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Effect of crystal field local distortions on terahertz spectra of Pr3+

in langasite Pr3Ga5SiO14
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The rare earth langasite Pr3Ga5SiO14 (PGS) was studied using terahertz time-domain spectroscopy (TDS) at

temperatures of 5−300K. In the frequency range of 5−40 cm−1, a non-uniformly broadened absorption line

was detected in the transmission and phase shift spectra of transmitted radiation, identified as a magnetic dipole

transition between the levels of the ground quasi-doublet of the Pr3+ ion split by the crystal field. Strong non-uniform

broadening is caused by random distortions of the local crystal field near rare earth ions. Consistent modeling of

transmission spectra and static magnetic properties was carried out, which made it possible to establish the nature of

the distribution of local distortions of the crystal field and determine the contribution of magnetic dipole transitions.

Static magnetic properties are highly sensitive to the presence of local positions of Pr3+ ions with small splitting

of the main quasi-doublet, while the main contribution to the terahertz resonance properties is made by ions with

splitting near the maximum of the distribution and above.
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Introduction

The langasite crystal La3Ga5SiO14, first obtained in

the 1980s [1], has a trigonal structure with space

group P321 [2,3]. The replacement of the rare-earth ion

La with strongly magnetic ions Pr [4–7], Nd [7–10] and

Ho allowed the creation of new crystalline materials with

magnetoelectric properties, which are attributable to the

non-centrosymmetric chiral structure of langasite [5,11–
14]. Due to their crystal structure, rare-earth langasites

exhibit strong piezoelectric [15,16], laser and nonlinear

optical properties [17–19], they show natural optical activity

when radiation propagates along the trigonal axis [20–23].
However, the decrease of ionic radius in the series of rare

earth elements allows growing crystals with complete La

substitution only for Pr and Nd ions having the largest ionic

radii close to La. For the remaining rare earths, single

crystal growth was only possible for the substituted systems

(RxLa1−x )3Ga5SiO14 (R=Gd, Tb, Dy, Ho).
The rare earth ion subsystem remains paramagnetic

down to low temperatures both in fully substituted lang-

asites Pr [5,24] and Nd [7,25–27] and in dilute systems

(HoxLa1−x )3Ga5SiO14 [12,28]. A number of interest-

ing magnetic and magnetoelectric properties were found

in these compositions [5,6,11,12]. The impact of the

electronic structure of the Pr3+ ion on the magnetic and

magnetoelectric properties of Pr3Ga5SiO14 (PGS), the spec-

troscopic study of which is the subject of the present work,

has been investigated in [5]. Pr3+ is a non-Kramers rare

earth ion whose ground state in the langasite structure is a

quasi-dublet — two singlet separated by a significant energy

interval (∼ 260 cm−1) from the overlying levels (Fig. 1, a).

This electronic structure leads to the Ising behavior of

the magnetization of the main quasi-doublet of the ion,

i.e., magnetization occurs only along one selected axis

determined by the local crystal field. A similar ground state

is realized in Ho3+ ions in (HoxLa1−x)3Ga5SiO14 [12,28].

The splitting of the main quasidoublet Pr3+ ∼ 12 cm−1 [5],

whereas for Ho3+ ∼ 2 cm−1 [28]. A broad distribution of

the main quasidoublet parameters is observed for both ions

due to distortions of the crystal field. These distortions

can be both random, induced by elastic stresses and crystal

defects (see, e.g., [29,30]) and related to the peculiarity of

the langasite structure, namely, the presence of irregular

crystallographic positions in which Si and Ga ions alternate

(Fig. 1, b). Despite the similarities, there are significant

differences in the distribution of ground state parameters

due to crystal field distortions. A wide distribution of

Ising directions of the magnetization axis of complex shape

was observed in (HoxLa1−x )3Ga5SiO14 [28]. In PGS no

wide distribution of the directions of the Ising axes is

found, but a distribution of the magnitude of the quasi-

dublet splitting in the crystal field is realized, the width of

which is comparable to the position of the maximum of the

distribution [5].

