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Unique Dirac and triple point fermiology in simple transition metals and their binary alloys
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Noble-metal surfaces (Au, Ag, Cu, etc.) have been extensively studied for Shockley-type surface states (SSs).
Very recently, some of these Shockley SSs have been understood from the topological consideration, with
the knowledge of global properties of electronic structure. In this paper, we show the existence of Dirac-like
excitations in the elemental noble-metal Ru, Re, and Os based on symmetry analysis and first-principles
calculations. The unique SS-driven Fermi arcs have been investigated in detail for these metals. Our calculated
SSs and Fermi arcs are consistent with the previous transport and photoemission results. We attribute this Dirac
excitation-mediated Fermi arc topology as the possible reason for several existing transport anomalies, such
as large nonsaturating magnetoresistance, the anomalous Nernst electromotive force and its giant oscillations,
magnetic breakdown, etc. We further show that the Dirac-like excitations in these elemental metals can further
be tuned to three component Fermionic excitations, using a symmetry-allowed alloy mechanism.
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I. INTRODUCTION

Symmetry-protected multifold band crossings in momen-
tum space often exhibit a strong topological response in the
transport measurement. A fourfold Dirac node [1] splits into a
pair of twofold Weyl nodes [2] under magnetic field, which
in turn shows several anomalous transport signatures, such
as the anomalous Hall effect [3-6], the anomalous Nernst
effect [7-9], nonsaturating large magnetoresistance (LMR)
[10-12], the chiral anomaly [13-16], etc. A pair of opposite
monopole charges is created upon the separation of Weyl
nodes under either inversion or time reversal symmetry (TRS)
breaking conditions. Each of the Weyl nodes is associated
with the source or sink of Berry curvature in momentum
space [17,18]. While this fictitious magnetic-field-like Berry
curvature couples to the external magnetic field, it gives rise
to such an anomalous response in materials. Several Dirac and
Weyl semimetals (DSMs and WSMs) have been proposed,
and their topological signatures have been extensively inves-
tigated through photoemission and transport measurements.
Another type of quasiparticle excitation, different from DSMs
and WSMs, is triple point semimetal (TPSM) states [19-25].
The TPSM is believed to be an intermediate phase of relatively
higher symmetric DSMs and lower symmetric WSMs. The
topological index for the TPSM is still a matter of debate
[26,27]; hence, it has become fertile ground for the topological
study in recent times.

In the present study, we investigate the topological
electronic structures of hexagonal noble-metal ruthenium,
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rhenium, and osmium based on symmetry analysis and firsz-
principles calculations (see Sec. 1 of the Supplemental Ma-
terial (SM) [28] for details of the computational method; see
also Refs. [29-40] therein). These systems look simple at the
onset, yet some of their properties are quite puzzling and still
require proper understanding. One of the main motivations
to choose these systems is to understand the rich physics
behind the various anomalous existing experimental results
such as the anomalous magnetotransport effect [41,42], the
anomalous Nernst emf (and its giant quantum oscillation)
[43], the measured Fermi surface (FS) [30], etc. Close inspec-
tion of these experimental results made us speculate on the
topological origin of the electronic structure of these systems
that could be responsible for such an anomaly. Indeed, our
detailed calculations and group theoretical analysis strongly
indicate the existence of multiple symmetry-protected Dirac
fermionic excitations near the Fermi level Er. We choose Ru
as a case study and investigate both the bulk and surface band
topologies in detail. Our calculated FS for Ru matches fairly
well with the previously measured experimental FS [29].

Ru has been extensively studied for its unusual magneto-
transport properties under the so-called neck-lens magnetic
breakdown [41,42]. For instance, it shows nonsaturating LMR
in the perpendicular magnetic field [42], which is somewhat
similar to those in topological semimetals. Several theories
have been proposed to address the origin of such a LMR. They
are (i) linear band crossing [44—46] in momentum space as in
the case of Cds;As,, Na3Bi, and so on, (ii) perfect electron-
hole compensation [47-50] in WSMs, WTe,, MoTe,, PtSny,
and LaSb (although LaSb has trivial band ordering, multiple
Weyl-type nodes are present in its band dispersion [51]), and
(iii) the Lipschitz transition (LT) of the FS [50] (recently, LT
was found in several topological materials where the phase
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FIG. 1. (a) Top view of the P63 /mmc crystal structure of metals.
(b) Brillouin zone (BZ) with high-symmetry points and their projec-
tions on the (001) and (100) surface BZ. (c) Electronic structure of
Ru. The inset in (c) shows a small energy window of the shaded
region along I'-A. T';’s are the irreducible representations for the
bands. The intersection of I';,,¢ with I'y results in Dirac nodes. The
red (green) dotted line is drawn to show Dirac nodes at energy E1
(E2).

