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ABSTRACT

An electron counting rule, which was recently expanded to study molecular organometallics, boranes,
and metallocenes, is utilized herein to predict the formation of a semiconducting gap or pseudo-gap in
the density of states of deltahedral crystalline solids at or near the Fermi energy. It is suggested that this
rule may be exploited to screen intermetallic compounds for prospective thermoelectric materials. The
rule was applied to several structure types of known deltahedral boride and borocarbide compounds,
and its predictions were compared to those of first principles electronic structure calculations when
such were available in the literature or to published reports of transport properties. In addition, the
rule has been used to predict the properties of several materials for which the electronic structure and
properties have not hitherto been reported. In accordance with these predictions, layered ternary boride
intermetallic compounds with structure types YCrB4 and Er;CrB; were synthesized, and the electrical
resistivity and Seebeck coefficients of these alloys were measured from room temperature to 1100 K.
Alloys of composition RMB4 (R=Y, Gd, Ho; M=Cr, Mo, W) were found to be n-type semiconductors
and to exhibit thermopower up to ~70-115 wV/K; the band gap was estimated to range from 0.17 to
0.28 eV, depending on composition. Undoped YCrB4 was measured to have a maximum power factor of
6.0 pnW/cmK? at 500K and Fe-doped YMoB, of 2.4 wW/cm K? near 1000K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallic borides are attractive materials for a wide vari-
ety of applications, largely due to their exceptional hardness, high
melting points, and chemical inertness at elevated temperatures.
In particular, the more boron rich phases have attracted interest
as potential materials for extremely high temperature (even up to
2000K) thermoelectric power generation [1-3], due to their high
temperature stability and to the complexities of their structures,
which often result in hopping electron conduction and low thermal
conductivity at such elevated operating temperatures. These com-
positions tend to be dominated by boron sub-structures that are
invariably electron poor, necessitating the interposition of metal
electron donors for stability [4,5]. Boron is trivalent and therefore
classically capable of forming only three 2c-2e covalent bonds,
leaving the remaining valence orbital unfilled. For this reason, a
covalent boron network must resort to multi-centre bonding via
cluster formation in order to achieve stability. These B-B cova-
lent networks take a wide variety of forms: from icosahedra, as
in the structures of (3-B [6], UBy; [7], MgAlB14 [8], and many
other more complicated structures; to octahedra, as in the cases of
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CaBg [9] and ThyNiB1q [10]; to polygonal layers; and to derivatives
thereof.

Immediately following the discovery of superconductivity to
39K in MgB, [11] there was a dramatic surge in experimental and
theoretical investigation into the subject of the magnetic and elec-
tronic properties of the diborides, the structure of which consists
of alternating metal layers and graphite-like layers of hexagonal
boron sheets. Over the years, several surveys have been published
on the electronic structures and thermal properties of the tran-
sition metal diborides with the AIB, structure, and the existence
of a pseudo-gap was found to be a common feature among the
entire series [12,13]. The diborides of tetravalent transition metals
were found to exhibit the greatest thermal stability, which cor-
responded with the prediction of electronic structure calculations
that the Fermi energies of these compounds sat at or near the min-
imum of that pseudo-gap, while the Fermi energies of higher and
lower group transition metal diborides were predicted to fall above
or below the minimum of the pseudo-gap, respectively. Due to the
absence of a pseudo-gap in isostructural YHg, and HfBe, and its
presence in AlB,, which certainly lacks any d-orbital hybridization,
it was suggested that pseudo-gap formation is the result of multi-
centre bonding within the B-B covalent network [10]. Moreover,
this suggestion begs comparison to the somewhat analogous for-
mation of the energy gap in the CaBg and UBy, systems, as was
postulated by the symmetry-based electron counting models of the
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Fig. 1. Icosahedral borane molecule (left) and ferrocene molecule (right). The Fe
atom is white, and the B or C atoms are gray. H atoms are omitted for clarity but are
located radially outward from the B and C atoms.

early investigators of these compounds [4,5], i.e. that the so-called
bonding orbitals of the polyhedral boron unit are fully occupied,
the non-bonding orbitals are half occupied, and the anti-bonding
orbitals are wholly unoccupied. The determination of the bonding
nature of each orbital and the relative location of the HOMO-LUMO
gap, however, is in general a nontrivial problem, and has only been
solved analytically in the highest symmetry cases, those of the full
icosahedral and full octahedral point groups [5,9].

