
PHYSICAL REVIEW B 110, 075155 (2024)

Multiple charge density wave ordering and quantum coupling
of collective excitations in layered GdTe3
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Rare-earth tritellurides represent quasi-two-dimensional systems that exhibit multiple charge density wave
(CDW) transitions alongside magnetic ordering. However, the interplay between the phonon dynamics of
collective excitations and local magnetism remains unclear. GdTe3 is an interesting material having an in-
commensurate CDW (ICDW), at TICDW ∼ 380 K, an antiferromagnetic transition at TN ∼ 13 K, and with an
expectation of another CDW ordering. We emphasize electron-spin-phonon and mode coupling in GdTe3 through
temperature dependent Raman spectroscopy complemented by heat capacity and magnetization measurements.
Disappearance of zone-folded mode (Z*) and observed coupling behavior of amplitude mode suggest the
existence of another ordering at ∼240 K, in addition to known ICDW. By employing phonon renormalization, we
estimated significant strength of spin-phonon coupling, (λs−ph ∼ 0.234) and accentuated on the phonon dynamics
associated with CDW instabilities in GdTe3.
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I. INTRODUCTION

Electron correlations play a remarkable role in the study of
quantum multibody phenomena such as charge density wave
(CDW), superconductivity, topological surface states, and
magnetism. The exchange correlations among the electrons
and phonons can enhance the electron-electron (e-e), electron-
phonon (e-ph), and spin-phonon (s-ph) coupling, which can
lead to the coexistence of multibody quantum phenomena in
materials [1–3]. CDW is one such example, which can be
understood based on the one-dimensional Peierls instabilities.
Here, the periodic modulation of electronic charge density
(ρ) can be written as ρ = ρ0 + ρ1cos(q0r + ϕ), where ρ0 is
the unmodulated electronic charge density, and ρ1 and ϕ are
the amplitude and phase factor of the CDW, respectively [4].
The CDW instabilities are conventionally related with Fermi
surface nesting (FSN), where segments of the Fermi contours
are connected by CDW wave vector (qCDW) and leads to
the opening of the band gap (�CDW) at the Fermi surface.
However, it is asserted that FSN may not be the exact mech-
anism behind the origin of CDW instability, as revealed by
several experimental observations of inelastic x-ray scattering,
angle resolved photoemission spectroscopy (ARPES), and
Raman spectroscopy [5–7]. Additionally, for two-dimensional
chalcogenides the CDW instabilities are primarily driven by
the e-ph coupling with the reconstruction of reciprocal lattice
unit cell and modified Brillouin zone (BZ) [8–10]. Based
on the reconstructions, CDW can be distinguished as in-
commensurate (ICDW) and commensurate (CCDW) CDW,
where qCDW is a nonintegral and an integral multiple of the
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reciprocal lattice vector of the undistorted lattice, respectively
[7]. The lattice reconstruction modifies the electronic band
structure and folds the boundary of the BZ, which enhances
the possibilities of the emergence of collective (amplitude and
phase modes) and zone-folded (ZF) modes [11]. The collec-
tive modes are mainly associated with the oscillation of the
amplitude and phase of the CDW order parameter, while ZF
modes originate from the modified electronic band structure
which can couple to the electronic density at the qCDW [12].
The impact of electronic charge and lattice ordering on CDWs
is well understood in terms of ICDW, CCDW, and the appear-
ance of collective excitations. However, the influence of the
spin of magnetic atoms, in CDW materials, on the dynamics
of collective excitations remains unaddressed yet.

