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The layered rare-earth diantimonides, RSb,, (R = lanthanide element) composed of Sb square-net sheets
exhibit diverse structural phases with distinct stacking configurations which can be tuned by the growth
temperature, stoichiometry, and pressure. The recent discovery by Llanos ez al. [Nano Lett. 24, 8518 (2024)] of
a novel monoclinic polymorph of LaSb, raises the important question as to why LaSb, has been synthesized in
the orthorhombic phase in previous experimental studies. We have employed first-principles electronic structure
calculations to investigate the effect of charge doping and phonon entropy on the relative stability between
four competing structural phases of LaSb,: the SmSb,-type, the YbSb,-type, the MBE-grown monoclinic, and
our novel theoretically predicted orthorhombic structures (space group No. 58, Pnnm). The calculations reveal
that the SmSb,-type orthorhombic phase is stabilized by electron doping that can presumably occur during
bulk growth conditions such as Sb-rich flux, intrinsic vacancy formation, etc. However, the phonon entropy
is found to reduce the free energy of the monoclinic phase faster than that of the orthorhombic phase with
increasing temperature, indicating that the monoclinic phase becomes more stable at high temperatures. We also
present the dynamical instabilities in two well-known structures with or without strain that qualitatively explain
the pressure-dependent charge density waves of LaSb,. This research aims to shed light on the microscopic
mechanisms underlying the complex and competing structural phases and resulting transitions in the family of

RSb; systems.

DOI: 10.1103/t4m3-jjdn

I. INTRODUCTION

The binary rare-earth metal diantimonides RSb, (R =
lanthanide element) are a family of layered materials [1-3],
consisting of two-dimensional Sb square-net sheets sand-
wiched between two R-Sb corrugated layers, which form
quintuple layer (QL) blocks [4], stacked along the [001]
direction. The layered RSb, exhibits a wide range of com-
peting electronic phases, including superconductivity (SC)
[5-9], charge density waves (CDWs) [10-13], topological
states [14,15], and magnetism [14,16,17], which can be tuned
through pressure, temperature, and chemical substitution of
the R by another R element or Sb by a chalcogen. Equally
important are the multiple distinct crystal structures exhibited
throughout the family, corresponding to unique stacking con-
figurations [4,18-20] that depend sensitively on the growth
temperature, stoichiometry, and pressure, resulting in a vari-
ety of structural phase transitions between phases of distinct
electronic properties.

For instance, both the LaSb, and CeSb, systems syn-
thesized in the orthorhombic SmSb,-type structure [2,21,22]
exhibit hysteretic anomalies in the temperature-dependent re-
sistivity, which are often attributed to CDW in the literature
[11,12]. Applying pressure suppresses the CDWSs in both
systems [11,12] while enhancing the superconducting critical
temperature in LaSb, [4] and revealing a novel pressure-
induced SC in CeSb; [8]. The SC was speculated to be related
to a different high-pressure phase, the YbSb,-type structure
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[1] of LaSb,, resulting from a pressure-induced structural
phase transition from the original SmSb,-type phase [8,12].
Hence, it is crucial to understand the metastable structural
phases and potential structural phase transitions between them
for further investigations of the CDW and SC.

Recently, molecular beam epitaxy (MBE) studies and our
complementary first principles electronic structure calcula-
tions reported the discovery of a novel monoclinic polymorph
of LaSb, stabilized in thin films (space group No. 12, C2/m),
a shear-deformed variant of the YbSb, structure (space group
No. 63, Cmcm) [4]. This is in contrast to the well-known
orthorhombic bulk crystal structure grown with the self-flux
method [23-25], similar to the SmSb, structure (space group
No. 64, Cmca) [2]. Interestingly, the calculations revealed that
the monoclinic phase is the ground state with a lower total
energy than the orthorhombic SmSb,-type phase. This result
raises the intriguing question of the underlying origin of the
orthorhombic SmSb,-type structure of LaSb, synthesized in
previous experimental studies.