To address the lack of a formal solution to the bonding scheme of
more complex systems, a set of electron counting rules, commonly
referred to as Wade’s rules, was developed in the 1970s to pre-
dict the formation of new molecular structures and to determine
the stability of polyhedral boranes via the method of molecular
orbitals [14]. In the past decade, Wade's rules for assigning electron
occupancy to simple boron sub-clusters have been subsequently
generalized to include macro-polyhedral boranes, metallocenes,
and organometallic molecules under the heading of the so-called
“mno rule” [15]. The “mno rule” postulates that the number of occu-
pied molecular orbitals, N, in a cluster with deltahedral geometry
- such as a borane or carborane - is given by the sum of m, n, and o,
where m is the number of polyhedra in the cluster, n is the number
of vertices, and o is the number of single-vertex-sharing conden-
sations. The more familiar Wade n+1 rule merely treats a special
case with one polyhedron (m=1)and no condensations (o =0).Asan
example, consider the single icosahedral borane molecule in Fig. 1,
in which a boron atom is located on each vertex of a regular icosa-
hedron with a covalently bonded hydrogen atom oriented radially
outward. Such a cluster is referred to as closo or “closed” to signify
that it lacks no deltahedral vertices. In this example, the molecular
unit includes one polyhedron, twelve vertices, and no condensa-
tions, yielding N=1+12+0=13 orbitals below the HOMO-LUMO
gap. Some 26 electrons are therefore required for stability, but only
24 are available; each of the 12 boron atoms provides two electrons
to skeletal bonding while their remaining electron is dedicated to
the formation of a 2c-2e classical covalent bond with hydrogen.
As a result, two additional electrons are needed for structural sta-
bility of the cluster. It bears mention that this result is identical to
that obtained from the computationally rigorous Longuet-Higgins’
technique, which results in the analytical solution of the energies
of the borane molecular orbitals in the I}, point group [5].

For an example more appropriate to the discussion of bulk lay-
ered borides, consider the sandwich molecule ferrocene in Fig. 1
- the structure of which consists two co-parallel open (so-called
nido to signify the lack of one vertex) cyclopentadienyl (CsHs)
rings located on opposite sides of a central condensed vertex occu-
pied by an iron atom. In this case, there are two polyhedra, a
total of eleven occupied vertices including that of iron, one con-
densation at the iron site, and two unoccupied vertices, yielding
N=2+11+1+2=16. Each carbon atom contributes three electrons
to the total count, and as is analogous to the boron case above, the
fourth is bonded with hydrogen. A covalently bonded iron atom
contributes two electrons, for a total of 32 electrons, perfectly filling

those orbitals below the HOMO-LUMO gap and providing insight
into why Fe(CsHs), is stable while other isostructural cyclopenta-
dienyl complexes such as chromocene or cobaltocene are far more
reactive due to a lack of electrons or the occupation of anti-bonding
states, depending on the metal atom.

With Jemmis’ mno rule able to predict the stability of stabil-
ity of macro-polyhedral molecules with high accuracy, only a few
steps must be taken to apply this construction to bulk intermetallic
compounds. It is well known that stability in a molecular sys-
tem is achieved by filling molecular orbitals to the brink of the
HOMO-LUMO gap. Therefore the assumption is made herein that
an equivalent situation occurs in a crystalline solid when a sufficient
number of electrons serves to position the Fermi energy exactly at
the cusp of a band gap or pseudo-gap. A validation of this assump-
tion is presented in Section 4 of this work via comparison of the
predictions of an electron counting rule for bulk compounds with
the results of published electronic structure calculations and trans-
port measurements. This generalized mno rule is shown to provide
a simple and easy-to-use tool to enable quick screening of potential
thermoelectric materials that fit the necessary structural motif and
to offer a gateway into explanation of their electronic properties.
The alloys presented in this work are an example of the results of
such a screening.

