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Triple point fermions in ferroelectric GeTe
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Ferroelectric a-GeTe is unveiled to exhibit an intriguing multiple non-trivial topology of the electronic band
structure due to the existence of triple-point and type-1I Weyl fermions, which goes well beyond the giant Rashba
spin splitting controlled by external fields as previously reported. Using spin- and angle-resolved photoemission
spectroscopy combined with ab initio density functional theory, the unique spin texture around the triple point
caused by the crossing of one spin degenerate and two spin-split bands along the ferroelectric crystal axis is
derived. This consistently reveals spin winding numbers that are coupled with time reversal symmetry and
Lorentz invariance, which are found to be equal for both triple-point pairs in the Brillouin zone. The rich
manifold of effects opens up promising perspectives for studying non-trivial phenomena and multi-component

fermions in condensed matter systems.

The exploration of topological materials commenced with
the discovery of topological insulators [1H10], followed by
topological semimetals [[11H14]], topological superconductors
[L5] and nodal line semimetals [[16]. Recently, topological
semimetals with triply-degenerate points were predicted in
materials such as molybdenum phosphide [17], tungsten car-
bide [18], InAs; ., Sb,, alloys [[19]], and strained HgTe [20]. In
contrast to an even number of band crossings, band structures
with triple band crossing are rather rare in condensed matter.
Such triple-point (TP) fermions can be found along the high
symmetry axis in the Brillouin zone (BZ) allowing for two and
one dimensional double group representations [19, 21, 22].
This is also the case for a-GeTe(111) which was so far exten-
sively studied in terms of the topologically trivial Rashba-type
band structure [23125]].

The origin of these intriguing features in a-GeTe lies in the
spontaneous structural phase transition of the inversion sym-
metric rock-salt 5-GeTe structure (FCC, space group #225)
into a ferroelectric rhombohedral structure with Ge-atoms dis-
placed by ~0.3 A and distorted by ~2° (space group #160)
[24, 26]. This inversion symmetry breaking introduces a

spin-splitting except for the bands that line up with the high-
symmetry ferroelectric (111) axis, which is the main symme-
try axis of the Cj, point group. Along this axis TP fermions
can form which are classified as type-A or B, depending on
the number of nodal lines that connect a pair of TP.

In this Letter we provide theoretical and experimental ev-
idence that a-GeTe possess type-B triple point fermions in-
side its valence band states along the ferroelectric (111) axis.
To this date such non-trivial topology in a-GeTe failed to be
noticed. The spin texture around the TP is unravelled and
the same spin winding number of £1 is found for both TP
pairs in the 3D BZ. Furthermore, we identified additional
Dirac and type-II Weyl fermions that coexist with these three-
component fermions.

Epitaxial films of 200 nm of «a-GeTe for our (spin-)
and angle-resolved photoemission spectroscopy ((S)ARPES)
studies were grown by molecular beam epitaxy on BaF5(111)
substrates and in situ transferred for high-resolution ARPES
at the UE112-PGM2a beamline of BESSY II. SARPES mea-
surements were performed at the Swiss Light Source of the
Paul Scherrer Institut at the COPHEE end station equipped
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FIG. 1. (a) Bulk BZ and surface BZ of rhombohedral a-GeTe with
(111) ferroelectric axis along the k, direction. (b) BSF initial state
calculations along kx for sixteen selected k, values denoted in panel
(a). (c) Band structure along k, with position of TPZ and TPZ
indicated by orange arrows.

with two orthogonal Mott polarimeters to measure the three
spatial components of spinors in arbitrary reciprocal space
points [27]. We compared our experimental data with calcu-
lated initial state band-maps presented in terms of Bloch spec-
tral functions (BSF) as implemented in the fully relativistic
spin-polarised Korringa-Kohn-Rostoker theory [28]] and with
the full potential all-electron Wien2K density functional code.
Considering the relatively small energy scales involved, this
allowed us to check the results for consistency.

Fig. [l shows the BZ with two pairs of triple points TPZ,
where the o = + index denotes the TP within a single pair,
and z = =+ denotes the two TP pairs with opposite k., within
the BZ. Panel (b) shows valence band (VB) dispersions for
sixteen selected k, values in the Z-A-I" plane. The top-left
image presents the Rashba-type spin splitting of the upper-
most VB at the Z-point. When moving &, towards I these
bands disperse and finally meet with the lower spin-split bands
at approximately %BZ distance from the I"-point (orange ar-
row). Another visualization of the TP formation is in panel
(c) plotting the dispersion along I'Z. At first glance this cross-
ing point is reminiscent of the topologically protected touch-
ing point between electron and hole pockets in a double-Weyl
scenario[29-31]], but Fig.[2b-e unambiguously resolve a three-
component fermion matching the space group symmetry. Be-
sides this, the bulk electronic structure in the U’-Z-U mir-
ror plane for a k, right at the TP in Fig.[Za shows two ad-
ditional band crossings with non-trivial topology. First, there

is a Dirac point (DP) near 2 eV binding energy. Second, a
type-II Weyl point (WP II) appears around -0.4 A~ as indi-
cated in the figure. The presence of this Weyl point influences
the spin texture and changes the spin winding number from
+1 to £2, as seen in Fig.|§|3,f and discussed in more detail
below.

