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We present a first-principles study of the structural, dielectric, and lattice dynamical properties for chalcopyrite
semiconductor ZnSnP,. The structural properties are calculated using a plane-wave pseudopotential method of density-
functional theory. A linear response theory is used to derive Born effective charge tensors for each atom, dielectric constants
in low and high frequency limits, and phonon frequencies. We calculate all zone-center phonon modes, identify Raman and
infrared active modes, and report LO-TO splitting of the infrared modes. The results show an excellent agreement with

experiment and propose several predictive behaviors.
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1. Introduction

Ternary ABC; semiconducting crystals having chalcopy-
rite structure have been synthesized from I-III-VI, and [I-IV—
V; elements. They are derived from their binary analog zinc-
blende II-VI and ITII-V semiconductors, respectively. ZnSnP;
is a relatively little studied ternary chalcopyrite semiconduc-
tor material of the II-IV-V; family. Recently, ZnSnP, has
received a great deal of attention as a photovoltaic material.[!]
It is a promising candidate, given that its direct band gap of
1.68 eV!?! yields a high theoretical photovoltaic conversion
efficiency close to 30% in AM1.5G sunlight at the Shockley—
Queisser limit.’] Undoped ZnSnP; typically shows p-type
conductivity. [+

Born effective charges, low frequency dielectric con-
stants, and the phonon frequencies provide important infor-
mation about the properties of the materials. The vibrational
properties of ZnSnP, have been widely investigated for the
past 40 years by a number of experimental and theoretical
methods.[%1% Experimentally, the infrared (IR) reflectivity of
ZnSnP; (at 295 K) was measured by Zlatkin et al.!®) in 1969,
and the corresponding optical constants and vibrational fre-
quencies are determined. However, no Raman-active modes
are given. Employing Raman (R) spectroscopy and an in-
frared spectrometer, Mintairov et al.!”l measured the Raman
scattering and infrared reflectivity, respectively. Both Raman-

active and infrared-active modes are reported in Ref. [7]. Nev-
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ertheless, some modes have not been found in previous exper-
iments.

Several earlier calculations have been performed to study
the dynamical properties of ZnSnP, by using phenomenolog-
ical models, such as rigid ion and Keating’s models. The
phonon dispersion relations over the entire Brillouin zone
of ZnSnP, were calculated using the rigid ion model by
Mintairov et al.!”! The zone-centered phonons of ZnSnP, have
been studied using Keating’s models by Bettini.[!% In ad-
dition, the phonon frequencies values have been calculated
by transfer of the spectral pattern.l”] The theoretical research
mentioned above has a limitation, that is to say, the poten-
tials in the calculations depend on experimental value. Iden-
tification of vibration modes in experimental measurements is
sometimes incomplete, partly because of the complexity of the
dispersion scheme in the chalcopyrite structure and partly be-
cause of experimental errors.

Nowadays the first-principles calculation has proved to
be a powerful tool for the study of lattice dynamical proper-
ties. First-principles calculations of dynamical properties of
ZnSnP, have been studied by Lazewski et al.'3! The calcula-
tions were done by the direct method!'!"'?! from HF forces
arising when a single atom is displaced from its equilib-
rium position. Generally, the first-principles investigation of
phonon frequencies is mainly divided into two categories:
the direct method and the linear-response method.!!>!4! The
longitudinal—optical/transverse—optical (LO-TO) splitting of
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the infrared active modes based on effective charges and di-
electric tensors are not directly given for the direct method.
However, the two quantities can be calculated directly by a
linear response method based on density functional perturba-
tion theory (DFPT).[13-16] Although there are some studies of
lattice dynamical properties for ZnSnP», they are still an im-
portant part of a full understanding of the phonon in the mate-
rial.

In this paper we present first-principles linear response
theory to investigate the lattice dynamics properties, such as
Born effective charge tensors for each atom, dielectric con-
stants in low and high frequency limits, and phonon frequen-
cies. This paper is organized as follows. In Section 2, we
briefly review the underlying theoretical methods. In the fol-
lowing sections, results are presented and discussed for geom-
etry parameters (Subsection 3.1), Born effective charge tensor
(Subsection 3.2), phonon frequencies (Subsection 3.3), and di-
electric tensor (Subsection 3.4), respectively. Finally, conclu-
sions are given in Section 4.

