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This paper presents a detailed study of boron nitride modifications at hydrostatic pressures. Cohesive prop-
erties of zinc blendéc-BN), wurtzite (w-BN), hexagona(h-BN), rhombohedrafr-BN), and rocksalt structure
are calculated by systematic optimization of unit cell parameters and atomic positions using total-energy
density-functional methods. With focus on the very rarely discussed layered modificatioms\vttegjuations
of states are derived. It is confirmed that the isothermal bulk modulus afghbonded phases is more than
10 times smaller in comparison to the dense phases. Additionally, the equilibrium l;:8Nfandh-BN in
phasep-T diagram is calculated. According to recent experimental repo#N is predicted as a stable
modification at standard condition[s$S0163-18207)06409-9

[. INTRODUCTION respectively, which is described in Sec. Il B. The equations
of states are deviated and in the case of $ipé-bonded

In recent years there have been a lot of experimental anphases the calculations are compared with the recently avail-
theoretical activities in studying the physical and chemical@ble experimental data of Solozhendbal >+
properties of boron nitride in detail. The extraordinary prop- Finally, the Gibbs free energy afBN andh-BN is cal-
erties of the zinc blende modificatiois-BN), such as ex- culated using the Debye-Graisen approximatidn and the
treme hardness, chemical inertness, high melting temper&quilibrium line in the phase-T diagram is predicted. Ac-
ture, wide band gap, and low dielectric constant, which areording to Solozhenkd**it is found thatc-BN is the ther-
important for many commercial applications in modern mi-modynamically stable modification at standard conditions
croelectronic devices and protective coating materials, ar€Sec. Il O.
the reason for that considerable interest. Starting with the
work of Kleinmann and Phillipsa lot of theoretical studies Il. METHOD OF CALCULATION
of boron nitride have been presented in the last decades. i . .

Using different, more or less accurate, first principles meth- _1he calculations are based on density functional theory
ods these works are focused predominantly on the electroniithin the local density approximatioi.DA) using a plane-
properties of the different modificatiortsee Refs. 2—20 and Wav€ €Xpansion for the pseudopotentials and wave
references thereinBut only a few authors have paid atten- funct|on_§ " as well as the Ceperley-Alder exchange-
tion to detailed investigations of structural ground state prop€errelation functionaf Boron and nitrogen norm-
erties. Wentzcovitchet al® discussed the transition path COnserving pseudopotentials were generated following the
from rhombohedral to zinc blende structure and investigated "oullier-Martins pseudopotential generation sché?r)e.

dense phasBsat high pressures. Knittlet al® derived the The energy cutoff for the electronic wave functions has
equation of state foc-BN in experiment and theory with been systematically optimized to re_ach full convergence and
high reliability. Finally, one of the most comprehensive Nas been set d&g,—=1630 eV. A uniform mesh ok points
works was given by Furthiier et a3 was generated by the method of Monkhorst and _Iﬁﬁq?-lor

Regarding all these studies two things are remarkabldNn€ zinc blende and rocksalt structure ten spekigoints
First, the bulk modulus, which is of considerable importancd!@veé been used. For the hexagonal, rhombohedral, and
in understanding the relationship between a crystal's strucVUrtzite structure sik points were sufficient to achieve con-
ture, hardness, and stability, has been calculated for the cuby€rgence better than 0.001 eV/f.u. The atom positions have
phase with high consistency by all authors, but for thebeen relaxed .|nS|clie thg_cell volume using the .Broyden-
sp?-bonded phases with surprisingly deviating values fromFletcher algorithn: Ad_dmonally,' nonlocal corrections to
77 GPa to 335 GP¥:1*1 Second, it is a present dispute exchange and corre_latlon functlonals. as given by B&cke
which of all observable phases has the lowest total energy We'e calculated as final non-self-consistent correction.

These differences are evident and prevent a reliable esti-
mation of the equilibrium phasp-T diagram, which is of Ill. RESULTS
considerable interest in understanding, e.g., the growth
mechanism of boron nitride.

