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Tuning interchain ferromagnetic instability in A,Cr3;As; ternary arsenides
by chemical pressure and uniaxial strain
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We analyze the effects of chemical pressure induced by alkali-metal substitution and uniaxial strain on
magnetism in the A,Cr;As; (A=Na, K, Rb, and Cs) family of ternary arsenides with quasi-one-dimensional
structure. Within the framework of the density functional theory, we predict that the nonmagnetic phase is very
close to a three-dimensional collinear ferrimagnetic state, which realizes in the regime of moderate correlations,
such tendency being common to all the members of the family with very small variations due to the different
interchain ferromagnetic coupling. We uncover that the stability of such interchain ferromagnetic coupling has
a nonmonotonic behavior with increasing the cation size, being critically related to the degree of structural
distortions which is parametrized by the Cr-As-Cr bonding angles along the chain direction. In particular, we
demonstrate that it is boosted in the case of the Rb, in agreement with recent experiments. We also show that
uniaxial strain is a viable tool to tune the nonmagnetic phase towards an interchain ferromagnetic instability.
The modification of the shape of the Cr triangles within the unit cell favors the formation of a net magnetization
within the chain and of a ferromagnetic coupling among the chains. This study can provide relevant insights

about the interplay between superconductivity and magnetism in this class of materials.

DOL: 10.1103/PhysRevMaterials.5.064402

I. INTRODUCTION

In recent years, a great deal of attention has been devoted
to the competing quantum orders which develop in transition
metal pnictides. In this context, one of the most relevant
examples is represented by the recently discovered Cr-based
arsenide family A,Cr;Ass (A=Na, K, Rb, and Cs) [1-4].
This series has been shown to represent an ideal platform for
the study of the interplay between magnetism and structural
instabilities [5-9], as well as of other relevant features such
as noncentrosymmetry and quasi-one-dimensional properties
[10,11].

The crystal structure of the above-mentioned compounds,
reported in Fig. 1, features Cr3Ass chains forming double-
wall subnanotubes (DWSN), where the inner-wall tubes are
constructed by Cr triangles and the outer-wall tubes by As tri-
angles, separated by columns of A™ ions [1-4]. Band structure
calculations indicate that the states governing the electronic
physics at the Fermi energy Ep are mainly Cr 3d orbitals
[12—-14].
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Interestingly, in these compounds a superconducting phase
[15-17] also emerges at ambient pressure, which is so far
unique for systems containing chromium [7,18-26]. Notably,
superconductivity occurs with a background of ferromag-
netic (FM) spin fluctuations [27], which is quite rare and
make a major difference with respect to cuprates, iron-based
and heavy-fermion systems where unconventional super-
conductivity occurs close to an antiferromagnetic (AFM)
instability [28].

Recent NMR measurements reveal the evidence of strong
spin fluctuations. In the Rb-based compound, strong enhance-
ment of the spin susceptibility suggests that three-dimensional
(3D) FM fluctuations are present near 7. [29]. Analogous
experiments in K,Cr3As; show that Cr spin fluctuations may
have a dominant antiferromagnetic character [15], while in
Na,Cr3As; and Cs,Cr3As; they are suppressed [30]. There-
fore, a systematic comparison of how alkali substitution
modifies the FM fluctuations among the members of the fam-
ily is needed in order to shed light on the magnetic ground
states of these compounds, and possibly on the superconduct-
ing pairing mechanism. The latter still remains elusive, with
conflicting hypotheses that have been suggested, ranging from
spin fluctuations to conventional phonons [5,15-17,31-33].

Recently, structural distortions breaking the high-
symmetry hexagonal structure have been experimentally

©2021 American Physical Society
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(a)

Ass
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FIG. 1. (a) Cr triangles belonging to the [(Cr3As3)>~],, subnan-
otubes of the A,Cr;As; compounds. The deviation from the ideal
hexagonal structure is parametrized by the angles «; and «,. Blue
and green circles denote Cr and As atoms, respectively. (b),(c) Cr-As-
Cr bonding angles along different chain direction (see the reported
axes).

detected in K,CrzAs; [6]. On this basis, we have
demonstrated that there is a strong interplay between these
distortions and the magnetic properties of that compound [34].
In particular, orthorhombic distortions make the Cr triangles
in the DWSN no longer equilateral, which is detrimental to
magnetic frustration, also changing the nature of the magnetic
ground state. Indeed, without considering the distortions, the
system shows a magnetic instability towards the all-in/all-out
configuration [8]. On the contrary, the presence of distortions
has been shown to promote a new kind of instability towards a
collinear ferrimagnetic ground state with a net magnetization
in the ab plane. Moreover, we have studied both compounds
KCr3As; and K;CrzAs; in a wide range of the Coulomb
repulsion U, from U =0 to 3 eV finding that, by taking
into account the distortions, the experimental results are
reproduced in a range of the Coulomb repulsion between
0.25 and 0.40 eV. Therefore, we can state that K,CrzAs;
has a nonmagnetic ground state but is close to a collinear
ferrimagnetic phase [34].

In this paper, we extend this systematic study to all the
members of the A;Cr3Ass family in the presence of structural
distortions and show that the tendency towards an interchain
FM instability may be tuned via chemical substitution or
uniaxial strain. Isovalent doping can induce chemical pressure
effects without introducing carriers. At the same time it alters
the interchain hopping, also affecting the coupling between
the chains. Moreover, it may cause slight modifications of the
crystal structure along the chain, thus altering the intrachain
spin correlations. On the other hand, uniaxial strain, e.g., the

modification of the lattice constant along a specific direction,
is effective especially in one-dimensional (1D) compounds,
since it allows one to continually modify the distances parallel
or orthogonal to the chain direction, and thus can provide a
pathway to explore the related phase diagram.

