Doping effects on the stability and superconductivity of penta-graphene-like ZrH,
and HfH,, under pressure
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The discovery of room-temperature superconductors has aroused great attention in pressure-
induced superhydrides. Herein, we explore the doping effects on the newly-proposed penta-graphene-
like hydrides ZrHio and HfH1o from first-principles calculations. Imaginary phonon frequencies of
P63/mmec ZrH1p and HfHq at lower pressures are found to be eliminated by hole doping, leading to
more accessible superconductivity. At high pressures, phonons are prone to be softened by electron
doping, which increases the electron-phonon coupling and the superconducting critical temperature
(T:). Doping is found to be an effective way to lower the stabilization pressure and increase the
T, of P6s/mmc ZrHio and HfH;o. This work paves an avenue for realizing low-pressure high-T.

superconducting hydrides.

Over the past few decades, the exploration of new su-
perconductors with extraordinary superconductivity has
attracted great scientific interest''?. Due to the high
vibrational frequencies and strong electron-phonon cou-
pling (EPC), metallic hydrogen is expected to exhibit
room-temperature superconductivity above a hydrostatic
pressure of 400 GPa®*. However, the ultra-high metal-
lization pressure of pure hydrogen hinders further exper-
imental study?. Hydrogen-dominant compounds, thus,
become the most promising materials to achieve high
superconducting critical temperatures (T;) at relatively
lower pressures® .

Potential pressure-stabilized superhydrides with differ-
ent hydrogen configurations have been predicted in var-
ious binary systems, and some of them have been ex-
perimentally synthesized. The first superhydride with
a T, over the record of cuprates (164 K at 31 GPa®),
CaHg, was reported by Wang et al. after systematically
investigating the Ca-H binary system®. This clathrate
CaHg was predicted to exhibit superconductivity below
200 K at 150 GPa®!?, which was supported by recent ex-
perimental observation of superconductivity at 215 K in
calcium superhydrides'!. Following the idea of three di-
mensional (3D) clathrate hydrogen framework to support
strong electron-phonon interaction'?, more clathrate-like
superhydrides, including YHg'3 '®, CeHy'6, ThH,'7,
YH;('®, and LaH;('® 20, were proposed and synthesized
with near room temperature 7, under high pressures.
Unlike 3D hydrogen motifs, a novel candidate of high-T
superhydrides was proposed recently with a planar penta-
graphene-like hydrogen sublattice. Such two dimensional
(2D) layered structure can be stabilized in ZrH;q (7.
= 220 K at 250 GPa) and HfH;o (T, = 234 K at 250
GPa) with large density of states (DOS) at Fermi level
(Er) and strong EPC?122. In the sulfur-hydrogen sys-
tem, compressed H3S with isolated atomic hydrogen was
experimentally observed to be superconducting at 203 K
under a pressure of 155 GPa?*24. Recent experiments
also confirmed that the carbonaceous sulfur hydride is a
room-temperature superconduct0r25.

Hole or electron doping has been proved to be an ef-
fective method to modify the superconductivity in un-
conventional superconductors?=28.  However, the un-
derlying mechanisms induced by doping in unconven-
tional superconductors are elusive?’. As conventional
superconductors are driven by EPC, the doping ef-
fects on the superconductivity of hydrides can be rel-
atively well understood based on the Bardeen-Cooper-
Schrieffer theory?3°. Benefiting from extra electrons of
Li dopant3!, the highest predicted T, was reported by
Sun et al. in electron-doped MgH ¢ under pressures®2.
Hole doping was applied to increase DOS by shifting Ep
toward the symmetry-driven van Hove singularity, signif-
icantly enlarging T, of clathrate CeHg under pressures3.
Moreover, the outstanding superconductivity in carbona-
ceous sulfur hydride was also believed to be induced by
hole doping??.

Herein, we explore doping effects on the newly-
proposed 2D penta-graphene-like ZrH;y and HfH;y un-
der hydrostatic pressures. Both hole and electron dop-
ings are found to play important roles in the lattice dy-
namical stability and superconductivity under pressures.
Phonon properties with different doping conditions un-
der pressures are systematically studied. It is found that
the stabilization pressure ranges of ZrHg and HfH;y can
be effectively manipulated through hole doping, main-
taining outstanding superconductivity at lower pressures.
DOS and electron-phonon interactions are also calcu-
lated. The EPC of ZrH;o and HfH;q is found to become
stronger under suitable electron doping at high pressures,
leading to an enhanced T..

