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Systematic first-principles study of pressure-
induced phase transitions and lattice properties
in lanthanide monosulfides
Sergio Ferraria,b, Ertuğrul Karacac,d and Daniel Errandoneae,∗

We present a systematic ab-initio investigation of the structural, elastic, and vibrational proper-
ties of lanthanide monosulfides (LnS, Ln = La–Lu) under pressure using density-functional the-
ory within the plane-wave pseudopotential framework implemented in Quantum ESPRESSO. Total-
energy calculations combined with Birch–Murnaghan equations of state reveal that all compounds
are thermodynamically stable in the NaCl-type (B1) structure at ambient conditions and undergo a
pressure-induced phase transition to the CsCl-type (B2) structure upon compression. The calculated
transition pressures increase monotonically along the lanthanide series, from 22 GPa in LaS to 66
GPa in LuS, reflecting the contraction of the lanthanides. A notable exception is YbS, which exhibits
an anomalously low bulk modulus and transition pressure because of the stability of the divalent Yb
electronic configuration at ambient pressure. Elastic constant calculations confirm the mechanical
stability of both B1 and B2 phases and reveal systematic trends in ductility and stiffness throughout
the series. Phonon dispersion relations show that both phases are dynamically stable, with the B2
structure exhibiting softer lattice vibrations and enhanced compressibility relative to the B1 phase.
The combined analysis of structural, elastic, and vibrational properties provides a comprehensive
description of the high-pressure behavior of lanthanide monosulfides and offers predictive guidance
for future experimental studies.

1 Introduction

Lanthanide monosulfides (LnS, Ln = La–Lu) constitute an impor-
tant class of rare-earth chalcogenides that exhibit a wide range
of physical properties arising from the interplay between local-
ized 4f electrons and the crystal lattice. These compounds have
attracted considerable interest due to their potential applications
in areas such as solar-energy conversion, optical materials, pig-
ments, and cold-cathode technologies1. In addition, their elec-
tronic structures give rise to a variety of intriguing phenomena
including complex magnetic ordering, pressure-induced insula-
tor–metal transitions, valence fluctuations, and unusual Fermi-
surface characteristics2.
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Under ambient conditions, lanthanide monosulfides crystallize
in the NaCl-type (B1) structure with space group Fm3̄m3. In this
structure, each lanthanide atom is octahedrally coordinated by
six sulfur atoms, forming a highly symmetric ionic lattice. These
compounds are particularly interesting from a materials perspec-
tive because they can provide low or even negative electron affin-
ity when deposited on certain semiconductor substrates, offering
advantages over alkali metals in cold-cathode applications1. Sev-
eral synthesis methods have been reported, including electrolytic
reduction of higher sulfides in fused salt media, direct reaction
between elemental lanthanides and sulfur, reduction of Ln2S3

powders with metallic lanthanides, and chemical vapor deposi-
tion techniques4–6.

Despite the technological relevance of lanthanide monosul-
fides, their structural and high-pressure (HP) behavior remains
relatively underexplored compared to other rare-earth com-
pounds7. Experimental and theoretical investigations have pri-
marily focused on individual members of the lanthanide se-
ries, often comparing them with related monopnictides and
monochalcogenides8–13. However, there is a lack of a unified
understanding of systematic trends across the entire lanthanide
family. High-pressure studies are particularly valuable as com-
pression can significantly alter bonding environments, electronic
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configurations, and lattice dynamics. These changes often induce
structural phase transitions and modify physical properties14,15.

Previous investigations have shown that lanthanum monosul-
fide (LaS)8,13, praseodymium monosulfide (PrS)9, samarium
monosulfide (SmS)10, and europium monosulfide (EuS)11,12 un-
dergo a pressure-induced structural transformation from the B1
to the B2 (CsCl-type) structure. This behavior reflects the general
tendency of ionic compounds with the NaCl structure to adopt
higher-coordination phases under compression. In the case of
EuS, however, there is no consensus regarding the transition pres-
sure, with reported values ranging from 11.6 to 21.5 GPa11,12.
Additionally, a theoretical study predicted a similar B1→B2 tran-
sition in ytterbium monosulfide (YbS), although the estimated
transition pressure (9.4 GPa)12 is significantly lower than those
reported for LaS (24.9 GPa)8 and PrS (22 GPa)9. The high-
pressure structural behavior of the remaining lanthanide mono-
sulfides has not yet been systematically investigated. Further-
more, previous calculations have employed a variety of computa-
tional approaches, including the linear muffin-tin orbital (LMTO)
method8, the self-interaction-corrected (SIC) local spin density
(LSD) approximation9, and tight-binding calculations assuming
a three body interaction12. The use of different methodologies
across these studies hinders direct comparison of the results.

This situation contrasts with that of lanthanide monoxides, for
which a recent theoretical work has examined the complete se-
ries using a consistent computational framework, revealing clear
systematic trends governed by the lanthanide contraction7. The
progressive filling of localized 4f orbitals across the lanthanide
series leads to a gradual reduction in ionic radii, which in turn in-
fluences structural stability, compressibility, and phase transition
pressures. Extending such systematic investigations to lanthanide
monosulfides is therefore essential for developing a comprehen-
sive understanding of how lanthanide contraction and electronic
configuration affect the structural and vibrational properties of
rare-earth chalcogenides.

First-principles calculations based on density-functional theory
(DFT) provide a powerful framework for addressing these ques-
tions16,17. DFT methods allow reliable predictions of structural
stability, elastic properties, and lattice dynamics while offering
atomistic insight into the mechanisms governing phase transitions
under pressure. In systems containing lanthanide elements, these
calculations are particularly valuable because they enable system-
atic comparisons across the entire series while overcoming the
experimental challenges associated with HP measurements.

