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Abstract: Single crystal specimens of previously unknown gar-
net Eu,PbSb,Zn;0;, were grown in a reactive PbO:PbF, flux
medium. The crystals were characterized by a combination of
X-ray crystallography, magnetization measurements, and the
optical techniques of Raman, photoluminescence, and UV/Vis
spectroscopy. The material exhibits Van Vleck paramagnetism
\associated with the J = 0 state of Eu3*, which was possible to

accurately fit to a theoretical model. Band structure calculations
were performed and compared to the experimental band gap
of 1.98 eV. The crystals demonstrate photoluminescence associ-
ated with the 4f ® configuration of the Eu3* ions sitting at the
distorted 8-coordinate garnet A site. The title compound repre-
sents a unique quinary contribution to a relatively unexplored
area of rare earth bearing garnet crystal chemistry. Y,

Introduction

The garnet structure, a relatively common form of naturally oc-
curring complex oxide, has the generalized formula of
A3B,C30,,. The structure is composed of a network of corner
sharing BOg octahedra and CO, tetrahedra, creating larger voids
in which the A cations occupy a distorted 8-coordinate dodeca-
hedral position.''! Beyond their aesthetic and geological signifi-
cance, garnets have been the subject of broad disciplines of
materials research. Some examples of these topics include
lithium ion conductors,?3! use as a lasing medium," and mag-
neto-optical applications,” as well as permanent,'® quantum,!”!
and frustrated magnets.’®1"
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In this report, we present the synthesis, characterization and
electronic properties of a previously unknown garnet
Eu,PbSb,Zn30,,. Though related to an isolated report of
Gd,SrSb,Zn;0;, and Gd,CaSb,Zn;0;,,"2 the title compound
represents a unique quinary contribution to a relatively unex-
plored area of rare earth bearing garnet crystal chemistry. Using
a combination of experimental techniques, viz. magnetization,
photoluminescence, Raman, and UV/Vis diffuse reflectance
spectroscopy, and density functional theory (DFT), we study the
crystal structure, magnetism, spectroscopic properties, and
electronic structure of the title compound. As the material hosts
Eu3* cations in the distorted garnet A site, we investigate the
material for potential photoluminescence.

Results and Discussion

Following the flux growth, the crystals discovered were of ap-
preciable size (1-2 mm) and well faceted. Their color was a
deep red, and they were translucent. However, as the EDX
measurements and subsequently described diffraction experi-
ments revealed, the initial target material of Eu3SbsZn,0;,
had reacted with the flux during the growth process, incorpo-
rating Pb and producing the well-known and quickly recogniza-
ble garnet structure with new approximate formula
Eu,PbSb,Zn30,,. The oxygen content in the formula was as-
sumed by charge balancing and comparison to common garnet
stoichiometries. More, precisely, the stoichiometry of the mixed
A site is EUy50(6)Pbogo3)S02Zn304;, from EDX. There is no indica-
tion of the inclusion of F in the crystals (see supporting Fig-
ure 3) from EDX.

Powder XRD was performed on crushed crystals of
Eu,PbSb,Zn30,, to confirm the purity of the phase. The single-
phase material was validated by the excellent match between

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the calculated and the experimental powder XRD patterns us-
ing Rietveld refinements. Figure 1 depicts the results of refine-
ment, agreement factors, and refined lattice constants of pow-
der XRD patterns (Cu-K,; radiation) of the sample studied in
this work. The results are in good agreement (Bragg R-factor =
2.84, R-factor = 3.94) with the structure parameters determined
by single crystal XRD.
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Figure 1. Calculated (black line), observed (red open circle) and difference
(light green line) XRD patterns of the Rietveld refinement for Eu,PbSb,Zn;0,,
(A = 1.5406 A, Bragg R-factor: 2.84 %; Ri-factor= 3.94 %). The inset depicts a
typical crystal of Eu,PbSb,Zn;0;,.

The single-crystal structures of the novel garnet
Eu,PbSb,Zn30,, were determined at room temperature (293 K)
(Table 1, 2, 3, 4). The dark red polyhedral crystal crystallizes in
the cubic space group la-3d, with cell parameters of a =
12.7405(9) A and Z = 8. The three dimensional (3D) structure of
Eu,PbSb,Zn;0;, depicted in Figure 2(a) can be regarded as a
typical example of the garnet structure. The general formula for
garnet is A3B,C504,, where A, B and C are cations at different
symmetry sites. Garnets have a cubic crystal structure but with
a complicated arrangement of different cations in the unit cell.
The garnet structure can be explained in terms of a 160 atom
body-centered cubic unit cell. For Eu,PbSb,Zn30,, garnet: the
8-fold dodecahedral A site (24c — D2 point symmetry) is occu-
pied by mixed 73.2(17)% Eu3* and 26.8(17)% Pb?*; the 6-fold
octahedral B site (16a — S6 point symmetry) is occupied by Sb>*
while the 4-fold tetrahedral C site (24d — S4 point symmetry) is
occupied by Zn?*. The refined occupation of the A site is in
excellent agreement with the ratio determined by EDX (73.3 %
Eu3* and 26.7 % Pb?*). The coordination environments of mixed
Eu/Pb atoms are shown in Figure 2(b). The Eu3*/Pb?* triangular
dodecahedron is assembled by four Eu/Pb-O bonds in the
range of 2.440(3) A and another four in the range of 2.561(3)
A. The Sb5* octahedron depicted in Figure 2(c) is built up from
six Sb-O bonds which measures 1.987(3) A. The Zn?* has four

