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We advance the algorithm for ab initio calculations of Raman spectra for large systems via apply-
ing external electric field, and complement it by a code implementation we name RASCBEC. With
the RASCBEC code, we have successfully benchmark crystalline materials and compute Raman
spectra of large molecules, and amorphous oxides. Our results demonstrate a remarkable level of
agreement with the results from other commonly used codes as well as the experimental data. The
electric field approach for Raman spectra calculation is designed to overcome the computational
challenges associated with the conventional approach, which requires the calculation of the macro-
scopic dielectric tensor at numerous molecular geometries. The key innovation in our approach lies
in obtaining the first-order derivatives with respect to the external electric field directly from VASP
(the Vienna Ab Initio Simulation Package), as the Born Effective Charge (BEC). The RASCBEC
code not only significantly reduces computational time, up to a factor of N/8, compared to the
conventional approach, where N is the total count of atoms within the simulation box. But also
maintains the same level of accuracy, employing first-order numerical derivatives that avoid the nu-
merical noise associated with algorithms requiring second-order derivatives, as seen in other electric
field-based methods. This advantage makes RASCBEC particularly beneficial for large molecules
and expansive amorphous systems.

I. INTRODUCTION

Raman spectroscopy [1] plays a pivotal role in eluci-
dating the atomic-level structure of disordered systems,
offering insights into the vibrational states of atoms.
Thanks to enhanced performance and sensitivity, this
technique has found extensive application in the char-
acterization and analysis of diverse materials [2–8].

The computational complexity associated with deter-
mining Raman intensity from a first-principles approach
parallels that required for calculating vibrational modes
[9]. To compute the derivative of the dipole moment
with respect to the nuclear coordinates, the macroscopic
dielectric tensor needs to be evaluated for a number of
molecular geometries that is on the order of six times
the number of atoms [10]. For large systems, the compu-
tational expense of a multitude of ab initio calculations
is considerable. Several widely-used codes are available
online to facilitate these calculations. Notable examples
include “vasp raman” developed by Fonari and Stauffer
in 2013 [11], and “Phonopy-Spectroscopy,” created by
Skelton et al. in 2017 [12]. These codes have undergone
rigorous testing, proving their accuracy and reliability,
and have been successfully applied to a wide array of
materials.

To overcome the computational challenges typically as-
sociated with large systems, and thereby expand the ap-
plicability to a broad spectrum of polyatomic molecules,
an alternative approach was introduced by Komornicki
and McIver in 1979 [13]. This approach predicts Ra-
man activity from potential energy gradient derivatives
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with respect to an external electric field. Mathemati-
cally equivalent to the widely-used method, it offers a
computational advantage as it requires the evaluation
of the dipole moment and its derivatives only once at
a single nuclear geometry. This is because these proper-
ties do not depend on the specific value of the applied
field. Subsequent to the initial proposition and further
development [14, 15] of this idea, Porzag and Pederson
discussed its computational framework in 1996 [9]. A
more comprehensive version, including implementation
within Quantum Espresso [16], was provided by Umari1
and Pasquarello in 2005 [17]. This method has demon-
strated its effectiveness, especially in the case of various
amorphous systems [18–23]. It has shown its capability
to handle large models, with sizes of up to 200 atoms.

One of the notable advantages that distinguishes this
method from other approaches aiming to accelerate Ra-
man calculations [24–28] is its relative ease of implemen-
tation and its exceptional efficiency in saving computa-
tional time, especially when dealing with amorphous ma-
terials. However, there are certain limitations to this
method. First, conducting Self Consistent Field (SCF)
calculations with a finite electric field can be problematic,
as highlighted in previous research [9], adding a level of
complexity to the method since reliable Raman intensi-
ties can only be obtained with well-converged wave func-
tions. Second, the relative error of numerically deter-
mined polarizability derivatives is highly dependent on
the magnitude of the electric field. This means that the
electric field cannot be too large or too small, and this
condition can be particularly limiting when studying ma-
terials with small band-gaps [17].

