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Raman spectroscopy evidence for dimerization and Mott collapse in α-RuCl3 under pressures
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We perform Raman spectroscopy studies on α-RuCl3 at room temperature to investigate its phase transitions
of magnetism and structure under pressure. The Raman measurements resolve two critical pressures at p1 =
1.1 GPa and p2 = 1.7 GPa with very different structural and magnetic behaviors. With increasing pressure, a
stacking order phase transition of α-RuCl3 occurs at p1, indicated by the new Raman modes. The appearance
of infrared active modes in Raman spectrum usually results from the inversion symmetry breaking, which is
confirmed by the second harmonic generation measurement. The second transition at p2 is signaled by the
in-plane Ru-Ru bond dimerization accompanied by the Mott collapse and the system becomes a correlated
band insulator. Our studies demonstrate the competition among spin-orbit coupling, magnetism, and chemical
bondings in Kitaev compounds.
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I. INTRODUCTION

The spin-orbit coupling invigorates new vitality to the
intertwining of magnetism and chemical bonds [1–5]. It
may generate the bond-dependent Dzyaloshinsky-Moriya and
Ising-type interactions [2–4]. The latter one is of current
interest, which gives rise to the exactly solvable Kitaev model
when implemented on a honeycomb lattice [6–8]. The ground
state of Kitaev model [6] belongs to the family of quantum
spin liquids, in which the spins do not freeze even at zero tem-
perature [9], but exhibit long-range entanglement [6,10,11]
and fractional excitations [12–18]. Recently, Kitaev interac-
tions have been identified in layered honeycomb magnetic
materials, such as α-A2IrO3 (A=Na, Li) [19–21] and α-RuCl3

[22]. However, due to other non-Kitaev interactions, these
materials shows long-range magnetic orders at low tempera-
tures [23–27]. To achieve a real quantum spin liquid state, one
needs to suppress the magnetic orders. In α-RuCl3, this can be
implemented by applying the in-plane magnetic fields, and the
resulting magnetic properties are consistent with theoretical
expectations [28–36].

Pressure could also break down the magnetic order in
α-RuCl3 [37–40]. Indeed, the magnetic signals disappear
above a critical pressure indicating the occurrence of a mag-
netic phase transition [37–39]. It is worth noting that, during
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this transition, the charge gap does not change significantly
and the system remains in an insulating state [37]. At present,
the nature of this transition is unclear, and there is a debate
on whether or not this pressure induced phase transition is ac-
companied by a crystal deformation resulting from the chem-
ical bondings. As reported previously in Ref. [37], the x-ray
diffraction (XRD) measurement did not show any structural
phase transition up to 150 GPa, and to account for the high
pressure nonmagnetic state a new quantum magnetic disor-
dered state was raised. However, a later XRD measurement in
Ref. [39] revealed a Ru-Ru bond dimerization of about 0.6 Å
above a critical pressure. Furthermore, in Ref. [40], a similar
nonmagnetic dimerized scenario was also deduced in the
optical measurements. These results are reminiscent of recent
high-pressure investigations on the two-dimensional Kitaev
material α-Li2IrO3 [41] and its three-dimensional polymorph
β-Li2IrO3 [42]. At high pressures, α-Li2IrO3 dimerizes [41],
while β-Li2IrO3 manifests the coexistence of both the dy-
namically correlated and the frozen spins without structural
deformation [42].

In this paper, we perform Raman scattering measurements
on α-RuCl3 to study the nature of the phase transitions
under pressures. Since the Raman spectroscopy is capable
of simultaneously detecting the phonon and magnetic exci-
tations [43–50], it becomes an exemplary experimental tool
to explore the magnetism and chemical bondings of the
Kitaev-type compounds [47,51–54]. Our measurements are
carried out at room temperature. To further our understanding
about the experimental results, we performed first-principles
calculation based on an isolated single layer model to
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determine the eigenvectors of the observed Raman modes. By
tracking the evolution of the Raman spectra, we identify two
characteristic pressures p1 = 1.1 GPa and p2 = 1.7 GPa for
structural phase transitions. Around the first critical pressure
p1, new Raman modes appear and the inversion symmetry
breaks, which is confirmed by the second harmonic gener-
ation (SHG) measurement. The space group of the system
changes from the monoclinic C2/m to the trigonal P 3112
owing to the variations of the stacking pattern of the α-RuCl3

layers. At the second critical pressure p2, the in-plane Raman
mode of ruthenium atoms softens and splits, indicating the
dimerization of the Ru-Ru bonds. Besides the variation of
phonon modes, we also observed a sequential change of the
Raman susceptibility with increasing pressure as following: it
is greatly enhanced first, slightly adjusted at p1, and sharply
decreased after the dimerization at p2. Thus the Mott collapse
occurs at the second critical pressure p2.

