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The experimental discovery of the topological Dirac semimetal establishes a platform to search for
various exotic quantum phases in real materials. ZrSiS-type materials have recently emerged as
topological nodal-line semimetals where gapped Dirac-like surface states are observed. Here, we
present a systematic angle-resolved photoemission spectroscopy (ARPES) study of ZrGeTe, a non-
symmorphic symmetry protected Dirac semimetal. We observe two Dirac-like gapless surface states
at the same X̄ point of the Brillouin zone. Our theoretical analysis and first-principles calculations
reveal that these are protected by crystalline symmetry. Hence, ZrGeTe appears as a rare example
of a naturally fine tuned system where the interplay between symmorphic and non-symmorphic
symmetry leads to rich phenomenology, and thus opens for opportunities to investigate the physics
of Dirac semimetallic and topological insulating phases realized in a single material.

The experimental discovery of the topological insulator
(TI) [1–5] tremendously motivated research in topolog-
ical Dirac semimetals (TDS) which offer a platform for
realizing many exotic physical phenomena such as high
electron mobility and magnetoresistance. The TDSs [6–
17] are characterized by symmetry protected band touch-
ings at certain k -points of the Brillouin zone (BZ) or 1D
lines or loops (topological nodal-line semimetals) [18–33].
Importantly, this point or line contact can be lifted by
tuning the spin-orbit coupling (SOC) strength [32–34].

A distinct class of TDS is characterized by the presence
of non-symmorphic symmetries [11, 12, 24]. Such non-
symmorphic materials possess forced band degeneracies
at high symmetry points of the BZ as a consequence of
fractional translational symmetry combined with a point
group symmetry such as mirror or rotational symme-
try. In the presence of time reversal symmetry, the Dirac
points are pinned at the time reversal invariant momenta
of the BZ [12]. This forced band degeneracy cannot be
lifted by any perturbation including spin-orbit coupling.
Such robust bulk Dirac points have been observed in 3D
systems [24, 25] while a non-symmorphic symmetry pro-
tected nodal line phase has been reported in ZrSiS-type
materials [35, 36] together with the presence of a gapped
Dirac cone surface state.

Being essential for TDS, the space group symmetry
protection plays a pivotal role in topological insulators
(TIs), as well. While the so-called non-symmorphic
TIs [37–39] are currently sought after, their symmor-
phic counterparts, i.e. the topological crystalline insu-
lators (TCIs), are already well established [40–42] after
they were first theoretically predicted [43]. A striking
feature of TCIs is that they can host band inversions at

multiple non-equivalent time-reversal invariant momenta
(TRIMs) of their bulk BZ that, depending on the orien-
tation of the cleaved surface, may project onto the same
TRIM of the surface BZ [44]. If the number of such pro-
jected points is even, then one would naively expect a
trivial insulating phase since the overall Z2 [45] indices
would vanish. However, if the cleaved surface preserves
a crystalline symmetry of the bulk such as a rotation or
mirror, then this extra symmetry can protect the sur-
face states, thus giving rise to the TCI phase. Interest-
ingly, such gapless surface states may exhibit multifold,
anisotropic Weyl-like dispersions that are more complex
than the usual strong or weak TI surface states [44].

