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Berry paramagnetism in the Dirac semimetal ZrTe5
Sanghyun Ji 1, Sang-Eon Lee1 & Myung-Hwa Jung 1✉

Dirac matters have attracted a lot of interest due to their unique band structure with linear

band dispersions, which have great potential for technological applications. Recently, three-

dimensional Dirac and Weyl semimetals have invoked distinctive phenomena originating

from a non-trivial Berry phase. In this study, we prepare single crystals of TixZr1-xTe5 with a

highly anisotropic Fermi surface. Our detailed electrical transport measurements reveal that

the crystals show the Lifshitz transition, and Ti doping induces a band shift. Further quantum

oscillation analyses demonstrate that the TixZr1-xTe5 crystals are 3D Dirac semimetals.

Additionally, we observed a minimum temperature-dependent magnetic susceptibility, which

is close to a peak position of electrical resistivity. This observation is interpreted in terms of

the Berry paramagnetism. Our finding paves the way to determine a band topology by

magnetism and also provides a platform to apply the Berry magnetism to Dirac semimetals.
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Various phenomena in topological materials, such as the
chiral magnetic effect, anomalous Hall effect, and quan-
tum anomalous Hall effect, have attracted attention1–5. A

nontrivial π Berry’s phase of topological materials plays an
important role in the unconventional phenomena. However,
magnetic properties associated with a nontrivial π Berry’s phase
have rarely been reported. The recent studies on Weyl semi-
metals, such as NbAs and TaAs6,7, show that they can display
unconventional paramagnetic and diamagnetic contributions due
to the magnetic field-independent 0th Landau level, unlike con-
ventional materials with a parabolic band. The same phenomena
can occur in Dirac semimetals (DSMs) if a material has Dirac
points in an appropriate position. Landau levels under magnetic
field depend on a relative angle between the magnetic field
direction and the line connecting the Dirac points6. Therefore,
Berry paramagnetism in DSMs is usually complex; there are just a
few examples of an application of the Berry paramagnetism to
DSMs8. Hence, prominent experimental evidence can be obtained
in DSMs with a single Dirac cone.

Zirconium pentatelluride, ZrTe5, has recently been proposed as
3D DSMs with a Dirac cone at Γ point located at the phase
boundary between weak and strong topological insulators9,10.
More recent studies have shown that ZrTe5 exerts a topological
phase transition due to external parameters such as pressure,
strain, and photoexcitation11–14. The resistivity shows the max-
imum value at finite temperature, often called resistivity anomaly,
which is the hallmark property of ZrTe5. The anomaly is inter-
preted as a result of carrier-type transition accompanied by a
band shift with temperature15,16. However, there is another
interpretation that the anomaly comes from a topological phase
transition by gap opening8,17. A peak temperature of resistivity is
indicative of charge-neutral point, Dirac point, and is observed
differently depending on the growth method and growth
condition2,4,8,18. Hence, most studies have been devoted to ver-
ifying topological characteristics by measuring transport and
spectroscopic properties, such as magnetoresistance (MR) and
angle-resolved photoemission spectroscopy13,15,19–21.

This study highlights band topology in DSMs in magnetic data,
interpreted as the Berry paramagnetism. A similar scheme has
been applied in ZrTe58; however, our crystals show different
properties (Supplementary Note 1). We prepared single crystals
of TixZr1-xTe5 (x= 0, 0.1, and 0.2) using a chemical vapor
transport method. We observed quasi-2D transport due to its
highly anisotropic nature of the Fermi surface and the resistivity
peak at Tp= 122 K due to temperature-induced band shift, i.e.,
Lifshitz transition. This result is compared to the previous work
by Nair et al.8. They reported the resistivity peak at 34 K due to
topological phase transition rather than Lifshitz transition.