Table 1. Summary of crystallographic data and structure refinement for
Eu,PbSb,Zn;0,, at 293K.

Empirical formula EU.106PP0.804502ZN301,

Formula weight 1132.72
Wavelength 071073 A
Crystal system cubic
Space group la-3d

Unit cell dimension a = 12740509 A

Volume 2068.0(4) A3
z 8

Density (calculated) 7.272 g/cm?
Absorption coefficient 37496 mm™'
F(000) 3938

3918 to 32447 °
-19<h<19,-19<k<19, -19<1<19

0 range for data collection
Index ranges

Reflections collected 39904

Independent reflections 316 [Ri,; = 0.0829]
Completeness to 0 = 25.242 ° 994 %

Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 316/ 0/ 19

Goodness-of-fit 1473

Final R indices [/ > 20(/)]®
R indices [all data]
Extinction coefficient

Rops = 0.0243, WRps = 0.0651
Ry = 0.0246, WRy = 00653
0.00138(9)

fal R = S||Fo| = [Fll/SlFel, WR = {SIW(Fo2 ~ [FD2/SIw(|Fo[))"2 and
w = 1/[0?%(Fo?) + (0.0317P)? + 89.7942P] where P=(Fo? + 2Fc?)/3.

Table 2. Atomic coordinates and equivalent isotropic displacement parame-
ters (A2 x 103) of Eu,PbSb,Zn;0;, at 293(2) K with estimated standard devia-
tions in parentheses.

Label Wyck x y z Occupancy  Ugq™

Eu 24c 1/8 0 1/4 0.732(17) 0.0060(2)
Pb 24c 1/8 0 1/4 0.268(17) 0.0060(2)
Sb 16a 0 0 0 1 0.0033(3)
Zn 24d 3/8 0 1/4 1 0.0066(3)
(0] 96 h -0.1445(2) 0.265(3) -0.517(3) 1 0.0096(6)

[a] Ugq is defined as one third of the trace of the orthogonalized U; tensor.

Table 3. Anisotropic displacement parameters (A2) for Eu,PbSb,Zn;0;, at
293(2) K with estimated standard deviations in parentheses.

Label Uy, U Us; (VP Uss Uz

Eu 00047(2) 0.0066(2) 0.0066(2) 0.00095(10) O 0

Pb 0.0047(2) 0.0066(2) 0.0066(2) 0.00095(10) O 0

Sb 00033(3) 0.0033(3) 0.0033(3) -0.00032(9) -0.00032(9) -0.00032(9)
Zn 0.0049(5) 0.0074(4) 0.0074(4) O 0 0

o 0.0053(13) 0.0104(14) 0.0131(15) -0.0043(10) -0.0009(10) 0.0038(10)

The anisotropic displacement factor exponent takes the form: -2x?[h%a"U,,
+ .. + 2hka"b"U;5).

Table 4. Representative bond lengths (A) and bond angles (%) of
Eu,PbSb,Zn;0,, at 293(2) K.

02 neighbors in a tetrahedral fashion, Figure 2(d), with four ~ atom-atom bond lengths  atom-atom-atom bond angle
sets of Zn-O bonds with a distance of 1.952(3) A. Each octa- Eu/Pb-0(x4) 2.440(3) O -Eu/Pb -0 109.15(15)
hedron is connected to six tetrahedra while each tetrahedron EU;EE - (23 ((X 4;) i?g;(f()z) g - EU;EE —g ng;g(;‘)s)
. . u, - 4n (X . - EU - 4Zn .
is connected to four [SbOg¢] octahedra by sharing corners. EuPb - Sb (x2) 3.5611(3) 0 — Eu/Pb - Zn 64.59(14)
Deposition Number 1950530 (for Eu,PbSb,Zn;0,,) contains the Sb -0 (x6) 1.987(3) 0-Sb-0 180.0
supplementary crystallographic data for this paper. These data are  Zn -0 (x 4) 1.952(3) 0-5b-0 95.42(13)
provided free of charge by the joint Cambridge Crystallographic 0-5b-0 84.58(13)
Data Centre and Fachinformationszentrum Karlsruhe Access 0-2n-0 114.46(11)
. O0-Zn-0 99.9(2)
Structures service www.ccdc.cam.ac.uk/structures.
Eur. J. Inorg. Chem. 2020, 2512-2520 www.eurjic.org 2513 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (a) Perspective view of the 3D structure of Eu,PbSb,Zn;0,, down
the crystallographic a-axis. (b) Eu**/Pb?* dodecahedron (CN = 8); (c) Sb**
octahedron (CN = 6) and (d) Zn?* tetrahedron (CN = 4). Eu/Pb atoms are
gray/lavender with refined occupation of 0.732(17):0.268(17), Sb atoms green,
Zn atoms blue and O atoms red.

