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The three-stage calculation of the electronic and optical properties of T-phthalocyanine, where T = {Mn,
Fe, Co, Ni, Cu, Zn}, has been performed. On the first stage, the hybrid functional PBEO of the exchange-
correlation energy was employed. The use of the hybrid functional has enabled us to obtain better energy
levels of the semi-core 3d electrons of the T-elements. The crystal wave functions, electron densities,
potentials and the electronic energy band spectrum formed the basis for the second stage of the calculations.
The second stage was made on the basis of Green’s function (GF) approach, namely, on the first order of
perturbation theory, called the GW approximation. This approximation clearly takes into account the
electron and hole, but only in the static version of their interaction. In the formalism of the GF, we obtained
a quasi-particle spectrum of electrons and holes, which agrees very well with the experiment. Therefore,
having completed the second stage of the calculations, we have obtained a good basis for performing the
third stage, namely for calculating the optical properties of the materials under consideration. The third
stage has been done within the Bethe-Salpeter equation (BSE). Within this approach, the electron and hole
move, in contrast with PBEO and GW methods. Optical absorption obtained from the BSE approach
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illustrates better agreement with measured data for all the materials considered here.
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1. INTRODUCTION

During the last decades, interest to organic dyes has
been rising due to the development of organic electronics.
Organic dyes and chromophores are small molecular
materials, mostly polycyclic aromatic hydrocarbons
which are characterized by z-bonds. These materials are
especially attractive for their stability, processability and
profitability. Metal-doped phthalocyanines are a group of
two-dimensional aromatic compounds with an impurity
of metal atom inside (Fig. 1).
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Fig. 1 -Molecular structure of the list of investigated molecules:
X = Mn, Fe, Co, Ni, Cu, Zn

Copper phthalocyanine (CuPc) is a well-known
industrial dye. It is widely studied as a hole transport
layer in organic or hybrid heterojunctions [1, 2] as well
as a donor material in donor-acceptor heterojunctions
[3]. Zinc phthalocyanine (ZnPc) is quite similar to CuPc
(both Cu and Zn atoms have a fully occupied 3d shell)
and is investigated for the same purposes [3-5].
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PACS numbers: 61.46. + w, 31.10. + z

The investigations of magnetic properties of bulk
materials showed a paramagnetic behavior in the
materials except beta-MnPc and alpha-FePc, where
ferromagnetism has been discovered below 10 K [6].
Also diamagnetic properties have been defined in NiPc.
These results are explained by a weak interaction
between molecules. Thus, many works present the
investigations of single molecule objects or monolayers
on different substrates with the aim of control of
magnetic properties and perspective of the creation of
nanoscale spintronic devices [7, 8].

Our investigation is supposed to examine PBEO
hybrid functional by evaluation of electronic and
magnetic properties of the materials within both hybrid
and non-hybrid functionals and to obtain quasiparticle
properties taking into account excitonic effects.

2. METHODS

The exchange-correlation hybrid functional PBEO is
defined by the following equation:
E™™[p] = E™[p] + a(E™ [y,,1- E™[p,,])» (D
where ExPBE[p] is the GGA-PBE functional [9]; ExF[ ¥34]
represents the exchange Hartree-Fock energy; ¥3q and
pd denote, respectively, the wave function and the
electron density of strongly correlated d electrons. In
Eq. (1), the coefficient « determines the mixing part of
the exact Hartree-Fock exchange and GGA-PBE one.

All the calculations have been performed within the
projector augmented wave (PAW) method [10] and
ABINIT code [11]. In the ABINIT code, PBEO functional
is implemented for calculations within PAW approach
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as the so-called local exact exchange. This means that
mixing is performed for d-electrons only inside an
atomic sphere defined by re.

The summary of PAW options is presented in Table 1.

Unfortunately, ABINIT has some unimplemented
features, namely, GW calculation with the hybrid
functionals and BSE method for materials with metal
occupation.

Thus, we have performed two GW calculations for
pure phthalocyanine (H2Pc) and ZnPc within PBE
functional in order to obtain the so-called scissor energy
value which means the difference between GW and
GGA energy gaps. This value is needed to perform BSE
calculations. For both molecules, this value is the same
and equals 1.75 eV.

GW eigenvalues have been obtained within
standard “one shot” quasiparticle method.

How to avoid the inability to use the BSE approach
with metal occupation? First, we perform ground-state
calculations within PBEO functional and metal
occupation to define magnetization u for each molecule.
Then, having compared the values of x with the
experiment, we set the values of target magnetization
(spin S) for calculations with semiconductor occupation.

For each molecule we have performed calculations
with both PBE and PBEO functionals for zero and non-
zero magnetization (for NiPc, CuPc and ZnPc with zero
magnetization only) using the semiconductor type of
electron occupation. Finally, having obtained wave
functions and wusing scissor energy we evaluated
electronic properties within the BSE approach.

