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0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, 0.6 wt%,
0.7 wt%) B T NigoMnosCos &= & filt 4 v, Sz 363
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BRIREE T S B, () I 2085 47 1) v IS A AR R
ZRITBN 120 °CHEA A B K AR 3 h 5 HEAT 5156
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Fig. 1. Assembly diagram: 1, pyrophyllite; 2, conduc-
tive steel ring; 3, graphite heater; 4, synthetic crystal;

5, carbon source.
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1280—1400 °C ) 264 T JEAT A R I & 1 & 1k
S, SEERLE RS TR L.

MR 1A UL, FEAN N Fe(CsHs ) Jo fm 1A 12 &
ZAF I RAR L, RSN 4 5.5 GPa, 1280 °C T
£0.5 wt% @S InE i 7 6.0 GPa, 1360 °C. £ A &
I SIANAR I, £ BE Fe(CsHs ) o 78 0 36 I, & 5k
e VA RO B A B AR . T IR T 0.5 wt%
Ja AR R LR SR AR FRATTIA X 2 T N
Fe(CsHs)o Ja il it 7 KEMETTER, N oliEs
WA SRR R A s 112,

# 1 NizgMnasCos-C 1R R H Fe(CsHs )o N [F] I (1) S50 45
Table 1. Experimental results on the crystallization of diamond in the NizgMngsCos-C system with

different contents of Fe(CsHs)2.

e Fe(CsHs)2/wt% JE71/GPa W /oC g I 1A /b
N-1 0 5.5 1280 I 8
N-2 0.1 6.0 1300 e 8
N-3 0.2 6.0 1320 i 8
N-4 0.3 6.0 1340 e 9
N-5 0.4 6.0 1350 i 9
N-6 0.5 6.0 1360 215k K 8
N-7 0.6 6.0 1380 KEHRIA 8
N-8 0.7 6.0 1360—1400 ESIS 8
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Kl 3 Fis. 0.5 wt% I, & R 32 {100} T FF 46 H 3 D>

G (K3 (b)), 4k 8238 i Il & £ 0.6 wt%
B, df R LK B (B3 ()); T4 inE 2
0.7 wt% Isf, 7E iR 1360—1400 °C 2 7] 3 K & A%
Hentgk, RA (B3 (d) PR B ERYR. X
W Fe(CsHs)o IS DX G B A 1 03 &= A2 T
B 55 52

3.3 ARmIFRIZEREFE

N T 75 SN I X S WA AR T 3 R S
FATRE B 7 e WA AR dh AT T T R
LI, i A FNE 5 s, B4 9 0.2 wt%

&l 2 NizgMng5Cos-C f& £ F % I A 7 Le 41 1)
Fe(CsHs)o FF 2 & 1 1056 2 B8 (a) 0 wt%;
(b) 0.1 wt%; (c) 0.2 wt%; (d) 0.3 wt%

Fig. 2. Optical images of the diamond crystals syn-
thesized from the NizgMnasCos-C system with differ- —_— 121
ent contents of Fe(CsHs)a2: (a) 0 wt%; (b) 0.1 wt%;

(c) 0.2 wt%; (d) 0.3 wt%.

4 NizgMnosCos-CH RN, ¥hN 0.2 wt% Fe(CsHs )2
I & et A B R T 5

Fig. 4. Scanning electron microscope images of the di-
amond crystals grown from the NizgMngsCos-C sys-
tem with 0.2 wt% Fe(CsHs )2 additive.

/10 pm

A mm—

B3  NirgMnosCos-C & & T @ i A [\ Lb 1 (1) 500 h . 10 Jun
Fe(CsHs)o Fi & U K IE S (a) 0.4 wt%; —— " —

(b) 0.5 wt%; (c) 0.6 wt%; (d) 0.7 wt% 5 NizoMngsCos-C R T, ¥ 0.6 wt% Fe(CsHs)2
Fig. 3. Optical images of the diamond crystals N i i A Y R T TR 5

synthesized from the Ni7gMngsCos-C system with Fig. 5. Scanning electron microscope images of the di-
different contents of Fe(CsHs)2: (a) 0.4 wt%; amond crystals grown from the NizgMnasCos5-C sys-
(b) 0.5 wt%; (c) 0.6 wt%; (d) 0.7 wt%. tem with 0.6 wt% Fe(CsHs)2 additive.
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B SRR S AR 0 (P16 (a)); TR B 5 T i =
(38 0, %k BT sp? %Ak C—H B 0 5 FR A 45 4R 3
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R 5 P R AT U i R B L1000 L ATk 9 g U
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B BEREAT T MK AL B R FRATTIA A E N B 4
NI A% IR R B T Fe(CsHs )o 4 iR, MRS
2L A6 1 B TS T X (9001400 cm 1) PN 5 &M
SRR g AT 4, B 6 R 1130 A1 1344 cm— ! AbXE R
AL — BRI L RIER S =ITHE
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\
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J/\/” (f)
JK (d)

