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Polymorphic Kondo Effects Driven by Spin Lattice Coupling
in VTe2

Dongyeun Won, Do Hoon Kiem, Woohyun Cho, Sang-Hyeok Yang, Young-Hoon Kim,
Young-Min Kim, Suyeon Cho,* Myung Joon Han,* and Heejun Yang*

Polymorphism in transition metal dichalcogenides (TMDs) allows unique
physical properties to be controlled, such as artificial heavy fermion
phenomena, the quantum spin Hall effect, and optimized device operations
with 2D materials. Besides lattice structural and metal-semiconductor
polymorphs, intriguing charge density wave (CDW) states with different
electronic and magnetic phases are demonstrated in TMDs. Typically, the
“normal” state is stabilized at high temperature above the CDW energy scale,
and therefore, is not relevant to many low-temperature quantum phenomena,
such as magnetic ordering and the heavy fermion Kondo state. Here, a local
and robust phase manipulation of the normal (1T) and CDW (1T’) states of
VTe2 is reported by laser irradiation, and polymorphic Kondo effects are
demonstrated with the two phases at low temperatures. The theoretical
calculations show that Kondo screening of vanadium 3d electron moments is
markedly enhanced in 1T’-VTe2, which is responsible for the observed
transport properties distinct from its 1T counterpart. Controlling the
spin-lattice coupling and Kondo physics via laser-driven CDW phase
patterning allows the design of correlated electronic and magnetic properties
in TMDs.

1. Introduction

Phase engineering of transition metal dichalcogenides (TMDs)
has been used to investigate critical quantum states,[1,2] in-
cluding superconductivity,[3] 2D magnetism,[4] charge density
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wave (CDW),[5] and the metal-insulator
transition (MIT).[6–8] Most quantum states
in TMDs are manipulated by tuning
temperature,[8,9] carrier density,[10,11] or
pressure.[12] For certain TMDs, the en-
ergy differences between their structural
and quantum phases (polymorphs) are
small, which allows the coexistence of
multiple phases in ambient conditions,
known as TMD polymorphism. As a result,
critical breakthroughs can be achieved
for electronic devices with 2D materials,
based on polymorphs with metallic and
semiconducting states.[13] For example,
homojunction devices with 2D MoS2 and
MoTe2 have demonstrated optimized per-
formances with low contact resistance
and high carrier mobility.[6,14,15] Despite
the practical use of metallic and semi-
conducting polymorphs of TMDs, some
exotic quantum states (e.g., magnetic
ordering or Kondo effects) of numerous
high-temperature phases of TMDs have
not been explored; investigating such states
requires low-temperature measurements

that are not accessible with the high temperature (’normal’)
phases of TMDs.

Vanadium ditelluride (VTe2) is a magnetic 2D material with
multiple CDW states.[4,16–19] Although its room temperature
CDW phase (hereafter referred to as 1T’-VTe2)[20,21] is distinct
from 1T-VTe2, the normal counterpart above T = 480 K,[4] re-
cent studies have reported that atomically thin VTe2 on certain
substrates[22–26] and bulk VTe2 samples grown by the molten-
salt method[27] can have a normal 1T structure at room temper-
ature. The coexistence of the normal and CDW states in am-
bient conditions demonstrates there is a small energy differ-
ence between the normal (1T) and CDW (1T’) states of VTe2,
as similarly reported for the 2H and 1T’ phases of MoTe2.
The unique polymorphism in this correlated quantum ma-
terial, VTe2, provides an exciting platform to investigate ex-
otic magnetic phenomena such as the Kondo effect[28] based
on clear crystallographic information and phase patterning
technique.

Laser irradiation has become a practical method for
phase engineering.[6] The two basic functions of laser ir-
radiation are “local excitation of electrons in the material”
and “local heating”. Other effects such as oxidation and/or
thinning have been carefully avoided in phase engineering
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Figure 1. Phase engineering with polymorphic normal and CDW states in VTe2. a) Lattice structures of 1T- (left) and 1T’-VTe2 (right). Side and top views
are shown with their unit cells (red parallelograms). b) Schematic of a VTe2 flake encapsulated by an h-BN layer. A laser with 532 nm wavelength was
used to locally pattern the phases with various power and exposure time parameters. A HAADF-STEM image is overlaid to show the cross-sectional VTe2
flake with half irradiated and one-half nonirradiated by the laser. c) An optical image of a VTe2 flake encapsulated by top and bottom h-BN layers. The red
dotted area was irradiated by the laser and false colors are used to indicate the different phase regions. d) A Raman mapping image of the region marked
by the red rectangle in “c”. e) Point Raman spectra for pristine (black), during laser irradiation (red), and after cooling-down of the laser-irradiated area.
An irreversible phase patterning is achieved.