The temperature dependence of the magnetic susceptibility
of Eu,PbSb,Zn30;, is shown in Figure 3(a). Below ca. 100 K, an
onset of temperature independent Van Vleck type paramagnet-
ism is evident due to the Eu3* ground state of 7F, (S = 3,
L = 3). Such a gradual transition is commonplace in many mate-
rials incorporating Eu** cations,['*2% including related garnet
material Eu;Gas0;,.2”! In the lowest temperature range, a Curie
tail is evidence of the presence of some concentration of para-
magnetic defects or impurity phases, a common occurrence.
Therefore, we model the magnetic susceptibility of the garnet
compound as:

Xeot = (1 — P)Xvv + P Xtmp: (1)
(a) 0.020 (c) 16
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Figure 3. (a) Temperature dependence of the magnetic susceptibility of
Eu,PbSb,Zn;0,, measured under an applied field of 1 kOe and zero field
cooled (blue) and field cooled conditions (red). The curves approximately
overlap. (b) Field dependence of the magnetization of Eu,PbSb,Zn;0;, meas-
ured at 1.8 K. (c) The Van Vleck paramagnetic susceptibility for Eu** ions as
a function of temperature for different values of on-site spin orbit coupling
A [K]. The inset shows the relative splitting of the multiplets ’F, which depend
only on A. (d) The fit of the zero field cooled (ZFC) data considering only Van
Vleck paramagnetism (xyy) and the full model considering also additional
contribution from the Eu?* impurity ions (yimp). The fitting parameters are
shown in Table 5.
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where p is the concentration of the presumed Eu?* impurity
ions. yyv and ymp, respectively, represent the contribution of
the Van Vleck paramagnetism (from Eu* ions) and the Eu?*
impurity ions. The Van Vleck paramagnetic susceptibility is ob-
tained by considering the spin-orbit splitting of the lowest mul-
tiplet 7F, of the Eu3* ions (see the inset of Figure 3(c)). The
splitting of the energy levels depends only on the spin-orbit
coupling parameter A and yyy can be modeled as:2528!

xw =" (2), (2a)
Z =1+ 3e Ml 4 5o 34/keT 4 7 63/kaT 4

9 e-104/ksT 4 11 g~154/ksT | 13 g~214/kT (2b)
A=28+ % _ ;) e-H/kaT (% _ %) e—34/ksT

C’:%_ _ E) e—64/ksT 4 (% _ ;) e—104/kgT

(:2:1 _ %) e~ 154/kgT :;_:; _ %) o~ 214/kgT | (2c)

N is the number of Eu ions and Z is the partition function.
Figure 3(c) shows the dependence of the Van Vleck paramag-
netism on A. For any value of A, there is a temperature inde-
pendent part (plateau) at low temperatures. With increasing val-
ues of )\, there are two characteristic features: (i) the onset of
the plateau shifts to higher temperatures, and (ii) the magni-
tude of the temperature independent susceptibility decreases.
These A-dependent characteristics are simply due to manifesta-
tion of the fact that the contribution of the excited states to
the magnetic susceptibility decreases with increasing A.

As these equations involve only one free parameter ), its
value can, in principle, be obtained by comparing the calcu-
lated Van Vleck susceptibility and the corresponding experi-
mental data. However, for the garnet system under considera-
tion, since the Eu3* ions share the Wyckoff position with non-
magnetic Pb atoms as well as with Eu?* impurities, we consider
N as another free parameter. Later, to cross-check our model,
we compare the value of N obtained from fitting the magnetic
susceptibility data with the value estimated from the XRD re-
finement. For brevity, we relabel the prefactor in Eq. (2a) as
a = Npg? For molar susceptibility, we use oy = (Na/mol)ps? -
034512 €mu-K/mol-Oe as reference, where N, is the Avogadro
number, equal to number of free ions in one mol.

