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Abstract In this article we study the magnetic properties of the BaNiF4 compound using ab-initio calculations and classical
Monte-Carlo methods. We discuss the physical origin of the long range magnetic order. We show that the leading exchange
interactions are those of a non-frustrated anisotropic two-dimensional Heisenberg system and that long range order and the
experimentally observed preferential orientation of the magnetic moments along the b axis appear when local single-ion
anisotropy contributions are added at first order. We also show that a canting of the magnetic moments appears at second
order and can be written as an effective Dzyaloshinskii-Moriya interaction.

1 Introduction

Multiferroics materials were first defined as systems in which
at least two ferroic orders — among ferroelectricity, ferro-
magnetism and ferroelasticity — are coupled [1]. Recently,
the concept was extended to compounds in which any mag-
netic order is coupled to ferroelastic or ferroelectric proper-
ties, or even sometimes to the dielectric constant. At first the
magnetoelectric multiferroics, that present simultaneously
an electric polarization and a magnetic order, received lit-
tle attention despite two independent predictions of their ex-
istence by W. C. Rontgen [2] and P. Curie [3]. In the last
decades however magnetoelectrics have become a highly-
studied topic [4]. This success is due to the wide range of
possible applications [5—8] using the modification of a mag-
netic order by the application of a simple voltage, or re-
versely the modification of the polarization or the dielectric
constant by the application of a magnetic field.

Despite its discovery in 1968 by M. Eibschtitz et al. [9]
and the identification of a linear magneto-electric effect a
few years latter [10, 11], the BaMF, family (M being a tran-
sition metal) received little interest until recently with the
revival in the study of multiferroics materials.
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All the members of the family (Mg, Mn, Fe, Co, Ni,
Cu, Zn) crystallize in a non centro-symmetric orthorhom-
bic structure, space group Cmc2; (# 36) (see Fig. 1(a) and
(b)). They are all polar (as can be seen from their crystallo-
graphic symmetry) with a spontaneous and quite large po-
larization at room temperature measured using a pulse-field
technique, ranging between 7 and 10 £ C/cm? depending on
the transition metal [12]. All the compounds remain polar
up to the melting temperature, the polarization being, in all
cases, along the ¢ axis. Some members of the family (Mg,
Co, Ni, Cu, Zn) are ferroelectric, i.e., the polarization can be
reversed with an electric field while in others (Mn and Fe)
it cannot be switched [12]. The crystalline structure can be
seen as the distortion of a parent centro-symmetric Cmcm
(# 63) structure, where the MFg octahedra (see Fig. 1(a))
appear unrotated, and the Ba atoms occupy the non-polar
positions : z = 0 and 0.5. As there are two possible ways to
rotate the octahedra along the a axis [13, 14], the switching
of the dipolar moment is associated to these two energet-
ically equivalent possibilities. The impossibility to reverse
the polarization in the Mn and Fe compounds was ascribed,
by E. T. Keve et al [13, 14], to steric arguments.

The leading magnetic interactions in the magnetic mem-
bers of the family (Mn, Fe, Co, Ni, Cu) are antiferromag-
netic (AFM). Long range AFM order appears below 26.4
K for the BaMnF; compound [15], 54.2 K for BaFeF, [16],
69.6 K for BaCoF4 [17], and 68.4 K for BaNiF, [18] while
BaCuF, shows one-dimensional AFM behavior with no ex-



perimental evidence of long-range ordering [19] despite some
authors claiming a Néel temperature of 275 K [20].

In this work we are interested in the magnetic proper-
ties of BaNiF,. In this system susceptibility measurements
showed that the spin direction lies along the b axis [21].
Neutron scattering experiments, performed at 4.2 and 77 K,
showed that the AFM magnetic order has a propagation vec-
tor gy = (3, ,0) at low temperature [21]. At higher temper-
atures a broad maximum is observed in the magnetic suscep-
tibility that is sometimes attributed to a two-dimensional or-
dering [22]. C. Ederer et al. [23] predicted the existence of a
small canting of the magnetic moments in BaNiFs which
has its origin in the polar distortion, through a proposed
Dzyaloshinskii-Moriya (DM) interaction. This canting pro-
duces an additional weak antiferromagnetism in the (a, c)
plane. More recently, A. C. Garcia-Castro et al. [20] showed
that the same canting of the magnetic moments, due to an ef-
fective DM interaction coupled to the polar character of the
system, also takes place in the BaCuF, compound. It results
in the possibility to reverse, in both systems, this canting or-
der parameter using an electric field [24].

