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Heavy fermion superconductors can be classified into the
following two types based on their structures: (1) ternary
transition metal carbides, borides, and silicides containing f-
block metals exhibiting stable multiple oxidation states such as
cerium in CeCu,Si,, CeRu;B,, and CeRu;Si, or uranium in
URu,Si, and U,PtC,; (2) binary alloys containing multiple oxi-
dation state actinides (particularly uranium) and nonactinide
polyhedral clusters such as Be,; centered icosahedra in UBe,,
and Pt,,, octahedra in UPt;. The f~block metals in heavy fermion
superconductors not only exhibit multiple oxidation states but
are also diluted enough by the other elements so that the separ-
ation between f-block metals in the structure is at least 4 A. The
f-block metals become part of the conducting skeletons of heavy
fermion superconductors so that their conductivities arise at least
partially through valence fluctuations involving f-electrons.
© 1997 Academic Press

1. INTRODUCTION

Studies reported by the author in 1987 on ternary molyb-
denum chalcogenides MMogSg (Chevrel phases) (2) and
ternary lanthanide rhodium borides LnRh,B, (3) using
graph-theory derived methods (4, 5) have suggested a con-
nection between relatively high superconducting critical
temperatures (e.g., T.’s > 4 K) and a conducting skeleton
having an edge-localized chemical bonding topology with
holes in the valence band. Such ideas were subsequently
extended to other types of superconductors including other
ternary metal borides and silicides (6), the quaternary lan-
thanide nickel borocarbides and boronitrides (1), the A-15
alloy superconductors M3 E (M = V, Nb, Ta; E = Si, Ge, Sn)
(6), and transition metal alloys (6). In addition, such ideas
were shown to provide a simple rationalization of the un-
usually high T.’s of the copper oxide superconductors (7, 8).

A major category of superconductors not included in any
of these studies are the so-called heavy fermion supercon-
ductors (9). The superconductivity in such heavy fermion
superconductors arises from highly correlated, high-effec-
tive-mass f electrons and thus requires the presence of a

lanthanide or actinide with more than one stable oxidation
state to facilitate f-electron transfer. The first heavy fermion
superconductor to be discovered was CeCu,Si,, first re-
portedin 1979 with a T, of 0.53 K (10). Other early examples
of heavy fermion superconductors are UBe;; (T, = 0.97 K)
(11) and UPt; (T, = 0.54 K) (12). In general, heavy fermion
superconductors exhibit lower T,’s than the other types of
superconductors which have been considered. Thus the
highest T.’s in heavy fermion superconductors are only the
~ 1.5K T.s found in URu,Si, (Refs. 13 and 14) U,PtC,
(Refs. 15 and 16).

The minimum requirements for a heavy fermion super-
conductor appear to be the presence of an f-block metal
(lanthanide or actinide) exhibiting more than one stable
oxidation state and a structure in which the atoms of the

f-block metal are so diluted with other atoms so that there

are no direct interactions between f-block metals. Within
this general framework heavy fermion superconductors can
be classified into two broad categories: (1) ternary heavy
fermion superconductors containing the f-block metal,
a transition or coinage metal such as a noble metal or
copper, and a nonmetal or metalloid such as carbon, boron,
or silicon as exemplified by CeCu,Si,, U,Ru,Si,, and
U,PtC,; (2) Binary heavy fermion superconductors in
which the f-block metal (uranium in the common examples)
is diluted by polyhedra of the second element such as a
Pt octahedron in UPt; or a Be, 3 centered icosahedron in
UBe, 3. This paper examines the chemical bonding topology
in structures of both types.

