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o BHERUL, X MY 0243585 2 M FHES 7 (Ca®', Mg®, Fe*'. Mn*") fil 3 #r BHES F (AIY", Fe**, Cr') &
W5 Z Or ke Siv i 4, ¢ FRORRYFAE FAigk OF ., OH Al F 54 i T+ iR A\ iR o7 & vl 132 &
BT, NIRRT AEa R RN EERE XA B PR RSRE AT asi, dEim
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ML MEEr 25 . Fed - Shd i B T ALY, [a] k0 3 K 8 2 4% 22 1 o U PR 3l . H AT, Gro-And
AR P (Raman) YEIEWF AR B = .
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B TR AR I B2 0638 M8 7 b 5K 2R MK 5 23 )RR 2 2 B s, TR A BSR4
In Via Reflex O . fhr 8015 AL, e HCR &G HIY 100~1200 em™ o L5 fH 1 50 x KAEFEY B, BOL
Wk 532 nm, ZHIHF 50 mW, (UEHEBEEARL 1 um, % HR 1 em™, (R RERE . HT
& Fe At BA & #5238, 85 5B A o o0 SO 2GR0, Rt A TR R R G0 H200iE R
WOCTR B TCIE G — o BASSEIAE S D 5% 10 41 DL B OG5, R4 T REAIL Y 07 4 UKL (AR 58 v Y
Raman U735 Ry Z 4DGIG LA 2MH) o W8 209 65 1 43 B s 224> DR, 43 S 41 B e i R 2k, Jl it
Peakfit v4.12 B F AT R E o R H Gauss + Lorentz 1 15 Raman W7 F12 06 58, 723005 5540 14
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T 3 M FHE TR AL R4S, AT LLF, & FoR s A S AR R 2w . ARBESE R H
Hofmeister ¢! fil Kolesov 5" X} /4 1 A Raman S 3% 4R 8l 06 (9 45 D\ 5 = . v 431 DX 3 ply i 40 DY T 44
(SiO,) H Si-O i sl =4z, B (Si-O)y,; HH X3 i Si0, H Si-O &5 #h ¥R sl 7= 4, B (Si-O)yengs A X 35k
H A 4R 3 (B FRSMIR 80 ) 7= A=, 446 Sio, B k5% 5 (R(Si0,)) . “F-3h (T(Si0,)) Al 2 #i FH & -3l (Ca®;
T(Ca)) .
B SR T A R or A0 A8 A AR D 1y 2 0 o 300G 45 R, BSR4 BK R A i T 1Y
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Fig. 1 Raman spectra of grossular-andradite solid solutions (The spectra are divided into 5 regions'"*'”". The number

represents the mole fraction of andradite component. The peaks with asterisk can’t be observed for
andradite end-member. Grey areas mark the zones where extra peaks are observed.)
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BE AT ULEEH] . X T A5 H A8 A i o, SEULI 2] 20 4 Raman 1§ P904 (AT ABFZE! HHE A7l 904 em ™ f
Raman I§) 5 P577 58 & i 55, O HERHL4; P852 5 C 15 (848 cm ™) IE (. E&; P178 5 U (182 cm™)
H5; P383 5 M I (376 cm ™) 423, FEAS B SE R BOULEEH . X T8 8- A0 A o oc, ZEWEI0 3] 19 4
Raman W4, HAth 6 411540 45: P874 5 B 1£(874 m ') H &, P843 5 C (842 cm™ ) &, P494 5 J 15(493 cm™)
FE,P370 5 MIK(371 em™) &, P174 5 U & (174 cm™) &, P593 IE5R 455 .

AT A R Raman WA 5 R0 2R S R AN 2 fir s . BlAE Fe’ B i X, BI3E N, BT A WAV )
R g e . 28 RIn P21k, C. G M TR PERR BE R 25 . Horp, C W& T B A1 D iR Ig 2 [1], 4
GBI AR KR EE. G AT IERNAEL AT 68 55 F R SGR G RS . 2 e
AR RSP EEE, B G M TIEAE RSP RS . E R G 023 51 76 55 2R AR A FES 405 4 A i o
RETE S, 106 2 BAE U A5 AR AR A1 S e AL, T4 25 T 15%And S8R 8050 0 15% MORERS ) o T IR 4 42
A REAZ BIA MG I T4 (P 2 43 ) , 55 H 04 % 52 i) (5 Bk AR A i o) A G
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Fig. 2 Raman frequencies of grossular-andradite solid solution as a function of composition: (a) high frequency (Si-O),,, modes,

str.
(b) medium frequency (Si-O),,,, modes, (c) low frequency lattice modes.(Several modes show discontinuity along solid solutions.
Symbols: downward pointing triangle = (Si-O),,, rightward pointing triangle = (Si-O),,, diamonds = R(SiO,), upward

pointing triangles = T(Ca), squares = T(SiO,). Colors: black = T, red = E,, blue = 4,,. A linear regression by

o
least-squares analyses was applied to all the peak frequencies. Note that the y axes have the same scales and
the steepness of the slopes can be compared between the three plots.)

A WA 5 B0 1 6 R BB I /D IR RS (S5 R LK 1), BERF R AP-Fe B AR 52 i
JE . (Si-0),, AR N —7.28 cm™'/mol %, FBH Fe’-AP B XX Si-O 145 Ik sh i 52 /N . AR 0 52 2]
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B 520 B K T(SiO,) HIZE AL }—9.13 cm™'/mol%; T(Ca) 1) A5 1L % F—16.33 cm /mol%; R(SiO,) IZEfLF Ny
~17.08 cm™'/mol%; (Si-O)yeng 2L H IR K, -25.52 cm ™ /mol%.

x1 SEBA-GHRBARRTFREMENR N _RENSER

Table 1 Linear regression results of Raman frequencies of Gro-And solid solution versus composition

Peak No. V/em™ Slope/(cm™'-mol % ) Error Assign AVG/(cm™-A™ R?
A 1007 -10.96 0.42 0.99
B 880 —4.44 0.35 . 0.95

(S1-O)y, -34.67
C 848 —4.49 0.89 0.73
D 825 —9.22 0.51 0.97
E 629 -25.49 0.85 0.99
F 591 —14.95 0.22 1.00
G -25.11 2.12 0.95
H 550 —35.54 0.40 . 1.00
(Si-O)yry ~121.52
1 527 —23.42
J 510 —18.60 0.79 0.98
K 479 —27.02 0.41 1.00
L 418 -34.02 0.26 1.00
M 376 —6.64 0.77 0.89
N 370 -17.81 0.47 . 0.99
R(Si0O,) —81.33
(0] 350 —24.42 0.48 1.00
P 332 —19.43 0.30 1.00
Q 318 —22.07 0.99 0.99
R 279 ~14.72 0.25 T(Ca) -77.76 1.00
S 248 -12.20 0.55 0.98
T 240 -10.14 0.17 . 1.00
T(Si0,) ~43.48
U 182 —8.13 0.54 0.96

Note: (1) The Raman modes of Gro and And are assigned according to Kolesov, et al'™"
(2) AVG: average value of slopes in each assignment. Unit cell parameters of grossular and andradite are 11.84 A
and 12.05 A respectively according to our single crystal XRD data.

& 3 @R T AN Raman W42 05 58 (FWHM) 5 00595 R o T A Raman W5 35 78 o R 241 43 26 21 58
TEBLG: . BeAh, il MR R R T A0 T4 BB oM, 6 22 B B35, TEED T 44X (A 1
*fﬁal:ﬁ): RIUEAM, K. T, E. A W22l FT 940 em™ Kb A48T 06 o AR 35 450 71 68 14 4 15, 940 em ™" Ab () 3

AT BE Ay (R A5 0 P A5 AT s s A 0, A 4R M A HL 04 (550 em ™) 55 MU (376 em ™) ) & 926 em ™! AT
lﬂ i, AR U] BB 45 M X AR PRI 26

3 i ig
3.1 AP-Fe' B F & K %1 55 % 59 52 fim

PR G B BUR B TR AIAROC, T [ VA R R 9 v B 2 B AR U AR 2 R,
5 APALE, T Fe' i BT FE AR R, fE /N R h 2 Fe AU T AP, i o AR foa R 8 K47 1)
T #% o

XY (Si-O) g A 52 HABIR 3 T8, BT T 3RAE DU TR i A8 T2 2, Gro-And [TV % o 451 068 fi 7%
/N H AR EERF, 5 Si-O B AL RRAE X 1 P
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Fig. 3 Peak widths of selected Raman modes change with composition along grossular-andradite solid solution.

The vibrations these peaks can be assigned to Kolesov, et al.' are: Si-O stretching (a),

Si-O bending (b), SiO, rotation (c), Ca translation (d) and SiO, translation (e)

A DX/ T(Ca®") Bl B3 A8 b 1 26 P 2 BE 454, 5 McAloon 581 (1 IR BFSR 45 R — 3. R4
Wang 2529 [ fifF 57 25 5, Gro-And [E AR H 1Y Ca-O #E K 7E 30%~40%And &b H B 0 22, X BG83k
TG A B R B . Hofmeister %17 (YWF5E K W, T(Ca) 5 X-O KM XRIFAK, FEE XE T
JREARIC . BLAh, R X 5 & AR A 4R Bl o xfE DAV Bf 2 BRE B — IR 2 () 4 1 2420,

A X (Si-0)yeng 52 AI-FE AR M i K o ZINL S HA A T4 BA A 225 20 7, JR S
Gro-And [ AR /NG Si-0 4K . O-Si-O M ARUAFFET, AR5, (Si-0),, 2 %N 34.67 cm™'/A,
(Si-O)peng ZEALH R 121.52 cm™ /A, 43 HIXE R BE 4048 A -E5 50 8 A (Pyr-Gro) SR AZ £ %R 130 cm /A
63 em /AN, EA BT ZH (Si-0)yeng BRI AR AT 55 5 45 i Iz B 85 /INI 0 H50, ZAR RE S AR
FTE T AV opend > AVisiopn ERAFT

AR A 250 B %, DUTER 5\ R A AHEE , AL -Fe B8 A0 23 5% i DU 1 44 9 7 A5 Wi AR 202271 Gro-
And } Alm-Ski(ZBk# 41, Fe*'Fe’*,S1,0,,) [El % /& Raman ., IR Hpiié 35 & A 8] W i i #2U°. XFTF Gro-
And [, Fe B A0 AP IFEAAUALS Shk& 2 M, 25 3 B O T A 5% A1 o S 25185 i ( Alm-Ski [5135 14< 4 T
T DA B R AR AR . T I K I AE 30%~ 50%And &b ) 171 i 25 1T G615 DU TR RS £ o JELR 2B AL X