In this article we will study the magnetic properties of
the BaNiF4 compound using ab-initio calculations and clas-
sical Monte-Carlo methods. We will discuss the physical
origin of the long-range magnetic order, the preferential ori-
entation of the spins along the b direction, and the physical
origin of the small canting. We will show that, the prefer-
ential orientation of the magnetic moments along the b axis
appears as a first-order cooperative compromise between the
local single-ion anisotropy contributions and the AFM Hei-
senberg interactions. We will also show that the canting of
the magnetic moments appears at second order, and can be
written as an effective Dzyaloshinskii-Moriya interaction.

In Section 2 we present the details of the computational
methods used in this work. Section 3 will be devoted to the
results and discussion. More precisely, in Section 3.1 we
present results of the calculations of the effective exchange
interactions, in Section 3.2 the single-ion anisotropy, and in
Section 3.3 the magnetic order at zero and finite tempera-
ture.

2 Computational details
2.1 Crystal structure

At room temperature, BaNiF, has an orthorhombic struc-
ture, space group Cmc2 (# 36) with lattice parameters a =
4137 A, b = 14431 A, and ¢ = 5.781 A [25]. There are
four BaNiF, units in the orthorhombic Cmc2; unit cell, giv-
ing a total of 24 atoms. The C-centering means that the unit
cell is not primitive because there are two equivalent crys-
tallographic patterns, one at (0, 0 ,0) and the other at (1/2,
1/2, 0) (see Fig. 1(a) and (b)). The transition metal ions are

located in NiFg corner-sharing octahedra. These octahedra
form puckered layers along the (a,¢) directions. The planes
are separated along the b direction by the Ba atoms and
the successive layers are shifted by half a translation vec-
tor a (see Figure 1(a) and (b)). All the Ni and Ba atoms
are equivalent by symmetry, while there are four kinds of
F atoms. The primitive cell of the base centered orthorhom-
bic lattice is given by a,, = (a,0,0), b, = (—a/2,b/2,0),
¢n = (0,0,¢), and y = arccos(—a/va?+b?) = 105.996°
and contains 12 atoms. It looks like a monoclinic P2, cell,
except that ¥ is fixed by the orthorhombic space group. The
magnetic structure with a propagation vector (%, %,O) pro-
posed by Cox et al. [21] is shown in Fig. 1(d)ina2x2x 1
supercell (12 Ni atoms in the supercell). It is interesting to
note that the same magnetic order can be represented in a
2x1x1 super-cell (4 Ni atoms in the supercell) of the prim-
itive pseudo-monoclinic cell (see Fig. 1(e)).

2.2 Ab-initio calculations

The magnetic effective exchange interactions were obtained
using multi-reference ab-initio calculations of the magnetic
spectrum on properly chosen fragments of the crystal. These
fragments were embedded in a total ions pseudopotential
(TIP) bath [26], that reproduces the exclusion effects of the
electronic structure of the two first layers of surrounding
atoms, and a renormalized set of charges reproducing the
Madelung potential seen by the fragment (see reference [27]
for more details). The latter was computed with an error of
less than 0.1 meV. The ab-initio spectroscopic calculations
were performed using the selected active space + single-
excitations (SAS+S) method [28] as implemented in the Re-
1aXE code [29]. This method is a multi-reference configura-
tion interaction method (MRCI) that treats exactly the corre-
lation energy within the 3d shell, the ligand to metal charge
transfers and screening effects on all configurations so gen-
erated. The fragment are chosen to include the magnetic
atoms under consideration, their first coordination shell, and
any additional bridging ligands. The fragment orbitals were
optimized within a complete active space self consistent field
(CASSCEF) [30] calculation of the 3d electrons, using the
MOLCAS package [31]. We used a basis set of 3§ + P qual-
ity, associated to relativistic core pseudopotentials of the
Stuttgart group [32] to represent the inner orbitals. The aniso-
tropy calculations were performed using the same method
(on a single ion embedded cluster) and the RASSI/ANISO
[33] modules of MOLCAS.

