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The work investigates the band-energy structure of the LiINH4SO4 crystal in S-modification with
Cu?" impurity. For this purpose, electronic structure modeling within the framework of density
functional theory was used. Before calculations, geometric optimization of the crystal structure was
carried out using the BFGS method. The features of the crystal structure of the LiNH4SO4 crystal in
B-modification with Cu®" impurity were clarified. It is shown that the addition of a copper impurity
leads to the appearance of additional d-electron levels in the band gap of the crystal. These levels
are located at an energy of 1.96 eV above the top of the valence band of the pure crystal. The
location of the copper levels is close to that previously obtained for the K2SO4:Cu®" crystal. It is
shown that the levels of the copper d-states are higher than the levels for manganese atoms in the

studied crystal.
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I. INTRODUCTION

Lithium ammonium sulfate, LiINH4SO,, is a well-
known dielectric crystal belonging to the As BX, group
of materials. This crystal is an interesting object of study
due to its polytypism and polymorphism. It can be ob-
tained by using the method of slow evaporation of the sol-
vent from aqueous solutions at different constant temper-
atures [1]. Two modifications of the crystal are known.
The a-modification of the crystal is formed during crys-
tal growth under normal conditions at room tempera-
ture. The crystal belongs to the space group symme-
try Pca2; with lattice parameters ¢ = 10.196 A b=
4.96 A, and ¢ = 17.100 A [2]. In the a-modification,
coexistence of three polytypes within one sample is ob-
served [3]. This modification undergoes a phase transi-
tion to the S-modification upon heating to T = 462 K,
at which irreversible structural changes occur [4]. In the
[-modification, the crystal belongs to the space symme-
try group Pc2;n with lattice parameters a = 9.140 A,
b=5280 A, and ¢ = 8.786 A [4]. In this modification,
the crystal is at the temperature of liquid helium, un-
dergoing phase transitions with decreasing temperature
into the ferroelastic and low-temperature phases [5].

The study of the electrophysical, mechanical and opti-
cal properties of the pure LINH4SO, in S-modification is
described in [6, 7]. Temperature-spectral-baric changes
in refractive parameters were studied in [8, 9]. Theoreti-
cal studies of the band-energy structure of the LINH4SO,
crystal are also discussed in [8, 9].

Important from the point of view of modifying the
physical properties of the crystal is the study of the in-
troduction of impurities into its structure. Changing the
composition of the material through the introduction of
impurities allows tuning its characteristics, particularly
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the structure, optical, mechanical, electrical properties,
etc. Of particular interest is the introduction of impuri-
ties to obtain luminescent materials with different types
of relaxation processes. In [10], the effect of impurities
on the optical-spectral properties of the crystal with an
admixture of Mn?* is studied. The electronic structure
of the LiNH,4SO, crystal with an admixture of Mn?t was
also studied in [10]. An important and relevant task is to
clarify the effect of the Cu?* impurity on the electronic
structure of the crystal, which is related to its other prop-
erties. The proposed study aims to determine the effect
of adding Cu?" ions on the band-energy structure of the
LiNH4SOy4 crystal in the S-modification by performing
self-consistent calculations from first principles using the
density functional theory method.

II. CALCULATION METHODOLOGY

The calculations of the band energy structure and
dielectric function were performed within the frame-
work of density functional theory (DFT). For this pur-
pose, the CASTEP program [11] was used, which is
commonly used in the study of semiconductor and di-
electric crystals. The initial data for the calculation is
information about the crystal structure of the mate-
rial. The calculations were performed by self-consistently
solving the Kohn-Sham equation [12]. The calculations
were performed for the ground state of the system us-
ing the Born-Oppenheimer approximation [13]. To de-
scribe the exchange-correlation interaction, the general-
ized gradient approximation (GGA) with the Perdew—
Burke-Ernzerhof (PBE) parameterization was used [14].
The valence electrons were described using plane waves
of the Bloch type. The electronic configuration of the
valence electrons was used for the calculation: H 1s';
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Li 1s22s'; N 252 2p3; O 252 2p*; S 352 3p*; Cu 3d'° 4s'.
The limiting kinetic energy of plane waves was deter-
mined by the cutoff energy, which was E.;; = 450 eV.
The core electrons were described by the ultrasoft
Vanderbilt pseudopotential [15], which requires a low
cutoff energy and describes most systems well. Integra-
tion was performed over the first Brillouin zone along the
lines connecting the following points: I' = F — Q — Z.
For this purpose, a 3 x 2 x 4 k-grid was used, selected
according to the Monkhorst—Pack scheme [16]. The crys-
tal structure was optimized by using the BFGS method
[17]. The convergence parameters used in the geometric
optimization process were as follows: total energy conver-
gence 5 x 1079 eV /atom, maximum force 1 x 10~2 eV /A,
maximum pressure 3 x 1072 GPa, and maximum dis-
placement 3 x 10~* A. The impurity simulation was per-
formed using the supercell method. A 2 x 2 x 1 supercell
was used in the calculation, which allowed us to simulate
an impurity concentration of 0.6 at.%. The supercell was
pre-optimized at fixed lattice parameter values.