As x increases, where Zr is replaced by an isovalent Ti with a
smaller radius, we observed that lattice constant is reduced along
the b axis, van der Waals interlayer spacing. Thereby, Tp
decreases to 92 and 85 K for x= 0.1 and 0.2, respectively.
Transport measurements showed that the isovalent substitution
induces the band shift without significantly modifying the ani-
sotropic Fermi surface. Furthermore, quantum oscillation ana-
lyses showed that our TixZr1-xTe5 crystals are 3D DSMs with a
nontrivial π Berry phase and an additional phase shift of 1/8. In
further studies on magnetic properties of ZrTe5, a minimum
value of magnetization was observed at finite temperature, Tm,
with strong anisotropy. Although such temperature-dependent
magnetization was reported22,23, its origin has still been puzzling.
We found that Tm coincides with Tp for all x. Moreover, mag-
netization is most prominent when a magnetic field is applied
along the b axis, where the effective cyclotron mass is the smallest.
The resistivity and magnetization curves are well-scaled into a
single curve, implying that a single mechanism dominates both

phenomena. Finally, based on the Berry paramagnetism picture,
we simulated the experimentally measured magnetization data
using the band parameters obtained in this study. It was in good
agreement with the magnetization results, including the quantum
oscillations. Our study revealed that the strongly temperature-
dependent magnetization of ZrTe5 originates from its topological
character. Since ZrTe5 is a DSM whose band sensitively shifts by
temperature, it is a suitable example to apply the Berry
paramagnetism.

Results and discussion
Reduced lattice parameter b by Ti substitution. Single crystals
of pristine and Ti-substituted ZrTe5 were grown by a chemical
vapor transport method. Figure 1a displays the single-crystal X-
ray diffraction (XRD) patterns for TixZr1-xTe5 (x= 0, 0.1, and
0.2). The shiny surface of each crystal was set to be the diffraction
plane due to the needle-like shape of crystals with a large shiny
surface (Fig. 1b). The XRD patterns were indexed to the
orthorhombic layered structure with space group Cmcm. Fig-
ure 1c shows that the prism chains of ZrTe3 are along the a axis
(which corresponds to the elongated direction of the needle-
shaped crystal). These chains are bonded via zigzag Te atoms
along the c axis to form a sheet of ZrTe5 in the ac plane (which
corresponds to the shiny surface of the crystal), and the ZrTe5
sheets are stacked along the b axis with weak van der Waals
interaction. Hence, the single crystals are well cleaved along the b
direction. The XRD peaks of the cleaved ac plane show the (0k0)
peaks of ZrTe5. The evaluated lattice parameter of b is 14.52(3) Å
for x= 0, which agrees with the previously reported value14. As x
increases, the lattice parameter decreases to 14.51(4) Å for x= 0.1
and 14.47(2) Å for x= 0.2 (Fig. 1d). In addition, the lattice
parameter b is expected to be most affected by the substitution
due to weak van der Waals bonding. The relative changes of the
other lattice parameters were investigated using scanning tun-
neling microscopy (STM). The representative STM image per-
formed on the cleaved ac surface for x= 0.1 is plotted in Fig. 1e.
We observed bright stripes parallel to the a axis, as evidenced by
the chain structure of ZrTe3. The separation of chains is ~13.8 Å,
which matches the lattice parameter c of pristine ZrTe514. In
addition, we observed bright and dark spots corresponding to the
substituted Ti atoms and Te vacancies, respectively (see Fig. 1e).
Considering these results and the fact that the isovalent Ti atoms
are replaced by Zr, the topological properties of ZrTe5 can be
mostly governed by the volume change depending on the b lattice
parameter, that is, the interlayer spacing, without significant
changes in the band structure.

Effect of Ti substitution on transport properties. To investigate
changes in the band structure by the Ti substitution, we first
began with transport results of Hall resistivity, ρxy, with varying
temperatures (Fig. 2a–c). A current was fixed to flow along the a
axis, and a magnetic field was applied to the b axis. For x= 0, the
slope of ρxy was negative at low temperatures, while it was positive
at high temperatures. This indicates that dominant charge car-
riers are electrons at low temperatures and holes at high tem-
peratures. Since the ρxy curves are not linear to the magnetic field,
we analyzed the data by the two-carrier model. The electrical
resistivities, ρxx, and ρxy were converted into the conductivities,
σxx, and σxy (Supplementary Note 2) for precise analyses, which
allow calculating carrier density, n, and carrier mobility μ. We
noted one carrier with higher mobility as carrier 1 and the other
carrier with lower mobility as carrier 2. The temperature
dependence of n and μ of the two carriers is plotted in Fig. 2d–f
and g–i, respectively. For x= 0, the dominant electron density of
n1= 4.3 × 1017 cm−3 at 2 K exhibits an ultrahigh mobility of
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Fig. 1 Material characterization of pristine and Ti-doped ZrTe5. a X-ray diffraction patterns of single crystals. All peaks correspond to the (0k0) plane. b
Micro-optics image of a typical single crystal. The single crystals naturally grow along the a axis. c The crystal structure of ZrTe5. The van der Waal
bonding is along the b axis. d Estimated lattice constant of b. The error bars represent the standard errors of the linear fit of Bragg’s law. e Scanning
tunneling microscopy image of x= 0.1 crystal as a representative. Clear stripe patterns are shown in the ac plane.

