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ABSTRACT

To investigate phonon confinement in nanoscale metal dichalcogenides, we measured the low-temperature specific heat of layered and
nanoparticle WS . Below 9 K, the specific heat of the nanoparticles deviates from that of the bulk counterpart. Further, it deviates from the
usual T2 dependence belo w 4 K due to finite size effects that eliminate long wavelength acoustic phonons and interparticle-motion entropy.
This separation of nanoscale effects from T2 dependence can be modeled by assuming that the phonon density of states is flexible, changing
with size and shape. We invoke relationships between the low-temperature T3 phonon term, Young's modulus, and friction coefficient to
assess the difference in the tribological properties. On the basis of this analysis, we conclude that the improved lubrication properties of the
nanoparticles are extrinsic.

Nanomaterials offer fundamental new ways to explore strain, can have striking consequences for measurable thermody-
curvature, size, and shape effects on the physical propertiesnamic quantities:?

of complex solids. Small length scales (and hierarchies of  several intriguing examples of finite size effects in
small length scales) dramatically alter the properties of nanomaterials are beginning to emerge. For instance, the high
nanoscale objects compared to their bulk counterparts,aspect ratio of single-walled carbon nanotubes yields sin-
mandating a major revision of how we understand basic gylarities in the phonon density of states, enhancing the
physical properties. This is especially true in the once- gpecific heat of the nanotubes compared to that of graphite
traditional field of thermodynamics, where high-precision pejow 80 K2 A similar enhancement is observed in aligned
heat capacity can provide direct information on the behavior ., itiwalled carbon nanotubes at a slightly lower energy
of acoustic modes and hence quantum size effects ingcqiet Multiwalled TiO, nanotubes also display enhanced
narjomaterials. In an ordinary three-dimensjonal insulating thermal properties compared to bulk anatase and rutile
solid, the low-temperature specific he@(T), increases s formss a result attributed to low-dimensional effects within
T2 This is the well-known Debye model. Further, in an oy gjastic continuum model. Thermal techniques have also
|§9Iated, Iow-dlmen5|opal system, the Iqw-temperature SP€-peen used to investigate bulk and nanoscale G&Eere,

cific heat generally varies &°, where D is the dimension- o htinement suppresses superconductivity and stabilizes (in

ality. In a nanomaterial, van Hove singularities and a jis piace) a low-temperature Kondo anomaly. These and other
hierarchy of important length scales can change dramat'ca”ycompounds provide exciting opportunities to examine finite
these basic models? For instance, summations over the length scale effects in complex solids

quantized vibrational modes and peaks (or dips) in the . . . .
phonon density of states that derive from dimensionality . MX transition-metal dichalcogenides (where M is, for

effects must be carried out explicitly to capture the contribu- |nsttan_c?, Mho orl W, ar;d Xdls S or Se) are ;’inotg.;[gzet of
tion from both singularities and zeros. These modifications materials where layered and various nanoanalogs

2H—WS; consists of a sublayer of metal atoms sandwiched
between two sublayers of sulfur, sharing the s&@gmmc
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curvature modify the bonding and change the local charging
environment in the nanoparticl&4 is well-known that bulk
transition-metal dichalcogenides are commonly used as
commercial solid-state lubricants Recently, it has been
reported that IFWS, nanopatrticles outperform traditional
solid lubricants such as 2HNS, and 2H-MoS; in many
respects (friction, wear, and lubricant lifetime) under varied
conditionst?12 Notably, the coefficient of friction of the
nanoparticles is much smaller than that of the chemically
identical but morphologically different bulk counterpart.

To investigate finite length scale effects in the nanoscale
transition-metal dichalcogenides, we performed high-sensi-
tivity specific heat measurements of both bulk and nano-
particle WS. 'We find 'that below 9 K, the specific heat of Figure 1. Close-up view of the underside of our specific heat
the nanoparticles deviates from that of the bulk counterpart. apparatus. Here, the pressed pellet sample coated with a thin layer
Further, it deviates from the usu@P dependence below  of platinum is mounted on the experimental platform with N-grease.
4 K. We discuss these differences in terms of vibrational The sapphire platform is equipped with a heater and temperature
confinement and interparticle-motion entropy. This separation Sensor and is well-isolated from the environment.
of nanoscale effects frori® dependence can be modeled