In this work, we present a comprehensive first-principles in-
vestigation of the structural, elastic, and vibrational properties of
lanthanide monosulfides (LnS, Ln = La–Lu) under pressure. By
examining the complete lanthanide series within a unified com-
putational framework, we establish systematic trends associated
with the lanthanide contraction and identify anomalies related
to specific electronic configurations. In particular, we determine
equilibrium structural parameters, bulk moduli, and pressure-
induced B1→B2 transition pressures, and analyze the mechani-
cal stability of both phases through elastic-constant calculations.
Furthermore, phonon dispersion relations are computed to eval-
uate the dynamical stability of the structures and to elucidate the

evolution of lattice vibrations under compression.

The results provide a coherent picture of the high-pressure be-
havior of lanthanide monosulfides and reveal clear correlations
between structural stability, elastic response, and lattice dynamics
across the series. In addition, the calculations highlight the dis-
tinctive behavior of YbS, whose anomalous properties originate
from the stability of the divalent ytterbium electronic configura-
tion. These findings offer predictive insights into the structural
properties of lanthanide sulfides and provide a useful reference
for future experimental investigations of rare-earth chalcogenides
under extreme conditions.

2 Method

The structural and HP properties of lanthanide monosulfides
were investigated by means of ab initio calculations per-
formed within Density Functional Theory (DFT), using the
pseudopotential–plane-wave approach as implemented in the
Quantum ESPRESSO package18. Calculations were performed
at 0 K temperature. Ionic cores were described by ultrasoft pseu-
dopotentials taken from the Standard Solid State Pseudopoten-
tials (SSSP) library. During the generation of pseudopotentials,
for sulfur atoms the 3s2 and 3p4 electrons were explicitly treated
as valence electrons, while for lanthanide atoms all but one of
the f electrons were frozen in the core. This approximation may
slightly affect the detailed electronic structure of compounds,
but is expected to have only a minor influence on equilibrium
structural properties and relative phase stability7. Therefore, it
is adequate to capture the systematic structural and vibrational
trends emphasized in this work. However, although several lan-
thanide monosulfides exhibit magnetic ordering at low temper-
ature1, spin polarization is neglected because structural and vi-
brational properties are governed mainly by bonding and ionic
size effects. Previous first-principles studies13 indicate that mag-
netism has only a minor influence on equilibrium structures and
relative phase stabilities.

The electronic wave functions were expanded in a plane-wave
basis set with a kinetic-energy cutoff of 170 Ry, while a cutoff
of 1360 Ry was employed for the charge density and potential.
Brillouin-zone integrations were carried out using a 10×10×10
Monkhorst–Pack k-point mesh. These numerical parameters were
selected on the basis of convergence tests to ensure the accuracy
of the calculated total energies.

For each lanthanide monosulfide, total energies were com-
puted for a set of different unit-cell volumes, equivalently gen-
erated by varying the cubic lattice parameter. This procedure
yielded energy–volume data sets for the candidate crystal struc-
tures considered here. The resulting energy–volume curves were
subsequently fitted using a Birch–Murnaghan equation of state
(EOS)19, from which the equilibrium lattice constant, equilibrium
energy, bulk modulus, and its pressure derivative were extracted.

Once the equation-of-state parameters were obtained, the pres-
sure dependence of the total energy was used to construct the
enthalpy H according to:

H(p) = E(p)+ p.V (p)

2 | 1–13Journal Name, [year], [vol.],
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where the volume as a function of pressure was determined self-
consistently from the same Birch–Murnaghan formalism using the
fitted EOS. The enthalpy–pressure relations were then used to an-
alyze the relative thermodynamic stability of the different phases
and to identify pressure-induced structural phase transitions.

The HP behavior was examined considering the cubic structure
reported in the literature for lanthanide monosulfides, namely
B1, and also the cubic B2 structure. Only the B1 and B2 phases
were considered because the B1 → B2 transition is a generic and
widely observed pressure-induced transformation in compounds
adopting the NaCl-type structure, driven by the stabilization of
a higher-coordination phase under compression7. This behavior
is well established in related ionic systems, making B2 the most
plausible HP candidate phase for lanthanide monosulfides. The
structure B1 is described by the space group Fm3̄m, with the lan-
thanide atom occupying the Wyckoff position 4a (0, 0, 0) and the
sulfur atom located in the position 4b (1/2, 1/2, 1/2). The struc-
ture B2 belongs to space group Pm3̄m, with the lanthanide atom
at the 1a site (0, 0, 0) and sulfur at the 1b site (1/2, 1/2, 1/2).

The elastic properties of the studied materials were also ana-
lyzed. The elastic constants were determined using the strain-
stress method, in which a set of finite deformations is applied to
the equilibrium crystal structure, and the resulting stress tensors
are evaluated. This method allows for an accurate determination
of the independent elastic constants within the harmonic approx-
imation. The calculations were performed as implemented in the
thermo−pw code20. The elastic constants obtained were then
used to determine the mechanical stability and elastic behavior
of the compounds. The linear-response method was used to cal-
culate the lattice dynamics of the compounds studied. A grid of
of 32× 32× 32 k points was chosen for Brillouin-zone (BZ) in-
tegrations. We calculated 29 dynamical matrices by symmetry
for a 8× 8× 8 q-point mesh in the irreducible BZ, which were
Fourier-transformed to determine force constants. The constants
were later used to produce the phonon dispersion curves and the
phonon density of states for the compounds.

3 Results and Discussions

3.1 Crystal structure

By optimizing the crystal structure through total-energy mini-
mization, we determined the equilibrium lattice parameter of
each LnS compound at 0 GPa (a0). Fitting the pressure-energy re-
lationship to the Birch-Murnaghan EOS19 yielded the bulk mod-
ulus at 0 GPa (K0) and its pressure derivative (K′

0). Figure 1(a)
shows an example of the results for LaS in the B1 structure. The
calculated values for all compounds investigated here are sum-
marized in Table 1.