The magnetic susceptibility of Eu?* impurity ions is modeled
.[29]
as:

C
Ximp = T’ (3)

where C = 7.875 emu/mol is the Curie constant of Eu?* ions,13%
leading to three free parameters in the full model represented
by Eqg. (1): A, a, and p. Figure 3(d) shows the fit of yyy, which
accounts for only the Van Vleck paramagnetic susceptibility
represented by Eq. (2) and, the full model y: (Eq. (1)), which
accounts also for the contributions of the impurity ions to the
experimental data. The fitting parameters are provided in
Table 5. The value of spin-orbit coupling A ca. 430 K is some-
what smaller than the 545.3 K for the free Eu3* ions, but
comparable to the values for Eu,05; and other Van Vleck para-
magnets containing Eu3* ions.[28]

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The values of a obtained for both models are also compara-
ble. Considering the model with only Eu3* ions and Van Vleck
paramagnetic susceptibility (Eq. (2)), the ratio of parameters
aw/0g = 2.24 which suggests that the number of Eu atoms in
the garnet system is ca. 2.2 times larger than in one mol of the
free ions (Table 5. This value is in a very good agreement with
the fraction of Eu ions estimated from the XRD data, whereby
this fraction is estimated to be ca. 2.2, thus establishing that the
considered model is indeed a good description of the observed
magnetism. Within the full model, described by Eq. (1), the
value of a is only slightly larger, still in a very good agreement.
The fraction of Eu?* impurities is found to be reasonably small,
p ca. 0.1 %.

Considering the space group /a-3d (No. 230) and the occu-
pancy of the Wyckoff positions as explained in the XRD section,
the group theory predicts 3 A,g, 8 doubly degenerated E4 and
14 triply degenerated T,, Raman active modes.?'#? According
to the polarisation selection rules for backscattering, the A4
modes can be detected only in parallel configuration, while the
Ey and the T,4 modes can be detected in both parallel and
cross polarisation configurations.

The Raman and photoluminescence (PL) signals can be read-
ily distinguished in the measured spectra by performing meas-
urements with different excitation laser lines. In Figure 4 the
spectra measured with 442 nm and 532 nm excitation wave-
lengths are shown for comparison. In the left side of the figure
the Raman spectra are shown for both excitations. In the right
hand of Figure 4 the PL signal (above 1000 cm™") detected at
532 nm excitation is shown. No luminescence was observed for
442 nm excitation in the measured range. For getting the abso-
lute values of the PL peak positions in the 532 nm spectrum,
the wavelength scale was also added on the top of the figure
The assignment of the Raman mode symmetry for a different
garnet crystal belonging to the same space group /a-3d (No.
230) was done in literature based on Raman measurements per-
formed on different crystal faces.33-3¢

In Figure 5 the Raman spectra measured in backscattering
geometry for parallel (VV) and cross (HV) polarisation configura-
tions using 442 nm excitation for a (110) surface are shown.
The spectra recorded at an azimuthal 90° rotation of the sample
are also presented. The spectra exhibit an orientation depend-
ence and a strong polarisation dependence of the intensity due
to the Raman selection rules, with 18 Raman peaks identified
in the 90-950 cm~' range. (marked by * in Figure 5). However,
a straightforward assignment of the phonon symmetry is still
difficult because of the mixed Eu/Pb coordination. Based on the
assignment of the Raman phonon modes for europium gallium
garnet crystalsi3’3° the intensive peaks at 728 cm™' and
516 cm™' have A,y symmetry. However, for these 2 intensive

Table 5. Fitting parameters.
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Figure 4. Raman (left side) and photoluminescence (right side) spectra meas-
ured on Eu,PbSb,Zn30;, crystal using 442 nm (blue, dotted lower curves)
and 532 nm (green, solid upper curves) excitations.

peaks ca. 5% of the intensity could be still measured in the
“forbidden” cross polarisation configuration due to polarisation
leakages (due to the microscope objective) and/or sample mis-
orientation. The third A;4 phonon can be the one at 271 cm™
considering its nearly vanishing intensity in cross polarisation
configuration. Its frequency is much lower than in EusGasO,,
(ca 340 cm™)13637:3% pecause of the involvement in the vibra-
tion of the heavier Pb atom.

T T T T
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Figure 5. The Raman spectra of Eu,PbSb,Zn;0;, crystal measured in back-
scattering geometry for parallel (VV) and cross (HV) polarisation configura-
tions. The spectra with azimuthal rotation of the sample by 90° are also
shown.