2. BACKGROUND

Previous studies (1-3, 6, 17-22) on the chemical bonding
topologies of solid state materials have first partitioned the
structures into positive ions of the alkali, alkaline earth,
lanthanide, or actinide metal present in the structure and
a negatively charged network containing the remaining
elements. In ternary and quaternary superconductors (1-3,
6), the negatively charged network has an infinite polymeric
structure exhibiting edge-localized chemical bonding leading
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to porous delocalization. This negatively charged polymeric
network becomes the conducting skeleton of the supercon-
ductor and typically has an electronic configuration less
than the closed shell configuration leading to holes in the
valence band and p-type conductivity. The metals forming
the positive counterions in these ternary and quaternary
solid state structures exhibit only a single stable oxidation
state, namely + 1 for the alkali metals, +2 for the alkaline
earth metals, + 3 for the lanthanides considered, and +4
for thorium as in Th,NiC, (19, 22).

A similar method can be used to partition the structures
of the heavy fermion superconductors into positive lanthan-
ide or actinide ions and a negatively charged polymeric
skeleton containing the other elements. The major differ-
ence arises from the multiple oxidation states of the lanthan-
ide or actinide positive ions so that these cations as well as
the negatively charged polymeric network can participate in
the electron transport required for superconductivity. Thus
the entire structure of a heavy fermion superconductor
rather than only the anionic network becomes the conduct-
ing skeleton. Since the variable oxidation states of the lan-
thanide or actinide cations result from different numbers of
felectrons, participation of the cations as well as the anionic
network in electron transport necessarily involves the felec-
trons of the cations leading to heavy fermion behavior. Such
heavy fermion behavior not only includes superconductivity
but also magnetic ordering with anomalously high ordering
temperature, the Kondo effect, and other types of mixed
valence (23) behavior (24). The sets of f~block metal oxida-
tion states involved in heavy fermion superconductors in-
clude particularly Ce(IIl)«> Ce(IV) and U(III) - U(IV) —
U(V)« U(VI), although Yb(II)«<> Yb(IIT) and Np(IIl) <
Np(IV) < Np(V) < Np(VI) oxidation state sets are involved
in other heavy fermion materials (9). In the ternary heavy
fermion structures analogous compounds are almost always
known containing f-block elements exhibiting single oxida-
tion states and f-block elements exhibiting multiple oxida-
tion states. The chemical bonding topology and electron
count of the structures with the single oxidation state f-
block elements can thus first be examined for comparison
with the analogous structures containing multiple oxidation
state f-block elements. In many cases the chemical bonding
topology of the single oxidation state countercation ana-
logue has already been examined in an earlier paper (6). The
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ternary heavy fermion superconductor structures of interest
are listed in Table 1.

3. TERNARY HEAVY FERMION SUPERCONDUCTORS
3.1. BaAl, Type Structures

The chemical bonding topology of superconducting
metal silicides with the BaAl, structure was examined in an
earlier paper (6). The aluminum network in the BaAl, struc-
ture (Fig. 1) consists of basal edge-sharing AI*Al},, square
pyramids of aluminum atoms similar to the isolated BsH,q
square pyramid. The stability of BaAl, suggests the stability
of a polymeric Al anion containing 14 valence electrons
per formula unit. In the heavy fermion superconductor
CeCu,Si, with a closely related structure (25) the neutral
Cu,Si, subnetwork has a total of 10 valence electrons as-
suming one valence electron for each copper atom (i.e., Cu(l)
with a filled d'° shell) and four valence electrons each for
each silicon atom. Thus Cu,Si3~ with a Ce*™ counterion
and Cu(I) in CeCu,Si, is isoelectronic with Al in BaAl,
with a Ba2™ counterion, since each has 14 valence electrons.
Electronic conduction in CeCu,Si, can occur through the
synchronized valence changes Ce(IIl)«<>Ce(IV) and
Cu(I) & Cu(II) based on the stable oxidation states of ce-
rium and copper. Thus the 14 valence electrons per
CeCu,Si, unit can arise from Ce(IV) + 2Cu(I) or Ce(I1])
+ Cu(Il)+ Cu(I). In the related compounds EuCu,Si, and
YbCu,Si,, not known to be superconductors the lanthanide
counterions have the oxidation state pairs Ln(II) <> Ln(III)
rather than Ln(IIl)« Ln(IV), so the favored 14 valence
electrons must arise from Ln(III) + Cu(Il) + Cu(I) or
Ln(IT) 4+ 2Cu(II). This difference between EuCu,Si, and
YbCu,Si,, on the one hand, and CeCu,Si,, on the other
hand, is expected to lead to significant differences in elec-
tronic behavior between these two types of materials in
accord with experimental observations.