Terahertz spectroscopic study of PGS allows direct obser-

vation of the effects associated with crystal field distortions

reflected in the broadening of the absorption line associated

with electronic transitions between states of the main quasi-

doublet Pr3+.
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Figure 1. Diagram of the splitting of the main quasi-doublet in the crystal and external magnetic fields (a). Crystal structure of PGS (b).

Experiment

Large single crystals Pr3Ga5SiO14 were grown by a

zone melting method with radiation heating [4]. Plane-

parallel samples were prepared from cylindrical crystals

with diameters ∼ 5mm, with slices of thickness ∼ 1−2mm

oriented perpendicular to the crystallographic axes. The

transmission and phase shift spectra of the past emission of

PGS were studied by terahertz time domain spectroscopy

(TDS) methods in the frequency range of 5−100 cm−1 and

temperature range of 5−300K (Fig. 2−4). The samples

of a - and c-sections for radiation polarizations h ‖ c e ‖ b∗

(Fig. 2), h ‖ b∗ e ‖ a (Fig. 3) and h ‖ b∗ e ‖ c (Fig. 4), the
orientations of the magnetic h and electric e fields relative

to the crystallographic axes (the axis b∗ is perpendicular to

the axes a and c) are indicated. The observed oscillations in

transmittance and phase are attributable to the interference

in a plane-parallel sample.

A strong increase of absorption at high frequencies

associated with phonon modes is a common feature of the

spectra. The positions and intensities of phonon modes

in PGS for polarizations of the alternating electric field e

along and perpendicular to the trigonal axis c of the crystal

are consistent with the estimates made in Ref. [9] based

on a study of infrared reflectance spectra. The increased

contribution of this phonon mode leads to a strong low-

temperature increase of the dielectric constant along the

axis c at low frequencies [9]. The low frequency and high

intensity of the phonon in the e ‖ c polarization make it

difficult to observe using TDS. However, studying a sample

with a small thickness of d = 0.07 mm allowed the edge

of this phonon mode to be detected in the spectra (Fig.
4). A similar intense low-frequency phonon mode [9] was
observed in langasite with complete substitution of La by

Nd, whose ionic radius is close to Pr. The line position,

intensity, and width of the low-lying phonon modes change

with temperature change.

A broad absorption line was detected in the spectra

against the phonon dispersion background in the more

transparent polarizations of radiation h ‖ c e ‖ b∗ (Fig. 2)

and h ‖ b∗ e ‖ a (Fig. 3). This line was identified as a

magnetic-dipole transition between the states of the ground

quasi-doublet of Pr ions in the crystal field (Fig. 1, a). The
line intensity sharply drops as the temperature increases,

which is consistent with the temperature dependence of the

magnetization [5].

Analysis and discussion of experimental
results

The transmission spectra were analyzed using the plane-

wave approximation, with the e and h components of lin-

early polarized radiation aligned along the crystallographic

axes, thereby maintaining their linear polarization during

propagation. The spectra were modeled using Fresnel

formulas for a plane-parallel layer, taking into account the

dispersion of the complex dielectric (ε∗) and magnetic (µ∗)
permeabilities near the resonant lines as Lorentz oscillators:

ε∗(ν) = ε′(ν) + iε′′(ν) = ε∞+
∑

k

1εk
ν2

k

ν2
k − ν2 − iνkγk

,

(1)

µ∗(ν) = µ′(ν) + iµ′′(ν) = 1 +
∑

k

1µk
ν2

k

ν2
k − ν2 − iνkγk

,

(2)
where νk — resonant frequencies, 1µk and 1εk — contribu-

tions to magnetic and dielectric permeabilities (determining

line intensities), γk — the line width of the k-th oscillator,

ε∞ — the high-frequency dielectric permittivity.

The dielectric oscillators 1εk in (1) describe phonon

modes whose frequencies lie above the investigated range,

but the strong dispersion of the dielectric permittivity near

these intense excitations affects the transmission and phase

shift of the emission near the observed magnetic Pr lines.