The objective of this work is to employ first principles
electronic structure and lattice dynamics calculations to inves-
tigate the effects of (i) charge doping, (ii) hydrostatic pressure,
and (iii) phonon entropy on the relative stability of the various
structures and the resulting phase transitions. The calculations
reveal that electron doping, which can occur under Sb-rich
growth conditions, may stabilize the orthorhombic SmSb,-
type structure. However, the phonon entropy contribution to
the free energy is found to stabilize the monoclinic phase with

©2026 American Physical Society
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increasing temperature. In Sec. II we outline the methodology.
In Sec. Il A we compare the complex energy landscape of the
relative shifts of two QLs for RSb, for R = Sm, Yb, and La,
which allows us to determine the distinct ground state crystal
structures of these three lanthanide members. In Sec. III B we
discuss the effect of electron/hole doping on the stability of
the four LaSb, phases as well as the effect of hydrostatic
pressure. In Sec. IIIC we present the lattice dynamics and
their contribution to the temperature-dependent free energies
of the competing structural phases. In Sec. III D the dynami-
cal instability of the well-known structures is discussed. The
results are summarized in Sec. I'V.

II. METHODOLOGY

First-principles calculations are performed with the Vienna
Ab Initio Simulation Package (VASP) [26,27]. The pseudopo-
tential and wave functions are represented within the projector
augmented wave method [28,29]. The valence configurations
are 55°5p%6s%5d' and 5s25p® for La and Sb, respectively.
Assuming the paramagnetic phase, which is the phase under
the experimental growth conditions, the f bands are treated
as core states for the cases of R = Sm and Yb, where the
valence configurations are 55°5p%6s25d' and 6s25p°, respec-
tively. The plane wave cutoff energy is set to 500 eV, and
16 x 16 x 6 k-point mesh is used in the momentum space
sampling. The crystal structures are optimized within energy
convergence criteria of 107> eV. The dynamical matrices are
calculated using VASP-PHONOPY [30,31] interface with the
finite displacement method in 2 x 2 x 1 supercell (16 La and
32 Sb atoms) structures with 8 x 8 x 6 k-point mesh. Finite-
temperature phonon effects are additionally examined using
the special displacement method developed by Zacharias and
Giustino [32-34] in 2 x 2 x 1 supercell structures. The equi-
librium atomic positions are fixed to those of the relaxed
structures [35].

Additional details, including the relaxed crystal structures
of the Sm-type, Yb-type, Yb-mono, and Yb-alt phases, as well
as supplementary figures and tables illustrating the effects
of charge doping and pressure on the lattice parameters, are
provided in the Supplemental Material [36].

III. RESULTS AND DISCUSSION

A. Structural stability and stacking order
of RSb, (R = Sm, Yb, La)

In this section, we demonstrate that the various structural
phases of RSb, are linked to distinct stacking configu-
rations between two QL blocks, each consisting of two
weakly bonded R-Sb corrugated layers sandwiching a two-
dimensional Sb square net sheet shown in Fig. 1(d). Since
each stacking configuration of two building blocks causes a
lateral shift of one QL relative to the other, the entire struc-
ture exhibits a shear deformation leading to a monoclinic
lattice, unless the relative shifts between successive QLs are
compensated as in the orthorhombic SmSb,- or YbSb,-type
phases. Employing this approach, we predicted a novel LaSb,
orthorhombic phase (space group No. 58, Pnnm), which is
close in energy (4 meV/La) to the monoclinic ground state [4].

The structural stability and stacking order of the various
crystal structures of three prototype RSb, members (R = Sm,
Yb, La) can be understood using the construction of relative
lateral shift of two QL blocks, suspended in vacuum, with
subsequent relaxation of the atomic positions normal to the
slab, that we reported for LaSb, [4]. The upper QL is shifted
relative to the lower one by a lateral displacement vector,
d = d.d + dydr = (dy, dy), where the calculated equilibrium
in-plane lattice constants, |d;| = |d;|, for a relaxed single QL
slab are 4.379 A, 4.417 A, and 4.501 A for R = Sm, Yb, and
La, respectively [37].

The energy landscapes of the two building blocks on
the two-dimensional (dy, d,) displacement space for SmSb,,
YbSb, and LaSb, are shown in Figs. 1(a), 1(b), and 1(c),
respectively. The global energy minimum for SmSb,, denoted
by S* occurs at (d,, dy) = (:i:%, :t}l) and its C4 symmetric
copies. Naturally, the crystal structure of SmSb,, shown in
Fig. 1(e), consists of building blocks with a stacking sequence
... §TS™StS™ ..., where successive adjacent QL blocks are
shifted by (i, }1) and (—%, —}1) displacements, respectively.

