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Structural phase transition and superconductivity of ytterbium under high pressure
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Recent advances in theory and experiment declare the rare-earth (RE) hydrogen-rich compound LaH; is
a near room-temperature superconductor under high pressure. To understand the underlying mechanism of
superconductivity and explore the crucial role of lanthanides in forming the RE-based polyhydrides, we here
perform a theoretical study on the structural phase transition and superconductivity of late lanthanide ytterbium
(Yb) metal under high pressure up to 240 GPa. Two alternative structures, R3m and I4/mmm phases, of Yb
are presented. Most interestingly, the P6;/mmc phase of Yb is serendipitously discovered to be a superior
superconductor with a critical temperature value of 19.5 K at 160 GPa, which is higher than other known RE
elemental superconductors. The present findings establish an alternative structural phase transition sequence
of Yb, which offers insights for further understanding the vital physics mechanisms of a lanthanide-based

superconductor.
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I. INTRODUCTION

The element hydrogen can form a metallic solid under high
pressure with strong electron-phonon coupling (EPC) and
high Debye temperature, which are crucial for understand-
ing the microscopic mechanism of high-critical-temperature
(T.) superconductivity [1]. However, until now, to attain the
metallization of hydrogen is still a challenge. Ashcroft [2]
suggested that the “chemical precompression” of hydrogen
would induce compressed hydrides to achieve the metallic
state of hydrogen under much lower pressure. Many theo-
retical calculations and experimental syntheses confirm the
reliability of this proposal. With the developments of su-
percomputers and high-pressure techniques, a great deal of
hydrogen-rich superconductors have been discovered, such as
hydrogen sulfides (H,S and H3;S [3-5]), lanthanide polyhy-
drides (LaH;o, CeHjop, and YbH;o [6-9]), and graphenelike
polyhydrides (HfH;o and LuH;( [10]), among which LaH
has been predicted to be a superior superconductor with a T
value of 280 K at 210 GPa. Subsequent experiments verified
that the hydrogen-rich LaH;y compound is indeed a near
room-temperature superconductor under megabar pressure
with a high-7; of 250 K [11]. The metallization and high su-
perconductivity of the compressed LaH ;o hydride are tightly
related to the “chemical precompression” from La atoms.
Similar rare-earth (RE)-based hydrogen-rich superconductors
are also found under high pressure, such as CeH;y and YbH .
One key question, what is the exact role the RE atoms are
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playing in these hydrogen-rich superconductors? So far, the
generally accepted conclusions are the following: (i) the RE
atoms help in stabilizing the H clathrates at relatively lower
pressure, (ii) the RE atoms contribute electrons to the H cages,
and (iii) the s states of H atoms mainly contribute at the Fermi
level leading to the strong EPC and hence a high 7. Similar
results have been reported in the lanthanide polyhydride high-
temperature superconductors [7]. We thus extend this study
to explore the structural evolution and superconductivity of
lanthanide metal Yb under high pressure, which may offer
crucial insights for exploration of the structures and electronic
properties as well as the underlying superconducting mecha-
nisms of the RE-based hydrogen-rich superconductors.

More than 20 transition metals (TMs) have been found
to be superconductors under ambient or high pressure, for
instance, Nb (7. = 9.9K), Tc (T. = 8.2K), Ta (T, = 4.5K),
and Fe (T, = 2.1K) [12,13]. A generally accepted conclusion
is that the universal superconductivities of TMs are attributed
to the d orbitals of these TMs, which are capable of ac-
commodating ten electrons and contribute significantly to the
electronic density of states at the Fermi level (Ng,) [12,14].
In fact, based on the Bardeen-Cooper-Schrieffer (BCS) theory
[15-17], the EPC parameter A is equal to N (Er ){(g%)/[M {(w?)].
It is not hard to speculate that the average electronic density
of states of d orbitals near the Fermi level (V,g,.—4) is closely
related to the EPC interactions. Similar to TMs, the 4d orbitals
of lanthanides also have the ability to hold ten electrons. These
orbitals coupling with high-frequency phonons effectively re-
sist the destruction of superconducting states in lanthanide
metals. There are a considerable number of 4f electrons in
Gd, Tb, Dy, and other middle lanthanide metals, which leads
to the ferromagnetism of them below the Curie temperature.
By contrast, Yb and Lu metals have weak paramagnetism
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because of their fully filled 4 f'* orbital configurations [18].
On the other hand, the La, Ce, and Po metals are nonmag-
netic due to the small amount of 4f electrons. Among these
lanthanides, the La, Ce, and Lu metals have been found to
be superconductors under ambient pressure or high pressure
with a T; of about 13 K [12,13]. Recently Song et al. [19]
have reported that Yb is a superconductor with a 7. of 1.4 K
under 86 GPa and a T, of 4.6 K under 179 GPa. However,
the detailed structures of Yb could not be derived from this
experiment. In other words, they just declare that Yb becomes
a superconductor for pressures above 86 GPa [19]. Therefore,
it is prerequisite to determine the structural evolution and
electronic properties of Yb under high pressure for further
understanding the potential mechanism of superconductivity.