It is important to note, however, that the expansion of elec-
tron counting rules from molecules to crystalline solids is far from
a novel idea in general. Indeed, even a book has been recently
published on the subject, addressing several methods of counting
skeletal electron pairs and cluster valence electrons. The book also
covers the generalization of these molecular orbital models to crys-
talline systems either by examination of cluster analogues or via the
Zintl-Klemm concept [16]. A more in depth discussion of Wade’s
rule for molecular and cluster systems, as well as of closo, nido, and
arachno boranes is presented in its early chapters. Of particular rel-
evance to the bonding of crystalline borides is the discussion of the
stability of the rare earth hexaborides and of GdBg4, neither of which
can be explained by naive application of the Zintl-Klemm approach.
In addition to that text, during the review process for this article,
the authors of the present work were made aware of a recent publi-
cation that outlines the relationship between electron and valence
counting rules and the structural arrangements and stabilities of
cluster, chain, and ring compounds, including the layered borides
YCrB4, ThMoBy4, and Y,ReBg [17]. Rather than using the mnoruleasa
starting point, the article discusses the bonding of such systems via
consideration of several possible oxidation numbers of the boron
networks and the critical examination of electronic structure cal-
culations based on these possible states. Overall, the methods of
generalization presented in these two sources offer insight into the
bonding of boron- and carbon-based compounds that is comple-
mentary to what can be learned by the procedure described in the
remainder of this article.

As mentioned above, there has been a great deal of work pub-
lished on transitional metal diborides, but several ternary alloys
with similar structures have not yet been as thoroughly investi-
gated. The current study of electron counting in some of these
systems, however, has suggested their potential for thermoelec-
tric application. Consider for example the YCrB4-type compounds.
While the structure of AlB, consists of alternating layers of metal
atoms and boron hexagons, the boron network of the YCrBy
structure type is instead built of pentagons and heptagons to
accommodate metals of varying sizes [18]. It forms for over 100
different compositions [19]. LMTO calculations performed as part
of an ongoing search for superconductivity in layered borides have
shown YCrB4 in particular to be a semiconductor with a narrow
band gap of about 0.05eV, with the states near the gap being
of predominantly Cr-d character and with significant d-orbital
hybridization [20]. More recently, alloys with the YCrB4 structure



J.W. Simonson, S.J. Poon / Journal of Alloys and Compounds 504 (2010) 265-272 267

have been investigated for their interesting physical and magnetic
properties [19,21]. Furthermore, a somewhat related structure type
has received less attention. The Er;CrB; structure, first synthesized
by the same group, has corrugated metal layers and corrugated lay-
ers of boron pentagons and irregular polygons [22]. In this work, the
generalized mno rule is applied to both these structure types and is
suggestive of gap formation near the Fermi energy. Accordingly, the
thermopower and electrical resistivity of alloys of these two struc-
ture types was measured from room temperature to 1100K, and
the results are discussed in terms of the generalized mno electron
counting model.

2. Experimental procedure

Polycrystalline ingots of RMB4 (R=Y, Gd, Ho, Er, Yb; M =Cr, Mo, W) and Y3 MB;
(M =Cr, Mo, Fe) were formed by arc melting high-purity pieces (greater than 99.9%)
of the constituent elements under a flowing argon atmosphere. Each ingot was
flipped and subsequently remelted at least four times in the arc furnace to ensure a
homogeneous composition in the final ingot. Mass losses during arc melting were
confined to less than 1% of the initial mass. Ingots containing Yb were made by
adding 5% excess Yb to a MB4 precursor to compensate for evaporative losses. Ingots
of YMoB,4 were prepared with either 20% Fe in place of Mo or 5% C in place of B
to study the effects of dopants on the electronic properties. The expected crystal
structure and purity of each phase was confirmed by performing two-circle pow-
der x-ray diffraction with Cu Ka radiation. Ingots were cut into rectangular blocks
of dimension 2 mm x 2mm x 10 mm for measurement. Nearly simultaneous mea-
surements of electrical resistivity and Seebeck coefficient were made under vacuum
from room temperature to 1100K and back over a 6-h period. Electrical resistivity
was measured via the DC four-point technique with silver leads, while thermopower
was measured by the differential method using chromel-alumel thermocouples
attached by pressure contact as described elsewhere [23]. Each measurement of
the Seebeck coefficient was calculated from a linear best fit routine performed on
between 40 and 60 temperature and voltage differences. Carrier concentrations
were determined from Hall measurements that were performed on a Quantum
Design PPMS.