FR s A R AR AL A TT RE A A IR BN AU 45 S . Hofmeister 2517 ST 45 R W, il i R 18 5
FHES 7 B AHOC . Fe MAHXT IR 7 B it o Al WIS, B 7 84X Raman W™ A8 B 2 . BUARAEIS
TN Ry 3 4 BHES F A 7= A Raman 36 P06, (0G0 K % AR G IR sh 9 52 071, Kolesov %51 Al
Pascale %5242 [ HfF 5 45 S R WA, B & 00 X 8 4h, Raman # IR IE 0 & Z RS2 5. Al-O# S
Si-O B 1Y 3 i A1 24, T(AL) 7€ IR J6ii oh B &2 i 2 i X, Y B0TE 423 #1472 em "0, (R, AP 38 3 #8
AR5 R0 Raman Y A X L2 SR 22—

WE 3 Fis, ARG S ARSI I T e SEAb IS o 4 43 SE AL IR R 55 R F L, P RE
SR I0F BES N | A AR AR AH U2 T, Al mT B R TS R ) RO S

TE A A AR A R PR 30 615 o & LA A A g R G2 1 17290 g AR 2 1 A T B
1%, 51 ks W AR POV, ZE R XERR P BEAR, 4R S0 2 4, AR, B R R R A A
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AH> 122 4L
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AHS RN BRI B 5 Xoro M X png 73901 2 75 85 F0 AR
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AH  XgoXaaWs W,
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GERFW, AHSFIAR I N H 8 C .
KA H RIS, AT13W, = (22.13+1.84)em ',
PLA AN & 4 frs . MR 4G Becker 604 1y 115
455, 50%And 4b (1 AR G 454 0.75 kI/mol, Xt
% W, =3 kJ/mol, C, = 0.14, Gro-And [& ¥4 14 it
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5L Becker, et al. P (2002)
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Fig. 4 Fitting curve of Ah** of peak H and the predicted AfFex
for grossular-andradite solid solution
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Fig. 5 Fitting curve of Ah®* for pyrope-grossular solid
solution (Black dashed line: peak L of Du, et al.!"! Red dotted
line: the predicted excess enthalpy of mixing curve. Red solid

line: the fitting curve for calorimetric excess enthalpy of

mixing data from Newton, et al.l'")
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Raman Scattering of Grossular-Andradite Solid Solution
WANG Yichuan'?

(1. School of Earth and Space Sciences, Peking University, Beijing 100871, China;
2. Key Laboratory of Orogenic Belts and Crustal Evolution, MOE, Peking University, Beijing 100871, China)

Abstract: The effects of Al*-Fe’* substitution on 10 synthesized garnet samples along the grossular-
andradite binary were investigated using Raman spectroscopy. Twenty and nineteen peaks were observed in
non-polarized Raman spectra for grossular and andradite end-members, respectively. The frequencies of
most peaks were changed almost linearly with the composition. Two-mode behavior was not observed in this
study. Differing from previous reports on other garnet solid solutions, the medium frequency modes, which
are assigned to internal bending vibrations, have the largest average rate of change with the composition,
which may be related to structural connectivity and coupled vibrations. Due to the reduction of symmetry,
extra peaks appear in the Raman spectra of garnets with intermediate compositions. Peak broadening in
intermediate compositions was also observed, which is related to disordering and distortion. One-parameter
Margules equation was used to describe the full width at half maximum of peaks, and a relationship with
enthalpy of mixing was proposed.

Keywords: grossular-andradite; Raman spectroscopy; bending vibration; extra peak; enthalpy of mixing
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Fig. 1 Representative Raman spectra of Re-H,0O system at ambient and high pressure and room temperature
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Fig. 2 Representative Raman spectra of f-ReO, locating in the center of the black
sample at ambient and high pressure and room temperature
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Table1 Raman frequencies and their pressure dependence dw/dP of the f-ReO,
wlem™ _ -
No. (dew/dp)/(cm™-GPa™)
0.1 MPa 10.5 GPa 20.2 GPa 30.7 GPa 40.8 GPa
1 166 177 182 189 194 0.7
2 170 181 190 199 201 0.8
3 199 214 223 231 237 0.9
4 240 249 255 261 265 0.6
5 287 315 342 361 372 2.2
6 359 372 385 390 401 1.1
7 373 388 404 416 424 1.3
8 437 454 470 482 488 1.3
9 513 548 578 596 607 24
10 561 586 2.6
11 577 602 625 640 650 1.8
12 688 747 807 841 869 4.4
13 722 784 850 891 917 4.9
14 751 809 864 904 929 4.4
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Fig.3 Representative Raman spectra of water locating on the edge of black sample in the range of 100—1 000 cm ™'
under loading (black curves) and unloading (red curves)

0.8~3.0 GPa F& J1 IX [H] A, /K76 B R IR 3 B2 34 A T IR A5 i AHAS . 161 4 i i B B R R,
HI K% 2.17 GPa J&, I6 7R P9 vk AH 25 6 B AR 55, [F) A HE 80 22 40 A 1T (X550 FE B 2.06 GPa 1 52 filt RTZ AR
1) o £ 100~1 000 cm ™" i £ [ 19 $7 8 Wi W 3280k 258 em™'; 2 000~4 500 em ™' B EGE I 3 Mg
FEUEEHCA R 3301, 3391 Al 3429 em ™ 4REEHIE % 1.67 GPa, Bt N vKAE YK E . 100~1 000 cm™
PR LN, R 50 B — B A 7 2 s, 528800 179 em™' o BT —N e 7 s A VK VIL AH$L & 0 i
£ B 85, 20N 209 em ™. 2 000~4 500 em ™! B EE A, BT — AN A UK VITAH 3 A4 58 4T
A%, FESEAR I R N B 3 A, 2800 R 3155, 3282 FI 3 413 em!, I pK VIT AH7E 1 E 1 #2 & A2 46

040102-5



o34 % = JE LY} L 2 Eitd 541

—IREEFAHAE . ARZEHIE 1.4 GPa, 100~ 1 000 cm ™ I 5 I 22 06 [l (I I 5088 3, 524800 178 1202 em ™
£ 2 000~4 500 cm" i B0 7 2 e ) 5 0 B80T I B8 3, 3 A E R R 3156, 3297 R 3415 em
HI % 0.8 GPa, 100~ 1 000 cm ™" % £55 [Bl P9 87 B0 7 = 06 58 4291 2%, 2 000~ 4 500 em ™" P £ 3 4
i B S W 1) 2 RO M RS 3, 4390 3 190, 3306 13417 em™' . IEE UK VITARFE B 3 7 & A2 58 Ik
SERIFIAR o MRS SCHR [20-24] 418, H1E R A PR IR 5 A AR S 23 50 S vk VI AH 200K VI AHFE AR (AR R A
X 8] 28 2.1~ 1.7 GPa) FlvK VI A8 23 {4 K 1) 40 7% 28 (F A2 e 7 X (8] 2R 1.4~0.8 GPa) o #1 & i B AH A8 )7
H11 (VK VIL A — VK VI A - AR K ) 5 #4828 5 51 (iR K — K VIA— VK VIIAH) 58 @ X0 s {4
P B B i R N % B P2 I B A 2 B H, 4T R H,-HL,0 TR A W AL 8 {5 5 728, 7 s ik I Al
G & B R OB G s LA N SRR G SR 4R

* - Loading Ice VII Tce VII
== Unloading
* Peaks of diamond
40.5 GPa *
_——
40.8 GPa

24.2 GPa

25.4 GPa
21.9 GPa

Ice VII Ice VII

22.5 GPa

20.3 GPa

20.2 GPa

10.7 GPa

Ice VII Ice VII

-~ e :
3
2 &
5 :
g 5
2z
‘B
5 [.oGpa
g8
=
£

2.06 GPa

2.17 GPa

023 GPa

.67 GPa

1

1.4 GPa

1.4 GPa
0.7 GPa

2 000 2 500 3000 3500 4000 4500
Raman shift/cm™

4 ik CRERTZ) FEE (0 tihzk) i3 2 000~4 500 cm ™ 5 IR DK AR MRS
(R TEAR 08y 4 R A0 RAE AL 2 0, 4 P 0810 s (£ € S MAE ) 0 e ok PR PR 11 St 5 PR 450)
Fig. 4 Representative Raman spectra of water locating on the edge of black sample in the range of 2 000—4 500 cm ™' under loading

(black curves) and unloading (red curves) (Characteristic Raman peaks of diamond are marked with the stars,
and the microscopic images of loading and unloading (with red borders) were inserted.)
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Raman Evidences of Chemical Reaction of Re-H,O System
at High Pressure and High Temperature

ZHAO Huifang"*’, TAN Dayong'?, JIANG Feng'*?, XIE Yafei'*”,
JIANG Changguo'*’, LUO Xingli"*’, XIAO Wansheng'~

(1. CAS Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, Guangdong, China;
2. Key Lab of Guangdong Province for Mineral Physics and Materials, Guangzhou 510640, Guangdong,China,
3. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Rhenium tablet is a frequently used gasket material at the ultra-high pressures in Diamond anvil
cell (DAC) experiment. Water in deep Earth is the link between material exchange and energy circulation in
the Earth’s interior. It is greatly scientific and technical significance on the study of chemical reaction of Re-

H,O system at high pressures and temperatures. Microscopic observations and Raman measurements show

. 40.5 GP .
that the Re-H,O system takes place the redox reaction 2H20+ReTOKaReOZ+4H under the conditions of

high pressures and high temperatures, and produce rhenium oxide (-Re0,) with Re*" and atomic hydrogen (H).
Observed fourteen characteristic Raman peaks of oxidation product ReO, have a continuous unequal shift to
lower Raman frequencies with the release of pressure. Reduction product H does not further take place
interreaction with the water molecules, rhenium metals and their reaction products f-ReO, and atomic H
under high pressures. But the hydrogen molecules are formed when the pressure is released to near
atmospheric pressure. The chemical reaction of Re-H,O system under the conditions of high-pressure and
temperature reveals that water (hydroxyl) can decompose to produce atomic hydrogen in the Earth’s interior
with the high pressure, high temperature and reductive material. This discovery not only provides a new
experimental evidence for the conversion of water to hydrogen in deep Earth, but also gives important basis
for exploring the possible geochemical behaviors of water in the Earth’s interior.