2. Computational method

Our calculations were performed with the ABINIT
package,!!”l which is based on density-functional theory
(DFT) using the pseudopotential method and a plane-wave
expansion of the wave functions. The interactions between
the ions and valence electrons were described using norm-
conserving local density approximation (LDA) pseudopoten-
tials which are generated in the scheme of Troullier—Martins
(TM)."8211 For the exchange—correlation potential we have
used the local density approximation data of Ceperly—Alder,
as parametrized by Perdew and Wang.!??! The Zn (3d'°, 4s?),
Sn (5s2, 5p2), and P (352, 3p3) orbitals are treated as va-
lence states. The pseudopotentials used in the present cal-
culations are soft potentials of the TM type, available on the
ABINIT website. The density-functional perturbation theory
is the basis of the linear-respond approach. Phonon frequen-
cies and atoms displacements are obtained using the linear-
respond method, which avoids the use of supercells and al-
lows the calculation of dynamical matrix at arbitrary q vectors.
Technical details on the computation of responses to atoms
displacements can be found in Refs. [23] and [24], while ref-
erence [14] presents the subsequent computation of phonon
frequencies, Born effective charge tensors for each atom, and
dielectric constants.

The calculations were carried out with a 36-hartree plane-
wave energy cutoff, and the tetragonal Brillouin zone (BZ)
was sampled with a regular and shifted 4 x4 x4 k-point mesh.
Convergence tests show that the BZ sampling and the kinetic
energy cutoff are sufficient to insure an excellent convergence
within 1 cm ™! for the calculated phonon frequencies.

3. Results and discussion
3.1. Structural optimization

The body-centered tetragonal chalcopyrite structure of
ZnSnP; is shown in Fig. 1. Each unit cell contains four for-
mula units and the point group is 42m (D,y). The chalcopyrite
structure is deduced from that of the zinc-blende by the re-
placement of the cationic sublattice by two different atomic
species. In general, II-V and IV-V bond lengths, denoted by
dii—v and dpy_vy, respectively, are not equal, which is men-
tioned in the substitution results in two different structural
deformations: the first one is the relocation of anions in the
x—y plane which is characterized by parameter u = 0.25 +
(df_y —d}_y) /a*. Here, a is the lattice constant in the x
or y direction. The second consequence of differing anion-
cation bond lengths is a deformation of the unit cell along the
z direction to a length ¢, which is generally different from 2a.
This tetragonal distortion is characterized by the quantity c/a.
For real compounds of pnictide II-IV-V, groups in most cases
¢/a=1.769-2.016 and u = 0.214-0.304.2%! The unit vectors
of the primitive cell are (a, 0, 0), (0, a, 0), (a/2, a/2, c/2).
The cations are located at 4a and 4b while anions are located
at 8d Wyckoff positions. Ion positions can be generated using
the following minimum set of (x, y, z) coordinates expressed
in units of the a and ¢ constants.

Group II: (0, 0, 0), (0, 1/2, 1/4);

Group IV: (0, 0, 1/2), (0, 1/2, 3/4);

Group V: (u, 1/4, 1/8), (—u, 3/4, 1/8), (3/4, u, 7/8), (1/4,
—u, 7/8).

Fig. 1. (color online) Crystal structure of ZnSnP; (chalcopyrite-type;
body-centered tetragonal-742d).

The ground state structural properties are obtained by
minimization of the total energy with respect to the unit
cell volume. The structural parameters are obtained by
optimizing lattice constants and atomic coordinates un-
til all force components are below 5x107> hartree/Bohr
(1 hartree=27.2114 e¢V). Table 1 summarizes our results ob-
tained after relaxation of the lattice constants, as well as the

8.26.27] and experimental values.!>?8! For

available calculated!
ZnSnP,, optimization of unit cell geometry within LDA leads
toa=>5.622 A, c = 11.233 A. The calculated lattice constants

are underestimated with the maximal error of 0.7%, which is
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typically the expected precision for the LDA. Even compari-
son with experimental values at the lowest temperatures avail-
able is, strictly speaking, not correct, since it neglects the an-
harmonic effect of the zero-point vibrations. Even so, the cal-
culated lattice parameters are found to be in good agreement
with the experimental ones. The optimized results show our
calculation method is feasible and we will adopt the optimized
structure parameters to calculate other properties.