Fig. 2 Transport properties of TixZr1-xTe5. a–c Hall resistivity as a function of a magnetic field. d–f Carrier density and g–i carrier mobility as a function of
temperature evaluated by the two-carrier model. The error bars of d–i are the standard errors of the two band fit, which are smaller than the size of the
data symbols. j–l Electrical resistivity as a function of temperature. The gray lines are drawn as a guide for Tp, the temperature showing the resistivity peak.
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~μ1= 170,000 cm2 V−1 s−1. It is much larger than the previously
reported typical value (~50,000 cm2 V−1 s−1)24, indicating the
high quality of our single crystals. As temperature increases, the
carrier mobility decreases to approximately one-tenth of the value
at low temperatures. Moreover, the electron density also decrea-
ses; hence, the hole becomes the dominant carrier at high tem-
peratures. The transition of electron-dominant to hole-dominant
phases is observed around Tp= 122 K, where the resistivity shows
a peak (Fig. 2j–l). This resistivity peak has also been reported in
typical ZrTe5 samples and has been proposed to be indicative of a
charge-neutral point, i.e., Dirac point15,20,24,25. Such temperature
dependence of ρxx is evidence of temperature-induced Lifshitz
transition15, describing band shift upward crossing a Dirac point
with increasing temperature. As x increases, the overall
temperature-dependent behavior is similar but tends to shift to a
lower temperature. At 2 K, the carrier mobility decreases from
μ1= 170,000 cm2 V−1 s−1 for x= 0 to 67,500 cm2 V−1 s−1 for
x= 0.1 and to 16,900 cm2 V−1 s−1 for x= 0.2. According to the
relation, μ= eτtr/m*, it is expected that the transport lifetime, τtr,
would decrease or the effective mass, m*, would increase. We note
that the carrier density at 2 K decreases with increasing x, though
Ti has an equivalent valence to Zr. Consequently, the electron-
dominant to hole-dominant transition moves to a lower tem-
perature (Tp= 92 and 85 K for x= 0.1 and 0.2, respectively). This
result implies that the Ti substitution causes a band shift. Con-
sidering that Ti is isovalent to Zr with a smaller atomic radius, the
band shift is expected due to the change of the lattice parameter,
i.e., interlayer distance.

A Fermi surface topology can be examined by measuring an
angle-dependent transport of MR (see Fig. 3a–c). A current was
applied along the a axis, and a magnetic field was rotated from
the b axis (θ= 0°) to the a axis (θ= 90°). The MR value at 2 K for
x= 0 reaches up to 2400% with the large peak-like structure at
8 T, agreeing with the previously reported value21,24. The
magnitude of MR is strongly suppressed with increasing θ,
indicating that the Fermi surface is highly anisotropic. Such

strong suppression is also observed in x= 0.1 and 0.2 with a
lower MR ratio. As x increases, the MR curves are altered in peak
positions as well as magnitudes. The peak position decreases to
5 T for x= 0.1 and to 4 T for x= 0.2, and the maximum MR
magnitude also decreases to 580% for x= 0.1 and to 370 % for
x= 0.2. All the MR curves show oscillatory signals with a
nonlinear positive background. Oscillatory components, ΔR, of
the Shubnikov–de Haas (SdH) effect were extracted by removing
backgrounds obtained by averaging the upper and lower
envelopes of curves (see Fig. 3d–f). After that, the peak positions
were assigned to an integer Landau index N, constructing the
Landau fan diagram (Fig. 3g–i). Here, it is noticeable that a single
oscillation frequency is observed in the SdH oscillations, although
there are two different carriers observed in the Hall results. This
result implies that one of the two carriers contributes to the
quantum oscillations, which is likely to be the one (carrier 1) with
higher mobility.