Keywords: Re-H,O system; water in deep Earth; water splitting; DAC; Raman spectra
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MG AN (L H R ) T S RGN B, EREH — 85X Sr,Ir0, = 5% By 4 if .
2012 4, Haskel 25U & BUZEMR IR 11 K., &% 17 GPa US4 R, St,IrO, BY STk e R ME g 2, H.H FELFR A
T 3 A G, i H X SR AT 5T (XRD) 25 AR R & A5 A4S . 2018 4F, Samanta 25170 5% ) i B

mn EAT T iR R = N XRD A5, K IAE 17 GPa ZE 47, K2R 180 1 260 cm ' Ab 1147 & 04 it 5 11 S Uik
55, M P AL 390 cm ' AbF7 S 0 H BEAE XS FR A9 Fano W&, X S8 80 2 48 /R L 5 75 308 R & 1 R
fE o ABATTHED . 76 3% TR 1 R AEAE S5 A A1 A2, I 1 Haskel 25 % BLAY 17 GPa Aij 5 09 R4 P A A2 A B .
2019 4, Chen S5 U™ Rl F 47 2 Fi ) 20 i 55 B AR W58 % B, 7E 20 GPa Btz P45 XH#K Sr,IrO, B c/a {H A W]
AR, (A1, P50 180 om ! Ab (AL 06 2 AR B, B BT RS RO ARAS o R R A AT T et s
AP A UESEAE 17~20 GPa Bt A7 5 F A4S, X 2 FA# 17 GPa & A B REAH A8 DL B 45 47 R % A e - S A
A R OCHE, R AT IT A SRR . b, S8 B P OB E A ESE 1 S, lr0, LR EE RS R T
B g PR . 7E 19.6~22.2 GPa JE J1 X [A], 199 em ™' 4b & B0 — AN, ML K J1F St,IrO, 145 F 41
AR BN T AN RS o W 2 B B I S5 A AR AR A SroIrO, AR AS TR I A A, NIRR
i RN AR A BEXT 5d A5 A S P G B e B TR R

1 SSBHE

1.1 B & Sr,Iro, B4

H 75 46 B JURE SrCO,. 1rO, A1 SrCl,-6H,0 My A LLEE /R EL 4 1 : 23R A B TAIH IR b, i i =
1478 K, fF5F 9 h, SRIGEEAR I EEE . 8 3hJ5, K=Y e, I L8 FK U L3RS &4l
FERALE . B A LR R SE R 0.8 mm x 0.8 mm x 0.3 mm., B S ATHHIE S A B Sr,Ir0, 1Y 45 [ 7N 14 /acd.
1.2 BN SSKEHE

GG FH 4 in e 286 Bl Mao-Bell 14 R4 T0UH il , BT ol FH A 68 A1 2% 0 4 NI 5 1T ELA2 2R 300 pm,
T R B R AR T301 4K, T0UHJEEBE 24958 30 um, #F 5 EFLAR 29 R 160 pm o A5 R STk 60 pum < 60 pum x
15 pm, & A 50 415 50 R(Ne) , DLAT S R R bR i),

W X GFRAT I (XRD) J& 3845 S AR 25 0 19 T B H AR 22—, 0 W i 76 T R ATT 3 5 560 3ot 8 o A2 )
22 BRI, anAis S IR B A PR AT S IS B ) A2 B 1S RS I, T LG AR/ N 4 2 4 A Ak (Can N v A
FTEFE | MR SR | 4840 FE SRR . TR e AR Ak AT DL 51 R 7 TR sl AR el A, DA T B B i
15, BT LAAIF 5% 3 28 0 0000 w8 TR 25 R AR S, B2 F R B s Foby dh AT B BER B IE o AR S8 7 b ot & R
BE2EEIE T 19 A R AR 2O E 5 . OB S 488 nm; 3EXCR T 1800 gr/mm JEAl, #
JEYIRA R 2 mW; BELERES L ACBE AR N 5 um . SEER AT DARE B S AR RE XA g AT A o . R
Fir S R AT [H] 300 s, Fe &R N 5 MG RE 455

2 HR51E
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HIBEOG S B A5 S 5o, 7T 4 B B 2 R s X A hr 2 05 T 488 nimy A IO I 1) ) £ MR L B ey, IR
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RN, 45 5 9E B 488 1 532 nm [ ELGAR ME FL T o &1 1(b) IR R TR 2508 T~ AR Sr,Ir0, $i 8
Tt & 1(b) AL, 7E D AR E AR e R 7.3 mW B, 8 7 AR R AR, D AR e BT AR
FasE HATEAEBGOR ZON o eAh, X RE & SrIrO, HE4T T H AL 3L, 45 5 WL & 1(c) Al 1(d), 7E 0°,
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Fig.2 Raman peaks of single crystal Sr,IrO, at ambient condition
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Sr B X IO, /T R A 4R 3115 (2) 263 e (o) A1 A, B, X0 T I—O—Ir 19 25 i R 305 (3) 387 om!
(v3) F1556 cm ' (v,) AL AY A4, A2, X0 T 48T AU IR Bl15 (4) 675 cm ' () F1 699 em ' (1) ALKy By, #5250, Xf
% T 03 S8R T UR 815 (5) 723 em ! () AR A B, AR, b 7 T T50 S AU T O R AR 315 (6) 1 476 em™! () Ak
B B A AR s, & 723 om () Ab R PSR S R A B R 0 L 1 B T SR AR Y
St,IrO,, 4% 3 e 5 L J2 38 19 45 S0 L 20221, A R S 0 0 45 A P8 4R sl B = 2w 171,

x1 BERBETRE SnIr0, MK SIERENR R 5N 5 EK 3 L

Table 1 Frequencies and assignments about Raman modes of single crystal Sr,IrO, at ambient condition

Frequency/cm™'
Mode Assignment This work Ref.[20-21]

A\, (Sr against IrOy) 4 181 187
A, (Ir—O—1Ir bending) V 263 277
A,,(Oxygen) V3 387 392
A,,(Oxygen) Vy 556 560
B,,(Oxygen) Vs 675 666

B, (Oxygen) Vs 699 690

B, (Oxygen, breathing) 1z 723 728
Two-phonon of 728 cm™ Vy 1476 1467

Ty 42 S0 R 488 nm ! KOG AE I N AT, IEJ1VE B 0.8~39.0 GPa., &l 3~ 4] 5 415
T RS PR BT | ATIRS | oG A 2 i e BE T AR A
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400
£
p/GPa | S350
390 | E
’ ; 300 —— vV, —A—V]
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- 187 40 Y
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5 30t /‘
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Fig. 3 Variation of Raman peak of Sr,IrO, at 80-580 cm™' with Raman shift and FWHM under high pressure
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p & 3 AL, AL 80~ 580 em ' =[] Y v = W i 1y L TR e Ak, 24 TR & 19.6 GPa B, fi =
WE v, (181 em ™) AR5, HAE 22.2 GPa B H B — AN v, FEWEA 250 S BT LA E R 199 em™' . &
JE R H7 2 08 1,263 e ") ASR BEUEES o X S R R0 v, vy vy v BRI MT R A, BEE TR S TH S, WA
MRS, B SEAR T8, 10 vy B SEARIE Ol i W i o I b, S0 560 445 SR 08 Wi b GE B, 76 19~22 GPa JE 1 IX.
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85, 6 17 GPa BT CL 408 2k, Ir LA T ik FI Wi 02 B AEAE S5 A A A8 . it Chen 55U BT 48U 7 2 S5, 7E
19.6~21.9 GPa Z [b] [F]FE LEL 2] v, $r 2 A A 22 SR JE T, {H AL R8T 0 Hh B o 1710 7 AR IR S 3 v 2 i
U — FLAEAE, JE ELI B0 TR0, 3 S AR Ak B A B 1 A AR 4R

K 4 WoR T P8 580~980 e X [AIAY v\ vy v, PLERI, FL 206 v, KIS TIEWELR], MK 4
ATLLE W, A P2 e BE R B RS, HLZEARAE 45 19.6 GPa A G A W i 2848 o {H v 192 i S8 78 A
AR E HIREAS . MAEZ S, v 12 TE 2R LY, BRSO ES . BLAh, v, BME 5 AR AR
A5 J 2R B A

500
(a) /=488 nm
B 450
h | W v, _ 400
L I|!|'| Va" \\ .
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Fig. 4 Variation of Raman peak of Sr,IrO, at 580-980 cm ™ with Raman shift versus and FWHM under high pressure
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Fig. 5 Variation of Raman peak of Sr,IrO, at 1 476 cm™ with Raman shift versus under high pressure
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Raman Scattering of Spin-Orbit Mott Insulator Sr,IrO, at High-Pressure
YIN Xia, ZHANG Jianbo, DING Yang

( Center for High Pressure Science &Technology Advanced Research, Beijing 100096, China)

Abstract: The interplays of electron-electron interaction (U), spin-orbit coupling (SOC), and crystal field
effects in the 5d transition metal oxides are complex, which can be turned by external fields to induce many
novel electromagnetic phenomena and become one of hot topics in condensed matter physics. In this study,
the Raman spectroscopy is carried out on single crystals of Sr)IrO, at room temperature. We discover that
when pressure reaches 19.6 GPa to 22.2 GPa, a new peak appears at a wavenumber of 199 cm™ in the Raman
spectra, accompanied with some anomalous changes of other Raman peaks. This result clearly evidences a
structural phase transition occurs, although the existence of the such a transition has been long debated. The
structural phase transition is independent of the magnetic phase transition at low temperature, but plays a
dominant role in the magnetic ordering transition, owing to the strong spin-orbit coupling. This discovery
promises a new way tune electromagnetic properties in the 54 Mott insulators and also provides a new idea
to design novel functional materials in the future.

Keywords: Mott insulator; iridate; Raman scattering; high pressure
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(1. P EBELET MBI TR T Y22 S5 R E SR E, AR M 510640;
2. ITRATYYH SRR AT SRR E, TR M 510640;
3. PEEERE R, Jbat 100049)

BEAAGNERERBEBELAGETART E4T EMHCuS,, 24 B M E LiEME
PG XHETHER, RN ERT EHCuS, EMT30GPathE A REAGRFRE, TEH
MAERE, BENELERARERE T, CuS, W AN ERMEME It H EE o2l & R
Ao XX A& AT A 52 5 3R 45 1 CuS, K AR M E 4 & fb X & # 4T Birch-Murnaghan ik /& 77 2 #l
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. 5EME4%T EHLESLE Zm M4 MS, (M = Mn, Fe, Co, Ni) 3fth, &I MS,
EANBERAN (M—S#EK) £ HMENERK N RBENESE, FHEN CuS, F Cu B F7
U2 A FEE. ARERKRIT E4T 44 CuS, & EW F K F X 5 & AT 4K
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A A BEAR IR ERE R, CuS, 2 — MR E gk,
HA G Jm S R, I e R T 2% & B e,
King 253 X il i B 43 ) Cus, b 47 11
Y SR L5 A 5T, 3T 5 MS,(M = Mn, Fe, Co, Ni)
S5 A S5 1 S BUR MS N T A I AR B RE AT T
NN CuS, o Cu I &S R +2 iy SR, CusS,
(2 RO FIEIE BTSN Cu h+1 25220,
s A 2 55 0 1 2 I 45 R 22 18] A9 2 T R R
A ERFAER

B MG O S , 184 RAT Hupen S5y s paa Mix, st o 28 ik (AR RIS 6

CuS, JT Ji& 3 i JE AL AT 58 TAF . Hupen %51 1] [+ JNERSBIZE R MO X BT

A G AR B UL X TR AT TECR#E 0~6 GPa & Fig. 1 Pyrite-type(Pa3) MX, crystal structure (M and X
F13E E X C uS, ¥ &5 &, Ak Bk A atoms are shown as big blue and small yellow
Cus, TEY 1 GPa JE /) F 2 & i [ ik 5 45 #y spheres, respectively.)

