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Most two-dimensional (2D) materials experimentally studied so far have

hexagons as their building blocks. Only a few exceptions, such as PdSe,, are
lower in energy in pentagonal phases and exhibit pentagons as building
blocks. Although theory has predicted alarge number of pentagonal 2D
materials, many of these are metastable and their experimental realization is
difficult. Here we report the successful synthesis of a metastable pentagonal
2D material, monolayer pentagonal PdTe,, by symmetry-driven epitaxy.
Scanning tunnelling microscopy and complementary spectroscopy
measurements are used to characterize this material, which demonstrates
well-ordered low-symmetry atomic arrangements and is stabilized by lattice
matching with the underlying Pd(100) substrate. Theoretical calculations,
along with angle-resolved photoemission spectroscopy, reveal monolayer
pentagonal PdTe, tobe a semiconductor with anindirect bandgap of

1.05 eV. Our work opens an avenue for the synthesis of pentagon-based

2D materials and gives opportunities to explore their applications such as
multifunctional nanoelectronics.

Since the prediction several years ago of the first pentagonal
two-dimensional (2D) materials, namely, pentagonal graphene'and
noble metal dichalcogenides?, research interest has been growing
in this subgroup of 2D materials due to their unique properties and
potential applicationsin nanoelectronics, optoelectronics and ther-
moelectrics®*. Unlike the much more studied hexagon-based 2D mate-
rials, the building blocks of pentagonal 2D materials are pentagons.
Due to the well-known pentagonal tiling rule, according to which
regular pentagons cannot tile a plane, pentagonal 2D materials tend
to form puckered layers. Such a puckered pentagon-based structure
presents low crystallographic symmetry, leading to an orthorhom-
bic crystal structure with rectangular unit cells®. The low crystal-
lographic symmetry introduces large in-plane anisotropy and low

thermal conductivity, making them promising candidate materials
for future anisotropic electronics and thermoelectrics®°. The puck-
ered layersin pentagonal 2D materials also induce renormalization of
bond lengths and angles, resulting in decreased layer thickness and
increased layer flexibility”. This makes pentagonal transition metal
dichalcogenide (TMDC) monolayers ~40-50% thinner than hexago-
nal TMDC monolayers" and could facilitate applications in flexible
devices and wearable electronics. Furthermore, many other fascinat-
ing properties have been predicted for pentagonal 2D materials, such
as ultrahigh strength of pentagonal graphene’, room-temperature
quantum spin Hall effect of pentagonal SnX, (X =S, Se, Te)"?, magnetic
Dirac fermions of pentagonal MoS, (ref. 13) and ferromagnetism of
semiconducting pentagonal VTe, (ref. 14), indicating that pentagonal
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Fig.1|Synthesis of monolayer hexagonal and pentagonal PdTe,. a, Schematics
of epitaxial growth of monolayer hexagonal and pentagonal PdTe, by direct
tellurization of Pd(111) and Pd(100) surfaces, respectively. This schematic image
is to demonstrate key aspects of the growth method only. Tellurium adatoms in
the schematic image of pentagonal PdTe, on Pd(100) are discussed later in the
text.b,c, Aschematiclattice image (top view) (b) and an atomically resolved
STMimage of monolayer hexagonal PdTe, (c). d,e, A schematic lattice image

(top view) (d) and an atomically resolved STM image of monolayer pentagonal
PdTe, (e). Corresponding side views of the lattices shown inb and d are shown in
a.Measurement parameters: sample bias voltage V, = 0.8 V, tunnelling current
magnitude /.= 0.7 nAforcand V,=-0.5V,/,= 0.5 nAfor e. Black rhombuses and
red squares represent unit cells of hexagonal and pentagonal PdTe,, respectively.
Red lines in eindicate zigzag chains formed by the topmost tellurium atoms.

2D materials are not only promising materials for novel applications
but also demonstrate great potential in fundamental studies of new
quantum states and phenomena.

