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The calculations of band structure of LaPO, crystal of monoclinic and hexagonal lattice
symmetry is performed using the PAW formalism and taking into account the strong local
correlations in the PBEO GGA approximation. The obtained results are in good agreement
with the experimental ones obtained from the luminescence excitation spectra of intrinsic
emission of LaPO, crystal. The calculation of the partial electron state density of LaPO,
crystal is performed and the nature of the various states in the overall density formation
is explained.

Cuenan pacuer 30HHOH cTpPyKTypsl Kpucraina LaPO, gns nByX THUIIOB pellleTOK — MOHO-
KJIUMHHOM 1 TreKCcaroHaJlbHOII, mcrmoiabsysa (opmanudm PAW ¢ yueroM CHJIBHBIX JIOKAJLHBIX
Koppeaanuii B npubamxennu PBEO GGA. IlonyueHHBIE pe3yJbTAThl JOBOJLHO XOPOIIO CO-
TJIACYIOTCH C DKCIEPUMEHTAJIbHBIME JaHHBIMH, OIIPELEJEHHBIMU U3 CIEKTPOB BO30OYKICHMS
COOCTBEHHON JJIOMHHECLEHIINN KPUCTAJIa LaPO4. ITpoussegen pacuer HmapHUAJbHOU 3JIEK-
TpoHHO# mIOTHOCTM cocToaumit Kpuctanra LaPO,, o6bacHeHa Tpupoga PasIMYHEIX COCTOS-
HUH B (POPMUPOBAHUU OOIIEl TIOTHOCTH.

3onna cmpyrxmypa LaPO, C.B.Cupomwk, A.M.9oprodoavcvruii, B.B.Bicmosacvkuil,
A.C.Borowunoscvruil, O.B.lexmiHn.

3pobiieHo pospaxyHOK 30HHOI crpykTypu kpucrana LaPO, maa nsox Tunis rparox —
MOHOKJIHHOI i rekcarosasbHoi, BUKopucroBywouu opmanism PAW 3 ypaxyBaHHAM CUIBHUX
JOKAJIBbHUX Kopenauiil y mabamxenni PBEQO GGA. Orpumani pesyabraru go0pe y3romKy-
IOTBCA 3 eKCIIEPUMMEHTAJBHIMY JAaHNMM, BUSHAUEHUMHU 31 CIEeKTPiB 30yI:KeHHA BJIACHOI JIIOMiHe-
crentiii kpucrana LaPO,. 3pobieHo pPo3paxyHOK NapHialbHOI eJeKTPOHHOI TYCTHHM CTAHIB
kpucrana LaPO,, moacumeno mpupony pisHuX cTaHiB y (DOPMYBaHHI 3aragbHOI TYCTHHI.

1. Introduction 2].

© 20183 — STC "Institute for Single Crystals”

LaPO, nanoparticles doped with rare

LaPO, crystalline matrix is widely used
for development of phosphors for fluores-
cent lamps, optical amplifiers, laser active
mediums, etc. Process ability of this mate-
rial and resistance for atmosphere influence
caused the interest to study of the lumines-
cent properties of LaPO, nanoparticles [1,
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earth elements attract attention because
they can be used as luminescent biomarkers,
nanoscintillators for radiotherapy or compo-
nent of nanostructured composite scintillators.

In the process of interaction of high-en-
ergy electromagnetic radiation with
nanoparticles the photoelectrons are pro-
duced. The mean free path of the photoelec-
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trons is determined by the processes of elec-
tron-electron scattering. In the process of
inelastic scattering of high-energy photo-
electrons the secondary excitations are
formed. For the secondary excitations a
thermalization length is determined by
processes of scattering on phonons. These
parameters (free path length and thermali-
zation length) are important for selection of
the optimum nanoparticle size in the case of
their use as nanoscintillators, especially,
when these characteristics are commensu-
rate with the nanoparticle sizes. Initial data
for calculation of these parameters, such as
an electron energy loss function and the ef-
fective masses of the charge carriers can be
obtained from the analysis of the energy
structure of crystals. This determines the
relevance of the study of luminescent prop-
erties and electronic energy structure of
LaPO,.

It is known that nanoparticles LaPO, de-
pending on their size can possess different
symmetry of a lattice. The nanoparticles
with a size up to ~20 nm have hexagonal,
and the larger nanoparticles — monoclinic
symmetry like their bulk analogues [3].
Only for the monoclinic lattice symmetry
the calculations of the electronic energy
structure for bulk LaPO, crystal was per-
formed [4, 5]. Calculation of the electron
energy in the LaPO, crystal for both struec-
tures (monoclinic and hexagonal) was per-
formed in this work in the projector aug-
mented waves (PAW) formalism taking into
account the strong local correlations in the
PBEO GGA approximation [6].