Rare-earth tritellurides (RTe3) are fascinating materials
for studying the underlying physics of CDW and its cor-
relation with magnetism. The intriguing crystal structure of
RTe3 is composed of Te square-net sheets separated by
double-corrugated RTe slabs [Fig. 1(a)] [13–15]. The CDW
instabilities in RTe3 mainly appear at quite high temperatures
(above ∼244 K) and are driven by FSN, which has been
observed from ultrafast spectroscopy, electron diffraction,
transport measurements, and ARPES [5,15,16]. Generally,
RTe3 with heavier R atoms (Tm, Er, Ho, Dy) exhibits two
CDW transitions, while the one with lighter R (La, Gd, Ce,
Tb) undergoes only one [15,17–20]. The ARPES measure-
ments on RTe3 suggest that the first CDW transition appears
because of imperfect nesting of the Fermi surface, while the
remaining nesting can lead to a second CDW transition at
lower temperatures [5]. Additionally, the excitation of low
energy phonons, associated with the heavier R elements, can
drive more than one CDW ordering [21]. Among the vast
family of RTe3, the GdTe3 has gained significant attention
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FIG. 1. Schematics of (a) crystal structure of layered GdTe3, and (b) top view of conducting square Te sheet and insulating GdTe slab on
ab plane. The red dashed line is to guide the eye to the unit cell. Gd and Te atoms are labeled in purple and green color. (c) Schematic of Fermi
surface in 3D and 2D BZ formed by a corrugated GdTe slab and Te-square net sheets, respectively [20,25]. The electronic states near Fermi
energy are mainly dominated by px and py orbitals of Te. The red arrow represents the nesting vector corresponding to qCDW1.

because of interesting CDW with multiple gap openings at
∼480 and ∼270 meV, a high mobility (39 000 cm2 V−1 s−1

at 2 K, and believed to exhibit only one ICDW at, TICDW ∼
380 K (corresponding to �CDW ∼ 480 meV), and an anti-
ferromagnetic (AFM) transition at TN ∼ 13 K [22–24]. The
transition temperature corresponding to �CDW ∼ 270 meV is
still elusive and requires further investigation.

Here, low temperature Raman spectroscopy combined with
heat capacity and magnetization measurement are performed
to study the multibody interactions and the phonon dynamics
of collective excitations. The results significantly advance the
understanding of quantum coupling, identifies different order-
ing, and provides a comprehensive phase diagram delineating
different temperature regions to explore the complex phase
behavior of GdTe3. Our results reveal a possible ordering near
∼240 K, besides the TICDW at ∼380 K, and also highlight
the significant s-ph coupling owing to the long-ranged AFM
ordering.

II. EXPERIMENT

A high quality polycrystalline sample of GdTe3 was syn-
thesized by the melt-grown method [25]. Raman spectroscopy
was performed using a Horiba Jobin-Vyon LabRAM HR
Evolution Raman spectrometer equipped with Czerny-turner
grating (1800 grooves/mm), 50X long working distance ob-
jective (NA ∼ 0.75), 633-nm laser excitation with Peltier
cooled charge-coupled device detector. An ultralow frequency
filter was used to access the low-frequency Raman modes.
All the experimental conditions (acquisition ∼50 sec, sin-
gle accumulation, laser power <1 mW) have been kept
fixed throughout the experiments. Raman spectroscopy at low
temperature was done using a Montana cryostat under in-
ert atmosphere in the temperature range 3–340 K. All the
experiments were done in vacuum atmosphere since GdTe3

oxidizes easily in ambient conditions. All the spectra have

been fitted by the Lorentzian and Breit-Wigner Fano function
(BWF) to evaluate the phonon frequency (ω), full width at
half maximum (Г), and integrated area (IA) of the Raman
modes. The temperature dependence of dc magnetization (M)
was performed in a Quantum Design superconducting quan-
tum interference device magnetometer with applied field H =
100 Oe. The low temperature heat capacity (Cp) was mea-
sured in a DynaCool Physical Property Measurement System
(PPMS, Quantum Design).