The dispersion of the dielectric permittivity (1) is described

in each of the studied geometries e ‖ a, b∗, c (Fig. 2−4) by

a single oscillator corresponding to the underlying phonon;

the contribution of the other phonons is accounted for in ε∞ .
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Figure 2. Low-temperature terahertz transmission spectra (a, b, c, d) and past emission phase shift (e, f, g, h) of PGS in h ‖ c e ‖ b∗

polarization. Experiment data are shown by dots, results of simulation with and without considering the ground state contribution of Pr3+

ions are shown by solid and dashed lines, respectively. The arrows indicate the frequency corresponding to the maximum position ρGxx (1).

The parameters of phonon modes were estimated: in polar-

izations e ‖ a, b∗ at temperature T = 5K 1εa,b∗

= 12± 2,

νa,b∗

= 110 ± 2 cm−1, γa,b∗

= 20± 5 cm−1; in polariza-

tion e ‖ c at T = 21K 1εc = 75± 8, νc = 28± 5 cm−1,

γc = 15 ± 5 cm−1. These estimates are consistent with

Ref. [9].

The strongly broadened absorption line at frequen-

cies ∼ 20 cm−1 (Fig. 2, 3) is associated with the paramag-

netic subsystem of Pr3+ ions. The non-uniform broadening

of the observed mode is attributable to distortions of the

crystal field leading to the distribution of the parameters

of the main quasi-doublet, in particular its splitting in the

crystal field, which in the absence of an external magnetic

field determines the frequency of the corresponding transi-

tion. The occurrence of local distortions of the crystal field

can be associated to varying degrees with the distribution

of random elastic stresses, the presence of lattice defects, as

well as the presence in the structure of langasite irregular

crystallographic positions with alternation of Si and Ga ions,

the distribution of which can form a superstructure [2].
The analysis of magnetic and magnetoelectric properties

performed in Ref. [28] for the substituted composition

(HoxLa1−x )3Ga5SiO14, showed the similarity of distortion

parameter distributions of the crystal field for samples of

different quality grown by the zone melting method and

the Czochralski method. This behavior indicates that the

distribution of distortions in rare earth langasites is not

random, depending on the quality of a particular sample,

but depends significantly on the irregular Si/Ga positions

near the rare earth, i. e., it is a property of the crystal

structure. However, the specific mechanism of distortion

requires further study.

The studies of magnetization and magnetic field-induced

electric polarization performed in Ref. [5] showed that

the quasi-doublet of the ground state of the noncrameric

ion Pr3+ in langasite is separated by a significant energy

interval (∼ 180 cm−1) from the excited states [5]. This

electronic configuration leads to the Ising character of the

magnetization of the main quasi-doublet Pr3+, i.e., to a

strong anisotropy of g-factor, in which the magnetization

in an external field occurs along one selected direction

determined by the crystal field.

Next, let us perform a concerted analysis of the high-

frequency and static magnetic properties of PGS at low

temperatures, where they are determined mainly by the

transitions within the main quasi-doublet and the Van Vleck

contribution to the static magnetic susceptibility due to the

admixture of excited states. It should be noted that the

line shape could not be satisfactorily described by a single

Lorentz oscillator in (2), which confirms the non-uniform
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Figure 3. Terahertz transmission spectra (a) and phase shift

of the past emission (b) of PGS in the polarization h ‖ b∗ e ‖ a

at different temperatures. Dots — experiment, solid lines —
simulation result, dashed line (no mode) — simulation result of

the spectrum for 5.7K without taking into account the ground

state contribution of Pr3+ ions.

nature of the broadening because of distortions of the crystal

field.

The energy levels of the quasi-dublet of the i-th ion are

equal to ±Ei =
√

12
i + (miH)2, and the total splitting of

the quasi-doublet is 2Ei (Fig. 1, a), where 1i splitting in the

crystal field; miH = m0niH = −iµBgJ〈A|ĴiH|B〉 (|A〉 and

|B〉 — wave functions of the quasi-doublet) [5,12], ni —
unit vector directed along the Ising axis; H — external

magnetic field.