transition does not break any symmetries but can be described
by topological invariants). Apart from aforementioned theo-
ries, a topology-driven nontrivial origin for the nonsaturat-
ing LMR was also predicted by Tafti er al. [52]. Another
interesting feature of Ru is that it shows a finite Nernst emf
which shows giant oscillation in high-field regime [43]. The
characteristic curve and the oscillation patterns are quite sim-
ilar to the nontrivial material Bi,Se; and very different from
the Drude-like behavior [43,53]. Keeping these facts in mind,
our study reveals the appearance of Dirac surface state (SS)
mediated Fermi arcs on the surface of noble metals (Ru, Re,
and Os), which is found to be the key origin in understanding
the existing problem of transport anomalies. Note that the
controversial Shockley-type SSs that appear on the surface of
noble metals, such as Au, Ag, Cu, Pt, and Pd, were recently
interpreted as topologically derived surface states [54].

The symmetry argument has become a very important tool
to explore the material physics in recent times. The knowl-
edge of the symmetry provides a constraint or freedom over
the tunability of topological phases. We use the crystalline
symmetry-breaking argument to tune the DSM phase to the
TPSM phase using the alloy mechanism. For example, both
Ru and Os show a Dirac nature owing to the center of
inversion (IS) and Cg rotation symmetry. However, the binary
alloy RuOs breaks the IS and transforms Cg into C3 rotation,
which converts the Dirac-like excitations to three component
Fermionic excitations. The most important advantages of such
symmetry-adopted tunability is that we can shift the nodal
points very close to Er depending on the crystal composition.
As such, we have freedom in the position of the nodal points
as well as tunability of the low-energy excitations.

II. RESULTS AND DISCUSSION

Ru, Re, and Os, in their elemental phase, crystallize in a
hep structure with the P63 /mmc space group and Dg, point
group. The crystal structure and Brillouin zones (BZs) are
shown in Figs. 1(a) and 1(b). The two-atom unit cell with
particular uniaxial rotational symmetry results in a more
complex electronic Fermi surface topology than the cubic
noble metals (Au, Ag, Pt, etc.). The presence of the Dg), point
group allows a little Cg, group along the I'-A direction in the

BZ. The symmetry elements that Cs, contains are the identity
(E) operation; sixfold (Cg), threefold (C3), and twofold (C,)
rotational symmetry about the z axis; and three vertical mirror
planes o, and three o, mirror planes (o, bisect two o, mir-
rors). Under the spin-orbit coupling scheme, Cy possesses six
eigenvalues, namely, e*'s, ¢*¥5, ¢/Z, and ¢/ . The correspond-
ing eigenstates for the Cg rotation operator can be denoted as
v, Y2, V3, Yu, Vs, and ¥ (see Fig. S1 of the SM [28]). Now,
&, (x-axis mirror) and Cg do not commute and thus cannot
be simultaneously diagonalizable in the eigenspace of the Cg
operator. The mirror &, keeps Vs and v invariant, i.e., &, Vs
= Y5 and &, Y = Vg, whereas ¥y will convert to ¥, and
Y3 will convert to 4 under the action of 6,, i.e., &, Y| =
Yp and 6, Y3 = Y¥y. As the I'-A direction is invariant under
these symmetries, the noncommutating condition of &, and
Cs enforces the formation of a doubly degenerate eigenspace
by ¥ + ¥, (the I'; representation designated by the e*'@
eigenvalues) and 3 4+ ¥4 (I's representation designated by
the '3 eigenvalues) along I'-A. Furthermore, ¥5 and y¢
form a degenerate state (I'g representation designated by the
¢'Z and ¢ eigenvalues) under the action of TRS, C,, and
o4 symmetry. As C, and &, commute, we can define a new
operator, & = C>5,. In spin rotation space, 2 = 1. In the
presence of TRS, eventually, we have 7262 = —1. This is
the local Kramer’s theorem, which guaranteed the double
degeneracy at every point along the I'-A direction in the BZ
as this direction is invariant under both ¢, and &,. Now,
the two bands with different irreducible representations cross
each other along the Cy axis and will form gapless fourfold-
degenerate Dirac nodes. For Ru, the I'7,9 band intersects the
I's band and forms two Dirac nodes on the Cg rotation axis,
as shown in Fig. 1(c). Similar observations and mechanisms
ere also observed for Re and Os, which will be discussed later.
Furthermore, in addition to the above Cg, symmetry element,
the elements Ru, Re, and Os also have structural inversion.
The interplay of inversion symmetry and TRS further ensures
Kramers’s double degeneracy throughout the BZ. Hence, two
doubly degenerate bands belonging to different irreducible
representations (IRs) while crossing each other along the Cg
direction form a Dirac node, and hence the hybridization at
the nodal point is prohibited by group orthogonality relations.
As such, the presence of an inversion center provides extra
crystalline symmetry protection to the Dirac nodes in addition
to Cg,. Therefore, the Dirac nodes are stable against inversion
breaking perturbation in the presence of Cs, symmetry.

