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We present a first-principles description of anisotropic materials characterized by having both weak
(dispersionlike) and strong covalent bonds, based on the adiabatic-connection fluctuation-dissipation
theorem with density functional theory. For hexagonal boron nitride the in-plane and out-of-plane bonding
as well as vibrational dynamics are well described both at equilibrium and when the layers are pulled
apart. Bonding in covalent and ionic solids is also described. The formalism allows us to ping down the
deficiencies of common exchange-correlation functionals and provides insight toward the inclusion of

dispersion interactions into the correlation functional.
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Soft matter, biomolecules, and layered materials are
examples of weakly bonded compounds, which constitute
stringent tests for ab initio electronic structure calcula-
tions. A successful description of such systems requires
an accurate treatment of a whole range of interactions,
from short-range covalent to long-range van der Waals
(vdW) forces. Moreover, their study provides valuable
hints about how to devise new approximations that de-
scribe at a reasonable computational cost very different
bonding regimes. In this realm, layered materials represent
a unique case. The Kohn-Sham (KS) method under the
simple local density approximation (LDA) [1] is known to
give reasonable structural properties near the equilibrium
interlayer distance of systems like graphite [2] and hex-
agonal boron nitride (2-BN) [3,4]. Surprisingly, the more
elaborate exchange-correlation (XC) energy functional
based on the generalized-gradient approximation (GGA)
[5], while providing a good in-plane bonding, fails dra-
matically in the description of the equilibrium interlayer
distance in #-BN and graphite, leading to completely un-
physical results [6,7]. The mechanism responsible for this
poor performance is not specific to GGA but to all func-
tionals based on exact exchange [8] plus some LDA corre-
lation (EXXc) (as illustrated below).

It has been hypothesized that this failure is due to the
lack of description of vdW forces, which are the manifes-
tation of long-range correlation effects [7]. However, LDA,
without accounting for vdW interactions, does bind the
h-BN and graphite layers. More importantly, recently pro-
posed approximate nonlocal prescriptions beyond LDA or
GGA in the vdW density functional (vdW-DF) framework
[9], while describing vdW forces, result in a large over-
estimation of the equilibrium layer-layer distance [7].
Thus, available XC functionals cannot describe correctly
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a layered material at different geometrical configurations.
Consequently, there is a basic need to understand this se-
vere breakdown and how to define a stable, successful
scheme to calculate such structural properties. This is the
goal of the present Letter. We demonstrate that a fully mi-
croscopic, parameter-free approach based on the adiabatic-
connection fluctuation-dissipation theorem (ACFDT) [10]
correctly describes the mechanical properties of 4-BN near
and far from the equilibrium configuration. We show that
ACDFT does bind the A-BN layers at an equilibrium
distance in excellent agreement with the experiment, ac-
counting by construction for vdW forces [11,12]. In con-
trast, while LDA overbinds /#-BN, GGA, EXXc and,
obviously, any other prescription with a local or semilocal
correlation part fail in describing the layers bonding.

h-BN has a wealth of important applications for high
resistance and inert nanodevices [3,4,13]. Furthermore, the
h-BN layer-layer interaction is weaker than in graphite (the
paradigmatic example of layered material), thus being a
better scenario to assess and understand the performance of
KS-based schemes. The ACFDT has been applied so far
only to jellium systems [12], molecules [14], or compact
solids [15]. However, it is starting to be considered a
promising ab initio method because (i) it provides a reli-
able first-principles description of XC effects at a lower
numerical cost than quantum chemistry methods or statis-
tical quantum Monte Carlo techniques; (ii) it is naturally
built into the KS scheme as a way to construct advanced
XC energy functionals depending on the electron density
n(r) and on the set of occupied [¢,(r)] and empty [ .(r)]
KS orbitals. Indeed, according to the ACFDT, the total XC
energy comprises of the exact-exchange energy Ex =
— 1 [drdr'| 39 ¢5(r) ¢, (x")|*/Ir — ¥'|, plus the correla-
tion energy given exactly by
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(we will use atomic units unless otherwise stated). Tr
denotes the spacial trace, and ¥, (iu) is the density-density
response function at imaginary frequencies of a fictitious
electron system interacting through a scaled Coulomb
potential Aw(r) = A/r whose ground-state density equals
the actual one. Thus, §,(iu) is the noninteracting response
function of this fictitious KS system:

¢ (r)d, (") 7 (x") P, (r)

iu+ (g, — &)

X()(l', r/; lI/l) = 2mz ’ (2)

where g, (g.) are the occupied (empty) KS eigenenergies.
The interacting response y can be obtained in the frame-
work of time-dependent density functional theory [16,17]
by solving a Dyson-like equation:

Ralin) = (1 = 2w + FxeaDiaGu), (3

where fxc ,(iu) is the XC kernel of the fictitious system
with the scaled interaction Aw. The random phase approxi-
mation (RPA) to y is obtained by setting fXC = 0. Note
that, in contrast to other procedures put forward in the
literature [7,8], this scheme provides a correlation func-
tional built at the same level than exact exchange.

