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ABSTRACT: Transition metal dichalcogenides (TMDs) are an
emergent class of low-dimensional materials with growing
applications in the field of nanoelectronics. However, efficient
methods for synthesizing large monocrystals of these systems are
still lacking. Here, we describe an efficient synthetic route for a
large number of TMDs that were obtained in quartz glass ampoules
by sulfuric vapor transport and liquid sulfur. Unlike the sublimation
technique, the metal enters the gas phase in the form of molecules,
hence containing a greater amount of sulfur than the growing
crystal. We have investigated the physical properties for a selection
of these crystals and compared them to state-of-the-art findings
reported in the literature. The acquired electronic properties
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features demonstrate the overall high quality of single crystals grown in this work as exemplified by CoS,, ReS,, NbS,, and TaS,. This
new approach to synthesize high-quality TMD single crystals can alleviate many material quality concerns and is suitable for

emerging electronic devices.

wo-dimensional (2D) transition metal dichalcogenides are

an emergent class of materials with growing applications in
the field of nanoelectronics.' Some examples of their use are in
heterostructures and monolayers based on MoS, and WS, as
transistors, MoS, and MoTe, as phototransistors, WS,, SnS,,
and TiS, as power sources, and MoS,, MoSe,, and SnS, as
catalysts for electrochemical water decomposition. Substances
containing more sulfur, for example, trisulfides, can also have a
similar layered and reduced dimensional structure. Most
transition metal chalcogenides melt incongruently.” Therefore,
it is difficult to obtain single crystals of these substances by melt
techniques such as the Bridgman or Czochralski method.
Usually, crystals of these substances are obtained by the
chemical vapor transport technique and less frequently by the
flux technique, whereas slow cooling of the chalcogenide
melts”™> is the preferred method. For the vapor transport
technique, most often halogens and their compounds are used as
transport agents. In this case, there is a possibility of halogen
incorporation into the crystal structure of the growing crystal.
Hence, for the growth of diselenide crystals free from impurities
of other elements, some works use selenium vapors instead as
the transport agent. Transport of some dichalcogenides was also
studied” without the presence of free chalcogens at high
temperatures. ReS, crystals were grown from the Re;S, ;; charge
in 900—800 °C gradient by Schifer in several days, as reported
in the article by Wehmeier et al.** Therein, it was assumed that
sulfur fugacity was minimal while it should be determined by
Re/ReS, equilibrium and be significant at the temperature of
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synthesis. On the other hand, in other articles, Schafer reported
on the possibility of using sulfur vapors as a transport agent.”
The work described the growth of crystals of several sulfides
including TiS,, V|, 5S,, NbS,, TaS;, TaS,, MoS,, WS,, FeS, CoS,,
NiS,, PdS, and PtS, usually in temperature gradient 800 — 700
°C. Large thin transition metal dichalcogenide (TMD) crystals
were grown in the excess of sulfur in 1050 — 950 °C gradient.’
Disulfide and diselenide crystals were obtained by transport in
sulfur vapors with the pressure of 9 atmospheres.” Previous
results have shown that it was possible to obtain disulfide and
diselenide crystals but not ditellurides.””"" In our previous
work,'? we noted that when evaporating selenium or tellurium
from the metal and Se (Te) melt at 850—650 °C, only selenium
or tellurium evaporated. On the other hand, when sulfur is added
to the system, the metal could also evaporate forming mixed
dichalcogenide crystals in the cooler part, for example, in
Nb(Se,S),. Therefore, the motivation of this work is to study the
transport of transition metals and the formation of sulfide
crystals in sulfur vapors and determine the optimal temperature
profile for metal transport in sulfur vapors. The new insights
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reported in this study allow the design and synthesis of high-
quality single crystals of transition metal dichalcogenides,
opening the door for high-precision studies of the properties
of these systems as well as new types of nanoelectronic
applications.

