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Carbon materials display intriguing physical properties, including superconductivity and highly
anisotropic thermal conductivity found in graphene. Compressive strain can induce structural and bonding
transitions in carbon materials and create new carbon phases, but their interplay with thermal conductivity
remains largely unexplored. We investigated the in situ high-pressure thermal conductivity of compressed
graphitic phases using picosecond transient thermoreflectance and first-principles calculations. Our results
show an anomalous thermal conductivity that peaks to 260 W=mK at 15–20 GPa but drops to 3.0 W=mK
at ∼35 GPa. Together with complimentary in situ Raman and x-ray diffraction results, the abnormal
thermal conductivity trend of compressed carbon is attributed to phonon-mediated conductivity influenced
by interlayer buckling and sp2 to sp3 transition and, subsequently, the formation ofM-carbon nanocrystals
and amorphous carbon. Strain-induced structural and bonding variations provide a wide-range manipu-
lation of thermal and mechanical properties in carbon materials.
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Carbon materials have a diverse range of intriguing
physical properties [1,2]. These have inspired a plethora of
novel applications, such as combined ultrahardness and
toughness for mechanical machining in extreme environ-
ments [3,4] and tunable band gap for semiconductors [5,6].
New carbon phases have been discovered over the past
decades, such as C60 [7], carbon nanotube [8], and single-
layer graphene [9]. These carbon phases, in turn, have been
used as the starting materials to enable further discoveries
and applications of carbon forms with distinctive properties
under extreme environments not accessible at ambient
conditions [10–12]. Of particular examples are nanodia-
monds with ultrahigh strength exceeding single-crystal
diamond [3], Diaphite and Gradia possessing both

tetrahedral diamond and layered graphite structures
[13,14], and amorphous diamond with unparalleled thermal
conductivity compared to other amorphous solids [10,15].
Carbon materials hold a unique position in thermal

management because of their wide range of thermal
conductivity, from thermal insulation of sensitive devices
to rapid cooling of power electronics [1]. The overall
thermal conduction of carbon materials can be affected
collectively by bond strength, phase, crystallinity, and grain
size. Carbon materials can have either or both sp2 and sp3

hybridization bonds, which significantly affect the phonon
group velocity and hence the thermal conductivity.
In crystalline carbon materials, phonons are the primary
and highly efficient heat carriers, whereas amorphous
materials rely on less efficient vibrational modes like
propagons and diffusons [16]. The presence of grain
boundaries in polycrystalline materials introduces addi-
tional phonon scattering channels, resulting in a strong
dependence of thermal conductivity on grain size [17].
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Diamond has the highest thermal conductivity of
2450 W=mK [18], from the strong sp3 hybridization,
highly symmetric cubic structure, and minimal effects by
grain boundaries and defects. Nanocrystal diamond, on the
other hand, has a wide thermal conductivity range, from
278 to less than 1 W=mK, due to the grain boundary
scattering [17]. Amorphous carbon can have a thermal
conductivity as low as less than 1 W=mK, with mixed
sp2=sp3 hybridization and disordered atomic arrangement
that disrupt phonon propagation for heat transport [19].
As a special case, graphite has highly anisotropic thermal
conductivity: about 2130 W=mK along the in-plane direc-
tion with sp2 hybridization and 6.36 W=mK along the
cross-plane direction with weak van der Waals force [18],
highlighting the influence of bond strength on conductivity.
Previous studies have shown that carbon materials under
extreme pressure can undergo structural phase transitions,
sp2 to sp3 bond conversion, and/or grain size reduction
[20]. That means compressive strain can be used to
effectively manipulate the thermal conductivity of carbon
materials. Even though the relations between thermal
conductivity and structural factors (e.g., phases, bonds,
crystallinity, and grain sizes) in carbon materials have
been studied at ambient conditions, the magnitudes of
their interplays in highly compressed carbon phases are
largely unexplored. It is thus crucial to investigate and
interpret the thermal conductivity with complimentary
structural results to establish a coherent understanding of
carbon materials at extremes.
In this study, our objective is to measure and predict the

