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There is growing interest in combining chemical complexity with external stimuli like pressure, field,
and light for property control in van der Waals solids. This is because extreme conditions trigger the
development of new states of matter and functionality. In this work, we bring together synchrotron-
based infrared absorption, Raman scattering, and diamond anvil cell techniques with first-principles
calculations of the lattice dynamics and energy landscape to reveal the series of structural phase
transitions in CrSBr. By tracking how the phonons change under pressure, we uncover a remarkable
chain of complex symmetry modifications, interlayer interactions, and chemical reactions. A group-
subgroup analysis suggests that CrSBr undergoes an orthorhombic Pmmn — monoclinic P2/m
transition at 7.6 GPa, and based upon a comparison with model oxychlorides like FeOCl and CrOCl,
we propose that changes in the pendant halide groups drive the system to a P2,/m-like space group
above 15.3 GPa. Compression above 20.2 GPa is irreversible, resulting in the formation of an entirely
new compound that is metastable for months. This work opens the door to the use of pressure and

possibly strain to control the properties of CrSBr.

van der Waals solids are legendary for their complex energy landscapes,
sensitivity to external stimuli, and property control through chemical sub-
stitution. Amongst the various external stimuli, such as magnetic field,
strain, and light, pressure is a potent tool for tuning properties because it acts
directly on bond lengths and angles, controls the ¢/a ratio, and modifies the
van der Waals gap'~. In transition metal dichalcogenides like MoS, and
WS,, work has focused on pressure-driven insulator-to-metal transitions,
interactions between superconductivity and competing states, and the
mechanisms of solid-state lubrication®”. There are many exciting high-
pressure properties and states of matter in the MPX; family of materials
(M = Fe, Cr, Mn, Co, Ni, and X = S, Se) as well"’. Significantly less is known
about other van der Waals solids under compression. While efforts have
been made to reveal the phase diagrams of magnetic insulators like CrSiTe;,
Crls, and Mn;Si;Tes'' ™, van der Waals magnets such as CrSBr'*"® have
received markedly less attention, which is surprising since CrSBr is reported
to be air stable. This system is a metamagnet, formed by anisotropic fer-
romagnetic layers coupled antiferromagnetically to one another, exhibiting
antiferromagnetic ordering below 133 K, a direct bandgap of 1.5 €V, and
spin-mediated exciton-phonon coupling'”*. CrSBr exfoliates easily, and
van der Waals heterostructures of this material have been used in magnetic
tunnel junctions and spin valves, offering a route toward atomically thin
memory devices”>'. Despite many promising discoveries in the few- and
single-layer limit”™, understanding how external stimuli like pressure

impacts the properties of this class of materials is highly under-explored. To
our knowledge, there has been only a single study on the impact of chemical
and physical pressure on the magnetic properties of CrSBr*’. While chemical
pressure in the form of Cl substitution for Br drives a crossover in anti-
ferromagnetic to ferromagnetic coupling, compression systematically
reduces the Néel temperature, smoothly evolves the lattice parameters, and
modifies the exchange interactions due to local structure changes in the
0-1.9 GPa range™. These early results suggest that still greater pressures
could trigger even more interesting magnetic and excitonic behavior® as
well as other highly advantageous processes.

In this work, we combined diamond anvil cell techniques and
synchrotron-based infrared absorption and Raman scattering with a group-
subgroup symmetry analysis, lattice dynamics calculations, and an analysis
of the energy landscape to reveal the properties of CrSBr under pressure.
From an examination of the phonon behavior under compression, we
identify a series of structural phase transitions at 7.6, 15.3, and 20.2 GPa
associated with a remarkable chain of symmetry modifications, interlayer
interactions, and chemical reactions. For instance, at Pc; = 7.6 GPa, we find
a continuous volume change accompanied by a significant modification of
the infrared pattern which, when combined with a group-subgroup analysis,
is consistent with an orthorhombic Pmmn to monoclinic P2/m transition.
Pc, is the pendant halide transition, akin to what is observed in FeOCI”".
By contrast, P ; functions as an irreversibility limit which, when surpassed,
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triggers a chemical reaction in this system upon pressure release. The
resulting state is metastable for months, offering an interesting platform for
additional investigation. These results highlight the rich behavior of CrSBr
under pressure and the potential for compression (and presumably strain)
to control properties for future applications***'.

