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Correlation induced magnetic topological phases in the mixed-valence compound SmBg
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SmBg is a mixed-valence compound with flat f-electron bands that have a propensity to magnetism. Here,
using a realistic I's quartet model, we investigate the dynamical spin susceptibility and describe the in-gap
collective mode observed in neutron scattering experiments. We show that as the Sm valence increases with
pressure, the magnetic correlations enhance and SmB¢ undergoes a first-order phase transition into a metallic
antiferromagnetic state, whose symmetry depends on the model parameters. The magnetic orderings give rise
to distinct band topologies: while the A-type order leads to an overlap between valence and conduction bands
in the form of Dirac nodal lines, the G-type order has a negative indirect gap with weak Z, indices. We also
consider the spin polarized phase under a strong magnetic field, and find that it exhibits Weyl points as well as
nodal lines close to the Fermi level. The magnetic phases show markedly different surface states and tunable
bulk transport properties, with important implications for experiments. Our theory predicts that a magnetic order
can be stabilized also by lifting the I's cubic symmetry, thus explaining the surface magnetism reported in SmBg.
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Introduction. In the recent years, the fields of band topol-
ogy [1] and heavy fermions [2] have intertwined to form the
new research direction of topological heavy-fermion mate-
rials [3-13]. These materials exhibit topologically nontrivial
band structures together with a number of strong-correlation
effects, e.g., non-Fermi liquid behavior, unconventional quan-
tum criticality, and Kondo lattice physics. The interplay
between topology and electron correlations creates various
novel phenomena, whose robust nature makes them amenable
for topological quantum devices [14,15]. Correlation induced
topological properties include exceptional points in quasi-
particle spectra [9], giant spontaneous Hall effects [11],
and helical magnetism induced by Weyl electrons [12]. Yet
another intriguing possibility is that the magnetism of f elec-
trons may alter the band topology of the charge carriers. This
is what we study here in the context of the mixed-valence,
heavy-fermion material SmBg [16-18].

The electronic structure of SmBg is characterized by
strongly correlated 4f and itinerant 5d electrons, whose hy-
bridization opens up a gap at the Fermi level with nontrivial
topology [3,19,20]. The Sm valence fluctuates between Sm>*
and Sm>" states. Its average value v can be tuned by pressure,
in favor of magnetic Sm>* with smaller ionic size, as sketched
in Fig. 1(a). With increasing Sm valence, SmBg undergoes a
discontinuous insulator-to-metal transition, accompanied by
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antiferromagnetic (AFM) order [21-26]. Remarkably, this
transition occurs at an intermediate valence, v, ~ 2.7 [24,25],
well before reaching the fully trivalent state, such that valence
fluctuations coexist with magnetism. This intriguing phase
transition calls for a new theoretical description. In particular,
the tunable interplay between band topology and magnetism
at intermediate valence may give rise to new types of topolog-
ical characteristics with interesting surface properties.

In this Letter, we address the above points based on a
realistic model which reproduces the insulating band structure
of SmBg, as well as gives rise to a low-energy collective spin
excitation below the charge gap, manifesting the proximity
to magnetic order. In our theory, which explicitly includes
the Sm valence v as a tuning parameter, the spin exciton
softens and gains intensity as v increases. At a critical value
of v., an insulator-to-magnetic-metal phase transition of first
order takes place. The transition is driven by the exchange
interactions between magnetoactive Sm** ions, whose density
increases with pressure. Depending on the model parameters,
different AFM states (such as A- or G-type orders) can form.
We found that the magnetic phases exhibit band topologies
that are markedly different from the insulating nonmagnetic
phase. While the A-type order has nodal lines with surface
states [27] at the Fermi level, the G-type order shows an
indirect negative band gap with weak Z, indices and cor-
responding Dirac surface states. In the spin polarized phase
under a strong magnetic field, SmB¢ becomes a nodal-line
Weyl semimetal. We characterize these band topologies by
use of mirror Chern numbers, Z, invariants, and a newly
introduced ““glide-mirror-graded” Wilson loop.

The model. The SmByg crystal has cubic symmetry, with B
ions forming an octahedron at the cube center and Sm ions at
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FIG. 1. (a) Sketch of the Sm ionic states and phase behavior of
SmBg¢ under pressure. (b) Lattice structure of SmBg. (c) Crystal field
splitting of the J = 5/2 multiplet into I's quartet and I'; doublet.
The T'g quartet has a two-fold orbital degeneracy, o and 8 Kramers
doublets with elongated and planar spatial shapes. (d) Low energy
band structure of SmB¢ showing an insulating gap at the Fermi level.
The black and red colors indicate the contributions from the highly
dispersive 5d and quasilocalized 4 f (I'y) states, respectively.

the cube corners, see Fig. 1(b). A hybridization of the Sm 4 f
orbitals with conduction bands leads to valence fluctuations
between nearly degenerate Sm>*(f°) and Sm**(f) states.
The resulting wavefunction can effectively be expressed as a
coherent superposition /1 — n |f®,d°) + /n |f>;d"), where
|d) denotes the Sm 5d band states admixed with B 2p orbitals,
and n = v — 2 is the density of the magnetic Sm** ions.

