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Abstract 

Single layers of materials, including numerous quasi-two-dimensional transition metal 

dichalcogenides, are of interest for emergent properties under extreme quantum confinement in 

reduced dimensions. A key issue, difficult to address and often neglected, is the influence of a 

substrate on the single-layer properties. We show that even weak van-der-Waals bonding between 

a single layer and its substrate can yield strong effects. The test system, single-layer TiTe2, shows 

a (2x2) charge density wave (CDW) below a critical temperature of TC = 92 K if it is grown on a 

bilayer graphene. When the same single layer is instead grown on PtTe2 films, its CDW TC 

becomes suppressed and varies strongly with the PtTe2 film thickness. This change in substrate 

PtTe2 thickness does not affect the interfacial epitaxial relationship, but the substrate transforms 

from a semiconductor with a sizable gap to a semimetal. The experimentally observed trend 

demonstrates the importance of interfacial electronic interaction. A general implication is that 

substrate effects are an integral part of single-layer physics.       

Introduction 

Research on single layers has demonstrated abundant cases of novel properties including 

lattice and charge distortions, magnetic ordering, Lifshitz or topological electronic transitions, 

superconductivity, etc. that are drastically different from the corresponding bulk cases1-18. 

Transition metal dichalcogenides (TMDCs)1-11,16,19-23, which form a huge group of van-der-Waals 

layered systems, are excellent parent materials for single layers. Many TMDCs exhibit charge 

density waves (CDWs) involving coupled charge and lattice distortions, which compete against 

other types of ordering. A few examples of TMDCs that exhibit CDWs include a (2x2x2) phase in 

bulk TiSe2 below 205 K and a (2x2) phase below 232 K in the single layer2-4, a (3x3x1) phase in 

bulk NbSe2 below 33 K and a CDW transition at possibly up to 145 K in the single layer8,9,19-21, 
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and a (4x4x3) CDW phase in bulk VSe2 below 110 K and a ( )7 3   phase below 220 K in the 

single layer5-7,22,23. The system of interest for the present study, TiTe2, is an extraordinary case. 

When grown on a bilayer-graphene-terminated SiC surface (BLG, for short), a single layer of 

TiTe2 shows a (2x2) CDW transition below TC = 92 K, but thicker films even at just two layers do 

not show any CDW transitions1. The single layer, with its singular behavior, is evidently highly 

sensitive to what lies underneath it, which makes it a particularly sensitive test case for 

investigating substrate coupling effects. A basic understanding of the coupling phenomenon is 

important for engineering single layers for applications.   

We employ N-layer films of PtTe2 as the substrate for single-layer TiTe2, where N = 0, 

1, … 4, for a systematic investigation of the substrate coupling effects. At N = 0, the substrate 

reduces to a BLG. This is one of the most weakly interacting substrates. A small lattice constant 

of BLG means that the surface is densely packed with a small surface corrugation potential. Single-

layer TiTe2 atop assumes an unstrained parallel epitaxy structure1; the lattice incommensuration 

averages out any interfacial directional bonding. Furthermore, BLG has a very large band gap near 

the zone center. The π bands cross the Fermi level far away from the zone center and have a very 

low density of states near the Fermi level. All of these factors combined make the single-layer film 

of TiTe2 on top of the BLG nearly freestanding. TiTe2 grown on N-layer PtTe2 also assumes an 

incommensurate parallel epitaxy structure although with a smaller lattice mismatch. At N = 1, 

PtTe2 is a semiconductor with a sizable gap11. The lack of electronic states near the Fermi level 

suggests a weak interfacial electronic interaction with the overlayer. At N = 2 and above, PtTe2 

turns into a semimetal with an increasing number of bands crossing the Fermi level. The 

incommensurate interfacial bonding remains of the van-del-Waals type despite the increasing 

metallicity of the substrate. The central question is, how the CDW transition in the TiTe2 single 
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layer might be affected by the changes in the substrate electronic structure as N increases.  Our 

systematic study based on angle-resolved photoemission spectroscopy (ARPES) and theory shows 

that resonant coupling near the Fermi level accompanied by the metallicity changes suppresses the 

CDW in the single-layer TiTe2.  