As shown in Figure 2(a) and Table 1, the calculated equilibrium
lattice parameters exhibit a clear and systematic decrease along
the La–Lu series, reflecting the well-known lanthanide contrac-
tion. This trend is consistently reproduced for most studied com-
pounds, confirming the internal consistency and reliability of the
present calculations. The only exception to the described trend is
YbS. The reason for this exception will be discussed later. Due to
the larger ionic radius of sulfur compared to oxygen, the lattice

constants of lanthanide monosulfides are significantly larger than
those reported for the corresponding monoxides7. This structural
expansion has direct consequences on their elastic response and
high-pressure behavior.

Figure 1 (a) Total energy vs volume per formula unit for B1-type LaS.
The symbols are the results of calculations and the red line the Birch-
Murnaghan fit. (b) Difference between the enthalpy of phases B1 and
B2 (∆H = HB2-HB1) for LaS. The symbols are the results of calculations
and the red line is a second-order polynomial fit. At P = 22 GPa HB2
becomes smaller than HB1

Next, we compare our optimized equilibrium structures at 0
GPa with available experimental data. LaS has been extensively
investigated experimentally3,13,21–29, with an average reported
lattice parameter for the B1 phase of a = 5.860 Å. This value is
in excellent agreement with our calculated result of a = 5.8839
Å. For CeS, experimental data are more limited, with only three
reported values of 5.778 Å30, 5.77 Å31, and 5.766 Å32. These
values are approximately 1% smaller than our calculated lattice
parameter, a discrepancy that remains within the typical accuracy
of DFT calculations. A similar level of agreement is found for PrS,
for which the average experimental lattice parameter reported in
different studies21,30,33–35 differs by about 1% from our theoret-
ical value. For NdS, the experimental lattice parameter of 5.6975
Å36 is likewise approximately 1% smaller than the present re-
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sult. For the heavier lanthanide monosulfides -GdS, TbS, HoS,
ErS, YbS, and LuS- the agreement between our calculated lattice
parameters and available experimental measurements30,37–44 is
consistently very good. Overall, the close correspondence be-
tween theory and experiment across the lanthanide series con-
firms the reliability of the present computational approach and
supports the validity of the observed systematic trends.

Figure 2(a) and Table 1 shows a clear trend across the lan-
thanide series: the unit-cell parameter of the B1 structure de-
creases with increasing atomic number. This behavior arises from
the lanthanide contraction, caused by the progressive filling of
the poorly shielding 4f orbitals. As a consequence, the ionic ra-
dius of Ln atoms decreases systematically, leading to shorter Ln–S
bond lengths, increased bond strength, and higher charge den-
sity. These effects produce a more compact and cohesive crys-
tal lattice, which is reflected in the observed reduction of the
unit-cell parameters. The bulk modulus (Figure 2(b) and Ta-
ble 1) also displays a smooth and nearly monotonic behavior.
This parameter increases with increasing the atomic number of
the lanthanide atoms, and it is also connected to the contrac-
tion of the 4f-electron shell, which strengthens the effective ionic
bonding. Consequently, heavier lanthanide monosulfides are less
compressible than lighter ones, in agreement with general trends
observed in other rare-earth compounds7. When compared to
lanthanide monoxides7, the bulk moduli of lanthanide monosul-
fides is systematically smaller, indicating weaker bonding and en-
hanced structural softness associated with the lanthanide–sulfur
interaction.

YbS is the only compound that deviates from the systematic
trends described above. Similar anomalous behavior has previ-
ously been reported for YbO when compared to other lanthanide
monoxides7, as well as for elemental Yb relative to the rest of the
lanthanide series45,46. This anomaly arises from the unique elec-
tronic configuration of ytterbium, which is the most compressible
lanthanide because it adopts a stable divalent state at ambient
pressure. In this state, Yb contributes only two valence elec-
trons (6s2) to bonding, in contrast to most lanthanides, which
contribute three valence electrons (6s25d1). Thus Yb2+ has the
same ionic radius47 than Ce3+. The reduced valence electron
density of Yb leads to weaker bonding and a larger molar volume
in YbS, resulting in an enhanced compressibility. Upon applica-
tion of high pressure, Yb undergoes a gradual electronic transi-
tion to the trivalent state, strengthening the bonding and is ac-
companied by a significant volume reduction48. To verify that
the anomalous behavior of YbS is not an artifact of freezing the
4f electrons, we performed additional calculations using a pseu-
dopotential where the 4f states of Yb are treated explicitly as va-
lence electrons. The obtained lattice parameter and bulk modu-
lus agree with both approximations within 2%, remaining signif-
icantly different from the systematic trend observed for trivalent
lanthanide sulfides, confirming that the anomaly originates from
the divalent electronic configuration of Yb rather than from the
computational approximation..

Figure 1(b) shows as an example the difference of enthalpy as
a function of pressure between the B1 and B2 structures of LaS.
At low pressures, the enthalpy of the B1 phase is less than that of

Figure 2 (a) Calculated equilibrium unit-cell parameter at 0 GPa (a0).
(b) Calculated bulk modulus K0. (c) Calculated transition pressure (Pt).
(d) Calculated relative change of the volume at the phase transition (∆

V). The LnS compounds are identified by the name of the lanthanide
atom in the horizontal axes.

the B2 phase, suggesting that B1 is the most thermodynamically
stable structure of the two up to a critical pressure. As pressure
increases, the enthalpy difference between the two phases de-
creases, and eventually at 22 GPa it changes sign, with the B2
structure becoming energetically favored. This crossing unam-
biguously signals a pressure-induced structural phase transition
from B1 to B2. The same behavior was found in all compounds
studied here. Thus, all lanthanide monosulfides are found to be
thermodynamically stable in the B1 structure at ambient condi-
tions and to undergo a B1 → B2 transition under compression.
The transition pressures are summarized in Figure 2(c) and Ta-
ble 1. In the table our results are compared with previous stud-
ies when available. The results agree with previous studies for
LaS8, CeS12, and PrS9 (see Table 1). The good agreement be-
tween our results and those previously obtained using different
methods strengthens the robustness and reliability of our conclu-
sions. The lower transition pressures reported in previous studies
for EuS and YbS (see Table 1), compared to the present results,
likely reflect methodological limitations, including the tendency
of self-interaction-corrected schemes to overstabilize high-density
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Table 1 Calculated unit-cell parameter, bulk modulus and pressure derivative of the bulk modulus at 0 GPa for the B1 and B2 structures. We also
report the calculated pressure for the phase transition from B1 to B2 and the relative change of volume at the transition pressure. Results are compared
with the literature.

