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Magnetic structure and properties of orthorhombic Li,Ni(SOy),:
A possible magnetoelectric material
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In this paper, we report on the structural and magnetic properties, as deduced from susceptibility measurements
and neutron powder diffraction experiments, of an orthorhombic nickel disulfate, Li,Ni(SO,),. This phase
presents NiOg octahedra linked via SO4 groups only, leading to an antiferromagnetic behavior resulting from
super-super-exchange interactions. Magnetic moments order below Ty = 28 K and the observed magnetic
structure can be explained using two antiferromagnetic and one ferromagnetic exchange interactions, which are
discussed in relation with the Goodenough-Kanamori-Anderson rules. The magnetic structure, with k = (0, 0, 0),
has the symmetry Pb’c’a’ that has the inversion center associated with time inversion, so the compound should

be a linear magnetoelectric.
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I. INTRODUCTION

Magnetoelectric materials exhibit the peculiar property of
becoming magnetized when placed in an electric field, and
electrically polarized when placed in a magnetic field [1].
After the early prediction of Curie [2], the phenomenological
theory of the magnetoelectric effect was developed by Landau
and Lifshitz [3] and by Dzyaloshinskii [4] and was soon first
experimentally evidenced in the antiferromagnetic chromium
oxide Cr,O3 [5-9]. The attractive perspective of mastering the
cross-correlation between the magnetic and electric properties
in materials for technical applications encouraged intense
researches on the magnetoelectric effect in the 1960-1970s
[1,10,11], which after being disregarded for two decades have
recently experienced a rebirth of interest with multiferroics
[12,13], in particular, with layered thin film composites. A
large magnetoelectric effect was, for instance, observed in
yttrium iron garnet (YIG) films [14]. Beside this class of
materials, few compounds show intrinsic bulk magnetoelectric
effect, with the largest effect being observed in Cr,03 [5-9],
or phosphates TbPO4 [15] and LiMPO4 (M = Mn, Co,
Ni, Fe) [16-28].

Beyond their interesting magnetic properties, this latter
family of compounds LiMPO,4 (M =Mn, Co, Ni, Fe) have
been exhaustively studied for the last 15 years for their at-
tractive electrochemical properties, since the iron counterpart
was found to display an unusual elevated potential of 3.45 V
versus Lit /Li° associated with the redox couple Fe!l'+ /Fell+
[29], and is nowadays one of the most praised electrode
materials for the positive electrode of Li-ion batteries. Follow-
ing the discovery of the great electrochemical performances
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of LiFePOy, intensive work was focused on other lithium-
and 3d-metal-based polyanionic compounds, which offer the
possibility of tuning the potential of the redox center by playing
with the nature of the polyanionic group (e.g., SOq4, POy, AsOy,
BO3) and the structure. Given that both the position of the
electrochemical potential and the magnetic interactions of the
3d metals in these compounds are governed by ionocovalency
of the metal—oxygen bond, it is not surprising that several
of the phases which were discovered in this search revealed
to be also interesting for magnetic studies. The arseniate
LiFeAs;O7, contrary to its analog LiFeP,0; [30], presents
an unusual spiral magnetic structure and is also a good
candidate for multiferroic properties [31]. We also recently
showed that borate LiMBO3; (M = Fe, Co, Mn) compounds
undergo two successive magnetic transitions; the intermediate
magnetic structure being incommensurate [32]. Overall, the
emergence of the polyanionic compounds has resulted in
attempts aiming to bridge magnetism and electrochemistry
with few recent results trying to correlate redox potentials
with antiferromagnetic temperatures [33].