In order to check the assignment of the modes, azimuthal
dependent Raman measurements were performed. For this pur-
pose, Raman spectra were measured by rotating the sample
around the laser direction in steps of 15° for the azimuthal an-
gle @. A (110) surface of the crystal was measured for both
parallel (VV) and cross (HV) polarization configurations. The in-
tensity of the measured modes was analyzed by fitting the

Parameter Van Vleck Paramagnetism (Eq. (2)) Full Model (Eq. (1), (2) and (3))
L [K] 4153 +/- 3.4 4315 +/- 1.0

a (emu K/mol Oe) 0.8412 +/- 0.0052 0.8558 +/- 0.0014

p - 0.000979 +/- 1.8E-05

r.m.s of residuals 3.44658 E-04 8.78208 E-05

Variance of residuals 1.18789 E-07 7.71249 E-09

Eur. J. Inorg. Chem. 2020, 2512-2520 www.eurjic.org
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Figure 6. Polar plots of the azimuthal angle (¢) dependence of the intensity for the modes at 516 cm™ (a), 335 cm™ (b), and 142 cm™ (c) having A,g, Eg,

and T, symmetries, respectively.

peaks by Lorentzian oscillators for each angle and polarization
configuration. The angular dependence of the intensity was
used for the assignment of the modes, by using the Raman
tensor formalism in a procedure similar to the one we intro-
duced for BiFeO; crystals.[ "

By using polar plots of intensity vs. azimuthal angle (¢), the
A,g modes could be easily identified because of their nearly
constant intensity in parallel polarization configuration and van-
ishing intensity for cross polarization configuration. Figure 6(a)
shows exemplary the polar plot of the A;y mode at 516 cm™.
Very similar behavior was found for the other two A;4 modes
at 271 cm™" and 728 cm™'. The expected dependences of the
intensity on azimuthal angle (¢) for all the modes, both polari-
zations and for the (110) scattering surface are given in Table 6.

Table 6. The expected azimuthal angle (¢) dependence of the intensity of
the Aqq Eg and Tpq modes for (110) scattering surface, for parallel (p)
and cross (c) polarization configurations obtained using the Raman tensor
formalism.[ % g, b, and d are connected to the Raman tensor elements of the
Aig Eg and T,g modes respectively.3233

a maximum, there is a minimum in cross polarization and vice
versa. In Figure 6(b) the polar plot for the E; mode at 335 cm™'
is shown. Similar behavior has been observed for the modes at:
ca. 101 em™,203 ecm™,279 cm™', 303 cm™', 382 cm™, 451 cm™,
and 665 cm™', which indicate that these modes have an
E; symmetry The experimental intensity dependence of the
E; modes is in good agreement with the dependence of the
intensity predicted by the formulas in Table 6. In the Figure 6(c)
the intensity dependence of the mode at 142 cm™', which has
Tog symmetry, is exemplary shown. The experimental intensity
dependence is similar to the one expected from the formulas
in Table 6 for the T,; modes. The same dependence of the
intensity shows also the modes at ca. 158 cm™, 187 cm™,
241 cm™ and 410 cm™, which should have T,4 symmetry. In
Table 7 the frequency positions and the symmetry assignment
of the Raman modes are summarised.

Table 7. Assignment of the Raman modes of Eu,PbSb,Zn;0;,.

Symmetry Frequency/cm™’

Aqg 271,516, 728

Eq 101, 203, 279, 303, 335, 382, 451, 665
Ty 142, 158, 187, 241, 410

Intensity (110) scattering
":]9” a’
o 0
.':g~ b? (4- — 3(cos*(¢p) + sin? (2@)))
.'fg~ %bzsinz(Z(p)
.':29~ d?(cos*(¢) + sin®(2¢))
.,:ng d? (cosZ(Z(p) + %sinz(an))

In the case of the Ey, and T,y modes the azimuthal depend-
ence of the intensity is more complex, showing 180° periodicity
for parallel polarization or 90° periodicity for cross polarization.
At the angles where the intensity for parallel polarization shows

Eur. J. Inorg. Chem. 2020, 2512-2520 www.eurjic.org
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The most intensive peak observed in the PL spectrum at ca.
611 nm (Figure 4, right side) can be related to the Eu®* transi-
tion from the excited state °D, to “F,.3%4" On the other hand
the PL peaks in the 589-594 nm range were assigned to °D, —
’F, transitions, while the other peaks correspond to different
D—F multiplet transitions.**? Pressure dependent measure-
ments of the PL intensities for the °D, — ’F, and °Dy — F,
transitions in Eu garnets and other Eu compounds suggest that
an increase of the intensity of the D, — ’F, transition is related
to an increase of the asymmetry around the Eu3* ions.[3941:4344]
The high intensity measured at 611 nm in our PL spectra can,
in this case, be correlated to a high asymmetry around the Eu3*
ions, which can also contribute to the difficulties in the assign-
ment of some of the Raman phonons due to a partial relaxation
of the selection rules.

