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Topological phase transition in the archetypal f-electron correlated system of cerium
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A typical f-electron Kondo lattice system Ce exhibits a well-known isostructural transition, the so-called
y-a transition, accompanied by an enormous volume collapse. Most interestingly, we have discovered that a
topological phase transition also takes place in elemental Ce, concurrently with the y-« transition. Based on
the dynamical mean-field theory approach combined with density functional theory, we have unraveled that the
nontrivial topology in «-Ce is driven by the f-d band inversion, which arises from the formation of a coherent
4f band around the Fermi level. We captured the formation of the 4 f quasiparticle band that is responsible for
the Lifshitz transition and the nontrivial Z, topology establishment across the phase boundary. This discovery
provides a concept of a “topology switch” for topological Kondo systems. The “on” and “off”” switching knob in
Ce is versatile in a sense that it is controlled by the available pressure (<1 GPa) at room temperature.
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The physics of strongly correlated f-electron materials has
been a longstanding subject of special interest due to the
complex interplay between the underlying interactions, such
as strong Coulomb correlations, spin-orbit (SO) coupling, and
the hybridization of the localized f and conduction elec-
trons. More intriguing is that the interplay is very sensitive
to small changes in the external parameters. Elemental Ce,
which has one occupied f electron in its atomic phase, is
a prototypical f-electron Kondo lattice system exhibiting
such sensitivity. Indeed, Ce shows a rich phase diagram (see
Fig. 1) and many interesting physical properties as a function
of temperature (7)) and pressure (P) [1-4]. The first-order
isostructural volume collapse transition from the y to o phase
of face-centered-cubic (fcc) Ce is the most representative
phenomenon that experiences the sensitivity. However, the
driving mechanism of the y-« transition is still under debate,
between the two well-known models: the Mott transition [5]
versus Kondo volume collapse [6]. The current consensus is
that there exists at least a significant change in the Kondo hy-
bridization between the localized 4 f electrons and conducting
electrons across the transition [7—-10]. This peculiarity in Ce
could facilitate the emergence of nontrivial topology in the
ground-state « phase of Ce.

In a recent theoretical work on topological Kondo in-
sulators [11], it is shown that the Kondo hybridization in
f-electron systems can play an important role in the for-
mation of nontrivial topology. Since then, many subsequent
studies have been reported to search for nontrivial topolog-
ical materials, where the Kondo hybridization gap exists,
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e.g., CeNiSn, CeRuySng, Ce;BisPt;, SmBg, SmS, and YbB;
[11-17]. Despite extensive studies, however, the topological
nature of mother elements, Ce, Sm, and Yb, supplying the
correlated f electrons to the above Kondo insulator com-
pounds, has not been explored yet. Here, we report, based
on the dynamical mean-field theory (DMFT) approach com-
bined with density functional theory (DFT) that has been
successful in describing the electronic structures of Ce and
Ce compounds [8,9,18,19], that a narrow f-band metal a-Ce
has the nontrivial topology of a topological-insulator (TI)-type
and topological-crystalline-insulator (TCI)-type nature, and
the topological phase transition and the Lifshitz electronic
transition occur concomitantly with the y-o volume collapse
transition in Ce.

Figure 2 shows the DMFT band structures and the densities
of states (DOS) of y- and «-Ce. In the DMFT calculations,
we have used the Coulomb correlation (U) and the exchange
(J) interaction parameters of U = 5.5 eV and J = 0.68 eV
for the Ce f electrons (refer to the Supplemental Material
for the computational details [21]). The 4 f spectral weights
of both phases have three main parts in common: the lower
Hubbard band (LHB) at —2.0 to —2.5 eV corresponding
to the 4f° final state, the upper Hubbard band (UHB) at
24 eV corresponding to the 42 final state, and the Kondo
resonances near the Fermi level (Ep) corresponding to the
4f! final states. The energy positions of LHB and UHB are
in good agreement with photoemission spectroscopy (PES)
[22-25] and inverse PES experiments [26]. One of the most
notable features in Fig. 2 is that the spectral weight of
the Kondo resonance around Ef is much stronger in «-Ce
than in y-Ce, and exhibits the coherent quasiparticle band
feature in «-Ce, as is consistent with previous PES [22-26]
and theoretical reports [27-30]. As will be discussed be-
low, these contrasting Kondo resonance features between
the two phases lead to quite different topological classes:
trivial and nontrivial Z, topologies for y-Ce and «-Ce,
respectively.
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ture for a-Ce is corroborated by the fact that the DMFT