The effective exchange interactions were double checked
using density functional theory (DFT). A broken-symmetry
formalism [34—40] has been used to map total energies cor-
responding to various collinear spin arrangements within a
supercell, onto a Heisenberg Hamiltonian. The calculations



Fig. 1 Schematic representation of the crystal structure of BaNiF4 a) along the a and b) ¢ axes. The Ba atoms are in green, the Ni in violet and
the F in light gray. c) Naming of the magnetic interactions. For the sake of clarity, only the Ni atoms are shown. The first and third neighbors
interactions J. and J,, form a J; —J, one-dimensional system along the ¢ axis. The second neighbors interaction J, connects the chains along the
a axis and the two effective exchange interactions J, and J,;, connect the adjacent planes along the b axis. The numbers 1 and 2 label atoms which
are symmetry related by the glide 2; rotation along the ¢ axis (seet text). Experimental magnetic structure proposed by Cox el al [21] represented
d) as a 2x2x1 orthorhombic super-cell and e) as a 2x 1x 1 monoclinic cell.

were done with the wien2k code [41] and a PBEO functional
[42] on a 2x 1 x2 supercell (containing 96 atoms).

The crystal structure used in all calculations was ob-
tained from the room temperature X-Ray refinement data of
reference [25].

2.3 Monte Carlo calculations

Monte Carlo simulations were performed to calculate order
parameters and critical temperatures from a model magnetic
Hamiltonian derived from the computed ab-initio parame-
ters (effective exchange interactions and single ion anisotro-
pies) and dipolar interactions. For this purpose we used the
standard Metropolis algorithm [43] on a classical approxi-
mation of the spin Hamiltonian. The calculations were per-
formed using up to 200x1x100 orthorhombic supercells,
containing 80000 Ni atoms, and 20x 10x 10 supercells con-
taining 8000 atoms when the dipolar contribution was in-
cluded in the total energy. Thermodynamical averages have
been performed with 1250 Monte Carlo steps per atom.

3 Results and discussion
3.1 Magnetic interactions

The magnetic exchange interactions were obtained from the
ab-initio calculations by mapping the computed magnetic
spectra onto the energy spectra of an Heisenberg Hamilto-
nian on the same fragments :

AH=-Y7;88; (1)

i>j

where the effective exchange interactions J;; are the two
intra-chain interactions, J. and J»., the inter-chain interac-
tion, J,;, and two interactions Jj, and J,;, connecting the adja-
cent planes along the b axis (see Fig. 1(c)). A positive (neg-
ative) value corresponds to a ferromagnetic (antiferromag-
netic) interaction.

The Ni ion has a +2 formal charge, corresponding to a
3d® electronic configuration, with two magnetically active
orbitals and a S = 1 spin . The two magnetic orbitals are the
e, orbitals of the distorted octahedral environment. The first
orbital, shown in Fig. 2(a), is the d,2_ orbital (in the (b,¢)
plane). It is expected to be responsible for the intra-chain
interactions J. and J,. (see Fig. 1(c)). The second orbital,
shown in Fig. 2(b), is the d3 2 _,» orbital oriented along the
a axis. It is expected to be responsible for the inter-chain
interaction J,,.

The corresponding Ni-Ni distances associated to the ef-
fective interactions are shown in Table 1 along with the mag-
netic integrals obtained from our ab-initio calculations. The
leading interactions J,. and J, are both antiferromagnetic and
they do not lead to frustration. The effective magnetic ex-
changes between the planes, Jj, and J,,, are negligible. Sim-
ilarly the magnetic frustration associated with the second
neighbors interaction within the chains running along the ¢
direction, Jy., is negligible. Its value is within the estimated
error bar of our method.

The two leading AF interactions are consistent with the
experimental magnetic order shown in Fig. 1. As they form a
2-dimensional pattern, alone they cannot give rise to a long-
range order [44]. Other interactions must be included in our
model Hamiltonian to explain a possible two-dimensional
long-range magnetic order [45] and even more to account for



Fig. 2 Magnetic orbitals obtained from the CASSCF calculation. a)
d_ > orbital responsible for the magnetic couplings along the chains
running on the ¢ direction (view in the (b,¢) plane). b) d;>_ 2 orbital
responsible for the magnetic couplings along the a direction (view in
the (b,a) plane).