So far, little is known about the interplay of TDS and
TI phases and whether these two phases can coexist in
the same non-symmorphic material. In this letter, we re-
port a systematic investigation of ZrGeTe, a member of
the ZrSiS-type material family, combining both ARPES
measurements and first-principles calculations, and es-
tablish ZrGeTe as a new material with multiple gapless
Dirac fermionic surface states, reminiscent of that en-
countered in TCIs. We show that in contrast to typical
TCIs, in ZrGeTe the gapless surface states stem from a
double band inversion that takes place at a single non-
equivalent bulk TRIM, due to an inversion between two
non-symmorphic symmetry protected bulk Dirac points.
At the surface, the residual symmorphic part of this sym-
metry remains and protects the resulting surface states.
Our findings suggest that ZrGeTe can aptly function as
a new platform for studying exotic properties caused by
coexistence of TDS and TI phases in one material, due to
the interplay between symmorphic and non-symmorphic
symmetry.
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FIG. 1: Crystal structure
and sample characterization
of ZrGeTe. (a) Tetrago-
nal crystal structure of Zr-
GeTe. The Zr layers are
separated by two neighbor-
ing Te layers, which are both
sandwiched between the Ge
atoms forming a square net.
(b) Spectroscopically mea-
sured core-level of ZrGeTe.
Sharp peaks of Te 4d and
Zr 4p are observed. (c)
Temperature variation of the
electrical resistivity of Zr-
GeTe within the tetragonal
plane measured in zero mag-
netic field and in a field of
9 T applied along the c-axis.
Inset shows a single crystal
of ZrGeTe. (d) Ab initio cal-
culated band structures of
ZrGeTe along high symme-
try directions. Bulk Dirac
points (DP) are indicated in
the plot.

Single crystals of ZrGeTe were grown by chemical va-
por transport method using iodine as transporting agent
[46]. Similar to the MSiX, where M = Zr, Hf and X = S,
Se, Te, respectively, it also crystallizes in the PbFCl-type
crystal structure with space group P4/nmn (No. 129).
Fig. 1(a) illustrates the layered [52] crystal structure of
ZrGeTe. The Zr atom layers are separated by two Te
layers and the Zr-Te terminals are sandwiched between
a Ge square net. The bond between Zr-Te is relatively
weak compared to the bond between Zr-Ge hence pro-
viding a natural cleaving plane between the two neigh-
boring Zr-Te layers and therefore cleaves easily along the
(001) plane. Furthermore, the square Si-net provides a
natural glide plane and the crystal preserves two sets of
non-symmorphic symmetry. Fig. 1(b) presents the spec-
troscopic core level measurement of ZrGeTe. We observe
the sharp peaks of Zr 4p (∼28.5 eV) and Te 4d (∼40 eV)
of ZrGeTe, which further indicate the excellent quality
of the samples used for our measurements. As shown in
Fig. 1(c), ZrGeTe exhibits metallic-like electrical conduc-
tivity, with the temperature dependence similar to that
reported for ZrSiTe [33]. At room temperature, the resis-
tivity measured within the basal plane of the tetragonal
unit cell (i ⊥ c-axis) amounts to 50 µΩcm. With decreas-
ing temperature, it decreases smoothly down to about
12 µΩcm at 2 K. In magnetic field of 9 T, applied along
the c-axis, the overall character of ρ(T) hardly changes,
in striking contrast to the behavior in ZrSiS and ZrSiSe
[17, 33], yet fairly reminiscent to the case of ZrSiTe [33].
At 2 K, the transverse (H ⊥ i) magnetoresistance of Zr-

GeTe, defined as MR = [ρ(T, µ0H = 9 T) - ρ(T,0]/ρ(T,0),
is positive and attains about 60%. It is twice larger than
the MR in ZrSiTe [33], yet a few orders of magnitude
smaller than in the other Si-bearing counterparts [17, 33].
Fig. 1(d) presents the calculated bulk bands along vari-
ous high symmetry directions.

To unveil the detailed electronic structure of ZrGeTe,
we present our ARPES measured electronic structure in
Figs. 2 and 3. Fig. 2a shows the Fermi surface map and
constant energy contours measured at the ALS beam-
line 10.0.1 at a photon energy of 60 eV and temperature
of 15 K. Experimentally we observe a diamond shaped
Fermi surface around the Γ point and circular shaped
Fermi pockets at the X point of the BZ. Moving toward
higher binding energies the diamond shaped Fermi sur-
face becomes disconnected resembling an inner diamond
within an outer diamond. The two diamond shaped
Fermi surfaces are clearly disconnected along the M-Γ-M
direction. At around 450 meV the circular shaped Fermi
pockets shrink into a point-like state located around the
binding energy of the Dirac points. This reveals the
electron like nature of the bands around the X points
of the BZ. Fig. 2b displays the theoretically calculated
counterpart of fig. 2a showing excellent agreement with
the experiment. Moreover, our first-principles calcula-
tions identify the surface origin of the bands around the
X points (see below) which is also consistent with pre-
viously reported data on other materials of this family
[5, 24, 35, 36].

