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The charge density wave (CDW) state in van der Waals systems shows interesting scaling phenomena as the number of
layers can significantly affect the CDW transition temperature, 7 cpw. However, it is often difficult to use conventional
methods to study the phase transition in these systems due to their small size and sensitivity to degradation. Degradation
is an important parameter which has been shown to greatly influence the superconductivity in layered systems. Since
the CDW state competes with the onset of superconductivity, it is expected that Tcpw will also be affected by the
degradation. Here, we probe the CDW phase transition by the mechanical resonances of suspended 2H-TaS, and
2H-TaSe, membranes and study the effect of disorder on the CDW state. Pristine flakes show the transition near the
reported values of 75 K and 122 K respectively. We then study the effect of degradation on 2H-TaS, which displays an
enhancement of T cpw up to 129 K after degradation in ambient air. Finally, we study a sample with local degradation
and observe that multiple phase transitions occur at 87 K, 103 K and 118 K with a hysteresis in temperature in the
same membrane. The observed spatial variations in the Raman spectra suggest that variations in crystal structure cause
domains with different transition temperatures which could result in the hysteresis. This work shows the potential of
using nanomechanical resonance to characterize the CDW in suspended 2D materials and demonstrate that degradation

can have a large effect on transition temperatures.

The charge density wave (CDW) state in van der Waals
(vdW) materials has recently become a resurgent area of re-
search. Archetypal systems such as 2H-NbSe,, 2H-TaS, and
2H-TaSe, have been under study since the 1970s'~'4. How-
ever, recent works on surprising and unexpected layer depen-
dence and degradation effects on superconductivity (SC) and
CDW in these systems have revived interest in studying their
phase transitions. For example, the superconducting transition
temperature, 7'sc of 2H-NbSe; is suppressed from 7.2 K in the
bulk to 3 K in the monolayer limit while the CDW transition
temperature, T cpw is increased'® from 33 K to 145 K. More
surprisingly, 2H-TaS, has a T'sc of 0.6 K in the bulk which in-
creases to 3 Kin a monolayerlé'17 and a T'cpw of 75 K which
also increases to 140 K'8. Similar scaling is seen for T'sc in
2H-TaSe,'°. Furthermore, degradation of the crystal in air has
shown to enhance the superconductivity in 2H-TaS,% which
is in stark contrast to other air-sensitive vdW superconductors
which lose their superconductivity upon degradation®' =24, It
is an ongoing challenge to clarify these contradicting layer de-
pendencies and degradation effects in order to shine light on
the competition between CDW and SC in these materials.

The CDW transition, like other first and second order phase
transitions, can be described by Landau’s theory of phase
transitions?> where the emergence of charge order gives rise to
a sudden change in the specific heat. Using the specific heat
anomaly to probe the phase transition is already established
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in several systems“(”o. However, the traditional methods

of probing the specific heat are nearly impossible to apply
on ultrathin exfoliated 2D material flakes. Recent works on
using the nanomechanical resonance to extract various phase
transitions including structural, magnetic and electronic phase
transitions>'3* have shown to be an interesting alternative.

In this work, we study the CDW transitions of suspended
2H-TaS, and 2H-TaSe, flakes by tracking the temperature de-
pendence of their nanomechanical resonance frequency. The
resonance frequency of suspended pristine 2H-TaS, and 2H-
TaSe, flakes show an anomaly at the phase transition tem-
peratures of 75 K and 122 K respectively. We then employ
this technique as a probe to study the effect of degradation on
the Tcpw of 2H-TaS,. Flakes of 2H-TaS, show greatly en-
hanced Tcpw after being exposed to ambient conditions for
prolonged durations. Furthermore, we induce local disorder
in a region of a suspended part of the membrane which causes
varying degrees of disorder across the flake as observed in Ra-
man spectroscopy. In this sample, multiple transitions appear
with a hysteretic switching behavior pointing towards the ex-
istence of domains with varying Tcpw. The interferometry
setup and the sample are described in Fig. 1. Figure 1(a)
shows an illustration of the interferometry setup. The inten-
sity of the blue diode laser (Apye = 405 nm) is modulated by
the vector network analyzer (VNA) which optothermally ex-
cites the membrane into motion. Simultaneously, a continuous
He-Ne laser (AReg = 632 nm) is used to read out the movement
of the membrane. The interference signal is collected by the
photodetector which is read out by the VNA. The sample is
situated in a 4 K dry cryostat at high vacuum with a heater
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beneath the sample to control the temperature.