Although pentagonal 2D materials have been theoretically pre-
dicted for years, few of them have been studied experimentally®. Only
recently have PdSe, and the analogous PdPSe and PdPS, which have
pentagonal structures as thermodynamically stable phases, begun to
be investigated” ™ (it should be noted that the bulk crystals of these
materials, which have orthorhombic structures, were studied much
earlier’”). Their properties, including high mobility and large in-plane
anisotropy, have been unveiled, facilitating their applicationsin func-
tional nanoelectronics” %, Inaddition, giant non-linear optical activity
has been observed in PdSe, (refs. 21,22), suggesting its potential in
optoelectronics. More interestingly, the pentagonal structure offers
PdSe, great flexibilities for structural reconstruction, which provides
opportunities for phase engineering® and enables interlayer manipula-
tion**. However, in contrast to PdSe,, many pentagon-based 2D mate-
rials are metastable” (Supplementary Fig. 1), which makes the direct
synthesis of these materials more challenging. Although previously
some metastable phases of hexagon-based 2D TMDCs (such as1T and
1T’ phases of MoS,) have been synthesized** %, the direct synthesis of
pentagon-based metastable phases has never been demonstrated. The
lack of proper ways to synthesize and stabilize pentagonal 2D materials
(particularly metastable ones) has largely hindered the exploration of
this unique class of 2D materials.

We report here the direct synthesis of metastable monolayer
pentagonal PdTe,. All the PdTe, phases so far synthesized (both bulk
and 2D layers) demonstrate hexagonal 1T structures®~ because the
hexagonal phase is energetically favoured by having the lowest forma-
tion energy®. Based on our density functional theory (DFT) calcula-
tions, the formation energy for monolayer pentagonal PdTe, is only
0.04 eV per atom higher than that of the monolayer hexagonal PdTe,
(Supplementary Fig. 1), suggesting the potential feasibility of synthe-
sizing the pentagonal phase. Here, we use epitaxial growth, whichisan
efficient way to grow high-quality 2D materials®***, for the synthesis

of pentagonal PdTe,. During epitaxy, the substrate symmetry plays
a crucial role and the as-grown structure can be well controlled and
stabilized due to lattice match with the substrate®. We demonstrated
the synthesis of monolayer pentagonal PdTe, by symmetry-driven
epitaxy through direct tellurization of the Pd(100) surface, the lattice
of which exhibits a good match with the lattice of pentagonal PdTe,.
The successful growth of monolayer pentagonal PdTe, was confirmed
by various structural and spectroscopic characterizations. Compre-
hensive scanning tunnelling microscopy (STM) measurements and
simulations, combined with low-electron-energy diffraction (LEED)
analysis proved the atomic structures of pentagonal PdTe,. X-ray pho-
toelectronspectroscopy (XPS) measurements verified the formation of
PdTe,and the monolayer thickness. Phonon dispersions were revealed
by DFT calculations and corresponding lattice vibrational modes
were observed by high-resolution electron energy loss spectroscopy
(HREELS). The DFT calculations revealed that the monolayer pentago-
nal PdTe,is asemiconductor with anindirect bandgap of 1.05 eV, which
is consistent with the scanning tunnelling spectroscopy (STS) result.
Meanwhile, the valence bands of the monolayer pentagonal PdTe, were
measured by angle-resolved photoemission spectroscopy (ARPES).
This direct synthesis, along with the comprehensive measurements
of atomic structures, phonon dispersions and electronic structures
of monolayer pentagonal PdTe,, will greatly accelerate the research
field of pentagonal 2D materials.

We selected different facets of palladium single crystals as sub-
strates for the epitaxial growth of different phases of PdTe,. By taking
advantage of the symmetries of the underlying substrates, hexagonal
and pentagonal monolayer PdTe, were successfully synthesized through
directtellurization of Pd(111) and Pd(100) surfaces, respectively (Fig.1a).
The as-grown hexagonal monolayer PdTe, exhibits a conventional 1T
structure (Fig. 1b,c) with (\/3 X \/5) R30° atomic arrangements, which
hasbeendiscussed in depthin our previous work®.

Inthis work, we focus on the pentagonal phase of PdTe, grown on
Pd(100). Before growth, the surface of Pd(100) was freshly cleaned by
repeated sputtering and annealing in an ultrahigh vacuum (UHV).
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Fig. 2| Phonons of monolayer pentagonal PdTe,. a, Calculated phonon
dispersions of monolayer pentagonal PdTe, along the '-X-M-Y-T"path of the
Brillouin zone as shown in the inset. b, An electron-energy-loss spectrum of
as-grown pentagonal PdTe, at the I point. The dotted black and solid blue curves
are the original data curve (after background subtraction) and the fitting curve,
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respectively. Red and yellow peaks (at 23 meV and 26 meV, respectively) are the
fitting components and their energies are marked as green dotsina.