B RESULTS, DISCUSSION, AND METHODS

Quartz glass ampoules containing elementary liquid sulfur that are
heated to high temperatures are extremely dangerous and unstable. The
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Figure 1. Schematic picture of the reaction vessel (ampoule). The
reaction vessel in the tube furnace obtaining crystals in quartz glass
ampoules by the chemical vapor transport technique with sulfur vapors
as the transport agent. The vessel was placed into the furnace so that the
left part containing the sulfide usually had a temperature of 800—850 °C
and the right part with the liquid sulfur had a temperature of about
550—600 °C. The 550 °C temperature of the cooler end provided sulfur
fugacity sufficient for substance transport but not enough to destroy the
quartz glass vessel.

danger is represented by hot fragments of quartz glass and fumes of
sulfur. All manipulations with reaction vessels were carried out with the
protection of hands, face, and respiratory organs. Sulfur (Labtex 99.9%)
and metals with a purity of no less than 99.9% were used as the reagents.
We put metals, not the corresponding sulfides, since we believed that
the process of transition of the metal to sulfide at 850 °C took no more

than a few hours. Only the transport of those metals whose sulfides did
not sublimate at 800—850 °C was studied. Therefore, the transport of
silicon, germanium, cadmium, zing, tin, and mercury was not studied
because the crystals of their sulfides are often formed during the
synthesis from elements. The reaction vessel (ampoule) was made up of
quartz glass tubes with a diameter of 12 mm and a wall thickness of 2
mm (Figure 1). The tube had two bends which were previously made
by the oxygen torch. This shape of the reaction vessel fixed the position
of the sulfide charge and liquid sulfur. The size and shape of these bends
are not important; it is important that they ensure the fixation of the
load and liquid sulfur.

About 100—200 mg of metal and 1—2 g of elementary sulfur were put
into the ampoules. Sulfur was taken in excess, necessary for the
formation of an invariant two-phase association “liquid sulfur + gaseous
sulfur”. Charged ampoules were evacuated and sealed in the flame of the
oxygen torch. The total length of the vessels was 180—200 mm. The
vessels were placed into the furnace so that the left part containing the
sulfide usually had a temperature of 800—850 °C and the right part with
the liquid sulfur had a temperature of about 550—600 °C. The 550 °C
temperature of the cooler end provided sulfur fugacity sufficient for
substance transport but not enough to destroy the quartz glass vessel.
The highest relative safe temperature of the sulfur part is ~640 °C at
which the pressure reaches 10 atmospheres.'> This reaction vessel
resembles the ones for the three-zone technique described in Schifer’s
works. The time scale of the crystal growth ranges from 1 to 4 months.

All of the experiments conducted to obtain crystals by the vapor
transport technique with gaseous sulfur are summarized in Table 1. The
table shows the temperature range of coexistence with sulfur, the
temperatures of both the hot and the cold ends of the reaction vessel,
the approximate growth temperature, the time of the synthesis, the size
of the crystals, and the transported amount of substance. In the case of
iron, nickel, niobium, and tantalum, complete or almost complete
transport of the substance up to 100 mg of metal in 2—4 months
through the cross-section of 50 mm? was observed. In this way, NbS,
(Figure 2a),"*'® FeS, (Figure 2b), CoS, (Figure 2c), NiS, (Figure 2d),
Cr,S; (Figure 2e), and TiS, (Figure 2f) crystals of size up to 2 mm,
agglomerates of small crystals of Vy,,S, (Figure 2g) and In,S; (Figure
2h), and transparent plates Mg$ (Figure 3a) were obtained. During the
transport of tantalum in close proximity to the sulfur source, one-
dimensional TaS; crystals were found up to 30 mm in length and about

200 pm
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Figure 2. Electron microscope image of crystals. NbS, (a), FeS, (b), CoS, (c), NiS, (d), Cr,S; (e), TiS, (f), V1..S, (g), and In,S; (h).
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Table 1. Parameters of Experiments on Sulfide Growth: Temperature Range of Coexistence with Sulfur, Temperatures of Both
Hot and Cold Ends of the Reaction Vessel, Approximate Growth Temperature, Time of Synthesis, Size of Crystals, and Carry

