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ABSTRACT: The present work is dedicated to characterization of the structural phase
transition and incommensurate magnetic structure of the [CH3NH3][Ni(COOH)3] (1)
perovskite-like metal−organic compound. The structural and magnetic characterization has
been performed through variable-temperature single-crystal and powder neutron diffraction.
Compound 1 crystallizes in the orthorhombic Pnma space group at room temperature. Below
84 K, a new phase has been observed. The occurrence of new reflections, which can be
indexed with a wavevector along the c axis [q = 0.1426(2)c*], suggests the occurrence of an
incommensurately modulated crystal structure. The structure was determined using the
superspace group formalism on the Pnma(00γ)0s0 space group. This incommensurate phase remains unchanged with a decrease of
the temperature up to the base temperature (ca. 2 K). Moreover, the magnetic susceptibility data, collected under zero-field-cooled
and field-cooled conditions at different applied magnetic fields, show that compound 1 exhibits antiferromagnetic behavior below 34
K. In the current paper, we have confirmed that compound 1 presents the coexistence of nuclear and proper magnetic
incommensurability below TN.

■ INTRODUCTION

The capability of the coordination polymers to combine
several physical properties within the same framework has
attracted vast interest in recent years.1 One of the main
features that metal−organic compounds can exhibit is
magnetism, and the combination with other physical properties
makes these systems multifunctional. Investigation of the
magnetostructural correlations of these materials, aimed at
understanding the chemical and structural factors that govern
the exchange coupling between the paramagnetic centers, has
become the subject of intense research because of their hybrid
characteristics. These features are provided by a mixture of
metal cations and organic ligands, which opens innumerable
possibilities for the conception of new smart materials.2

Moreover, these compounds have been proven to be good
hosts for unique magnetic states, which are best understood
using neutron diffraction.3 Many studies have revealed
carboxylate ligands as good linkers in the creation of secondary
building units on coordination polymers and as good
mediators of magnetic interactions.4

When the exchange interactions between magnetic ions are
strong enough to overcome other effects such as thermal
disorder, a long-range magnetically ordered state can be
established. The coupling between magnetic moments is a
quantum-mechanical phenomenon that, within a crystallo-
graphic network, may give rise to a magnetically ordered state.
Neél was the first to suggest that some substances, in which

the magnetic susceptibility diminishes below a certain
temperature, may contain antiparallel alignment of elemental

magnetic moments.5 Moreover, Neél proposed a new kind of
ferromagnetism, including the concept of sublattices contain-
ing antiparallel moments.6 The noncompensation (different
magnitude of magnetic moments) of the two antiferrmagnetic
coupled sublattices gives rise to a global ferromagnetic signal.
This new magnetic order is called ferrimagnetic. In a
ferrimagnet, the spins oppose each other; however, the
opposing moments are unequal, so there is a spontaneous
magnetization. The hypothesis of Neél was confirmed by the
neutron diffraction experiment carried out by Shull et al.7

In the following years, many surprising magnetic structures
were determined, i.e., noncollinear magnetic structures with a
triangular configuration or the case of a weak ferromagnet due
to a canted antiferromagnet, where the spins are tilted by a
small angle about their principal axis.8 To interpret the
increasingly complex diffraction results, new concepts such as
the propagation vector or magnetic symmetry of a magnetic
structure were introduced.9 These tools were essential to
describing a new kind of magnetic structure that may not be
described using the concept of “magnetic unit cell” in
contraposition to the “chemical unit cell” (or nuclear/
structural unit cell). The periodicity of a magnetic structure
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could be related to that of a “crystallographic” structure
(paramagnetic structure). In the case of a nonmodulated
crystal structure, if the magnetic cell is equal to or an integer
multiple of the crystallographic unit cell, we say that the
magnetic structure is commensurate, but if this is not the case,
the magnetic structure should be considered to be incom-
mensurate. Two independent groups led by Yoshimori and
Villain from Japan and France, respectively, gave the
theoretical foundation for understanding the case of helical
structures.10 These studies were confirmed by Herpin et al. on
a MnAu2 alloy.

11 Similar results were presented simultaneously
by Koehler,12 with this work being the first reported example
of an incommensurate magnetic structure.
A magnetic structure can be defined in terms of magnetic

modes.13 These magnetic modes are classified in two main
groups. The first group includes modes that modify the
magnetic moments of the metal atoms in such a way that a
periodic magnetic structure is reproduced. The second one
contains modes that modulate the magnetic moments of the
atoms depending on its position defined by a phase factor, t,
named the incommensurate parameter.14 In the case that a
compound presents a nuclear incommensurate structure and
long-range magnetic order, its magnetic structure is described
as an incommensurate magnetic structure. Moreover, two
types of incommensurability can be defined depending on the
magnetic modes that are active. Incommensurate magnetic
structures that only present magnetic modes in the first group
can be described as “improper” because modulation of the
magnetic structure comes from the incommensurable character
of the nuclear structure. In other words, if the nuclear structure
becomes periodic, the magnetic incommensurability will
disappear. Incommensurate magnetic structures that present
modes from the second group can be defined as “proper”
because modulation of the magnetic moments depending on
the incommensurate parameter, t, exists. In this case, magnetic
incommensurability remains even if structural incommensur-
ability is not present.
Nowadays, quite complex magnetic structures are known15