J d[A] JmeV]l JI[K] JIK] JIK][23]

SAS+S PBE0 LSDA+U

J. 3840 3855  -44.72 52 77

J. 4137 6373 -73.93  -102 -102
be 5781  -0016  -0.19 2
J, 5882  0.001 0.01 0
Jp 7506 0.001 0.01 0

Table 1 Effective exchange interactions. The five interactions calcu-
lated in this work between the Ni atoms obtained using the ab-initio
and density functional theory methods are listed in the first column.
The label of the different J values can be found in Fig. 1(c). The Ni-Ni
distances appear in the second column. The third and fourth columns
give the interactions calculated with the SAS+S method in [meV] and
[K], the fifth and sixth the ones calculated with DFT based methods in
this work and by Ederer et al [23]. A negative value is associated with
an antiferromagnetic interaction (see text and Eq. (1)).

the three-dimensional one proposed by some authors [21]
for the transition at 68.4 K.

3.2 On-site anisotropy
As mentioned above, neutron scattering experiments [21]

show a preferential orientation of the spins along the b di-
rection. To understand the origin of this preference, we com-

puted the site easy axes and the zeroth-field splitting tensor
on embedded NiFg clusters.

The zeroth-field splitting tensor can be derived from the
eigenstates and energies of the many-body, ab-initio, elec-
tronic plus spin-orbit Hamiltonian on the NiFg embedded
fragment, using the pseudo-spin method of L. Ungur and
L. F. Chiboratu [33]. The result can be written as :

S(S+1) A
= e[

Hzrs =7 |(S-2)* - X)’—-(8-Y)’] 2
where X, Y, and Z are the main anisotropy directions. As
in our case, Z = 0.8430 meV = 9.782 K and & = -0.0936
meV = -1.086 K, X and Z are the easy and hard directions
respectively. Due to the glide 2 axis around c, the zig-zag
chains along the ¢ axis are formed by two sets of atoms,
labeled 1 and 2 on Figures 1(c) and 3. The local directions of
the main anisotropy axes for the two Ni atoms transform into
each other by the same symmetry operation. The expansion
of the main anisotropy axes onto the crystallographic ones
is provided in Table 2.

Site  Anisotropy axes a b [
X 0.000 -0.746  0.666
1 Y 0.000 0.666  0.746
y/ 1.000  0.000  0.000
X 0.000 0.746  0.666
2 Y 0.000 0.666 -0.746
y/ 1.000  0.000  0.000

Table 2 Coordinates of the main anisotropy axes in the crystallo-
graphic basis for the two Ni atoms related by the 2; symmetry (see
Fig 3).

The hard axis Z is along the a direction for the two
atoms. The other main anisotropy axes for the two Ni atoms,
X and Y, are nearly orthogonal and lay in the (b, ¢) plane. It
is interesting to note that the easy axes X (in red on Fig 3)
are nearly parallel to the shortest Ni-F bonds (in black on
Fig 3). Figure 4(a) shows the anisotropy contributions of the
two Ni atoms for different orientations. a is clearly the hard
direction for both atoms and different contributions appear
when rotating the spins from b to ¢ with a local maximum
for Ni; and a local minimum for Nij (blue and red curves
respectively in Fig. 4(a)). Similar but inverted curves (min-
imum for Ni; and maximum for Ni) would appear if we
rotate the spins from ¢ to —b (not shown in Fig. 4(a)).

For the two Ni atoms forming the chain, the easy axes
(corresponding to the local minima mentioned before) are
rotated clockwise and anti-clockwise by an angle o =41.75°
with respect to the b axis. In this way we can write :

X; =cosab—sina c, Y, =sinab+cosxc, 3)

X, =cosab+sinac, Y, =sinab—cosc c. @)



Fig. 3 (color online) Chains along the ¢ axis. Ni atoms are shown in
violet and the F atoms in light gray. The shortest Ni-F bond (1.95 A)
is colored in black. Atoms labeled 1 and 2 are symmetry related by
the glide 2 rotation along the ¢ axis. a) The Ni easy axes X are repre-
sented with red lines, and the other main anisotropy direction in the (b,
¢) plane Y in blue. The hard axes Z are perpendicular to the figure. o
is the angle between the local easy axes X and the b direction. b) Spins
orientation corresponding to the minimum energy solution of the two-
dimensional classical Heisenberg plus zeroth-field splitting Hamilto-
nian (Eq. (7)). The preferred orientation is along the b direction with a
small tilt § (see text).