(Pnnm) B AT 8RS . P 2546 55 Sk LAY CaCl, 4544 25 00281 i sk TF Kk 250 MX, th & W i
FE S5 A AL R 15, CaCl, 45 #4J& Bk 4544 B AHT 21, BRI, CusS, AH AR I 75 22 08 = A 3 1 i T X o
SR AT S R H A ) e YRR S

ARHIF ST F FH 4 WA M o FE 26 8 T e T CuS, (14 e ek i F A g S L w8 Rz 2 03 R X S 4 A il
Ko B L5 CuS, I 7E 6~33 GPa Jk Jy i [, i@ & fa BH A1 i #4757 38 (800 K) A S i #4 7 =X
(1500~2 000 K)45 i, 3%t He 477 R 2 638 A X R AT FHINR, SRR E A 458 CuS, 7F 0~30 GPa
JE A gt ke v, [FImE, X80 454 CuS, JF RS — Ve R B HE 5, 85 45 R 5 S0 e 4%
FPEAT X IR IE . BT 4 X TFIAIR Cu 78 U BREE FR B8 0 S AR AF I X A 3
1 SSURARMBILIUHESE

W pralifb 2z Cu, S LI CuS. S /rilefbgit b 1 2 1 0 1 FRE, JF7E I3 b S 1.5h
FATIRA, AEN A R CuS, BRI RS o o i i R B 8 52 56 SR A A 2 280 1) & W A7 R J#s (DAC) 6
— bk AT 5 GO N 2R G B (0 X FR 2 DAC 25 B (LH-DAC) , JE T ACHE SRR it #0859 3%, JF B
PRAR 5 FA B S B R B 5 95— b g H B 22 A1) DAC 25 (RH-DAC), JH NiCr-NiAl $R e, {5 ] £ 52 56
TR o PIFP DAC 2% B A0 4 KO THURS i 1 L4224 300 pm. SEE6R A T301 RE5 A B, Wi R
2y 35 pum, FHL K AESTFL8AE O A — A B4R 105 wm BY/NFLVE RARE S . 2E9EAT T 4 40 CuS, B &k
SRS . WOLIMAASL RS (Expl 1 Exp2) WA &35 R Cut2S IRA W), W2 A J1 4 5 KC1L R <=
BRI R RE, I A LT 5 A fokr 00 B0, 5258 3435128 7.0 Fi1 34.1 GPa, SEBGE 1 500~2 000 K.
F, EL 22 oA S 6 1 2 9 T 1 5 RO I B S 9 A ], S 9 A it 4391 24 Cu+2S (Exp3) Fll CuS+S(Exp4), &
FH StB,0, = Sm>" VEJEAREY, S28G R 143 5 M 12.4 F1 16.6 GPa, SZEG I EE Jy 800 K, fHIRZY 1 h, i 8
ST % E 4 HIR A BT

P72 1% M8 R FH Renishaw 2000 23 i i M 3R A5 7 & 684N . 3 % K oF 532 nm BYEOEHE i &
JEUR, H 20 x P55 B A OB BE, FES AR EBER /N R 3 um x 3 um. R R R RS S, il
i 1800 £k A2 KM 46, FRAREL A E1HY CCD BRI 28RBS T . Rk I BHEH 100~800 cm ™!, Y6 i
SYPER L om™!, RIS ] 40 s HE R C B XA ST SC 56 AE v 1 R4 B v e BRI 5 9T [R5 R
SRR AW2 R IF R . AT X BRI 2 0.619 9 A, G BE R AT 60 pm x 20 pm K /),
Pilatus FRI %5 AL A7 5 1%, A 5 B I0 25 79 B B 1R CeO, b o P Fit2D 1020 % SR 46 1) — 4 AT
FIHEAT A 53 kb 38 . Birch-Murnagham R4 75 B S 80 EosFit7 )7 P 513 5. 12 FH GSAS-IT #4:P
XF 6.2 GPa Ji 7 S B AR AT 93 4T Rietveld Z5 ARG 15
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CuS, 55— JF H B 113 K F Material Studio 4k F Y CASTEP 118 #5412 H Perdew-Burke-
Ernzerhof {2 bR 1) SCBE BE DL (GGA) 7 B AG B 38 e AH G REDY . I #4 ik 5 OTFG M 4R 4, #bT g1 &
K700 eV, B —A BIHIX k sSHURE N 6 x 6 x 6 P . M ARSI Sk, BB . Fe K s . o R i AN
R334 5.0 x 107 eV/atom, 0.01 eV/A, 0.02 GPa i1 5.0 x 10* A,

2 ERFMHL

20 EBHFEHCuS,NESESESK

2 Sk 4 416 S 56 s AR BRI i P26 . InFET, T CuS mEIE M, 72 15 GPa L5
FE 3T HEASKE LWL 21 47 2 0, 1 Cu B BT JCH7 2 36 P 06, DR L 4 21 506 A S i A5 i i 201 Y e
TR S [ FEARCST, TG, 4 LS AR B 3 A S 04 2H B ) AR 1, 2 W S R B R R[]
JE 1 G AN R i 3 A B S A5 2 T AR R0 BTAH o BRI AE TR R T 3 NP2 IR () fER 1A, 5
Anastassakis 55 45 tH 19 B0 4548 CuS, A9 7 2 6 (6 FHEE TR FRAE FEAC— 30, 1T 4025 0 A 52 36 6 1 1
AR 254 CuS,, J5 R IR X G A G SC i 85 5ok iE— 2B IESC . A 1Y CuS, & S50 41
FEAIAE 7.0 GPa, 1 500 K I [ DL > 181 200 AR YR 4 4 S A B 3 B A TR AR E R A R B
BB 45 R CuS,, FE T CuS, YA R B, [RIRFUEEH T CusS, 78 34.1 GPa, 2 000 K i &3 BBl S #1245

ﬁz_’ Jj‘& o

(a) Expl: Cu+2S (b) Exp2: Cu+2S
-~ 7.0 GPa ~ 34.1 GPa
2 (Before) | 3 (Before)
2 2
Z &
2 2
= |LH, 1 500-2 000 K = | LH, 15002 000 K

6.2 GPa 32.7 GPa
(After) (After)
1 1 1 1 1 1
200 400 600 800 200 400 600 800
Raman shift/cm™ Raman shift/cm™

(c) Exp3: Cu+2S (d) Exp4: CuS+S
3 124GPa | 3 16.6 GPa
= (Before) < (Before)
z z
Z &
[ Q
£ E

RH, 800 K

14.5 GPa 18.2 GPa
(After) (After)
1 1 1 1 1 1
200 400 600 800 200 400 600 800
Raman shift/cm™ Raman shift/cm™!

K2 AR 4 29258 R 0 i BRHERC 206 (LH A RH 235 B0 IR AL B 22 i,
4 20 2 PR T EIT I 2 A5 24 A BB 14 8 A, IR 74 B R 451 Cus,)
Fig.2 Raman spectra of the four experiments at different conditions before and after reaction (LH and RH represent laser heating
and resistance heating, respectively. Before heating, all the Raman peaks in four experiments belong to the high-pressure phase of
elemental sulfur. After heating, the reaction products are pyrite structure CuS,.)
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R1 BRTEHCuS, NRSWEMENTURBIRERSE ()

Table 1 Pressure dependences of Raman modes and the Griineisen parameters (y) of pyrite-type CusS,

o wy/em’™ o
Symmetry classification —— ReE[38] (dw/dp)/(cm™-GPa ™) Y Method

E,+T(1) 213 207 245 1.14

T,(2) 266 264 3.06 1.14 Exp.
A, + Tg(3) 512 512 1.75 0.34
(1) 206 233 0.97
E, 207 2.31 0.96

T,2) 257 3.11 1.04 Calc.
T,3) 495 1.80 0.31
A 499 1.41 0.24

g

Note: The K,(Exp.) = 99 and K (Calc.) = 85.6 are used respectively to calculate the Griineisen parameters. They are
obtained from the fitted Birch-Murnaghan EOS in this work.

REIE AT 45 R R, B 4540 CuS, IRENBEX AT AKX K =4, + E, + 3T, + 24, + 2E, +
6T, H A, +E,+3T, J 5 M @GR, 4, W58 XS PRI, E, S Z B F/IFEL, T, = EH IR 4, fl
T,(2) 43 0% R S—S Ji % 7] i) AR 1) (1 46 iR 3, E, 4R SRR e S JF 75 3 BT S—S St fah Iy 1) 19 037
B, T,(1) 1 T,(3) VUJXE 17 A 45 A5 R4 SR 1 22 R AL 45 0040, I3 — PR S B TSR0 B k0 45 44 CuS, Y 7
T, A3 5 A0, AR EIRSICRWAER 1 thal . FTLUE AR, T,(1) 5 E, IR T,(3)
5 A, Z B EEEAE S ecm™" LY, (845 76 HE fr 9% iz 2 63 vl LU 43 B 00401, 3 304 ik 52 3 A
Anastassakis 550 (1947 SO0 S5 ORI E] T,(1)+ E,. T,(2) Il T,(3)+ 4, 3% 3 4 805 . AR, AT
5% B SE 55 A M F S DA S Anastassakis 5508 (Y SEBG 45 =K m WA, HETR LA T R A5 1
CuS, FH 7 2 4R ShERAE
22 HPWHEMCuS,EESENSHIE

BER™ 4548 CuS, 1 TEINEE) 33.0 GPa, H- Bl J5 1 2% i F2 1Y $r 2 6 1% AR (R AE an i 3 B
o B 3(a) i, Bl R I RGN, 3 AN 2 gy ) @S 0T 1) i 22 B0, & 33.0 GPa AT i 2 W HE i al i
O EE LR (B 3(b)) MR RS i vl 36 (9 AR LR AE o G R I, R R A CusS, SR 45/ B0%
b, S—S S Cu—S HEFELH 5 | RS IR SIATURIG K, W FEEEMIAAE, [ Bk 4544 CuS, 7€ 0~33.0 GPa
IR N SR Y ok = hred i

Pl 4 JRR T 026k SR AR 9 3 41 CuS, F B8 T,(1)+ E,. T,(2) . T,(3)+ 4, FIEE—FE i
AR S MR E,, T,(1), T,(2). T,(3). 4, MIREHE S ML R . TLEH, Hr8 L
S TSR AR IR S N AR E T, P 0 iR KR AR 22/ T 4%, BB T AR AR AT b A A S 5
ghEAL . PSS I MRS TR AU W, T B AR Y IR sl A B R T v SR ARG, X AR
PATERPERL A, BLE 45 AR IR 11284k (dw/dp) 7236 1 HR3I Y, SEB0 AT R g SR — B0, BlieiT
SRR LA A R R, E, R T, BRI 3R AR A (dw/dp) AEH 42T, HLH MR AR, X hr 80
TR ZHELL S B RS DL o T A, D T,(3) AR AR AL BRI A 25 57, H A, B8 BE e KT T,(3) 8%, 7E
P il BRI 4, 55
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(a)
33.0 GPa
30.3 GPa 0.5 GPa
o
28.4 GPa 1.6 GPa
24.9 GPa
PN 5.7 GPa
~ 22.1 GPa - [
3~ 3 9.9 GPa
2 18.3 GPa z N
g —" £ 14.0 GPa
£ 15.7 GPa E
17.4 GPa
12.1 GPa L
A
5GP 20.4 GPa
. a
L — —"-
5.9 GPa 23.4 GPa
I
28.2 GPa
EAT(1)  A+T.(3)
EAT(1 AT, (3) g le g Lg
g g g T.(2) N
v 72(2) N 0.1 MPa N T 31.9 GPa
200 400 600 800 200 400 600 800
Raman shift/cm™ Raman shift/cm™!