Results 

ARPES maps and CDW of single-layer TiTe2 on BLG. 

As the base results for comparison, Fig. 1a and b show ARPES maps of single-layer TiTe2 

on BLG along the ΓM̅̅ ̅̅  direction for the (1x1) normal phase at 300 K and the (2x2) CDW phase at 

25 K, respectively. No ARPES features from the BLG are present in the data, as they appear 

elsewhere in the energy-momentum space. The results, in agreement with prior studies1, show 

three metallic bands crossing the Fermi level at 300 K: two concave Te 5p valence bands centered 

about the zone center   and a convex Ti 3d conduction band centered about the M̅ point at the 

zone boundary. The ARPES map at 25 K appears sharper because of reduced thermal broadening. 

Additionally, weak replicas of the valence bands now appear centered about M̅, which arise from 

(2x2) folding in the CDW phase. The folded band features are faint in the original data but become 

readily seen by comparing the zoomed-in second-derivative maps around the conduction band 

minimum in Fig. 1c and d for the sample at 300 and 25 K, respectively.    

ARPES maps and CDW of single-layer TiTe2 on single-layer PtTe2. 

Similar ARPES results were taken from a single layer of TiTe2 grown on a single layer of 

PtTe2, which was itself grown on a BLG. Fig. 2a and b show ARPES maps at 300 and 25 K, 

respectively, for the single-layer PtTe2 before TiTe2 growth. The corresponding second-derivative 

maps are shown in Fig. 2c and d together with the theoretical band dispersion relations (dashed 
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curves)11. The data for the two temperatures are similar, but the bands at 25 K are sharper because 

of reduced thermal broadening. The ARPES results confirm that single-layer PtTe2 is a 

semiconductor; the gap is 0.79 eV from theory11. Fig. 2e and f show ARPES results after the 

addition of a TiTe2 single layer on top. The results, dominated by the TiTe2 emission features, are 

very similar to those seen in Fig. 1. Zoomed-in second-derivative ARPES maps around the 

conduction band minimum at M̅ taken at 300 and 25 K are presented in Fig. 2g and h, respectively. 

The 25 K data show folded valence bands, similar to those seen in Fig. 1d, indicating that single-

layer TiTe2 on single-layer PtTe2 also exhibits a CDW at 25 K.   

Substrate thickness-dependent band structure and CDW transition. 

ARPES maps taken from single-layer TiTe2 grown on N-layer PtTe2 films, with N = 0, 1, 

… 4, on BLG are shown in Fig. 3a and b for sample temperature at 300 and 25 K, respectively.  

Fig 3a also contains calculated band dispersion relations for freestanding single-layer TiTe2 for 

comparison1. Shown in the Supplementary Information are the corresponding ARPES maps for 

the N-layer PtTe2 films before TiTe2 growth24, from which it is evident that PtTe2 becomes a 

semimetal already at N = 2, and the system remains semimetallic with more bands crossing the 

Fermi level as N increases. Second-derivative ARPES maps taken at 25 K near the conduction 

band minimum at M̅ of TiTe2 for the bare BLG substrate and for single-layer TiTe2 on N = 0, 1, 

… 4 layers of PtTe2 are presented in Fig. 3c. Valence band folding caused by CDW formation is 

evident for N = 0 and 1, but not for larger N, and the folded-band features at N = 1 are weaker than 

those for N = 0.  Thus, the CDW state at 25 K is the strongest for N = 0, weaker for N = 1, and 

fully suppressed at higher N. The measured ARPES intensity of the folded bands is a measure of 

the CDW order parameter. The red squares in Fig. 3d represent integrated ARPES intensities in 

the yellow box indicated in Fig. 3c for N = 0 as a function of temperature, and the curve is a fit 
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based on the BCS mean-field equation2-4, from which a transition temperature of TC = 95 ± 3 K is 

extracted. A similar analysis for N = 1 (blue circles in Fig. 3d) yields a lower CDW TC = 65 ± 3 K. 