studies with TMDs by using a glove box system, as supported
by Raman spectroscopy, and scanning transmission electron
microscopy (STEM). In laser irradiation experiments with
TMDs, chalcogen atom vacancies, doping, and strain effects
have often been found to stabilize certain phases (polymorphs)
of the TMDs, where the small energy difference between the
polymorphs of the TMDs plays a critical role in the phase
transition.

Here, we demonstrate that a polymorphic control of VTe2 be-
tween its CDW (1T’) and normal (1T) states can be achieved
in a local and robust way by laser irradiation. The poly-
morphic states, locally patterned with their atomically well-
defined lattice structures, remain down to T = 1.5 K, which
enables low-temperature investigation of the intrinsic prop-
erties of 1T-VTe2. Raman spectroscopy, TEM, transport mea-
surements, and theoretical calculations were used to confirm
the stable, crystalline, and polymorphic states of VTe2 at low
temperatures.

Our transport measurements showed that the two differ-
ent phases of 1T’- and 1T-VTe2 not only carry distinct mag-
netic orderings but also exhibit distinct Kondo behaviors be-
low T = 10 K. These are referred to as polymorphic Kondo
effects in this study. Our density functional theory plus dy-
namical mean-field theory (DFT+DMFT) calculations revealed
that the Kondo screening was markedly different in the two
polymorphic phases; stronger screening was found in 1T’-
VTe2, consistent with our experiment. Accordingly, we sug-
gest a new way to manipulate spin-lattice coupling via CDW
phase patterning, which is promising for designing strongly
correlated electronic and magnetic properties in polymorphic
TMDs.

2. Results

2.1. Reversible Phase Engineering in VTe2 by Laser Irradiation

The crystal structures of trigonal 1T (P −3 m 1) and monoclinic
1T’ (C 2/m) of VTe2 are shown in Figure 1a. The unit cells of
1T- and 1T’-VTe2 are marked by red parallelograms and axes in
Figure 1a. To distinguish the two phases of VTe2 in the following
discussion, the reference STEM images of VTe2 were taken along
the zone axis [010] at T = 500 K (for the normal state, 1T) and
300 K (for the CDW state, 1T’), as shown in Figure S1a (Support-
ing Information). The atomic resolution STEM images show two
distinct lattice structures for the 1T and 1T’ phases. Fast Fourier
transform (FFT) patterns of the two images, which are equivalent
to the corresponding local diffraction patterns, more clearly dis-
tinguish the distinct crystal structures of 1T- and 1T’-VTe2 (Figure
S1a, Supporting Information); a uniform distance between vana-
dium atoms was observed in the hexagonal 1T-VTe2, but in the
CDW state of 1T’-VTe2

[4] an extended periodicity is formed along
the new a-axis and c-axis by the double zigzag trimer bonds of
vanadium atoms.

To avoid oxidation during laser irradiation, before laser irradi-
ation the VTe2 flakes were encapsulated by hexagonal boron ni-
tride (h-BN) layers in the glove box, as shown in Figure 1b. The
cross-sectional VTe2 flake on a SiO2/Si substrate was observed
in high-angle annular dark field (HAADF) STEM imaging mode
(Figure 1b). The laser-irradiated half of the VTe2 flake showed the
same thickness as the other half of the flake, which was not irradi-
ated by the laser. This result provided no evidence of the oxidation
(which generally causes a volume change) of the laser-irradiated
VTe2.
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Note that the h-BN overlayer on the VTe2 was not visible in the
HAADF STEM imaging mode due to the relatively low scattering
signal. In the absence of oxidation, the laser treatment enables
reversible (shown in Figure S1b, Supporting Information) and
irreversible phase transitions (shown in Figure 1c–e) between
1T- and 1T’-VTe2, which can be selectively and locally tuned by
laser power and exposure time. Especially when we used the
laser power lower than 0.3 mW, after several hundred seconds,
VTe2 exhibits reversible phase transition. The laser irradiation
was conducted using a Raman spectroscopy system (Nanobase
XperRAM, South Korea), and thus, Raman spectra could be ob-
tained simultaneously in the irradiation process.