To reveal the nature of the states around the X point
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FIG. 2: Fermi surface map and constant energy contours of ZrGeTe. (a) Measured Fermi surface and constant energy contours.
The binding energy values are noted in the plots. All measurements were performed at the ALS beamline 10.0.1 at a temperature
of ∼15 K. (b) Ab initio calculated Fermi surface map and constant energy contours. The binding energy values are noted in
the plots.

and along various high-symmetry directions, it is neces-
sary to perform photon energy dependent ARPES mea-
surements as shown in Fig. 3. Fig. 3(a) shows the Fermi
surface map and the high-symmetry points are noted in
the plot. Fig. 3(b) shows the photon energy dependent
dispersion maps along the M-Γ-M direction. It shows
good qualitative agreement with our calculated disper-
sion map as shown in Fig. 3(c). Our calculations pre-
dicted a nodal-line state along the M-Γ-M direction, how-
ever, it is located above the Fermi level. Fig. 3(d) shows
the dispersion maps along the Γ-X-Γ direction at vari-
ous photon energies (see also supplementary informations
[46]). By comparing with the slab calculations along this
direction [see Fig. 3(e)], we can clearly identify the sur-
face [blue color in Fig. 3(e,g)] and bulk [red color in Fig.
3(e,g)] originated states. The upper V shape in the ex-
perimental data clearly originates from the surface state,
however in the M shaped states, the bulk states inter-
fere with the surface states. An important point to notice
here is that our calculations predicted a gapless Dirac sur-
face state at the X point over a wide energy range along
the M-X-M direction, which is consistent with our exper-
imental observations. To further confirm this, we have
performed photon energy dependent dispersion mapping
along this direction. Fig. 3(f) represents the dispersion
maps along the M-X-M high symmetry direction at dif-
ferent photon energies, as noted on the plots. The Dirac
points are observed to be located at around 400 meV.

A hole-like band is seen around at 1.3 eV binding en-
ergy changing the shape with the change of photon en-
ergy which infers the bulk band. We note the presence
of bright intensity in the vicinity of the Dirac point in
Fig. 3(f). As we discuss further below, this feature is
due to the interference between the near degenerate Weyl
states that form the gapless surface states [46]. The ex-
perimentally observed states are reproduced nicely in our
calculations. The surface states do not show any gap as
compared to the bulk states [see Fig. 3(f)] which is also
consistent with our band calculations [see Fig. 3(e,g)].
The presence of eight surface states in total in Fig. 3(g)
is due to the fact that in the slab calculations there is a
top and a bottom surface contributing.

Our calculation reveals that ZrGeTe is a Dirac
semimetal with bulk Dirac crossings at X and R, in accor-
dance with other members of this family [35]. This pic-
ture is consistent with our bulk calculations where these
crossings are found to occur near the Fermi level at ener-
gies around 83 meV and -200 meV, respectively (DP1–4
in Fig. 1(d)). These fourfold bulk DPs are protected