thermal conductivity in high-pressure carbon phases and
understand how the structural changes would qualitatively
influence the thermal transport behavior. This is achieved
by monitoring changes in both thermal conductivity and
structural characteristics in highly oriented pyrolytic graph-
ite (HOPG) compressed in a diamond anvil cell (DAC)
at room temperature. In situ thermal conductivity mea-
surements in a DAC, employing picosecond transient
thermoreflectance spectroscopy (ps-TTR) [21], reveal a
complex trend with rapid increase and sudden drop in
high-pressure carbon phases, along with structural tran-
sition from graphite, to a mixed phase of M-carbon
nanocrystals surrounded by amorphous carbon, as
revealed with in situ x-ray diffraction (XRD) and Raman
spectroscopy. First-principles density functional theory
(DFT) calculations dissect the aforementioned factors
from structure changes and establish a connection to
the observed thermal conductivity variation.
HOPG is chosen as the starting material due to its high-

quality crystallinity and confirmed structural transitions
under compression [22]. A schematic picture of the thermal
conductivity measurement within the DAC is shown in
Fig. 1(a), the same setup has been applied to study the
pressure-dependent thermal transport of MoS2 [23]. Plotted
in Fig. 1(b) are the normalized time-dependent reflectance

changes at two selected pressures. To extract thermal
conductivity, a 1D heat conduction model is used to fit
the experimental data, represented by the red solid lines,
along with a �20% confidence interval. The extracted
pressure-dependent cross-plane thermal conductivities (κ⊥)
with uncertainties are plotted in Fig. 1(c). At ambient
pressure, the κ⊥ value is about 6.4 W=mK. Under com-
pression, the pressure-dependent trend of κ⊥ displays a
complex feature. Initially at pressures below 11 GPa, κ⊥
steadily increases with pressure. Above 11 GPa, a sudden
and rapid increase is observed, and the peak value of κ⊥ is
at approximately 260 W=mK at the pressure range of
15–20 GPa. This is about 40 times higher than the κ⊥
value at ambient pressure. Above 20 GPa, κ⊥ shows a quick
drop to values even lower than at ambient, with a dip
appearing around 35 GPa (∼3.0 W=mK). Above 36 GPa,
κ⊥ starts to increase again and tends to saturate around
45 GPa. Previous works on the structure changes in
compressed HOPG suggested that about half of the π
bonds transitioned to σ-bonds at around 17 GPa [24] and
the possible formation of the M-carbon phase at around
19.2 GPa [22], which are indicated by shaded areas in
Fig. 1(c). The complex features of κ⊥ suggests that several
competing factors at play under pressure, rather than a
straight transition from graphite to M-carbon.
To gain more insights into the thermal transport evolu-

tion, we conducted in situ XRD and Raman spectroscopy
on the compressed HOPG (Fig. 2). The inset of Fig. 2(a)
displays two representative XRD patterns of the sample
along with the d-spacing evolution of the (002) cross-plane
orientation. At 1.7 GPa, the XRD spectrum is typical for the

FIG. 1. Cross-plane thermal conductivity experiments in com-
pressed HOPG using ps-TTR coupled with a DAC. (a) Schematic
of the experimental geometry with a DAC integrated into a ps-
TTR system. (b) Normalized experimental data and their best-
fitted curves (solid red lines) with a �20% confidence interval
(dashed red lines) at two selected pressures. (c) Extracted
pressure-dependent thermal conductivity. Two shaded areas mark
the two possible phases as suggested in the literature [22].
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graphite phase, where the (002) peak is related to the
graphite interlayer distance. Above 19 GPa, a new peak
emerges between peaks (011) and (010), and this peak’s
position is consistent with the occurrence of M-carbon
[marked as ð11̄1Þ] [22]. This becomes the sole peak
above 25 GPa, indicating the complete disappearance of
the original graphite phase [Figs. S6(e)–S6(f) [25] ].
Figure 2(a) plots the interlayer d spacing extracted
from the graphite peak (002), which is fitted using the
third-order finite-strain equation of state (EOS) [51]. The
axial incompressibility of cross-plane graphite extracted
from the linear EOS fit is approximately 35.4 GPa, with an
interlayer spacing of 3.36 Å, consistent with the literature
[22,52]. Beyond 11 GPa, experimental results deviate from
the linear EOS extended to higher pressure, indicating
higher compressibility, which can be explained by the
strengthening of the interlayer bonding drawing the layers
closer. As shown in Figs. 2(b) and S6(h) [25], the FWHM