3. Results and discussion
3.1. The mno rule and bulk compounds

A few paragraphs will now be devoted towards explaining the
framework for generalizing Jemmis’ mno to bulk compounds. While
the generalization of molecular electron counting rules to crys-
talline solids is certainly not a new idea, the following procedure is
convenient because it requires only an understanding of the crys-
tal structure of the material, which is frequently the first detail
reported when a new compound is found. Thus, no knowledge of
possible oxidation numbers or molecular bonding orbital configu-
rations is necessary to obtain some information about the density
of states near the Fermi energy.

As such, to extend Jemmis’ mno rule from the molecular domain
to that of bulk materials requires several steps. First, an appropriate
section of the bulk material must be selected for counting of poly-
hedra and vertices, which is analogous to the comparison made
between molecular clusters and crystalline solids in Ref. [16]. In
general, the contents of this selection must be equivalent to the
crystallographic unit cell, but the mno rule is most elegantly applied
to a section that is clearly parallel to a molecular construction, i.e.
one in which each polyhedron of the structure can be identified and
completely contained. Fig. 2 shows the selection of an appropriate
section of the YCrBy4 structure, which like the unit cell contains four
heptagonal bi-pyramids and four pentagonal bi-pyramids. Unlike
the unit cell, however, the x and y axes have been shifted by 50%
and 40% of their respective lattice vectors to move these deltahe-
dral structures away from arbitrarily straddling the edges of the
unit cell.

Second, because the external vertices of the selected structure
are not conveniently capped with hydrogen atoms as was the case
with the molecular examples above, special care must be taken
not to double-count vertices. Each metal atom at the zenith and

Fig. 2. The YCrB4 crystal structure — viewed down the z-axis (top) and 30° above the
x-y plane (bottom) - equivalent to the unit cell but shifted to prevent deltahedra
from straddling the boundary. Yttrium bonds and atoms are represented as white,
chromium as black, and boron as gray.

the nadir of a single bi-pyramid is located at a crystallographically
equivalent position. Thus each only counts as half a vertex; it is
in effect shared with the adjacent identical structure in the posi-
tive or negative z direction. Likewise, each boron atom is shared by
three separate deltahedra. Depending on the boron atom in ques-
tion, one, two, or all three of these deltahedra may be contained
within the selected section. An example of each boron configuration
is marked in Fig. 2; boron atom number one is part of one delta-
hedron in the selected structure and two in adjacent structures.
Likewise, boron atom number two is also shared by three deltahe-
dra, two of which are located within the selection. An analogous
but more obvious argument can be made for boron atom num-
ber three, which is entirely a member of the selected section. To
avoid double-counting, shared atoms must be counted fractionally
in all cases when considering vertices, condensations, and elec-
trons donated to the structure. Overall, there are 16 B atoms, four
Cr atoms, and four Y atoms in the selected structure, yielding a total
of 24 atoms.

Proceeding with the example of the YCrB4-type compounds,
the selected structure in Fig. 2 contains eight polyhedra - four
each of heptagonal and pentagonal bi-pyramids - yielding m=8.
Like boron atom number 3, some six boron atoms are wholly con-
tained in this structure, while eight are members of two selected
polyhedral and one external polyhedron, and 14 are members
of only one selected polyhedron. These boron atoms contribute
an entire vertex, two-thirds of a vertex, and one-third of a ver-
tex, respectively. In addition, the 16 metal atoms each contribute
half of a vertex and half of a condensation due to the fact that
each is shared with the neighboring section of the next higher
or lower layer. In sum, the selected structure contains 24 ver-
tices (n=6+8 x2/3+14 x1/3+16 x 1/2=24) and 8 condensations
(0=16 x 1/2). In molecular parlance, the total number of orbitals
below the HOMO-LUMO gap is 40 (N = 8 polyhedra + 24 vertices + 8
condensations =40). Division of electrons is determined by an iden-
tical method; each of the four half-shared Y atoms contributes 1.5
electrons, each half-shared Cr contributes 3, and each boron con-
tributes between 1 and 3, depending on how many of its parent
deltahedra are contained within the selection. For the example
composition of YCrB4 this total comes to 84 electrons, which
slightly overfills the 40 mno orbitals. Thus, there is an excess of
0.17 electrons per atom for each molecular unit.