The terahertz magnetic susceptibility of PGS in the

frequency region of magnetodipole electronic transitions

between states of the main quasi-doublet Pr3+ at H = 0,

when Ei = 1i , can be represented ([31,32]) as

χ
jk
R (ν, T ) = N

m j
i mk

i

1i
tanh

1i

kBT
12

i

ν2
i − ν2

, (3)

where m j
i is the j-component of the magnetic moment of

the transition, νi = 21i/(2π~) is the resonance frequency,

~ is the Planck constant, N = 3/Vcell is the number of Pr

ions in 1 cm3, Vcell is the lattice cell volume of the crystal,

kB is the Boltzmann constant.

The trigonal symmetry of the crystal implies three local

directions of the Ising axes for different crystallographic

positions of Pr3+. In this case, the local second-order

symmetry axis C2 for a particular crystallographic position

coincides with one of the three second-order symmetry axes

of the crystal. It should be noted here that, depending on

the wave functions of the quasi-dublet, the directions of

the Ising axes are possible either along or perpendicular to

the local axis a. The anisotropy of the magnetization [5]
indicates the position of the Ising axes in the b∗c-plane at

an angle of 45.5◦ to the axis c. The presence of trigonal

symmetry of the crystal implies that the orientation of the

Ising axis in one of three types of crystallographic positions,

such as m1, is related to the other two positions by rotation

matrices C±

3 by ±120◦ around the axis c of the crystal:

m2,3 = C±

3 m1 (see position numbers in Fig. 1, b).
Random distortions of the local crystal field were

described in Ref. [5], when modeling static magnetic

properties using a Rayleigh distribution for the crystal-field

splitting 1:

ρR(1) =
1

σ 2
e−12/2σ 2

. (4)

However, in our case, it was not possible to obtain a

satisfactory description of the resonant absorption by such

a distribution 1. The parameters obtained to describe the
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Figure 4. Terahertz transmission spectra (a) and phase shift of

the transmitted emission (b) of PGS in h ‖ b∗ e ‖ c polarization

at different temperatures. Dots — experiment, lines — simulation

result.
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magnetization give too high position of the maximum of

the distribution ρ(1), which is not consistent with the

results of terahertz measurements. Reducing the position

of the maximum leads to too strong low-temperature

magnetization growth, which is due to an increase in

the number of ions with small splitting values 1. Thus,

magnetization measurements and terahertz spectra prove

sensitive to different regions of the function ρ(1): the

dominant contribution to low-temperature magnetization

comes from states with small crystal-field splittings, whereas

in terahertz spectra, the most pronounced absorption and

phase shift arise from states near the maximum 1max

of the function ρ(1) and higher-energy states 1, which

correspond to higher frequencies. A different distribution

function was used with these considerations in mind. The

Rayleigh distribution (4) ρR(1) ∼ 1G(1), where G(1) is

the Gaussian distribution, does not grow smoothly enough

near 1 = 0. The spectra near the resonant modes and static

magnetization are simultaneously described in this paper

using the distribution ρGxx(1) ∼ 12G(1):

ρGxx (1) = ηGxx(ξ, σ )12 exp

(

1

2

(1− ξ

σ

)2
)

, (5)

where ηGxx(ξ, σ ) is a multiplier that ensures the normaliza-

tion condition:
∫ +∞

0
ρ(x)dx = 1; ξ, σ are parameters of the

distribution that determine its maximum position 1max and

width, ξ = 1max − 2σ 2/1max. For example, the Maxwell

distribution for particle velocities is a special case of such

a distribution. Fig. 5 shows an example of comparing the

shape of the distributions ρGxx(1) and ρR(1). Both of these

functions reflect the observed character of the resonance

line, which has a broad absorption maximum whose position

is comparable to its width, but the difference near 1 = 0

affects the static and resonance properties most significantly.