As part of our research on new suitable high-voltage
positive electrodes for Li-ion batteries, our group has recently
shown the feasibility of replacing the (PO,)*~ polyanion
by the more electronegative (SO4)>~ so as to increase
the redox potential from 3.45 V (LiFePO,4) to 3.83 V for
Li,Fe(SO4), [34]. As an extension of this journey, we tried to
synthesize its Mn, Ni, and Co analogues [34,35] to check both
their electrochemical and magnetic properties. In the early
1990’s, Touboul et al. had reported the existence of the two
phases Li;Ni(SO4), and LipCo(SO4),, but did not succeed
in isolating them [36]. A decade later, Isasi er al. prepared
single crystals of the nickel-based phase and determined
for it an orthorhombic structure [37]. We found recently
that the iron, cobalt and manganese analogues crystallize
in a monoclinic structure, which had never been reported
earlier [34,35].
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Both the orthorhombic structure of Li;Ni(SO4), and the
marinite monoclinic structure of Li, M (SQO4), (M =Co, Fe,
Mn) present a peculiar arrangement of MO (M =Ni, Co,
Fe, Mn) octahedra and SO, tetrahedra, which makes them
materials of interest for magnetic studies, as these 3D
frameworks solely enable super-super-exchange interactions
between the metal atoms. We previously reported on the
magnetic properties and structures of the marinite compounds
Li;M(SOy4), (M =Co, Fe, Mn) [35]. Herein we present the
results of a magnetic study on Li;Ni(SO4), and show that this
phase is antiferromagnetic with a Ty of 28 K. Moreover, we
have determined its magnetic structure from neutron powder
diffraction and we observed that this compound should present
linear magnetoelectric effect.

II. RESULTS
A. Sample preparation

A powdered Li;Ni(SO4), sample was prepared using a
similar procedure to the one used to synthesize the marinite
compounds LiyM(SO4), (M =Co, Fe, Mn) [34,35]. First,
stoichiometric ratio of Li,SO4 and NiSO4 were ball-milled
for 30 minutes under air using a Spex Miller 8000M®, before
being pressed into a pellet with a uniaxial press at 10 tons for
2 minutes. The latter was then heated at 300 °C for 12 hours
under air to start the reaction. After cooling down the pellet, it
was thoroughly crushed and the recovered powder was again
pressed into a pellet and annealed at 500 °C for an additional
night in order to fully complete the reaction.

B. Crystal structure

Purity of the sample was checked by laboratory x-ray
diffraction (XRD), using a Bruker D8 diffractometer
equipped with a Cu Ko radiation (Agq;=1.54056 A,
Aka2 = 1.54439 A) and a LynxEye detector. The XRD pattern
of Li;Ni(SOy4), measured at room temperature was refined
against the orthorhombic structure proposed by Isasi et al.
[37], using the Rietveld method [38] as implemented in the
FULLPROF program [39,40]. This refinement, in space group
Pbca, gave the following cell parameters: a =9.1400(2) A,
b=9.02402) A, ¢=13.5911(2) A, V=1120.993) A3
(Fig. 1). Next, we performed a second Rietveld refinement
[38—40] of a high-resolution neutron powder diffraction (NPD)
pattern of Li;Ni(SO4), measured at 35 K on the high-intensity
D20 diffractometer at the Institut Laue Langevin (ILL,
Grenoble, France) using the high-resolution mode (take-off
angle 90°) with a wavelength of A = 1.543 10\, in order to
fully confirm the structural model, in particular regarding
the Li positions and O content. This temperature was chosen
because no magnetic peak was seen (35 K is just above the
Néel temperature), and it provided structural parameters more
adequate than those obtained at 300 K for the determination
of the magnetic structure, as discussed later. The results of this
refinement are presented in Fig. 1 and Table I, and confirm
that the structure is unchanged over this temperature range.

Similarly to the marinite monoclinic compounds
LioM(SO4); (M =Co, Fe, Mn) [34,35], the structure of
Li;Ni(SQy), is built on isolated NiOg octahedra which are
interconnected through SOj tetrahedra (Fig. 2). Each NiOg
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FIG. 1. (Color online) Results of the Rietveld refinements of the
Li;Ni(SO,), nuclear structure against the laboratory XRD pattern
measured at room temperature (top) and the D20 NPD pattern
measured at 35 K (bottom).

octahedron is linked to six sulfate groups via its six corners;
each SO, tetrahedron is connected to three NiOg octahedra
and its fourth corner points to undulating channels running
along the b axis, in which the lithium cations sit in a distorted
octahedral coordination. The Li—O, Ni—O, and S—O dis-

tances and calculated bond valence sums using the Zachariasen
(do—d;j) .
formula V; =}, 5;; = > ;e 0% using the parameters do,

characterizing a cation—anion pair, taken from Ref. [41] for Li,
Ni, S, and O are reported in Table I and are in good agreement
with the expected valences of +1, +2, 46, and —2.