Table 1. The equilibrium lattice constant a (c) (in unit A), axial ratio
¢/a and internal parameter for ZnSnP;.

Method a c c/a u
ABINIT-LDA (Present work ) ~ 5.622  11.233  1.998  0.231
VASP-LDA (Ref. [8]) 5.606 11.089 1978 0.227
VASP-GGA+U (Ref. [26]) 57706 11.443 2.005 0.228
VASP-HSEQ6 (Ref. [26]) 5.671 11352 2.002 0.232
CASTEP-LDA (Ref. [27]) 5.638 11.228 1.991 0.25
Exp. (Ref. [5]) 5.651 11.302 2.000 0.239
Exp. (Ref. [28]) 5.652  11.305 2.000  0.229

3.2. Born effective charge tensors

The Born effective charge tensor quantifies the macro-
scopic electric response of a crystal to the internal displace-
ments of its atoms. They are important quantities in obtaining
the LO-TO phonon splitting, also they provide some informa-
tion about the ionicity of the material. For atom k, the Born
effective charge tensor Z:; Ba is defined as the proportionality
coefficient relating, at linear order, the polarization per unit
cell, created along the direction f3, and the displacement along
the direction ¢ of the atoms belonging to the sublattice k, un-

der the condition of a zero electric field.['*! In this work, the

*

o for each atom of ZnSnP;

Born effective charge tensors Z
are calculated by DFPT.

Values of the calculated Born effective charge of ZnSnP,
are presented in Table 2. To the best of our knowledge, no
other first-principles calculations of the Born effective charge
for ZnSnP, exist. The form of Z;_’ Ba for atom k depends on
the site symmetry of the ions. The point symmetries at the site
of Zn ion and Sn ion are S4 (4a sites) and S4 (4b sites), re-
spectively. For P ion, the point symmetry at the site is C, (84
sites). The effective charge tensors for cations are diagonal and
obey Zi, = Zj, # ZZ., as required by symmetry for a tetrago-
nal crystal. According to the calculation results, cations have
diagonal Born effective charges with Z;, . =77, . = 1.76,
Zy, . =173, and Zg, . = Zg, ,, = 2.50, Zg, . =2.64. Z*
of cations are almost diagonal with an anisotropy of 2% for
Zn and 5% for Sn, respectively. The effective charge tensors
have nearly spherical symmetry, with small tetragonal distor-
tion caused by ¢/2a # 1. P ions, located at lower symmetry
sites, have nondiagonal and anisotropic Z*. For all anions,
Z[*,7ZZ = —2.18 while Zf;_’xx and Zf*’,yy take the value —1.99 or
—2.27 depending on the distortion of u. Also, depending on

the u distortion being along the x or y direction, the nondiago-
nal components Zf*%zx =+0.02, Z;xz =+0.13 0er’§7yZ =+0.13,
Zj;s’zy = £0.02 are different than zero. We can see that the
shape of Z* for P ions is far from a sphere. This behav-
ior has also been observed in the case of other chalcopyrite
semiconductors, 29321

The average eigenvalues for cations and anions are com-
parable to the values in Ref. [10].
eigenvalues (Z*(Z)) in our work for Zn, Sn, and P are 1.75,
2.55, and —2.15, respectively. Obviously, the three atoms have
smaller effective charges than their formal charges, +2, +4,
and —3 for Zn, Sn, and P, respectively. Such difference can be

The calculated average

derived from the strong covalent characteristic for bonds. To
the best of our knowledge, no other first-principle calculations
and experimental data of Z* for ZnSnP, exist. We have com-
pared our results with other literature data calculated with a

(101 This discrepancy is pronounced

different force-field model.
for the effective charges in Ref. [10] obtained by a least square
fit of the phonon energies and Coulomb splittings, probably
because of the use of approximate eigenvectors and assump-
tions about the dynamical charges. Earlier results by Akdogan
et al.l®!) gave Born effective charges of CuGa$S, with the same

linear response as ours, and average of eigenvalues Z* (1) dis-
played a good agreement with experimental data.