LELle iz bands have almost the same dispersion as the renormalized
DFT bands rescaled approximately by 1/2 [dotted green line
in Fig. 3(b)].

800 The different electronic structures between the two phases
< are also reflected in the Fermi surfaces (FSs). The shapes
e Critical of FSs in Fig. 3(d) are topologically different, suggesting
g 600 el that the y-a transition corresponds to the Lifshitz transition
g * Y (see the Supplemental Material [21]). It is noteworthy in
#4001 (fcc) ' Fig. 3(d) that, while the DMFT FS of y-Ce is very close

. S50 e to that obtained from the DFT-OPENCORE (“4 f-OPENCORE”)
200 calculation considering the 4 f electrons as core electrons, the
5 * (fcac) DMEFT FS of «a-Ce is quite similar to the DFT FS. These

o results indicate that, for y-Ce, the contribution of 4 f electrons

0 1 2 3 Pressure (GPa) to the FS is negligible, and, for a-Ce, the 4f quasiparticle
band at Er can be described properly by the DFT band (see
FIG. 1. Left: A phase diagram of Ce [20] (see also the Supple- Fig. S1 of the Supplemental Material [21]).

ment Material [21]). «-Ce at the red star and y-Ce at the blue star are The key ingredient that makes the difference has something
selected for a comparison of electronic structures in Fig. 2. The blue to do with the degree of the renormalization factor (quasi-
dotted line corresponds to the P-V isotherm at 293 K. Right: The particle weight) Z, arising from the Coulomb correlation
pulk BZ of fee ,Ce and its (001) and (1,10) surface BZ. There. are tWointeraction of 4 f electrons. The renormalization factor Z is
md.ependem fmurror pl.anes of ky = 0 (in blue) anc.l ke = ky (in gray), obtained from the self-energy X (iw,) at the lowest Matsubara
which, resp e.ctlvely, yield two MIrTOr-symmetry .]mes along M-1-M frequency. As shown in Fig. S5 of the Supplemental Material
and X_F_X. in the (001) Su.rface BZ. Similarly, in the (110) surface [21], we have obtained qualitatively different behaviors of
BZ, two mirror-symmetry lines are formed along Y-I"-Y and X-I"-X. (w)’s between the « and y phases, which produce quite
distinct electronic structures and resulting physical parame-
The incoherent and coherent 4f spectral weights for  ters. Indeed, Fig. 3(e) shows that Z increases discontinuously
y-Ce and a-Ce, respectively, are more clearly shown in the across the y-« transition. As a result, both the hybridization
amplified DMFT band structures in Fig. 3. It is seen in  strength A(w) [Fig. 3(c)] and the f-f hopping strength, which
Fig. 3(a) that, for y-Ce, 4f electrons are incoherent, and are to be effectively proportional to Z, are enhanced for «-Ce,
so mainly the 5d band crosses Eg, which agrees well with which give rise to the enhanced 4 f spectral weight and help

the optical spectroscopy result [31]. In contrast, for @-Ce,  to form the coherent 4f band around Ef [29].
the coherent 4f quasiparticle band feature is evident near The evolution of the electronic structure across the y-a
Er in Fig. 3(b), which is the origin of the effective mass transition makes the elemental Ce more interesting in a topo-
enhancement of charge carriers and the change of the charge logical sense. The coherent quasiparticle band in «-Ce, which,

carrier character from 5d to 4f. The coherent band fea-  Vvia the hybridization with the conduction band, brings about
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FIG. 2. (a) The DMFT electronic structure and DOS for y-Ce calculated at V = 34 A’ (P = ambient pressure) and 7 = 500 K, and