Devices are fabricated by deterministically stamping®> 2H-
TaS, and 2H-TaSe, flakes on top of electrodes metallized by
evaporation and circular cavities etched into SiO,/Si by re-
active ion etching. The suspended membrane is in a drum
geometry with a rigid Si back mirror. High-quality 2H-TaS,
and 2H-TaSe, flakes are exfoliated from synthetically grown
bulk crystals'”*°. Detailed description of the setup and the
fabrication processes can be found in S.I.
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FIG. 1. Interferometry setup, device geometry and basic character-
ization of a 2H-TaS, membrane. (a) Illustration of the laser inter-
ferometry setup. Blue diode laser is used to optothermally actuate
the membrane while the He-Ne red laser is used to read out its mo-
tion. (b) Optical image of device 1 composed of a 2H-TaS, flake
of thickness ¢ = 31.2+0.6 nm transferred onto pre-defined electrodes
surrounding a cavity. Scale bar: 10 pm. Inset: Illustration of the
cross-section of a device. (¢) Example frequency response of device
lat155K.

An optical image of device 1 is shown in Fig. 1(b), the
cross-sectional illustration is in the inset and its typical fre-
quency response at 155 K near the fundamental resonance fre-
quency in Fig. 1(c). The data is collected at every temperature
once stabilized to within 10 mK from the set-point and fitted
to a simple harmonic oscillator model. The fundamental reso-
nance frequency fy(T'), extracted from such sweeps is plotted
in frequency vs. temperature plots in subsequent figures.

In this section, we introduce the lambda type anomaly in
the specific heat due to the normal - CDW phase transition, as
described by Landau-Lifshitz2>3!37, The Landau free energy

can be written for CDW transitions as:
F = Fy+a(T — Teow)Q + BO*, Q)

where Fj is the temperature dependent free energy of the
normal state, Q is the order parameter and a and B are
phenomenological positive constants. Minimizing the above
equation with respect to Q (i.e., dF /dQ = 0), gives the CDW
order parameter:

_[—=a(T —Tcow)
0=\ ——=5 (2)

2
and a minimum free energy Fiin = Fo — Z—B(T — TCDW)Q. Us-
ing the relation for the specific heat at constant pressure,

o1?
Fnin into Eq. 1, the magnitude of the jump in the specific heat

cop(T) =-T [‘)ZF ]P and by substituting the expression for

at the phase transition can be derived as Ac, = "22%. To find
the relationship between the membrane resonance frequency
and ¢p(T') we note that the fundamental resonance frequency
of a circular membrane under thermal strain can be described

by:
24048 [E €(T)
() == Vo i=v’ 3

where d is the membrane diameter, E the Young’s modulus,
p the density, £(T') the temperature dependent biaxial strain,
and v Poisson’s ratio.

The thermal strain accumulated in the membrane is a re-
sult of the difference in the linear thermal expansion coeffi-
cient of the membrane ¢, and that of the substrate og;. It
can be expressed as: % ~ —(a(T) — asi(T)) assuming
that the thermal expansion coefficient of SiO, is negligible in
comparison to Si***°. Using the thermodynamic relation be-
tween the thermal expansion coefficient and the specific heat,
0g.(T) = Yey(T)/(3KVam), and the above-mentioned thermal
strain relation, we arrive at an expression:

2
R e

where ¢ (T') is the specific heat of the membrane at constant
volume, K = ﬁ the bulk modulus, y the Griineisen pa-

rameter, Vyy = M/p the molar volume of the membrane and
_2.4048 E

= md \/ p(1-v)

ulus E is also slightly temperature dependent and exhibits an
anomaly at the phase transition. However, this change is on
the order of a percent throughout the temperature range of
our experiment*. We therefore approximate it as a constant
and assume the thermal strain to be dominant in determining
the frequency changes®!. Since ¢y = ¢; in solids, Eq. 4 di-
rectly relates the mechanical resonance of the membrane to
the specific heat derived using the Landau free energy (Eq.
1). Through this relation we can extract the specific heat from