According to the Lifshitz–Onsager quantization rule,
F/μ0H=N+ γ, we obtained the oscillation frequency, F, and
the phase, γ, from the slope and the intercept of the linear fit of
the Landau fan diagram, respectively. As x increases, the slope
gradually decreases; F= 4.98 (x= 0), 3.64 T (x= 0.1), and 3.03 T
(x= 0.2) at θ= 0°, indicating that the Fermi surface shrinks
because an oscillation frequency is proportional to a cross-
sectional area of a Fermi surface perpendicular to a magnetic field
direction. This result is consistent with that of the Hall
measurements in which the dominant carriers move to the hole
type by the Ti substitution. In Fig. 3j–l, we plot the results of F
and γ versus θ at 2 K. We found that F increases with 1/cosθ,
which deviates as θ approaches 90°. This can be understood by
the highly anisotropic Fermi surface of ZrTe5, as reported
earlier21,24. In addition, γ is defined as γ ¼ 1

2 �
ϕB
2π ± δ, where ϕB

denotes the Berry phase and δ represents an additional phase
taken as ±1/8 or 0 for 3D or 2D Dirac systems, respectively. Our
results in most angles show γ ~ 1/8 (Fig. 3m–o), suggesting that
ZrTe5 is a 3D Dirac system (δ ¼ 1

8) with a nontrivial Berry phase

Fig. 3 Angle-dependent magnetoresistance, Shubnikov–de Haas oscillation frequency, and intercept. The magnetic field is swept from the b axis
(θ= 0°) to the a axis (θ= 90°) while current flows along the a axis. a–c Angle-dependent magnetoresistance ratio as a function of a magnetic field. d–f
Oscillating components of the magnetoresistance as a function of the inverse magnetic field. g–i Landau fan diagram constructed with oscillation
components of d–f. The inverse magnetic field of the oscillation peaks and valleys are assigned to integer and half-integer, respectively. j–l Angle-
dependent oscillation frequency, while the red line is 1/cosθ. m–o Landau fan diagram intercepts as a function of angle. The dashed line indicates γ= 1/8.
The error bars in j–o are the standard errors of the Landau fan diagram fits.
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(ϕB ¼ π). On the contrary, the deviation at θ= 90° was observed as
a result of the spin zero effect due to the highly anisotropic Fermi
surface25. The overall results from the F and γ analyses suggest that
the isovalent substitution of Ti for Zr does not significantly modify
the anisotropic Fermi surface but simply causes the band shift for
the investigated compositions of x= 0.1 and 0.2.

Magnetic properties correlated with the transport properties.
To further characterize the quantum oscillations, we then inves-
tigated a field dependence of magnetization M(H). Figure 4a
shows M(H) curves measured at different temperatures from 2 to
300 K. M(H) curves show diamagnetic signals at all temperatures

for all samples. Since the diamagnetic signal is the largest when a
magnetic field is applied along the b axis (Supplementary Note 3),
we plot the M(H) curves representatively for H//b in Fig. 4a. The
diamagnetic signal does not monotonically depend on the tem-
perature, which is discussed in more detail later. By subtracting a
linear diamagnetic background, we extracted a clear oscillation
component, ΔM, of the de Haas van Alphen (dHvA) effect (see
Fig. 4b). Note that dHvA oscillations are observable only for H//b.
The positions of peaks and valleys move to a lower magnetic field
with increasing temperature (insets of Fig. 4b). Such an oscillation
profile provides evidence of band shift upward, crossing the Dirac
point with increasing temperature. Consequently, the oscillation