In the present work, we carry out systematical structural
predictions of Yb under high pressure up to 240 GPa by
the crystal structure analysis by particle swarm optimization
(CALYPSO) method combined with first-principle calculations.
Two phases, R3m and 14/mmm, of Yb are presented. Our cal-
culations indicate that the structural phase transition sequence
of Yb under high pressure is R3m —> P3,21 —> Im3m —>
14/mmm — P63 /mmc, which is different from the sequence
of phase transitions for the regular trivalent lanthanide metals.
Intriguingly, the R3m-type Yb is a semimetal from ambient
pressure to 1.8 GPa, and subsequently it transforms to the
metallic states up to 240 GPa. The energy, lattice dynamics,
and electronic properties show that the P63/mmc phase of
Yb is thermodynamically stable from 32 to 240 GPa, and it
is found to be a good superconductor with the highest 7, of
19.5 K at 160 GPa.

II. COMPUTATIONAL METHODS

The ground state structures of Yb under high pressure
are predicted by a crystal structure search method as imple-
mented in the CALYPSO package [20,21]. The validity of the
CALYPSO method in predicting the ground state structures has
been confirmed by various experiments [22-25]. The struc-
tural relaxations, thermodynamic stabilities, and electronic
and band structures are carried out by the Vienna ab initio
simulation package (VASP) [26]. The Perdew-Burke-Ernzerhof
(PBE) functionals and projector augmented wave potentials
with 5525 p°4 f146s? valence spaces are adopted to describe the
exchange-correlation and electron-ion interactions [27,28].
The plane-wave basis set with a cutoff energy of 500 eV and
dense k-point meshes with 2w x 0.02A~! are used to ensure
that the total energies of the searched structures are converged
within 1 meV /atom.

The EPC calculations are performed by the QUANTUM
ESPRESSO code based on the density functional pertur-
bation theory [29]. Based on previous experiences and
convergence tests [7,30], the ultrasoft pseudopotentials with
5525p%4d'04 f146s2 valence spaces are adopted to describe the
electron-ion interactions. The kinetic cutoff energy is set to
140 Ry. The kind and value of smearing are Gaussian and
0.05, respectively. The Brillouin zone is sampled by 6 x 6 x 6
g-point meshes and denser 24 x 24 x 24 k-point meshes to
calculate the EPC parameter (A). The superconducting tran-
sition temperatures are obtained by solving the McMillan

(a) 15} —®— P6;/mmc —v—R3m
—e— Fm3m P321

—~ —A— Im3m —<&— I4/mmm
)
E

H

g

£-15
=
=

-30 .

. 12GPa

0 5 10 15
Pressure (GPa)
(b)150
91 00
D
E
4 _ 14/mmm
£50 —&— P6;/mmc —v— R3m
g —e— Fm3m P3,21
E —&— Im3m —<¢— I4/mmm
0 . - - -
=
s 32 GPa ‘ . i
20 40 60 80 100  P6;/mmc
Pressure (GPa)

FIG. 1. Calculated enthalpies per atom of various phases of Yb
under different pressures. (a) Enthalpy-pressure curves from ambi-
ent pressure to 20 GPa. (b) Enthalpy-pressure curves from 20 to
100 GPa. (c)—(f) Crystal structures of R3m, Im3m, 14/mmm, and
P65 /mmc phases of Yb, respectively.

