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Brillouin Medal 
 

The Brillouin Medal honors the renowned French physicist, Léon Brillouin, who among many 

contributions to quantum mechanics and condensed matter physics has discovered the concept of the 

Brillouin zones. His discovery has laid the foundation for a rigorous mathematical treatment of wave 

motion in reciprocal lattice space, and has since been applied to all problems that involve wave 

propagation in a periodic medium.  Brillouin is also known for the development of the BWK method of 

approximating solutions to the Schrödinger equation in 1926. Léon Brillouin was born in Sèvres, near 

Paris, in 1889. Brillouin studied physics at the École Normale Supérieure in Paris from 1908 to 1912. He 

was a professor at the Sorbonne (1928), and subsequently a professor at the College de France (1932-

1949). During the war, Léon Brillouin emigrated to the United States, where he became a professor at 

the University of Wisconsin (1941) and Harvard (1946). He received the US citizenship in 1949. From 

1948-53, he was Director of Electronic Education at IBM, and from 1953 until his death in 1969, he was a 

professor at Columbia University in New York City. In 1953, Professor Brillouin was elected a member of 

the National Academy of Sciences.  
 

At Phononics 2013, the Brillouin Medal was inaugurated to “honor a specific seminal contribution, as 

presented by up to three related publications, by a single researcher or up to three researchers working 

in collaboration, in the field of phononics (including phononic crystals, acoustic/elastic metamaterials, 

nanoscale phonon transport, wave propagation in periodic structures, coupled phenomena involving 

phonons, topological phononics, and related areas)”. The medal is awarded biennially at the time of the 

Phononics 20xx conference. The recipient(s) deliver the Brillouin Lecture at the conference, and is (are) 

also invited to write a 6-page Brillouin Paper to be published alongside the conference proceedings. 
 

The 2019 Brillouin Medal is awarded to Professor Alexander A. Balandin for his “discovery of unique 

phonon properties of graphene, and contributions to the development of graphene thermal 

management applications”.   

 

2019 Brillouin Medal Committee* 
 

Bernard Bonello, Universite Pierre et Marie Curie/CNRS  
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Bahram Djafari-Rouhani, Universite Lille 1  
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Abdelkrim Khelif, Georgia Institute of Technology/CNRS  
 

Baowen Li, University of Colorado Boulder 
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*All committee members are also members of the Board of the International Phononics Society 
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Biographical Sketch 
Alexander A. Balandin received his BS and MS degrees Summa Cum 

Laude in Applied Mathematics and Applied Physics from the 

Moscow Institute of Physics and Technology (MIPT), Russia. He 

received his second MS degree and PhD degree in Electrical 

Engineering from the University of Notre Dame, USA. From 1997 to 

1999, he worked as a Research Engineer at the Department of 

Electrical Engineering, UCLA. In 1999 he joined UCR, where he is 

presently a Distinguished Professor of Electrical and Computer 

Engineering, the University of California Presidential Chair Professor 

of Materials Science, Director of the Phonon Optimized Engineered 

Materials (POEM) Center, Director of UCR Nanofabrication Facility, 

and Associate Director of the DOE EFRC Spins and Heat in Nanoscale Electronic Systems (SHINES) Center. 

Professor Balandin is a Founding Chair of the UCR campus-wide Materials Science and Engineering 

(MS&E) Program. His research expertise covers a wide range of nanotechnology, materials science, 

electronics, phononics and spintronics fields. He is recognized as a pioneer of the graphene thermal 

research field. His current research interests include charge-density-wave effects in two-dimensional 

materials and their device applications, low-frequency current fluctuations and electronic noise in 

materials and devices, Brillouin – Mandelstam and Raman spectroscopy of acoustic and optical phonons 

in various materials, practical applications of graphene in thermal management and energy conversion. 

