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Exotic magnetic and electronic properties of layered CrI3 single crystals under high pressure
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Through advanced experimental techniques on CrI3 single crystals, we derive a pressure-temperature phase
diagram. We find that Tc increases to ∼66 K with pressure up to ∼3 GPa followed by a decrease to ∼10 K at
21.2 GPa. The experimental results are reproduced by theoretical calculations based on density functional theory
where electron-electron interactions are treated by a static on-site Hubbard U on Cr 3d orbitals. The origin
of the pressure-induced reduction of the ordering temperature is associated with a decrease in the calculated
bond angle, from 95◦ at ambient pressure to ∼85◦ at 25 GPa. Above 22 GPa, experiment and theory jointly
point to the idea that the ferromagnetically ordered state is destroyed, giving rise first to a complex, unknown
magnetic configuration, and at sufficiently high pressures a pure antiferromagnetic configuration. This sequence
of transitions in the magnetism is accompanied by a well-detected pressure-induced semiconductor-to-metal
phase transition that is revealed by both high-pressure resistivity measurements and ab initio theory.

DOI: 10.1103/PhysRevB.105.L081104

Two-dimensional (2D) van der Waals (vdW) materials of-
fer a plethora of functional properties that are not only of
fundamental interest but also essential for the development
of new technological applications [1–3]. Layered chromium
trihalides emerged as potential 2D vdW materials with unique
layer-dependent magnetic properties [4,5]. Understanding the
long-range magnetic order in these 2D materials is an in-
triguing subject of widespread research. According to the
Mermin-Wagner theorem [6], it is strongly suppressed in a 2D
isotropic Heisenberg system due to spin fluctuations at any
finite temperature. Here, the magnetocrystalline anisotropy
(MCA) comes to the rescue and stabilizes the long-range
magnetic order in CrI3 [7–11]. Several experiments and the-
ories have been put forward, reflecting the role of I-5p state
spin-orbit coupling (SOC) strength in the origin of the MCA
through the Cr-3d–I-5p–Cr-3d superexchange interaction.
This interaction is mediated by I ions octahedrally coordi-
nating with Cr ions with an in-plane Cr-I-Cr bond angle
of 95◦. According to the Goodenough-Kanamori-Anderson
(GKA) rule, the magnetic interaction is primarily ferromag-
netic (FM) when the metal-ligand-metal bond angle is 90◦
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[12]. Therefore the Cr-I-Cr bond angle plays a significant
role in understanding the long-range FM superexchange in-
teraction [13], as well as the MCA. Further modification
in the bond angle should have a substantial impact on the
electronic, magnetic, and transport properties of CrI3. The-
oretical calculations of a favorable magnetic ground state in
monolayer CrI3 are not too conclusive, as they suggest both
FM [14] and antiferromagnetic (AFM) [13] ground states
under lattice compression. However, a more recent calculation
suggests that depending on the anisotropy of the in-plane
lattice strains, both these ground states can coexist with a
possibility of a complete quenching of the magnetic order at
a critical isotropic lattice compression [15]. Experimentally,
an increase in the FM Tc with pressure was attributed to
a possible decrease in the Cr-I-Cr bond angle towards 90◦
[16]. However, with a maximum pressure of only 1 GPa, the
variation of Tc in a broader range of pressures eluded exper-
imental detection. This prohibits an experimental analysis of
the possible decrease in the Cr-I-Cr bond angle below 90◦,
and its influence on the strength of the Cr-Cr superexchange
interaction and Tc.

The experiments reported here go up to ∼40 GPa and
offer possibilities to tune the Tc, phonon dispersions, and
electronic, magnetic, and magnetotransport properties of
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FIG. 1. (a) Temperature-dependent Raman spectra measured
with circularly polarized light in parallel polarization configuration
(see Supplemental Material for detailed analysis). (b) Pressure-
dependent Raman spectra at 300 K measured at parallel polarization
configuration. (c) Raman shift of all the phonon modes with pressure
obtained from the spectra presented in (b). The red dashed line shows
the pressure above which blueshift and smearing of peaks occur.
Calculated structure (d) at 0 GPa and (e) at 25 GPa.