Let us model the experimental transmission spectra and

phase shift measured at zero external permanent field

(H = 0) in the h ‖ a, b∗ and c polarizations by deriv-

ing an expression for the complex magnetic permeability

µ j = 1 + 4πχ
j j
R along the corresponding axis based on (3)

taking into account the distribution ρGxx(1) (5) and the

presence of three non-equivalent crystallographic positions

q (Fig. 1, b):

µa,b∗,c(ν, T ) = 1 + 4π
N
3

3
∑

q=1

∞
∫

1=0

(ma,b∗,c
q )2

×
1

1
tanh

1

kBT
R(ν)ρGxx(1)d1, (6)

where Ri(ν) = ν2
i /(ν

2
i − ν2) is the resonance multiplier.

Fig. 2, 3 show examples of the description of spectra

taking into account the dispersion of dielectric (1) and

magnetic (6) permeabilities in polarizations h ‖ c e ‖ b∗ and

h ‖ b∗ e ‖ a for different temperatures. The magnetic transi-

tion moment modulus m0 and the parameters of distribution

ρGxx(1): 1max and σ were the varying parameters for

.
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Figure 5. Densities of distribution ρGxx (1) with parameters

determined from simulations of terahertz spectra and static

magnetization (dashed line), and the Rayleigh distribution ρR(1)
with parameters providing a similar curve shape (solid line).

modeling the contributions to the magnetic permeabilities

µ∗
c and µ∗

b∗ . The directions of the Ising axes are taken

from Ref. [5]. The expression for the static magnetization is

obtained as described in Ref. [5,12,28]:

M =
N
3

∑

q

∫

mq(Hmq)
1

Eq(1)

× tanh
Eq(1)

kBT
ρGxx(1)d1 + χa,b∗,c

VV H, (7)

where χa,b∗,c
VV is the Van Vleck magnetic susceptibility. The

experimental dependences of magnetization from Ref. [5]
on the external magnetic field (Fig. 6, a, b) and temperature

(Fig. 6, c) are described using the expression (7).
The given theoretical dependences both for terahertz

spectra (Fig. 2, 3) and for magnetization (Fig. 6) are

constructed with the same parameters determining the

magnetic contribution of the main quasi-doublet ion

Pr3+: m0 = (2.3± 0.1)µB — the magnetic moment mod-

ulus at each of the positions q; 1max = 12± 1 cm−1

and σ = 19± 5 cm−1; χa,b∗

VV = (2.3± 0.3) · 10−5 cm3/g,

χc
VV = (2.0± 0.3) · 10−5 cm3/g.

Conclusion

The electronic transitions between the lower levels of

the main multiplet of Pr3+ ion in the langasite crys-

tal Pr3Ga5SiO14 have been directly observed using the

method of terahertz spectroscopy in the frequency range

of 2−35 cm−1. The analysis allowed identifying and

quantitatively describing the features of strong non-uniform

broadening of the resonance line associated with the

15 Optics and Spectroscopy, 2025, Vol. 133, No. 3
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of H. Dots — experiment [5], lines — simulation result.

distribution of local distortions of the crystal field near the

rare-earth ion, leading to changes of the splitting of the main

quasi-doublet Pr3+.

It should be noted that the distribution of splittings in the

crystal field can have a much more complex structure. In

addition to a wide distribution of random distortions, the

crystal probably realizes the presence of several groups of

distributed positions associated with different symmetry of

the rare-earth ion environment near different combinations

of alternating Si/Ga positions (Fig. 1, b). It is not possible

to resolve the positions of individual maxima in case of

large widths of random distortion distributions, which is

clearly demonstrated by the broad homogeneous modes in

the transmission spectra. The clarification of the shape

and nature of the distortion distribution requires further

precision measurements of the transmission and phase

spectra are needed at frequencies below 10 cm−1, at which

TDS techniques have not yet yielded reliable results.
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