Professor Balandin is a recipient of The MRS Medal from the Materials Research Society, and the 

Pioneer of Nanotechnology Award from IEEE Society for his graphene and nanotechnology research. He 

is an elected Fellow of eight professional societies: MRS, APS, IEEE, OSA, SPIE, IOP, IOM3 and AAAS; is 

among the Clarivate Analytics and Thomson Reuters Highly Cited Researchers (Physics); and serves as 

Deputy Editor-in-Chief of the Applied Physics Letters. For more information, visit his group web-site: 

http://balandingroup.ucr.edu. 
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Abstract: I present a concise account concerning the emergence of a research field, which deals 

with the thermal properties of graphene, covering the refinement of understanding of phonon 

transport in two-dimensional material systems. The practical application of graphene and few-

layer graphene in thermal interface materials are also discussed.   

I. Introduction 

The field of phononics is comprised of the study of quanta of crystal lattice vibrations whose character-

istics influence elastic, acoustic, and thermal properties of bulk and nanostructured materials1-3. Pho-

nonics of lower-dimensional material systems is particularly interesting, allowing one to elucidate the 

physics of crystal lattice vibrations and engineer the phonon spectrum to achieve new functionalities of 

the materials. Graphene – a monoatomic plane of sp2-hybridized carbon atoms – is an excellent example 

of a material system of low dimensionality. The initial interest in graphene originated from its unique 

linear energy dispersion for electrons revealed in an unusually high charge carrier mobility, and other 

exotic electronic and optical properties4-8. Electrons are not the only elemental excitations influenced 

by a reduction in dimensionality which behave very differently from their counterparts in three-dimen-

sional (3-D) bulk crystals. Phonons – both optical and acoustic – also demonstrate a significant sensi-

tivity to the number of atomic planes as the sample thickness approaches the single-atomic-plane limit. 

It is no coincidence that monitoring the Raman spectral signatures of graphene’s optical phonons – G 

peak and 2D band – became a standard technique for the identification of graphene, and for counting 

the number of atomic planes in few-layer graphene (FLG)9-11. The adoption of Raman spectroscopy of 

graphene for this purpose became instrumental in the proliferation of graphene research: it is much 

easier to take a Raman spectrum than to conduct low-temperature transport measurements to identify 

single layer graphene, as was done previously.  

Acoustic phonons, which are the dominant heat carriers in many materials, demonstrate a similar sen-

sitivity to the number of atomic planes in FLG, changing their ability to conduct heat12-14. Graphene is 

not exactly a true two-dimensional (2-D) system for phonons, owing to the out-of-plane atomic motion, 

but it is as close as one can get to a 2-D system for phonons in the physical world 13-15. The absence of 

inter-atomic-plane coupling in graphene and a modified phonon density of states leads to exotic thermal 

conductivity characteristics such as exceptionally high values and the dependence of the intrinsic ther-

mal conductivity on the lateral size of the samples14. The availability of FLG allowed for the study of 

the evolution of thermal conductivity in thin films, which is limited by the intrinsic phonon dynamics 

rather than by the extrinsic effects, such as phonon scattering on rough interfaces13. In addition, FLG 

has made it possible to engineer the phonon dispersion in the entire Brillouin zone (BZ), and in the 

energy range, from acoustic to optical phonons, by a simple twist of one atomic plane about its surface 

normal vector with respect to another16-20. Apart from the intriguing fundamental science, the discovery 

of unique phonon transport characteristics of graphene motivated numerous studies of practical use of 

graphene and FLG in composites and coatings21-26. 