We perform a systematic study on the members of the
A;Cr3As; family (A=Na, K, Rb, and Cs), showing that all the
compounds are in the proximity of a collinear ferrimagnetic
configuration within the chain, regardless of the A species.
Our results also demonstrate that interchain ferromagnetic
exchange is promoted in the regime of moderate on-site elec-
tronic correlation, and that the stability of such ferromagnetic
coupling has a nonmonotonic behavior with the size of the
cation. We single out the structural parameters that govern the
formation of the ferromagnetic coupling, focusing in particu-
lar on the Cr-As-Cr bond angles originating from the alternate
distribution of alkali-metal ions along the chain direction.
Furthermore, we show that uniaxial strain affects the inter-
chain FM instability by lowering the critical value of the local
Coulomb repulsion above which the magnetic moments are
stabilized.

The paper is organized as follows. In Sec. II we present the
computational details of our approach. Section III is devoted
to a systematic study of the magnetic configurations within
the chain for all the compounds. In Sec. IV we analyze the
effects of the interchain magnetic coupling on the stability
of the FM configurations, together with the corresponding
structural fingerprints. In Sec. V we consider the case of a
compressive/tensile strain field applied along an in-plane di-
rection, while in Sec. VI we discuss the electronic properties,
i.e., the energy spectra and the orbitally resolved densities of
states, for all the members of the A,CrszAs; family. Finally,
Sec. VIl is devoted to the conclusions.

II. COMPUTATIONAL DETAILS

We have performed density functional theory (DFT) calcu-
lations by using the VASP package [35-37] based on the plane
wave basis set and the projector augmented wave [38] method
with a cutoff of 440 eV for the plane wave basis. We have used
the PBEsol exchange-correlation method [39], which provides
an excellent functional for the atomic relaxation in solids. We
need good accuracy for the structural properties, given the
strong coupling between electronic and structural degrees of
freedom in this class of materials. A 4 x 4 x 10 k-point grid,
which corresponds to 160 k points in the first Brillouin zone,
has been employed for the calculations concerning the chains.
In order to describe the electronic correlations associated with
the Cr 3d states, a Coulomb repulsion U has been added to our
functional [40]. We have used values of U ranging from O to
3 eV. The relevant region is until 1.5 eV, that is, for larger val-
ues of U we are in the saturation region. We have performed
structural relaxation minimizing the internal atomic positions
and forces to less than 0.01 eV/A. The volume calculated in
DFT usually deviates from the experimental value by a few
percent. While in most of the cases this deviation is negligi-
ble, it could play a relevant role in systems such as the one
investigated here, characterized by a strong interplay between
magnetic and structural properties. Though in other studies
on Cr-based compounds a full lattice relaxation procedure has
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TABLE 1. Lattice constants of the compounds of the family
A,Cr3As;. The space group is the P6m2 (No. 187).

ACrsAs; A=Na[l] A=KJ[2] A=Rb[3] A=Csl[4]
a(A) 9.2390 9.9832 10.2810 10.6050
cA) 4.2090 4.2304 4.2421 4.2478

been adopted [8,12,41], we decided to perform the relaxation
of the atomic positions having fixed the volume of the unit
cell to its experimental value. In this way we exclude the pos-
sibility of volume variations which would affect the magnetic
properties of the system. We have also checked that when the
constraint on the volume is removed, our results coincide, for
instance, with those obtained in Ref. [41].

The relaxation procedure started from equilateral triangles
for both collinear and noncollinear magnetic configurations,
also including the effect of the spin-orbit coupling. We found
that once the structural relaxation converges, the energetically
favored configuration is characterized by distorted Cr-ion tri-
angles, with an arrangement of the magnetic moments which
is always collinear. The lattice vectors of the unit cell are
R, = (a,0,0), R, = (—a/2,+/3a/2,0), and R3 = (0,0, ¢).
To calculate the interchain coupling we have doubled the unit
cell along the R, direction, and we have used a supercell with
two formula units and a 2 x 4 x 10 k-point grid.

III. CHAIN GROUND STATE IN THE A,Cr;As; FAMILY

The A;Cr3As; family is characterized by a markedly 1D
structure, with Cr3Ass linear chains separated by A% ions
sitting on different crystallographic sites [1-4]. In Fig. 1 we
report the notation used for the inequivalent Cr and As atoms,
together with the angles among the Cr atoms within the R;-R;
plane and the Cr-As-Cr bonding angles along the chain. In-
creasing the atomic radius from Na™ to K+, Rb*, and Cs™
induces chemical pressure effects which lead to the expansion
of the interchain distance by keeping the linear chain structure
almost unchanged, as one can see from the data reported in
Table 1.

We note that the superconducting critical temperature 7
progressively increases in the series A;Cr3Assz as the atomic
number of the alkaline ion decreases. Actually, T is found to
be ~2.2 K in Cs,Cr3As; [4], 4.8 Kin RbyCr3As; [3], 6.1 Kin
K,Cr3;As; [2], and 8.6 K in Na;Cr3As; [1]. This finding thus
clearly indicates a systematic trend of the chemical pressure
effect on the superconducting mechanism [1-4]. Of course,
reducing the A-cation size, the unit-cell volume decreases too.
However, it has been shown that the application of hydrostatic
pressure on K,CrzAss, which differently from the chemical
pressure reduces the volume isotropically, leads to a reduction
of T, [10,42,43]. This means that the two kinds of pressure
have opposite effects on the superconducting transition.

From the structural point of view the chemical pressure
may affect other relevant structural parameters, which are
expected to play a role in the most favorable magnetic stable
phases.We know from previous ab initio studies on K,Cr3 As;
[6,34] that localized orthorhombic distortions of the CrAs
sublattice together with associated K displacements cause the

—p2a

FIG. 2. Cr-spin configurations investigated in the paper, defined
as (a) the ferromagnetic state (FM), (b) the interlayer antiferromag-
netic state (AFM), (c) the up-up-down/up-up-down (P14 - )
stripe state, and (d) the up-up-down/down-down-up ($1 - L 1)
zigzag state.

Cr triangles in the DWSN to be no longer equilateral. These
deformations, described in terms of the angles «; and o)
reported in Fig. 1, weaken magnetic frustration, favoring a
collinear stripe phase within the chains [34]. The structural
distortions explicitly taken into account in our approach make
the two magnetic moments at the basis of each triangle differ-
ent from the one at the vertex.