No CDW transitions are seen for N = 2, 3, and 4. Evidently, the CDW in TiTe2 is weakened and 

eventually suppressed by increasing the thickness of the PtTe2 substrate film.  

CDW suppression by electronic coupling to the substrate.  

The trend of CDW suppression as a function of N can be correlated with the evolution of 

the PtTe2 film’s electronic structure. The band structure around the Fermi level for single-layer 

TiTe2, shown as blue curves in Fig. 4a-e, is superimposed on the band structures of the different 

substrates1,11.  If the TiTe2 overlayer and substrate valence band structures closely match in energy-

momentum space near the Fermi level, resonant coupling of the electronic states across the 

interface can arise and make the overlayer less freestanding-like, thus affecting the overlayer 

properties. Visual inspection reveals that, within 0.5 eV of the Fermi level (indicated by the shaded 

bands in Fig. 4a-e), there is a huge mismatch for N = 0, a somewhat better match for N = 1, and a 

good match for N = 2 and above.  

To quantify the analysis, we define a band-match function  as an integral from EB = -0.5 

eV to the Fermi level at E = 0 in terms of the momentum mismatch between the TiTe2 overlayer 

bands, indexed by i, and the N-layer substrate bands, indexed by j:   

( )
( ) ( )B

Overlayer
0

2

1

E N
i

i j
j

N dE
k E k E i

 =
− + 

       (1) 

where the average is taken over the substrate bands, and  is the combined momentum broadening 

of the bands, which can be deduced from the measured ARPES band widths. The evaluation of  

is summed over ΓK̅̅̅̅  and ΓM̅̅ ̅̅ . A large  means a good band match, and vice versa. Fig. 4f shows 
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the computed  function for N = 0, 1, … 4. For simplicity, we have used an average value of  = 

0.2 Å -1 in the evaluation, but the shape of the  function remains essentially the same for  ranging 

from 0.05 to 0.3 Å -1. Likewise, the shape of  is insensitive to the choice of EB within the range of 

-0.3 to -0.8 eV. This insensitivity is demonstrated in the Supplementary Information24. As seen in 

Fig. 4f, the band-match function rises rapidly from N = 0 to 1 and to 2 and saturates afterwards. 

This correlates well with the observed trend for the CDW transition: TC = 95 and 65 K for N = 0 

and 1, respectively, and no CDW is observed for N = 2, 3, and 4. A good band match leads to 

CDW suppression.    

Discussion and implications.  

 Our observation strongly suggests that the (2x2) CDW in single-layer TiTe2 is a two-

dimensional property, and electronic coupling to the substrate weakens it. With increasing N, the 

interfacial bonding remains of the van-der-Waals type. However, the metallicity of the substrate 

changes, and the electronic coupling as measured by the band-match function increases. At N = 2 

and beyond, the (2x2) CDW phase becomes suppressed. The increased overlayer-substrate 

coupling is also evident from the evolution of the ARPES maps seen in Fig. 3c, where the 

conduction band minimum shifts slightly down in energy and the bandwidth broadens for 

increasing N. The changes are most notable between N = 1 and 2, which correlates well with the 

suppression of the CDW. Similar band renormalization and bandwidth changes are seen for the 

other bands in Fig. 3a and b, which suggest increased electronic coupling to the substrate and the 

development of three dimensionality in the system. Conceptually, the best electronic band match 

occurs when the single-layer TiTe2 is placed on top of another single layer of TiTe2. The resulting 

bilayer of TiTe2 shows no CDW1, which is consistent with the trend discussed above. The premise 

of CDW modification by overlayer-substrate coupling should be broadly applicable to other van-
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der-Waals heterostructures. As a further demonstration, an ARPES study of single-layer TiTe2 

grown on a small-gap semiconductor, single-layer TiSe2, is presented in the Supplementary 

Information24; no CDW is observed in this system down to 25 K because of a good band match 

between single layers of TiTe2 and TiSe2.  