Type B1 Type B2 This work | Literature

Studied a0 K0 K′
0 a0 K0 K′

0 Pt ∆V/V0 Pt ∆V/V0 K0 Ref.
LnS [Å] [GPa] [Å] [GPa] [GPa] [%] [GPa] [%] [GPa]

LaS 5.884 80.5 4.47 3.580 77.5 4.18 22.0 10.6 24.9 8.4 87-107 8

CeS 5.845 82.4 4.47 3.569 80.9 4.34 22.4 9.3 24.3 7 79 12

PrS 5.783 85.1 4.48 3.534 83.3 4.36 24.6 8.4 22 10 89-107 9

NdS 5.731 87.5 4.48 3.505 85.3 4.32 24.6 8.4
PmS 5.684 89.7 4.39 3.480 87.3 4.24 28.9 8.7
SmS 5.642 91.5 4.40 3.458 89.0 4.36 33.5 8.3 0.1-1.24 11.1-13.8 53.4 10

EuS 5.602 93.4 4.40 3.437 90.3 4.30 35.0 8.2 11.6-21.5 5.7-12.5 53.6-63 11,12

GdS 5.568 95.1 4.41 3.420 91.5 4.30 41.0 8.1
TbS 5.534 96.7 4.40 3.403 92.5 4.26 43.8 7.9
DyS 5.502 98.4 4.39 3.387 93.6 4.28 45.3 7.6
HoS 5.472 99.9 4.36 3.373 94.2 4.25 46.6 7.2
ErS 5.445 101.4 4.39 3.361 95.8 4.27 42.7 6.9
TmS 5.416 102.9 4.36 3.347 96.4 4.26 57.0 6.8
YbS 5.655 62.9 4.10 3.427 65.1 4.07 26.0 10.5 9.4 15.1 51.3-74 12

LuS 5.361 105.6 4.38 3.321 99.3 4.25 66.0 6.3

phases49 and the treatment of three-body interactions in YbS50.
In the case of SmS, the apparent discrepancies between our re-
sults and previous work10 can be attributed to the fact that the
earlier study focused on an isostructural phase transition rather
than the B1–B2 transition. According to our results, the tran-
sition pressure and the change of volume at the phase transi-
tion increase when moving from La to Lu as shown in Figure
2(c) and 2(d). The same trend was previously found in lan-
thanide monoxides7. We also noticed that according to our re-
sults, lanthanide sulfides exhibit systematically smaller transition
pressures than the corresponding lanthanide monoxides, indicat-
ing that the structural phase transitions in sulfides occur more
readily under compression.

Regarding the bulk modulus, we find good agreement with pre-
vious studies for LaS8, CeS12, and PrS9. In contrast, earlier stud-
ies on SmS10, EuS11, and YbS12 report smaller bulk moduli than
those obtained in the present work (see Table 1). These discrep-
ancies likely originate from the same methodological differences
discussed in the previous paragraph for the transition pressures.
The bulk modulus follows a systematic behavior as shown in Fig-
ure 2(b) and Table 1. The increase of the bulk modulus when
moving from La to Lu is consistent with the decrease of the unit-
cell volume. the more dense a material the lesser compressible. In
addition, we found that the calculated bulk moduli of lanthanide
sulfides are lower than those of lanthanide monooxides, imply-
ing that sulfides are more compressible and mechanically softer.
This combined behavior originates from the weaker bonding and
larger anion size in sulfides compared to oxides, which reduces
resistance to volume change. As a result, lower pressures are
required to stabilize the B2 phase. The difference in the behav-
ior between lanthanide monosulfides and lanthanide monoxides
is similar to the conclusions from the comparison between the
behavior of alkaline-earth sulfides and oxides. CaS has a lower
transition pressure (around 36.5 GPa) than CaO (between 53–70

GPa)51,52. The same qualitative difference can be found in stron-
tium compounds. The transition pressure for Sr is significantly
higher (36-38 GPa)53 than for strontium SrS, which transitions
around 18 GPa54. In Barium compounds, BaS has a single transi-
tion from the B1 to the B2 phase at approximately 6.5 GPa55,56,
while BaO undergoes a more complex series of transitions starting
from B1 and reaching a distorted CsCl-type roughly 15.0 GPa56.
Finally, the same differences occur between MgO and MgS. MgS
goes from the zinc-blende (B3) structure to the B1 structure at
approximately 2.9 GPa, and from the B1 structure to the B2 struc-
ture transition in the range of 158-255.5 GPa57. The transition
pressure for MgO from B1 to B2 occurs approximately at 400–600
GPa58.

It is also instructive to compare these results with yttrium sul-
fide (YS), which, although not a lanthanide compound, is often
considered a useful reference due to its similar ionic radius and
the absence of 4f electrons. Previous studies have shown that
YS undergoes a B1–B2 structural transition under pressure, fol-
lowing a trend comparable to that of early lanthanide monosul-
fides59. The transition pressure for YS was calculated to be 53
GPa, which lies within the range observed for lanthanide sulfides
(from 20 GPa for LaS to 60 GPa for LuS). Although yttrium is not
a lanthanide, its transition pressure closely matches that of LuS.
This is unsurprising because Lu has a complete 4f electron shell
([Xe]4f145d16s2) and Y has a [Kr]4d15s2 configuration. The 4f
electrons in Lu have minimal influence on high-pressure behavior
because the 4f shell is fully filled, making them largely inert and
not contributing significantly to bonding or the structural transi-
tion. So the transition pressure of LuS is largely determined by
the response of the d and s electrons, as in YS. Additionally, the
similar ionic radii of Y3+ (0.90 Å) and Lu3+ (0.86 Å) support the
comparable transition pressures. Consequently, the similarities in
electronic configuration and ionic size lead to analogous struc-
tural and bonding characteristics under pressure for both com-
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pounds. This is further reflected in the the fact that the unit-cell
parameters and bulk moduli exhibit close agreement between the
two compounds. Lattice constants are 5.489 Å for YS and 5.361
Å for LuS (2% difference), and bulk moduli are 93–101.4 GPa for
YS59 and 105.6 GPa for LuS.

