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We synthesized pure polycrystalline cubic boron nitride (cBN) and wurtzite boron nitride (wBN) by

the direct conversion method from hexagonal boron nitride, and measured their longitudinal-wave

elastic constants CL between 20 and 300 K using picosecond ultrasound spectroscopy. Their

room-temperature values are 945 6 3 GPa and 930 6 18 GPa for cBN and wBN, respectively. The

shear modulus G of cBN was also determined by combining resonance ultrasound spectroscopy and

micromechanics calculation as G¼ 410 GPa. We performed ab-initio calculations and confirmed

that the generalized gradient approximation potential fails to yield correct elastic constants, which

indicated the necessity of a hybrid-functional method. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811789]

Cubic boron nitride (cBN) and wurtzite boron nitride

(wBN) are expected to exhibit many superior properties,

such as high hardness, high elastic stiffness, low thermal

expansivity, high thermal conductivity, and so on.1–5

However, their elastic stiffness remains unclear because of

the difficulty of synthesizing high-purity specimens. Because

only small specimens were previously available and their

sound velocities were very large, conventional ultrasonic

methods for stiffness were inapplicable. Many studies, there-

fore, predicted their elastic constants by theoretical calcula-

tions. However, the calculation result depends highly on the

interatomic potential and the calculation parameters [as will

be shown], and previous values disagree significantly with

each other; their standard deviation exceeds 25% for the

bulk modulus of cBN, for example, and some calculations

even indicate higher bulk modulus of cBN than that of cubic

diamond.6–8 Thus, it is very important to accurately measure

the elastic stiffness of BNs to guide theory.

Recently, pure nano-polycrystalline diamonds were syn-

thesized by the direct-conversion method from graphite,

which showed hardness higher than that of a monocrystal

diamond.9,10 Here, a similar synthesizing technique was

applied for cBNs and wBNs using the starting material of

hexagonal boron nitride (hBN), which yields millimeter-

order-size specimens.

There are a few previous reports on the elastic constants

of cBN. They used Brillouin-scattering11,12 or x-ray-diffraction

(XRD)13,14 methods. The XRD method estimates the bulk

modulus and is inefficient for high-stiffness material because

of small strains. There is only one report on measurements of

the elastic constants of wBN using the pulse-echo method,15

where the elastic constants of wBN were estimated to be much

smaller than that of cBN (the longitudinal-wave elastic con-

stant CL of cBN and wBN were 908 GPa and 641 GPa, respec-

tively). However, because the highest purity of wBN was 80%

in that study, we consider that the resultant values fail to repre-

sent those of wBN.

In this study, we measured CL of polycrystalline cBN

and wBN between 20 and 300 K using picosecond ultrasound

spectroscopy (PUS).16–18 This method uses a femto-second

pump light pulse to excite high-frequency coherent phonons

and a probe light pulse to detect its sound velocity. High fre-

quency (�200 GHz) and short wavelength (�100 nm) ultra-

sound allows us to determine the elastic constant accurately

even for a small specimen. Concerning cBN, we also deter-

mined the shear modulus G using resonance ultrasound spec-

troscopy (RUS) and micromechanics calculation.

Finally, we performed ab-initio calculations using the

plane-wave self-consistent field code of QUANTUM

ESPRESSO (QE) package19 and the Vienna ab-initio simu-

lation package (VASP).20

Our cBN and wBN specimens were synthesized by the

direct conversion from hBN under high pressure at high tem-

perature. A high-purity powdered hBN containing impurity

of B2O3 less than 0.03 wt. % was used as the starting mate-

rial. Detail conditions for cBN (about 8 GPa and 2300 �C)

appear elsewhere21,22 and we applied relatively high pressure

(�20 GPa) and low temperature (�1300 �C) for wBN.23

Figure 1 shows representative XRD spectra for our BN

specimens, which yielded the lattice parameters (a and c)

and mass density q as follows: a¼ 3.6169 6 0.0005 Å and

q ¼ 3484:760:5 kg=m3 for cBN, and a¼ 2.5494 6 0.0015

and c¼ 4.2229 6 0.0004 Å, and q ¼ 3467:464:3 kg=m3 for

wBN.

As shown in Fig. 1(a), the XRD measurement for our

cBN specimens detected diffraction peaks caused only by

the cBN structure, including no peaks related to other phases.