Amount

temperature range of
coexistence with

temperature of hot
crystals, crystal

structure sulfur (°C) evaporation) (°C)  condensation) (°C)

NbS, n/d 850 550
NbS, n/d 850 550
PdS n/d 827 SS1
PdS, n/d

Pts, n/d 850 550
TiS, >632 820 566
TiS, <632

Bi,S; 113-775 620 540
ReS, n/d 820 566
TaS, n/d 820 566
TaS; n/d

1S, <700 827 551
HIS, n/d 827 551
MoS, 115—1750 820 566
WS, (black) <400 820 566
WS, (silver) >400

FeS, (py str.) 450-743 827 551
CoS, 115-950 827 S§1
NiS, 115-998 827 SS1
MnS <1653 800 572
VinS, n/d 800 572
C,S; <1565 815 560
In,S, 1090 815 560
MgS n/d 815 560
Au + ZnS 1718 815 560
RuS, n/d 800 572
Rh,S; or RhS; n/d 800 572
0sS, n/d 800 572

temperature of cold
end (of end (of

growth synthesis
temperature time carry
°C) (days) crystal size amount figure
~700—600 120 1-2 mm full Figure
2a
~600 120 below resolution limits
~700—600 70 2—3 mm X 100 ym full Figure
3g
551 (in 2—3 mm Figure
liquid S) 4d
~700—600 60 50—100 ym low Figure 3f
~700—600 93 1 mm full Figure 2f
566 (in 1 mm Figure
liquid S) 4e
~700—600 60 3 mm X 100 ym medium  Figure
4c
~600 93 shapeless agglomerates low Figure
4a
n/d 93 1 mm full Figure
3c
2—=3mm X 1 ym Figure
3b
~700—600 70 10 mm X 0.5 mm medium  Figure
3d
~700—600 70 10 mm X 0.5 mm medium  Figure
3e
~700—600 93 S0 pm X 1 yum low Figure
3h
n/d 93 S0 pm X 1 yum low
S50 ym X 1 ym
~700—600 70 2 mm medium  Figure
2b
~700—600 70 1 mm low Figure
2c
+551 (in 70 2 mm medium  Figure
liquid S) 2d
572 (in 120 1 mm + agglomerates of ~ full Figure 4f
liquid S) 40 pm crystals Figure
48
~700—600 120 agglomerates of 100 ym  full Figure
crystals 2g
~700—600 115 1 mm full Figure
2e
~700—600 115 agglomerates of 100 yum  full Figure
2h
~600 115 1 mm plates low Figure
3a
~700—600 115 agglomerates of 100 um  medium  Figure
4b
120 absent
120 absent
120 absent

1 mm thick (Figure 3b). TaS$, crystals were located in a slightly more
high-temperature part (Figure 3c). The temperature of the initial
crystallization of TaS$, can be estimated as 675 (50) °C and that of TaS,
as 625 (50) °C. Similarly, red-orange ZrS; (Figure 3d) and HfS; crystals
(Figure 3e) were obtained in a ribbon shape 10 mm long and up to 0.5
mm wide. In the experiment with platinum, 50 mg of PtS, crystals were
obtained in 2 months. The crystals were isometric, a few tens of
micrometers in size with a well-defined layered structure (Figure 3f).
Whiskers in similar conditions of PdS were formed (Figure 3g).
Growing PdS, crystals at a similar temperature is likely impeded due to
their low temperature of stability.