The origin of the SSs in noble metals (Au, Ag, Cu, etc.)
can be traced back to Shockley’s prediction [55] of SSs which
appear inside an inverted energy gap due to band crossing
[56,57]. Very recently, some of these Shockley SSs have
been understood from the topological consideration, with the
knowledge of the global properties of the electronic structure
[54]. Another type of SS, called Rashba SSs, appears due to
the absence of translational symmetry on the surface, which
is quiet a common phenomenon on noble-metal surfaces.
It should be noted that these Rashba SSs are unlike the
conventional Rashba states which arise due to the breaking of
inversion symmetry (in the presence of spin-orbit coupling) in
bulk systems. Although these Shockley or Rashba SSs can be
explained by the free-electron theory, a rigorous topological
understanding is required to capture various other anomalous
surface behaviors. For example, recently, Zak-phase-driven
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FIG. 2. (a) For ruthenium, the surface dispersion for the (001) Miller plane. (b)—(d) Fermi surface maps on the (001) surface at different
energy cuts. (e)—(g) Fermi arcs at different energy cuts on the (010) side surface.

large surface polarization charge and flat SSs have been un-
derstood from the nontrivial Berry phase in topological Dirac
nodal line fcc alkaline-earth metals: Ca, Sr, and Yb [58]. The
topological nature of Be has also been explored, which indeed
sheds light on the long-standing controversial issues of Be,
such as strong deviations from the description of the nearly-
free-electron theory, the anomalously large electron-phonon
coupling effect [59], large Friedel oscillations, etc. [60].

In the above context, Ru, Re, and Os are unique as their
Dirac-like bulk band crossing suggests the appearance of
nontrivial surface dispersion and Fermi arc topology onto the
surface. Since, in DSMs, the main focus is the surface states
and the associated Fermi arcs that link the Dirac points, we
have investigated the FS map for both the (001) and (010)
surfaces for Ru, as shown in Fig. 2. Bulk projected SSs on
the (001) surface are shown in Fig. 2(a). The bulk electronic
structure of Ru suggests the appearance of a pair of Dirac
nodes [the crossing point of the I'7,,9 and I'g bands, as shown
in Fig. 1(c) along the I'-A direction]. The projection of these
two Dirac nodes on the (001) surface falls on the T point
in the surface BZ [as shown in Fig. 1(b)]. Moreover, in the
energy scale, the positions of two Dirac nodes are separated
by a small value. Projection of one Dirac node in the energy
scale is depicted by the blue dot in Fig. 2(a). The Dirac-like
surface states (DSSs) emerging from the Dirac nodes in the
(001) surface are shown in Fig. 2(a). However, the other Dirac
node is buried by the bulk Fermi pockets near the T point.
Nonetheless, the Fermi arcs for two Dirac nodes can be clearly
encapsulated a little away from the T point along the M (K)
direction [see Fig. 2(a)], as indicated by DSS1 and DSS2.

The FS maps on the (001) surface have been investigated,
and the evolution of the FS topology is observed for three
different energy cuts (E1, E2, and E3), as shown in Figs. 2(b)—
2(d). At energy cut El, the Dirac SSs, DSS1 and DSS2, are

slightly immersed by bulk bands near T'; hence, we do not
observe the clear signature of the DSS-mediated FS map at
this constant energy cut. However, the signatures and contour
patterns of DSS-mediated FS maps are clearly observed for
other two energy cuts at E2 and E3, as described in Figs. 2(c)
and 2(d). The two concentric Fermi arcs in Fig. 2(d) are
indicated by arcl and arc2. A similar pattern for the FS was
previously observed by photoemission spectroscopy on the
hexagonal surface of MoP [20], MoC [21], LuPtBi [61], etc.
Most importantly, the FS for Ru is highly consistent with
previous experiments both by angle-resolved photoemission
spectroscopy (ARPES) and by de Haas—van Alphen oscilla-
tion [29,30]. However, the explanation based on the topologi-
cal origin of the FS maps in those experiments is lacking.