(b) those for a-Ce calculated at V = 27.76 A (P =0.88GPa) and T = 100 K. The 4f spectral weights of both phases consist of mainly three
parts: UHB at 2—4 eV, LHB at —2.0 to —2.5 eV, and the Kondo resonance near Er. In addition to the Kondo resonance near Er (i), the SO
side peaks (ii) and (iii) are seen at ~ & 0.3 eV. Note that only «-Ce shows the coherent quasiparticle 4 f band around Er, which is shown more
clearly in Fig. 3.
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FIG. 3. The amplified DMFT electronic structures near Eg: (a) for y-Ce and (b) for a-Ce. For y-Ce, 4f states are hardly seen, because
they are incoherent. For «-Ce, the coherent 4 f bands formed around Er produce, via the hybridization with the conduction band, the separated
bands with the gap in-between (colored in gray). There exist clear energy gaps at the TRIM points of I, X and L, and also small energy gaps
at W, in between L-I", and at A along I'-K. The inset shows the gap formation at A, arising from the same I's symmetry of the crossing bands
[32]. The green dotted lines overlaid with DMFT bands are the DFT bands rescaled by 1/2. (c¢) Imaginary part of the DMFT hybridization
function A(w). (d) DMFT and DFT FSs for both phases (see also Fig. S1 [21]). (e) The renormalization factor Z and the energy gaps at I and
L (Ar and Ap) are displayed as a function of pressure (see also Figs. S2—S4 [21]). The first-order-type phase transition is manifested across
the y -« transition. (f) The product of the parity eigenvalues of o-Ce at eight TRIM points in the fcc BZ.

the hybridization gap in the «-Ce phase, is indicated by the
gray-shaded area in Fig. 3(b). The energy gaps are clearly seen
at every time-reversal invariant momentum (TRIM) point of
I', X, and L, while those at W and in between L-I" are barely
gapped. Then, with respect to the hybridization gap, the 5d
band of even parity and the 4 f band of odd parity are inverted
at the TRIM point X. Since the crystal structure is symmetric
under the inversion operation, the additional odd parity to the
TRIM points yields the nontrivial Z, topology of «-Ce, as
shown in Fig. 3(f).

Figure 3(e) shows that the necessary conditions for the
nontrivial Z, topology, the buildup of the coherent 4 f band
and the opening of the hybridization gap, are established at
the very starting edge (pressure 0.8 GPa at 293 K) of the «

phase in the y-« transition. Note that no gaps are present
in the y phase, but the gaps at the TRIM points, Ar and
Ay of about 30 meV (Ayx > 2 eV), are suddenly developed
in the o phase. This implies that the first-order topological
phase transition would occur concomitantly with the y to o
volume collapse transition. A more detailed evolution of the
band structures across the y -« transition is given along a P-V
isotherm at 293 K in Fig. S2 of the Supplemental Material. For
comparison, the crossover-type topological phase transition,
which is expected to occur above the critical point, is also
discussed in the Supplemental Material [21].

In order to confirm the nontrivial Z, topological invariance
of a-Ce, we have performed the surface electronic structure
calculations for the slab geometry of «-Ce with a (001)
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FIG. 4. (a) The (001) surface electronic structure of a-Ce, calculated by the tight-binding (TB) model with semi-infinite slabs. The TB
Hamiltonian is constructed from the DFT band result (rescaled by 1/2 near Er). D;: a Dirac point at ['; D,: a Dirac point at M; U: projected
bulk bands above the indirect gap (cyan colored); L: projected bulk bands below the indirect gap (violet colored). (b), (¢c) The helical spin
structures of the D; and D, Dirac cone energy surfaces, as indicated by (i) and (ii), respectively. (d) The (110) surface electronic structure of
a-Ce. (e), (f) Amplified band structures inside the green square and the red square in (d), respectively. In (e), TSSs of a typical TCI-type nature
are revealed with the gapped (red arrow) and protected (black arrow) Dirac points, while in (f), TSSs are mostly buried under the projected

bulk bands.