Table 1 lists the results of application of the mno rule to several
icosahedral, octahedral, and layered bulk structures and a compari-
son of these results to published electronic structure calculations or
measurements when such work s available in the literature. In gen-
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Table 1

Application of the mno rule to bulk materials.
Composition Structure mno capacity/unit cell e~ [unit cell e~ excess/atom Published result Ref.
Erge2Alp73B14 Icosahedral 23 orbitals 46 0 Semiconductor [26]
CaBg Octahedral 10 orbitals 20 0 Semiconductor [9]
KBsC Octahedral 10 orbitals 20 0 Semiconductor [27]
MgB,Cy Layered 12 orbitals 24 0 Semiconductor [28]
CaB,C; Layered 8 orbitals 16 0 Semiconductor [25]
TiB, Layered 5 orbitals 10 0 Pseudo-gap at Ep [13]
YB,C Layered 26 orbitals 52 0 Pseudo-gap at Er [29]
YCrBy4 Layered 40 orbitals 84 0.17 Semiconductor [20]
Y, NiB1g Octahedral 19 orbitals 46 0.62 Metallic [30]
WBy4 Layered 15 orbitals 34 0.40 Metallic [31]
Y,ReBg Layered 60 orbitals 124 0.11 Metallic [20]
Y;CrB; Layered 34 orbitals 72 0.18 Unreported [22]
Pr;Bs Layered & Octahedral 62 orbitals 120 -0.07 Unreported [32]
ErMoB; Layered 16 orbitals 36 0.40 Unreported [33]
YMosB7 Layered 32 orbitals 84 0.91 Unreported [33]

eral, there is a direct correlation between the complete filling of the
mno orbitals with electrons and the presence of a semiconducting
gap or pseudo-gap in the density of states at the Fermi level. More-
over, it is readily apparent that addition or subtraction of electrons
from an mno-satisfied system will result in metallic behavior: YBg,
isostructural with semiconducting CaBg is metallic and supercon-
ducting below 8.4K [24]; density of states calculations performed
on YB,, VB,, and CrB, - all isostructural with TiB, - reveal the
Fermi level to be above or below the pseudo-gap as the number of
valence electrons increases or decreases [13]; and YB,C,, isostruc-
tural with semiconducting CaB,C,, is metallic and superconducting
below 2.2 K [25]. Along these lines, this application of the mno rule
also appears to have some utility in predicting the appearance of
gaps or pseudo-gaps in the density of states that are some distance
away from the Fermi energy. The density of states of WBy4, for exam-
ple, is reported to contain a pseudo-gap approximately 3 eV below
the Fermi energy [31]. One might therefore speculate that if it were
possible to adjust the composition of a WB, structure-type mate-
rial to remove the 0.40 electron/atom excess predicted in Table 1,
that the Fermi energy would fall at the minimum of that pseudo-
gap, potentially resulting in a material with even greater thermal
stability, a situation analogous to that seen with TiB; [13].

Notably, the YCrB4 structure is one of the few structures exam-
ined in which there is an overfilling of the mno orbitals but the
material is nonetheless a semiconductor. This behavior may be
due to incomplete electron transfer from transition metal to boron
or more likely to a greater degree of overlap and hybridization of
the d-orbitals when compared with the simpler MB, structure, in
part caused by a greater number of d-metal electrons and shorter
inter-transition metal distances. The Cr-Cr distance is 2.97 A in the
hexagonal AlB; structure, while Cr atoms capping the smaller pen-
tagonal bi-pyramids of YCrB, are only separated by 2.38 A, arelative
decrease of 20% [18,34]. In either case, even if the mno rules lack
the ability to predict the formation of additional bonding states
created by d-d orbital hybridization, their accuracy in predicting
the electronic properties of alkali metal, alkali earth, and rare earth
borides and borocarbides - cases in which the atomic energy lev-
els are sufficiently above the energy levels of the boride clusters
and d-d orbital hybridization is not an issue - remains high. More-
over, even in alloys that contain higher valent transition metals,
saturation of the mno orbitals provides a strong indication of an
important feature in the density of states near the Fermi energy.
Take for example Y,ReBg, which nearly satisfies the mno rule and
features a pseudo-gap approximately 1 eV above the Fermi energy.
It is particularly noteworthy that compounds with a small excess
or deficiency of electrons are nevertheless candidates for semicon-
ducting behavior in the presence of d-orbital hybridization even if
d-orbital hybridization alone will not open a gap.