II. EXPERIMENTAL SETUP AND METHODS

High-quality single crystals of α-RuCl3 are grown from
commercial RuCl3 powder by chemical vapor transport
method. We use the diamond anvil cell to apply hydrostatic
pressures on the samples, and calibrate the value of pressures
by the shift of the photoluminescence of Ruby. Raman spec-
trum measurement is conducted using a 633-nm laser in the
backscattering configuration with the light polarized in the
basal plane. The light is focused down to 3 μm with the power
below 1 mW. Two ultranarrow band notch filters are used to
suppress the Rayleigh scattering light. The scattering light is
dispersed by a Horiba iHR550 spectrometer and detected by a
liquid nitrogen cooled CCD detector. The measurement using
a 488-nm laser is given in Appendix A for comparison. For
the SHG measurement, a 1010-nm pulse laser was focused on
the sample and the 505-nm signal was detected.

Density functional calculations were performed using
the Vienna ab initio simulation package (VASP) within the
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBEsol-GGA and PBE-GGA). The projector-augmented
wave (PAW) potentials were used to describe the atomic
potentials with a cutoff energy of 500 eV. The spin-orbit cou-
pling (SOC) was included. The effects due to the localization
of the d electrons of the transition metal ions are taken into
account using the GGA + U approach with the Coulomb
onsite repulsion energy of 1.5 eV on Ru atoms. Sufficient
k-point meshes of 7 × 7 × 1 were used for sampling the
Brillouin zone. The atomic structures were fully relaxed with
symmetry until the Helmann-Feynman forces were less than
0.002 eV/Å. Afterward, the oscillation spectrum of mono-
layer α-RuCl3 in the antiferromagnetic configuration was
obtained using the density functional perturbation theory.

III. EXPERIMENTAL RESULTS OF RAMAN
AND IR SPECTRA

Figure 1 displays the evolution of the Raman spectra of
α-RuCl3 from ambient pressure to 9.4 GPa. The highest
measured pressure is up to 24 GPa and the pressure process
is reversible (see Appendix A, Fig. 7). Here, we can identify
two characteristic pressures, p1 = 1.1 GPa and p2 = 1.7 GPa,

FIG. 1. Evolution of the Raman spectra of α-RuCl3 under differ-
ent pressures at room temperature.

at which the dramatic change of Raman spectra implies the
structural phase transitions. At ambient pressure, five Ra-
man modes are clearly resolved at 116, 161, 268, 294, and
310 cm−1. Besides the phonon Raman modes, we can also
observe the Quasielastic scattering below 200 cm−1, which
is originated from the magnetic excitations [52,54]. At p1 =
1.1 GPa, three new Raman modes at 201, 290, and 363 cm−1

appear. The original five modes evolve as following. The
mode originally at 116 cm−1 disappears at p2 = 1.7 GPa,
and a new mode splits out at the right side simultaneously.
The 161 cm−1 mode splits at p2. For the 268-cm−1 mode,
a new peak develops at the left side at p1 and the original
one disappears at p2. No splitting can be resolved for the
294-cm−1 mode and the intensity of the 310-cm−1 mode
experiences a dramatic increase for p > p2. No abrupt change
of all Raman peaks is observed from p2 up to 24 GPa as shown
Fig. 7 in the Appendix.

