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Broken weak and strong spin rotational symmetries and tunable interactions
between phonons and the continuum in Cr2Ge2Te6
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Phase transitions with lowering temperature are a manifestation of decreased entropy and within the Landau
theoretical framework these are accompanied by the symmetry breaking. Whenever a symmetry is broken
weakly or strongly, it leaves its trail and the same may be captured indirectly using renormalization of the
quasiparticle excitations. Cr2Ge2Te6, a quasi-two-dimensional magnetic material, provides a rich playground to
probe dynamics of the quasiparticle excitations as well as multiple phase transitions with lowering temperature
intimately linked with the lattice and spin degrees of freedom. Here, we report in-depth inelastic light scattering
measurements on single crystals of Cr2Ge2Te6 as a function of temperature, from 6 to 330 K, and polariza-
tion. Our measurements reveal the long as well as short range ordering of the spins below Tc (∼60 K) and
T ∗ (∼180 K), respectively; setting the stage for broken rotational and time reversal symmetry, gauged via the
distinct renormalization of the phonon self-energy parameters along with the mode’s intensity. Our measure-
ments also uncovered an intriguing dependence of the interaction strength between discrete state (phonon here)
and the underlying continuum, quantified using the Fano asymmetry parameter, as a function of the scattered
light polarization. Our results suggest the possibility of tuning the interaction strength using controlled scattered
light and symmetry in this 2D magnet.
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I. INTRODUCTION

Two-dimensional (2D) transition metal tri-chalcogenides
belong to the class of van der Waals layered materials.
Among these, a family of Cr2X2Te6 (X = Si, Ge) are intrinsic
ferromagnetic semiconductors. Cr2Ge2Te6 is a 2D Heisen-
berg layered van der Waals ferromagnetic semiconductor
(0.74 eV; indirect band gap) with curie temperature in
the range of ∼55−65 K [1–6]. As these materials exhibit
ferromagnetism and are semiconducting in nature, these
are potential candidates for the next-generation spintronic
devices, nanoelectronics, and are useful as a substrate in fer-
romagnetic insulator-topological insulator heterostructures.
The recent discovery of the phenomenas in spintronic like
spin-orbit torque, skyrmions, and the interfacial effect in 2D
van der Waals (vdW) heterostructures, makes Cr2Ge2Te6 a
potential candidate for the both applicative spintronic and
fundamental research [7–10]. In the hexagonal unit cell, three
layers of Cr2Ge2Te6 are stacked in an ABC sequence along
the c axis. The Cr atom is at the center and surrounded
by six Te atoms in a distorted octahedron [4]. The origin of
ferromagnetism in Cr2Ge2Te6 is attributed to the superex-
change mechanism between the Cr-Te-Cr magnetic ion having
spin S = 3/2 (Cr-3d3) with high spin configuration [6,11,12].
Spin-phonon and electron-phonon coupling both play an im-
portant role in many properties such as spin dynamics and
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transport properties. According to the Mermin-Wagner the-
orem, in a 2D vdW system, long-range magnetic order is
affected by thermal fluctuations and these fluctuations are
counteracted by magnetic anisotropy [2,13]. For 2D ferromag-
netic Cr2Ge2Te6, a Heisenberg Hamiltonian with magnetic
anisotropies can be given as

H =
∑
i, j

Ji jSi.S j +
∑

i

A
(
S j

i

)2
,

where Si is the spin operator on site i, Ji j is the exchange
interaction between sites i and j sites, A is the single ion
anisotropy. This magnetic anisotropy establishes ferromag-
netic order in 2D materials at finite temperatures with the
continuous rotational symmetry breaking of the Hamiltonian
[2]. In Cr2Ge2Te6, to understand the nature of phase tran-
sitions, i.e., long and short-range magnetic ordering, and to
explore the dynamics of quasiparticle excitations and their
interactions, temperature-dependent Raman spectroscopic in-
vestigation has been proven to provide deeper understanding
dynamics of such interactions like anharmonicity originating
from the phonon-phonon interaction, electron-phonon cou-
pling, and quasiparticle dynamics. For the current system
under probe, a long-range ordering of spins has been reported
in the temperature range of ∼55−65 K [6,14]. Addition-
ally, a short-range ordering has also been suggested around
∼160−200 K [15–17]. Therefore, it is important to investigate
and understand such quasiparticle excitations and magnetic
ordering using in-depth temperature dependent Raman stud-
ies. Raman spectroscopy is a powerful technique to study the
different phenomena in 2D materials such as quantum spin
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liquids, transition metal chalcogenides, and other magnetic
materials [17–22].

