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SPECIAL TOPIC — Structures and properties of materials under high pressure
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The two-dimensional van der Waals ferromagnetic semiconductor Crl3 provides an ideal platform for exploring the
interplay among structural, electronic and magnetic degrees of freedom. In this work, we systematically investigate the
thickness-dependent optical properties of five-layer and ten-layer Crlz under hydrostatic pressure up to 27.9 GPa by in
situ Raman and UV-visible absorption spectroscopy. All A; Raman modes exhibit a continuous blueshift with increasing
pressure. The low-frequency modes (Aé —Ag) are mainly associated with enhanced interlayer coupling, whereas the high-
frequency modes (Ag —A9) reflect the suppression of surface vibrations. The Raman modes disappear at approximately
4.9 GPa for the five-layer sample and 11.2 GPa for the ten-layer sample, indicating a stronger strain sensitivity in thinner
Crl3. Optical absorption measurements show a pronounced redshift of the absorption edge, accompanied by bandgap nar-
rowing from 2.26 eV to 1.26 eV in five-layer Crl3. At comparable pressures, the five-layer sample consistently exhibits a
wider bandgap than the ten-layer one, which is attributed to quantum confinement effects and reduced interlayer hybridiza-
tion. Above 12.7 GPa, the bandgap reduction becomes less pronounced, probably due to enhanced Cr 3d/I 5p orbital overlap
and strengthened superexchange interactions. These results reveal a clear layer-dependent structure—electronic coupling in
Crl3 under compression and provide useful insights into pressure modulation of van der Waals magnetic semiconductors.

Keywords: a few layered Crlz, Raman spectroscopy, UV-vis absorption spectrum, high pressure
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1. Introduction

Two-dimensional van der Waals (vdW) magnetic mate-
rials have emerged as a novel platform for quantum materi-
als research since the discovery of intrinsic ferromagnetism
in monolayer Crlz in 2017, and have rapidly attracted exten-
sive attention in condensed matter physics and spintronics. =3
Owing to their atomic-scale thickness, weak interlayer vdW
bonding and tunable magnetic ordering, these materials tran-
scend the dimensional limitations of conventional three-
dimensional magnets, exhibiting exotic magnetic phenomena
and promising potential for device applications.'*"! As a pro-
totypical vdW magnet, Crlz consists of a honeycomb lattice
of Cr** ions, where ferromagnetic coupling is mediated by
Cr—I-Cr superexchange pathways with near 90° bond angles,
giving rise to a Curie temperature (7¢) of approximately 61 K
in the bulk form.!":8! Notably, the magnetic properties of Crl3
are highly sensitive to layer number, stacking configuration
and external perturbations such as pressure, magnetic field and
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strain, making it an ideal model system for investigating the
evolution of magnetism in reduced dimensions. [*~!1]

Crl; crystallizes in a layered vdW structure composed
of edge-sharing Crlg octahedra, with adjacent layers coupled
via weak vdW interactions. Bulk Crl3 adopts a monoclinic
stacking structure (space group C2/m) at room temperature
and undergoes a structural transition to a rhombohedral phase
(space group R3) below approximately 220 K.[!>"15] This
stacking transition has a profound impact on the interlayer
magnetic coupling: the rhombohedral phase favors ferromag-
netic (FM) interlayer exchange, whereas the monoclinic phase
stabilizes antiferromagnetic (AFM) interlayer coupling.!'6:17]
In few-layer Crl3, monoclinic stacking dominates, leading to
AFM order in bilayers (Tyy =~ 45 K) and FM order in odd-
layered samples.!!%!8] This layer-parity-dependent magnetic
behavior is closely related to the Mermin—Wagner theorem
for two-dimensional isotropic Heisenberg systems, which re-
quires magnetocrystalline anisotropy to stabilize long-range
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magnetic order.!1°-2!]