The XC effects introduced by fxc on Y for the calcu-
lation of E are considerably weaker than for the descrip-
tion of the optical properties of ~A-BN [18], as g(iu) is a
very smooth function on the imaginary axis [19]. There-
fore, we set fxc A(iu) = 0 in Eq. (3) and correct the well-
known deficiency of the RPA total correlation energy [21]
via a LDA-like correction term (a prescription often
labeled as RPA+) [20]. This scheme will be denoted in
what follows as EXX-RPA + . Moreover, instead of solv-
ing self-consistently the KS equations for the EXX-RPA+
potential [22], we evaluated the XC energy using the KS-
LDA electronic structure as commonly done in ab initio
many-body calculations [17]. We have explicitly checked
that the use of GGA or EXXc KS states as a basis for the
EXX-RPA+ expressions has little effect (less than 2%) on
the final XC energy.

Some technical details are relevant. The KS response
function is computed in reciprocal space using well con-
verged KS orbitals and eigenenergies obtained from the
ABINIT code [23]. The interacting responses Y, are then
obtained for each vector in the Brillouin zone, imaginary
frequency u, and coupling parameter A using the SELF code
[24]. Finally, the RPA correlation energy is calculated
according to Eq. (1) using a sixth order Gauss-Legendre
sampling for A integration. The imaginary frequency in-
tegrals are done using two Gauss-Legendre grids, each
typically comprising 24 points. This allows a well con-
verged evaluation of the contributions from both small and
large imaginary frequencies. The convergence with respect
to the Brillouin zone sampling has been also carefully
checked (the exchange energy is very sensitive to this

sampling). Nonetheless, the critical convergence parame-
ters from a computational point of view are the number of
unoccupied bands and reciprocal space vectors in Eq. (2).
The use of a plane-wave representation allows a systematic
simultaneous convergence with respect to these two pa-
rameters. Further technical details, together with more
applications to metallic systems and graphite, will be
presented elsewhere.

Before studying the weak interlayer interaction in 4-BN,
it is illustrative to analyze the impact of the exchange-
correlation effects at the EXX-RPA+ level for two proto-
type compact structures: bulk Si (as covalent semiconduc-
tor) and NaCl (as ionic material). It is known that the
standard XC functionals, like GGA, provide a good de-
scription of those systems. This is confirmed in the present
ACFDT scheme as the impact in the lattice constant of the
EXX-RPA+ XC energy correction is below 0.5%. How-
ever, the hybrid EXXc overcorrects the GGA results spe-
cially in the low density regime of bulk Si due to the LDA
overestimation of the correlation energy for low densities
(see inset of Fig. 1). Nevertheless, this does not compro-
mise very much the accuracy of the EXXc approach since
in this case the exchange energy dominates [Ex(11) —
Ex(9.6) = 0.2 Ha > E(11) — Ec(9.6) = 0.01 Ha] [25].

The previous scenario, where the variations of the ex-
change energy is at least 1 order of magnitude larger than
correlation, changes completely in the case of 4-BN. As
displayed in Fig. 1, the variations of Ex and E around the
equilibrium interlayer distance d.q in h-BN are of the same
order of magnitude (few mHa) and at least 1 order of
magnitude smaller than for Si or NaCl. Thus, small errors
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FIG. 1 (color online). The LDA, EXX-RPA +, and GGA
exchange and correlation energies per unit cell for A-BN as a
function of the layer-layer distance d (the correlation energy of
Si as a function of the lattice constant a is shown in the inset).
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are more clearly visible and correlation plays a much more
important role than in the case of the compact structures.
Hence, a consistent description of exchange and correla-
tion is needed to reproduce the delicate energetic interplay
in the weak interlayer bonding of #-BN. This consistency
is absent in the EXXc prescription and, as a consequence, it
provides too large (or even unbound) interlayer equilib-
rium distances, as showed in Fig. 2. To a lesser extent, this
problem is also present in the vdW-DF scheme designed to
treat vdW forces in an approximate manner [7] that largely
overestimates the equilibrium distance (6.86 compared to
6.24 a.u.), while underestimating the bulk modulus. The
GGA follows the very same trend as the EXXc. This puts in
evidence the fact that GGA exchange greatly improves
upon the LDA (and, hence, provides better chemical prop-
erties of molecules), but does not do such a good job for
correlation. Instead EXX-RPA +, which consistently treats
exchange and correlation, correctly predicts #-BN to be
stable, with structural parameters in excellent agreement
with experiment (see Fig. 2). Furthermore, in contrast to
LDA, GGA, and EXXc, EXX-RPA+ naturally embodies
the correct long-range d~* vdW power law dependence of
the energy [6] as a function of interlayer distance, thus
merging continuously the covalent and vdW regimes. This
is confirmed in Fig. 2 where, for d larger than 7.5 a.u., we
observe that LDA deviates from the correct total energy
dependence (given by EXX-RPA+). By looking at the
LDA XC contributions in Fig. 1, we see that even if both
Ex and E. are poorly described, the XC energy depen-
dence on the interlayer distance is similar to the ACDFT
result. Nevertheless, the slope of the LDA XC energy is
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FIG. 2 (color online). Variation of the total energy per unit cell
of h-BN versus the layer-layer distance d. While EXX-RPA+
binds the h-BN layers, GGA and EXXc dramatically fail.
EXX-RPA+ improves the equilibrium interlayer distance com-
pared to vdW-DF [7] and LDA, whose good performance is
merely due to the cancellation of errors. The EXX-RPA+ error
bars come from the extrapolation technique used to extract the
correlation energy from values corresponding to finite number of
bands and reciprocal space calculations. The experimental equi-
librium distance is taken from Ref. [26].

