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Lattice contributions to the anisotropic dielectric response of rare-earth langasites
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We investigate the phonon spectrum of pure and rare-earth substituted langasites. For electric fields oriented
along the c axis, a strong low-frequency phonon is observed, softening at lower temperature in all samples
studied. The dielectric contribution and temperature dependence of this mode is the primary source of the large
[ε(0) ∼ 100] static dielectric permittivity observed in these systems. Softening of this mode with increasing
mass of the rare-earth substitutes further suggests that langasites are close to a structural instability at low
temperatures. The application of a magnetic field to a diluted Ho-langasite sample reveals a shift in the strong
absorption band at THz frequencies associated with this soft lattice mode, suggesting spin-lattice effects may
also be at play in these systems.

DOI: 10.1103/PhysRevB.104.024106

I. INTRODUCTION

The presence of orthogonal threefold and twofold rotation
axes in the P321 space group sets the stage for a number of
intriguing functional properties expressed across a range of
real material compounds. A prime example is the diversity
of phenomena exhibited by the langasite family, with parent
chemical formula La3Ga5SiO14 (LGS) and P321 space-group
symmetry [1]. As shown in Fig. 1, langasites are constructed
by two alternating layers, each with threefold symmetry,
stacked along the c direction. The first layer consists of La3+
decahedra (3e sites with C2 symmetry) and Ga3+ octahedra
(1a sites with D3 symmetry). The second layer consists of
Ga3+ (3 f sites with C2 symmetry) and Si4+/Ga3+ (2d sites
with C3 symmetry) tetrahedra. Naturally the oxygen ions are
coordinated at the vertices of each polyhedra.

As insulators lacking an inversion symmetry, the langasites
have long been of interest for their piezoelectric properties
[2–4]. While in equilibrium the orthogonal rotation axes for-
bid the presence of polar order, the loss of either rotation
symmetry easily promotes one. In the case of langasites, a
uniaxial pressure compressing the a axis suppresses the three-
fold symmetry inducing a-axis polarization [5]. Significant
voids between the La3+ decahedra and Ga3+ octahedra, cou-
pled with their threefold arrangement in the ab plane, make
them particularly susceptible to a-axis stress [4]. Indeed, the
mechanical coupling coefficient of langasite significantly ex-
ceeds that of quartz [6]. This, along with its structural stability
over a broad temperature range, make langasite particularly
attractive for device applications utilizing piezoelectric sens-
ing [7].
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Beyond piezoelectricity, the so-called rare-earth langasites
have also garnered interest for their intriguing magnetic prop-
erties [8]. In such systems, the La3+ sites are substituted
with heavier rare-earth elements that feature magnetic ground
states. Again, the threefold symmetry plays its part, this
time promoting magnetic frustration, with the triangular ar-
rangement of magnetic ions forming the familiar (although
distorted) Kagome lattice in the ab plane. In the example
of Nd langasite (Nd-LGS), despite considerable antiferro-
magnetic correlations, no long-range magnetic order develops
even down to ∼50 mK [9,10]. Rather, due to competition
imposed by the threefold geometric structure, a single-ion
quantum process emerges promoting a fluctuating spin state
reminiscent of a quantum spin liquid [11].

In the closely related Fe langasites (e.g., Ba3TaFe3Si2O14),
magnetic S = 5/2 Fe3+ ions are situated on the Ga3+ 3 f
sites, characterized by a network of isolated triangles [12–14].
While the threefold symmetry of the triangular arrange-
ment also promotes frustration, here it is ultimately lifted
by chiral next-nearest-neighbor exchange pathways supported
by the twofold symmetry normal to the c axis [12,13].
This, in combination with single-ion anisotropy and the
Dzyaloshinskii-Moriya interaction, induces a novel spiral
magnetic order coupling the broken time-reversal symmetry
to the two rotational symmetries [12,15]. No wonder then that
the Fe langasites express a diversity of both static and dynamic
magnetoelectric effects with the application of external mag-
netic fields able to induce polarization states by breaking the
spacial-rotation symmetries [16–18].