Following the TP-classification by Winkler et al.[21]],
a-GeTe should host a type-B TP with four nodal lines. Fig. 2]
summarizes this scenario: panel (b) resolves the bands A4 5 ¢
dispersing in k,, whereby the two spin-split bands A4, As
cross the doubly degenerate Ag, forming a pair of triple
fermion quasiparticles. In contrast to type-A TPs with only
one nodal line, the triple points within each pair TP? and
TP are connected by four nodal lines. One nodal line is
lined up with the C', axis and therefore shows up at zero in-
plane momentum only (purple markers in Fig. 2k-e). On the
other hand the three remaining nodal lines are extending in
three vertical mirror planes, which in our case line up along
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FIG. 2. (a) Calculated band structure along the U’-Z-U mirror plane,
with triple point (TP), type-II Weyl fermion (WP II) and Dirac point
(DP). (b) Formation of TP pair (TPZ, TPY) by spin-degenerate
band As and two spin split bands A4 5. (c,d,e) Close-up of band
structure along ky at three different values of k, across the TP pair.
Three types of touching points are indicated with black, green, and
magenta markers, black arrows indicate the k, dispersion of the lat-
ter. (f) Band structure around the TP under 10 T B-field along the
z-direction. The TP splits into a pair of Weyl points (WP). (g) Band
structure for rock-salt 5-GeTe above ferroelectric phase transition.
The triple fermions merges into a single Dirac point (DP). (inset)
band structure along k.



hv=27 eV

hv=28 eV

hv=29eV

hv=29.5 eV

hv=30.5 eV

hv=31eV

051 S M L ;
2 SR\ f
uI;~10 _‘SSZ \ 1 A Tl . e
w 15] / L / N | ”BA | |
_ :,-/A\?; N BN e e N

ki (A7)

FIG. 3. (top) High-resolution ARPES data for various photon ener-
gies around the TP. (bottom) Corresponding curvature maps showing
the TP formation at 30.5 eV photon energy inside the orange frame.
The arrows indicate surface states SS, SSo, surface resonances (SR)
and bulk bands (B).

the three Z-U directions (orange lines in Fig.Eh). Panels (c-e)
are close-ups of the bands structure across the single TPE pair
for three k. values. For the intermediate k. between TP_ and
TPT there are two crossing points forming two of the four
nodal lines, whereby the one at finite k| (black and green
markers) disperse with k, (see animated Figure S1 in Supple-
mental Material).

As a whole, the triple fermion forms an intermediate state
between Dirac and Weyl fermions. Actually, as indicated
in Fig.2f, o-GeTe inside a 10T magnetic field (which is
many orders of magnitude lower than the exchange field in
(GeMn)Te [32]) the TP splits into a pair of Weyl points.
Furthermore, above the ferroelectric transition temperature
(Tc =700 K) the TP transforms into a Dirac point as seen in
panel (g). This renders GeTe rather unique as all three phases
can be achieved under realistic conditions in a single material
system.

In our earlier a-GeTe ARPES studies we extensively de-
scribed the measured electronic structure in terms of sur-
face states (SS), surface resonances (SR), and bulk states (B)
[24] 25| [32H34]. Such a decomposition also applies to the
ARPES data in Fig.[3]and allows to find the appropriate region
for measuring the TP and its spin texture. Below we demon-
strate that inside the —0.2 < k, < 0.2 A~! momentum span
the additional spin tag in SARPES data enables us to unam-
biguously resolve the individual bulk bands around a TP-pair.

Based on the k,-series of band maps in Fig.[Tp, the ARPES
data in Fig.[3k, and the schematic k, vs. photon energy dia-
gram (Supplemental Figure S2), the TP is predicted, and ex-
perimentally verified, for photon energies around hv = 30, 58
and 89 eV. The latter two values correspond to consecutive TP
pairs at opposite parts of the BZ, thus enabling us to experi-
mentally examine their symmetry connection.

A notable feature of the TP electronic structure is that the
bands gradually shift between TP~ and TP' as marked by

black arrows in Fig. [Zk-e. This spectral weight transfer across
the TP is manifested in a series of high-resolution ARPES
band maps in Fig.[Bt, and their curvature plots [33] in the
bottom panels. In accord with the theoretical predictions
(Fig.[Ib), the k,-dispersion of the spectral weight is progress-
ing toward the TP around 30.5 eV, where it becomes equally
distributed above and below the TP. Interestingly, the band
maps inside the orange frame for h=30.5 eV appear to mimic
the TP band mixing seen in Fig. 2k-e, however with much
larger momentum and energy scale. Because the bulk spec-
tral intensity around the TP totally suppresses the weakly con-
tributing surface states SS, (horizontal dashed line in Fig.[3)),
the contribution of the latter can be neglected in our SARPES
analysis. We note that surface states are typically associated
with nodal points in topological metals and semimetals, but
SS9 is not interconnecting the TP pairs because it is clearly
off-set in energy at zero momentum, as indicated inside the
orange frame. In fact, because both TP pairs line up in the
I"Z-direction, the associated surface states cannot show up on
the (111) surface.