However, other parameters are worth paying attention to.
The alternate distribution of the alkali-metal ions along the
chain direction gives rise to different bond angles of Cr-As-
Cr, as shown in Fig. 1(b). Due to the distorted Cr triangles,
we can distinguish four independent angles, Cr;-As;-Crs,
Crg-Asg-Crg, Cry-As,-Crp, and Crs-Ass-Crs. In the follow-
ing, we study the magnetic phases and the way they get
correlated to structural deformations parametrized by the in-
plane angles between the Cr atoms in the isosceles triangles
and the different Cr-As-Cr bonding angles. The analysis is
performed as a function of the Coulomb repulsion U, for
different choices of the chemical substitution.

A. Chain ground state of Cs,Cr;As;

We apply the procedure already presented in Ref. [34] for
the K,Cr3;As; to the representative case of the Cs,Cr3Ass,
and perform the atomic relaxation at different values of the
Coulomb repulsion U for the distorted triangles composed of
Cr atoms and belonging to the DWSN. We consider four pos-
sible collinear magnetic states, which for moderate values of
U turn out to be the magnetic stable states. They are reported
in Fig. 2 and are classified as the ferromagnetic state, the in-
terlayer antiferromagnetic state, the up-up-down/up-up-down
stripe state (11 - 11) and the up-up-down/down-down-up
zigzag state (11 - || 1). Together with these states, we also
consider the nonmagnetic (NM) one.

In Fig. 3 the energy difference between the NM, FM,
AFM, and the zigzag states with respect to the stripe state
(M - 1)) displays the existence of two regimes: for values

064402-3



GIUSEPPE CUONO et al.

PHYSICAL REVIEW MATERIALS §, 064402 (2021)

400 C52CI'3AS3

AFM-Stripe
Zig—zag—Stripe
300 NM-Stripe

0.0 0.5 1.0 1.5 2.0 25 3.0
U (eV)

FIG. 3. Energies per Cr atom of the FM, AFM, zigzag, and NM
states measured with respect to the stripe state energy, plotted as
functions of the Coulomb repulsion for the compound Cs,Cr;As;.

of the Coulomb repulsion U < U, = 0.4 eV, the ground state
is nonmagnetic, then becoming the stripe one for U > U,. In
the following, we will also refer to the stripe ground state as
ferrimagnetic, standing for a collinear configuration where the
magnetic moments are uncompensated within the unit cell,
and the resulting moment is due to the majority spins of the
Cr ions at the basis of each triangle.

In Figs. 4 and 5 we report the behavior of the representative
angle «; shown in Fig. 1 and the magnetic moment m; at the
Cr; site as functions of U. The other angles and magnetic
moments have a very similar trend and thus are not reported
here. We can see from Fig. 4 that «; is always away from
the ideal 60° value, even in the NM phase, the only exception
being represented by the FM state. In particular, while in the
magnetic phases o is characterized by a nonmonotonic be-
havior as U is varied, on the contrary in the NM phase o stays
almost constant, since there is no interplay between structural
and magnetic properties. In particular, we note that in the
stripe phase «; shows a sudden jump to ~70° at U >~ U,, and
becomes practically constant above U = 1.5 eV, differently
from what happens in the other magnetic configurations.

The behavior of the magnetic moment at the Cr; site shown
in Fig. 5 confirms the strong interplay between structural and

85 CszCr3A53 AFM
Zig—zag
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80 NM ——
75
9}
z
S 70
65
60
BBl e

FIG. 4. Angle o as a function of the Coulomb repulsion for the
compound Cs,Cr3;As;.
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FIG. 5. Magnetic moment of the Cr; ion as a function of the
Coulomb repulsion for the compound Cs,Cr;Ass.

spin-orbital degrees of freedom in this class of compounds.
As for the case of the angle «, a different behavior is found in
the two regimes corresponding to values of U approximately
lower and higher than 1.5 eV, respectively. At low values of U
the magnetic moment tends to vanish in the zigzag as well as
in the stripe phase, thus providing evidence of a nonmagnetic
ground state configuration.

B. Chain ground state for different cations

In this section we report a systematic comparison of the
magnetic stable phases, the o angles, and the magnetic mo-
ments for all the compounds of the family, as obtained via
first-principles analysis in the same range of U and by follow-
ing the same procedure.

We first point out that all the compounds show a similar
behavior, i.e., the existence of a critical U, separating the NM
state (U < U,) from the stripe one (U > U,). We choose to
focus on the most relevant comparative outcome and postpone
to Appendix A the detailed results.

Figure 6 shows that chemical pressure slightly affects the
U dependence of the energy difference between the zigzag
and the ground stripe phase, which only shows a little re-

120

Zig—zag — Stripe

100

80

60

AE (meV)

40

K —

20 Rb ——

0.0 0.5 1.0 1.5 2.0 25 3.0
U (eV)

FIG. 6. Difference between the energies per Cr atom of the
zigzag and of the stripe state as a function of the Coulomb interaction
for the compounds of the family A,Cr;As; (A=Na, K, Rb, and Cs).
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FIG. 7. Angle «; in the ground state as a function of the Coulomb
repulsion for the compounds of the family A,Cr;As; (A=Na, K, Rb,
and Cs).

duction as the atomic radius increases. In Figs. 7 and 8 we
report the comparison of the angles and the magnetic moments
in the ground state for the different atomic species. We see
that the Cr triangles are quite distorted in the ground phase,
especially at low and intermediate values of U, this being a
common trend for all the compounds. The distortion is slightly
less pronounced only in the case of Na for U > 1.5 eV. The
magnetic moment tends to grow with the ion size, saturating
for larger values of U to a value that is very close to the maxi-
mum predicted value for Cr ions in the K,Cr3; As; compound,
which is % ~ 3.33up. This is so because the oxidation of
chromium is +2/3 in K,Cr3As;.

