nature communications

Article

https://doi.org/10.1038/s41467-024-55355-y

Magnetic field control over the axial
character of Higgs modes in charge-density
wave compounds

Received: 30 April 2024

Accepted: 9 December 2024

Published online: 02 January 2025

Dirk Wulferding ® "2, Jongho Park"3, Takami Tohyama ® 4, Seung Ryong Park® &
Changyoung Kim® "3

M Check for updates

Understanding how symmetry-breaking processes generate order out of dis-
order is among the most fundamental problems of nature. The scalar Higgs
mode - a massive (quasi-) particle - is a key ingredient in these processes and
emerges with the spontaneous breaking of a continuous symmetry. Its related
exotic and elusive axial counterpart, a Boson with vector character, can be
stabilized through the simultaneous breaking of multiple continuous sym-
metries. Here, we employ a magnetic field to tune the recently discovered axial
Higgs-type charge-density wave amplitude modes in rare-earth tritellurides.
We demonstrate a proportionality between the axial Higgs component and the
applied field, and a 90° phase shift upon changing the direction of the mag-
netic field. This indicates that the axial character is directly related to magnetic
degrees of freedom. Our approach opens up an in-situ control over the axial
character of emergent Higgs modes.

Charge-density wave (CDW) phases play an essential role in condensed
matter physics, where they are closely linked to exotic phases and
emergent phenomena, such as unconventional superconductivity',
topologically non-trivial electronic phases?, or generating novel elec-
tronic states along domain walls**. On a more fundamental level,
charge-density waves serve as valuable platforms to explore general
concepts such as the (tunability of the) nature of phase transitions,
quantum criticality, and the breaking of symmetries. Especially those
CDWs that are linked to unconventional ordering processes may offer
access to explore phenomena postulated for high-energy particle
physics. A recent polarization-resolved Raman spectroscopic study of
the uni-directional charge-density wave materials GdTes and LaTes
revealed a remarkable two-fold (4,) symmetry of the CDW amplitude
mode at room temperature and zero magnetic fields. This low sym-
metry is rationalized by quantum pathway interference processes that
uniquely occur in these rare-earth tritellurides with two distinct
charge-density wave vectors. In contrast to other conventional CDW
materials, RTez hosts two (nearly) degenerate nesting conditions, gcpw
and ¢’-qcpw, connecting p,—pyx (p,-py) bands of Te, and mixing p,—py

(py~px) bands, respectively*. The resulting two-fold periodic CDW
amplitudon with vector character has since been dubbed as an axial
Higgs mode’, i.e., a condensed matter analogon to a highly elusive
elementary particle.

Two natural questions arise: what is the microscopic mechanism
that generates axialness in RTe3, and how can we control or tune the
nature of the Higgs mode? Its axialness dictates the breaking of addi-
tional symmetries. We can conceive of several potentially relevant
scenarios, illustrated in Fig. 1a: (i) Since GdTe; orders anti-
ferromagnetically below the Néel temperature Ty=11.5K, a coupling
between the Gd spins and the CDW may be a crucial component to the
axial Higgs mode. (ii) A slight lattice distortion of the Te square-net
units within the CDW phase may be conducive to a ferro-rotational
state with axial properties. (iii) A finite orbital angular momentum
(OAM) can be generated from the mixing of Te orbitals via p, *ip,,
which breaks time-reversal symmetry and can respond to an external
magnetic field. Motivated by this open issue, we performed a
polarization-resolved Raman spectroscopy study on the two sister
compounds GdTe; (with low-temperature antiferromagnetic order)
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Fig. 1| Symmetry breaking scenarios, crystal structure and scattering geo-
metry. a lllustrations of potential symmetry breaking processes resulting in axial
Higgs modes in GdTes: Coupling between magnetic order in the form of a spin-
density wave (SDW) and charge-density-wave (CDW) below Ty; ferro-rotational
lattice distortion of Te square net units; mixing between p, and p, orbitals enabling
a finite orbital angular momentum. b Side view of alternating Te layers and slabs of
GdTe (LaTe) stacked along the crystallographic b-axis. A natural cleaving plane
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exists between two van-der-Waals coupled Te layers (dashed line). An external
magnetic field is applied out-of-plane, and the laser light (green arrow) propagates
with its k-vector along the b-axis and with its polarization within the ac-plane.