The other heavy fermion superconductor with the BaAl,
structure is URu,Si, (T, = 1.5 K) (13, 14), which may be
related to Lalr,Si,, which is also a superconductor (26) with
T. = 1.6 K. The Ir,Si3~ anion in Lalr,Si, has 29 valence
electrons (including the Ir d electrons) and is thus isoelec-
tronic with a 29-valence electron Ru,Si5”, implying an
average + 5 oxidation state for the uranium countercation
to attain electroneutrality. This is consistent with uranium

TABLE 1
Types of Ternary Heavy Fermion Superconductor Structures

Single oxidation state countercations

Multiple oxidation state countercations

Known heavy fermion superconductors

Lalr,Si, (BaAl, structure)
LuOs;B,

LaPtSi, ThlrSi

Th,NiC,

EuCu,Si,, YbCu,Si,
Celr;Si,, Celr;B,
CeNiSn, CeNiln, CeRhIn, CelrGe, CeRhSb, YbCuGa
U,RuC,, U,0sC,, U,IrC,, U,RhC,

CeCu,Si,, URu,Si,
CeRu;B,, CeOs;B,, CeRu;Si,

U,PtC,
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FIG. 1. A schematic view of a portion of the aluminum network in

BaAly. Circled aluminum atoms inside the squares appear in front of the
page whereas uncircled aluminum atoms appear in back of the pages. Each
AI’Al}, square corresponds to a square pyramidal cavity.

valence fluctuations in the U(IV)< U(V)< U(VI) range
leading to heavy fermion behavior for URu,Si,.

3.2. LuOs3B, Type Structures

The LuOs;B, type structure, which was discussed in the
earlier paper (6), contains boron-centered transition metal
trigonal prisms (27). Each transition metal atom is shared by
four such trigonal prisms so that the fundamental structural
unit of the anionic network in LuOs;B, is the trigonal
prismatic cavity Osg,4B. The bonding topology within such
a centered trigonal prismatic cavity is expected to be edge-
localized similarly to that in the discrete centered trigonal
prismatic [Cog(CO);5C]? "~ anion (28, 29). In LuOs;B, each
of the nine edges of a single Os¢4B trigonal prism is shared
between two such trigonal prisms so that a closed-shell
electronic configuration for edge-localized bonding has
(2)(9/2) =9 skeletal electrons per trigonal prism, corres-
ponding to Osg,B* ™ = Os;BS ™, with each osmium vertex
using six internal orbitals and thus serving as a donor of two
skeletal electrons (6). Thus in LuOs;B, each Osg B>~
boron-centered trigonal prism lacks 1 1/2 electrons of the
closed-shell electronic configuration leading to holes in its
valence band. In CeRu;B, and CeOs;B, oxidation of
Ce(IIT) to Ce(IV) increases the negative charge from
Me4B'°~ to Mg ,4,B>~ thereby partially filling the holes in
the valence band of the anionic network. The corresponding
silicides such as CeRu;Si, have an analogous structure with
a silicon-centered trigonal prism so that Rug4Si* ", isoelec-
tronic with Osg,B* 7, is the closed-shell electronic config-
uration. If the cerium counterion is Ce(IV), then the anionic
network in CeRu;Si, has this closed shell electronic config-
uration with a filled valence band. Electron transport in
CeRu;Si, can occur through reduction of Ce(IV) to Ce(III)
concurrently removing an electron from its filled valence
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band. The physical properties of the known Celr;Si, with
an analogous structure correspond to cerium in the purely
trivalent state. In this case Irs,Si®>~ is the closed shell
electronic configuration so that Celr;Si, with trivalent ce-
rium (the lowest stable oxidation state of cerium) is a n-type
material with electrons in the conduction band. Thus the
series of isostructural materials LuOs;B, — Celr;B, —
Celr;Si, represent a transition from p-type conductors with
holes in the valence band to n-type conductors with
electrons in the conduction band.