To conclude this section, we would like to comment on the
fact that our calculations were carried out at 0 K. While our en-
thalpy calculations suggest a first-order phase transition from B1
to B2 under pressure, we acknowledge that phononic entropy
may also contribute significantly to the thermodynamic behavior.
The pressure-induced changes in the phonon density of states and
their corresponding entropy could influence the transition, poten-
tially smoothing or altering its apparent order. However, detailed
finite-temperature studies, which are beyond the scope of this
work, could further explore these effects. These phononic con-
tributions are unlikely to affect the systematic behavior discussed
here. We would also like to comments that the approximate treat-
ment of exchange–correlation effects, and the neglect of zero-
point and finite-temperature vibrational contributions, could af-
fect the transition. However, these effects mainly influence the
absolute transition pressure, while the consistent computational
treatment ensures that the predicted trends across the lanthanide
series remain robust and physically meaningful.

3.2 Elastic constants

Elastic constants are critical for determining the mechanical sta-
bility, stiffness, and bonding properties of crystalline materials.
The strain-stress method, described in the thermo−pw code20,
is used to calculate the three independent elastic constants (C11,
C12, C44) of the B1 and B2 phases of lanthanide monosulfides.
This method involves applying small strains to the crystal lattice,
resulting in a total relaxation of the lattice containing the atoms
and determining the corresponding stress. The calculated elastic
constants are given in Table 2 for the B1 phase and in Table 3
for the B2 phase. The calculated elastic constants for LaS show
good agreement with the values reported in Refs. 13 and 28, sup-
porting the reliability of the present approach. As can be seen
from Table 2 and Table 3, the values of C11 for all investigated
compounds are significantly larger than those of C44, suggesting
a weaker resistance to pure shear deformation compared to uni-
directional compression. For mechanical stability, the general-
ized Born–Huang criteria60,61 stipulate that a cubic crystal must
satisfy the following conditions: C44 −P > 0, C11 −C12 +P > 0,
and (C11 +2C12)+P > 0. In the pressure range of stability of the
B1 and B2 phases, the calculated elastic constants for all investi-
gated compounds are positive and meet the necessary conditions
for mechanical stability. The Cauchy pressure (Cp =C12 −C44) is
commonly used to determine the ductility or brittleness of metal-
lic compounds62. Positive (negative) values of Cp suggest ductile
(brittle) behavior. All studied compounds have positive Cp val-
ues, suggesting ductile behavior, except for YbS in the B1 phase,
which has a negative value and is therefore brittle.

The Voigt-Reuss-Hill scheme63–65 is applied to calculate the
isotropic bulk and shear moduli (BVRH, GVRH), in as well as
Young’s modulus (E) and Poisson’s ratio (σ). The Voigt63 and

Reuss64 schemes assume uniform strain and uniform stress, re-
spectively, giving the upper and lower limits of the elastic moduli
of polycrystals. The Hill average65 is the most reliable estimate
of the mechanical properties based on single-crystal elastic con-
stants. The general Voigt-Reuss-Hill (VRH) equations for cubic
crystals are given as follows63–65:

BV = BR =
C11 +2C12

3
, (1)

GV =
C11 −C12 +3C44

5
, (2)

GR =
5C44(C11 −C12)

4C44 +3(C11 −C12)
, (3)

BH =
BV +BR

2
, (4)

GH =
GV +GR

2
, (5)

E =
9BHGH

3BH +GH
, (6)

σ =
3BH −E

6BH
. (7)

The calculated values of the bulk modulus (BH), shear mod-
ulus (GH), Young’s modulus (E), the bulk-to-shear modulus ra-
tio (BH/GH), and Poisson’s ratio (σ) are shown in Table 2 and
Table 3. The bulk modulus (BH) describes the resistance of a
material to volume change under applied pressure, whereas the
shear modulus (GH) implies the resistance to shape deformation
induced by shear stress.

Table 2 and Table 3 show that LuS has larger bulk and shear
moduli in both phases (B1 and B2) compared to other compounds
studied, indicating that this compound has a better capability of
resistance to volume change as well as shape change. In contrast,
PmS in the B1 phase and for LaS in the B2 phase have the weakest
resistance to volume and shape deformations, due to their small-
est BH and GH values. Young’s modulus (E) is closely related to
solid stiffness; a higher E value suggests a stiffer material. Among
all the studied compounds, LuS in the B1 phase and PmS in the
B2 phase have the highest E values, indicating that they are the
stiffest compounds in their respective phases. In addition to the
Cauchy pressure, Pugh66 suggested the ratio of the bulk modulus
to the shear modulus (BH/GH) as a criterion for identifying be-
tween ductile and brittle behavior. If this ratio exceeds a critical
value of 1.75, the material is expected to be ductile; otherwise, it
is considered as brittle. In agreement with the Cauchy pressure
criteria, all studied compounds exhibit BH/GH > 1.75, except YbS,
hence confirming their ductile properties.

In addition to the elastic moduli, the longitudinal (vL), trans-
verse (vT ), and average elastic wave velocities (vM) supply addi-
tional understanding of the elastic and mechanical properties of
solids. These velocities have an inherent connection to the bulk
and shear moduli, as well as the density of the material, and they
are crucial for characterizing lattice dynamics and the strength of
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Table 2 The second-order elastic constants (C11, C12, C44), the isotropic bulk modulus (BH), shear modulus (GH), Young’s modulus (E), BH/GH ratio,
and Poisson’s ratio (σ), the transverse (vT ), longitudinal (vL) and average elastic wave velocities (vM) for the B1 phase of LnS compounds.

