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Two-dimensional materials offer a unique range of magnetic, electronic, and mechanical properties which
can be controlled by external stimuli. Pressure is a particularly important stimulus, as it can be achieved readily
and can produce large responses, especially in low-dimensional materials. In this paper, we explore the pressure
dependence of the structural and magnetic properties of a two-dimensional van der Waals (vdW) molecular
framework antiferromagnet with ferromagnetic layers, Ni(NCS),, up to 8.4 kbar. Through a combination of
x-ray and neutron diffraction analysis, we find that Ni(NCS), is significantly more compressible than comparable
vdW metal halides, and its response is anisotropic not only out of the plane, but also within the layers. Using
bulk magnetization and neutron diffraction data, we show that the ambient layered antiferromagnetic phase
is maintained up to the largest investigated pressure, but with an enhanced Néel temperature, Ty (ATn/Tn =
+19%), and a large pressure sensitivity (Q = ﬁ%
pressure responsiveness for a vdW material. Density functional theory calculations suggest that this is due to
increasing three dimensionality. These results provide insights into the pressure response of molecular framework

vdW magnets and suggest that the investigation of other molecular framework vdW magnets might uncover

= 4+2.3%kbar™!), one of the larger values of magnetic

contenders for future pressure-switchable devices.

DOI: 10.1103/PhysRevB.108.144439

I. INTRODUCTION

Magnetic van der Waals (vdW) materials, compounds
formed from two-dimensional layers held together through
weak dispersion interactions, have been the subject of much
recent interest as potential single-layer magnetic materials
capable of being embedded in spintronic devices [1]. The
weak interactions between layers means pressure can switch
the sign of interactions, for example, bilayer Crl; undergoes
an antiferromagnetic-ferromagnetic transition at 27 kbar [2].
It can also induce large enhancements of magnetic interac-
tions, e.g., the ordering temperature 7, increases by 250 K

in FeCl, with the application of 420 kbar (Q = %% =

+2.4% kbar~") [3], and in Nil,, 7, increases by 230 K when
compressed to 190 kbar (Q = +1.6% kbar™!) [4], as well an
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enhancement of the helimagnetic state [5,6]. Pressure can also
induce qualitative changes in the electronic structure of vdW
magnets [7], such as pressure-induced metal-insulator transi-
tions [8,9]. Nil, undergoes a pressure-induced metal-insulator
transition at 190 kbar [4], as does the recently reported vdW
antiferromagnet FePS; at 140 kbar [10]. Pressure can even
induce superconductivity in FePSe; above 90 kbar [11].

Molecular frameworks, made from metals and molecular
ligands, have inherently higher flexibility than nonmolecular
materials comprised of only atomic ions. The increased
length of the ligands enhances the extent of flexing of
the frameworks [12,13]. They therefore can be expected
to produce large responses at pressures closer to those
realizable in practical devices. For example, the magnetic
ordering temperature of the three-dimensional cyanide
frameworks, [Mn(4-dmap)];[Mn(CN)g], (4-dmap =
4-dimethylaminopyridine) (Q = +13%kbar™') [14] and
[Ruz(0,CCH3)415[Cr(CN)g] - (Q = 46.5%kbar™")  [15],
rapidly increase with pressure. Our understanding of the
pressure response of the magnetism of vdW molecular
framework magnets is rapidly developing [16—18].

Nickel(II) thiocyanate, Ni(NCS),, is a binary pseudohalide
and the only member of the M (NCS), family (M = Mn, Co,
Fe, Ni, Cu) thus far reported to have in-layer ferromagnetism

Published by the American Physical Society


https://orcid.org/0000-0002-3004-5846
https://orcid.org/0009-0003-3758-0176
https://orcid.org/0000-0003-2168-3608
https://orcid.org/0000-0001-7421-6152
https://orcid.org/0000-0003-2038-186X
https://orcid.org/0000-0003-1574-7476
https://orcid.org/0000-0001-6452-8830
https://orcid.org/0000-0001-8679-5008
https://orcid.org/0000-0002-0408-7647
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.144439&domain=pdf&date_stamp=2023-10-31
https://doi.org/10.1103/PhysRevB.108.144439
https://creativecommons.org/licenses/by/4.0/

MADELEINE GEERS et al.

PHYSICAL REVIEW B 108, 144439 (2023)

(@)

FIG. 1. Structure of Ni(NCS), adapted from Ref. [17]: (a) in-
plane structure, (b) layer stacking. Ni = green octahedra, N = blue,
C = black, S = yellow. (c) The magnetic structure with the three
nearest-neighbor interactions identified. The Ni(NCS), framework
is shown as a wire frame for clarity.