In a more recent example, magnetoelectric effects are
also observed even in the absence of magnetic order. Re-
cently, a novel combination of linear and highly nonlinear
magnetoelectric responses were observed in the disordered
paramagnetic state of holmium-doped rare earth langasite
HoxLa3−xGa5SiO14 [19]. Here it is believed that an interplay
between the global C3 symmetry of the ab plane and the
local C2 symmetry of the magnetic Ho3+ sites is behind the
novel magneto-electric response. While the precise details are
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still under investigation, it is likely that spin-lattice coupling,
and the complex distribution of local Ho3+ Ising axes, due
to different coordinations of the Si4+/Ga3+ 2d sites, play an
important role.

A key property that underlines the diverse behavior of lang-
asites, particularly concerning their functional applications, is
the response to external electric fields. Dielectrically, the lan-
gasites display strong anisotropy, with the reported dielectric
permittivity of the threefold (c) axis being several times larger
than that of the twofold (a and b*) axes [1]. At first glance
this too is linked to the different ways the orthogonal C3 and
C2 rotation symmetries behave optically. However, despite
significant research on langasites, the microscopic details and
lattice dynamics behind this dielectric anisotropy remain to be
fully explored.

In this article we attempt this exploration by investigating
the polar lattice dynamics of pure and rare-earth langasite
samples using Fourier transform infrared (FTIR) reflection
spectroscopy. The results characterize the lattice dynamics
as a function of temperature and rare-earth element. We find
that for radiation polarized along the c (threefold) axis, the
dielectric response is dominated by the large dipolar moment
of an anomalous low-frequency phonon displaying soft-mode
behavior and splitting at low temperatures. The results are dis-
cussed in the context of the space-group symmetry Si4+/Ga3+

coordination, and indicate a potential structural instability to
a close-lying polar phase.

The anomalous low-frequency lattice mode is also ad-
dressed in the context of spin-lattice coupling and the role
it may play in the frustrated ground states of the rare-earth
langasites, as well as in the irregular magnetoelectric response
of Ho-doped langasite. In support of this, we also perform
complementary magneto-optical THz measurements reveal-
ing a magnetic field dependence in the spectral signature of
the anomalous low-frequency phonon in Ho-doped langasite.
This result, in particular, highlights a potential hybridization
between the lattice dynamics and low-energy crystal electric
field levels in these systems.

II. EXPERIMENTAL DETAILS

In total, four single crystal langasite samples were inves-
tigated. A commercially available pure La3Ga5SiO14 (LGS)
sample, along with three rare-earth substituted langasites
grown using the Czochralski technique in Moscow State
University [1]. These included Nd-langasite Nd3Ga5SiO14

(Nd-LGS), Pr-langasite Pr3Ga5SiO14 (Pr-LGS), and par-
tially substituted Ho-langasite (HoxLa1−x )3Ga5SiO14 with
x = 0.015 ± 0.002 (Ho-LGS). Due to the substantial differ-
ence in ionic radii of La3+ and Ho3+, stable crystals of fully
substituted Ho-LGS are not currently available. All single
crystal samples were polished and cut to a typical size of
∼7 × 7 × 1 mm3 with surfaces normal to the a axis (a cut)
and the c axis (c cut).

The infrared reflectance measurements were performed
using a Bruker vertex 80v FTIR spectrometer. Room tem-
perature measurements were performed between 20 and
3000 cm−1 using polarized radiation from a Hg lamp and
globar source. The polarization of incident radiation was con-
trolled by a rotating wire-grid polarizer positioned before

the sample. Radiation between 20–700 cm−1 was detected
by a liquid-He-cooled silicon bolometer. Radiation between
700–3000 cm−1 was detected using a liquid-N2-cooled MCT
detector. The samples were mounted behind a 4 mm aperture
masked by silicon-carbide abrasive paper, which gives almost
no background reflection over the spectral range investigated.
A gold mirror replacing the sample was used as a reference.
Low temperature measurements between 10–300 K were per-
formed in an Oxford instruments He-flow cryostat fitted with
polyethylene windows. Due to the transmissive properties of
the window materials, the low temperature reflectance was
only investigated in the frequency range of 650 cm−1, focus-
ing on the infrared phonons.