This paper presents a detailed study of several solid modi- This paper deals with the structures which are experimen-
fications of boron nitride using well-established pseudopotally observed: The hexagonal structéspace grouyg,) is
tential density-functionalDF) methods within the local den- the common fornth-BN),*3 which has arAaAa. .. stacking
sity approximation. All atomic positions and cell parameterssequence and is slightly different to hexagonal graphite
are optimized independently using the Broyden-Fletcher al{ABAB... stacking. The rhombohedral modificatiofr-
gorithm and a twofold Birch-Murnaghan fitting procedure, BN) with ABCABC. .. stacking sequence is the other lay-

A. Structures
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ered structuré (space groupCs,). Analogs to cubic and cause the-axis length, which is determined by weak van der
hexagonal diamond are the dense modifications of boron niWaals bonding, varies much more under hydrostatic pressure
tride: the cubic phasdéc-BN) with zinc blende structure than thea axis length.

(space groufT?), which can be synthesized in the laboratory ~ Therefore, the minimum energy has to be found for each
under pressuré’*®and the wurtzite structurev-BN) (space volume by independent variation of the cell parameters. This
groupCg,), which is the analog to stable AIN. Additionally, is in principle the scanning of the energy of compressive and
BN has been calculated in the rocksalt structure. shear deformations for the minimum at a given volume.

In this study the energy-volume data foiBN, r-BN, and
w-BN are determined with help of a twofold Birch fitting
procedure: At first, the total energies are calculated for a grid

The equilibrium properties of a crystal can be derivedof a-c cell parameters. These data are projected onto an
from thermodynamic potentials, e.g., the Helmholtz free enenergy-volume plot. Then the Birch equation is fitted to cor-
ergy F(T,V)=Fy(V)+F.(T,V), whereF, is the static lat- responding values of several cell parameters assuming that
tice energy without vibrational contributions;,;,. The  the equation of state is valid for this case of anisotropic com-
equation of state determining the pressure is pression. For discrete volume steps all these Birch equations

are evaluated and an additional fit is done to the deviated
JF data, resulting in the idea-c combination for a fixed vol-
oV T' @) ume. So it is possible to deviate the energy-volume data and
relations between volume and axis lengths.
and the isothermal bulk modulus of hydrostatic compression The results are reported in Table | in comparison to other
is given by selected works. Figure 1 shows the calculated cohesive en-
ergies as a function of volume.
@
B=-V|—

v

B. Cohesive properties

p:_

T' 2) 1. Zinc blende
The zinc blende structure has the lowest static lattice en-

There are several approximative theofte$ describing  ergy of all modifications. This result agrees with most calcu-
the isothermalp-V relation (1), but the most common and |ations reported by others. The calculated bulk modulus is
simple form has been proposed by Murnagfamho as- 395 GPa for the static lattice. Respecting vibrational energies
sumed that the isothermal bulk modulus is a linear functiorpy the empirical Debye-Gneisen theoryas reported in Sec.
of pressure. A slightly better description especially for high||| C) the LDA result is in very good agreement with experi-
pressure delivers the Birch equatihwhich is an expansion mental datasee Table Il. Anharmonic effects raise the cell

in the strain €): length and lower the bulk modulus with increasing tempera-
ture as plotted in Figs. 2 and 3, respectively. The vibrational
p=3Bof(1+2f)*q1+af+bf?, (3 correction increases by compression, so that the equilibrium

volume a 0 K is higher and the bulk modulus is smaller than

Here f is Eulerian strain parametef\(/Vo] ?®—1)/2, for the static lattice.
B, the isothermal bulk modulus, arrdandb constants. The Furthermore, calculations were done using Betkeen-
pressure derivative of the bulk modulBg is related to the local corrections in comparison with the LDA. The results
constanta by By=2a/3+4. This equation provides an ex- are given in Table Il. The nonlocal approximation corrects
cellent description of the compression of most sofitishile ~ the LDA overbinding and delivers, as expected, a higher
inclusion of the termb? is almost negligible. equilibrium distance, whereas the bulk modulus gets too low.

