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We demonstrate a high-throughput Density Functional Perturbation Theory (DFPT) methodol-
ogy capable of screening compounds for their dielectric properties. The electronic and ionic dielectric
tensors are calculated for 88 compounds, where the eigenvalues of the total dielectric tensors are
compared with single crystal and polycrystalline experimental values reported in the literature.
We find that GGA/PBE has a smaller mean average deviation from experiments (MARD=16.2%)
when compared to LDA. The prediction accuracy of DFPT is lowest for compounds that exhibit
complex structural relaxation effects (e.g. octahedra rotation in perovskites) and/or strong anhar-
monicity. Despite some discrepancies between DFPT results and reported experimental values, the
high-throughput methodology is found to be useful in identifying interesting compounds by ranking.
This is demonstrated by the high Spearman correlation factor (p = 0.92). Finally, we demonstrate
that DFPT provides a good estimate for the refractive index of a compound without calculating the
frequency dependence of the dielectric matrix (MARD=5.7%).

I. INTRODUCTION

Dielectric materials form an integral component of
electronic devices such as capacitors and field effect
transistors and hence, are particularly important for a
plethora of modern technologies, from computer memory
(DRAM) to sensors and communication circuits. Fur-
thermore, supercapacitors can be attractive for energy
storage due to their fast charge and discharge perfor-
mances. Another quantity that results from the elec-
tronic part of the dielectric constant is the refractive in-
dex. A material’s refractive index is a critical property
for optical applications such as light-emitting diodes and
optical fibers with applications that extend from commu-
nications and electronics to the automotive industry.

Improved dielectric materials would not only allow for
cheaper and more efficient devices but could also help in
miniaturization. There is a need for materials with spe-
cific dielectric properties, both low-k and high-k. Given
the trend towards all-electric vehicles, the transporta-
tion sector is likely to become increasingly involved in
the search for optimal dielectric and optical materials
with requirements that might be quite different to those
of the electronics industry. High-throughput ab initio
simulations that can calculate properties for thousands
of materials* would tremendously accelerate the field
of dielectric materials design. Over the last few years
there have been efforts to perform high-throughput ab
initio calculations in order to accelerate materials dis-
covery and to create databases focusing, for example,

on band gap and structure prediction?®2. In the case

of dielectric materials, Density Functional Perturbation
Theory®? (DFPT) provides a relatively inexpensive way
to compute both the electronic and ionic tensors.

In this article, we focus on high-throughput screen-
ing specifically tailored to the discovery of new dielectric
materials®?. The first step is to carefully assess the ac-
curacy of the method and the cases where it can, (or
cannot), be applied. We propose and assert a high-
throughput methodology for dielectric tensor computa-
tions within DFPT, testing convergence parameters on
a set of 88 known compounds, where we compare the
results to experimental data. In this way, we obtain a
large scale and statistically significant assessment of the
typical error from DFPT within both the Local Density
Approximationi® (LDA) and the Generalized Gradient
Approximationt!12 (GGA). In particular, we compare all
88 compounds - consisting of 42 elements and belonging
to 14 point groups - with experimental data by bench-
marking against the eigenvalues of dielectric tensors of
single crystals when that information is available. This
work is, to the best of our knowledge, the largest com-
parison of DFPT results with experimental data for both
the dielectric constant and refractive index.

II. THEORY AND METHODOLOGY

In order to validate the high-throughput workflow,
the computational results were benchmarked against 88
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FIG. 1. Flowchart summarizing the methodology for calcu-
lating the dielectric constant of compounds using DFPT.

compound structures, for which experimental measure-
ments were found. The calculation methodology is sum-
marized in the flowchart in figure [l All structures
were downloaded from the Materials Project Database?:2.
To ensure adequate structure relaxation and suitabil-
ity, they were checked to have interatomic forces less
than 0.05 eV/Angstrom and a bandgap higher than
0.1 eV. It should be noted that the compounds in
the Materials Project Database are calculated with
GGA/GGA+UM 3 which would likely underestimate
the band gap. However, there are also cases for which
a more careful calculation yields a metall4. Using the
DFPT method as implemented in the Vienna Ab-initio
Simulation Package (VASP)L3 18 the dielectric constant
was calculated using 8 different parameter sets (table
). For all calculations, the Projector Augmented Wave
(PAW) pseudopotentials!®2? and the GGA/PBEL:12
+U1314 exchange-correlation functional were used. In
each simulation the electronic convergence was assumed
successful once the energy change was less than the pre-
defined energy tolerance (see table ). In addition, using
parameter set 7 from table [[, we performed calculations
with the LDAL? exchange-correlation functional, for com-
parison with GGA.