The difference between the marinite monoclinic and the
orthorhombic structures is nested in the way the NiOg and
SOy polyhedra are interconnected, and as a consequence, the
Ni—Ni distances in the orthorhombic structure are shorter
than the M—M ones (M =Fe, Co, Mn) in the marinite
monoclinic structure. This is also reflected in the density of
Li;Ni(SOy),, which is 3.14 g/ cm? against 2.77-2.92 for the
marinite monoclinic polymorphs.

In a previous report [35], we showed that marinite phases
Li, M (SO4), (M = Co, Fe, Mn) could be considered as model
compounds for magnetic studies as the particular arrangement
of the MOg octahedra and SO, tetrahedra in this structure
only allows super-super-exchange interactions. As a similar
situation of the 3d-metal atoms is found in the orthorhombic
structure of Li,Ni(SQy),, we embarked in the determination
of both its magnetic properties and magnetic structures, via
magnetic and neutron diffraction measurements, respectively.
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FIG. 2. (Color online) Nuclear structure of Li,Ni(SO,), viewed along (a) the [0 1 0] and (b) the [1 1 0] directions. NiOg octahedra are
colored in blue while SOy tetrahedra are painted in green. Orange and red balls represent the lithium and oxygen atoms, respectively. (c) Zoom
of the structure highlighting the connectivity between NiOg octahedra and SO, tetrahedra.

C. Magnetic properties function of the temperature between 2 and 300 K and in both
zero-field-cooled (ZFC) and field-cooled (FC) conditions with
an applied magnetic field of 10 kOe. As seen in Fig. 3(a), both
ZFC and FC curves overlap on the whole range of temperature,
and show a cusp around Ty =28(2) K, characteristic of
a pure antiferromagnetic behavior. This is at first sight

The macroscopic magnetic properties of Li;Ni(SOy), were
probed using a SQUID 5S magnetometer (Quantum Design).
About 20 mg of powder was put into a gel cap in such
a way as to avoid any motion of the particles during the
measurements. Magnetic susceptibility was recorded as a

TABLE 1. Upper part of the table: nuclear structure of Li;Ni(SO,), determined from the Rietveld refinement of the neutron powder
diffraction pattern measured at 35 K with A = 1.543 A. BVS indicates the calculated bond valence sum as deduced from the Zachariasen
formula (see text). Bottom part of the table: lattice parameters and magnetic structure resulting from the refinements of the NPD patterns
recorded on the same sample at 1.85 K with A = 1.543 and 2.416 A, respectively.

Li;Ni(SOy),
Nuclear structure D20 diffractometer in high-resolution mode, » = 1.543 A, T=35K
Pbca Rprags =1.93% x>=116
a=9.1236 (6) A b=9.0096 (4) A ¢ =13.5593 (10) A V =1114.58 (11) A?
Atom Wyckoff position Occupancy x/a y/b z/c B, (Az) BVS
Ni 8c 1.0 0.8615 (11) 0.6029 (11) 0.3780 (7) 0.13 (17) 2.02 (5)
Lil 8c 1.0 0.467 (6) 0.719 (5) 0.375 (5) 0.6 (9) 0.99 (6)
Li2 8¢ 1.0 0.724 (6) 0.540 (6) 0.626 (4) 0.4 (9) 0.99 (7)
S1 8c 1.0 0.660 (4) 0.812 (4) 0.508 (3) 0.1 (3) 6.0 (3)
Ol11 8¢ 1.0 0.5010 (18) 0.8000 (15) 0.5233 (12) 0.3 (4) 2.02 (15)
0o12 8¢ 1.0 0.7040 (16) 0.9690 (17) 0.4940 (13) 0.5 @) 2.03 (14)
013 8c 1.0 0.6882 (17) 0.7284 (18) 0.4169 (12) 0.2 (3) 2.08 (16)
o14 8¢ 1.0 0.7426 (17) 0.756 (2) 0.5946 (13) 0.3 (3) 1.87 (15)
S2 8¢ 1.0 0.576 (4) 0.431 (4) 0.274 (3) 0.1 (3) 6.0 (3)
021 8c 1.0 0.4824 (18) 0.4965 (18) 0.3476 (13) 0.3(3) 2.11 (18)
022 8¢ 1.0 0.524 (2) 0.4639 (16) 0.1713 (12) 0.2(3) 1.94 (16)
023 8c 1.0 0.5736 (17) 0.2647 (18) 0.2779 (13) 0.3(3) 1.88 (14)
024 8c 1.0 0.7279 (19) 0.488 (2) 0.2793 (12) 0.3(3) 1.95 (15)
Nuclear structure D20 diffractometer in high resolution mode, A = 1.543 A, T=1.85K
Pbca RBrage =2.07% x>2=122
a=9.1260 (5) A b=9.0117(5) A c=13.5611 () A V =1115.28 (10) A3
Magnetic structure D20 diffractometer in high-resolution mode, A = 2.416 A, T =1.85 K
k =(0,0,0) I,
Atom M, (us) Atom M; (uB)
Ni(1) (0.861 0.603 0.378) + 2.15(12) Ni(5) (0.139 0.397 0.622) —2.15(12)
Ni(2) (0.639 0.397 0.878) + 2.15(12) Ni(6) (0.361 0.603 0.122) —2.15(12)
Ni(3) (0.139 0.103 0.122) —2.15(12) Ni(7) (0.861 0.897 0.878) + 2.15(12)
Ni(4) (0.361 0.897 0.622) —2.15(12) Ni(8) (0.639 0.103 0.378) + 2.15(12)
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FIG. 3. (Color online) Temperature dependence of (a) the mag-
netic susceptibility x and (b) the inverse of the magnetic susceptibility
1/x of Li;Ni(SOy),, measured in zero-field-cooled (ZFC, blue points)
and field-cooled (FC, red crosses) conditions. The ideal Curie-Weiss
behavior is represented by the dashed line (CW fit).