(Figure 1), from complex cycloidal structures to skyrmions,
and a detailed database including most of the reported
magnetic structures can be consulted on MAGNDATA.16

However, up to now there is no experimental evidence of the
occurrence of structural and proper magnetic incommensur-
ability on a single material. An example with structural and
improper magnetic incommensurability was shown in the
BaMnF4 compound.17 This compound presents a structural

phase transition below T < 250 K with a wavevector of k =
(0.392, 1/2,

1/2), while the ordered magnetic structure is
described with a k = (0, 1/2,

1/2) commensurate propagation
vector. The title compound develops long-range magnetic
order below 34 K.18 Moreover, the structural incommensur-
ability shown by a Co-based isomorphous compound19

suggests that the reported Ni-based compound can present
the coexistence of proper magnetic and structural incom-
mensurability.
In this paper, we present the structural and magnetic

characterization of the [CH3NH3][Ni(COOH)3] (1) perov-
skite-like metal−organic compound. A combination of single-
crystal and powder neutron diffraction has been used to
accurately determine the sequence of phase transitions that
lead to the coexistence of structural and magnetic incom-
mensurability below TN.

■ EXPERIMENTAL DETAILS
Sample Preparation. The synthetic route to obtain the

[CH3NH3][Ni(COOH)3] (1) compound is equivalent to that of
the previously reported [CH3NH3][Co(COOH)3] in ref 19.
However, NiCl2·6H2O (3 mL, 0.33 M) was used instead of CoCl2·
6H2O. This synthesis allowed us to obtain prismatic green crystals of
1 suitable for single-crystal diffraction, with a yield of about 71%. The
crystals were filtered, washed with ethanol (10 mL), and dried at
room temperature (RT). FT-IR (cm−1): ν(N−H) 3088(sh), νs/as(N−
H) 2763(w), δas(N−H) 1644(sh), ν(CH3) 2857(w), 1458(w),
1420(w), νas(OCO) 1573(s), νs(OCO) 1351(s), δas(OCO)
1379(w), δs(OCO) 793(s), ν(C−N) 968(w).

Powder Neutron Diffraction (NPD) Measurements and
Refinement Details. We performed NPD experiments on the
high-intensity diffractometer D1B at the ILL (Grenoble, France)
using a pyrolytic graphite monochromator, providing neutrons with a
wavelength of λ = 2.521 Å. The sample (ca. 1 g) was placed in a ⌀ 6
mm cylindrical vanadium can inside a variable-temperature environ-
ment (orange cryostat). The diffraction patterns were recorded at 40
and 2 K, above and below the magnetic order temperature,
respectively. Additionally, in order to obtain the global temperature-
dependent diffraction pattern of the sample, we collected a
thermodiffractogram in the 2−300 K range. Crystal structure
refinements and magnetic structure calculations were carried out
using the FullProf Suite20 and JANA200621 programs.

Single-Crystal Neutron Laue Diffraction Measurements.
Temperature evolution of the reciprocal space was surveyed through
single-crystal neutron Laue diffraction on the multiple CCD
diffractometer CYCLOPS (Cylindrical CCD Laue Octagonal Photo
Scintillator) at the ILL (Grenoble, France).22 The selected crystal,
with dimensions of 1 × 1 × 0.7 mm3, was mounted onto a vanadium
pin and placed on a standard orange cryostat. The advantage of the

Figure 1. Schematic view of different simple types of atomic magnetic ordering. Magnetic structures: (a) ferromagnetic; (b) antiferromagnetic; (c)
ferrimagnetic; (d) triangular; (e) weak ferromagnetic (spin-canting); (f) simple spiral; (g) ferromagnetic spiral; (h) complex spiral; (i) longitudinal
spin wave; (j) traversal spin wave.
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CYCLOPS instrument is that we can perform a fast exploration of the
reciprocal space as a function of an external parameter, like
temperature. We recorded several diffraction patterns in the
temperature range from 240 to 2 K. In order to center the sample
on the neutron beam, we performed several scans in the XYZ
directions until maximization of the intensity of some strong
reflections was achieved. After that, we selected a specific orientation,
and the temperature evolution was measured. We programmed a
ramp of 0.2 K min−1 and collected each Laue diffraction pattern for 15
min, which made a difference of temperature of 3 K. These
measurements showed the occurrence of a structural phase transition
at ca. 84 K. Graphical visualization of the Laue patterns was
performed with the ESMERALDA software developed at the ILL
(Figure S1).23

