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhhor
[33] for the exchange-correlation potentials. In order to
determine the magnetic ground state, we have studied non-
magnetic (NM), ferromagnetic (FM), and three distinct
antiferromagnetic configurations, including Néel antiferro-
magnetic (NAFM), CAFM, and BAFM orders [34,35]. We
employed V2x+/2x1 and 2x1x 1 unit cells for CAFM and
BAFM states, and primitive cell for the other states, respec-
tively. The Brillouin zone integration is carried out with a
k mesh of 24x24x18 for NM, FM, and NAFM states, and
24x24x20 for the CAFM phase as well as 16x32x20 for
the BAFM phase, respectively. Furthermore, the influence of
on-site Coulomb interaction on the magnetic stabilities of
CuFeAs was investigated using the GGA+U approach [36].
The around mean-field double counting [37] is employed as
CuFeAs is a correlated metal. Unless specified otherwise, the
Hund’s coupling J = U/10 [38] was used throughout all our
GGA+U calculations [39]. The conclusions remain valid if
J is fixed at U/4. Here, the experimental lattice constants
reported by Thakur et al. [22] were used; also, the conclusions
will not be altered when other experimental lattice constants
are used. The x (y) of the local coordinate system for each iron
is along the closest Fe-Fe bond direction.

III. RESULTS

Since it is well known that the magnetic properties of
parent states of iron-based superconductors are sensitive to
As height hss measured from the iron plane [40,41], we first
investigated the effect of s45 on a ground-state magnetic struc-
ture by only varying the As z positions and leaving all the
other internal coordinates unchanged. Figure 1(a) shows the
calculated total energies of different magnetic configurations
as a function of As height within GGA. The energies of the
NM state were set to zero. Starting from As height hg,y, of
1.53 A, the CAFM state gives the lowest total energy. When
has exceeds critical height £, of 1.612 A, the FM state, rather
than any AFM states, becomes the stablest. The appearance of
a phase transition from a CAFM state to a FM one suggests
that the magnetism is strongly dependent on /45 in CuFeAs,
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FIG. 1. (a) The calculated total energies of bicollinear anti-
ferromagnetic (BAFM), collinear antiferromagnetic (CAFM), Néel
antiferromagnetic (NAFM), ferromagnetic (FM), and nonmagnetic
(NM) states as a function of As height hss. Here, the energies of
the NM state were set to zero. (b) By mapping the energies of
ferromagnetic and various antiferromagnetic states onto a Heisen-
berg model, the nearest-, next-nearest-, and third-nearest-neighbor
exchange couplings J;, J,, and J3, respectively, were derived. The
inset denotes the cartoon of the Ji, J,, and J3 exchange interactions.

similar to the other parent compounds of iron-based supercon-
ductors [40-42].

However, remarkable conflict can be found between the
calculated results and the experimental data. As can been seen
in Fig. 1(a) where various As heights reported in different
experiments are shown, at hss less than A, our theoretical
calculations point to a CAFM ground state, which is mainly
consistent with the experimental results where either long-
range [23] or short-range [25] AFM order was observed,
though the magnetic structure has not been determined exper-
imentally yet. But, in the cases of ha, greater than h., while
the theoretical ground state is strongly FM, it was inferred
from experiments [22,24,26] that CuFeAs should be an an-
tiferromagnet probably with ferromagnetic components. The
contradiction raises a great challenge to the existing theory
[34,42], which seems valid for the whole family of iron-
based superconductors including both iron pnictides and iron
chalcogenides, where various magnetic ground states can be
correctly accounted for after different anion height is consid-
ered. In fact, the theory of anion height is also true for a sister
compound of CuFeAs, so called CuFeSb, where DFT calcula-
tions [28] and experiments [43,44] both obtained a FM ground
state, which can be attributed to a very high anion height of
>1.84 A. Therefore, it is urgent to understand why CuFeAs
with an intermediate value of anion height is so extraordinary
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that DFT calculations cannot agree with experimental findings
even qualitatively.

