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Abstract: A negative deviation from Vegard rule for the average atomic volume versus yttrium
content was found from experimental crystallographic information about the binary compounds of
yttrium with gallium. Analysis of the electron density (DFT calculations) employing the quantum
theory of atoms in molecules revealed an increase in the atomic volumes of both Y and Ga with
the increase in yttrium content. The non-linear increase is caused by the strengthening of covalent
Y-Ga interactions with stronger participation of genuine penultimate shell electrons (4d electrons
of yttrium) in the valence region. Summing the calculated individual atomic volumes for a unit
cell allows understanding of the experimental trend. With increasing yttrium content, the polarity
of the Y-Ga bonding and, thus its ionicity, rises. The covalency of the atomic interactions in Y-Ga
compounds is consistent with their delocalization from two-center to multi-center ones.

Keywords: intermetallic compound; quantum theory of atoms in molecules; electron
localizability indicator

1. Introduction

The issue of chemical bonding on metals and intermetallic compounds is still a question under
discussion and a challenge for theoretical and experimental inorganic chemistry. In the past, charges
have often been discussed in connection with metals and intermetallic compounds, and in particular,
ionized species immersed in an electron cloud (“electron gas”) have been viewed as one of the driving
forces for stabilization of structural patterns [1]. New opportunities for the quantum chemical analysis
of the bonding in this family of inorganic substances became available with the emergence of analysis
techniques in position space, including the Quantum Theory of Atoms In Molecules (QTAIM) which
utilizes the topological analysis of the electron density [2], and the implementation of the 2-electron
functionals for bonding indication, i.e. methods such as the electron localizability approach [3,4] or the
electron localization function [5-7].

The distribution of the QTAIM charges facilitates studies of the ionic component of atomic
interactions in intermetallic compounds. So, in the study of Al,Cu, a compound with components of
rather similar electronegativity, a not necessarily expected charge transfer was found: —1.60 for Cu and
+0.8 for Al [8]. The systematic QTAIM analysis of the compounds in the Al-Pt system with components
differing strongly in their electronegativities revealed a complex concentration dependence of the
atomic charges and volumes [9]. While—independent from composition—aluminum has positive
QTAIM charges between 0 and +2 being the cation, platinum plays the role of the anionic species with
charges between 0 and —4. The atomic shapes reflect the local coordination and are different in each
compound. The atomic volumes show monotonic non-linear dependence on the atomic concentration.
The volume of the aluminum atoms increases, and the volume of the platinum atoms decreases with
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the aluminum content [9]. Even larger negative QTAIM charges of —4.8 and —5.7 were found for Pt in
the recent discovery of the binary compound Bey; Pts [10], which is consistent with the slightly larger
difference in electronegativity compared to the Al-Pt compounds. An interesting interconnection
between the charge transfer per atom and the superconducting transition temperature was found for
the compounds of bismuth with transition metals showing a very small charge transfer per atom [11].
Within the special group of intermetallic compounds, the so-called Laves phases, the evaluated QTAIM
charges are proportional to the electronegativity difference between the components, revealing the
important role of ionic interactions [12].

Understanding the atomic interactions in the intermetallic compounds of lanthanides is especially
challenging. The combination of strong electron correlation within the valence orbital manifold, the
weakness of the ligand field and relativistic effects are found nowhere else in the periodic table, and all
must be properly accounted for in order to derive meaningful insight [13]. Recent attempts to apply
the QTAIM approach to the individual intermetallic compounds containing rare-earth metals revealed
their cationic behavior and charge depletion of less than two electrons: e.g., La'”73* in LaBg [14], Yb!4*
in YbyPtgAlys [15], Eul?%* in EuyGaPt, [16], and Ce%8* in CelnsIr [17]. We present here a systematic
study of the atomic interactions in the binary compounds of yttrium with gallium to gain more insight
into the chemical bonding in this family of intermetallic compounds.

The yttrium compounds with gallium were chosen in order to avoid the calculation difficulties
with the f-electron containing rare-earth metals. On the other hand, the crystallographic information
available allows the quantum-mechanical study of all the binary Y-Ga compounds found in the
literature. By investigating the phase diagram of the binary system [18] the previously known
compounds YGay, YGa, Y3Gas and two modifications of YsGaz were confirmed. Later, the compounds,
YGag, Y3Gay and the low-temperature modification m-YsGas were discovered. Crystallographic
information on the binary compounds is presented in Table 1. The electron counting in YGa was
discussed in order to understand the effect of the substitution of gallium by zinc and copper [29].
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Table 1. Crystallographic and quantum chemical information for the yttrium gallides.