However, the energy landscape for YbSb, displayed in
Fig. 1(b) shows that the global energy minimum occurs at
the distinct lateral displacement, (O, :I:%), denoted by Y 0 The
observed orthorhombic crystal structure of YbSb, can be de-
rived from the predicted stacking sequence - - - Y°Y0y0y 0. ..
of consecutive displaced QL blocks, as illustrated in Fig. 1(f).
Both the SmSb, and YbSb, structures preserve orthorhom-
bicity because the successive lateral displacements are
compensated.

The energy landscape for LaSb,, displayed in Fig. 1(c)
shows four global energy minima at the off-symmetry points,
Y* = (£0.1, 0.5), resulting in two possible periodic stack-
ing sequences of adjacent QL blocks. The first one consists
of a repeating Y stacking, ---YtY+tY*tY™* ... illustrated
in Fig. 1(g), where the noncompensating X displacement
leads to shear deformation of the out-of-plane lattice vec-
tor, rendering the system monoclinic, which is the ground
state. This result is consistent with the recently synthesized
monoclinic phase in MBE growth, where the calculated
lattice constants and monoclinic angle agree well with
the experimental parameters within 1% of error [4]. The
second sequence, ---Y1tY"YtY~ ... with a compensated
displacement [Fig. 1(h)] results in a newly predicted or-
thorhombic phase (space group No. 58, Pnnm) which is only
4 meV/La higher in energy than the ground state mono-
clinic phase, suggesting a possible coexistence of the two
phases.

These three energy landscapes are representative cases
regarding the distinct stacking configurations of the RSb,
family of materials, characterizing the structural properties.
In this sense, the various RSb, structures can be classified into
these three groups; SmSb;-type, YbSb,-type, and LaSb,-type,
based on the energy map showing qualitative differences in
the overall shapes. Thus, it is natural to label the monoclinic
phase of LaSb, as LaSb,-type. However, to keep the notation
consistent with our previous work [4] throughout the remain-
ing of this manuscript, we denote the structures of LaSb, of
the SmSb, (YbSb,) type with repeating stacking sequences
of ---§TS~ ... (---Y°¢"...)as Sm-type (Yb-type) phase. In
addition, the LaSb, structure with monoclinic- (--- Y tY ™ ...)
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FIG. 1. Energy landscape of the relative lateral displacement, (d., d), of two QL RSb, block slabs suspended in vacuum, shown in panel
(d), for R = (a) Sm, (b) Yb, and (c) La, respectively. Each block consists of two weakly bonded R-Sb corrugated layers sandwiching a two-
dimensional Sb square net sheet. The global energy minima for SmSb,, YbSb,, and LaSb, are denoted by ST = (£1/4,%£1/4),Y° = (0, 1/2),
and Y* ~ (£1/10, 1/2), respectively. Periodic stacking sequence of QL building blocks (where green checker grid displays the lateral shifts

between two adjacent QL) of ---S*S~STS~ ..., ...Yoyoyoy0...

L Ytyrtyrtyt... and ---Y*tY“YtY~ ..., of the (e) orthorhombic

SmSb; structure, (f) orthorhombic YbSb; structure, (g) Yb-like monoclinic structure of LaSb,, and (h) Yb-like orthorhombic (Yb-alt) structure

of LaSb,, respectively.

and alternating-stacking (- -- Y TY ™ - - .) are referred to as Yb-
mono and Yb-alt phases, respectively.

Interestingly, we find that the previously synthesized well-
known Sm-type structure of LaSb,, consisting of building
blocks with stacking sequence ---STS~StS™ ..., appears as
a saddle point [Fig. 1(c)] with a total energy of 29 meV/La
higher than the ground state monoclinic structure. Although
the energy landscape may develop a dip at ST through ad-
ditional distortion of QLs inside the bulk, this suggests a
potential dynamical instability of the Sm-type LaSb, stucture
where the stacking position slips down the energy landscape
from ST — YT and S~ — Y, along the paths marked as ®
and @, in Fig. 1(c), respectively. The resistivity anomaly of
the Sm-type LaSb, phase [11,12], attributed to CDW, dis-
appears under pressure due to a potential structural phase
transition. The Yb-type phase, another well-known structure
in this family of materials, was proposed as the high-pressure
state of LaSb,, supported by first-principles calculations,
where the predicted transition pressure, 5 kbar, agrees well
with experiment [12]. As shown in Fig. 1(c) the stacking
position Y of the Yb-type structure is a saddle point for

LaSb, and a dynamical instability (Y* — Y*), paths ® or @
is expected as well.