3.3. LaPtSi Structures

The isostructural and isoelectronic superconductors
LaPtSi (T, = 3.5 K) (30) and ThirSi (T, = 6.5 K) (31) have
structures containing neither transition metal-metal nor
silicon—silicon homonuclear bonds (6). Each transition
metal is bonded to three silicon atoms and each silicon atom
is bonded to three transition-metal atoms, leading to the
building blocks PtSi3 3 and IrSi3 ; for the anionic networks
in LaPtSi and ThlirSi, respectively. In these building blocks
each transition metal has 17 average valence electrons,
which is one electron less than the favored 18-electron
closed-shell noble gas configuration, thereby leading to
holes in the valence band. A variety of isostructural species
are known that contain variable oxidation state lanthanides
(Table 2) in which the electronic configuration of the central
transition metal is related to the oxidation state of the
lanthanide countercation.

3.4. Th,NiC, Structures

The structure of Th,NiC, contains isolated linear
[C-Ni—C]®~ anions with 26 valence electrons and Ni-C
distances of 1.93 A, suggestive of Ni—C single bonding (32).
Assignment of the usual + 4 and — 4 oxidation states to the
Th and isolated carbon atoms, respectively, leads to a for-
mal oxidation state of zero for the nickel atom. The NiC5~

TABLE 2
Electronic Configurations of Materials with the LaPtSi
Structure

Transition Metal Valence Electrons

15 16 17 18 References

La™PtSi (30)
Ce"NiSn Ce!'VNiSn

Ce"Niln Ce!VNiln
Th'VIrSi 31)
Ce"™RhSb Ce'VRhSb

Ce"IrGe CeVIrGe

Ce™RhIn Ce'VRhIn
Yb!'CuGa  Yb"CuGa
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anion is thus an example of a linear d*° metal derivative in
which the nickel atom has the favored 14-electron config-
uration for a two-coordinate linear derivative using
a seven-orbital spd®> bonding manifold (33).

The Th,NiC, structure is found in a variety of uranium
transition metal carbides U,MC, (M = Ru, Os, Rh, Ir, Pt)
(34). The platinum compound U,PtC, exhibits heavy fer-
mion superconductivity (T, = 1.5 K) and a magnetic sus-
ceptibility corresponding to two unpaired electrons per
formula unit, suggesting U(IV) and the formulation
UY PtC, containing the closed shell PtC5~ anion, isoelec-
tronic with the NiC3 ™ anion in Th,NiC,. The strong para-
magnetism of U,RuC, and U,0sC,, which exhibits a weak
temperature dependence, suggests an intermediate uranium
oxidation state and linear diamagnetic RuC3°~ and
OsC3°~ anions with a 14-electron configuration similar to
that in the isoelectronic NiC5 ~ in Th,NiC, discussed above
(34). If U,RuC, and U,0sC, are formulated with the an-
ions RuC3°~ and OsC}°~, respectively, then the average
uranium oxidation state becomes +5. However, the tem-
perature-dependent paramagnetism of U,RhC, and
U,IrC, suggests RhC5~ and IrC5~ anions with one
unpaired electron per transition metal site (34).

4. OTHER HEAVY FERMION SUPERCONDUCTORS
4.1. UB@13

The beryllium network in UBe,; consists of Be" Be}
centered icosahedra packed to form larger 24-atom irregu-
lar snub cube cavities of Be® atoms surrounding the ura-
nium atoms (Fig. 2) (35). The shortest U --- U distances are
513 A, thereby precluding any direct uranium—uranium in-
teraction. Each Be® vertex atom of the Be;, icosahedra is
bonded to four external beryllium vertices of adjacent
icosahedra. Since each such beryllium vertex atom has only
one external orbital, these external bonds necessarily must

