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Double Helix Magnetic Order in
CrAs with MnP-Type Crystal Structure
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The transition metal pnictide CrAs exhibits superconductivity in the vicinity of a helimagnetic phase,
where it has been found that the propagation vector is parallel to the c-axis and the magnetic mo-
ments lie in the a-b plane. Here we use ab initio calculations to study the magnetic interactions in the
material. Mapping onto a Heisenberg Hamiltonian, we calculate the magnetic exchanges with LDA+U
calculations and we unveil the origin of the magnetic frustration. Finally, we reproduce the double helix
magnetic order with the propagation vector @ = (0,0,0.456) and we obtain the magnetic transition
temperature Ty through Monte Carlo simulations of the specific heat. Due to the limitations of the use
of the Heisenberg Hamiltonian for itinerant magnetic systems, the theoretical T underestimated the
experimental value of the pure CrAs. However, our results are in good agreement with those found for
the alloy CrAsg.5Sbo.s belonging to the same space group, showing that our result can describe this

(2022)

material class.
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1. Introduction

In recent years an increasing interest has been de-
voted to transition metal pnictides [1, 2]. These ma-
terials show unconventional properties determined
by the existence of a superconducting phase which
develops in proximity of a magnetic one that can
be suppressed through the application of a physi-
cal or a chemical pressure [3-6]. Some materials of
this family, such as CrAs [3, 5-11], MnP [12] and
WP [13-15], belong to the space group Pnma. In
turn, another family is represented by the com-
pounds A;CrszAss [16-21], with the element A being
Na [22], K [16], Rb [23] or Cs [24], which in common
with the first group show the possible presence of
unconventional superconductivity. In particular, in
the chemical cation deintercalation process applied
to K3Cr3Ass to obtain the magnetic parent com-
pound KCr3Ass, an intermediate state between 233
and 133 phases has been observed [25, 26], possibly
allowing to tune the interplay between the mag-
netic and superconducting properties [27]. Gener-
ally speaking, we can say that though these systems
are being thoroughly investigated to date, they still
need a careful analysis to better understand the
interplay between structural, electronic, magnetic,
and superconducting properties and their connec-
tions to topological features.
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The material class with Pnma phase (space
group number 62) presents nonsymmorphic sym-
metries that are responsible for additional degen-
eracies of the bands [14, 18]. This affects the
shape of the Fermi surface as well as the mag-
netic and the superconducting properties, giving
rise, together with the presence of strong mag-
netic fluctuations, to a quasilinear magnetoresis-
tance (MR) [28] near magnetic instability. There are
very few cases of non-compensated materials with
topological band structure showing large MR [29],
while a non-saturating extremely large MR due to
the presence of compensated Fermi pockets is more
common in nature [30]. Regarding CrAs, pressure-
induced superconductivity was found at T, =~ 2 K
and P, ~ 8 kbar in proximity of a helimagnetic
(HM) phase [3, 6]. In the non-collinear HM one,
it has been found by neutron diffraction measure-
ments [31, 32] that the propagation vector is par-
allel to the c-axis and the magnetic moments lie in
the a—b plane. The transition to the HM phase oc-
curs at Tn ~ 275 K. Four spirals propagating along
the c-axis with a well-defined angle between them
form the magnetic structure of the compound, and
the magnetic moment decreases with pressure from
1.7 up to 0.4 up at a pressure of 0.7 GPa, when
superconductivity starts to appear and the mag-
netic order is suppressed [32]. This decrease of the
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magnetic moment is accompanied by a spin reorien-
tation, from a configuration in which the magnetic
moments lie in the a—b plane to one in which they
lie in the a—c plane [31]. We recall that in these
compounds the magnetism is due to the d orbitals
of the Cr atoms at the Fermi level [7-9].