To clarify the electronic properties, we start with UV/Vis dif-
fuse reflectance spectroscopy to estimate the band gap. Fur-
thermore, density functional theory (DFT) electronic structure
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calculations were carried out. Due to random occupation of the
Wyckoff sites 24c by Eu/Pb atoms, several inequivalent crystal
structures were considered for DFT calculations to rule out any
subtle occupation dependence. Specifically, nine distinct crystal
structures (labelled S1-5S9) corresponding to the 2:1 occupation
of the Wyckoff sites 24c by Eu and Pb atoms, respectively, were
considered (see “Computational Details”). Within the scalar rela-
tivistic calculations, the ground states for all the considered
structures are semiconducting, with direct band gaps ranging
between approximately 1.3 eV and 1.8 eV (see Table 8). Spin-
orbit coupling has practically no effect on either the nature or
the values of the band gap. These values are somewhat smaller
than the corresponding experimental value of 1.98 eV, as ob-
tained from the UV/Vis diffuse reflectance spectra, shown in
Figure 7.

0.010
0.008
o 0.006 -
>
=
4
£ 0.004
0.002
Direct Gap
1.98eV
0.000 L
1 2 3
E (eV)

Figure 7. Kubelka-Munk transformation and linear extrapolation of UV/Vis
diffuse reflectance data for the estimation of a direct band gap in
Eu,PbSb,Zn305,.

To further ascertain the robustness of the obtained nature
of electronic band gap, the role of atomic positions was also
investigated. The internal parameters (atomic positions) were
optimized for the structures S3-S8 while keeping the lattice
constants and angles fixed to their experimental values. While
this influences the electronic band gap values significantly, the
nature of the band gap remains unaffected. The band gaps for
the relaxed structures lie between approximately 1.7 eV and
2.2 eV (see Table 8), in remarkably good agreement with the
experimental value of 1.98 eV.

The qualitative features of the electronic structure are similar
for all the considered structures. For a detailed discussion, we
consider the structure “S7” as a representative. Within GGA, the
ground state corresponds to a semiconductor with a direct
band gap of ca. 1.83 eV. Inclusion of SOC merely lowers this
gap by ca. 0.005 eV (see Table 8). However, the relaxed structure
has a larger gap value of ca. 1.92 eV. Nevertheless, the nature
of the electronic gap and qualitative aspects of the electronic
structure remain unaffected. Figure 8(a) and (b) show the fully
relativistic (with SOC) electronic band structure and the density
of states (DOS) for “S7” with optimized atomic positions, clearly
showing a direct band gap at the I" point. The states above the
Fermi energy (conduction band edge) are dominated by Sb and
O contributions while the valence band edge is composed of
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Table 8. Electronic band gaps of various Eu,PbSb,Zn;0;, structures consid-
ered in this study.

Case Gap [eV]
Scalar Relativistic Full Relativistic Relaxed Structures
(Full Relativistic)

S1 1.438 1.432

S2 1.603 1.597

S3 1.519 1.512 1.868

S4 1.330 1.323 1.731

S5 1.786 1.779 2.192

S6 1.487 1.481 1.827

S7 1.833 1.825 1.921

S8 1.518 1.508 2.091

S9 1.462 1.455

Pb-6s and O-2p contributions from the nearest and next-nearest
neighbor O atoms forming the PbOg dodecahedron, as shown
in atom- and orbital-resolved DOS (see Figure 8(d) and (e)). The
p-orbitals from these oxygen atoms strongly hybridize with
Pb-6s orbitals and remain well-separated from the O-p domi-
nated states in the valence band below ca. -1 eV. A small contri-
bution from the more distant O atoms (O3 atoms) in the energy
range between -1 eV and the Fermi energy is also present. The
unoccupied Pb-6p states imply a formal valency of +2 for Pb.
This, in conjugation with the +3 valency of Eu atoms, implies
that Sb and Zn are, respectively, in +5 and +2 states, in con-
formity with expectations.

The enhancement of the band gap upon optimization is
accompanied and likely caused by the adjustment of oxygen
atoms. For S7, the optimal Sb—-O and Zn-O bond lengths are
2.021 A and 1.943 A, as compared to the experimental values
of 1.987 A and 1.952 A (see Table 4). On the other hand, for
Eu-0O and Pb-0O, while XRD suggests two distinct bond lengths
forming the dodecahedron (dgypb_01 = 2.440 A and dey/pb-0> =
2.561 A, also see Figure 2), in the lower symmetry model struc-
tures, dodecahedrons are twisted. More importantly, the size of
the dodecahedrons depends on the central atom. Conse-
quently, a distribution of bond lengths is realized with
<dpu_o0> = 2456 A and <dpp_o> = 2.566 A (see Supplemental
Material for details). In fact, these features are realized for all
the considered structures, as shown in the Supplemental Mate-
rial. Such local structural aspects can possibly be resolved by
techniques more sensitive to oxygen positions, such as a neu-
tron total scattering experiments and/or X-ray absorption fine
structure (XAFS) spectroscopy, which, however, are beyond the
scope of the present work.