Our systematic investigation of the CDW in single-layer TiTe2 upon tuning the substrate 

electronic structure leads us to conclude that even incommensurate van-der-Waals bonding, which 

is expected to be very weak, can lead to nontrivial modifications of the single-layer properties. 

Single layers are of great interest for their potential novel properties caused by extreme quantum 

confinement and reduced dimensionality, but the vast majority of studies of single layers to date 

generally sidestep the issue of substrate interaction. Our results provide important physical insights 

into the coupling issue and demonstrate the potential for tuning single-layer properties by substrate 

engineering.   

 

Methods 

Substrates of 6H-SiC(0001) were annealed repeatedly to form a well-ordered BLG-

terminated surface on the Si-terminated side. PtTe2 films were grown at a rate of one layer per 50 

minutes by co-deposition of Pt and Te from an electron-beam evaporator and an effusion cell, 

respectively, under a high Te overpressure with the substrate maintained at 280 ˚C11. Afterwards, 

a single layer of TiTe2 was grown on top of the PtTe2 films in a similar manner1,11. Characterization 

of the film growth processes and measurements of the band structure by ARPES were performed 

using a Scienta R4000 analyzer and a Scienta Omicron VUV5K helium lamp operating at 21.22 

eV as the light source. The preparation of single-layer TiTe2 on TiSe2 was done similarly; ARPES 
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measurements of this system were performed using 58-eV photons at beamline 10.0.1.1, Advanced 

Light Source. 
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Figure 1 ARPES from single-layer TiTe2 on BLG. a, b ARPES maps along the ΓM̅̅ ̅̅  

direction taken at 300 and 25 K, respectively, using 21.22 eV photons. c, d Zoomed-in 

second-derivative ARPES maps near the conduction band minimum around M̅ taken at 

300 and 25 K, respectively. 
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Figure 2 ARPES from single-layer PtTe2 and single-layer TiTe2 on single-layer 

PtTe2. a, b ARPES maps of single-layer PtTe2 along ΓM̅̅ ̅̅  taken at 300 and 25 K, 

respectively, using 21.22 eV photons. c, d Corresponding second-derivative maps with 

superimposed theoretical band structure. e, f ARPES maps of single-layer TiTe2 on 

single-layer PtTe2 along ΓM̅̅ ̅̅  taken at 300 and 25 K, respectively. g, h Corresponding 

zoomed-in second-derivate maps near the conduction band minimum at M̅. 
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Figure 3 ARPES maps for single-layer TiTe2 on N-layer PtTe2. a, b ARPES maps 

along ΓM̅̅ ̅̅  for N = 0, 1, … 4 taken at 300 and 25 K, respectively. The band structure of 

single-layer TiTe2 (dashed curves) is included in a for comparison. c Second-derivative 

maps near the conduction band minimum at 25 K for bare BLG and the TiTe2/PtTe2 

samples for N = 0, 1, … 4. d ARPES intensity of the folded band (integrated over a box 

as indicated in c for N = 0) as a function of temperature for the different N's. The curves 

are BCS mean-field fits.   
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Figure 4 Electronic structure and band-match function . a-e Theoretical band 

structures for single-layer TiTe2 (blue curves) and the PtTe2/BLG substrate for N = 0, 1, 

… 4, respectively, along the K̅ − Γ̅ − M̅ directions. The Brillouin zone boundaries for BLG, 

TiTe2, and PtTe2 are indicated. The horizontal shaded band in a-e indicates the energy 

range used to evaluate . f The band-match function  as a function of N. The color 

shading indicates weakening of the CDW state from N = 0 to 1 and suppression of the 

CDW state at N = 2 and beyond.  
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