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The equation of state of cubic boron nitride �cBN� has been determined to a maximum temperature of
3300 K at a simultaneous static pressure of up to more than 70 GPa. Ab initio calculations to 80 GPa and
2000 K have also been performed. Our experimental data can be reconciled with theoretical results and with
the known thermal expansion at 1 bar if we assume a small increase in pressure during heating relative to that
measured at ambient temperature. The present data combined with the Raman measurements we presented
earlier form the basis of a high-temperature pressure scale that is good to at least 3300 K.
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I. INTRODUCTION

Knowledge of the thermal equations of state �EOS� of
relevant materials is often vital to a variety of disciplines that
include geophysics, geochemistry, planetary sciences, and
material science. The same is true for the phase boundaries
and chemical reactivity under high pressure and simulta-
neous high temperature. If measured accurately, this infor-
mation can be used to make conclusions about the phase and
chemical composition of the interior of the Earth as well as
the interiors of other planets. It can also be used to infer
thermodynamic parameters under extreme conditions which
in turn are used to test and develop theoretical models.

Of the many experimental challenges that must be sur-
mounted in order to acquire this information one of the most
problematic is the need to accurately measure pressure under
conditions of simultaneous high temperature and static pres-
sure. The diamond-anvil cell �DAC� is typically heated in
one of two ways: external electrical resistive heating, in
which the entire sample chamber is uniformly heated, and
laser heating in which only the sample or part of the sample
is heated. The former technique is used to generate tempera-
tures up to approximately 1000 K and involves keeping the
DAC hot for extended periods of time during which pressure
may be adjusted. Naturally, a sensor that is believable under
these conditions must be employed. However, while a sensor
based on, for example, the ruby or Sm:SrB4O7 fluorescence
scales may be appropriate for chemically inert samples such
as molecular nitrogen or argon they fail in the case of other
common materials such as water due to chemical reactivity.
In this case other less sensitive sensors must be used �e.g.,
cBN �Refs. 1 and 2�� or more sophisticated methods adopted
�such as the double cavity approach of Refs. 3 and 4�. In the
laser-heating technique temperatures of up to �5000 K may
be achieved in much more localized regions. For this method

it is often assumed that pressure does not change appreciably
at high temperature and that pressure obtained at room tem-
perature �using, e.g., the ruby scale� is sufficiently accurate.
Since high temperatures may be obtained in just a few sec-
onds it is practical to adjust pressure only when the sample is
cold. However, the pressure may indeed change significantly
at high temperature for various reasons, one of which is due
to restricted thermal expansion of the sample into a resistive
pressure medium—the so-called “thermal pressure.”

In the past, the EOS of several materials with simple crys-
tal structures has been used to construct the high-pressure
scale at high temperature. Metals such as Au, Pt, W, Mo, Pd,
Ag, Al, and Cu, and also nonmetallic materials such as MgO
and NaCl, whose equations of state are established based on
shock compression experiments and thermodynamic data,
are commonly used as pressure standards.5–11 The necessary
temperature correction of the lattice constants is usually per-
formed on the basis of the Mie-Grüneisen theory.7,11,12 As is
evident from a number of conflicting data,9,12–17 an accurate
determination of pressure at high temperature is difficult be-
cause of large uncertainty in calculating the volume at iso-
thermal conditions. The necessary corrections require taking
into account possible nonlinearity of the volume dependence
of the Gruneisen parameter �e.g., Ref. 9�, and also a possibly
significant electronic contribution to the thermal expansion
�e.g., Ref. 18�, and are thus associated with large uncertain-
ties. Also, as has been pointed out,5,11 the measured Hugoniot
stresses of a solid should be corrected for the shear strength
in order to predict lattice constants under uniform
compression—a situation more appropriate to the DAC en-
vironment. Such a procedure naturally leads to an additional
uncertainty.

An alternative way of constructing an accurate primary
pressure scale at high temperature would be the construction
of a so-called redundant scale based on simultaneous density

PHYSICAL REVIEW B 75, 224114 �2007�

1098-0121/2007/75�22�/224114�6� ©2007 The American Physical Society224114-1

http://dx.doi.org/10.1103/PhysRevB.75.224114


and sound velocity measurements8 under static conditions.
This method requires only a relatively small correction from
an adiabatic to an isothermal path, so it is expected to be
more accurate, especially in the case where density and
sound velocity are determined in truly the same experiment
�without the use of a “transfer function” such as the ruby
manometer as in Ref. 8�. The results of both calibration pro-
cedures give comparable results for the room-temperature
scale, although more recent studies suggest the necessity of a
small correction10,11,19–21 consistent with an earlier
suggestion22 that the ruby scale should be adjusted according
to Raman and EOS studies of diamond.

