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Abstract

Dirac semimetals, e.g., ZrTe5 and HfTe5 , have been widely investigated and have exhibited
various exotic physical properties. Nevertheless, several properties of these compounds,
including diamagnetism, are still unclear. In this study, we measured the temperature- and
field-dependent diamagnetism of ZrTe5 and HfTe5 along all three crystallographic axes
(a-, b-, and c-axis). The temperature-dependent magnetization shows an anomaly, which is a
characteristic of Dirac crossing. Diamagnetic signal reaches the highest value of 17.3 × 10−4
emu mol−1 Oe−1 along the van der Waals layers, i.e., the b-axis. However, the diamagnetism
remains temperature-independent along the other two axes. The field-dependent diamagnetic
signal grows linearly without any sign of saturation and maintains a large value along the
b-axis. Interestingly, the observed diamagnetism is anisotropic like other physical properties of
these compounds and is strongly related to the effective mass, indicating the dominating
contribution of orbital diamagnetism in Dirac semimetals induced by interband effects. ZrTe5
and HfTe5 show one of the largest diamagnetic value among previously reported
state-of-the-art topological semimetals. Our present study adds another important
experimental aspect to characterize nodal crossing and search for other topological materials
with large magnetic susceptibility.
Keywords: diamagnetism, anisotropy, effective mass, Dirac semimetal
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momentum space determines the classification of the topology [2]. In particular, the bands of Dirac semimetals touch at
nodes with four-fold degeneracy, known as Dirac point/node,
and numerous families of such compounds have been discovered [3]. Transition-metal pentatellurides, namely ZrTe5 and
HfTe5 , are the most studied topological Dirac semimetal, and
they behave as quasi two-dimensional (2D) semimetals owing
to the presence of van der Waals coupling between layers [4].
There is a debate about whether these compounds are strong or
weak topological insulators, considering that these two phases
differ only by the small lattice parameters [5, 6]. The bulk conduction band nearly touches the bulk valence band, forming a
bulk Dirac cone, which fit in the criteria of 3D Dirac semimetals with small band gap [7]. ZrTe5 and HfTe5 show many
interesting physical properties, including resistivity anomaly
[8–10], high mobility [11], chiral anomaly [11], anomalous

1. Introduction
Topological quantum materials have attracted considerable
attention in condensed matter physics and material science in
recent years. Topological quantum materials with various band
structure topologies exist, which capture more than 20% compounds of the ICSD database [1]. Among them, semimetals
are particularly interesting as their topology can even appear
close to the Fermi energy (EF ), which directly influences
their physical properties. The degeneracy of band touching in
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it to be −17.33 × 10−4 emu mol−1 Oe−1 for ZrTe5
and −12.49 × 10−4 emu mol−1 Oe−1 for HfTe5 at T p in 1 T,
which is highest among the previously reported state-of-theart topological semimetals [25–27]. An anomaly develops
at T p in temperature-dependent magnetization measurement,
which was illusive and now adds an important experimental
aspect characterizing nodal crossing. The highest diamagnetic
signal appears at T p . Measured diamagnetic signal is sensitive
to the band structure and the position of chemical potential
specifically when topological nodes are present near to the EF .

Hall effect [12], 3D quantum Hall effect [13–15], low thermal
conductivity [16], and large Seebeck coefficients [17]. Owing
to the presence of an anisotropic Fermi surface, these properties are very anisotropic and can easily be tuned by applying
strain or pressure, which is beneficial for tunable applications
[18]. Moreover, both ZrTe5 and HfTe5 shows an anomaly in
the temperature-dependent resistivity, at temperature mainly
known as the transition temperature T p , at which the charge
carrier type changes [10, 19]. The most feasible explanation
of this anomaly is the sweeping of the chemical potential with
temperature through the Dirac point [8].
Magnetization of these compounds have never been the part
of the investigation along with other physical properties, even
though a controversial anomaly is seen in temperature dependence resistivity and thermopower. Usually, the magnetization of 3D Fermi gas exhibits paramagnetic response known
as Pauli-spin paramagnetism and diamagnetic response from
Larmor diamagnetism and Landau diamagnetism, wherein
the paramagnetic response dominates and is approximately
three times larger than Landau diamagnetic response [20].
However, Landau (orbital) diamagnetic response can dominate over paramagnetic response, depending on the origins.
For example, when the interband effect dominates in the
presence of strong spin–orbit coupling, orbital diamagnetism
is enhanced [21] and the reasonably high value of diamagnetism was observed in bismuth [22]. The diamagnetism has
recently been studied in various semimetals including topological semimetals like graphene, Bi, TaAs, Sr3 PbO, and
Bi(1−x) Sbx , where orbital diamagnetism is responsible for such
large diamagnetism [23–28]. The spin–orbit coupling is one of
the main tuning parameters, and is unavoidably present in the
topological semimetals in which a large orbital diamagnetism
can be expected. In this regard, we strongly believe that ZrTe5
and HfTe5 are the best suitable candidates and possess only few
bands at EF . The thermodynamic evidence through magnetization of such bands can really be promising, which can also
track the movement of chemical potential. Our present study
reveals large anisotropic diamagnetism and anomaly in temperature dependence magnetization similar to resistivity and
thermopower, and shows how effective mass of charge carriers and position of chemical potential are correlated with the
diamagnetism. The anomaly seen in temperature dependence
magnetization is characteristics of nodal crossing at which
inter band scattering enhances.
Both ZrTe5 and HfTe5 crystallize in orthorhombic
crystal structure with space group (SG) Cmcm (63), as shown
in figure 1(a). In this figure, we can see that van der Waals
layers are stacked along the crystallographic b-axis, while
the prism chains of transition metals surrounded by Te atoms
run along the a-axis. These prismatic chains are linked by
zigzag Te atoms along the c-axis, forming a 2D sheet of
Zr/HfTe5 in the a–c plane [4]. These atomic arrangements
facilitate the crystal growth in long plate-like shape. The
length and cleaving planes are always along the a-axis and
the ac-plane, respectively. Although various interesting
properties of ZrTe5 and HfTe5 have been investigated, many
more properties, including diamagnetism, are still deceptive.
In this study, we investigated the diamagnetism and found

