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Kl 1 GaTa,Se BYAHAZER (a) 5HILIr 85HTEST 0175 18 A BEPUERS £ (SOC) UM LA K John-Teller &0 F HREL 7324
REEE (b)) 1(a) TTLAT H, Ta,Se, Ml GaSe, RS EHEIIL . P 1(b) PRV Jr 45K Ta,Se, BUA I RES S 2
IRTEIEL [ 1(b) ZEIRSE T E I Ta,Se, KT L& A BEBERE S RO Y RBLRIEL, Horh ¢, 3 BON DU E R I J=3/2 PUE
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Fig. 1 (a) Crystal structure of GaTa,Se, forming a rock-salt type alternating arrangement; (b) schematic diagram of the splitting of
the energy level of cubic symmetric structure of GaTa,Seg (Fig. 1(a) shows the alternating arrangement of clusters Ta,Se, and GaSe,.
Fig.1(b) middle: energy level split diagram of cubic Ta,Se, ligand field; Fig. 1(b) left: energy level diagram of the cubic structure of
the Ta,Se, cluster considering the spin-orbit coupling effect, #, splits into the quadruple-degenerated .J,;=3/2 orbital and the dual-
degenerated J,;=1/2 orbital, with the electrons occupying the lower J,,=3/2 orbital; Fig. 1(b) right: energy level diagram of the
trigonal structure of the Ta,Se, cluster under the John-Teller effect, with ¢, splitting into the dual-degenerated anti-bonding
orbital a} and the quadruple-degenerated anti-bonding orbital e”, with the electron occupying the lower aj orbital.)
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JR R N AEA JB 2 R E

T HE— B RV GTS 1Y & A 25 40 L 7 BE B, AS WF 538 i T 0 R 4% REBR, 45 & Raman DG
XRD DR % B 77 oA S — M B, 6 DL LR 6 LA 55 .
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15 R L2 T £ 7 CuBe A 42 DAC WS i, DME R A b T 48 . R &l i —X) 65 11 ELAR R 400 pm
B & WA A . BHAENE A, R F PO - EHER/ N TE2NA G HN/NML. FEARFENRE A L
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AT R P RIS AT 5 B 5 20 2 (B (1 5& &R o f# ] General Structure Analysis System(GSAS) ¥, i it
Rietveld J5 L AT RGBS, X RE i 1) Sl A4 2% S BOM S5 M SR R AT 4006 R4 #T o
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] 2(b) H 1 B, 5 T B 5 ELW S R 7% T Raman W5 T Fifi JE /7 (978 45 Fifi %5 JE 77 34K, Raman W6 11 i
FEAIK (B Raman 4K fk) . 5 I Raman WEXF 1 9 J& Ta,Se, HIFE 1 Ta-Se A ¥R sl #5201, 2% 6 1 T i #i ik
B Ta,Se, HIFELE A TE = K F AR MO RS e P70, AR 98 A IR A 4 10 A 4138 19 FL i 25 4R T%}EET
GTS H' Raman U f (5 &% 5t 15 AR 9 J 52 26 56 2% (R BRI ot SO BT, A3 p(T) = p(0) + e,
Forh E, W GHOEBE, BERR E, = 2E,, ky FIUIRZE S WH, T RIEE, p 2y o 2% 005 i B HBUR 7 A (1 ) 4
BH ) P9, 3% i He S IR 25 S M TR ARSE GTS M4 AR BEBUIE LI L THLZs . 5340, IE 2(a) FHIET 2(b)
HAE B 2 U052 B Raman 06 1T (9 560 F52 Bl R T 04 38 00T 8055, L& 13.1 GPa I 2%, 25 5 B A0 B[R] 45 44
GaV,Se, [ Raman i 2452 = B 2404 bl 35 285 44 B A2 2%, RIWITE GTS 1 [R)RE A2 AE JRy Sl 25 40 A ek 28
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Fig. 2 (a) High-pressure Raman spectra of GaTa,Se at low temperature (7 K); (b) Raman characteristic frequency of GaTa,Seq
varies with the pressures (In Fig.2(a) peak | softens when the pressure increases, which predicts its ground state
structure mechanically unstable at low temperature; the intensity of peak I gradually weakens and disappears,
that indicates the change in the structural symmetry. In Fig. 2(b) peak [ gradually softens with the increasing
pressures, while peak Il shows the regular hardening and the disappearance after 13.1 GPa. )
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SERGTE TR J) R B W ] SRR A o 53 Ah, ST S5 K T B TR T LA A A RO A SE A R o, BLIE B
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S5 R A B ASA HOR R g s TS B 57 S5 K4 A0 A BE T HE = O RH R O A R i 0 X el 4 — B R
GTS LA ) AR S5 ¥4 FT BEAS & 57 J7 G548, 72—~ E A T3l 55 W A8 04 305 57 7 4544, 30 57 77 S5 /76 TR A
FF B Wi Sr 7 S @A I . O, ASHIE ST 45 A i e E B S 5000 4 R, 4 9 R RS — 1 IR P
BT = A (R3m) FU 5 AH (F42,m) /) GTS B HERR LA K Raman 3% fifi i 77 B9 18 £k, LA HG = J7 A A9 5
AH TR o i A v R o g A 5 S B 2 SR W) £
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Ha, BeqA b e BE S B RN, TR R 0.8 GPa F IR RS s/ F 18.2 GPa I By R F 2% . 16
FIAKT 11.9/18.2 GPa(H:H 11.9 GPa “ky 300 K Bl 15 (1) Fk 7 {H, 18.2 GPa k7 K BN 45 9 J& J1{HL, I &
J5 752 WL SCHR [26]) B, H BH G 2 R 9 B (I i i, R B IE 3 M AR BHAT . MR IIAR/DNT
22.0/29.6 GPa i}, 3L T I R &R AL ARAS, S0k A B A1 TP ER T GTS S5 A48 & 77 55 (21.5 GPa)
FHXTN o 7F 32.0/41.1 GPa Z J&, IR T FLBH R[]/ )N, 30 T 5 22 i) SO i 2Bl 547 o 120