In this paper we present experimental angle-dispersive
x-ray-diffraction �XRD� data of cubic boron nitride at high
temperatures up to 3300 K in argon using the laser-heated
DAC. We also present the results of our theoretical calcula-
tions of the equation of state. Experiment and theory are in
good agreement at room temperature, but the experimentally
determined thermal expansion at high pressure is smaller
than that theoretically computed and furthermore does not
agree with the known thermal expansion at 1 bar.23 We find,
however, that the assumption of a moderate thermal pressure
during heating reconciles experiment and theory. Our Raman
data obtained under similar conditions �albeit to lower
temperatures�2 showed a much larger relative shift of fre-
quency �compared to the relative change of the lattice con-
stant� with temperature, so thermal pressure correction was
not as critical as in this work. These two sets of high
pressure-temperature data are a basis for pressure determina-
tion at high temperature.

II. EXPERIMENT

We performed our laser heating experiment in a symmet-
ric diamond cell with Boehler-Almax seats,24 which allow
large angular access for XRD measurements. cBN submicron
powder was pressed into a 10-�m-diameter hole in an iri-
dium square of approximately 40�40�12 �m3. Argon was
loaded cryogenically and served as both the pressure me-
dium and the thermal insulation. XRD measurements were
performed at the ID27 beamline of the European Synchro-
tron Radiation Facility �ESRF�. A monochromatic radiation
source at 33.2 keV was focused to a spot of 5 �m in diam-
eter. Powder-diffraction patterns were collected on a MAR
345 two-dimensional position sensitive detector. A typical
collection time was 60 s. The beamline features a dedicated
double-sided laser-heating system that incorporates reflective
optics in order to minimize chromatic aberrations. This is
particularly useful when using thermal emission spectra to
infer temperature. Before a high-temperature experimental
run �at each pressure�, the heating laser spots �of approxi-
mately 20 �m in diameter� were carefully positioned con-
centric with the hole in the Ir coupler whose location with
respect to the incident x-ray beam was previously selected by
optimizing the XRD signal of the cBN sample. During the
alignment procedure the temperatures on both sides of the Ir
square were measured and were made equal by appropriately
distributing the laser beam power. These preliminary heat-
ings also helped to relax stresses in the sample chamber be-

fore real XRD measurements were made. During the latter,
temperatures could only be measured from one side. After
each heating, temperature was decreased back to ambient,
and an XRD control measurement was made to check the
stability of the stress conditions. Pressure was measured be-
fore and after the sequence of high-temperature experiments
at each pressure point using ruby fluorescence.

Our density-functional theory �DFT� calculations have
been described in our previous publication,2 where vibra-
tional properties of cBN were presented. Here we concen-
trate on the thermal equation of state.

III. RESULTS AND DISCUSSION

Our experimental diffraction patterns �Fig. 1� show reflec-
tions from Ar, Ir, and cBN. Initially, two-dimensional diffrac-
tion patterns of Ar and Ir showed rather uniform rings, which
indicated fine randomly oriented crystallites. After a few
heatings these rings become spotty, revealing stronger peaks
indicative of the formation of larger crystallites. This type of
pattern was observed to the highest pressure reached. The
cBN diffraction was spotty and did not change substantially.
Nevertheless, we always found the lattice constants of cBN
determined from different reflections ��111�, �200�, �311�,
and sometimes �200� were normally used for refinement of
the lattice parameter� were consistent within 0.002 Å. The
effect of temperature was clearly observed in the shifting of
the diffraction lines to larger d spacings and also in their
broadening. The lines of all three materials could always be
indexed to a cubic structure. Yet above 20 GPa we observed
a new ring �Fig. 1�, which indicated a partial transformation
of Ar to the hcp structure.25

The EOS of cBN at room temperature �Fig. 2� has been
studied previously by several groups both experimentally �up
to 120 GPa�,26,27 and theoretically.27,28 Our experimental
data are in excellent agreement with previous experiments

