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Abstract

The synthesis of diamond under ambient conditiena dream of mankind, but there is a
realistic chance for the next time of achieving goal. The finding of a Korean researcher
team that diamonds grow in a gallium-rich melt undenbient pressure but still high
temperature in few minutes paws the way. The ptesamtribution picks up the thread and
makes further suggestions, based on empirical altygtaphic experience. The formation of
diamond under ambient pressure as well as ambe&mnpdrature is expected to be soon
possible using advanced buffer layer materials sashcubic boron nitride on Si(111)
substrates. Once the catalytic formation path liy lucidated, the rapid synthesis of large
octahedral crystals becomes routine. The formatfahamond under ambient conditions may
be catalytically mediated by the electronic projesrbf Gas clusters in melt. It is proposed to
use also gallium metal by the conventional HPHTmdiads synthesis to reduce pressure and
temperature considerably as well by low-temperaguiestrate supported synthesis routes.
Vacancies of silicon in diamond make it possibl¢gitor the material to quantum information
processing applications.
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Reflections and Suggestions

With this short contribution | return to my roots the Institute for Mineralogy and
Petrography of the TU Berlin in the 1970 years. Tiheversally respected director was at that
time Prof. Dr. Dr. Hugo StrunzAt that time a fake diamond maker fascinated lihey
Berlin. He placed diamond splinters under his fingéds and released these in a glass, where
he suggested synthesizing diamonds from soluStminzwas supposed to prepare an expert
opinion and ask me as experienced in physical cteynior advice. So the apprentice
explained to the master the conditions for diamgymthesis and excluded definitely the fake
diamond maker’s synthesis route from pure solutdow, 65 years later, new aspects for the
diamond synthesis are known and own suggestionddihe written down. My contribution
has triggered by a recommended contribution tadtamond synthesis, written by colleague
Kosinov and coauthor, renowned experts in catalysis sci¢hceThere are given many
important references.



| will not explain the formation of diamond undeigh pressure at 900-1400°C and high
temperature at 5-6 GPa within the Earth’s manté wWll correct the expert babbles (German
show ‘Cash for Rares’) about millions of yearsakeds a big diamond to grow, a splendid
answer for stupid people. In such a long periotdmé optimal growing conditions cannot be
maintained. It needs only weeks or still a yedotm big exemplars under optimal conditions
including catalytic support! The time-scale of ligimwn diamonds drops in 2025 from weeks
to hours! Because natural diamonds host in Mg-kiatberlite rocks, prospection on diamond
bearing rock beneath the ground is supported bwkrtcees which like magnesium.

Today, testing of diamonds is no problem. The combithermal and electric conductivity
can be determined using simple equipment. Thingse widferent as | was a studemtn
interesting work for me was to assist the gem exjger Oldendorffby the characterization of gems
and pearls. Nevertheless, he was only loosely atedevith the Institute of Mineralogy. One day he
handed me a brilliant of about 2 karat to deternii;ieefractivity for an expertise. With the aid af
optical two-circle goniometer | could help him. $tit choose two cut faces that gave a prism with a
pretty acute angle and determined this amghery precisely. Then | directed a light ray from a
attached sodium-vapor gas-discharge lamp with aeleagth near 589 nm through the prism and
determined its minimum deviation anglel could obtain the refractivity index of about= 2.417
very accurately according to the equation
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Moissanite (SiC, hexagonal) has remarkably higleémaction indices than diamon@, =
2.616 — 2.757,n, = 2.654 — 2.812).

The synthesis of galena, PbS, is not comparabtee@iamond synthesis. However, it may
illustrate the time-scale of mineral formation. thre crystal laboratory at the University of
Regensburg | synthesized big and almost perfe&ngaimono-crystals up to 1cm of cube
length during a long weekend by a quasi-isotherblimation process in an evacuated quartz-
glass ampoule, using a three-stage furnace anthpetature gradient of only few degrees.
Thereby small starting crystals were rapidly digedland few big crystals were formgt.
The same sublimation growth technique at very higmperature and with a larger
temperature gradient has been applied by the sgistbEmoissanite, SiC.

It is reported from a Korean researcher team ablaitsynthesis of very small diamond
crystals in liquid metal at 1 atm pressure and 1Qli% a carbon crucible within 15 minutes
in a methankydrogen atmospheli@]. The gallium-rich melt contained besides Ni and Fe
some silicon that can act as seed because it Basathe cubic crystal structure as diamond
with tetrahedral atomic coordination. The shortetigtale of formation is remarkable. The
method may be applicable to enlarge diamond segstats. The formation process is a
‘catalytic’ prime example. Its full understandinglivhelp to further optimize the method
towards growing of larger diamond crystals, enmablthe seminal ideas dRuoff and
coworkers [3]. The elaborated publication covers many other ipoigies of material
variation.



