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Formation of mixed types of diamonds
in the Fe—Co-Mg-C growth system
at HTHP-crystallization
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This paper presents the results of a study of diamond single crystals of defect-impurity
composition grown in a temperature gradient at high pressures and temperatures (HTHP-
crystallization of diamond) in a Fe—Co—C solution with an addition of Mg depending on the
amount of Mg, the content of nitrogen changes in various sectors of crystals growth,
which causes a mixed type of crystals. The peculiarities of changes in the defect-impurity
composition of the grown diamond single crystals were studied using IR spectroscopy and
optical microscopy for concentration limits of 1.8-5.7 at. % of Mg content.

Keywords: diamond, single crystal, crystal growth, temperature gradient method,
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YTBOpeHHs 3Mimanux THIIB aama3ziB y pocroBiit cucremi Fe—-Co—-Mg-C npu HTHP-
kpucraaizanii. T.B.Kosanenrxo, B.B.JIucaxoscvruii, C.O.Isaxnenro, B.B.Cmpeavuyr, 0.0.3a-
Hescvruil, A.C.Hixonenro

IIpencraBneno pesysabpraTu gochaimienus nedeKTHO-TOMIIIIKOBOIO CKJIALY MOHOKPHCTAIIB aj-
Masy, BUPOIIEHNX MEeTOAOM TeMIePATYPHOro IpajfieHTa IpU BUCOKMX THCKaX 1 TeMIeparypax
(HTHP-xpucranisaria anmasy) B posunH-posniaBuux cucremax Fe—Co—C mpu smerysanmi ix Mg.
B sanesxuocTi Big rimpxocri Mg sMiHIOETBCS BMICT a30Ty B PISHUX CEKTOPAX POCTY KPUCTAIIB,
110 OGYMOBJIIOE OTPUMAHHA 3Miltanoro Tuy kpucrauaiB. OcobnuBocTi sMiHU fedeKTHO-JOMIITTKO-
BOT'O CKJAZy BUPOIIEHNUX MOHOKPUCTAJTIB alMasy BUBUYeHO i3 sacTocyBaHHAM [Y-cmerTpockomii i
onTuyHOI MiKpocKomil A KoHIleHTpamifinux mex 3 1,8-5,7 ar. % Bmicry Mg.

IIpencraBienbl pesysbrTaThl McCaeLoBaHUA [Jed)eKTHO-IIPIMECHOIO COCTABA MOHOKPUCTAJLIOB
aMasa, BbIPAIIEHHBIX METOLOM TeMIePATyPHOrO PaAMEeHTa P BHICOKUX SABJICHUAX U TeMIepa-
rypax (HTHP-gpucranmusamusa anmasa) y pacTBop-paciiaBHbix cucreMax Fe—Co—C npu serupo-
Bauuu ux Mg. B saBucumoctu oT xosnmuectBa M@ msmeHsieTcs copepskanme as’oTa B PA3IIMYHBIX
CEeKTOpPaxX pOoCTa KPUCTAJIOB, UTO OOYCJABJIMBAET IIOJyUYEHUE CMEIIAHHOIO THUIA KPUCTAJIIOB.
OcobenHocTy nsMeHeHUs AedeKTHO-IIPIIMECHOTO COCTABA BHIPAIIEHHBIX MOHOKPUCTAJLIOB ajiMasa
usyuensl ¢ npumMenenvieM K- cieKTpocKOnMY 1 ONTUYECKON MUKPOCKONINY [JISI KOHIIEHTDALIV-
OoHHBIX mpefenoB 1,8-5,7 ar. % comepsxamus Mg.

1. Introduction and temperatures (HTHP diamond single
crystals), depending on the growing condi-
tions, can have a nitrogen and boron impu-
tion-melt crystallization at high pressures rities in a fairly wide content range from

Diamond single crystals obtained by solu-
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Table. Experimentally determined concentration intervals of diamond formation of types Ib, Ib + Ila
and Ib + IIb and mass growth rates of crystals depending on the Mg content in the solvent based on

Fe — 40 at. % Co; p = 6.3 GPa

1016 to 102! cm™3. When using solvents
based on Fe—Co and growth systems doped
with Ti, Zr, Al and B, it is now possible to
obtain structurally perfect diamond single
crystals of types Ib, IIa and IIb and sizes up
to 10 mm and more [1-3]. However, the
narrow temperature range and low crystal-
lization rates cause instability of the
growth process; therefore, it is necessary to
study the possibility of changing the compo-
sition of solvents by introducing new com-
ponents. In this sense, the addition of Mg to
the growth system was promising; this
made it possible to significantly increase
the growth rate of crystals while maintain-
ing their quality [4].