As implemented in Quantum Espresso®3%, structural

relaxations and electronic property calculations of ZrH;g
and HfH;y were performed within the framework of den-
sity functional theory (DFT)37, while lattice dynamics
and EPC properties were explored within the density
functional perturbation theory (DFPT)38. The interac-
tion between ions and electrons was treated with the op-
timized norm-conserving Vanderbilt pseudopotential3?-4°
in the generalized gradient approximation (GGA) ap-



plying the Perdew-Burke-Ernzerhof (PBE) functional®!.
Projector augmented wave (PAW)*2 type pseudopoten-
tials were used to perform Bader charge analysis*?. All
calculations were performed with an energy cutoff of 90
Ry for the plane-wave basis, and the Gaussian broaden-
ing was set to 0.02 Ry. A dense Monkhorst-Pack k-grid of
24 x 24 x 36 was utilized with a 4 x 4 X 6 g-point mesh for
the phonon and EPC calculations**. The EPC strength
at wavevector ¢ of mode v is defined as
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where 74, i, N(EF), and w are the phonon linewidth,
the reduced Planck constant, DOS at Fp, and the
phonon frequency, respectively. Given the Eliashberg

spectral function a? F(w), the averaged phonon frequency
wiog and the total EPC parameter A can be determined:

2 [ d
g = ol [ DatFllog,  (2)
0
oo 2
/\:2/ P 4 (3)
0 w

The Allen-Dynes (A-D) modified McMillan equation®?
was used to evaluate T, with a typical value of the
Coulomb pseudopotential p* (0.1-0.13):
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where f; is the strong coupling correction factor, and fo
is the shape correction factor. For A < 1.5, fi f2 equals
to 1, and for A > 1.5,
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Due to the broad region of phonon spetrum of hydrides,
Gor’kov and Kresin (G-K) developed another analytical
expression for T, by dividing the phonon spectrum into
optical and acoustic parts*®. According to Eq. 3 and
Eq. 7, two EPC constants A\, and \,, as well as the corre-
sponding average frequencies w, and @, were introduced
for acoustic and optical intervals, respectively. For ZrHqq
and HfHqg, A\, << A,; therefore,
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When A, < 1.5, T? can be defined from Eq. 4:
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FIG. 1. (a) Crystal structure of P63/mmc XHyo. Large blue
spheres represent Zr or Hf atoms, and pink spheres denote H
atoms. Phonon dispersions of pristine and doped ZrHio (b)
and HfH1o (c) at 200 GPa. (d) The lowest phonon frequency
at M point and along I'-A as a function of doping concentra-
tion at 200 GPa.
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The calculated supercondutivities of the P63/mmc
phases at 300 GPa are in well agreement with previous
studies?! (see TABLE S1 in the Supporting Information).

Charge doping was realized by adding/removing the
total number of electrons in the unit cell with a
compensating uniform charge background of opposite
sign for charge neutrality. This approach has been

widely used in exploring the superconductivity of doped
hydrides?9-3347,

@ P65/mmc 200GPa (b) P63/mmc 300GPa
400 T T T T 400 T T T T
i | | ZrHyg i
375 875 I'HtHy, -

- P ]
< 350 |- 4°< 350 :
> > \
325 1 n, 4 325 f 1
300 | | | | 300 | | | |

-0.2-0.1 0 0.1 0.2 0.3 -0.3-0.2-0.1 0 0.1 0.2
Doping (e/f.u.) Doping (e/f.u.)

FIG. 2. The unit cell volumes of P63/mmc ZrHio and HfHiq
as a function of doping concentration at different pressures.

Unlike the clathrate structure of face-centered cubic
LaH;g, planar penta-graphene-like ZrH,o and HfH;( pos-
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FIG. 3. (a) The distributions of the EPC strength and the integrated electron-phonon coefficients of P63s/mmec ZrHio under
different hole doping concentrations at 200 GPa. The color code is determined by the strength of EPC. (b) The integrated
electron-phonon coefficients and the superconducting transition temperatures of hole doped P63/mmc ZrHio and HfH;0 at 200

GPa.
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FIG. 4. Phonon dispersions of P63/mmc ZrHjo (a) and HfH;q
(b) at 300 GPa under different electron doping concentra-
tions. (c¢) Evolution of the lowest phonon frequency at M
point and along I'-M as a function of doping concentration
at 300 GPa. (d) The integrated electron-phonon coefficients
and the superconducting transition temperatures of electron-
doped P63/mmc ZrHqo and HfHio at 300 GPa.