equation modified by Allen-Dynes [17] as follows:
Wiog —1.04(1 + 1)
T. = exp )
1.2 A1 —0.62u*) — u*

where wj,, is the logarithmic average of the phonon frequency,
which can be expressed as

_ 2 a*F (w)
W)og = EXP n dw - logw |. 2

The accuracy of Egs. (1) and (2) has been well verified by the
superconductivity calculations of various systems [31].

ey

III. RESULTS AND DISCUSSION

We carry out variable-cell (from one to ten) and fixed-cell
(two, four, six, eight, and ten) structural predictions for Yb
under 0, 10, 30, 50, 100, 150, 200, and 250 GPa. We obtain
about 1500 low-energy structures for each pressure. The ex-
perimentally observed phases, Fm3m, Im3m, P63/mmc, and
P3,21, of YD are successfully uncovered [32-35]. At the same
time, several low-lying energy and highly symmetrical phases
(Immm, R3m, I4/mmm, C2/m, Pm3m, and Pnma structures,
etc.) are also searched. The structural parameters are listed
in Table S1 [36]. The enthalpy differences relative to the
P63 /mmc structure under high pressure up to 240 GPa are
shown in Figs. 1(a), 1(b), and S1(a) [36]. It can be seen from
Fig. 1(a) that the R3m structure is more stable than the per-
viously observed P63;/mmc phase from ambient pressure to
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2.4 GPa. Subsequently, the R3m phase transforms to the /m3m
phase, which is consistent with the experimental data reported
by Chesnut and Vohra [35]. Indeed, the low-temperature phase
at ambient pressure is described as a hcp structure [32,33].
With increasing of the temperature, it may exhibit the phase
transformation to a fcc phase and then to a bce phase, which
is because the energy discrepancies of these phases are small
and just several meV /atom. Another phase of Yb is I4/mmm
symmetry, which is stable from 12 to 32 GPa [see Figs. 1(a)
and 1(b)]. As pressure moderately increases, the I4/mmm
structure transitions to the P63 /mmc structure, which is stable
up to 240 GPa. Actually, we have indeed found two other
experimentally reported and energy closed phases of Yb, i.e.,
Fm3m and P3,21; however, they are about 40 meV/atom
higher than the currently searched P63/mmc structure. The
crystal structures of Yb under high pressure are shown in
Figs. 1(c)—(f) and Figs. S1(b) and S1(c) [36].

Considering the energy differences between different
phases are less than 10 meV from ambient pressure to 5 GPa,
we further introduce the zero-point energy (ZPE) into the
calculations of the enthalpies of Yb from ambient pressure
to 20 GPa. The energetic ranking of the structures of Yb are
changed a little. The P3;21 phase is 0.4 meV /atom lower than
the R3m phase at 2 GPa. The detailed results are shown in
Fig. S2 [36]. It can be seen from Fig. S2 [36] that the R3m
structure is still the most stable phase under ambient pressure.
It subsequently transforms to the P3,21 phase at 1.8 GPa.
As the pressure increases, the P3;21 phase transforms to the
Im3m phase at 2.9 GPa. The ZPE has little effect on enthalpies
of Yb when the pressure is higher than 5 GPa. One possible
reason is that Yb is a heavy element with a relatively large
atomic mass. The phase transition pressure from the Im3m
phase to the /4/mmm phase is 11.8 GPa, which is consistent
with the above result of 12 GPa.

To explore the mechanical stabilities of Yb, we calculate
the elastic constants by the strain stress method for R3m,
Im3m, 14/mmm, and P63/mmc phases under 0, 5, 20, and
50 GPa, respectively. The calculated elastic stiffness constants
of these phases are listed in Table S2 [36] and satisfy the
respective mechanical stability criteria. Notably, the value of
Cs3 for the P63/mmc phase is smaller than the values of Cy;
and Cy,, revealing the P6;/mmc phase is easier to compress
along the c¢ axis than along the a and b axes. On the con-
trary, the value of Cs3 for the P3,21 phase is larger than the
values of Cj; and C,;, indicating the P3;21 phase is harder
to compress along the ¢ axis than along the a and b axes.
The dynamical stabilities of the ground state and other low-
energy structures are examined through the lattice dynamics
calculations. The phonon dispersion curves of Yb under high
pressure are shown in Fig. 2 and Fig. S3 [36], which reveal
that all considered structures at corresponding pressure are
stable with no imaginary frequency modes. Based on the
calculated enthalpies and phonon dispersion curves as well as
the mechanical stability analyses, we reasonably conclude that
Yb metal shows the following sequence of phase transition
with increasing pressure:

R3m % P3,21 2% Im3m 2 14 /mmm 22 P63 /mmc.
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FIG. 2. Calculated phonon dispersion curves of Yb under differ-
ent pressures. (a) R3m at ambient pressure, (b) Im3m at 5 GPa, (c)
14 /mmm at 20 GPa, and (d) P6;/mmc at 50 GPa.

However, a comparison of all available experiment results
[32-35] and the above searched structural data, we find that
this phase transition sequence is partially different from the
traditional structural transformation sequence of regular lan-
thanides under high pressure [37]. This is, in part, due to
the fact that the special electronic configuration of Yb, and
sometimes the valence of Yb, is changed under high pressure
[35,38]. In fact, we also consider the mechanical and dy-
namical stabilities of the experimentally reported phases (the
P63 /mmc phase under 0 and 30 GPa, the Fm3m phase under
0 and 80 GPa, the Im3m phase under 20 GPa, and the P3,21
phase under 200 GPa, respectively). The calculated phonon
dispersion curves are shown in Fig. S3 [36], which indicates
the absence of any imaginary frequencies in the whole Bril-
louin zone. It can be seen from Figs. 1(a) and 1(b) that the
energy differences between our phases and the experimentally
observed phases are varied about 10 meV/atom at ambient
pressure. Such small energy discrepancies could sponta-
neously cause the difficulty for distinguishing the ground state
and the metastable state.

The previous high-pressure resistance measurements at
room temperature show that Yb changes from semimetal to
semiconductor under 1.4 GPa and is metallized at about 5 GPa
[39]. The overt feature of semimetals in electronic band struc-
tures is that there exist slight overlaps between the valence
band maximum (VBM) and the conduction band minimum
(CBM), making the Ng, not zero at the Fermi level. Normally,
pure elements with semimetal properties are concentrated on
the transition lines between metals and nonmetals, such as As,
Sb, Bi, etc. [40]. Recently, TiS, and WSe,, formed by TMs
and nonmetals, have also been discovered to be semimetal
under high pressure [41,42]. To verify the true semimetal-
semiconductor-metal transitions of Yb under high pressure, it
is natural to put forward a question whether the R3m phase
exhibits the homologous electronic properties? We subse-
quently calculate the electronic band structures and partial
electronic density of states (PDOS) of the R3m phase under
ambient pressure and 2 GPa (see Fig. 3). The electronic band
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FIG. 3. (a) Calculated band structures of the R3m phase of Yb at
ambient pressure. The red dashed line indicates that the VBM along
the I'-T high-symmetry path is slightly higher than the CBM at the
H point. (b) Calculated PDOS of the R3m phase at ambient pressure.
(c) Calculated band structures of the R3m phase at 2 GPa. The red
dashed line indicates that the VBM along the I'-T high-symmetry
path is slightly higher than the CBM at the H point. (d) Calculated
PDOS of the R3m phase at 2 GPa.

structures of the R3m phase of Yb under ambient pressure,
as shown in Fig. 3(a), reveal that the VBM along the I'-T
high-symmetry paths slightly overlaps with the CBM at the
H point, which suggests that the R3m structure of Yb is
likely to be a semimetal under ambient pressure. Moreover,
the detailed PDOS indicates that the valence bands dominated
by d and f orbitals occupy a part of the area above the
Fermi level, making the Ng, slightly higher than zero [see
Fig. 3(b)]. As the pressure increases to 2 GPa, the electronic
band structures of the R3m phase of Yb are almost unchanged
and show the semimetallic properties. Interestingly, the total
electronic density of states (TDOS) of the /m3m phase at the
Fermi level is about 1.25 state/eV under 5 GPa [as shown
in Fig. 4(a)], which indicates that Yb not only undergoes the
structural transition but also accompanies the semimetal to
metal transition.