larger than the ACDFT one. This difference is responsible
for the smaller interplane distance in the LDA as compared
to EXX-RPA + , being the latter (6.25 a.u.) in stringent
agreement with the experimental value deg” = 6.24 a.u.
[26]. Moreover, in the ACFDT the LDA bulk modulus B
is increased by about 5% in better agreement with the
experimental value (in contrast to the vdW-DF scheme
[7] where B is reduced). Therefore, while the relative
success of the LDA around the equilibrium configuration
is merely due to a cancellation of errors the EXX-RPA+
scheme provides better structural properties describing
equally well the correlation and the exchange energy.
This shows that the ACFDT ab initio scheme is suitable
to study very different regimes, like Si and NaCl, where the
exchange energy dominates, or like #-BN, where the suc-
cess is bound to a correct balance of correlation and
exchange contributions.

An additional severe test of the accuracy of the EXX-
RPA+ method is given by the calculation of the vibrational
spectra of 1-BN. LDA and GGA in-plane lattice dynamics
[3] reproduces fairly well the available experimental re-
sults. Similarly, the results of a frozen-phonon calculation
within the present EXX-RPA+ scheme give in-plane modes
at the high-symmetry points within a few percent from ex-
periments (and LDA or GGA). The situation changes con-
siderably for interplane modes where the LDA and GGA
phonons differ by up to 30% when calculated at the ex-
perimental interplane distance (this is the only way to com-
pare the results as GGA does not bind 4-BN and LDA
overbinds). Indeed, modes related to interlayer vibrations
would be very much sensitive to errors in the correlation
functional (as the typical variations in the correlation en-
ergy that has to be resolved are up to 2 orders of magnitude
smaller for interlayer phonons than for structural charac-
terization). Furthermore, recent second-order Raman ex-
periments [27] have suggested that the interplane modes
are greatly underestimated in the theoretical calculations.
In particular, they quote a frequency value for the I} pho-
non mode (where two BN planes rigidly slide against each
other) of 310 cm ™!, which is about a factor of 3 larger than
the LDA (90 cm™!) or GGA (122 ¢cm™!) values [28], com-
puted at the experimental lattice parameters. If the experi-
mental analysis based on overtones were correct it would
imply that correlation effects (dispersion forces) are very
important for those vibrations. This point can be directly
addressed by the present EXX-RPA+ scheme as we have
shown that it describes properly the structural properties of
h-BN and accounts at the same time by construction for the
long-range vdW forces. Surprisingly, the calculated EXX-
RPA+ T’ phonon mode energy is 130 = 10 cm ™!, re-
gardless of the use of the theoretical or experimental lattice
parameters. Therefore, it is clear that improving the de-
scription of XC effects upon LDA brings the I'; stiffer, still
not close to the experimental assignment. However, this
huge discrepancy can be drastically reduced if in the
analysis of the experimental data we allow for the whole
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set of double-phonon processes (sum and difference) con-
sistent with the selection rules of Raman scattering instead
of considering only phonon overtones. If we do so, the new
frequency assignment for the I’} phonon mode is about
125 cm™! [29], still in disagreement with the LDA value
but very close to the EXX-RPA+ result and to the GGA
value (in spite of the fact that it does not bind #-BN).
Therefore, EXX-RPA+ solves unambiguously this puz-
zling situation, providing an accurate method to evaluate
the role played by the exchange-correlation effects.

In summary, we have shown that EXX-RPA+ correctly
describes the structural properties, the on-plane and the
out-of-plane phonon modes of #-BN. While both GGA and
EXXc do not predict the hA-BN layers bonding and LDA
underestimates both the interlayer phonon mode frequency
and interlayer distance, EXX-RPA+ provides a consistent,
accurate and successful alternative scheme. Thus, we have
shed light about the performance of standard ab initio tech-
niques when applied to layered systems where any im-
provements upon LDA require equally accurate treatments
of exchange and correlation effects. The EXX-RPA+
scheme presented here opens the field to more elaborate
ab initio applications in the wide field of sparse systems
and soft matter.
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