[17,19-21] (Néel temperature, Ty = 54 K; cf. NiBr, Ty =
52 K [22]), and is predicted to be a single-layer ferromag-
net [23]. It adopts an analogous structure to that of the
two-dimensional transition-metal halides MX,, comprising
NiS4N; octahedra which edge share to form layers in the ab
plane (Fig. 1), which stack along the c¢ direction. The rod
shape and directionality of the NCS™ lowers the symmetry
from the rhombohedral symmetry of NiX, to the monoclinic
space group C2/m [17]. This relieves the potential frustration
and means that no helimagnetic state is found, unlike NiBr;
and Nil, [22].

Here we report the structural and magnetic changes of
Ni(NCS); as it is compressed to pressures up to 8.4 kbar. X-
ray and neutron powder diffraction experiments have allowed
us to follow the evolution of both lattice parameters and the
structure under compression. Our combination of magnetom-
etry and low-temperature neutron diffraction measurements
show the enhancement of the magnetic ordering tempera-
ture with pressure and confirm the magnetic ground state
throughout. We carry out density functional theory (DFT) cal-
culations which explain the energetic origins of the observed
behavior.

II. METHODS

A. Synthesis

The synthesis of the samples of Ni(NCS), was carried out
following the reported synthetic method of Bassey et al. [17].
A typical synthesis (quantities as for the neutron sample) is
described below.

NiSQy - 6H,0 (16.56 g, 63 mmol) was dissolved in deion-
ized H,O (50 mL), giving a clear green solution. An aqueous
solution of Ba(SCN), - 3H,0 (19.37 g, 63 mmol, 120 mL)
was added, with the rapid formation of a white precipitate
and a green solution. The reaction mixture was stirred at
room temperature overnight and the precipitate was removed
by centrifugation and filtering under reduced pressure. The

solution was removed in vacuo, giving a green-brown micro-
crystalline powder of Ni(NCS),. The compound is stable to
humidity in the investigated conditions.

B. Magnetic measurements

Measurements of the magnetic susceptibility were carried
out on a pelletized powder sample of Ni(NCS), using a
Quantum Design Magnetic Property Measurements System
(MPMS) 3 Superconducting Quantum Interference Device
(SQUID) magnetometer with moment measurements carried
out in direct current (DC) mode. The measured data were
collected at pressures of 1.2, 3.8, 5.2, and 8.4 kbar. The zero-
field-cooled (ZFC) susceptibility was measured in an applied
field of 0.01 T over the temperature range 2 to 300 K. The
pressure was applied using a BeCu piston cylinder pressure
cell from CamCool Research Ltd., with a Daphne 7373 oil
pressure medium. A small piece of Pb was included in the
sample space to act as a pressure gauge [24]. As M(H) is
linear in this field regime, the small-field approximation for
the susceptibility, x (T') ~ %, where M is the magnetization
and H is the magnetic field intensity, was taken to be valid.
Isothermal magnetization measurements were carried out on
the same sample at 10 K over the field range —7 to +7 T for
each pressure point.

C. DFT

We have performed density functional theory calculations
to probe the structures and energetics of the spin order
of Ni(NCS),. The spin-polarized DFT + U method (with
Grimme’s D3 van der Waals correction [25]) was employed
in the structural optimizations and energy calculations, using
the Vienna Ab initio Simulation Package (VASP) [26]. In our
DFT + U calculations, we used a U value of 5.1 eV for the d
electrons of Ni?T cations [27,28], and a range of ferromag-
netic and antiferromagnetic spin solutions were considered
for magnetic Ni2* cations (see Table 2 in the Supplemental
Material [29]). We used a plane-wave basis set with a ki-
netic energy cutoff of 520 eV to expand the wave functions.
The Perdew-Burke-Ernzerhof functional [30] in combina-
tion with the projector augmented wave method [31,32] was
used to solve the Kohn-Sham equations. An energy conver-
gence threshold of 107% eV was used for electronic energy
minimization calculations, and the structural optimizations,
including cell parameters and atomic positions, were consid-
ered converged if all interatomic forces fell below 0.01 eV/A.
All DFT calculations have been performed in the primitive
cell (two formula units per cell) using a k grid with a k-point
spacing of around 0.1 A~!. To improve the accuracy of the
three nearest-neighbor magnetic interactions determined from
DFT calculations at different pressures, we additionally per-
formed single-point DFT energy calculations of the various
spin configurations at the optimized structures with a higher
plane-wave cutoff energy of 800 eV. We note that the relative
energy difference between several spin configurations in our
DFT calculations can be less than 1 meV /metal (depending
on pressure), which is close to the DFT accuracy that we can
achieve with our current computational settings.
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D. Synchrotron diffraction measurements