3 CuS, HIRANE(a) | HIE (o) i FRAY AR £

Fig.3 Representative Raman spectra of CuS, in the process of increasing pressure (a) and releasing pressure (b)

600

550

500 2 =§3== e O Compression (Exp4)
o § E, (Calc.) & Decompression (Exp4)
450 T(1) (Cale.) <1 Decompression (Exp2)
B # Calculated by CASTEP

——Linear fit of Exp. data
--- Linear fit of Calc. data

Raman shift/cm™
W s
W (=3
S 3
T

300
250
200 ff 1 ) (Calc.) 1 1 1 1
0 5 10 15 20 25 30 35
Pressure/GPa

Bl 4 SEAEHETHE CusS, MRS BT I8 66 2 R TR RIZE S BN RE Expd A0 CusS, 75 AR ANE i R
SR, =fIEFOR Exp2 A il CuS, HFI AR, BIE N EMSTHEE, SCERBLR 53 3 L g A B U A 4550
Fig. 4 Experimental and theory calculated pressure dependence of Raman vibrational modes of CuS,(Black spheres and diamonds
correspond to the results of compression process and decompression process of CuS, synthesised at Exp4, respectively. Black triangles
are data of decompression process of CuS, synthesised at Exp2. The stars represent theory calculated points.

Solid line and dotted line are linnear fitted with all experimental and calculated data, respectively.)

23 EHU G CuS, BESE X SH&IT5
[l 5 R N 6.2 GPa JE 3 F (Expl 3L b BRS ) 740 ) [ 45 4 565 X S 5 3%, BB | 20 (a5
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KCI(Pm3m) Fl CuS,(Pa3) 1} 91 4k 45 F L 8L, 7]
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Intensity (a.u.)

A= 3 H 4 ) ) —*'—H_'—A\'—M
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a=5.657 3(6) A, V=181.06(6) A>
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A | [ L9 4T YL g
I I I I I 1

SRl wr 58, IREMF R, = 1.65%. R, = 80 100 125
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JEH RIS E a=5.6573(6)A, HoJF 1 &
P B A Cu(0,0,0) . S(0.3974,0.397 4,0.3974)

150 175 20.0 225 250 275 295
26/(°)

K5 6.2 GPa 71 X Sk ARATHHE

Rietveld Z5 AR5 IE45 5
eld refinement analyses of the powder
XRD pattern at 6.2 GPa

K6 /R T CuS, 1 6.2 GPa il & % 29.6 GPa, fifi J5 H] 2 & i B2 P AR R M X i g% . A
JE 33890, 4% 6 A B KCLFF=8) CuS, AT 56 34 28 S Ak, Sz e 1 AR K s 1 R0 K He S 35 i R b 4%
i BERRAR . R, B EIA B B 77 29.6 GPa, 415 AT IR B0 4544 CuS, 19 (111), (200) . (210) .,

ﬁ 29.6 GPa @ .

v

v
s, | | (|

16.7 GPa

Intensity (a.u.)
Intensity (a.u.)

KCI(110) 6.2 GPa
(11 KCl2tl)  KCI220)
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KCI(B2) | | | | keisy | |
1 1 1 1 1 1 1 1 1 1 1
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26.5 GPa 24.8 GPa
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8.3GPa

& v

12.2 GPa 5.4 GPa
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aiy (20
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@11
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) ; KCI(420
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8.0 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.529.5 8.0 10.0 12.5 15.0
20/(°)

17.5 20.0 22.5 25.0 27.529.5
20/(°)

K6 FEMIT (a) FIEIE (b) id F rh CuS, RIS T X GHAATEH EIE CF ==Y i e i,
KB 45K CuS, AL A 5T KC1 AT S0 AL 76 P b PR MR 1Y)

Fig. 6 X-ray powder diffraction patterns at different pressures on compression (a) and decompression (b)

(The inverted triangles indicate impurity peaks. The diffraction peaks of pyrite structure CuS, and

pressure transmitting medium KCI are represented with vertical bars.)
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(211). (220). (222). (320) . (321) S5 4 0, KB CuS, MR RIF EER 254 . 1R 28 R fE
CuS, HYAT HHIBAT R SRS B B H R, BA R P 251 6.2 GPa OIS B4 BLIE I, FF LLE H
Xof R i 45 S 25 R RS MR R AN TR A 0 . 1A, 16.7 GPa I TG H SR 2R s (18] 6h R =445 ), B
BT H A AT S e 2 ) T B i LA DG R, ASRERE A IR —Fh il o DR, PS4 06 T BB G T IROG
UL AT RE AR B AR AL S (I CuS 5F) 24T . BBk 254 CuS, ZEAR T 29.6 GPalt Jy 3t il N X 4
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Fig. 7 Pressure-volume relationship of experimental and
calculated CuS, and other transition metal disulfides MS,(M =
Mn, Fe, Co, Ni, Cu) (The black circles and triangles represent
the experimental and observed data of the CuS,, respectively.
The solid black line and dotted black line are the Birch-
Murnaghan equation of state fit respectively with listed
parameters. The blue, green, purple, yellow, and red line
shows the equation of state of the pyrite
structure MnS,, FeS,, CoS,, NiS,,
and CusS, in references.)
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Table 2 Comparison of zero-pressure bulk modulus (X;) and unit formula volume (V) of
CuS, with that of other pyrite structure transition-metal disulfides

Compositions Pressure range/GPa VyA’ K,/GPa K, Reference
MnS, 0-11.7 225.74(0) 65.9(3) 5.1(2) Ref.[14]
FeS, 0-80 159.00(7) 140.2(15) 5.52(19) Ref.[41]
CoS, 0-20 169.68(1) 94(2) 6.9(5) Ref.[42]
NiS, 0-150 178.32 102.1 4.6 Ref.[43]
CuS, 0-7 194.10(10) 98.8(6) 4(fix) Ref.[27]
CuS, 0-29.6 193.8(5) 99(2) 4(fix) This study (Exp.)
CusS, 0-30 196.5(2) 85.6(7) 4(fix) This study (Calc.)

Note: All MS,(M = Mn, Fe, Co, Ni, Cu) are pyrite structure (Pa3) in p-range. All the V; are uniformly transformed to same units
for comparison purposes.

3 &
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Birch-Murnaghan R 25 77 B2 X6F [F] 25 48 5 X SR 2 37 9 52 30 R 45— P S B A5 31 0% R A R B 1 g 722 A
AR AT IS 15 2, V,(Exp.)=193.8(5) A%, K,(Exp.)=99(2) GPa, V,(Calc.)=196.5(2) A®, K,(Calc.)=
85.6(7) GPa, K, ¥ [& %} 4, 5 Hupen 7 W57 45 Hh A9 B BRI 4544 CuS, RS TSI AY &, #id
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High Pressure Raman Spectroscopy and X-ray Diffraction of CuS,

JIANG Feng'*?, ZHAO Huifang'**, XIE Yafei"**, JIANG Changguo'*’,
TAN Dayong'?, XIAO Wansheng'*

(1. CAS Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou 510640, Guangdong, China;
2. Key Lab of Guangdong Province for Mineral Physics and Materials, Guangzhou 510640, Guangdong, China;
3. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Pyrite structure CuS, was synthesized in diamond anvil cell at high pressures and high
temperatures. Using Raman spectroscopy and synchrotron X-ray diffraction, the pyrite-type CuS, was found
to be stable in 0 — 30 GPa without any phase transition. Raman spectroscopy show that all observed Raman
frequencies increasemonotonously with increasing pressures. Fitting experimental pressure and volume data
of X-ray diffraction with Birch-Murnaghan equation of state, gives ¥, = 193.8(5) A®, K, = 99(2) GPa and
K, = 4 (fix). The dependencies of Raman frequencies and unit-cell volumes with pressures are coincident
with the results of first-principles calculation. The results of calculation properly depict that of experiments.
Compared with other pyrite structure transition-metal disulfides MS,(M = Mn, Fe, Co, Ni), the length of
M—S dominates the unit-cell volume and compressibility of MS,, and the Cu cation tends to be +2 valance
in the CuS,. This study makes up for the lack of high-pressure Raman and XRD research of CuS,, and
confirms structural stability of pyrite-type CuS, at high pressures and high temperatures. The results are
important for comprehending the physical and chemical properties of CuS, and realizing the unified law of
pyrite structure materials. It’s also meaningful in discussion of the valance and distribution of copper in deep
Earth.

Keywords: pyrite structure; CuS,; Raman spectroscopy; X-ray diffraction; high pressure
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Table 1 Compositions of the minerals in granite

Compounds Content/%

Quartz K-feldspar Albite Biotite
Na,O 0.008 0.774 10.887 0.319
MgO 0.002 0 0 2.694
AlLO, 0.113 18.771 22.019 20.368
SiO, 97.196 67.117 65.805 40.506
SrO 0.288 0.639 0.240 0
K,O 0.026 15.175 0.144 8.342
CaO 0.016 0.003 1.550 0.084
MnO 0.023 0.072 0 0.470
FeO 0.087 0.096 0.016 24.901
TiO, 0.069 0.103 0 2.147
Total 97.828 102.750 100.661 99.831

S 6 TR BT S S RE R A SRR PR BORE AR /N T 100 um B9 R, SRS TE RS 1.0 GPa, IR E
773 K B E&A T AT 3 h #UE A BB R, il @8 mm x 4 mm 445 7 B A A
1.2 LIgdiz

T A S 0 ELBEL BT I d B A PR 1 TR o SR T R A S Ak R i A A A SR K X N i
B S M, AF N 2 2 DR 7 5 PR I I 4 B (32,5 mm x 32.5 mm x 32.5 mm) I B SL7E 1073 K T 48k
10 h, 4828 N EALERAT, SCBRT U JE7E 1073 K i B BB L e B K, B ALO, 48 2645 5 T lin i
P VR /D TR R B B S A 4 T Mo 1R RN R, I 4 SRR S N B R L RS o
JEANGEE R il B, R A S PN R 8 0 NiGr-NiA #AE (B ) i, $A0H ) B 5 A8 I A R A, TR A R 25
F 10K,

Pyrophyllite
Al O, tube

Stainless steel Al O, gasket
Electrode wire

Pyrophyllite ———

1 Electrode

K thermocouple Sample
I Electrode

Electrode wire

T ARl o T R R e 4RO A

Fig. 1 Sample assembly for high pressure conductivity measurement
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v i e s S 0 A P R e s M ER AT R R A A B N TR TR ML 52 B, S N ST A T g T 8 T
FEAE, SR e MR T, 72 I 5 T AR A S tE R 12 h, 5B 4ERFAE 1223 K, flTRE A N B A T e s R 2
0 5 A b A TR D B 50 K, H B %< 8 Ol Solartron1260 BH 5T /4% £ AH 2 73 A 4%, >R 22 %6 7 e
Sl A 0, Ol T S A BT AU BRAEL| Z AR 6, DU AR R O 1~ 10° Hz, LR 0.1V, A
SRAZ Y BT vk A4 A 5 S BE 22 SR [16].