The total dielectric tensor €;otq; is given by:

€total = €0 + Z €u (1)
o

where e is the electronic contribution and ¢, is the
oscillator strength for mode p. The ionic contribution
is included by perturbing the structure along certain di-
rections and calculating the resulting polarization. The

TABLE I. Parameters for the 8 different calculation sets and
the average required CPU time. A k-point density of 1,000
implies a k-point mesh of 1,000 / (number of atoms in super-
cell). The quoted CPU times are total, across all cores. We
used 24 cores for each calculation.

Set 1|Set 2|Set 3|Set 4|Set 5|Set 6|Set 7|Set 8

k-point 1000 | 3000 | 6000 | 9000 | 3000 | 3000 | 3000 | 3000
density

Energy 107%(107%]107%|107% 1075|1077 |107%|107°
tolerance (eV)

Energy 800 | 800 | 800 | 800 | 800 | 800 | 600 |1000
cut-off (eV)

Average CPU | 350 | 416 | 480 | 589 | 337 | 447 | 349 | 429
time (hours)

Born effective charge for ion « is defined as:

. Q0P
™4 = Tel 5y

(2)

where e is the electronic charge, €2 the supercell vol-
ume, P; the polarization in direction ¢ and T‘;a)
tion in space of ion « in coordinate j.

The oscillator strength for each phonon mode p can be

calculated using:

the posi-

A Ly a0
o a,ij? B,ik%p,ai G, Bk
Cp = Z 1/2 1/2Q 2 3)
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where m,, is the mass of ion « and ¢y the permittivity
of free space. a, and w, are the eigen-mode and eigen-
frequency of mode g which are determined with the help
of the force-constant tensor (Hessian of the energy with
respect to ionic positions). More details about how the
electronic dielectric tensor, Born effective charges, force-
constant matrix and the related dynamical matrix are
calculated within the framework of DFPT are given in
the following references? 2123,

Regarding the calculation of €., we note that local field
effects are sometimes not included, which is specified in
the surrounding text. The term “local field effects” sig-
nifies how the microscopic dielectric tensor is being in-
verted. Formally, the macroscopic dielectric tensor is
calculated from its microscopic analogue as:

1
€mac — — (4)
(emilc)c;:o,c;/:o

where and G and G’ are reciprocal lattice vectors. If
we assume €} to be quasi-diagonal, we ignore local field

effects and the above formula becomes:

€mac = (emic)GzoyG/:() (5)



After each DFPT calculation, a number of sanity
checks were implemented (figure[I]). First, the calculated
dielectric tensor was ensured to be symmetric and to have
the right structure for the point group of the compound.
Specifically, it was checked that the change in the di-
electric tensor by symmetry operations in the respective
point group was less than 10% or 2 relative and abso-
lute respectively. In addition, materials with a Gamma
point acoustic phonon mode greater than 1 meV were
excluded. However, compounds with imaginary optical
Brillouin Zone phonon modes were flagged as potentially
ferroelectric.

In order to validate the computational results, the
eigenvalues of the dielectric tensor were compared di-
rectly with those obtained experimentally. If experimen-
tal results on single crystals were not available, an ef-
fective polycrystalline dielectric constant was calculated
according to2?:

L 3A1A2)3
PO T N TAg + Mds + Aods

(6)

where \; are the eigenvalues of the calculated dielec-
tric tensor. The experimental values were all measured
at room temperature - except for a few cases where the
temperature was not specified.