In CrAs, the magnetic, structural, and electronic
properties are intimately related, as made evident
by the fact that the magnetic transition is accom-
panied by discontinuous changes of the lattice pa-
rameters [3]. These effects have been analyzed via
ab initio studies [7] and model Hamiltonian investi-
gations [8-10], which allowed to conclude that CrAs
is a metal with moderate electronic correlations.
Indeed, the band structure is well described within
the density functional theory (DFT) [7], and a rel-
atively small value of the Coulomb repulsion allows
for the magnetic moment to obtain a value consis-
tent with the experimental one [8].

The non-collinear magnetic states can originate
from the Dzyaloshinskii-Moriya interaction or from
magnetic frustrations. Several examples of the latter
are present in transition metal compounds [33-36].
Depending on the symmetries and degree of frus-
tration, the system can show spin-spiral, double
helix, spin glass or a collinear magnetic phase in
case of low frustration. In particular, many transi-
tion metal monopicnitides show double helix mag-
netic order [4], with this kind of order having been
recently found also in CrAs. From the inelastic
neutron scattering data on polycrystalline samples,
an oversimplified model for exchange couplings was
derived in order to demonstrate the origin of the
magnetic frustration of the double spin helix [37].
However, a study within DFT of the magnetic frus-
tration and of the double helix order is still missing
in the literature.

In this paper, we improve the theoretical de-
scription of the double helix configuration in CrAs
presented in [37] by calculating the magnetic cou-
plings via ab initio DFT4+U method mapped onto
a Heisenberg model. We unveil the origin of the
magnetic frustration that originates the double he-
lix, reliably simulating the related helical magnetic
order. The validity of our approach has been tested
by evaluating the specific heat and the transition
temperature Ty through the Monte Carlo method.
We show that although the system is metallic, the
simple Heisenberg model allows to capture funda-
mental properties such as the frustration between
magnetic exchanges of different nature and the dou-
ble helical structure.

The paper is organized as follows: in Sect. 2 we
report the computational details, in Sect. 3 — the
results and in Sect. 4 — conclusions.

2. Computational details

We have performed density functional theory cal-
culations by using the VASP package [38-41]. In
this approach, the core and the valence electrons
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have been treated within the projector augmented
wave (PAW) method [42] and with a cutoff of
400 eV for the plane wave basis. All the calcula-
tions have been performed using a 12 x 16 x 10
k-point grid. For the treatment of the exchange
correlation, the local density approximation (LDA)
and the Perdew—Zunger parametrization [43] of the
Ceperley—Alder [44] data have been considered, as
these usually give better results for itinerant mag-
netic systems with magnetic moment far from high-
spin configuration [45-47]. In DFT, the electronic
interactions are already present as the sum of the
Hartree term and the exchange correlation that
include all the correlations and spin interactions.
When weakly correlated compounds are studied,
it is not necessary to consider additional interac-
tions. Instead, when moderately and strongly corre-
lated electron systems are considered, an additional
Coulomb repulsion U is added to the energy func-
tional [48]. This leads to an increase of the mag-
netic moment with respect to what one finds with
the simple LDA. Therefore, in the case of moderate
correlations, the U values must be carefully cho-
sen in order to avoid an overestimation of the mag-
netic moment. For the system analyzed here, we
have found that the best agreement with the exper-
iments is obtained for U =1 eV.

In the evaluation of the magnetic exchanges of
CrAs, we found that not all the magnetic configu-
rations converge in the case of collinear magnetism.
However, the inclusion of the spin—orbit coupling fa-
vored the convergence, allowing the determination
of a set of magnetic configurations sufficient to ob-
tain the relevant exchange couplings needed to de-
scribe the double helix magnetic order.

3. Results

In this section, we first present the calculation
of the magnetic couplings and then we analyze the
double-helix magnetic order in CrAs, evaluating in
particular the specific heat by use of Monte Carlo
simulations.