Similar to the Rashba model, the spin polarization of bulk
states around a TP is expected to be tangentially momentum-
locked in accord with time-reversal symmetry (TRS) proper-
ties, as also shown in the calculated spin texture in Fig[3g.
Our SARPES data is visualized as spin-resolved energy dis-
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FIG. 4. (a) ARPES band maps along MI'M measured at the
COPHEE setup with hv=58 and 89 eV. Orange bullets indicate TP
and TPS. MDC A and MDC B indicate where data in Fig.[3is ob-
tained. (b) CEM measured at hv=89 eV and -0.4 eV binding energy
at COPHEE. Marker A indicates the ky,, locus used for SARPES
EDC, next to the bulk bands denoted with dashed red-blue lines. (c,d)
SARPES EDC cut A total intensity and related P, . spin polariza-
tions with corresponding B1 2 3 4 bulk band fitting indicated in red-
blue and surface-derived bands in gray. (e) 3D TP cartoon illustrat-
ing considered EDC cut A with corresponding in-plane spin-textures,
showing spin vectors projected mainly along P, with a characteristic
(+--+) pattern around the TP.
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FIG. 5. (a) Tabulated spin textures for TPZ and TPS measured along the MDC A (MDC B) cuts 250 meV above (below) the TP, as denoted
in Fig. 4a. (b,c) Corresponding SARPES intensities and 3D spin polarization fitting for TPZ and TPZ respectively. Red and blue curves
indicate the B 2,34 peak fitting, surface-derived bands are in gray. (d) Analogous spin textures measured by rotating the sample by 180°,
the frames in green and magenta indicate two inequivalent directions denoted in Fig.[Th. (e) BSF constant energy maps, black arrow indicates
the Weyl-II fermion, dashed line its energy dispersion and hybridization with TP bands. (f) Close ups of spin-resolved CEMs at -1.55 and
-1.6 eV, respectively, showing a change in spin winding number from +1 to 4-2 around the WP II point inclusion with conspicuous ”spin swirl”

denoted by dashed circle.

tribution (EDC) and momentum distribution curves (MDC)
summarized in Figures[d]and[5] respectively. For all measure-
ments our analysis concentrates on the in-plane spin polarisa-
tion P, , of the four spin-split bulk bands denoted by B; 2 3 4.
Their properties are determined using a 3D vectorial fit of the
measured spin expectation values with a well established fit-
ting routine that extracts their positions, widths, intensities,
and 3D spin vector [36]]. For the EDCs a Shirley background
is subtracted from the total intensity, whereas for the MDCs
a constant background is used. To simplify comparison be-
tween theory and experiment, we aligned the sample in such
a way that the out-of-plane spin polarization P, is oriented
along the k,-direction and P, (P,) along the TK (I'M) di-
rection. Within this experimental geometry a tangential spin
winding is determined by P,.

We first test the spin texture in terms of TRS and Lorentz
invariance (LI) for the selected £y point labeled A in Fing,
with SARPES data summarized in panels (c-d). The resulting
spin texture is summarized in panel (e) next to a model visu-
alizing the EDC cut through the four B;_4 bulk bands around
the TP. We note that the spin helicity dictated by TRS and
LI are preserved: the spins are nearly tangentially locked in
momentum, whereby bands B; 4 and B3 5 do not change the
spin helicity. The spin texture imposed by LI, i.e. symmetric
spin in energy with regard to the TP, becomes apparent when
considering the (+ - - +) pattern in Fig.[dd; in contrast to the
Rashba-type (+ - + -) pattern seen in Supplemental Figure S3,
measured at the BZ boundary Z-point (see Fig.[Th).

This experimental result is further confirmed in Fig.[5} We
measured each TP-pair with two MDC cuts 250 meV above
(A) and below (B) the TP, as depicted in Fig.@a. In addition,
because there are two inequivalent directions (Fig.[Th green
and magenta lines), each TP-pair was measured along U’-A-U

and after rotation by 180°along U-A-U’ (see SARPES data in
Supplemental Figure S4). The resulting in-plane spin textures
shown in Fig.[5d are consistent with a spin winding number
of £1. To best of our knowledge this is the first experimen-
tal evidence of the spin texture of a triple fermion, featuring
a winding number of +£1 in accord with both TRS and LI and
theoretical predictions. Here it should be noted that the in-
clusion of WP II induces an additional spin swirl and changes
the winding number to +2 as illustrated by the calculations in
Fig. EF Furthermore, the two triple point pairs TPZ and TP
show the same spin helicity in accordance with the absence of
a (x,y) mirror plane.

In conclusion, we demonstrated that a-GeTe is a type-B
triple fermion topological system enabled by the ferroelectric
non-centrosymmetric atomic arrangement of Ge and Te atoms
along the (111) axis. Furthermore, we measured for the first
time the spin winding number for a triple point system. More-
over, a-GeTe is currently unique in the possibility to manipu-
late topological properties by temperature variation [24], fer-
roelectric switching [37]], and/or magnetic doping [32].
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