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The topological semimetals have been the research focus of condensed-matter physics, materials science, and
spintronics in recent decades. Here, we report the magnetoelectric transport properties of the topological nodal-
line semimetal ZrP2. A clear magnetic-field induced metal-to-insulator transition is observed, and a resistivity
plateau appears as the temperature drops to 15 K. An extremely large magnetoresistance of 15 000% obtained
at low temperatures confirms Kohler’s rule, which is ascribed to the electron-hole compensation. The beating
patterns of Shubnikov–de Haas quantum oscillations are also observed below 10 K, which mainly stems from
the superposition of two oscillations from electron and hole pockets, which is also consistent with the theoretical
calculations. These findings provide a candidate material for the study of topological nodal-line semimetal in
exploring physical properties and topological electronics.
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I. INTRODUCTION

Recently, topological semimetals have stimulated intensive
research interest in the topological condensed-matter physics
and spintronics due to their unique energy band structure and
unconventional transport properties, such as Dirac cone [1,2],
Fermi arc surface states [1], extremely large magnetoresis-
tance (MR) [3–5], ultrahigh mobility [3,6–8], quantum Hall
effect [9,10], Shubnikov–de Haas (SdH) quantum oscillations
[3,11], etc. According to energy band structure, topological
semimetals can be broadly classified into Dirac semimetals
(DSMs), Weyl semimetals (WSMs), and nodal-line semimet-
als (NLSMs). In DSMs, the energy bands cross linearly near
the Femi level EF in k space, and the crossing point is called
a Dirac node with fourfold degeneracy, which is protected
by time-reversal symmetry and spatial-inversion symmetry
[12,13]. If one or both of the time-reversal symmetry and
spatial-inversion symmetry are broken, a Dirac node is split
into two double-degenerated nodes. The double-degenerated
node is called a Weyl node, and the corresponding semimetal
is called a WSM [5,13]. In contrast to DSMs and WSMs,
the energy bands of the NLSMs cross at a one-dimensional
line in k space (termed as nodal line), and the nodal line
can be a closed loop, an open line, or an interlinked chain.
[5,13]. Like DSMs and WSMs, the NLSMs also have unique
surface states, the so-called drumhead surface states, which
are not topologically protected; a small perturbation to the
surface can destroy the drumhead surface states [14]. The
topological semimetals provide a broad platform for exploring
novel physical properties and topological fermions.
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The exotic and rich physical properties have been theo-
retically predicted and experimentally demonstrated in some
topological semimetals. The most famous examples are the
DSMs and WSMs, in which the Dirac cones and Fermi
arcs have been discovered in the three-dimensional Dirac
semimetal Na3Bi, Cd3As2, and TaAs family by the first-
principles calculations and angle-resolved photoemission
spectroscopy (ARPES) [2,15,16]. The chiral anomaly effect,
extremely large MR, SdH quantum oscillations, and ultrahigh
mobility have also been observed in TaAs [17–19], WTe2

[4], NbP [3], and WP2 [20]. The DSMs and WSMs have
been extensively studied and show excellent properties in
the field of photodetection [21–26], photovoltaic effect [27],
photothermoelectric effect [28], terahertz emission [29,30],
etc. However, the NLSMs has not been adequately studied.
So far, only a few candidate materials have been identified
to be NLSMs, such as CaP3 family [31], ZrSiTe family [32],
Nb3SiTe6 family [33], etc. Recently, the transition-metal dip-
nictides HfP2 and ZrP2 have been identified to be NLSMs
by the first-principles calculations and ARPES [5,34]. How-
ever, the transport properties are still unclear. Therefore, it is
meaningful to comprehensively investigate the magnetoelec-
tric transport properties for topological semimetal ZrP2.

In this work, after [35] synthesizing the high-quality
single-crystal ZrP2 by chemical vapor transport (CVT)
method, its magnetoelectric transport properties have been
investigated. At low temperatures, the magnetic-field in-
duced metal-to-insulator transition and resistivity plateau with
an extremely large unsaturated magnetoresistance (MR) of
1.5 × 104 % are obtained. More importantly, the beating pat-
terns of SdH quantum oscillations are clearly observed, which
mainly stem from the superposition of the quantum oscilla-
tions of the electron and hole pockets. Besides, an unusual
SdH quantum oscillation due to the Zeeman effect is also
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FIG. 1. (a) The crystal structure of ZrP2. (b) The image of the single-crystal ZrP2 samples. (c) Powder XRD and the Rietveld refinement
results. (d) The morphology and elemental distribution of the ZrP2.

observed at 1.6 K. These findings provide a candidate ma-
terial to explore condensed-matter physics and topological
electronics.