c Top-view (ac-plane) of the Te square lattice, with p, and p, orbitals drawn in blue
and yellow. The configurations for parallel (cc) and crossed (ca) polarizations, later
denoted as 8=0°, are indicated by arrows.

and LaTe; (without any long-range magnetic order) at various tem-
peratures and with applied magnetic fields. In this work, we show that
the low two-fold symmetry of the Higgs mode persistently observed in
both materials and across a wide range of temperatures, together with
its dramatic field dependence allows us to rule out spin degrees of
freedom as a relevant ingredient, and ultimately highlights the rele-
vance of orbital degrees of freedom to stabilize axial Higgs modes
in RTes.

Results

Field-tuning the Higgs mode

Figure 1b, c outlines the schematics of our experiment. Layers of
[Tel-[GdTe]-[Te] building blocks are stacked along the crystal-
lographic b-axis®, with unidirectional CDW order emerging within the
Te square lattice along the a or the ¢ direction’. The incident laser light
direction and the magnetic field are both aligned out-of-plane, i.e.,
along the b-axis. We probe the excitations with light polarized within
the ac-plane. The configurations sketched in Fig. 1c correspond to cc
(in parallel configuration) and to ca (in crossed polarization), and are
later on denoted as 6 =0° (see below). Within this scheme, we obtain

highly polarization-resolved Raman data by continuously rotating the
light polarization within the ac-plane, while keeping a fixed relation
between e;, and eg..

Let us first focus on Raman spectra taken at zero applied field in
parallel and crossed polarizations, shown as solid blue lines in Fig. 2a
top and bottom panels, respectively. The spectra consist of phonons
(mainly in the energy range from 12 - 20 meV) and of CDW amplitude
(Higgs-) modes at 9.1 meV and 10.8 meV, marked by black arrows (for a
detailed thermal evolution of Raman-active modes see Supplementary
Note 1 and Supplementary Fig. 1). In parallel polarization the CDW
modes clearly dominate the spectrum, while in crossed polarization
their intensities are significantly reduced compared to other pho-
non modes.

Next, we apply an out-of-plane magnetic field to the sample, the
corresponding Raman spectra are plotted as solid red lines. In crossed
polarization, the CDW amplitude modes, barely observable at O T,
suddenly dominate the Raman spectrum at 7 T. On the other hand,
phonon modes around 13, 15, and 18 meV are robust against magnetic
fields. Note that the intensities of two of the phonons (marked by
asterisks) mimic the field-induced behavior of the CDW mode. This
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Fig. 2 | Field-tuning axial Higgs modes. a As-measured Raman spectra of GdTe;
collected at T=2K in parallel (top panel) and crossed (bottom panel) polarization
at0Tand at+7 T. Arrows mark the Higgs-type amplitude modes of the CDW phase.
The asterisks mark zone-folded phonons that couple to the CDW. b Integrated
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intensity of the amplitude mode at 9.1 meV as a function of polarization direction
within the ac-plane at various fields in parallel (top panel) and crossed (bottom
panel) polarization. Dashed gray lines denote the polarization direction with
respect to the crystallographic axes.

does not necessarily indicate a field-induced structural transition or
lattice distortion and is most likely related to a coupling between this
particular phonon and the CDW (see Supplementary Notes 1and 2, and
Supplementary Fig. 2). As we discuss below, there is a distinct differ-
ence in the field evolution between these somewhat anomalous pho-
nons and the CDW excitation. In contrast to the remarkable field-
enhancement of CDW modes observed in crossed polarization, we find
that in parallel polarization a magnetic field of 7 T only moderately
changes the intensities of several excitations, but no fundamental
difference is observed between measurements at 0 T and +7 T. To
remove any effect related to a particular sample orientation, the
spectra shown in Fig. 2a were averaged while rotating the light polar-
ization from 0° to 360° in either parallel or crossed relation.