III. RESULTS AND DISCUSSION

Layered GdTe3 has an orthorhombic crystal structure
(Cmcm space group) with double corrugated insulating GdTe
slabs sandwiched between two conducting Te square net
sheets, stacked along the c axis and separated by weak van der
Waals force [Fig. 1(a)]. The dominant electronic states near
the Fermi energy (EF) are mainly composed of 5px and 5py

orbitals of Te as shown in Fig. 1(b). The interlayer coupling
between the two conducting Te sheets causes a splitting of the
Fermi surface by breaking the degeneracy of the conduction
band [25]. In literature, the Fermi surface map of the GdTe3

has been investigated using ARPES and first-principle density
functional theory, where additional folded bands have been
observed in the reduced three dimensional (3D) BZ arising
from the bands in the 2D BZ [17,20,25]. Owing to the inter-
esting Fermi surface, GdTe3 has FSN at qCDW1 (0.36, 0.36,
0) and qCDW2 (0.11, 0.11, 0) [25]. Figure 1(c) shows the
schematic of 3D and 2D BZ of GdTe3 formed by the GdTe
slab [red rectangle in Fig. 1(a)] and Te sheet [blue rectangle in
Fig. 1(a)] [20,25]. GdTe3 exhibits ICDW at TICDW ∼ 380 K,
observed from the transport measurement and AFM transition
at TN ∼ 13 K, respectively [23,25].

From the group theoretical calculations, the irreducible
representation (χ ) of all Raman active modes of GdTe3 can
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FIG. 2. Raman spectra of GdTe3 (a) at 300 K and (b) at 3 K showing amplitude (M1 and M2), zone-folded (Z1, Z*, Z2, and Z3) and
characteristic mode [Ag and Te (E2)]. (c) Schematic displacements of Gd and Te atom associated with M1, M2, Z1, Z*, Z3. (d) Temperature
dependent intensity map of M1, M2, Z1, and Z*. The Raman intensities of all modes are strongly enhanced below ∼240 K except M1.

be given as χ = 4Ag + 4B1g + 4B3g [22]. Figure 2(a) shows
the Raman spectra of GdTe3 at 300 K (< TICDW) consisting
of the modes at ∼45 cm−1 (M1), ∼60 cm−1 (M2), ∼81 cm−1

(Z1), ∼104 cm−1 (Z2), ∼118 cm−1 (Z3), ∼129 cm−1 (Ag), and
∼145 cm−1 (E2). The low ω modes (<100 cm−1) have a major
contribution from the Gd of the GdTe slab and Te atoms of the
sheets; on the other hand, the Te of the GdTe slab contributes
to the modes above ∼100 cm−1 [25]. Here, the M1 and M2
are amplitude (AMP) modes, while Z1, Z2, and Z3 are zone
folded (ZF) modes originating from the reconstructed lattice
below TICDW [6,19]. Both the AMP and ZF modes exhibit an
asymmetric Fano line shape, and their analysis suggests the
involvement of e-ph interactions in GdTe3 even at 300 K [26].
Hence, both the Lorentzian and Breit-Wigner-Fano functions
have been used for the fitting of symmetric and asymmetric
line shapes, respectively [9]. Figure 2(b) shows the Ra-
man spectra at 3 K, which consists of modes at ∼36 cm−1,
∼58 cm−1 (M1), ∼74 cm−1 (M2), ∼88 cm−1 (Z1), ∼97 cm−1

(Z*), ∼106 cm−1 (Z2), ∼123 cm−1 (Z3), ∼135 cm−1 (Ag),
and ∼145 cm−1 [Te(E2)]. The symmetry assignments, with
literature comparison, of all observed Raman active modes
are elaborated in Table SI of Supplemental Material (SM)
[22,25,27]. The atomic displacements associated with AMP
(M1 and M2) and ZF (Z1, Z*, and Z3) modes of GdTe3 are
presented in Fig. 2(c). The atomic displacements of all modes
are shown along the z axis, except for M1, which is along
the y axis. The M1, M2, and Z* involve atomic displace-
ments of both Gd (from the GdTe slab) and Te (from the