aconstant. We note that the Young’s mod-
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FIG. 2. Electrical and mechanical characterization of a pristine 2H-
TaS, (left column, device 1) and 2H-TaSe, (right column, device
2) membrane. Dashed red lines indicate the CDW transition tem-
perature determined from 3—? and the peak of % (a-b) Four-
probe resistance as a function of temperature (left y-axis, pink) and
its derivative (right y-axis, brown). Dashed straight black lines are
plotted as visual aid. (c-d) Resonance frequency f (left y-axis, blue)
and w (right y-axis, green). (e-f) Specific heat extracted from
(c-d) using Eq. 4. The data from device 1 is also used in Ref.3!,
Sigkins et al, Nature communications, Vol. 11, Article 2698, 2020;
licensed under a Creative Commons Attribution (CC BY) license.

the temperature derivative of f()2 and thus the T'cpw from de-
termining the discontinuity in the specific heat. Detailed dis-
cussion on this relation can be found in Ref.3! and the supple-
mentary materials S.II.

Temperature dependent mechanical and electrical re-
sponses of pristine flakes of 2H-TaS, (left column, device 1,
thickness, = 31.2 £+ 0.6 nm, d = 4 um) and 2H-TaSe, (right
column, device 2, t =23.3 = 0.5 nm, d = 10 pm, device not
shown) are shown in Fig. 2. Figure 2(a-b) show the four-
probe resistance (left y-axis, pink) and its derivative (right y-
axis, brown). Dashed black lines are plotted as a visual guide
to highlight the deviation of the resistance data from the lin-
ear drop. The kink below which the resistance drop deviates
from the dashed black line is the CDW transition temperature
universally seen in other CDW systems*!. This can also be
seen in the Z—? as the temperature at which the slope changes.
The CDW transition temperatures for 2H-TaS, and 2H-TaSe,
by analysing the j—? are 77 K and 122 K respectively and are
in good agreement with the values in literature?.
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FIG. 3. Enhancement of the Tcpw from the pristine state to the de-

graded state in device 3 (2H-TaS,). fy (blue, left y-axis) and %
(green, right y-axis) measured (a) immediately following fabrication
and (b) after exposure to ambient conditions for several hours. Op-
tical image of the device (¢) immediately after fabrication and (d)
after measurements of (a-b). Scale bar: 10 um. Dashed red lines

correspond to the T cpw.-

On the same membranes, the resonance frequency fy ex-
tracted by fitting a simple harmonic oscillator function to the
resonance peak such as in Fig. 1(c) is plotted against temper-
ature in Fig. 2(c-d) in blue (left y-axis). There is a monotonic
increase in the resonance frequency as the sample tempera-
ture is lowered, arising from the difference in the thermal ex-
pansion coefficient between the membrane and the substrate
thus increasing the tension of the resonator. The temperature
derivative of f02 is plotted in green in Fig. 2(c-d) (right y-axis).

Since ¢y o< ()] from Eq. 4, the phase transition t -
v T q. 4, phase transition tempera:

ture T'cpw can be determined as the temperature where the
peak in % is observed. The T'cpw of 2H-TaS, and 2H-
TaSe, extracted from Fig. 2(c-d) are 75 K and 122 K respec-
tively, and are in good agreement with the values from the
transport data as well as the literature values>.Therefore, this
method can be a complementary tool to the transport tech-
nique to probe the phase transition in CDW materials which
show subtle changes in the slope of the resistance. In the sub-
sequent sections, the T'cpw’s are extracted by finding the peak

207
position of the anomaly in % vs. T.

The ¢y(T') can be estimated from the same data by includ-
ing the material parameters into Eq. 4. The reported material
parameters for 2H-Ta$S, are E = E»p/t = 149 GPa*? assuming
an interlayer spacing f = 0.58 nm, v = 0.27*2 and p = 6110
kg/m3. The parameters for 2H-TaSe, are E = 120 GPa*’,
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FIG. 4. Raman, electrical and mechanical characterizations of device 4 (2H-TaS,) showing competing transitions of CDW with enhanced
Tcpw. (a) Optical image of device 4 immediately after the fabrication. Scale bar: 10 um. (b) SEM image of device 4 after measurement.
Labels A, B and C indicate the positions where Raman spectroscopy data were acquired. (¢) Raman spectroscopy data at A, B and C. Dashed
lines indicate the position of two-phonon mode, E%g and Ajg. (d) Two-point resistance as a function of temperature (top) and its derivative