Fig. 4 Magnetization curves of three samples with a magnetic field along the b axis. a Raw data of magnetization at various temperatures. b Oscillating
component of each magnetization with subtracting smooth background in raw data. Magnified single peaks are plotted to show the change of peak position
clearly (inset). c Temperature-dependent quantum oscillation frequency. The error bars are the standard error of the Lifshitz–Kosevich formula fit. d The fit
of the temperature reduction factor of quantum oscillations. The effective mass is the global parameter for fitting the amplitudes at different magnetic
fields. The evaluated effective mass ratio, η ¼ m�=m, of the samples decreases with increasing x. The standard errors of the fits are provided as the error
bars of the effective mass ratio.
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frequency decreases from F= 5.4 T at 2 K to F= 5.1 T at 25 K for
x= 0 (Fig. 4c). In addition, since the Fermi surface shrinks with
the Ti substitution, the frequencies for x= 0.1 and 0.2 start at
lower values; however, similar behavior is observed. The oscilla-
tion frequency of F= 5.4 T for x= 0 decreases to F= 3.8 T and to
3.4 T for x= 0.1 and x= 0.2, respectively, which are in good
agreement with the results obtained from the SdH oscillations.

The temperature-dependent ΔM of the dHvA oscillations was
fitted with the standard Lifshitz–Kosevich formula, as shown in
Fig. 4d. The peak position was corrected to the field value at 2 K.
A fit for x= 0 yielded an effective cyclotron mass of mc= 0.038
me and a quantum lifetime of τq= 0.13 ps, comparable to the
previously reported values24,25. As x increases, mc is slightly
reduced to 0.034me and to 0.032me for x= 0.1 and 0.2,
respectively, whereas τq is markedly reduced to 0.048 ps and to
0.086 ps for x= 0.1 and 0.2, respectively. The slight reduction of
mc is associated with the shrink of the Fermi surface by the Ti
substitution because of the linear relation between mc and kF
(Supplementary Note 4). We assumed that the Fermi velocity was
not significantly altered by the isovalent Ti substitution. Since the
change in mc is small, the aforementioned drastic reduction of μ
obtained from the Hall analyses is interpreted due to the decrease
in τtr. The prominent reduction of both τq and τtr can be
attributed to more scattering events by substituted Ti atoms. In
topological materials or low-dimensional systems, τq is frequently
compared to τtr evaluated from Hall effect and resistivity
measurements. Note that τtr is a measure of the motion of
charged particles along the electric field gradient, while τq denotes
the mean time that a carrier remains in a particular state before
being scattered to a different state. Moreover, τtr/τq was observed
to have a large value because τtr can overweight large scattering
angles over small angle26–29. Indeed, in our quasi-2D material of
TixZr1-xTe5, τtr/τq value was evaluated to be 28 for x= 0 and
decreases to 3.6 for x= 0.2 (Supplementary Note 5).

An interesting feature was found in the temperature depen-
dence of magnetization χ(T). In Fig. 5a, we plot the χ(T) data
measured in an applied magnetic field of 7 T for three crystal
axes. As observed in M(H), diamagnetic signals are clear for all
directions in all samples. When a field is applied along the b axis,
where an effective cyclotron mass is the smallest (Supplementary
Note 4), the diamagnetic signal is the largest with pronounced
temperature dependence. Although there are reports showing
strongly temperature-dependent magnetization with strong
magnetic anisotropy in a pristine ZrTe5, its origin is not
clear22,23. It is noteworthy that the temperature Tm of χ(T)
minimum is close to the temperature Tp of the ρxx peak. From
this result, we speculate that the mobile carriers mainly governing
the transport properties contribute to the magnetic properties. In
Fig. 5b, we plot |n|1/3 for carrier 1 and carrier 2 as a function of
temperature. Since n is proportional to kF3 and kF is proportional
to EF when a band dispersion is linear, n1/3 corresponds to EF.
Therefore, |n|1/3 indicates a relative position of EF from a Dirac
energy level. It is evident from Fig. 5b that carrier 1 follows the
χ(T) curve for all samples, suggesting that an EF position is a key
parameter to determine the magnetism of TixZr1-xTe5. In order to
verify this close relation between the transport and magnetic
properties, the ρxx and χ(T) data are plotted as a function of the
relative temperatures of T− Tm and T− Tp in Fig. 5c, d,
respectively. As aforementioned, the resistivity peak presents the
Dirac point so that as EF moves away from the Dirac point, not
only the susceptibility increases but also the resistivity decreases.