Structure Space Unit Cell Dimensions Atomic Coordinates v A3 Q Charge Transfer Reference for
Compound — ~p 0 Group A i i i3 atoms atom Ga At Crystallo-Graphic Dat
a, A b, A ¢ A B.deg  Viuitcon, A Atom x y z per Ga Atom, e rystallo-Graphic Data
Ga Ga Cmca 4.523 7.661  4.524 156.76 Ga 0 0.1549 0.0810 19.60 0 0 19
YGag PuGag P4/nbm  5.947 7.549 225.87 Y Ya Ya 0 17.84 +1.60 0.27 20
Gal Ya Ya 0.1610 18.75 —0.08
Ga2 0.4359 1—x 03480 19.53 —0.36
YGa, AlB; P6/mmm 4.211 4.112 63.15 Y 0 0 0 17.70 +1.54 0.77 21
Ga bz % Y2 22.83 -0.77
Y3Gas Tm3Gas Pnima 11.450 9.674 6.098 675.46 Y1 0.3521 0.0092 0.1099 18.49 +1.31 0.74 22
Y2 0.0736 Ya 0.1524 18.93 +1.06
Gal 0.0909 0.5527 0.1244 22.22 —0.76
Ga2 0.0052 Ya 0.6280 23.23 —0.74
Ga3 0.2520 Ya 0.8250 2291 —-0.70
Ga4 0.2980 Ya 0.3970 2294 —-0.72
YGa a-IT1 Cmcem 4.302 10.860 4.073 190.29 Y 0 0.138 Ya 20.61 +1.15 1.15 23
Ga 0 0.417 Ya 2691 -1.15
Y3Gay Gd3Gay I4/mem  11.620 14.860 2006.46 Y1 0.0666 0.2029 0.1356 20.78 +1.16 1.65 24
Y2 0.1688 x+% 0 25.02 +0.74
Y3 0 Ya 0.1510 20.14 +1.22
Gal 0.1777 x+% 0.2013 29.18 —1.48
Ga2 0.6160 x—% 0 31.06 —2.13
Ga3 0 0 0 35.46 —1.47
Ga4 0 0 Ya 30.22 —1.58
t-YsGaz BasSis P4/ncc  7.6474 14.147 827.36 Y1 0 1 02603  19.39 +130 159 25
Y2 0.1723 0.1621 0.1027 23.61 +0.87
Gal 0 0.5 0.994 34.94 —1.88
Ga2 0.3768 x Ya 29.03 —1.45
m-YsGaz  YsGas C2/m 8635 14894 6510 9119  837.07 Y1 07300 0 0226 2577 +079 160 26
Y2 0 0.1800 0 19.03 +1.48
Y3 0 0.151 2 20.24 +1.03
Y4 0.378 0.123 0.264 25.49 +0.71
Gal 0.110 0 0.198 31.16 —1.51
Ga2 0.212 0.301 0.293 31.03 —1.65
h-Ys5Gas Mns5Sis P63 /mcm  8.576 6.479 412.67 Y1 0.236 0 Ya 20.67 +1.01 1.66 27
Y2 175 %) 0 23.19 +0.98
Ga 0.5991 0 Ya 31.41 —1.66

Y Mg P63 /mmec 3.6482 5.7318 66.08 Y /3 % Va 33.04 0 28
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2. Methods

The TB-LMTO-ASA program package [30,31] with exchange correlation potential (LDA),
according to Barth and Hedin [32], was used for quantum chemical calculations on yttrium-gallium
compounds. Experimentally obtained lattice parameters and atomic coordinates (Table 1) were
employed for the calculations. The radial scalar-relativistic Dirac equation was solved to get the
partial waves. The calculation within the atomic sphere approximation (ASA) includes corrections
for the neglect of interstitial regions and partial waves of higher order [33], hence the addition of
empty spheres was necessary only for Y3Gay and h-Y5Gas. The radii of atomic spheres applied
for the calculations can be obtained from the authors. Basis sets containing Y(5s,4d) and Ga(4s,4p)
orbitals were employed for the self-consistent calculations with the Y(5p,4f) and Ga(4d) functions
being downfolded.

