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First principles calculations of band energy, density of states and dielectric function of Ki.75(NHy)0.25504
single crystals in Pnma structure is performed in the framework of density functional theory. In order to describe
the exchange-correlation interaction the general gradient approximation and local density approximation are used.
Character and genesis of main energy bands of the crystal are discussed and comparison with data set for K2SO4
isomorphic crystal performed. The influence of partial isomorphic substitution K — NH4 found itself mainly in
altering the bottom of conduction band and decrease of band gap value. From the dielectric functions dependences,
the refractive indices dispersion and absorption coefficient spectra are deduced. Obtained refractive indices satis-
factorily agree with experimental data in the visible spectrum region.
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1. Introduction

Crystals of ABSO,4 group, where A and B are alkali
metal cations, are of a significant interest due to abil-
ity to undergo a richness of phase transitions, their fer-
roelectric, ferroelastic, superionic, and optical proper-
ties. Among the last mentioned ones interesting fea-
ture of ABSO, group crystals is possibility of existing of
isotropic points, when crystal undergoes transition from
biaxial to uniaxial or from uniaxial to isotropic. Such
crystals can be used as temperature and pressure sen-
sors [1,2].

Lately, with an aim of revealing the influence of par-
tial isomorphic substitution K — NH4 on optical prop-
erties of crystals, the Kj 75(NHy)g.25S04 single crystal
was studied [3]. This one is representative of KoSOy—
(NH4)2SO, system, which is known to form a contin-
uous series of solid solutions with (K (NHg|1_5)2504,
(0 <z < 1) general formula [4].

K; 75(NHy)0.25504 crystal belongs to Pnma (No.62)
space group. Its lattice parameters are equal to: a =
7.5562(3)A, b = 5.7917(2)A, ¢ = 10.1016(4)A, cell vol-
ume = 442.08(5)A% [3]. Among the peculiarities of
K 75(NHy)0.25504 crystals optical properties the abnor-
mal behavior of birefringence dispersion in the direction
of perpendicular to optical axes plane, leading to the exis-
tence of isotropic point at room temperature not observ-
able for either K3SOy4 nor (NH4)2SO4 was found. Such
point was reported to occur at the wavelength ~ 1350nm.
Considering that Kj 75(NHy4)0.25504 crystal is relatively
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mechanically stable and has no phase transitions in a
wide temperature region, it was found to be appropriate
for practical implementation in crystal optics sensing.

Expanding mentioned study interesting is to investi-
gate the influence of partial isomorphic substitution on
electronic properties of crystals and also simulate the op-
tical properties from first principles. Since band struc-
tures for K250, [5] crystal is known as well as for other
isomorphic crystals of that family, desirable peculiarities
can be revealed. Knowing the character of properties
changing can help in predicting the most appropriate can-
didate for practical application of this system.

Thus in this work calculations of band structure,
density of states and refractive indices spectra of the
Ky .75(NHy)0.25S04 crystals within the density functional
theory (DFT) are performed.

2. Calculation technique

Calculations of the band structure were carried out
self-consistently using the Kohn—Sham formalism within
density functional theory (DFT). As input parameters
the X-ray analysis data was used [3]. Basis was cho-
sen in a form of plane waves. To describe the exchange-
correlation interaction the exchange-correlation function-
als with the generalized gradient approximation (GGA)
and local density approximation (LDA) were used. The
electron—ion interaction was taken into account as the
Vanderbilt ultrasoft pseudopotential. Electronic con-
figuration is H(1s'), N(2s22p3), O(2s22p?), S(3s23p?),
K(3523pS4st).

Convergence processes aiming to find the optimal cal-
culation parameters are presented in Fig.1. Since total
energy for two neighboring convergence points do not dif-
fer Fiota1(380) = Eiorq1(400) = —13908.09 eV, the max-
imal kinetic energy of plane waves was limited by the
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value of 380 eV. In the similar way we have chosen the
Monkhorst—Pack 2 x 2 x 1 grid for integration over k-
points of the Brillouin zone (BZ) (Ejptqi(2 X 2 X 1) =
Eiotar(2 X 3 x 2) = —13907.31 eV), though 2 x 3 x 2
and 3 x 4 x 3 grids were also employed for comparison.
Calculations of optical parameters were carried out con-
ventionally using larger grid, namely 3 x 4 x 2.
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Fig. 1. Cut-off energy (a) and k-mesh (b) convergences
for the K1.75 [NH4]o.25504 crystal.