1
by assuming that the phonon density of states is flexible, 10 [
changing with size and shape of the nanoparticle. Direct of
measurements of the lattice contribution to the specific heat  ~ 10°E
also allow us to assess the intriguing mechanical and N
tribological properties of 2H and IFFWS,. On the basis %‘0 10"
of relationships between the low-temperatiireterm, the = [
Debye temperature, Young’'s modulus, and the friction ~ 10®
coefficient, we conclude that the enhanced lubrication U"‘ i
properties of the nanopatrticles are extrinsic in origin. 1 0.3'

IF-WS; was prepared from its oxide precursor, WO .
following previously published procedur&sThe nanopar- 104'

ticles of interest in this work are 120—200 nm in diameter.
Bulk 2H-WS; was also used for comparison (Alfa Aesar,
99.8%). Isotropic pressed pellets were prepared to investigate

the low-temperature thermodynamic properties. Typical 1'2_ 0.02 .
surface qualities and pellet densities are given in ref 14. Both 1ol2 . [F-WS, °,
materials were vacuum annealed before pressing. The — ' %” ..
nanoparticles tend to aggregate into cluste9—100um NMo08FE o . .
in sizes. These agglomerates usually decompose under 20 [ " ,.-""- °.
pressure, for instance, during the pressure packing of E 0.6} 0.00 .
nanoparticled? = L 03 06 09 12 15, =

Specific heat measurements were carried out in a high- &~ 041 T(X) o'n 2H-WS2
precision specific heat setup based on the semiadiabatic pulse . "
relaxation method at Los Alamos National Laboratory 0.2F ..-':."
between 0.3 and 30 K. Four independent measurements were L (b) ,.-___.-'_."--"
taken at each temperature. Both warming and cooling 0.0 ’ . L
responses were measured, and the resultant data sets were 0 2 4T (K)6 10

averaged. Temperature stability for each data point was better
_thanj:Z mK. A (_:Iose-up view of the measuremer_ﬂ platform Figure 2. (a) Specific heat of 2H and IFFWS; as a function of

is shown in Elgure 1. To §v0|d physadsorption of the temperature. Transmission electron microscope images are shown
N-grease, a thin layer of platinum was evaporated onto oneto emphasize the bulk layered vs nanoscale morphologies. (b) Low-
side of the pellet before measurem&nThe addenda and  temperature specific heat of _2~Hand IFFWS; on a linear scale.
platinum film contribution® were subtracted to obtain the The inset shows a close-up view of t_he data below 1.5 K. The error
o o . bars are smaller than the symbol size.

intrinsic specific heat of each sample. The high temperature

thermal properties of both 2H and IF-WS, were also  fringing for the layered bulk and the nested character of the
investigated using a standard PPMS, with excellent agree-nanoparticles. The high-temperature response (above 10 K)

ment between the two measurements.

Figure 2 displays the low-temperature specific heat of 2H
and IFWS, along with TEM images showing lattice

2366

is similar for both materials, as expected. Below 9 K, the
specific heat of the nanoparticles deviates from that of the
bulk counterpart. This non-Debye-like change in slope
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the traditional Debye model and the associatéddepen-
IF-WS, ., * dence. This deviation from linearity in tH&,/T vs T2 plot

. is attributed to finite size effects in the W8anopatrticles,
as discussed below. A similar deviation fram dependence
is observed in carbon and Ti@anotubed;*° although the
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2H-WS, energy scale for the appearance of quantum size effects in
the transition metal dichalcogenide nanopatrticles is much less
than that reported for the tubular materials.
Q005 Of course, the character of acoustic mode dispersion in

> the Debye model (and the abandonment of dispersion entirely
Fitting region in the Einstein model) provides only the crudest framework
L . L L L L from which to understand the low-temperature thermody-

0 20 40 69 89 100 120 140 namic properties of insulating solids where nanometer length
T (K ) scales modify the bulk near-continuum phonon density of

states. For our study, there are three key departures from

- P ; : the simplest bulk-continuum model, best seen in a plot of
best-fit straight line (green dashed) in the low-temperature linear C/T vs T2 (Fi 3) Th - (1) at | t
range. The inset shows a close-up view of the low-temperature trend o/T VS (Figure 3). They are: (1) at some low temper-

for both materials, emphasizing the non-Debye characte, ature,Cy/T drops below the linear-ifi* fit, (2) there is a
for the nested nanoparticles below 4 K. clear minimum, and (3) at the lowest temperatu@gT vs