Gallium has unusual properties and doesn’t bindamar but can form a very stable Ga
cluster also at high temperature. The addition ofahd Fe to the melt may support the
tendency to absorb ;Hand carbon. However, the important steps of catalgiamond
formation are surface effects, where methane @nsse decomposed and carbon condensed
to tetrahedral-coordinated carbon pre-clusters cupgp by a Si atom lattice. It is
recommended to offer a perfectly smooth (111)-¢wuBface as growing substrate. Instead of
a carbon crucible also a silicomy{= 1414°C) or SIiCT, = 2730°C) ampoule or rectangular
tube could be useful, and some gallium could bé&oeg by cheaper aluminum. Last but not
least, an auxiliary Pt grid could be used as grasmgbport, in 1935 successfully applied in the
flux synthesis of emerald b Farben AG Bitterfeld in Germany. The used flux was lithium
molybdate, LiM0O..

Whereas Ni and Fe are ingredients of the early Ipigissure synthesis, addition of trace
elements like B or N found in naturally grown diamds could be tried out, from the
viewpoint of a mineralogist. Also sulfur is a traelement. Its use in a small amount could
form together with some additional Zn and Ga in thelt clusters with sphalerite-type
structure with the wanted tetrahedral atomic cowmtion. May be that also the process
temperature can be decreased by such replacemenaskisotherm temperature profile with
a small gradient would be an alternative procedarel larger crystals could grow at the
expense of smaller ones. Nature is paragon ofiefity for such growth. Finally, we
shouldn’t lose sight of superatomic double magiustdrs (Ga, also Alsif Al is additionally
used) with its unusual electronic transitions aetbchlized electrons as mediator. The new
concept of crystallogenesis of diamond develope&dpiunenko and Kosindi| comprises
the importance of electrons and the intermediatedtion of C*. The study of their original
work is recommended. However, crystal growth amatsurface covering is ever influenced
by theCasimir-Lifshitzeffect[4] [5], and balanced dielectric properties of the mdteree a
prerequisite for crystal growing success.

The direct conversion of GQo solid carbon even at room temperature by Gadaguid
alloy (EGaln: eutectic Galn alloy (75.5% Ga, 24.4%owith low melting point of 15.7°C is a
further example of the fascinating properties @& éhement gallium and its relation to carbon
[6]. In this way, one thing leads to another and dhwetemperature diamond synthesis is seen
at the horizon, for instance, if you add some ailior boron nitride to the alloy to bind the in
situ emerging carbon atoms in tetrahedral fashioio such additives. A smaller substituted
atom in contrast to Si such as BN should causedesmsounced lattice deformations on the
diamond structure, but should have a similar ‘sditEl effect. Gallium may not be oxidized
and remains unchanged, when using an equimolauneixtt CQ and CH. The HO formed
during the synthesis should be removed. It is agitieg question what will happen and
whether the girl becomes a best friend under anhlo@mditions.

If one offers a Si wafer as substrate for diamorumh, then it is recommended using a
substituted S{111) substrate or a buffer layer. Possible suligiits are summarized in
Tablel. InFigurel the projected crystal structure of diamond dowiil]lis displayed.

A vapor deposited buffer layer of BN on Si(111) higghly recommended, because the
mismatch between diamond lattice and cubic BN dattis only about 1.4%. Other
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possibilities include substituted silicon variantfhere the cubic lattice parameter of Si is
reduced froma = 5.431 A towards: = 5.35 A. A mixed crystal between Si and BP in@lan
ratio of 0.9/ 0.1 would perfectly fulfill the condition. Then tHattice parameter ratio to
diamond is almost exactly 3/2 and ideal for epitaxy

as _ 535A
Adiamond 3.567 A

Table 1. Lattice parameters at room temperature for phadabigng cubic sphalerite

archeotype , space grofg3m (No 216). Shortest atomic distanue—f.

Phase L attice par ameter Atomico Ratio Reference
a(A) distance (A) Asubstrate/ Adiamond
diamond 3.567 1.5445 1 -
BN 3.6153(1) 1.5655 1.014 8]
R-SiC 4.3596(1) 1.8878 1.222~,/3/2
BP 4.53781(8) 1.9649 1.272 [9]
BAs 4.8145 2.0847 1.350 [10]
Sip¢(BP 5.35 2.3166 1.500 .
Sio,;ifaAs);;lg 5.35 2.3166 1.500 this work
Si 5.431020511(89) 2.3517 1.523 CODATA (2022)

Figure 1. Projection of the diamond structure down [111],
unit-cell outlined in magenta color.

