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Effects of pressure on the electronic and magnetic properties of bulk NiI2
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Transition metal dihalides have recently garnered interest in the context of two-dimensional van der Waals
magnets as their underlying geometrically frustrated triangular lattice leads to interesting competing exchange in-
teractions. In particular, NiI2 is a magnetic semiconductor that has been long known for its exotic helimagnetism
in the bulk. Recent experiments have shown that the helimagnetic state survives down to the monolayer limit
with a layer-dependent magnetic transition temperature that suggests a relevant role of the interlayer coupling.
Here, we explore the effects of hydrostatic pressure as a means to enhance this interlayer exchange and ultimately
tune the electronic and magnetic response of NiI2. We study first the evolution of the structural parameters as a
function of external pressure using first-principles calculations combined with x-ray diffraction measurements.
We then examine the evolution of the electronic structure and magnetic exchange interactions via first-principles
calculations and Monte Carlo simulations. We find that the leading interlayer coupling is an antiferromagnetic
second-nearest-neighbor interaction that increases monotonically with pressure. The ratio between isotropic
third- and first-nearest-neighbor intralayer exchanges, which controls the magnetic frustration and determines the
magnetic propagation vector q of the helimagnetic ground state, is also enhanced by pressure. As a consequence,
our Monte Carlo simulations show a monotonic increase in the magnetic transition temperature, indicating that
pressure is an effective means to tune the magnetic response of NiI2.

DOI: 10.1103/PhysRevB.109.014403

I. INTRODUCTION

Magnetic two dimensional (2D) van der Waals (vdW)
materials have attracted much attention [1] since Ising-type
magnetic orders were demonstrated in the monolayer limit for
antiferromagnetic FePS3 [2,3] and for ferromagnetic CrI3 [4].
This series of discoveries naturally led researchers to explore
the possibility of realizing both electric and magnetic orders
simultaneously in a vdW material down to the single-layer
limit. In this context, transition metal (TM) dihalides are
emerging as novel platforms to explore magnetoelectricity and
noncollinear spin textures in 2D. Indeed, recent experiments
[5] in NiI2 have revealed that multiferroicity (MF) in this com-
pound persists from the bulk to the monolayer limit leading to
the realization of a vdW material that simultaneously displays
magnetic and ferroelectric order [5,6].

Structurally, bulk NiI2 adopts the rhombohedral (R3m)
CdCl2 crystal lattice at room temperature, containing
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triangular nets of TM (Ni) cations in edge sharing octahedral
coordination and forming NiI2 layers separated by vdW gaps
[7–9] (see Fig. 1). Bulk NiI2 is known to undergo two phase
transitions upon cooling; the first is to an antiferromagnetic
(AFM) state with a Néel temperature TN,1 � 75 K and the
second transition is to a single-q proper-screw helimagnetic
(HM) ground state at TN,2 � 60 K [9–14]. The TN,2 transition
is concomitant with a lowering of the crystal symmetry from
rhombohedral to monoclinic [14,15] (see Fig. 1). In addi-
tion, TN,2 also marks the onset of type-II MF order [5,16]
as it was found that the noncollinear magnetic state hosts
a ferroelectric polarization tunable via a magnetic field. As
mentioned above, the HM state in NiI2 is found to be robust
down to the single-layer limit with experiments indicating that
TN,2 decreases monotonically with the number of layers [5].
This continuous decrease of TN,2 indicates that the interlayer
exchange coupling plays an important role in the magnetic
order of NiI2 [5].

Exploring ways to enhance the interlayer exchange in
NiI2, in order to tune its electronic and magnetic response,
is then a natural path to pursue. Here, we study the effects
of hydrostatic pressure as a means to achieve this goal, using
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FIG. 1. Crystal structure of bulk NiI2. The out-of-plane (a) and
in-plane (b) views of the rhombohedral (R3m) phase as well as
out-of-plane (c) and in-plane (d) views of the monoclinic (C2/m)
phase are shown. Ni atoms are represented by gray spheres while I
atoms are represented by purple spheres. The unit cell boundaries are
marked by a black dotted line.

first-principles calculations in conjunction with high-pressure
x-ray diffraction (XRD) experiments. We present a systematic
density-functional theory (DFT)-based study of the magnetic
interactions of NiI2 under pressures up to 20 GPa. We find
that pressure has a significant effect on the interlayer cou-
pling, but also in some of the leading intralayer interactions.
Specifically, while the dominant intralayer exchange at ambi-
ent pressure (ferromagnetic nearest-neighbor J‖1) is weakly
pressure dependent, there is a significant enhancement of the
antiferromagnetic third nearest-neighbor intralayer interaction
(J‖3) and of the antiferromagnetic interlayer exchange (J⊥eff ).
Monte Carlo (MC) simulations reveal a threefold increase in
the helimagnetic transition temperature between 0 and 10 GPa
followed by saturation at higher pressures.

II. COMPUTATIONAL METHODS

A. First-principles calculations

We performed DFT-based calculations using the projector
augmented wave (PAW) method [17] as implemented in the
VASP code [18,19]. The wave functions were expanded in
the plane-wave basis with a kinetic-energy cutoff of 500 eV.
Consistent with our previous work (see Refs. [5,20]), the 3p,
3d , and 4s orbitals (3p63d94s1 configuration) were considered
as valence states for the Ni atoms while for the I atoms the
5s and 5p orbitals (5s25p5 configuration) were as considered
valence states.