Results and discussion

Ambient pressure vibrational properties of CrSBr

Figure 1 displays the infrared spectrum of CrSBr at ambient conditions.
Group theory predicts a total of six infrared-active vibrational modes for an
orthorhombic material with the Pmmn space group: 2B,,+ 2B,,+ 2B3,”.
This is precisely what we find, although the broad band between 300 and
350 cm™" must be fit with model oscillators to resolve the individual peaks.
An example of this deconvolution process is shown in Supplementary Note
4. Vibrational mode assignments were made using our complementary
lattice dynamics calculations. The details are summarized in Table 1. For
instance, we describe the motion of the B,, mode at 92 cm ™' as shearing of
the outer Br atoms against the inner CrS bilayer. The high frequency modes
are various types of Cr-S stretches.

Figure 2 displays the Raman scattering response of CrSBr at ambient
conditions. There are three strong peaks at 114, 245, and 343 cm™ . These
features are assigned as 'A, *A, and *A, phonons, in excellent agreement
with our lattice dynamics calculations [Table 1]. Each manifests varying
degrees of interlayer character, exhibiting motion along the stacking
direction. The lowest frequency 'A, mode consists of bromine atoms
vibrating toward adjacent layers, whereas the high frequency A, mode
shows intralayer character along the c-axis primarily involving the inner CrS
bilayer with suppressed Br motion™. B, symmetry features are also allowed
in the Raman scattering response***, although they are extremely weak.
Similar behavior is seen in other layered materials™*>*.

Structural phase transitions in CrSBr under pressure

Figure 3 summarizes the infrared properties of CrSBr under pressure. All six
phonons harden under compression, a normal trend for a material in a
diamond anvil cell”. The 'B,, mode is weak and disappears near 7 GPa.
Figure 3b focuses on the behavior of the 'Bs, and 'B;,, modes at 179 and
225 cm™". While the 'B,,, peak diminishes and eventually disappears, the
'B;,, peak appears to split into a doublet near 15 GPa, although this “split-
ting” is actually new peak activation. The third panel summarizes the
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Fig. 1 | Infrared absorbance of CrSBr. Synchrotron infrared spectrum of CrSBr at
ambient conditions and the theoretically calculated mode displacement patterns.
Blue, yellow, and red represent chromium, sulfur, and bromine atoms, respectively.
The inset shows a close-up view of the weak 'B,, phonon with its displacement
pattern. The positions of the *Bs,, °B,,, and *B,,, modes were determined using
traditional oscillator fitting techniques as discussed in the text.

response of the broad band, which, as discussed previously, can be decon-
voluted into three separate features using standard peak-fitting techniques.
These phonon modes become more distinct under compression because
their frequencies harden at different rates. The *Bs, mode moves system-
atically under compression, indicating that the symmetry element it
represents is unperturbed. The °B,,, mode also hardens with only modest
changes in its overall trend. The behavior near the high-frequency B,
mode is the most interesting. A new peak appears above 7.5 GPa and again
at approximately 20 GPa. These changes are quite dramatic and signal
strong symmetry breaking with the activation of new modes due to the
development of lower symmetry phases under pressure.

We combine these trends to generate the frequency versus pressure
plot shown in Fig. 3d. The mode trends define three critical pressures,
separating four structural phases, including the Pmmn phase at ambient

Table 1 | Phonon modes of CrSBr related to this work

Mode Theory Experiment Mode description
(cm) (cm™)

Infrared

By, 89.4 91.6 In-plane shearing of Br centers
against the CrS double layer

'Ba, 162.6 179.8 In-plane shearing of Br centers
against the CrS double layer

"By 215.3 225.9 Out-of-plane, out-of-phase
stretching of Br against CrS

%Bg, 301.3 312.9 In-plane, out-of-phase stretch of Cr
against S

By, 302.1 329.1 In-plane, out-of-phase motion of Cr
against S

By, 340.5 350.6 Out-of-plane, out-of-phase stretch
of Cr against S

Raman

'Ag 125.9 114.1 Out-of-plane motion of Brand Cr
centers against neighbors

*Ag 246.1 244.9 Out-of-plane motion of CrS dimers
against the neighbors

3Ag 328.5 343.4 Out-of-plane motion of a CrS layer

against the other

Intensity (Arb. Units)