In this work, we have performed comprehensive Ra-
man spectroscopic measurements in the temperature range
of ∼6−330 K covering a broad spectral range from 5 to
2500 cm−1 to understand the important phenomena in this 2D
magnetic Cr2Ge2Te6. For a single crystal of Cr2Ge2Te6, we
observed a Raman signature of ferromagnetic transition at
TC ∼ 60 K, and the short-range spin-spin correlation is also
observed around T ∗ ∼ 180 K reflected in the renormalized
self-energy parameters of the Raman active phonon modes.
We also studied the interaction between quasiparticle excita-
tions such as phonons, spins, and electronic and/or magnetic
continuum as a function of temperature and this also revealed
the magnetic transition effects at the abovementioned transi-
tion temperatures (i.e., TC and T ∗). Our studies also uncovered
the potential route to control the interaction strength between
phonons and the underlying continuum in this 2D magnetic
material.

II. EXPERIMENTAL DETAILS

Temperature dependent Raman scattering measurements
were performed using the LabRAM HR-Evolution Raman
spectrometer in the backscattering configuration and closed-
cycle He-flow cryostat (Montana) from 6 to 330 K with
±0.1K accuracy. The spectra were excited using a 532-nm
laser and the laser power was kept very low (<0.2 mW) to
avoid the local heating on the sample. A 50x long work-
ing distance objective was used to focus the laser light on
the sample as well as to collect the scattered light from the
sample. Polarization-dependent Raman measurements were
also performed at five different temperatures below and above
long-range (TC) magnetic ordering, i.e., 6, 45 150, 250, and
300 K.

III. RESULTS AND DISCUSSIONS

A. Lattice vibrations in Cr2Ge2Te6

Bulk single crystal of Cr2Ge2Te6 belongs to the point
group C3i (space groupR 3 , #148) and have hexagonal struc-
ture [1,3,6]. Bulk Cr2Ge2Te6 unit cell consists of ten atoms
per unit cell which gives rise to 30 phonon branches at � point
of the Brillouin zone and can be expressed by the following
irreducible representation as � = 5Ag + 5Au + 5Eg + 5Eu.
There are 27 optical and three acoustical branches with the
irreducible representation �optical = 5Ag + 4Au + 5Eg + 4Eu

and Au + Eu, respectively. From the 27 optical branches, 15
are Raman active; �Raman = 5Ag + 5Eg, whereas remaining
12 are infrared active; �IR = 4Au + 4Eu. Eigenvectors of
the lattice vibrations corresponding to the phonon modes
with Eg and Ag symmetry are shown using schematic
representation in Supplemental Fig. S1 [23–25]. Figure 1(a)
shows the Raman spectrum of Cr2Ge2Te6 in the spectral
range of 65 − 500 cm−1 recorded at 6 K. Spectra are
fitted using a sum of Lorentzian functions to extract
the self-energy parameters for the phonon modes, i.e.,
mode frequency (ω), and full width at half maximum
(FWHM), as well as the intensity. We observed eight
Raman active phonon modes at 6 K, for convenience
named as P1(∼95 cm−1), P2(∼106 cm−1), P3(∼126 cm−1),

P4(∼144 cm−1), P5(∼231 cm−1), P6(∼276 cm−1),
P7(∼292 cm−1), and P8(∼446 cm−1). We also recorded
the Raman spectra in the higher frequency range up to
2500 cm−1, but did not observe any signature of the Raman
active excitation [see inset in Fig. 1(b)]. Our results of not
seeing any high order modes in the higher frequency region
tells that second or higher order modes are absent in this
system. The spectrum consists of very strong characteristic
phonon modes P3 and P4 located at ∼126 and 144 cm−1.
Mode P3 shows the asymmetric line shape nature, and it is
discussed in detail in Sec. III (C). Phonon modes P1, P6 and
P2, P3 are assigned E1g and E2g symmetry, respectively;
while modes P4, P8 are assigned Ag symmetry [6,26].
Figure 1(b) shows temperature evolution of the Raman spec-
trum of Cr2Ge2Te6 in the range of 6 to 330 K. With increasing
the temperature from 6 to 330 K, peak frequencies are red-
shifted, and peaks get broadened. Peak P2 becomes very weak
with increasing the temperature. The quasielastic scattering in
the low-frequency region of the spectra also evolves with the
temperature.