CrI3 single crystals. Overall, understanding the correla-
tion between the bond angle and various magnetic and
electronic properties is questionable and elusive. Here, we
provide a comprehensive answer to this question for CrI3

through combined complementary experimental and theo-
retical studies (see Supplemental Material for details [17];
also see Refs. [18–45] therein). We observe pressure-induced
semiconductor-to-metal (SM) and FM-to-AFM phase tran-
sitions. Temperature-dependent Raman spectra at ambient
pressure show a FM-to-paramagnetic (Tc) transition and
a rhombohedral-(R3̄)-to-monoclinic-(C2/m) structural (Ts)
transition at ∼60 K and ∼210 K [46], respectively [see
Fig. 1(a), and for detailed analysis of the Raman experi-
ment, see Supplemental Material [17]]. The obtained ambient
pressure Raman spectra are in excellent agreement with the-
oretically obtained spectra of perfect crystals, suggesting a
high crystalline purity of the synthesized material [47–49].
The pressure-dependent Raman spectra reported here [see
Fig. 1(b)] present only small variation in the optical phonon
frequencies up to 4.4 GPa. Above 4.4 GPa, in Fig. 1(c), a
sizable blueshift with a significant decrease in intensities of
all the optical phonon frequencies is observed. Additionally,
above this pressure, the distinctive phonon spectral features
begin to smear out into broad features, and the A2

g and A6
g

phonon modes are gradually suppressed and disappear above
7.2 GPa. Above 17.1 GPa, the rest of all the phonon modes
are suppressed, which is indicative of a pressure-induced
deformation or distortion of the lattice. The phonon modes
reappear when the pressure is released to near-ambient condi-
tions. However, a broad feature near 175 cm−1 appears when
pressure is released to 0.1 GPa, which is reminiscent of a
high-pressure phase and suggests that the structural distor-

tions in the pressure cycle are not perfectly reversible [17].
The broadening and suppression of the vibration modes might
be indicative of modulation in the Cr-I-Cr bond angle as well
as an indication towards metallization. Our density functional
theory (DFT) calculations reported here do, however, show a
distinct decrease in the bond angle and Cr-I bond length with
pressure [see Figs. 1(d) and 1(e)] without any indication of
structural transition (see Fig. S6) [17].

The optimized lattice parameters at zero pressure are cal-
culated from DFT to be a = b = 6.886 Å and c = 19.820 Å,
which are consistent with the previous results [46]. Since the
FM superexchange interaction strength is associated with the
Cr-I-Cr bond angle, a modification in the same is expected
to influence the magnetic properties. To analyze this further,
we have carried out magnetization experiments at various
external pressures. At ambient conditions, Fig. 2(a) shows
no frequency-dependent shift in the Tc for χ ′, signifying a
non-spin-glass behavior [50]. Figures 2(b)–2(d) summarize
the variation of the real part of ac magnetization with pressure
up to 16.1 GPa and its first derivative (dm′/dT in Fig. 2(c)
upto 7.2 GPa). Tc of two samples (S1 and S2 prepared at
different batches) is obtained from the peaks of the Gaussian
fit of the dm′/dT plots and are plotted in Fig. 2(e). An increase
in broadening of the Gaussian-shaped peaks in Fig. 2(c) with
pressure illustrates that the phase transition is much less dis-
tinct with atomic moments that disorder over a much wider
temperature range. The Gaussian peaks in Fig. 2(d) are too
broad to estimate above 7.2 GPa. The sample, however, nearly
recovered to the magnetic state at ambient pressure after being
released from 16 GPa, as shown in Fig. 2(f). This magnetic
recovery is consistent with that of the recovery in the phonon
modes, shown in Fig. 1(b). The overall variation in Tc can be
attributed to the change in the Cr-I-Cr superexchange inter-
action owing to a variation in the Cr-I-Cr bond angle with
pressure as shown in Figs. 1(d) and 1(e). In agreement with
the observed variation of Tc, our theoretical studies of the
crystal structure imply a decrease in the bond angle below
90◦ for pressures higher than 4 GPa. The calculated bond
angle is about 90◦ at 4 GPa, close to the pressure where Tc

is maximum, which is in agreement with the Goodenough-
Kanamori rule [12]. From the general line shape of m′ data in
Fig. 2(b) [51], it is evident that a magnetically ordered state
is the ground state up to the maximum measured pressure of
7.2 GPa. This is partially consistent with earlier theoretical
calculations where a FM ground state was predicted even at a
high compressive lattice strain [14].