Hydrostatic pressure was applied in increments of 5 GPa
during relaxation for pressures up to 20 GPa. The structural
degrees of freedom considered during the optimization of the
bulk unit cells at each pressure were the atomic positions,
cell shape, and cell volume, and we restricted our analysis

to the rhombohedral phase. Tolerances for energy and force
minimization during relaxation were set at 10−10 eV and
10−3 eV/Å, respectively. Different DFT functionals and spin
configurations were tested, after which the structural parame-
ters were compared to those obtained from experimental XRD
data. The best agreement was obtained for an AFM state
(consisting ferromagnetic (FM) planes coupled AFM out-of-
plane) using the Perdew-Burke-Ernzerhof (PBE) [21] version
of the generalized gradient approximation (GGA) functional
with the DFT-D3 van der Waals correction [22], and including
an on-site Coulomb repulsion U using the Liechtenstein [23]
approach in order to account for correlation effects in the Ni-d
electrons [24]. The U and Hund’s coupling JH values used
for all the calculations presented in the main text (U = 3.24
and JH = 0.68 eV) were taken from constrained random phase
approximation (cRPA) calculations [25]. To accommodate the
AFM order, a 1 × 1 × 2 supercell was used and the sam-
pling over the Brillouin zone (BZ) was performed with a
36 × 36 × 3 Monkhorst-Pack k mesh centered on �. Note
that this AFM order is consistent with the c component of
the magnetic propagation vector, that is ∼3/2, not only for
NiI2 but across the Ni-dihalide series [9]. Electronic structure
calculations for the optimized bulk structures at each pressure
were performed with a tolerance of 10−8 eV for the electronic
energy minimization.

Consistently with Ref. [20], we employed the four-state
method (explained in detail in Refs. [26–30]) to calculate
the exchange couplings and anisotropies for NiI2. The four-
state method is based on total energy mappings through
noncollinear, magnetic DFT calculations, including spin-orbit
coupling (SOC). Each magnetic interaction parameter is re-
lated to the energies of four distinct magnetic configurations
wherein the directions of the magnetic moments were con-
strained and large supercells were used to inhibit coupling
between distant neighbors. At each pressure, intralayer (in-
terlayer) magnetic constants were calculated using monolayer
(bilayer) structures built from the relaxed bulk structures. We
use this methodology after checking that for the ambient pres-
sure and 15 GPa structures the dominant magnetic interactions
derived from mono- and bilayers are consistent with those
derived from the corresponding bulk structures.

In both the mono- and bilayers, we used a distance of
more than 20 Å with respect to the periodic repetition of each
block along the out-of-plane direction (which is sufficient to
ensure that neighboring blocks of atoms do not interact). For
the monolayers, a 5 × 4 × 1 supercell was used for first- and
second-nearest in-plane neighbors (and single-ion anisotropy)
and a 6 × 3 × 1 supercell was used for third-nearest in-plane
neighbors. For the bilayer, a 3 × 3 × 1 supercell was used for
first-, second-, and third-nearest out-of-plane neighbors. In all
mono- and bilayer cases, a �-centered 6 × 6 × 2 k-mesh was
employed for BZ sampling.

B. Monte Carlo simulations

We used the simulation code MATJES [31] to perform
Monte Carlo calculations and extract the critical tempera-
tures. Specifically, up to ∼106 thermalization steps were used
at each simulated temperature followed by 104 MC steps
for statistical averaging. At each temperature, the average
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FIG. 2. In-plane (a) and out-of-plane (b) relaxed lattice parameters for bulk NiI2 from DFT (blue circles) along with our experimental
XRD data (orange/yellow circles for rhombohedral/monoclinic phases) taken at various pressures at 200 K. Note that in the monoclinic phase
(yellow circles) the in-plane lattice parameters are no longer equivalent so we provide both values for each pressure in panel (a). The black
crosses represent ambient pressure experimental values obtained from neutron diffraction experiments at 300 K: a = 3.922 Å and c = 19.808
Å [14].

total energy, magnetization, and specific heat were calculated.
Further, a standard METROPOLIS algorithm was used on su-
percells of size L × L × 4 with periodic boundary conditions.
For each bulk structure optimized at a different pressure, the
supercell size L was chosen according to L � nLm.u.c. where
n is an integer and Lm.u.c. is the minimum lateral size of the
magnetic unit cell which is required to faithfully represent
the noncollinear spin configuration of the HM ground state.
The magnetic unit cell length can be estimated as Lm.u.c. ∼
4π/q, where q is the magnitude of the in-plane component
of the magnetic propagation vector q, which minimizes the
exchange interaction energy in momentum space. Considering
an isotropic model where the second nearest-neighbor inter-
action is neglected, an analytical solution can be obtained
for the wave vector, q = 2 arccos [(1 +

√
1 − 2(J‖1/J‖3))/4]

[32,33].

III. RESULTS

A. Structural optimizations and electronic structure

Figure 2 shows the optimized bulk lattice parameters
calculated at pressures up to 20 GPa via first-principles cal-
culations. These lattice parameters were derived within an
AFM state (consisting of FM planes coupled AFM out-of-
plane) using the GGA-PBE functional including a DFT-D3
correction and an on-site Coulomb repulsion U = 3.24 eV.
Computational results are compared with experimental values
in the same pressure range. The ambient pressure experi-
mental structural data are taken from Ref. [14] (at 300 K)
while for finite pressures the data are obtained from our
XRD experiments performed at 200 K (see Appendix A for
further details). Up to ∼15 GPa the experimental in-plane
lattice parameters (orange circles) are equivalent indicating
rhombohedral symmetry (i.e., a = b), while above ∼15 GPa
there is a splitting in the in-plane lattice parameter (yellow
circles) indicating a symmetry-lowering to a monoclinic phase
(a �= b). DFT calculations are restricted to the rhombohedral

phase, as explained above. The DFT-derived optimized lat-
tice parameters show in-plane lattice constants (a = b) that
exhibit a monotonic decrease with increasing pressure (from
∼3.95 Å at ambient pressure to ∼3.61 Å at 20 GPa), in good
agreement with the experimental data [Fig. 2(a)]. An expected
monotonic decrease is also observed in the out-of-plane op-
timized lattice parameter (c) with increasing pressure (from
∼19.72 Å at ambient pressure to ∼16.66 Å at 20 GPa) with
the experimental data showing the same trends [Fig. 2(b)].
As expected for a vdW material, the structural response
of NiI2 to pressure is highly anisotropic with the c lattice
parameter showing a rate of compression that is roughly
double that of the a lattice parameter. For additional optimiza-
tion calculations using various computational methods, see
Appendix A.