The sum of the two contributions, which corresponds to
a collinear rotation of the two spins, is shown in black in
Fig. 4(a), it gives a local minimum along the b direction (see
below).

3.3 Magnetic order

We will first discuss the magnetic order at zero temperature
considering a classical Heisenberg plus zeroth-field splitting
model with a unit cell formed by the two symmetry related
Ni spins. As any projection of the spins along the a direction
increases the anisotropy contribution (Fig. 4(a) and Eq. (2)),
we will search the solutions of a two-dimensional model
with the spins in the (b, ¢) plane :

S| =sin6; b+cos 6 c, (®)]
S, =sin6; b+cos6; ¢ 6)
here 6; are the angles formed with respect to the ¢ axis. The

Heisenberg and single ion anisotropy contributions to the
total energy per unit cell can be written as :
25 (S+1)
3
— & §? [cos2(91 — o) +cos2(0,+a)l, )

E(6,,6,) =21, 5272.]5 SZCOS(92791)7@

where we assume an AFM order between the chains along
the a axis independently of the angles 6;, as the exchange
interaction J, is larger than the on site anisotropy &'.
In the limit of & = 0, the minimum energy
S(S+1)

EAFM:2JaS2+ZJCSZ—2@f (8)

is obtained for the in-plane, rotation-invariant, AFM collinear
solution along the chains (6, — 6; = 7).

A finite & << J, breaks the in plane rotation symmetry.
At first order in &, a collinear AFM minimum is obtained
with the spins oriented along the b direction: 8; = —6, =
7/2 (see black curve in Fig. 4(a)), in good agreement with
the experimental observation. The first order energy is :

Erpm = EArm 42 & §? cos2a )

Ni, =— Ni, Tot ¥—

0.02 AFM gy = %,0,0 AFM gy = %,%,0
t¢¢ ¢4
0.01 ¢ (R
i ¢4 ¢y

-0.01

Anisotropy contribution [K/at]
[ VORI
&

Dipolar contribution [K/at]

By
o

C -a

Fig. 4 (color online) Energy contribution due to (a) the single ion
anisotropy and (b) the dipolar interactions for collinear magnetic ar-
rangements. The single ion anisotropy contribution is shown for the
two symmetry related Ni atoms separately (Ni; (blue) and Ni, (red))
and its sum (black). The dipolar contribution is shown for the two
AFM arrangements that minimize the Heisenberg exchange interac-
tions. They correspond to (%,0,0) (red) and (%, %,0) (blue) propaga-
tion vectors. The spins orientation are within the (a,b) plane in the
left part, within the (b, ¢) plane in the middle part and within the (a,c)
plane in the right part.

At second order in &, an additional energy gain can be
obtained with a small non-collinear tilt of the spins: 6; =
/240 and 6, = —7w/2 — 5, where

&sin2o

260=———— 1
tan28 &cos2a+J, (10)
and

&
S~ gsin2a20.7° (11)

c



The second order energy becomes :

EZov =~ Eapm+2J,. 8% (cos28 — 1) +2 & §? cos(200 —28)
&?* §% sin”2a
Je
As we showed in Fig. 5, this solution corresponds to an
AFM order, with the spins oriented very close to the b di-
rection. The small tilt represents a tiny canting as shown
schematically (not in scale) in Figures 3(b) and 5(b). The
time inverted configuration, 6; = 37/2+ 0 and 6, = 7/2 —
8, is also an energy minimum with the same energy. These
two solutions appear alternatively in parallel chains along
a, as expected for a (%, %,0) propagation vector (see Fig. 5).
The tilt thus generates weak ferromagnetism along the chains

~ EAFM+2552 cos2a +

Fig. 5 Magnetic order with tilt. View along the a) ¢ and along the b) a
axes. There is a weak ferromagnetic order along the chains that gener-
ates a small magnetic moment along the ¢ axis (see text). The magnetic
moment for each chain in panel b) is represented by a small black ar-
row in the right part of the figure. The crystal symmetry precludes the
existence of a net measurable macroscopic magnetization.