In this paper, we present a different implementation
of this method within the Vienna Ab-initio Simulation
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Package (VASP) [29, 30]. What sets our approach apart
from the previous setup [17] is our method of obtaining
the first-order derivatives with respect to the external
electric field directly from VASP, as the Born Effective
Charge (BEC). Instead of deriving forces and employing
a 5-point formula for second-order numerical derivatives
by the external electric field, we are able to utilize a 3-
point formula for the first-order derivative of the BEC.
This approach offers two key advantages. First, it en-
hances the efficiency and accuracy. The total number
of self-consistent minimizations required for the electric-
field-dependent energy functional is reduced from 25 to
8, which gains substantial time savings while maintain-
ing the same degree of accuracy. Secondly, our approach
widens the range of materials to which this method can
be applied, particularly to materials with small band
gaps. This enhancement is achieved by reducing the
number of differencing points from 5 to 3, resulting in
a more conservative range for the required electric field.
Our tests of this scheme on various materials, including
crystals, small band-gap large molecules, and amorphous
oxides, demonstrate that our method provides results of
comparable accuracy to the widely-used approach while
reducing computational costs by a factor of N/8.
The paper is structured as follows: In Section II, we

provide a comprehensive description of our method, out-
lining the scheme and deriving the formula for calculating
Raman spectra from the Born effective charge. Section
III is dedicated to the testing and validation of our imple-
mentation, which is performed using VASP. We begin by
examining a crystal, GeO2 and then extend our method
to a small band-gap magnetic molecule consisting of 448
atoms and to a 350-atom sample of amorphous Ta2O5. In
this section, we also delve into the comparison of our re-
sults with those obtained using other widely-used codes
and with experimental data. Additionally, we explore
the optimal strength of the applied electric field used in
computing the electric field gradient derivatives. Section
IV encapsulates the final conclusions drawn from our re-
search.

II. THE RASCBEC METHOD

The conventional method calculates non-resonant first
order Raman activity IRaman,s by the change in the po-
larisability tensor αs along the mode eigenvectors Qs for
each phonon mode s within the Placzek approximation
[31],

IRaman,s = const (ωL − ωs)
4 ℏ
2ωs

∣∣∣∣êi ∂αs

∂Qs
êj

∣∣∣∣2 (1 + n̄s) ,

(1)

where n̄s = [exp (ℏωs/kBT )− 1]
−1

is the mean occupa-
tion number of the phonon mode s, ωL is the frequency
of the incident light, ωs is the frequency of phonon mode
s, and êi and êj are the unit vectors of the electric field
direction (polarization) for the scattered and the incident

light.
The numerical computation of the polarizability ten-

sor αs is reformulated in terms of the macroscopic high-
frequency dielectric constant ε∞s [32],

IRaman,s ∝
∣∣∣∣ ∂αs

∂Qs

∣∣∣∣2 ≡
∣∣∣∣∂ε∞s∂Qs

∣∣∣∣2 ≈
∣∣∣∣∆ε∞s
∆Qs

∣∣∣∣2 , (2)

and the Raman activity is computed using the central-
difference scheme

IRaman,s,ij ∝
∣∣∣∣ε∞s,ij(+δ)− ε∞s,ij(−δ)

2δ

∣∣∣∣2 , (3)

where ε∞s,ij(±δ) are the components of the dielectric ten-
sor ε∞s evaluated at positive and negative displacements
∆Qs ≡ 2δ along the mode s.
In a system containing N atoms, computing its Raman

intensities necessitates the calculation of a total of 6N di-
electric tensors. This can be observed from Eqs. (1) to
(3). In these equations, N atoms contribute to the gen-
eration of 3N phonon modes. For each phonon mode,
calculating the dielectric tensor requires atomic displace-
ments in both positive and negative directions. As N in-
creases, the computational time required for this method
becomes significant.
To accelerate the process, the central idea is to avoid

the computational burden associated with N by rear-
ranging the order of the derivative sequence of the polar-
izability tensor:

∂αij

∂Qs
=

∑
k

∑
t

∂αij

∂ξkt

∂ξkt
∂Qs

=
∑
k

∑
t

∂Zikt

∂Ej

∂ξkt
∂Qs

. (4)

Here we utilized the Born Effective Charge (BEC), with
elements Zij . Zij is defined as the change of polarization
in the i-direction Pi with respect to the displacement
ξt,j of a given ion/atom t in the j-direction, presented
in Eq. (5), equivalently as the derivative of the Hellman-
Feynman force F in the i-direction on ion/atom t with
respect to the external electric field E in the j-direction,
shown in Eq. (6).