III. RESULTS AND DISCUSSION

For calculations of the band-energy structure, the ini-
tial data were the experimental results of the study of
the crystal structure by using X-ray diffraction meth-

ods carried out in [18]. The experimentally obtained
crystallographic data for the LiNH4SO4 crystal in the
B-modification with an impurity of Cu?* are collected
in Tables 1 and 2. These data were obtained at room
temperature for the grown LiNH4SO,4 crystal with an
impurity of copper, and analyzed using the Rietveld
method [18]. The LiNH;SO4:Cu?T crystal crystallizes in
the space group Pna2; (No. 33), the number of formula
units per unit cell Z = 4 and the volume of the unit
cell V' = 422.45(2) A®. If we compare the results for the
crystal with an impurity of Cu with the parameters of
the pure crystal, we can notice a decrease in the volume
of the crystal’s unit cell. This is due to the fact that the
atomic radii of lithium ions (0.73 A) are larger than those
of copper (0.71 A). Accordingly, in the crystal structure,
Cu atoms with a smaller atomic radius replace part of
the Li atoms in the structure, which leads to a decrease
in the unit cell volume V' = 422.45(2) A3,

The crystal cell of 5-LiNH4SO, consists of NHI and
SOi_ tetrahedra, which form the “skeleton” of the crys-
tal. The corresponding tetrahedral groups are relatively
isolated. Inside the SO4 and NHy tetrahedra, the atoms
are covalently bonded, while the complexes interact via
an ionic type of chemical bond. In the cavities between
these tetrahedra, there are LiT cations.

Parameter | Experiment | Optimization
a, A 8.7736(2) 8.08755
b, A 9.1242(3) 9.5105
¢, A [5.27716(16)| 4.511355
Vv, A® | 422.45(2) 346.998

Table 1. Experimental [18] and optimized parameters of the crystal lattice of S-LiNH4SO4

Optimization

z/a y/b z/c

0.00205 | 0.25470 | 0.49010

0.21420 | 0.07951 | 0.00069

0.04010 | 0.09820 | 0.00890

0.24132 | 0.75670 | 0.39891

0.23971 | 0.06213 | 0.28458

0.25672 | 0.45241 | 0.37640

0.323400{0.411700|0.008400

0.007619{0.192406 | 0.390509

0.02800 | 0.69500 | 0.11432

0.11320 | 0.34000 | 0.46270

Experiment
Atom| =z/a y/b z/c
N 10.00010{0.28570{0.49580
S 10.20198|0.08349{0.00070
O1 ]0.03830|0.09560|0.00070
02 |0.22940(0.719600.40840
03 ]0.25670|0.05410|0.26030
04 ]0.24980|0.46180|0.33560
Li ]0.32310(0.41290|0.00000
H1 [0.00600{0.17700|0.41570
H2 |0.03400|0.70500|0.11670
H3 |0.10200|0.34000|0.46270
H4 [0.42400{0.17100|0.40670

0.41800 | 0.16150 | 0.41270

Table 2. Experimental [18] and optimized atomic coordinates in the lattice of S-LiNH4SOu4

Since the experimental coordinates of copper atoms
are not available to us, to simulate the impurity crystal
while maintaining the condition of electroneutrality of
the crystal, two LiT atoms were replaced with Cu?* ions.
The supercell method was used to simulate the impurity
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(Fig. 1). A similar method is often used to simulate de-
fects of various types in crystalline materials [19-21]. The
generated supercell had a size of 2 x 2 x 1. As a result,
the concentration of the copper impurity was 0.6 at. %.
Previously, the electronic structure of impurity crystals
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of the As BX, group was studied for KoSO,4 with an im-
purity of Cu?*, and for LiNH,;SO, with an impurity of
Mn?2* [18, 21]. Also, Tables 1 and 2 present the theoreti-

cal crystallographic parameters of the LINH;SO4 crystal

in S-modification, which show good agreement with the
experimental results.
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Fig. 2. Band-energy structure of the LiNH4SO4 crystal in S-modification with Cu?* impurity. The coordinates of the high
symmetry points are as follows: I'(0, 0, 0); £'(0,0.5,0); Q(0,0.5,0.5); Z(0,0,0.5)