BSE calculations have been performed by direct
diagonalization of the excitonic Hamiltonian with
Tamm-Dancoff approximation (resonant-only).

Having performed the convergence study, we have
defined optimal plane wave cut-off energies: 60 Ry for
the wave function, 280 Ry for the electron density and
potentials and 6 Ry for RPA dielectric matrix. All
electronic and optical properties of molecules have been
calculated using the basis of states consisting of 190
bands.

Table 1 — The initial options for PAW generation: the cut-off
radii r. and valence basis states

Atom T, 'Bohr Valence states
H 0.9 1s!
C 1.3 2s22p?
Mn 2.1 3s23p%3df4s!
Fe 2.1 3s23p%3d74s!
Co 2.1 3s23pb3ds4s!
Ni 1.8 3s23p%3d84s2
Cu 2.0 3s23p%3d104s!
Zn 2.3 3d104g2

3. RESULTS AND DISCUSSION

Let us start the results revision from parameters
obtained within PBEO and with metal occupation. All
materials have shown the integral value of magnetization
close to the experimental ones, except CuPc (Table 2). A
single molecule of CuPc has no magnetization, while
experiments result S=1/2 for both alpha- and betha-
CuPc, but alpha-CuPc is paramagnetic and betha-CuPc
is diamagnetic. The energy gaps of materials are almost

JJ. NANO- ELECTRON. PHYS. 12, 05018 (2020)

equal, except CuPc again. Here, Eg is slightly higher than
half of the mean value for the list of other molecules.

The values of electron energy gap Eg obtained with
semiconductor occupation are not clear, thus we are
going to compare the imaginary part of the dielectric
function (DF) & as this parameter is more integrative
and informative.

In order to avoid the GW section due to the causes
mentioned in the methods section, we have applied the
same value of scissor energy (1.75 eV) for all molecules.

Considering & in MnPc we can notice that the
results for ferromagnetic case (S =3/2) show better
agreement with experimental absorption spectra. This
concerns both one-particle (PBE and PBEO) and quasi-
particle (PBE-BSE and PBEO-BSE) approaches. But
instead of a single peak at the edge of the optical gap, &
obtained within BSE has a more complex structure.
The most accurate result has been found within PBEO-
BSE approach for a ferromagnetic molecule (S = 3/2),
whereas & for S = 0 is shifted up to larger energies.
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Fig. 2 — Imaginary part of the DF & obtained within RPA and
BSE on the base of PBE and PBEO functionals in the molecule
of MnPc in comparison with experimental absorption spectra:
a—[12],b—[13]
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Fig. 3 — Imaginary part of the DF & obtained within RPA and
BSE on the base of PBE and PBEO functionals in the molecule
of FePc in comparison with experimental absorption spectra:
c—[14],d - [15]
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In CoPec, & obtained with PBE and S =0 is shifted
approximately by 2 eV towards higher photon energies,
that is far away from experimental spectra. In case of
PBE and S=1Y%, there is good agreement with
experiment. Considering PBEO we can notice a low
difference between & obtained for S=0 and S=1/2.
Both PBEO-based & are accurate in comparison with
experimental data. Two cases of PBE-BSE based &, are
not compatible with absorption spectra. The PBEO-BSE
results are more accurate but in both cases (S=0 and
S = 1/2) & is shifted by 0.2 eV towards lower energies.

In NiPc¢, both PBE and PBEO approaches give &
which show good agreement with experimental data.
However, in this molecule, quasiparticle methods (PBE-
BSE and PBEO-BSE) are less accurate. In both cases,
the first peak of & is shifted down by about 0.5 eV
compared with the experimental one.

Similarly to NiPc, in the CuPc molecule, we can
notice the small difference between DF's found within
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Fig. 4 -Imaginary part of the DF & obtained within RPA and
BSE on the base of PBE and PBEO functionals in the molecule
of CoPc in comparison with experimental absorption spectra:
e—[16],b—[13]
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Fig. 7 — Imaginary part of the DF & obtained within RPA and
BSE on the base of PBE and PBEO functionals in the molecule
of ZnPc in comparison with experimental absorption spectra:
g—[18], h—[19]

the PBE and PBEO approaches, as well as within the
PBE-BSE and PBEO-BSE, respectively. Here, both BSE-
based & are shifted down. The difference in the first
peak energies between one-particle and quasiparticle
approaches is around 0.5 eV.

The same is in ZnPc, but here the difference in the
first peak energies between PBE/PBEO and BSE is lower
and is around 0.2 eV. Theoretical and experimental
absorption spectra (Fig. 2-Fig. 7) and oscillator strength
(Fig. 8) allow us to reveal the relationship between the
maxima of dielectric functions and the dipole transitions
that form them.