B. Temperature dependence of the phonon modes: Phonon
anharmonicity, thermal expansion, and spin-phonon coupling

Figures 2(a)–2(d), shows the temperature-dependent fre-
quency and linewidth of the observed prominent phonon
modes, i.e., P1–P4, P6, and P8. The following observation can
be made: (i) All the observed phonon modes show hardening
with lowering the temperature from 330 to ∼60 K. Below
∼60 K, the frequency of modes P1, P3, P4, P6, and P8
show an upward trend upon entering the long-range magnetic
ordering phase. We attribute this to the effect of spin-phonon
coupling below ∼60 K. (ii) The FWHM of the mode P1 de-
creases with lowering the temperature. Interestingly, phonon
modes P3, P4, P6, and P8 show a decrease in FWHM with
a decreasing temperature up to ∼60 K. However, below this
temperature, FWHM remains nearly constant for the modes
P3 and P8 and increases for P4 and P6 with further lower-
ing the temperature. The increases in linewidth below ∼60
K is understood invoking emergence of the magnetic decay
channel. In the long-range ordered phase, magnetic channel
becomes active and as a result optical phonons will have
more channels to decay and leads to shorter lifetime (τ ).
This ultimately leads to increase in the linewidth (∝ ∼ 1/τ )
below TC as seen in our observations. FWHM of the weak
mode P2 is observed to be nearly constant in the full tem-
perature range. We observed that frequency decreases with
increasing temperature (from ∼60 to 330 K) for the modes
P1, P2, P3, P4, and P6, the change is ∼3.5%, 4%, 2.9%,
2%, 2.4%, respectively, with respect to the frequency at 60
K. For the mode P8, the frequency change is ∼0.46% with
respect to the frequency at 60 K. The effect of short-range
ordering of the spins, which start much above the long-range
ordering temperature, may also be captured via renormaliza-
tion of the self-energy parameters of the phonons as well
as the intensity. For Cr2Ge2Te6, it has been reported in the
transport studies that short-range ordering starts building up
as high as ∼200 K. We observed a clear change in the mode
frequencies and FWHM in the vicinity of 180 K, in par-
ticular a change in the slope or a kink is observed around
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FIG. 1. (a) Raman spectrum of the single crystal of Cr2Ge2Te6 in the spectral range of 65 − 500 cm−1 recorded at 6 K. Insets in the
green-shaded area are the amplified spectra in the spectral range of 65 to 120 cm−1 (left side) and 200 to 500 cm−1 (right side). (b) Shows
the temperature evolution of the Raman spectrum in the spectral range of 5 to 500 cm−1. Left inset show temperature evolution of the most
prominent peaks, i.e., P3 and P4. The right inset shows the spectra up to ∼2500 cm−1. (c) Shows the crystal structure of Cr2Ge2Te6, plotted
using VESTA, as viewed along the c axis (top-view). The unit cell is shown by the black frame, and (d) shows the structure along the arbitrary
direction.

this temperature clearly visible in the modes P3, P4, and
P8 (see Fig. 2). We attributed this to the effects of short-
range ordering of the spins. Building up of the short-range
ordering affects the Raman cross section and the same may
be captured via the phonon modes intensity evolution. The
effect of short-range ordering is also seen in the tempera-
ture evolution of the phonon modes intensity. It is advocated
that in case of magnetic materials, the long-range as well
as the short-range ordering affect the phonon mode intensi-
ties [27,28]. Figure 2(e) shows the temperature dependence
of the phonon mode intensities for the modes P1–P4, and
P8. Intensity of mode P1 increases slowly with increasing
temperature up to ∼180 K and above ∼180 K, the slope
is changed, and intensity increases sharply. For the phonon
mode P2, intensity decreases with increasing temperature in
the full temperature range, though there is a change in slope
around 60 and 180 K. Intensity of the mode P3 and P4
decreases with increasing temperature up to ∼180 K, above
∼180 K there is a change in slope and intensity increases
with further increase in the temperature. Intensity of the mode
P8 decreases slightly until ∼60 K, remains nearly constant
with further increase in the temperature up to ∼180 K, and
after that it increases sharply till 330 K. These changes in
intensity of the phonon modes around ∼60 and 180 K are
clearly the manifestation of the long- and short-range spin
ordering.

Generally, temperature evolution of the phonon modes
have contribution from three factors: (1) anharmonic effect,
�ωanh(T ), (2) thermal expansion of the lattice, �ωlatt (T ) and
(3) spin-phonon coupling, �ωsp-ph(T ). Change in the phonon
mode frequencies from the above three factors is given as
[29,30]:

�ω(T ) = �ωanh(T ) + �ωlatt (T ) + �ωsp-ph(T ). (1)

Anharmonic temperature dependence of the frequency and
FWHM of the phonon modes may be understood by consid-
ering the three-phonon anharmonic process, decaying of an
optical phonon into two equivalent acoustics phonons with
equal frequency but opposite momentum, suggesting by Kle-
mens and is written as [31]:

�ωanh = ω(T ) − ω0 = A

(
1 + 2

ex −1

)
, (2)