The synthesis of a &(BP)y.1 mixed crystal may be possible under moderate presgy a
molten salt-assisted route or chemical vapor déipas(CVD). Another possibility is the
application of boron arsenide, BAs, which can bedpced by a wet-chemical roJtd. From
such precursor and Si one could try to grow a momsbal of ideal composition
Sio.gdBAS)o.12. Using CVD methods, a buffer layer of BN,o&BP).1 or SbsgBAS)o.12
composition can be deposited on a Si(111) substoate which finally the diamonds grow.
Also hexagonal phases can be used as substratesavide (SiC) has lattice parameters of

=3.095 A anct = 15.17 A. The valué\% = 3.574 A is only marginally larger than the lattice
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parameter of diamond. Despite this lattice matcly antrace fraction of silicon is found in
natural respectively synthetic diamonds, becausén&@irporation in the diamond lattice
would obviously cause remarkable strain, if it emgls a single carbon atom. However, silicon
is placed between two missing carbon atoms andasses less strain. A copper-substituted
Co(0001) substrate with zero-mismatch is also apple as substrate, if it can withstand the
process temperature.

At the age of 87, | unfortunately no longer do expents, but if | did, | would choose the
following arrangement. The meshes of a platinuna grie filled with liquid gallium T >
30°C) and placed just above a (111)-cut Sibstrate that there is just enough space for a
CO,/CH,4 gas flow to pass through, supplemented by a fadiii vary the temperature or
apply ultrasonic energy. The gas flow could alsallvected through some empty meshes of
the grid. Before the first nucleation takes plabe, gas flow should be reduced. Diamond is
expected to grow with its equilibrium form {111} tinthe substrate. May b8iltronic
(Wacker Chemist)yin Germany can provide young researchers withotitenal substrate. |
am convinced that the synthesis of diamond requivegher high pressure nor high
temperature. If one plans a longtime growth expenitrusing a sufficient large reservoir of
starting materials and a well-regulated gas suppbr a time period of a year, | am sure that
pretty diamonds with a weight of 50 ct respectivelyg can be grown. However, the largest
diamond ever found, discovered in 1905 at the ReeiMine in Cullinan, South Africa, was
the Cullinan with its original weight of 3106 ct.ndient civilizations in India, China and
South Africa (Neolithic Stone Age) have certainlsed diamonds, collected on the earth’s
surface, as abrasive or talisman, and very largeegi may have been crushed, because the
material is hard but brittle. So earth’s largestndond may be even larger than the original
Cullinan.

By the way, we can once deposit the unwanted @dJorm of diamonds, the most dense
carbon modification (a joke or coming reality?).

Quasi-freestanding graphene can be prepared ol Ni{dy Cs intercalation, enlarging the
formerly interlayer distance between graphene aibgtsate from 2.1 A to about 6 A, because
the strong hybridization between the transitionahet orbital and the carbon, prbital is
lowered[11]. Intercalated Ba atoms should act similarly. WedfBa frequently as trace
element in natural diamond. Its effect as minorstibment for the diamond synthesis should
be investigated. We can try to transfer such gfrasstanding graphene layer to a Si(111)
substrate, buffered with a BN layer, on which tlagbon layer possibly curls to a diamond
layer, where the C-C distances increase from A.&21.544 due to the coordination number
increase from 3 for graphene to 4 for diamondvdfhave learned to grow diamonds under
ambient pressure and temperature, then we canbpopsoduce large exemplars with a seed
technique, like growing of synthetic pearls on aaganite seed. We would use a small
octahedral Si(BN) seed crystal with perfectly oriented {111}fo.

Recently, Li and coauthorssummarized results of diamond nanostructures iereint
dimensions and give extended referenfEs. Synthesis methods and applications were
concisely described. The variety of forms that dachcan develop is fascinatingatar and
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Solozhenk@redicted just now an orthorhombic ultra-hard &ructure that should be denser
than diamond13]. So the story of carbon allotropes goes on.