2 SERERSH

FEJER R 0.5~2.0 GPa, Wk 773~1 373 K W45, 38 3 SC 30 AR A5 T 46 5 2 B i 2 B 40 10 D
Ff (Bode) &l . &1 2 43l 45 T R [R) I B T B i 1) AF A 0 RIS | Z| BE AT 3 1 A8 Ak o 1h &2 BELTASE 5 00 R 11
KZ MLk (] 2(b) ) AT LA Y, REE | Z)% 45K £ A8 AR i i AP, 76 s 4 B B (10°~ 10° Hz) Bifi 25 4 R P AR
|Z\E G, A0 3R E B 10° Hz 240 B | ZPE AR 8 T Ra e, I L I 25 T P8 o3 {1 3k o s 34 9 1) {1 A9 B
1L . DNIEL 2Ca) AT 0 AH A [R)RE XS0 34 S5 ok i AR e, D it 41 4 0 SR B A, R Al o AT 0328 37 34
K, YA T 10° Hz A A T 90°, I LI 25 T B WA AR, 00 Fofo b 4 1) R A3 B aod I, 6 ) 400 26 1 LI
g, AR A (RS DN, I AE B S 04 S o o A0 3t EL A R

100

(a)

106

10° f

10°
fHz
P2 JESE 1.0 GPa, JEE 773 ~1 373 K A AR A RE A AR RITUR 1 2 1k
Fig. 2 Respectively changes of phase angle and modulus of impedance as the
function of frequency for granite at 1.0 GPa and 773—1 373 K

1 1l Ll
104 10°

106

102- Lol L1l
1 10 102

K 3451 T 1.0 GPa, 773~1373 K £ , 16 1~ 10° Hz #5230 [ 14, S2 8015 3 1Y 46 5 24 FE 2 B
P i Nyquist [, 1AL b5 28 BT A 9238, DAAB bR 2 4 BT B, 07 0 kQ. A 3 AT LA H 4 AN
J3 B PN BELAE 14 5235 Z2 A0 8 Z it 401 238 1 A8 A R A : ZEAIRIR 773~ 873 K ), & BT 1% 32 B AR T e Ml B
b R PN 14 45 B, A XA A B R 71 B A B, Bl 3(a) BT s E 923~1 023 K #1 1 073~
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2 J 9K, RSB T — &K R, W& 3(b) A 3(c) B I 3(d) AT LLE B, 7 R X ]
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#12.0 GPa 2514 T &2 BHHT I 22 30 H AR U A8 AL B o 52 BELT &1 v %) 21 [ SIAR, B ot SR A 3 1) % L
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—600
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Fig. 3 Complex impedance spectra of the samples at 1.0 GPa and 773—1 373 K
TR o L5 2 0K 0 6 B 3 o 1 ! S rw——
FHHTINHEAT ZVIEW B2 0L, 15 BURE i 64 L BE AN A § lst cooling
. . 0 O ©0.5 GPa heating
LA . ZPI7E 0.5, 1.0 Rl 2.0 GPa JE 58 4145315 5] %5, 503 GPa cooling
22 > \ PR ®ofon . a heating
WA, KBRS R, mEATUA L gy 10 GPa cooling
4 N ) 8go . a heating
tH, 7E 0.5~2.0 GPa Ji 58 T HL 5 347 0 5 25 2 ®sg,  ©20GPacooling
" . S L ; . -2t o -
AR T STVE, DL R R YT ik TCED
SRR o R I TLE B i Pl 2. L 6 {8 Sl “$8 .
B
FEAR B LMk o0 A, Ud W 4 25 8956 &2 Arrhenius 0
N \ g4l . . . . . .
%/% BN 7 8 9 10 11 12 13
AH 10* T7Y/K!
T =00 exf’(‘ﬁ) M 14 0.5~2.0 GPa FEi F il SoBRIRIE HO51E
s o 45 5T B T & 4 Boltzmann B TR Fig. 4 Electrical conductivity as the function of
) L temperatures at 0.5—2.0 GPa
XHREE, AH AR o

F A TR) FE 3 R R B 0 o 2 SR LA A e R B R AR Ak, W 4 R o BE A S R AE
1 173~1 223 K B i B0 2 45 20 0 25 8 K pg B4, 1% W 3 78 Ak n] BE W /s BE b N3 S E AL & 4 T4
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Tl 33 o R BT . % BRS040 ©)

WY B T 25, A B (BO L B E(Qu) | Y W 2.0

KT (Ab) B T 4K 73 (K-feldspar) 7 7K fit o 8 o s

s, anE SR (Mgt R BEERET) . : e A .
WFEL 4 BT DU 5L A 9 %45 AR, - .

W25 B TH 7RG, LR T s R X L R X | K-feldspar |t e

S LA, 3 AR T A T oL R A IR A
Heil, WG R )Tt e, i e AR . R 2tk
[ =145 380 (10 sk o3 R AR B (SR R R R [ T 2%
PR GRS AR 7, AL R LR 2. k2
AL FE 773~1 223K IR BB, 0.5~2.0 GPa iii
Bl N, 16 RS 0 A2 B S 1.01~1.09 eV 7
1223~1 373 K ift B B B, 15 46 & 22 A 0 [ A
2.97~2.16 eV, i 1L K5 B He o 19 A8 fL IF AN BT .
Duba™ BF 5T IA N L 5 X RE S AL 2F g ¥ A

PO PE AT RBHE, WX DEARAMR s i) o) et sk
SRGHUREE . A, 7731223 KAl 1 223~

Fig. 5 Images of scanning electron microscope for the

1373 K 54 F SR E 4 97 107 ~107°7 S/m samples before (a) and after (b) the experiment
1077 ~10° S/m Z 81481k . B o T i,
SRR, 76 773~1 223 K B Beid Ak i 1.01 eV 35 1.09 eV; 76 1223~ 1 373 K I B B AL 4% H
2.97 eV FFEH] 2.16 eV, {HJE5R X HL SR (K52 00 8 /N T 15 B A9 R o 38 ) L S 3R A0 52 i m L 3% 1k
S R AR, WG ALK 5 8 2 A AFAE E &R
AH = AU + pAV ()

X AU NIGALEE; p MRS AV TG ALART, P07 em®/mol, i ad 55 4R £5 1% I8 v v B 1 3% 1k g
AU, 5054 1.01 eV A1 2.10 eV, IGFLIRFL AV 43514 1.63 cm®/mol £ 6.64 cm®/mol .

%2 FEEHTIESEHRBESER Arrhenius X R ASH

Table 2 Fitting parameters of Arrhenius relationship of the conductivity of granite samples under different pressures

p/GPa TK lgoy/(Sm™) AH/eV
773—1223 3.53+0.08 1.01 £0.01
03 1223—1373 11.66 + 1.00 2.97+0.26
773—1223 3.8240.09 1.09 + 0.02
Ho 1223—1373 838 +0.63 2.16+0.16
773—1223 3.64 % 0.09 1.06 + 0.02
20 1223—1373 8.22 +0.59 221+0.13
3 1

3.1 SEH

WE GO, HZ T TE S, 40k 2 5RERR LR ) 14 H 2 T P 46 0 R S Sedde . IR 4 ]
LA, 5o 5 10T 7E AN R BE BN AR & AR T 284k, BERRE 5 9 30 S B Lt & 2 T A8k . /Ml
EF SRR AT 0 S R L, BT BRI R, N AL T 5 A G0 B Rk A R IR, B
SR P B 2 B S R FeO, 7 SR B AL v I B T 2 5 B rh Y FeX AR AG T RE B ELAL A Fe, LI
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1248~1 323 K [AIERBEA s IR & T 1298 K Ja, AR P R =B A 58 28 % . Gardien %P 10N
P25 B O K ) YRS X TRD A 1123~ 1 223 K, R 52250 YO 16 Al X [RI7E 1 085~1 110 K, 1145
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(1123~1223 K) Mg 25 B . AV i S 375 1 173~1 223 K fHiE B &80, rlfe 55 A
S R R 3G K BUA VR AR B % A G

6 X b TN RS54 N A R S 55
RS AE 1.0 GPa, 990~ 1 382 K &4 F k15
9 e L R s B AR R A R 107~
107" S/m, 5 7 525G #F AT IR R S5 A5 2B
FRI107~10"° S/m M2 1.5 M RERLES
Chen 55" ST TCoK AL i< BTG VR FL S B 50 56, 3 3o

35| A Q9 Huang, ef al. P (2008)
X HEBAR S I 2 HTSERLE A 55 1o, 5 “solGue,eral w2
B TAE R T A . Guo %509 75 8 1 85 I F W B R i T M
0 6 K s VB 5% % B BT Ak B ssbo L Liaatel)
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BT AT L SR I B TR IR 3 A Fig. 6 Comparison of the conductivity results in
S35 RN aE R 2 B, this work with previous data
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Fig. 7 Comparison of laboratory-based conductivity profile established with the result of
the upper crust derived from MT conductivity model
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Experimental Conductivity of Partial Melt Granite at
High Temperature and Pressure

WANG Shuangjie', YI Li', WANG Duojun’, SHEN Kewei’, HAN Kenan'

(1. Institute of Earthquake Forecasting, CEA, Beijing 100036, China;
2. School of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Magnetotelluric (MT) surveys reveal that high conductivity layer appear in the upper crust
beneath Tibet. Granite is the main rocks composed of upper crust, playing an important role in the process of
crustal evolution. Electrical conductivity of granite during partial melting is of great significance to
understanding the conductivity structure of Tibetan Plateau crust and the crustal evolution process. Electrical
conductivity of granite collected from the Tibet was conducted under the conditions of 0.5 —2.0 GPa and
773 — 1 373 K. The activation enthalpies of 1.01 —1.09 eV and 2.16 — 2.97 eV are derived from 773 to 1 223 K
and from 1 223 to 1 373 K, respectively. The change of activation enthalpy in different temperature zones
may be related to the partial melting of granite induced by the biotite dehydration. Combining the
experimental results and geothermal gradient of Tibet, we found that the experimental conductivity values
fell between 0.016 S/m and 0.310 S/m in the temperature range of 973 —1 223 K, which was in good
agreement with the magnetotelluric sounding data. This may indicate that there is a close relationship
between the genesis of the high conductivity layer and the partial melting of granite.