by non-symmorphic symmetry (M̃ẑ : {m001|1/2 1/2 0})
combined by time-reversal and inversion (PΘ) symmetry
[12]. Usually, TDS surface states are expected to man-
ifest as higher dimensional objects, like e.g. Fermi arcs
[31]. In stark contrast, the surface states reported here
are Dirac-like and emerge at the X̄ point of the surface
BZ at an energy position that is located between the bulk
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FIG. 3: Observation of gapless Dirac fermion state. (a) Measured Fermi surface at a photon energy of 40 eV. High-symmetry
points are indicated in the plot. (b) Measured dispersion maps along the M-Γ-M direction at photon energies of 60 eV and
90 eV, respectively. (c) Ab initio calculations showing the dispersion map along the M-Γ-M high-symmetry direction. (d)
Photon energy dependent ARPES dispersion maps along the Γ-X-Γ direction. The photon energies are noted on the plots. (e)
Calculated dispersion map along the high-symmetry direction Γ-X-Γ. (f) ARPES energy-momentum dispersion maps measured
with various photon energies along the M-X-M direction. Linearly dispersive states are observed that do not show dispersion
with a dependence on photon energy. The photon energies are noted on the plots. (g) Calculations showing the dispersion
map along the M-X-M high-symmetry direction. The inset show a zoomed in plot of bands around the X point which clearly
shows the band touching, in qualitative agreement with the experimental data. All experiments were performed at the ALS
end-stations 10.0.1 and 4.0.3 at a temperature of ∼ 15 − 20 K.

Dirac crossings. These characteristics are reminiscent to
the surface states of topological insulators.

In ZrGeTe there exists a momentum dependent gap
between bands forming DP1, 2 and DP3, 4 [Fig. 1(d)]
throughout the whole bulk BZ. Our calculations yield
that the bands forming the DP3 and DP4 [see Fig. 1(d)]
are inverted leading to a double band inversion at R.
Each band inversion leads to the set of weak topological
indices (ν0; ν1 ν2 ν3)=(0; 1 1 0) which would give rise to
gapless Dirac surface states at the equivalent X̄ points of

the (001) surface. Since there are two band inversions in
total, the overall parity does not change and this leads to
vanishing overall Z2 indices, unless an additional symme-
try can protect the surface states thus leading to a TCI
phase [43, 44].

Our analysis gives that each band inversion is charac-
terized by a different eigenvalue of the non-symmorphic
symmetry operator that protects each bulk DP. Observ-

ing that M̃ẑ = PC2ẑ, with C2ẑ : {2001|1/2 1/2 0}, we
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have that at the (001) surface where P is broken, M̃ẑ is
broken as well, but C2ẑ remains intact. The latter is a
crystalline symmetry that protects the resulting gapless
surface states, leading to similar phenomenology as in
TCIs. In fact, taking into account all remaining symme-
tries of the (001) surface, the resulting k ·p model near X̄
is similar to the archetypical one for TCIs [44], leading to
a pair of anisotropic Weyl-like surface states at X̄. The
surface states given by our ab initio slab calculations dis-
perse linearly (quadratically) along the Γ̄− X̄ (M̄ − X̄)
direction thus complying with this picture. Moreover, we
find that the expected surface mass term [44] in the case
of ZrGeTe is small so that the two surface states are near
degenerate, thus giving rise to the bright spot seen in our
ARPES data at the crossing point as shown in Fig. 3(f).

Hence, our analysis proposes that ZrGeTe is the first
topological material where TDS and TCI phases coexist
under the protection of space-group symmetry. Notably,
and in contrast to the usual TCIs, ZrGeTe is the first
paradigm of a TCI that stems from multiple band in-
versions at the same time-reversal invariant momentum
of the bulk BZ. A plausible reason why gapless surface
states occur in ZrGeTe but not in other MSiX materials,
are the different atomic size of Ge in contrast to Si and/or
enhanced spin-orbit coupling that may allow for band in-
versions to occur. In this respect, ZrGeTe appears as a
rare example of a naturally fine-tuned system so that it

can exhibit such rich phenomenology.
In conclusion, we performed systematic investigations

of the ZrGeTe system. Our experimental ARPES data
and ab initio calculations reveal the existence of two-
fold symmetry protected Dirac-like gapless surface states.
Moreover, our calculations reveal the presence of a nodal-
line state along the M-Γ-M direction. Our study thus
highlights the existence of topological Dirac semimetal
and topological insulator states in a single material, and
opens up new prospects for studying the as yet unex-
plored interplay of these exotic quantum states.
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