II. EXPERIMENTAL METHODS

High-quality single-crystal ZrP2 is grown via the CVT
method using I2 as the transport agent. First, the polycrys-
talline ZrP2 intermediate products are prepared by sintering
a stoichiometric mixture of zirconium powder (Alfa Ae-
sar, 99.99%) and red phosphorus (Alfa Aesar, 99.999%) in
an evacuated silica ampoule at 800 ◦C for 6 days. Subse-
quently, the polycrystalline ZrP2 powder is loaded together
with 5-mg/cm3 iodine in a silica ampoule. The ampoule
is evacuated and sealed under vacuum, and loaded into a
horizontal tube furnace for 2 weeks, in which the temper-
ature of the polycrystalline ZrP2 powder is kept at 760 ◦C
(source) and the temperature of the other end is kept at 810 ◦C
(sink) [5]. Then, the tube furnace is naturally cooled down
to room temperature. The needlelike single crystals with a
size of 5 × 0.3 × 0.2 mm3 are obtained in the sink end. The
x-ray-diffraction (XRD) pattern of ZrP2 powder confirms its
PbCl2-type orthorhombic structure. The energy-dispersive x-
ray (EDX) is used to determine the atomic ratio of the sample.
A conventional four-probe device is prepared by attaching Au
wires of 25-µm diameter to the sample with Epotek H20E

silver epoxy. Transport measurements are performed using a
cryogenic system (TeslatronPT, Oxford), in which the temper-
ature can be cooled down to 1.6 K with a magnetic field up to
14 T. A Keithley 6221 current source is used to apply an ac
current to the device. The voltage signals of the device are
collected via the SR830 and OE1022D DSP lock-in amplifier.

III. RESULTS AND DISCUSSION

The ZrP2 crystal belongs to the nonsymmorphic space
group Pnma (No. 64) with the PbCl2-type crystal structure
[5,36,37], in which the Zr atoms are surrounded by nine P
atoms in the form of a tricapped triangular prism, while par-
tial P atoms are connected to one-dimensional infinite zigzag
chains along the b axis, indicating a covalent bonding interac-
tion as shown in Fig. 1(a). Figure 1(b) shows the needlelike
single-crystal ZrP2 samples grown by the CVT method. The
powder XRD pattern is used to determine the crystal struc-
ture and quality. The Rietveld refinement results reveal that
no obvious impurity phases can be detected, as shown in
Fig. 1(c). The obtained lattice parameters of a = 6.498 Å,
b = 3.515 Å, and c = 8.749 Å are in good agreement with
previous reports [5,36]. Figure 1(d) demonstrates the evenly
distributed elements in the sample by the Scanning Electron
Microscope (SEM)–EDX measurement. And, the atomic ratio
is obtained by fitting the energy-dispersive x-ray spectrome-
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FIG. 2. (a) Schematic diagram of the resistivity measurement. (b) Temperature- dependent resistivity at various magnetic fields of 0, 3, 6,
9, and 14 T. A metal-to-insulator transition is present, induced by the magnetic field. The inset shows the image of the resistivity measurement.
(c) The temperature dependence of the derivative ∂ρxx/∂T extracted from (b). The inset shows the Tm and Ti as a function of the field, where
the red lines are the results of the T ∝ B1/2 and linear fitted, respectively. (d) The log(ρxx ) plotted as a function of T −1. The purple solid lines
exhibit the linearly fitted results for the Arrhenius plots, which give an activation energy of the effective band gap Eg. The inset shows the
field-dependent Eg, and the red solid line is the curve fitted with Eg ∝ B1/2.

try. The above results indicate that a high-quality ZrP2 sample
has been successfully grown by the CVT method.

Figure 2(a) exhibits a schematic diagram of the resistivity
measurement with the conventional four-probe method. The
temperature-dependent resistivity curves at various magnetic
fields of 0, 3, 6, 9, and 14 T are summarized in Fig. 2(b), in
which the direction of the magnetic field is along the z axis and
normal to the current. In Fig. 2(b), the purple curve (B = 0 T)
shows a metallic behavior as the temperature drops from
300 to 1.6 K. And, a high residual-resistivity ratio (RRR =
185) is obtained, which indicates high sample quality [38].
By applying an external magnetic field, a magnetic-field in-
duced metal-to-insulator transition is observed. Interestingly,
the resistivity plateau appears as the temperature cools down
to 15 K. A similar resistivity plateau is also observed in
the topological insulator Bi2Se3 [39,40] and Kondo insula-
tor SmB6 [41], which are attributed to topological surface
states protected by the time-reversal symmetry. However,
in our case, the time-reversal symmetry was broken due to
the existence of external magnetic field. Thus, the resistivity
plateau is ascribed to field-induced metal-to-insulator transi-
tion or Kohler’s rule. Such resistivity plateaus are also ob-
served in topological semimetals LaSb [42], WTe2 [43], and
NbAs2 [44].

