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Fig. 1. (a)—(c) Convergence test of cutoff energy, K-point mesh and ¢point mesh; the comparison of band structure for Pm3m
(CaYH,) at 200 GPa based on PBE and (d) PBE+U (U = 2) and (e) PBE+U (U = 4).
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Fig. 2. The Pm3m (CaYH;,) at 200 GPa: (a) Crystal structure, where the orange spheres represent Ca atoms, the blue spheres

represent Y atoms, and the white spheres represent H atoms; (b) band structure and electronic density of states.

® 1 AIET Pm3m (CaYH,y) M FHEMACSEL, PRI TE%E N(ep) (states/spin/eV /cell) , 7T
B wiog (K)JRT P FHUR (02)1/2 (THz), RIS HIFEIC (12) (eV/A)2, HUSHEE 80\ LR B R AR
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Table 1.  Superconducting parameters of Pm3m (CaYH;,) under high pressures, the parameters include the electronic

density of states at the Fermi level N(ep) (states/spin/eV/cell), logarithmic average of phonon frequencies wi, (K), average

phonon frequency (w?)*/2 (THz), average electron-phonon coupling matrix element (I2) (eV/A)? electron-phonon coup-

ling constant A, and superconducting transition temperature T,(K).

P/GPa N(ep) Wiog (w?)1/2 (I?) A T,
180 7.05 1051.69 186.40 20.20 2.48 217
200 7.03 1227.12 205.10 20.72 2.09 218
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Fig. 3. Phonon spectrum, phonon density of states, Eliash-
berg phonon spectral function o?F (w), and the integral
AMw) of Pm3m (CaYH)y) at 200 GPa. The size of the red
circles represents the relative magnitude of the phonon
linewidth.
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Fig. 4. Phonon spectrum of Pm3m (CaYH),) at (a) 130 GPa, (b) 100 GPa, and (c) 70 GPa; (d) variation of the lowest phonon fre-
quency along the R-I"and I-M paths with respect to doping concentration at 70 GPa.

137401-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 13 (2025)

137401

(c) 0.65
—— Ca-H — Y-H

ICOHP_Ca-H = —0.18
ICOHP_Y-H = —1.47

COHP

—20 —15 —10 -5 0 5 10
Energy/eV

(d) 0.65
—— Ca-H — Y-H
ICOHP Ca-H= —0.17
ICOHP Y-H= —1.58

[a

=

o)

o)

—-20 —-15 —10 -5 0 5 10
Energy/eV

Kl 5  Pm3m (CaYH,y) 1€ 130 GPa £ JJ T 1Y (a), (b) HEARS 2 SO 09 S5 1~ R0 RS S 1 TR R (c), (d) i A 200 T 0 2 i A =g 43 T 1
Hor (a) %R B9 R-T AR 2Z 181 ¢ #% (0.3333, 0.3333, 0.3333), (b) XTI A2 X-M B{A2 Z [E1 1Y ¢ 1 (0.5, 0.25, 0)

Fig. 5. (a), (b)Atomic displacements corresponding to the imaginary acoustic phonon mode and (c), (d) crystal orbital Hamilton
population analyses for Pm3m (CaYH;,) at 130 GPa, where (a) corresponds to the ¢ point (0.3333, 0.3333, 0.3333) between the
R-I" path, and (b) corresponds to the ¢ point (0.5, 0.25, 0) between the X-M path.
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Fig. 6. The unit cell volumes of Pm3m (CaYH,) as a
function of doping concentration at 70 GPa.
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Fig. 7. Phonon spectrum, phonon density of states, Eliashberg phonon spectral function o?F(w), and the integral A(w): (a) Pm3m
(CaYH,5) doped with 0.9 e/cell holes at 130 GPa; (b) Pm3m (CaYH;;) doped with 0.8 e/cell holes at 100 GPa; (c) Pm3m
(CaYH,,) doped with 1.1 e/cell holes at 70 GPa; (d) Pm3m (CaYH,,) doped with 1.2 e/cell holes at 70 GPa; the size of the red

circles represents the relative magnitude of the phonon linewidth.
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Table 2.

Superconducting parameters of doped Pm3m (CaYH,,) at high pressures, the electronic density of states at the

Fermi level N(ep)(states/spin/eV/cell), logarithmic average of phonon frequencies wy,, (K), average phonon frequency

(w?)/2 (THz), average electron-phonon coupling matrix element (I2) (€V/A)2 electron-phonon coupling constant A, and

superconducting transition temperature T,(K).