consistent with Goodenough-Kanamori-Anderson rules,
which predict an antiferromagnetic coupling for 180° superex-
change Ni"™ —Ni'"* interactions (d®—d®), and which can be
extended for super-super-exchange interactions, although the
strength of the latter will be lower than the former [42—47].
The high-temperature region (200 to 300 K) of the inverse
susceptibility was fitted to the Curie-Weiss equation:

1 T —6,
W 6))
X C

in order to examine the strength of the antiferromagnetic
interactions [Fig. 3(b)]. The Curie-Weiss temperature was
determined to be 6., =—45(1) K. An effective moment
Ueir Of 3.3(1) up per nickel atom was found, which tra-
duces a partial contribution of the orbital moment (L = 3)
as it falls in-between the expected value for a spin-only
(S =1) effective moment, pep(S) = 2/S(S+1) =2.8 ug,
and the one calculated for an unquenched orbital moment,
which is decoupled from the spin contribution, p.#(S,L) =
4SS+ 1)+ L(L + 1) =4.5 ug. The value of the ratio
6w/ Ty| = 1.6 indicates the absence of frustration in the
magnetic structure.

Finally, in order to probe the field dependence of the
magnetism of Li;Ni(SOy),, a magnetization curve M = f{H)
was recorded at 2 K. The resulting curve presented in Fig. 4
shows a linear response and the absence of any hysteresis, as
expected for a collinear antiferromagnetic ground state.

D. Magnetic structure

To better understand the magnetic ground state of
Li;Ni(SOy),, neutron powder diffraction experiments (NPD)
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FIG. 4. (Color online) Magnetization curve of Li;Ni(SO,), as a
function of the applied field measured at 2 K. The inset shows an
enlargement of the low-field domain.

were performed on the high-intensity D20 diffractometer at
the Institut Laue Langevin (ILL, Grenoble, France), using the
high-resolution mode (take-off angle 90°) with two different
wavelengths: A =1.543 and 2.416 A. Patterns recorded with
the first wavelength on a wide 26 angle range were used to
refine the nuclear structure of Li;Ni(SOy), at low temperature,
while the patterns obtained with the large second wavelength
were used to determine the magnetic structure of the title
compound.

Upon cooling the sample down to 1.85 K, we observed
the growth of new peaks at low angles, indicating a long-
range ordering of the magnetic moments (Fig. 5). These extra
reflections become more apparent by plotting the difference
curve (in green in Fig. 5) between the patterns recorded above
(35 K, in red) and below (2 K, in blue) the Néel temperature.
Concomitantly, the nuclear Bragg peaks show no changes,
suggesting that the structure remains intact at the magnetic
transition (i.e., no sign of magnetoelastic effect).