Te sheet) atoms. In contrast, Z1 and Z3 only involve atomic
displacements of Te atoms from the sheet and slab, respec-
tively. Compared to 300 K, all observed modes are blueshifted
and have higher intensity at 3 K, except M1. Additionally,
two extra modes, ∼97 cm−1 (Z*) and ∼36 cm−1, have been
observed at 3 K. While the Z* mode corresponds to ZF modes,
but the origin of ∼36 cm−1 is not clear yet. To elucidate the
phonon dynamic of these collective modes, detailed tempera-
ture dependent Raman studies have been performed from ∼3
to ∼340 K (Fig. S1 of the SM [27]). Figure 2(d) shows the
Raman intensity color map of M1, M2, Z1, and Z*, where
the horizontal axis, vertical axis, and color scale correspond
to the Raman shift, temperature, and Raman intensity, respec-
tively. As temperature approaches TICDW ∼ 380 K, significant
changes, such as (i) anomalous softening and broadening of
AMP and ZF modes, (ii) disappearance of Z* at ∼240 K,
and (iii) Fano line shape of AMP and ZF modes, are clearly
evident in Fig. S1 of the SM [27].

Temperature variation of phonon frequency [ω(T)] of the
AMP and ZF modes have been shown in Fig. 3(a). With
increase in the temperature, the ω(T) of M1 remains con-
stant while M2 exhibits softening until ∼240 K. Beyond
∼240 K, M1 starts to soften dramatically, whereas the ω(T)
of M2 remains constant. The ω(T) of Z1 also exhibits a
similar variation to that of M2 until ∼240 K, followed by
a change in slope above ∼240 K. On the other hand, the
ω(T) of Z* and Z3 exhibit the usual softening. The unusual
phonon dynamics of M1, M2, and Z1 indicate a possible
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FIG. 3. The ω(T) of M1, M2, Z1, Z*, and Z3 (a) from 3 to 340 K. The expanded view of ω(T) in between 180 and 320 K for (b) M1 and
M2, and (c) M1 and Z1. Here, the solid green line represents the fitting of the mode using the equation for the coupling excitation and dashed
grey line is the simulated linear curve, when they are uncoupled. (d) The temperature variation of integrated area of M1 and M2 for GdTe3.

coupling among the modes and the existence of some order-
ing, which needs to be analyzed in detail. Similar to GdTe3,
the signatures of mode coupling of AMP modes have also
been observed in DyTe3 and LaTe3 [6]. With the consid-
erations of two coupled oscillator model, the renormalized
frequency of the coupling modes can be defined by ω± =
1
2 [(ω1 + ω2) ±

√
(ω1 + ω2)2 − 4(ω1ω2 − V 2)]. Here, V is the

coupling strength between the modes, ω1(+) and ω2(−) are
the uncoupled mode frequencies, which are approximated to
be linear, ω1 = ω1(0) + AT and ω2 = ω2(0) + BT , where A
and B are the slopes of the mode frequency [28]. The ω(T)
of M1 and M2 are fitted in the temperature range 180–320 K
[Fig. 3(b)], with the coupling equation, which indicates that
these two modes are strongly coupled with each other at
∼240 K. Despite being far from M1, the Z1 also appears to
couple strongly with M1, as shown in Fig. 3(c). The fitted
parameters from the mode coupling of M1 and M2 (M1 and
Z1) are extracted and mentioned in Table SII of the SM, where
the coupling strength V is higher for Z1 (∼11.93 cm−1) than
M2 (∼1.34 cm−1) [27]. Further, the temperature variation of
Г(T) [Fig. S2(a) of the SM [27]] and IA(T) [Fig. 3(d)] of M1
and M2 also has a crossover at ∼240 K. As the temperature
increases, the IA of both M1 and M2 remains almost constant
up to ∼160 K. However, for temperatures above ∼ 160 K, the
IA of M1 increases while it decreases for M2, and they share
the same spectral weight around ∼240 K. For T > 240 K,
the M2 transfers its spectral weight to M1, and both vanish
near TICDW, also confirming the coupling behavior of M1
and M2 at ∼240 K. In addition, Z* disappears at ∼240 K,
confirming that there is a structure ordering that occurs at
∼240 K. The temperature at which Z* disappears, around
∼240 K, along with the coupling behavior of M1, M2, and
Z1, can be interpreted as the transition temperature (Ttr) for