To obtain the dielectric response as a function of frequency,
ε(ν) = ε1(ν) + iε2(ν), we assume near-normal incidence re-
lating the complex reflectivity

√
Reiϕ to the complex dielectric

response with the form

ε(ν) =
(

1 + √
Reiϕ

1 − √
Reiϕ

)2

. (1)

Here the phase shift ϕ(ν) is calculated using a Kramers-
Kronig (KK) transformation of the experimentally obtained
reflectance data R(ν). The KK transform assumes a reflectiv-
ity stretching from zero to infinite frequency. Therefore, to
approximate the reflectivity extrapolated to zero, the lowest
frequency data is fit using the RefFIT software package [20]
providing a model Lorentzian profile of the lowest frequency
lattice vibration that we extend to zero frequency. For the
high-frequency approximation, we found that a simple con-
stant reflectivity value extrapolated from the value at 3000 up
to 15 000 cm−1 gave an adequate approximation for our inves-
tigations focused on the far infrared. For the low-temperature
spectra measured within the cryostat (where measurements
are limited to below 650 cm−1), we use the room temperature
scan in the range between 600 and 3000 cm−1. We found
that the lattice dynamics in this frequency range do not alter
much at low temperatures and that this procedure does not
significantly affect our observations in the far-infrared range
below 650 cm−1. With the dielectric response extracted by
the KK transform procedure, we then perform fits using the
Lorentz oscillator model,

ε(ω) = ε∞ +
∑

i

�εiω
2
i

ω2
i − ω2 − iωγi

. (2)

Here ωi is the resonance frequency, γi is the damping, �ε is
the dielectric contribution, ε∞ is the high-frequency dielectric
permittivity, and ω = 2πν is the angular frequency. Uncer-
tainties for these parameters are determined by the difference
between fits when incorporating a variance of 5% in the mea-
sured reflectivity, which we take as a modest estimation for
the variance in the measurement due to sample and reference
alignment.

The results were then compared to low-frequency ca-
pacitive measurements performed at ν = 10 kHz using an
Alpha-Analyzer combined with a Quantum Design Physical
Property Measurement System (PPMS). Silver paint contacts
were applied to the opposite sides of the plane-parallel sample
approximating a parallel plate capacitor. Attempts to apply
static magnetic field up to 14 T did not lead to measurable
magnetocapacitance effects.
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FIG. 1. Crystal structure of langasite. The geometry of the dif-
ferent sites is labeled on the right along with the ions and Wycoff
positions.

Complementary magneto-optical THz measurements were
performed on the Ho-LGS sample using a Mach-Zehnder
interferometer with backwards wave oscillator sources and
Si bolometer detector [21]. The sample was mounted in the
variable temperature insert of an 8 T Oxford split-ring super-
conducting magnet.

III. RESULTS

Typical reflectance spectra of the LGS sample are shown
in Fig. 2. For light polarized parallel to the threefold c axis
[e‖c Fig. 2(a)], the spectra are dominated by a strong, low-

FIG. 2. Reflectance of LGS parallel (a) and perpendicular (b) to
the polar c axis at three temperatures as indicated. The arrows in
the top panel indicate the four lowest frequency lattice modes in c
direction labeled P1–P4. Results for the full spectral range out to
2000 cm−1 can be found in the Supplemental Material [22].

FIG. 3. Reflectance of LGS parallel to the c axis at three temper-
atures as indicated. The data points represent the raw measurements,
solid lines represent the fit with two oscillators, while dashed lines
show fits for one oscillator.

frequency phonon around 40 cm−1. In the e‖b∗ geometry
[twofold axis, Fig. 2(b)], all the lattice vibrations are much
weaker and appear above 100 cm−1.

Notably, the profile of the phonon spectra for e‖b∗ remains
largely unchanged over the full temperature range investi-
gated. This is also true of the phonon spectra for e‖c above
100 cm−1. Only the strong low-frequency phonon seems to
show a significant temperature dependence. As highlighted in
Fig. 3, below ∼200 K, this phonon also begins to develop a
finer structure.