The primary electron beam energy (£,) is 25 eV. The incident and scattering
angles (a;and a,, respectively) are 67°.

After cleaning, palladium atoms on the surface were full of dangling
bonds and chemically reactive. Tellurium was then deposited on the
Pd(100) substrate. Annealing at 500 °C induced the formation of
pentagonal PdTe,, which as shown below exhibits lattice matching
with the Pd(100) substrate (see Supplementary Fig. 2 for details of the
growth). This lattice matching serves as the driving force for the
growth of the pentagonal phase of PdTe,. Pentagonal PdTe, presents
low crystallographic symmetry with the monoclinic space group®
P2,/c,whichis considerably different from hexagonal PdTe, which has
the high-symmetry space group® P3ml. Its out-of-plane geometries
arepuckered (Fig.1a) and its projected in-plane atomic arrangements
demonstrate pentagons as the building blocks (Fig.1d). The projected
in-plane structure exhibits a rectangular unit cell (Fig. 1d), with
tetra-coordinated>” palladium atoms (where each palladium atom
bonds with four tellurium atoms, two from the top and two from the
bottom). For the out-of-plane structure, each top tellurium atom pairs
withabottom tellurium atom to form a Te-Te dimer across the layer?,
resulting in a puckered layer with a shorter vertical height of 1.69 A
compared with that (2.76 A) of the monolayer hexagonal PdTe,". The
atomic-resolution STM image taken after growth reveals 1D zigzag
chains formed by bright dots (Fig. 1e), indicating low-symmetry
arrangements of surface atoms. This structure agrees well with the
patterns of the topmost tellurium atoms of pentagonal PdTe,. The
measured unit cell of the as-grown structure is square (6.2 A x 6.2 A),
whichisslightly different from the previously calculated rectangular
lattice for the free-standing monolayer pentagonal PdTe,, which has
aunitcell of 6.1A x 6.4 A (refs. 8,11). The reason for this difference can
be ascribed to lattice confinement by the underlying Pd(100) sub-
strate, which has a square lattice. We note that, unlike the Pd(100)
lattice, the as-grown PdTe, lattice is not invariant upon 90° rotation
even though it has a square unit cell. According to the Pd-Te phase
diagram®®and a theoretical database of 2D materials®***°, for allknown
Pd-Te compounds, the pentagonal PdTe, we discuss here (5 pentago-
nal phase®) is the only one that has a rectangular unit cell with lattice
constants close to 6.2 A x 6.2 A, consistent with our STM images.
Although other types of pentagon-based phases have also been pre-
dicted for some materials (such as y phase for PdS,)**, the B pentago-
nal phase we discuss here is the only one in which zigzag chains can

be formed by the topmost atoms, again consistent with our STM
observations, thus confirming our structural assignment. We also
note that the as-grown monolayer pentagonal PdTe, is stable after air
exposure (Supplementary Fig. 3), facilitating its potential applications
inambient conditions.

We carried out synchrotron-based XPS measurements to verify the
formation of PdTe,. We observed two sets of peaks in the Pd 3d spectra:
oneset presents lower binding energies of 335.1 eVand 340.4 eV; the other
presents higher binding energies of 336.0 eV and 341.3 eV (Supplemen-
tary Fig.4a). The sets of lower and higher binding energies can be attrib-
uted to bulk palladium substrate and pentagonal PdTe,, respectively. Two
setsof Te4d peaks were also observedin the XPS spectra (Supplementary
Fig.4b). The lower binding energies of 40.6 eV and 42.1 eV are ascribed
totelluriuminPdTe,. The existence of the set of higher binding energies
of 41.5eV and 43.0 eV indicates that there is another type of tellurium
inthe system. We attribute these higher binding energies to a tellurium
adatom layer between the as-grown pentagonal PdTe, and the Pd(100)
substrate, a hypothesis supported by previous works in similar systems
(for example, TMDC monolayers epitaxially grown on corresponding
single crystals)**** and our DFT calculations. (A comparison between
the XPS spectra of as-grown pentagonal and hexagonal PdTe, demon-
strates that tellurium adatoms are unique in pentagonal PdTe,/Pd(100)
(Supplementary Fig.4c). More discussions about tellurium adatoms can
be found in Supplementary Figs. 5 and 6 and Supplementary Table 1).
Moreover, we carried out the XPS measurements under both normaland
grazing emission angles to determine therelative contribution of PdTe,,
telluriumadatoms and the Pd(100) substrate (Supplementary Fig. 4a,b).
Theresults show the palladium peak arearatio of PdTe, to bulk palladium
substrate became bigger with grazing emission, whereas the tellurium
peakarearatio of telluriumadatoms to PdTe, became smaller, suggesting
thatPdTe,isontop of Pd(100), and the telluriumadatoms are under PdTe,.
Based on our XPSresults, the thickness of the as-grown pentagonal PdTe,
isestimated**** tobe ~1.6 A, consistent with monolayer pentagonal PdTe,
(ref.11). This value is also much smaller than the calculated thickness of
bilayer pentagonal PdTe, (5.1 A), indicating that the as-grown PdTe, is
unlikely to be abilayer.