200 250 300 350 400 450

Raman Shift (cm™)
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Fig. 2 | Raman-active vibrational modes in CrSBr. Raman scattering spectrum of
CrSBr taken near ambient conditions inside the diamond anvil cell along with our
theoretically calculated mode displacement patterns. The three Raman-active A,

modes are easily identified. The B, symmetry modes are not clearly observed here®.
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conditions. We find Pc; = 7.6 GPa. It is defined by the disappearance of the
'B,,, mode and the development of a new peak near the high-frequency By,
phonon. Pc, the second critical pressure, presents itself at approximately
15.3 GPa and is evidenced by the disappearance of the 'B;,, phonon mode
and the appearance of the peak near 175 cm ™. The additional peak that
develops near the high-frequency *B;,, mode defines P ; at approximately
20 GPa. Since various peaks appear and disappear, we know that CrSBr has
both symmetry restorations and reductions under pressure. We can use
these spectral changes to reveal the symmetry behavior of the high-pressure
phases. Even though the phonon modes differ, six infrared modes are active
in the ambient pressure phase and across P ; and P¢ . The highest pressure

phase above Pc; has a total of seven infrared-active modes, indicating an
overall decrease in the symmetry. No evidence of metallicity is observed
even up to 50 GPa. This is different than many other complex chalcogenides
that host insulator-to-metal transitions under pressure'’.

Figure 4 summarizes the Raman scattering response of CrSBr under
compression. The most dramatic effect is that while the A, and *A, modes
harden under pressure, the ‘A, phonon softens overall. Typical mechanisms
for mode softening include phase transitions, electron-phonon coupling,
temperature changes, doping, and hydrogen bonding, among others'*,
although the situation is different here. As discussed below, we attribute the
'A, mode softening to buckling of the pendant halide groups. Figure 4a
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Table 2 | Group-subgroup pathways for CrSBr across P¢ 1 and the corresponding infrared- and Raman-active modes

Path Sequence across Pc 4 Toptic
IR Active Raman Active
1 Down Up Crmm2©® 2A4 +2B; + 2B, 2A1 + 2B + 2B,
(59) (25)
Pmmn' — Pmm2"= — Imm2td 2A; + 28B4 + 2B, 2A; + 2By + 2B,
2 Down Up Amm?238) 2A; + 2B; + 2B, 2A; +2B; + 2B,
(59) (31)
Pmmn™= = Pmn2;™ = ° 0o 2A¢ + 2B + 2B, 2A1 + 2B + 2B,
g Pmmn® %" p2, /m(1) % p2 jmi0) 24, + 4B, g + 2B,
4 Down Up C222@" 2B + 2B, + 2B3 2B + 2B, + 2B3
(59) (18)
Pmmn®? "—"p2,2,2"% - 1220(23) 2B + 2B, + 2B, 2By + 2B, + 2B3
5 " Doun C222@" 2B+ + 2B5 + 2B3 2By + 2B, + 2B3
Pmmn®® = Cmmm®® "= cmm2© 2A1 + 2B + 2B, 2A¢ + 2B; + 2B,
Amm2®) 2A1 +2B;1 +2B; 2A1 4 2B; + 2B,
6 Up Down /mm2(44’ 2A4 + 2B + 2B>» 2A4 + 2B + 2B>»
(59) (71)
Pmmn®? = Immm"™" "— 122023) 2A; +2B; + 2B, 2A1 + 2B + 2B,

highlights these trends. There is a slight hardening of the ‘A, mode up to
approximately 5 GPa, above which the peak softens considerably with each
consecutive pressure step until about 15 GPa, after which it hardens again.
As a reminder, this mode is extremely sensitive to out-of-plane Br motion.
The phonon softening and peak activation in the Raman scattering response
is consistent with the series of structural distortions and three critical
pressures established above. Figure 4d summarizes the frequency versus
pressure trends for the Raman-active modes. Again, we observe the same
critical pressures of 7.6, 15.3, and 20.2 GPa. Notice that P, coincides with
the pressure at which the 'A, mode begins to soften.

Symmetry analysis across the structural phase transition
at7.6 GPa
We employed the Bilbao Crystallographic Server as a tool to unravel the
symmetry progression across Pc; from the orthorhombic Pmmn phase of
CrSBr at ambient conditions to a new space group above Pc,*. We used
group-subgroup relations (based on Landau’s theory of phase transitions) to
determine potential space groups associated with the symmetry changes.
This approach is successful because the irreducible representations of distinct
crystal phases exhibit the full crystal symmetry’””". Many candidate space
groups and pathways were evaluated based on the following caveats. Due to
the inherent nature of the space groups containing translational symmetry
elements, the order in which these symmetry changes may very well result in
different sets of space groups, so we evaluated all reasonable possibilities. The
mode progression across Pc; contains symmetry restoration and symmetry
breaking [Figs. 3 and 4]. Therefore, the first step is to realize that all subgroups
and supergroups related to the ambient pressure phase must be evaluated to
provide a thorough understanding of which structure ultimately results.
Table 2 shows several simplified candidate pathways for P ;. Focusing first
on the infrared-active modes, we recall that the 'B,, mode disappears near
7.6 GPa, whereas a new feature appears at 420 cm™ ' alongside the *B;,, mode.
All Raman-active modes harden on approach to Pc;. The 'A, mode softens
dramatically after the transition is complete, although there is no change in
the number of features. The other key finding is that six infrared-active
modes are present in the ambient pressure phase and six in the high-pressure
phase. There is no change in the number of A, modes within our sensitivity,
so the symmetry operations that correspond to these modes are unchanged.
Furthermore, none of the spectral features overlap [Fig. S5, Supplementary
Note 6], meaning that the rule of mutual exclusion is active. This implies that
inversion symmetry is not broken, so we can eliminate polar space groups
from consideration. Additional detail is available in Supplementary Note 6.
The space groups assumed in each step of the symmetry analysis were further
refined such that the symmetry elements of each subgroup must also be
present in the parent group to have a viable pathway between one another.
These vibrational mode patterns are distinct for each phase of CrSBr.
Table 2 summarizes the results of our analysis. We show several
different subgroup and supergroup pathways, the subsequent space