Figure 3 shows the evolution of the corresponding band
structure of NiI2 upon pressure for the optimized structures
described above (at 0, 15, and 20 GPa). An insulator-to-
semimetal transition takes place: an insulating solution is
obtained up to 15 GPa and a semimetallic state arises at
20 GPa, consistent with the experimentally reported insulator-
to-metal transition at 19 GPa [34] (see Appendix B for a full
evolution of the band structure from 0–20 GPa). Note that
along the � to A directions some bands are quite dispersive
indicating a relatively large degree of interaction between
layers. This out-of-plane dispersion increases with pressure:
that is, as the interlayer distance decreases. Orbital-resolved
densities of states (DOS) along with band character plots
indicate that the dispersion is driven primarily from the I-pz

states (see Appendix B).
The magnetic moment for the Ni atoms in our GGA+U

(U = 3.24 eV) calculations remains ∼1.3 μB, consistent with
the expected high-spin state (SNi = 1) for the Ni2+ atoms,
although reduced in magnitude with respect to the nominal
value due to hybridization with the iodine ligands (with mo-
ments ∼0.2 μB at all pressures). Good agreement is obtained
with the ordered Ni moment values derived from ambient
pressure experiments ∼1.6 μB [9,14].
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FIG. 3. GGA-PBE+D3+U band structure plots for bulk NiI2 (calculated with AFM order and U = 3.24 eV) at ambient pressure (a),
15 GPa (b) and 20 GPa (c) where the energy band gaps are indicated in the insulating 0 and 15 GPa cases. Reciprocal space coordinates:
� = (0, 0, 0), M = (1/2, 0, 0), K = (1/3, 1/3, 0), A = (0, 0, 1/2), L = (1/2, 0, 1/2), H = (1/3, 1/3, 1/2) (see Appendix B for the schematic
of the BZ showing these high-symmetry points).

B. Exchange interactions

The microscopic model which encapsulates the in-plane
interactions that we will consider for NiI2 is given by the
2D anisotropic Heisenberg Hamiltonian used in Ref. [20]
to describe monolayer NiI2, to which we have added an
isotropic interlayer exchange term to account for the magnetic
interactions between layers (we only consider the isotropic
component for the out-of-plane exchange since the short-
range anisotropic contributions arising from the spin-orbit
interaction are negligible in comparison). Therefore the cor-
responding Hamiltonian for our problem can be broken up
into in-plane and out-of-plane components: H = H‖ + H⊥,
where

H‖ = 1

2

∑
i �= j

Si · J‖
i j · S j +

∑
i

Si · Ai · Si (1)

represents the in-plane exchange between localized spins Si

(including isotropic and anisotropic coupling) and single-ion
terms while

H⊥ = 1

2

∑
i, j

J⊥
i j Si · S j (2)

contains the exchange (isotropic only) between layers [20].
Here, J‖

i j is the intralayer exchange interaction tensor, J⊥
i j

is the isotropic interlayer exchange constant, and Ai is
the single-ion anisotropy (SIA) tensor. The intralayer ex-
change interaction tensor is made up of contributions from
isotropic and symmetric anisotropic (also called two-site
anisotropy, or TSA) components. The antisymmetric ex-
change [Dzyaloshinskii-Moriya (DM)] interaction vanishes
due to the presence of inversion symmetry [20,35,36]. The in-
dices i, j denote Ni atom sites wherein we consider up to third
nearest-neighbor isotropic exchanges both in-plane [Eq. (1)]
and out-of-plane [Eq. (2)] (see Appendix C for schematic
representations of these leading interactions). The full tensor
has been taken into account for the in-plane nearest-neighbor
exchange interaction. The single-ion anisotropy in Eq. (1) is
an on-site term. The factors of 1/2 in front of the exchange
terms account for double-counting. Note the sign conven-
tions in Eqs. (1) and (2) implying that a positive (negative)
isotropic exchange interaction favors an antiparallel (parallel)
alignment of spins and a positive (negative) scalar single-ion

parameter indicates an easy-plane (easy-axis) anisotropy. Fur-
ther details of the derivation of the magnetic interactions are
given in Appendix C. Table I contains the derived intralayer
and interlayer coupling constants for NiI2 calculated via the
four-state method for pressures up to 15 GPa (see Fig. 10
for a schematic representation of the atoms considered in the
calculation of each of the leading magnetic couplings). As de-
scribed before, at ambient pressure the noncollinear magnetic
ground state of NiI2 is realized via the competition between
the dominant intralayer FM first-nearest-neighbor exchange
(J‖1) and the AFM third-nearest-neighbor exchange (J‖3).

TABLE I. Bulk NiI2 intra- (top) and interlayer (bottom) isotropic
exchange interactions, plus SIA (A), and first-nearest-neighbor in-
plane TSA constants (middle) in the cartesian x, y, z reference where
x was chosen to be parallel to the Ni-Ni bonding vector for different
pressures (P) calculated via the four-state method. J⊥eff represents
the effective interlayer exchange and is obtained as J⊥1 + J⊥2 +
2J⊥3, where the coefficient in the last term arises because there
are twice as many out-of-plane third nearest-neighbors as first- and
second nearest-neighbors. Pressure is in units of GPa and exchange
values are given in units of meV.

Isotropic intralayer exchanges

P J‖1 J‖2 J‖3 J‖3/J‖1

0 −4.54 −0.19 +3.68 −0.81
5 −4.97 −0.30 +5.85 −1.18
10 −5.04 −0.51 +8.11 −1.61
15 −4.82 −0.92 +10.43 −2.16

SIA and intralayer TSA

P A JS‖1
xx JS‖1

yy JS‖1
zz JS‖1

yz JS‖1
yz /J‖1

0 +0.22 −0.62 +0.74 −0.13 −0.85 +0.19
5 +0.26 −0.66 +0.82 −0.16 −0.96 +0.19
10 +0.25 −0.68 +0.89 −0.21 −1.03 +0.20
15 +0.24 −0.65 +0.95 −0.29 −1.07 +0.22

Isotropic interlayer exchanges

P J⊥1 J⊥2 J⊥3 J⊥eff J⊥eff/J‖1

0 −0.08 +1.48 +0.52 +2.44 −0.54
5 +0.06 +4.83 +1.47 +7.82 −1.57
10 +0.35 +7.80 +1.78 +11.70 −2.32
15 +0.59 +10.55 +1.15 +13.44 −2.79
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FIG. 4. Ratio of exchange couplings to J‖1 at different pressures
in bulk NiI2.