Inaddition, we performed DFT calculations and HREELS measure-
ments to explore the lattice dynamics of monolayer pentagonal PdTe,.
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Fig.3|STM and LEED measurements of the as-grown monolayer pentagonal
PdTe,. a-c, Topographic (a), magnified (b) and atomic-resolution (c) STM images
ofthe as-grown pentagonal PdTe,. V,=1.0V,/,=0.5nAfora; V,=-0.5V,/,= 0.5nA
forband c. Inset, b: aschematic image of pentagonal PdTe,. Red solid linesinb
represent the zigzag chains formed by tellurium atoms from the topmost layer.
Theblack square in c represents the unit cell of pentagonal PdTe,. The direction
along zigzag chains is the a axis. d, An STM image of the as-grown pentagonal
PdTe, showing two crystallographic orientations. V,=-0.5V, /= 0.5 nA. The pink
and red solid lines represent the zigzag chains formed by tellurium atoms on the
topmost layer. e, A schematic image showing the a axes of the pentagonal PdTe,
lattices grown along the [012] and [012] directions of the Pd(100) topmost
surface, demonstrating the stacking geometry and epitaxial relationship. The
dashed black square represents the unit cell of the topmost atoms of Pd(100).
Black arrows (lower left) indicate the main crystallographic directions of Pd(100).

oe®

X 4]

"
998

~ /
K b4 N/
[010] ¥ [001] Pd(100)
@ TopTeinPdTe, @ PdinPdTe,

@ Bottom Te in PdTe, Pd in Pd(100)

The red and pink squares (solid and dashed) in d and e represent the unit cells of
pentagonal PdTe, in two orientations. Pink and red arrows in d and e represent
two crystallographic orientations of a axes (the direction along the zigzag
chains) of the as-grown pentagonal PdTe,. Each orientation has a rotation angle
of26.6° with respect to the unit cell of the topmost atoms of Pd(100). The black
dashedlinesind and e indicate the grain boundary. Note that tellurium adatoms
areinvisible in e because they are covered by the bottom tellurium atoms of
PdTe,. f, LEED patterns of the as-grown pentagonal PdTe, measured with abeam
energy of 70 eV. Pink and red dashed circles represent the two sets of diffraction
patterns. Bright dots without circles are the second-order diffraction patterns.
LEED patterns from Pd(100) are not observable in this measurement but were
measured separately onabare Pd(100) substrate without changing the crystal
orientation (Supplementary Fig.10).

The calculated phonon dispersions of monolayer pentagonal PdTe,
(Fig.2a) show dramatically different features from those of monolayer
hexagonal PdTe, (Supplementary Fig. 7a). HREELS was also utilized to
experimentally probe the phonon modes. Two components could be
resolvedat23 meVand 26 meV in the energy-loss spectrum measured
at the T point (Fig. 2b), in reasonable agreement with the calculated
optical phonon modes of monolayer pentagonal PdTe, but notably
different from the measured HREELS spectrum (which shows peaks
at15meVand25 meV) in monolayer hexagonal PdTe, (Supplementary
Fig. 7b). No modes were observed on the Pd(100) substrate in the
same energy region (Supplementary Fig. 8), proving the observed
energy-loss modes are from the as-grown pentagonal PdTe,.