Conclusion

Through a reaction with the crystal growth flux medium, dark
red transparent single crystals of novel garnet Eu,PbSb,Zn;0;,
were formed. Characterization methods of XRD and SQUID
magnetometry as well as Raman, photoluminescence, and
UV/Vis spectroscopy were performed and compared to theoreti-
cal methods. By Pb doping, a structure containing Eu3* ions
was realized which has properties of photoluminescence and
Van Vleck paramagnetism. The new compound has potential
applications associated with its wide band gap, intriguing pho-
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Figure 8. Electronic properties of Eu,PbSb,Zn;0;, garnet: (a) The band structure and (b) the total density of states per formula unit (f.u.) for the structure S7
with relaxed atomic positions. The high symmetry points in the Brillouin zone are shown in (c). (d) The atom-resolved DOS showing the relative contributions
across the Fermi energy, and (e) zoom-in near the valence band edge showing that these bands are composed largely of Pb-6s and 2p states from O; and
O, which form the dodecahedron shown in Figure 2(b). The other oxygen atoms O3 are the third nearest neighbors.

toluminescent optical properties, and structural stability associ-
ated with the garnet structure.

Experimental Section

A 5 g sample of EusSb3Zn,0,4 was prepared by the direct solid
state reaction of the dried binary oxides Eu,03, Sb,0s, and ZnO at
1200 °C following the previous work of Sanders et al.'3 10 g of
each PbO and PbF, were added to this to act as flux medium, and
the mixture was placed in a Pt crucible with a Pt lid firmly crimped
onto the top to limit the evaporation of the flux. This crucible was
placed in a protective alumina casing and inserted into a muffle
furnace located within a fumehood for safety due to the toxicity of
the flux. The furnace was heated to 1200 °C, held for 24 hours, and
slowly cooled to a rate of 1.7 °C per hour to a temperature of 600 °C
before switching off the furnace. Afterwards, by tapping the bottom
of the crucible with a rubber mallet, the soft flux was easily dis-
lodged from the crucible and individual crystals could be directly
removed and washed briefly in a dilute nitric acid bath. The chemi-
cal composition of the harvested crystals was examined by scan-
ning electron microscopy (SEM, XL30 Philipps, IN400) equipped
with an electron microprobe analyzer for semi-quantitative elemen-
tal analysis using the energy dispersive X-ray (EDX) mode, revealing
the incorporation of lead into the formula Eu,PbSb,Zn;0,,. At-
tempts to synthesize this new material in polycrystalline form
through direct solid state synthesis of the pertinent binary oxides
in a wide temperature range were unsuccessful, favoring the forma-
tion of pyrochlore related phases with no indication of the title
garnet compound appearing in any quantity.
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Crystals of Eu,PbSb,Zn;0,, were selected and mounted on the tips
of glass fibers to perform single-crystal X-ray diffraction (XRD) ex-
periments. Room-temperature intensity data were collected on a
Bruker X8 Apex2 CCD4K using graphite-monochromatized Mo-K,,
radiation (1 = 0.71073 A). Data were collected over a full sphere of
reciprocal space with 0.5° scans in w with an exposure time of 15 s
per frame. The 20 range extended from 8° to 80°. The intensities
were collected using @ and » scans and extracted using the soft-
ware package SAINT.'¥ Intensities were corrected from absorption
effects using a semi-empirical method based on redundancy by use
of the SADABS software.!’! The crystal structure was refined using
the SHELXL'®' and JANA2006!'”! software packages. The crystal
structure was solved by direct methods and refined by full-matrix
least-squares on F2. The parameters for data collection and the de-
tails of the structure refinement are given in Table 1. Atomic coordi-
nates, thermal displacement parameters (U,) and occupancies of
all atoms are given in Table 2. Anisotropic displacement parameters
and selected bond lengths and angles are given in Table 3 and
Table 4.

Phase purity of the Eu,PbSb,Zn;0,, phase was confirmed by pow-
der X-ray diffraction (XRD). The samples were finely ground and
mounted on a thin film transmission sample holder to be analyzed
with STOE STADI diffractometer in transmission geometry with
Cu-K,,; radiation equipped with a Germanium monochromator and
a DECTRIS MYTHEN 1 K detector. Powder XRD data were analyzed
with the Rietveld method using the FULLPROF SUITE program.['®]
The peak shape was assumed to be a pseudo-Voigt function and
the refinement included the following features: (a) the background,
which was extrapolated from 30 background parameters; (b) the
scale factors; (c) the global instrumental parameters (zero-point 20

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Eur]JIC . ..
doi.org/10.1002/ejic.202000271

European Journal of Inorganic Chemistry

shift and systematic shifts, determined by transparency and off-
centering of the sample); (d) the lattice parameter; and (e) the pro-
file parameters (Caglioti half-width parameters of the pseudo-Voigt
function). The March-Dollase modell'®! for preferred orientation was
used in all of the refinements as the powders were prepared from
crushed crystal specimens.