��anh = �(T ) − �0 = C

(
1 + 2

ex −1

)
, (3)

where ω0 and �0 are the frequency and FWHM at 0 K, re-
spectively; and x = h̄ω0

2kBT .A and C are the constant parameters
associated with the change in frequency and FWHM with
temperature, respectively. The solid red lines for the case of
frequency and FWHM in a temperature range of 60 to 330 K
in Figs. 2(a)–2(d) are fitted curves using the above Eqs. (2)
and (3), respectively. The fitting is in quite good agreement
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FIG. 2. (a) and (b) Show temperature dependence of the frequency and FWHM of the phonon modes P1-P3, respectively; (c) and (d)
Show temperature dependence of the frequency and FWHM of the phonon modes P4, P6, and P8, respectively, for Cr2Ge2Te6. (The solid
red line shows a three-phonon fitting in the temperature range 60 to 330 K and the green lines in the temperature range 6–60 K are a guide
to eye drawn by extrapolation. In the inset, the solid blue line shows the spin-phonon couling fitting for the temperature range of 6–60 K).
Tc (∼60 K) and T ∗ (∼180 K) represents the long and short range ordering temperature, respectively. (e) Shows the intensity variation as a
function of temperature (6–330 K) for phonon modes P1-P4, and P8, respectively. Red lines are guide to the eye.

with the experimental data. The best fit parameters are listed
in Table I.

The second term in Eq. (1) corresponds to the thermal
expansion of the lattice, also known as the quasiharmonic

effect and corresponding change in the frequency is given as

�ωlatt (T ) = ω0

{
exp

[
−3γ

∫ T

T0

α(T )dT − 1

]}
, (4)

TABLE I. List of the fitting parameters corresponding to the phonon modes in Cr2Ge2Te6, fitted using the three-phonon fitting model in
the temperature range of ∼60 to 330 K. The units are in cm−1.

Mode assignment ω0 A �0 C

P1 (E1g) 95.3±0.06 −0.4±0.01 4.0±0.30 0.2±0.04
P2 (E2g) 106.9±0.20 −0.6±0.04 3.1±0.31 0.02±0.06
P3 (E2g) 125.8±0.04 −0.7±0.01 3.3±0.06 0.5±0.01
P4 (Ag) 143.9±0.04 −0.5±0.01 2.4±0.04 1.0±0.01
P6 (E1g) 277.5±0.18 −2.8 ±0 .08 12.8±0.32 2.3±0.18
P8 (Ag) 446.5±0.17 −1.1±0.13 0.8±0.00 8.4±0.11

134406-4



BROKEN WEAK AND STRONG SPIN ROTATIONAL … PHYSICAL REVIEW B 109, 134406 (2024)

FIG. 3. (a) Shows the temperature dependence of the linear ther-
mal expansion coefficient for the phonon modes P1-P3, and (b)
shows the temperature dependence of the linear thermal expansion
coefficient for the phonon modes P4, P6, and P8; respectively, in
the temperature range 60–330 K with three values of Gruneisen
parameters γ = 1, 2, 3.

where, γ is the Gruneisen parameter and α(T ) is the linear
thermal expansion coefficient (TEC).

For convenience, we have written the product of γ and
α(T ) as a function of temperature:

γα(T ) = b0 + b1T + b2T + · · · , (5)

where b0, b1, b2 are constant (for the values see Supplemental
Table S1). For the case of Cr2Ge2Te6, the Gruneisen param-
eter (γ ) for phonon modes is not known. Generally, γ is of
the order of 1–3, hence we have taken three different val-
ues i.e., γ = 1, 2, 3 for each phonon mode. Figures 3(a) and
3(b) show the temperature dependence of the extracted linear
thermal expansion coefficient, α(T ), for the phonon modes
P1–P4, P6, and P8 in the temperature range of ∼60 − 330
K. Modes P1 and P4 show an increase in the TEC with an
increase in temperature. The phonon mode P2 shows slight
decreases in TEC with increase in the temperature up to
temperature ∼100 K and above 100 K, it increases sharply.
The phonon modes P3, and P6 show the decrease in the TEC
with increasing temperature up to ∼210 K and increase with
further increase in the temperature. Mode P8 shows a de-
crease in TEC with increasing the temperature up to ∼150 K,
and it increases with further increasing the temperature until
330 K.

To understand the effect of anharmonicity in the full
temperature range of ∼6 − 330 K, we extrapolated the an-
harmonic model up to the lowest recorded temperature, i.e.,

6 K. Interestingly one can clearly see a deviation of this
anharmonic phonon-phonon fit from the experimental data,
see the solid green lines in Figs. 2(a)–2(d). This suggests that
the anharmonic model alone cannot capture the entire pic-
ture to understand the temperature dependence of the phonon
modes. Further, one can see that the deviation is starting
from ∼60 K, which is close to the reported TC for the case
of Cr2Ge2Te6. The observed anomalous temperature depen-
dence of the phonon modes below 60 K may be understood
by considering the coupling of phonons with magnetic degree
of freedom. Below TC , the spin-phonon coupling (SPC) in
magnetic materials is observed to play a significant role in
renormalization of the frequency and linewidth of the phonon
modes. Temperature-dependent frequency could be the best
parameter to gauge role of the SPC [32–34]. As mentioned
above, some of the modes do show changes around the onset
of short-range ordering temperature (∼200 K). However, to
estimate the spin-phonon coupling we have focused only on
the long-range ordered state below ∼60 K as there are well
developed theoretical models for this; on the other hand in
the short-range ordering phase especially between ∼60 and
200 K it requires further detailed development of theoretical
models to capture the changes and our results may be useful
for developing such models.