3.1. Electronic properties and magnetic exchanges

CrAs belongs to the family of transition-metal
pnictides sharing the general formula AB (A means
transition metal, B = P, As, Sb). It exhibits ei-
ther a hexagonal NiAs-type (B81) structure or
an orthorhombic MnP-type (B31) structure. In
the latter case, the unit-cell lattice parameters
are a =5.649 A, b=3.463 A and c=6.2084 A.
The chromium atoms are situated in the center of
the CrAsg octahedra, surrounded by six nearest-
neighbour arsenic atoms, as shown in Fig. 1. Four of
the six Cr—As bonds are inequivalent due to the high
anisotropy exhibited by this class of compounds.

The band structure of CrAs obtained in LDA [7]
is characterized by a bandwidth of 3.5 eV. We
can compare this value with the one of the ty
bands in strongly correlated Cr-based systems,
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Fig. 1. Crystal structure of CrAs in the MnP-type
phase, and Cr and As atoms are shown as blue and
cyan spheres, respectively. The CrAsg face-shared
octahedra are transparent. The solid black lines rep-
resent the orthorhombic primitive unit cell.

equal to 2.5 eV [47-49], as well as with the
one of the uncorrelated elemental Cr which is
around 5.0 €V [50, 51]. This allows to conclude that
CrAs is a moderately correlated system. We have
thus performed ab initio LDA+U calculations scan-
ning a range of low values of U, eventually obtaining
the best agreement with the experimental data on
the exchange couplings for U =1 eV.

We have used the Hamiltonian [37]

,J

considering the first-neighbours exchange couplings,
denoted as J,, Jp, Je1, Jeo, the in-plane second-
neighbour coupling Jgxp, and the second-neighbour
couplings along c-axis, i.e., Jgne and Jgneo. All
these are shown in Fig. 1a.

The collinear magnetic phase closer to the double-
helix ground state was investigated before and
found to be of G-type [8, 9]. Here we have considered
the ferromagnetic phase together with three other
magnetic phases with zero net magnetic moment
which are usually considered in G-type, C-type and
A-type Pnma perovskites. With reference to the
eight-atom unit cell, the four equations for the men-
tioned above four magnetic configurations are

Erym =E1+4J,+4Jc +4Je2 + 8Jsnp
+8JsNe1 + 8JsNe2; (2)
Eg = i — 4Jy — AJoy — AJus — 85y
+8Jsne1 + 8JsNe2s (3)
Ec = By — 4y + 4Jo1 + 4Jes — 85y
—8Jsne1 — 8JsNe2, (4)
Ea=Ei +4J, — 4Jsy — AJso + 8Jsny

—8JsNe1 — 8JsNe2, (5)
where FE; is a trivial constant energy and the
other quantities are the magnetic exchanges, shown
in Fig. 2a. In (2)-(5) we have seven unknowns
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Fig. 2.
culation. In part (a) we show the 3D sight (the
colours of the J denominations coincide with the
bonds colours). In part (b) we show the character-
istic Cr—Cr distances in the a-c plane. The ferro-
magnetic coupling is indicated with FM, while the
antiferromagnetic one — with AFM.

Magnetic couplings considered in our cal-

quantities, not including J,. Moreover, we can only
estimate the quantity J.; + J.2, but not the single
Je1 and J.o couplings.

The DFT calculations do not converge easily once
we go away from the G-type magnetic configura-
tion or away from the zero magnetic moment ones.
Therefore, to estimate Jp, we have doubled the unit
cell along the b-axis, but taken only the configura-
tions with zero net magnetic moment. In particular,
we have considered two unit cells with G-type mag-
netic order, one coupled ferromagnetically and the
other one antiferromagnetically. The related ener-
gies being denoted as Eqrmp and Egarnp. We have
repeated the same calculation for the A-type con-
figuration coupled antiferromagnetically along the
b-axis (the energy is Faarmp), in this way obtaining

Earvpy = 2FE9 — 8J, +8Jy — 8J.1 — 8Jx2
(6)
(7)

Epaarvy = 25 + 8J, — 8Jp — 16J5Np. (8)
The quantity FEs is also a trivial constant energy,
but its value is different from F;.