We point out that such collinear ferrimagnetic phase may
be qualitatively interpreted [34] within a minimal effective
Heisenberg model which assumes the Cr spins lying in the
R;-R; plane coupled via dominant independent AFM ex-
change between nearest-neighbor Cr atoms and smaller AFM
coupling between next-nearest-neighbor Cr atoms along the
R; axis. Specifically, the onset of the stripe phase is governed
by the ratio among the in-plane exchange parameters along the

35
3.0
25

gz.o

£15 Na
K —
Rb ——

1.0
0.5

0.0

0.0 0.5 1.0 1.5 2.0 25 3.0
U (eV)

FIG. 8. Magnetic moment m, in the ground state as a function of
the Coulomb repulsion for the compounds of the family A,Cr;As;
(A=Na, K, Rb, and Cs).

R, and R; axes, which in turn is critically linked to the degree
of deformation of the triangles, growing with the « angles.

IV. STRENGTH OF THE MAGNETISM AND INTERCHAIN
FM INSTABILITY IN THE A,Cr;As; FAMILY

To understand the effect of the chemical pressure due
to alkali-atom substitution on the most favorable magnetic
configuration in these quasi-one-dimensional systems, it is
important to consider the coupling between the chains [44],
which can provide useful insights for the interpretation of
the experimental data [15,29,30]. In the previous section, we
have shown that all the compounds have collinear magnetism
above a characteristic value of U,, where the ground state
changes from a nonmagnetic to a collinear stripe configuration
within the DWSN, allowing one to attribute a net magnetic
moment to each chain. Single interchain magnetic interactions
then couple spins of neighboring chains. Without interchain
magnetic coupling, the system can only show magnetic order
in one dimension, this being difficult to achieve because of the
Mermin-Wagner theorem [45,46]. With the presence of the in-
terchain magnetic coupling, the system is not one-dimensional
anymore and a magnetic order can more easily develop. This
crucial interchain magnetic coupling can be FM or AFM.

We study a supercell of two chains, assuming that in the
magnetic phase the coupling within a single chain leads to the
stripe configuration and that a macrospin can be associated to
each chain.

As a first step, we proceed by looking at the energy
difference between the NM, FM, and AFM interchain con-
figurations. The study (not reported here for brevity) confirms
that up to a critical value of the Coulomb repulsion the NM
configuration is the ground state, and that the results for
different cations are quite similar. The FM interchain con-
figuration, where the macrospins of the chains are oriented
in the same direction, is always lower in energy than the
AFM one, confirming that all these compounds in this region
are nonmagnetic but on the verge of magnetism, sustaining
interchain FM spin fluctuations.

As a next step, we have evaluated the difference in energy
of the NM state with respect to the FM one for different
choices of the cation. We have performed the calculation for
U = 0.75 eV, which guarantees an intrachain magnetism. In
Fig. 9 we show that the stability of the interchain ferromag-
netic coupling follows a nonmonotonic trend with increasing
the ion size. Actually it grows from Na to Rb, where it as-
sumes the maximum value, and then decreases for the Cs case.
In order to explore the correlation between this trend and the
features of the crystal structure, we have also evaluated the
evolution of the bonding angles Cr-As-Cr upon alkali-atom
substitution. In Fig. 10 we show that two of the four different
bonding angles, that is, the Cr3;-As3;-Cr; and Crg-Asg-Crg an-
gles, display an evolution as a function of the ion substitution
that follows the same trend (to make this more explicit, the
behavior of the angle Crg-Asg-Crg has been plotted in Fig. 9
together with the NM-FM energy difference). We thus deduce
that the increase of these two angles may favor the interchain
ferromagnetic coupling.

We can conclude that the cation substitution acts to mod-
ify the interchain structure, thus affecting the stability of
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FIG. 9. Energy difference between the NM and the interchain
FM state (blue line, left axis) and bonding angle Crg-Ag-Crg (red
line, right axis) for different choices of the cation. The value of the
Coulomb repulsion is U = 0.75 eV.

ferromagnetism among the chains; this turns out to be favored
in the Rb-based compound, while it is indeed hindered in the
Cs case. We notice that recent NMR measurements suggested
that Rb,Cr3As; may be indeed very close to a FM quantum
critical point [29], while no evidence of enhancement of FM
fluctuations is actually seen in the case of Cs,Cr;As; [30].
The mechanism which relates the structural deformation as-
sociated to the bonding angles to interchain ferromagnetism
deserves further investigation.

V. STRAIN TO INDUCE MAGNETISM IN K,Cr;As;

In this section we show that it is possible to tune the
system from NM to interchain FM ground states by applying
a compressive strain along a specific in-plane direction. Since
the magnetic properties of these compounds are very sensitive
to the modification of the total volume, we will analyze the
interplay between structural and magnetic degrees of freedom
in the case of fixed volume, as already explained in Sec. II.

We choose to focus on the reference case of K,Cr;As; and
explicitly compare it with KCr3Ass sharing with K,CrzAs;
quasi-one-dimensional structural features. However, in the

116 Cr3—As3—Cr3

114 'w/‘—’\.
o
o
§) 112
= Cs
Q 110 K Rb
<‘:’ INa Cry—As,-Cr,
G 108

Cr5—A55—Cr5
106
180 200 220 240 260

Atomic Radius(pm)

FIG. 10. Behavior of the four bonding angles Cr-As-Cr for dif-
ferent choices of the cation. The value of the Coulomb repulsion is
U =0.75eV.

FIG. 11. Graphic representation of the strain ¢ applied orthogo-
nally to the basis of the isosceles triangles in the chain. A negative
value of ¢ indicates a compressive strain of the y component of the
R, vector, while a positive one indicates a tensile strain of the y
component of the R, vector.

latter no superconductivity was found while a spin-glasslike
transition at Ty = 5 K was revealed by magnetic susceptibility
measurements [47]. This value is very close to the supercon-
ducting critical temperature of K,Cr;Ass, indicating that the
energy scales involved in the formation of the two phases are
indeed comparable and that magnetism may be detrimental
to the development of the superconducting phase. We also
mention that KCr3Asjz also presents a superconducting phase
[48,49], though recently Taddei et al. [50] have shown that
the emerging of this phase is due to the charge doping via H
intercalation.