A key observation of a previous Raman spectroscopy study on
GdTe; carried out at zero magnetic field was the unusually low two-
fold symmetry of the Higgs-type CDW amplitude modes observed in
both parallel and crossed polarizations, which was taken as experi-
mental evidence for the simultaneous and spontaneous breaking of
multiple symmetries, enabling the formation of a CDW amplitude
mode with vector character, i.e., an axial Higgs mode instead of a
conventional scalar one’. The symmetry of excitations can be investi-
gated via polarization-resolved Raman spectroscopy by rotating the
polarization of the laser light within the crystallographic ac-plane from
0° to 360° (see Supplementary Notes 3 and 4 for the full data set).
Extracting the integrated intensity of the amplitude mode at 9.1 meV as
a function of polarization and magnetic field yields the plots shown in
Fig. 2b (the neighboring mode at 10.8 meV mimics this behavior, as
shown in Supplementary Figs. 3 and 4). In the upper panel, we detail
the symmetry of the Higgs mode probed in parallel polarizationat O T
and at +7 T. A clear two-fold (180°) symmetry is observed with and
without magnetic fields, in good agreement with the previous Raman
study’. In crossed polarization, shown in the bottom panel, a magnetic
field dependence becomes strikingly clear: while at zero magnetic
fields, the symmetry is close to four-fold (with a weak two-fold mod-
ulation on top; see Supplementary Note 5 with Supplementary
Figs. 5 and 6 for a detailed analysis of the periodicity at B > 0), at

applied magnetic fields the two-fold symmetry becomes remarkably
dominant. Moreover, a 90° phase shift is induced by changing the out-
of-plane field direction from positive to negative. In both configura-
tions, parallel and crossed, the intensity and periodicity of phonon
modes that do not directly couple to the CDW remain fully field-
independent (see Supplementary Note 6 with Supplementary Fig. 7 for
line cuts of phonons at 15 and 18 meV).

Implications of the Higgs-mode character on its symmetry

To account for such low two-fold symmetry in both parallel and
crossed scattering configurations requires a Raman tensor with anti-
symmetric off-diagonal tensor elements, as described in a previous
Raman scattering study’:

a ... fB
R

axial = Coeee e
B ...y

Here, the empty tensor elements (...) reflect the notion that we carry
out experiments exclusively within the ac plane and, therefore, cannot
access any tensor elements related to the crystallographic b direction.
In the parallel configuration, the polarizations of the incident and
scattered light are parallel to each other, €, // €, While in the crossed
configuration e, is shifted by 90° with respect to e;,. As the Raman
scattered intensity / is given by / =< |€;, * Raxial * €out/’, We can express the
angular dependence of the Higgs mode intensity as /(6) o |y +(a — ) -
cos26)? for parallel polarization, and /(8) « |1/2 - (& — ) - sin(20) — B>
for crossed polarization. As we note from these equations, the Raman
scattering intensity in parallel polarization is solely determined by the
diagonal tensor elements a and y, while the off-diagonal element S
becomes relevant for the scattering intensity in crossed polarization.
Thus, using the dataset recorded in parallel polarization, we extract
values for a and y (shown in Supplementary Note 7), which then allow
us to accurately determine S as a single fitting parameter from the
crossed-polarization dataset. Fits of these angle-dependent intensity
curves to the data shown in Fig. 2b are indicated by solid lines. Based
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Fig. 3 | Field-evolution of off-diagonal Raman tensor elements. a Integrated
scattering intensity of the CDW amplitude mode at 9.1 meV in GdTe; as a function
of out-of-plane field strength and light polarization with e;, L €. At small fields,
domain poling effects contribute, while at higher fields the axialness of the Higgs
mode increases linearly with B, as indicated by the arrow on the right. Crystal-
lographic axes are indicated at the top. All data was acquired at T=2 K. b Field-
dependent Raman tensor element 8 extracted from fits to the integrated intensity
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plotted in panel (a). The standard deviation for each fitted value is within the size of
the symbols. The data at B =0 has been omitted due to ambiguity in fitting (see
Supplementary Note 7 and Supplementary Figs. 8-11 for details). The dashed line is
a guide to the eyes. The field regime dominated by field-poling effects is indicated
by a shaded background. c—f Field- and polarization angle dependence of the
Raman scattering intensity for four selected modes (10.8 meV, 12 meV, 15 meV, and
17 meV) measured with e;, L ey, at T=2K.

on these fits and on the stark difference between parallel and crossed
configurations with and without applied fields, we conclude that the
tensor elements a and y remain (mostly) field-independent, while the
field-dependent Higgs mode intensity observed in crossed polariza-
tion is dictated by the field-dependence of Raman tensor element S.
We also recall that - based on symmetry considerations - effects of
hybridization between p and p,, should only be accessible in crossed
polarization and absent in parallel configuration®. Therefore, tensor
element f may offer a direct glimpse into the effects of applied
magnetic field on orbital hybridization.