Hydrostatic pressure serves as an effective non-chemical
tuning parameter that compresses interlayer spacing, modifies
bond angles and alters lattice symmetry, thereby strongly in-
fluencing the magneto-electronic properties of Crl3. Experi-
mental and theoretical studies on bulk single-crystalline Crl3
have shown that moderate pressure (< 3 GPa) enhances FM
exchange interactions and increases Tc to approximately 66 K
by driving the Cr-I-Cr bond angle closer to 90°. In contrast,
further compression (> 10 GPa) leads to a rapid suppression
of ferromagnetism, with 7¢ decreasing to ~ 10 K near 21 GPa,
accompanied by magnetic instability and the emergence of
complex or AFM spin configurations.?>?3! This pressure-
induced magnetic transition is attributed to excessive bond-
angle compression (to ~ 85°), which weakens FM superex-
change and introduces competing AFM interactions. Mean-
while, Crl3 undergoes a pressure-driven semiconductor-to-
metal transition, as confirmed by resistivity measurements and
density functional theory calculations which reveal bandgap

e.??] These findings not only elucidate the microscopic

closur
mechanisms of magnetostructural coupling but also shed light
on the origin of topological spin excitations. Inelastic neu-
tron scattering experiments demonstrate that the acoustic—
optical spin-wave gap at the Dirac point is dominated by next-
nearest-neighbor Dzyaloshinskii-Moriya interactions rather
than Kitaev exchange or electron correlation effects. External
magnetic fields further tune these excitations, confirming the
presence of c-axis nearest-neighbor AFM and next-nearest-
neighbor FM interactions. %42

In few-layer Crl3, pressure tuning becomes even more
intricate. Raman spectroscopy studies reveal that the Eg
modes in one- to four-layer Crl3 split into A, and By modes
with increasing thickness, with the mode separation saturat-
ing in thicker samples. Upon cooling to 10 K, these modes
tend to merge but do not fully recover rhombohedral stack-
ing, indicating the persistence of surface-layer monoclinic
distortions.?627] Experiments on trilayer Crl; have identi-
fied three distinct magnetic configurations (FM-111, FM-
J1) and FM-11]), which are theoretically attributed to sub-
tle tensile strains associated with different stacking orders,
including rhombohedral, monoclinic, hexagonal and triclinic
structures. %8 Such strain effects effectively mimic pressure-
induced modifications of interlayer coupling and 7¢c. More-
over, vdW heterostructures, such as Crl3/CrBrj, further am-
plify pressure effects, where threshold pressures can induce
AFM-FM switching, accompanied by dramatic variations in
magnetic anisotropy energy depending on interface bonding
and spin orientation. 230!

Despite these advances, most existing studies remain the-
oretical, and experimental investigations of few-layer Crlz un-
der high pressure are still scarce. In this work, we systemati-

cally investigate the structural and optical responses of five-
layer and ten-layer Crl; under high pressure. Our results
reveal a series of pressure-induced structural evolutions and
bandgap modifications. Raman spectroscopy demonstrates
that the five-layer sample exhibits significantly stronger pres-
sure sensitivity than the ten-layer sample, while UV-visible
absorption measurements show that the bandgap of five-layer
Crl; remains consistently larger under the same pressure con-
ditions. These findings elucidate the thickness-dependent
structure—electronic coupling in Crlsz under compression and
provide valuable insights for the engineering of vdW magnetic

materials.

2. Experimental methods

Commercial single-crystal Crlz samples were used to pre-
pare thin-layer specimens. The bulk crystals were mechani-
cally exfoliated into thin flakes using Scotch tape and subse-
quently inspected under an optical microscope. Flakes with
different thicknesses were preliminarily identified based on
optical contrast and further confirmed by atomic force mi-
croscopy (AFM), as shown in supplementary material Fig. S1.
High-quality five-layer and ten-layer Crl3 samples were se-
lected for subsequent measurements. The selected flakes were
transferred onto diamond anvils by a dry-transfer method us-
ing polydimethylsiloxane; the detailed transfer procedures are
illustrated in supplementary material Fig. S2. All exfoliation
and transfer processes were carried out in a nitrogen-filled
glovebox to minimize sample degradation. Symmetric dia-
mond anvil cells (DACs) were employed to generate hydro-
static pressure conditions. A T301 stainless-steel gasket was
pre-indented to a thickness of approximately 30 pum, and a
sample chamber with a diameter of about 140 pm was drilled
at the center of the gasket. In sifu high-pressure measurements
were performed using the DAC, with pressure calibrated by
the ruby fluorescence method. Silicone oil was used as the
pressure-transmitting medium (PTM) for both Raman spec-
troscopy and UV-visible absorption measurements.3!-3?1 Ra-
man spectra were collected using a solid-state laser with a
Nd:YAG crystal (A = 532 nm) and a liquid-nitrogen-cooled
charge-coupled device detector, providing a spectral resolu-
tion better than 1 cm~!. UV-visible absorption spectroscopy
was carried out over a wavelength range of 250—1000 nm.