Single-Crystal Neutron Diffraction Measurements. The same
crystal that was used for neutron Laue diffraction measurements was
installed on the self-dedicated low-temperature displex device on the
monochromatic diffractometer D19 at the ILL (Grenoble, France).
The wavelength used was 1.4547(1) Å for RT and 1.45376(10) Å for
40(1) and 5(1) K data collection, provided by a flat Cu
monochromator using the 220 reflection, at a 2θM = 69.91° takeoff
angle. The wavelengths used were selected based on the instrumental
resolution and data completeness and to avoid overlapping of
neighboring reflections in the incommensurate phases. The crystal
was cooled to 40(1) and 5(1) K with a 2 K min−1 cooling rate. The
data acquisition strategy consisted of ω scans [10 at RT, 33 at 40(1)
K, and 29 at 5(1) K] at different χ and φ positions with constant steps
of 0.07°. In order to avoid collisions with the sample environment,
these ω scans covered either 79° or 64° depending on the χ angle.24

For data collection, we used the Multi-Detector Acquisition Data
Software (MAD) from the ILL. The PFIND and DIRAX25 programs
were used to determine the unit cell, and we processed the raw data
using the new D19 suite of programs Int3D for the RT measurements
and the RETREAT program for the incommensurate cases at 40(1)
and 5(1) K. The refinements of the unit cell and offsets were
performed with the RAFD19 program.26

Possible wavevectors were calculated using the DIRAX program.25

After that, each data set collected at a single temperature was indexed
with a single wavevector in the form q = γc*. This indexed wavevector
was used to obtain a supercell. All reflections, main and satellites, were
successfully integrated with this supercell. We used the new D19
software SATELLITE for decomposition into the main and satellite
reflections, following the superspace formalism. Below 84 K, second-
order satellites were observed. The D19ABS program27 was used to
perform the absorption correction, taking into account the
experimental environment at each temperature.
Single-Crystal Structural and Magnetic Determination and

Refinement Details. For structure refinement of the RT phase
(parent orthorhombic phase), we used full matrix least-squares
refinement on |F2| using SHELXL,28 as implemented in the WINGX
program. For the low-temperature data, the crystal structure was
solved using the SUPERFLIP program, using a charge-flipping
algorithm.29 This program was used to localize the non-H atoms,
while the positions of the H atoms were determined using the
difference Fourier map in further refinement cycles. The incom-
mensurate phases, magnetic and nuclear, from data at 40(1) and 5(1)
K were refined using the superspace formalism, as implemented in the
JANA2006/JANA2020 program,21 which for the moment is the only
available program that can handle this approach. From analysis of the
(3 + 1)D Fourier density maps, a strong displacive character close to
harmonicity for both the framework and counterion could be
appreciated. Therefore, to model the incommensurability, we
included the displacement parameters of the different atoms in the
refinement. Furthermore, neutron data allowed us to refine all atoms
with anisotropic displacement parameters (ADPs). The magnetic k
vector was determined to be (0, 0, 0), considering an incommensurate
structure (nuclear) with the wavevector q = 0.1426(2)c*. The ratio
between the main and satellite reflections is 0.26 for both the 40(1)
and 5(1) K data sets, and the number of refined parameters are 220

and 226, respectively. A summary of the crystallographic and
experimental data is given in Table 1.

A graphical representation of all phases was carried out using the
DIAMOND program, version 4.4.0,30 and VESTA program, version
3.4.6.31

■ RESULTS AND DISCUSSION
Crystal Structure at RT. Although determination of the

crystal structure of 1 at RT is not the main purpose of this
work, a brief description based on the single-crystal diffraction
data will be given in this section. The location and refinement
of light atoms of the methylammonium counterions, which
could not be accurately located using X-ray diffraction, will be
added hereafter.
The crystal structure of compound 1 in the parent phase

(RT) was previously described in the orthorhombic Pnma
space group.18 The crystal structure can be depicted as a 3D
[Ni(HCOO)3]

− anionic framework, where the crystallo-
graphically independent Ni(II) ion is located in an inversion
center and is 6-coordinated in an nearly ideal NiO6
octahedron. This framework can be defined also as a 412·63

CPU perovskite-like topology in Schlafl̈i notation. The classic
perovskite structures are described as ABO3 3D nets. The BO3
net of the perovskite structure can be seen in our case for the
Ni(II) atoms (B site) surrounded by formate ligands. The 3D
network is built up by the metal centers connected between
them through formate ligands in an anti−anti conformation. A
methylammonium counterion sits on the cavities of the
framework occupying the A sites of the classic perovskite

Table 1. Crystallographic and Experimental Data of
Compound 1, Measured on the Single-Crystal Neutron
Diffractometer D19 at RT, 40(1) K, and 5(1) K