To investigate the electronic properties of Yb under high
pressure, we calculate the PDOS of Im3m at 5 GPa, I4/mmm
at 20 GPa, and P63/mmc at 50 and 140 GPa, respectively
(see Fig. 4). The results show that Yb is always metallic at
pressures above 5 GPa. On the whole, as pressure increases,
the range of valence bands and conduction bands continually
expands, which leads to the degree of overlaps between them
near the Fermi level gradually increasing, thereby increasing
the average electronic density of states near the Fermi level
(Nug,). As shown in Fig 4(a), the s orbitals hardly occupy
the regions above the Fermi level at 5 GPa. Then the s or-
bitals gradually move to the high-energy regions with pressure
increases. When the pressure reaches up to 140 GPa, the
contributions of s orbitals to N, can be compared with
those of p orbitals. Intriguingly, the trends of the DOS of
p orbitals are first different from those of d orbitals, then
gradually similar, and finally consistent with each other at
140 GPa.

It can be clearly seen from Fig. 4 that the 4d orbitals
occupy the dominant position, contribute more than 55% to
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FIG. 4. Calculated partial-wave electron density of states of Yb
under different pressures. (a) Im3m at 5 GPa, (b) I4/mmm at 20 GPa,
(c) P63 /mmc at 50 GPa, and (d) P6;/mmc at 140 GPa. The position
indicated by the dashed line is the Fermi level, and the Van Hove
singularities (red circles) appear in all phases.

the Ng,, and cause the high-7;. value of the P63/mmc phase
of Yb at 140 GPa. The 4f orbitals contribute 58%, 46%,
44%, and 29% to the Ng, of Yb at 5, 20, 50, and 140 GPa,
respectively. In addition, the contributions of 4 f orbitals to the
NE, decrease gradually as the pressure increases. Obviously,
the P63 /mmc phase of Yb belongs to strong EPC interactions
with a high number of 4d states and a low number of 4f
states at the Fermi level under 140 GPa. Similar results are
reported in YbH;o [7]. The high numbers of H s states and
the low numbers of RE f states at the Fermi level lead to the
strong EPC interactions and the high-7, superconductivity of
YbH( under high pressure. Recently, Chikina et al. [43] have
achieved the transfer of the Van Hove singularity from a rela-
tively far position to a position near the Fermi level by doping
Pd into 2H-TaSe;. The peak of the TDOS is fast shifted to the
Fermi level, which leads to an order of magnitude increase of
the superconducting transition temperature [44]. Interestingly,
we also find the Van Hove singularities near the Fermi level,
which are marked by the red circles in Fig. 4. The Van Hove
singularity of Yb under 160 GPa is just below the Fermi level
(see Fig. S6(f) [36]), and the corresponding value of Ng, is
about 1.3 state/eV. The appearance of the Van Hove singular-
ity near the Fermi level stimulates the electronic Cooper pairs
and prompts the superconducting state of Yb.

To confirm the potential superconductivity of Yb, the
phonon dispersion curves and EPC parameters are calculated
under pressure from ambient pressure to 240 GPa. The super-
conducting critical temperature 7 is obtained by solving the
McMillan equation, i.e., Eq. (1). 7; as a function of pressure
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Yb under different pressures. (a) Ng;., (b) Nyg.—q4, (c) EPC parameter
A, (d) Wy, and (e) T... Ng, and N,g, _q are the TDOS per unit volume
and the average PDOS of d orbitals per unit volume, respectively.
The units are state/eV/ As.