another ordering below TICDW. As discussed in the litera-
ture, multiple band gaps �CDW ∼ 480 meV (corresponding
to TICDW) and �CDW ∼ 240 meV (with unknown temperature)
exist on the Fermi surface of GdTe3, at different temperatures.
The temperature range for the existence of �CDW ∼ 240 meV
is found between 100 and 200 K [21]. Therefore, based on
our analysis, we are of the opinion that Ttr ∼ 240 K is the
temperature corresponding to another possible CDW ordering
below 380 K in GdTe3.

Figure 4(a) shows the low temperature heat capacity
[Cp(T )] and magnetizations [M(T)] measurements. Here, low-
temperature Cp(T ) shows two transitions at T ∼ 6 K and ∼13
K, which makes the system more interesting. Guo et al. [23]
have observed another AFM-like feature for GdTe3 single
crystal in Cp(T ) at ∼9 K, which however is not observed in
our case because of the polycrystalline nature of the sam-
ple. The change in entropies (S) at both transitions have
been estimated, S1 (∼8.83 J/mol K) and S2 (∼6.08 J/mol K)
corresponding T ∼ 6 K and T ∼ 13 K, respectively and
magnetic entropy (Smag ∼ 12.42 J/mol K) are shown in Fig.
S3 of the SM [27,29]. From the M(T), the transition at
TN ∼ 13 K is clearly an AFM transition because of the
long-range AFM ordering arising from the magnetic inter-
action of Gd+3 ions, via superexchange interactions within
the insulating GdTe slab. Additionally, there is also a slight
magnetic contribution from conduction electrons (of Te in the
Te sheet) through Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions [20]. The Weiss temperature (θ ∼ −13.65 K) and
effective magnetic moment (μeff ∼ 7.85μB/f.u.) have been es-
timated from the magnetic data, as shown in Fig. S4 of the SM
[27]. The magnetic ordering induces phonon renormalization,
�ω = ω(T ) − ω0(T ), which is proportional to spin-spin
correlation function 〈Si · S j〉 i.e, �ω ≈ λs−ph〈Si · S j〉, where
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FIG. 4. (a) Low temperature Cp(T ) and M(T) of bulk GdTe3. The Cp(T ) data suggest two transitions, ∼6 K and ∼13 K. The magnified
view of ω(T) of (b) M2, and (c) Z* in the temperature range 3–20 K. Here, solid blue line is the fitting with the involvement of e-ph coupling
in anharmonicity. (d) The IA(T) of Z1, Z*, and Z3 in the range 3–20 K.

Si and S j are nearest neighbors spins at ith and jth sites,
respectively, and λs−ph is the coefficient of spin-phonon (s-ph)
coupling [30]. To emphasize the contribution of s-ph coupling
via phonon renormalization, the ω(T) has been analyzed using
the involvement of e-ph coupling in the equation of cubic
anharmonicity: ω(T ) = ω0 + �ωanh + �ωe−ph, where ω0

is the ω at zero temperature [31]. The second term, �ωanh =
−αg(T, ω0); where g(T, ω0) = 1 + 2/(eh̄ω0/2kBT − 1), kB

is the Boltzmann constant, and α is a constant describ-
ing the phonon-phonon strength. The third term �ωe−ph =
βh(T, ω0), where h(T, ω0) = [ f (− h̄ω0