(see Fig. 5(b)), with a net magnetic moment per unit cell
(two Ni atoms) :

m=-2Ssind ¢~ —S sin2q ﬁc
c

It is interesting to remark that these results were ob-
tained considering Heisenberg interactions and single-ion
anisotropy terms only while similar results were obtained
by Ederer et al [23] for the BaNiF; compound and A. C.
Garcia-Castro et al. [20] for the BaCuF, system using an
alternative description with effective single ion anisotropy
contributions and a Dzyaloshinskii-Moriya interaction.

It can be shown that these two descriptions, close to
the first-order local minimum of energy EAFM, are perfectly
equivalent. In the alternative description, the Hamiltonian
would be written as follows :

13)

A

H=27,8-27.8 -8 —f(b-8§)*—f (b-$,)?

+ga-(§1 XSQ). (14)

12)

where f,g > 0. Assuming, once again, that the spins lay in
the (b, ¢) plane, the energy for the two Ni atoms unit cell can
be written as :

E(6,,6)) =2J, 8% —2J.5%cos(6,— )
— f 82 (sin® B; +sin® 6;) + g S? sin(6; — 6,)

15)

in this case, the collinear AFM solution with the spins ori-
ented along the b direction 8; = —6, = /2 is obtained for
g = 0, with an energy :

Elepy=E2J, S 420,82 —2f 82 (16)
and the non-collinear solution 6; = —6, = 7/2+ §, with :
8

tan20 = 17
an = a7

is obtained at second order in g :

5 5 S2 gZ

Exey ~ E) — 18
AFM AFM+4J672f (18)

Finally, comparing the corresponding energies and tilt an-
gles it can be shown that the two models are numerically
equivalent if :

S+1
f:@i—zg cos 20 (19)
3S
_(f—2J.) & sin2a )
8§="7% o201, 2 & sin2a (20)

where these expressions apply when |J | > |&)], f. We get
f=6.64 K and g = 2.15 K. It is interesting to note, that
as the effective DM parameter g goes as sin2q, it is zero,
corresponding to a collinear AFM state with no canting, for
o = 0 (easy axis along b) and maximum for o = /4.

The single-ion anisotropy breaks the rotation symmetry
of the two-dimensional Heisenberg Hamiltonian, and allows
the existence of long-range order at low temperatures. Short
and long-range order parameters :

1 . .
58 = N, ) Z Z (_l)lﬂ S(i,j),y?ac
atoms || 77, . planes (a,¢) (i,j) € Pac
1 .
LROy = Z (_l)lsi,%fx
atoms || 4, : chains along x i€ %x
1
SROx = Z Siz. - Sit14

atoms & - chains along X i€ %y

calculated from the Monte-Carlo simulations, are shown re-
spectively in Figures 6(a), (b), and (c).

As expected the short-range order parameters decrease
with temperature. The one along the ¢ direction decreases
faster that the one along the a direction in agreement with
the relative strength of the corresponding exchange interac-
tions J,; and J. (see Fig. 6(c)). The long-range order parame-
ters show a transition temperature near 42 K (see Fig. 6(b)).
This transition corresponds to a two-dimensional magnetic
order in the (a, ¢) plane, with the spins oriented along the
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Fig. 6 (color online) Results of Monte-Carlo simulations versus
temperature. a) Staggered magnetization for three different or-
thorhombic supercells 20x 1 x 10 (magenta), 100x 1 x50 (orange), and
200x 1x100 (black) containing respectivelly 800, 20000, and 80000
Ni atoms. b) Staggered magnetization, Sg (black), and long-range order
parameters, LROx, along the a (red) and ¢ (blue) directions. c¢) Short-
range order parameters, SROx, along the a (red) and ¢ (blue) directions.
200x 1x 100 orthorhombic supercells have been used in b) and c).