Until now, the magnetism of iron pnictides has been ex-
plained by both the local moment picture [14,15] and the
weak-coupling scenario [11-13]. From the local moment pic-
ture, the magnetic ground state can be effectively described
by the frustrated Heisenberg model H = 3, J;;S:S;, where
Jij is the superexchange interactions between local Fe mo-
ments with spin §;. From the above data based on the DFT
calculations within GGA, the nearest-, next-nearest-, and
next-next-nearest-neighbor exchange couplings Ji, J,, and J3
can be derived from the energy differences among various
magnetic states and are summarized in Fig. 1(b). As can be
seen, J; remains FM, and thus favors a FM order. It is strongly
enhanced as a function of increased ha. While J, is AFM and
plays a dominant role at small A,g, it is drastically reduced in
the vicinity of 4. and eventually turns into FM nature at larger
has- J3 is also AFM and barely dependent on /5. If only the
FM, NAFM, CAFM, and BAFM states are taken into account
in the classic limit of the Heisenberg J, — J, — J3 model,
CAFM is energetically favorable over other magnetic config-
urations when J, > —J;/2 and J, > 2J3. The conditions are
satisfied when &, is smaller than A, resulting in an agreement
between our first-principles results and recent experimental
observations [23,25]. However, when h4; is greater than A,
the FM state becomes the ground state owing to J; < —2J;
and J; < —J, — 2J3. Since antiferromagnetism was observed
in experiments [22,24,26] when h, < has < 1.84 A, it indi-
cates that the local moment picture fails to account for the
magnetic ground state of CuFeAs in the intermediate region
of anion height.

In order to know if the magnetism can be understood
from the weak-coupling limit where the Fermi-surface nesting
plays a role, we have calculated the orbitally resolved Pauli
susceptibility x T (g), as defined in Refs. [45,46], to quantify
the nesting property. Owing to the fact that the magnetism
is mainly controlled by intraorbital particle-hole excitations,
in Fig. 2 we only show the intraorbital components of the
Pauli susceptibility along the path of I' — X — M — T in the
Brillouin zone. It is found that the susceptibility of the d,._,2
and d 2 orbitals is much smaller than those of the d,, and dy ..
orbitals, suggesting that the magnetic instabilities in CuFeAs
are mainly contributed from the latter three orbitals. As is well
known, a prominent peak present in the Pauli susceptibility
denotes a tendency towards a certain long-range magnetic
ordered state whose magnetic configuration is determined by
the position of the peak in the momentum space. However, in
the intermediate region of anion height, for instance, Athakyr =
1.74 A as shown in Fig. 2(a), neither the susceptibilities of dy,
orbital nor those of d,. . orbitals show any pronounced peaks.
On the contrary, the plateau appearing in the susceptibilities
of the d, orbital along the X — M path may indicate that
CuFeAs is highly magnetically frustrated due to the compe-
titions among enormous instabilities.

For comparison, we have calculated the Pauli susceptibil-
ity at low As height of 1.53 A, as shown in Fig. 2(b). In
contrast to the featureless orbital-resolved susceptibilities at
has=1.74 A, the counterpart at low As height shows pro-
nounced instabilities in the d,, orbital around wave vector
(m, ), indicating a strong tendency towards a antiferro-

0.0
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FIG. 2. The orbitally resolved Pauli susceptibilities of Fe 3d
orbitals for As height equal to (a) 1.74 A and (b) 1.53 A along the
high-symmetry pathof ' — X — M —T.

magnetic state. This is consistent with our total-energy
calculations and previous experimental observations [23,25].
It suggests that the magnetism in CuFeAs for the s < k. case
can be explained by both the Fermi-surface nesting scenario
[11-13] and the local moment picture [14,15], similar to all
the other iron pnictides. However, if A, < has < 1.84 A, nei-
ther the local moment picture nor the Fermi-surface nesting
scenario could be applied to understand the magnetism in
CuFeAs.

Considering the orbital degrees of freedom existing in
CuFeAs, the inclusion of on-site Coulomb interactions may
strongly change the spin and charge populations among dif-
ferent orbitals. Therefore, in the following, we will apply
GGA+U [37] to allow for multiorbital effects and unravel
the truth for a magnetic ground state in CuFeAs. Figure 3(a)
shows the evolution of total energies of different magnetic
configurations as a function of U. At small U, the FM state
gives the lowest total energy. As U becomes large, the BAFM
state becomes stabler than the other magnetic states. The
FM-BAFM phase transition takes place at critical point U,
of around 4.1 eV, which is slightly smaller than the on-site
Coulomb interaction U & 4.5 eV estimated from the con-
strained local density approximation, which is comparable
to those in other iron pnictides [38]. This implies that the
material is in the BAFM state and close to the phase boundary
between FM and BAFM states.

Furthermore, as was observed in experiments [24,26],
CuFeAs is nonstoichiometric with Cu sites being partially
vacant. Cu vacancy will cause heavy hole doping and may
alter the crystal-field splitting due to the deficiency of cations
in certain positions. Here, the effect of Cu vacancy on the
magnetic properties of the ground state was considered by
simply removing one Cu from the primitive cell, leading to the
chemical formula of Cug sFeAs. The total energies of various
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FIG. 3. The effect of on-site Coulomb interaction U on the mag-
netic ordering in (a) CuFeAs and (b) CugsFeAs. As U increases, the
phase transition from the FM state to the BAFM state occurs (a) at
around 4.1 eV for CuFeAs and (b) at about 3.5 eV for CugsFeAs,
respectively.

magnetic configurations as a function of U are displayed in
Fig. 3(b). Similar results are obtained as those for the stoichio-
metric case, except that the critical value of U is considerably
suppressed from around 4.1 to about 3.5 eV, suggesting that
the BAFM state is further stabilized when Cu vacancies are
introduced.