X-ray powder diffraction experiments were performed
at beamline I15 at the Diamond Light Source, UK, with
a wavelength of A = 0.4246A, applying a custom-made
high-pressure powder x-ray diffraction setup suitable for mea-
surements up to 4 kbar [33]. A powder sample of Ni(NCS),
was filled into a soft plastic capillary together with sili-
cone oil AP-100 as a nonpenetrating pressure-transmitting
medium to maintain hydrostatic conditions. The capillaries
were sealed with Araldyte-2014-1. The capillary was loaded
into, and in direct contact with, the sample chamber con-
sisting of a metal block filled with water. The water acts as
a pressure-transmitting medium, controlled with a hydraulic
gauge pump.

Constant wavelength powder x-ray diffraction data were
collected at room temperature in the pressure range 0.001
to 4 kbar with a step of 0.2 kbar and an estimated error of
40.0030 bar. The data were processed using DAWN [34] with
a LaBg calibration. Rietveld refinements of the nuclear model
were completed using the FULLPROF program [35] and strain
analysis carried out using PASCal [36].

E. Neutron diffraction measurements
1. High-resolution measurements (D2b)

Constant wavelength neutron powder diffraction data were
collected on the high-resolution D2b diffractometer [37] at
the Institut Laue Langevin (ILL), France. The incident wave-
length was A = 1.59 A and the scattering was measured over
an angular range of 10 < 26 < 160°. The sample was loaded
in an aluminium holder and placed within an aluminium
gas pressure cell with helium used as a pressure-transmitting
medium. Diffraction data were collected at room temperature
with applied pressures of 1.7, 3.4, 5.1, and 6.7 kbar, with an
estimated error of 0.5 kbar. Further diffraction data were
collected at a pressure of 6.7 kbar at temperatures of 20, 40,
and 180 K. The pressure was set at room temperature, then
the system was cooled for the low-temperature data. The cell
was operated with a gas compressor to regulate the pressure
as the temperature was lowered and ensure maintenance of
constant pressure. A heater inside the gas capillary ensured
the helium was gaseous at low temperatures. NOMAD software
[38] from the ILL was used for data collection. Refinements
of the nuclear models were completed using the FULLPROF
program [35].

2. High-intensity measurements (D1b)

Constant wavelength powder neutron diffraction data
were collected on the high-intensity medium resolution D1b
diffractometer [39] at the Institut Laue Langevin (ILL),
France. The incident wavelength was A = 2.52 A and the scat-
tering was measured over an angular range of 2 < 260 < 128°.
The sample was loaded in an aluminium holder and placed
within an aluminium gas pressure cell with helium used as
a pressure-transmitting medium. Diffraction data were col-
lected at room temperature with applied pressures of 3, 4.5,
and 6.7 kbar, with an estimated error of 0.5 kbar. A ther-
mal diffractogram was collected at 3 kbar, heated with a
programmed ramp of 0.05 K min~! between 34 and 65 K.

A second thermal diffractogram was collected at 4.5 kbar,
heated with a programmed ramp of 0.07 K min~! between
44 and 60 K. At a pressure of 6.7 kbar, data were collected
at a constant temperature of 20 K. The pressure was set at
room temperature, then the system was cooled for the low-
temperature data. The cell was operated with a gas compressor
to regulate the pressure as the temperature was lowered and
ensure maintenance of constant pressure. A heater inside the
gas capillary ensured the helium was gaseous at low temper-
atures. NOMAD software [38] from the ILL was used for data
collection. Refinements of the nuclear and magnetic model
were completed using the FULLPROF program [35].

III. RESULTS

The structural and magnetic changes that Ni(NCS), un-
dergo with temperature at ambient pressure have previously
been determined by Bassey ef al. [17]. The compound crystal-
lizes in the monoclinic C2/m space group as two-dimensional
layers stacked along the ¢ axis. It has an ambient magnetic
ordering temperature, TI\(J), of 54 K, below which it magnet-
ically orders as an antiferromagnet. The moments correlate
ferromagnetically within the ab plane and antiferromagneti-
cally between adjacent planes, ordering with a propagation
vector of k= (0, 0, %) in the magnetic space group C.2/c. The
moments are oriented along the N-Ni-N bond direction and
are restricted to the ac plane by symmetry. The three nearest-
neighbor interactions are J; through Ni-S-Ni (b direction), J,
along Ni-NCS-Ni (a direction), and J3 occurs between the
metals on adjacent layers [c direction; Fig. 1(c)].