C4H9NiNO6 C4H9NiNO6 C4H9NiNO6

M 225.8 225.8 225.8
(super)space
group

Pnma Pnma(00γ)0s0 Pn′ma′(00γ)0s0

T, K 300(1) 40(1) 5(1)
a, Å 8.2969(4) 8.1801(4) 8.1724(3)
b, Å 11.5970(8) 11.5419(10) 11.5374(6)
c, Å 8.0461(4) 8.0976(5) 8.0925(3)
V, Å3 774.19(8) 764.53(9) 763.03(6)
Z 4 4 4
modulation
vector

q = 0.1426c* q = 0.1426c*

ρcalc, mg m−3 1.937 1.9618 1.9656
λ, Å 1.4547(1) 1.45376(10) 1.45376(10)
μ, mm−1 0.231 0.231 0.231
R1, I > 2σ(I)
(all)

0.0336 (0.0382) 0.0628 (0.0906) 0.0778 (0.1119)

wR2, I > 2σ(I)
(all)

0.0662 (0.0695) 0.0796 (0.0819) 0.1664 (0.1775)

abs corrn numerical numerical numerical
no. of indep
reflns

704 3371 3789

no. of main
reflns

695 787

no. of first-
order
satellite
reflns

1258 1494

no. of second-
order
satellite
reflns

1418 1508
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model. The empty volume of the cavities is ca. 197 Å3.
Therefore, the methylammonium counterions have enough
space to librate within the cavities. However, the [CH3NH3]

+

counterion is weakly anchored to the anionic framework,
mainly involving van der Waals and hydrogen bond
interactions. The refined model suggests that the three H
atoms of the CH3 group in the methylammonium molecule are
equally disordered in two different positions. This structural
disorder was previously observed in the Co-based compound
at RT. With the current data, we cannot distinguish between a
dynamic or static disorder. Moreover, it deserves to be noted

that these H atoms do not establish any hydrogen bonds. In
contrast, two of the three H atoms of the NH3 group of the
counterion are involved in hydrogen bonds. The role of the
nonbonded H atom in the later phase transition at lower
temperatures will be discussed in the following section.
At RT, the Ni(II)-based crystal structure is reminiscent of

the previously reported Co(II)-based compound.32,33 The
disordered model on the counterion is equivalent; however,
below RT, the series of phase transitions described on the
Co(II)-based compound drastically differs from those reported
here for the Ni(II)-based compound.

Figure 2. (a) View of a fragment along the a axis of the structure of 1, obtained using single-crystal neutron diffraction at 40(1) K. Representations
of the (b) 3D Ni(COOH)− network and (c) methylammonium counterions, where modulation of the atoms along the c axis with displacement
mainly along the b axis could be appreciated. The Ni, C, O, N, and H atoms are represented as green, black, red, blue, and pink colors, respectively.
(d) Representation of the possible hydrogen bonds involving the counterion and one of the formate ligands. The flip-flop behavior of the hydrogen
bond along the c axis is highlighted using discontinuous blue lines. The graphical representations were accomplished by taking into account a
supercell (10 times the average structure along the c axis) to include a full period.
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Incommensurate Structure. Hereafter, we briefly de-
scribe the sequence of structural phase transitions previously
studied on the Co(II) compound. The Co(II)-based
compound presents three distinguishable phase transitions.
The first one was at 128 K from the Pnma space group to the
incommensurate Pnma(00γ)0s0 space group with q = 0.143c*.
A second phase transition was below 96 K, maintaining
structural incommensurability, with a significant change on the
incommensurate wavevector from q = 0.143c* to q = 0.1247c*.
Moreover, at 78 K, the Co(II) compound suffered a third
phase transition to a monoclinic phase, described on the P21/n
space group. Structural analysis suggests that the variaton along
t on the hydrogen-bond interactions, in the incommensurate
phase, promotes the phase transition between the two
incommensurate phases.
In contrast to the Co-based compound, compound 1 shows

a single phase transition below 84 K. A survey of the
temperature of single-crystal neutron diffraction reveals that no
further phase transition occurs. The nickel compound
crystallizes in the Pnma(00γ)0s0 space group below 84 K,
maintaining the same wave vector q = 0.1426(2)c*, which
gives an almost 7-fold increase along the c axis. According to
the determined superspace group, the average structure is
described using the symmetry operators of the Pnma space
group. The position of each independent atom in the average
structure is modified by the application of a modulation
function that exhibits sinusoidal behavior, with the amplitudes
of the displacive modulation mainly over the b axis with a small
component in the a axis for some atoms (Figures 2 and S2).
Table 2 shows a summary of the refined displacement

amplitudes for Ni(II) and the C and N atoms of the
[CH3NH3]

− counterion, as representative of the framework
and guest molecule, respectively. These displacement ampli-
tudes on compound 1 are slightly smaller than those of the
previously reported Co(II) compound.19