We start by referring to the lattice vectors of the undis-
torted unit cell R; = (a, 0, 0), R, = (—a/2, ﬁa/2, 0), and
R3; = (0,0, c). The strain field ¢ applied to the unit cell is
defined as the continuous deformation of the in-plane lattice
vectors R; and R;. A negative value of ¢ corresponds to a
compressive strain of the y component of the R, vector, while

a positive value corresponds to a tensile one. Since the volume

V3’ , the lattice vectors then become

o0)

}- (i
a «/_a(l V3a(l +¢)
e (555

is fixed to the value

,0,0),

where ¢ is adimensional and defined as ¢ = Aa/a. The effect
of this compressive (tensile) strain of the y component of the
R, vector enhances (decreases) the apex « angles as shown
in Fig. 11. Due to the strong interplay between structural
and magnetic degrees of freedom in this class of materials,
this kind of strain is expected to have significative effects on
the magnetic properties. The modules of the lattice vectors
of K,Cr3As; for different values of the strain ¢ are reported
in Table II. A similar system, namely, K;Mo3As3, has very
recently studied under pressure [51] and a modification of
up to 10% of the lattice parameter a has been applied. The
values of the strain that we have chosen in our analysis, i.e.,
& = %0.03 and £0.06, correspond to deformations of the 3%
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TABLE II. Modules of the lattice vectors of K,Cr;As; when the
strain is applied.

K, with straing ¢ =—0.06 &¢=-—0.03 €=+40.03 € =+0.06

IR,| (A) 10.6204  10.2920 9.6924  9.4181
IRy| (A) 9.5375 9.7594 102086  10.4357
IR;] (A) 42304 42304 42304 42304

and 6% of the lattice vectors, and thus are fully in the range of
an experimentally applicable strain.

The comparative analysis of the most favorable magnetic
configurations within the chain for negative/positive strain
demonstrates that the ground state is still NM below a critical
U., and that above this threshold value a stripe phase is favored
(see Fig. 12). Compared with the unstrained case, this value is
lowered to ~0.3 eV when a 3% negative strain is considered,
and a further slight reduction is observed when ¢ is further
increased.

In order to provide a systematic comparison of the modifi-
cations to the ground-state magnetic and structural properties
induced by a compressive/tensile strain, we report in Figs. 13
and 14 the evolution with U of the magnetic moment at the
representative Cr; site and of the angle «; in the ground
state, together with the analogous results recently obtained for
KCr;As; [34].

From the inspection of Fig. 13, we notice that the compres-
sive and the tensile strain both allow one to tune the transition
from a nonmagnetic phase with vanishing moment to a mag-
netic one with m; # 0 (turning out to be the stripe phase), but
following an opposite trend. Tensile strain raises the value of
U at which a finite moment appears, whereas a compressive
strain tends to reduce it. In particular, for e=—0.06 this value
is close to the critical one marking the transition to the stripe
state in KCr3Ass. In this context, it is significant that the angle
a; shows an increase at the transition, particularly sharp for
compressive strain, as one can see from Fig. 14.

400; e=-0.03
AFM-Stripe
Zig—zag—Stripe
300 NM-Stripe
S
©
£200
L
<
100
0 Py
w
0.0 0.5 1.0 1.5 2.0 25 3.0

U (eV)

FIG. 12. Energies per Cr atom of the FM, AFM, zigzag, and NM
states measured with respect to the stripe state energy, plotted as
functions of the Coulomb repulsion for the compound K,Cr;As;.
A compressive strain ¢ = —0.03 is applied to the system. At low
values of U some data are missing due to the lack of convergence of
the numerical procedure in that regime.

U (eV)

FIG. 13. Comparison of the magnetic moments of the Cr; atom
in the ground state for different choices of compressive/tensile strain
applied to K,Cr;As;.

Next we turn to the analysis of the lowest energy con-
figurations when the coupling between magnetic chains is
considered. The collinear configurations is assumed within the
chains and the calculations are performed within the PBEsol
approximation. The energies of the NM, FM, and AFM con-
figurations for K,Cr3Asj are reported in Table III for different
values of the strain. We have fixed for the Coulomb repulsion
the value U = 0.3 eV, for which KCr3;As; is predicted to be
magnetic, while K,Cr3Asj; is not [34]. The analysis of the in-
terchain interactions in K,Cr3 Ass confirms the trend emerging
from the study of magnetism inside the single chain. Namely,
a compressive strain leads the system towards a magnetic
phase, while a tensile strain stabilizes the nonmagnetic ground
state. A value e=—0.06 favors K,Cr3;As; to be magnetic at
U = 0.3 eV. The ground state is the interchain FM configu-
ration, with the macrospins of the chains oriented in the same
direction.

Hence, our results seem to indicate that the instability
towards a ferrimagnetic phase can be tuned by the applica-
tion of a compressive strain. This could provide important
insights on the interplay between superconductivity and
magnetism, possibly providing support to the idea that the

60 €=-0.06 =— €e=+0.03 ——
€=—0.03 =— =
55 =0 _
0.0 0.5 1.0 1.5 2.0 25 3.0

U (eV)

FIG. 14. Comparison of the «; angle in the ground state for
different choices of compressive/tensile strain applied to K,Cr;As;.
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TABLEIII. Energy differences (meV) of K,Cr;As; for NM, FM,
and AFM coupling between the chains and different values of the
strain. Inside the chain the stripe configuration is assumed to be

the ground and the value of the Coulomb interaction is fixed at
U=03eV.

€e=—-006 €=-003 e€=0 €e€=4003 €=+40.06
NM 5.33 0 0 0 0
FM 0 0.25 6.92 15.25 26.75
AFM 3.92 4.08 10.83 19.75 32.00

superconducting phase arises from the suppression of the
magnetic order, as controlled by the strain as a tunable pa-
rameter.