sess a hexagonal structure in a space group of P63/mmc
(see Fig. 1(a)). Based on this hexagonal structure, the
influence of electron and hole dopings under pressures
has been studied. At 200 GPa, large imaginary frequen-
cies (especially in the vicinity of M high symmetry point)
can be observed in the phonon dispersion of the undoped
P63/mme ZrHyp and HfH;o in Fig. 1(b-c), indicating
that they are dynamically unstable at this pressure. The
imaginary phonon frequencies in ZrHpo arise from the
acoustic modes near M point while those in HfH;q are
mainly contributed by optical branches near M and T’

points. To investigate the doping effects on the vibra-
tional stability, the changes of the lowest phonon fre-
quency at M point for ZrH;y and HfH;, are shown in
Fig. 1(d). It is seen that the phonon mode with imagi-
nary frequency at M point further softens as electron dop-
ing concentration increases. On the contrary, it gradu-
ally hardens as hole doping concentration increases. The
imaginary phonon frequencies at M point are completely
eliminated at hole doping concentrations of 0.13 e/f.u.
and 0.09 e/f.u. for ZrH;o and HfH;(, respectively. How-
ever, the imaginary phonon frequencies along I'-A path
in HfH; still exist until the hole doping concentration is
above approximately 0.17 e/f.u.. Similar doping effects
are also observed in the clathrate FCC phase of ZrH;(
and HfH;( (see Fig. S1 in the Supporting Information),
where imaginary phonon frequencies at X point can be
eliminated by hole doping. Moreover, the influence of
hole (electron) doping on the volume of the unit cell is
analogous to that of exerting a hydrostatic (negative)
pressure. As shown in Fig. 2, hole doping is conducive
to reducing the volumes of the P63/mmc phase, which
is similar to the effects of exerting a higher hydrostatic
pressure. Therefore, suitable hole doping helps to elimi-
nate the imaginary phonon frequencies and stabilize the
phase at a lower pressure of 200 GPa. In the contrast,
cell volume expands as electron doping concentration in-
creases, which is similar to exerting a negative pressure
on the P63/mmec phase. Thus, electron doping is detri-
mental to the dynamical stability of ZrH;o and HfHqq at
300 GPa.

To study the superconductivity of hole-doped
P63/mmec ZrHyp and HfH;o at 200 GPa, the EPC
strength, the integrated electron-phonon coefficient,
electronic DOS, and 7T, under different hole doping con-
centrations are investigated. As presented in Fig. 3(a),
phonons in the low frequency region (< 20 THz) possess
higher EPC strength. One striking feature of phonon
dispersion is the presence of extremely soft phonon
modes at M point at n, =0.13 e/f.u., where the high
EPC strength arises from the large phonon line widths
and the low frequencies of the soft modes. By further



increasing hole doping concentration, the soft mode at
M point hardens, and the EPC strength decreases. The
integrated EPC parameter A(w) climbs less rapidly in
the low-frequency range with the increase of hole doping
concentration, leading to a smaller total EPC parameter
and T, (see Fig. 3(b)): approximately 28.1% decrease
in A\ and 16.4% (6.4%) decrease in TA~P (T¢~K) from
np=0.13 e/f.u. to np=0.4 e/f.u. in ZrH;o at 200 GPa.
It is also noted that the monotonically decreased A and
T, as ny, increases are different from the changes of DOS
at Ep (see FIG. S2 (a) in the Supporting Information),
which increases first and then decreases. Similar results
are also found for HfH;g. However, the maximum EPC
strength in HfH;q is attained between I'-A path (see
Fig. S3 in the Supporting Information) instead of at
M point. The maximum A (2.50) and T, (191.6 K and
214.2 K from A-D and G-K methods, respectively) are
reached at a hole doping concentration of 0.17 e/f.u. in
Hﬂ‘Ilo.

It is seen from Fig. 4(a-b) that, at 300 GPa, both
P63/mmc ZrH;g and HfH;( are lattice dynamically sta-
ble, which are consistent with previous report?!. With
electron doping, phonons are prone to be softened,
leading to potential lattice instability. As depicted in
Fig. 4(c), the lowest phonon frequencies at M point re-
main nearly unchanged under low electron or hole dop-
ing concentrations, whereas they drop drastically with
increasing electron doping concentration. The lattice dy-
namical instabilities appear at electron doping concentra-
tions greater than -0.27 e/f.u. and -0.11 e/f.u. for ZrH;o
and HfHjg, respectively. Stronger EPC is induced by

the greatly softened optical branches after electron dop-
ing near M point (see Fig. S4 and S5 in the Supporting
Information). Consequently, A(w) in electron-doped sys-
tems boosts more remarkably at the low-frequency range
compared to the pristine systems, resulting in enhance-
ments of A and T, in both ZrH;o and HfH;( (see Fig. 4
(d)).

In conclusion, the doping effects on the lattice dynam-
ical stability and superconductivity of penta-graphene-
like ZrHyo and HfH;y have been studied from first-
principles calculations. Hole doping is found to be benefi-
cial to the lattice dynamical stability of P63/mmec ZrH;g
and HfH;(, leading to a reduction of the stabilization
pressure. In the meantime, the strong EPC induced by
hole doping preserves exceptional superconductivity at
lower pressures. At higher pressure, where the structures
are found to be dynamically stable, electron doping can
soften the phonon modes, leading to an increased EPC
parameter and therefore T,.
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