To gain deep insight into the effect of on-site Coulomb
interaction and Cu vacancies on the ground state, we have
calculated the total and averaged magnetic moments on iron
as well as orbitally resolved magnetic moments of 3d orbitals
on iron for both CuFeAs and Cug sFeAs. Figure 4(a) displays
the averaged Fe moments. It is found that the averaged Fe
moment decreases as U increases and, at critical point U, a
sharp drop appears. The presence of Cu vacancy gives rise to
a decrease of the averaged Fe moments in the FM state and
an increase in the BAFM state, indicating that the Cu vacancy
energetically stabilizes the BAFM state and enhances the spin
polarizations in the BAFM state. In addition, if Cu vacancy
is present, the total magnetic moments of Fe are finite in the
BAFM state, as depicted in the inset of Fig. 4(a), which is
consistent with the nonzero spontaneous magnetic moment
observed in experiments [22,26].

Figures 4(b) and 4(c) show the averaged magnetic mo-
ments of Fe 3d orbitals for CuFeAs and Cug sFeAs, respec-
tively. The orbitally resolved magnetic moments are obtained
by constructing atomic projectors as implemented in the
WIEN2K code [32]. It is found that while the magnetic mo-
ments of the d,, and dy. /.. orbitals which dominate the states
close to the Fermi level are changed slightly in the FM state,
those of d> and d,»_,» decrease remarkably and finally be-
come antiparallel to the magnetic moments of the d,, and
dy;)x; orbitals. Such type of breakdown of the Hund’s rule
was proposed to be a possible origin for the low magne-
tization in LaFeAsO [47-49], where DFT calculations [47]
suggested that opposite magnetization among different or-
bitals is stabilized against the Hund’s rule by the formation of
large multipoles of the spin density, while model calculations
based on a five-band Hubbard model [48] and a two-orbital
Heisenberg model [49] found that the interorbital exchange
interaction overrides the Hund’s rule. From our DFT calcu-
lations and the corresponding derivations of the tight-binding
model parameters using WANNIER90 [50], we conclude that
both magnetic multipoles [47] and interorbital hoppings [48],
which induce interorbital exchanges as the Hubbard interac-
tion U is involved, play a role in the formation of antiparallel
magnetic moments among five 3d orbitals on each iron in
CuFeAs. Further increasing U, a phase transition from the
FM state to a BAFM state occurs with a significant reduction

22.5rrm e ARRBRARES ™ BT
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FIG. 4. (a) The averaged magnetic moment on Fe atoms for CuFeAs and CuysFeAs. The inset is the total Fe magnetic moments for
Cug sFeAs in the BAFM state. The orbitally resolved magnetic moments of Fe 3d orbitals for (b) CuFeAs and (c) CugsFeAs. For CugsFeAs
in the BAFM state (c), the averaged orbital magnetic moments over the irons of the two sublattices are different, leading to the formation of a

ferrimagnet.
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of the magnetic moment in each orbital. However, the
breakdown of the Hund’s rule remains. The weak antiferro-
magnetism agrees well with the experimental results [22-25].
Note that in the presence of Cu vacancy, the orbital mag-
netic moments on different magnetic sublattices are strongly
deviated from each other [Fig. 4(c)], leading to a finite total
magnetic moment as shown in the inset of Fig. 4(a).

IV. DISCUSSIONS

From the above investigations, it was shown that the mag-
netic properties of CuFeAs vary from a CAFM state to a
BAFM phase as a function of the experimental As height
measured from the iron plane, where the critical height for the
CAFM-BAFM transition is i, ~ 1.612 A. At the As height
of has > 1.84 A, the pnictogen-height driven FM phase is
expected to be stablest [43,44]. This can account for various
experimental observations in CuFeAs, where all magnetic
susceptibility measurements at low external magnetic fields
[22,23,26] suggest that this material is in an antiferromag-
netic state for 1.57 < has < 1.80 A. At i = 1.53 A, the
short-range CAFM order was observed by the Mossbauer
spectroscopy and muon spin resonance experiments [25],
which is also qualitatively consistent with our results [shown
in Fig. 1(a)] since the quantum fluctuations are completely
frozen in the DFT calculations. Aware of the fact that the
interlayer spin exchange hardly affects the magnetic structure
in the Fe, As; plane for CuFeAs, the G-type antiferromagnetic
state, i.e., a three-dimensional NAFM state proposed in a
recent study [24], cannot become the ground-state magnetic
ordering because the energy of the NAFM state is higher than
those of the other antiferromagnetic states that we considered,
as displayed in Figs. 1(a) and 3. Besides, the agreement be-
tween our results and experiments indicates that the Coulomb
interaction plays a key role in the description of the magnetism
of the multiorbital system CuFeAs, especially at the interme-
diate As height.