The electron localizability indicator was evaluated in its ELI-D representation [3,4] with a module
already implemented within the TB-LMTO-ASA program package [30]. To gain deeper insight into
the chemical bonding, the topology of ELI-D and electron density was analyzed with the program
DGrid [34]. The electron density was integrated in spatial regions, which are bounded by zero-flux
surfaces of the electron density gradient vector field. These electron density basins, each containing the
atomic nucleus, represent the atomic regions defined in the Quantum Theory of Atoms In Molecules
(QTAIM) [2], and their electronic population gives rise to the QTAIM effective atomic charges. In the
framework of ELI-D analysis, the analogous procedure provides electron counts also for each ELI-D
basin. With QTAIM space partitioning defining atomic regions, and ELI-D space partitioning defining
intra-atomic core and interatomic bond regions complementary information can be obtained. Moreover,
the two types of space partitioning can be combined within the ELI-D/QTAIM basin intersection
method, where both types of partitioning are superimposed to determine how ELI-D bond basins
are spatially composed of QTAIM atomic regions and their electronic populations. The QTAIM- and
ELI-D-based electron counts reveal basic information for the description of the bonding situation [35].

In order to evaluate delocalization indexes, the calculations for YGa, and YGa were also performed
using the all-electron full potential LAPW program package Elk [36]. For the DFT/PBE [37] calculation
the atomic Y(4s?p®d! 5s?) and Ga(3s?p®d!” 4s?p?) states were treated as semi-core and valence states;
the remaining atomic states of lower energy were treated as core states. The resulting wavefunction
was analyzed and two-center delocalization indices were calculated with the DGrid-4.7 program [38],
the subsequent calculation of three-center delocalization indices and bond delocalization ratios G [14]
was effectuated with the DISij program [39].

3. Results and Discussion

3.1. Average Atomic Volume

An experimental quantity suitable for comparison with the results of the quantum chemical
calculations in position space is the average atomic volume Vatom which is obtained from the volume
of the unit cell [9]. Analysis of the experimental data on lattice parameters of the compounds of yttrium
with gallium (Table 1) shows that the average atomic volume systematically deviates from the expected
one assuming the validity of the Vegard rule (Figure 1). Already the adoption of the minimal amount
of yttrium (YGag compound) results in a strong reduction in the average atomic volume. The deviation
from the Vegard line (red in Figure 1) increases towards Y3Gas and becomes slightly smaller for the
yttrium-richer compounds. These findings indicate the importance of the yttrium-gallium interactions,
which were further studied by quantum-chemical techniques in position space.
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Figure 1. Average atomic volume Viom vs yttrium concentration in the compounds of yttrium with
gallium. The red line presents the behavior expected from the Vegard rule. The blue line only serves as
an eye guide.

3.2. QTAIM Charges and Atomic Volumes

Analysis of the shapes of the QTAIM atoms in the yttrium gallides (Figure 2) reveals, that with
increasing concentration of yttrium, the shape of the yttrium atoms deviates more and more from being
spherical. In YGag and YGay, the yttrium species have approximately spherical shapes. The shapes
of the gallium atoms display concave regions originating from the common surface with the cationic
yttrium species. This is characteristic for the predominately ionic Y-Ga interactions in the system.
In such a case, the atomic basin of yttrium includes mostly chemically inert (“hard”) inner atomic
shells, while the QTAIM gallium species also include, besides their own core regions, the whole valence
space. This situation is accompanied by a comparably high charge transfer from yttrium to gallium,
and large effective charges on Y (+1.60 and +1.54 for YGag and YGay, respectively). With increasing
yttrium concentration, the shapes of the yttrium atoms reflect more and more their coordination
environment, and their surface contains flat or convex elements being the common surfaces with
neighboring yttrium or gallium atoms, respectively. For example, the shapes of the QTAIM atoms in
the elemental structures of Y and Ga reveal flat common surfaces in agreement with the depiction of
non-polar covalent bonding. This finding indicates the increase in the covalency of the interaction Y-Ga
in the binary compounds. Similar behavior was found recently e.g., for Bep;Pts5 [10] and CdSb [40].
The QTAIM effective charges of yttrium atoms drop towards +1 (Table 1).