Generally, below TC spins get ordered and the spin-phonon
interaction comes into the picture. Spin-phonon coupling de-
scribes the interaction between the lattice degree of freedom
(phonons) and the underlying magnetic degree of freedom
(spins). Keeping only the dominant contribution, the Hamil-
tonian for the spin-phonon interaction is given as H =∑

i, j Ji j (
−→
Si .

−→
S j ), where Ji j is the exchange coupling integral

[35]. The phonon frequency is sensitive to correlations of the
spins and the change in frequencies due to the SPC is given as
[22,34–38]; �ωsp−ph = ωph − ω0

ph = λ ∗ 〈−→Si .
−→
S j 〉, where ωph

is the phonon frequency and ω0
ph is the bare phonon frequency.

λ is the spin-phonon coupling coefficient which describes
coupling strength between spins and phonons and its value
can be both positive (negative) for the hardening (softening)
of the phonons belowTC . Further λ can be derived from the ex-

change coupling integral Ji j as λ = ∂2Ji j

∂r2 , where r is the atomic

displacement. 〈−→Si .
−→
S j 〉 is the spin-spin correlation function

between the ith and jth site of the magnetic ions and within the
mean field approximation it is given as 〈−→Si .

−→
S j 〉 = −S2φ(T ),

where S is spin on magnetic ion/site and here we have S = 3/2
for the Cr magnetic ion, i.e., Cr3+ [6,11,12]. Therefore, the
temperature-dependent frequency of the phonon considering
the contributions from the SPC can be written as

ωsp-ph(T ) = ω0
ph − λ ∗ S2 ∗ φ(T ), (6)

and φ(T ) can be written as φ(T ) = 1 − ( T
TC

)
η
, where η is the

critical exponent. φ(T ) is the order parameter. It becomes zero
at the Curie temperature (TC ) and unity at absolute zero tem-
perature while above the curie temperature T > TC it is zero
[19,34,35]. Insets in Fig. 2, show the temperature dependence
of the mode’s frequency below TC, i.e., ∼60 to 6 K, where
solid blue lines are the fitted curves using Eq. (6). Here, it
should be noted that we have fixed the TC (60 K). The best fit
parameters are listed in Table II. A large value of the extracted
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TABLE II. Spin-phonon coupling fitting parameters extracted
using expression described in the text.

Mode assignment λ η

P1 −0.40±0.2 0.55 ±0 .47
P2 −0.33±0.2 1.0±0.8
P3 −0.52±0.1 0.71±0.2
P4 −0.48±0.2 0.54±0.3
P6 −0.75±0.5 0.68±0.9
P8 −0.31±0.2 0.5±0.7

λ reflects strong coupling between phonons and spins while
negative value indicates the hardening of frequency of the
phonon modes with decreasing the temperature up to 6 K.

C. Fano asymmetry and its polarization dependence

In the Fig. 1(b), phonon mode P3 shows the right-handed
asymmetric nature, and the origin of this asymmetry may be
captured by the Fano model [39–41]. The Raman asymmetric
line-shape broadening occurs due to the interaction between
the electronic or magnetic continuum with the discrete quasi-
particle excitations (phonons here) and this interaction results
into the asymmetric line shape, termed as Fano asymmetry.
Underlying origin of this effect is the spin dependent electron
polarizability involving both spin-photon and spin-phonon
coupling [39,42]. This interaction plays a crucial role in the
semiconducting materials because it affects the electrical and
optical properties of the semiconductors and such a study is
useful in different applications [43]. The Raman line-shape
broadening due to the Fano interaction is given as ι(ω) ∝
(1+δ/q)2

1+δ2 , where δ = ω−ω0
�

, and ι(ω) is the Raman intensity
as a function of frequencyω. ω0 and � are the frequency
and FWHM of the bare /uncoupled phonon, respectively. q
is the asymmetry parameter that characterizes the coupling
strength between the phonon and the continuum, quanti-
fied by the parameter 1/|q|. Microscopically q is defined as
|q|2 = |〈φ|T |i〉|2