Furthermore, the DSS-mediated Fermi arc topology can
also be observed on the side surface (010 plane) of Ru. The
I" and A (L) points of the bulk BZ fall onto the T and Z points
on the surface BZ (SBZ) of the (010) surface. As such, the
projected Dirac nodes fall on the T'-Z line segment in the (010)
SBZ. A time reversal pair of Dirac nodes is situated on both
sides of the T point along the T'-Z line. In momentum space, a
Fermi arc is nested between this pair of Dirac nodes, as shown
in Figs. 2(e)-2(g). Figures 2(e)-2(g) show the Fermi arc
topology on the side surface of Ru for three different energy
cuts. For the energy cut very close to Dirac nodes [as shown in
Fig. 2(e)], two arcs originating from two pairs of Dirac nodes
are almost degenerate (since two nodal points are situated
very close in momentum space). As we move away from the
Dirac nodes, the two arcs get resolved [Figs. 2(f) and 2(g)].
We discuss and compare in detail our calculated Fermi arcs
with the previously measured ARPES and transport results in
Sec. III of the SM [28]. The close similarity of the calculated
Fermi arc topology [in both (001) and (010) surfaces] to the
measured data validate our theoretical predictions.
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We now discuss the origin of these SSs and arcs from
the topological perspective. A DSM phase is the parent sate
of a WSM and a topological insulator (TI). The TI phase
can be achieved by opening up a nontrivial gap at the nodal
points. In such a case, the presence of SSs is guaranteed
by the topological Z, index. On the other hand, two Weyl
nodes with opposite Chern numbers sit together to form a
Dirac node in momentum space under the precise symme-
try enforcement. Such degeneracies of Weyl nodes form a
“doubly degenerate” Fermi arc in the DSM phase. However,
such Fermi arcs may not be protected by the topological
index. Nevertheless, a crystalline-symmetry-protected three-
dimensional DSM phase is stable as long as the symmetries
are intact.

Further, the alloy-driven crystalline symmetry breaking al-
lows us to realize three-component Fermionic excitation near
Ep, which is different from the Dirac excitation in the pure
metals Ru, OS, and Re. For the binary alloys, e.g., RuOs, the
point group symmetry reduces from Dgy, to D3, D3;, allows its
C3, subgroup symmetry along the I"-A direction. The symme-
try elements that Cs, contain are E, Cs, and three o;,’s (see Fig.
S3 of the SM [28]). Like for the previously explained Cg, case,
the noncommutation relation of C3 and &, (say, the x-axis mir-
ror) allows two singly degenerate states (denoted by I's and
['¢) and one doubly degenerate state (denoted by I'4) along the
I'-A direction in spin-orbit space. The operation of C3 and o,
does not alter the momentum coordinate along the k, axis. Any
accidental band crossing of I's,.¢ with I'y along the k, axis
forms a triply degenerate nodal point (TDNP). In particular,
such an alloying transforms the crystalline symmetry from
Cey (elemental metal) to Cs, (binary alloy with space group
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FIG. 3. For the RuOs binary alloy, the bulk band structure
(a) along high-symmetry lines and (b) along I'-A, indicating band
IRs (shown by I';s). Triply degenerate nodal points TDNPs (shown
by T’s). (c) Fermi arc on the (010) side surface.
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FIG. 4. Electronic structure (along I'-A) for (a) Re, (b) Os,
(c) ReRu, and (d) ReOs. Dirac points and TDNPs are represented
by DP’s and T’s. respectively.

P6m2), and the corresponding band representation changes as
I's7 — TI'4yand I'g — I's @ I'e. Further, the strength of the
I's ¢ band splitting and the slope of the I'y band collectively
determine the number of TDNPs (two or four in our binary
alloys) on the Cs rotation axis. Figures 3(a) and 3(b) show
a case study of the bulk band structure of the RuOs alloy.
Four triple points are observed in the RuOs alloy, and they are
denoted by T1, T2, T3, and T4 in Fig. 3(b). Note that TDNPs
are protected by group orthogonality relations of different IRs.
We have also simulated the Fermi arcs nesting on the (010)
rectangular surface of the RuOs alloy, which hosts the triple
point (semi)metallic state [see Fig. 3(c)]. All the TDNPs are
projected along the T-Z axis on both sides of the T point. The
Fermi arcs originate and nest between the TDNPs, as shown
in Fig. 3(c). The existence of such TDNP-induced Fermi arcs
on a particular surface is a hallmark of the TPSM state for
their experimental detection.