The aforementioned results of saddle point stacking indi-
cate the importance of comprehending the stability of lattice
dynamics in the competing and complex structural phases of
LaSb,. In the following sections, we discuss the effect of
doping, lattice dynamics, and dynamical instabilities of the
four structural phases of LaSb,.

B. Effect of doping

The MBE-grown LaSb; is crystallized in the monoclinic
phase, which was also found to be the ground state in the
first-principles calculations [4]. This raises the question how
the widely observed orthorhombic Sm-type phase has been
synthesized so far. To understand the origin, we conduct first-
principles electronic structure calculations on the effect of
charge doping. Note that, throughout this paper, the unit of
charge doping concentration is given per formula unit (one La
atom and two Sb atoms), unless stated otherwise. Figure 2(a)
shows the relative total energies of the four phases versus
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FIG. 2. (a) Total energies of the four phases of LaSb, relative to the Yb-mono phase as a function of doping. Closed (open) symbols
indicate that the crystal structures are relaxed (fixed). (b) Electronic density of states of the four phases of LaSb, aligned to the semi-core
states, 55> of La atom. The relative positions of the Fermi energies are denoted by the horizontal dashed lines, where the zero energy is set to
the Fermi level of the Yb-mono phase. Shaded regions indicate the chemical potential shift upon 40.05 electron doping for the Sm-type (blue)
and Yb-mono (purple) phases. Total energies of the four phases LaSb, as a function of volume for the (c) pristine and (d) 4+0.05 electron doped
cases. The zero energy is set to the minimum energy of the Yb-mono phase. The dotted-dashed lines denote the common tangential of the
Sm-type and Yb-mono phases, indicating an enthalpy-conserved structural transition path. (e) Critical hydrostatic pressure for the structural

transition from the Sm-type to the other phases versus electron doping.

electron/hole doping per unit cell, where, as alluded earlier,
the Yb-mono phase is the ground state at zero doping. In-
terestingly, under electron doping, the relative total energy of
the Sm-type phase decreases linearly and becomes the ground
state beyond ~0.04 electron doping. In sharp contrast, the
relative energy of the Yb-type increases linearly with doping,
while that of the Yb-alt depends weakly on doping. The solid
(dashed) lines in Fig. 2(a) are results with (without) structural
relaxation, showing that the effect of structural relaxation is
negligible.

The different trends of the total energy of the four LaSb,
phases upon doping can be simply understood in terms of the
change of electronic energy with shift of the corresponding
Fermi energy. The electronic part of the total energy of the
ath phase at zero temperature can be written as

€f
Eﬁ‘:/ en“(e)de, (1)

where n* and € are the density of states and the Fermi energy
of the ath phase. The shift of the chemical potential of the ath
phase with doping is

pe =~ ef + AN/n® (€ =€), )

where AN indicates the change of number of electrons. The
change of total electronic energy is then written as

AE® ~ €2 AN. 3)

Consequently, the relative change of total energies between
the oth and Bth phases is determined by the relative positions
of the corresponding Fermi levels,

AE? — AEP ~ (e — el)AN. )

Figure 2(b) shows the electronic density of states of the four
LaSb; structures and the corresponding positions of the Fermi
levels, where the Sm-type phase has significantly lower Fermi
level resulting in stabilization upon electron doping. There-
fore, this mechanism reconciles the seemingly contradictory
experimental findings, where recent MBE growth studies of
thin films reported the newly synthesized Yb-mono phase [4]
in contrast to the previously reported Sm-type phase of LaSb,
grown with self-flux method [23,24]. The typical Sb-rich
growth conditions of bulk LaSb, which occurs within a liquid
flux of Sb may hinder charge neutrality and hence stabilize the
metastable orthorhombic Sm-type phase.