Moreover, the antiferromagnetic state with nonvanishing
total magnetic moments is found to be energetically stabilized
when Cu vacancies are present, which explains the sponta-
neous magnetization in nonstoichiometric CuFeAs [22,26].
Considering the weak ferrimagnetism, CuFeAs should be sus-
ceptible to an external magnetic field. It is the reason why
the magnetization exhibits the AFM-like behavior with the
decrease of temperature at low magnetic fields, but shows
the FM-like behavior at magnetic fields of >500 Oe due to
the field-induced ferromagnetic component [22,23,26].

Finally, we found that CuFeAs is a unique compound in
the family of iron pnictides that may be used to unveil the
origin of weak magnetism commonly present in the pnictides.
In contrast to the CAFM state at lower As height and the FM
state at higher As height, both of which can be understood
from the itinerant electron picture [11-13] and the localized
spin scenario [14,15], the BAFM phase which can account
for various experimental observations in CuFeAs [22,24,26]
can only be explained by breakdown of the Hund’s rule. The
antiparallel arrangement of magnetic moments in different
orbitals on each iron atom has been proposed as the possible
origin for weak magnetism in LaFeAsO [47,48], which un-
fortunately was not prevalent since it was just an alternative

theory to the widely accepted ones based on the itinerant
or localized scenario [11-15]. However, CuFeAs may be the
first counterexample which casts doubts on the applicabilities
of the well-accepted theories and supports breakdown of the
Hund’s rule as a unified picture for the weak magnetism ob-
served experimentally in iron pnictides. It should be noted that
violation of the first Hund’s rule appears in the presence of two
partly filled shells such as cerium [51], while there is only one
partly filled shell in CuFeAs. Moreover, Hund’s coupling is
always believed to dominate the correlated metallic behavior
in iron pnictides [18-21], as was frequently pointed out by
dynamical mean-field theory (DMFT) [52] or local density
approximation (LDA)+DMFT [53] studies where nonlocal
correlations are totally ignored. If breakdown of the Hund’s
rule was dominant, the intersite interorbital hybridizations
and multipole interactions would become important, which
brings the concept of Hund’s metal into question and re-
quires further investigations beyond the local approximation
and Hubbard interactions. Also, breakdown of the Hund’s
rule may provide a new route to form singlet Cooper pairs
locally [54].

Note that the CuFeAs is unique among iron pnictides due
to the fact that it possesses the highest arsenic height in
comparison to other iron arsenic compounds, for example,
has ~ 1.51 A for LiFeAs [55], 1.31 A for LaFeAsO [6], and
1.35 A for BaFe;As; [56]. And it is even higher than that of
Fe, g1 Se, where hg, ~ 1.47 A [57]. The height is comparable
to hpe ~ 1.75 A of Fe; ggsTe, which also shows bicollinear an-
tiferromagnetic order [58]. However, it is smaller than hgp ~
1.84 A of CuFeSb, where ferromagnetism is observed [43,44].

FIG. 5. (a) Crystal structure of CuFeAs used in this work, where
the blue, brown, and green atoms denote Cu, Fe, and As, respec-
tively. The top-view cartoons for the (b) Néel antiferromagnetic
state (NAFM), (c) collinear antiferromagnetic state (CAFM), and
(d) bicollinear antiferromagnetic state (BAFM), where the red and
black arrows represent two different spin species on Fe atoms which
form a square lattice.
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V. CONCLUSION

In conclusion, we have investigated the magnetism of
CuFeAs by applying DFT calculations. It is found that
breakdown of Hund’s rule occurs and is responsible for the
exotic BAFM state in CuFeAs at the height of the As atom
of 1.612 <hps < 1.84 A. This phase intersects between a
CAFM stateat i < 1.612 A and a FM state at 1 > 1.84 A. The
presence of Cu vacancy favors the BAFM state and induces
weak ferrimagnetism due to the symmetry breaking between
the magnetic sublattices. The interaction is indispensable to
correctly capture the ground state of CuFeAs. Our results can
be applied to fully understand experimental observations and
have an important implication that breakdown of the Hund’s
rule may be a unified theory for weak magnetism in iron
pnictides.
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APPENDIX: CRYSTAL STRUCTURE OF CuFeAs
AND ANTIFERROMAGNETIC STRUCTURES
STUDIED IN THE WORK

Figure 5 shows the crystal structure of CuFeAs and antifer-
romagnetic structures studied in this work.
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