Like on the Co(II) compound, in the case of the NiO6
octahedron, the modulation amplitudes along the a, b, and c
axes are allowed by symmetry, implying small structural tilts or
distortions. However, the distortions along the a and c axes are
notably smaller than those along the b axis, with the latter
being mainly responsible for the observed modulation.
The hydrogen-bonded network established between the

[CH3NH3]
− counterion and the O atoms of the carboxylate

ligand changes along the direction of modulation. The H
atoms of the CH3 group do not establish any hydrogen bond.
However, two of the three H atoms connected to the N atom
of the counterion clearly set hydrogen bonds with the nearest
O atoms of two formate groups, while the last H atom
oscillates between two O atoms from the same formate ligand
(Figures 2d and S3 and S4), giving rise to a “flip-flop”
behavior. Table S1 shows the possible hydrogen bonds defined
along the incommensurate structure in terms of the t
parameter (with t varying from 0.0 to 1.0 with steps of 0.1).
The Co-based compound undergoes a phase transition to a

monoclinic structure at 78 K. However, nonbreaking of
symmetry from an orthorhombic superspace group to
monoclinic has been observed on the Ni-based compound.
Therefore, the combination of structural incommensurability,
together with the occurrence of long-range magnetic order, can
lead to an unprecedented magnetic structure. A detailed
discussion of the experimental data below TN will be described
in the following section.

Magnetic Structure. After crystal structure determination
at 40(1) K, NPD on a D1B diffractometer, together with
single-crystal measurements on a D19 instrument, was
performed below the order temperature (ca. 34 K) to
determine the magnetic structure of compound 1.

NPD. Temperature evolution of compound 1 in the range
from 40 to 300 K shows a slight shift of the reflections due to
thermal expansion (Figure 3, left). It should be noted that,
because of the high quantity of H atoms in compound 1 and
the consequent incoherent scattering, structural incommensur-
ability at low temperature is not visible with NPD. Moreover,

Table 2. Displacement Amplitudes from the Cosine and
Sine Terms of the First-Order Harmonics in the Fourier
Series, Corresponding to the Ni Atom and the N and C
Atoms from the [CH3NH3]

− Counterion at 40(1) Ka

x y z

Ni sin −0.00272(14) 0.02274(11) 0.00034(15)
N1 sin 0 0.02132(13) 0
N1 cos 0 0.00627(13) 0
C3 sin 0 0.02126(18) 0
C3 cos 0 0.00109(18) 0

aNote that the amplitude displacement from the cosine term of the Ni
atom is zero.

Figure 3. (left) Mesh plot of compound 1, where the intensities are represented in the logarithmic scale, of the powder neutron
thermodiffractogram in the temperature range of 40−300 K. (right) Thermodiffractogram in the temperature range of 2−40 K. Below 34 K, the
presence of new reflections and the increase of the intensity on the top of the nuclear reflections suggest long-range magnetic order, in agreement
with the reported TN of this compound.
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there is no sign of a structural phase transition; therefore, the
occurrence of a monoclinic phase at low temperature, like the
Co(II) compound, can be discarded.
In the range from 40 to 2 K, the thermodiffractogram shows

the occurrence of new reflections (Figure 3, right). The
increase of the intensity of these reflections occurs around 34
K, in good agreement with the magnetometry measurements,
and therefore these reflections should have magnetic
character.18 The indexing of these magnetic reflections was
carried out using the K-search program, giving rise to the
propagation vector k = (0, 0, 0). These new reflections at ca.
22° can correspond to the structurally forbidden (1 1 0) or to
the allowed (0 1 1) in the Pnma space group, which are almost
overlapped because of the instrument resolution. The differ-
ence patterns, between the ordered and paramagnetic states,
have been used to refine the possible magnetic structure in the
maximal space groups Pnma′, Pnm′a′, Pn′m′a, and Pn′ma′.
However, from the difference pattern, only one clear set of
magnetic reflections are observed (Figure S5). The low
number of magnetic observations is, in part, related to the
high incoherent background due to H atoms and the spin value
of the Ni(II) ion at high spin, which is s = 1, and therefore it
has only two unpaired electrons.
The susceptibility measurements of compound 1 show that

magnetic interactions among the metal centers have dominant
antiferromagnetic character, with the occurrence of a weak
ferromagnetic signal below TN, probably due to spin canting or
the noncompensation of the magnetic moments.18 Therefore,
those maximal space groups, which preclude by symmetry the
occurrence of a ferromagnetic component, can be discarded as
a possible solution. In this particular case, the only one that
does not allow a ferromagnetic component is Pnma; moreover,
the refinement in this group is very bad. The Pnm′a′ space
group does not fit the experimental data; consequently, it was
discarded. The refinement in the Pn′m′a magnetic group gives
a magnetic structure with magnetic moments along the b axis
and antiferromagnetically coupled with all of the adjacent
neighbors. Although this model permits a ferromagnetic
component along the c axis, our data do not permit us to
refine this component. The refined values of the magnetic
moments using this model give rise to a value of 2.03(5) μB
with a Rf factor of ca. 2%. However, from the single-crystal
magnetometry measurements presented by Pato-Doldań et al.,
we know that the easy axis in this compound is established
along the b axis.18 That means that the ferromagnetic
component should be along this axis, due to spin canting.
Therefore, we discarded this space group even though the data
refinement was in agreement with the model.
The fit carried out using the Pn′ma′ magnetic group gives