A. Nuclear structure under pressure

Ambient temperature diffraction measurements were car-
ried out on a powder sample of Ni(NCS), using x rays (I15,
Diamond, UK) between 0.001 and 4.0 kbar (in 0.2 kbar steps)
and with neutrons (D2b, ILL, France) at 1.7, 3.4, 5.1, and
6.7 kbar. The variation in lattice parameters was determined
by performing Rietveld refinements for both the x-ray and
neutron data (Fig. 2). The atom positions and anisotropic
displacement parameters were fixed to that of the structure at
ambient pressure [17]. Throughout the refinements, the lattice
parameters were refined freely, along with background and
peak shape parameters. From these analyses, we found no
evidence of a phase transition, with Ni(NCS), retaining its
monoclinic symmetry throughout the pressure regime. From
refinements of the x-ray data, the volume is reduced from
225.18(6) A? at 0.001 kbar to 220.65(6) A3 at 4.0 kbar. Fitting
the x-ray data to a third-order Birch-Murnaghan equation of
state [40] gives a bulk modulus By = 170(2) kbar and B’ =
15(1). Comparable trends are observed for the compressibili-
ties and reduction in axes observed for the neutron data up to
6.7 kbar as well [By = 156(6) kbar and B’ = 22(3); Fig. 3].

Both data sets, x ray and neutron, show that as Ni(NCS); is
compressed, all unit cell axes decrease in length, while the g
angle remains broadly constant (Fig. 3). To assess the degree
of anisotropy, the strains along the principal axes were calcu-
lated (Table I) using the PASCal program [36]. The principal
axes Xj, X5, and X3 lie in the following directions: X; = a,
along the Ni-NCS-Ni pathway; X, = b, along the Ni-S-Ni
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FIG. 2. Rietveld refinements of diffraction data. (a) Synchrotron
x-ray data (I15, Diamond) measured at 3 kbar and at ambient tem-
perature, (b) neutron data (D2b, ILL) measured at 3.4 kbar and
at ambient temperature, (c) neutron data (D1b, ILL) measured at
6.7 kbar and at 20 K. Le Bail fits were made to account for reflections
arising from the aluminium, oxygen, and nitrogen. The tick marks
show the position of structural reflections (turquoise), magnetic re-
flections (purple), the aluminium sample holder (orange), oxygen
(light-green) and nitrogen (dark-blue) phases.

bonds; X3 & ¢, between the layers. The pressure depen-
dence of the principal axes shows that the compressibilities,
K = —l/si%, derived from fitting an empirical equation of
state [&;(P) = g9 + A(P — P¢)"], are very anisotropic. K3 =
32.5(3) TPa~' is more than double K, = 13.5(1) TPa~', and

K; = 3.8(4) TPa~! is an order of magnitude smaller.

TABLE 1. Compressibilities (K) for the principle axes of
Ni(NCS), calculated from synchrotron x-ray data (I15, Diamond) at
4 kbar and from neutron data (D2b, ILL) at 6.7 kbar. The definition
of the principal axes (X;) is given relative to the unit cell (a, b, c¢) for
the structure at 4 kbar.

K (TPa™")
Axes X-rays Neutrons a b c
X 3.8(4) 3(2) 0.990 0.0 0.141
X, 13.5(1) 13.9(8) 0.0 1.0 0.0
X3 32.5(2) 26.9(6) 0.124 0.0 0.992
Vv 50.0(5) 48(1)
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FIG. 3. Crystallographic parameter variations determined from
Rietveld refinements at ambient temperature using x rays (circles,
measured with 115, Diamond, 0.001 to 4 kbar) and neutrons (trian-
gles, measured with D2b, ILL, 0.001 to 6.7 kbar). (a) Normalized
change of the unit cell parameters. (b) Strain (g;) along the principal
axes (X;) with lines showing the linear compressibilities. (c) The
volume dependence with pressure, fitted with the third-order Birch-
Murnaghan (BM) equation of state with By = 170(2) kbar and B’ =
15(1) at 4 kbar for x rays and By = 156(6) kbar and B’ = 22(3) at
6.7 kbar for neutrons. (d) The compressibility (K) along the princi-
pal axes as a function of pressure. Standard errors are shown with
vertical lines.