VI. ELECTRONIC PROPERTIES

In this section we analyze the electronic properties of the
A,Cr3As; (A=Na, K, Rb, and Cs) compounds in the distorted
case, as well as the modifications of the electronic structure
of K,Cr3As; under the action of a compressive or a ten-
sile strain. We fix for the Coulomb repulsion the value U =
0.3 eV, for which the experimental results are satisfactorily
reproduced [34].

In Figs. 15-18 we report the band structures and the or-
bitally resolved partial densities of states (DOSs) for the d
orbitals of A,CrzAs; near the Fermi level. Indeed, the d or-
bitals have the greatest weight at the Fermi level, as in the case
of the undistorted structure. We consider the partial densities
of states for the dy, dy2_>, and d> orbitals and for the d,
and d,, ones, which are symmetric and antisymmetric with
respect to the basal plane, respectively. We make this distinc-
tion because we know from the undistorted case [12,14] that

Na,CryAs,

AN f

0.4

0.2

¥
-0.2 /

/1)

-0.4

-0.6 \

-0.8 |

[/

Energy [eV]

=<

-1 F

)
AR

-1.2

r MK T A LH A

FIG. 15. Band structure of Na,Cr3zAs; near the Fermi level for
U = 0.3 eV (left), together with the corresponding orbitally resolved
partial densities of states (right). Red and green lines refer to the Cr,
atom at the basis of the triangle and denote the DOSs projected onto
orbitals symmetric with respect to the basal plane d,,, d,»_,2, and d 2
and onto orbitals antisymmetric with respect to the basal plane d,,
and d,., respectively. Blue and purple lines refer to the Cr, atom at
the vertex of the triangle and denote the DOSs projected onto the
symmetric and antisymmetric orbitals, respectively.

K,Cr:As
0.4 AR i R
02}
0 b~
'% 02 1
o 04 F S
—
Q
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_1 —
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r MK T A LH A

FIG. 16. Same as in Fig. 15 for K,Cr;As;.

symmetric orbitals have a greater spectral weight at the Fermi
level, while the antisymmetric ones have a relevant weight few
eV far from the Fermi level. We also note that the hybridiza-
tions between the orbitals at different planes is larger than in
the undistorted case because in the distorted configuration the
atoms at adjacent planes are closer to each other. In the cases
of Na and K the bands that cross the Fermi level (FL) are three:
two of them cross the FL only along the I'-A line, giving rise
to two 1D Fermi surfaces (FSs), while the third one crosses
the FL also in the plane producing a 3D FS, as in the undis-
torted K,Cr3zAs; material [12]. In the case of the Rb-based
compound, the bands cross the FL only along the I'-A line
and the system will present three 1D FSs, while for Cs-based
material we have two 1D FSs and one electron pocket, since
the bands cross the FL in the plane only in few points. The
Coulomb repulsion barely affects the band structure, as shown
in Ref. [14], so that we can safely say that the band structure
obtained for the chosen value of the Coulomb repulsion would
look similar to the band structure at vanishing U. Finally, we
stress that these materials can be considered as moderately
correlated compounds, since a very good agreement between
the DFT results, at small U, and angle-resolved photoemission
spectroscopy measurements has been reported [11].

Rb,Cr;As,
0.4 ]
02 ‘lu
0 :)Q
>~
= -02F e
& — F—T | —
5 04|
[}
5 06 \[ ] /]
08 b | —
-1F e
B = === N ZP
I MK T A LH A

FIG. 17. Same as in Fig. 15 for Rb,Cr;As;.
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FIG. 18. Same as in Fig. 15 for Cs,Cr;Ass.

In Figs. 19 and 20 we show the band structures and the
densities of states of K,Cr3;As; under a uniaxial strain equal
to ¢ = +0.06. We observe that under the effects of a tensile
strain, i.e., for ¢ = 40.06, the system has a nonmagnetic
ground state, while in the case of a compressive strain, i.e.,
for ¢ = —0.06, at U = 0.3 eV the ground state is magnetic,
as previously shown. For this reason, we report in the two
panels of Fig. 20 the results concerning the spin-up and the
spin-down channels. We can see from these figures that the
strain modifies the number of bands that cross the FL, and
hence the FS, in this way affecting the electronic properties of
the system. Specifically, for ¢ = 40.06 there are two 1D FSs
and one electron pocket, while for ¢ = —0.06 we can observe
two 1D FSs and one 3D FS.

VII. CONCLUSIONS

We analyzed the ground state of the series A>CrzAs;
(A=Na, K, Rb, and Cs) and predicted a collinear stripe config-
uration within the DWSN, which allows one to attribute a net
magnetic moment to each chain. Due to interchain ferromag-
netic coupling, all the compounds are close to a ferrimagnetic

e=+0.06
0.4
o2 b/ N
P —
-
= -02 /\
o [N N E—
g 04 /< T
5 (O
m -06 B /
[ 1
-08 B N )
/\ ——
-1 F | ]
\ >\7?/<
-1.2
r MK r A LH A

FIG. 19. Same as in Fig. 15 for K,Cr;As; when a tensile strain
e = 40.06 is applied to the system.
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FIG. 20. Same as in Fig. 15 for K,Cr3As; when a compressive
strain ¢ = —0.06 is applied to the system. In panel (a) we show the
spin-up channel, while panel (b) shows the spin-down channel.

phase in the region of moderate values of the Coulomb repul-
sion U. The occurrence of such collinear magnetic state has an
important interplay with the distortion of the triangles which
reduces the frustration of the antiferromagnetic couplings be-
tween the nearest-neighbor Cr atoms.

Such behavior has been proved to be robust against the
variation of the chemical pressure induced by the change
of the cation among the different members of the family.
Notably, we have shown that the strength of the interchain
ferromagnetic coupling has a nonmonotonic behavior as a
function of the atomic radius of the alkali metals. In partic-
ular, the stability of the interchain ferromagnetic coupling is
gradually increased when changing from Na to Rb, while it
is reduced for the Cs compound, in agreement with recent
experimental observations [29,30]. We relate this behavior
to the Cr-As-Cr bonding angles along the chain, this being
a key factor controlling the tendency towards the interchain
ferromagnetism.