is presented in Fig. 5(e). Generally, the superconductivity is
positively correlated with the EPC parameter A. Our results
basically follow this rule, and the calculated EPC parameter
X increases monotonically with the pressure until 130 GPa;
however, it decreases from 1.56 to 0.81 after the pressure
exceeds 130 GPa. The T, value of the P63/mmc phase of Yb
at 130 GPa is 18.3 K with an EPC parameter A of 1.56 and a
Coulomb shielding constant u* of 0.1 [see Fig. 5(e)]. As for
the R3m and 14/mmm phases of Yb at low pressure, the band
structures indicate the overlaps between the valence bands and
the conduction bands in the energy range of —1.5to 1.5 eV are
limited under pressure below 30 GPa, resulting in the small
Ng, and N,g, 4 [see Figs. 5(a) and 5(b)]. No appreciable T
values are observed for both the Im3m and I4/mmm phases
of Yb. With the pressure increase, the crystal structure of Yb
transforms from the /4 /mmm phase to the P63 /mmc phase at
32 GPa, and the T value of the metallic P63 /mmc phase under
50 GPa is 7.6 K. When the pressure increases to 130 GPa,
the EPC parameter A rapidly increases from 0.98 to the peak
of 1.56 and the corresponding value of 7. increases from 7.6
to 18.3 K. Although the stable pressure range of the metallic
P63 /mmc phase of Yb is wide, ranging from 32 to 240 GPa,
the superconductivity of T begins to decrease slowly after
pressures above 160 GPa. Encouragingly, the maximum 7,
value of 19.5 K for Yb under 160 GPa is visibly higher than
the values for other lanthanides, such as La (6 K at ambient
pressure, 13 K at 15 GPa), Ce (1.7 K at 5 GPa), Lu (12.4 K
at 174 GPa) [12,13], etc. In fact, we have found that the
experimentally reported 7. of Yb at 100 GPa is about 1.5 K
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FIG. 6. (a) Calculated phonon dispersion curves, phonon density
of states (PHDOS), Eliashberg function o*F (w), and EPC parameter
A of the P63 /mmc phase of Yb under 160 GPa. The relative intensi-
ties of the EPC parameters A,, are represented by the purple circles.
(b) Vibration patterns of Ezlg phonon modes at the I point. (c) The
influences of Ezlg phonon modes on the band structures. The greatest
influences are circled by the green circles. (d) Vibration patterns of
B, phonon modes at the I' point. The orange circle indicates the
upward vibration direction. (¢) The influences of B,, phonon modes
on the band structures.

[19]. However, the measured sample is the Fm3m phase of
Yb. We have calculated the T, of the Fm3m phase of Yb
under 100 GPa. Our calculations show that the T, of Yb with
Fm3m symmetry under 100 GPa is 1.6 K, which is in good
agreement with the experimental value of 1.5 K [19]. Thus,
the P63/mmc phase of Yb currently has the highest 7, for
lanthanide superconductors, which needs to be further verified
by future experiments.

Figure 6(a) presents the phonon dispersion curves, the
phonon density of states (PHDOS), the Eliashberg function
a*F (), and the EPC parameter A of the P63/mmc phase of
Yb under 160 GPa. The PHDOS and the EPC parameter A re-
veal that the vibrations of Yb from 300 to 370 cm™! frequency
modes contribute the most to the EPC parameter A, which
induces Yb to possess the highest 7, (19.5 K) at 160 GPa
with an EPC parameter A of 0.81. The relative intensities
of the EPC parameters A, at the high-symmetry points are
represented by the purple circles in the phonon dispersion
curves. It can be noticed that the E,, (degenerated by Ezlg and
Ezzg) and B,, phonon modes cause the strong EPC interactions
at the I points.