2. Projector augmented waves
method

The PAW method [7] combines features
of pseudopotential and augmented plane
waves methods. The wave |1un(r)> and
pseudowave |1Tjn(r)> functions are related:

[y, (x)> = 4y
=, @>+ Y, Y (ofr)> — logr)>) (BE,),
a i
where |pf(r)> — atomic wave function,
|(~p§’(r)> — pseudowave function, (f)ﬂ — pro-

jector function.

Summation in (1) is performed on aug-
mented spheres, which are numbered by
index a. Index i= {n,l,m} corresponds to
the quantum numbers: the main, the orbital
and the magnetic.

From equation (1) we see that
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hy,()> = thy ,(r)>, 2)

where the operator t transforms pseudowave
ly,(r)> in the wave function |y, (r)>.

The explicit form of the operator t fol-
lows from equation (1):

=1+ 3 Y oty —lo0)pe. 3

The stationary Schrodinger equation
H ) = W) €nge (4)
with (2) gets the following view:
THHIW 1) = T 410 € e (%)
where electron spectrum ¢, is same as in
equation (4).

The electron density in the PAW method
is defined by three terms [7]:

p(r) = p(r) + Y, (p4(r) — pA(r)). (6)

The first term — smooth pseudo density
p(r), which is represented by the Fourier
transform

50) = S @2 = 23 5(G)eiGr, ()
nk Q G

where f,;. — occupation numbers of electron

states, k — vector from the first Brillouin
zone, n — number of zones populated by
electrons, Q — the unit cell volume, G —

the reciprocal lattice vector.

For the function p(r) formula (7) would
look like this:

o = 3 Fudvua® = S Y p@ei6r.  (®
nk = G

There is a very significant difference be-
tween (7) and (8). It consist in the fact that
the equation (7) requires the Fourier series
expansion containing about ~103 vectors G,
whereas to achieve the same calculation ac-
curacy using (8) it is needed ~106 ones.
Therefore, it is impossible to solve the equa-
tion (4) using the function |y, (r)> even on
supercomputers.

The following two terms of electron den-
sity within the augmentation spheres are
determined by projector coefficients of state
occupation:
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Fig. 1. The band structure of the LaPO, crystal
possessing the monoclinic lattice symmetry.

W= > (Vulpd) B ) )
nk
that is:
pa(r) = YW (Ned(r), (10)
ij
PUr) = Y WEQE (NOH(r). (11)

tj

The idea of PAW method is to transform
the the Schrodinger equation to such an
equation in which the unknown function of
the state is |y, >. If one is found, then

using T (3) we can obtain the function of
state |y, >. Using latter function the elec-
tron density and corresponding Hartree po-
tential are obtained.

The exchange-correlation potential was
chosen in the form of PBEO [8-12], accord-
ing to which the exchange-correlation en-
ergy is written as

EECBEO[F)] = (12)

1

where PBE corresponds to the exchange-cor-
relation functional [8], y,,; and p,,; — the
wave function and the electron density of
the selected electrons, respectively [12].

The exchange energy in the Hartree-Fock
theory
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Fig. 2. The partial and total density of states
of monoclinic LaPO, crystal. Partial density
of states is shown in 1/ (eV-atom).

EH [y 1= (13)
occ sk ko /
_ 1 ,‘Un(r)‘Un’(r)I\Un(r )Wn'(r )
== ESGM% J.drdr r— ,
nn’
where n, n” — quantum numbers of the oc-

cupied electron correlated states, o, and
6,, — corresponding spins. In the PAW
method the calculation formula assumes the

form [12, 13]:
EH [y, ] = (14)

i O ~O
Fd’_d,dkdl Y, <m|LM| |mj><mk|LM|ml>2 P50%s
LM didjdk dl U mm m,m, o

1 4n

where <m; |LM]| m; > — Gaunt coefficients;

ngdjdk Slater integrals [18],

pH = Zf nk<ﬁ’gk|l~7i><l~7j|1l~lgk> — the electron
nk
density; coefficients f,;, — occupation num-

d, -
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Fig. 8. The band structure of the LaPO, crystal
possessing the hexagonal lattice symmetry.

bers of electron states. Index i of density

p$, corresponds i = {d;, m;}, where d; = {,,
n;} for selected d-orbitals.