b axis. It can be associated to the transition temperature an-
nounced in the literature at 68.4 K. The underestimation of
the critical temperature can be due to a possible underesti-
mation of the effective exchange interactions but it is more
likely due to the classical treatment of the quantum spin
S = 1 Hamiltonian which overestimates the entropy con-
tributions to the free energy lowering the critical tempera-
ture. Indeed, a calculation with an Ising Hamiltonian and the
same exchange interactions results in an underestimation of
the entropy contribution and a critical temperature of about
138 K. As the energy difference between collinear and non-
collinear configurations is very small (0.026 K/at), the spins
can be easily aligned with a small magnetic field, or disori-
ented at finite temperature. For this reason, no long-range
order associated to the tilts was observed in our simulations.

As expected, no order is observed between the planes
with a two-dimensional Heisenberg Hamiltonian and a local
single ion anisotropy. As in the literature the 68.4 K tran-
sition has been associated with a 3D ordering [18, 22], we
added dipolar interactions in order to evaluate if some 3D

long-range order can be triggered by them. We estimated
their energy contribution using the Hamiltonian :

N 1 . . P
Hdip = —%ZTB (mi-r,-j) (mj~r;j) — mi-mj] (21)

i>jTij

where Ll is the vacuum permeability, iy = gup Si and m; =
gup Sj are the corresponding spin-only magnetic moments,
and r;; the distance vector between them.

There are two AFM magnetic orders compatible with
the two leading Heisenberg exchange interactions, J, and
Je. They respectively correspond to (3,0,,0) and (3, 1,0)
propagation vectors (see inset in Fig. 4(b)). The dipolar en-
ergy contributions to the total energy for these two orders are
shown in Fig. 4(b). The dipolar term displays a small prefer-
ence to align the spins along the ¢ axis, but the energy gain is
much smaller than the one due to the single-ion anisotropy,
that tends to align the spins along the b axis (see Fig. 4(a)).
Once aligned along the latter, the high level of symmetry
in the Cmc2, space group leaves very small dipolar energy
gain (about 0.1 mK/at) to stabilize the (%, %,0) magnetic
order proposed experimentally. We can hardly argue that
this contribution can explain the experimental observation
of a three-dimensional order at low temperature. Due to the
weakness of the interplane interactions, J, and Jyp, it does
not seem more likely that the long-range order could be ex-
plained by an order by disorder mechanism [46], due to the
spin S = 1 quantum fluctuations. In fact the only possibility
seems to be a crystallographic symmetry breaking, remov-
ing the (a+b)/2 partial translation relating the two (a, c)
planes in the unit cell. Indeed, this Cmc2; to Pmc2| symme-
try breaking would allow both magnetic interactions along
b, exchange and dipolar, to produce a non zero contribution
to the total energy allowing the effective interaction between
the planes along the b axis without modifying their stable
two-dimensional AFM order (see Fig 1(d)).

4 Discussion

We showed that the local single-ion anisotropies of the Ni
atoms, in conjunction with the AFM Heisenberg interac-
tions, are responsible of the preferred orientation of the spins
along the b axis, as observed in neutron scattering experi-
ments [21]. A small, non-collinear contribution to the spin
order appears as a second order correction of the same Hamil-
tonian. Due to the odd parity of the arctangent function in
Eq. (10) — that can be associated to the broken inversion
symmetry along the ¢ axis — the sign of the non-collinear
tilt is defined by the sign of & /J.. For every Ni atom, this
tilt takes place in order to slightly rotate the spins from the
b direction toward the local easy axis X direction, the lat-
ter being very close to the shortest Ni-F bonds as mentioned
above. As originally suggested by E. T. Keve et al [13, 14]



and observed by Ederer et al [23] for the BaNiF4 compound
and by A. C. Garcia-Castro et al. [20] for the BaCuF, sys-
tem, the reversal of the electric polarization with an applied
electric field will produce an inversion of the rotation of the
MFg octahedra, thus inverting the sign of the tilt. The weak
ferromagnetic magnetic moment along the chains and the
overall weak antiferromagnetic order parameter can thus be
controlled with an electric field. Indeed, this coupling has
been observed by Q. Xu et al [24] for thin film of BaNiF,
deposited on a Al,O3(0001) substrate.
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