Togainacomprehensive understanding of the atomic structures,
the as-grown pentagonal PdTe, was studied by STM and LEED. After
growth, thesurface asseenby STMis cleanand flat over alarge areawith
sometimes an apparent step height of -1.9 A (Fig. 3a), consistent with a
monoatomic step terrace of Pd(100) and indicating that the monolayer
PdTe, is epitaxially grown on the terrace. Note that all the terraces we
observed by STM exhibit a vertical height around this value, consistent
withtheimaged Pd(100) surface being fully covered by monolayer PdTe,
with no bilayer or multilayer regions found. The magnified STM image
shows clear and parallel zigzag chains, implying the as-grown pentago-
nal PdTe, has a well-ordered structure and is of high quality (Fig. 3b).
Individual atoms were clearly resolved in the zoomed-in STM image
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Fig. 4| Experimental and simulated STM images at various bias voltages.
a, Schematicimages of monolayer pentagonal PdTe, in top view (upper) and
side view (lower). Orange, blue and brown spheres represent top tellurium,
palladium and bottom tellurium atoms, respectively. b-d, Experimental STM
images of the as-grown pentagonal PdTe, at biases of 1.0 V (b), -0.5 V (¢) and
-1.0V(d)./,=0.5nA.e, The calculated DOS for monolayer pentagonal PdTe,.
E - E;represents the electronic energy (£) relative to the Fermilevel (E;).
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Theblack curve is the total DOS. The red and blue curves are partial contributions
from palladium and tellurium atoms, respectively. f-h, Simulated STM images
atbiases of 1.0 V(f), -0.5V(g) and 1.0 V (h). Red lines (solid and dashed) in all
images indicate the zigzag chains formed by tellurium atoms from the topmost
layer. Orange and blue dots ind and hindicate the tellurium atoms on the
topmost layer and palladium atoms on the middle layer in the PdTe,, respectively.
Note the experimental and simulated STM images have opposite colour scales.

(Fig. 3¢), confirming the low-symmetry atomic arrangements of the
monolayer pentagonal PdTe,. The unit cell of pentagonal PdTe, is square
with dimensionsof 6.2 A x 6.2 A, corresponding to the (/5 x /5) R26.6°
supercell of the underlying Pd(100) (\V5%2.75 = 615 ~ 6.2 A, where
the lattice constant of the surface atoms of Pd(100) is 2.75 A). Notably,
even with a square unit cell, the as-grown pentagonal PdTe, exhibits
only atwo-fold (180°) rotational symmetry rather than four-fold (90°)
rotational symmetry of the square lattice of the underlying Pd(100).
Occasionally, coexistence of two differently orientated domainsin the
as-grown pentagonal PdTe, could be observed (Fig. 3d). The angle
between the two orientationsis ~53° (approximately twice 26.6°), indi-
cating that each orientation is rotated symmetrically by ~26.6° with
respect to the lattice orientation of Pd(100). The a axes (the direction
along the zigzag chains) of the two orientations are along the [012]and
[012] crystallographic directions of the Pd(100) topmost surface,
respectively, illustrating a good epitaxy (Fig. 3e). The lack of four-fold
(90°) rotational symmetry means that two other possible orientations
for the as-grown pentagonal PdTe, lattices could also exist by rotating
the two observed orientations (Fig. 3d) by 90° (the two other possible
lattice vectorsare along the[021]and [021]directions as shownin Sup-
plementary Fig. 9, although we have not yet observed PdTe, domains
along these two directions, possibly due to the small STM scanning
areas). Furthermore, LEED characterizations were carried out to exam-
ine the crystallinity and orientation of the as-grown pentagonal PdTe,
on a millimetre scale. As shown in Fig. 3f, bright and sharp diffraction
spots were observed, proving the high crystallinity of the as-grown
pentagonal PdTe, layer over alarge surface area. Two sets of diffraction
patternswitharotation angle of ~53° between themwere clearly identi-
fied, which is consistent with the rotation angle between the two
domains observed by STM (Fig. 3d). Comparing the LEED patterns of
pentagonal PdTe, with those of bare Pd(100) (Supplementary Fig. 10)
further confirms that each set of PdTe, diffraction patterns is rotated
by ~26.6° withrespect to the diffraction pattern (lattice orientation) of
Pd(100). It should be noted that the LEED patterns obtained on the
pentagonal PdTe, possess a four-fold (90°) rotational symmetry and
thus it is not possible to distinguish two orientations that are rotated

by 90° from each other (in other words, the observed LEED patterns
could be consistent with two, three or four different orientations coex-
isting on the surface measured).