Figure 2,a shows the calculated band-energy structure
of the LiNH,4SOy crystal in the 3-modification with Cu?*
impurity. The E(k) dependence was constructed along
the lines connecting the following points of the first Bril-
louin zone: T'(0,0,0) — F(0,0.5,0) — @(0,0.5,0.5) —
7(0,0,0.5) — T'(0,0,0). In the figure, the energy mark
0 eV coincides with the highest levels of valence elec-
trons. The Fermi level in calculations for the impurity
crystal is also at the energy level of 0 eV. At the same
time, the Fermi level of the pure crystal coincides with
the top of the band of 2p states of oxygen. As can be
seen from the figure, all levels of the valence band of the
LiNH;4SO4:Cu crystal reveal extremely weak dispersion.

This feature is inherent in a number of materials with
an ionic-covalent type of chemical bonding, in which the
structure contains isolated structural complexes (for ex-
ample, tetrahedral, octahedral complexes, etc.). In the
LiNH4SO4 crystal, such complexes are cationic and an-
ionic tetrahedra NH4 and SOy4. A similar feature was pre-
viously obtained in other crystals of the A3 BX, group,
such as KQSO47 NaNH4SO47 LiNH4SO4, (NH4)2B6F4,
LiRbSO4, RbNH4SOy4 ete. [9, 21-24]. The highest lev-
els of the valence band originate from 2p states of the
oxygen atoms, which correspond to the pure LiINH4;SO4
crystal [25].

2702-3



M. Ya. RUDYSH, R. S. BREZVIN, O. M. HORINA et al.

The structure of the valence states of the impurity
crystal corresponds to the structure of the crystal with-
out impurity and is formed by a set of narrow sublevels
of the electronic level bindings. The two upper bands of
the valence band of the impurity crystal, located at ener-
gies of approximately —2.5 and —4.6 eV, correspond to
the oxygen states of the SO, tetrahedra. Near the 0 eV
mark are the Cu?t impurity levels. These levels corre-
spond to the d-electrons of copper atoms located in the
band gap of the pure LiNH4SOy4 crystal. As can be seen
from the figure, the d-states of copper are represented by
a set of four sublevels. It is known that in the tetrahedral
environment, the d-electron levels of copper are split into
doubly degenerate e levels and triply degenerate t, levels.
Thus, the splitting into four components indicates a low
symmetry of the ligand field, which leads to a greater
degree of degeneracy of the d-states of copper. As can
be seen from the figure, the copper d-state levels are lo-
cated in the band gap approximately 1.9 eV above the
valence band top of the pure crystal. This energy agrees
well with the location of the copper levels in the KoSOy4
crystal, which are 1.1-1.8 eV above the valence band top
of the crystal [21].

The conduction band has a larger dispersion of en-
ergy levels compared to the states of the valence band
of the LiNH4SO,4:Cu crystal. The bottom of the conduc-
tion band of the crystal is located in the center of the
Brillouin zone, which indicates that the introduction of
the Cu impurity does not lead to a change in the type of
band gap. The calculated value of the band gap width is
4.95 eV. This value is slightly smaller than that obtained
for the pure LiNH4SOy4 crystal in [25]. Such a decrease in
E, can either be caused by the shortcomings of the DET
approach, which usually underestimates the value of the
band gap width, or be the result of the influence of the
impurity on the electronic subsystem of the crystal. To
clarify the nature of the influence of the impurity on the
band structure, additional studies of the absorption spec-
tra in the ultraviolet region of the spectrum are neces-
sary. Figure 2,b shows the full density of electronic states
of the LiNH4SO4:Cu crystal in the S-modification with
a copper impurity. The total density of states indicates
the described characteristics of the band-energy struc-
ture of the crystal, which are expressed in the presence
of narrow localized bands of the valence band, separated
by forbidden energy gaps.