The previous Raman studies showed that the difference
of the Raman spectra of different stacking order samples is
very small and the interlayer interaction is negligible [54]. To
confirm this result, the layer dependence of infrared (IR) and
Raman spectra have been investigated. As shown in Fig. 2(a),
we performed IR measurement on exfoliated sample down to
three layers and no peak shift has been observed. That means
the electronic structure of α-RuCl3 is independent of the
layer number. In addition, the Raman spectra of the different
thickness of α-RuCl3 were also measured, as displayed in
Fig. 2(b). It is obvious that the Raman spectra of these five
samples are all the same except the intensity. In another word,
the Raman spectrum of α-RuCl3 can be understood by an
isolated single layer model.

Then, we can assign the Raman modes at ambient pressure
according to the D3d point group of the single α-RuCl3

layer. The irreducible representation of atomic displacement
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TABLE I. The calculated frequencies of all optical vibrational modes (the frequency unit is cm−1).

Raman active IR active inactive

Mode A1g Eg A2u Eu A2g A1u

Calc. this work 149 289 111 153 253 279 124 320 156 257 290 140 269 282
Expt. this work NA 310 116 161 268 294 NA 363 (1.1 GPa) 201 (1.1 GPa) NA NA NA 291 (1.1 GPa) NA

at the � point is �opt = 2A1g + 2A2g + 4Eg + A1u + 2A2u +
3Eu. Among them, Raman active modes are �R = 2A1g +
4Eg . From the polarization measurement [see Appendix B,
Fig. 8(a)] and previous Raman studies [52], the first four
modes are assigned as doubly degenerated Eg mode and the
last one as A1g mode.

We can determine the eigenvectors of Raman modes with
the help of the first-principles calculations and the calculated
frequencies of all optical vibrational modes are listed in
Table I along with their symmetry. The atomic displace-
ments of five observed Raman-active modes are displayed
in Fig. 3(a). For the four Eg modes, the 116-cm−1 mode
is dominated by the twist of the Ru-Cl-Ru-Cl plane; the
161-cm−1 mode is associated with Ru in-plane relative move-
ment; the 268-cm−1 mode is related to the Ru-Cl-Ru-Cl plane
shearing, and the 294-cm−1 mode is the breathing mode of
Ru-Cl-Ru-Cl ring. The A1g mode at 310 cm−1 can be assigned
as the symmetrical breathing mode between the upper and
lower chlorine layers. There is actually another A1g mode,
corresponding to the relative twist between the upper and
lower chlorine triangles, with the calculated frequency about
149 cm−1, which is close to the frequencies of the A1g modes
observed in CrCl3 [54] and FeCl3 [55], 142 and 165 cm−1,
respectively. Since there is no A1g peak observed in this range
for α-RuCl3, we believe that this mode is unresolvable due to
its small scattering cross section.

IV. STRUCTURAL AND MAGNETIC PHASE
TRANSITIONS UNDER PRESSURES

A. Inversion symmetry breaking at p1 = 1.1 GPa

The main feature at p1 is the appearance of three new
Raman modes at 201, 290, and 363 cm−1. According to the
group theory and the first-principles calculations of the single
α-RuCl3 layer, we assign the 201-cm−1 mode, which splits
after p2, as an IR-active Eu mode, the 290-cm−1 mode as

FIG. 2. The layer dependence of IR (a) and Raman (b) spectra of
α-RuCl3.

an inactive A2g mode, and the 363-cm−1 mode, which has
the highest frequency, as an IR-active A2u mode and which is
related to the asymmetrical layer breathing mode as shown in
Fig. 9 in the Appendix.

The appearance of IR-active modes in Raman spectrum
indicates the inversion symmetry breaking. To confirm this,
the second harmonic generation (SHG) measurement was also
performed on pressured samples. As displayed in Fig. 4, no
SHG signal was detected before 0.88 GPa, but SHG signal
was detected at 1.13 GPa and higher pressure, which is con-
sistent with inversion symmetry breaking at around 1.1 GPa.
Since there is no significant change in the original Raman

FIG. 3. (a) The Raman spectrum and the corresponding atomic
displacements of the five Raman active modes (4Eg + 1A1g) in
α-RuCl3 under ambient pressure, where only one of the doubly
degenerated Eg modes is given. (b) Pressure dependence of the fre-
quencies of the five Raman peaks. p1 = 1.1 GPa and p2 = 1.7 GPa
are two critical pressures.
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FIG. 4. Second harmonic generation (SHG) of α-RuCl3 under
different pressures.

modes, the inversion symmetry breaking is a consequence of
the change of stacking pattern of the α-RuCl3 layers.