|〈ψE |T |i〉|2.π2|VE |2 ; it represents the ratio of the transition
probability to the modified discrete state, |φ〉, and to a band
width, 2π |VE |2, of the unperturbed continuum states, |ψE 〉.
T is some transition operator between initial state |i〉 and
the state |φ〉 and |ψE 〉. VE (=〈ψE |H |φ〉) is some transition
tells the interaction between the discrete state and the con-
tinuum. Therefore, in the limit1/|q|(∝ |VE |) → ∞; coupling
is stronger and causes the peak to be more asymmetric while
in the limit1/|q| → 0; coupling is weak and this results into
the Lorentzian line shape [22,40,43–46]. Figure 4(b) shows
the temperature dependence of the coupling strength (1/|q|)
for the Fano peak (P3) in the temperature range of 6–330 K.
We note that with lowering the temperature 1/|q| increases
continuously and below TC (∼60 K), there is a sharp rise in
its magnitude reflecting the strong coupling between phonons
and the underlying magnetic degree of freedom. We note
that there is no clear change around the onset of short-range
ordering temperature (∼200 K), this may be because of the
weak nature of coupling, or it may be possible that changes
are small and are beyond the resolution of our measurements
for this parameter.

FIG. 4. (a) Evolution of a cumulative fit of the Fano peak (P3)
for different q parameters and temperatures. (b) Temperature depen-
dence of the asymmetry parameter 1/|q| in the temperature range
6 to 330 K. The solid semitransparent blue line is drawn as guide
to the eye below 60 K. (c) Shows the polarization dependence of
the asymmetry parameter, 1/|q|, at temperature 6, 45, 150, and
300 K. Polarization dependent measuremenst are performed by fix-
ing the direction of polarization of the incident light and rotating
the scattered light polarization (these graphs are plotted in a stacked
line format, not on the same scale). (d) Shows schematic for the
unit vectors (êi and ês) of the incident and scattered light. K̂i and
K̂s shows the direction of propagation of the incident and scattered
light.

Asymmetry parameter, q, is directly linked with the
coupling strength and is intimately connected with the
electronic polarizability. Since electronic polarizability
have its dependences on the spins as χab = χ0

ab +∑
χab(σ ; τ, m)Sσ (τ, m)+ ∑

χab(σ ; τ, m; σ ′; τ ′, m′)Sσ (τ, m)
Sσ ′ (τ ′, m′) + · · · ..

Therefore, its detailed study may reveal the coupling
strength, and its potential variation as a function of the light
polarization may uncover its intrinsic dependence on the spins
and photons as also advocated in some of the earliest studies
on Fano asymmetry [39,41,42]. This may pave the way for
controlling the interaction strength as a function of the light
polarization. This may also open the possibility of potential
quantum sensor such as quantifying interaction strength as a
function of the photon polarization.

To probe the possible dependence of the asymmetry pa-
rameter q, as a function of the scattered light polarization, we
performed detailed polarization dependence measurements
both below and above the long-range ordering temperature. As
1/|q| reflects the interaction strength, the maxima in 1/|q| at a
particular scattered light polarization can be picked up and the
variation in the maxima as a function of temperature may also
be observed underlying the effects of the spins and photons.
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Figure 4(c) shows the asymmetry parameter 1/|q| as a func-
tion of polarization angle (θ ) at five different temperatures 6
and 45 K below TC and 150, 250, and 300 K above TC . We note
that below TC , 1/|q| show maxima at the scattering angles of
∼80 and ∼260 degrees at 6 and 45 K, respectively. However,
above TC (i.e., 150, 250, and 300 K) it shows the maxima at
∼100 and ∼280 degrees. The maxima at different scattering
angles above and below TC reflects the effect of long-range
magnetic ordering on the coupling between the phonon and
the underlying continuum. It also shows the coupling strength
dependence on the scattering angle of the electric field vec-
tor. From Fig. 4(c), the coupling strength (1/|q|) shows the
minimum value for the parallel polarized configuration (XX),
while it shows the maximum value for the cross-polarized
configuration (XY). This observation suggests that coupling
strength may be controlled using polarization of the light as
advocated. More similar studies on these quasi-2D magnetic
systems may be helpful to fully understand the underlying
mechanism for this and realizing its full potential. A quanti-
tative understanding of this maxima in asymmetry parameter
calls for an in-depth theoretical study. Our observations also
highlight the prospect to control the quantum pathways of
the inelastically scattered light and this may provide a way
in the future to control these pathways for use in quantum
technology.