Using relationg1) and(3) it is possible to derive the bulk Obviously, the agreement with experiment is not evidently
modulus, its pressure derivative, and the minimum of energymproved by these corrections.

and volume from energy-volume data via The cohesive energy was determined as 12.94 eV/f.u.
without zero point corrections using a linear combination of
9 V| 23 VARE atomic orbitalS(LCAO) method’ with the local spin density
Fo(V)= 1—650Vo( 6—Bo+ V) (Bo—4) v) approximation. All plane wavéPW) calculations are related
to this result, which is in good agreement with estimations
Vo\2? from experimental dat¥,
—(3B4— 14)(7 +3B,—16 ) +Fo(Vo).

2. Wurtzite

4
@ The lattice energy of the wurtzite structure is slightly
For cubic symmetries the generation of energy-volumehigher than forc-BN. This structure is a metastable modifi-

data can be easily done by total energy calculations of isosation. The optimization of lattice parameters yields that the
tropically compressed or expanded unit cells. In the case afinit cell axes scale in the same manner with increasing hy-
noncubic unit cells this method is not valid and yields mis-drostatic pressure. This is not surprising with respect to the
leading results, especially if the structures are strongly anisesp>-bonded structure of this modification. The atomic posi-
tropic. So the energy-volume data of isotropic expanded antlons vary slightly from ideal values. Boron positions
compressed graphitelike structur@sBN, r-BN) yield erro-  are {3,5,&}, {5,3,5+ ¢ and nitrogen positiongs,3,5— &},
neous results for the bulk modulus and its derivative, be{%,3,5— &}, with £=0.0005 at equilibrium volume.
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TABLE |. Calculated structural and cohesive properties of BN in various phases compared to other LDA calculations and experiment:
Volume per atonV, lattice constang, cohesive energ¥,, ratio of interlayer distance to lattice constart, energy difference to the
cohesive energy of the zinc blende structirg, bulk modulusB, and pressure derivative of the bulk moduBis

Present Furthrrler Wentzcovitch Xu and van Camp and Expt.

work et al? and co-worker’ Chingf van Dorefi
Zinc blende
V (A%) 5.797 5.718 5.860 5.905 5.954 5.930
a(A) 3.593 3.576 3.606 3.615 3.625 3.615
E, (eV/atom —6.47 —-8.152 -7.15 —-7.00 -6.6"
B (GPA) 395 397 367 370 392 369-400
B’ 3.65 3.59 3.6 3.8 3.31 £0
AE (eV/atom 0 0 0 0 0
Wourtzite
V (A3) 5.813 5.731 5.845 6.73 5.966
a(A) 2.532 2.521 2.536 2.6883 2.583
cla 0.827 0.826 0.828 0.8 0.828
AE (eV/atom 0.011 0.020 0.027 0.075
B (GPa 394 401 390 107
B’ 3.68 3.59 6.3 4.24
Hexagonal
V (A%) 8.747 8.613 8.970 10.02 9.04
a(A) 2.496 2.468 2.494 2.592 2.504
cla 1.300 1.295 1.335 1.330 1.330
AE (eV/atom 0.057 0.055 0.06 —-0.35
B (GP3 30.1 261 335! 77 36.7%,29.9
B’ 10.1 3.66 3.76 4.41 569.3!
Rhombohedral
V (A%) 8.693 8.603 9.02
aA) 2.493 2.495 2.50%
cla 1.296 1.294 1.996
AE (eV/atom) 0.057 0.052
B (GPa 32.3 262 0.06 33.4", 34.6'
B’ 10.3 3.87 5.28" 5.23
Rocksalt
V (A3) 5.244 5.168 5.327
a(A) 3.474 3.458 3.493
AE (eV/atom 1.758 1.723 1.70
B (GPa 410 416 425
B’ 3.81 4.00

8Reference 13.

breferences 4, 6, 8, and 10.

‘Reference 11.

dreference 16.

®Reference 9 and 49.

fReference 10.

9References 45 and 49.

"Reference 49.

iReferences 22 and 50.

Icalculated by isotropical compression of the unit cell.
KReference 22.

IFit with Birch equation to values given by SolozheniRef. 22.
MReference 21.

"Fit with Birch equation to values given by SolozheniRef. 21).