The spectrum clearly shows peaks caused by Ka1 and Ka2

rays at higher diffraction angle. Therefore, our cBNs show

high purity and crystallinity. Concerning our wBNs, we also

detected diffraction peaks from the wBN-crystal planes,

while a small (0002) peak from the residual hBN phase was

detected. However, its height was only �2% of the maxi-

mum peak of wBN. Note that the previous reports for cBN

did not show an XRD spectrum.24,25 Some reports showed

the XRD spectrum, but it showed many impurities.26,27 A

recent hypothermal method succeeded in obtaining cBN as

pure as our specimens, but wBN phase is still included.28 No

previous studies showed such an XRD spectrum in Fig. 1(b)

for wBN showing nearly only wBN peaks29,30 except powdera)ogi@me.es.osaka-u.ac.jp
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specimens,31 and we consider that we have succeeded in syn-

thesizing highly pure bulk wBN. cBNs have fine-grained

(100–500 nm) structure, and wBNs show lamellar structure

as well as granular structure; their domain size varies

between 50 and 1000 nm. These XRD measurements indi-

cated that crystallographic axes in our specimens are ori-

ented disorderly, showing no textures, and they are

macroscopically isotropic materials.

The optics we developed for picosecond ultrasound

spectroscopy at low temperatures is shown in our previous

research.32,33 We used a cryostat as a specimen holder and

applied the light pulses to the specimen through a glass win-

dow. The specimen was attached on a Cu heat exchanger

cooled by liquid He, and we used a semiconductor thermom-

eter attached to the heat exchanger to measure the specimen

temperature. We deposited a 10 nm Pt thin film on each spec-

imen surface, which absorbs the pump light energy for exci-

tation of ultrasound. The time-delayed probe light pulse is

reflected at the surface, but a part of the probe light is trans-

mitted inside the specimen. The transmitted probe light is

diffracted backward via the piezo-optic effect, which causes

interference with the surface-reflected light, resulting in an

oscillating signal in the reflected probe light as the ultra-

sound propagates. This oscillation signal is called the

Brillouin oscillation, and its frequency f relates to the sound

velocity via Bragg’s condition

f ¼ 2nv

k
; (1)

where k is the wavelength of the probe light, v is the sound

velocity, and n is the refractive index. We measured n by

ellipsometry34 using instrument M-2000 produced by J. A.

Woollam Co. The ellipsometric angles were measured as a

function of the wavelength between 370 and 1000 nm, and

the Cauchy model was used to determine inversely the re-

fractive index. From reproducibility and the fitting residual

error, we estimate the possible error in the measured

refractive index to be less than 1%. We can then determine

CL by measuring the Brillouin-oscillation frequency f
through CL ¼ qf 2k2=ð4n2Þ. The penetration depth of the

observed ultrasound is about 2 lm, and the laser diameter is

50 lm. This measurement volume includes a sufficiently

large number of grains, and the resultant elastic constant cor-

responds to the quasi-isotropic polycrystalline value.

Figure 2 shows typical Brillouin oscillations and corre-

sponding Fourier spectra measured in cBN and wBN. We

measured the Brillouin oscillation signals at about ten differ-

ent points on each specimen, and determined the elastic

constant with the error bar. Figure 3 shows temperature de-

pendence of CL of cBN, wBN, and diamond.35 [The error

bars are shown for BNs’ elastic constants.] Low temperature

elastic constants are important since they are related to

Debye temperature, Gr€uneisen parameter, and other physical

properties.36,37 More importantly, most ab-initio calculations

neglect phonon vibrations, corresponding to the ground state

at 0 K. Therefore, cryogenic measurements are necessary for

comparisons between experimental and calculation results.

We found that BNs are nearly temperature independent [like

diamond], and the elastic constant at cryogenic temperatures

is the same as at room temperature within the error bar. The

room-temperature values of CL of cBN and wBN are

945 6 3 GPa and 930 6 18 GPa, respectively.

We succeeded in fabricating a larger rectangular paral-

lelepiped specimen of cBN, and determined its macroscopic

elastic constants by the RUS method with needle-tripod

transducers.38 [Concerning wBN, we cannot synthesize a

large enough specimen for RUS.] The RUS method deter-

mines all the independent elastic constants inversely by

measuring many free-vibration resonance frequencies.39,40

The needle-tripod transducers enable us to measure ideal

free-vibration frequencies because no biasing external force

is applied to the specimen except for gravity.38 Using this

FIG. 1. XRD spectra of (a) cBN and (b) wBN.