Transport of rhenium, molybdenum, and tungsten was also observed
in similar temperature conditions but significantly less in volume. MoS,
(Figure 3h) and WS, crystals a few tens of micrometers in size and ReS,

2289

crystals without a well-defined habit (Figure 4a) were obtained.
Tungsten disulfide crystals located right next to the sulfur source were
silver in color. Black and silver areas had well-defined borders, and
therefore, it can be assumed that two crystal modifications of WS, were
obtained. The possibility of transferring gold is shown in the standard
temperature regime during the recrystallization of the ZnS + Au charge
(Figure 4b). In the case of ruthenium, rhodium, and osmium, no
transport was observed. Bi,S; whiskers (Figure 4c) were obtained under
the most low-temperature regime: charge temperature—620 °C and
sulfur source temperature—540 °C. In the experiments to transport
palladium, nickel, and titanium, some additional crystals were found in
the sulfur melt, that is, in the coolest part of the reaction system. Most
likely gaseous metal compounds dissolved in the liquid sulfur, diffused
to the coolest part of the system, and formed the crystals there. This way

https://doi.org/10.1021/acs.cgd.2c01318
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Figure 3. Electron microscope image of crystals. MgS (a), TaS; (b), TaS, (c), ZtS; (d), HfS; (e), PtS, (f), PdS (g), and MoS, (h).

1/

| S —|

1 mm T

1 mm

Figure 4. Electron microscope image of crystals. ReS, (a), Au (white) and ZnS (b), Bi,S; (c), PdS, (d), TiS; (e), MnS (f), and MnS agglomerates (g).

NiS,, Cr,S;, and MgS crystals were obtained with a procedure similar to gradient for 2 months. The absence of transport in this experiment
that obtained by vapor transport. In contrast, during the transport of demonstrates that sulfur fumes are necessary for transport, which makes
palladium and titanium, PdS, (Figure 4d) and TiS; (Figure 4e) crystals this technique different from the sublimation technique.
were obtained instead of PdS and TiS,, respectively. This can be Electron backscatter diffraction (EBSD) mapping confirmed the
explained not by different chemical properties of liquid and gaseous single-crystal nature of the TiS; and NbS, crystals. The analyses were
sulfur, but by different temperatures of stability of the phases, see Table performed on a JEOL JSM 5610-lv electron scanning microscope
1. In the case of the transport of manganese, MnS crystals (Figure 4f) equipped with an UltimMax-100 EDS detector and a Symmetry EBSD
and crystal agglomerates 40 ym in size (Figure 4g) were found only in detector. The uniform Euler color, phase color, and inverse pole figures
liquid sulfur. To show that during the transport, the metal enters the gas clearly demonstrate that the studied TiS; crystal is a single crystal
phase in the form of molecules containing a greater amount of sulfur (Figure S). The very same results were obtained with the NbS, crystal.
than the charge and the growing crystal, experiments were conducted The analyzed crystal was relatively big, around 2 mm in diameter
without elementary sulfur. The ampoule containing the mixture of (Figure 6a). We analyzed a natural crystal face, only slightly polished,
NbS, and a small amount of NbS; was maintained in 850 — 700 °C which is manifested in a poor band contrast (Figure 6b). However, the
2290 https://doi.org/10.1021/acs.cgd.2c01318
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Figure S. EBSD mapping of the TiS; crystal. (a) Analyzed area of the crystal, (b) Euler colors, (c) phase color, and (d) inverse pole figures.

Euler map is uniform, and the inverse pole figures demonstrate that all
of the analyzed points inside the crystal are oriented in one and the same
direction.

B DISCUSSION

The synthetic routes reported here produce two-dimensional
transition metal dichalcogenides (TMDCs) that can form
charge density waves (CDWs), be superconducting or magnetic,
gapped or metallic, and overall with a range of physical

2291

properties that reflect the underlying electronic structure 17

(Figures S3 and 7). Bulk superconductivity in NbS, is illustrated
from low-temperature specific heat measurements, as shown in
Figure 7a. Remarkably, we find that superconductivity beyond
the Pauli limit still exists in bulk single crystals of NbS, for a
precisely parallel field alignment, and our upper critical field
points to the development of a Fulde—Ferrell-Larkin—
Ovchinnikov state above the Pauli limit as the main mechanism.
This is also consistent with the observation of a magnetic field-

https://doi.org/10.1021/acs.cgd.2c01318
Cryst. Growth Des. 2023, 23, 2287—-2294
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Figure 6. NbS, EBSD mapping. (a) Analyzed crystal, (b) band contrast, (c) Euler map, and (d) inverse pole figures.