rise to a magnetic structure, where the magnetic moments are
along the c axis, and as in the previous case, each magnetic
moment is antiferromagnetically coupled with the adjacent
ones (Figure 4). This magnetic space group allows a
ferromagnetic component along the b axis, which is compatible
with the previous magnetometry measurements. However,
because of the low number of observations, this component
cannot be refined and has been fixed to zero. The refined
values of the magnetic moments using this model give rise to a
value of 2.04(5) μB with a Rf factor of ca. 2%.
Although the description of the magnetic structure along this

section has been done using Shubnikov space groups, after the
results obtained from single-crystal neutron diffraction below
TN, an alternative refinement can be done using the superspace

group formalism. A fit of the powder data using the model
obtained from the single-crystal data with the superspace
formalism is shown in Figure S6.

Single-Crystal Neutron Diffraction. Single-crystal neutron
diffraction has been performed on the D19 instrument at 5(1)
K. We have used the ISODISTORT suite13 to evaluate the
combination of displacive and magnetic distortions, in order to
calculate the irreducible representations (irreps) to describe the
full list of possible superspace magnetic groups. Calculation
was done using two independent modulation vectors, one
related to the structural distortion, q = 0.1426c* and the
second one related to the magnetic contribution, over the
previously distorted structure and, therefore, incommensurate
from the structural point of view. The magnetic contribution
into the incommensurate phase can be described using the k =
(0, 0, 0) propagation vector , which is compatible with the
propagation vector obtained for the NPD experiment. So, k =
(0, 0, 0) contributes to the nuclear incommensurate
reflections, and the magnetic superspace group should be of
type 3: it cannot contain the operator {1′|0001/2}. This fact
involves that all of the magnetic signals are on top of the
structural, main, or satellite reflections.
The choice of each particular irrep affects the symmetry of

the atomic displacements (structural or magnetic). In this
particular case, the combination of the different irreps gives rise
to a list of 32 possible superspace magnetic groups (Table 3).
However, the magnetometry results combined with the models
obtained using the powder data, even if Shubnikov space
groups were used, can help us to reduce the possible numbers
of compatible superspace groups.
On the basis of NPD measurements, where the satellite

reflections are not observed, the best magnetic model was
refined on the Shubnikov space group Pn′ma′. However, on
the basis of the single-crystal data on the paramagnetic phase
[40(1) K], the structural model was refined using the
superspace crystallographic group, Pnma(00γ)0s0. Our first
attempt was to combine both models, giving rise to the

Figure 4. View of the magnetic structure refined in the Pn′ma′
Shubnikov space group along the b axis, where only the magnetic sites
are represented. The Ni atoms are displayed in green, and the
magnetic moments are given as red arrows. The green bonds between
Ni atoms are only a guide for the eye.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01722
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01722/suppl_file/ic0c01722_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01722/suppl_file/ic0c01722_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01722?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01722?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01722?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01722?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01722?ref=pdf


Pn′ma′(00γ)0s0 superspace group. It deserves to be noted that
this superspace group is compatible with the macroscopic
magnetometry measurements, where a noncompensated
ferromagnetic signal was observed along the b axis.
Analysis of the symmetry of the Pn′ma′(00γ)0s0 superspace

group shows that there are 12 free modes for the magnetic
atoms, which are divided into displacive, magnetic, and strain
modes. There are three strain modes, each one being a linear
combination of the six strain components. The strain modes in
this particular case can be omitted from the discussion because
the unit-cell variations have been considered during the
indexing procedure, and therefore these modes are not used
during the data refinement. The three displacive modes are
responsible for structural modulation of the Ni atoms, while
the six remaining modes are pure magnetic [the x, y, and z
components of the homogeneous moment, corresponding to k
= (0, 0, 0), and three sinusoidal modulations with amplitudes
along x, y, and z] and allow one to obtain the relative
orientation and magnitude of the magnetic moments. It should
be noted that only the three “sinusoidal” modes contribute to
the “magnetic incommensurability”, while the other three
modes keep the translational symmetry of the magnetic
moments along the c axis. Considering the complete structure,
226 parameters were refined. Up to 6 parameters were used to
refine the magnetic structure and 220 to refine the structural
modulation using up to second-harmonic modulation waves.
In our case, the best-fit results agree with our guess in the