Unit cell and position of atoms were optimized be-
fore calculations using the Broyden, Fletcher, Goldfarb
and Shanno (BFGS) algorithm. Parameters used for cal-
culations were chosen as follows: criterion for stopping
the self-consistency cycle was reaching the convergence
with accuracy F = 5.0 x 1077 eV per atom; as cri-
teria for obtaining structural geometry of good quality
next parameters were used: convergence of the total en-
ergy 5.0 x 1078 eV per atom, maximum force 0.01 eV/A,
maximum pressure 0.02 GPa, maximum displacement
5.0 x 10~*A.

Structure of the Brillouin zone used for building of
the band energy diagram contained special points with
next coordinates: I'(0;0;0), Z(0;0;0.5), T(0;0.5;0.5),
Y (0;0.5;0), S(0.5;0.5;0), X(0.5;0;,0), U(0.5;0;0.5),
R(0.5;0.5;0.5).

3. Results and discussion
3.1. FElectronic structure calculations

Experimentally obtained in work [3] unit cell param-
eters and optimized using BFGS method as well as co-
ordinates of atoms are presented in Tables I and II. One
can see that calculated parameters for GGA are slightly
higher (Aa =~ 5.4%, Ab =~ 0.7%, Ac ~ 3.5%) but close to
experimental. Using LDA functional gives relatively bet-
ter agreement with experiment (Aa ~ 3.3%, Ab ~ 1.7%,
Ac = 1.4%). Optimized volume of unit cell is greater
in comparison with experiment for about 9.3% for GGA
and 6.6% for LDA.

TABLE I
The atomic positions for the Ki.75 [NHa]o.25504 crystal.

Atom | Wyckoff Optimized coordinates of atoms
positions z/a y/b z/c

H1 4c 0.686226 | 0.072418 | 0.076795
H2 4c 0.686881 | 0.335728 | 0.003450
H3 4c 0.566721 | 0.290826 | 0.134645
H4 4c 0.778447 | 0.298923 0.149497
N1 4c 0.680000 | 0.250000 | 0.091300
o1 8d 0.300000 | 0.040400 | 0.144500
02 4c 0.200000 | 0.959600 | 0.644500
03 4c 0.700000 | 0.540400 | 0.855500
04 4c 0.800000 | 0.459600 0.355500
05 8d 0.700000 | 0.959600 | 0.855500
06 4c 0.800000 | 0.040400 | 0.355500
o7 4c 0.300000 | 0.459600 | 0.144500
08 4c 0.200000 | 0.540400 | 0.644500
09 8d 0.050000 | 0.250000 | 0.089000
010 4c 0.790000 | 0.250000 | 0.556700
O11 4c 0.450000 | 0.750000 | 0.589000
012 4c 0.710000 | 0.750000 | 1.056700
013 8d 0.950000 | 0.750000 | 0.911000
014 4c 0.210000 | 0.750000 | 0.443300
015 4c 0.550000 | 0.250000 0.411000
016 4c 0.290000 | 0.250000 | -0.056700
S1 4c 0.235200 | 0.250000 | 0.078400
S2 4c 0.264800 | 0.750000 | 0.578400
S3 4c 0.764800 | 0.750000 | 0.921600
S4 4c 0.735200 | 0.250000 0.421600
K1 4c 0.180000 | 0.250000 | 0.408700
K2 4c 0.486900 | 0.250000 | 0.702900
K3 4c 0.320000 | 0.750000 | 0.908700
K4 4c 0.013100 | 0.750000 | 0.202900
K5 4c 0.820000 | 0.750000 | 0.591300
K6 4c 0.513100 | 0.750000 | 0.297100
K7 4c 0.986900 | 0.250000 | 0.797100

Parameters of the band structure calculated with two
sets of grids are presented in Table III. Since the values
obtained with larger grid do not reveal significant differ-
ence from those obtained using 2 x 2 x 1 grid, the latter
is used for band structure analysis in this work.
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TABLE II

Lattice parameters a, b, ¢ and volume V of
K1.75(NH4)0.25504 crystal, obtained experimentally [3] and
from first principles. Space group Pnma (No. 62), Z = 4.

Compound: Experimental Calculated

K1.75[NH4]0.25504 GGA LDA
a [A] 7.5562(3) 7.9850 7.8085

b [4] 5.7917(2) 5.8303 | 5.6950

c [A] 10.1016(4) | 10.4729 | 10.2442

c/a 1.33686 1.3116 1.3119

c/b 1.74415 1.7963 1.7988
volume [A?] 442.08(5) 487.5569 | 455.5535
TABLE III

Band energy structure parameters of K1.75(NHy)0.25504
crystal obtained with 2 x 2 x 1,2x 3 x2and 3 x4 x 3
k-mesh grids.