FIG. 2. (a) Observed Brillouin oscillations of cBN and wBN and corre-

sponding Fourier spectra of (b) cBN and (c) wBN. Strong coherent oscilla-

tions can be observed.

241909-2 Nagakubo et al. Appl. Phys. Lett. 102, 241909 (2013)

Downloaded 20 Jun 2013 to 133.1.55.31. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



method, we determined two isotropic elastic constants, CL

and the shear modulus G. The specimen measured

2.6365� 2.5445� 1.1705 mm3, and we obtained its mass

density q¼ 3416 kg/m3 from the volume and its mass. This

value is smaller than the XRD mass density by 2%, indicat-

ing presence of a few defects inside the material. Because

temperature and pressure near the center of the specimen

would not be as high as near the surface, unbounded region

and defects might be included between grains. Because pico-

second ultrasonic spectroscopy measures elasticity near the

surface where temperature and pressure equal the intended

values, these defects will be absent and ideal values will be

obtained.

CL and G of cBN measured by RUS are 899 GPa and

391 GPa, respectively, and so the RUS CL is smaller than

that measured by picosecond ultrasound spectroscopy by

5%. We attribute this underestimation of CL to the defects in

the RUS specimen because the apparent mass density is

smaller than the XRD mass density by 2%. To estimate the

effect of defects, we consider the CL measured by picosec-

ond ultrasound spectroscopy as the true value, and calculate

underestimated elastic constants of the RUS specimen

through a micromechanics calculation.41 First, we consider

the RUS specimen as a composite consisting of cBN matrix

and spherical cavities for the defects. The composite elastic

constants can be calculated by Eshelby’s equivalent inclu-

sion theory using Mori-Tanaka mean-field modeling42,43

through following equations:

CC ¼ CM þ Vf ðCI � CMÞA; (2)

A ¼ AD½ð1� Vf ÞIþ Vf AD��1; (3)

AD ¼ ½Iþ SC�1
M ðCI � CMÞ��1: (4)

Here, CC; CM, and CI denote the elastic stiffness tensors of

the composite, the matrix, and the inclusions, respectively,

Vf denotes the volume fraction, and S the Eshelby tensor.

Because one of the matrix elastic constants, CL, and two

composite elastic constants, CC, are known, we can inversely

determine the matrix shear modulus G and the porosity by

fitting the predicted composite elastic constants to the RUS

measurements. Using the least-squares fitting method, we

determined them; G¼ 410 GPa and the Vf¼ 2.28%. Thus,

the determined porosity approximates the measurement, con-

firming the inversely determined shear modulus of cBN.

Among previous measurements, the latest reported val-

ues on cBN using Brillouin scattering (BS)12 provided CL

and G lower than our values by 3%. We attributed this dis-

crepancy to two factors. First, the picosecond ultrasound

spectroscopy is more accurate: It can excite coherent pho-

nons, which directly interact with the probe light to cause a

strong backscattering signal, whereas the Brillouin-scattering

method needs to use weak spontaneous phonons. Therefore,

the signal-to-noise ratio is usually higher in picosecond ultra-

sound spectroscopy. Besides, the apparent quality factor (Q
value) is larger in picosecond ultrasound spectroscopy than

in Brillouin scattering. The former can observe direct inter-

action between the excited high-frequency phonon and the

probe light during the propagation of the phonon pulse. On

the other hand, it is very difficult to adopt the backscattering

setup in the latter because the reflected light is so strong, and

usually an angled setup is used. In this case, however, the

interacting region is restricted and the apparent Q value

decreases. In fact, for BNs, the Q values of previous reports

using Brillouin scattering were also about 10, but our Q
value is about 20. This difference is important because the

previous studies used monocrystal specimens, whereas we

used polycrystalline specimens, whose Q values decrease

because of grain scattering. Second, our specimen shows

FIG. 3. Temperature behaviors of CL for cBN (open circle), wBN (closed

circle), and diamond (closed square, see Ref. 35). They are nearly tempera-

ture independent. Error bars of cBN are smaller than their symbols.