T? increases as I/ An approximation still, but which
reflects the freezing out of internal modes, as discussedincludes all the essential physics of this problem and which
below. The specific heat of FWS; is enhanced compared reproduces the three key features of the low-temperature
to that of the bulk counterpart. At very low temperatures specific heat measurement, can be constructed as follows.
(below 0.6 K), there is an upturn in the thermal response of Consider that the compressed nanoscale powder consists of,
both materials. say,n spheres, each containimg atoms. We can separate

It is interesting to compare the thermodynamic properties the contributions to the heat capacity into two components.
of bulk and nanoscale metal dichalcogenides (Figure 2) with One component is simply the heat capacityno$eparate,
specific heat measurements of other model materials. Overall,noninteracting nanoparticle sphereswétoms. Each sphere
these studies show that bulk and nanotube specific heats aréas 3n — 3 internal modesn such spheres havg3m — 3)
similar at high temperatures, while at low temperature, the = 3nm— 3nmodes. However, the total number of vibrational
specific heat of the nanomaterial is enhanced compared tomodes must berin— 3, leaving 3 — 3 modes unaccounted
that of the layered parent compound. The degree of enhancefor. The other component contains these missing—33
ment and the energy scale for the effect depend upon themodes. Here is how. Because the individual spheres at
physical system. For instance, single- and multiwalled carbon temperatures well below our measurement temperature have
nanotubes show an especially large increase in specific heano accessible internal degrees of freedom but are elastically
compared to graphite below 100 K, a result that derives from connected via weak springlike forcshey act like a simple
dimensional crossover effects and singularities in the phononmass-spring solid but now with masses of ordéradatomic
density of states of the tubular materiafsAn extraT ® term, mass (the mass of each nanoparticle). Thus the compressed
attributed to localized low-energy excitations, is also reported solid at temperatures too low to excite the internal modes of
in single-walled carbon nanotube bundié& Similarly, the the nanoparticles (less than 0.1 K) behaves like a solid of
specific heat of multiwalled Ti@nanotubes exhibits a large  particles with a Debye temperature that is many orders of
enhancement compared to bulk anatase and rutile formsmagnitude lower than that for ordinary solids. At tempera-
below 50 K® This deviation is attributed to differences in tures well below the measurements made here, all the
the low-temperature density of states of the acoustic phononsinterparticle modes can be thermally occupied, much like

To quantify the differences in the specific heat of2H  an ordinary solid above the Debye temperature. Such a solid
and IFFWS; and compare our results with the well-known has heat capacity ofkgmode, independent of temperature

0.00

Figure 3. CJ/T vs T2 plot for 2H— and IF-WS; along with a

Debye model, we plotte,/T vs T2 and fit our results like the Dulong and Petite high-limit in a conventional
according to solid for a total heat capacity of
C/T=y+aT? 1) C,=3k,(n—1) (2

Here, v represents the electronic specific heat, and the To this we now must compute and add, reasonably
coefficiento captures the lattice specific heat contribution. accurately, the heat capacity of the internal modes of the
These results are shown in Figure 3. Below 10 K, the thermal spheres to obtain the total heat capacity. Although the codes
response of 2HWS; follows eq 1 quite well, and it is linear ~ we use to analyze resonant ultrasound spectroscopy studies
down to 1.5 K. In contrast, FWS,; exhibits linear behavior ~ can be used to compute the exact modes up to several
only in a limited temperature range-4—10 K). Below thousand in number, the differences are very small compared
4 K, the specific heat of IFWS, deviates strongly from  to the simple periodic boundary-condition problem for plane
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0.0004 60 GPa, a density of 7400 Kgrhand a cube edge of
140 nm. The numerical computation used both the shear and
longitudinal moduli rather than just the shear modulus as in
eqg 3. Note that all the salient features of our measurement
are reproducedthe departure front 3, the low-T minimum,
and the very lowF upturn. The key temperature scale is that
of the lowest internal shear mode and is about 0.5 K. It is
not very useful to attempt to do a more exact computation
than this because many of the parameters are not measurable
by us, such as the degree of compression of the powder, the
actual shape and size distribution, surface modifications to
0‘000%_0 0l 02 03 04 05 the internal modes from nanoscale efféces)d more.
TZ 2 Can we use the data in Figure 3 to understand and assess
(K h M . _
e relative tribological properties of bulk and nanoscale
Figure 4. Model calculation using a heat capacity that is the sum transition-metal dichalcogenides? A simple physical argu-
of interparticle and intraparticle contributions (eq 2 and the Mment can indeed capture much of the essential physics. We
derivative of the energy in eq 3), employing reasonable values of can extract the Debye temperatuég, for both 2H- and
shear and longitudinal moduli and for cubes whose edge is about|F—\V/S, from the slope of th€,/T vs T2 plot in the region