In addition to materials for which the electronic structure is
already known, this method of electron counting was applied
to several compounds for which there has been no published
report of electronic structure calculations or transport proper-
ties. While compounds with the Y3CrB; structure were found
not to satisfy this rule exactly, they were nonetheless selected
for further investigation in this work due to what was judged
to be the likelihood of transition metal d-d orbital hybridiza-
tion contributing to the opening of a gap at the Fermi energy
as appears likely to be the underlying cause of the gap in the
YCrB4-type compounds. The recently reported Pr,Bs compound,
however, was not selected for further investigation, despite its
relatively small electron deficiency. In this case, the procedure
of electron counting again resulted in the prediction of metallic
behavior, but the chance of opening a gap via Pr-d hybridization
was expected to be minimal. Likewise, the electron excess per
atom of the ErMoB3; and YMo3B- structures was in each case suffi-
ciently large to preclude those materials from further consideration
for thermoelectric application, notwithstanding their complex
structures.

3.2. Structural verification

Two-circle powder X-ray diffraction was performed to verify
both the formation of the expected phases and the inclusion of
dopants into the crystal structure when relevant. Diffraction scans
were compared to patterns calculated from lattice constants and
atomic parameters reported in the literature [18,22]. An exam-
ple of a measured diffraction pattern is shown in Fig. 3, in this
case the pattern of YMog gFey»B4, and displays no additional peaks
beyond those of the YCrB; phase. Furthermore, no substantial
change in the lattice parameter was produced by the substitu-
tional doping. Similar scans were performed on the other alloys
reported in this work to verify the formation of single phased
ingots.

3.3. Transport properties of YCrBy-type alloys

It is well know that a wide, sharp gap or pseudo-gap in the
vicinity of the Fermi energy is advantageous for a high Seebeck
coefficient. In accordance with the prediction that YCrBy is a semi-
conductor [20] and the near-satisfaction of the mno rule, alloys of
this structure type were selected for synthesis and characteriza-
tion of thermoelectric properties. Fig. 4 shows measurements of
the thermopower and electrical resistivity of YMB,4 for M = Cr, Mo,
W from room temperature to 1100 K. These measurements confirm
that all three compositions are narrow gap semiconductors, as was
predicted by Medvedeva’s density of states calculation of YCrBy.
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Fig. 3. X-ray diffraction measurement of YMog sFeg2B4 displaying complete dopant
inclusion into the YCrB4 structure. The solid black curve displays the results of the
measurement, and the red dashed lines are calculated from the lattice constants and
atomic parameters given in Ref. [18]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

To this end, the slopes of logarithmic plots of the high tempera-
ture end of the resistivity curves (from 900 to 1100 K) were plotted
on a logarithmic scale and analyzed according to the well-known
relation for activated behavior in semiconductors, which has pre-
viously been applied to the study of thermoelectric materials [35]:

o (317
P P ZICBT ’

where p is the electrical resistivity and &g is the width of the band
gap. The results are presented in Fig. 4. At these sufficiently high
temperatures, the logarithmic resistivity plots become linear, and
the resulting slopes were used to estimate the width of the band

gaps of these alloys. YCrB4 was estimated to have a gap width
of 0.17 eV. Although the measured band gap value is significantly
higher than the reported calculation of 0.05 eV [20], it is not unrea-
sonable if one takes into account the tendency of LDA calculations
to underestimate the band gap of semiconductors. A gap of 0.28 eV
is obtained for YMoB4. No such analysis was possible for YWBy,,
due to the non-linear behavior of the logarithmic resistivity points
across the highest temperature regime measured, which is likely
aresult of the high Debye temperature of the tungsten-containing
alloy. Despite the fact that these compounds and the others pre-
sented in this work were synthesized as polycrystalline ingots, the
quality of the materials is shown to be more than sufficient todistin-
guish semiconducting and metallic behavior, even if the existence
of defects or imperfections results in higher order adjustments to
the Seebeck coefficient or electrical resistivity when compared to
what might be expected for a single crystal material.