As evidence for this splitting, we show the results of our
fitting procedure using one and two oscillators to fit these fea-
tures in Fig. 3. Here we see, particularly at low temperatures,
the two phonon model provides a much better fit to the data.
As the low-frequency phonons for e‖c are most relevant to
the static dielectric properties, we label them P1 to P4 and
continue our analysis with a focus on them.

The extracted dielectric response for e‖c is summarized in
Fig. 4. At low temperatures, P1 sharpens and softens substan-
tially with the separation between P1 and P2 now clearly seen
in ε2. Higher-frequency phonons for both e‖c and e‖b∗ show
typical sharpening as the lattice contracts with decreasing
temperature, but otherwise remain stable. In total, we observe
17 modes along the c direction (P1 and P2 counted individu-
ally) and 22 modes in the ab plane.

Figure 5 shows the resonance frequency and the dielectric
contribution of the first four phonons along the c axis as a
function of temperature obtained using the fitting procedure
described above. Here we confirm that the frequency positions
and dielectric contributions of P3 and P4 remain mostly stable
over the investigated temperature range, while the two low-
frequency phonons show substantial temperature dependence.
Specifically, the frequency of P1 decreases by about 15% upon
cooling to 10 K providing an indication of structural instabil-
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FIG. 4. Real (a) and imaginary part (b) of the dielectric permit-
tivity ε∗ = ε1 + iε2 for LGS at 10, 200, and 300 K for e‖c. Results
for the full spectral range out to 600 cm−1 and for e‖b∗ can be found
in the Supplemental Material [22].

FIG. 5. (a) Dielectric contribution �ε of the first four oscillators
with e‖c, demonstrating the dominant contribution of the P1 and P2
phonons. (b) Peak positions of the first four phonons obtained from
the fits to ε2(ω). The inset in (a) shows the spectral weight of two
lowest phonons.

FIG. 6. Comparison of (a) real and (b) imaginary dielectric per-
mittivity of the four different langasite samples at room temperature
along the c axis in the low-frequency range.

ity. For P2, a more subtle softening at lower temperature is
also observable.

Notably, it is also P1 and P2 that exhibit the largest dielec-
tric contributions (�ε1 + �ε1 � 50), dominating the other
phonons and being solely responsible for the high value of the
static dielectric permittivity along the c axis. The strength of
P1 increases upon cooling, which correlates with the softening
of the resonance frequency. Simultaneously, the contribution
of P2 decreases demonstrating a transfer of spectral weight
(SW ∼ �εν2

0 ) to P1. This transfer is confirmed in the inset of
Fig. 5, where we show that the sum of the spectral weights
of P1 and P2 remains reasonably constant over the whole
temperature range.

To investigate the influence of rare-earth substitution in the
lattice dynamics of langasites, we have measured the reflec-
tivity of Nd-LGS, Pr-LGS, and Ho-LGS samples shown in
Fig. 6. In this plot, only the room temperature results are pre-
sented, which were obtained without the cryostat. In general,
the overall shape of the dielectric response is similar for all
samples in both polarizations. Notably, the anomalous phonon
behavior along the c axis is found in all samples investigated.
The strength and frequency of these modes display a clear
dependence on the rare-earth substitution. While there are in-
deed some differences in the strength and frequencies of many
of the other phonons, these changes are much more subtle.
There are however, a few of small excitations that seem to be
sample dependent, with a weak shoulder around 120 cm−1 for
e‖b∗ only being visible in the LGS and in Ho-LGS spectra.

Showcasing the most striking differences with rare earth
substitution, we now turn our attention to the dynamics of
the lowest-frequency phonons for e‖c. As is evident in Fig. 3
P1 and P2 are difficult to distinguish close to room temper-
ature. Therefore, here, a spectral profile incorporating just
a single oscillator is used. This then represents an average
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FIG. 7. Parameters of the lowest-frequency phonon as function
of atomic number for different rare-earth langasites. For the mixed
Ho-LGS a weighted effective number has been utilized. (a) Reso-
nance frequency, (b) dielectric contribution, and (c) spectral weight
SW = �εν2

0,1. A linear trend in ν0,1 and in �ε for increasing atomic
number is given by thin dotted lines. This behavior leads to approx-
imately constant spectral weight of all langasites (horizontal line in
the bottom panel). Additional axes for the masses and atomic radii
are given for reference.