4. CONCLUSIONS

In order to define electronic and optical properties of
transition-metal phthalocyanines, we have performed
the ground-state calculations with PBE and PBEO
functionals. The exchange-correlation functional PBE
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Fig. 8 — Interband density of states (DOS) and oscillator strength (OS) obtained within BSE approach on the base of PBEO for

each molecule. Spin S is given in brackets

Table 2 — The initial options for PAW generation: the cut-off radii r. and valence basis states

PBEO (metallic) PBE PBEO
Eg, eV  m,uB | Sexsp S E;, eV S EgeV S E;, eV | S| EgeV
MnPc 1.38/1.04 | 3.41 3/2 | 3/2 1.32/0.08 0 1.47/0.39 | 3/2 | 1.40/0.60 O 1.42/0.33
FePc  1.43/1.31  2.00 1 1 1.87/0.26 0 0.46/0.33 | 1 | 1.34/1.21 | 0| 1.54/0.02
CoPc  1.39/0.08 | 1.09 1 | 1/2] 1.20/0.05 0 1.42/0.89 1/2 | 1.33/1.22 0 1.39/0.22
NiPc | 1.41/1.41  0.00 | 0 0 1.10/1.10 0 1.38/1.38
CuPc  0.76/0.76 | 0.00  1/2 0 1.18/1.18 0 0.90/0.90
ZnPc | 1.35/1.35 | 0.00 | 0O 0 1.81/1.31 0 1.31/1.31

does not take into account the strong correlations of 3d
states, whereas PBEO incorporates them by means of
the exact Hartree-Fock exchange.

Taking into account the exact exchange and screening
(PBEO0-BSE) in MnPc leads to more accurate results for
the DF in both cases of magnetization value. But DFs
obtained with PBE and PBEO functionals, are seen as
one-peak curves, while the experimental data are
represented by graphs with a more complex structure.

In FePc, both PBE and PBEO with two values of S
provide an acceptable level of agreement with experi-
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Enexrpouni Bmactupocti prasonuaHiHiB mepexiqfHuX eJIeMEeHTIB, OTPUMaHUX 34 METOJaMU
riopugaoro ¢gpyukmionasa ra pisuauna bere-Coamitepa

C.B. Cupotrok, 10.B. Knncko

Hauionanvruti ynisepcumem «JIvgiscorka nonimexnixar, eyn. C. Bandepu 12, 79013 Jlvsis, Yrpaina

Buronanwuit TpucTyieHeBUIl po3paxyHOK eJIeKTPOHHUX Ta ONTUYHUX BiactuBocTeil T-drasomianiny, ge
T = {Mn, Fe, Co, Ni, Cu, Zn}. Ha mnepmmiii cranii mu Buropucranu riOpuaHuil (YHKIIOHAT OOMIHHO-
ropeJrsiiifiaol eHeprii PBEO. Buroprcranus ridpuasoro QpyHKIIIOHATLY AO3BOIMIIO HAM OTPHMATH Kpallll
©@HePreTUYH] PiBHI HAMIBOCTOBHUX 3d-eseKTpoHiB T-esnementiB. OTprMaHl KPHCTAJIOBI XBUJIBOBI (DyHKIIT,
TYCTUHM €JIEKTPOHIB, IOTEHI[lAN Ta €JIeKTPOHHI €HEepPreTHYH] CHEKTPU JISAIJIM B OCHOBY JPYIOr0 eTaiLy
pospaxyukis. Jpyruit eran OyB peasrizoBammii Ha ocHoBl dynkiil ['pina (GF) y mepuromy mopsaaky Teopii
30ypeHHsa, ToOTO yv HabmmxenHi GW. lle HaOmmkeHHS ABHO BPaxOBye €JIEKTPOH 1 MIpKy, ajie JIUIIEe B
CTATHUYHIN Bepcil IXHBOI B3aemomii. ¥ dopmamiami GF Mu oTpumanim crekTp KBa3iYaCTHHOK €JIEKTPOHIB 1
IIpOK, II0 Jy:Ke Io0pe 3ICTABJISIETHCS 3 eKcliepuMeHTOM. Mu orpumasu 100py OCHOBY I BUKOHAHHS
TPeTHOrO eTaimy, a caMe JJIs PO3PaXyHKY ONTHYHHX BJIACTUBOCTEN pO3TJIAHYTHX MarepiasiB. Tperiii eram
OyB peaJsizoBaHmii Ha ocHOBI piBHAHHA Bere-Camnmitepa (BSE). V paMkax 1poro maxomy eIeKTPOH 1 Jipka
pyxawoTbes, Ha Biaminy Bix PBEO 1 GW. Onruune nornmmuanss, orpuMane y migxoai BSE, imoctpye kparie
3iCTaBJIEHHS 3 BUMIPIHUMH JAHUMU JJIsI BCIX JIOCIPKEHUX MaTeplaJIiB.

Kmouori ciosa: Hamomarepianu, @rasnomaninu, PBEO, Oyakiis ['pina, OurnyHe mormHaHHS.
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