FIG. 1. Representative powder-diffraction patterns showing the
effect of temperature on measured diffraction lines at a pressure of
70 GPa �i.e., the nominal pressure measured at room temperature
according to the ruby scale�.
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�Fig. 2�. Moreover, the isothermal bulk modulus KT and its
pressure derivative KT� at ambient conditions determined
from our experiments �Table I� can be compared reasonably
well to the adiabatic bulk modulus, KS=372.3±3.7 GPa and
its derivative KS�=3.48±0.41 obtained using ultrasonic
interferometry.29 The parameters of the theoretically com-
puted EOS are close to the experimentally determined ones
�Table I� except for the pressure derivative of the bulk modu-
lus B� which is some 17% larger. Small deviations in the
lattice parameter and the bulk modulus are within the usual
accuracy of the DFT calculations and we note the typical
tendency of the local-density approximation �LDA� to
overbind solids.

The deviation of the theory and experiment in KT� �see
also Ref. 26� is outside the error bars and may be attributed
to a systematic underestimation of pressure by the current

ruby scale.10,11,19–21 If one uses the corrected ruby scale �e.g.,
Ref. 11, other suggestions are very similar�, the agreement
between experiment and theory is improved �inset Fig. 2�,
with the remaining small discrepancy due to the slightly
overestimated value of the calculated bulk modulus. The pro-
posed correction10,11,19–21 to the most commonly used ruby
scale6 is about 3% at 60 GPa. We will continue using the
room-temperature ruby scale6 throughout this paper for con-
sistency. Our results �mainly concerning temperature effects�
can easily be adjusted if some other room-temperature pres-
sure scale is assumed.

Our experimental thermal-expansion data show a mono-
tonic increase of lattice parameter with temperature �Fig. 3�.
Both the Debye and Einstein models are expected to well
describe the thermal expansion in cBN.30 For simplicity �a
simple analytical formula can be used�, we determined the
linear thermal-expansion coefficient �=d�ln a� /dT by fitting
the experimental data to the Einstein model a=a0�1
+�hTT� / �exp��E/T�−1��, where �E is the Einstein tem-
perature and �hT is the thermal-expansion coefficient in the
limit of high temperature �T��E, �E=1900 K at 1 bar23�
The experimental data can be described well by this model
�Fig. 3� under the assumption of a constant pressure during
laser heating. However, the thermal-expansion coefficient
�Fig. 4� determined by this procedure at high pressure is too
small compared with the theoretical value and is also too
small compared with the known 1-bar value.23 We conclude
that even in the case of the relatively soft argon medium
there is a significant thermal pressure. The magnitude of this
effect depends critically on the thermal expansivities and
bulk moduli of the sample and its surroundings, on their
geometry and dimensions, and on the temperature
distribution.31,32 In this paper we assume for simplicity that

TABLE I. Comparison of our experimental and theoretical pa-
rameters of the EOS of cBN at room temperature. The third-order
Burch-Murnagan form of the EOS �P=1.5KT,0���VT,0 /V�7/3

− �VT,0 /V�5/3��1−0.75�4−KT,0� ���VT0 /V�2/3−1�� was used in both
cases.

EOS
parameters
at 300 K

Lattice
parameter

a300,0

�Å�

Bulk
modulus

K300,0

�GPa�

Pressure
derivative

of B0

K300,0�

Experiment 3.6157�8� 387�4� 3.06�15�
Theory 3.6005 395.9 3.58

Deviation −0.4% +2.3% +17%

FIG. 2. The room-temperature equation of state of cBN. Solid
small points are our experimental x-ray-diffraction data; the thin
solid line is the best fit to the Birch-Murnagan EOS. Thick gray line
is the best fit to the experimental data from Ref. 26; gray symbols
with error bars are from the experimental study of Ref. 27. Dark
gray dashed line represents the results of our DFT calculations. The
inset shows the comparison of our experiment and theory for re-
duced volumes. Solid line is experimental data obtained using the
ruby scale of Ref. 6, solid gray line and filled circles: same using a
newly proposed ruby calibration �Ref. 11�.