To quantify the field-dependence of 8, we now continuously tune
the out-of-plane magnetic field from +7 T to =5 T in steps of 1 T, and
plot the intensity of the CDW amplitude mode measured in crossed
configuration as a function of in-plane light polarization in the color
contour plot of Fig. 3a. Note that these detailed field-dependent
measurements have been carried out on a different GdTe; specimen
("sample 2”) from the one discussed in Fig. 2 ("sample 1”). This has been
done to demonstrate the reproducibility of the observed field-
dependent effect. In Fig. 3b we plot the fitted values of the Raman
tensor element S as a function applied magnetic field (red circles). For
direct comparison, we show the extracted values of 8 from “sample 1”
and from a third specimen “sample 3” in Supplementary Fig. 11. For all
three samples f§ becomes strongly enhanced with increasing magnetic
fields, and the observed phase shift shown in Fig. 2b for reversing

magnetic field directions necessitates a sign change of 8 as a function
of field direction. Summarizing our results, we find that R, can aptly
describe our data and that tensor element 8 appears to be close to
proportional to the applied magnetic field B (see Supplementary Note
8 and Supplementary Figs. 12 and 13). An important question is whe-
ther this field-tuning is uniquely observed for the CDW amplitudon, or
if other excitations show comparable anomalies. Indeed, the high-
energy CDW shoulder located at 10.8 meV shows an identical behavior,
as seen in Fig. 3c. The zone-folded phonon located at 12 meV also
evidences some appreciable field-dependence (Fig. 3d), although it is
more subtle and with a 90° phase shift with respect to the amplitudon.
In Fig. 3e we plot the field-dependence of a reference phonon located
at 15 meV with no field-dependence whatsoever, while a second zone-
folded phonon at 17 meV keeps its four-fold periodicity and phase
independent of the magnetic field, and only evidences a general field-
induced increase in intensity (Fig. 3f). We thus conclude that only the
CDW amplitudon is dramatically affected by magnetic fields and that
some of the CDW-coupled zone-folded phonons show their own dis-
tinct but more subtle field-induced anomalies. This also underlines our
assumption that all observed effects are intrinsic to the sample rather
than extrinsic experimental artifacts, which should not distinguish
between amplitudons and phonons. In the following, we will rationa-
lize the observed field stabilization of the axial Higgs mode, the phase
shift with reversing field direction, and the existence of off-diagonal
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Fig. 4 | Raman scattering process in the framework of single-particle spectral
function involving field-tuned axial Higgs modes. a A gapless state at 7> Tcpw.
b Below Tcpw a charge-density wave gap (Acpw) opens around the region relevant
for the Raman scattering process. The system is in its ground state. ¢ The Raman
scattering process probing the axial Higgs mode: An incident photon with energy

hv (green arrow) excites an electron from the valence band to an unoccupied state
across Acpw, Which couples to an amplitudon (red and blue shaded areas around
Acpw) in a second step. In the final step, the electron recombines with the hole and
emits a photon with energy hvs (orange arrow) with a polarization orthogonal to

that of the incident photon.

anti-symmetric tensor elements in R,ya, by considering either the
orbitals or ferro-rotational lattice distortion involved in the CDW and
Raman scattering processes.

Discussion

The drastic effect of out-of-plane fields on the Higgs mode intensity
and on its symmetry requires the presence of intrinsic magnetic
degrees of freedom in GdTes. Here, we will propose and discuss three
scenarios, following the illustrations shown in Fig. 1a. Considering the
magnetic field dependence, a plausible scenario is that spin degrees of
freedom in GdTe; are the relevant ingredient. In GdTes, the Gd spins
order antiferromagnetically below Ty=115K"° with magnetic
moments aligned within the plane, which could result in an interplay
between magnetic order and the CDW. We can rule this first scenario as
unlikely based on the following observations: As shown in Supple-
mentary Notes 9 and 10 with Supplementary Figs. 14 and 15, the same
field-induced behavior of the Higgs modes is seen below and well
above Ty. Furthermore, a detailed look at the thermal evolution of
Raman active modes reveals the absence of any significant anomalies
across Tn. More importantly, the non-magnetic sister compound LaTe;
evidences an identical response of its CDW mode to applied mag-
netic fields.