This competition (measured by the ratio J‖3/J‖1 = −0.81)
results in a strong magnetic frustration which favors heli-
magnetic phases [20,37]. One other important quantity is the
ratio JS‖1

yz /J‖1 = 0.19, that measures the canting of the two-
site anisotropy axes from the direction perpendicular to the
layers. Finally, the out-of-plane modulation of the magnetic
propagation vector in the bulk is determined by a net AFM
interlayer exchange J⊥eff [5] which we now decompose fur-
ther revealing the dominance of the second nearest-neighbor
term (J⊥2).

With pressure, the signs of the dominant intralayer
isotropic exchange interactions remain: J‖1 is FM while J‖3

is AFM for all applied pressure values. However, while
J‖1 is weakly pressure dependent, J‖3 significantly increases
with pressure, becoming the dominant exchange already at
5 GPa. J‖2 remains small in comparison to both J‖1 and
J‖3. As shown in Ref. [25], J‖1 and J‖2 both comprise two
main contributions, one being FM (mostly mediated by I-
p states) and the other one AFM (arising mostly from a
direct d − d overlap between t2g-like states). Their partial
compensation is likely linked to the weak sensitivity of J‖1

to pressure. Instead, J‖3 only portrays AFM contributions
arising from eg − p hybridizations [25], explaining its mono-
tonic dependence with pressure. In this manner, the J‖3/J‖1

ratio changes from −0.81 at ambient pressure to −2.16 at
15 GPa (see Fig. 4). Note that the ratio |J‖3/J‖1| is essential
for determining the incommensurate helimagnetic propaga-
tion vector [14,37]. In particular, the observed increase in
|J‖3/J‖1| with pressure would favor a shorter in-plane spiral
pitch, i.e., a larger in-plane q, with larger nearest-neighbor
spin angle (see Appendix C). The single-ion (easy-plane)
anisotropy and the intralayer anisotropic exchanges do not
significantly change with pressure, with the JS‖1

yz /J‖1 ratio re-
maining almost constant (and small) up to 15 GPa, as shown in
Fig. 4.

Concerning the interlayer exchanges, they increase sig-
nificantly as a consequence of the large decrease of the
c lattice parameter with pressure, as expected in a vdW

material. AFM J⊥2 remains the dominant interlayer inter-
action: at 10 GPa it actually becomes the second-largest
interaction overall (behind J‖3) and at 15 GPa it even slightly
surpasses J‖3 to become the dominant exchange interaction.
The effective interlayer exchange J⊥eff also increases mono-
tonically with pressure, as does the magnitude of the ratio
J⊥eff/J‖1 (see Fig. 4). The role of the interlayer interaction
in stabilizing the helimagnetic transition under pressure can
be regarded as a complementary effect to its role in enhanc-
ing the transition when going from the monolayer to the
bulk [5].

C. Transition Temperatures

The magnetic constants derived from the four-state method
(Table I) along with the optimized structural parameters
(Fig. 2) were used in Monte Carlo simulations to obtain the
specific heat (CV ) over a temperature range of 1 to 300 K. Fig-
ure 5(a) shows the bulk NiI2 specific heat versus temperature
plots from ambient pressure up to 15 GPa. Experimentally,
two peaks have been observed in CV [13] at ambient pres-
sure. Although some double-peak structure can be observed
over the 10–20 K temperature range, more rigorous statistical
measures would be needed in order to assign any physical
meaning to such structure. Thus we focus here on a qualitative
understanding of the trends in the magnetic response of NiI2

with pressure obtained from our MC simulations, instead of
pursuing a quantitative description of the two magnetic transi-
tions. By fitting the specific heat plots to a general single-peak
Lorentzian curve we are able to extract a single critical tem-
perature, which we call TN. Further details of curve fitting are
provided in Appendix D. For each pressure, our calculated TN

is indicated by a dashed vertical line in Fig. 5(a). Figure 5(b)
shows the TN from our MC calculations as a function of pres-
sure, where the data points are normalized with respect to the
calculated ambient pressure value (TN(0) = 44.4 K). Impor-
tantly, our calculated TN is found to exhibit an almost threefold
increase between 0 and 10 GPa (from 44 to 128 K) consis-
tent with experiments [38], followed by saturation at higher
pressure. The saturation of TN above 10 GPa is indicative of
the competition between intra- and interlayer interactions (see
Appendix E).

MC simulations were also obtained (using the same mag-
netic parameters and optimized structural data) for mono- and
bilayer NiI2 where it was found that the TN values as a function
of pressure behaved linearly beyond 5 GPa, further supporting
the claim that a larger interlayer coupling acts to reduce TN

(see Appendix D). Furthermore, the expected increase in TN

with number of layers was observed.
Overall, our MC simulations indicate that pressure can be

used as a means to enhance the magnetic response of NiI2.
Even though studies of the induced electric polarization are
beyond the scope of our work, we note that the anticipated de-
crease of the in-plane spiral pitch (as obtained in Appendix C)
is expected to enhance the spin-induced polarization (that
should be proportional to the relative angle between neigh-
boring spins as long as the spin-polarization tensor is not
significantly affected by pressure). As such, pressure could
also lead to an enhancement of the multiferroic properties of
NiI2.
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FIG. 5. (a) Bulk NiI2 specific heat CV as a function of temperature T for pressures of 0, 5, 10, and 15 GPa (blue, orange, yellow, and purple
circles, respectively) obtained from Monte Carlo simulations. The dashed lines indicate the critical temperature TN at each pressure (obtained
via curve fitting with a general Lorentzian function): 44.4, 100.3, 128.5, and 130.8 K for 0, 5, 10, and 15 GPa, respectively. (b) Ambient-
pressure-normalized critical temperature values for bulk NiI2 from MC calculations (blue circles) as a function of pressure P.