Point of 2x2x1 2x3x2 3 x4x3
Brillouin zone | e, Ev Ec €v €c €v
r(0:0;0) |480] 0 |481| 0 |481| 0
Z(0;0;0.5) 5.36 | -0.01 | 5.36 | -0.01 | 5.36 | —0.01
7(0;0.5;0.5) |6.11 | —0.05 | 6.21 | =0.07 | 6.20 | —0.07
Y (0;0.5;0) 5.74 |1 -0.05| 6.05 | -0.07 | 6.03 | -0.07
S5(0.5;0.5;0) |6.82|-0.14 | 6.82 | -0.14 | 6.82 | -0.14
X (0.5;0;0) 6.26 | -0.08 | 5.93 | -0.06 | 5.95 | -0.07
U(0.5;0;0.5) |6.41 | —0.08 | 6.40 | —0.05 | 6.40 | —0.06
R(0.5; 0.5;0.5) | 6.88 | —0.14 | 6.89 | —0.14 | 6.88 | -0.14
Calculated band energy diagrams for

K1_75 (NH4)0_25SO4 crystal using GGA and LDA
functionals are presented in Figs. 2 and 3, respectively.
Significant differences between obtained diagrams are
not detected. As can be seen from the figures, almost
all energy levels are of a low dispersion. The exception
make the lowest conduction band (CB) levels of the BZ
divisions I' — Z and I' — F', where dispersion dependence
E(k) is maximal. Observable characteristics was also
revealed for such crystals as K2SO4 [5], RbNH4SO4 [6],
LleSO4 [7], a—LlNH4SO4 [8] and 5—L1NH4SO4 [9] and
thus can be qualified as typical for ABSO,4 type crystals.
Interesting feature of Kj 75(NHy)g.25S04 crystals band
structure is visible “splitting” of lowest CB levels not
observable for K5SO4 crystal or any studied of this
group.

Top of valence band (VB), marked as 0 €V, coincide
with the Fermi level Er. The energy band gap of the
Kj.75(NHy4)0.25S04 crystal is of a direct type and corre-
sponds to the optical transitions in the I' point of the
BZ (Figs. 2 and 3). Obtained E, = 4.80 ¢V (GGA) and
E, = 4.89 eV (LDA) values for the crystal are expectedly
lower then calculated for KoSO4 [5] (Ey = 5.2 €V) and
lie between 4.5 eV energy of optical long-wave absorption
edge of the (NH4)2S04 crystal [10] and 7.2 €V energy of
similar edge for the KoSOy crystal [11]. However they
are for about 2 eV underestimated due to known features
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Fig. 2. Calculated band energy diagram for

Ki.75(NH4)0.25504 crystal for the GGA functional
(E, = 4.80 eV).
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Fig. 3. Calculated band energy diagram for
Ki.75(NH4)0.25504 crystal for the LDA functional
(Eg =4.89 eV).

of DFT method. Obtained results allow us to assume
that the fundamental absorption edge is associated with
direct transitions between the top of VB and the bottom
of CB at I" point, the center of the Brillouin zone.
Total density of electronic states N(E) and partial den-
sity of states (PDOS), with the contributions of individ-
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ual atoms, are calculated for band-energy diagram F(k)
of K1.75(NHy)0.25S04 crystal (Fig. 4). As can be seen
from the figure, a characteristic feature of PDOS is that
two top VBs (from -3.1 to —1.3 and from —1.2 to 0 €V)
are almost entirely formed by p-electrons of oxygen from
SO?™ anion complexes. An insignificant contribution to
these two bands gives p-states of sulfur and nitrogen and
s-electrons of hydrogen. Deeper levels of the valence band
in the range from —4.8 to —8 eV are of a mixed origin and
are formed by s- and p-states of sulfur and oxygen as
well as s-states of hydrogen hybridized with p-states of
nitrogen. States of potassium of a low intensity are also
present here.
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Fig. 4. Total and partial density of electronic states

for band-energy diagram FE(k) of Ki.75(NH4)0.25504
crystal.

Valence bands from —17.5 to —19 eV contain two simi-
lar sub-zones, one of which is formed by NHy group (s-
states of nitrogen and hydrogen), and another — by SO4
cationic complexes (s-states of oxygen hybridized with p-
states of sulfur). Energy levels near —22.5 €V are formed
mainly by s-states of sulfur S and oxygen O. Contribu-
tion of potassium atoms electronic states is major for VB
at —28 eV.