A second, more likely scenario that is discussed in the context of
order parameters with axial-vector character is ferro-rotational
order" ™. Such order, driven by lattice distortion within the CDW
phase, does not by itself couple to electromagnetic fields. It may,
however, activate chiral phonons that, in turn, generate intrinsic
magnetic moments™, or affect the orbital overlap, which could be
further tuned by magnetic fields. Our data may, to some extent, sup-
port this scenario, as two Ag-symmetric phonon modes respond to
applied magnetic fields (see the asterisk-marked phonons in Fig. 2a).
On the other hand, if the drastic amplitude-mode field-tuning is a
secondary effect of magneto-elastic coupling, one might expect a
significant continuous evolution of phonon frequencies with magnetic
fields. In that sense, none of the Raman-active phonons suggest any
obvious magneto-elastic coupling (Supplementary Note 2), and clear
fingerprints for chiral phonons are lacking (Supplementary Note 11 and
Supplementary Fig. 16).

Our third scenario is based on a direct orbital-driven mechanism
without invoking lattice degrees of freedom and involves field-tuned
hybridization between Te p, and p, orbitals. As was pointed out in
previous studies, the interference between qcpw and the additional

CDW vector ¢'-qcpw resulting from such hybridization determines the
axialness of the Higgs mode and, thereby its Raman scattering inten-
sity for light polarization configurations compatible with the wave
vector®’. A hybridization p,* ip, is associated with a finite OAM m,.
Hence, applying a magnetic field B will directly affect the mixing of
orbitals. In the balanced case (m,=0) the hybridization and the
interference with c¢-qcpw both vanish. Therefore, the amplitudon
would recover its conventional scalar form. Once m, assumes a finite
value (i.e., the degeneracy between (p, + ip,) and (p — ip,) is lifted upon
application of a magnetic field), hybridization becomes finite and
therefore an interplay between qcpw and ¢-qcpw dictates the Raman
scattering intensity of the now axial Higgs mode (indicated by the red-
and blue-shaded regions around the Fermi energy Eg in Fig. 4). The
corresponding transitions involved in this Raman scattering process
are sketched in Fig. 4 in the framework of a single-particle spectral
function. Although CDW order leaves the Fermi surface partially
ungapped”, we here consider the region in momentum space that is
most relevant for our Raman scattering process. Based on this scenario
the off-diagonal Raman tensor element can be expressed as
B ~ (@019 ) (@c |Hei_cow!@c) (@c|X|@,), where X and  are orthogonal
electric dipole operators'®"”, and ¢, and @. (¢ ) are electronic states in
the valence- and conduction band. Here, the Hamiltonian A, _cpy
yields the off-diagonal hopping element I:Ixy, when ¢, and ¢ are
orthogonal to each other. In this scattering configuration, f is inti-
mately linked to I:IXy, and thereby allows us to directly probe the
degree of hybridization between p, and p,, which is governed by
ley ~ B -m,. This also implies that in contrast to out-of-plane mag-
netic fields, in-plane magnetic fields would leave the hybridization
between p, and p, invariant, resulting in a field-independent Raman
response of the CDW amplitudon. Future magneto-Raman scattering
experiments carried out in Voigt geometry may, therefore, ultimately
confirm our hypothesis.