driven phase transition in the thermodynamic quantities within
the superconducting state near the Pauli limit. In 2H-Ta$,, the
temperature dependence of specific heat and magnetization
measurements are illustrated in Figure 7b. A clear maximum of
both data at 76 K is an indication of the charge density wave
(CDW) transition. Below the CDW transition, the magnetic
susceptibility decreases sharply and continuously. This decrease
in the susceptibility can be attributed to the decrease in the
density of states on the hole band due to the opening of the
CDW gap, and additionally, no long-range magnetic order was
detected in this material. Bulk superconductivity in TaS, is
illustrated from low-temperature resistivity and specific heat
measurements, see Figure 7¢,d. To make a complete report of
the properties of the here synthesized compounds, we discuss in
the Supporting Information (SI) the calculated electronic

2292

structure of several transition metal dichalcogenides (i.e.,
CoS,, ReS,, NbS,, and Ta$,). These systems were selected to
provide insight into the interdependence of the crystal structure,
chemical composition, and electronic structure (Figures S1 and
S2).

In summary, we have demonstrated that sulfur vapors with a
fugacity of approximately 1—S atmospheres allow us to transport
many transition metals and to obtain crystals of sulfides with the
maximum possible sulfur content for these conditions. In the
absence of sulfur, the transport of these elements was impeded.
Normally, crystals grew closer to the cooler part of the ampoule
next to liquid sulfur. In several experiments, transported metals
partly dissolved in liquid sulfur and crystallized as sulfides right
therein. Our synthetic routes reported here open for the design
and growth of high-quality single crystals for TMDC research

https://doi.org/10.1021/acs.cgd.2c01318
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Figure 7. Thermodynamic properties. (a) Zero-field specific heat C/T of the NbS, single crystal. A sharp superconducting transition is centered at T, =
5.5 K. (b) Temperature dependence of the magnetic susceptibility and specific heat 2H-TaS,. The right side presents the T-dependence of
magnetization measured under 0.5 T parallel to the crystallographic basal plane. The left side shows the specific heat data measured in zero-field
conditions. The inset shows the enlarged C,/T vs T plot and the derivative of the magnetization near the CDW transition. (c and d) Temperature
dependence of resistivity at zero and 1T magnetic fields and specific heat at zero fields, respectively.

and applications and will allow an unprecedented character-
ization of the physical properties, which leads to a better
understanding of the underlying mechanisms of TMDC
research.

B METHODS SUMMARY

Chemical Composition. The chemical composition of the crystals
obtained was measured using a Tescan Vega Il XMU scanning electron
microscope with an INCA Energy 450 energy-dispersive spectrometer
at an accelerating voltage of 20 kV. Crystals glued to the conducting
substrate as well as embedded into polished epoxy resin were studied.
The crystals were ground and examined by an X-ray powder diffraction
technique on DRON-7 (Co K,-radiation) or BRUKER (Cu K-
radiation, graphite monochromator) diffractometers. Crystals with an
apparent layered structure were checked for monocrystallinity on the
BRUKER diffractometer. Traces of transport were found almost in all
ampoules after 2—4 months in the furnace when the temperature in the
hot end was 850—820 and 570—540 °C in the cooler end and if sulfur
excess was sufficient. Most often crystals were found closer to the cooler
end of the ampoule, that is, the temperature of crystallization was not
greater than 650 °C.

Magnetization Measurements. Magnetization measurements
were performed by using a Quantum Design SC quantum interference
magnetometer. The low-T specific heat down to 0.4 K was measured for
TaS, in its physical property measurement system with the adiabatic
thermal relaxation technique. Specific heat measurements were
performed down to 70 mK by using a heat-pulse technique within a
dilution refrigerator along Hllc.