To estimate J.; + J.o, we have doubled the unit
cell along the c-axis considering two unit cells with
G-type magnetic order, again coupled ferromagneti-
cally and antiferromagnetically, respectively. We de-
fine their energies as Egpme and Egarnme Thus, we
have the following equations

Egarme = 2E3 +8J.1 — 8Jc2,

—16JSNp + ]-6JSN01 + 16JSNC27

Egarmpy = 2E3 — 8J, — 8Jy + 165Ny,

(9)

EGFMC = 2E3 — 8Jcl + 8J02. (10)
The quantity E3 is again a trivial constant energy,
different from E; and Es.

Solving the previous equations (2)—(10), we have
mapped the ab initio results onto a Heisenberg
model [55] reporting the magnetic exchanges values
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TABLE I

In the first row of the table, we indicate the distances in [A] between neighboring atoms, in the third and the fourth
row we report the values of J obtained with our calculations in LDA+U approximation and the values from [37],
respectively. The parameters Jo, Jp, Jo1 and Jeo refer to the first neighbours along a-, b- and c-axes; Jsnp to
the in-plane second neighbour; Jsyc1 and Jsnc2 refer to the second neighbours along c-axis. The latter are two
independent parameters which in our approximation are assumed to be equal. Since they are not the dominant
exchange couplings, this approximation will not influence the main results. The values of J are expressed in [meV],
while the one of the Coulomb repulsion is in [eV].

First neighbours

Second neighbours

distance

2.857

3.588

4.042

3.090

4.586

4.478

4.574

Ja

Jp

Jcl

Jc2

JSNp

Jsne1

Jsne2

LDA + U
Ref. [37]

—-19.4
9.27

—25.6

—21.9
—4.82

in Table I. We find that J.o is the largest ex-
change coupling and it is ferromagnetic, while all
the other nearest-neighbour ones are antiferromag-
netic. Smaller values are found for the second-
nearest neighbour couplings, as expected, with in-
plane and out-of-plane ones which are respectively
ferromagnetic and antiferromagnetic. We point out
that these results come from an energy minimiza-
tion procedure and thus cannot be directly com-
pared with the ones reported in [37] where the ex-
change couplings were treated rather as fitting pa-
rameters. We also notice that though this kind of
mapping has limitations for metals, the large Tn
value of CrAs should ensure that the obtained re-
sults are correct.

3.2. Double helix magnetic order

Using the Uppsala atomistic spin dynamics
(UppASD) package [53], we have performed the
Monte Carlo simulations to evaluate the specific
heat, considering a 16 x 16 x 16 supercell and re-
ferring to the Heisenberg-like Hamiltonian (1). In
CrAs there are two different characteristic Cr—Cr
distances along the c-axis, indicated as Cry—Crs
and Cr;-Cry in Fig. 1 and equal to 3.090 A and
4.042 A, respectively. In the former case, i.e., in the
case of shorter distance, the magnetic coupling is
strongly antiferromagnetic, while in the latter one
it is weakly ferromagnetic, as shown in Fig. 2b.

In Fig. 2b we observe that we cannot minimize
the energy at all the bonds of the quadrilateral.
This leads to the magnetic frustration that is re-
sponsible for the spiral configuration. In order to
reproduce the experimentally detected wave vector
Q = (0,0,0.356), the stability values of the ex-
change coupling leading to the double helix mag-
netic ground state were already determined by Mat-
suda et al. [37] as Joo/J, = 7.1 and J.1/J, = —0.52,
irrespective of the value and sign of J,. The mag-
netic couplings obtained are reported in Table I to-
gether with the values obtained in [37]. The results
are different because they are obtained with two
different methods, and both methods have limita-
tions. We used ab initio calculations and therefore
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58.6
65.0