of the M-carbon ð11̄1Þ peak is much greater than that of
HOPG and remains unchanged with pressure. Using the
Scherrer equation [53], we estimate the average grain size
of M-carbon to be roughly about 10 nm. This value may
have a large uncertainty because only one single XRD peak
was used for the estimation. However, it qualitatively
reveals the nanocrystalline nature and significant grain
size reduction associated with the formation of M-carbon
phase [Fig. 2(b)].
TheG peak, which corresponds to the in-plane E2g mode

at the Γ point, in in situ Raman spectra provides additional
insights into structure change, which corresponds to the
in-plane E2g modes at the Γ point. As expected from the
bond strengthening under compression, theG peak position
displays the blue shift with pressure [inset of Fig. 2(c),
Fig. S8(b) [25] ]. The FWHM of the G peak is reported to
be proportional to the bond-angle disorder at sp2 sites [54].
Below 11 GPa, the FWHM width only shows a slight
increase, suggesting that compression at this pressure range
only causes slight distortion between layers, e.g., interlayer
sliding and/or lattice rotation. Above 11 GPa, FWHM
increases linearly until 25 GPa and then continues with an
even higher rate until 36 GPa and then saturates. The rapid
increase above 11 GPa is strong evidence of an in-plane
disordering process that persists until 36 GPa. Based on
previous studies [22,55,56], this disorder could be caused
by interlayer buckling, the formation of M-carbon nano-
crystals, as well as amorphization. We note that amorph-
ization has been observed in several studies of compressed
graphite [55,56]. Combining the results of XRD and
Raman, we propose that the final high-pressure structure
of compressed HOPG includes M-carbon nanocrystals
embedded in amorphous carbon, both of which can have
significant impacts on thermal conductivity.
Analyses of XRD and Raman results and previous

studies [22,24,55,56] reveal a number of structure changes
in compressed graphite: bond shortening before 11 GPa,
the formation of interlayer σ bonds at 11–20 GPa, and the
emergence of M-carbon nanocrystals along with amor-
phous carbon after 19 GPa. To understand how those
structure changes affect the phonon properties and the
overall thermal conductivity, we performed the first-
principles calculations along with phonon Boltzmann
transport equations (PBTE). With PBTE, the lattice thermal
conductivity (κ) is given by κ ¼ ð1=NVÞPλ Cλvαλv

α
λ τ

α
λ,

where λ denotes a phonon mode in branch p with wave
vector q, Cλ is the volumetric specific heat, vαλ is the phonon
group velocity, and ταλ is the phonon lifetime in the αth

direction.N is the number of q points uniformly sampled in
the Brillouin zone, and V is the volume of the unit cell.
Figures 3(a) and 3(b) display the phonon dispersion of
graphite and M-carbon. In contrast to the interlayer vdW
force in graphite, sp3 hybridization in M-carbon shifts
the phonon dispersion towards a more 3D-like form,
resulting in a larger phonon density of states (DOS)

FIG. 2. In situ structural characterization of pressed HOPG.
(a) Pressure-dependent d spacings of graphite HOPG and
M-carbon ð11̄1Þ plane. The solid line represents fitting with
the third-order finite-strain equation of state, and the dashed line
is for eye guidance of deviation from the fitting above 11 GPa.
(Inset) Processed XRD spectra at various pressures. (b) Pressure-
dependent FWHM of M-carbon ð11̄1Þ and graphite (002) peaks.
(c) Raman G peak FWHM evolution under pressure. (Inset)
Raman spectra at 3.3 and 45.2 GPa.
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[see Figs. 3(c) and 3(d)] and higher phonon group velocity.
This enhances κ⊥ in M-carbon by several orders of
magnitude higher than that of graphite. As evident from
Figs. 3(c) and 3(d), the phonon DOS of graphite is
suppressed in the 0–8 THz range under the application
of pressure. However, the phonon DOS of M-carbon
remains largely unaffected in the low-frequency region.
This behavior can be attributed to the relatively weaker

interlayer bonding in graphite compared to M-carbon,
which makes it more susceptible to compression.
Figure 3(e) compares the pressure-dependent κ⊥ of