2. Experimental details
Zr/HfTe5 crystals were synthesized by chemical vapor
transport following a previously reported method [17]. The
magnetic measurements were performed using a superconducting quantum interference device vibrating sample magnetometer (MPMS 3, Quantum Design) with a sensitivity
of 10−7 emu. For minimizing the error in the measurements,
we used the same quartz paddle holder for every measurement
with the same amount of adhesive tape to stick the sample to
the quartz paddle, instead of using GE varnish. A background
measurement was taken for the quartz paddle with adhesive
tape and was subtracted from each measurement with the sample. The field as well as temperature-dependent magnetization
for Zr/HfTe5 were measured over a magnetic field range of −7
to +7 T at temperatures between 2 and 300 K with field along
all three crystallographic axes.
3. Results and discussion
It has been known that ZrTe5 and HfTe5 are electronically
quasi-2D, and it is more interesting to see whether this behavior also retains when subjected to a magnetic field. To this
end, we measured the temperature-dependent magnetization
M along different axes at various magnetic field intensities.
Figures 1(b) and (c) show plots of the magnetization along the
b-axis at a fixed magnetic field intensity of 1 T and the zerofield resistivity along the a-axis of ZrTe5 and HfTe5 , respectively. Both the compounds exhibit diamagnetic signals over
the entire temperature range. The magnitude of M continuously increases with temperature and shows a deep minimum
at 130 and 65 K for ZrTe5 and HfTe5 , respectively; as the
temperature lower further, the magnitude of M decreases. The
above mentioned temperatures correspond to their respective
temperature T p at which anomaly appear in the resistivity also,
wherein charge carrier changes sign in Hall resistivity [17].
The minimum in the curve corresponds to the highest diamagnetic value of −17.33 and −12.44 emu mol−1 for ZrTe5
and HfTe5 , respectively, at an applied magnetic field of 1 T.
The resistivity anomaly peaks observed in figures 1(b) and (c)
correspond to 3.7 and 60 mΩ cm at T p in ZrTe5 and HfTe5 ,
respectively; the anomaly peak in the temperature-dependent
resistivity matches well with the minima observed in
temperature-dependent magnetization. Such anomaly was also
observed in the thermopower, wherein the Seebeck coefficient
changes sign [8, 17].
2
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Figure 1. (a) Orthorhombic crystal structure of Zr/HfTe5 , showing that the layers are stacked along the b-axis where van der Waals layers
are present. Temperature-dependent zero field longitudinal resistivity ρxx along a-axis and magnetization M along crystallographic b-axis
measured at magnetic field B of 1 T for (b) ZrTe5 and (c) HfTe5 . The dotted lines correspond to the anomaly transition temperature T p .

Figure 2. Temperature dependence of the magnetization M at different applied magnetic fields along (a) a-, (b) b-, and (c) c-axes for ZrTe5

and along (d) a-, (e) b-, and (f) c-axes for HfTe5 . In both (b) and (e) an anomaly is observed, similar to that observed in the resistivity and
thermopower; the dotted line corresponds to T p .