group, and the predicted number of vibrational modes for that space
group. Using the Bilbao Crystallographic Server, we also calculated the
different infrared- and Raman-active modes for the resulting space
group(s) of each pathway. Several stringent criteria help us refine the
results in Table 2. Most importantly, we require six infrared-active
phonons and at least three Raman-active phonons in the high-pressure
phase. We also require an inversion center (due to the rule of mutual
exclusion). With these candidate pathways, it is easy to realize that the
only viable path is orthorhombic Pmmn to monoclinic P2/m across Pc;.
The other pathways do not agree with the experimental spectra because
their phonon modes would require the same activity in both infrared
absorbance and Raman scattering, which is not the case given our
observations.

Structure-property relations in chalco-halides

Materials structurally and chemically similar to CrSBr, such as FeOCl and
CrOCl, underscore common mechanisms of pressure-induced structural
phase transitions. Like CrSBr, FeOCl, and CrOCI host ambient pressure
orthorhombic Pmmn space groups with transition metal chalcogen bilayers
sandwiched between layers of dangling halides that act to create the van der
Waals gap™. Single-crystal X-ray diffraction within a diamond anvil cell
reveals that FeOCl displays a Pmmn to monoclinic B2;/m phase transition
near 15 GPa”. The latter is the same as P2,/m but with a different primary
axis. CrOCl also displays a Pmmn to incommensurate phase transition near
16 GPa™. Transitions in these materials are attributed to the buckling of the
halide centers as they rearrange to accommodate denser packing upon
compression”**. After the buckling occurs, the monoclinic angle for the
oxy-halides”" is on the order of 90.015°. Raman scattering corro-
borates these findings in FeOCI, highlighting significant spectral
changes across the 15 GPa critical pressure’”’. Two new modes emerge
as the van der Waals gap narrows and the lattice distorts, leading to a
buckling of the halide layers”.

Figure 5 displays the Raman scattering response of CrSBr and FeOCl.
Some of the spectral features in FeOCl were not present in ref. 37. Even so, a
direct comparison is striking. Both materials display pressure-driven
structural phase transitions near 15GPa, and based upon the prior
mechanistic work by Bykov et al. on FeOCl”, the transition in CrSBr is likely
due to halide buckling driven by the need to maintain favorable
halide-halide distances. That said, the vibrational pattern of the oxy-halide is
not a perfect match with that of CrSBr, suggesting that the space group may
only be P2,/m-like due to the large number of possible buckling config-
urations. Considering the similarity between these two materials, it may be
worthwhile to use infrared techniques to search for a lower-pressure tran-
sition in FeOCI. Other oxy-halides like TiOBr and TiOCl host P2,/m phases
as well”. Even so, we emphasize that CrSBr hosts three critical pressures.
Only P, where the halide buckling occurs, is mechanistically similar. The
other steps in the sequence are unique.
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Pressure cycling drives anirreversible structural phase transition
in CrSBr

It is well known that pressure cycling can be used to develop new
materials”™". In the case of CrSBr, vibrational spectroscopy reveals an
additional structural phase transition upon decompression. Figure 6 sum-
marizes the spectroscopic response of CrSBr upon compression to 22 GPa
and subsequent release. The released form of the material differs from that of
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Fig. 5 | Raman scattering response of CrSBr and FeOCl as a function of pressure.
Frequency versus pressure plots of the Raman-active modes of CrSBr and FeOCl at
room temperature. All Raman modes of FeOCl were digitized directly from Bykov
etal”’. The vertical dashed lines denote the critical pressures for each material. Space
groups are indicated. The 15 GPa buckling transition is seen in both materials, and it
appears to lead to a P2;/m-like space group in CrSBr.