We carried out further STM measurements and theoretical
simulations under various tunnelling voltages to explore the topo-
graphicstructures of the pentagonal PdTe, and the electronic effects.
Atomically resolved STM images of pentagonal PdTe, exhibit astrong
dependence ontunnelling biases (Fig. 4), similar to that of bulk PdSe,
(ref. 45). At tunnelling biases of 1.0 Vand -0.5 V, only features of the
zigzag chains formed by the topmost tellurium atoms were resolved
(Fig. 4b,c). At alarge negative tunnelling bias of -1.0 V, signals from
palladiumatomsinthe middle layer of PdTe,became visible (Fig. 4d).
This observed bias dependence could be explained by the calculated
total density of states (DOS) (Fig. 4e): palladium atoms are found to
contribute much more strongly to the DOS at more negative energies
(relative to the Fermi level). Therefore, the STM image collected at
-1.0 Vreveals the combination of topographic and electronic effects,
whereas at positive and small negative energies, the topographic
effect is dominant. The simulated STM images at different biases
(Fig. 4f-h) are in agreement with the corresponding experimental
STMimages, confirming the high quality of the as-grown monolayer
pentagonal PdTe,.

To further understand the electronic structures, we performed
DFT calculations for the electron band structures of monolayer pen-
tagonal PdTe,. The valence band maximum (VBM) of monolayer pen-
tagonal PdTe, is along the I'-X path (defined as along the zigzag chain
direction in our calculation) while the conduction band minimum
(CBM) is along the T-Y path (perpendicular to the zigzag chain direc-
tion), leading toanindirect bandgap of 1.05 eV (Fig. 5a and Supplemen-
tary Fig. 11), which is dramatically different from the narrow indirect
bandgap of monolayer hexagonal PdTe, of 0.33 eV (Supplementary
Fig.12).Valenceband structures along three high-symmetry directions,
Y-T-Y,X-I'-Xand M-T'-M, were plotted and valence bands dispersed
ina‘Mshape’were observedinall three directions near the Fermilevel
(Supplementary Fig. 13). The calculated value of the bandgap and
main features of the band structures are comparable with previous

Nature Materials | Volume 23 | October 2024 | 1339-1346

1343


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-01987-w

E-E (eV)

V (V)

Fig. 5| Band structures of monolayer pentagonal PdTe,. a, Calculated band
structures of monolayer pentagonal PdTe, with spin-orbital coupling. b, AnSTS
spectrum of monolayer pentagonal PdTe, on Pd(100). V,,=-100 mV, /,= 50 pA.
The ~1.2 eV bandgap is obtained by measuring the intersections of sharp rises
(red dashed lines) and the baseline value of the conductance (black dashed line).
Red and green arrows indicate the intersections, corresponding to energies
near the VBM and CBM, respectively. ¢, Overall ARPES results of monolayer
pentagonal PdTe, extracted along the Y-I"-Y direction (defined for one domain
orientation relative to the substrate Brillouin zone as indicated in the inset).
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Theblue arrow points to the ‘M-shaped’ valence band. The calculated band
structures along the Y-I"-Y direction are superimposed with blue dashed lines.
The ARPES result without superimposed calculated band structures is shown in
Supplementary Fig.17. Inset: Brillouin zones of one pentagonal PdTe, domain
(blue square) and underlying Pd(100) substrate (larger purple square).d, ARPES
result of clean Pd(100) substrate extracted along the same direction as thatin
c.e, Photon-energy-dependent spectraat the I" points for pentagonal PdTe,
(upper panel) and clean Pd(100) (lower panel). The blue arrow points to the non-
dispersion pentagonal PdTe,-related band.