Keywords: high temperature and high pressure; conductivity; granite; partial melting
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ZEEEW MgCO, JE T =fMMm A, HaS BB NR3e, FI A E 10 M RF (2 4~ Mg JiF. 24 C IR+
6O BT ) o N T WS HAE 5 T = JE T 18 3 e e A8 o 22 56 ™ ) B 14 I 19 5 Wl , A BfF 9 36 6
14~ Fe JE7 8 1 4> Mg J5E 1, 1551 Fe Al Mg [ EE/R LN 10 1, 43 F 3 (Mg, Fe, ) CO;.

JUART S5 ¥ DAL AR G BB 5 19 3 H 3004 SR FH 28 F % 232 PR BLIR (Density of functional theory, DFT) 44
— MRy T8 D1 2P R VASP e K. TSR T B A, T R G L PR A
% & T Hubbard 244 U (5%, B LDA+U. T MBF5E R, U ESKE A AR Mo 2E, A58 % B
Tsuchiya 55", Krukau 555 il o 2 P e b B H 5345 B0 U ME, 230900 Ug=53eV, Uys=4.0eV. K i
% ] Monkhorst-Pack 77 ¥4 B LA 785 Rt 19 15 x 15 x 15 Mk, B BE S H 1000 VP, M AER 1Y
WSk BB 1 x 107 eVicell, Ji F IR WCSHBIfEN 1 x 107 eV/cell, R EE T & LI
PHONOPY #4355 45 2 B J5 7 18] J1 % B (IFCs) | 75 13 A A #0222 3007 4 368 SR ik i %o A
q SR TR AAE AR 0 8N 7 2 A I, SR 5 R RIS 2 18] ep 8 2 A 0 R L AR 4, TS A — B g A
TSR, AR, DL RO g AR 30 x 30 x 30, M ¥ SH AT, H
VASP 5 A58 B [R5 8 AN [R) AR B 8549 B g b8, M B B P S H0R B S L L S5
BB
12 MSEHRNESH

WG B A M 7T 25 5, MS 535 A 307 A T Rl

G(n,p,T) = nGs(p,T) + (1 =n)Gus(p,T) + Gix (1
KHn HLSBEMS ST EWE DL, p MET, THIRIE, Gy G 770 HS M LS 2510 7 1

HHHAE, G N HS-LSIRG A MH A HAE. G iTEIERR N
Goix(n) = ks T Xpe[nIn n + (1-n)In(1-n)] 2)
s Xp, AERAE O PR BN T I B IR S0, kg BIR 2628 80 A6 45 08 W )RR EE 26440 F , @ ad ok

He/ME MS 2835 A0 07 F AR 2] LS A5 L n

n=[1+m2s+1)exp(AGys_ys/Xreks T)] ™" 3)
A AG g s H (Mg, sFe,)CO; 7E LS A5 H HS A A B H B2 25 . X T Fe? R Uk, H e i & Jf
BRI s =2, m=3. 58 n 5 n] LIS MS 0K 28 a(n) FIERIKBUER K (n) 235N

nVisars + (1 —n)Vysaus + (Vis — Vis) g—;
o) = o ’ )
V(n)
S S_Z T*ng—; LS B R () RIS S) I S R R A
K = KT(1+CL/2KTV/CV,m) (6)
vy=aK;V/Cyy (7
v=Ks/p ®)

s Ky A PAR B, Cy 5 B HCIAE, o WEERE o MR L3R 2C0RT RIGHE T MS 25 F iR v,
T v FIS I 22 AR A
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Fig. 1 Pressure dependence of the enthalpy difference (AH)
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Effect of Spin Transition of Iron on Thermodynamic
Properties of Magnesiosiderite

MA Chaojie', WU Xiao', MA Yangyang', HE Kaihua', JI Guangfu®

(1. Faculty of Maths and Physics, China University of Geosciences, Wuhan 430074, Hubei, China;
2. National Key Laboratory of Shock Wave and Detonation Physics, Institute of
Fluid Physics, CAEP, Mianyang 621999, Sichuan, China)

Abstract: Magnesiosiderite [(Mg,Fe)CO;] is one of the main carriers for carbon to enter the deep Earth, and

the presence of iron will cause great change of mineral physical properties. The effects of ferrous iron’s spin

transition on the thermodynamic properties of magnesiosiderite have been studied by first principle

calculations. The volume of (Mg,Fe)CO,low spin state (LS) decreases, while the volume of (Mg,Fe)CO,

high spin state (HS) decreases slightly at lower temperature and increases at higher temperature, as compared

with that of MgCO,;. In the whole range of temperature and pressure studied in this work, the volume of LS

state is smaller than that of HS state. The thermal expansions of HS and LS magnesiosiderite reduce with

respect to that of MgCO,, respectively. The effects of coexistence of HS and LS have been considered, in

which the calculations show that the thermal expansion and velocity present abnormal increase and decrease,

respectively. Meanwhile, the abnormal change peaks could move to high pressure as the increasing of

temperature.

Keywords: magnesiosiderite [(Mg,Fe)CO,]; spin transition; thermodynamic property; mixed spin state; first

principle
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Fig. 5 SEM images of recovered olivine samples at different conditions
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Table 1 Comparison of the Raman shifts, symmetries and assignments between forsterite (Mg,SiO, )
and olivine (Yangyuan)®""! (All data refer to room temperature and ambient pressure.)
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1 A, T 183 10 B, vy 435 467
2 B, T 192 11 A, Yy 546

3 A, T 226 12 B, Yy 593

4 B,, T 243 13 B, Yy 632

5 A, T 305 14 A, 0.6v, + 0.4y, 825 822
6 B,, R 324 15 A, 0.4y, + 0.6y, 856 854
7 A, T 330 16 B,, 1) 882 881
8 B,, R 366 17 B, 1) 921 919
9 B,, R 375 18 A, Vs 966 960
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Fig. 7 Raman spectra of recovered olivine samples after Fig. 8 Raman spectra of recovered olivine samples after
calcination and rapid compression at room temperature rapid compression under different temperatures
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Structural Stability of Olivine under Rapid Compression
HE Yali', WANG Junlong', DENG Liwei’, WANG Zhifei', LIU Xiuru'

(1. School of Physical Science and Technology, Key Laboratory of Advanced Technologies of Materials,
Ministry of Education of China, Southwest Jiaotong University, Chengdu 610031, Sichuan, China;
2. Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China)

Abstract: The effect of rapid compression on the stability of olivine structure was studied in this work. In
the first group, the olivine samples were rapidly compressed to 3 GPa at 293, 373, 473, 573, 673 and 773 K
respectively. In the second group, the olivine samples were sintered for 2 h at 873, 973, 1 073 and 1 173 K
and then were rapidly compressed to 3 GPa at room temperature. The structure of the recovered samples
were analyzed by synchrotron radiation X-ray diffraction, Raman spectroscopy, infrared absorption spectrum
and scanning electron microscopy. These results showed that the structure of olivine was stable and there
were no phase transition caused by temperature and rapid compression. The micromorphology observation of
recovered olivine indicated that the grains were refined. Due to the residual stress and grain refinement in the
recovered samples, the Raman vibrational peaks of olivine (822 cm™' and 854 cm™' at room temperature)
showed some broadening and displacement.

Keywords: olivine; rapid compression; Raman spectroscopy; synchrotron X-ray diffraction
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M, A TR T A B BO, /NI 00 A5 3% 1221710 A, 4% /\ T A 22 [8) 8 25 B 7 B Pl A B F i i, AL
BE 5 OB MBI 12 Fl 6, — MM &, A 240l ABO, BUESEKA 4544, AL B, O &1
78 TN P 1 M R D )

Ra+Ro = 1.4141(Ry + Ro) (1)

A Ry Ry MR, 435I AL B IO BT 1948 t WEZHTF, —IEN T, ¢ F 0.78~1.05""" Z [1]
BF, AT ZH BSR4 48, XY 1= 1 I, 1R 2R R FRAR A AR S5 )

M T Be?', Zr*', O B 724240 5 0.17, 072, 1.21AUS 191 2w 1t s i) JLAn] 45 ¥ £ i, AR 8 =X
(1), JLRh T H BB A I Zre o5 3 & M0 T A7 5 Y ZrBeO, 454k 450, LA ZL 14 0.989, JE #4321 31
MUK 4549 . Zead Z2 MR Ak, e ST 11 ZeBeO, i i 1Y ff A 5 80k 0.346 1 nm.
1.2 &R

T35 #F Materials studio 2017 # {4 1) CASTEPP” i i S il o 78 % Bz PRELSHEZL TP R AT X
6 % 31 {0l (General gradient approximate, GGA ) 5 11227231 H v 32 # 56 Bk pR 3% ¥ Perdew-Burke-
Ernzerhof( PBE) p& £1", JL{aJ 4% #4411k % F Broyden-Fletcher-Goldfarb-Shanno (BFGS) 55 7%: 12201, 75 F BE ik
TR T i 107 5 3%, A BLIH X B RS R LA G s il 6 x 6 x 6 I K S E . H S ESEICR
Zr WG B, 18 B 7 525 i 22 R 8 R AR P PR AR S 1 AT A, BRI i A
SR Be(15°25%) | Zr(4s*4p®4d’ss®) . O(2s°2p*), VT #EBE E,, 7 898.0 eV, Z5H4 1Y [ 16 UL AL I S
BB N T RAZFE 5.0x107* nm, fie K N R TSR E 0.02 GPa, JF 18] i fie KA 5.AE H 77 0.01 eV/nm, 45
P ) AR BE UL BN T 5%107 eV/atom,
2 HEERRSH
21 MAEWERRRANDFEREMN

2 B 1L A T AR E (1) ZeBeO; fai A4 4, PR A 2R IR DG 52 96 Bl , 7 e i+ 55 7 1
Materials project - 5 5045 P2 v A5 FT A JC 2 4ok v 38 1155 (0 00 A5 245 4 i e 508, AR 95 7 T % F- &
s R G R (5 Y AL S SRR AY ) B Be, Zr, O JCRATE M4 A 075, 234 1 BT A R
PE, XTI 2 a. by ¢ #E 0.138~0.432 nm (/s il P R 7 $2 30T 8 5 &8 00 M P 45 DT B S, TUAEL (]
0.01 nm) Ky ] P4 43 Sl BT AR A T 4540 78 40 it B, Bt 7405 435 SR 3408 b A% 6 B7E 0.34 nm BRFIE 1) 57
TSR S50, UL ES R0 A B Z — ek G h iR e A . 2P L a = 0.34 nm S L AEES R
R ZrBeO, [ Fh kS B o 5 R BERY AR L MR, an &l 1 B, il A5 A fICRE B -2 627.83 eV Ab T Fhi&
B a = 0.347 nm BEIT, % 0 A A B0 ST AR TR, PR A AR IS A5 B S BT RS H Bk 0.346 1 nm Y F5 EK
W asA, K 2 Fios, fASCSEO T3 1.
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Fig. 1 Lattice constants (a) vs. total energy (£) of ZrBeO, Fig. 2 ZrBeO; crystal model
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FT 1 ZrBeO, RERIREBH
Table 1 Lattice parameters of ZrBeO, model

Compound Lattice/nm Wykoff coordinates Volume/(10° nm®)  Bond Length/nm Bond population
Zr(0.00, 0.00, 0.00)a
. Be-00.173 0 Be-O (3) 0.66
ZrBeO; cubic 0.346 1 Be(0.50, 0.50, 0.50)a 41.4473
Zr-0 0.244 7 Zr-0 (3) 0.61

0(0.50, 0.50, 0.00)a

JE L ZBeO, 45 G REPY N E;= E,— E; — Ey,— 3Eq, o E A EEH 5853 DAL 5 B A5 2K B ZrBeO, 1Y
MEBEE (-2 627.83 eV), E,.. Ey,. E, 539 Zr, Be, O [¥. [ R FREHE, E, H-38.27eV(-7.65 eV/atom),
U] ZrBeO, #5EK W 14 A AT B0k A # 1 R e k.