3. Results and discussion
3.1. Raman spectroscopy measurements

The DAC technique, combined with a hydrostatic PTM,
provides an effective approach for probing the vibrational and
structural properties of layered Crls, as illustrated in Fig. 1(a).
Thin-layer Crl3 samples were obtained by mechanical exfoli-

057801-2


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae40d9
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae40d9

Chin. Phys. B 35, 057801 (2026)

ation, and the layer number was initially identified using opti-
cal contrast analysis. In the high-temperature phase of Crls,
each layer adopts a honeycomb lattice of Cr atoms, where
each Cr atom is octahedrally coordinated by six I atoms. In
the monoclinic phase, adjacent layers are laterally displaced
by a translation vector of (1/3, 0), as schematically shown in

2,92 9928200900
68w b8 v b v ben

SEHCHCHC
ARHCHOHC

Fig. 1(b). Such structural variations can be effectively charac-
terized by polarized Raman spectroscopy. Figure 1(c) displays
optical micrographs of the five-layer and ten-layer Crl; flakes
immersed in the PTM inside the DAC. The corresponding Ra-
man spectra are presented in Fig. 1(d), which further confirm
the assigned layer numbers.
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Fig. 1. The effect of pressure on the optical properties of five-layer and ten-layer Crlz was investigated. (a) Schematic diagram of the
experimental setup for crystal structure manipulation of five-layer and ten-layer Crl3 using a diamond anvil cell. (b) Top and side views of
monoclinic Crlz. (c) Optical photographs of the five-layer and ten-layer Crlz samples used in this study. (d) Raman spectroscopy confirms the

five-layer and ten-layer samples.

(a)|@5 L P: GPa (b)[@i0 L P: GPa
20.2 20.2
16.1 16.1
11.2 11.2
8.0 >
z Z 8.0
2 6.3 | §
= E 5.6
- 4.9
3.7
\ 3.7
M 17 1.7
A M A A0.4 0.4
1 1 1 1 1 1 1 1

1
100 150 200 250 300
Raman shift (cm™1)

50 100 150 200 250 300 5
Raman shift (cm~1!)

Fig. 2. Selected Raman spectra of (a) five and (b) ten layers of Crl3
under high pressure.

Raman spectroscopy was employed to investigate the
pressure-dependent vibrational properties of five-layer and
ten-layer Crls. Figures 2(a) and 2(b) present the Raman spec-
tra of the two samples with different thicknesses measured at
various pressures. For the five-layer Crlz sample (Fig. 2(a)),
the Raman signal intensity decreases rapidly with increasing
pressure and becomes extremely weak above 4.9 GPa. When
the pressure exceeds approximately 6.3 GPa, the signal-to-
noise ratio of all observed features drops below ~ 2, and
the remaining spectral features are comparable to the back-