As far as strain is concerned, we demonstrated that uni-
axial compressive strain applied orthogonally to the basis
of the isosceles triangles tends to increase the apex angles.
Confirming the strong interplay between structural properties
and magnetism in the above-mentioned compounds, strain has
been shown to significantly affect the transition from the NM
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400 NazCr3A53
AFM-Stripe
Zig—zag—Stripe
300 NM-Stripe
S
©
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FIG. 21. Energies per Cr atom of the FM, AFM, zigzag, and NM
states measured with respect to the stripe state energy, plotted as
functions of the Coulomb repulsion for the compound Na,Cr;As;. At
low values of U some data are missing due to the lack of convergence
of the numerical procedure in that regime.

to the ferrimagnetic phase in the regime of moderate electron
correlations.

In conclusion, our results clearly show that the compounds
of the family A,Cr3As; (A=Na, K, Rb, and Cs) are close to
an interchain FM instability, which is significantly affected
by structural effects. Our analysis can thus prove to be rel-
evant in the study of the interplay between magnetism and
superconductivity [52] experimentally detected in this class
of compounds [43,53].
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APPENDIX A: RESULTS FOR Na,Cr;As; AND Rb,Cr;As;

Here we report the results concerning the energies, the an-
gle oy, and the magnetic moment m; for the other compounds
of the family A,Cr3Ass.

The energies of the various configurations investigated,
measured with respect to the one of the stripe state, are plotted
as functions of the Coulomb repulsion U in Figs. 21 and 22
for Na,;Cr3As; and Rb,Cr3Ass, respectively. The case of the
K,Cr3As; is instead reported in Ref. [34].

Our results show a similar behavior for the two com-
pounds, this indicating that the chemical pressure due to the

400 Rb,Cr3As;
| AFM-Stripe
| Zig—zag—Stripe
300; NM-Stripe

0.0 0.5 1.0 1.5 20 25 3.0
U (eV)

FIG. 22. Same as in Fig. 21 for the compound Rb,Cr;As;.

change of the cation alters only slightly the nature of the mag-
netic configuration within the chain. For all the compounds
the ground state is nonmagnetic for values of the Coulomb
repulsion U < U, = 0.4 eV, then becoming the stripe one for
U > U,. On the other hand, the energy in the ferromagnetic
configuration is always larger than in the other phases, this
situation remaining the same for all the compounds.

The angle o) as a function of U is plotted in Figs. 23 and
24 for Na and Rb cations, respectively. The various config-
urations always correspond to distorted triangles, except for
the fully FM one, and, in the case of Na,Cr3Ass, also for the
AFM one. For all the compounds, the increase of U above
a value approximately equal to 1.5 eV does not produce sig-
nificant variations of &, the only exception being the zigzag
configuration for which «; decreases appreciably as U is
increased. The magnetic moment of the Cr ion is reported for
the two cases A=Na, Rb in Figs. 25 and 26, respectively. For
U > 1.5 eV it approaches the maximum predicted value for
Crions in A,Cr3Ass, which is 10/3up. On the other hand, for
small values of the Coulomb repulsion the magnetic moment
tends to vanish, in agreement with the fact that the ground
state in this regime is nonmagnetic.

85 NaQCr3As3 AFM —
Zig—zag
Stripe
80 NM —
75
9}
z
S 70
65
60 e e e
BBl o

0.0 05 10 15 20 25 3.0
U (eV)

FIG. 23. Angle «; as a function of the Coulomb repulsion for the
compound Na,Cr;As;. At low values of U some data are missing
due to the lack of convergence of the numerical procedure in that
regime.
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FIG. 24. Same as in Fig. 23 for the compound Rb,Cr;As;.

APPENDIX B: MAGNETIC EXCHANGES

In this Appendix, we map the DFT results into the
Heisenberg model, providing an estimation of the exchange
couplings and explaining the limitations of the method when
applied to the class of materials under consideration. First we
provide the results for the magnetic exchanges in A;CrsAs;
(A=Na, K, Rb, and Cs) as functions of U, then we plot
their evolution as a function of the strain for K,Cr;Ass, as
described in the main text.

The mapping of the DFT results on the Heisenberg model
can be obtained calculating the energy of several magnetic
configurations. The reliability of this method depends on the
values of the magnetic moments that should be constant in
each of the magnetic configurations. While this holds for U >
1.5 eV, we have found that the magnetic moment appreciably
varies for U < 1.5 eV. However, our results show that it is
still possible to perform the mapping of the DFT results into
the Heisenberg model for 0.75eV < U < 1.5 eV, but for this
class of materials we are on the verge of the applicability of
the mapping to the Heisenberg model. Since we know that
the magnetic coupling should go to zero for U < 0.3 eV, we
extrapolate the results from U = 0.75 eV to U = 0.3 eV to

3.5 NazCrgAs3
3.0
25
=20
€15 1
AFM =——
Zig—zag
Stripe

1.0

0.5

0.0

0.0 0.5 1.0 15 20 25 3.0
U (eV)

FIG. 25. Magnetic moment of the Cr; ion, as a function of the
Coulomb repulsion for the compound Na,Cr;As;. At low values
of U some data are missing due to the lack of convergence of the
numerical procedure in that regime.
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FIG. 26. Same as in Fig. 25 for the compound Rb,Cr;As;.

have an indication of the magnetic coupling in the range of U
that better describes the properties of the system.

To perform the mapping and have an estimation of the
nearest-neighbor magnetic coupling, we assume that the two
interlayer magnetic couplings are equal and we calculate the
energy for a new magnetic configuration in addition to the
previous ones shown in Fig. 2 and investigated in the main
text. The new magnetic configuration has the Cr atoms at the
basis with opposite spin direction as shown in Fig. 27. We ex-
clude the ferromagnetic phase configuration for the mapping
because its equation is linearly dependent on the others in the
linear equation system.