Compound C11 C12 C44 BH GH E BH/GH σ vL vT vM
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (m/s) (m/s) (m/s)

LaS 191.60 24.96 22.62 80.50 39.42 101.21 2.04 0.284 4885.4 2659.0 3800.0
CeS 200.43 23.37 17.60 82.39 35.93 93.31 2.29 0.298 4770.5 2505.3 3793.3
PrS 208.25 23.65 18.41 85.18 37.52 97.30 2.27 0.297 4771.3 2513.4 3787.1
NdS 214.79 23.95 19.16 87.57 38.92 100.82 2.25 0.295 4734.1 2500.9 3751.3
PmS 196.70 22.14 19.83 80.33 37.76 97.28 2.13 0.288 4572.7 2458.1 3585.2
SmS 225.73 24.58 20.45 91.63 41.25 106.70 2.22 0.293 4662.5 2473.1 3685.6
EuS 230.59 24.97 21.04 93.51 42.29 109.35 2.21 0.293 4644.0 2466.9 3667.9
GdS 235.01 25.33 21.42 95.22 43.11 111.42 2.21 0.292 4577.9 2432.3 3615.1
TbS 239.20 25.75 21.75 96.90 43.83 113.30 2.21 0.292 4555.6 2419.9 3598.0
DyS 243.21 26.23 22.02 98.56 44.46 114.97 2.22 0.293 4510.0 2393.7 3563.8
HoS 246.94 26.71 22.13 100.12 44.92 116.23 2.23 0.294 4476.0 2371.6 3540.5
ErS 250.33 27.24 21.98 101.60 45.09 116.79 2.25 0.295 4440.7 2344.9 3519.7
TmS 253.82 27.78 21.95 103.13 45.39 117.65 2.27 0.296 4412.6 2323.8 3503.0
YbS 147.09 20.15 34.55 62.46 44.18 107.23 1.41 0.213 4012.6 2421.0 2878.6
LuS 260.07 28.93 21.53 105.98 45.53 118.31 2.33 0.299 4321.4 2258.5 3445.7

Table 3 The second-order elastic constants (C11, C12, C44), the isotropic bulk modulus (BH), shear modulus (GH), Young’s modulus (E), BH/GH ratio,
and Poisson’s ratio (σ), the transverse (vT ), longitudinal (vL) and average elastic wave velocities (vM) for the B2 phase of LnS compounds.

Compound C11 C12 C44 BH GH E BH/GH σ vL vT vM
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (m/s) (m/s) (m/s)

LaS 146.97 43.77 32.64 78.17 39.24 100.85 1.99 0.284 4593.0 2518.8 3554.9
CeS 151.19 45.12 36.42 80.47 42.35 108.10 1.90 0.276 4666.0 2594.9 3576.8
PrS 156.98 46.17 36.59 83.10 43.23 110.52 1.92 0.278 4649.8 2577.0 3573.0
NdS 162.08 46.81 36.01 85.23 43.52 111.56 1.96 0.281 4590.1 2529.9 3540.5
PmS 166.73 47.18 35.07 87.03 43.48 111.81 2.00 0.285 4559.7 2496.9 3532.5
SmS 171.26 47.52 33.86 88.77 43.21 111.51 2.05 0.290 4470.7 2428.9 3481.5
EuS 165.28 42.67 28.58 83.54 39.01 101.20 2.14 0.297 4283.3 2297.7 3362.6
GdS 179.56 47.84 30.78 91.75 41.96 109.18 2.19 0.301 4335.0 2310.7 3416.6
TbS 183.22 47.87 28.93 92.99 40.97 107.10 2.27 0.306 4283.2 2256.6 3399.4
DyS 186.56 47.74 26.87 94.01 39.74 104.38 2.37 0.313 4205.7 2186.8 3363.3
HoS 189.50 47.56 24.67 94.88 38.29 101.08 2.48 0.319 4138.4 2119.8 3336.9
ErS 191.88 47.45 22.39 95.59 36.62 97.20 2.61 0.326 4071.3 2050.3 3312.2
TmS 194.96 47.22 20.05 96.46 34.94 93.21 2.76 0.333 4009.8 1981.7 3292.7
YbS 139.56 37.84 30.78 63.75 41.96 109.18 1.52 0.201 4954.0 2712.0 3838.7
LuS 200.69 46.50 15.13 99.94 41.98 83.80 2.38 0.346 3854.0 1820.8 3230.0

bonding. As shown in Table 2 and Table 3, LuS shows relatively
lower elastic wave velocities in both the B1 and B2 phases com-
pared to the other compounds. This behavior can be explained
by its larger atomic mass and higher density, which decrease the
velocities of elastic waves despite its comparatively large elas-
tic moduli. Elastic constant analysis reveals that the B1 (NaCl-
type) phase generally has higher C44 and shear modulus (GH)
values compared to the B2 (CsCl-type) phase, thus supporting
its increased shear resistance, especially among the heavier lan-
thanides. However, YbS in the B1 phase is a notable anomaly.
Its anomalously low shear stiffness, negative Cauchy pressure,
and brittle behavior result from the weak, isotropic bonding of
the divalent Yb2+ ion, which undermines the directional strength
characteristic of the NaCl-type structure.