FIG. 3. Temperature dependence of the lattice constant elonga-
tion of cBN at high temperatures. Open symbols: our raw data;
filled symbols: corrected to the thermal pressure data �see text�.
Lines are fits to the experimental data using the Einstein model �see
text�. The inset shows the thermal pressure calculated under the
assumption of a constant �KT product �solid line� in comparison
with the theoretical calculations at 0 GPa �dashed gray line�.
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this correction is equal to 30% of the maximum isochoric
value �Tamb

Texp 3�KTdT �i.e., when the sample is in an infinitely
rigid medium; cubic symmetry of the sample is implied in
the case of cBN�. This fraction is derived from model calcu-
lations for conditions similar to ours.31 To estimate the maxi-
mum isochoric value we in principle need the pressure de-
pendence of � and KT. We began by assuming that the
product �KT was pressure independent �e.g., Ref. 33� as we
also assumed in our previous paper,2 so it can be calculated
using 1 bar data �inset to Fig. 3�. In the second model we
calculated the thermal pressure using a quasiharmonic Debye
model �see, e.g., Ref. 9� assuming that the mode Gruneisen
parameter depends on volume as �=�0�V /Vo�q,34 where �0
=1.05 was chosen to match the thermal expansion at ambient
pressure and where 0�q�1 was chosen to be in the range
of the experimental observations.26,27 In this case the thermal
pressure is slightly pressure dependent �	12% change in the
pressure range studied�. We stress that our model results for
� �Fig. 4� do not critically depend on the functional form of
the volume dependences of � and the strength of this depen-
dence �determined by q�, because at the highest pressure
studied �70 GPa� we are still in the low compression limit
�P
K for all T�. It is interesting that our model calculations
agree well to each other, and also reasonably well with our
theoretical calculations �Figs. 3 and 4�

After the correction of our high-temperature data as de-
scribed above, our thermal-expansion data �Fig. 3� can still
be fitted appropriately by the Einstein model, and the
thermal-expansion coefficients agree well �Fig. 4� in the limit
of low pressures with the ambient pressure data.23 Our ex-
perimental data also agree with our theoretically computed
thermal-expansion coefficients up to approximately 30 GPa
�Figs. 3 and 4�. Our high P, T EOS can be presented in the
Birch-Murnagan form

P = 1.5KT,0��VT,0/V�7/3 − �VT,0/V�5/3��1 − 0.75�4 − KT,0� �

���VT0/V�2/3 − 1�� �1�

with the temperature-dependent parameters KT,0
=389.2–7.30�10−3 T−7.60�10−7 T2; KT,0� =3.22–4.47
�10−4 T; aT,0=3.6140+2.309�10−6 T+9.831�10−9 T2

−1.35�10−12 T3. A faster decrease of the experimental �
with pressure compared to the theoretically computed one
�Fig. 4� must be treated with caution since it depends on the
rather crude assumption of a thermal pressure that is a con-
stant fraction of the maximum thermal pressure �see above�.
Since the geometrical and thermoelastic parameters of the
materials in the sample cavity change significantly with com-
pression, the latter conjecture may not hold.

To further test this assumption we analyzed the thermal-
expansion data of Ir that we simultaneously acquired �Fig.
1�. We find that the room-temperature EOS of Ir is in good
agreement with the literature data;35 a Birch-Murnagan EOS
yields parameters B0=391�4� and B�=3.3�2� which may be
compared to B0=383�14� GPa and B�=3.1�8�. The thermal-
expansivity data of Ir at ambient pressure cannot be approxi-
mated by the Debye or Einstein model, because the thermal-
expansion coefficient exhibits a monotonic increase with
temperature well above the Debye temperature36,37 unlike the
case of cBN �see above�. This behavior is likely due to an
electronic contribution to the thermal conductivity in the
case of metallic Ir �this in turn results in a nonlinear contri-
bution to the thermal expansion�. We approximated our data
�Fig. 5� using the same polynomial as in Ref. 37. We found
that the thermal-expansion coefficient extrapolated to 1 bar
was, as for cBN, underestimated with respect to the known
value �Fig. 6�: 4�10−6 K−1 compared with 6.13�10−6 K−1.
If we assume the same �pressure independent� thermal pres-
sure as we did for cBN we obtain much better agreement
�Fig. 6�. We conclude that the assumption of a moderate
thermal pressure31 allows us to interpret our data self-
consistently. No attempt has been made to rationalize the

FIG. 4. Pressure dependence of the linear thermal expansion of
cBN in the limit of high temperature ��hT�. Gray open circles and
gray dotted line: obtained from the raw data. Filled circles and solid
line: obtained from the data corrected for the thermal pressure.
Open circle at ambient pressure is from Ref. 23. Gray thick dia-
monds and gray dashed line: our theoretical calculations. Hatched
area and black dotted line correspond to the results of the model
calculations, which assume �=�0�V /Vo�q�1�q�1� and �KT

=const, respectively �see text for details�.