Figure 5e summarizes the key observations of TixZr1-xTe5 by
the Ti substitution as well as temperature. First, we observed band
shift with increasing temperature; EF changes while crossing
Dirac point from n-type regime to p-type regime. Next, we found
band shift with increasing x; Since EF is closer to the Dirac point

for a larger x, EF reaches the Dirac point at a lower temperature.
Recent studies on Weyl semimetals have reported that a
topological nature of Weyl electrons can provide peculiar
magnetic responses; nontrivial fermions in states above Weyl
nodes contribute to paramagnetism, while those in states below
nodes are diamagnetic6,7. Weyl semimetals possess a magnetic
field-independent 0th Landau level. As a field increases, Landau
level splitting pushes higher Landau levels above Fermi level, and
electrons are absorbed by the lower Landau levels. In this
rearrangement, the 0th Landau level sustains its position.
Therefore, it can accommodate more electrons with the help of
increasing Landau level degeneracy by the magnetic field,
resulting in a paramagnetic response. The paramagnetism rooted
in a π Berry phase is referred to as the Berry paramagnetism.
Since DSMs have a linear dispersion with a π Berry phase, similar
to Weyl semimetals, we may apply the concept of the Berry
paramagnetism. Moreover, ZrTe5 is known to have a Dirac cone
at Γ point and a small gap, which provides the justification. We
simulated the magnetic data of our DSM of TixZr1-xTe5 using the
Berry paramagnetism. Figure 5f shows the simulated curves
(dashed lines) and the magnetization curve (solid line) measured
at 2 K. We used the band parameters of υa, υb, υc, and EF obtained
from analyzing our results (Supplementary Note 4). It is
noteworthy that there is only one fitting parameter of the g
factor, g= 10, which is reasonable considering the previous
results24,25,30. Since the diamagnetic contribution is constant at
temperatures below Tm, the magnetic response is mainly
dominated by the Berry paramagnetism of the conduction band
electrons. There are shown clear dHvA oscillations below the
quantum limit (~7 T), while the paramagnetic contribution
decreases above the quantum limit (Supplementary Note 6). As
the Fermi level is lowered, the magnetic field for entering the
quantum limit also decreases, leading to a smaller paramagnetic
signal. Indeed, the simulated curves with EF= 20 and 10meV
show smaller paramagnetic responses than those with EF= 31.85
meV. Since a lower EF value corresponds to an increased
temperature, the decreasing magnetization with increasing
temperature from 2 K to Tm in Fig. 5a is well explained.
Moreover, as EF decreases, a required magnetic field for the
quantum limit decreases, but quantum oscillations are not visible
because of thermal energy. Moreover, we explored the cases when
a magnetic field is applied along the other directions, along with
the a and c axes (Supplementary Note 7). The calculated
magnetization curves for H//a and H//c are much smaller than
those for H//b, which is in good agreement with our experimental
data (see Fig. 5a). Finally, by adding a strong diamagnetic
background from valence band electrons, we reproduced the
magnetization data, verifying the Berry paramagnetism in ZrTe5
(Supplementary Note 8). On the other hand, the increasing
magnetization with increasing temperatures from Tm to 300 K is
understandable considering a decreasing diamagnetic contribu-
tion of the valence band electrons (Supplementary Note 8). Since
the diamagnetism from the valence band has the same
mechanism as the Berry paramagnetism, it changes with a
comparable magnitude with the Berry paramagnetism. As a
result, the magnetization shows a minimum at Tm, where the EF is
located at the Dirac point, because the Berry paramagnetism is
minimized and the total diamagnetic signal is maximized.

Conclusions
We successfully fabricated single crystals of TixZr1-xTe5, where Zr
was substituted with Ti by a chemical vapor transport method, and
observed systematic changes in transport and magnetic properties.
Since Ti has a smaller atomic radius than Zr, the isovalent Ti sub-
stitution can finely tune the band structure due to the decrease in the
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lattice constant. Quantum oscillation measurements indicate that the
single crystals of TixZr1-xTe5 are 3D DSMs with anisotropic quasi-
2D Fermi surface. The temperature dependence of quantum oscil-
lation frequency supports the Lifshitz transition. Though we cannot
rule out temperature-dependent gap opening, the estimated carrier
density changes its sign, implying that the Lifshitz transition is
dominant in our crystals. The resistivity peak shifts to lower tem-
peratures with increasing x, which coincides with the shift of the
susceptibility minimum. Considering that transport properties are
mostly governed by carrier motion around Fermi energy, whereas a
magnetization is a bulk property related to a total magnetic moment
below Fermi energy, it is not common that the carriers contributing
to the transport properties play an important role in the
temperature-dependent susceptibility. We demonstrated that the
nontrivial fermions in states above the Dirac node contribute to

paramagnetism, while those in states below the node are
diamagnetic.