Another open question is the structural phase of LaSb,
under hydrostatic pressure, which is considered to be rel-
evant to SC and the disappearance of CDW-like transport
anomalies above 5 kbar [4,8,12]. As will be discussed in
Sec. III D, the proposed high-pressure Yb-type phase exhibits
dynamical instability over a wide pressure range. Therefore,
it is unlikely that the Yb-type structure corresponds to the
actual high-pressure phase. To gain further insight into the
pressure-induced structural transition, we revisit the total
energy-pressure relationship while accounting for the effects
of charge doping. Figures 2(c) and 2(d) display the total
energy of the four LaSb, phases versus volume under zero
and +0.05 electron doping, respectively. The solid lines are
fits to the Birch-Murnaghan equation of state [38,39]. In the
pristine case, the ground state is the Yb-mono phase and
the tangential line between the Yb-mono and Sm-type de-
notes the enthalpy-preserved structural transition path. The
positive slope yields a negative pressure, indicating that the
transition can occur under tensile stress. In contrast, for
the 40.05 electron-doped case [Fig. 2(d)], the total en-
ergy curve of the Sm-type shifts down and becomes the
ground state. We predict that the structural transition from
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FIG. 3. Phonon band structures of the (a) Sm-type, (b) Yb-type, (c)Yb-mono, and (d) Yb-alt LaSb, phases at the equilibrium volumes.
Upper panels: Corresponding Brillouin zones (BZ) of the four crystal structures consisting of two QLs (four La and eight Sb atoms) that are
primitive cells for the (a) Sm-type and (d) Yb-alt phases, but conventional cells for the (b) Yb-type and (c) Yb-mono phases. The first BZs
for the (b) Yb-type and (c) Yb-mono phases are also shown with blue lines. Lower panels: Calculated phonon bands, plotted along the high
symmetry lines in the BZs, where blue, yellow, and red phonon bands denote projection on the La, Sb,, and Sb; atoms, respectively. Negative
phonon frequencies for the Yb-type structure in panel (b) indicate dynamical instability.

the Sm-type to the Yb-mono phase occurs at 0.4 GPa. Upon
increasing the doping from 0 to 0.05 electrons, the transition
pressure from the Sm-type to Yb-type phase increases from
0.7 to 3.0 GPa. In the doping range (Z0.04 electrons) where
the Sm-type becomes the ground state, the transition pressure
to the Yb-type substantially exceeds the experimentally mea-
sured pressure of ~0.5 GPa. Therefore, we propose that the
Yb-mono phase is the high pressure state of LaSb,, rather than
the Yb-type phase under electron-rich growth conditions.
Figure 2(e) shows the calculated transition pressure as a
function of doping from the Sm-type phase to the other three
phases. The experimentally measured threshold pressure of
~0.5 GPa is then inversely mapped to the corresponding dop-
ing levels, which are approximately 0.053 and 0.049 electrons
for the Yb-mono and Yb-alt phases, respectively. The shaded
area in Fig. 2(b) illustrates that under 0.05 electron doping for
the Sm-type and Yb-mono phases the corresponding changes
of chemical potential are 0.06 eV and 0.04 eV, respectively.
Therefore, an interesting open question is whether a recip-
rocal structural phase transition from the Sm-type to the
Yb-mono can be triggered via a gate voltage which introduces
hole carriers that will in turn stabilize the Yb-mono phase
again. Because of the screening effect, the additional carri-
ers would be concentrated on the surface and the structural
transition may locally occur in the vicinity of the surface.

C. Phonon entropy

Figure 3 shows the calculated phonon band structures
(lower panels) along the high symmetry lines in the Brillouin
zones (BZs) for the (a) Sm-type, (b) Yb-type, (c) Yb-mono,
and (d) Yb-alt phases of LaSb, at the equilibrium volumes.

The upper panels show the BZs of the four structures. Note
that the stacking periods of --- Y ... for the Yb-type and of
.-.Y* ... for the Yb-mono phases are half compared to those
of ---S*tS~ ... for the Sm-type and of ---YTY~ ... for the
Yb-alt phases. As a result, the Yb-type and Yb-mono phases
exhibit half-sized primitive cells and hence doubled first BZs,
denoted with the blue solid lines in Figs. 3(b) and 3(c). Thus,
to compare the phonon bands between the structures, we used
common-size cells consisting of two QL with four La and
eight Sb atoms.