During the reversible phase engineering of the normal (1T)
and CDW (1T’) states of VTe2, shown in Figure S1b (Support-
ing Information), the black curve was obtained before the laser
irradiation; the Raman active modes for the Ag and Bg peaks of
pristine 1T’-VTe2 are shown in Figure S1b (Supporting Informa-
tion). The red curve in Figure S1b (Supporting Information) was
taken during laser irradiation, where the Raman active modes
of 1T-VTe2 (known as the high-temperature phase of VTe2) are
shown with the Eg and A1g peaks; the peaks are consistent with re-
ported phonon calculations.[4] After the flakes were laser-treated
and cooled down, the Raman spectrum came back to that of 1T’-
VTe2, shown in the blue curve in Figure S1b (Supporting Infor-
mation).

We note that the relatively low temperature of the CDW tran-
sition in VTe2 (i.e., T = 480 K) allows such reversible phase tran-
sition without sublimation of atomic elements (mostly tellurium
atoms), and does not apply to other TMDs. For example, the CDW
transition of MoTe2 occurs at T = 800 K, and laser irradiation only
produces an irreversible phase transition.[6] Compared with the
case of MoTe2, VTe2 exhibits relatively low vapor pressure near
the critical temperature, preventing the Te sublimation and pre-
serving the stoichiometric ratio so that phase transition in VTe2
is reversible. Thus, we note that a reversible and local phase tran-
sition between the normal and CDW state by laser irradiation is
a unique feature of VTe2. Here, we used bulky VTe2 samples with
thicknesses of 50 nm or larger to investigate phase transition in
bulk VTe2 with the right stoichiometric ratio.

Laser patterning with a higher local laser power (>3 mW) gen-
erates an irreversible phase transition, as shown in Figure 1c–e.
A VTe2 flake, encapsulated by h-BN layers, was used for the local,
irreversible phase transition in Figure 1c–e. Mapping the laser ir-
radiation with the high laser power creates a normal phase (1T)
region, like the optical image of the laser-treated flake shown in
Figure 1c. To demonstrate the phase patterning in the normal and
CDW states, additional Raman mapping (with a low laser power)
of the Ag peak (240 cm−1) of 1T’-VTe2 is shown in Figure 1d. The
red dotted area in Figure 1c indicates the Raman mapping area
in Figure 1d. The point Raman spectra in Figure 1e exhibit the
remaining 1T region after the laser-treated area is cooled down.

2.2. Atomic-Scale Verification of the Polymorphic CDW Phases in
VTe2

The atomic-scale lattice structures and local crystal symmetries
of the laser-patterned and pristine areas were investigated by
STEM combined with position-averaged convergent beam elec-

tron diffraction (PACBED).[29] A VTe2 flake with both phase pat-
terned and pristine areas was transferred onto a TEM grid, as
shown in Figure 2a. The “laser-irradiated” and “pristine” re-
gions in Figure 2a were chosen for STEM and PACBED anal-
yses, which indicated the two areas of the laser patterned (i.e.,
the normal 1T phase) and the pristine (1T’) areas, respectively,
could be distinguished. Since the contrast in PACBED is sensi-
tively altered depending on subtle changes in crystal symmetry,
polymorphic phases with a similar lattice framework can be re-
liably distinguished.[30] To identify the crystal structures of the
laser-irradiated and pristine regions, we acquired PACBED pat-
terns of the two regions, as shown in Figure 2b. By comparing the
experimental PACBED patterns (Figure 2b, left) with the simu-
lated PACBED patterns calculated from the [001]-oriented 1T and
[1̄01]-oriented 1T’ structures (Figure 2b, middle), we confirmed
that the two regions were the 1T (P 3̄ m1) and 1T’ (C2/m) phases,
respectively. The experimental plane-view atomic structures of
the 1T and 1T’ phases observed by STEM also show an excellent
match with the simulated images obtained from the structures
identified by the PACBED results (Figure 2b, right).

The lattice images obtained by STEM along the zone axis of
[010] and the corresponding FFT patterns of the two areas also
demonstrated that the laser-treated area has a 1T structure, while
the pristine area retained a 1T’ structure (Figure 2c). The two
identified structures were consistent with our reference STEM
results shown in Figure S1 (Supporting Information). These re-
sults indicate that the phase transition between the two states oc-
curs over the entire region (not only close to the surface) follow-
ing laser irradiation. We note that this is unique among various
TMDs; it has been reported that the laser-driven phase transition
occurs mostly near the top surface (e.g., MoTe2).[31] This indicates
that induced chalcogen vacancies near the surface area do not
have the primary role in the phase transition. Instead, the effi-
cient heat transfer leads to the uniform phase transition in the
vertical direction of 1T and 1T’ phases of VTe2.