Figure 3 shows the partial density of electronic states
calculated for the LiNH4SO,4 crystal of S-modification
with an impurity of Cu?*. The states of lithium atoms
are represented by the s-electron peak at energy —43 eV
in the valence band and a weak peak in the conduc-
tion band. For the NHy structural complex, significant
hybridization of the electronic s-states of hydrogen and
p-states of nitrogen is observed. The main peak of the p-
states of nitrogen is at —8 eV, and the s-states of nitrogen
at —19.3 eV. In the conduction band, NHy complexes are
represented by the s-states of hydrogen.

The top of the valence band of the 3-LiNH,4SO4:Cu?*
crystal, similar to the pure crystal [25], is formed by
the p-states of oxygen, while at energy —20.3 eV, the s-
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electron levels of oxygen are hybridized with the p-states
of sulfur. The copper impurity, as can be seen from the
consideration of the band structure, contributes to the
density of electronic states mainly for the levels located
in the forbidden band. Here, the d-states of the impu-
rity atom, which are split by the crystal field, form four
closely spaced localized sublevels. The p-states of the Cu
atoms are in the conduction band, and the s-electron
levels form a local sublevel near the bottom of the con-
duction band. Since the bottom of the conduction band
is formed by the s-states of copper, the insignificant de-
crease in the band gap of the LiNH4SO,4:Cu crystal com-
pared to the pure LiNH4SO4 crystal can be associated
with a decrease in the bottom of the conduction band
due to the s- and p-states of the impurity copper atoms.
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Fig. 3. Partial density of states of the LiNH4SO4 crystal in
B-modification with Cu?* impurity

Cu d-electrons Mn d-electrons

1.9eV 1.7eV

LiNH,S0,:Cu?*

LiNH,SO,:Mn?*

Fig. 4. Diagram of the location of electronic levels of copper
and manganese impurities in the band gap of the LiNH4SO4
crystal in S-modification

Figure 4 shows a schematic diagram depicting the lo-
cation of the d-electron levels of the Cu impurity and the
Mn impurity in the LiNH4SOy4 crystal. For comparison
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with the impurity crystal containing manganese atoms,
data from [10] was used. It is worth considering that
the lack of experimental data on the value of the crystal
band gap leaves open the question of the choice of the
functional and the clarification of the exact positions of
the electronic levels, in particular, the impurity. Thus,
the position of the d-states of copper atoms requires a
separate experimental study.

IV. CONCLUSIONS

Within the framework of the theoretical approach, a
study of the band-energy structure of the LiNH4SO,
crystal in 3-modification with an admixture of Cu?* ions
was carried out. For this purpose quantum-chemical cal-
culations from first principles were carried out using the
density functional theory. Crystallographic data from X-
ray studies were used as input parameters for modeling.
The experimental crystal structure was optimized using
the BFGS method. The optimized crystal structure was
close to the experimental one. A slight deviation of the
crystal lattice parameters from the experimental values
is observed, which is typical when using the GGA func-
tional to describe the exchange-correlation interaction of
electrons.

The supercell method was used to simulate the
LiNH4SO4 crystal in the S-modification with an admix-
ture of Cu?t ions by replacing two LiT ions with one

Cu??* ion. It was shown that the calculated band-energy
structure is similar to that obtained for the pure crystal.
The valence band is formed by a set of narrow bands
containing bundles of electronic states corresponding to
individual chemical elements. These levels have weak dis-
persion. The conduction band levels are characterized by
greater dispersion. The bottom of the conduction band
is located in the center of the Brillouin zone (point I'),
which corresponds to the direct type of the band gap of
the crystal. The calculated value of the band gap width
is 4.95 eV. Inside the band gap, a narrow band of elec-
tronic levels is observed, formed by four sublevels of d-
electrons of copper ions. This splitting of levels is due to
the low symmetry of the ligand field surrounding the cop-
per atoms in the crystal. These levels are located at ener-
gies 1.9 €V higher than the top of the valence band of the
LiNH4SO,4 crystal without impurities. It is shown that
the levels of the copper d-states are located higher than
the levels for manganese ions in the LiNH,SO,:Mn%t
compound studied earlier (located 1.7 eV above the top
of the valence band).
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EJIEKTPOHHA BY/JOBA KPUCTAJIA LiNH,SO, ¥V B-MOJU®PIKAIIIT 3 JTOMIIIIKOIO Cu?*

M. 4. Pygum', P. C. Bpessia', O. M. Dopiza®®, A. O. [lanpascokmit', O. II. Kpaciox®, II. A. [lemamcokmii'
L Tveiscorui nayionarvruts yuisepcumem imeni leana Ppanka, eya. Jpazomanosa, 19, Jveis, 79005, Yrpaina
2 Hayionaavnutl ywisepcumem “/Iveiscoka nosimernixa”, eya. Yemuanosuua, 5, Jveie, 790183, Yrpaina
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JIiTi#t amoniit cyandar, LiNH4SOy, € BimoMuM gieeKTpUIHAM KPUCTAJIOM, IO HAJEKUTH A0 TPYIH
marepianip Ao BXy. Leit kpucran — unikapuii 00’€KT JOCTIIKEHHS Yepe3 Horo moIiTumi3M i nosiMopdisM.