For the calculation of the electronic en-
ergy structure of the LaPO, crystal
pseudopotentials for the electronic configu-
ration of the La {5s25p%6s25d14f0}, for P —
{2522p%3528p3} and O — {2s522p%} were gen-
erated using atompaw [14]. The treatment
of enough deep electrons {5s25p8} of La and
{2522p8) of P as valence ones protects us
from the ghost solutions (ghost states),
which can be obtained in the case of mini-
mal sets of valence basis functions [15]. The
values of the augmentation spheres radii
rpaw were following: 2.4, 1.1 and 1.0 a.u.
for La, P and O, respectively.

3. The calculation results and
discussion

The electron energy spectrum of mono-
clinic LaPO, crystal is shown in Fig. 1. It
can be seen that the spectrum of the crystal
is characterized by an indirect gap G-B,
which is 6.4 eV. The values of the direct
interband gaps at different points of the
Brillouin zone are following: 6.6 eV (2),
6.5 eV (G), 6.7 eV (Z2), 6.6 eV (A), 6.5 eV
(B), 6.7 €V (D), 6.6 eV (E) and 6.5 eV (C).
Fermi level chosen as reference energy is in
the forbidden bandgap and it is almost equi-
distant from the top of valence band and
the bottom of the conduction band.

Fig. 2 shows the total and partial density
of states of monoclinic LaPO, crystal. As it
follows from the figure the top of the va-
lence band is formed predominantly by p
states of oxygen with admixture of small

376

n(E), 1/eV/cell

100
i total M
0o
e L A e————
15 -10 -5 0 5
10
. O,p
_I T T T T
2 _-15 10 -5 0
1 ] O, s
0o ]
T T T T T T
15 -10 -5 0 5
T P, p
0
T L L | T T
10 -15 -JL(/)\—L -5 0 5
05 P, s
0.0 r. JWMMWUM
——
100 4-15 -10 -5 0 5
50 ] La, f M
0 3
————
.15 -10 -5 5
20 4 La, d
0o
T T T T T T
L-15 -10 -5 0 5
100 La, p
0o ]
R e R |
10 15 -10 -5 0
08 7 MMML&S
00 Joo e M Pl bbb,
15 10 -5 0 5
E-E, eV

Fig. 4. The partial and total density of states
of hexagonal LaPO, crystal. Partial density
of states is shown in 1/ (eV-atom).

amounts of lanthanum s states. The bottom
of the conduction band is created by hybrid-
ized d and f states of La with a small part
of s states La and O as well as s and p
states of P.

Fig. 3 shows the electronic band struc-
ture of the hexagonal LaPO, crystal. This
crystal as well as its monoclinic modifica-
tion (Fig. 1) is characterized by indirect for-
bidden bandgap G—A equal to 5.9 eV. The
values of the direct interband gaps at vari-
ous points of Brillouin zone are following:
6.6 eV (4), 6.0 eV (@), 6.4 eV (KA), 6.9 eV
(HA), 6.9 eV (K) qand 6.9 eV (H). Fermi
level, as well as for the monoclinic modifi-
cation, is approximately in the middle of
the forbidden bandgap.

The density of electron states for hex-
agonal LaPO, crystal is shown in Fig. 4. In
this crystal the top of valence band is
formed by hybridized s states of La and p
states of O, too. In the vicinity of the bot-
tom of conduction band the strongly hybrid-
ized d and f states of La dominates. Also
the small part of s states of La and s states
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of O together with s and p states of P are
present there.

Comparison of the electron density of
states of monoclinic (Fig. 2) and hexagonal
(Fig. 4) LaPO, crystals shows that the max-
ima of the partial densities of d and f states
of La and s states of O in the hexagonal
crystal are located relatively Fermi level
about 0.5 eV higher than in monoclinic
crystal. This value agrees quite well with
the experimental data: the forbidden
bandgaps of monoclinic and hexagonal
modifications of LaPO, nanoparticles de-
fined by the empirical formula [16] using
the spectral position of the exciton band in
the excitation spectra of intrinsic lumines-
cence at 10 K [17] are 8.6 and 8.0 eV, re-
spectively.

4. Conclusions

The obtained results indicate that the
forbidden bandgap of LaPO, crystal is
6.4 eV for monoclinic and is 5.9 eV for hex-
agonal modification. The difference of the
forbidden bandgaps for the two lattice sym-
metries of LaPO, nanoparticles is in a good
agreement with the experimental one deter-
mined from the excitation spectra of intrin-
sic luminescence of LaPO, crystal, where
the decrease of the forbidden bandgap on
about 0.6 eV is observed for hexagonal in
comparison with monoclinic lattice symmetry.
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