ground noise. Under these conditions, the Raman signals can
no longer be reliably assigned to specific phonon modes. In
contrast, the ten-layer Crl; sample (Fig. 2(b)) exhibits dis-
cernible Raman peaks up to 11.2 GPa, with the peaks gradu-
ally weakening at higher pressures. The Raman modes persist
until the pressure exceeds 16.2 GPa, beyond which they vanish
completely. A direct comparison of the in sifu high-pressure
Raman spectra demonstrates that the disappearance of Raman
modes in the ten-layer sample is delayed by more than 10 GPa
relative to the five-layer sample, indicating a significantly en-
hanced pressure tolerance with increasing thickness. In addi-
tion, a Raman mode at approximately 57.5 cm~! is observed
exclusively in the ten-layer Crl3 and is absent in the five-layer
sample, suggesting that the vibrational characteristics of the
thicker sample more closely resemble those of bulk Crl3.
Based on group-theoretical analysis of the I'-point lat-
tice vibrations in Crl3, the Raman-active phonon modes can
be classified into two irreducible representations, Ag and Bg.
The A, modes correspond to interlayer symmetric stretching
and bending vibrations, such as uniform Cr-I bond stretch-
ing or interlayer symmetric breathing motions. These modes
are highly sensitive to interlayer coupling and are therefore
widely employed as probes of stacking order. In contrast, the
B; modes represent antisymmetric vibrations, which are odd
under the C, operation and even under inversion symmetry,
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and are associated with shear or asymmetric stretching mo-
tions, including interlayer sliding and relative Cr-I bond dis-
placements. Owing to their symmetry, these modes are more
susceptible to magnetic effects, particularly spin—phonon cou-
pling. Figure 3(a) shows the pressure-induced blueshift of
the Ag modes for both five-layer and ten-layer Crlz samples.
To further elucidate thickness-dependent vibrational behavior,
we quantitatively compared the frequency differences between
the two samples for the lower-frequency modes (Aé —Ag) and
higher-frequency modes (Afg1 —Ag) as a function of pressure,
as shown in Fig. 3(b). Below 3 GPa, the frequency differences
associated with the interlayer symmetric breathing mode (Aé),
the Cr—I symmetric bending mode (Aé), and the Cr-I sym-
metric stretching mode (Aé) exhibit oscillatory behavior. In
contrast, for the in-plane bending mode (Ag), the Cr—I stretch-
ing mode (Ag) and the higher-frequency symmetric stretch-
ing mode (Ag), the frequency differences gradually increase
in this pressure range. When the pressure exceeds 3 GPa,
the frequency differences of the Aé—Ag modes between the
five-layer and ten-layer samples progressively widen, whereas
those of the Ag—Ag modes gradually decrease. These con-
trasting trends indicate that, in few-layer Crlz, the Aé—Ag
“soft” modes predominantly reflect interlayer coupling effects,
which are more strongly enhanced in the thinner (five-layer)
sample under pressure. In contrast, the high-frequency Ag—
Ag “hard” modes are primarily associated with surface-related
vibrations, whose layer dependence is progressively weakened
under compression, leading to their more uniform suppression.
These observations provide useful insights into the pressure-
dependent vibrational behavior of few-layer Crl; and the find-
ings may be extended to other two-dimensional layered mate-
rials.

(b)

250
200

150

Raman shift (cm™1!)

100
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50

0 1 2 3 4 5
P (GPa)

Fig. 3. (a) Raman modes of five-layer and ten-layer Crls as a function
of pressure. (b) The difference in Raman modes between five-layer and
ten-layer Crl3 under the same pressure as a function of pressure.

3.2. Ultraviolet—visible absorption spectroscopy measure-
ments

As a layered vdW ferromagnetic semiconductor, investi-
gating the optical bandgap of two-dimensional Crl3 not only