of the low-frequency phonon dynamics for the two modes.
An interesting behavior of these modes is observed when
plotting the resonance frequency and dielectric contribution as
a function of the atomic number of the rare-earth element. As
demonstrated in Fig. 7, a clear linear trend emerges showing a
tendency towards a polar lattice instability (ν0 → 0, ε → ∞)
for larger atomic numbers. Due to the effect of lanthanide
contraction with increasing atomic number (and increasing
mass) this relationship is also linked to the decreasing ionic
radius of the ions at the La3+ sites. Notably this correlation
does not monotonically follow the increase in atomic mass.

As can be seen in the Ho-LGS sample, despite only a
small concentration of Ho atoms, a significant shift in the low-
frequency phonon is observed. With an ionic radius of 90 pm,
Ho is the smallest rare-earth element of those investigated.
Extrapolating the trend set by the other samples, we could
expect a shift of 21.6 cm−1 relative to LGS for a pure Ho-LGS
sample. In order to position the results of the Ho-LGS sample
in this chart, we have modified its atomic number by adding a
value consistent to 1.5% Ho concentration to that of La. This
places the observation inline with the trend observed from the
other compounds. Evidently even a very small amount of Ho
causes significant distortion relative to the host LGS structure
along the c axis.

FIG. 8. Magneto-optical THz transmission measurements of Ho-
LGS for electric field of light parallel to the c axis. The inset shows
the transmission spectrum at 0 T with a fit incorporating a single
Lorentz oscillator (solid red curve). The main panel shows the rela-
tive change in transmission as magnetic field is applied along the c
axis of the sample in Voigt geometry.

In order to probe the spectral response below P1 and P2,
we have performed THz transmission measurements on the
Ho-LGS sample, as shown in the inset of Fig. 8. Here we
observe the low-frequency shoulder of a strong absorption
band consistent with the lowest phonons. The transmission at
low frequencies is basically determined by the imaginary part
of Eq. (2) that can be approximated as

Im[ε(ω)] ≈ ω
∑

i

�εiγi

ω2
i

, (3)

and can be reduced to a response of a single Lorentzian with
renormalized parameters. Due to the ω2

i term in the denomi-
nator, the low-frequency absorption is dominated by the two
lowest phonons P1 and P2. Although the mode parameters
cannot be extracted from the terahertz transmission, the fit in
the inset of Fig. 8 is consistent with the data obtained from the
reflectance (Fig. 5).

A rather novel transmission response is observed when ap-
plying an external magnetic field to the sample along the c axis
in the Voigt geometry. As evident in Fig. 8, the transmission in
this region increases with increasing magnetic field. This can
be interpreted as a hardening or narrowing of the absorption
band associated with P1. The process can be seen to saturate
above ∼4 T, which is in agreement with the saturated mag-
netic moments in the Ho-LGS sample [19]. Such behavior is
indeed peculiar for a purely dielectric phonon and suggests the
magnetoelectric coupling previously observed in this system
[19] could result from hybridized spin-lattice dynamics.

Finally, we compare the static dielectric permittivity ε(0)
measured directly using the PPMS and Alpha-Analyzer at
10 kHz with that obtained by summing the contributions of the
lattice vibrations in the infrared experiment. Figure 9 presents
a summary of these data along the crystallographic c direction
for the four langasites. In the case of LGS, the data from Mill
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FIG. 9. Comparison of static dielectric permittivity of all four
investigated langasite crystals. Filled circles represent the sum of
dielectric contributions of all phonons obtained from the fit to the
far-infrared spectra. The orange crosses represent the summed con-
tributions from the two lowest-frequency phonons P1 and P2. The
values of ε0 were measured at a frequency of ν = 10 kHz. In the
LGS plot (top left), the static permittivity agrees closely with that of
Mill et al. [1] (black crosses), in the Nd-LGS blue crosses on top of
the PPMS data show additional measurements with a backward-wave
oscillator performed at 3 cm−1.

et al. [1] are compared with our results for Ho-LGS show-
ing a nice overlap. For comparison, the summed contribution
from the low-frequency modes (P1 + P2) is plotted as open
triangles. This highlights that the low-frequency phonons are
mostly responsible for the large static dielectric permittivity
along the c axis and for the observed increase towards low
temperatures.