To evaluate the magnetic exchange couplings, we adopt the
following Heisenberg Hamiltonian [34]:

_ MoV Qi
H= " Ju's's).

(i), <)

B

Here the sum is over pairs of adjacent spins in the z =0
and/or z = 0.5 planes, and w, v € {0, 1}. If i, v = O the spins
are both in the plane located at z = 0, if u, v = 1 they both

FIG. 27. Arrangements of the Cr spin of the magnetic configu-
ration investigated in addition to the previous ones discussed in the
main text in order to obtain the magnetic exchanges. This new mag-
netic configuration, which we name “stripe2” for further reference,
has the Cr atoms at the basis with opposite spin direction. J, is the
magnetic coupling between the Cr atoms at the basis and those at the
apex of the isosceles triangles, as for example, Cr; and Cry; J, is the
magnetic coupling between the two Cr atoms at the basis, as Cr; and
Crs. J. is the interplane coupling constant, relating, for example, to
atoms Cr; and Cry.
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FIG. 28. Magnetic exchanges for Na,Cr3;As; as functions of the
Coulomb repulsion U. J,, Jp, and J, are three magnetic exchanges
defined in the text. The dashed line indicates the extrapolation in the
region where the mapping is not possible.

lie in the plane at z = 0.5, and if © # v the two spins are in
different planes. When the coupling is antiferromagnetic, the
value of J is positive in our convention. The energies in the
four configurations that we have considered are

Eapm = $%(2J) + 4J, — 12J,) + Eo, (B2)
Egipe = S*(2J, — 4J, — 4J,.) + Eo, (B3)
Ejigrag = S*(2Jy — 4, + 4J,) + Ey, (B4)

Eguiper = S*(=2J, — 4J,) + Ep. (BS)

Here E; denotes the nonmagnetic ground-state energy;
EarM, Egpipe, and Ejigsqe are the energies of the AFM,
stripe, and zigzag magnetic moment configurations shown
in Figs. 2(b)-2(d), respectively; and Egyipes is the energy of
the configuration shown in Fig. 27. From these equations we
obtained the exchange couplings. As in Ref. [34], we indicate
with J, the magnetic coupling between the Cr atoms at the
basis and those at the apex of the isosceles triangles, as for

0.35
KQCI'3AS3

Ja

0.30 Jb

0.25
<0.20 i
= :
= 0.15 5

0.10

0.05

0.00"5"5 1.0 15 2.0 25

U (eV)

FIG. 29. Magnetic exchanges for K,Cr;As; as functions of the
Coulomb repulsion U. J,, J,, and J, are three magnetic exchanges
defined in the text. The dashed line indicates the extrapolation in the
region where the mapping is not possible.

— ], Rb,Cr3As;
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U (eV)

FIG. 30. Magnetic exchanges for Rb,Cr;As; as functions of the
Coulomb repulsion U. J,, J,, and J, are three magnetic exchanges
defined in the text. The dashed line indicates the extrapolation in the
region where the mapping is not possible.

example, Cr; and Cr; of Fig. 27, while J, is the magnetic cou-
pling between the two Cr atoms at the basis, as Cr; and Crj.
J. is the interplane coupling constant, relating, for example,
to atoms Cr; and Cry. The magnetic exchanges for A,Cr3As;
(A=Na, K, Rb, and Cs) as functions of U are reported in
Figs. 28-31. In the case of Na and K, all the nearest-neighbor
magnetic exchanges are antiferromagnetic for every value of
U, including the value U = 2 eV that is also reported in the
literature for the undistorted case [8]. The in-plane magnetic
coupling J, is larger than Jp, this stabilizing the collinear
magnetic configuration, as reported in Ref. [34]. Moreover,
the interlayer magnetic coupling is larger than the previously
calculated magnetic couplings [8], this being presumably due
to the increase of the distortions that reduces the strength of
the interlayer Cr-Cr bonds. In the cases of the two heaviest
cations, i.e., Rb and Cs, J,, is negative at U = 0.75 eV, there-
fore the atoms at the basis of the triangle are ferromagnetically
coupled and the system is no longer frustrated. In the case of
Na, the lightest cation, the points at U = 1 eV are missing
because of the lack of convergence of the magnetic configura-

—_—], Cs,Cr3As;
03—,
02 /’/’—0\‘\'
q, ')
= g
0.1 ®
00— —
0.5 1.0 1.5 2.0 25

U (eV)

FIG. 31. Magnetic exchanges for Cs,Cr;As; as functions of the
Coulomb repulsion U. J,, J,, and J, are three magnetic exchanges
defined in the text. The dashed line indicates the extrapolation in the
region where the mapping is not possible.
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FIG. 32. Magnetic exchanges of K,Cr;As; as functions of the
strain for U = 0.85 eV and J, in the case of U = 0.75 eV. J,,, J},, and
J. are three magnetic exchanges defined in the text.

tion with three parallel spins that strongly prefer to be aligned
antiparallel.

In Fig. 32, we plot the magnetic exchanges as functions of
the strain for K,CrzAs; at U = 0.85 eV, this being the lowest
value of U where the mapping is possible for every value of
the strain. While the magnetic exchanges are very sensitive
to the Coulomb repulsion U, the dependence on the strain is
much weaker, as expected from the other results discussed
in the main text. We also report the behavior of J, for U =
0.75 eV showing that the main magnetic coupling J, increases
as a function of U for every value of the strain. We see that a
tensile (positive) strain brings towards a nonmagnetic phase,
as stated in the main text of the paper (see Fig. 32). We cannot
map the J’s for U = 0.3 eV, but we expect that for negative
value of the strain the magnetic couplings are still sizable, in
such a way that we can observe a long-range magnetic order
in the presence of interchain magnetic coupling [34].

As far as the estimation of the critical temperature is
concerned, since the system is quasi-one-dimensional with
frustrated magnetism, a mean-field approach fails to provide
a correct estimation of 7. Rather, we should include in the
calculation the effect of the interchain exchange interactions,
but this is beyond the scope of the present paper.
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