II. Thermal Conductivity of Graphene and Few-Layer Graphene 

The first experimental measurements of thermal conductivity of graphene were performed using a non-

contact Raman optothermal method12-15. The Raman G peak of graphene is narrow, and its position is 

sensitive to temperature27-28. These attributes of the G peak allow one to use the peak’s calibrated spec-

tral position for determining a local temperature of the sample. The atomic thickness of graphene, which 

limits the heat flux, opens an opportunity for using a Raman spectrometer, with a conventional low-

mailto:balandin@ece.ucr.edu
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power laser, for measuring the highly conductive crystalline materials. The suspension of the graphene 

sample is another essential consideration of this method, necessary for the determination of the power 

dissipated in the graphene and ensuring the heat flux propagation along a graphene layer toward heat 

sinks12-15, 29-32 (see Figure 1). Since its introduction, the Raman optothermal technique has been extended 

to a range of other 2-D materials beyond graphene33.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The values of thermal conductivity of high-quality exfoliated suspended graphene measured by differ-

ent groups using the Raman optothermal methods range from ~2000 W/mK to ~5000 W/mK near room 

temperature (RT)14-15, 29-32. The average measured thermal conductivity for high-quality exfoliated gra-

phene is ~3000 – 4000 W/mK while that of high-quality chemical vapor deposition (CVD) polycrystal-

line graphene is ~2500 W/mK. The electrical measurements of thermal conductivity of CVD graphene, 

e.g. by the thermal bridge method, revealed ~2500 W/mK near RT34-35. The thermal conductivity of 

graphene supported on a substrate is reduced due to the coupling of graphene phonon modes to the 

substrate and additional phonon scattering on the graphene—substrate interface36. The thermal bridge 

measurements are considered to be more accurate but they suffer from experimental uncertainty related 

to unavoidable sample damage and contaminations during the required nanofabrication of the heaters 

and sensors14. Defects in the samples lead to lower thermal conductivity. The range of measured values 

can be attributed to (i) fundamental size dependence of the thermal conductivity of graphene owing to 

its 2-D nature; (ii) differences in the sample quality and geometry; (iii) limited accuracy of all experi-

mental techniques; and (iv) mechanical strain and stress in the suspended samples. One should note that 

the lower bound of the thermal conductivity of graphene, exceeding that of basal planes of bulk graphite, 

is more important than the upper bound. The experimental thermal conductivity of carbon nanotubes 

has been reported in a similar range of values from ~1760 W/mK to 5800 W/mK37. The average con-

ductivities for carbon nanotubes are at 3000 – 3500 W/mK38-39. The theoretical reports for graphene 

Figure 1 (a) Schematic of the micro-Raman optothermal measurements. (b) Scanning electron microscopy image of a 

graphene ribbon suspended across a trench in Si/SiO2 wafer. (c) Calculated thermal conductivity of graphene as a function 

of temperature for a graphene ribbon with the width of 5 µm. The results are shown for two values of the specularity 

parameter p and point-defect scattering strength Г. An experimental data point is provided for comparison. (d) Measured 

thermal conductivity of suspended CVD graphene with different concentration of 13C isotope. The data are from Refs. 

[12, 14, 32]. The figures are reprinted with permission from the Nature Publishing Group. 
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give a larger range of the thermal conductivity – from ~1000 W/mK to 10000 W/mK15. However, the 

theoretical and computational studies are in agreement that the intrinsic thermal conductivity of gra-

phene should be larger than that of the carbon nanotubes15, 40-44.  

The thermal conductivity of suspended CVD graphene has been investigated as a function of the density 

of crystal lattice defects, introduced by the low-energy electron beam irradiation. The near-RT thermal 

conductivity decreases from ~ 2000 W/mK to ~ 400 W/mK as the defect density increases from 2.0×1010 

cm-2 to 1.8×1011 cm-2. The thermal conductivity reveals an intriguing saturation behavior at higher con-

centration of defects45. The optothermal Raman technique has been used to investigate the phonon 

transport in the twisted bilayer graphene (TBG)46. In a wide range of examined temperatures, from 300 

K to 750 K, the thermal conductivity in twisted bilayer graphene is smaller than both in graphene and 

naturally AB-stacked bilayer graphene (BLG). The thermal conductivity of TBG is by a factor of two 

smaller than that in graphene and by a factor of ~1.35 smaller than that in AB-stacked bilayer graphene 

near RT. The drop in thermal conductivity is explained by the emergence of many hybrid-folded pho-

nons in TBG, resulting in more intensive phonon scattering46. The possibility of tuning the thermal 

conductivity of graphene by isotope engineering has also been demonstrated (see Figure 1).  