Finally, let us comment on subtle differences between our work
and the previous Raman scattering study on GdTe;. While Wang, et al.
reported a pronounced two-fold symmetric (i.e., axial) Higgs mode in
crossed polarization for B = 0 at both room temperature as well as 8 K/,
our data taken at 2 K without magnetic field is more ambiguous with a
weak and almost 4-fold periodic Higgs mode. A key difference between
our methodologies is the laser spot diameter during the Raman
experiment, which is as tight as 2 um in the former case, while in our
experiment it is spread out to about 100 pum, thereby averaging over a
much larger sample area. To facilitate a better comparison, we also
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conducted room temperature experiments at zero fields with a tightly
focused spot diameter of about 2 um, which yielded a clear two-fold
periodicity (see Supplementary Note 5). Based on these observations,
we conjecture that twin domains are prevalent throughout the sample
on a length scale of a few micrometers, which will mostly average out
any intrinsic imbalance between + m, and - m, at B=0 T when inte-
grating the Raman signal over a large-enough sample area. Indeed,
such twin domains were recently uncovered in GdTe; via scanning
tunneling microscopy’®, and their existence would naturally explain
the subtle hysteresis behavior seen around small fields for S(B) in
Fig. 3b. In Supplementary Note 12 and Supplementary Fig. 17 we
compare room temperature spectra of GdTe; with and without mag-
netic field, which clearly highlight a field-induced increase in Higgs
mode intensity. Conspicuously, all these observations demand that a
weaker axial character of the Higgs mode is already developed in
GdTe; at room temperature and without any applied magnetic field.
Yet, the continuous linear increase of f for higher fields supports the
scenario of a field-driven control over axialness. An important impli-
cation is that with the onset of CDW order, either ferro-rotational
distortion spontaneously appears or time-reversal symmetry breaks
spontaneously, even at B=0 T. To test this hypothesis, we call on
future uSR investigations, circular-dichroism angle-resolved photo-
emission spectroscopy, or scanning tunneling microscopy experi-
ments in applied magnetic fields. If indeed time-reversal symmetry
breaks spontaneously in RTes, such studies could reveal vital insight
relevant to related materials with unconventional charge-density wave
order, such as vanadium-based kagome metals. Furthermore, these
rare-earth tritellurites may be apt hosts for other exotic states of
matter, such as chiral superconductivity, e.g., by applying hydrostatic
pressure'.

Methods

Sample synthesis

Stoichiometric single-crystalline GdTe; flakes were used for the self-
flux growth method using a box furnace. High-purity Gd metal (99.9%)
and Te chips (99.999%) were mixed in a 1:30 molar ratio to achieve a
Te-rich self-flux condition. The mixed precursor of GdTe; was loaded
into quartz tubes and sealed at ~107° torr using a turbo pump to
prevent oxygen contamination. The maximum heating temperature
was set to 900 °C, and the temperature was maintained for 24 h to
achieve a homogeneous melt. After melting, the sample was cooled
down to 500 °C at arate of -2 °C per hour. The melt in the ampule was
decanted at room temperature until it turned solids.

Raman scattering

Samples were mechanically exfoliated right before being transferred
into the He-gas filled sample chamber of a magneto-optical cryostat
(Oxford SpectromagPT, T, =1.6 K, B,,,= +7 T). Thereby, the fresh
surface exposure to air was minimized to less than 5s. While the
sample remained inside the cryostat, no effects of sample degrada-
tion through the appearance of additional tellurium oxide modes®
were observed over a period of two weeks. Raman scattering
experiments were carried out in backscattering geometry using a
single-mode laser emitting at A=561nm (Oxxius-LCX) and a laser
power of 0.6 mW or less at the sample position. The laser was
focused onto the sample via a series of achromatic lenses, resulting
in a beam spot diameter of about 100 um (for details about the
beampath see Supplementary Note 13 and Supplementary Fig. 18).
The in-plane light polarization was controlled using a super-
achromatic A/2 waveplate (Thorlabs) in front of the sample. Raman-
scattered light was dispersed and recorded through a Princeton
Instruments TriVista 777 spectrometer and a PyLoN eXcelon charge-
coupled device, respectively. For field-dependent measurements
samples were first zero-field cooled to T=2 K, followed by a magnetic
field ramp up to +7 T. From there, data was collected while

decreasing the field in steps of 1 T through B=0 and downto -5 T.
Additional zero-field Raman spectra were collected using a home-
built microscope stage with a laser spot diameter at the sample
surface of about 2 um and the sample mounted inside an open-flow
cryostat (Oxford MicroStat HR).

Data availability

The datasets generated in this study have been deposited in the Fig-
share database under the https://doi.org/10.6084/m9.figshare.
25722585.
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