5.6

—8.2

—8.2

Q=(0,0,0.456)

Fig. 3. Double helix structure of CrAs for Q =
(0,0,0.456) obtained with our data for the ex-
change couplings. The blue arrows represent the
spin of the chromium atoms. Arsenium atoms are
not shown. The grey dashed lines represent the
primitive unit cell.

we do not have a perfect agreement with the ex-
periment, while Matsuda et al. [37] made a fit to
the experimental result with a 2D model, neglect-
ing J;, and the second neighbours. The experimental
propagating wave vector in a reciprocal lattice unit
is @ = (0,0,0.356) [37]. The wave vector obtained
with the LDA+U values of the exchange couplings
is Q@ = (0,0,0.456). This value of Q is actually close
to that reported by Wang et al. [4] for CrAs,;Sby_,.
The corresponding double helix structure has been
calculated by means of the algorithm of [54] and is
reported in Fig. 3.



Double Heliz Magnetic Order in CrAs. ..

40 —U=0eV

—U=leV
_35 U7le
X

930

N

3.2.5

14

£20

§15
1.0

Fig. 4. The red line shows the temperature depen-
dence of the specific heat of CrAs evaluated from
the magnetic exchanges calculated in LDA, and
the blue line shows the specific heat calculated in
LDA+U approximation for U = 1 €V. For the curve
at U = 0 eV, the critical temperature is Tn = 160 K,
while for the one at U =1 eV, Tn = 185 K.

From the LDA+U values obtained for the ex-
change couplings, we evaluated the specific heat in
order to make an estimate of the transition temper-
ature Tx. The results are shown in Fig. 4 where the
curves for U = 0 and U = 1 €V are presented. Note
that for U = 1 eV we obtain the critical temperature
value Ty = 185 K underestimated to the experimen-
tal one, which is equal to T =~ 265 K. We also tried
with U = 2 €V but this choice did not lead to an
improvement of the result. Therefore, we conclude
that the more reliable set of couplings is the one
obtained choosing U = 1 eV, reported in Table I.
Although the calculated value of Ty underestimates
the experimental value found in CrAs, it is nonethe-
less close to the value reported for CrAsg 5Sbg.5 [4].
We can thus say that this result, together with the
one obtained for the propagation vector Q, suggests
that our approach allows to describe qualitatively
the properties of this class of materials.

4. Conclusions

We have evaluated the magnetic exchanges of
the pressure-induced superconductor chromium ar-
senide CrAs via ab initio LDA+U calculations, and
then mapping the energy of the magnetic config-
uration onto a Heisenberg Hamiltonian. The best
agreement with the experimental results is obtained
for a Coulomb repulsion U = 1 €V, providing evi-
dence that the system is a moderately correlated
compound. This finding is consistent with the fact
that the band structure is well reproduced by den-
sity functional theory and that the magnetic mo-
ment value obtained for small U agrees with the ex-
perimental one [7, 8]. We have analyzed the double
helix structure and, in particular, we have deter-
mined the temperature dependence of the specific
heat using Monte Carlo simulations. The theoreti-
cal value of the critical temperature T was found
to be equal to 185 K, which underestimates the ex-
perimental value of 265 K. This discrepancy was
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to some extent expected as it is well known that
the use of a Heisenberg-like model alone cannot de-
scribe an itinerant magnet in a fully satisfactory
way. Nonetheless, we notice that our ab initio ap-
proach allows to qualitatively reproduce the mag-
netic exchange couplings and the double helix struc-
ture with a propagation vector @ = (0,0,0.456).
We expect that a further improvement of our re-
sults can be obtained by including in the approach
presented here the dynamical effects related to the
behavior of the chromium 3d electrons as well as
the Dzyaloshinskii—Moriya interaction. In particu-
lar, the latter may prove to be relevant due to the
role played by the spin—orbit coupling in the arsenic
atoms located between two chromium ones.
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