Intensity (arb. units)

20 (deg) - NPD A = 2.416 A

FIG. 5. (Color online) Evolution of the neutron powder diffrac-
tion patterns of Li;Ni(SO4), while cooling the sample from 35 K
(red pattern) to 2 K (blue pattern). Patterns recorded at intermediate
temperatures are displayed in black. The green line, which is the
difference curve between the 2 K and the 35 K patterns, emphasizes
the magnetic contribution.
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TABLE II. Results of the symmetry analysis of the Pbca unit cell for the propagation vector k = (0, 0, 0). The characters (x) of the
representations and the basis vectors ¥; (i =1, 2, 3), as well as the Fourier coefficients (Sx =m, magnetic moments) of the eight general
positions generated for the Wyckoff site 8c (x, y, z) are given for each irreducible representation I',, (1 < n < 8). Note that we have provided
the symbol of the Shubnikov group (magnetic space group) corresponding to each irreducible representation. The eight Ni atoms of the unit
cell are given in the same order as in the International Tables for Crystallography [49].

k= (0,0, 0)
Ni(1) NiQ2) Ni(3) Ni(4) Ni(5) Ni(6) Ni(7) Ni(8)
x,y,z2 —x+%-y, z+% —x,y+n-—z+% x+-y+V—z —x-y,—z x+Va, y—z2 x -y 4 x4, vy, 2
Iy X 1 1 1 1 1 1 1 1
Pbca ¥, 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
¥; 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1
S« w,vw —u—-v,w —u, V,—w Uu,—v,—w u, v, w —U,—v, w —U, V(w Uu,—v,—w
r, X 1 1 1 1 -1 -1 -1 -1
Pb'cd W, 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
v, 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0, 1 0,0, 1
S« w,vw —u—-v,w —Uu, VW u,—v,—w —U,~V,—W U, VW u,—v, w —Uu, vV, w
I X 1 1 -1 1 1 1 -1 1
Pbca W¥; 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
v, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
¥; 0,0,1 0,0,1 0,0, 1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1
St u,v,w —u-v,w u—v, w u, v, w u, v, w —U,—v, w u,—v, w u, v, w
Iy x 1 1 -1 -1 -1 -1 1 1
Pbca’ W¥; 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
¥; 0,0,1 0,01 0,0, 1 0,0, 1 0,0,1 0,0,1 0,0,1 0,0,1
Sy uvw —u-v,w u—v, w —u, v, w —U—V~Ww U, v-w —U, V—w U,~v,—w
I's X 1 -1 1 -1 1 -1 1 -1
Pb'ca’ ¥, 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
w; 0,0,1 0,01 0,0,1 0,0, 1 0,0,1 0,0,1 0,0,1 0,0, 1
S« wu,vw uv—w —u, V,—w —u, v, w u, v, w u, v—w —U, V(—w —u, v, w
g X 1 -1 1 1 -1 1 -1 1
Pbc'a ¥y, 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
w; 0,0,1 0,01 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1
Sk w,vw uv—w u, v,—w —Uu, v, w —U,~V,~W  —U,~V, W u,—v, w U,—v,—w
r; X 1 -1 -1 1 1 -1 -1 1
Pbc'a’ ¥; 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
¥, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
¥; 0,0,1 0,01 0,0, 1 0,0,1 0,0,1 0,0,1 0,0,1 0,0,1
Sk w,vw uv—w u—v, w u,—v,—w u,v, w u, v,—w u,—v, w Uu,—v,—w
Iy x 1 -1 -1 1 1 1 1 1
Pb'ca ¥, 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0 1,0,0
v, 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0 0,1,0
¥; 0,0,1 0,01 0,0, 1 0,0,1 0,0,1 0,0, 1 0,0,1 0,0,1
Sk wvw uv-w u—v, w u,—v,—w —U,~V,~W  —U,~V, W —Uu, v,—w —u, v, w