IV. SUMMARY

In this work, we have used first-principles calculations
to explore the role of hydrostatic pressure in the structural,
electronic, and magnetic response of bulk NiI2. DFT-derived
structural optimizations show good agreement with XRD data
with the experimentally reported insulator-to-metal transition
at ∼19 GPa also being correctly reproduced by first-principles
simulations. Using the four-state method, we have derived the
intralayer and interlayer exchange parameters of NiI2 (up to
third nearest neighbors), finding a helimagnetic ground state
with in-plane moments, supported by an easy-plane single-
ion anisotropy and by the large magnetic frustration between
the two dominant in-plane exchange terms (J‖1 and J‖3) of
different sign (ferro- and antiferromagnetic, respectively). The
interlayer exchanges are found to be antiferromagnetic with
J⊥2 being dominant. As pressure is increased, J‖3 and J⊥2

become the overall dominant interactions with magnitudes
that grow monotonically with pressure. This leads to our ob-
servation of the calculated bulk magnetic critical temperatures
increasing monotonically with pressure up to 10 GPa. They
saturate for higher pressures due to the competition between
in-plane and out-of-plane couplings. Our results indicate that
hydrostatic pressure is a promising way to enhance the mag-
netic response of NiI2 and it could likely also be exploited to
stabilize its multiferroic state at higher temperatures.
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APPENDIX A: XRD DATA AND EXTENDED STRUCTURAL
PARAMETER CALCULATIONS

High-pressure XRD measurements were performed at
Sector 16-ID-B at the Advanced Photon Source, Argonne
National Laboratory using an incident energy of E = 29.2
keV. High-quality powder samples of NiI2 grown by chemical
vapor transport [5] were loaded into a custom double-sided
membrane-driven diamond anvil cell using Neon as a pressure
transmitting medium with pressure monitored in-situ by ruby
fluorescence. The results of the XRD measurements done at
200 K over a pressure range of ∼1 to ∼20 GPa are shown in
Fig. 6. In-plane lattice parameter values can be extracted from
either the 102 or 210 peaks at each pressure (both of which
undergo splitting above ∼15 GPa, indicative of the rhom-
bohedral to monoclinic phase transition), while out-of-plane
lattice parameters can be obtained from the 0012 peaks. In-
plane and out-of-plane lattice parameter values from the XRD
measurements are given in Tables II and III, respectively.

In order to obtain the best agreement with the XRD lattice
parameters, three Hubbard U values (0, 3.24, and 5.8 eV),
along with two exchange-correlation functionals were tested
in the DFT calculations. The chosen test functionals were
(i) a PBE exchange-correlation functional [21] with added
DFT-D3 vdW correction [22] and (ii) a semilocal optB86b
exchange-correlation functional [39] augmented with a non-
local PBE correlation functional. Tables II and III contain the
0 to 20 GPa results of the optimized in-plane and out-of-plane
lattice parameters, respectively, for the bulk NiI2 system in
an AFM spin configuration (see Fig. 7). As can be seen in
Table II, for a particular pressure and U value, the in-plane
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FIG. 6. (a) Bulk XRD spectrum at 200 K for increasing pressure (from ∼1 GPa in blue to ∼20 GPa in red). (b) and (c) show zoomed-in
sections of the spectrum to highlight the splitting in the 102 and 210 peaks, respectively, above ∼15 GPa.

lattice parameters are not significantly affected by the choice
of DFT functional. On the other hand, increasing U gives rise
to an increase in the lattice parameters. From Table III, it is
clear that the out-of-plane lattice parameter is, as expected,
more sensitive to the choice of functional. Based on structural
data alone, one would conclude that the PBE+D3 functional
with a U of 5.8 eV gives rise to the best agreement with
experimental data. However, at this U value the bulk system
would still be insulating at 20 GPa, inconsistent with the
known bulk insulator-to-metal transition at 19 GPa [34]. Thus
we proceed to use in the main text the structural data obtained
for relaxations with PBE+D3 and U = 3.24 eV, which still
provide relatively good agreement with experimental lattice
parameters, and also reproduce the experimentally observed
insulator-to-metal transition with pressure.

APPENDIX B: COMPARISON BETWEEN BULK AND
BILAYER AND EXTENDED BAND STRUCTURE

CALCULATIONS

Table IV shows the energy difference (per formula unit)
between the FM and AFM spin configurations for bilayer
and bulk NiI2: �E = EFM − EAFM. A simple Heisenberg
Hamiltonian H = (J⊥eff/2)

∑
i, j Si · S j captures the effective

interlayer exchange interaction, where J⊥eff is the isotropic
exchange constant between spins Si, j on out-of-plane first-

nearest-neighbor Ni lattice sites i, j. Again, the factor of
1/2 in front of the summation is to account for double
counting. In the bilayer (bulk) case there are 3 (6) nearest
out-of-plane neighbors, so that the following energy equa-
tions for the two spin states are obtained: Ebilayer

FM = E0 +
(3/2)J⊥eff S2 (Ebulk

FM = E0 + 3J⊥eff S2) and Ebilayer
AFM = E0 −

(3/2)J⊥eff S2 (Ebulk
AFM = E0 − 3J⊥eff S2), where E0 is the total

energy for the system omitting magnetic interactions and
note that S2 = |S|2. Taking the difference yields �Ebilayer =
Ebilayer

FM − Ebilayer
AFM = 3J⊥eff S2 and �Ebulk = Ebulk

FM − Ebulk
AFM =

6J⊥eff S2. Finally, solving for the interlayer exchange in each
case, we have J⊥eff = (Ebilayer

FM − Ebilayer
AFM )/3S2 and J⊥eff =

(Ebulk
FM − Ebulk

AFM)/6S2. With SNi = 1, we obtain the bilayer and
bulk J⊥eff values given in Table IV, where at each pressure
�E > 0 indicating that the ground state is AFM for both sys-
tems. Subsequently, J⊥eff > 0 indicating an AFM exchange.
Further, note that the exchange is nearly identical in both sys-
tems up to 10 GPa, after which the bilayer exchange becomes
larger than in the bulk. In both systems, however, we see a
trend of monotonically increasing exchange with pressure,
as one would expect considering the decreasing interlayer
distance.