Thermopower is of moderately high n-type character across the
board, which may be indicative of the slight electron excess pre-
dicted by the generalized mno counting rules. The more robust
thermopower of YMoB, at elevated temperatures, compared with
that of YCrB4 is consistent with the larger band gap estimate of
the former composition, as is the latter compound’s significantly
lower resistivity. Furthermore, the thermopower rollover in YWB,
islocated near 900 K, much higher than the rollover of the other two
compounds, pointing to a wider gap as well. In short, the increase
in metallic radius from Cr to Mo or W appears to have a systematic
widening influence on the size of the gap. These effects may be due
to increased d-d orbital overlap and stronger orbital hybridization.
The results of power factor calculations of the undoped YMB, alloys
are modest, which is attributed to the moderate thermopower but
comparatively high resistivity of these compounds. The power fac-
tor of YCrB4 reaches 6.0 wW/cm K? at 500K even if it rolls over at a
relatively low temperature.

In addition to isoelectronic transition metal substitution,
attempts were made to study the effects of the size of the rare

Fig. 4. High temperature thermopower, electrical resistivity, and power factor measurements of YMB4 (M =Cr, Mo, W). The black circles represent YCrBy4, the white circles
YMOoBy, and the black triangles YWBy,. The lower right panel displays the line fits used to estimate band gaps for YCrB4 and YMoB, from high temperature electrical resistivity

trends.
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Fig. 5. High temperature thermopower and resistivity measurements of RCrB,4
(R=Y, Gd, Ho). The black circles represent YCrBy, the white circles GACrB4, and the
black triangles HoCrB,.

earth element in the YCrB,4 structure on the transport properties.
Fig. 5 includes plots of the thermopower and electrical resistivity
of RCrB4 for R=Y, Gd, and Ho. It is clear from the figure that sub-
stitution of rare earth elements to the Y site produces only minor
changesin the electronic properties compared with those produced
by even isoelectronic transition metal substitution. In particular,
both the electrical resistivity and thermopower measurements of
the different compositions approach convergence at elevated tem-
peratures. Either the size difference between Y, Gd, and Ho is too
small to produce a noticeable effect at these temperatures, or a sys-
tematic decrease in rare earth element size has little to do with the
electronic structure near the gap.

Given that the electronic properties of these alloys have been
understood from a band-filling perspective, dopant atoms were
introduced to add additional carriers in hopes of improving ther-
moelectric performance. N-type dopants were selected for two
reasons: first, that transition metals to the left of the chromium
group on the periodic table are not able to inhabit the higher valent
transition metal site in the YCrB4 structure, largely due to size con-
straints, and second, that the intrinsic n-type thermopower might
be enhanced by the substitution. Carbon was selected as a dopant
due to its chemical similarity to boron and its ease of inhabit-
ing equivalent lattice positions in layered borocarbides such as
YB,C, MgB,C4, and CaB,C,. Fig. 6 shows the effects of dopants on
the YMoB, system. In both cases of replacement of 5% of B with
C and 20% substitution of Fe to the Cr site, the doping is found
to be efficient, resulting in significantly lowered resistivity across
the entire temperature spectrum. Furthermore, in the case of Fe
substitution, the thermopower values do not rollover until a sig-
nificantly higher temperature is reached, likely due to the addition
of extra n-type carriers to the conduction band to compensate the
deleterious effects upon the Seebeck coefficient of thermally acti-
vated minority conduction through the valence band. These data
are in agreement with an increase in carrier concentration from

Fig. 6. High temperature thermopower, electrical resistivity, and power factor mea-
surements of doped YMoB,4. The black circles represent YMoBy, the white circles
YMoo sFeg B4, and the black triangles YMoB3 gCo .