Kl 4(a) B T 5 —ME IR BRI A5 19 =07 A R3m 19 H 25 % ¥ (density of state, DOS) Fll &4l 44
¥ MR R A % R A AR, P AE Fermi T b A7 76— & B 24955 B 1 2 B 4 I 5 B |l 4%
¥, e Ta FE 208 0.25 eV, M HE 8 1 % 3% P16 (dynamical mean field theory, DMFT) 315, Mott fiE
Bt (4) WIE A 22 1.6 485 S R & 1 FL I AH AR, B 0.3~0.4 eV, BT Mott BEBIBEE JE T p 04
/NHR da/dp T LGE AN R IR A d(U-w)/dp = —dw/dp (e U B TR BEBE, w i 58 ), PR % Be Bl &
JE 77 09 ) 5 ] SRR Mott RE BRBE % 15 1 B0/ o TS5 AN 4(b) s, T LLE W, BE 2 R 7RG 1S
i, GTS 7£ Fermi [ ffF 3T (9747 56 3 JE R 19 0.25 eV B 58 %] 31.0 GPa 19 0.56 eV (LR iR ), % Bz 14 15
— AL BB I [t 7 A 3G N 2 AS /N (IE LR ), 5 18 3 rp H BEL S g6 T 75 i 435 2R (R Z) A B3 A — B0k,
R JEAEARIR . 29 32.4 GPa JE J1 T REBRICH], 3L T 48 5 AR 2] 4 J@ i AH AR P,
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Fig.3 Resistance results of GTS at the pressures ranging from 0.8/5.0 GPa to 60.7/68.4 GPa under 300/7 K

(When the temperature decreases from room temperature to 7 K, the pressure increases 5—7 GPa, these
figures demonstrate GTS experiences an insulator to metal transition around 22.0/29.6 GPa.)

VU5 A FA2,m 25 % BSR4 R R, TR T Jo i 5 08 7 ORI AE 0, 107 R A GTS s 28 k1A
FIREF S A, JLRERBR 290 20 meV. W 4(c) Fizr, B TR JTHY3E0, REBZEETI8/1N, 24 fiks 2 BOR
R B HE B @=0.96 I (X BEAY H J1 29 15 GPa), BEBISCH] o ] 4(d) Sis 1 FL BH S 36045 1) RE Bt B 1
f10 7 A et A DA Ky DU 5 5 R T AR 2 A RE B BE T D B R N 0 o T S e AT LA R Y, T U 7
ST E B REBRBE 1y AR AL S DL TCHE BB SR A A . NI, HEI GTS ARSI AT S A S0
U =J7 A . FER T ORHRAE I, =07 S5 R IE i Mot 28 ¢ (AR f) S 2 BEBR Y, T i I A REH i
V85 L G AR RE R OC M , 9K 3 4 Js AL A AR P
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Kl 4  GaTa,Se = J7 4548 (R3m) () FNPUJr 4546 (FA2,m ) (b) TEAZE [EHL T SRHRAE U MIE N R ITHEAR R & T 1)
LA R EE s () FLPHSEIREL A AU RERR (BLR ), =7 454 (R3m) BT A REBR A — 1L 5 A T8 1 (5 £R)