To explore the changes in the structure over a broader
pressure range, DFT calculations were performed at nominal
pressures of 0, 5, 10, 20, 50, and 100 kbar. These calculations,
as they were carried out at 0 K, were in the experimentally de-
rived layered antiferromagnetic ground state. The fitted bulk
modulus using the third-order Birch-Murnaghan equation of
state is 255.7(2) kbar, with B’ = 6.42(9). The compressibili-
ties at 10 kbar are K3 = 18.1(5) TPa™', K, = 10.1(4) TPa™!,
and K; = 3.0(2) TPa~!, broadly consistent with the measured
compressibilities. On increasing the pressure to 100 kbar, we
find, as expected, a significant stiffening: K3 = 5.1(5) TPa~!,
K> =5.5(8) TPa~!, and K; = 1.9(5) TPa~".

B. Variable-temperature high pressure

We also sought to investigate the effect of high pressure
on the thermal expansion of this material by measuring
variable-temperature neutron diffraction patterns (7 = 20,
40, 180, and 298 K) at our maximum pressure of 6.7 kbar. We
find normal volumetric thermal expansion, with a coefficient
of thermal expansion ay =1/V4¥ =42(3) MK™'. At
6.7 kbar, the thermal expansion is anisotropic with linear
thermal expansivities along the principal strain directions
of o =1/e/% =26(1)MK™", o, = 14(2) MK™', and
a3 = 1.12(5) MK ™! [broadly in the same directions as
the compressibilities; Fig. 4(a)]. There are also significant
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FIG. 4. Selected data from Rietveld refinements at 6.7 kbar mea-
sured at 20, 40, 180, and 298 K using the D2b diffractometer (ILL).
(a) Relative change in the principle axes and volume, (b) relative
change in sin(angle) of Ni-ligand bonds and the dihedral angle Ni-S-
C-N. The shaded regions show the calculated errors.

structural changes: with /Ni-S-Ni (along X,) expanding
significantly on cooling, Asin(Ni-S-Ni) = —0.0041(2)%,
whereas ZNi-N-C and ZNi-S-C (predominantly along X;)
change much less, Asin(Ni-N-C) = —0.00160(6)% and
Asin(Ni-S-C) = 40.0016(2)%. The torsion angle between
Ni-S-C-N decreases by Asin(Ni-N-C) = —0.0111(7)%
[Fig. 4(b)].

At this highest pressure of 6.7 kbar, additional peaks
emerged in the neutron datasets at high Q at temperatures
below approximately 55 K, which is well into the magnetic
ordered phase. These likely arise from a combination of oxy-
gen and/or nitrogen phases crystallizing due to the presence
of air in the pressure cell, and we accounted for them using
additional Le Bail phases [41,42]. We found no anomalies in
the magnetometry data corresponding to this transition, fur-
ther supporting our assumption that this is not sample related.

C. Magnetometry

To assess how the bulk magnetic properties of the material
vary with pressure, we carried out zero-field-cooled suscepti-
bility measurements at 1.2(1), 3.8(1), 5.2(1), and 8.4(1) kbar
on a pelletized polycrystalline sample. At each pressure, the
magnetic susceptibility increases on cooling until a broad
maximum is reached at the ordering temperature [Fig. 5(a)].
The ordering temperature shifts to higher values as the sample
is compressed and is accompanied by a decrease in the max-
imum susceptibility. At the highest measured pressure, 8.4(1)
kbar, Ni(NCS), orders at Ty = 64.6(4) K, which is a +19%
increase from ambient pressure, giving Q = +2.3% kbar~!
[Fig. 5(b)].

We also carried out isothermal measurements at the same
pressure points at 10 K between —7 and +7 T [Fig. 5(c)],
which did not show saturation in this field regime, as expected
for a bulk antiferromagnet. We found that the maximum mag-
netization that was measured increased up to 3.8(1) kbar,
before decreasing at higher pressures.