To get the ideal candidates [in terms of the position of
Dirac points (DPs) and TDNPs with respect to Er], we have
simulated the band structures of other metals (Os and Re) and
their alloys (ReRu and ReOs). The band structures along the
sixfold (threefold) rotation axis are shown in Fig. 4. In Table I,
we also list the compounds with the number of nodal points
and their relative position in terms of energy. The spin-orbit
coupling strength of Os is highest among these three pure
metals; hence, the splitting between I'; and g is largest,
which in turn results in a larger separation of DPs for Os in
momentum space, as shown in Fig. 4(b). For the ReOs alloy,
the nodal points (TDNPs) lie closer to Er compared to the
other two alloys, ReRu and RuOs. Furthermore, ReOs has
only a single pair of TDNPs, as shown in Fig. 4(d).

TABLE I. Number of DPs or TDNPs and their positions Ae with
respect to Er for pure metals and their binary alloy.

Metal DPs A€ (eV) Alloy TPs A€ (eV)
Ru 2 —-0.45 RuOs 4 0.60
—0.51 —0.29
—-047
—-0.57
Os 2 —-0.50 ReOs 2 0.17
—-0.71 0.09
Re 2 0.41 RuRe 4 0.94
0.17 0.23
0.06
-0.35
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TABLE II. Formation energies AEj,, of the three binary alloys.

TABLE III. Elastic constants of binary alloys (in kbar).

System AEform (meV/atom) System C1 1 C[z C|3 C44 C55

ReOs —192 ReOs 6678.8 2633.1 21859 2422.7 2022.9
ReRu —176 ReRu 5617.9 2731.8 1981.2 1996.6 1443.0
RuOs —23 RuOs 6542.1 2169.1 1949.3 2165.9 2186.5

In order to investigate the possibilities of the experimental
synthesis for these binary alloys, we have checked the chem-
ical and mechanical stability of these compounds. Chemical
stability is checked by calculating the formation energies
using the following formula:

n

AEtom = EComp - inEi’

i=1

where Econp is the total energy of the binary alloy, E; repre-
sents the energy of the constituent elements in their ground-
state phase, and x; is the proportion of the ith element in the
binary compound. The formation energy A E¢ymy, of these three
binary alloys is presented in Table II. The negative value of
AFEfym confirms the chemical stability of these alloys.

Apart from the chemical stability, the elastic behavior of a
lattice is described by its second-order elastic constant tensor,

given by
1/ 3’E
Cj=— ,
Vo aEian

where E is the total energy of the crystal, vy is the equilibrium
volume, and € denotes the strain. The stiffness tensor is
symmetric and has a dimension of 6 x 6 for the present alloy
system. For a hexagonal system, there exist five independent
elastic constants. The necessary and sufficient conditions for
the elastic stability of a hexagonal lattice are

Cii > |Cal,
Cys > 0,

2C}, < C33(Cyy + Ch),
Cﬁ() > 0. (1)

The condition on Cgg is redundant for hexagonal systems,
with C; and C); given by the equation Cg6 = (C1; — C12)/2.

The values of the elastic constants for the three binary
alloys (ReOs, ReRu, and RuOs) are listed in Table III. These
values of elastic constants clearly satisfy the conditions (1)
and hence confirm the mechanical stability of the three alloys.

III. CONCLUSION

The conclusion of this work is mainly threefold: (i) we
predict the existence of symmetry-protected Dirac sates in
the pure elemental metals Ru, Os, and Re. We find a unique
Dirac-like Fermi arc topology on the (001) and (010) surfaces
of these metals. Our calculated Fermi surfaces are consistent
with the previous experiments by ARPES and transport mea-
surements. (ii) The presence of such topologically nontrivial
Fermi arcs can lead to a reevaluation of the understanding
behind several anomalies in such metals. We speculate the
topological nature of bands in Ru is responsible for several
puzzling behaviors, such as magnetic breakdown, large mag-
netoresistance similar to that of the DSM compound Cd;As,,
giant Nernst oscillation (similar to BiySes), and deviations
from the description of the Drude theory. (iii) By precise
symmetry-breaking alloy engineering, the Dirac excitations
can be tuned to three-component fermion excitations. De-
pending on the combinations, we get two or four pairs of
TDNPs along the I'-A directions. The position of TDNPs
is very close to Ep (for the RuRe and ReOs alloys), which
definitely enables the strong topological response in transport
experiments. Finally, these types of transition-metal alloys
are extensively synthesized and investigated in the field of
catalysis; hence, our findings open up a new direction towards
that too.
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