Zij,t =
∂Pi

∂ξt,j
(5)

Zt,ij =
∂Ft,i

∂Ej
(6)

By using Eq. (4) in Eq. (2), the Raman activity is now
calculated by taking the derivative of the BEC as pre-
sented in Eq. (7),

IRaman,s ∝
∣∣∣∣ ∂αs

∂Qs

∣∣∣∣2 =

∣∣∣∣∣∑
k

∑
t

∂Zikt

∂Ej

∂ξkt
∂Qs

∣∣∣∣∣
2

(7)

The BEC is a built-in capability of VASP [29, 30] and
∂ξkt/∂Qs is nothing but a coordinate transformation.
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The most complex aspect of this method is calculating
the derivative of the BEC with respect to the electric
field. Each atom’s BEC is represented as a 3× 3 matrix,
and the electric field is a 3 × 1 vector. Therefore, the
derivative becomes a 3× 3× 3 tensor,

∂Zik

∂Ej
=

∂2Fi

∂Ej ∂Ek
. (8)

Thanks to the symmetry in Ej , Ek, this tensor pos-
sesses only 18 independent components. By expanding
the Hellman-Feynman force in a power series up to the
third order in the electric field E, we can express BEC as
shown in Eq. (9) for applied electric fields E = (∆, 0, 0),
E = (0,∆, 0), and E = (0, 0,∆) and symmetrically as
in Eq. (10) for applied electric fields E = (−∆, 0, 0),
E = (0,−∆, 0), and E = (0, 0,−∆).

Zij =
Fi(E)− Fi(0)

∆
=

∂Fi

∂Ej
+
1

2

∂2Fi

∂E2
j

∆+
1

6

∂3Fi

∂E3
j

∆2 (9)

Zi,−j =
∂Fi

∂Ej
− 1

2

∂2Fi

∂E2
j

∆+
1

6

∂3Fi

∂E3
j

∆2 (10)

where the index −j denotes applying the electric field in
the negative-j direction. Then some of the components
of the derivative tensor can be immediately computed by
Eq. (11).

∂Zij

∂Ej
=

∂2Fi

∂E2
j

=
Zij − Zi,−j

∆
(11)

It is important to note that in Eq. (11), the second index
of Zij must be the same as the index of Ej because each
derivative considers changes in the electric field along the
same direction. Eq. (11) covers 9 out of the 27 com-
ponents required. Due to the sequential application of
an electric field in the x, y, and z-directions in VASP,
it is not possible to directly apply an electric field in a
diagonal direction. To calculate off-diagonal terms, we
employ a rotation of the lattice, for example rotating it
by an angle of −π/4 in the x-y plane then calculating
the BEC with this rotated structure and a new electric
field, E′ = (

√
2∆, 0, 0), where x′ represents the horizon-

tal direction in the rotated frame and corresponds to a
diagonal direction in the x-y plane relative to the orig-
inal lattice. This rotation allows us to obtain the off-
diagonal derivative terms. The details will be as follows:
For example, to get the off-diagonal term ∂Zzx

∂Ey
we con-

sider Zzx′ which is obtained by applying electric field
E′ = (∆,∆, 0). In Eq. (12) Zzx′ is expressed in the co-
ordinate system of lattice vectors.

Zzx′ =
Fz(∆,∆, 0)− Fz(0, 0, 0)√

2∆
(12)

By expanding Fz(∆,∆, 0) to second order in ∆, the ex-
pression becomes Eq. (14) (with unnecessary zero ar-
guments omitted). A similar expression can be ob-
tained in Eq. (14) for Zz,−x′ by applying electric field

E′ = (−∆,−∆, 0).

Fz(∆,∆, 0) = Fz(0) +
( ∂Fz

∂Ex
+

∂Fz

∂Ey

)
∆

+
(1
2

∂2Fz

∂E2
x

+
1

2

∂2Fz

∂E2
y

+
∂2Fz

∂Ex∂Ey

)
∆2 +O(∆3)

= Fz(0) + (Zzx + Zzy)∆ +
∂Zzx

∂Ey
∆2 +O(∆3) (13)

Fz(−∆,−∆, 0) = Fz(0)

−(Zz,−x + Zz,−y)∆ +
∂Zzx

∂Ey
∆2 +O(∆3) (14)

Zzx′ − Zz,−x′

=
[Fz(∆,∆, 0) + Fz(−∆,−∆, 0)− 2Fz(0)]√

2∆
(15)

=
√
2
∂Zzx

∂Ey
∆+

1√
2
(Zzx − Zz,−x + Zzy − Zz,−y).