The refractive index is calculated by taking the square
root of the average of the eigenvalues of the electronic
dielectric tensor. Here we assume that the ions do not
relax in the external electric field at optical frequencies
and hence the ionic contribution to the dielectric constant
is negligible.

Finally, in order to quantify the deviation of DFPT re-
sults from experimental values, we define the Mean Ab-
solute Relative Deviation (MARD) as:

100 <~ |z; — T

where N is the number of compounds, x the DFPT
calculated value and T the experimental value.

III. CONVERGENCE

Figure 2] shows the convergence of the electronic and
ionic tensors with k-point density, energy tolerance and
energy cut-off. From the scale of the y-axis, it is immedi-
ately apparent that the electronic tensor converges faster
with energy tolerance and energy cut-off than the ionic
part. Conversely, the number of k-points appears to be
important for both.

We believe the ionic portion converges slower than the
electronic due to the extra calculation steps required to
obtain the phonon eigenfrequencies and eigenmodes. In
order to calculate the ionic contribution, it is necessary

to obtain in addition to the converged electronic struc-
ture, a converged force-constant matrix which depends
on the Hessian of both electron-ion and ion-ion inter-
actions. Indeed, we observed that most materials with
equal or higher than 10% convergence error in the elec-
tronic tensor, have equal or higher than 10% error in the
ionic tensor too.

More specifically, regarding convergence of the elec-
tronic tensor, we found the materials that had equal or
higher than 10% convergence error at a k-point density
of 1,000 were: CuCl, CuBr, ZnO, CdSe, PbS and PbSe.
Interestingly, these are all direct band gap materials with
relatively low DFT energy gap and high band curva-
ture at the band gap. Hence, one should expect that
a denser k-point mesh would be required to model elec-
tronic transitions between bands. The materials with
equal or higher than 10% error in the ionic tensor at a
k-point density of 1,000 were: CuCl, CuBr, PbS, PbSe
and AlCuSe;. This result corroborates the propagation
of errors from the electronic to the ionic constant as ar-
gued in the previous paragraph. In the case of AlCuSes,
we note that the convergence difficulty may be ionic in
origin due to the relatively large unit cell (8 atoms) and
the low symmetry group (142d). Interestingly, AlCuSe,
exhibits an error > 10% in the ionic tensor even at a
k-point density of 3,000.

Table[lists the average CPU time for the different pa-
rameter sets. Since this is a screening workflow, compu-
tational efficiency is of paramount importance in order to
allow scanning of a large number of compounds. By com-
paring figure 2 with table [ we believe that parameter
set 7 is a good balance between efficiency and computa-
tional convergence and hence, was chosen for comparison
of DFPT results with experimental data. Between differ-
ent compounds, we found that a significant part of the
total CPU time is devoted to the calculation of the ionic
part of the dielectric tensor. As a result, unit cells with
relatively more atomic sites and degrees of freedom are
computationally more expensive.

For electronic convergence, a combination of the
blocked Davidson iteration scheme and RMM-DIIS al-
gorithms were used for speed. However, difficult-to-
converge cases necessitated the exclusive use of the more
robust blocked Davidson iteration scheme. Our code per-
forms the change automatically if electronic convergence
is not achieved.

The results of the suggested workflow can, in most
cases, be assumed to be the converged DFPT values
within +10%. However, since this is a screening method-
ology, once an interesting material has been identified, it
is still recommended to run additional calculations with
parameters specifically tailored to the individual com-
pound.
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FIG. 2. Violin plot showing convergence of the electronic (top) and ionic (bottom) contributions with different simulation
parameters. The violin outline is the gaussian kernel density estimate of the data points that appear in the middle. Reference
calculations are rightmost on each sub-plot and appear as a horizontal line.