In addition, the observed susceptibility smoothly changes with
temperature, sustaining a large magnitude. If a topological phase
transition8,17 occurs in our sample, the Berry magnetism would
be strongly suppressed because a Dirac cone of topological
insulator only resides on surfaces, and the number of Dirac fer-
mions would be much smaller. In addition, the magnetic sus-
ceptibility curves behave similarly for x= 0, 0.1, and 0.2. These
results support that the Berry paramagnetism comes from the
bulk; therefore, we confirm that our TixZr1-xTe5 crystals are 3D
DSMs. This work not only proposes an experimental way to
determine the topological character of the band but also provides
a platform to apply the concept of π Berry phase-related band
topology to DSMs.

Fig. 5 Correlation between resistivity and susceptibility. a Temperature dependence of susceptibilities with 7 T of a magnetic field along with a, b, and c
axes. b Temperature dependence of jnj1=3 of carriers 1 and 2. The values of n were extracted from the two-carrier analyses. The error bars obtained using
the standard error of the two-carrier fit to a power of 1/3 are smaller than the size of the data symbols. c Normalized susceptibility curves. The
susceptibilities were divided by the maximum value and plotted as a function of the relative temperature, T− Tm, where Tm is the temperature at which the
susceptibility shows its minimum. d Normalized resistivity curves. The resistivities were divided by the maximum value and plotted as a function of the
relative temperature, T− Tp, where Tp is the temperature at which the resistivity shows its peak. e Schematic picture for magnetic susceptibility and band
shift depending on temperature for three samples. The planes show the Fermi energy of each sample at 2 K. f Simulated magnetization curves of x= 0 at
2 K for various Fermi energies. The solid black line denotes the experimental data, and the dashed lines represent simulated curves.
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Methods
Material growth. Single crystals of TixZr1-xTe5 with nominal compositions of
x= 0, 0.1, and 0.2 were prepared using a chemical vapor transport method. The
compositions measured by electron probe microanalyzer were 1% for x= 0.1 and
2% for x= 0.2.

All samples were grown under the same conditions in a single batch. High
purity of Zr (99.99%) and Te (99.99%) elements were evacuated and sealed in a
quartz ampoule. For Ti-substituted samples, we replaced 10% and 20% of Zr with
Ti. The mixtures of Ti, Zr, and Te were placed at 500 °C for solid-state reaction to
synthesize homogeneous source materials. The reacted powder source was then
kept in a two-zone furnace with iodine as a transport agent. The temperature of the
source zone was 520 and 450 °C for the sink zone. The growth was sustained for a
month to obtain large single crystals.

Characterization of single crystals by XRD. The crystal structures of TixZr1-xTe5
were characterized by XRD (Bruker D8 Advance diffractometer with Cu light
source). A shiny surface of single crystals was set to be the diffraction plane which
was determined to be the layer of the orthorhombic layered structure with the
space group Cmcm. All the measurement parameters were scanned and aligned to
maximize the intensity, and then θ–2θ scans were performed.

Transport measurements. The electrical resistivity and the Hall effect were
measured by a standard four-probe method using a physical properties measure-
ment system equipped with a Keithley 2635 source measure unit and a Keithley
2182 A nanovoltmeter. The typical length of the crystals was ~10 mm. The four-
probe electrical contacts were made through a gold wire by soldering with indium.

Magnetic measurements. The magnetic properties of TixZr1-xTe5 were measured
using a superconducting quantum interference device-vibrating sample magnetometer
at temperatures ranging from 2 to 300 K and at applied magnetic fields up to 7 T.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Additional data related to this paper may be requested
from the authors.
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