The Sm?>*(f°) ion has a J = 0 singlet ground state. For
Sm** with the f> configuration, the lowest multiplet is the
J = 5/2 sextet, which is split by the cubic crystal field into a
I'g quartet and a I'; doublet, see Fig. 1(c). In SmBg, the I';
level is about 20 meV higher in energy [28]. Moreover, the I';
and 5d states have a negligible wavefunction overlap. Hence,
we neglect the I'; excitation, and focus on the I'g quartet, the
J = 0 singlet of Sm>*, and the 54 bands to construct a low-
energy Hamiltonian.

By symmetry, the transitions between f%(J =0)
and f3(J =5/2;Tg) states can be described as the
removal/addition of an f electron with the angular
momentum j =5/2 and ['s symmetry. This mapping,
which rescales the bare f-electron hopping amplitudes by
the coefficients of fractional parentage [29], leads to the
following Hamiltonian:

H=Ey) db digy+ Y Y laidy,djoy
ioy ij oyy
VEY [ Loy + D Y triilhy fioy
ioy ij oo'yy’

+ 20 D Vil fiory 4 Heo), )

ij oo’yy’

where d;y f ,) denote the creation operators of the 5d band
(I'g quartet) states on site { with (pseudo)spin o and orbital
index y. The spin-orbital structure of the matrix elements
ta,ty, and V follows from the symmetries of the 54 and
4 f(I'g) wavefunctions [19,30] (see the Supplemental Material
for details [31]). The I's quartet may be either fully occupied
(Sm>*) or host a single hole (Sm**). We treat this constraint
on a mean-field level, and vary the energy levels E; and Ey
to control the f-hole density n = v — 2. The hopping ampli-
tudes, renormalized by the correlation effects, are determined
by a fit to experiments [31].

The band structure near the Fermi level, calculated at
the valence v = 2.56 (i.e., at ambient pressure), is shown in
Fig. 1(d). We observe two flat bands originating from the I'g
states, and one highly dispersive band of 5d character. Their
hybridization opens up an insulating band gap of ~17 meV,
consistent with experiment [32]. The band inversion between
the I'g and d bands at the X point (7, 0, 0) leads to a nontrivial
strong Z, topology with helical surface states [3,19,20].

Spin exciton and magnetic order. Having the model that
reproduces the low-energy electronic states of SmBg, we
address now its magnetic properties. In SmBg, a dispersive
magnetic mode is formed inside the charge gap [33]. This
is a signature of strong correlations among the J = 5/2 mo-
ments, which interact via the conduction bands or various
superexchange channels (e.g., via the B orbitals). For sim-
plicity, we model these interactions by the isotropic exchange
Hamiltonian,

He =Y Tiidi-d . )
(i)
and calculate the dynamical magnetic susceptibility using the
random phase approximation

XO(‘I’ C())

— 3
1+ Jgx0(q, ) )

x(q, w) =

Here, J;, =) JreT® and xo(q, ) is the bare magnetic
susceptibility, which can readily be evaluated using the eigen-
states and energies of the electronic bands obtained above
[31]. The major contribution to xo(q, ®) is due to the tran-
sitions between the flat bands in Fig. 1(d), which give rise
to a gapped Stoner continuum. Of our prime interest is,
however, a low-energy collective mode that emerges as a
sharp particle-hole bound state inside the gap [33-35]. From
Eq. (3), the energy w, of this mode is given by the condition
Jq = —1/x((q, wg), and thus sensitive to the exchange pa-
rameters.

Having no microscopic theory for exchange interactions
in SmBg, we consider a minimal set of the [J;; couplings
up to third-nearest neighbors. Figure 2(a) shows the spin-
exciton peaks in x”(q, w), calculated using the parameter set
(J1, T, J3) = (14.7, 6.5, 2.7) meV. The results for v = 2.56
qualitatively agree with the inelastic neutron scattering data
[33].