To further explore the relations between the fully filled 4d
orbitals and the superconductivity of Yb, we consider the band
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structure changes before and after adding a perturbation to
deform the lattice structure of Yb with an atomic displacement
of 0.10 A associated with the E2lg and B,, phonon modes,
respectively. The atomic vibrations of real-space diagrams
corresponding to Ezlg and B;, phonon modes of the P63/mmc
phase of Yb under 160 GPa are shown in Figs. 6(b) and
6(d), which plainly display that the E2‘g and B, modes cor-
respond to the relative vibrations of Yb atoms along the a
and ¢ directions, respectively. The band structure changes
caused by the two modes are marked by green circles in
Figs. 6(c) and 6(e). Because the orbitals are closely related,
we calculate the orbit-resolved band structures, as shown in
Fig. 7, to determine the changes of two modes on band struc-
tures and distinguish the correlated orbitals. The rest of the
orbit-resolved band structures with weak correlation orbitals
are shown in Figs. S6(a)-S6(e) [36]. It can be clearly seen
from Figs. 6(c) and 7 and Figs. S6(a)-S6(e) [36] that the E21g
modes mainly change the band structures corresponding to
the dy_y, d;, and d,; orbitals and weakly affect the band
structures corresponding to the s orbital. The band structures
corresponding to the rest of the orbitals are almost unaffected
by the E21g modes. This indicates that the 7 -bonding electrons
formed by the d2_, d.;, and d,, orbitals strongly couple
with the Ezlg phonon modes near the Fermi level. The main
influences of the B, modes on the band structures are marked
by the green circles in Fig. 6(¢). By contrast, the B, modes
primarily affect the band structures corresponding to the d
orbitals and weakly affect the band structures corresponding
to the dy,, d,., d,,, and s orbitals, which indicates that there is
a strong coupling between the o -banding electrons formed by
the d_. orbitals and the B,, phonon modes in Yb under high
pressure. In fact, the Ezlg and B,, phonon modes are related
to the EPC interactions. Thus, the dy_y, dp2, dyy, dy;, and
dy. orbitals are, in principle, contributing to the superconduc-
tivity of Yb under high pressure. Furthermore, the changes
of Nyg,—qa and the EPC parameter A show that the higher
Ny, —a values correspond to the stronger EPC interactions at
pressures from ambient pressure to 130 GPa [see Figs. 5(b)
and 5(c)]. But, the EPC parameter A decreases at pressures
above 130 GPa with relatively high N,g,_,. To find the un-
derlying reason for this abnormal behavior, we calculate the
electronic local functions (ELFs) of Yb at 86 and 160 GPa, as
shown in Fig. S5 [36]. It can be seen from Fig. S5(a) [36]
that a strong discrete region between the nearest-neighbor
Yb atoms is found at 86 GPa, which is not conducive to
the conduction of free electrons. Through further analysis,
we found that the distance of nearest-neighbor Yb atoms
is 2.80 A which is much smaller than the Yb-Yb covalent
bond of 3.74 A [45], leading to a lot of overlaps of the
outer electron clouds for the nearest-neighbor Yb atoms. The
distance of the second-nearest-neighbor Yb atoms is about
430 A, and naturally a certain free electron region is observed
between the second-nearest-neighbor atoms. Meanwhile, the
metallic bonds are formed between the third-nearest-neighbor
Yb atoms, which play a dominant role in the conduction of
electrons. When the pressure increases to 160 GPa, external
compression squeezes the crystal lattices and compels the
distances between nearest-neighbor, second-nearest-neighbor,
and third-nearest-neighbor Yb atoms to further reduce, which
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FIG. 7. Calculated orbital-resolved band structures correspond-
ing to different orbitals of the P6;/mmc phase of Yb under 160 GPa.
(@) da_y, (b) d2, (¢) dy, and (d) d,, orbitals. The thicknesses of
curves represent the weight of orbitals in the corresponding band
structures.

makes it difficult for nearest-neighbor Yb atoms to conduct
electrons as before, the free electronic areas between the
second-nearest-neighbor Yb atoms disappear, and the metal
bonds between the third-nearest-neighbor Yb atoms become
weaker (see Fig. S5(b) [36]). Thus, although considerable Ng,
and N,g,_4 values are possessed at pressures above 130 GPa,
the EPC interactions decrease due to the lack of abundant
paths for conducting the active electrons. Overall, the increase
of the electronic density of states for d orbitals near the
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Fermi level is expected to enhance the EPC interactions and
the superconducting transition temperature of Yb under high
pressure.

IV. CONCLUSION

In summary, we carry out a theoretical study on the struc-
tural phase transition and superconductivity of Yb under high
pressure by crystal structure prediction and first-principle cal-
culations. Two alternative structures of Yb with R3m and
I4/mmm symmetries are presented. The R3m structure pos-
sesses the semimetallic properties from ambient pressure to
2 GPa, and the 74 /mmm structure is a metallic phase stabilized
from 11.8 to 32 GPa. Most importantly, the P63/mmc phase

of Yb is found to be an outstanding superconductor with a
T, value of 19.5 K at 160 GPa, which is the highest T, for
lanthanide superconductors. The high 7. of Yb under high
pressure is attributed to the abundant 4d states and low 4f
states at the Fermi level. These findings establish a different
structural phase transition sequence of Yb under high pres-
sure, which offers crucial insights for design of the more
complex lanthanide-based superconductor.
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