N
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kL /em—1

6 NizgMnosCos-C & 2 T, ¥ fn A [t
Fe(CsHs)o B A B i 1k 1 41 41 e i (a) 0 wt%;
(b) 0.1 wt%; (c) 0.2 wt%; (d) 0.3 wt%; (e) 0.4 wt%;
(f) 0.5 wt%
Fig. 6. Infrared absorption spectra of diamonds syn-
thesized from the NizgMnasCos-C system with differ-
ent contents of Fe(CsHs)a2: (a) 0 wt%; (b) 0.1 wt%;
(c) 0.2 wt%; (d) 0.3 wt%; (e) 0.4 wt%; (f) 0.5 wt%.
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;
I

xR0 A3 B R F Fe(CsHs ) VRN R A &
RS &, Wk 2 sl

M2 W] LLE th: 1E Fe(CsHs)o ¥ I & B
(<0.3 wt%) I 5 e 7R N AR & B AR BN, 2
Fe(CsHs)o WIS I N2 0.3 wt% I, & & &Ik
P/l Ak S IR N A A 0.5 wt% B, A P A
BRACRB IR —F. BATI PV TR E
AR AT BEAFAE AR . — 2 Fe(CsHs)o 70 i
TR SR A B AR AR IR i 2
SRR RIEN; 28RN AR 2 2% R
I, T2 BEAS T R BEN RIS NI i op 12 2
Fe(CsHs )2 70 il Jr BT R HIBEA S T B 50
RE ST, ARl VA RORE JT R A —FERD, BRITE R
A ot 2220 R TR I i o v A AR
FF AN, T Fe(CsHs )2 @ IR G070 8 H 8L T
RAL, MUK RAE A0, BN S B A i
S T 5 B W 4 A R R e 12,

#2 A Fe(CsHs)2 IRINET G RUMEII N A SR

Table 2. The nitrogen concentration in diamond syn-
thesized with different contents of Fe(CsHs)a.

5 Fe(CsHs)2/wt% A& /ppm
(a) 0 223

(b) 0.1 108

(c) 0.2 201

(d) 0.3 164

(e) 0.4 126

(0 0.5 107

3.5 mIrHRSRIE

NT SRR IR A WA A P S 4
PRI s, FRATRE & B b AR HEAT T B2 A, 45
R 7R, AWBE TAIE, 2 Fe(CsHs ) IS I
0.1 wt% 4 hn % 0.5 wt% B, 4RI A i 4 {ik 14
M 1333.90 cm~ i £ F]1334.42 em~t. AR 4 ¢
R (27, 28] fiE, SNIA WA R O, N & 48 fil
A Ni, Co #i2z sm 4 NI IR R B 7, I HL
X T 3 HAFAE T SR 23 A 2 %6 4 WA N 35 8 7
s e AL sgm. oAb ARES R, SN &
AN AFEC—HEE, 1 C—HE M KE T &Ra
gEfyrp C—CE MK, X SR N =k —
SE RN 7, A3 3048 WA 1) 52 04 B Fe(CsHs )2
ISR R IR ST i m e, %45 RS AN
e o S D P R A Ve AR A 7
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Fig. 7. Raman spectra recorded for diamonds syn-
thesized from the NizgMnasCos-C system with differ-
ent contents of Fe(CsHs)a2: (a) 0 wt%; (b) 0.1 wt%;
(c) 0.2 wt%; (d) 0.3 wt%; (e) 0.4 wt%; (f) 0.5 wt%.