2
(bottom). (e) Resonance frequency f, as a function of temperature (top) and % (bottom). In both (d) and (e), the blue lines indicate
measurements taken while cooling down and red lines indicate measurements taken while warming up as indicated by the arrows in (d).
Dashed lines indicate the positions of the transition temperatures 77 = 87 K, 7> = 103 K, 73 = 118 K.

v ~0.2% and p = 8660 kg/m>. The Griineisen parameters

can be estimated as ¥ =~ 3 (2% )*. Finally, the temperature
dependent thermal expansion coefficient of single crystalline
Si is used as experimentally measured in Ref.*>. Using these

2
parameters, the w data in Fig. 2(c-d) are converted to ¢y

and plotted in Fig. 2(e-f).

For the remainder of the study, we focus on the effect of
degradation on the CDW transition, specifically in 2H-TaS,.
We first use the above-mentioned technique to probe the phase
transition temperature in 2H-TaS, before and after prolonged
exposure to air. Degradation is often accompanied by changes
in the material properties such as doping®®, Poisson’s ratio®®,
Young’s modulus*’, dimensions*® and density**. Therefore,
in the following, we extract the transition temperatures from

difg(T . . . .
w plots and refrain from showing ¢y in order to circum-
vent errors in ¢y arising from using wrong material parameters

in Eq. 4.

To study degradation effects on the CDW transition tem-
perature, device 3 (f = 53.3 £ 0.7 nm, d = 5 um) is measured
before and after exposure to ambient conditions. In the first
measurement, it is cooled down immediately following fabri-
cation. Figure 3(a) shows fj (blue) as well as the temperature
derivative of fg (green). As expected, the CDW transition oc-
curs at T'cpw = 76 K (dashed red line) which is in good agree-
ment with device 1 and literature values’. After the first cool
down, the sample is removed from the cryostat and is exposed
to air for several hours.

In the second cool down a remarkable 29 K enhancement
of the Tcpw is observed. As shown in Fig. 3(b), the anomaly

2
in i 27(.T)] occurs at 105 K instead of 76 K. Several additional

samples of air-degraded 2H-TaS, have been measured, one of
which showed an even higher Tcpw of 129 K (see supple-
mentary material S.III). In contrast to the drastic change in
the Tcpw, no observable changes in the optical microscopy
images before and after could be identified. Figure 3(c) is
an image of device 3 immediately after the stamping process
whereas Fig. 3(d) is the image taken after the second round of
measurements.

We have also fabricated and measured several different
samples of 2H-TaS, drums with disorder created by laser
induced oxidation®® and focused ion beam (FIB) induced
milling’! to intentionally degrade the suspended flakes. Nei-
ther of these samples with different forms of disorder showed
the CDW transition (see supplementary material S.IV). How-
ever, in device 4, an electrostatic discharge across two elec-
trodes adjacent to the suspended membrane caused a severe
degradation of the membrane between the two electrodes.
Figure 4(a) shows an image of the device immediately after
fabrication showing no signs of damage. In Fig. 4(b), a scan-
ning electron microscopy (SEM) image is shown of the device
after the measurements are taken. It shows that the discharge
caused severe damage to the the top electrodes as well as a
small part of the membrane. The areas labeled A, B and C are
the locations where the Raman spectroscopy data in Fig. 4(c)
are taken. Raman spectroscopy is performed at room temper-
ature in ambient conditions.

The blue Raman spectra shown in Fig. 4(c) are from the ar-
eas surrounding the drum and show the spectra comparable to
literature' 72, The three characteristic peaks of 2H-Ta$, are
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plotted in dashed grey lines at 180 cm™!, 286 cm~' and 400
ecm~! corresponding to the two-phonon mode, the in-plane
Eé mode and the out-of-plane Ajg mode respectively*. The
yeﬁow line in Fig. 4(c) is the Raman spectrum taken directly
on the drum and shows slight red shifting of the two-phonon
mode. The red line is the spectrum taken from the area with
the most damage observed. This spectrum shows the most
severely red shifted two-phonon mode as well as slightly blue
shifted A, mode as indicated by the arrows.