Table IV also shows the evolution with pressure of the band
gap energies for bulk and bilayer NiI2 for an AFM state (con-
sisting of ferromagnetic planes coupled antiferromagnetically
out-of-plane). The corresponding electronic band structures

TABLE II. In-plane lattice parameters a = b (in units of Å) for bulk NiI2 from DFT optimization calculations (using an AFM spin
configuration) and XRD measurements at pressures (P) of 0 to 20 GPa. DFT results are shown for two functionals, optB86b and PBE+D3, for
which three Hubbard U values were tested: 0, 3.24, and 5.8 eV (with corresponding Hund’s JH values of 0, 0.68, and 0.8 eV, respectively). XRD
results are given for measurements taken at 200 K. As mentioned in the main text, above ∼15 GPa there is a phase transition to monoclinic
symmetry so both values for the in-plane lattice constant are provided for the 20 GPa case.

DFT: optB86b DFT: PBE+D3

P (GPa) U = 0.00 U = 3.24 U = 5.80 U = 0.00 U = 3.24 U = 5.80 XRD

0 3.91 3.93 3.95 3.93 3.95 3.97 -
5 3.79 3.81 3.82 3.81 3.82 3.84 3.80
10 3.70 3.73 3.73 3.67 3.73 3.74 3.72
15 3.62 3.66 3.66 3.61 3.67 3.67 3.66
20 3.56 3.61 3.61 3.56 3.61 3.61 3.63/3.59
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TABLE III. Out-of-plane lattice parameters c (in units of Å) for bulk NiI2 from DFT optimization calculations (using an AFM spin
configuration) and XRD measurements at pressures (P) of 0 to 20 GPa. DFT results are shown for two functionals, optB86b and PBE+D3,
for which three Hubbard U values were tested: 0, 3.24, and 5.8 eV (with corresponding Hund’s JH values of 0, 0.68, and 0.8 eV, respectively).
XRD results are given for measurements taken at 200 K.

DFT: optB86b DFT: PBE+D3

P (GPa) U = 0.00 U = 3.24 U = 5.80 U = 0.00 U = 3.24 U = 5.80 XRD

0 18.83 19.44 19.69 19.07 19.72 19.99 -
5 17.60 18.08 18.35 17.56 18.11 18.41 18.31
10 17.07 17.50 17.77 16.94 17.45 17.76 17.69
15 16.74 17.10 17.39 16.64 17.03 17.35 17.31
20 16.52 16.78 17.10 16.39 16.66 17.04 16.92

are shown in Fig. 8 (the first BZ is illustrated in Fig. 8(a)
where the chosen k path is indicated). A decrease in the band
gap with increasing pressure can be observed along with an

FIG. 7. Bulk NiI2 in a 1 × 1 × 2 supercell showing the AFM spin
configuration used for the DFT structural relaxation calculations. We
show the spins here as collinear along the c crystallographic axis,
although no particular magnetization direction was enforced during
relaxation.

increase in the bandwidths. This is expected since the out-
of-plane lattice parameter, and thus the interlayer distance,
decreases as pressure increases. In the bilayer case, the system
remains insulating up to 20 GPa, while the bulk transitions to a
semimetal between 15 and 20 GPa, consistent with the known
insulator-to-metal transition at 19 GPa. In the bilayer band
structures, flat bands between � and A at each pressure can
be observed as well as nearly identical kz = 0 and kz = 0.5
band structures, implying that the bilayer is indeed isolated.
In contrast, significantly dispersive bands can be observed in
the bulk between � and A (with the dispersion increasing with
pressure), and also there is clear variation between the kz = 0
and kz = 0.5 band structures.

To determine the orbital character of these dispersive
bands, we look at the orbital-resolved density of states (DOS)
and also the band character plots for bulk NiI2 as shown in
Fig. 9. The I-p states at 0 and 15 GPa are shown in Figs. 9(a)
and 9(b), respectively, while the Ni-d states are shown in
Figs. 9(c) and 9(d), respectively. The I-p states lie directly
below the Fermi level and have partial hybridization with the
Ni-d states which are lower in energy. Clearly, the highly
dispersive bands between � and A come mostly from the I-pz

states, but they have Ni-dz2 admixture as well.

APPENDIX C: FURTHER DETAILS ON THE EXCHANGE
INTERACTIONS

The exchange interaction tensor can be decomposed into
contributions from isotropic as well as anisotropic exchanges.
The isotropic component is given by J‖

i j = 1
3 Tr[J‖

i j], where Tr
is the trace operator over spatial directions. The anisotropic
contributions can be further decomposed into antisymmetric
and symmetric components, (JA‖

i j and JS‖
i j , respectively), the

TABLE IV. Energy difference between FM and AFM states (�E ) along with the corresponding effective interlayer exchange (J⊥eff ) for
bilayer and bulk NiI2 at pressures (P) of 0 to 20 GPa. AFM band gap energies (EAFM

gap ) for bilayer and bulk NiI2 are also given.

Bilayer Bulk

P (GPa) �E (meV) J⊥eff (meV) EAFM
gap (eV) �E (meV) J⊥eff (meV) EAFM

gap (eV)

0 6.8 2.3 0.99 13.6 2.3 0.98
5 23.7 7.9 0.75 47.3 7.9 0.70
10 41.1 13.7 0.54 81.5 13.6 0.40
15 59.2 19.7 0.33 105.4 17.6 0.14
20 74.4 24.8 0.14 108.7 18.1 0.00
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FIG. 8. (a) First Brillouin zone for NiI2 where high-symmetry points are labeled and the chosen k-path for our electronic structure
calculations is indicated by the red arrows. The high symmetry points correspond to: � = (0, 0, 0), M = (1/2, 0, 0), K = (1/3, 1/3, 0),
A = (0, 0, 1/2), L = (1/2, 0, 1/2), and H = (1/3, 1/3, 1/2). (b) Electronic structure for bilayer NiI2 in an AFM spin configuration from
0–20 GPa. (c) Electronic structure for bulk NiI2 in an AFM spin configuration from 0–20 GPa.

effects of which will tend to favor either an alignment of
the spins in a given direction, as in the symmetric case, or
a canting of spin pairs, as in the antisymmetric case. The
antisymmetric exchange corresponds to the Dzyaloshinskii–
Moriya (DM) interaction, which is zero for an inversion center
at the point bisecting the Ni-Ni bond, as in the present case
[20,35,36,40]. The symmetric exchange (two-site anisotropy)
on the other hand, has the form JS‖

i j = 1
2 (J‖

i j + [J‖
i j]

T) − J‖
i jI

(here I is the unit matrix and the superscript T denotes the
transpose) and can play an important role in the spontaneous
stabilization of noncollinear magnetic states [20]. For a Ni-Ni
pair whose bond is along the Cartesian x̂ axis, the exchange
tensor has the form [20]

J‖ =

⎛
⎜⎜⎝

J‖
xx 0 0

0 J‖
yy J‖

yz

0 J‖
zy J‖

zz

⎞
⎟⎟⎠.