the same as the central peak in the size distribution of the here low-temperature specific heat follow&behavior as
nanoparticles measured here. Here, the red solid line is the simulateaN

thermal response of the nanopatrticles. The dashed black line shows
typical T2 dependence and shows where the approximations 0. = (12714Rl5a)1’3 (5)
converge on the bulk results. D

0.0003

0.0002 F

/T (mJ/g-K*)

[=9

0.0001

C

waves. For an isotropic cube (the differences between cube Here,Ris the gas constant. Note that in evaluating the slope,
sphere, and the actual layered not-quite-spherical particleswe avoided both the extreme low-temperature regime and
we measured are very small and beyond the scope of thisalsoT = 20 K, where the Deby& * approximation becomes
study), the plane-wave boundary conditions are on the poor. The Debye temperature is directly related to Young'’s
k-vectors of the modes. For a cube with 3 modes/unit cell modulus (which is a measure of stiffness) as

andmunit cells of lattice parametex; the linear dimensions

arely = I, = I3 = am® Thenk;; = 27/(2li/j) wherei = x, Y s Y

y, or z directions,j is the mode index, and we are fitting Op ~ \/%n ~ \/& (6)
integral numbers of half-wavelengths into the cube. Let us
also assume just one type of dispersion curve, say shear, t
simplify things. Then if the shear wave speed,ishe total
internal vibrational energy at a suitably low-temperattire
can be approximated by

cf—Iere,Y is Young's modulus andM the mass (using =
nM).?* We focus on the mass relation in eq 6 because density
is difficult to measure in a nanomatefitd? and we do not
know the number of moles. Furthély, is the characteristic
o o1 temperature at which all modes are excited in a material,
_hme 2 [P and it is the number of modes that matters. Hence, stiffer
_a miBifer eFkeT g ®) materials and smalleM are associated with higheip.
a Recently, Tambe and Bhushan discovered that the coefficient
of friction, f, goes as ¥ for a wide variety of material&
Direct AFM studies of nanoscopic sliding friction on CrN
thin films with varying hardnesses grown at different
Ej = hﬂ%[iz +i2+13Y2 (4) temperatures also demonstrates that changes in the friction
M amt coefficient derive from variations in the Young’s modufds.
This relationshipf(~ 1/Y) has not been tested for nanoma-
The intraparticle heat capacity is then the derivative of the terials, but it is anticipated to hofd. Together, these
energy (eq 3) with respect to the temperature. relationships provide a direct link between the thermody-
The critical difference between this sum in eq 3 and the namic, mechanical, and tribological properties of a material,
usual Debye approximation is that there is a hole in the and we can employ them to evaluate the relative friction
phonon mode distribution because there is a now a lowestcoefficients in 2H- and IFFWS,.
mode. The radius of the hole fsrc/am'®. It is this hole As shown in Figure 3, the slopes extracted from the linear
that is going to produce most of the low-temperature physics range of theCy/T vs T2 data are very similar for both
for the problem. Summing the interparticle and intraparticle compounds. This implies nearly identical Debye tempera-
contributions to the heat capacity (eq 2 and the derivative tures, Young's moduli, and coefficients of frictiéh This
of the energy in eq 3), we compute the specific heat and analysis suggests that the substantially improved coefficient
show the result in Figure 4. This calculation used a of friction in IF-WS, does not derive from the unique
longitudinal modulus of 180 GPa, a shear modulus of nanoscale architecture and is not intrinsic. The improved

E

where

2368 Nano Lett, Vol. 7, No. 8, 2007



lubrication characteristics of the nanoparticles compared with the holder of the Drake Family Chair in Nanotechnology.
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mechanism. The puncturing/deformation/delamination of the and Ronit Popovitz-Biro for the transmission electron
nanoparticles and “filling-the-gaps” processes should there- microscope images.
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