With each of the yttrium atoms transferring between 1.6 and 1.0 electrons to the gallium partial
structure, the gallium atoms increase the accepted charge from 0.2 towards 2 electrons per atom
(Figure 3). The change in the effective charges versus yttrium concentration—similar to the Al-Pt
system—is monotonic indicating the continuous change of the ionic component of chemical bonding.

The concentration dependence of the QTAIM charges, that is, the charge reduction per Y atom
and charge increase per Ga atom with increasing yttrium concentration, suggests a shrinking of the
atomic volume of Y with increasing yttrium content. The calculated atomic volumes show just the
opposite development. In fact, both atomic volumes (Y and Ga) increase with the yttrium concentration
(Figure 4). The increase is non-linear for both. It is caused by increasingly covalent Y-Ga interactions
with stronger participation of genuine penultimate shell electrons (electrons from Y(4d) orbitals) in
the valence region. Upon summing the individual atomic volumes for the unit cell, this development
of the individual atomic volumes allows to understand the trend in the change of the experimental
average atomic volumes with the negative deviation from the Vegard rule (cf. Figure 1).

3.3. Yttrium—Gallium Interactions from Electron-Localizabilty Approach

In order to understand the role of the yttrium-gallium interactions in the stabilization of the binary
structural patterns in the compounds of the system Y-Ga, further analysis of chemical bonding in the
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representative compounds YGag, YGa and t-Y5Gags, representing different yttrium contents, was made
applying the electron localizability approach.

h-YGa, Y

Figure 2. The shapes of selected Y and Ga atoms in the yttrium compounds with gallium. All panels
are shown in the same scale.
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Figure 3. QTAIM charges of yttrium (orange) and gallium (green) in the Y-Ga compounds in
dependence on the yttrium concentration. Dashed lines are eye-guides only.
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Figure 4. QTAIM atomic volumes of yttrium (orange) and gallium (green) in the Y-Ga compounds in
dependence on the yttrium concentration. Dashed lines serve as eye-guides only.

The ELI-D distribution in the penultimate shell of the yttrium atoms shows systematically
increasing deviations from the isotropic shape (structuring [4], Figure 5, left). Quantitative
characterization of this trend was made using the so-called structuring index ¢ (the difference between
the maximal ELI-D value in the shell and the value when the isosurface of the shell closes [4]).
The value increases from 0.024 via 0.030 to 0.064-0.079, from YGag via YGa to t-Y5Gag, respectively
(two crystallographically different Y atoms in the last case). The feature of structuring is a fingerprint
of the participation of the electrons of the penultimate shell in the interactions within the valence
region [4,41]. This participation increases with the Y content. Formally, Y delivers two instead of
three electrons for Ga from the outer shell; in the ELI-D picture of the free Y and Ga atoms, there
are 2.321 and 3.368 valence (outer shell) electrons, respectively [42]. The decrease in valence electron
concentration with the yttrium content requires transfer of more electrons from yttrium.

YGa,

[001]

[010]

YGa

y -Y,Ga,

[100]

(010] I—> [001]

0.5 17
ELI-D

Figure 5. Electron localizability indicator (ELI-D) in YGag (top), YGa (middle) and t-Y5Gaz (bottom):
(left) distribution of ELI-D in the selected planes, the position of the selected attractor is marked by
arrows; (middle) shapes of the ELI-D basins for the selected attractors; (right) positions of the selected
basins within the atomic QTAIM basins which contribute to the selected interaction.
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The ELI-D maxima (attractors) are mostly not located on the lines between two atoms (the
exceptional case is shown in YGa with the ELI-D maximum on the Ga—Ga line in the center of
the (110) plane). The ELI-D basins of the attractors (Figure 5, middle) are usually located within
several QTAIM atomic basins. For the selected Y-Ga interactions this is show in Figure 5, right. This
visualizes the multi-center nature of the atomic interactions. Quantitatively this is characterized by the
ELI-D/QTAIM basin intersection technique, which yields the distribution of the electron population of
the ELI-D basin (bonding electrons) between the QTAIM atomic basins which intersect the ELI-D ones.