B. Dimerization transition at p2 = 1.7 GPa

As shown in Fig. 3(b), almost all of the Raman modes show
blueshift with the increasing pressure. However, the Ru in-
plane mode at 161 cm−1 displays anomalous redshift until p2,
and a new peak appears abruptly at 171 cm−1 which increases
to 181 cm−1 at 2.4 GPa. That this new split peak has the higher
frequency indicates that two Ru atoms move close to each
other and form a dimerized bond. By simply assuming that
the distance of the nearest Ru atoms is inversely proportional
with the frequency of the Ru in-plane mode, we can estimate
that the Ru-Ru bond dimerization is about 0.5 Å at 2.4 GPa in
agreement with previous XRD measurement [39].

The Ru-Ru dimerization in the α-RuCl3 layers splits all
degenerated E modes into A + B modes. We do observe
such a splitting for the twist mode at 116 cm−1 and the
shearing mode at 268 cm−1 (it splits at p1 probably is due
to the interlayer interaction). We did not detect the splitting
for the ring breathing mode at 294 cm−1, probably due to
its low intensity and the adjacent intensive 310-cm−1 mode.
The two splitting peaks of the original 161-cm−1 mode at p2

can be assigned as Ag for high-frequency mode and Bg for
the low-frequency one, and the Ag peak becomes much more
intense than the Bg peak with the increasing pressure as shown
in Fig. 1. If using 488-nm laser as excitation light, the Bg peak
even becomes unresolvable as shown in Fig. 7. Similarly, the
Bg peak of the split 116-cm−1 mode has lower frequency and
cannot be observed after the dimerization. For the 268-cm−1

mode after splitting, the Bg peak has higher frequency than
Ag peak and disappears after the phase transition at p2. All
these observations on the Raman modes are consistent with
the scenario of Ru-Ru bond dimerization.

FIG. 5. Pressure dependence of the magnetic Raman conduc-
tivity χ ′′/ω and the magnetic Raman susceptibility χR , in (a) and
(b), respectively. (c) The phonon Raman spectra (after subtracting
the magnetic continuum) for the 116-cm−1 mode (peak 1) and
the 161-cm−1 mode (peak 2) under various pressures. The spectra
under 0.0 GPa and 0.8 GPa were fitted by Fano lineshapes. The
spectrum under 2.4 GPa was fitted by Lorentz line shape. (d) Pressure
dependence of the full width at half maximum (FWHM) and the
Fano asymmetry parameter 1/|q| (the inset) for the peak 1 and 2.
The vertical dash lines in (b) and (d) indicate the critical pressures.

C. Magnetic collapse from Raman susceptibility

Raman spectroscopy also detects the magnetic response in
the strong spin-orbit coupling system [43,45–47]. The Raman
intensity I (ω) is proportional to the dynamical Raman tensor
susceptibility as I (ω) ∝ [1 + n(ω)]χ ′′(ω). Here, χ ′′(ω) is
the imaginary part of the correlation functions of Raman
tensor τ (r, t ), χ (ω) = ∫ ∞

0 dt
∫

dr〈{τ (0, 0), τ (r, t )}〉e−iωt . In
general, the Raman tensor τ (r) can be expanded in powers
of spin-1/2 operators, ταβ (r) = τ

αβ

0 (r) + ∑
μ Kαβ

μ Sμ(r) +
∑

δ

∑
μν Mαβ

μν (r, δ)Sμ
r Sν

r+δ + . . . . The first term corresponds
to Rayleigh scattering, the second and third terms correspond
to the one spin flip [43,45,46] and two spin flip process
[43,45–48,51], respectively. The complex tensors K and M

are the coupling strength of light to the spin system.
To extract the magnetic Raman susceptibility, we integrate

the Raman conductivity [see Fig. 5(a), the phonon peaks are
subtracted from the original Raman spectra] over the fre-
quency range from 15 to 220 cm−1 according to the Kramers-
Kronig relation χR ≡ 2

π

∫
χ ′′(ω)