To understand the magnetotransport properties and the
fate of magnetic ordering at high pressures beyond the
numerous studies in magnetoresistance (MR) [52,53], we
have carried out MR measurements at different high pressures.
Figures 3(a)–3(c) illustrate the field-dependent MR at various
temperatures and 21.2, 24.0, and 37.8 GPa, respectively. A
negative MR can be explained as a consequence of suppressed
spin-spin scattering in a FM ordered state [54], and we
associate, in fact, a negative MR as a sign of ferromagnetic
ordering. Since the current is applied along the sample plane,
the incoming electrons’ spin will always experience a lattice
with parallel spin configuration (due to intralayer ferromag-
netism) below Tc. The MR can increase and be positive if the
in-plane spins in the lattice are disordered (i.e., not primarily
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FIG. 2. (a) Frequency dependence between, 500 Hz - 10 kHz, of the real part of ac susceptibility at a magnetic field of HAC = 2 Oe.
(b) Pressure-dependent real part of the ac susceptibility plots at a magnetic field of HAC = 3.86 Oe oscillating at a frequency of f = 10 Hz in
crystal S2. (c) dm′/dT plot of the data shown in (b), stacked over one another for clarity. Solid black lines represent the Gaussian fit to find
the minimum, which represents Tc and is in agreement with the arrows in (b). (d) Pressure-dependent real part of the ac susceptibility plots
[continuation of (b)] at higher pressures, up to 16.1 GPa. (e) Plot of Tc, where the error bars represent the computational error in the Gaussian
fit. Data points from Ref. [16] are shown for comparison. (f) Temperature dependence of AC χ ′ at initial 0 GPa and 0 GPa after releasing the
maximum applied pressure of 16.1 GPa.

FM) or ordered antiferromagnetically [55]. At 21.2 GPa, the
MR is negative and saturates at high magnetic fields and
temperatures below 20 K [Fig. 3(a)], with the minimum at
10 K. We take this as a sign that at this pressure the onset of the
FM ordered state should lie near 10 K. At 24 GPa [Fig. 3(b)] a
more complex behavior is seen: The MR is seen to not saturate
even down to the lowest measured temperature. In addition,
for the low-temperature curves there is an initial negative
downturn with applied field followed by an upturn and
positive MR. This indicates a more complex magnetic state
that shows signals of the MR that are not typical for either FM
or AFM ordered states [55]. As we shall see below and in the
Supplemental Material [17], when discussing the theoretical
data, this experimental observation is consistent with a
complex magnetic state, possibly a self-induced spin glass
[56]. At high pressures, e.g., 37.8 GPa [Fig. 3(c)], the MR is
positive for all field strengths and all temperatures. Together
with the theoretical calculations, described below and in the
Supplemental Material, this suggests an AFM state, which
increases with decrease in temperature (inverse temperature
dependence of positive MR) [55]. Note that a positive,
nonsaturating MR, even at 9 T magnetic field, could stem from
an enhanced spin-spin scattering due to the disordered spins
or a more complex spin structure. However, as the theoretical

results show below, a pure AFM state is the most likely
scenario.

It is evident from our calculations that the in-plane
Cr-Cr interactions are AFM for pressures above 30 GPa
(Fig. S6). This is not inconsistent with what is known at ambi-
ent conditions; Cr-Cr interactions of strained monolayer CrI3

are AFM [15]. However, in our calculations at 10 and 20 GPa,
the nearest- and next-nearest-neighbor Cr-Cr interactions for
bulk CrI3 are FM and AFM, respectively, while at zero pres-
sure both interactions are FM, consistent with the measured
ground state of bulk CrI3 [57]. Between 20 and 30 GPa,
however, our first-principles results suggest that there can be a
competition between the intralayer and interlayer interactions,
which are both FM and AFM, and this may lead to more
complex magnetic phases than collinear FM and AFM states
observed in chromium trihalides at zero pressure. Therefore
it is clear that the pressure-induced FM-to-AFM crossover is
most likely to occur above 30 GPa. Our present results show
the emergence of a magnetically complex state in the region
just above 22 GPa. This pressure is equivalent to an isotropic
compressive lattice strain of 14% as compared with 5% in
monolayer CrI3 [15]. Furthermore, in Fig. 3(d), our data show
a change in the slope of the resistivity curves above 21.2 GPa,
which resembles a transition to a metallic state above
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FIG. 3. Field-dependent MR under 21.2 GPa (a), 24 GPa (b), and
37.8 GPa (c). (d) Temperature-dependent resistivity at high pressure,
illustrating a semiconductor-to-metal transition above 21.2 GPa.

21.2 GPa, in agreement with the pressure-induced broadening
of Raman peaks in Fig. 1(b) that we interpret is due to met-
allization. These measurements reveal that the quenching of
magnetic ordering concurrently evolves in the metallic state.