The blue, yellow, and red phonon bands denote projections
on the La, Sb., and Sby, respectively [see Fig. 1(d) for the
labels]. The acoustic modes consist of blended contributions.
Overall, the Sby-derived (red) optical modes are softer than the
La-derived (blue) branches, although La is heavier than Sb,
indicating that the bonding involving La atoms is stiffer than
that of Sb, atoms. The Sb.-derived (yellow) phonon branches
in the lower frequency range which appear along the high
symmetry T — Y line correspond to vertical Sb, vibrations.
The other Sb.-derived (yellow) bands above 4.5 THz, cor-
responding to both in-plane and out-of-plane Sb, vibrations,
are well detached from the major phonon bands except for
the Yb-type, where those modes exhibit imaginary frequency
along the I' — Z symmetry line. The dynamic instability of the
Yb-type phase and its relation with the saddle-point stacking
will be discussed in detail in Sec. III D.

One important issue related to the phonon dispersion is
the temperature-dependent relative stability between the vari-
ous structural phases in addition to the charge doping effect.
Namely, even though the zero-temperature energy of the Yb-
mono phase is predicted to be lower than the commonly
synthesized Sm-type phase, the question remains whether the
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FIG. 4. Phonon free energies and relative stability of Sm-type and Yb-mono phases upon temperature and doping. (a) Difterence of free
energies between the Sm-type and Yb-mono phases of LaSby, AF = Fgp.ype — Fyb-mono for the undoped (0) and electron doped (0.05) cases.
Negative (positive) values indicate that the Sm-(Yb-mono) type is the ground state. (b), (c) Projected phonon density of states for the Sm-type
(left panels) and Yb-mono (right panels) phases. The blue line, yellow shaded area, and red line in panel (b) denote atomic site-projected
phonon DoS on the La, Sb., and Sb, atoms, respectively. The purple and green curves in panel (c) denote in-plane and out-of-plane projected

phonon DoS on the Sb, atoms, respectively.

phonon entropy at T # 0 may affect the total free energy and
stabilize the Sm-type phase at higher temperatures, during the
growth and annealing process [40].

To investigate the temperature-dependent relative stability
between the four phases, we have calculated the phonon con-
tribution to the free energy given by

1
F(T)=Eo+ 5 > hog + Y ksTin(l — e owlksTy - (5)

qn qn

where Ej is the total energy within the Born-approximation
[41], the second term is the zero-point phonon energy, and the
third term describes the contribution of the phonon entropy.
The zero-point energy contribution, F (T = 0) — Ey, is found
to negligibly affect the relative stability of LaSb,.

Figure 4(a) shows the difference of free energies between
the Sm-type and Yb-mono phases, AF = Fsmiype — Fyb-mono
as a function of temperature for the undoped (0.0) and electron
doped (4-0.05) cases. For the undoped case we find that the
free energy of the Yb-mono is lower than that of Sm-type
regardless of temperature. The phonon entropy thus stabi-
lizes more the Yb-mono than the Sm-type, indicating that the
phonon entropy is not the origin of stabilizing the Sm-type
phase during the bulk sample growth. However, under 0.05
electron doping (red curve) the calculations reveal a crossover
from the Sm-type to the Yb-mono phase with increasing tem-
perature at about 430 K, reflecting a change in the relative
thermodynamic stability driven by finite-temperature effects.
In the context of sample growth, this thermodynamic competi-
tion determines which phase is preferentially stabilized under
the growth conditions, without requiring a specific transition
pathway between fully formed structures. In contrast, for a
post-growth transformation of an existing Sm-type sample
into the Yb-mono phase, the detailed kinetic pathways and
the associated activation barriers would become important,
and their characterization remains an open question for future

experimental and theoretical studies. We note that the phonon
entropy plays a crucial role in CeSb,, where the structural
phase is indeed determined by the sample growth temperature
[20]. These results indicate the importance of both effects of
charge doping and phonon entropy in stabilizing a particular
phase among the competing RSb; structures.