2.2 ZrBeO, AR B H R MR E M

SETJT R RS B E L C L Cyl Gy TR TSRS AN 0 0 AR f e 1 MBS, THAR TS KT 45 A

ZrBeO; 7 0~300 GPa AN [F] & J7 T AU SRME R 450, W3R 2 B o 456 308 - fa e v =0
C1>0, Cyu>0, C;>ICpl, C;+2C;,>0 ()
HEATHIWT, Frt 30 ZeBeO, 76 R IRI R 1 T A E5 Bk 0™ 25 4 7E 1 2 J T 340l e e PR BEoR

R2 TEEATHEMER AREE . OYEE. HRKEE AN B/G,

Table 2 Elastic constants, bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio, B,,/G,, under different pressures

p/GPa C, C, (oM By Gy E v B,/Gy
0 422.45 149.33 171.48 240.37 157.55 385.86 0.232 1.53

30 582.04 212.84 222.98 33591 206.74 514.65 0.245 1.62
50 775.37 315.82 306.78 469.01 273.25 686.43 0.256 1.72
100 1021.29 401.25 353.07 607.94 335.17 850.86 0.267 1.81
150 1 281.55 513.85 432.03 769.75 412.76 1.049.02 0.273 1.86
200 1515.13 614.39 500.17 914.63 479.62 1224.67 0.277 1.91
250 1778.26 731.79 580.32 1080.61 556.76 1425.47 0.280 1.94
300 2 256.08 940.80 723.01 1379.23 696.11 1 787.60 0.284 1.98

HLHE Voigt-Reuss-Hill T 0L, 37 Jy il R UKL By DT YD Gy 5 IR ALIE £ 31 HS Hov T BLAR 4
2 (3)~2k (6) P, SERIIE 2 R

1
By = 3 (Cii +2C10) 3)
1 5(C 1 —Cpp)Cy
Gy=—(C,,—-C,+3C 4
H 10( 11 2+ 44)+8C44+6(C|1—C12) 4
E =9ByGy/ 3By +Gy) %)
v =3By -2Gy)/[2(3By +Gy)] (6)

M 2 FREE FT LU Y, ZeBeO, MRS PERT i | BT D AR i AR M AR, BRI b W) o A B JE AR S A
R OIA O, 1 — M2 96 BRI W0 A5 JI B &l BE RA B AP . Gaol) 2 48 — 1k JRUBH AR Y — Fh 2k T 3L
U3 B A i A [T (A A i e 5 T ik

H, = [(HBe—O)ﬂl (HZr—O)"z]l/(”I“ll)

()

5
H* = AP'(")73 ®)
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PN J@YN B I@YNYQ) X[ N
A 4 MHHE, B 740, bR Be-O/Zr-O RFEHALZSE; P o An JRAH, Py pSRLAL 225 (%) Mulliken T &
A BB v WEARF (v, = Ving VR IARTR, n kB R BT S0 S B IO B8 ) 5 vk w2 AR 2 B 1) AR
EhRp. v R AN R RSy s R s N R B R RPN B B30 Q S R N SR Y
WEE BB, AR 2 i, TR B S ERE 2540 1Y) ZiBeO, # FE T i i 244 34.5 GPa, #E4d SiC Ay i,
TR N FH AL TR 2 R TE R 1o ARHIA A Ey Ay B AR A Ak S i A5 5 5 e R By W5 22
bl , ZRAEA B SZ 55 e s 7 A sf i) AC 4 23 T8 R ik R B2, e HR DRI 2447 O 19 0 40, (RIS EL A R T B v A
B, X — B AE By/Gyy 13BN IAIE: 38 F AN By/Gy > 1.75 ACEM B2 BIMERY, B /G, < 1.75 ACE MR 52 i b
(&R B/G=0.8). M2 PFa[ LI EAE I, 5% KT ZrBeO, AEfa i /7 7E, HN A M T b R}, bifi 5 55
FEFI38 K, bR i ) M AR

23 EFRERAODFEREN

)

3 45 T R S5 8 AL S 1 ZeBeO, 7 T »

R, 4 20 S S A JET, B 15 5 mf;:;2§§;;ii§;::j
R AR MR . R T A R TR A A 7 R R 5 18 N

Ve, 76 G (R0 Be JB T 00 ) 15 30 % U 2 4k 5 100

S GURIIEAS, T7E O A (W0 Ze BT et Mey 2 5

W JT 2 BE 5 KU, Be M1 Ze TR EH] 0 £ O

A5 K T 0, AT 74 5 S0 5 R B0 U8 A 7 -

2 W CHRALRESRO) S e P A 2 oL . 5 . J

T AT BN SRR E RS, X T R B B AT R
BRI AR A B IZAL S Y R o b AR AN TR s
TP RS RIS E 4 s . ATLLE H, & R
I, 7T AR W/, S ER R NE] 200 GPa B 7 RIS S o 7 273 K IR E T, XF AR fs T %
JE A1 200 GPa 11 ) 7 2 A5 40 CREAEL 2y i) U010 1) D) 1% B B4 ) , 45 SR S 78 200 GPa 1 T g ik sl B2
%, T LARTIACH ZeBeO, o fm e 2B BUARR E A o 1 T AR B0 7 S8 i ey, DRI S 300 =8 25 1 T v N T8 G,
{HR 2 4 5E B A% T AT REAEFE IZ AL B9 o R AT 2= A0 e (B 3 1 AN TG TR R ) ot — e B 1 ) 2%
5 3 T B A BEET), AT LT 2 Ak A W B 2 s BEAR R
40
351
301
25k
20

&3 FEFH ZrBeO, A Tfigik

Fig.3 ZrBeO, phonon spectra at zero pressure

— 50 GPa — 100 GPa — 150 GPa — 200 GPa

Frequency/THz
o

G F © zZ G F © Z G F © Z G F ©Q Z G
R4 AFES TR ZrBeO; 5 TRERE
Fig. 4 Phonon spectra of ZrBeO; at different pressures

RIXWTAFIEST ZrBeO, J5 5l KA 2 3 A A8, 7T LA AL 7 iU b 36 e i 00
ZrBeO, WAl ] TARAE o Be JE1 1Y s B A it {10 B 25 1 1 10 38 I i 22 sl N, p BUE A TR AEA 111 JF
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Uy Bl 7 38 R M3 0, BERAES ER A 4544 ZrBeO, #5 2P N, Be I FAREAL THES, T2 A s P+
BRAEH p BLIE, TN s-p 2440)5 5 O JE+ WUsE, X W] RS2 (IR E T ZrBeO, A fefe g M AR AR [ 4] 5 7] Bt il %5
JE 3G K, Be-O Bl AT Ja {22 9 14 I, B8 220 3 pa /)N, 1 B A1 B MR 1G R , Be-O Z (M1 45 & 51 5%, A
A VR ZE M AR E o WX T Ze i, s, p BUIE A Jo (8 Bl 07 38 ek /)N, o 938 A S (RS
Zr-O S AR B RV K 30N, 8 B 7 38 AR v, Ze-O 3% 37 ) B AR B AR, fL oy BE 2 4R v #)
O J5 Tt iz Lk Be-O e I XA AE, MR Fa [ Be. O JE L0 /\ TR A S5 44, Zr I 58 £ b i 3]« 3 i >4
F, A5k 0 45 M R g .

®3 TRENTRFHREMLFRNFEESH

Table 3 Atomic orbital and chemical bond population distribution at different pressures

p/ ) Bond Be-O Bond Zr-O
Atomic K )4 d - -
GPa Population Bond length/nm  Population Bond length/nm
0 Be/Zr/O(3) 2.34/2.26/1.82 1.11/6.31/4.89 0/1.84/0 0.63 0.173 0 0.62 0.244 7
50 Be/Zr/O(3) 2.31/2.18/1.79 1.24/6.24/4.92 0/1.91/0 0.69 0.162 5 0.53 0.2298
100  Be/Zr/O(3) 2.29/2.12/1.77 1.31/6.21/4.93 0/1.97/0 0.72 0.1577 0.47 0.2230
150 Be/Zr/O(3) 2.27/2.08/1.76 1.37/6.18/4.94 0/2.01/0 0.75 0.1542 0.40 0.2180
200 Be/Zr/O(3) 2.26/2.04/1.75 1.42/6.16/4.94 0/2.05/0 0.77 0.1513 0.33 0.2140
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First-Principles Study on Structural Stability of Perovskite ZrBeO,
WEN Xinzhu, PENG Yuyan, LIU Mingzhen
(Institute of Engineering and Technology, Yang-En University, Quanzhou 362014, Fujian, China)

Abstract: Based on density functional theory, a ZrBeO, crystal model of perovskite structure was
constructed. The binding energy of the crystal model was calculated, and the thermodynamic stability of the
structure was calculated. The elastic constant of the structure under different pressures was calculated, and
ZrBeO, was calculated according to it. The bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio,
B,/G,; and other parameters, the calculation results show that the material has mechanical stability, and the
material changes from brittle to ductile with increasing isostatic pressure; the hardness of ZrBeO, under zero
pressure is 34.5 GPa, which indicates that the crystal should be superhard material. The calculated phonon
energy spectrum show that ZrBeO, is thermodynamically unstable under low temperature and zero pressure.
The phonon spectrum, different atomic orbitals and chemical bond values at different pressures show that the
Be-O covalent bond formed by the impurity of Be atom is enhanced and the Zr-O bond ion bond component
is enhanced with the increase of pressure. The lattice dynamics tend to be stable.

Keywords: ZrBeO,; stability; first principles; crystal structure
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