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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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20 P, S 2 S N L L L B (RN % 25 il
2, TR LUAH R He 9] S s, A7 o Rk
Ja A 1T CuS,(Pa3) il KCI(Pm3m) W) £iT 3 0
7o BREAL A BT KCL(B2) A1 Ay fi7 ST W6 A1, o 4%
) AT 3 06 AT LLFR bR Ak N Pa3 4549 . B )5 ik #F
KCI(Pm3m) Fl CuS,(Pa3) 1} 91 4k 45 F L 8L, 7]

6.2 GPa

Intensity (a.u.)

A= 3 H 4 ) ) —*'—H_'—A\'—M
I GSAS-IT F A4 X3 AT B vEAT 45 M KG 16 . K 16 4

CuS; 1 |

FANEN S FroR, o] WS H AT A5 R X LA e

a=5.657 3(6) A, V=181.06(6) A>
Cu(0,0,0), S(0.397 4,0.397 4,0.397 4)

A | [ L9 4T YL g
I I I I I 1

SRl wr 58, IREMF R, = 1.65%. R, = 80 100 125
2.85% PRI, B AS R e iR o R SR g R S T
B 4544 CuS,(Pa3), S 5tk 4h ;] —2.
L S5 ARG 15, 15 B B AR 454 CuS, #£ 6.2 GPa Fig.5 Rietv
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)
2

(22) (420

CuS: | | [ [ | 1 Cus: | [
KCI(B2) | | | | keisy | |
1 1 1 1 1 1 1 1 1 1 1

(a) Compression (b) Decompression

KCI(B2) ‘
26.5 GPa 24.8 GPa
22.7 CPa 192 GPa
13.3 GPa
8.3GPa

& v

12.2 GPa 5.4 GPa
3.4 GPa

KCI(200) KC1(220)

KCI(110) 28.4 GPa

KCI(200)

aiy (20

321

KCl211)

@11

0.1 MPa

) ; KCI(420
(222) KCI(400) ( )KC1(422)

KCI(222

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
LR AT T B A8 AL R AR UL B FLAE AR T 30.0 GPa JK 36 Bl N AT S5 MR e vk, R & AR S5 AR, 5 Bk hir
S ERREE B 5 Hupen A5 RBU S5 M AL G5B AN ]

24 FB-EHARESFEARIGEZH SN
7] A i Gt XS 2 A0 S S 6 A — M JE o Exp. (CuS,)

LA 2 A Cale. (CuS,)
i T A B BB Cus, 0 R IRIKBBE 220f 2 et EOS o Exp.
S A 7 R . SEH AN AR B g (a4 2014)

AT 0L ) AR T R R P e G e (AT
22/NF 2%, & [ Birch-Murnaghan R 2% 75 72 43 71l :NiSZ (Yu, er al*, 2010)

XoF AT B 2 00 Bt A B T B BRI AT LS . R

NI SE K, HEE RN 4, WA E D) %D 450 160
CuS, F & fs ML AR v, AR BB B K 40 0
V,(Exp.)=193.8(5) A K,(Exp.)=99(2) GPa, 140
V,(Calc.)=196.5(2) A%, K,(Calc.)=85.6(7) GPa. 0 5 10 15 20 25 30

Volume/A3
>
(=)

T Hupen %6275 i CusS, 5 [ 51550 24 H 2 bk pressurefGFa
W 25K CuS, MARE TS ECH V,(Hupen) =
194.1(2) A’ K,(Hupen)=98.8(6) GPa H K,' =
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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.
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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.
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