Be4881>3§$\ Be
AN |

_/—\—Be
e\ / \\

UBe(2)24
irregular snub cube

é Be(1)Be(2)12
centered icosahedron

FIG. 2. The Be'WBe{d icosahedron and UBeYY irregular snub cube
building blocks of the UBe, 3 structure, showing their linkage.
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be five-center Be§” bonds for which each of the five beryl-
lium atoms donates an average of 2/5 electron to provide an
electron pair for the bonding orbital of its five-center ex-
ternal bond. A neutral beryllium atom has two valence
electrons, so that a neutral Be'¥) Be{3) centered icosahedron
has exactly the 26 skeletal electrons corresponding to the
2n + 2 for n = 12 for globally delocalized bonding analog-
ous to that in the very stable icosahedral anion B, ,H?; if no
electrons are left for the external bonds to the adjacent
Be® Be'd) centered icosahedra. Since these external bonds
are five-center Be$”’ bonds, there are an average of 12/5 such
bonds requiring 24/5 = 4.8 valence eclectrons for each
Be" Be'3 centered icosahedron corresponding to Bej3+® for
a closed-shell electronic configuration leading to an average
uranium oxidation state of +4.8. This is well within the
stable uranium oxidation state manifold U(IV)« U(V)«
U(VI) so that average uranium oxidation states below +4.8
correspond to holes in the valence band of the beryllium
network and average uranium oxidation states above +4.8
correspond to electrons in the conduction band of the
beryllium network. Thus in UBe;; the uranium valence
fluctuations can lead to heavy fermion behavior including
heavy fermion superconductivity.

4.2. UPt,

The structure of UPt; consists of a lattice of face-centered
UsgsPtg), cubes (Fig. 3) with the uranium atoms at the
vertices and the platinum atoms in the centers of the faces
(36). Each uranium atom is thus shared by eight such cubes,
whereas each platinum atom is shared by the two cubes
sharing the face containing the platinum atom. The
UggPt» building blocks thus correspond to Ptg, oc-
tahedra within uranium cubes. The network of vertex-shar-
ing Ptg, octahedra separates the uranium atoms in the
UPt; structure so that the minimum U --- U distance is
4.1 A. Consider these Pts,, octahedra to be globally de-
localized octahedra requiring three internal orbitals from

X
-t
iy
ACH
cn RN

FIG. 3. The Ug;sPts), building block of the UPt; structure, showing
the Ptg/, octahedron within the Ugs cube.
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each vertex atom. Each platinum atom thus uses six of the
nine orbitals of its sp>d> manifold for skeletal bonding to the
two octahedra of which it is a part leaving three external
orbitals. Filling these three external orbitals of each plati-
num atom with nonbonding electron pairs requires 6 of its
10 valence electrons, leaving 4 valence electrons per plati-
num atom for skeletal bonding. Since a globally delocalized
Pts,, octahedron requires 14 ( = 2n + 2 for n = 6) skeletal
electrons, the closed shell configuration for the platinum
subnetwork is obtained for Pté/}. Since the lowest likely
oxidation state for uranium in UPt; is +4, corresponding
to a Pt¢; closed shell electronic configuration, the com-
pound UPt; is electron-rich with electrons in its conduction
band. The fact that UPt; is electron richer than any other of
the heavy fermion superconductors may account for some
of its unusual properties compared with other heavy fer-
mion superconductors (37).

5. CONCLUSIONS

This work suggests that heavy fermion superconductors
can be classified into the following two types based on their
structures:

(1) Ternary transition metal carbides, borides, or silicides
containing f-block metals exhibiting multiple stable oxida-
tion states such as uranium or cerium;

(2) Binary alloys of multiple oxidation state actinides
containing distinct non-actinide polyhedral clusters such as
Be, ; centered icosahedra in UBe;; and Pts), octahedra in
UPts,.

The f-block metals in heavy fermion superconductors not
only exhibit multiple oxidation states but are also diluted
enough by the other elements so that the separation be-
tween f-block metals in the structure is at least 4 A. The
f-block metals become part of the conducting skeletons of
heavy fermion superconductors so that their conductivities
arise at least partially through f-block metal valence fluctu-
ations involving their f-electrons.
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