Speaking about aluminum addition to a gallium mels recommended to use a ratio of Ga
Al =12/ 1. The formation of stable icosahedral, 4 clusters in the melt is expected, and
such clusters should have excellent electronic eathlytic properties (jellium model
constitution). TheCasimir-Lifshitzeffect is the reason why carbon is distancingfitsem
gallium, but gallium nevertheless supports at distathe twisting of a carbon layer into a
diamond layer. The circumsphere radius of an icegain with unit edge length is compared
to the metallic radius ratio of the gallium andraloum atoms giving a well adaption

1 Ty + T
Teire = 54/3+ ¢ = 09510 = “‘ZZ—TGG“ = 0.969
a

wheregp is the golden mean: ¢ = % = 0.6180339887.

The study of a didactic contribution about;Agold clusters may be helpful for laypeople
[14]. Aluminum is also a trace element found in nataiamonds in some ppm by weight
[15]. Trace elements in minerals guide us to synthegisrg

Suppose we had synthesized a fancy blue diamorid bwiton color centers in form of an
octahedron of edge length 1 cm. It would have ghtesf 8.25 Caratcf)

V2
V-D= 3 3.50(g) = 1.65(g) = 8.25 (ct)
Besides the new melt synthesis method for diamaowigg, the established high pressure-
high temperature facility possibly can be improvsdthe versatile application of gallium
metal to reduce pressure as well as temperature. |[€#ading companyPure Grown

Diamonds Inc (Gemesis Ing should keep in mind such synthesis route.

Let us linger a bit at moissanite, hexagam&iC. This mineral was discovered by the French
chemistHenri Moissanin 1893 in the Arizona meteorite impact craterC Snonocrystal
growth is performed by sublimation of a source makeat about 2350°C and deposition of
the material at about 2250°C onto a seed in adeald inductively heated graphite crucible.
However, the low-temperature synthesis of SiC moystals by aid of a gallium-silicon melt
seems to be feasible. | hope, researcher can spontabout a successful and cheap synthesis
route. About 20 years ago, my colleagBernd Lehmanna world-renowned mineral
geologist (Economic Geology) from the TU Clausthended me a mineral piece féray
investigation. It was identified as SiC, but obstyua part of a drill bit and not a mineral.

The price for gallium metal can be rise due tadming use for diamond production, and so
the extraction of this strategic metal from exteasied mud landfill from the aluminum
production at Lauta (Lausitz, Germany) could becamst-efficient, for the benefit of the
environment. Furthermore, it is reported aboutratsgic metal content of the settling basins
of the closed Rammelsberg ore mine at Goslar, Nmuntains, containing 50indium, 200t
gallium, 1300t cobalt and 22000@ non-ferrous metals (lead, zinc and coppgr].
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Germany imports about 26Ga metal per year from China. But China as botibajl player
for gallium production and synthetic gem productemuld decide to make scare gallium on
the world market. Since 2018 the price for Ga mieéal already quadrupled. Buying Ga metal
at today’s price you have to pay about 800 €/kg.

| finish my remark with an advice. Just ignore thessage ‘it doesn’'t work’. Only use the
right tools under the right conditions to uncovad alecode the secrets of nature. The author
himself followed this advice and proposed a miablorigin of rare Tsumebminerals,
including Ga-based compounds and diopfasé

Only days ago, it was reported in a leading jouatadut the rapid, low-temperature synthesis
of nano-diamonds by electron-beam activation ofnsigane C-H bonds$18], which
underlines my just formulated message. Adamant@agH(s) shows a unique diamondoid
molecular structure witifly symmetry, exhibiting chair-shaped cyclohexanegirigalready
sublimes at room temperature. | would be surpriseéve could not obtain at moderate
temperatures larger diamonds by adamantine sulddimatver a platinum mesh filled with
gallium.

Turning back to vacancies in diamonds and theiroirigmce for quantum physics, a scalable
technology based on neutral silicon vacancy cerg&/sin undoped diamonds is proposed
for quantum computer application and quantum infdrom processingl9] [20]. The silicon

is located between two missing carbon atoms (divagain diamond and can differently be
charged:Si\P respectivelySiV. Silicon substitution in diamond has been longetibefore
discussed by crystallographer, but now attribuieddn by physicists?

Conclusion

This contribution supports the thesis that diamooals grow under ambient conditions of
pressure and temperature by varying the recentiex@etal work of Korean researchers. The
assumption is based on crystallographic experiemmding interesting buffer materials

such as boron nitride on silicon substrates foalideystal growth conditions. Gallium used as
melt may electronically mediate the rapid catalyoemation of diamond at boron nitride

substrate surfaces. Gallium use may also reducprdssure-temperature level of the HPHT
melt synthesis of diamond. We are reaching soorval lof technical knowledge to say
‘Making diamonds: Each housewife can do it’. Diamogxhibiting silicon vacancies is a

coming material for quantum computer application.
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