D. Magnetic structure

Our bulk magnetic measurements showed a significant
enhancement in magnetic ordering temperature; however, to
understand the detailed evolution of the magnetic structure,
we carried out neutron diffraction measurements on a pow-
der sample (1.2 g) using the high-flux D1b diffractometer at
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FIG. 5. (a) Magnetic susceptibility measured at 1.2(1), 3.8(1),
5.2(1), and 8.4(1) kbar; the relative susceptibility has been normal-
ized to the maximum susceptibility at 1.2 kbar. (b) Relative change
in Ty as a function of pressure derived from susceptibility (circles)
and neutron diffraction data (triangles). Error bars related to pressure
determination are shown for the neutron data; the error bars are con-
tained within the symbols for the magnetometry data. The ordering
temperatures were normalized to the ambient pressure ordering tem-
perature, 70 = 54 K. (c) Isothermal magnetization measurements
carried out at 10 K plotted between 0 and 47 T, showing the rela-
tive magnetization normalized to the maximum magnetization at 1.2
kbar. (d) The magnetic moment determined from Rietveld refinement
of the neutron diffraction data (D1b, ILL) at 3 and 4.5 kbar, fitted by
a power law, given by Eq. (1) (black line). The shaded regions show
the calculated errors of the magnitude of the moment.

the ILL. Neutron diffraction data were collected below the
ordering temperatures at 3, 4.5, and 6.7 kbar at the low-
est temperatures for each pressure (P = 3 kbar, T = 34 K;
P=45%kbar, T =44 K; P = 6.7 kbar, T = 20 K). In these
low-temperature data sets, we observed the appearance of
an additional Bragg reflection at 0.54 A~' at all pressures
[Fig. 2(c)] and no other additional reflections, which allowed
us to confirm that the propagation vector is k = (0, 0, %), iden-
tical to that of the ambient pressure material. This propagation
vector corresponds to a doubling along the ¢ axis, and we
found that of the two maximal magnetic space groups, only
the ambient pressure structure C.2/c was able to reproduce
the observed intensity with a reasonable moment size.

We then carried out Rietveld refinements on these datasets
in which the magnitude of the nickel moment was fixed to
1.75 ug, in accordance with the reported size of the moment
at 2 K at ambient pressure [17], due to the paucity of magnetic
Bragg peaks. This then allowed for the angle to be refined
as the only free magnetic parameter. At all three pressures,
the angle of the moment remains broadly unchanged from
the ambient structure model, that is, the moment is oriented
along the N-Ni-N bond within the ac plane. As the moment
direction does not change up to 6.7 kbar or on warming at
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ambient pressure [17], for the following magnetic refine-
ments, therefore, we fixed the moment direction to point along
the N-Ni-N bonds. This allowed us to refine the size of the
magnetic moment as the only free magnetic parameter in the
last cycles of the refinement.

Having established that the magnetic ground state re-
mained unchanged, we next looked to understand the nature
of the ordering transition. We collected variable temperature
data at 3 kbar (T = 34-65 K) and 4.5 kbar (T = 44-60 K).
At 3 kbar, the magnetic moment was refined to 1.68(7) ug
for the lowest-temperature point (7' = 34 K) and the ordering
temperature is found at 7y = 56.1(5) K. At 4.5 kbar, the
refined moment is 1.58(7) ug (T = 44 K) and decreases with
temperature to O ug at Ty = 58.0(5) K. We were able to fit
the refined magnetic moments to a power law in the vicinity
of the transition,

M =A(Ty — T)P, (D)

where A is a proportionality constant, 7y is the ordering
temperature, and S is a critical exponent [Fig. 5(d)]. For
the fits, the errors for A, Ty, and § are calculated from the
square root of the covariance matrix from the errors of the
refined magnetic moment. At 3 kbar, the fitted values were
B =0.36(6) and Ty = 55.9(7) K. At 4.5 kbar, the fitted values
were f = 0.33(5) and Ty = 59.3(3) K. The values of 8 are
in between 0.326 and 0.367, which is expected for a three-
dimensional Ising and Heisenberg antiferromagnet [43].

To gain a deeper understanding of the exchange interac-
tions responsible for the magnetic behavior, we carried out
DFT calculations on a variety of spin states as a function
of pressure. Geometry optimizations, including both atomic
positions and cell parameters, were carried out to probe the
magnetic ground state at the same pressures as previously ex-
plored (0, 5, 10, 20, 50, and 100 kbar), for six high-symmetry
configurations (Table 3 of the Supplemental Material [29]),
and the resultant energies and enthalpies were calculated us-
ing the Hamiltonian E = Zij J;iSiS; + Ep.