4 % @

TE NizoMnaos Cos-C & 2 R B (i i i i 24

HouERlsp® kb C—HEMERALE, Ei150 5
X C—H 88 B FRAR 45 4R 5l (2850 cm 1) AR
S FRHZEIRSD (2920 cm 1), HIEHEFEFRE Fe(CsHs )y
TN A 3G I S 0 S . RN, RIEA S
HIFE ARG H: ERPEN0.3 wt% Fe(CsHs)o
A ERILTRE, YR INENE0.5 wt% i &
B M A S ERARBRANE—Y. Bdh2
MR R IN, 7% Fe(CsHs )2 Ja WA B HL 2 I A7 H
0.1 wt% A &1 1333.90 e~ A2 3 0.5 wt%
ISR 1334.42 cm ™!, IX R BHE SR 3E i
SNIA WA TR . R T R
ROFEARE T 0.2 wt% Fe(CsHs ) A I S AR H
TR, MR R 0.6 wt% Fe(CsHs ) d N2
RRTHEEIG 2, H 2 SFLR, Seiegs R,
G R R S TR AR RN SR A T
EIREA . FRA A B I AR S0 i R R A A
2 & NIA KA IR PR, B R
SR WA PRI ORI B 2 (AL 3 .

\

128101-5

X P 2008 Diamond Relat. Mater. 17 180

Borzdov Y, Pal’yanov Y, Kupriyanov I, Gusev V,
Khokhryakov A, Sokol A, Efremov A 2002 Diamond Re-
lat. Mater. 11 1863

Goss J P 2003 J. Phys.: Condens. Matter 15 551
Tachikawa H 2011 Chem. Phys. Lett. 513 94

Ma H A, Jia X P, Chen L X, Zhu P W, Guo W L, Guo
X B, Wang Y D, Li S Q, Zou G T, Bex P 2002 J. Phys.:
Condens. Matter 14 11269

Sun S S, Jia X P, Yan B M, Wang F B, Chen N, Li Y
D, Ma H A 2014 Cryst. Eng. Commun. 16 2290
Angus J C, Wang Y X, Sunkara M 1991 Annu. Rewv.
Mater. Sci. 21 221

Kanda H, Akaishi M, Setaka N, Yamaoka S, Fukuanga
O 1980 J. Mater. Sci. 15 2743

Dischler B, Wild C, Miller-Sebert W, Koidl P 1993
Physica B 185 217

Yan B M, Jia X P, Qin J M, Sun S S, Zhou Z X, Fang C,
Ma H A 2014 Acta Phys. Sin. 63 048101 (in Chinese)
[, PURRMS, ZRANHH, Ph, AR, B, Baw
2014 VAR 63 048101]

Jia X P, Zhu P W, Wang T D, Zang C Y, Wang X C,
Chen L X, Zou G T, Wakastuski W 2003 4th Zhengzhou
International Superhard Materials and Related Products
Conference Zhengzhou, China, August 29-September 2,
2003 p77

Sung J C, Sung M, Sung E 2006 Thin Solid Films 498
212

Han Q G, Ma H A, Zhou L, Zhang C, Tian Y, Jia X P
2007 Rev. Sci. Instrum. 78 113906

Liu X B, Ma H A, Zhang Z F, Zhao M, Guo W, Li Y,
Jia X P 2011 Diamond Relat. Mater. 20 468

Zhang Z F, Jia X P, Liu X B, Hu M H, Li Y, Yan B M,
Ma H A 2012 Sci. China: Phys. Mech. Astron. 55 781
Burnsa R C, Hansena J O, Spitsa R A, Sibandaa M, Wel-
bournb C M, Welcha D L 1999 Diamond Relat. Mater.
8 1433

Liang Z Z, Liang J Q, Jia X P 2009 Chin. Phys. Lett.
26 038104


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/213474a0
http://dx.doi.org/10.1038/213474a0
http://dx.doi.org/10.1016/0079-1946(75)90053-1
http://dx.doi.org/10.1021/cg100322p
http://dx.doi.org/10.1021/cg100322p
http://dx.doi.org/10.1021/cg200387n
http://118.145.16.217/magsci/article/article?id=15518182
http://118.145.16.217/magsci/article/article?id=14173929
http://118.145.16.217/magsci/article/article?id=14173923
http://118.145.16.217/magsci/article/article?id=14796023
http://118.145.16.217/magsci/article/article?id=14796023
http://dx.doi.org/10.1088/0953-8984/15/17/201
http://dx.doi.org/10.1016/j.cplett.2011.07.074
http://dx.doi.org/10.1088/0953-8984/14/44/466
http://dx.doi.org/10.1088/0953-8984/14/44/466
http://dx.doi.org/10.1039/c3ce42385a
http://dx.doi.org/10.1146/annurev.ms.21.080191.001253
http://dx.doi.org/10.1146/annurev.ms.21.080191.001253
http://dx.doi.org/10.1007/BF00550541
http://dx.doi.org/10.1016/0921-4526(93)90240-7
http://dx.doi.org/10.1016/0921-4526(93)90240-7
http://wulixb.iphy.ac.cn/CN/abstract/abstract58183.shtml
http://dx.doi.org/10.1016/j.tsf.2005.07.091
http://dx.doi.org/10.1016/j.tsf.2005.07.091
http://dx.doi.org/10.1063/1.2814027
http://118.145.16.217/magsci/article/article?id=14964268
http://dx.doi.org/10.1007/s11433-012-4716-7
http://dx.doi.org/10.1016/S0925-9635(99)00042-4
http://dx.doi.org/10.1016/S0925-9635(99)00042-4
http://118.145.16.217/magsci/article/article?id=17362165
http://118.145.16.217/magsci/article/article?id=17362165