We find that the spin exciton mode is highly sensitive to
the valence state. It strongly softens and gains a large spectral
weight as v increases, see Fig. 2(a). Physically, increasing
the density of magnetic Sm** ions tips the balance between
the exchange interactions and the f-electron delocalization
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FIG. 2. (a) Dynamical magnetic susceptibility x”(q, @) for the
valence v = 2.56 (black) and 2.67 (blue), for g values along the high
symmetry path from X = (7,0, 0) to R = (;r, w, ). The particle-
hole continuum (not shown) is above =~ 17 meV. (b) The G-type
ordered magnetic moment M as a function of v. The inset shows
the metallic band structure at v = 2.72.

energy, driving the system toward a magnetic instability.
SmBg develops a long-range AFM order at the critical valence
ve ~ 2.7 [24,25]. To describe this transition, we perform a
mean-field calculation for the magnetic order parameter as
a function of v. We let the effective hopping parameters
(ta,tr, V) vary as the valence increases under pressure, and
rescale them by a phenomenological factor [1 4+ n(v — vg)],
where vy = 2.56. Physically, the sign of the parameter n is
determined by two competing effects: on the one hand, the
effective hoppings are reduced (n < 0) by the correlations that
enhance with valence v; on the other hand, they increase (n >
0) due to the increased wavefunction overlap under pressure.
With n = 0.6 [36], a magnetic solution appears at v, >~ 2.7 via
a first-order phase transition, see Fig. 2(b). Once the magnetic
order is established, the spin degeneracy is lifted and the
band structure gets rearranged, which induces a simultaneous
insulator-to-metal transition. The feedback effects between
spin order and band structure result in a discontinuous tran-
sition, as observed in SmBg¢ [21,23].

It should be noted that the AFM ordering pattern (not yet
fully identified experimentally) is decided by the choice of
Ji;j parameters. While the above J;; values (motivated by the
spin-exciton dispersion fits) support G-type (Néel) state, other
structures, such as A-type order suggested by a (i, 0, 0) peak
in the bare susceptibility xo(q) [31], are possible. Future ex-
periments are required to quantify the exchange Hamiltonian
in SmBg.

Since the I'y quartet is a spin-orbit entangled object, mag-
netic order also affects the orbital shape of the f-electron
cloud and thus reduces cubic symmetry of the paramagnetic
phase. Alternatively, lifting the degeneracy of the « and B
states of the I's quartet [Fig. 1(c)] by uniaxial stress reduces
the hybridization gap, thereby triggering magnetic order and
an insulator-to-metal transition (Supplemental Material [31]);
this is an interesting proposal for experiment. In fact, the
I'g quartet splitting is naturally present near the surface as
well as near defects, and should be relevant for the analysis
of the surface states and transport properties of SmBg. For
instance, the surface magnetism reported in SmBg [37,38] can
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FIG. 3. Band topology of SmB¢ at valence v =2.74 for the
A-type (left) and G-type (right) antiferromagnetic states. (a),
(b) Magnetic structures with moments indicated by the red arrows.
(c), (d) Nodal lines and Dirac points in the vicinity (green) and
below (red and purple) the Fermi level. (e)—(h) Band structures of
a 100-layer slab with [001] and [010] termination, respectively. The
color scale represents the wave function amplitude of the ten topmost
layers. The arrows mark characteristic features of the different band
topologies.

be understood as a natural consequence of the cubic symmetry
breaking near the surface.

Topological properties. Paramagnetic SmBg is a topolog-
ical insulator with strong and weak Z, invariants and mirror
Chern numbers [3]. Here, we present a topological analysis
of the magnetically ordered metallic phases, based upon the
I's quartet model of SmBg. Specifically, we consider the two
possible magnetic states, namely the A-type and G-type AFM
orders shown in Figs. 3(a) and 3(b). Our topological analysis
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is based on symmetries, and therefore applies also, at least
qualitatively, to similar antiferromagnetic systems.

In the magnetic phases, the symmorphic symmetries
Pm3m of the paramagnetic phase are lowered to nonsym-
morphic magnetic space groups (MSG) [39]. For the A-type
order we find the tetragonal MSG P,.4/mm’m’, while for
the G-type order the MSG is P;4/mm’m’, which is body
centered. Here we adopt the OG convention [39], for which
the coordinate basis of the MSG coincides with the par-
ent SG. Both MSGs contain magnetic translations, namely
Ty =T1(0,0,1) along the z axis for the A-type order and
T = T t(1, 0, 0) along the x axis for the G-type order, where
T =io,K is the time-reversal operator. We note that Tg is
equivalent to T up to a lattice vector of the G-type structure.
Yet, the converse is not true, i.e., T is not equivalent to 7 up
to a lattice vector of the A-type lattice.