The magnetic reflections observed below Ty could be
indexed in the same unit cell as the nuclear structure, which
gave a propagation vector k = (0, 0, 0). A symmetry analysis
was performed using Bertaut’s method [48] as implemented
in the BASIREPS program from the FULLPROF suite [39,40], in
order to determine all of the possible spin configurations that
are compatible with the crystal symmetry of Li;Ni(SOy),. The
magnetic representation associated with the general Wyckoff

site 8¢ (x, v, z) and k = (0, 0, 0) can be decomposed on eight
irreducible representations (irreps) of dimension 1: I'yye =
3I'y + 3, + 33 + 3I°y + 315 + 3¢ + 3I'7 + 3I'g. The
atomic components of the basis functions ¥, of these irreps
are three vectors 1#‘{; (¢ =1,2,3; j =1,2,...8)peratom that
are respectively collinear to the a, b, and ¢ unit cell vectors.
The magnetic moment carried by the atom j at the unit cell
whose origin is at the vector position R; is given in terms of
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FIG. 6. (Color online) Results of the refinement of the nuclear and magnetic parts of the NPD pattern of Li,Ni(SO4), measured at 1.85 K
with a long wavelength of A = 2.416 A (left) and a shorter wavelength of A = 1.543 A (right). The red crosses and the black line represent
the experimental and the calculated patterns, respectively. The green line is the difference curve of these two patterns. The first line of blue
sticks corresponds to the Bragg positions of the nuclear part while the second line of blue sticks shows the position of the expected magnetic

reflections.

Fourier components Sy ; by

my; = ) Si;(jexp TR, )
k

In the present case, we have k = (0, 0, 0), so that the moments
coincide with the Fourier components (m;; = Si; = S;) and
the latter can be expressed as a linear combination of the basis
vectors:

3

S; =D ua¥l = wv.w),. S

a=1

Table II describes the character x ;(g) of each symmetry
operator g, for each irrep I';, (1 < n < 8), the basis functions
w({;, the magnetic space group corresponding to each irrep and
the Fourier coefficient (magnetic moment) of each atom. Note
that the eight Ni atoms of the unit cell are given in the same
order as in the International Tables for Crystallography [49].

After testing all the possibilities given by this symmetry
analysis against the NPD patterns recorded at 2 K, we found
that the best agreement with the observed magnetic reflections

€)] (b)

ao—L j—%b

FIG. 7. (Color online) Magnetic structure of Li,Ni(SO,), shown
along (a) the [0 1 0] and (b) the [1 0 0] directions. The blue balls in
the blue NiOg octahedra indicate the position of the eight Ni atoms
in the unit cell, which are numbered according to Table I and following
the order given in the International Tables for Crystallography [49].
The red vectors represent their magnetic moments. For the sake of
clarity, all other atoms (Li, S, O) are omitted.

was obtained using the I'; irreducible representation (magnetic
space group Pb'c’a’). Coefficients that multiply the three basis
vectors were first freely refined. This led to a main component
on ¥; and tiny values for ¥; and W¥,, which included zero
when considering the standard deviations, so the magnetic
moments are of the form: (0, 0, +w). A refinement was
therefore undertaken with the magnetic moments aligned along
the c axis. The results of this refinement (Fig. 6, left) did not led
to worse residual factor values, so a possible departure from
the collinear structure is negligible at this stage. This final
magnetic structure was further probed from the NPD pattern
at 1.85 K, with the shorter wavelength of 1.543 A. The Rietveld
refinement (Fig. 6, right) indicates, as initially assumed, that
no structural distortion accompanies the magnetic transition.
The magnetic moments carried at 1.85 K by each of the eight
Ni atoms in the cell reported at the end of Table I. The refined
value of the Ni'™ moments at 1.85 K is 2.15(12) ug, in perfect
agreement with what expected for a d®, S = 1 cation. The
magnetic moments carried by each of the eight Ni atoms in
the cell of Li,Ni(SQOy4), are collinear to the ¢ axis as shown
in Fig. 7, with a sign sequence (+ + — — — — 4+ +) (each
sign corresponds to the direction of the spin carried by Ni(j),

N
T
1

Moment value (p;g)

o

PR S U T ST ST WA S [N TN SR S T AN S ST S

0 20 40
Temperature (K)

FIG. 8. (Color online) Temperature dependence of the moment
value deduced from the refinement of the magnetic structure
of Li,Ni""(SOy4), against the NPD patterns recorded between 2
and 35 K.
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with 1 < j < 8, following the same order as given in Table I).
Note that such a magnetic structure can also be described as an
antiferromagnetic stacking along the ¢ axis of ferromagnetic
layers parallel to the (0 O 1) plane.