The spin-polarized calculations corroborate with the SM
transition. In Fig. 4(a) it can been seen that the conduction
band minimum is composed of spin-polarized up-spin chan-
nels of Cr-3d and I-5p states. It can be seen that the band gap
mainly originates between the I-5p state in the valence band

FIG. 4. Calculated density of states (DOS) showing the contri-
butions of the up-spin (DOS >0) and down-spin (DOS <0) states
in the Cr 3d and I 5p orbitals at (a) 0 GPa and (b) 25 GPa. A clear
energy gap at 0 GPa reflects semiconducting character, whereas the
gap disappears at 25 GPa signifying metallic character. (c) Pressure-
temperature phase diagram of CrI3, reflecting various magnetic and
electronic phases. The highest Tc corresponds to the calculated Cr-I-
Cr bond angle of 89.8◦ at 4 GPa, which satisfies the GKA rule. The
low-temperature and high-pressure metallic phase between 22 and
30 GPa is designated as a complex magnetic state. The region above
30 GPa is marked as an AFM metallic state. PM, paramagnetic.

and the Cr-3d state in the conduction band, resulting in a band
gap of 0.96 and 2.68 eV for the spin-up and spin-down elec-
trons, respectively (see also Figs. S7 and S8). The projected
density of states (PDOS) at 25 GPa [Fig. 4(b)] represents
the electronic structure of an AFM coupling, with an onset
of metallic character. This also corroborates the evolution of
inverse temperature dependence of positive MR above 24 GPa
[Fig. 3(c)] due to enhanced spin-spin scattering from the in-
plane AFM spin orientation of the sample at low temperatures
in the the resistivity measurements of Fig. 3(d).

Our calculations suggest a decrease in the Cr-I-Cr bond an-
gle and Cr-I bond length with pressure. As a consequence, the
magnetic ordering is highly suppressed in concurrence with a
transition to a metallic phase at high pressure. All these high-
pressure phases are summarized in the pressure-temperature
phase diagram in Fig. 4(c). At ambient temperature, the resis-
tivity decreases with pressure, resembling a pressure-induced
transition to a metallic state. As pointed out in Fig. 3(d),
we mark the metallic region above 22 GPa. The decrease in
resistivity and Tc with increase in pressure occur concurrently,
meaning that the magnetic ordering (primarily FM) exists in
the semiconducting phase, below 21 GPa. Furthermore, in
the metallic regime (above 22 GPa), the quenching of FM
ordering at low temperature reflects a complex magnetic state
[shaded region in Fig. 4(c)] that requires further measure-
ments to be identified more precisely. We note, however, that
the calculated Heisenberg exchange parameters, discussed in
the Supplemental Material [17], are entirely consistent with
a state right in the middle between a FM and AFM config-
uration. In fact, the exchange parameters shown in Fig. S6
are very similar to the exchange parameters of the so-called
self-induced spin glass of elemental Nd [56]. If this also
holds true for CrI3, it would demonstrate that self-induced
spin-glass states are not just found for isolated systems, or
elements, but can in fact be found in a wider range of systems.
At pressures above 30 GPa, theory and experiment point to a
regular antiferromagnetic, metallic state of CrI3.

To summarize, we have mapped out a pressure-temperature
phase diagram of CrI3 up to 40 GPa. We observe, from com-
bined advanced experimental and theoretical investigations,
a pressure-induced semiconductor-to-metal transition that is
accompanied by a transition from a robust FM state to gradu-
ally more dominating AFM interactions in the metallic state.
This makes CrI3 a rather unique material, since normally such
electronic transitions show exactly the opposite trend (AFM
interactions turning FM). From spin-polarized DFT, we reveal
a decrease in the Cr-I-Cr bond angle from 95◦ at ambient
pressure to 85◦ at 25 GPa. The pressure-induced variation
in the bond angle affects the FM superexchange interaction
and leads to the nonmonotonic variation in the Tc with pres-
sure. The quenching of FM ordering temperature, observed
here, represents a complex magnetic state at low temperature
and high pressure, in agreement with the theoretical data
presented here. Our electronic structure calculations support
the experimental observations and show the emergence of a
finite DOS, primarily contributed by the Cr-3d states, at the
Fermi level at and above 25 GPa. The present study will
therefore open up possibilities of extensive research to explore
the low-temperature, high-pressure metallic phase and further
calculations of CrI3 and similar 2D materials.
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