The aim of this work was to study the
effect of Mg in the content from 1.8 to
5.7 at. % doped into the Fe—Co-C growth
system on the growth rate and defect-impu-
rity composition of the diamond during its
HTHP crystallization.

2. Experimental

To grow structurally perfect diamond
single crystals in the region of thermody-
namic stability, the temperature gradient
method was used [5, 6]. A high-pressure ap-
paratus was used, which made it possible to
load growth cells up to 7 GPa and 1800°C
using a six-punch cubic press. The growth
volume in which the crystals were grown on
seeds was 19 cm?; the duration of the grow-
ing cycles was 150-200 h.

To grow diamond single crystals by the
temperature gradient method, a solvent
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Sample Mg Temperature Crystal Mass growth | Nitrogen Boron
No content in range, tvpe rate, content, content, | Weight, A ; Crystal
the L3 mg 'h N(x) ppm carat Crystal habit photo
solvent, ppm
at. %o

! 1.80 | 1500 - 1560 Ih 6.1-7.0 | 30-40 318 | oubsstahdion m
T

2 2.20 1520 - 1600 | Ib+la 6.8-74 5-10 814 Bt bf@

3 3.50 1560 — 1650 | Ih +1Ib 8.1-95 525 5-15 328 s e
4 4.50 1650 — 1750 1h 103 -13.5 | 30-35 - 3.93 Octahedron w

alloy Fe55-Co045 at. % prepared by vacuum
induction melting was used; the required
amount of magnesium was introduced into
the growth volume by adding magnesium
powder (in the appropriate weight) with a
particle size of 50-40 pm.

3. Results and discussion

Results of experiments on growing struc-
turally perfect single crystals of diamond at
pressures of 6.3-6.5 GPa and temperatures
of 1500-1750°C using solvents based on Fe—
Co and varying the magnesium content in
the range of 1.8-5.7 at. %, are given in
Table.

In the studied range of concentrations of
magnesium additives in the Fe—Co solvent,
a cuboctahedral or octahedral habit was ob-
served during crystal growth; the degree of
development of octahedron faces for all
used solvent compositions increased with in-
creasing temperature. But even at the high-
est temperatures, 1750°C, the area of the
cube faces was at least 7-10 % relative to
the total surface of the crystal. The forma-
tion of rhombododecahedron and tetragon-
trioctahedron faces was absent in all growth
experiments. As can be seen from Table, an
increase in temperature within 1500-
1750°C, when using magnesium as an alloy-
ing addition to the composition of carbon
solvent alloys based on Fe—Co, leads to an
increase in the mass growth rate by ~
2 times. If we compare the values of the
rate in the studied growth systems with the
commonly used crystallization media Fe—Ni,
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Fig. 1. A plate of a diamond single crystal grown in the Fe—-Co—-Mg—-C growth system, with a Mg
content of 2.90 at. %, with orientation in the <111> direction; optical microscope magnification,
x8, plate thickness 0.8 mm: a) — image in transmitted light, b) — image in polarized light.

Fig. 2. A plate of a single diamond crystal grown in the Fe—-Co-Mg—-C growth system, with a Mg
content of 1.80 at. %, with orientation in the <110> direction, optical microscope magnification,
x8, plate thickness 0.8 mm: a) — image in transmitted light, b) — image in polarized light.

Fe-Ni-Co and Fe-Al, then they increase
even more, by 3—8.5 times.

For crystals obtained with the magne-
sium content in the range of 1.80-2.20 at.
%, the formation of type Ib crystals was
observed. The amount of nitrogen, calcu-
lated from the ratio of the peaks at 1345
and 1185 cm™!, recorded in the one-back-
ground region of the IR spectra, was 30—
40 ppm. With increasing the magnesium
content higher than 2.20 at.% (2.20-
3.50 at.%), a decrease in the intensity of
these peaks and a decrease in the level of
nitrogen in crystals to 5-10 ppm are ob-
served for both growing sectors. In this
case, the growth sectors of the octahedron
faces are yellow, which is characteristic of
crystals with single paramagnetic nitrogen
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atoms in the substitutional position (C-de-
fects) [7], Figs. 1 and 2. The growth sectors
of the cube are observed as colorless; this
feature is inherent in type Ila diamonds (the
nitrogen amount is less than 1018 cm™3), for
which there is no IR absorption in the one-
background region [7]. Yellow and colorless
growth sectors are observed in transmitted
light on plane-parallel plates cut from the
obtained ecrystals with <111> and <110>
orientations. The images in polarized light
show that at the boundaries of the {111}
and {100} growth sectors of the grown crys-
tals of the cuboctahedral habit (Table, item
2), there are rather significant contact me-
chanical stresses.