Theory. We have performed spin-polarized plane-wave pseudopo-
tential calculations with norm-conserved projector-augmented wave
(PAW) pseudopotentials, as implemented in the Vienna Ab initio
Simulation Package (VASP).*® The exchange—correlation interactions
are treated under generalized gradient approximation (GGA) with van
der Waals corrections according to the Grimme DFT-D2 method.”’
The cutoff energy for the plane-wave expansion is set as 500 eV.

2293

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318.

Any additional methods, extended data display items, and
source data are available in the online version of the paper;
references unique to these sections appear only in the
online paper (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Dmitriy A. Chareev — Institute of Experimental Mineralogy
(IEM RAS), 142432 Chernogolovka, Moscow Region, Russia;
Kazan Federal University, 420008 Kazan, Russia; Ural
Federal University, 620002 Ekaterinburg, Russia;
Email: charlic@mail.ru

Mahmoud Abdel-Hafiez — University of Doha for Science and
Technology, 24449 Doha, Qatar; Department of Physics and
Astronomy, Uppsala University, SE-75120 Uppsala, Sweden;

orcid.org/OOOO—OOOZ—1802—5279;

Email: mahmoud.hafiez@physics.uu.se

Authors

Md Ezaz Hasan Khan — University of Doha for Science and
Technology, 24449 Doha, Qatar

Debjani Karmakar — Department of Physics and Astronomy,
Uppsala University, SE-75120 Uppsala, Sweden

Aleksey N. Nekrasov — Institute of Experimental Mineralogy
(IEM RAS), 142432 Chernogolovka, Moscow Region, Russia

Maximilian S. Nickolsky — Institute of Geology of Ore Deposits
(IGEM RAS), 119017 Moscow, Russia

Olle Eriksson — Department of Physics and Astronomy,
Uppsala University, SE-75120 Uppsala, Sweden; School of
Science and Technology, Orebro University, SE-701 82 Orebro,
Sweden

https://doi.org/10.1021/acs.cgd.2c01318
Cryst. Growth Des. 2023, 23, 2287—-2294


https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01318/suppl_file/cg2c01318_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitriy+A.+Chareev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:charlic@mail.ru
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahmoud+Abdel-Hafiez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1802-5279
https://orcid.org/0000-0002-1802-5279
mailto:mahmoud.hafiez@physics.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Ezaz+Hasan+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debjani+Karmakar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksey+N.+Nekrasov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+S.+Nickolsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olle+Eriksson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Delin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?fig=fig7&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Anna Delin — Department of Applied Physics, KTH Royal
Institute of Technology, SE-106 91 Stockholm, Sweden;
Swedish e-Science Research Center, KTH Royal Institute of
Technology, SE-10044 Stockholm, Sweden; ® orcid.org/
0000-0001-7788-6127

Alexander N. Vasiliev — Lomonosov Moscow State University,
119991 Moscow, Russia; National University of Science and
Technology “MISiS”, 119049 Moscow, Russia; ® orcid.org/
0000-0003-3558-6761

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.2c01318

Author Contributions

D.A.C, AN.V, and M.A.-H. prepared all materials. AN.N. and
M.S.N. performed the electron microscope measurements.
M.A.-H. and M.S.N. performed the magnetic measurements.
DK, AD, and O.E. performed all theories. M.A.-H., D.A.C,,
AN.V, and O.E. analyzed data and wrote the paper. M.A.-H.
conceived and directed the project. All authors contributed to
the discussion and provided feedback on the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