Table 2. Calculated Born effective charge tensors, Z*, eigenvalues of the sym-

metric part of Z*(A), average of eigenvalues Z*(A), and force-field model
effective charges of Ref. [10].

Atom A Z*(A)  Z*(A) Point charge of Ref. [10]
1.76 0.13 0.00 [1.76
zZ, —0.13 1.76 0.00 1.76 | 175 0.9
0.00 0.00 1.73 | 1.73 |
2.50 —0.31 0.00 [2.64]
Z%, 0.31 2.50 0.00 250 | 255 0.4
0.00 0.00 2.64 | 2.50 |
—1.99 0.00 0.00 [—2.29
Z, 0.00 —2.27 0.13 —2.16 | -2.15 -0.65
0.00 0.02 —-2.18,/ | —1.99 |
—2.27 0.00 0.13 [—2.29]
Z, 0.00 —1.99 0.00 —2.16 | -2.15 -0.65
0.02 0.00 —2.18,/ | —1.99 |

3.3. Phonons

The crystal symmetry of ZnSnP; is body-centered tetrag-
onal with a centro-symmetric space group /42d and a corre-
sponding 42m point group. Positions of nonequivalent atoms
are indicated in Fig. 2. There are four distinct P, two Zn, and
two Si atoms. Transformation properties of these atoms under
symmetry operations of the space group are noted in Table 3.
As a tetragonal crystal, ZnSnP; has phonon dispersion rela-
tions consisting of 24 branches whose group theoretical anal-
ysis at the BZ center (I') yields a decomposition into

I' = 1A, +2A>+ 3B, + 4B, +TE, (1
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where E is a double degenerate mode. The acoustic modes
correspond to one B; and one E mode. For optical modes, the
irreducible representation is

Iopt = 1A1 +2A,+ 3B + 3B, +6E. )

The A and B; modes are Raman-active, B, and E modes

are both Raman- and IR-active, and the A, mode is silent.
These IR modes are polar modes and subject to an LO-TO
splitting. Symmetry coordinates for the onefold A and B rep-
resentations are given in Figs. 2 and 3, respectively, and for
the twofold E representations in Fig. 4. A detailed discussion
can be found in Ref. [33].

Table 3. Character table for the Dy, point group (tetragonal).

- - Number
Dyy (42 E 2 2C, 2 A
2q (42m) Sy C C, oy Symmetry ctivity Optical Acoustic

A 1 1 1 1 1 X2 +y2 2 R 1 0

Ay 1 1 1 -1 -1 - silent 2 0

B 1 -1 1 1 -1 2 —y? R 3 0

B> 1 -1 1 -1 1 Xy R, IR 3 1

E 2 0 -2 0 0 (x, y), (xz, y2) R, IR 6 1
2(ZnSnP») to force the three acoustic phonon frequencies at the I" point

Yy . L .
i 0 ? equal to zero strictly as being implied by translation symmetry.
xT 1A12 U1
©Zn OsneP o o | . ol It
1 9 1 TE: V11 V12
° (33 ® @ o—o—0
Vo v3 @ @® V14 (Zl’l) V16 (Zn)
-
o | © @ | e 1 . 5n)
® ® V15 (Sn v17 (Sn)
oO—0—©

Fig. 2. (color online) (001) projection of unit cell showing positions of
four nonequivalent P atoms, the two nonequivalent Zn atoms and the two
nonequivalent Sn atoms. Symmetry coordinates for A modes (14| + 2A,);
displacements in the xy plane are represented by arrows and displacements
in the z direction by open and closed circles.

(& @ (&)
“Q 6 vs (Zn)
3Blt V4
° (- vg (Sn)
(© S O —
6 o e e v (Zn)
4Bs: () vg
0 9 ® @ v1p (Sn)

Fig. 3. (color online) Symmetry coordinates for B modes (3B +4B>); dis-
placements in the xy plane are represented by arrows and displacements in
the z direction by open and closed circles.