Figure 4(d) shows the two-probe resistance - measured
across the two wide electrodes far left and right of the cavity
- of this device measured as a function of temperature (top)
and its temperature derivative (bottom). The mechanical res-
onance of the membrane as a function of temperature (top) as
well as % (bottom) are plotted in Fig. 4(e). In both re-
sistance and mechanics measurements, more than one phase
transition accompanied by a hysteretic behavior in the tem-
perature sweeps are observed. The red lines correspond to the
measurements performed while warming up and the blue lines
to the measurements performed while cooling down. There

2
are three distinct peaks in the d[f;}#ﬂ atTy =87 K, T, = 103

K and 73 = 118 K. Between the lowest transition temperature
and the highest, both the resistance and the mechanical reso-
nance show hysteretic behavior of split branches in the R-T
and the fy-T data. Even though the effective area probed via
transport and nanomechanics are not identical, similar behav-
iors are observed in both R-T and fy-T suggesting that the
degraded area has a significant contribution to the resistance
as well as the mechanics. This experiment has been repeated
multiple times to rule out measurement artifacts but nonethe-
less, the hysteresis was present every time.

We believe that both the thickness and degradation are play-
ing a role in our observation of enhanced T cpw in Figs. 3&4.
The study by Bekaert et al.>’ on the “healing” of the sulphur
vacancies by oxygen, demonstrated that the electron-phonon
coupling could be enhanced by 80%, thus increasing the T'sc.
Also, Zhang et al. recently reported the persistence of the
CDW up to 140 K in the monolayerls. The increase of T cpw
upto 129 K in our air degraded sample could be an indication
of partial amorphization of the multilayer sample which re-
duces the effective thickness of the crystal from bulk towards
an intermediate, few-effective-layers.

The two-phonon mode shown in Fig. 4(c) represents a sec-
ond order scattering process where an electron scatters to cre-
ate a pair of phonons with opposite momenta near the CDW
wave vector qcpw°. Softening of the two-phonon peaks be-
low Tcpw in many 2H-MX, systems has been observed and
used to characterize the CDW*>2-5¢_ Typically the position of
the two-phonon mode shifts down with decreasing tempera-
ture and the peak disappears as it reaches the CDW state. This
is a direct result of the phonon dispersion renormalization due
to the Kohn anomaly forming at T'cpw. The fact that we see
differences in the two-phonon mode and the out of plane Ay
mode in the degraded areas is indicative of local changes in
the phonon branches and the chemical bond lengths caused
by degradation. Controlled systematic Raman study of degra-
dation dynamics should be conducted to correlate the changes

in the chemical bonds to the phonon dispersion relation and
the Tcpw.

The enhancement of the T'cpw from the nominal 75 K up to
118 K in Fig. 4 may be due to a degradation similar to the one
observed in Fig. 3 but is attributed in this case to the discharge
which caused the flake and the electrodes to be damaged. The
absence of the peaks at 103 K and 118 K in the downward
sweep and at 87 K in the upward sweep may be an indication
of competition between various domains with different tran-
sition temperatures. This picture is further supported by the
difference in the Raman spectra taken at room temperature in
various areas of the same flake.

In conclusion, we studied the CDW transitions in the
archetypal vdW systems 2H-TaS, and 2H-TaSe,, by using the
resonance frequency of suspended membranes. The tempera-
ture dependence of the resonance frequency can be translated
into the specific heat which shows an anomaly at the phase
transition temperature. We showed that degradation can ir-
reversibly change the CDW transition temperature from the
nominal value of Tcpw = 75 K to as high as 129 K. Fur-
thermore, we studied a suspended drum with partial local dis-
order which showed multiple transition temperatures as well
as a hysteresis loop. In this work, we have demonstrated
that nanomechanical resonance is a powerful tool to study the
CDW transitions in ultrathin suspended vdW materials com-
plementary to the temperature dependent electronic transport.

See supplementary material for the S.I Methods, S.II
Derivation of free energy and specific heat, S.III Additional
data on enhancement of CDW by exposure to air and S.IV
Additional methods of inducing disorder explored.
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