Figure 4(b) compares the phonon density of states (DoS)
of the Sm-type and Yb-mono phases. Below the phonon band
gap around 4.2 THz, two structures exhibit overall similar
phonon DoS whereas the highest phonon bands of the Yb-
mono phase lie lower in energy than those of the Sm-type
phase, explaining the fact that under zero doping the free
energy of the Yb-mono in Fig. 4(a) remains lower than that
of the Sm-type with increasing temperature.

The highest frequency (>4.2 THz) phonon branches, con-
sist solely of Sb. vibrations. Since the vibration modes are
closely related to change of the stacking positions, they are
further decomposed in Fig. 4(c) into in- and out-of-plane
vibrations. The in-plane vibrations of Sb, atoms mainly ap-
pear at high frequencies, indicating that the stacking sites of
Sm-type and Yb-mono phases are dynamically stable.

D. Dynamical instability
1. Instability in the Yb-type phase

The phonon band structure of the Yb-type LaSb, phase in
the conventional unit cell [Fig. 3(b)] shows two dynamical
instability modes at the I" point. To elucidate their underlying
atomic origin, we display in Fig. 5(a) the in-plane and out-
of-plane projected phonon DoS on the Sb, atom. We find that
the unstable phonon modes arise from the in-plane vibrations
of the corrugated Sb, atoms. The atomic displacements cor-
responding to the two unstable phonon modes are shown in
Figs. 5(b) and 5(c). In both unstable modes, the Sb, atoms on
adjacent La-Sb corrugated layers exhibit reversed displace-
ments, leading to lateral glide of the stacking sites from ¥°

033401-6



EFFECT OF DOPING AND LATTICE DYNAMICSIN ...

PHYSICAL REVIEW MATERIALS 10, 033401 (2026)

(@)

Frequency (THz)

(d) S — 6.0 85 11.4GPa
4 ;::;7; ‘ 1
gs R s — 1k |
=
z or 1
f=
3 - a
8
s A R AR
) 1.00 0.98 0.96 0.94

Strain (3/V/Vo)

FIG. 5. Dynamical instability of Yb-type LaSb, at equilibrium
volume. (a) Projected phonon DoS on the corrugated Sb, atom. Pur-
ple and green solid lines denote in-plane and out-of-plane vibration
projections, respectively. The imaginary frequencies of the unstable
modes, plotted as negative values, are magnified by one order. (b),
(c) lustrations of the two unstable modes at the I" point [Fig. 3(b)].
Green arrows denote atomic displacements corresponding to the
eigenmodes, which are dominated by Sb, atoms moving along %. The
dynamical instabilities are thus related to the saddle point stacking.
See main text for details. (d) Phonon band dispersion of Yb-type
phase along the I'-Z-Z’ symmetry directions [Fig. 3(b)] in primi-
tive cell. (e) Phonon frequency of the B3, mode versus hydrostatic
pressure.

to either Y+ or Y. These two paths are marked as ®@ and
@ in Fig. 1(c). In the first mode [Fig. 5(b)], the upper QL
block laterally glides opposite to the lower one resulting in the
Yb-alt phase, while in the second mode [Fig. 5(c)], both QL
blocks glide in the same direction resulting in Yb-mono phase.
Note that the phonon bands in Fig. 3(b) are calculated in the
conventional cell, which is twice as large as the primitive cell.
Therefore, the number of phonon bands are doubled as well
as the number of unstable modes at the I" point. Figure 5(d)
displays the phonon bands along the k. direction of the prim-
itive cell [see Fig. 3(b) for the labels I'-Z-Z’], where the sole
unstable mode is of B3, irreducible representation. The two
unstable modes at the I" and Z’ points of the primitive cell
are folded into the two unstable modes at the I" point of the
conventional cell.

As discussed before, the Yb-type phase was speculated to
be the high-pressure phase of LaSb, [12] as well as for CeSb,
[8]. Even with the dynamical instability at equilibrium vol-
ume, the question rises whether this phase can become stable

0.98 0.96

Strain (3/V/Vp)

s
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g | i 3 s
g [®- 1l |
o NIRREE 1
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s 0
| | L |
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FIG. 6. Pressure-induced dynamical instability of Sm-type
LaSb,. (a) Optical-phonon-mode frequencies at the I point as a
function of hydrostatic pressure. The Bj, mode softens under pres-
sure, resulting in dynamical instability above 4.6 GPa. Open circles
are self-consistent-phonon frequencies of the B;, mode at 300 K.
(b) Correction of the I' point phonon frequencies using the quasi-
harmonic approximation (QHA) to finite temperature of 300 K. Left
(right) panel is at the equilibrium (compressed /V/V, = 0.98) vol-
ume. (c) The B;, mode projected on the (110) plane that corresponds
to a slippage of the QL along the energy-map valley.