IV. COMPARISON WITH EXPERIMENTAL
DATA AND BENCHMARKING

In figure B we see that in most cases, it is possible
to predict the dielectric constant of materials with a rel-
ative deviation of less than +/- 25% from experimen-
tal values at room temperature. Including local field ef-
fects gives the smallest mean absolute relative deviation
(MARD=16.2% for GGA). The MARD for LDA is larger,
20.4%, therefore the following discussion refers to GGA
results unless explicitly stated. Furthermore, we note
a tendency to overestimate rather than underestimate
the dielectric constant relative to experiments, which is
a well-known effect of DFPT25 27 for the electronic con-
tribution. Although it has often been related to the band
gap underestimation problem of DFT, DFPT is a ground
state theory and hence, the dielectric constant should, in
principle, be described exactly28. In fact, as described
by various authors, the problem is likely linked to the
exchange-correlation functional29:28-32 Specifically, the
exchange correlation functional has been found to depend
on polarization but the actual dependence formula is, un-
fortunately, not known2622:30  Additionally, the validity
of GGA depends on the charge density varying slowly
- an assumption that may be broken when an external
electric field is applied22.

There are several reasons why one should not ex-

pect exact agreement between experimental results and
DFPT. First of all, DFPT results should be compared

to those of a single crystal which, are often not avail-
able. Although, in such cases, equation [6] was used, it
should be kept in mind that it is only an approximation
oblivious to the size or directionality of the grains. Fur-
thermore, several other aspects, not included here, can
affect the experimental results, e.g., (1) temperature, (2)
pressure3?, (3) impurities, vacancies and defects in gen-
eral, (4) interfaces and (5) surface charges. For example,
temperature can impact the dielectric constant both neg-
atively and positively2?. Most importantly, experimental
results can vary significantly for the same compound and
depend on, for example, how the crystal was prepared,
the grain size and measurement technique. For instance,
for SnSy at T=300K, Lucovsky et al.2 found a value of
17.7 using Kramers Kronig analysis of IR-spectra while
Nikolic et al.2¢ reported a value of 20.25 from the interfer-
ence fringes in transmission measurements, constituting
a 7% deviation from the mean. SrTiOs has a dielectric
constant of ~300 at room temperature but it increases
to ~30,000 close to 0 K27. Another example is that of
BaTiOg for which, depending on the synthesis technique,
dielectric constant values ranging from 500 to 6,900 have
been reported38.

From figure Bl we find that specifically Te, AlCuSes
(un-converged) and MgFs, appear as outliers. AlCuSes
has the chalcopyrite crystal structure in which anhar-
monic effects have been shown to be important3?. As
discussed below in more detail, anharmonic effects may
lead to over- as well as under-estimation of the dielectric



TABLE II. List of perovskites, thallous halides and lead
chalcogenides. MP ID is the Materials Project Database?3
ID number for each compound.

Compound| MP ID |Spacegroup eg,?ﬁ etLO?a’? €experimental
BaTiO3 mp-5986 | P4mm | 19.44 | 39.5 244544
SrTiOs mp-5229 | Pm3m | 8.63 [249.65|  300%
BaZrO3 mp-3834 | Pm3m | 73.02 | 55.2 4345
KNbO3 mp-5246 | C2mm | 24.04 | 71.1 89044
LiNbO3 mp-3731 R3c 41.22 | 45.3 | 64.55%
TICI mp-23167| Pm-3m |232.83| 44.7 32,746
TIBr mp-22875| Pm-3m [180.17| 40.8 30.647
Tl mp-23197| Pm-3m [154.71| 44.5 29.648
PbS mp-21276| Fm-3m [284.25| 140.0 16942
PbSe mp-2201 | Fm-3m |364.75| 151.6 21020
PbTe mp-19717| Fm-3m [335.37 181.1 41451

constant. It is also interesting that, with the exception
of MgFs, all other outliers (including the LDA ones) are
chalcogenide compounds.

We also note that some perovskite compounds (except
for LiTaOg), thallous halides and lead chalcogenides have
been excluded from figure [3] but are listed separately in
table [l These compounds are ferroelectric or paraelec-
tric with a significant ionic contribution component. Per-
ovskite structures also present a relaxation challenge due
to the octahedral rotation effect3341:42 that is difficult
to capture with a single unit cell. However, it should
be mentioned that the high-throughput GGA results re-
ported here agree well with other, compound-bespoke, ab-
initio calculations for the electronic component of the
dielectric constant (e~ ) and Born effective charges (Z*)

(table [ITI)).