3.3 Phonons

Phonon dispersion relations and phonon density of states are cru-
cial quantities for characterizing lattice dynamics and determin-
ing the dynamical stability of crystalline materials. Here, we ex-
amine the phonon spectra of lanthanide monosulfides in both the
B1 phase at 0 GPa and in the B2 phase at the corresponding tran-
sition pressure to better understand their vibrational properties
and the stability of these phases under pressure. Before present-
ing the results we would like to comment that a known limita-
tion of standard DFT approaches is their reduced accuracy in de-
scribing lattice dynamics in systems containing localized 3d or
4f electrons. Previous studies on rare-earth and transition-metal
compounds have shown that conventional approximations often
lead to a systematic underestimation of phonon frequencies, par-
ticularly in the optical branches, due to an incomplete treatment
of electronic correlations and electron–phonon coupling involv-
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ing localized states67,68. Nevertheless, despite these quantitative
discrepancies at the level of individual phonon modes, the overall
features of the phonon spectra - such as dispersion trends, acous-
tic–optical separation, and dynamical stability - are typically well
reproduced67,68. In this context, earlier investigations of rare-
earth chalcogenides have demonstrated that DFT provides a re-
liable description of global vibrational properties and their evo-
lution under pressure, even when subtle spectral details are not
perfectly captured. Therefore, while the present calculations may
inherit similar limitations associated with the treatment of 4f elec-
trons, they are expected to yield robust and physically meaningful
trends across the lanthanide series, particularly regarding struc-
tural stability, relative phase behavior, and general characteristics
of the phonon spectra.

The primitive cell of the B1 and B2 phases of lanthanide mono-
sulfides consists of two atoms, resulting in six vibrational modes,
three of which are acoustic and three optical. According to group
theory, the zone-center optical phonon modes of the B1 and B2
phases correspond to the T1u irreducible representation of the
Oh (m3̄m) point group, resulting in a triply degenerate infrared-
active mode. Table 4 shows the calculated zone-center T1u optical
phonon frequencies for the B1 and B2 phases of lanthanide mono-
sulfides. The B1 phases have higher T1u frequencies compared to
the B2 phases, suggesting the higher stiffness of the NaCl-type
lattice in comparison to the CsCl-type lattice. The table shows
that, for all compounds, the vibrations are largely determined by
the lighter sulfur atoms, whereas the heavier lanthanide atoms
contribute weakly to each mode.

The phonon dispersion curves for the B1 and B2 phases of lan-
thanide monosulfides are shown in Figs. 3 and 4, respectively.
The absence of imaginary phonon modes proves the dynamical
stability of all studied B1 and B2 phases of lanthanide mono-
sulfides. The large mass difference between lanthanide atoms
and sulfur leads to a significant gap between the acoustic and
optical phonon branches for B1 phase, as shown in Fig. 3. The
phonon spectra of the B1 phases show a similar behavior for the
lanthanide monosulfides, as seen in Fig. 3. An exception is YbS,
where the acoustic phonon branches reach roughly 4 THz, while
the maximum acoustic frequencies for other lanthanide mono-
sulfides are around 3 THz. This indicates that YbS has compar-
atively higher acoustic phonon frequencies. The optical phonon
branches of YbS show a wider frequency range than those of other
compounds, with its lowest optical phonon frequency having the
lowest among all materials studied, reaching at around 5.6 THz.
Thus, YbS has the smallest acoustic–optical phonon gap among
the lanthanide monosulfides. A large mass difference between
lanthanide atoms and sulfur generally suggests an increase in the
acoustic–optical phonon gap; however, the decreased gap in YbS
implies that mass effects alone are not sufficient explanations for
its vibrational properties. This anomaly can be explained to the
decreased interatomic bonding in YbS, matching with its elastic
properties. The extremely small shear modulus, decreased C44

value, and negative Cauchy pressure found for YbS in the B1
phase indicate weak and less directional bonding related to the di-
valent Yb2+ electronic configuration. The weaker force constants
decrease the optical phonon frequencies and dominate over mass

Table 4 The calculated zone-center optical phonon frequencies (ν in
cm−1) and eigen characteristics for lanthanide monosulfides. IR denotes
infrared-active vibrations. We show in bold characters the atom that
contributes most to each vibration. The symmetry assignment of each
mode is included.

Compound Phase Mode ν (cm−1) Eigen characters
LaS B1 T1u (IR) 251.95 S+La
CeS B1 T1u (IR) 251.99 S+Ce
PrS B1 T1u (IR) 256.08 S+Pr
NdS B1 T1u (IR) 259.00 S+Nd
PmS B1 T1u (IR) 249.57 S+Pm
SmS B1 T1u (IR) 263.76 S+Sm
EuS B1 T1u (IR) 266.13 S+Eu
GdS B1 T1u (IR) 267.53 S+Gd
TbS B1 T1u (IR) 269.34 S+Tb
DyS B1 T1u (IR) 270.82 S+Dy
HoS B1 T1u (IR) 272.23 S+Ho
ErS B1 T1u (IR) 273.42 S+Er
TmS B1 T1u (IR) 274.71 S+Tm
YbS B1 T1u (IR) 183.18 S+Yb
LuS B1 T1u (IR) 276.65 S+Lu
LaS B2 T1u (IR) 173.87 S+Lu
CeS B2 T1u (IR) 171.17 S+Ce
PrS B2 T1u (IR) 172.77 S+Pr
NdS B2 T1u (IR) 173.16 S+Nd
PmS B2 T1u (IR) 173.49 S+Pm
SmS B2 T1u (IR) 173.13 S+Sm
EuS B2 T1u (IR) 163.94 S+Eu
GdS B2 T1u (IR) 172.34 S+Gd
TbS B2 T1u (IR) 171.75 S+Tb
DyS B2 T1u (IR) 170.77 S+Dy
HoS B2 T1u (IR) 169.62 S+Ho
ErS B2 T1u (IR) 168.27 S+Er
TmS B2 T1u (IR) 167.39 S+Tm
YbS B2 T1u (IR) 223.82 S+Yb
LuS B2 T1u (IR) 164.99 S+Lu

effects, leading to a reduced phonon gap for YbS.
A comparison of the phonon dispersion relations between both