V mift crarTi B M€Kax TEOPETUYHOrO IiAXOMy IOCHiI2KEHO 30HHO-€HEPIeTHIHY CTPYKTYDPY KPHCTAJIA
LiNH,SO, y S-momndikarnii 3 momimkoro ionis Cu?t. JIas mLOTo MpoBeIeHo KBAHTOBO-XiMiuHi po3pa-
XYHKH 3 TEpInX MPUHIMIIB 3a JI0NOMOron Teopil dyHKIiionaaa rycruau. [[jisi MOIETIOBAaHHS SK BXi-
JTHI TTapaMeTpy BUKOPHUCTAHO Kpucramorpadidmi maHi X-IpoMeHeBOro JOCTiKeHHA. EKCIepuMeHTanbHy
cTpyKTypy Kpucrana onrumizoByBaiu BFGS-meronom. OnrumizoBana Kpucrajgiana CTpyKTypa BUSBUAJIA-
cs1 OJIU3BKOI0 IO eKCIepUMEHTANLHOI. [ToMITHO HE3HAYHE BiIXUJIEHHS MapaMeTpiB KPUCTAIIYHOI I'DATKA
KPHUCTAJIa BiJl €KCIEPUMEHTAILHIX 3HAYEHD, 10 TUMOBO jisi Bukopucranis GGA-dyuknionana B onuci
OOMIHHO-KOPEIiHHOT B3aEMO/Iil eTeKTPOHIB.

Meromom cynepkomipku mposeneHo mojemoBanis Kpucraaa LINH4SOy y S-monudikarii 3 momimkoo
itonis Cu?*t 3aminoro apox itomis Lit na ommn iion Cu?t. Ilokazano, mo po3paxoBana 30HHO-HEPTETITHA
CTPYKTypa MOAIOHA O OTPUMAHOIL I YUCTOr0 KpucTasa. BajgerTHna 30Ha HhopMyeThCss HAOOPOM BY3bKHUX
CMYT, 10 MIiCTATDH B’SI3KH €JIeKTPOHHUX CTAHIB, sIKi BiAMOBIIAIOTH OKpeMuM XiMigauMm egementam. 11i piBmi
MaloOTh CJIAOKy auciepcio. PiBHI 30HE MpoBiAHOCTI XapaKTepu3yoThCsa OLIBINOI0 aucnepcieo. IHo 30HU
OPOBIIHOCTI po3TamoBane B HeHTpi 30 Bpimmoena (Touka I'), mo Biamosizae mpsamomy Tumy 3a60po-
HEHOI 30HU KpucTajia. Po3paxyHKoBe 3HAYEHHS MUPUHU 3a00pOHEHOT 30HU cTaHOBUTH 4.95 eB. Ycepeauni
3a00POHEHOI 30HU CIIOCTEPITaéMO BY3bKY CMYTY €IeKTPOHHHUX PiBHIB, yTBOPEHY WOTHpPMA MiApiBHAMHA d-
eJIeKTPOHiB ftoniB Mizi. Take po3IenieHHs PiBHIB 3y MOBJIEHE HU3bKOIO CUMETPIEIO MOJIs JIraH/iB OTOYEeHHS
aromiB Mizi B kpuctasi. I1i piBHi po3TamoBani 3a eHepriii BUIIUX Bi/l BEPIIMHN BAJEHTHOT 30HU KPUCTATIA
LiNH4SO4 6e3 momimok Ha 1.9 eB. Ilokaszamo, mo piBHi d-cTaniB Mimi po3rarmoBani BHINe 3a piBHI jIs
ifonis manrany cmomyku LINH4SO,:Mn2t, nociimkenol pamime (na 1.7 eB Buie BiJ BepUIMHY BAJEHTHOL
30HM]).

KurrouoBi cioBa: jitii-amoHiil cynbdar, TieJeKTpuK, e€IeKTPOHHA CTPYKTYPA, IOMIITKA, T'yCTHHA
CTaHIB.
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