IV. DISCUSSION

Factor group analysis gives the following representation
for lattice modes in the P321 langasite structure:


 = 11A(R)
1 + A(A)

2 + 13A(IR)
2 + E (A) + 24E (IR+R), (4)

where the superscripts designate acoustic (A), Raman (R), or
infrared (IR) actives modes. Our observation of 39 excitations
between e||c and e||b∗ are in close agreement to the expected
37 infrared active modes predicted by group theory. The
additional modes are possibly a result of degenerate modes
appearing in both polarizations. However, we also expect that
since we observe mode splitting for P1 and P2 at lower tem-
peratures, the two extra modes could be a result of localized
disorder across the shared Si/Ge sites.

Recent ab initio calculations performed on the closely
related rare-earth langasites with chemical formula
Ln3CrGe3Be2O14 (Ln = La, Pr, Nd) indicate that the
lanthanide elements contribute dominantly to the lower

frequency vibrational modes [23,24]. At the same time,
Raman spectra of LGS show that the first significant Raman
active modes appear above 100 cm−1. For these reasons,
and since our observations show that the lowest-frequency
phonons have a strong dependence on rare-earth substitution,
we can confidently assign the anomalous phonon modes
designated P1 and P2 to A2 dipolar oscillations of the 3e
(lanthanide) sites.

Based on this assignment, we can now begin to understand
the origin of the dielectric anisotropy in LGS and its rare-
earth counterparts. First, we should highlight that while the
measurements performed in the e||c geometry refer to the
electric field polarized along the threefold rotation axis, these
measurements are actually probing the C2 symmetry, which
transforms along this axis. At the same time, measurements
performed in the e||b∗ geometry (along the twofold axis)
probe the C3 symmetry. Therefore, dipole moments excited by
the IR radiation in the e||b∗ geometry are naturally balanced
by their neighboring ±120◦ counterparts. This is similar to
how the threefold symmetry promotes frustration of magnetic
dipoles. Thus we naturally expect dipolar excitations in this
plane to be suppressed and pushed to higher energies, as is
observed.

On the other hand, for e||c, dipoles freely add up along the
twofold symmetry. Thus, whereas the large potential voids of
the La3+ decahedra facilitate piezoelectricity along the a axis
under compression, here they facilitate large dipole moments
along the c axis under an electric field. This is also consistent
with the observations of an increase in the phonon strength
and softening of its frequency following rare-earth substitu-
tion. When heavier rare-earth elements are introduced with
smaller atomic radii, the lattice naturally contracts. However,
the contraction along the c axis is only minor, with a change
of <0.1% between LGS and Nd-LGS despite a difference
of ∼5% in atomic radii between La and Nd [4,5]. Thus,
with a smaller atomic radii but similar lattice dimensions, the
vibrational displacement of the rare-earth site is allowed to
increase, while the local restoring forces are reduced. This in
turn lowers the energy of phonons associated with these sites
while also supporting a larger electric dipole moment along
the c axis.

Lattice contraction in langasites is also observed as the
temperature is lowered [25]. This causes most of the lat-
tice excitations to sharpen in the spectra. The lowest energy
phonon on the other hand, softens considerably. This behavior
is likely tied to the asymmetric electron densities that surround
the La ions [26]. If these asymmetries are enhanced at lower
temperatures, there would be a predisposition for the heavy
lanthanide elements to offset along the c axis breaking the
twofold symmetry. Similar ideas have been expressed fol-
lowing infrared and Raman studies on the Fe langasites [27].
While the softening is incomplete, it does suggest that a polar
P3 phase is tantalizing close and potentially accessible with
the right chemical substitution and applied external electric
field. Indeed, as shown in Fig. 10, the mass of the rare earth
element affects the softening considerably. Here the tempera-
ture dependence of the frequency squared exhibits the classic
linear soft-mode behavior indicating a monotonic reduction in
the local restoring forces of the mode. Increasing the mass of
the rare-earth ions moves the intercept at zero frequency to
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FIG. 10. Overview of the squared frequencies of the lowest os-
cillator from the fits. Dashed lines are linear extrapolations. These
fits intercept the zero line at different temperature, increasing with
atomic number.

higher temperatures, potentially approaching a positive value
for even heavier rare-earth langasites.