To confirm the vertical range of irreversible phase engineer-
ing with the normal 1T phase, cross-sectional STEM images were
taken near the phase boundary and compared with the reference
TEM images of the 1T and 1T’ phases in Figure S1c (Supporting
Information). As shown in the inset of Figure 2a and Figure S1c
(Supporting Information), the thickness and the atomic element
distribution were not changed by the laser local irradiation, which
further supports the absence of oxidation during the laser treat-
ment. This indicates the distinctive mechanism of phase pattern-
ing in VTe2 without chalcogen sublimation, enabling the robust
phase transition in the entire region of bulk VTe2 into the high-
temperature phase. By STEM images, we can confirm the gener-
ation of phase transition without severe collapse of stoichiomet-
ric ratio or oxidation in the laser-irradiated sample for PACBED
measurements.

2.3. Transport Measurements of the Polymorphic Kondo Effects
in VTe2

Transport studies, including four-probe measurements, mag-
netoresistance (MR), and Hall measurements, could be con-
ducted at various temperatures with the stable normal state of
the CDW material, 1T-VTe2. We also note that the intrinsic
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Figure 2. (S)TEM analysis of the phase patterned areas of VTe2. a) A TEM image of a VTe2 flake with a partly laser-irradiated area. The flake is put on a
grid for STEM. The scale bar is 5 μm. b) (left) Experimental PACBED of the regions denoted “Laser-irradiated” and “Pristine” in “a”. (middle) Simulated
PACBED patterns. Scale bars are 10 mrad. (right) Plane-view atomic structure of the 1T and 1T’ phases compared with the corresponding simulated
images. c) Cross-sectional STEM images of the phase patterned (1T) and pristine (1T’) areas and their FFT patterns. Unit cells are described by yellow
parallelograms. Scale bars are 1 nm.

low-temperature properties of the high-temperature phase (1T-
VTe2) could be investigated and compared with 1T’-VTe2 in the
same device at low temperatures; a 1T’-VTe2 device was prepared
and measured first, and then, a 1T-VTe2 device could be fabri-
cated by phase patterning the same device.

We fabricated six electrodes, and then a flake of 1T’-VTe2
was transferred onto the electrodes. To protect the device chan-
nel, a thick h-BN layer was used as a passivation layer, as
shown in Figure 3a. Then, laser irradiation was performed
on the entire area of the 1T’-VTe2 flake. The resulting phase
transition was confirmed by Raman spectroscopy; 1T-VTe2 was
observed without the Ag and Bg peaks of 1T’-VTe2, which
is consistent with Figure 1e and Figure S1b (Supporting
Information).

In Figure 3b,c, we compare the transport results of 1T- and 1T’-
VTe2. The pristine CDW state of 1T’-VTe2 exhibits clear Kondo
effects, manifested by the negative MR at T = 2 K (the red curve
in Figure 3b) and a sudden increase of resistivity below T = 10 K
(the red curve in Figure 3c; Figure S5, Supporting Information).
We note that former studies on the Kondo screening effect in
VTe2 did not carefully consider the polymorphic aspects of 1T-
and 1T’-VTe2.[24,27]

The comparison results in Figure 3b,c were obtained from
the same device; a device with pristine 1T’-VTe2 was first in-
vestigated, and then, the device channel was converted to 1T-
VTe2 by laser-driven, complete, and irreversible phase transi-
tion. The normal phase 1T-VTe2 channel, whose phase was en-
gineered from the pristine CDW state (1T’-VTe2) in the same
device, showed a weaker Kondo screening (see also Figure S2,
Supporting Information) or its absence, as demonstrated by the
disappearance of the negative MR (blue curve) at T = 2 K in
Figure 3b and the monotonic increase in resistivity with temper-

ature (blue curve) in Figure 3c. Hall measurements revealed that
the two polymorphic states possessed distinctive carrier densities
(Figure 3d).