Note that, by symmetry, J‖
yz = J‖

zy and the other off-diagonal
terms are zero in the absence of DMI. Lastly, the SIA tensor
in Eq. (1) can be simplified due to the local symmetry of
Ni ions which has the Cartesian ẑ direction parallel with the
crystallographic c axis, hence HSIA = ∑

i Ai(Si,z )2, where Ai

is now a scalar [20].
In Fig. 10, we show the intra- and interlayer nearest neigh-

bors for mono- and bilayer NiI2 lattices. In each system,

the nearest-neighbor Ni atom pairs chosen for the four-state
calculations are indicated. In the monolayer, the Ni0 − Ni‖1
pair is chosen for the first nearest-neighbor interaction (J‖1),
the Ni0 − Ni‖2 pair is chosen for the second nearest-neighbor
interaction (J‖2), and the Ni0 − Ni‖3 pair is chosen for the
third nearest-neighbor interaction (J‖3). In the bilayer, the
Ni0 − Ni⊥1 pair is chosen for the first nearest-neighbor in-
teraction (J⊥1), the Ni0 − Ni⊥2 pair is chosen for the second
nearest-neighbor interaction (J⊥2), and the Ni0 − Ni⊥3 pair is
chosen for the third nearest-neighbor interaction (J⊥3).

Table V contains the ratio of J‖1 and J‖3 from the four-state
calculations, which is used to obtain the magnetic propagation
vector q = 2 arccos [(1 +

√
1 − 2(J‖1/J‖3))/4] [32,33]. This

TABLE V. Ratio of leading intralayer exchanges J‖1/J‖3 in bulk
NiI2 at pressures P up to 20 GPa with the corresponding magnetic
propagation vector magnitude q and magnetic unit cell length Lm.u.c..

P (GPa) J‖1/J‖3 q Lm.u.c.

0 −1.23 0.12 8.12
5 −0.85 0.14 7.40
10 −0.62 0.14 7.01
15 −0.46 0.15 6.75
20 −0.36 0.15 6.58

014403-9



JESSE KAPEGHIAN et al. PHYSICAL REVIEW B 109, 014403 (2024)

FIG. 9. Band character plots and orbital-resolved density of states for AFM bulk NiI2. (a) I-p states at 0 GPa. (b) I-p states at 15 GPa.
(c) Ni-d states at 0 GPa. (d) Ni-d states at 15 GPa. Note that here we use a different k-path than in the previous electronic structures in Fig. 8
to better show the band dispersion from � to A.

can then be used to obtain the size of the magnetic unit cell
Lm.u.c. ∼ 4π/q. A decrease in the J‖1/J‖3 ratio with pressure
leads to an increase in q, which results in a shorter pitch of the
in-plane spin-spiral and consequently a smaller magnetic unit
cell length Lm.u.c..

APPENDIX D: EXTENDED MC CALCULATIONS

In Fig. 11, we show the specific heat calculated from
MC as a function of temperature for the mono- and bi-
layer NiI2 systems as a function of pressure (up to 15 GPa).
The critical temperature at each pressure was obtained by

FIG. 10. (a) Triangular lattice of Ni atoms (gray spheres) in monolayer NiI2 illustrating intralayer nearest neighbors. Ni0 is the central
atom and the Ni atoms at the corners of the blue, red, and green hexagons are the first, second, and third in-plane nearest neighbors of Ni0,
respectively. (b) Triangular lattice of Ni atoms (gray spheres in the bottom layer and blue spheres in the top layer) in bilayer NiI2 illustrating
the interlayer nearest neighbors. Ni0 is the central atom and the Ni atoms at the corners of the yellow and orange triangles are the first and
second out-of-plane nearest neighbors of Ni0, respectively, while the atoms at the corners of the purple polygon are the third out-of-plane
nearest neighbors of Ni0. In (a) and (b), the unit cells are indicated by black dashed lines.
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FIG. 11. (a) Monolayer and (b) bilayer NiI2 specific heat CV as a function of temperature T for pressures of 0, 5, 10, and 15 GPa (blue,
orange, yellow, and purple circles, respectively) obtained from Monte Carlo simulations. The dashed lines indicate the critical temperature TN

at each pressure (obtained via curve fitting with a general Lorentzian function). (c) TN values for bulk, bilayer, and monolayer NiI2 from MC
calculations (blue, orange, and yellow circles, respectively) as a function of pressure P. The dashed lines represent linear best-fits to the MC
data (except in the bulk case where the dashed line simply connects the data points to serve as a guide for the eye).

fitting the specific heat vs. temperature plot using a gen-
eral Lorentzian curve of the form C(T ) = f (x) = C0 +
2A
π

( w
w2+4(x−xc )2 ), where A is the area under the curve, w is

the width of the peak, xc is the peak maximum, C0 is the
offset, and [A,w, xc,C0] ∈ R. Here, the critical temperature
TN is equal to xc. The particular critical temperature values for
monolayer, bilayer, and bulk NiI2 from 0-15 GPa are given
in Table VI and also plotted vs. pressure in Fig. 11(c). In
mono- and bilayers, TN increases monotonically with pressure
but a monotonic increase in TN with layer number can also
be observed, which is consistent with the literature [5]. The
mono- and bilayer ambient pressure TN values themselves
are consistent with experimentally derived magnetic transi-
tion temperatures (21 and 30 K, respectively [5]). While TN

for both mono- and bilayer systems increases linearly with
pressure up to 15 GPa (with slope of 2.4 and 2.0 K/GPa,
respectively) the bulk TN appears to saturate around ∼130 K
above 10 GPa, the cause of which is examined in Appendix E.