We fitted these DFT-derived energies to a Heisenberg
collinear spin Hamiltonian to extract three interactions: J;
along the Ni-S-Ni direction, J, along the Ni-S-C-N-Ni direc-
tion, and J3 corresponding the interactions between layers. At
ambient pressure, J; is large and ferromagnetic, —43(8) K,
J is weaker and also ferromagnetic, —4(4) K, and J3 is
zero within error, consistent with the expected ground state
(Fig. 6). The large values of the error suggest that the
Heisenberg Hamiltonian that we employed is perhaps not ap-
propriate, either due to large single-ion effects or higher-order
interactions (e.g., biquadratic interactions). It is likely that up
to 50 kbar, the reported ambient antiferromagnetic structure
is the most stable configuration. However, we did not find a
strong trend in the predicted J values with pressure beyond
the error of the calculations since the relative energy differ-
ences between selected spin configurations here are less than
1 meV /metal, meaning we are close to the limits of accuracy
for these DFT calculations.

IV. DISCUSSION

From our diffraction data, we have calculated the bulk
modulus of Ni(NCS), to be By = 170(2) kbar, which shows
that Ni(NCS), is one of the softer van der Waals compounds,

50 - ——/; ——/, —o—J3
0 1
S ; ——
3

=< —50 1
—100

ol
—150

0 50 100
P (kbar)

FIG. 6. Calculated enthalpies of the three nearest-neighbor inter-
actions obtained from DFT calculations at ambient, 5, 10, 20, 50,
and 100 kbar, where J > 0 describes antiferromagnetic interactions
and J < 0 describes ferromagnetic interactions. The calculated un-
certainties associated with fitting to the Heisenberg Hamiltonian are
shown with vertical lines.

e.g., for CrBrs, By = 230 kbar [44], and for FePSe;, By =
828 kbar [11]. High-pressure structural phase transitions are
common in layered compounds [10,45,46]; however, our DFT
calculations do not provide any evidence of a structural phase
transition up to 100 kbar. Ab initio structure searches and
larger supercell calculations, together with higher-pressure
calculations, would allow further exploration of the potential
for new Ni(NCS), phases. These calculations also suggest
that any metallization transition occurs significantly above
100 kbar, compared to Nil,, P. = 190 kbar [47]; FeCl,, P. =
450 kbar [8]; and FePS3, P. &~ 140 kbar [10].

We can also compare Ni(NCS), with other pseudobi-
nary molecular frameworks. Since changing the metal cation
species can influence the flexibility of the structure, we fo-
cus here on Ni2t frameworks [48]. The three-dimensional
Ni(dca); [dca = N(CN),] has a larger bulk modulus, By =
360 kbar [49], than Ni(NCS),. As the ligand length increases,
it would be expected that the structure becomes more flexible
[50]; however, as Ni(dca), is three-dimensionally connected,
the resultant bulk modulus is larger than that of layered
Ni(NCS),. The volumetric compressibility provides only a
partial picture, as both compounds are anisotropic. The com-
pressibility of Ni(dca), along the » and ¢ axes is similar
to that of Ni(NCS), along the X, and X3 (b= 11.1 TPa™!
and ¢ =24.1 TPa!), but Ni(dca), shows negative linear
compressibility (NLC) in the third (a) direction. The ma-
terials have similar ligand arrangements along the a axis,
where the nickel ions are bridged by two ligands coordi-
nated in an end-to-end arrangement. In both materials, the
hinge ligand-metal-ligand bond angles @ (w = ZN-Ni-S and
ZN-Ni-N; Fig. 7) decrease: [Acos(5)]/P = 0.09% kbar™!
(NCS), compared to [Acos(%)]/P = 0.16% kbar™! (dca). In
Ni(NCS),, the softer Ni-L. bonds mean that there is still
contraction in the bond lengths (Ni-N = —0.12% kbar ! and
Ni-S = —0.18% kbar™!). This competition between the two
components is likely the cause of the apparent stiffness of the
a axis. In contrast, the square-planar Ni(CN), is significantly
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FIG. 7. (a) Nickel ions connected through two NCS ligands,
showing the “hinge” angle, w. Ni = green, N = blue, C = black, S =
yellow. (b) Relative change in the bond lengths Ni-N and Ni-S, and
the relative change in cos(%) with pressure. The ambient pressure
values were obtained from Ref. [20]. The shaded regions show the
errors.

stiffer, By = 1050 kbar, perhaps due to the planarity of the
structure and linearity of Ni-CN-Ni bonds [51].