M.A.-H. acknowledges the financial support from the Swedish
Research Council (VR) under project No. 2018-05393. D.A.C.
acknowledges the financial support by the Grant of the President
of the Russian Federation for the state support of the leading
scientific schools of the Russian Federation No. NSh-
2394.2022.1.5. O.E. acknowledges the financial support by the
Knut and Alice Wallenberg Foundation through Grant
No0.2018.0060. O.E. also acknowledges the support by the
Swedish Research Council (VR), the Foundation for Strategic
Research (SSF), the Swedish Energy Agency (Energimyndigh-
eten), the European Research Council (854843-FASTCORR),
eSSENCE, and StandUP. The computations/data handling was
enabled by resources provided by the Swedish National
Infrastructure for Computing (SNIC). Financial support from
Vetenskapsradet (Grant Nos. VR 2015-04608, VR 2016-05980,
and VR 2019-05304) and the Knut and Alice Wallenberg
Foundation (Grant No. 2018.0060) is acknowledged. Compu-
tations were enabled by resources provided by the Swedish
National Infrastructure for Computing (SNIC) at PDC and
NSC, partially funded by the Swedish Research Council through
grant agreement no. 2018-05973.

B REFERENCES

(1) Kumar, N. A; Dar, M. A; Gul, R; Baek, J. B. Graphene and
molybdenum disulfide hybrids: synthesis and applications. Mater.
Today 2015, 18, 286—298.

(2) Phase Diagrams of Binary Metallic Systems; Lyakishev, N. P., Ed;
Mashinostroenie, 1996.

(3) Wehmeier, F. H.; Keve, E. T.; Abrahams, S. C. Preparation,
structure, and properties of some chromium selenides. Crystal growth
with selenium vapor as a novel transport agent. Inorg. Chem. 1970, 9,
2125-2131.

(4) Spih, R; Elrod, U.; Lux-Steiner, M.; Bucher, E.; Wagner, S. PN
junctions in tungsten diselenide. Appl. Phys. Lett. 1983, 43, 79—81.

(5) Dalrymple, B. J.; Mroczkowski, S.; Prober, D. E. Vapor transport
crystal growth of the transition metal dichalcogenide compounds
Nb,_,Ta,Se,. J. Cryst. Growth 1986, 74, 575—580.

(6) Legma, J. B.; Vacquier, G.; Casalot, A. Chemical vapour transport
of molybdenum and tungsten diselenides by various transport agents. J.
Cryst. Growth 1993, 130, 253—258.

2294

(7) ALHilli, A. A;; Evans, B. L. The preparation and properties of
transition metal dichalcogenide single crystals. J. Cryst. Growth 1972,
15,93—-101.

(8) Schifer, H. Der Chemische Transport von Re, ReO, ReO; und
ReS,. Z. Anorg. Allg. Chem. 1973, 400, 253—284.

(9) Schifer, H.; Wehmeier, F.; Trenkel, M. Chemischer Transport mit
Schwefelals Transportmittel. J. Less-Common Met. 1968, 16, 290—291.

(10) Naito, M.; Tanaka, S. Electrical transport properties in 2H-NbS,,
NbSe,, Ta$S, and-TaSe,. J. Phys. Soc. Jpn. 1982, 51, 219—-227.

(11) Barry, J. J.; Hughes, H. P; Klipstein, P. C.; Friend, R. H.
Stoichiometry effects in angle-resolved photoemission and transport
studies of Ti,,S,. J. Phys. C: Solid State Phys. 1983, 16, 393.

(12) Chareev, D. A.; Evstigneeva, P.; Phuyal, D.; Man, G. J.; Rensmo,
H.; Vasiliev, A. N.; Abdel-Hafiez, M. Growth of Transition-Metal
Dichalcogenides by Solvent Evaporation Technique. Cryst. Growth Des.
2020, 20, 6930—6938.

(13) Mikkelsen, J. C. PTX phase diagram for Ti—S from (60/75)
atomic sulfur. Nuovo Cimento B 1977, 38, 378—386.

(14) Cho, C. W.; Lyu, J.; Ng, C. Y.; et al. Evidence for the Fulde—
Ferrell-Larkin—Ovchinnikov state in bulk NbS,. Nat. Commun. 2021,
12, No. 3676.