surface and explored the existence of topological surface
states (TSSs) in Fig. 4(a). Note that, as shown in Fig. 1, one X
point is projected onto I', while two nonequivalent X and X’
points are projected onto M of the (001) surface BZ. Indeed, as
shown in Fig. 4(a), the TSSs and corresponding Dirac points
emerge in the indirect gap region at T' (D) and M (D). Due
to the bulk metallic nature of «-Ce, most parts of the Dirac
bands at M are buried under the projected bulk bands and so
the band connectivity is not clear. Nevertheless, it is evident in
Fig. 4(a) that the surface states along [-X are the Dirac cone
states, because the lower surface band reaches the projected
bulk bands (L) below the indirect gap, while the upper one
reaches the projected bulk bands (U) above the indirect gap.
The helical spin textures of the corresponding Dirac cone FSs
around T and M in Figs. 4(b) and 4(c) also manifest the
spin-momentum locking behavior, reflecting its topological
nature.

The double Dirac points, which are supposed to be at M
due to the projection of two nonequivalent X TRIM points
(Fig. 1), are to be separated due to the hybridization between
the bands of the double Dirac cones. On the (001) surface
Brillouin zone (BZ) of «-Ce, there are two mirror-symmetric
lines, I'-X and T'-M, as shown in Fig. 1, which could play a
key role in realizing the TCI-type nature. It is thus obvious that
the band crossing along X-M that is not a mirror-symmetric
line would be gapped, but that along M-I" needs further
consideration. However, the surface states along M -T are
completely buried under the projected bulk bands, and so it
is not easy to identify the specific TCI-type band feature in
Fig. 4(a). In view of the surface states inside the dotted black
square and those along X-M designated by the red arrows
in Fig. 4(a), we just conjecture that the band crossing along

M-T would be gapped to have Rashba-type surface states, as
reported for the golden phase of SmS (g-SmS) that is expected
to have the same topological symmetry as «-Ce [33]. In fact,
a-Ce is found to have the same mirror Chern numbers as
g-SmS [34], as shown in Fig. S6 of the Supplemental Material
[21].

We have also examined the TSSs for the (110) and (111)
surfaces of a-Ce. For the (110) surface, single and double
Dirac points are expected to be located at I and X, respec-
tively, as shown in Fig. 1. For the (111) surface, only the
single Dirac point is expected at M, as shown in Fig. S7 of
the Supplemental Material [21]. As shown in Fig. 4(d) and
Fig. S7, however, neither the (110) nor (111) surface states
show a clear TI-type or TCI-type signature in the hybridiza-
tion gap region, because, here too, most of the surface states
near Er are buried under the projected bulk bands. In this
circumstance, for the (110) surface, one apparent TCI signa-
ture is seen at X near 240 meV in Fig. 4(e), which demon-
strated the gapped and protected Dirac points along X-S (red
arrow) and X -T" (black arrow), respectively. This suggests that
the near-Ep TSSs buried under the projected bulk bands in
Fig. 4(f) would also have the TCI-type band nature.

Our finding highlights that a typical narrow f-band metal
a-Ce is a topological Kondo system of TI- and TCI-type na-
ture, and the “on” and “off” topology switch can be operative
by using a P-tuning or T -tuning knob, accompanied by a first-
order volume collapse and Lifshitz transitions. So Ce would
be an excellent test bed for investigating the topological phase
transition in f-electron Kondo lattice systems. It is thus highly
desirable to explore the topological surface states in «-Ce,
preferentially for its (001) surface, by using high-resolution
angle-resolved PES measurements.
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