III. Phonons in Graphene and Bilayer Graphene  

Investigation of heat conduction in graphene raised the issue of ambiguity in the definition of intrinsic 

thermal conductivity for 2-D crystal lattices. The thermal conductivity, K, limited by the crystal anhar-

monicity alone, referred to as intrinsic, has a finite value in 3-D bulk crystals47. However, the intrinsic 

thermal conductivity reveals a logarithmic divergence in 2-D crystals, K ~ ln(L), with the system size, 

L. This anomalous behavior, which leads to infinite thermal conductivity in 2-D systems, is different 

from the ballistic heat conduction in structures smaller in size than the phonon mean-free path14. The 

logarithmic divergence is related to the dimensionality and corresponding phonon density of states. 

Graphene is not a true 2-D system since it allows for the out-of-plane vibrations of the atoms, e.g. 

associated with the ZA and ZO phonon branches. As a result, the size dependence in graphene may 

deviate from the logarithmic, and the finite intrinsic limit can be achieved at some size of the sample. 

A recent theoretical work suggests that the convergence to the intrinsic thermal conductivity requires 

the sample size as large as a millimeter (mm)43. At such a length scale, in real graphene samples, the 

extrinsic scattering mechanism, e.g. phonon scattering on defects or grain boundaries, would unavoid-

ably start inhibiting the heat conduction. Thus, the actual upper bound of the intrinsic thermal conduc-

tivity of graphene may remain an intellectual curiosity rather than a well-defined, observable quantity. 

The lower bound value is more relevant. If it is higher than that of a basal plane of graphite, then one 

can talk about the specific thermal conductivity of graphene which demonstrates the unique size de-

pendence related to its 2-D nature. In other words, 2-D nature of the phonon density of states in graphene 

results in exceptionally long phonon mean free path (MFP) for the long-wavelength acoustic phonons, 

and corresponding high thermal conductivity. A number of theoretical and computational studies sup-

port this conclusion. A recent experimental study suggested logarithmic size dependence in graphene 

samples, differing from the linear dependence associated with the ballistic transport regime48.               

Graphene reveals four graphene sheet in-plane phonon branches: transverse acoustic (TA), longitudinal 

acoustic (LA), transverse optical (TO) and longitudinal optical (LO); and two out-of-plane acoustic 

(ZA) and optical (ZO) branches with the displacements perpendicular to the graphene plane. The in-

plane acoustic branches are characterized by the linear energy dispersions over most of the Brillion 

zone (BZ) except near the zone edge while the out-of-plane ZA branch demonstrates a quadratic dis-

persion near the zone center q = 0, where q is the phonon wavenumber. The number of phonon branches 

in bilayer graphene is doubled: six additional branches possess non-zero frequency at q = 0 and at low 

frequencies they are affected by inter-layer interactions. The emergence of many folded hybrid phonon 

branches in TBG is explained by the change of the unit cell size and a corresponding modification of 

the reciprocal space geometry. The number of polarization branches and their dispersion in TBG depend 

strongly on the rotation angle (see Figure 2). TBG and FLG present interesting material systems where 

phonon dispersion can be engineered over the entire BZ and range of energies, from acoustic to optical 

phonons, by rotating atomic plane with respect to each other. Theoretical studies suggested that ZA 

phonons are the primary carriers that determine the specific heat for T ≤ 200 K while contributions from 
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both in-plane and out-of-plane acoustic phonons are dominant for 200 K ≤ T ≤ 500 K. In the high-

temperature limit, T > 1000 K, the optical and acoustic phonons contribute approximately equally to 