Complete phonon branches of ZnSnP, are plotted for the
high-symmetry lines in the BZ together with the correspond-
ing phonon density of states (DOS) in Fig. 5. An interesting
feature of acoustic branches around the I" point is observed,
especially along I'-X and I'-Z directions. In order to ob-
tain the phonon dispersion curves throughout the BZ, the dy-
namical matrices are obtained 4x4x4 grid of g points, and
real space force constants are then found by Fourier transform
of the dynamical matrices. The acoustic sum rule is applied

Fig. 4. (color online) Symmetry coordinates for E modes (7E); displace-
ments in the xy plane are represented by arrows and displacements in the z
direction by open and closed circles.

In Table 4, we compare calculated phonon frequen-
cies of ZnSnP; at the I" point with the measured Raman!”}
and infrared!®”! values. For comparison, we cite also the
phonon frequencies from theoretical calculations through di-
rect methods!®! and a classical model.[”%1%1 As shown in
Fig. 5 and Table 4, three groups of modes can be identi-
fied. A clear gap exists between the twelve upper energy
branches and the remaining twelve branches. The low fre-
quency group of modes has a range of values from 82 cm™!
to 115 cm™! and the medium frequency group of modes has
The high-
est frequency group of modes can be up to 370 cm~!. Un-

a range of values from 180 cm~! to 207 cm™!.

fortunately, some vibration modes have not been observed in
previous experiments, including infrared and Raman measure-
ments. To get more accurate measurements, inelastic neutron
scattering experiments should be adopted, but it is not avail-
able in previous works. Otherwise, for some of the modes
there are large differences among the reported theoretical fre-
quencies, for example the highest frequency B, mode ranges
from 350 cm~! to 375 cm™!. Our calculation shows that the
mode is at 365 cm™!, which is in very good agreement with
experiments. %71 It makes us very confident in the prediction
of the frequencies for the others.
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Fig. 5. Calculated phonon dispersion curves along symmetry lines
in the Brillouin zone and the corresponding phonon density of states
(DOS) for ZnSnP;5.

It should be noted that the direct method was performed
to calculate the phonon frequencies of ZnSnP, by Lazewski et
al.81 Although the calculated frequencies show a better agree-
ment with ours, the LO-TO splittings are not discussed. This
is because the splitting depends on the effective charges and
dielectric tensors of the system, which are not directly acces-

sible to the direct method. The IR modes group into modes
with displacements either in the x, y plane or along the z di-
rection. The £ mode has a displacement pattern in the x, y
plane, and the B, mode has displacements along the z direc-
tion. The LO-TO splittings for B and E modes are presented
in Table 4 and the values of LO-TO splitting agree well the

16,7

experimental results.!%7! The missing modes in the experiment

are predicted successfully. For ZnSnP;, the LO-TO splitting

is small, ranging from 0 cm~! to 10 cm™!

. The splitting is
even zero in the low frequency region, because the low fre-
quency modes are essentially the folded acoustic modes, they
correspond to whole molecular units moving relative to each
other. The largest difference appears on the £ mode with the
highest frequency. The large LO-TO splittings of these modes
suggest they involve large effective charges and make large
contributions to the static dielectric tensor of ZnSnP,. A sim-
ilar splitting case occurs for CuGaSe, and the results can be

found in Ref. [29].

Table 4. A comparison of calculated phonon frequencies (in unit cm™!) at the I" point with Raman and infrared data as well as with other theory values.

Two numbers in a row correspond to LO/TO frequencies.

Mode Theory/present Experiment Theory
IR IR R Ab initio'™®  Estimated!”  Keating’s model!!”?  Rigid ion model!”!
Al R 313 309 298 309 304 307
Ar silent 311 295 308 292
silent 345 333 332 331
B R 105 106 106 138 124
R 207 205 191 214 208
R 362 353 358 333 346 352
B> R, IR 101/100 105/101 98 149/148 140/139
R, IR 330/328 —/327 347/- 353/321 331 345/335 329/324
R, IR 365/364 —/368 365/- 360/359 350 375/354 372/348
E R, IR 82/82 7777 85 125/125 115/115
R, IR 115/115 119/116 108 165/164 154/153
R, IR 180/180 182/179 157 188/187 190/189
R, IR 328/325 318/313 317/- 325/321 318 312/311 317/315
R, IR 340/335 —/327 339/328 328/- 331/327 321 329/328 334/333
R, IR 353/343 —/368 360/342 342/- 354/331 337 375/345 378/350
3.4. Lattice dielectric properties Teller (LST) relation: 34!
The dielectric tensor for a tetragonal system such as this g =& (Dﬁo,m 3)
will be diagonal with two distinct elements. For ZnSnP,, the ” m 00%07,”’