3. Hexagonal the reason for this is the uncertainties of some methods. In
The theoretical static lattice energies and bulk moduli ofthIS study the e“erg_y_ minimum fdr-BN is determined 0.1
h-BN given in the literature disagree evidently. A few eV/f.u. above the minimum af-BN. Exactly the same result

authord™® report thath-BN has the lowest static lattice en- has been reported by Furtfitier et al** and Wentzcovitch
ergy, whereas most favor the dense phase. It is obvious thand co-workerg:*0:68
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FIG. 1. Calculated cohesive energies of BN as a function of cell
volume in the zinc blende, wurtzite, hexagonal, and rhombohedral |
structure. 3.61 resr Sl B
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Theoretical values for the bulk modulus range from 77 to
335 GPa. These remarkable deviations were the impulse for temperature (K)
a systematical recalculation of the layered structures. Using
the twofold fitting procedure described above total energies FIG. 2. Lattice constant of-BN as a function of temperature
of h-BN have been calculated for optimized unit cells andcalculated by Debye-Gneisen theory.
compared to experimental data, which are recently
available’ Thec axis length which is determined by a weak is inadequate to distinguish between different stackings of
van der Waals interaction varies much more under hydrosp?-bonded planes. The small difference in curvature be-
static pressure than treeaxis length, which is given by the tween both planar structures is revealed in a slightly higher
extremely short and strong ionic-covalesgf bondings. This  minimum energy and a higher bulk modulus foBN in
is found both experimentally and theoretically as shown incomparison toh-BN. Although Solozhenkoet al???! re-

Fig. 4. Up to 12 GPa the relative compression ofdhexis is  ported a higher bulk modulus fér-BN, a fit of their data to
insignificant, while thec axis is compressed to about 85%.

Indeed, the theoretical result is surprisingly good, taking into

account that a very low interplanar electron density generally M
represents a problem for the LDA.
The theoretical bulk modulus is 30.1 GPa in comparison 385

to the experimental value of 29.9 GPa, which was obtained
by fitting the data of Solozhenket al?? to the Birch equa-
tion again. This is more than 10 times smaller than the value 380
for c-BN. The pressure derivative is determined theoretically
and experimentally as 10.1 and 9.3, respectively. Figure 5
shows the good agreement of experiment and calculation.

375

4, Rhombohedral 370

The calculated energies forBN andr-BN are nearly the

same as shown in Fig. 1. This is due to the fact that the LDA 365

bulk modulus (GPa)

TABLE Il. Cohesive properties of cubic BN calculated with
local and nonlocal density approximation for a static latticeT at 360
=0 K andT=300 K, in comparison to experiment.

B (GPa B’ Vylatom (A 3) 355
LDA static 395 3.65 5.797
_ (0] S —
T=0K 387 5.884 0 500 1000 1500
T=300 K 385 3.66 5.888
GGA static 344 3.69 6.120 temperature (K)
Expt? T=300 K 369-400 4.0 5.905

FIG. 3. Bulk modulus ofc-BN as a function of temperature
aReferences 9 and 45. calculated by Debye-Gneisen theory.
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(Fig. 1), which predict that-BN is energetically favored in
1.00 comparison toh-BN by about 0.114 eV/f.u. This is suffi-

ciently more than the accuracy of the calculations

(AE=0.001 eV/f.u). Furthermore, vibrational contributions
095 must be discussed.

There are no experimental phonon spectra for the dense
phases as well for the graphitelike modifications available,
1090 but recently several theoretical phonon spectra have been
published by Karctet al** and Nozaki and Itoff? as well as
Widany et al!® (Fig. 7). These data were used in order to

ala,

. . . . . 0.85 derive the zero point energies, which are half of the first
0 2 4 6 8 10 12 moments of the normalized densities. The evaluation of the
pressure (GPa) data of Karchet al*! yields 0.32 eV/f.u. for the zero point

vibrational energy ofc-BN. For h-BN an energy of 0.35
FIG. 4. Relative length of andc axes of hexagonal BN vs €V/f.u. can be derived ugsing the data of Nozaki and %h
pressure as given by SolozhenkRef. 22. The solid line is the The data of Widanyt all® are quite different but yield simi-