Phases Doped N(er) Wiog (w2)1/2 (%) A T.
130 GPa 0.9 5.18 1106.31 187.84 23.19 2.06 194
100 GPa 0.8 5.25 944.21 159.34 21.44 2.68 209

1.1 5.18 661.71 130.23 20.44 3.78 194

70 GPa

1.2 5.13 630.92 128.94 20.86 3.89 189
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Fig. 8. Electron-phonon coupling parameters in Pm3m
(CaYHy,), variation of parameters (I2), N(ep), A, (w?)
with increasing hole doping concentration in Pm3m
(CaYH,,), the subscript 1.1 in the figure denotes the corres-
ponding values at 1.1 e/cell hole doping.
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First-principles study of regulation of electron and hole
doping in superconducting ternary hydride CaYH;,"

LIN Jianhua  CUI Jiahao @ ZHUANG Quanf

(College of Chemistry and Materials Science, Inner Mongolia Minzu University, Tongliao 028000, China)
( Received 14 February 2025; revised manuscript received 16 April 2025 )
Abstract

In the past few decades, achieving room-temperature superconductivity has become an unremitting pursuit
of scientists. Guided by the “chemical precompression” theory, hydrogen-rich compounds have emerged as the
main candidates for high-temperature superconductors, positioning them at the forefront of superconducting
materials research. FExtensive computational studies have identified numerous binary hydrides with predicted
superconducting transition temperatures (7,) exceeding 200 K, such as CaHg, H3S, MgHg, YH;, YHy, YH,(, and
LaH,. Significantly, the high- T, super-conductivities of H,3S, LaH,,, CaHg, YHs, YHy have been experimentally
confirmed. Compared with binary hydrides, ternary hydrides offer more diverse chemical compositions and
structures, potentially leading to enhanced properties. Zhang et al. [Zhang Z, Cui T, Hutcheon M J, et al. 2022
Phys. Rev. Lett. 128 047001] theoretically designed a series of AXHg-type (4 = Sc, Ca, Y, Sr, La, Ba; X = Be,
B, Al) ternary hydrides with “fluorite-type” backbone, which were predicted to have high-T, values under
moderate pressure. Among those ternary hydrides, LaBeHg has been experimentally confirmed to achieve a T,
value of 110 K at 80 GPa. The T, values of ternary clathrate hydrides of Li,MgH,; and Li,NaH;; have been
predicted to greatly exceed the room temperature, while the required stabilization pressures all exceeded 200
GPa. Xie et al. [Xie H, Duan D F, Shao Z J, et al. 2019 J. Phys. Condens. Matter. 31 245404] and Liang et al.
[Liang X W, Bergara A, Wang L Y, et al. 2019Phys. Rev. B 99 100505(R) ] independently predicted CaYH;,
compounds with Pm3m and Fd3m space groups, both of which exhibited high-T, above 200 K at about 200
GPa. Other ternary hydrides, such as La-B-H, K-B-H, La-Ce-H, and Y-Ce-H, have also been extensively
investigated. At current stage, a major focus of superconducting hydrides is to achieve high-temperature
superconductivity at lower pressures. In this study, taking Pm3m (CaYH,,) as a representative, we systematically
investigate the effects of electron and hole doping on the dynamical stability and superconductivity in ternary
hydride by first-principal calculations. The Pm3m (CaYH;,) exhibits a T, value of 218 K at 200 GPa, which is
consistent with that reported previously. When decompressing to below 180 GPa, imaginary phonons emerge.
The analysis of doping simulations demonstrates that the electron doping exacerbates the softening of the
imaginary phonons, whereas hole doping eliminates the imaginary frequencies. At the pressures of 130, 100 and
70 GPa, the Pm3m (CaYH;,) phase can be stabilized by hole doping at the concentrations of 0.9, 0.8, and 1.1
e/cell, respectively. Further electron-phonon coupling calculations show that the T, values of Pm3m (CaYH,)
at 130, 100 and 70 GPa are 194, 209, and 194 K at the corresponding doping level, which are only 10-20 K less
than the T, at 200 GPa. At the pressure of 70 GPa, T, slightly decreases to 189 K at a doping level of
1.2 e/cell, primarily due to the reduced w,, compared with that in the case of 1.1 e/cell. And the enhanced A at
1.2 e/cell is mainly contributed by the average electron-phonon coupling matrix element (I?) and average

phonon frequency (w?)'/?, rather than the electronic density of states at the Fermi level N(ep). These results
indicate that hole doping represents a promising and effective strategy for optimizing the superconductivity of

Pm3m (CaYH;;) by maintaining high-T, at low pressures. Our study paves an avenue for realizing high-
temperature superconductors at low pressure.

Keywords: superconducting ternary hydride, first-principles calculations, hole doping, stabilization pressure regulation
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