calculated results®*'®". To confirm the semiconducting nature and
probe the bandgap, we performed STS measurements. The STS curve
of the as-grown monolayer pentagonal PdTe, shows a suppressed
conductanceregion with two onsets of ~—0.6 Vand ~0.6 V, leading to
an estimated bandgap of ~1.2 eV (Fig. 5b). This is in reasonable agree-
ment with the calculated 1.05 eV bandgap of monolayer pentagonal
PdTe, (noting that DFT calculations are known to underestimate the
bandgap***” and were performed on free-standing pentagonal PdTe,).
Meanwhile the ~1.2 eV bandgap is much bigger than the calculated
0.39 eV bandgap for bilayer and the zero bandgap for trilayer pen-
tagonal PdTe, (Supplementary Fig. 14), further suggesting that the
as-grown PdTe, ismonolayer. The small non-zero conductance within
the bandgap in the STS curve could be attributed to the tunnelling
to the palladium substrate, as commonly observed in STS curves of
monolayer 2D semiconducting materials on metallic substrates***’.
We also conducted ARPES measurements to further probe the band
structures of monolayer pentagonal PdTe, (note that only valence
bands were measured because the conduction bands lie above the
Fermi level). ARPES results of the as-grown PdTe, and clean Pd(100)
substrate extracted along the Y-I'-Y direction (Fig. 5c, inset) are shown
in Fig. 5c,d, respectively. Because domains of four orientations of
pentagonal PdTe, could be present simultaneously on the surface,
band dispersion cutting from the I'-Y direction of one orientation
domain could be superimposed with contributions from domains of
other possible orientations, approximately in the '-M and I'-X direc-
tions (Supplementary Fig. 15). Given the similarity of the dispersionin
theI'-Y,I'-M and I'-X directions (Supplementary Fig. 13), this would
merely result in a broadened band of the ‘M-shaped’ valence band.
The observed ‘M-shaped’ dispersing band located at ~—0.65 eV at the
I pointis thus consistent with the calculated valence band structures.
This ‘M-shaped’ band was also observed along the'-X direction (Sup-
plementary Fig.16).Inaddition to the broadening by the simultaneous
presence of differently orientated domains, the PdTe, bands are likely
to experience additional broadening and change of dispersion due to
the interaction with the substrate. On the other hand, the ‘M-shaped’
band clearly retains a 2D character because it does not disperse with
different photon energies (Fig. 5e), suggesting the 2D nature of the
monolayer pentagonal PdTe,.

Inconclusion, we demonstrated the tellurization-based direct syn-
thesis of metastable monolayer pentagonal PdTe, driven by symmetry

epitaxy and provided comprehensive characterizations on this pentago-
nal 2D material. As confirmed by STM and LEED, the as-grown pentagonal
PdTe, exhibited one-dimensional zigzag atomic chains, with the unit cell
matching the (V5 xV5) R26.6° supercell of the underlying Pd(100)
substrate. XPS verified the formation of PdTe, and suggested its mon-
olayer thickness. We used HREELS to probe the lattice vibrations of PdTe,
and the spectra experimentally obtained were consistent with the cal-
culated phonon modes of monolayer pentagonal PdTe,. The experimen-
tal STMimages of monolayer pentagonal PdTe, at various bias voltages
showed strong bias dependence, which is also clearly revealed in the
simulated STM images. Calculated band structures demonstrated that
monolayer pentagonal PdTe, is asemiconductor with anindirect band-
gap of 1.05 eV, which agrees with the STS-measured bandgap. The valence
band structures were further measured by ARPES, which revealed fea-
tures consistent with the calculations. Symmetry-driven epitaxial growth
providesaviable route for the synthesis of pentagon-based 2D materials,
even for metastable phases. Our method will add this unique group of
materials to the 2D materials family, which has so far been dominated
by hexagon-based phases, and expand it to include a large number of
low-symmetry members. This will also bring unprecedented opportuni-
tiesfor 2D materialsinapplications such as functional electronics based
on in-plane anisotropy, optoelectronics originating from non-linear
light-matter interaction and thermoelectric devices benefiting from
the low thermal conductivity.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-024-01987-w.
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Methods

Growth of monolayer pentagonal PdTe,

Epitaxial growth was conducted inan UHV preparation chamber with
abase pressure of -1x 107 mbar. Pd(100) single crystal was used after
repeated cycles of Ar* sputtering (1kV, 10 mA for 10 min at an argon
background pressure of ~1.0 x 10~ mbar) and annealing (~700 °C
for 20 min) until clear diffraction patterns were observed by LEED.
Tellurium (99.999%, Sigma-Aldrich) was thermally evaporated using
a home-built evaporator installed in the preparation chamber. The
substrate was kept at room temperature during deposition. The source
was keptat -295 °C for 20 min for evaporation. After deposition, anneal-
ing was conducted at 500 °C for 20 min for the PdTe, growth presented
inthe main text.