theoretical result. lar zero point vibrational energies, which are 0.27 eV/f.u. for
c-BN and 0.32 eV/f.u. foh-BN. The energy differences at
the Birch equation yields the opposite. The theoretical resultero temperature are AF,,=Fj(hexagonal)
is shown in comparison to the experiment in Fig. 6. —F.ip(cubic)=0.05 eV/f.u. using the data of Widaret al.
or AF,;,=0.03 eV/f.u. using the other results. This confirms
C. Phase diagram the assumption of Lanet al,'° who have discussed this

question in detail and concluded that the zero point vibra-

The p-T phase diagram of boron nitride is controversially tional energy of-BN andh-BN should not differ more than
discussed in the literature. There are two proposals whicg few hundredths of eV

diﬁe;fun%amentallg. The generall)(/j accr%pteﬁ ohne wgs given Since the difference of the static lattice energies
two decades ago Corrigan and Bu ich predicts o . .
h-BN as a therrﬁody)r/\amicaglyly stable modiﬁ/)éation%t standar AFge=0.114 eV/L.u) is significantly larger, it can be defi-
" ; . ; itely concluded that the-BN < h-BN equilibrium line in
conditions in analogy with the carbon phase diagram. By, i . . .
24 . the p-T phase diagram does not intersect the pressure axis at
way of contrast Solozhenkd?* presented a phase diagram

wherec-BN is thermodynamically stable at standard condi-2€" temperature as pro.posed by Corrigan and Bdﬁbg,_ .

) . o) S cause a Gibbs construction on the energy-volume data is im-
tions, while the equilibrium line intersects the temperature ; : . R
axis at 1600 K possible, even if zero point contributions are regarded.

Regarding these differences, it seems likely to draw som These purely qualitative predications make a more de-
garding ' . Yl OM&iled calculation highly desirable. Thermodynamic poten-
conclusions from total-energy calculations, particularly SINC&i.1s can be calculated by molecular dynamics or Monte
knowledge of the phgse diagram is of fundamental interest arlo(MC) methods. But these are costly, because the phase
The phase transition between the cubic and hexagona% ) '

polymorphs of boron nitride is a reconstruction phase transizha e must be sampled calculating the potential energy sev-

tion, which is always a phase transition of the first ortfer. eral imes, which is hardly possible by full self-consistent-
s R : field DF calculations.
Therefore, the transition line in the-T phase diagram can

) . ; Therefore the empirical Debye-Greisen approximation
be derived from the thermodynamic potentials of the coex- . X
o ; was used in order to calculate the Helmholtz free energies of
isting phases. The static part of the Helmholtz free energ

Fo(V) is given by theab initio calculations shown before )\(/]v-aIi/N andc-BN in a sufficiently accurate but more simple
The vibrational contribution to the Helmholtz free energy

T - - - - T - is given in harmonic approximation By
Lo _
. hw
Fvib=2><3NkBTf 2sinf -——=|9(w)dw. 5)
2kgT
S0 0.95
> The phonon density of statggw) can be approximated for
0.90 - i cubic systems using the three-dimensiort8D) Debye
model:
0.85F . 3@2
1 L 1 1 1 1 1 _3’ wng 1
0 2 4 6 8 10 12 g5 (w)={ @b (6)
pressure (GPa) 0, w>wp,

FIG. 5. V/V, vs pressure foh-BN. Solid circles @) represent Where the cutoff frequencyp is related with the Debye
data of Solozhenk¢Ref. 22 while the dotted line is the fit to the temperature bKgbp =% wp .
Birch equation. Open squareBlf are measured by Coleburn and  Gielisseet al** proposed a Debye temperature of 1700 K
Forbes(Ref. 48. The solid line is the theoretical result. for c-BN. This yields a zero point vibrational energy of
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FIG. 6. VIV, vs pressure for-BN. Solid circles @) represent
data of Solozhenk¢Ref. 21). The dotted line is the fit to the Birch
equation. The solid line is the theoretical results.