provides insight into the coupling between its electronic struc-
ture and magnetic ordering but also offers important implica-
tions for potential spintronic and optoelectronic applications.
To this end, UV-visible absorption spectroscopy was em-
ployed to examine the pressure-dependent evolution of the di-
rect optical bandgap in five-layer and ten-layer Crls, as shown
in Figs. 4(a) and 4(b). With increasing pressure, the absorption
edges of both samples gradually shift toward lower photon en-
ergies, accompanied by a pronounced suppression of absorp-
tion features, indicating continuous bandgap narrowing. When
the pressure exceeds 7 GPa, the absorption peaks in the five-
layer Crl; sample disappear, whereas those in the ten-layer
sample vanish at a lower pressure of approximately 4.4 GPa,
reflecting distinct thickness-dependent responses to compres-
sion. In Crl3, the Cr3* ions adopt a d* electronic configuration
in an octahedral Crlg coordination environment, giving rise to
characteristic intra-atomic d—d transitions. Among these, the
4A, — 4T, transition corresponds to the lowest-energy d—d
excitation. A comparison of the pressure evolution of these
transitions reveals that the d—d absorption features in the ten-
layer sample are suppressed at lower pressures than those in
the five-layer sample. The pressure dependence of the optical
bandgap for both samples, extracted using the Tauc method, is
summarized in Fig. 4(c) (details of the data fitting are given
in the supplementary material Fig. SI3). At a given pres-
sure, the optical bandgap of the five-layer Crl; remains con-
sistently larger than that of the ten-layer sample, which can
be attributed to a combination of quantum confinement ef-
fects, reduced interlayer coupling and variations in magnetic
ordering. Notably, when the pressure exceeds approximately
12.7 GPa, the rate of bandgap narrowing with increasing pres-
sure becomes markedly reduced. This behavior suggests that
at higher pressures, enhanced lattice compression increases the
overlap between Cr 3d and I 5p orbitals, leading to modifica-
tions of both the conduction band minimum (CBM) and the
valence band maximum (VBM). Meanwhile, strengthened su-
perexchange interactions may further influence the electronic
structure, collectively contributing to the observed slowdown
in bandgap reduction.

The Raman spectroscopy results provide detailed insight
into the pressure-induced structural and vibrational evolution
of few-layer Crlz, highlighting the interplay between inter-
layer coupling and surface effects in thickness-dependent sys-
tems. Under hydrostatic pressure, both five-layer and ten-layer
samples exhibit systematic blueshifts of the A, modes, indi-
cating lattice stiffening driven by Cr—I bond compression and
reduced interlayer spacing, which collectively enhance bond-
ing strength. A pronounced thickness dependence is observed
in the critical pressure at which Raman modes disappear, oc-
curring at approximately 4.9 GPa for the five-layer sample and
11.2 GPa for the ten-layer sample. This ~ 6 GPa difference
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underscores the crucial role of thickness in pressure modu-
lation: thinner samples, characterized by larger surface-to-
volume ratios, are more susceptible to nonuniform strain ac-
cumulation under compression, which accelerates vibrational
disorder and structural instability. The critical pressure for
Raman peak disappearance — indicative of structural disor-
dering or amorphization rather than a semiconductor—metal
transition — differs markedly between thicknesses: 4.9 GPa
for five-layer Crlz (with peaks fully vanishing by 6.3 GPa)
and 11.2 GPa for ten-layer Crl3 (persisting until 16.2 GPa).
This disappearance, quantified as mode intensity dropping be-
low 10% of ambient with signal-to-noise ratio < 2, is likely
to stem from pressure-driven loss of long-range crystalline or-
der, where compressed interlayer spacing and Cr-I bond dis-
tortions lead to phonon broadening and quenching. In addi-
tion, the Raman mode at ~ 57.5 cm™! observed exclusively
in the ten-layer Crlz can be attributed to bulk-like interlayer
shear vibrations, which are absent in thinner samples due
to weakened vdW coupling. These observations are further
clarified through group-theoretical analysis. A, modes, as-

sociated with symmetric stretching and bending vibrations,
serve as sensitive probes of interlayer symmetry, whereas B,
modes correspond to antisymmetric shear motions and are
more susceptible to magnetic perturbations. Aé—Aé modes
(50-130 cm™!) exhibit oscillatory frequency differences be-
low 3 GPa, reflecting dynamic adjustments in weak inter-
layer coupling, reminiscent of phonon softening phenomena
in strained vdW heterostructures. Above 3 GPa, the frequency
differences of the Aé—Ag modes progressively increase, in-
dicating enhanced interlayer coupling, whereas those of the
Ag—Ag modes decrease, suggesting a gradual suppression
of surface-related vibrations as pressure homogenizes inter-
nal strain fields. This layer-dependent dichotomy is consistent
with previous reports on few-layer Crlz, where surface mon-
oclinic distortions persist and delay the rhombohedral transi-
tion at low temperatures. >33 Our results extend this picture
to the high-pressure regime, implying that thinner Crl3 layers
effectively act as “pressure amplifiers,” with interlayer breath-
ing modes (Ai,) promoting accelerated structural instabilities
under compression.
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Fig. 4. Selected optical absorption spectra of (a) five and (b) ten layers of Crlz under high pressure. (c) Bandgap evolution of five and ten layers