calculated electronic (&) and static (&) dielectric tensors are
diagonal and have two independent components £ and ell
perpendicular to and along the ¢ axis, respectively. In Ta-
ble 5 we compare the values calculated for the dielectric ten-
sor of ZnSnP, with theoretical and experimental data avail-
able. The electronic dielectric constants are calculated to be
gf =¥ =& = 11.91 and ell = £ = 12.01. The static di-
electric tensor can be decomposed into contributions of differ-

ent modes and calculated by the generalized Lyddane—Sachs—

where the frequencies wy o, and @Wro,, are the long wave-
length limits for longitudinal and transverse vibrations, re-
spectively. According to the LST relation, the static dielec-
tric constants of & both directions are &;- = £5* = €}’ = 13.74
and e(l)‘ = g5° = 13.86, respectively, showing a nearly isotropic
character. The averages of €. and &, obtained from the ex-
pression €. (or &) = (2eX + sﬂ,) /3 are also shown in Ta-
ble 5. The components of & are much larger than those of
& as a consequence of the significant contribution to the low-
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frequency dielectric permittivity tensor due to ionic displace-
ments.

Table 5. Static and high frequency dielectric tensor components of ZnSnP,.

€

el et &

£ £ £ £
This work 1201 1191 1194 13.86 1374 13.78
Exp. (Ref. [6]) 8.14£0.2 10.0+£0.4
Calc. (Ref. [35]) 9.90
Calc. (Ref. [36]) 1268 1275 12.73
Calc. (Ref. [27]) 10.08

The dielectric properties of ZnSnP, have not been studied
very much experimentally. We are only aware of the measure-
ment of the dielectric constant of ZnSnP, in which a value of
€. ~2 8.1 (or & == 10.0) has been reported in Ref. [6]. On the
theoretical side, the dielectric constant has been calculated by
Verma et al.®* using a plasma oscillations theory. & from
Ref. [35] is 9.90 and seems to be more consistent with the
experimental value 10.0. Our calculated values and previous
theoretical values'?’-*! are calculated by using the DFT and
larger than the experimental results. The overestimation of the
calculation is a well-known fact of the DFT due to the un-

[34,37,3

derestimation of the band gap. 81 We note that a smaller

energy gap E, yields a larger & value. This can be explained

1.1391 The Penn model is based

on the basis of the Penn mode
on the expression & ~ 1 + (ha)p/Eg)z. It is clear that & is in-
versely proportional to Eg. The dielectric constants calculated
in our work deviate from other theoretical datal?>”3>! because

a small band gap was adopted in the calculation.

4. Conclusions

To summarize, we have presented first-principles calcu-
lations of the structural, dielectric, and, in particular, of the
lattice dynamical properties of the chalcopyrite semiconductor
ZnSnP,within the density-functional theory and pseudopoten-
tial methods. The optimal ground state structure is studied
within the LDA approaches. The relaxed lattice constants are
found to be in good agreement with the experimental ones with
the maximal error of 0.7%. Born effective charge and dielec-
tric constants are calculated within the linear response theory.
The calculated average eigenvalues Z*(i) for Zn, Sn, and P
are 1.75, 2.55, and —2.15, respectively. They are smaller than
their formal charges because of the strong covalent character-
istic for bonds. Our theoretical values of dielectric constants
tend to be overestimated in LDA calculations due to the under-
estimation of the band gap. The phonon frequencies at the I”
point of the BZ are calculated and their assignments are given.

The LO-TO splittings for B, and E modes are presented and
the values of LO-TO splitting agree well the infrared and Ra-
man measurements. We believe that our theoretical predic-
tions should be highly valuable for the experimental commu-
nity in the framework of the characterization of ZnSnP;.
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