Pn′ma′(00γ)0s0 with an origin = (0, 0, 0, 0) magnetic
superspace group. During the refinement, the value of the
magnetic moment has been restricted to avoid values without
physical meaning. The obtained value for the Ni(II) magnetic
moment is, on average, 2.14(9) μB, and a small modulation in
the magnetic moment modulus is observed; however, the

variation (2.14−2.15 μB) is within the error bar of our
refinement. This result corresponds to the NPD results using
the Shubnikov space group, and it is realistic for a high-spin s =
1 Ni ion. The magnetic moments are pointing principally along
the c axis, forming chains oriented ferromagnetically along this
direction and antiferromagnetically coupled with the adjacent
ones in the a and b directions. The magnetic moments are
tilted along the b axis, resulting in a nonzero ferromagnetic
component along this direction, in agreement with Pato-
Doldań et al.18 The direction of the magnetic moment is
modulated by applying a modulation function that exhibits
sinusoidal behavior. The main contribution to the magnetic
modulation amplitude is along the a axis (Table 4). Because of

symmetry constraints, only the cosine terms are allowed to be
different from zero. Moreover, the component along the b axis
can be fixed to zero because the component is smaller than the
error bar. The amplitude of magnetic modulation along the c
axis is almost 4 times weaker than that along the a axis. The
application of these two modulation components produces a
libration of the magnetic moment in the ac plane (Figure 5).

Although the application of magnetic modulation functions
can be omitted, refining the system with Ni(II) cosine(x,y,z)
components equal to zero, the final statistics indicators are
worse than those if these components are included in the
model. A comparison of the refinement of each model can be
seen in Table S2. Moreover, the refinement using a superspace
group allows us to refine the homogeneous ferromagnetic

Table 3. List of Possible Superspace Groups Compatible
with the Distortion Modes Obtained from Considering k =
(0, 0, 0) and q = 0.1426c* as Modulation Vectors for the
Magnetic and Nuclear Distortions, Respectively

Pnma(00γ)000, origin = (0, 0, 0, 0) Pnma(00γ)0s0, origin = (0, 0, 0, 0)
Pmn21(00γ)000, origin = (−1/4,

1/4,
0, 0)

Pmn21(00γ)s0s, origin = (−1/4,
1/4, 0,

0)
Pn′m′a(00γ)000, origin = (0, 0, 0, 0) Pn′m′a(00γ)0s0, origin = (0, 0, 0, 0)
Pm′n′21(00γ)000, origin = (−1/4,

1/4,
0, 0)

Pm′n′21(00γ)s0s, origin = (−1/4,
1/4,

0, 0)
Pnm′a′(00γ)000, origin = (0, 0, 0, 0) Pnm′a′(00γ)0s0, origin = (0, 0, 0, 0)
Pm′n21′(00γ)000, origin =
(−1/4,

1/4, 0, 0)
Pm′n21′(00γ)s0s, origin =
(−1/4,

1/4, 0, 0)
Pn′ma′(00γ)000, origin = (0, 0, 0, 0) Pn′ma′(00γ)0s0, origin = (0, 0, 0, 0)
Pmn′21′(00γ)000, origin = (−1/4,

1/4,
0, 0)

Pmn′21′(00γ)s0s, origin = (−1/4,
1/4,

0, 0)
Pnma(00γ)0s0, origin = (0, 0, 0, 3/4) Pnma(00γ)000, origin = (0, 0, 0, 3/4)
Pmn21(00γ)s0s, origin = (−1/4,

1/4, 0,
0)

Pmn21(00γ)000, origin = (−1/4,
1/4,

0, 0)
Pn′m′a(00γ)0s0, origin = (0, 0, 0,

3/4)
Pn′m′a(00γ)000, origin = (0, 0, 0,

3/4)

Pm′n′21(00γ)s0s, origin = (−1/4,
1/4,

0, 0)
Pm′n′21(00γ)000, origin = (−1/4,

1/4,
0, 0)

Pnm′a′(00γ)0s0, origin = (0, 0, 0,
3/4)

Pnm′a′(00γ)000, origin = (0, 0, 0,
3/4)

Pm′n21′(00γ)s0s, origin = (−1/4,
1/4,

0, 0)
Pm′n21′(00γ)000, origin = (−1/4,

1/4,
0, 0)

Pn′ma′(00γ)0s0, origin = (0, 0, 0,
3/4)

Pn′ma′(00γ)000, origin = (0, 0, 0,
3/4)

Pmn′21′(00γ)s0s, origin = (−1/4,
1/4,

0, 0)
Pmn′21′(00γ)000, origin = (−1/4,

1/4,
0, 0)

Table 4. Amplitude Displacements from the Cosine Terms
of the First-Order Harmonics in the Fourier Series of
Magnetic Moments of the Ni Atoma

x y z

Ni cos 0.249(18) 0.02(6)b −0.064(16)
aNote that the amplitude displacement from the sine term is zero
because of the restrictions of the magnetic space group. bThis
component has been fixed to zero in the last cycle of refinement.