APPENDIX E: MEAN-FIELD APPROACH TO NiI2

CRITICAL TEMPERATURE UNDER PRESSURE

To further investigate the saturation of TN above 10 GPa,
we estimate the critical temperature of NiI2 at different
pressures from a mean-field standpoint. First, we derive the
mean-field estimate for TN assuming a simple AFM configura-
tion of FM layers coupled antiferromagnetically. For the sake
of simplicity, we consider a minimal Heisenberg model with
only isotropic J‖1, J‖3, and an effective interlayer coupling
J⊥eff . In a mean-field approach, one has to derive an effective

TABLE VI. Critical temperatures (TN) for monolayer (ML), bi-
layer (BL), and bulk NiI2 systems from MC calculations at pressures
(P) of 0 to 15 GPa.

P (GPa) T ML
N (K) T BL

N (K) T Bulk
N (K)

0 20.9 28.7 44.4
5 32.6 40.7 100.3
10 46.5 50.7 128.5
15 56.5 58.6 130.8

Weiss field Bi, generated from neighboring spins, acting on a
target spin Si. For classical spins, the expectation value of the
local magnetization is then derived from

Mi = 〈Si〉 = coth (βBi ) − 1

βBi
≈ βBi

3
, (E1)

where β = 1/kBT with T being the temperature and kB the
Boltzmann constant. The last approximated equality is valid in
the limit of vanishing Weiss field, i.e., close to the transition
of the sought ordered phase. As the Weiss field depends on
the magnetization, Eq. (E1) represents a self-consistent equa-
tion for the critical temperature.

In the simple AFM configuration, we can distinguish two
magnetic sub-lattices M1 and M2, each defined in alternating
layers (e.g., M1 in odd layers and M2 in even ones). Then,
the AFM order parameter is defined simply as L = M1 − M2,
while the FM order parameter is M1 + M2. Taking into ac-
count the rhombohedral structure of NiI2, the Weiss fields are
thus

B1 = −J‖M1 − J⊥M2,

B2 = −J‖M2 − J⊥M1, (E2)

where J‖ = 6J‖1 + 6J‖3 and J⊥ = 6J⊥eff . Combining
Eqs. (E1) and (E2) and using the definition of order
parameters, the following expressions are obtained:

M = −β

3
(J‖ + J⊥)M, (E3a)

L = −β

3
(J‖ − J⊥)L. (E3b)

Using the last equation, the mean-field estimate for the
AFM critical temperature is thus 3kBTc = J⊥ − J‖ (note that
it is positive, as negative/positive exchange constants denote
FM/AFM interactions).

The critical temperature for the helimagnetic configuration
can be similarly deduced, imposing that the spins surrounding
the targeted one (for which we want to identify the Weiss
field) are arranged according to the magnetic propagation
vector. We assume the in-plane propagation vector with the
value of q that minimizes the classical energy, i.e., q =
2 arccos [(1 +

√
1 − 2(J‖1/J‖3))/4]. Now the Weiss fields can
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FIG. 12. (a) Evolution of the mean-field (mf) estimate of Tc under pressure using the exchange parameters J⊥eff , J‖1, and J‖3 taken
from Table I in the main text. The labels Jintra and Jinter denote the intralayer −J‖(q) and interlayer J⊥(q) contributions to Tmf , respectively.
(b) Evolution of mean-field estimate of Tc under pressure for different number of layers, from the monolayer (intralayer contribution only) to
4 layers, with same parameters used in (a). The prediction for the bulk Tc is also shown as a reference.

still be formally written as in Eq. (E2), simply replacing

J‖ �→ J‖(q) = 4J‖1 cos
(q

2

)
+ (2J‖1 + 4J‖3) cos (q)

+ 2J‖3 cos (2q),

J⊥ �→ J⊥(q) = 2J⊥eff

[
1 + 2 cos

(q

2

)]
. (E4)

It follows that the mean-field estimate for the helimagnetic
configuration with AFM modulation along the c axis is for-
mally given by Eq. (E3b) upon replacements of Eqs. (E4), that
is,

3kBTc = J⊥(q) − J‖(q). (E5)

Despite the severe approximations introduced by (i) the mean-
field Weiss approach and (ii) simplifying the model to only
three interactions (including an effective interlayer one) and
also neglecting anisotropies, the mean-field prediction works
surprisingly well, and most importantly it reproduces the sat-
uration behavior under pressure, as shown in Fig. 12(a). This
stems from the interplay of interlayer and intralayer terms,
with the strongest effect seeming to come from J⊥(q) (which
is a function not only of J⊥eff , but J‖1 and J‖3 as well), as the
optimal q depends explicitly on the Heisenberg exchange in-
teractions also. Therefore the saturation seems to arise from a

competition between all interactions, and not merely between
the dominant J⊥eff and J‖3.

Although the mean-field approach largely overestimates
Tc, a well-known consequence of neglecting fluctuations (in
this case it may also come from the simplified model, where
we neglected J‖2 as well as the real topology of interlayer
couplings J⊥1, J⊥2, and J⊥3), the order of magnitude of the
pressure-induced enhancement of Tc is consistent with the
MC simulations shown in Fig. 5 (i.e., roughly a three-fold
increase at the largest considered pressure). On the other hand,
the intralayer contribution to Tc is found to decrease in this
mean-field approach, which is inconsistent with the MC re-
sults (the inclusion of the second-nearest-neighbor interaction
partly corrects the trend).

Lastly, one can in principle adopt the same mean-field
scheme to address the dependence on the number of layers.
The mean-field formulas are consistent with previous MC
calculations in showing that

T bulk
c

T 1L
c

= 1 + J⊥(q)

J‖(q)
= 1 + J⊥eff

J‖1
ρ

(
q,

J‖3

J‖1

)
. (E6)

The mean-field temperatures for L = 2, 3, 4 were also calcu-
lated, but in these cases the expression for a general L can not
be extrapolated as one has to find an iterative solution for the
self-consistent Weiss equations. Trends in Tc for L = 2, 3, 4
are shown in Fig. 12(b) and are roughly consistent with ex-
pectations but with same issues discussed previously.
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