graphite and M-carbon, where graphite shows 20 times
increase from 10 to about 200 W=mK at 30 GPa, with the
increasing trend saturating at high pressure. For M-carbon,
an almost linear trend is observed with 50% increase of κ⊥
from 600 to 900 W=mK at 30 GPa. The difference in
pressure-dependent κ⊥ in graphite and M-carbon can be
attributed to the greater tunability in graphite due to its
weak interlayer vdW bonding. As depicted in Fig. 3(f), the
pressure-dependent relative changes in phonon lifetime
and group velocity square are more significant in graphite.
The inset of Fig. 3(e) presents a comparison between the
simulated thermal conductivity trends of the H-graphite
phase and experimental data. The simulations align closely
with experimental results below 11 GPa, prior to the onset
of interlayer buckling. However, once the interlayer bond-
ing begins, the experimental thermal conductivity signifi-
cantly surpasses the simulated values. Figures 3(g) and 3(h)
illustrate the size effect on the pressure-dependent thermal
conductivity for both M-carbon and graphite. It is evident
that the thermal conductivity of M-carbon shows no
significant dependence on pressure when the crystal size
is below 25 nm. In contrast, for graphite, a pronounced
pressure dependence is observed even when the crystal size
is as small as 10 nm.
Figure 4(a) summarizes the thermal conductivity values

of some representative carbon materials reported in liter-
ature and compares them with our results. Previous studies
use either phase synthesis [e.g., diamond, graphite, amor-
phous diamond (AD)] [1] or grain size [nanopolycrystalline
diamond (NPD)] [17] to manipulate thermal conductivity
of carbon materials. Pressure can tune multiple competing
factors (bond strength, phase, crystallinity, and grain size)
simultaneously with great flexibility. Figure 4(b) illustrates
how these factors affect the phonon properties. At the low
pressure regime (blue region marked with HOPG), κ⊥
monotonically increases with pressure, similar to the trend
predicted with PBTE [Fig. 3(e)]. In situ XRD suggests that
the graphite phase is preserved during this pressure range,
with the interlayer distance shrinking continuously. First-
principles calculations [Fig. 3(f)] reveal that the main
reason for the increase in thermal conductivity is the higher
phonon group velocity resulting from enhanced interlayer
interactions, as depicted in Fig. 4(b) for pressure less than
11 GPa. When pressure increases, a sudden rapid increase
of κ⊥ is observed, and a peak appears in the pressure range
of 15–20 GPa. Analysis of XRD data [Fig. 2(a)] shows
that at around 11 GPa, the d spacing corresponding to the
interlayer distance starts to deviate from the EOS fitting.
The FWHM of the Raman G peak increases rapidly in this
pressure regime, indicating distortion along the in-plane
direction. Both findings suggest that interlayer buckling
with the transition from sp2 to sp3 (from the formation of

FIG. 3. First-principles calculations of phonon and thermal
behaviors in graphite and M-carbon. Phonon dispersion and
phonon group velocities in (a) graphite and (b) M-carbon.
Phonon density of state at 0 and 20 GPa for (c) graphite and
(d) M-carbon. (e) Pressure-dependent thermal conductivity
of graphite and M-carbon. Inset: comparison of graphite
thermal conductivity between the calculations and experiments.
(f) Pressure-dependent relative change in the square of group
velocity (right Y axis) and phonon lifetime (left Y axis) for
graphite andM-carbon with respect to 0 GPa values. (g) Pressure-
dependent thermal conductivity of M-carbon nanocrystals with
varying crystal size. (h) Pressure-dependent thermal conductivity
of graphite nanocrystals with varying crystal size.
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interlayer σ bonds) occurs. The measured κ⊥ values
increase much faster than those predicted by first-principles
calculations [inset of Fig. 3(e)], the latter of which does not
consider any interlayer buckling effect. Interlayer buckling
induces covalent bonds in atoms across layers, significantly
stronger than vdW bonding, which greatly enhances the
phonon group velocity along the cross-plane direction and
results in the rapid increase of κ⊥. The pressure region
corresponding to the peak κ⊥ value, 15–20 GPa, with
values of more than 260 W=mK, about 40 times the κ⊥
value at ambient pressure. This pressure range is close to
the range where approximately half of sp2 bond transits to
sp3 bond [24]. At intermediate pressure (> 20 GPa), κ⊥
shows a quick decrease to ∼3.0 W=mK, even lower than
that of ambient pressure. Analysis of XRD data further
suggests the formation of M-carbon nanocrystals above
19 GPa. The appearance of the M-carbon phase has the
potential to continuously increase thermal conductivity