) I8 % 48 Acta Phys. Sin. Vol. 64, No. 12 (2015) 128101

[24] Kanda H 2000 Braz. J. Phys. 30 482 by, B8, BRT, R, B40% 2014 P24 63 248104]
[25] Kanda H, Sato Y, Setaka N, Ohsawa T, Fukunaga O [27] Li Y, Jia X P, Hu M H, Liu X B, Yan B M, Zhou Z X,
1981 Nippon Kagaku Kaishi 9 1349 Zhang Z F, Ma H A 2012 Chin. Phys. B 21 058101
[26] Zhou Z X, Jia X P, Li Y, Yan B M, Wang F B, Fang 28] HuMH,LiSS,MaHA,SuTC, Li XL, Hu Q, Jia X

C, Chen N, Li Y D, Ma H A 2014 Acta Phys. Sin. 63 P 2012 Chin. Phys. B 21 098101

248104 (in Chinese) [J¥RH, TEHEMS, 2255, IR, £J7

Crystal growth and characterization of hydrogen-doped
single diamond with Fe(Cs;Hj5), additive”

Fang Chao') Jia Xiao-Peng" Chen Ning" Zhou Zhen-Xiang") Li Ya-Dong"
Li Yong? Ma Hong-AnY?

1) (State Key of Laboratory of Superhard Materials, Jilin University, Changchun 130012, China)

2) (Tongren University, Tongren 554300, China)
( Received 24 December 2014; revised manuscript received 21 January 2015 )

Abstract

In this paper, a series of high-quality hydrogen-doped diamonds is successfully synthesized in NizgMnasCos-C
system by using Fe(CsHs)2 as hydrogen source at pressures ranging from 5.5 GPa to 6.0 GPa and temperatures of
1280-1400 °C. We find that both pressure and temperature conditions strengthen with adding the Fe(CsHs)2. Scanning
electron microscope micrographs show that the obtained diamonds at low levels of Fe(CsHs)2 additive have smooth
surfaces. However, many defects are found and some pores appear on the diamond surface with increasing the Fe(CsHs )2
additive in the system. From the obtained Fourier transform infrared (IR) spectrum, we notice that there is no significant
change of nitrogen concentration in the synthesized diamond with the Fe(CsHs)2 additive lower than 0.3 wt%, while the
nitrogen concentration gradually decreases with the further increase of Fe(CsHs)2 additive. In the system with 0.5 wt%
Fe(CsHs)2 additive, the nitrogen concentration in synthesized diamond is only half that of system without Fe(CsHs)2
additive. Meanwhile, the hydrogen associated IR peaks of 2850 cm™' and 2920 cm™' are gradually enhanced with the
increase of Fe(CsHs)2 additive in the system, indicating that most of the hydrogen atoms in the synthesized diamond
are incorporated into the crystal structure as sp>-CHa-symmetric (2850 cmfl) and sp® CHs-antisymmetric (2920 cmfl)
vibrations. From the obtained Raman spectrum, we find the incorporation of hydrogen impurity leads to a significant
shift of the Raman peak towards higher frequencies from 1333.90 cm ™! to 1334.42 cm ! with increasing the concentration
of Fe(CsHs)2 additive from 0.1 wt% to 0.5 wt%, thereby giving rise to some compressive stress in the diamond crystal
lattice. This is the first time that the gem-grade hydrogen-doped diamond single crystal, with size up to 3.5 mm has
been successfully synthesized by using new hydrogen source Fe(CsHs )2 additive. We believe that our work can provide a
new method to study the influence of hydrogen impurity on diamond synthesis and it will help us to further understand

the genesis of natural diamond in the future.

Keywords: hydrogen-doped diamond single crystal, Fe(CsHs)s additives, high pressure high tempera-
ture, temperature gradient method
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