of Crlz up to 27.9 GPa.

Complementary UV-visible absorption measurements
further elucidate the pressure-induced electronic bandgap
renormalization in few-layer Crl;. With increasing pressure,
the absorption edges shift systematically toward lower pho-
ton energies, reflecting the continuous narrowing of the op-
tical bandgap. For the five-layer sample, the bandgap de-
creases from approximately 1.8 eV at ambient pressure to
~ 1.4 eV at 7 GPa, while a similar trend is observed in the
ten-layer sample, albeit with an earlier suppression of absorp-
tion features above ~ 4.4 GPa. Notably, at equivalent pres-
sures, the five-layer Crl3 consistently retains a larger bandgap
by approximately 0.1 eV, which can be attributed to quantum
confinement effects and reduced interlayer hybridization, in
agreement with density functional theory predictions of spin-

polarized bandgaps in CrI3.3*33] The optical response is dom-
inated by intra-atomic d—d transitions of Cr*>* ions in the oc-
tahedral Crlg environment, with the lowest-energy transition
corresponding to the *A, — 4T, excitation in the 1.6-2.0 eV
range. Pressure suppresses this transition at lower pressures
in the thicker sample, possibly due to enhanced lattice distor-
tions under bulk-like compression. At higher pressures, lattice
contraction increases Cr 3d—I 5p orbital overlap and strength-
ens superexchange interactions, moderating further bandgap
reduction. The enhanced pressure tolerance of excitonic fea-
tures in thinner samples suggests a higher resilience of spin-
dependent optical responses, which may be advantageous for
magneto-optical and spin-valley applications in vdW magnetic

S.[36

semiconductor: I Overall, these results establish a clear cor-
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relation between thickness, pressure response and structure—
electronic coupling in few-layer Crls, providing experimen-
tal guidance for pressure engineering of two-dimensional vdW
magnets.

4. Conclusion

In summary, we have systematically investigated the
thickness-dependent optical properties of five-layer and ten-
layer Crl3 using in situ high-pressure Raman and UV-visible
absorption spectroscopy. Our results show that all A; Ra-
man modes exhibit continuous blueshifts with increasing pres-
sure. The Aé - Ag modes reflect enhanced interlayer coupling,
whereas the Ag—Ag modes indicate progressive suppression
of surface-related vibrations. The Raman modes disappear at
approximately 4.9 GPa in the five-layer Crlz and persist up
to about 11.2 GPa in the ten-layer sample, demonstrating a
markedly stronger pressure sensitivity in thinner layers. This
behavior is attributed to enhanced quantum confinement and
pronounced surface-induced strain gradients. Optical absorp-
tion measurements reveal a pressure-induced redshift of the
absorption edge, corresponding to significant bandgap narrow-
ing from 2.26 eV to 1.26 eV in the five-layer sample. At
comparable pressures, the five-layer Crls consistently main-
tains a larger bandgap than the ten-layer counterpart, owing
to reduced interlayer hybridization and the suppression of the
Cr3* d—d transition (*A; — *T,). Notably, when the pres-
sure exceeds approximately 12.7 GPa, the rate of bandgap re-
duction decreases substantially, which can be associated with
enhanced Cr 3d-I 5p orbital overlap and strengthened su-
perexchange interactions. Overall, these findings elucidate the
layer-dependent structure—electronic coupling mechanisms of
Crl; under high pressure and provide valuable physical in-
sights for pressure modulation of vdW magnetic semiconduc-
tors.
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