the starting compound. New phonon modes appear in the infrared absorp-
tion and Raman scattering spectra at approximately 12 GPa when the sample
is decompressed from pressures above Pc ;. These features are maintained
when the sample is fully released. At this time, we do not know much about
this new phase except that it has lower symmetry than Pmmn (with both in-
and out-of-plane symmetry breaking) and is stable, lasting for at least ten
months at ambient pressure outside of the diamond anvil cell. It is therefore
amenable to additional investigation. As noted by Pawbake et al., minor
changes in the light incidence angle or slight sample tilting at extreme pres-
sures can give rise to angular-dependent phonon modes, such as the B, modes
observed after compressing past Pc3*. However, even when accounting for
these features, additional vibrational modes emerge in samples compressed
beyond the third critical pressure [Fig. S6, Supplementary Note 7]. Interest-
ingly, we can only access this pathway from pressures higher than P ; [Fig.
S6, Supplementary Note 7]. Cycling to Pc, or Pc; does not drive this
structural phase transition. This reinforces the existence of P 3 and provides a
route to interesting new functionality that is very much path dependent.

Methods

Crystal growth and loading of the diamond anvil cell

Single crystals of CrSBr were synthesized using a modified chemical vapor
transport method discussed previously'*'"*****’. A small piece was placed in a
symmetric diamond anvil cell. The diamond anvil cell was equipped with
synthetic type II-as diamonds with 300 um culets™. A stainless steel gasket was
pre-indented to a thickness of 48 um; the hole size was 150 pm. The pressure-
transmitting medium was petroleum jelly and KBr for infrared and Raman
scattering measurements, respectively, to achieve a quasi-hydrostatic envir-
onment. An annealed ruby ball was employed to determine pressure”. As
shown in Fig. S1 of Supplementary Note 1, the ruby fluorescence is symmetric
with well-separated R1 and R2 lines over the full pressure range of our work.

Spectroscopic measurements

The vibrational properties of CrSBr were investigated using synchrotron
infrared and Raman scattering spectroscopies. High-pressure synchrotron
infrared measurements were performed using the 22-IR-2 beamline at the
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Fig. 6 | Symmetry breaking due to pressure cycling. Infrared and Raman spectra of CrSBr taken before sample compression (a, d) at 22 GPa (b, e) and after (c, f) pressure

release. Yellow boxes highlight comparative differences.
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National Synchrotron Light Source IT (NSLS-II) at Brookhaven National
Laboratory. The infrared spectra were collected in the far-infrared range
(50-700 cm™'; 4 cm™" resolution; transmission geometry) using a Bruker
80v equipped with a helium-cooled bolometer. The sample thickness must
be carefully chosen to control optical density. Raman scattering spectra were
measured with a Horiba Lab RAM spectrometer, a 532 nm excitation laser, a
100x working distance objective, 1800 line/mm gratings, and a cold CCD
detector. Each scan was 60 s and averaged appropriately. Measurements
focused on the 0-25 GPa pressure range at room temperature. Pressure was
determined by ruby fluorescence [Fig. S1, Supplementary Note 1].

Symmetry analysis

The structural phase transition of CrSBr across the first critical pressure was
analyzed using group-subgroup relations. The Bilbao Crystallographic
Server was employed to identify the possible space group symmetries based
on the number of changes in phonon modes® . The analysis involved
plotting the phonon mode frequencies as a function of pressure and iden-
tifying the symmetry elements associated with each phase transition via the
appearance and disappearances of phonon modes at specific pressures.

First-principles calculations

Frequencies, symmetries, and mode displacement patterns were obtained
using first-principles spin-polarized density functional theory (DFT) cal-
culations in the plane wave formalism as implemented in the Quantum
ESPRESSO package™. The exchange-correlation energy is calculated using
the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE)® functional and standard Ultra-soft
(USPP) solid-state pseudopotentials extracted from the Materials Cloud
Database. The electronic wave functions were expanded with well-
converged kinetic energy cut-offs for the wave functions (charge density)
of 50 (400). The crystal structures were fully optimized using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm until the forces on
each atom were smaller than 1x 107" Ry/au and the energy difference
between two consecutive relaxation steps was less than 1x 107> Ry.
Grimme-D2 dispersion corrections were added to account for van der
Waals interactions between adjacent layers. The Brillouin zone was sampled
by a fine I'-centered 8 x 8 x 6 k-point Monkhorst-Pack™. The phonon
spectrum was calculated using a 3 x 3 x 2 supercell employing the Phonopy
code”.

Data availability

Data are available from the corresponding authors upon reasonable request.
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