D. Quasielastic scattering

The quasielastic Raman scattering originates from the un-
derlying dynamical spin fluctuations and it plays a crucial
role in understanding the magnetic properties such as phase
transitions, etc., of particularly frustrated or low dimensional
magnetic materials. The detailed quantitative analysis in the
low frequency regime may shed light on the dynamics of
magnetic degrees of freedom. To understand the dynamics of
low frequency regime in detail, we performed and analyzed
low frequency Raman measurements as a function of the
temperature. In our measurement, we observed quasielastic
Raman scattering in the low frequency region. Generally,
in magnetic materials, the spin energy fluctuation or fluc-
tuations of the magnetic energy density causes quasielastic
Raman scattering and this shows a notion of the magnetic
contribution to the specific heat. The magnetic specific heat
(Cm) provides an idea about underlying magnetic excita-
tion, spin fluctuations, and Raman signature of the change
of phase with a temperature change [47–49]. Raman re-
sponse, χ ′′(ω), is an imaginary part of the susceptibility
obtained from the raw Raman intensity and is given as I (ω) ∝
χ ′′(ω)[n(ω) + 1], where n(ω) is the Bose thermal factor.
Figure 5(a) shows the Raman response at different tempera-
tures in the spectral range of ∼4−75 cm−1. At high temper-
atures the Raman response is nearly flat and starts building
up only at low temperatures, reflecting more fluctuations in
the magnetic excitations as compared to the high-temperature
range. The Raman conductivity is another important pa-
rameter and is extracted from the Raman response by
simply dividing by a Raman shift and given as χ ′′(ω)/ω.
Figure 5(b) shows the Raman conductivity for different
temperatures, and this is used to extract the dynamic Ra-
man susceptibility χdyn and is given by the Kramers-Kronig

FIG. 5. (a) Temperature evolution of the Raman response
χ ′′(ω, T )) [measured raw Raman intensity/1 + n(ω)]). (b) Tem-
perature dependence of the Raman conductivity χ ′′(ω, T )/ω. (c)
Temperature dependence of the dynamic Raman susceptibility χ .
The solid red line shows the fitting for power law. (d) Shows the
temperature dependence of the spin correlation length (ξ ) extracted
from the Raman conductivity. The inset shows the amplified region
in the temperature range of ∼140−330 K. The semitransparent red
line is drawn as guide to the eye.

relation:

χdyn = lim
ω→0

χ (k = 0, ω) ≡ 2

π

∫ ∞

0

χ ′′(ω)

ω
dω. (7)

The upper cutoff value of frequency is taken as 75 cm−1.
Figure 5(c) shows the normalized dynamic Raman suscep-
tibility χdyn as a function of temperature in the range of
6–300 K. The percentage change inχdyn is ∼67% from ∼60
to 6 K and is only ∼26% from ∼180 to 60 K and it is nearly
constant from ∼180 to 330 K. We note that χdyn remains
nearly constant from room temperature to ∼180 K, and starts
building up with further decrease in the temperature. Below
the long-range ordering temperature (∼60 K) it increases
exponentially, clearly reflecting the signature of broken spin
rotational symmetries. Spin fluctuation or magnetic excita-
tions as a function of temperature is well characterized by the
power law and it can be given as χdyn(T ) ∼ T β , where β is
a critical exponent. The solid red line shows the power law fit
(β = −0.43). In the paramagnetic phase χdyn(T ) is expected
to show the temperature independent behavior owing to the
spins being uncorrelated in this phase.

The magnetic specific heat (Cm) can be extracted from the
quasielastic scattering part using the hydrodynamic limit of
the correlation function [50]. The Raman conductivity and
magnetic specific heat are related as [48]:

χ ′′(ω)

ω
∝ CmT

Dk2

ω2 + (Dk2)2 , (8)
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FIG. 6. Polarization dependent intensity of phonon modes P1-P4, P6, and P8 at different temperatures 6, 45, 150, 250, and
300 K, respectively with scattering light rotated configuration. At the bottom, solid green line shows the direction of incident light
polarization.

where Cm is the magnetic specific heat and D is the thermal
diffusion constant (D = K/Cm) with the magnetic contribu-
tion to the thermal conductivity K [47,48]. Figure 5(d) shows
the spin correlation length (ξ ) as a function of temperature
in the temperature range of ∼6 − 330 K. The spin corre-
lation length ξ (T ) is extracted from the Lorentzian profile
as described by Eq. (8) by taking inverse of the linewidth
[48]. We observed an exponential growth of the spin corre-
lation length below ∼60 K, clearly reflecting the long-range
ordering phase. In addition, a small change is also observed
around 200 K, potentially reflecting short-range ordering of
the spins.

E. Temperature-dependent polarization of the phonon modes

Polarization dependent Raman scattering is a very pow-
erful technique and it can be used to explore symmetry of
the lattice vibrations, quasiparticle excitations, etc., in con-
densed matter systems. We note that for Cr2Ge2Te6, the

polarization dependent phonon dynamics are not yet explored
as a function of temperatures. To understand the effect of
the temperature and to shed light on the symmetry of the
phonon modes and the interaction between phonon and un-
derlying continuum, we also performed a detailed polarization
dependent Raman measurement at five different tempera-
tures. One may control the polarization of the incident and
scattered light and this polarized configuration can provide
crucial information about the symmetry of the Raman ac-
tive phonon modes. We performed the polarization dependent
measurements at different temperatures by rotating the scat-
tered light at a regular interval and fixing the incident light
polarization.