Comparing the GGA to the LDA results in table[IT] we
observe that the latter performs significantly better for
certain compounds (especially for the thallous halides,
SrTiOs and BaZrOs). However, as others authors have
found, the agreement may be fortuitous? and possibly
attributed to cancellation of errors?3. For example, from
table [Tl we observe that even though the LDA dielectric
constant of SrTiOg appears to be relatively close to the
experimental value at room temperature, this agreement
becomes questionable if one considers the experimental
value at 0 K which is ~30,00027. It is also interesting
that for SrTiOs, including 3s and 3p valence electrons
in the Ti pseudopotential, we found that the LDA result
changes from 249.65 in table[Ilto 626.10. The respective
change using GGA was 8.70 to 8.29.

Ferroelectrics, thallous halides, PbS, PbSe and PbTe
have been shown to exhibit significant anharmonic
phonon modes®® 80 while DFPT assumes quasi-harmonic
modes. Szigeti®! defined a parameter G that represents

the anharmonic contribution to the dielectric constant:

orl(), ()

In their study of TICI and TIBr, Shanker and
Sundaraj®® estimated large negative values for G and a
large negative dependence of the dielectric constant on
temperature. So, it is likely that many of the afore-
mentioned effects like temperature and pressure combine
with anharmonic behavior to produce the values in ta-
ble [Il Interestingly, we note that the value for LiTaOs3
(c.f. figure[) is within the +/-25% deviation boundaries
even though it is a ferroelectric perovskite (space group:
R3c) that exhibits strong anharmonicity. However, mode
softening for LiTaOs occurs at approximately 500 K&2.
Hence, we do not expect LiTaO3 to exhibit strong anhar-
monic effects at room temperature i.e. the temperature
at which the dielectric constant was measured experimen-
tally. Furhermore, for BaTiO3, SrTiO3 and KNbO3 we
found imaginary optical phonon modes at the Gamma
point. Flagging these 3 compounds as ferroelectric is in-
deed corroborated by experiments since they are widely
known to exhibit such behavior.

Despite these inherent weaknesses, it is possible to
identify compounds with suitable dielectric properties if
one considers the ranking or relative dielectric constant.
Figure[d shows that the ranking of the compounds based
on the DFPT prediction relative to that from experimen-
tal values yields a Spearman correlation factor of 0.92.
The Spearman correlation factor is defined as®3:

p=1——0 S (i -y (9)

n(n?—1) <

where x and y contain the ranking of each element of 2
series X and Y and n is the number of elements in each
of X and Y. It takes a maximum value of 1 when the
rankings of series X and Y are exactly the same. The
high Spearman correlation factor has important impli-
cations as it provides a high-throughput tool to identify
promising compounds that can be selected for in-depth
studies. After the high-throughput screening, one could
further analyze the materials that lie in the range of in-
terest to further understand their response to external
electric fields.

V. REFRACTIVE INDEX

Figure[Bl shows the comparison of the predicted refrac-
tive index with the experimental values for a subset of
85 compounds. The MARD and Spearman correlation
factor were calculated as 5.7% and 0.96 respectively. In
order to compare our calculated values, the experimen-
tal refractive index for each compound was obtained di-
rectly from the literature. Since the refractive index is
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FIG. 3. DFPT prediction versus experimental values

. The eigenvalues of the dielectric tensor are compared directly when

available experimentally as described in the theory section. Outliers with a deviation larger than 50% relative to experiments
have been highlighted. LaTiO3 and SnSe have also been highlighted for information.

TABLE III. Comparison of some compounds from table [[Il with other, compound-bespoke, ab-initio studies.