ω
dω. The results are plotted

in Fig. 5(b) where the pressure dependence of χR manifests
a rapid increase, slightly adjusted at p1, then followed by
a sharp drop towards zero at p2. The Raman susceptibility
χR contains the one-spin susceptibility and multiple-spin
susceptibility (e.g., two-spin bond correlation), corresponding
to one-spin flip and multi-spin flip processes, respectively.
Since the static spin susceptibility χm of α-RuCl3 at room
temperatures changes little before dimerization as reported in
Refs. [38,40], the rapid increasing Raman susceptibility χR
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FIG. 6. Schematic phase diagram of α-RuCl3 under pressures.
The crystal structure changes from C2/m to P 3112 at p1 signaled
by inversion symmetry breaking, and further to C2 at p2 due to the
Ru-Ru bond dimerization. For p < p2, the system is a Mott insulator;
after the bond dimerization for p > p2, it becomes a correlated band
insulator with Mott collapse.

should mainly come from the multispin flip processes. Beyond
p2, the Raman susceptibility χR tends to vanish, consistent
with the dimerized nonmagnetic scenario.

Furthermore, as shown in Fig. 5(c), the Raman spectra of
the phonon modes at 116 and 161 cm−1 display a significant
Fano asymmetry for p < p2 due to the couplings between
the lattice and magnetic excitations. The coupling strength is
measured by the full width at half maximum (FWHM) and
the Fano asymmetry parameter 1/|q|, as shown in Fig. 5(d),
where we observe that the coupling strength increases with
pressure and is completely suppressed after dimerization,
consistent with the evolution of Raman susceptibility χR in
Fig. 5(b).

V. DISCUSSIONS AND CONCLUSIONS

According to the previous studies, α-RuCl3 has a mono-
clinic C2/m structure at room temperature at ambient pres-
sure and undergoes a stacking order phase transition when
temperature is decreasing. From the recent high pressure
studies, increasing pressure has similar effect on the material
as decreasing temperature. We believe that the stacking order
phase transition observed at p1 = 1.1 GPa is the same one
as obtained by decreasing temperature. However, in previ-
ous literature, three low temperature structures have been
reported: the monoclinic C2/m, the trigonal P 3112, and the
rhombohedral R-3 [56]. To pick up a reasonable structure out
of three, we need to invoke our Raman and SHG data, which
give clear evidence of the inversion symmetry breaking at this
transition. Therefore it is very possible that the structure is
changed from C2/m to P 3112, with the inversion symmetry

FIG. 7. Evolution of Raman spectrum of α-RuCl3 with increas-
ing pressure (a) and decreasing pressure(b) excited by 488-nm laser.

breaking, since the other two low temperature structures still
possess the inversion symmetry. Our analysis is consistent
with the XRD result recently reported by Wang [37].

The structural transition at p1 is of first-order as indicated
by the dramatic changes of FWHM and 1/|q| in Fig. 5(d). At
p2 = 1.7 GPa, the softening and big splitting of the Ru in-
plane mode provide direct evidence of dimerization. Note that
such a softening is not complete, therefore the dimerization
transition at p2 is also a first-order one according to the
“little phonon softening” theory [57]. Such a dimerization
leads to the Mott collapse, and the system becomes a band
insulator with space group C2. The schematic phase diagram
is summarized in Fig. 6.

More remarks on the Mott collapse are needed here. The
spin-orbit coupling splits the degenerate t2g bands of α-RuCl3

into the effective jeff = 1/2 and 3/2 bands. The former one is
near the Fermi level with a narrower bandwidth comparing to
the original t2g band, such that the onsite Coulomb interaction
U can turn the system into a Mott insulator at ambient pres-
sure. However, the splitting between the effective jeff = 1/2
and 3/2 bands is not large enough, such that a moderate
pressure could increase the bandwidth and bring the system
close to the Mott transition, until finally drive the system into
a nonmagnetic band insulator. The Ru-Ru bond dimerization
accelerates this Mott collapse process. According to the first-
principles calculations, this nonmagnetic state is a correlation-
induced insulating phase, dubbed as the correlated band in-
sulator [58]. The magnetic collapse is also confirmed by
recent first-principles simulations in the dimmerized structure
[39,40]. Magnetism and chemical bondings have also been
studied in the isostructural counterpart α-MoCl3 by the Ra-
man scattering [59]. The spin-orbit coupling and Mott physics
make the relativity and correlation effects more significant in
the studies of magnetism and chemical bonds [1].