TABLE I. Measured (PUS, BS, XRD), calculated, and reported lattice pa-

rameter [Å] and elastic constants [GPa] of cBN. We averaged the equivalent

calculational method for GGA, LDA, hybrid functional method, and molec-

ular dynamics (MD), respectively. Error means the standard deviation

among the previously reported values.

a CL G B

This work PUS 3.6169 6 0.0005 945 6 3 410a 401a

QE-GGA 3.622 887 384 375

VASP-GGA 3.626 881 381 372

QE-LDA 3.569 951 412 402

VASP-LDA 3.583 940 403 402

Reference

(measured)

BSb 941 405 400

BSc 3.6157 6 0.0008 913 399 381

XRDd 3.615 6 0.002 369 6 14

XRDe 3.6157 6 0.0008 387 6 4

Reference

(calculated)

GGAf 3:62060:007g 920638g 390621g 385616g

LDAh 3:58960:012g 946615g 40869g 398612g

hybridi 3:60260:006g 39967g

MDj 3:62560:023g 858658g 360643g 37862g

Force fieldk 1074 342 618

Tight bindingl 1079 341 624

Tight bindingm 1310 430 737

aDetermined by the RUS method and micromechanics calculation.
bReference 11.
cReference 12.
dReference 13.
eReference 14.
fReferences 49–52.
gAverage and standard deviation of previously reported calculation results.
hReferences 49, 51, 53–59.
iReferences 60–62.
jReferences 63–65.
kReference 6.
lReference 7.
mReference 8.

241909-3 Nagakubo et al. Appl. Phys. Lett. 102, 241909 (2013)

Downloaded 20 Jun 2013 to 133.1.55.31. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



higher purity. The previous studies11,12 did not show any

proofs for structural purity, such as an XRD spectrum.

Finally, we calculated the lattice parameters and elastic

constants of cBN and wBN using QE and VASP based

on density functional theory (DFT). QE uses a plane-

wave pseudopotential method and VASP uses projector

augmented wave (PAW) method. We adopted the local-

density-approximation (LDA) and generalized gradient

approximation (GGA) as the exchange correlation potential

for each method. The cutoff energy of plane wave and the

k-point mesh in QE are 2180 eV and 10� 10� 10, and these

in VASP are 1300 eV and 11� 11� 11, respectively. In the

QE package, we used Ceperley-Alder exchange correlation

for LDA44 parameterized by Perdew and Zunger45 and used

the Perdew and Wang scheme46 for GGA. In VASP, we also

used the same LDA method, whereas we used the method of

Perdew and Burke and Ernzerhof47 for GGA. We calculated

the elastic constants through the relationship between the

applied strain (61%) and the total energy change.48 At each

deformation, we performed the ion-relaxation process. [The

ion-relaxation procedure affected little the cBN elastic con-

stants, but it decreased the wBN elastic constants approxi-

mately by 10 GPa.] The resultant lattice parameters and

elastic constants are given in Tables I and II. There is no no-

ticeable difference in the calculated values between QE

using pseudopotential and VASP using PAW. The important

result is that calculation with the GGA fails to provide the

elastic constants close to the measurements, while it yields

the lattice parameters close to the measurements. On the

other hand, calculation with the LDA provides better elastic

constants, but it gives lattice parameters smaller than meas-

urements. A similar tendency is seen in previous calcula-

tions based on our measurement: the GGA leads to proper

lattice constants and the LDA leads to proper elastic con-

stants. We show their detail values in the supplemental ma-

terial.68 Our measurement results reveal that the tendency is

the same for wBN. Recently, to improve DFT calculation,

several hybrid functional methods, which represent a

sensible compromise between DFT and Hartree-Fock

approaches, have been proposed.60–62 It has been pointed

out that calculations with LDA and GGA fail to estimate

electronic properties, such as the band gap, and structural

properties, such as lattice constants simultaneously.60 For

example, calculated band-gap values of cBN using GGA,

LDA, and a hybrid functional method are 4.45, 4.51,

and 5.98 eV, respectively, while its experimental value is

6.22 eV.60 Thus, hybrid functional methods provide better

electronic properties.60–62 More importantly, they succeeded

in predicting a bulk modulus close to our measurement as

well as a lattice constant for cBN as shown in the supple-

mental material (Table S1).68

In summary, we measured the elastic constants of highly

pure cBN and wBN synthesized by high-temperature high-

pressure direct conversion method using picosecond ultra-

sound spectroscopy between 20 and 300 K. It is found that

their elastic constants are nearly temperature independent,

and their longitudinal-wave moduli are similar. Most tradi-

tional local or semilocal DFT calculations fail to estimate

the lattice parameters and the elastic constants simultane-

ously. The hybrid-functional method seems to provide mate-

rials properties more accurately, although it merely adjusts

parameters for fitting the calculations to measurements.

Therefore, improvement in the theoretical calculation will be

required, where our measurement results will be needed for

evaluating calculation accuracy.
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