At this stage, it should be remarked that no net ferromag-
netic component is allowed in the Pb'c’a’ magnetic group
(irrep T'»), and that the interesting feature of this magnetic
structure is that the character of the inversion center [x,(g) =
x,(1) = —1] is negative, so the spatial inversion is associated
with time reversal (the operator 1’ belongs to Pb'c’a’), and
this allows the linear magnetoelectric effect to be active below
the Néel temperature. The magnetic point group is m'm'm’,
so the linear magnetoelectric tensor should be diagonal [50]
and three parameters o, oy, and a3z determine fully the
relation between an applied electric field and the appearance
of an induced magnetization, or an applied magnetic field and
the appearance of an electrical polarization.

Finally, upon heating, the magnetic peaks decrease in in-
tensity, resulting from a decrease in the magnetic moment that
reaches zero at Ty =28 K (Fig. 8), in perfect agreement with
the Néel temperature determined from SQUID measurements.

III. DISCUSSION

As discussed earlier, the structure of the LioNi(SO4), com-
pound indicates that only super-super-exchange interactions
occur in this material. Considering the eight Ni atoms in the
unit cell, five geometrically distinct Ni—O—O—Ni paths exist,
with their direct Ni—Ni distances being 4.55 A (J;), 4.94 A
(), 5.73 A (J3), and 6.22 A (J4 and Js). If one considers
only the shortest paths J; and J,, the magnetic structure

FIG. 9. (Color online) Geometrical characteristics of the three
super-super-exchange paths J; (red segment), J, (blue segment), and
J3 (green segment). Grey and white balls represent the Ni atoms that
carry a positive and a negative magnetic moment, respectively. Light
grey octahedra and light green tetrahedra show the connectivity of
the NiOg and SO, groups around these three super-super-exchange
paths.
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(a) (b) \ 1

FIG. 10. (Color online) (a) Topology of the three super-super-
exchange paths J; (red), J, (blue), and J; (green) connecting the
nickel atoms in the Li,Ni(SO,), structure. (b) Enlargement showing
the distribution of the five super-super-exchange paths surrounding
a Ni atom. Grey and white balls represent the Ni atoms carrying a
positive and a negative magnetic moment, respectively. Small red
balls in (b) are the oxygen atoms pertaining to the NiOg octahedra.
Other atoms are omitted for clarity.

would not be long range ordered because some parts of the
structure would be disconnected from others. Therefore we
should consider at least the three first paths in order to obtain a
3D connectivity. Since there is a gap in distance between J3 and
the two Jy4 and Js paths, we have neglected the two latter in the
analysis that follows. The detailed geometrical characteristics
of the Ji, J, and J; paths are reported in Table III and
are shown in Fig. 9. The resulting connectivity (how nickel
atoms are linked through these three integrals) is shown in
Fig. 10(a). From this view, one can notice the absence of any
triangular loop (or in general odd loops) formed by magnetic
atoms; therefore this compound is not subject to geometrical
frustration. This is in agreement with the frustration parameter
value deduced from the susceptibility measurements.

The first ordered magnetic state is given, as a function of
k (on the surface or at the interior of the Brillouin zone) and
the exchange integrals, by the eigenvector corresponding to
the lowest eigenvalue of the negative Fourier transform of the

o )
A (++_____++) (+=—t+——+) | A | (+—+——+—4)
‘| experimental S
o o
VN (F+++———=) | (+—+—+—+-) VN (F——+—++=) | (++——++——)
> )

J;<0 J;>0 J;<0 J;>0

FIG. 11. (Color online) Phase diagram showing the influence of
the sign of the super-super-exchange integrals J;, J,, and J3 on the
spin sequence of the possible ground-state magnetic structures of
Li;Ni(SOy),. Sign sequences correspond to the magnetic moments
carried by atoms as given in Table I. The (+ + — — — — + +)
magnetic structure experimentally observed (i.e., deduced from the
neutron diffraction experiment at 2 K) corresponds to J; <0, J, > 0
and J; < 0 (orange domain).
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TABLEIII. Super-super-exchange paths J;, J; and J; in the orthorhombic structure of Li,Ni'(SO,), and their geometrical characteristics:
distances Ni—O, O—O and O—Ni (expressed in A), and angles Ni—O—0O, O—O—Nj, and dihedral angle Ni—O—O—Ni (expressed in degrees).

Distances (A)

Angles (deg.)