the specific heat19-20. The Debye temperature for graphene and twisted bilayer graphene is calculated to 

be around ∼1861–1864 K. One can envision the possibility of engineering the thermodynamic proper-

ties of materials such as bilayer graphene, at the atomic scale, by controlled rotation of the sp2-carbon 

planes. Another interesting question in the physics of phonons in graphene is the relative contribution 

of ZA phonons to the thermal conductivity. The original models neglected or underestimated ZA pho-

non contributions in consideration of their low phonon group velocity and large anharmonicity, charac-

terized by the large Grüneisen parameter. Later, it has been suggested theoretically that due to phonon-

scattering selection rules, ZA phonons are long-lived and can account for a significant portion of overall 

heat conduction, at least, in certain temperature ranges40-41, 49. However, it has been also pointed out that 

graphene bending, interaction with substrate, and defects can effectively relax this selection rule50-52.   

IV. Thermal Properties of Graphene-Enhanced Composites  

While graphene has the highest intrinsic thermal conductivity, FLG is the most promising material for 

practical applications in thermal interface materials (TIMs). This assessment is based on the observa-

tions that (i) FLG possesses a high thermal conductivity, in the range from 500 W/mK to 2000 W/mK, 

depending on the quality; (iii) FLG has a larger cross-section area than graphene to conduct heat though; 

(iv) the thermal conductivity of FLG degrades less upon exposure to matrix material in the composites; 

Figure 2: Phonon dispersions in (a) single layer graphene and (b) AB-stacked bilayer graphene, plotted along Г-K direction 

of Brillouin zone. (c) Phonon dispersion in twisted bilayer graphene with the twisting angle 21.8o. (d) Thermal conductivity 

of suspended single-layer graphene as a function of temperature calculated for the phonon number obeying the Bose-Einstein 

and classical statistics. The data points in (d) shown by diamonds and triangles are from Ref. [50]. The figures are adapted 

from Refs. [15, 20, 50].  
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(v) FLG retains mechanical flexibility required for thermal coupling to the matrix material; and (vi) 

FLG with variable thickness can be mass-produced at low cost. In the context of thermal management, 

the term “graphene” typically refers to FLG with a thickness range from a few atomic planes to tens of 

nanometers and lateral dimensions of a few microns. It is imperative that the lateral dimensions be 

greater than a micrometer (m) to be above the grey phonon MFP in graphene. In this sense, graphene 

– FLG fillers used in thermal composites are different from graphite nano-platelets, characterized by 

smaller lateral dimensions and aspect ratios, and from milled graphite fillers with hundreds of nanome-

ters or micrometer thicknesses. Much thicker graphite fillers do not have the flexibility of FLG and, as 

a result, do not couple well to the matrix. The first studies21 of graphene composites found that even 

small loading fractions of graphene fillers can increase the thermal conductivity of composites by up to 

a factor of ×25 (see Figure 3). These results have been independently confirmed24-25. A recent report26 

of composites with high loading of graphene revealed clear signatures of thermal percolation, which 

allowed for the achievement of the thermal conductivity of ~12 W/mK, exceeding that of commercial 

TIMs. Orientation of FLG fillers further increases thermal conductivity of composites53-54. 

 

 

Figure 3: Thermal conductivity of the graphene composites. (a) Thermal conductivity enhancement factor as a func-

tion of the filler loading fraction. (b) Temperature dependent thermal conductivity of graphene – epoxy composites 

for different graphene loadings. (c) Thermal conductivity of the epoxy composites with graphene at high filler load-

ing. Thermal conductivity depends linear on the loading until a threshold value, and then becomes super-linear, indi-

cating the onset of the thermal percolation transport regime. (d) Apparent thermal diffusivity of Cu-TIM-Cu sand-

wiches with graphene-enhanced TIMs and that of a reference TIM without graphene. Note the importance of gra-

phene filler orientation. The figures are adapted from Ref. [21, 23, 26, 53].  
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