[bulk κ⊥ > 600 W=mK, Fig. 3(e)]. However, the nano-
crystalline structure of M-carbon demonstrates significant
phonon-grain boundary scattering, leading to a markedly
lower thermal conductivity [Fig. 3(g)]. The pink line in
Fig. 4(a) represents the calculated of 10 nm M-carbon
nanocrystal, with an almost constant value of 9.3 W=mK
for all pressure. This pressure-independent behavior is
observed across allM-carbon nanocrystals with sizes below
25 nm [Fig. 3(g)]. Therefore, attributing the dip and
subsequent increase solely to the formation of M-carbon
nanocrystals is insufficient for a complete explanation. The
observed low thermal conductivity value around the dip can
be attributed to the presence of amorphous carbon, which
typically exhibits a thermal conductivity of less than
3.5 W=mK. As illustrated in Fig. 4(b), the existence of
amorphous carbon can disrupt and even eliminate phonon
propagation, and phonons in M-carbon nanocrystals can
be strongly scattered at the interface between M-carbon
and amorphous carbon. In the high-pressure regime
(> 35 GPa), the phase transition is complete, κ⊥ starts
to increase again and tends to saturate around 45 GPa.
Since 10 nm M-carbon nanocrystal is insensitive to
pressure, this increase mainly comes from the transition
from sp2 to sp3 bonding in amorphous carbon (Sec. V in
Supplemental Material [25]).
In summary, we have investigated the in situ κ⊥ of

compressed HOPG with ps-TTR. Unlike the previous work
about MoS2, where thermal conductivity only shows a
monotonic increase due to the strengthened interlayer force
under pressure, here we observed a complex trend of
thermal conductivity changes from 6.4 W=mK at ambient
pressure to a peak value of 260 W=mK at 15–20 GPa, and
then drops to 3.0 W=mK at around 35 GPa. Raman and
x-ray diffraction scattering results reveal pressure-induced
structure transitions, formation of sp3 bonds and grain-size
reduction, all of which can drastically affect thermal
conductivity of compressed carbon phases. First-principles
calculations suggest that thermal conductivity of the high-
pressure phases is highly tunable due to pressure-induced
changes in phonon group velocity and lifetime and suggest
that the rapid increase at low to intermediate pressure
regime is attributed to interlayer buckling and sp2 to sp3

hybridization transition, and the sudden drop at high
pressure comes from formation of M-carbon nanocrystals
and amorphization. Of particular interest is the observation
of the peaked thermal conductivity of ∼260 W=mK with
mixed phases of interlayer-buckled graphite and nano-
crystal M-carbon at 15–20 GPa [Fig. 4(b)]. These mixed
phases are also expected to exhibit ultrahigh hardness [24],
along with wide electronic band gap and high thermal
conductivity. Compared with traditional approaches to
manipulate thermal conductivity under ambient conditions,
applying pressure allows a wide-range manipulation of
multiple parameters simultaneously that make it possible to
realize desirable thermal conductivity along with other

FIG. 4. The schematic diagrams of thermal conductivity and
structure change of HOPG under pressure. (a) Schematic picture
illustrating the tunability of HOPG thermal conductivity under
pressure. For comparison, literature values of diamond, in-plane
graphite, cross-plane graphite [18], amorphous diamond [15], and
M-carbon (PBTE calculation) are plotted as red dots. Grain-size
dependent κ of nanopolycrystalline diamond is shown as the
black curve [17]. (b) The illustrations of the underlying mecha-
nism, during the early stages of the phase transition, enhanced
thermal conductivity is driven by increased phonon group
velocity, a consequence of interlayer bonding. Subsequently,
the formation of the post-transition phase involving the 10 nm
M-carbon and amorphous carbon reduces phonon lifetime,
ultimately leading to thermal conductivity suppression.
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novel properties. This study represents the first in situ
examination of co-evolution of thermal transport and
structural factors (phases, bonds, crystallinity, and grain
size) in graphitic materials under high pressure. It is
conceivable that one can search for a wide range of thermal
transport properties in various structural arrangements by
using different starting carbon materials (e.g. multilayer
graphene, CNT, C60) for high-pressure experiments. This
in turn opens vast opportunities to tailor design carbon
phases with desirable thermal, electronic, mechanical, and
optical properties for thermal management, semiconductor,
and mechanical machining applications.
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