The bottom of the CB is formed mainly by hydrogen
atoms (s-states); higher areas of this band at £ > 6.1 eV
— by mixed set of chemical elements and orbital mo-
ments.

Obtained band structure of the Kj 75(NHy)g.25504
crystal is quite similar to calculated for K2SO4 [5].
An exception makes the fact that bottom of CB in
K 75(NHy)0.25504 is formed by states of hydrogen, while
similar role in KoSQy is played by potassium states. This
leads to decrease of band gap in the mixed crystal for
about 0.4 eV in comparison with PS. Study of PDOS
have also helped to reveal that observable “splitting” in
the bottom of CB is caused by nearby situated potassium
and hydrogen states.

3.2. Optical properties

Optical properties of materials can be studied by in-
vestigation of complex dielectric function e(w). Its imag-

inary part eo(w) can be calculated from the momentum
matrix elements between the occupied and unoccupied
wave-functions [12]:

35 (w)

xd(Fp — B — E), (3.1)
where u is polarization vector of incident photon; 9§ and
1y, are the CB and VB wave-functions in k-space, and r
is electron position operator.
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Fig. 5. Refractive indices (a) and absorption (b) spec-

tra for Ki.75(NH4)0.25504 crystal for three principal

crystal optics directions (GGA).

The real part £1(w) of the dielectric function can be
evaluated from the imaginary part eo(w) by the well-
known Kramers—Kronig relation

2 Oos ww' dw’
0

From the spectrum of real and imaginary parts of di-
electric function, refractive indices n(w) and absorption
coefficients k(w) can be obtained using the relations [13]:

- (€2 +e2)7 + e . (2 +63)7 — &1

2 ’ 2 '

Calculated frequency dependences of refractive in-
dices along with absorption coefficients spectra for the

(3.3)
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Fig. 6. Dispersion of refractive indices calculated
for three principal crystal optics directions of
Ki.75(NH4)0.25504.

Kj.75(NHy4)0.25504 single crystal are presented in Fig. 5.
Zero frequency values of refractive indices are n,(0) =
1.405, n,(0) ~1.400, n,(0) = 1.403. The most consider-
able anisotropic behavior is found between the z and x
components.

Refractive indices dispersions for the
Kj.75(NHy)0.25S04 are presented for the visible spec-
trum region in Fig. 6. As can be seen from the figure,
n; satisfy the relation n, > n, > n, on the whole
presented region. Order of obtained curves coincides
with experimental one [3]. Values of refractive indices
are for about 5.5% lower than experimental ones. The
difference is also that dispersion of theoretically obtained
curves is of the same magnitude for three directions of
crystal, while magnitudes for experimental dependences
slightly differ, leading to the crossing n, = n, in the
near IR spectrum region. Such discrepancies between
first principles and experimental results are assumed to
occur due to neglect of IR absorption of crystal in the
calculation and presence of defects in real crystals.

4. Conclusions

Performed first principle calculations of electronic and
optical properties of K; 75(NHy).25504 single crystals in
Pnma structure allow to make following conclusions.

Optimized before calculations crystal structure is close
to obtained experimentally. All levels except the lowest
ones of CB in the direction towards the center of BZ re-
veal low dispersion of electronic states F(k). The energy
band gap of the crystal is of a direct type and corresponds
to the optical transitions in the I'" point of the BZ with
E;, =4.80 eV (GGA) and E, = 4.89 eV (LDA). The top
of the VB is formed by p-electrons of oxygen. The bot-
tom of the CB is formed mainly by s-states of hydrogen
atoms.

In general, partial isomorphic substitution K—NHy
(12.5%) is found to alter the band structure with chang-
ing the bottom levels of conduction band origin (potas-
sium s-states — s-states of hydrogen) and thus lead to
the decreasing of band gap value for about 0.4 V.

Refractive indices dispersion of K; 75(NHy)g.25504 sin-
gle crystal for three crystal optics directions is deduced
from calculated dielectric functions. Obtained curves re-
veal character close to experimentally established ones in
visible spectrum region but lay somewhat lower (within
5.5%). Calculation did not reveal the crossing of refrac-
tive indices curves in a near IR region in contradiction
to statement made from experiment. Such discrepancies
are assumed to occur due to neglect of IR absorption of
crystal in the simulations and presence of defects in real
crystal.
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