One of the more interesting features of the soft-mode dy-
namics is its splitting at lower temperature. Since the shared
spectral weight of P1 and P2 remains constant over the change
in temperature, we can be confident that both excitations arise
from similar dynamics relating to the lanthanide sites.

A distinguishing property of the langasites is the shared
50% occupation of Si4+ and Ga3+ at the 2d Wycoff positions.
In the local environment of the lanthanide sites, this means
there can be up to nine nonequivalent coordinations of the
Si4+ and Ga3+ ions. This distribution of local environments
around the lanthanide ions would result in different lattice
dynamics for each case. Our results suggest that of these dif-
ferent coordinations, two unique vibration dynamics emerge.
One that remains largely stable at low temperatures (P2), and
one that softens considerably (P1).

Finally, it is interesting to consider how these anomalous
lattice dynamics may affect the local environment of magnetic
ions in the rare-earth examples that express novel frustrated
behavior. In the case of Nd-LGS, the magnetic susceptibility
is seen to depart from the high-temperature Curie-Weiss be-
havior already between 100–300 K [8,11]. This is typically
a sign of a strong exchange-driven frustration. However, as
studies performed on diluted samples of Nd-LGS demonstrate
an identical temperature dependence of the magnetic suscep-
tibility to the pure compound [11], this deviation may not
be linked to exchange driven frustration at all. Rather, its
correlation with the soft-mode behavior and splitting of the
rare-earth lattice dynamics, as well as the first excited crystal

electric field (CEF) level of Nd3+ falling at ∼55 cm−1 [28]
(in close proximity to P1), suggests that spin-lattice dynam-
ics may indeed be at play in the observations of anomalous
magnetic susceptibility in Nd-LGS. Since Nd3+ is a Kramers
ion, any coupling between phonons and CEF states would
not be expected to break the degeneracy of any magnetic
doublet states. Rather, only a shift in their respective energies
might occur, which would be enough to modify the mean-field
behavior as observed.

In non-Kramers ions such as Ho3+, the doublets are not
protected. Thus it is possible that similar spin-lattice effects
in Ho-LGS contribute to the complex shift between linear
and nonlinear magnetoelectric behavior as observed over a
broad temperature range in Ho-LGS [19]. Our observations
of magnetic field dependent phonon dynamics in Ho-LGS
are a strong indication of this behavior. In Ho-LGS a CEF
level is expected at 30–50 cm−1 in the vicinity of P1 and P2
[19]. Depending on the global transformation of the CEF sym-
metry, it is possible that a vibronic coupling exists between
the phonons and CEF level, driving novel spin-lattice effects
in this system. In this respect we also highlight the poten-
tial for interesting spin-lattice behavior in other non-Kramers
rare-earth langasites such as Tb-LGS, as is exhibited in its
frustrated rare-earth pyrochlore counterpart [29].

V. CONCLUSIONS

Pure and rare-earth substituted crystals of the langasite
(La3Ga5SiO14) family were investigated by FTIR reflec-
tion and THz magneto-optical spectroscopy, and compared
to capacitive results approaching the static response. In
all compounds an anomalous strong low-frequency phonon
(∼40 cm−1) can be observed for e‖c, which correlates well
with the high dielectric permittivity (up to ∼100) in this direc-
tion. The spectral profile of the low-frequency mode clearly
splits for temperatures below ∼200 K. The frequency of these
lowest phonons decreases with increasing atomic number of
the rare-earth ion pointing towards an emerging instability of
the langasite lattice. In Ho-LGS, a magneto-optical response
is observed, where the lowest frequency phonon dynamics
are seemingly effected by an applied magnetic field. This
novel behavior could be evidence of hybridized spin-lattice
dynamics, which may help explain the unusual magnetoelec-
tric effect previously observed in this system. It may also
shine light onto the perplexing spin-liquid behavior found in
Nd-LGS.
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