Figure 6 shows the polarization dependent phonon modes
intensity at five different temperatures. To understand this
variation of intensity as a function of polar angle, we used
a semiclassical approach. According to this, intensity of the
phonon modes is given as IRaman ∝ |êT

s � R � êi|2, where T in-
dicates transpose, êi and ês are the unit vectors in the direction
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TABLE III. Wyckoff positions and irreducible representations of phonon modes for Cr2Ge2Te6 in the hexagonal (C3i; space group No.148)
phase.

Atom Wyckoff position �-point mode decomposition Raman tensor

Te 18f 3Ag + 3Au + 3Eg + 3Eu Ag =
⎛
⎝a 0 0

0 a 0
0 0 b

⎞
⎠

Cr 6c Ag + Au + Eg + Eu E1g =
⎛
⎝c d e

d −c f
e f 0

⎞
⎠

Ge 6c Ag + Au + Eg + Eu E2g =
⎛
⎝ d −c − f

−c −d e
− f e 0

⎞
⎠

Raman and infrared active modes �IR = 4Au + 4Eu �Raman = 5Ag + 5Eg

of incident and scattered light electric field. R is the Ra-
man tensor for the corresponding phonon mode. In matrix
form, the unit vectors in the direction of the incident and
scattered light can be written as: êi = [cos(θ0) sin(θ0) 0];
ês = [cos(θ0 + θ ) sin(θ0 + θ ) 0], where θ is the relative an-
gle between êi and ês, while θ0 is the angle of incident light
from the X axis as per the schematic shown in Fig. 4(d).
The Raman tensors for the phonon modes with symmetries
Ag, E1g, and E2g are listed in Table III [6]. The intensity of
these modes, dependent on the angle θ and the corresponding
Raman tensors are described as

IAg = |a[cos(θ0) cos (θ + θ0) + sin (θ0) sin (θ + θ0)]|2

≡ a2cos2(θ ), (9)

IE1g = |[c cos(θ ) + d sin(θ )] cos(2θ0) + [d cos(θ )

− c sin(θ )] sin(2θ0)|2, (10)

IE2g = |[d cos(θ ) − c sin(θ )] cos(2θ0)

− [c cos(θ ) + d sin(θ )] sin(2θ0)|2, (11)

where, θ0 is an arbitrary angle from the X axis as shown in
Fig. 4(d). Without any loss of generality θ0 may be taken as
zero, Eqs. (9), (10), and (11) becomes

IAg = |a cos(θ )|2, (12)

IE1g = |c cos(θ ) + d sin(θ )|2, (13)

IE2g = |d cos(θ ) − c sin(θ )|2. (14)

In Fig. 6, the solid red lines show the fitted curves using
the equations as discussed above, see Supplemental Table S2
for the constants extracted. Modes P1, P6, P2, and P3 are
fitted with Eqs. (13) and (14), respectively. Peaks P4 and P8
are fitted with Eq. (12). The Ag symmetry modes P4 and P8
does not show any rotation on changing temperature and the
main axis shows maximum intensity at ∼0 and 180 degrees
but the loop area in the first and fourth quadrant is smaller
than the loop area in the second and third quadrant and this
loop area also changes with change in the temperature. The

E1g modes P1 and P6 shows main axis rotation with chang-
ing temperature, and at 300 K main axis shows maximum
intensity at ∼0 and 180 degrees for mode P1 while 170 and
350 degrees for mode P6. As we lowered the temperature to
6 K, the main axis shows the maximum intensity at ∼170
and 350 degrees for mode P1 while for mode P2, the main
axis did not change its orientation. The E2g modes P2 and
P3 both show very small main axis rotation with change in
temperature. The maxima are along the main axis at ∼170
and 350 degrees. Also, the loop area of the modes P1–P4, P6,
and P8 are affected by change in temperature. Similar rotation
has also been reported recently in other 2D magnetic systems
[17]. We note that the rotation of axis in our observation is
nominal and further studies may shed more light on it. The
microscopic understanding of these rotations and asymmetries
in intensity calls for a detailed theoretical study to uncover all
the underlying mechanisms responsible for these rotations.

IV. CONCLUSION

In conclusion, we performed a comprehensive inelastic
light (Raman) scattering measurements on the single crystals
of quasi-2D ferromagnetic semiconductor Cr2Ge2Te6. Our
measurements demonstrate the weak and strong symmetry
breaking, attributed to the short- and long-range ordering of
the spins reflected via the anomalous hardening of the phonon
modes, and observed anomaly in the temperature variation
of the linewidths as well as intensity of modes. Our findings
suggest Cr2Ge2Te6 to be a unique platform for exploring the
tunability of the interaction strength and the inelastic scat-
tered light via symmetry control. Our results provide a critical
understanding about the underlying phenomenon of this 2D
magnetic compound through lattice dynamics study and fur-
ther calls for exploring similar systems both experimentally
as well as theoretically for a quantitative understanding,
particularly the polarization dependence of the interaction
strength [25].
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