Magnetic property measurements were conducted on a Quantum
Design SQUID Magnetic Property Measurement System (MPMS). A
collection of randomly oriented crystals, totaling 35.0 mg were con-
tained in a gel capsule and mounted in a straw for insertion into
the device. The temperature dependence of the magnetization was
measured under an applied field of 1 kOe following 1 kOe field
cooled (FC) and zero field cooled (ZFC) conditions within the tem-
perature range of 1.8 to 400 K. This procedure was repeated with a
field of 50 kOe. The field dependence of the magnetization of the
sample was measured within the range of -70 to +70 kOe at a
temperature of 1.8 K. No corrections for diamagnetic contributions
to the data were applied.

The diffuse reflectance spectra in the ultraviolet-visible (UV/Vis)
range were collected using a Varian Cary 4000 UV/Vis spectropho-
tometer equipped with a Praying Mantis diffuse reflectance acces-
sory (Harrick Scientific Products) between 200 and 800 nm. These
measurements were conducted on powder from ground crystals.
The data were transformed to an equivalent Kubelka—Munk absorp-
tion spectra F(R) to estimate the direct band gap,'2°-22 which is
obtained by plotting [F(R)hv]? as a function of energy hv. The inter-
cept of the linear part of the spectrum near the absorption edge
on the energy axis is equal to the optical band gap.!??

Micro Raman spectroscopy measurements were performed at room
temperature using Horiba Jobin Yvon spectrometers equipped with
2400 mm~' and 1800 mm™" gratings. The excitation was done by
means of 442 nm (HeCd laser) and 532 nm (frequency doubled
Nd-YAG laser) lines, with a laser power below 1.5 mW. Backscatter-
ing geometry was employed with the laser propagation direction
normal to the sample surface, and the incident and detected scat-
tering polarisations being parallel (VV) or perpendicular (HV) to
each other. A 50 x magnification microscope objective was used
and the spectra were recorded 20 times with an accumulation time
of 5.

Computational Details

Considering the disordered occupation of the Wyckoff position 24c
by Eu/Pb atoms, several different possible crystal structures for the
Eu,PbSb,Zn;0;, compound were generated such that these (24c)
sites are occupied by Eu and Pb atoms in the ratio 2:1. Our starting
point was the hypothetical undoped Eu3Sb,Zn;0;, structure in the
la-3d space group (see Table 2), which contains 12 Eu atoms per
unit cell whose positions are related by symmetry operations corre-
sponding to the Wyckoff position. Out of these, four atoms were
randomly chosen using a pseudo random number generator and
were replaced by Pb. In order to rule out any subtle dependence
on the Pb-occupied sites, this procedure was carried out for approx-
imately 30 different sets of sites (see Supplemental Material for de-
tails). In this way, nine distinct crystal structures were realized for
which the electronic properties were investigated. While the list of
obtained lower symmetry structures is not exhaustive, these struc-
tures are expected to form a representative sample.

All calculations were performed using the Perdew-Burke-Ernzerhof
implementation!?3! of the Generalized Gradient Approximation
(GGA) as implemented in the Full-Potential Local-Orbital (FPLO)
code,®¥ version 18.52.12° A fine k-mesh with 8 x 8 x 8 intervals was
used for numerical integration in the Brillouin zone along with a
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linear tetrahedron method. Spin-orbit interactions (SOI) were in-
cluded in the self-consistent calculations via the 4-spinor formalism
as implemented in the FPLO code. For several structures, the inter-
nal coordinates (atomic positions) were optimized using the default
scalar relativistic approximation implemented in the FPLO code and
a coarser k-mesh with 2 x 2 x 2 intervals. The threshold for the re-
sidual forces on each atom during the optimization of internal coor-
dinates was set to 1 meV/A. The difference in the relaxed atomic
position between the fine and the coarser k-meshes was found to
be less that 10~3a with a = lattice constant and the corresponding
energy difference was < 107> eV. Consequently, the resulting elec-
tronic properties were qualitatively the same.

In all cases, the Eu-4f orbitals were treated within the “open-core
approximation”, where they are treated as core orbitals (no partici-
pation in bonding) despite partial occupations. Consistent with the
low-temperature magnetic susceptibility measurements showing
Van Vleck paramagnetism, non-magnetic 4f ¢ configuration corre-
sponding to the J = 0 ground state multiplet was considered.
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