Figure 2 shows plots of the temperature-dependent magnetization for ZrTe5 and HfTe5 along all three crystallographic
axes at field intensities of 1, 3.5, 5 and 7 T. It can be seen that
when the field is along the a- and c-axes, the magnetization
is almost temperature independent throughout the measured
temperature range at fixed field. However, when the applied
field is along the b-axis, the magnetization shows significant
temperature dependence. We observe a linear decrease in magnetization with lowering temperature until T p , above which the
magnetization increases slightly while approaching the lowest
temperature. Such temperature-dependent magnetization can
be interpreted in terms of change in chemical potential through
the Dirac point. In figures 2(b) and (e), the behavior of temperature dependent magnetization curve below from T p is slightly

different when intensity of field is increased. The probable
reason behind this is that, in ZrTe5 the Fermi surface spectral
width is higher for electron pocket as paramagnetic signal and
thus responsible for the upturn, decreasing the strength of diamagnetic signal while in case of HfTe5 it is just opposite i.e.
hole pocket spectral width is higher contributing in diamagnetic signal [10]. The small kink in the magnetizations around
50 K is rather known and is due to the presence of O2 molecule
in the chamber.
In particular, for ZrTe5 , the value of M at 7 T along the
b-axis is −0.81 emu cm−3 at 2 K, and it reaches the maximum value of −0.87 emu cm−3 at T p (130 K). A further
decrease in diamagnetism is observed at 300 K, with a value
of −0.62 emu cm−3 at 300 K. The same trend is observed
3
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Figure 3. Field-dependent isothermal magnetization measured in range of +7 to −7 T at 2 K along all three crystallographic axes for

(a) ZrTe5 and (b) HfTe5 . The highest diamagnetization is reached along the b-axis.

of the measurement types depends on the shape of Fermi
surface for example, magnetization is sensitive to asymmetrical Fermi surface while resistivity for symmetrical. If the
Fermi surface is asymmetrical in a sense that extremal area
normal to applied field varies with the direction of field, there
will be torque on the crystal and therefore magnetic measurements are more sensitive for asymmetrical Fermi surface [29].
Different diamagnetic values are observed along different axes
within the compound, indicating anisotropic behavior, which
is relatively high in HfTe5 . Here, we correlate the observed
anisotropic magnetization with the anisotropic effective mass.
The anisotropic effective mass m∗ for ZrTe5 along the a-, b-,
and c-axes is 0.26m0, 0.026m0, and 0.16m0, respectively,
where m0 is the bare mass of an electron, and the corresponding
values for HfTe5 are 0.117m0, 0.013m0, and 0.303m0, respectively [15, 30]. Figure 4 shows a plot of the magnetization
as a function of the effective mass. From the figure, it can
be seen that the smaller effective mass exhibits comparatively
larger diamagnetism. This correlation can be attributed to the
fact that the Landau diamagnetism (χLD ) dominates over the
Pauli spin paramagnetism (χPP ) if the effective mass is very
small as χLD /χPP ∼ (m0 /m∗ )2 [20] which illustrates that the
small effective mass enhances the orbital diamagnetic signal.
The anisotropic effective mass ratio for HfTe5 (mc ∗ /mb ∗ )2 and
ZrTe5 (ma ∗ /mb ∗ )2 is approximately 550 and 100, respectively,
which explains the relatively larger anisotropy found in HfTe5
compared to that in ZrTe5 . Here, we selected the effective mass
along the a-axis instead of the c-axis for ZrTe5 to show the
highest anisotropy.
Recently, high orbital diamagnetism was observed in
several topological semimetals with linear dispersion near
the EF , e.g., TaAs, Bi0.92 Sb0.08 , Bi0.84 Sb0.16 , and Sr3 PbO
[25, 27, 28, 31]. From figure 5, we can see that ZrTe5 and HfTe5
shows one the largest magnetic susceptibility (M/H) among
previously reported topological semimetals.
In nonmagnetic compounds such as ZrTe5 and HfTe5 , magnetism mainly arises from the Pauli paramagnetism, and Landau diamagnetism. The former one is induced by the spin of the

Figure 4. Correlation between magnetization M and effective mass
m∗ . The diamagnetic signal decreases as effective mass increases
and is highest along the b-axis wherein the effective mass is the
lowest.