phases reveals significant and systematic differences among the
lanthanide monosulfides. In the B1 phase, a distinctive frequency
gap between the acoustic and optical phonon branches appears
for all lanthanide monosulfides. In the transition to the B2 phase,
the acoustic–optical phonon gap vanishes for all compounds ex-
cept LaS. In LaS, the gap does not completely disappear but de-
creases significantly from approximately 6 THz in the B1 phase
to about 0.2 THz in the B2 phase. Thus, the acoustic and opti-
cal branches are interconnected within the B2 phase. The reduc-
tion of the acoustic–optical phonon gap in the B2 phase reflects
stronger vibrational coupling under compression. This behavior
is expected under compression, as increased pressure enhances
interatomic interactions and induces stronger coupling between
vibrational modes, leading to the closure of the phonon gap. Fur-
thermore, the highest phonon frequencies usually decrease in the
B2 phase compared to the B1 phase for all compounds, except
for the YbS. The overall decrease in the highest phonon frequen-
cies signifies a softening of lattice vibrations in the B2 structure,
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Figure 3 The calculated phonon dispersion curves for the B1 phase of lanthanide monosulfides. (a) LaS, (b) CeS, (c) PrS, (d) NdS, (e) PmS, (f)
SmS, (g) EuS, (h) GdS, (k) TbS, (l) DyS, (m) HoS, (n) ErS, (p) TmS, (r) YbS, (s) LuS at 0 GPa. Each panel shows the dispersion along the
high-symmetry directions of the Brillouin zone.

Figure 4 The calculated phonon dispersion curves for the B2 phase of lanthanide monosulfides. (a) LaS, (b) CeS, (c) PrS, (d) NdS, (e) PmS, (f)
SmS, (g) EuS, (h) GdS, (k) TbS, (l) DyS, (m) HoS, (n) ErS, (p) TmS, (r) YbS, (s) LuS at the pressures given in the plots, which are slightly larger
than the corresponding transition pressures. Each panel shows the dispersion along the high-symmetry directions of the Brillouin zone.
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Figure 5 The calculated total and partial phonon density of states for the B1 phase of lanthanide monosulfides. (a) LaS, (b) CeS, (c) PrS, (d) NdS,
(e) PmS, (f) SmS, (g) EuS, (h) GdS, (k) TbS, (l) DyS, (m) HoS, (n) ErS, (p) TmS, (r) YbS, (s) LuS at 0 GPa.

Figure 6 The calculated total and partial phonon density of states for the B2 phase of lanthanide monosulfides. (a) LaS, (b) CeS, (c) PrS, (d) NdS,
(e) PmS, (f) SmS, (g) EuS, (h) GdS, (k) TbS, (l) DyS, (m) HoS, (n) ErS, (p) TmS, (r) YbS, (s) LuS at the pressures given in the plots, which are
slightly larger than the corresponding transition pressures.
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corresponding with its higher compressibility and decreased ef-
fective bonding compared to the B1 phase, as also suggested by
the elastic constant analysis. The B2 phase thus shows softer
phonon modes despite the applied pressure, indicating decreased
directional bonding in the CsCl-type structure. YbS provides an
unusual anomaly within the lanthanide monosulfide series. In
contrast to the other compounds, the highest phonon frequency
of YbS has a notable increase throughout the B1–B2 transition,
shifting from approximately 8.6 THz to 11.6 THz. Furthermore,
the acoustic and optical phonon branches in the B2 phase show a
wider frequency range for all studied compounds compared to the
B1 phase. This wider dispersion indicates increased phonon an-
harmonicity and a more complex vibrational environment in the
high-pressure B2 structure, emphasizing the crucial differences in
lattice dynamics between the two phases.

The total and partial phonon density of states (PhDOS) of the
B1 and B2 phases are shown in Figs. 5 and 6. This allows us to
identify the contributions of all the phonon modes to the total
phonon spectrum. The acoustic phonon modes mainly originate
from the heavier lanthanide atoms, whereas the high-frequency
optical modes are dominated by the vibrations of the lighter sulfur
atoms. In the B2 phases, the peak values of the phonon density
of states are significantly decreased, suggesting a more uniform
vibrational spectrum, which can be due to the increased structural
symmetry of the B2 phase compared to B1.

4 Conclusions
In this work, the structural, elastic, and vibrational properties of
lanthanide monosulfides (LnS, Ln = La–Lu) under pressure have
been systematically investigated using first-principles calculations
within the framework of density functional theory. The equilib-
rium structural parameters obtained for the B1 (NaCl-type) phase
are in good agreement with available experimental and theoreti-
cal data, confirming the reliability of the computational approach
used in this study.

A clear systematic evolution of structural properties across the
lanthanide series is observed as a consequence of the lanthanide
contraction. The calculated lattice parameters decrease progres-
sively from LaS to LuS, while the bulk moduli show a correspond-
ing increase, indicating a gradual stiffening of the lattice with
increasing atomic number. These trends reflect the reduction of
ionic radii associated with the progressive filling of the 4f orbitals.

The pressure-induced structural transition from the B1 (NaCl-
type) phase to the B2 (CsCl-type) phase has been examined for
the entire LnS series. The calculated transition pressures exhibit
a systematic increase along the series, demonstrating that the sta-
bility of the B1 structure relative to the B2 phase is strongly in-
fluenced by the lanthanide contraction. Among the compounds
studied, YbS displays a noticeable deviation from the general
trend, which can be attributed to the particular stability of the
divalent ytterbium electronic configuration.

Elastic-constant calculations confirm that both the B1 and B2
phases satisfy the mechanical stability criteria within their respec-
tive pressure ranges. The evolution of the elastic constants and
related mechanical properties further reflects the strengthening
of interatomic interactions across the lanthanide series. In addi-

tion, phonon dispersion calculations demonstrate the dynamical
stability of the structures in their stable pressure domains and
reveal systematic variations in lattice vibrational behavior under
compression.

Because experimental high-pressure data are currently avail-
able for only a limited number of lanthanide monosulfides, the
results presented here provide predictive insights into the struc-
tural stability and phase-transition behavior of the entire LnS
family. The systematic trends identified in this work highlight
the dominant role of lanthanide contraction and electronic con-
figuration in determining the structural and mechanical proper-
ties of rare-earth sulfides. These findings offer a useful theoreti-
cal reference for future experimental investigations of lanthanide
chalcogenides under high-pressure conditions and contribute to
a broader understanding of structure–property relationships in
rare-earth compounds.
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