under hydrostatic pressure. Figure 5(e) shows the variation of
frequency of the unstable B3, mode under hydrostatic pres-
sure. We find that this mode becomes stable under pressure
higher than 8 GPa, which is, however, one order of magnitude
higher than the experimental threshold pressure of 5 ~ 12
kbar [11,12]. Therefore, the instability is predicted to persist
after the pressure-induced structural transition, indicating that
the Yb-type phase is unlikely to represent the high-pressure
phase.

2. Instability in the Sm-type phase

The Sm-type phase does not exhibit a dynamical instability
[see Fig. 3(a)] even though its stacking sites, ---STS™ .-,
are also saddle points as in the Yb-type phase. Nevertheless,
under hydrostatic tensile (compressive) pressure several (one)
optical modes soften resulting into a dynamical instability as
shown in Fig. 6(a). More specifically, the B;, mode softens
under compressive strain and a dynamical instability is pre-
dicted to emerge around 4.6 GPa. The B;, mode, illustrated
in Fig. 5(c), corresponds to a glide of the QL from the saddle
points, St and §7, in the energy landscape in Fig. 1(c). If the
system would follow the steepest descent paths ® (ST — Y')
and @ (S~ — Y ), then the Sm-type phase would undergo a
structural transition to the Yb-alt (---Y*Y ™~ ...) phase, sug-
gesting that the Yb-alt phase may represent the high-pressure
state of the Sm-type bulk samples of LaSb,. Note that this
dynamical instability, calculated with zero doping, emerges
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at a much higher pressure than the strain-induced transition
above 0.05 electrons doping [Fig. 2(e)]. The combined effect
of doping and strain to the dynamical instability and the
consequent structural transition path from the Sm-type to a
high-pressure state are thus an open question for a future
study.

The softening of the Bj, mode under compressive strain
is unusual in the sense that most optical modes soften under
tensile strain, as seen in Fig. 6(a). Interestingly, the softening
of the By, mode is further enhanced at higher temperatures.
Figure 6(b) shows the effect of temperature on the frequencies
of the optical modes at the I" point, where solely the B;, mode
softens with increasing temperature. At the compressed vol-
ume [right panel of Fig. 6(b)], the instability can be induced
even by temperature, which is a rather rare case. Note that
the phonon-entropy-induced thermal expansion is not con-
sidered here, and the temperature-induced phonon instability
can be understood as an effective pressure that might disap-
pear if thermal expansion at finite temperature was taken into
account.

IV. SUMMARY

First-principles electronic structure calculations revealed
that various competing structural phases of the family of
RSb, systems can be linked to different stacking sequences of
consecutive QL building blocks. The energy landscape of the
stacking position of two QLs depends critically on the rare-
earth element as demonstrated for three prototype members
RSb; (R = Sm, Yb, and La), where the energy minima and
saddle points appear at distinct positions. The combination
of sequential stacking sites naturally explains not only the
well-known structures (Sm-type phase similar to SmSb, and
Yb-type phase similar to YbSb,), but also the MBE grown
monoclinic phase (referred to as Yb-mono phase) as well
as their relative total energies and dynamical instabilities.

Our results show that the (i) charge doping, (ii) hydrostatic
pressure, and (iii) phonon entropy can tune selectively the
relative stability among the various phases; the Sm-type phase
is stabilized under electron doping, while phonon entropy
promotes the Yb-mono phase at high temperature. This recon-
ciles the seemingly contradictory experimental findings of the
recently discovered monoclinic phase of LaSb, and the pre-
viously reported Sm-type phase. The results also support our
previous speculation that the Yb-mono phase may represent
the high-pressure phase of LaSb,, relevant to superconducting
behavior in this family of materials. The proposed construc-
tion of the relative lateral shift of QL blocks paves a novel
way to comprehend the various structural phases in this fam-
ily of materials that hopefully extends to magnetic systems
exhibiting complex magnetic phase transitions.
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