While negative MR was constantly observed in both vertical
and horizontal magnetic fields in the pristine 1T’-VTe2, we dis-
covered that the absence of Kondo screening or weaker Kondo
screening effects appeared in 1T-VTe2 depending on the car-
rier density (Figure S2, Supporting Information). 1T-VTe2 is
stable and showed no further phase transition to 1T’-VTe2 in
our transport measurements; for example, the resistivity of 1T-
VTe2 did not abruptly change to its CDW 1T’ state at low tem-
peratures, as shown in Figure 3c. The lower resistivity with a
lower carrier density of 1T-VTe2 (shown in Figure 3c,d) indi-
cates 1T-VTe2 has a higher carrier mobility than pristine 1T’-
VTe2. We note that the higher carrier mobility excludes the pos-
sibility of trivial defect formation (e.g., oxidation) by the laser
irradiation.

2.4. Theoretical Interpretation of the Polymorphic Kondo Effects
in VTe2

To further elucidate the polymorphic Kondo effects, we com-
pared the magnetic long-range interaction (i.e., exchange in-
teraction, Ĥij = −Jij ŝi ⋅ ŝj with lattice indices i and j) and the
Kondo screening strength in the two phases by means of first-
principles calculations combined with DMFT.[32–37] While the lo-
calized moments are screened by conducting electrons in the
original Kondo model, lattice-type Kondo interactions can be
around in polymorphic VTe2 having the localized V-3d moments
and the itinerant Te-5p electrons.[38,39] Within the sense of the
standard Doniach phase diagram,[32,33] Figure 4 presents the
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Figure 3. Transport studies of the normal (1T) and CDW (1T’) states and polymorphic Kondo effects with VTe2. a) An optical image of a VTe2 device.
Six electrodes were first made and a VTe2 flake was then transferred onto the electrodes. Transport measurements were conducted with a 1T-VTe2
device. After the measurements, laser patterning was done on the whole channel area of the same device, where transport results with 1T’-VTe2 could be
obtained. A thick h-BN layer was deposited on the entire device area to protect the VTe2 against possible oxidation. b) MR of the normal (1T) and CDW
(1T’) states of VTe2 by in-plane magnetic fields. Clear Kondo signature, negative in-plane MR, is observed with 1T’-VTe2 (red curve). c) Resistivity versus
temperature for 1T- and 1T’-VTe2. No further phase transition was observed by temperature in the two samples. d) Carrier density versus temperature
for 1T- and 1T’-VTe2 by Hall measurements.

Figure 4. DMFT results of 1T- and 1T’-VTe2. The calculated hybridization
function Tr [Im Δ(𝜔)] with respect to the magnetic coupling Tmag for the
1T (blue) and 1T’ (red) phases of VTe2. The inset is a schematic of the
hybridization Δ by itinerant electrons and magnetic coupling J in VTe2.

calculated Kondo screening strength (as measured by DMFT hy-
bridization function, Tr [Im Δ(𝜔)], around the Fermi level) rela-
tive to the local magnetic moment formation (as measured by

Jmag). In the standard Doniach phase diagram, Figure 4 presents
the calculated Kondo screening strength (as measured by DMFT
hybridization function, Tr [Im Δ(𝜔)], around the Fermi level) rel-
ative to the local magnetic moment formation (as measured by
Jmag). Kondo scattering is clearly greater in the CDW state (1T’-
VTe2; red color) than in the normal state (1T-VTe2; blue color)
over the wide range across the Fermi level. The weaker Kondo ef-
fect in 1T-VTe2 is in good agreement with the absence (or weaker
signal) of negative MR and the monotonic resistivity changes in
Figure 3b,c.

3. Discussion

Reversible and irreversible local phase transitions for the normal
(1T) and CDW (1T’) states of VTe2 were achieved by laser pattern-
ing. While the 1T phase has been known to be a high-temperature
(normal) phase, our 1T-VTe2 remained stable down to T = 1.5 K
without substrate or strain effects. This unique stability, based on
the small energy difference between the phases, allows the intrin-
sic low-temperature properties, such as magnetic ordering and
Kondo screening of the normal state (1T-VTe2) to be investigated.
Accordingly, the polymorphism and effective modulation of the
exchange interaction in VTe2 could be demonstrated as polymor-
phic Kondo effects. The manipulation of spin-lattice coupling via
laser-driven CDW transition enables the design of intrinsic mag-
netic and correlated physics in TMDs.

Adv. Funct. Mater. 2024, 2313180 © 2024 Wiley-VCH GmbH2313180 (5 of 7)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313180 by K
orea A

dvanced Institute O
f, W

iley O
nline L

ibrary on [22/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Supporting Information
Supporting Information is available from the Wiley Online Library or from
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