FIG. 5. Temperature dependence of the lattice constant elonga-
tion of Ir. Open symbols: our raw data; filled symbols: corrected to
the thermal pressure data �see text�. Lines are fits to the data using
the polynomial form of Ref. 36. Dotted gray line represents the 0
GPa data from Ref. 36.
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thermal-expansion data of Ar because of large temperature
gradients through this material during heating. We notice,
though, that the EOS of Ar at room temperature is consistent
with previous observations.38

The results presented here show that cBN, even in minute
amounts, can serve as an excellent pressure sensor even in
the realm of laser-heating temperatures. In previous com-
bined laser-heating XRD experiments Pt has typically been
used as a pressure sensor �see, e.g., Refs. 39 and 40�. It is
chemically stable, and its thermal equation of state is be-
lieved to have been determined with sufficient
accuracy.16,41,42 Au is also chemically stable, but there is no
consensus concerning the thermal EOS of this
material.41,43–45 Other commonly used high-temperature
pressure sensors such as NaCl and MgO are difficult to use
in laser heating experiments because of the requirement of
keeping the sample and the gauge in intimate thermal con-
tact. These materials have relatively low thermal conductivi-
ties, so it is difficult to avoid large temperature gradients.

We argue that cBN has a number of advantages compared
to Pt and these other materials. The melting temperature of
cBN is higher than any of them �above a pressure of 9 GPa it
exceeds 3500 K�.46 For comparison, the melting point of Pt
is about 2800 K at 40 GPa.47 cBN also has a very high ther-
mal conductivity �approaching that of diamond, its structural
and electronic analog�, which makes it equally useful for
laser heating experiments as Pt and other metals. One impor-
tant advantage of cBN compared to metallic sensors is its
optical transparency which allows Raman and Brillouin scat-
tering measurements. This property has been exploited to
construct an optical pressure scale based on Raman measure-

ments to at least 2200 K.2 Potential redundant measurements
�as described above8� of elasticity using Brillouin scattering
together with measurements of density using XRD �Ref. 48�
on the same sample under the same conditions should also be
possible.

We believe that even in the absence of a comprehensive
calibration procedure, the data presented can be used for in
situ pressure determination with accuracy comparable to or
even exceeding that of previous scales. The advantage of
using cBN is simplicity of sample preparation and an ability
to use this material in both optical and synchrotron x-ray
investigations combined with its high melting temperature
and chemical stability �see above�. With the development of
pulsed Raman techniques,49,50 Raman measurements to
�5000 K �depending on the wavelength of the pulsed laser
source� should become feasible and thus also pressure deter-
mination �if the cBN remains solid�. The Raman data of cBN
obtained to 2000 K and 40 GPa �Ref. 2� require a small cor-
rection since the thermal pressure was assumed to be zero in
the case of the argon medium used in that work. On the basis
of the present data �assuming the same thermal pressure�, we
suggest the following corrected expression for a pressure
scale at high temperatures:

P = �R/b����/�o�b − 1� , �2�

where � is the Raman frequency, R, �o, and b are
temperature-dependent parameters: R=325.6−1.11�10−2 T
−8.90�10−6 T2, �o=1060.2−0.012 T−1.57�10−5 T2, b
=3.48−1.75�10−4 T−8.55�10−8 T2.

In conclusion, we have presented the results of the first
x-ray-diffraction measurements of the thermal EOS of cBN
up to 3300 K and 70 GPa and theoretical calculations to
2000 K and 80 GPa. The experimental EOS can be well con-
strained using a Mie-Gruneisen approximation or approxi-
mate empirical relations. This work thus establishes high-
pressure pressure scale at temperatures exceeding 3000 K.

First-principles theoretical calculations reproduce the ma-
jor features of the thermal EOS at high temperature. A small
initial offset and a difference in curvature at high pressure
can be imputed to the usual uncertainty of the equilibrium
volume in the DFT calculations and to the necessity to fur-
ther rectify the high-pressure ruby scale, respectively. The
deviation between theory and experiment at high tempera-
tures is due to an incomplete description of the anharmonic-
ity in the long-wavelength modes and not because of the
limited accuracy of the LDA. These finite q modes were
approximated with a Debye-like model.
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FIG. 6. Pressure dependence of the linear thermal-expansion
coefficient of Ir at room temperature. Gray open triangles and gray
line: obtained from the raw data. Filled circles and solid line: ob-
tained from the data corrected to the thermal pressure. Open circle
at ambient pressure is from Ref. 36.
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