By subtracting Zz,−x′ from Zz,x′ , the derivative
∂Zzx/∂Ey can be determined to be

∂Zzx

∂Ey
=

∂Zzy

∂Ex
= [

√
2(Zzx′ − Zz,−x′)− Zzx

+Zz,−x − Zzy + Zz,−y]/2∆. (16)

We can follow the same procedure for forces in the other
two directions, Fx′ = (Fx + Fy)/

√
2 and Fy′ = −(Fx −

Fy)/
√
2, allowing us to calculate four more elements in

the derivative tensor while taking symmetry into account,

∂Zxx

∂Ey
=

∂Zxy

∂Ex
= (Zx′x′ − Zx′,−x′ − Zy′x′ + Zy′,−x′

−Zxx + Zx,−x − Zxy + Zx,−y)/2∆ (17)

∂Zyy

∂Ex
=

∂Zyx

∂Ey
= (Zx′x′ − Zx′,−x′ + Zy′x′ − Zy′,−x′

−Zyx + Zy,−x − Zyy + Zy,−y)/2∆. (18)

By performing similar rotations in the xz and yz planes,
we can obtain the remaining 12 components of the deriva-
tive of BEC. Now that all elements of the derivative ten-
sor in Eq. (8) have been obtained, we can compute the
Raman intensity tensor once the BECs are ready. BECs
along the x, y, and z-directions can be computed in a sin-
gle calculation with the unrotated system to save compu-
tation time. The same applies to BECs along the −x, −y,
and −z-directions. The calculations using the rotated
system yield BECs along the xy, yz, and xz-directions,
both in the positive and negative directions. In total, the
calculations yield 8 BECs.

Our method offers several advantages: Firstly, in com-
parison to widely-used codes, our method requires only
8 Born Effective Charge (BEC) calculations, as opposed
to the 6N dielectric tensor calculations, resulting in a
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FIG. 1. Experimental and calculated Raman spectra of a
rutile-type GeO2 crystal using vasp raman and RASCBEC.

significant reduction in computational time. Secondly,
unlike previous setups aimed at accelerating Raman cal-
culations [17], which involve 25 force calculations and uti-
lize a 5-point formula for second-order numerical deriva-
tives of forces with respect to the external electric field,
our method directly computes 8 BECs from VASP and
employs a 3-point formula for the first-order derivative
of BEC. This approach substantially improves both ef-
ficiency and accuracy. Finally, our approach widens the
range of materials to which this method can be applied,
particularly those with small band gaps. This expansion
is achieved by reducing the number of differencing points
from 5 to 3, enabling a more conservative range for the
required electric field. Consequently, our method can be
applied to a broader variety of materials.

III. VALIDATION OF THE RASCBEC METHOD

In this section, we will assess and validate our method
through the examination of three different systems: a
rutile-type GeO2 crystal, an amorphous sample of Ta2O5

consisting of 350 atoms, and a large magnetic molecule
composed of 448 atoms. We start by using the rutile-type
GeO2 with a six-atom unit cell as the first test sample to
validate RASCBEC. The simulation data for modelling
rutile-type GeO2 (mp-470) is obtained from the Materi-
als Project [33]. Our approach is implemented through
RASCBEC. To validate our method, we have chosen to
compare with the well-established vasp raman code [11],
which utilizes the conventional method and is well-suited
for small crystal systems. All phonon calculations, dielec-
tric tensor calculations, and BEC calculations were con-
ducted using the Vienna Ab-initio Simulation Package
(VASP) [29, 30] with the generalized gradient approxima-
tion (GGA) Perdew-Burke-Ernzerhof (PBE) functional
on AMD EPYC 7702 processors. A cutoff of 520 eV is
used to converge the energy to less than 1e− 7 eV.
The calculated Raman spectra using RASCBEC and

vasp raman [11] are illustrated in Figure 1, with the ex-
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FIG. 2. Raman spectra of a rutile-type GeO2 crystal calcu-
lated using RASCBEC with different electric fields applied.

perimental Raman spectrum of rutile GeO2 measured
at 298K [34] also provided for reference. Both codes
produce Raman spectra featuring two prominent peaks,
which align with the experimental observations with
slight shifts in the peak positions: the experimental mea-
surements identify two peaks at 700 cm−1 and 872 cm−1,
while the calculations place the peaks at 727 cm−1 and
885 cm−1, as indicated by the dotted lines in Figure 1.
It is worth noting that RASCBEC and vasp raman yield
nearly identical results, with slight differences in peak
heights. This demonstrates the validation and accuracy
of RASCBEC for this particular system.