(15) Gorgoi, M.; et al. The high kinetic energy photoelectron
spectroscopy facility at BESSY progress and first results. Nucl. Instrum.
Methods Phys. Res., Sect. A 2009, 601, 48—53.

(16) Majumdar, A.; VanGennep, D.; Brisbois, J.; et al. Interplay of
charge density wave and multiband superconductivity in layered quasi-
two-dimensional materials: The case of 2H—NbS, and 2H—NbSe,.
Phys. Rev. Mater. 2020, 4, No. 084005.

(17) Kvashnin, Y.; VanGennep, D.; Mito, M.; et al. Coexistence of
Superconductivity and Charge Density Waves in Tantalum Disulfide:
Experiment and Theory. Phys. Rev. Lett. 2020, 125, No. 186401.

(18) Abdel-Hafiez, M.; Zhao, X. M.; Kordyuk, A.; et al. Enhancement
of superconductivity under pressure and the magnetic phase diagram of
tantalum disulfide single crystals. Sci. Rep. 2016, 6, No. 31824.

(19) Cho, C.-w; et al. Competition between orbital effects, Pauli
limiting, and Fulde—Ferrell—Larkin—Ovchinnikovstates in 2D tran-
sition metal dichalcogenide superconductors. New J. Phys. 2022, 24,
No. 083001.

(20) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996,
54, No. 11169.

(21) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, No. 154104

https://doi.org/10.1021/acs.cgd.2c01318
Cryst. Growth Des. 2023, 23, 2287—-2294


https://orcid.org/0000-0001-7788-6127
https://orcid.org/0000-0001-7788-6127
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+N.+Vasiliev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3558-6761
https://orcid.org/0000-0003-3558-6761
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01318?ref=pdf
https://doi.org/10.1016/j.mattod.2015.01.016
https://doi.org/10.1016/j.mattod.2015.01.016
https://doi.org/10.1021/ic50091a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50091a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50091a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.94128
https://doi.org/10.1063/1.94128
https://doi.org/10.1016/0022-0248(86)90204-6
https://doi.org/10.1016/0022-0248(86)90204-6
https://doi.org/10.1016/0022-0248(86)90204-6
https://doi.org/10.1016/0022-0248(93)90859-U
https://doi.org/10.1016/0022-0248(93)90859-U
https://doi.org/10.1016/0022-0248(72)90129-7
https://doi.org/10.1016/0022-0248(72)90129-7
https://doi.org/10.1002/zaac.19734000307
https://doi.org/10.1002/zaac.19734000307
https://doi.org/10.1016/0022-5088(68)90027-1
https://doi.org/10.1016/0022-5088(68)90027-1
https://doi.org/10.1143/JPSJ.51.219
https://doi.org/10.1143/JPSJ.51.219
https://doi.org/10.1088/0022-3719/16/2/022
https://doi.org/10.1088/0022-3719/16/2/022
https://doi.org/10.1021/acs.cgd.0c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02723508
https://doi.org/10.1007/BF02723508
https://doi.org/10.1038/s41467-021-23976-2
https://doi.org/10.1038/s41467-021-23976-2
https://doi.org/10.1016/j.nima.2008.12.244
https://doi.org/10.1016/j.nima.2008.12.244
https://doi.org/10.1103/PhysRevMaterials.4.084005
https://doi.org/10.1103/PhysRevMaterials.4.084005
https://doi.org/10.1103/PhysRevMaterials.4.084005
https://doi.org/10.1103/PhysRevLett.125.186401
https://doi.org/10.1103/PhysRevLett.125.186401
https://doi.org/10.1103/PhysRevLett.125.186401
https://doi.org/10.1038/srep31824
https://doi.org/10.1038/srep31824
https://doi.org/10.1038/srep31824
https://doi.org/10.1088/1367-2630/ac8114
https://doi.org/10.1088/1367-2630/ac8114
https://doi.org/10.1088/1367-2630/ac8114
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