To study the band topologies of the AFM phases, we com-
pute the surface states and the associated topological numbers
in our model, whereby we implement the coupling of the
charge carriers to the AFM texture by an on-site Zeeman term.
We find that for both AFM orders the bands are Kramers
degenerate, due to the presence of both magnetic transla-
tions (74, Tg) and inversion (P) with (PTy)? = (PTg)* = —1.
Moreover, both A- and G-type orders exhibit Dirac points
below the Fermi level, while the A-type order has in addition
nodal lines [31]. We now discuss these two AFM orders in
more detail.

(i) The A-type order exhibits Dirac nodal lines in the
k; = % plane for a large parameter range (due to the wide
d band), see Fig. 3(c). These nodal lines are classified as
type II [40], since they are strongly tilted. The appearance
of Dirac nodal lines upon entering the A-type order de-
fies the expectation that with less symmetries there are less
symmetry-protected crossings. These Dirac nodal lines are
protected by the m, mirror symmetry together with PTy.
In the k; = 7 mirror plane PT, pairs identical representa-
tions of m;, such that two Kramers pairs with distinct m,
representations can cross in protected nodal lines. These
nodal lines can be thought of as generalizations of lines
protected by inversion and off-centered mirror symmetry
[41,42].

By the bulk-boundary correspondence, one expects that
these nodal lines lead to states localized on the [001] surface.
Indeed, Fig. 3(e) shows nodal line surface states for the red
and green nodal lines of Fig. 3(c), which however partially
merge with bulk bands. In order to characterize the topology
of these nodal lines and the associated surface states, one
might consider a mirror Berry phase [27,43]. However, this
quantity is unsuitable because the two orthogonal eigenspaces
of the glide mirror symmetries /7, and 771, exchange along the
k, direction. Instead, we develop a “glide-mirror graded” Wil-
son loop [31]. The spectrum of this quantity, which resolves
the band degeneracy caused by PT,, exhibits a qualitative
change at the nodal lines, i.e., the emergence of flat bands.
Finally, on the [001] surface there appears also a gapped
Dirac cone (blue arrow), which can be viewed as a remainder
of the paramagnetic surface states, gapped by the magnetic

order. While this is similar to an axion insulator [44,45], a
half-integer Hall effect is not expected because of the gapless
band structure.

On the [010] surface, on the other hand, there appear no
nodal line surface states but only Dirac cones, indicated by
black arrows in Fig. 3(g). These Dirac cones, found also in a
band structure study [46] of the A-type order, are protected by
mirror-Chern numbers and weak Z, invariants defined within
the k, = O plane [31].

(i) The G-type order does not have any nodal lines, but
only Dirac cones on the I'-Z axis protected by the fourfold
rotation, see Fig. 3(d). Similar to the A-type order, the G-type
order has weak Z, invariants in two-dimensional subsystems
where TG2 = —1 [1]. In particular, the three planes k, = 0,
ky =0, and k, = 0, which each contain the time-reversal in-
variant momenta I", X, and Z, have nontrivial weak invariants
[31]. By the bulk-boundary correspondence, these weak in-
variants lead to Dirac cone surface states for the [100], [010],
and [001] terminations, see black arrows in Figs. 3(f) and 3(h).

Recent analysis of the quantum oscillation experiments at
high magnetic fields suggested the presence of asymmetric
nodal lines [47]. Motivated by this proposal, we consider the
possibility of nodal lines in the high-field phase of SmBg,
where the moments are aligned ferromagnetically. In this
state, any mirror plane may contain protected accidental
nodal lines. Indeed, for the [001] alignment of the mag-
netic moments we find such nodal lines within the k, =0
and k, = w mirror planes, in close proximity to the Fermi
level. These nodal lines are protected by a quantized w-Berry
phase [31].

In conclusion, we have developed a theory for the
insulator-to-magnetic-metal transition in SmBg. We describe
this transition as the softening of an in-gap spin exciton mode,
which condenses into an AFM order at the critical density
of magnetic Sm** ions. The AFM order induces a simul-
taneous insulator-to-metal transition as well as a change in
the band topology. Within the I's quartet model, relevant to
SmBg, we find that the band structure is transformed from
a cubic topological insulator to a tetragonal magnetic metal
with symmetry protected Dirac points (G-type order) or Dirac
points and nodal lines (A-type order). From our theory, we
expect that the magnetic metal exhibits interesting transport
characteristics, for example, light- or strain-induced anoma-
lous Hall currents in the A-type order [48-50]. We hope
that our findings will spur experimentalists to look for these
intriguing properties, and to further characterize the insulator-
to-magnetic-metal transition which can be induced in SmBg
by pressure or uniaxial strain.
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