For the selected basin in YGag (total population of 0.6 electrons), 96.6% of the population originates
from the QTAIM basin of the Ga atom, and 2.1% from the Y atom, which are shown in Figure 5 by
the transparent shapes. The remaining 1.3% are donated by three further neighboring gallium atoms.
Using the recently developed technique [43], the polarity of the bonding is quantitatively characterized
by the bond fraction—the part of electrons contributed to the bonding basin by the atomic basin
possessing the majority of the electrons—in this case—of gallium. The bond fraction is related to the
earlier defined bond polarity index [44], but is more generally usable in cases where more than two
QTAIM atoms contribute to an ELI-D basin. Assuming this interaction as a two-center one, the bond
fraction of the selected Y-Ga bond is 0.966 (0.5 characterizes the non-polar bond, 1.0 is the value for
the fully polar (ionic) constellation), and this interaction is strongly polar. One may understand this
ELI-D basin as a lone-pair-like bonding feature [43].

In the YGa, compound (structure type AlB,), there is only one type of ELI-D attractor observed,
namely, close to the shortest Ga—Ga contact signifying the most pronounced covalent interaction in
the system. The Ga—Ga bond in the planar graphite-like gallium nets looks initially like a two-center
one. Nevertheless, the value of the delocalization index (in other words, its effective covalent bond
order [45]) for this interaction is 0.77 and raises the question of the three-center contributions to
this bond. Moreover, the ELI-D/QTAIM intersection technique reveals the participation of four
yttrium atoms below and above the net. These findings are additionally supported with the bond
delocalization ratio G(A,B) characterizing the three-center character of a two-center interaction A-B.
This tool was developed during the bonding study on metal hexaborides [14], and subsequently
applied to intermetallic diborides [46]. For the classical three center bonding in H3" it amounts to 1,
for the two-center bond it is close to zero. For the Ga—Ga bond in YGay, G(Ga,Ga) = 0.45, which is
already at the upper limit of observed bond delocalization ratios in classical valence compounds, i.e.,
for Ge bond delocalization ratios G(Ge,Ge’) = 0.32, while G(B,B’) ~ 1 for endohedral B-B bonds in Bg
octahedra for CaBg and YBg [14].

For YGa, the calculated delocalization index Ga—Ga” equals 0.60, and G(Ga,Ga’) = 0.74, which
clearly shows the trend of decreasing effective covalent bond order Ga—-Ga corresponds with an
increasing delocalization of the Ga—Ga bonding. The tendency towards increasing the number of
bond centers continues also for the Y-Ga interaction in yttrium monogallide. In this compound the
ELI-D basin of the Y-Ga interaction is intersected by one QTAIM basin of Ga and three of Y atoms
(Figure 5, middle right). The contribution of the Ga atom to the bonding basin (total population of
2.30 electrons) is 77.8%, i.e., much smaller than it was in YGas. The bonding has a predominately
two-center character because the next large contribution (14.3%) originates from one yttrium atom
alone. The two remaining yttrium atoms together yield only 7.9% of the population of the bonding
basin, revealing its more pronounced three-center character than was found above for YGag and YGas.
Considering this interaction as a two-center one, i.e., keeping only these two contributions, its bond
fraction would be 0.845 (0.778/(0.778 + 0.143)). Summing all Y contributions together as required by
the definition of the bond fraction, the Ga bond fraction of this (four-atomic) interaction amounts to
0.778. Both values are markedly smaller than the value of 0.966 discussed above for YGag.

The trend towards the formation of multi-center bonds is continued in the compound ¢-Y5Gas
(Figure 5, bottom). The basin of the selected bonding ELI-D attractor (total population of 0.95 electrons)
is also intersected by one Ga- and three Y-QTAIM basins. The contributions of the participating atoms
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are 71.5% for Ga and 8.4%, 9.5% and 10.6% for the yttrium atoms. The bond fraction of this four-atomic
interaction is 0.715, showing further reduction in the bond polarity.

4. Conclusions

From experimentally available structural data for binary Y-Ga compounds, a negative deviation
from the Vegard rule for the dependence of the average atomic volume from the yttrium concentration
was obtained. Analysis of the calculated electron density in the binary compounds of yttrium with
gallium shows that this can be understood considering the non-linear increase of the QTAIM atomic
volumes for both yttrium and gallium, with the yttrium content.

With the increase in the yttrium content from YGag to Y5Gas, the polarity of the bonding and,
thus, its ionicity is reduced. The covalency of the interactions corresponds with their delocalization
from the two-center to multi-center ones.
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