The results of IR spectroscopy and opti-
cal microscopy on the crystallization of dia-
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mond in solvents with a magnesium content
of 2.20-3.50 at.% make it possible to con-
clude that the type of crystal, Table, item
2, should be classified as a mixed type Ib +
Ila; in this case, the octahedral growth sec-
tor is of type Ib, and the cubic one is of
type Ila; the determined nitrogen content of
5-10 ppm for the crystal as a whole is rele-
vant only to the octahedral growth sectors.
When alloying the Fe—Co solvent alloy with
magnesium in the range of 3.50-4.60 at.%
in the IR absorption spectra, in addition to
the characteristic peaks associated with ni-
trogen impurities (1845, 1185 cm™1), a sys-
tem of bands associated with single boron
atoms is observed: 2460 and 2810 cm™!, of
which the latter is more intense; while the
color growth sectors {111} and {100} with
magnification of x8 of the optical micro-
scope practically does not change in the cor-
responding concentration range of magne-
sium content in the alloy-solvent, Table,
item 3. An estimate of the magnitude and
ratio of the lines (1845, 1135 cm™l) and
(2460, 2810 cm 1) allows us to conclude
that the amount of nitrogen in the octahe-
dron sectors is 5—-25 ppm, the amount of
boron in the cube sectors is 5—15 ppm; such
crystals should be referred to as mixed type
Ib + 1Ib.

The appearance of boron as a substitu-
tional impurity in diamond crystals when
they are grown using solvents based on Fe—
Co doped with magnesium in an amount of
3.50-4.50 at.% is not an unexpected result.
Earlier we found [8] that when using almost
all natural graphites, even when using sam-
ples with a minimum amount of boron in
them at the level of 107°-1076 at. %, the
grown crystals can contain, depending on
the temperature level, a significant amount
of boron, up to 10 ppm. It is logical to
assume that in our case the use of a solvent
with a magnesium content of up to 5.7 at.
% , the effect of an increase in the thermo-
dynamic activity of carbon substitution
with boron is observed in comparison with
the substitution of nitrogen for carbon in
the crystal lattice of diamond. It is notewor-
thy that a change in the concentration of
magnesium as a component of the solvent,
with an increase in its amount in the cube
growth sector, first leads to a decrease in
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the nitrogen content, and then causes the
prevalence of boron in the crystal structure
compared to nitrogen; however, after the
amount of magnesium reaches 4.50 at. %
and more, the activity of nitrogen impurity
reaches the initial level.

4. Conclusion

Thus, the experiments have shown that
with a magnesium content of 2.20-4.50 at.%
in a carbon solvent based on Fe—Co, at high
pressures of 6.3-6.5 GPa and temperatures
of 1650-1750°C, the formation of two
mixed types of diamond single crystals is
possible: 1b + Ila (at lower temperatures)
and 1o + IIb (at higher temperatures). This
result can be explained by the competing
thermodynamic activity of nitrogen and
boron impurities with carbon, as well as
with each other at the diamond crystal-
lization front. An increase in the mass rates
of crystal growth by a factor of 2 or more
in solvents containing magnesium within
certain limits is due to an increase in the
amount of carbon transfer by surface and
volume diffusion at high temperatures.
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Research Fundation of Ukraine, (grant No.
2020.02/0160 "Development of new carbon
solvents compositions for diamond single crys-
tals growth in the thermodynamic stability
area with a controlled content of nitrogen and
boron impurities in order to create conceptual
designs of electronic devices construction.™)

References

1. R.C.Burns, A.I.Chumakov, S.H.Connell et al.,
J. Phys. Condens. Matiter., 21, 364224 (2009).

2. H.Sumiya, K.Tamasaku, Jpn. J.Appl. Phys.,
51, 090102-1 (2012).

3. H.Sumiya, K.Harano, K.Tamasaku, Diamond
Relat. Mater., 58, 221 (2015).

4. T.V.Kovalenko, V.V.Lysakovskyi, V.M.Kvas-
nytsya et al., J. Cryst. Growth., No. 507, 327
(2019).

5. H.M.Strong, R.H.Wentorf,
senschften, 59, 1 (1972).

6. R.H.Wentorf, J. Phys.Chem., 75, 1833 (1971).
. J.E.Field, San Diego, Academic Press (1992).

8. T.V.Kovalenko, S.A.Ivakhnenko, V.V.LYsak-
ovskyi et al., J. Superhard Mater., No. 2. 83
(2017).

J. Naturwis-

-~

Functional materials, 28, 4, 2021