In conclusion, we perform Raman studies on the rela-
tion between Kitaev magnetism and chemical bondings in
α-RuCl3 under pressures. There are two critical pressures
at p1 = 1.1 GPa and p2 = 1.7 GPa. At p1, the α-RuCl3

undergoes a structural transition with the inversion symmetry
breaking due to different layer stacking, and the system re-
mains a Mott insulator though the space group changes from
the monoclinic C2/m to the trigonal P 3112. At p2, the Ru-Ru
bonds dimerize and the system becomes a correlated band
insulator through the Mott transition. Both transitions are of
first order.

FIG. 8. (a) Raman spectra measured in (XX) and (XY) polar-
ization for α-RuCl3 by a 633-nm laser at ambient pressure. (b) The
Raman spectrum of α-RuCl3 by a 488-nm laser at ambient pressure.
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FIG. 9. The atomic displacement of the Raman active modes along with the IR-active asymmetrical layer breathing modes (the frequency
unit is cm−1).
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APPENDIX A: PRESSURE DEPENDENT RAMAN
SPECTRUM OF α-RuCl3 EXCITED BY 488-nm LASER

The evolution of the Raman spectrum of α-RuCl3 with
increasing pressure excited by a 488-nm laser is displayed
in Fig. 7(a). The main feature of this pressure-dependent
Raman spectrum is the same with that excited by a
633-nm laser as shown in Fig. 1. Three new Raman modes
at about 201, 290, and 363 cm−1 appear at around 1.1 GPa
and peak splittings or a frequency jumping are observed at
1.7 GPa for the modes at 116, 161, and 268 cm−1. The main
difference is that the original peak of the Ru in-plane mode
(161 cm−1) is unresolvable after 1.7 GPa and the mode at
294 cm−1 becomes weaker and unresolvable at high pressure.
The difference might come from the Raman scattering cross
section changes with excitation laser and the lower resolution
due to the short wavelength. After 1.7 GPa, no sudden change
is observed in the spectrum. In addition, the evolution of the
Raman spectrum of α-RuCl3 with the decreasing pressure is
shown in Fig. 7(b). The Raman spectrum can return to the

original state with decreasing pressure from 24.8 to 0 GPa,
which means this process is reversible.

APPENDIX B: POLARIZED RAMAN
SPECTRUM OF α-RuCl3

The Raman spectra were measured in both parallel (XX)
and crossed (XY) polarizations with a polarized 633-nm
laser. The polarized Raman spectra of α-RuCl3 are shown in
Fig. 8(a). The first four modes are present in both polarization
channels and therefore assigned as a doubly degenerated Eg

mode. The last mode at 310 cm−1 is suppressed in the crossed
(XY) geometry and so can be assigned as A1g symmetry,
which is consistent with the previous Raman studies [52]. In
addition, the Raman spectrum of α-RuCl3 was also measured
by a 488-nm laser at ambient pressure. From Fig. 8(b), there
are two new weak peaks at 218 and 339 cm−1. Considering the
weak intensity and our first-principles calculation, we believe
the two new peaks come from defect modes.

APPENDIX C: THE ATOMIC DISPLACEMENT OF THE
RAMAN ACTIVE MODES OF α-RuCl3

The calculated atomic displacements for the Raman active
Eg modes are displayed in Fig. 9. There are two eigenvectors
(one with A symmetry and the other with B symmetry) for
each Eg mode. The Ru-Ru bond dimerization in the α-RuCl3

layers splits all degenerated E modes, so the A and B modes
will have different frequencies. Obviously, the twisting, shear-
ing and breathing of the dimerized Ru-Cl-Ru-Cl ring will
have higher frequencies, the same with the Ru in-plane modes
along the dimerized direction. In short, the A mode will have
higher frequencies for the twisting mode at 116 cm−1, the
Ru in-plane mode at 161 cm−1 and the ring breathing mode
at 294 cm−1, but it is opposite for the shearing mode at
268 cm−1. We observed that all of the A modes have higher
intensity after the dimerization and the B modes disappear or
have lower intensity.
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