Figure 5. View of the refined magnetic moments of Ni(II) in the
Pn′ma′(00γ)0s0 magnetic superspace group. For the sake of the
clarity, only the Ni atoms are represented. In order to include at least
a full period, the graphical representation was performed considering a
supercell that is 10 times the average structure along the c axis. The Ni
atoms are represented in green, and the magnetic moments are given
as red arrows.
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component along the b axis, giving a value of 0.55(9) μB.
However, the refined value is notably higher than the value
obtained by Pato-Doldań et al., using single-crystal magneto-
metry measurements (ca. 0.1 μB).

18 Although the refinement
successfully converged, leaving free all of the parameters, if the
magnetic component along the b axis is fixed to have the value
obtained from the magnetometry results, there is not a
significant change on the final statistics indicators, and
therefore this parameter can be fixed.
The refined magnetic structure of the Ni(II) ion reminds

one of that previously determined on the Co(II) compounds,
solved on the Pn′ma′ Shubnikov space group. The magnetic
structure of the Co-based compound corresponds to a weak
ferromagnetic structure due to spin canting along the b axis.
The Co(II) magnetic moments are oriented mainly along the c
axis, forming chains oriented ferromagnetically along this
direction and antiferromagnetically coupled with the adjacent
ones along the a and b directions. The refined ferromagnetic
component along the b axis was 0.68(12) μB, a value similar to
that obtained on the Ni compound [0.55(9) μB].

■ CONCLUSION
Compound 1 crystallizes in the Pnma orthorhombic space
group at RT. At this temperature, the title compound is
isomorphous to the Co(II) analogous. Upon cooling,
compound 1 presents a single phase transition to an
incommensurate structure, which can be solved on the
Pnma(00γ)0s0 superspace group. A similar periodic-to-
incommensurate phase transition has already been observed
on the Co(II)-based compound.19 However, although both
compounds at RT are isomorphous, their sequences of phase
transitions are quite different. From a structural point of view,
the origin of the incommensurate structure of both compounds
should be the competition of the hydrogen bonds between the
counterions and framework. Furthermore, they present similar
wavevectors in the periodic-to-incommensurate phase tran-
sition. However, below this point, neither the structural nor
magnetic behaviors of both compounds are comparable.
The unprecedented behavior of the Ni(II) compound, with

an incommensurate structural phase up to the base temper-
ature (ca. 2 K), allows the combination of structural
incommensurability with long-range magnetic order. Determi-
nation of possible superspace groups compatible with the
magnetic observations led to Pn′ma′(00γ)0s0 as the best-fit
superspace group. The incommensurability observed on the Ni
compound can be modeled including structural and magnetic
modulations. The Pn′ma′(00γ)0s0 superspace group as the
Pn′ma′ Shubnikov space group allows a ferromagnetic
component along the b axis, which is in agreement with the
preliminary magnetometry measurements.18 From the mag-
netic point of view, the topology of the magnetic structure of
the nickel compound is similar to that obtained for the cobalt
compound. However, to reproduce the experimental data,
magnetic modulations should be applied to the non-
compensated antiferromagnetic structure. The magnetic
modulations are acting mainly on the x component of the
magnetic moment, and a much weaker contribution is applied
on the z component of the magnetic moment. The
combination of these two components allows each magnetic
moment to be slightly shifted on the ac plane with respect to
the magnetic moments of the adjacent metallic center along
the c axis. The magnetic modulation amplitudes act
perpendicularly to the main structural modulation amplitude,

which produces the largest atomic shift along the b axis. The
structural modulation on the Ni atom has a remarkable effect
in the crystal structure, giving rise to a maximum displacement
of 0.303(5) Å, a value that is notably larger than the variation
on the bond distances on the framework or the counterion
(Figure S7). It deserves to be noted that the maximum atomic
displacement appears along the b axis in the H6 atom, which is
involved in the hydrogen bond with “flip-flop” behavior along
the c axis.
The coexistence of structural modulation with long-range

magnetic order below 34 K on compound 1 is a necessary but
not sufficient requirement to obtain the coexistence of
structural and proper magnetic incommensurability in a single
phase. The application of displacive modes to the crystal
structure produces necessarily the same displacement on the
magnetic moments network, giving rise to an improper
magnetic incommensurability because magnetic incommensur-
ability is strongly coupled with structural incommensurability.
However, for those cases where the magnetic moments
network presents a modulation due to the occurrence of
incommensurate magnetic modes, they can be described as a
proper magnetic incommensurability, presenting a weak
coupling with the structural features. The results presented
on compound 1 show that it is a rare case where structural
incommensurability and proper magnetic incommensurability
coexist in a unique phase.
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