Characterizations of as-grown PdTe,

STM, LEED, XPS and HREELS measurements were done at room tem-
perature (unless otherwise noted) in an analysis chamber connected
to the preparation chamber with a base pressure of ~8.0 x 10™ mbar.
STMimages (Omicron ambient temperature UHV STM) were collected
using electrochemically etched tungsten tips at a constant current
(topographic) mode (with tips grounded) and were processed using
WSxM software. LEED measurements were conducted with a four-grid
optics (Omicron LEED). Laboratory-based XPS was acquired using
non-monochromatic Mg Ko X-ray radiation (hv=1,253.6 eV) at 150 W.
High-resolution spectrawere recorded ataconstant pass energy of 20 eV
usingan Omicron EAC125electronenergy analyser and an Omicron EAC
2000 analyser controller. XPS results were analysed using CasaXPS.
The finite Lorentzian function and the Shirley background function
were used for the line shape and background fittings (unless other-
wise noted), respectively. HREELS was performed with an ELS5000 (LK
Technologies). The primary electronbeam energy used in this work was
25eV. Theincident and scattering angles were 67°. STS measurements
were carried out at 100 K in a separate Omicron variable temperature
STM. Synchrotron-based XPS was collected at the ASTRID2 synchro-
tron (MatLine) facility at Aarhus University. MatLine is equipped with
an SX-700 monochromator and aSPECS PHOIBOS 150 electron energy
analyser (http://www.isa.au.dk/). The analyser was operated at a pass
energy of 20 eV and had a curved analyser slit of 0.8 mm. The beamline
monochromator exit slit was set to a width of 30 um. Photon energies
of 410 eV and 80 eV were used to acquire the Pd 3d and Te 4d spectra,
respectively. ARPES spectra were acquired at the SGM3 beamline*° at
ASTRID2*, using different photon energies in the range from 20 eV to
130 eV.The datashowninthe maintext have beenacquired usinglinearly
polarizedlight of 70 eV at 45 Kwith acombined energy and angle resolu-
tion better than 40 meV and 0.2°. The beam spot size on the sample is
about190 pm x 90 umandis linearly polarized. The monolayer pentago-
nal PdTe, and clean Pd(100) in the synchrotron facility were prepared
insitu with methods analogous to those presented earlier, with quality
and crystallinity cross-checked with a home-built room-temperature
Aarhus XPS, STM and LEED to confirm the consistency. Fermi surface
mapping obtained by ARPES helped to determine the high-symmetry
crystal axes of PdTe, relative to the Pd(100) substrate.

DFT calculations

All calculations were conducted in the Vienna Ab initio Software Pack-
agev.5.4.1inthe framework of DFT with the basis sets of the projector
augmented wave*” >, Weadopted the revised Perdew-Burke-Ernzerhof
functional under the Pade approximation® for geometry optimization
in a primitive cell (detailed information is provided at https://github.
com/Austin6035/DFT-characterization-of-PdTe2-on-Pd). We set up
amodel with tellurium adatoms on the palladium substrate surface
(Supplementary Fig. 5b), constituting a buffer layer with tellurium
atoms staying on the hollow sites of Pd(100), between Pd(100) and
PdTe,. This model was built because our XPS results (Supplementary
Fig.4b) and some previous studies suggested the existence of abuffer

layer in similar systems (TMDC monolayers epitaxially grow on cor-
responding single crystals*>*’). After structural optimization with the
model, all calculated results were based on free-standing monolayer
pentagonal PdTe, with an optimized structure. Band structures were
calculated with the Perdew-Burke-Ernzerhof functional. The kinetic
cut-offenergy was set to 450 eV and the thresholds of total energy and
Feynman-Hellman force during structural optimizations were10™ eV
and-0.01eV A7, respectively. Gamma-centred Monkhorst-Pack grids
of 4 x 4 x 1 were sampled in the Brillouin zones. A vacuum space of
15 Awas added along the zdirection to avoid any influence of periodic
imaging. Phonon dispersions of monolayer pentagonal and hexagonal
PdTe, were calculated with the local density approximation functional.

Data availability

The source data for the main figures in this study are available via
figshare at https://doi.org/10.6084/m9.figshare.22724963 (ref. 57).
Other data that support the findings of this work are included in the
main text and the Supplementary Information.
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