3.5x 10" cm3 for undoped YMoB, to 2.1 x 1020 cm—3 with 20%
Fe doping. In this composition in particular, the power factor is
improved by a factor of 2.5 compared to the undoped alloy to a
maximum of 2.4 uW/cm K? near 1000K and remains nearly level
over a range of 200K, as the electrical resistivity is greatly dimin-
ished with only slight losses in thermopower. Thus, the magnitude
of the thermoelectric figure of merit ZT is expected to increase fur-
ther with optimization of dopant species and amount and with
measurement to higher temperatures. The thermal conductivity
measurements necessary to calculate ZT, however, were not per-
formed in this work. Simply put, although the power factors of
these compounds compare favorably with those reported for other
borides, they fall far short of those of state-of-the-art non-boron-
based thermoelectric compounds, making thermal measurements
unnecessary.

3.4. Transport properties of Er3CrBz-type alloys

The existence of the Er3CrB; structure type was published over
20 years ago [22], and yet there have been no publications of band
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Fig. 7. High temperature thermopower and electrical resistivity of YsMB; (M =Cr,
Mo, Fe). The black circles represent Y3 CrB7, the white Y3FeB7, and the black triangles
Y;MoB;.

structure calculations or electronic properties to the knowledge of
this author. The Er3CrB; structure - composed of corrugated lay-
ers of boron pentagons and open structures that resemble triply
merged heptagons - is remarkably similar to the layered pentago-
nal and heptagonal bi-pyramids of the YCrB,4 structure. Moreover,
according to Table 1, the mno counting rules predict a similar elec-
tron excess per atom. Given these similarities and the favorable but
modest thermoelectric performance of the YCrB4-type compounds,
Y3CrB7, Y3MoB7, and Y3 FeB; were synthesized and their properties
measured to determine if any composition would display semicon-
ducting properties. The results are displayed in Fig. 7 and indicate
that all three compositions are low thermopower metallic alloys.
Whether these properties can be attributed to the formation of a
non-zero density of states within the gap or to the Fermi energy
lying at some point distant from that gap is unfortunately beyond
the scope of the generalized mno rule and therefore cannot be
determined without further investigation, such as first principles
electronic structure calculations.

4. Conclusions

When viewed in light of band structure calculations and experi-
mental measurements, a form of the mno counting rules - originally
intended to predict the structural stability of molecular deltahedral
complexes - has proven apt in providing insight into the electronic
structure of certain bulk crystalline solids. Specifically, it has been
shown that the formation of a band gap or pseudo-gap at the Fermi
energy can be predicted in borides and borocarbide intermetal-
lic compounds that contain alkali metals, alkali earth metals, rare
earth metals, or lower valent transition metals, provided a delta-
hedral bonding motif is satisfied. Boride compositions that contain
higher valent transition metals, however, may be more suscepti-

ble to the effects of d—d orbital hybridization, in effect stabilizing
a slightly greater number of orbitals below the gap than is pre-
dicted by electron counting. The onset of d-d orbital hybridization,
in particular, is likely the root cause of the semiconducting prop-
erties of the YCrB,4-type alloys, providing a sharp distinction from
the band-filling models that explain the origin of a gap at the Fermi
energy in CaBg, ErggAlp73B14, MgB,Cy4, and other closely related
compounds. It is for this same reason that the electron counting
scheme does not differentiate between semiconducting systems in
which the density of states within the gap is truly zero and those
which possess only a pseudo-gap at the Fermi level. Nevertheless,
it is postulated that it may find utility in predicting features of
the electronic structure of intercalated graphene compounds and
related novel materials, due to the similar geometry and bonding
trends between the layered borides and those systems.

This article displays the results of efficiently screening potential
structures for thermoelectric application. The thermoelectric prop-
erties of the YCrB,4 family of compounds are reported with modest
results that are nonetheless comparable to those of potential boride
thermoelectric materials reported by other groups. Despite the fact
that the doping of these alloys has not yet been optimized, Fe-doped
YMOoB, in particular possesses a power factor of 2.4 wW/cm K>
at temperatures near 1000K and remains nearly level even at
the highest temperature measured. In addition, the application
of a generalized form of the mno rule has suggested that certain
compounds with unreported electronic structures and transport
properties - such as PryBs, ErMoB3, and YMo3B; - are unlikely
candidates for further thermoelectric study.
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