Compound| €s |€so (other studies) z* Z* (other studies)

BaTiO3 6.3 5.6 252 Ba:2.69, Ti:6.95, 0}:-5.63, O1:-2.10|Ba:2.77, Ti:7.25, O:-5.71, O :-2.15 222
SrTiO3 6.4 6.6323 Sr:2.55, Ti:7.45, O):-5.94, 01:-2.03 | Sr:2.55, Ti:7.56, 0):-5.92, 0 :-2.12%
BaZrO3 5.0 4.9134 Ba:2.72, Z1:6.23, 0:-4.95, 01:-2.00| Ba:2.75, Zr:6.12, O}:-4.8, 0 :-2.03>*
TICI1 5.0 - 1.98 2.0258

TIBr 5.7 5.258 2.06 2.10%2

TII 6.6 - 2.17 2.2155

PbS 15.8 16.4258 4.4 4.458

PbSe 19.8 19.23%¢ 4.8 4.956

PbTe 26.5 25.2656 5.7 6.5°¢

2 for a cubic structure

a function of frequency, we chose to record the value at,
or close to, 590nm given that the index was also mea-
sured at that wavelength and that the compound was
reasonably far from resonance. For directional crystals,
we calculated a simple average of the different directions,
which is justified given that the current analysis is obliv-
ious to frequency effects. The systematic overestimation
of the electronic part of the dielectric constant discussed
in the previous section becomes more apparent in figure
Table [[V] shows that neglecting the local field effects
increases the MARD by approximately 23%. The mean
absolute relative deviation is lower than that for the di-

electric constant and less than half as one might have
expected from the square root relationship. The latter
stems from the fact that the deviation of the DFPT pre-
diction from experiments is smaller for the electronic con-
tribution than for the ionic. Overall, figure Bl shows that
a reasonably good estimate for the refractive index can
be obtained from static DFPT calculations that consider
no frequency or resonance effects.



Total Dielectric constant

100, Spearman correlation factor: 0.92
PbSe
° L]
° L]
L] ° ..
80} . , - e
.o’ ¢ KNbO.
LI d 3
.. ° ® )
()] ¢ ’ °
£ 60 o.* * . BaTiO,
[ ° > °
g . .
g 40r ° Y °
= . . . . .
< ° . GaAgs,
* .. SITiO,
hd L)
20} oot ’ .
L] > ° i
L[]
L] o ° °
. e Lil
0 * P i i i
0 20 40 60 80 100

Experimental ranking

FIG. 4. Theoretical ranking of dielectric constant of materials versus the experimental ranking. The Spearman correlation
factor is 0.92.

MARD: 5.7 %,
7 Spearman correlation factor: 0.96
Te
+25%
oF
PbTe
5k
Le PbSe
nse e
. « Mg,Ge -25%
347 . Mg, Si
=
S 3t [ R el
e
2 £ IGE 2>
NaF; '

1r F

O L L L L L L

0 1 2 3 4 5 6 7

nezpm"imcntal

FIG. 5. Refractive index predicted by DFPT versus experimental values®?. The refractive index was calculated as the square
root of the average of the eigenvalues of the electronic dielectric tensor.



TABLE IV. Mean Absolute Relative Deviation (MARD) rel-
ative to experimental values for the refractive index predic-
tions.

With Local Field Effects| Without Local Field Effects
5.7% 7.4%

VI. CONCLUSIONS

We have constructed as well as validated a workflow
to calculate the dielectric constant in high-throughput.
Our method can be used for fast screening and ranking
of the dielectric constant and refractive index of materials
and can serve as a first estimate before expensive calcu-
lations or experiments are carried out. Moreover, it can
used to screen yet un-synthesized materials and identify
potentially ferroelectric compounds. Using our numerous
calculation results, we find that GGA is on average more
accurate than LDA. In some cases the DFPT method
leads to large deviation from experimental values - espe-
cially for the ionic part, which is due to the difficulty in
correctly describing the phonon modes. This could be

due to either complex structural patterns like octahedral
rotation or strong phonon anharmonicity. We note that
the method proposed here cannot be applied to materials
with zero DFT band gap. Additionally, we found that for
small band gap materials (<0.3 eV), an increase in the
density of k-point mesh beyond what is suggested here
will be necessary in order to obtain accurate results. Fi-
nally, we showed that it is possible to obtain consistently
accurate values for the refractive index of compounds us-
ing static DFPT calculations, provided the compounds
are far from optical resonance.
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