AR =5 8544 (R3m ) Fermi THIFH T AR 98 B2 (L1280 BT 924K (d) MR BHSZ 3805 1
AR CBZ) FIY 7 2548 (Fa42,m) R THELRBRR (L) VA— 105 1 58 BEBE R 22 £k
Fig. 4 (a) Calculated results of the electronic density of states under high pressure for the GaTa,Se, trigonal structure (R3m) (a) and
the tetragonal structure (F42,m) (b) without considering the electron correlation energy Uj (c) the energy gaps fitted by the resistance
experiment (black line), the theoretically calculated energy gaps after normalization (blue line) and the energy bandwidths (red line)
near the Fermi surface at different pressures for the trigonal structure (R3m); (d) the comparative results of energy gap
fitted by the resistance experiments (black line) and the theoretical calculation results of the normalized
energy gap (blue line) of the tetragonal structure (F42;m) at different pressures

T = J5 458 (R3m) 11514 Raman W5 BE 25 H 7 1) 78 22t 8 B T Raman SZ58 I 2 45 5, 4nl& 5(a) A
TN A A3 CBD a B98N ), e T AR 19 Ta-Se B XA (1) 3 B2 BN, BUEfL a3, AR
ST I A Y 7 2 W 7 A A — o I RS P, (R R A S SR A5 SR AR . B, IR R 1A
b, 1515 2 1Y Raman WEFAL A IR F% it 55 Fermi T8 BT BB 98 B 2 0 R AP 2R PE G &, Qnl&l 5(b) FR,
T =T 4549 h Ta,Se, HIFE R Z5 1 5 RERR B2 OCHKk . RIS, = 4544 13845 3 717 5 bl e ) Jie 5 i 4%
SRXT 7 S 55 LI 1) 4 755 T Raman W51 AL, BT J ¥E 5 Raman WAL RS It R I WM OC R, W1 5(c)
FrR, 5 R E 9 F ) T Raman W& ERAE A Rl B BB OC A (9 45 100 58 2 — 3%, A JJ M T GTS iy 2
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K5 (a) = H 45K (R3m)GaTa,Se; 1 He Raman il i 4550 (KA H 9350, 85 cm™ B Raman I 1 FiE a 1)
Wk IO FTRE ) 3B 8L, (b) THEAF 3N = 2540 R3m GaTa,Sey AUAEHT B 85118 A Raman WAL AV MESE R,
() AR BN =T7 454 R3m GaTa,Seq e R 585 25l 1549 Raman W s & 191G 5
Fig. 5 (a) Calculated high-pressure Raman spectra of trigonal structure (R3m) of GaTa,Se, (The Raman peak calculated near 85 cm ™
gradually softens with the parameter a decreasing (pressure increasing).); (b) the bandwidth broadening of GaTa,Se, calculated for
the R3m structure shows a linear relationship with the calculated Raman shift; (c) the bandwidth broadening of GaTa,Seg
calculated for the R3m structure exhibits a linear relation with the experimentally measured Raman shift
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Ground State Study of Quantum Material GaTa,Se,
DENG Hongshan, ZHANG Jianbo, WANG Dong, HU Qingyang, DING Yang
(Center for High Pressure Science and Technology Advanced Research, Beijing 100094, China)

Abstract: The quantum material GaTa,Se, has attracted a substantial amount of attention because it exhibits
a variety of interesting physical properties, such as metallization, J, quantum state, and topological
superconductivity, and moreover, it is a medium for resistive switch and electric storage. However,
controversies still exist on its insulating ground state, which hinders from understanding its various physical
properties. The insulating ground state of GaTa,Se, has been considered over a long period of time as a cubic
symmetric structure with space group F43m, and as a Mott-type energy gap driven by the combination of the
spin-orbit coupling and the electronic correlation interaction. However, recent first-principles phonon
calculations have shown that the cubic structure is mechanically unstable due to the presence of imaginary
frequencies, and have predicted to be stabilized into the trigonal structure (R3m) or the tetragonal structure
(F42,m) through lattice distortion. In order to further investigate the ground state structure of GaTa,Se,, here
we combine multiple experimental techniques such as Raman spectroscopy, X-ray diffraction, and resistance
measurement to adjust its energy gap by pressure, and compare the experimental results with first-principles
calculations. Our results show that the trigonal symmetric structure (R3m) is more consistent with our
experimental observations.

Keywords: Mott insulator; insulator to metal transition; high-pressure Raman spectrum
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