2 ) − f ( h̄ω0
2 )], f (x) rep-

resents the Fermi function, and β is the constant [32,33]. The
Fano line shape of Raman modes (Fig. S5 of the SM [27])
indicates the existence of e-ph coupling, which varies with the
temperature. Hence, it is reasonable that the ω(T) of all modes
can be analyzed using the linear combination of anharmonic-
ity and e-ph coupling. The ω(T) of M1, M2, Z1, Z*, and Z3 are
well fitted above T ∼ 13 K, as shown in Fig. S6 of the SM,
and extracted parameters are mentioned in Table SIII of the
SM [27]. The higher value of β ∼ 5.32 (especially of M2) is
interpreted as the e-ph coupling constant, which is in line with
the observation by Dutta et al. using the modified mean-field
model [25,34]. Interestingly, the ω(T) shows a deviation from
the fitted data, at T < 13 K [Fig. S6(b) of the SM [27]],
which is significant in the ω(T) of M2 [Fig. 4(b)] and Z*
[Fig. 4(c)], indicating the s-ph coupling owing to the AFM
ordering. In GdTe3, Gd in +3 electronic states is the only
magnetic ion, therefore S = 7/2 will give the approximate
value of 〈Si · S j〉 ∼ S2 and is estimated to be ∼12.25. Using
the phonon renormalization, the λs−ph is estimated and found
in the range ∼ 0.02 − 0.23. Comparing all modes, the M2
(∼0.23) and Z* (∼0.06) have significant λs−ph values (Table
SIV of the SM [27]). Modes M2 and Z* primarily involve the
vibration of Gd atoms in the insulating GdTe slab (here Te is

silent), while the Te atoms of the conducting sheet participate
in vibrations [Fig. 2(c)].

Further, the IA(T) of the Z1, Z*, and Z3 show a sudden
rise from 3 to 6 K, followed by decrease below ∼13 K, as
shown in Fig. 4(d). Above 13 K, there are minor changes up
to ∼150 K, then a decrease with the increase in temperature
(Fig. S7 of the SM [27]). In the literature, the striped AFM
phase has been discussed below 7 K [35]. However, the IA(T)
around 6 K may be inferred from the possible formation of
stable CCDW [7]. In general, the CCDW state occurs due to
the complete opening of a gap that decreases in the electronic
density at EF [7]. Hence, from the analysis of the data, the
existence of both magnetic and structural ordering can lead to
a competition between the AFM and CCDW state in GdTe3.

Overall, the complete phase diagram from the ω(T) of Z1
corresponds to different magnetic and structural ordering as
shown in Fig. 5. Different regions have been classified such

FIG. 5. The phase diagram based on the ω(T) of Z1 and various
transition regions have been identified corresponding to TICDW, Ttr ,
TN , TCCDW.
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as (i) T > TICDW (purple region), (ii) ICDW phase below
TICDW ∼ 380 K (brown region), (iii) ordered phase below
Ttr ∼ 240 K (green region), (iv) AFM phase below TN ∼ 13 K
(blue region), and (v) CCDW phase below TCCDW ∼ 6 K (pink
region). The evidence of multiple CDW order and AFM in-
dicates the significant role of e-ph and s-ph coupling, which
can be addressed by experimental data within the error limit
of instruments. Our low temperature Raman study with mag-
netic measurement suggests that both electronic and magnetic
ordering can be correlated with each other and have a strong
effect on the phonon dynamics of ZF and AMP modes.

IV. CONCLUSION

In summary, our investigation into the multiple CDW
transitions and their correlation with magnetism in GdTe3

has been conducted by examining the phonon dynamics of
CDW-coupled amplitude and zone-folded modes using low-
temperature Raman spectroscopy supported by heat capacity

and magnetization studies. We are proposing a possibility of
another ordering (Ttr) at ∼240 K, from the existence of Z*
in the low temperature region and the anomalous variation of
ω(T) and IA(T) of amplitude modes. We have estimated and
quantified the electron-spin phonon coupling strengths, with
λs−ph ∼ 0.234, using phonon renormalization (specifically, of
M2). Additionally, we present a comprehensive phase diagram
encompassing the temperature regions (TICDW, Ttr , TN , TCCDW)
of multiple CDW and magnetic phase in GdTe3.
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