%kg®p=0.33 eV/f.u. and a temperature dependence, which
agrees very well with the result calculated by the theoretical
spectra of Karcret al*! (Fig. 8). For graphitelike phases a

L " 1 "
two-dimensional Debye approximation is more suitable due 0 500 1000 1500 2000 2500
to the weak interplanar binding. The phonon density of states
is then temperature (K)
» FIG. 8. Vibrational free energy of BN calculated with different
(2D) 2—, w<wp, phonon densities of states:BN: dashed line calculated using data
Op ()= @p (7) of Widany et al. (Ref. 19, circles (O) calculated using data of
0, w>wp. Nozaki et al. (Ref. 42, triangles {V) represent the result in two-

dimensional Debye approximatiom{= 1900 K). c-BN: solid line
For low temperatures a Debye temperature of 598 K fitgalculated using data of Widarst al. (Ref. 19, diamonds € )
the specific heat quite wel?* For higher temperatures this calculated using data of Kardt al. (Ref. 41, squares[{J) repre-
fit is unadaptable and the zero point energy is much too lowent the result in three-dimensional Debye approximation
(0.10 eV/f.u). Therefore 1900 K was chosen as the Debyelfp=1700 K).
temperature foh-BN. This yields a vibrational free energy
that corresponds nearly ideal to the result received by the

10 ¢

pressure. (GPa)

wavenumber (cm '1)

0 C £
FIG. 7. Phonon density of states forBN: The thick solid line 0 1000 2000 3000 4000
represents the data of Kar¢Ref. 41), the thin solid line the data of
Widany et al. (Ref. 19. Phonon density of states fér-BN: the temperature (K)

thick dots represent the data of Nozakial. (Ref. 42, the thin dots ) o o
the data of Widanyet al. (Ref. 19. Phonon density of states in  FIG. 9. p-T phase diagram of boron nitride. The dashed line is
Debye’s approximation: The thick dashed line corresponds to th&orrigan and Bundy's diagrafiRef. 43, the thick solid line Soloz-

three-dimensional model; the thin dashed line corresponds to th@enko's proposalRef. 23. The line with solid squares represents
two-dimensional model. the equilibrium line calculated in the present work.
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data of Nozaki and Itd}f (see Fig. 8with a small mismatch due to the Pauli exclusion and electrostatic repulsion be-
at low temperatures<{ 600 K). tween bond charges. So carbon is stable in layered structures
Anharmonic effects are respected in the Debyér@isen  while silicon is not. Boron nitride has an ionic-covalent
theory by a volume-dependent Debye temperature, whicbonding with a higher ionicity im-BN. Therefore, it is con-
is determined by the global Gmeisen parametetr ceivable that the zinc blende structure is favored.
y=—(dinéy/dIinV). The integration vyields #p/63)
=(VI\®) ” for constanty. _ _ V. SUMMARY
The Gruwneisen parameter can be derived for cubic sys-
tems from the bulk modulus’ pressure derivative by This paper presentsb initio calculations of all known
2y~B’—1. So y=1.3 was chosen foc-BN. This agrees structures of boron nitride. In contrast to other studies it is
well with results referred by Kiret al,?® wherey is 1.2—  focused exclusively on the pressure dependence of structural
1.5. The Graeisen parameter fdr-BN was set quite arbi- properties. The results for the tetragonal coordinated struc-
trarily to y=1. But it should be stated that this choice doestures achieve full agreement with the most accurate calcula-
not affect the achieved result in principle. tions published so far, which are based on different compu-
Finally, the free enthalp®(T,P)=F,+F,,+ PV can be tational techniques. In the case of layered structures an
derived by Legendre transformation from the Helmholtz freeextended fitting procedure is introduced, which determines
energy and the-BN «— h-BN transition line is determined the dependence of volume and axis lengths on pressure in
by the equilibrium conditiorG,pid T,P) = Ghexagond T+ P)- excellent agreement with experimental measurements. The
The result is shown in Fig. 9. The equilibrium line corre- achieved energy-volume data allow a reliable estimation of
sponds strongly to Solozhenko’s proposal and has quite th&e phase diagram features. This prediction is suitable to
same shape. The intersection point with the temperature axgettle an existing dispute on the shape of this diagram.
is somewhat lower at 1400—-1500 K, which depends on the
choice of y for h-BN. Therefo_rg, th(_e thermoqynamiqally ACKNOWLEDGMENT
stable phase at standard conditiong4BN. This is consis-
tent with general chemical trends. If a material is able to This work has been supported by a project of tBsis-
form strong covalent bonds, a low coordination is favoredches Ministerium fu Wissenschaft und Kunst.”
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