Our high-pressure variable-temperature data show that
despite being a layered structure, Ni(NCS), has near zero
thermal expansion along the X3 direction. In comparison, there
is positive thermal expansion along the X; and X, directions
(Fig. 4). Calculating the thermal expansion coefficients from
the published ambient pressure data [17] gives values of o =
26(2) MK™!, ap =2.1(9) MK, and a3 = —5.9(9) MK ™",
Here, the principal axes are defined as X; = 0.47a 4 0.88c,
X, = b, and X5 = —0.56a + 0.83¢ at 100 K. This is rotated
slightly in comparison to the high-pressure data (definitions
are approximately equal to the directions given in Table I).
X3 exhibits negative thermal expansion, which is uncommon;
however, it can be observed in other anisotropic molecular
framework compounds [52,53]. These values are compara-
ble to those seen at 6.7 kbar, but the within-layer expansion
has decreased. This behavior is not uncommon in layered
molecular frameworks and likely reflects the stiffening of
the transverse out-of-plane vibrations [52]. Since the ambient
pressure structure was measured between 1 and 100 K, and
our high-pressure data were measured between 20 and 298 K,
direct comparison of coefficients should be done cautiously.
Future investigations would be needed for detailed quantita-
tive comparisons.

The most significant change observed on compressing
Ni(NCS), is the marked increase in magnetic ordering
temperature, Q = +2.3% kbar~'. This increase is large
compared to other nickel molecular frameworks, such as
Ni(dca), (Q = +0.4%kbar™") [54], NH;Ni(HCOO); (Q =
+0.2% kbar™") [55], and NiCl,(pym),, pym = pyrimi-
dine (Q = +1.3% kbar™!) [56]. For additional examples, see
Refs. [3,4,8,10,11,49,54—65] summarized in the Supplemental
Material [29], Fig. 4 and Table 5. The increase of ordering
temperatures in these compounds results from both changes
in exchange interactions, including the increase in strength
of interactions and reduction of frustrating interactions, and
the single-ion anisotropy. Our DFT calculations suggest that
this compound is not magnetically frustrated, and so the
general anticipated enhancement of exchange will be largely
reinforcing. The significant uncertainties in the DFT-derived

superexchange parameters suggest that higher-level calcula-
tions, incorporating single-ion anisotropy and higher-order
exchange interactions, might be necessary for a complete
understanding of the underlying magnetic Hamiltonian. The
interlayer J3 pathway, through Ni-S- - - S-Ni, significantly de-
creases in distance and is likely the limiting factor in the
ordering temperature.

This shift towards a three-dimensional exchange network
can be seen in the critical exponent of the temperature de-
pendence of the staggered magnetic moment. A power-law
fit [Eq. (1)] of the Rietveld-refined magnetic moment as a
function of temperature at 3 and 4.5 kbar [Fig. 5(d)], gave crit-
ical exponents of 8 = 0.36(6) and 0.33(5), comparable to the
three-dimensional Heisenberg results (8 = 0.367), whereas
fitting to the published ambient pressure data [17] gave B =
0.25(4) and Ty = 60.3(6) K. The high-pressure value is con-
sistent with those of three-dimensional molecular framework
magnets, e.g., Mn(dca),(pyz) (pyz=pyrazine), where B =
0.38 [66], whereas the ambient pressure exponent is closer
to that of other vdW magnets, e.g., NiCl,, 8 = 0.27 [67];
and FeCl,, B = 0.29 [68]. Unfortunately, comparatively large
errors (relative to the small energy differences between se-
lected spin configurations) in our DFT-derived superexchange
parameters do not allow us to further buttress this picture
(Fig. 6). More direct exploration of the changes in the ex-
change parameters, whether through spectroscopy or other
bulk measurements, would be valuable to explore this two-
dimensional to three-dimensional crossover.

We find no evidence of any spin rotation with pressure in
Ni(NCS); up to 6.7 kbar. This is consistent with the behavior
of other vdW metal halides, including Nil,, Col, [47], and
FeCl, [58]. This is perhaps due to strong easy-axis single-ion
anisotropy in this material [23,69].

V. CONCLUSION

We have investigated the effects of pressure on the structure
and magnetism of the van der Waals framework Ni(NCS),.
X-ray and neutron powder diffraction data reveal strongly
anisotropic strain, with the interlayer direction being an order
of magnitude more compressible than the a direction. Low-
temperature neutron diffraction measurements combined with
susceptibility data show there is a significant increase in the
magnetic ordering temperature with pressure driven by the
reduction of interlayer separation. This work has explored the
use of a thiocyanate framework as a source of flexibility to
enhance the changes in the magnetic properties of a van der
Waals material. It suggests that further molecular framework
magnets hold potential to show marked responses to com-
pression. Following this work, it would also be worthwhile
to explore the monolayer limits of Ni(NCS), under pressure
to observe if more drastic changes to the magnetic structure
can be obtained for a few-layer molecular framework.

The raw data sets are available at Refs. [70,71].
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