for HfTe5 , with slightly lower diamagnetic values. For HfTe5 ,
the values of M along the b-axis at 7 T are −0.60, −0.68,
and −0.29 emu cm−3 at 2 K, T p (65 K), and 300 K,
respectively.
We measured the isothermal magnetization for ZrTe5 and
HfTe5 at temperatures between 2 to 300 K; for simplicity,
we only report the magnetization measured at 2 K along all
crystallographic axes (figures 3(a) and (b)). The isothermal
magnetization at 2 K and 7 T for ZrTe5 along the a-, b-,
and c-axes are −0.49, −0.81, and −0.60 emu cm−3 , respectively. In the same conditions, the magnetization of HfTe5
when B is along the a-, b-, and c-axes is −0.29, −0.68,
and −0.23 emu cm−3 , respectively. Besides these high magnetization values, the diamagnetic signal also comprises
quantum oscillations, which start below 1 T proving the high
quality of crystals. It is true that the quantum oscillations
appear in magnetization only along b-axis, and other two axes
do not show. However, these oscillations are present along
all the axes in resistivity [14, 15]. Usually, the sensitivity
4
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diamagnetism when EF lies between the gap [21, 24].
Similarly, in our study, we also observed that the highest
diamagnetic signal corresponding to T p occurred when the
chemical potential lied between the gap [35]. However, an
additional factor also controls the diamagnetism. The most
likely factor is the anisotropic effective mass according to
Landau diamagnetism, as mentioned above. Among all the
axes, the effective mass is the smallest along b-axis, where
van der Waals coupling exists between the layers, and the
diamagnetic signal is highest. For the Dirac dispersion, the
effective mass does not change with energy, in contrast to the
case of parabolic dispersion. Considering the fact that ZrTe5
and HfTe5 , the dispersion along the a- and c-axes is linear,
while such linear dispersion is suppressed by a parabolic
component along the b-axis [36, 37]. We observed nearly
temperature-independent diamagnetic signals along the aand c-axes. However, the diamagnetic signal changes with
temperature along the b-axis, along which the effective mass
is expected to change. Therefore, the diamagnetic signal
measured in this study are consistent with the anisotropic
dispersion of the bulk Dirac cone, which results in an
anisotropic effective mass. Such a strong correlation between
the effective mass and magnetization clearly indicate that the
orbital contribution is dominant.

Figure 5. Histogram showing M/H values for previously reported

topological semimetals, where ZrTe5 and HfTe5 (present work)
shows one of the largest values reported till yet [24, 26–28].

free electrons, while the latter one originates from the orbital
motion. In addition to these two, the Larmor diamagnetism
also contributes in diamagnetism which originates from core
ions, but it is magnitude is normally very small. In particular case of ZrTe5 and HfTe5 , the contribution from Larmor
diamagnetism is found to be 8.0 × 10−5 emu mol−1 Oe−1
and 8.6 × 10−5 emu mol−1 Oe−1 , respectively. While the
experimentally observed value is of order 10−3 emu mol−1
Oe−1 which is two order of magnitude higher, clearly indicating a large contribution from the orbital diamagnetism.
For any 3D isotropic Dirac system, value of orbital mag 2E 
2v
f
c
netic susceptibility χ = πe2 h̄c
2 ln
Δ , where e is elementary
charge, h̄ is reduced Planck constant, c is speed of light, Ec
is cutoff energy, vf is Fermi velocity and Δ is gap [32]. The
susceptibility depends on Fermi velocity vf and gap Δ, if
interband effects are taken into consideration [32, 33]. Interband transition is more feasible if the band gap is small, thus
enhancing the orbital diamagnetism. After taking the naively
values of Δ = 10 meV [19], vfa = 1.7 × 105 m s−1 ,
vfb = 5.2 × 105 m s−1 , vfc = 2.2 × 105 m s−1 [30] for
ZrTe5 ; and Δ = 10 meV [10], vfa = 1.7 × 105 m s−1 ,
vfb = 6.4 × 105 m s−1 , vfc = 0.8 × 105 m s−1 [15]
for HfTe5 , considering the system isotropic and Ec =
500 meV in the above relation, the value of magnetization
at 7 T for ZrTe5 along a-, b- and c-axes is 0.14, 0.41 and
0.17 emu cm−3 respectively, and for HfTe5 along a, b and
c-axes is 0.14, 0.51 and 0.06 emu cm−3 . The magnitude of
magnetic susceptibility merely changes even if we change Ec
by a large amount [34]. These values are of the order as measured values depicting huge enhancement in diamagnetism
from orbital diamagnetism.
We observed unusual large diamagnetism along the b-axis,
along which the diamagnetism is highly temperaturedependent, while along other two axes, it is almost
temperature-independent. In a previous study, large diamagnetism was observed in Bi wherein the interband
scattering effect was considered, which enhances the orbital

4. Conclusion
We measured the one of the largest magnitudes of diamagnetism in ZrTe5 and HfTe5 among previously reported
topological semimetals. The magnetization measured is very
anisotropic and temperature-independent along the a- and caxes. Along the b-axis, they have anomalous behavior similar
to that of the resistivity and thermopower observed in previous
studies. The highest diamagnetic signal was observed at T p , at
which the chemical potential lies in the gap. Within the different axes, the b-axis shows the highest diamagnetism, which
is in accordance with the lower effective mass compared to
that in the other axes, indicating the dominant role of orbital
diamagnetic contribution. Our study adds another physical
property as giant diamagnetism to other known physical properties in ZrTe5 and HfTe5 , motivating others to look for topological semimetals resulting in such large diamagnetism. This
work also provides a thermodynamic experimental platform to
investigate nodal crossing.
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