We should note that the accuracy of the Raman spec-
tra calculations with RASCBEC can be influenced by the
magnitude of the applied electric field (∆) used to com-
pute the electric field gradient derivatives. If the field is
too small, the errors may be dominated by DFT conver-
gence and round-off errors. Conversely, if the field is too
large, higher-order finite difference errors can become sig-
nificant. A test was conducted with varying electric field
strengths, ranging from 0.025 eV/Å to 0.2 eV/Å, and the
resulting Raman spectra are shown in Figure 2. It is
evident that the intensities of the Raman peaks change
with the strength of the electric field. Figure 3 and Fig-
ure 4 illustrate how the intensity varies with the elec-
tric field strength. There is a relatively flat region be-
tween 0.05 eV/Å and 0.125 eV/Å, indicating that within
this range, the computational results are stable. The
results presented in Figure 1 used an electric field of
E = 0.1 eV/Å. This choice falls within the stable region
where computational results are robust.

Timing information for both the RASCBEC and
vasp raman is presented in Table I. It is worth noting
that the estimated time for calculating ϵ or Z given in
the table should be considered an upper limit. This is be-
cause all BEC calculations performed after the first one
are faster. After the initial rotation, only one direction
of the electric field needs to be applied, as opposed to the
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FIG. 3. First peak height variation with electric field.
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FIG. 4. Second peak height variation with electric field.

three directions during the first calculation.
The comparison between RASCBEC and commonly-

used codes in terms of computational efficiency is based
on the number of dielectric tensor and BEC calculations
required. To put this into perspective, for a system of N
atoms, the conventional method will need to generate 6N
dielectric tensors. On the other hand, RASCBEC needs
only 8 BEC calculations, each with an electric field ap-
plied, and each of these calculations takes approximately
18 times longer than one without an electric field. As a
result, the time ratio between the conventional method
and RASCBEC is approximately N/8. This implies that
when N is greater than 8, RASCBEC becomes signifi-
cantly more computationally efficient than the conven-
tional method.

To highlight the advantages of our RASCBEC code for
handling large systems, we selected the spin-crossover
(SCO) magnetic molecule [Fe(tBu2qsal)2], composed of
448 atoms, which has gained attention in recent re-
search [35], and computed the Raman spectra of this
molecule’s low spin state using both RASCBEC and a
well-established Phonopy-Spectroscopy code [12].

1200 1300 1400 1500 1600 1700
Wavenumber (cm 1)

In
te
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ity

Phonopy_Spectroscopy (PBE+U)
RASCBEC (PBE+U)
RASCBEC (HSE)

FIG. 5. Calculated Raman spectra of the Fe SCO magnetic
molecule using Phonopy-Spectroscopy and RASCBEC

As depicted in Figure 5, the red and green curves repre-
sent the Raman spectra calculated using RASCBEC. The
red curve is obtained using PBE+U to compute the BEC,
while the green curve employs a hybrid functional. In
both cases, an electric field of E = 0.05 eV/Å is applied,
and the intensities of these two spectra are normalized us-
ing the same factor for comparison with the Raman spec-
trum calculated through Phonopy-Spectroscopy, which
is presented by the blue dashed curve. It is evident
that all three curves share common peak features, in-
cluding the phonon frequencies corresponding to each
peak and the relative intensities among the peaks. How-
ever, there are still discernible differences at specific fre-
quencies. These differences likely stem from the ap-
proximations made when computing derivatives numer-
ically, whether the derivative of the dielectric tensor in
the conventional method or the derivative of the BEC
in RASCBEC. When calculating derivatives, all numer-
ical methods involve some degree of approximation. In
the context of solids, these approximations tend to be
more reliable than in molecules. In molecules, certain vi-
brational modes can exhibit large vibrations, and anhar-
monic effects may become more pronounced. Nonethe-
less, even in the presence of strong anharmonicity, one
can select an electric field strength such that the re-
sponse to the electric field remains approximately linear.
This linearity is evident in Figures 3 and 4, where the
effects of the electric field are more pronounced as the
field strength increases.