Ni—Ni Ni—O 0-0 O—Ni Ni—O0-0 0O—0O—Ni Ni—O—-O—Ni
Exchange interaction J; 4.5554
Path 1 2.0429 2.4290 2.0694 108.28 105.60 89.02
Path 2 2.0694 2.4290 2.0429 105.60 108.28 89.02
Exchange interaction J, 4.9401
Path 1 2.0694 2.4092 2.0132 100.19 124.85 108.32
Path 2 2.0849 2.4525 2.0774 138.35 113.96 27.16
Exchange interaction J3 5.7296
Path 1 2.0849 2.3774 2.0509 153.84 135.25 3.18
exchange integrals matrix: elongated geometry of this exchange pathway. On the other
hand, having J; and J, of opposite sign is rather surprising
&ij(k) = — Z Jij(Ry) exp(2rik - Ry), (4)  at a first sight since these two exchange configurations look
m rather similar from Fig. 10 and both enlist a double exchange

where the indices i and j refer to the magnetic atoms in a
primitive cell, J;;(R,,) is the isotropic exchange interaction
(including the modules of the spins) between the spins of
atoms i and j in unit cells separated by the lattice vector R,,.
Our convention is that a negative J;; means an antiparallel
coupling (pair interaction energy: E;; = —J;; S;-S;).

In the case of Li,Ni(SQy),, the k vector is at the Brillouin
Zone center [ie., k = (0, 0, 0)], and we can therefore
deduce the conditions that the three exchange integrals Ji,
J», and J3 should follow in order to observe the experimental
magnetic structure as the ground state [i.e., to obtain the
lowest eigenvalue of &(k, Jy, J,, J3) representing the energy].
We used here the same procedure that we followed for the
marinite compounds Li M(SO4), (M =Fe, Co, Ni) [35], and
for other sulfates and phosphates [27,51-53]. We calculated
the &£(k, Ji, J2, J3) matrices for different values of J;, J5, and
J3 varying between —100 and 4100, and we kept for each
given set of (Jy, J», J3) values, the magnetic structure (i.e.,
the propagation vector + the spin sequence) corresponding
to the lowest energy, so as to build a phase diagram with
Jn (n=1, 2, 3) as axes (Fig. 11). These calculations were
done using the program ENERMAG, which can be found at the
repository of the CrysFML library [54], and which is described
in detail by El Khayati et al. [55] The deduced phase diagram,
shown in Fig. 11, displays eight regions delimited by the sign
of the exchange integrals J,. Whatever the relative values
of Ji, J», and J3, the propagation vector found to give the
lowest energy is k = (0, 0, 0); only the spin sequence of the
eight magnetic moments of the cell differ from one region to
another. For example, when J;, J,, and J; are all positive, the
ferromagnetic structure with the eight moments on Ni being
(++ + + + + + +) is observed as the ground state. In our
case, the spin sequence (+ + — — — — + +) is observed as
ground state for J; and J3 negative and J, positive. Therefore
among the five interactions surrounding a Ni''"* atom, three
of them are antiferromagnetic (J; and 2 x J3) and two
are ferromagnetic (2 x J;), as seen in Fig. 10(b). The negative
sign of J3 (i.e., antiferromagnetic) is in good agreement with
the Goodenough-Kanamori-Anderson rules [42—47], given the

through two distinct SO4 groups. However, when looking
closely at Table III, one can notice that the two exchange
paths involved in the J, interaction present very different
torsion angles, and that they significantly deviate from the
ones observed for J; and J3. Therefore this reminds that
caution should be taken when trying to predict the sign of
the interactions by looking at the geometrical paths only.
In any case, the existence of other subtle interactions able
to stabilize the observed spin arrangement should not be
disregarded.

IV. CONCLUSION

In this paper, we have reported the magnetic structure
and properties of the orthorhombic lithium nickel sulfate
LipNi(SOy),. Susceptibility measurements indicate a Curie-
Weiss antiferromagnetic behavior, with Ty =28 K. The
experimental magnetic structure of Li;Ni(SOy4), was deter-
mined from neutron powder diffraction at 2 K: it consists
of ferromagnetic layers stacked antiferromagnetically along
[0 0 1]. The symmetry of this magnetic structure, Pb'c’a’,
allows the presence of linear magnetoelectric effect in the
magnetically ordered state, which should be further studied
with magnetoelectric experiments on single crystals. Three
exchange integrals of super-super-exchange type should be
taken into account to obtain this magnetic arrangement as
ground state; two are negative (antiferromagnetic) and one is
positive (ferromagnetic).
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