The timing information for both RASCBEC and
Phonopy-Spectroscopy applied on this magnetic molecule
is presented in Table II. All computations were con-
ducted on AMD EPYC 7702 cores, utilizing the Vienna
Ab-initio Simulation Package (VASP) [29, 30] for first-
principle calculations. In terms of total computation
cost, the ratio between the conventional method and
RASCBEC is 54846900/982880 = 55.8, while the pre-
dicted ratio is N/8 = 448/8 = 56. This demonstrates
that RASCBEC is capable of saving a factor of 56 in
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TABLE I. Timing information of RASCBEC and vasp raman tested on rutile-type GeO2 crystal (6 atoms)

N = 6 Number of modes or Z Average time of getting 1 ϵ or Z Total time

Dielectric tensor (ϵ) 6(N − 1) = 30 1,700 sec (1 cpu) 51,000 sec

BEC (Z) 8 24,886 sec (1 cpu) 200,000 sec

TABLE II. Timing information of RASCBEC and Phonopy-Spectrosscopy tested on a magnetic molecule (448 atoms)

N = 448 Number of modes or Z Average time of getting 1 ϵ or Z Total time

Dielectric tensor (ϵ) 6(N − 1) = 2682 20,450 sec (32 cpu) 54,846,900 sec

BEC (Z) 8 122,860 sec (32 cpu) 982,880 sec
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RASCBEC

FIG. 6. Calculated Raman spectra of amorphous Ta2O5 using
RASCBEC compared with experimental data [36].

computation time for a 448-atom molecule while produc-
ing Raman spectra with the same level of accuracy.

Finally we test RASCBEC on large and complex sys-
tems: amorphous materials. Handling large and disor-
dered systems with thousands of first-principle calcula-
tions can indeed be a challenging task, given the sig-
nificant computational resources required. Fortunately,
RASCBEC is a valuable tool that can help manage and
streamline such complex calculations. We choose amor-
phous Ta2O5 as our test material. An amorphous sample
containing 350 atoms is prepared using a Molecular Dy-
namics (MD) simulation with the melt-quench method.
The MD simulation was conducted using the classical
MD simulation code LAMMPS [37] with a classical po-
tential formulated by Trinastic et al. [38]. The amor-
phous Ta2O5 sample was enclosed in a cubic box with
a box size of 16.43 Å. The preparation process involved
heating the sample to a high temperature of 6000 K and
then gradually cooling it down to 300K. This cooling
process was performed at a rate of 0.33K per picosecond.
After the cooling phase, we performed structural relax-
ation using Density Functional Theory (DFT). The slow
cooling rate employed in our computational approach was
chosen to ensure that the resulting amorphous Ta2O5

structure closely mimics real-world conditions to the best
of our abilities. This allowed us to create an amorphous
Ta2O5 structure suitable for subsequent Raman spectra
calculations.
The calculated and experimental Raman spectra [39]

are presented in Figure 6. The black curve repre-
sents the experimental measurement, while the red curve
corresponds to the Raman spectrum calculated using
RASCBEC. Dotted lines indicate the positions of the
peaks. It is evident that both the experimental and calcu-
lated spectra exhibit two main peaks, and these peaks are
closely aligned. In the experiment, the first and second
peaks are observed at 84 cm−1 and 672 cm−1, while in
the calculation, they are found at 95 cm−1 and 644 cm−1.
When using RASBEC for Raman calculations of amor-
phous Ta2O5, the computation time for a single BEC on
an AMD EPYC 7702 processor is approximately 65, 540
seconds using 256 CPU cores. Therefore, the total com-
putational cost is 524, 320 seconds. To provide context
on the conventional method for amorphous materials, we
attempted one dielectric tensor calculation, which took
around 52, 170 seconds using 256 CPU cores. Extrapolat-
ing this to the 2094 such calculations required, the total
computation time would be approximately 109, 243, 980
seconds. This demonstrates the significant advantage in
efficiency when employing RASCBEC for Raman spectra
calculations.

IV. CONCLUSION

In conclusion, in this paper we present a significant de-
velopment of the method to calculate Raman spectra us-
ing the finite difference gradient with respect to an exter-
nal electric field. We use this derivative, first-order in na-
ture, of the Born effective charge to replace the sum over
phonon modes of polarizability derivatives along mode
eigenvectors used in the conventional method. We call
the new method the RASBEC. Since for large systems
there is a large number of terms in the polarizability sum,
this allows us to expedite first-principles Raman calcu-
lations and probe large systems in an economical way.
This method saves computation time for large systems
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by a factor of N/8, where N is the number of atoms
in the simulation box. Tests of the RASBEC method
on an atomic crystal, a large magnetic molecule, and a
large amorphous system verify its ability to reproduce the
results of the conventional method and its significant re-
duction in computational cost. Because of the connection
with VASP, we foresee a great impact on the condensed
matter and materials physics community. Applying this
method to calculate Raman activity for even larger and
more complex systems is possible, and we will explore
more directions in the future.
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