Figure 2(c) shows that the derivative ∂ρxx/∂T as a function
of temperature T at various magnetic fields. At B � 3 T, a
clear drop is seen and becomes more prominent for larger

magnetic field B. The temperature at which the resistivity
acquires minimum is defined as Tm, where ∂ρxx/∂T = 0.
The temperature of the valley Ti is defined by the inflection
point, where ∂2ρxx/∂T 2 = 0. The Tm and Ti are summarized
in the inset of Fig. 2(c). As shown in the figure, the Ti stays
unchanged but the Tm increases monotonically with the mag-
netic field and satisfies the Tm ∝ Bv -type relation, where v has
a value ∼ 1/2. The same behaviors are also observed in other
topological semimetals, such as graphite, Bi, and WTe2 due to
the Fermi-liquid state and quantum phase transition [45–48].

Considering the thermal transport at low temperatures,
the energy gap Eg is estimated using the Arrhenius plot,
ρT = ρ0exp(Eg/kBT ) for T < Tm. The log(ρxx ) are plotted as
a function of T −1, shown in Fig. 2(d). The gap Eg is plotted as
a function of magnetic field B in the inset of Fig. 2(d), where
the Eg ∝ B1/2. This is consistent with the gap opening due to
the Landau-level quantization of relativistic Dirac electrons
by the magnetic field [49].

The magnetic-field dependent MR is also investigated as
shown in Fig. 3(a), where the MR = (ρB−ρ0)/ρ0 × 100%
is the change in resistance with the magnetic field applied
along the z axis and perpendicular to the current direction.
The extremely large MR of the order of 104% is obtained
at low temperatures, which is comparable to that observed
in previous reports [5]. The MR decreases to about 90% at
150 K and 14 T. The MR can be fitted by MR = a + bBc,
with c = 1.8 in Fig. 3(b).
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FIG. 3. (a) The field-dependent MR at different temperatures. (b) The MR is fitted by MR = a + bB1.8. The inset shows the enlarged view
of (a) at high fields. (c) The Kohler plot of the MR from 1.6 to 150 K. All the data follow the same curve of MR ∝ (B/ρ0)1.8. (d) The beating
pattern of SdH quantum oscillations, extracted by subtracting a smooth background at the temperature from 1.6 to 10 K. (e) The enlarged
view of the SdH quantum oscillations in (d) demonstrates that the amplitude decreases as the temperature increases. (f) The FFT amplitude
at low temperatures. Two independent oscillation frequencies of 430 (Fα ) and 645 T (Fβ ) can be observed with their higher harmonics. (g)
The normalized FFT amplitude as a function of temperature for Fα and Fβ , respectively. The red solid lines are the fitted curves with the LK
formula. (h) The logarithmic plot at 2, 3, and 4 K. (i) The Landau-level (LL) index fan diagram for Fα and Fβ .

To understand that such an MR can be explained by classi-
cal theory, Kohler’s rule has been considered as

MR ∝ (B/ρ0)m, (1)

where m is a sample-dependent constant that depends on
the level of compensation. In Fig. 3(c), the MRs at various
temperatures are merged into a single curve when plotted as
MR ∼ (B/ρ0)1.8 curve; the value is the same as previous re-
ports such as WP2 [50] and MoO2 [51], suggesting the validity
of Kohler’s rule and signifying a universal scattering mech-
anism at various temperatures. Following Kohler’s rule and
related argument presented at WTe2 [43] and other material
systems [52], the extremely large MR in our case is attributed
to the perfect compensation of electrons and holes, which is
also supported by the following theoretical calculations.

In addition, the SdH quantum oscillations with a clear
beating pattern have been obtained after subtracting a smooth
background at high field and low temperature, as shown
in Fig. 3(d). The dashed line is to guide the eyes. The

beating SdH quantum oscillations are also observed in the In-
GaAs/InAlAs two-dimensional electron gas (2DEG) [53,54],
the silicon metal oxide 2DEG [55], and the SnTe/Bi2Te3 het-
erostructure [56], in which they are ascribed to the Rashba
spin splitting. However, in our case, the Rashba spin splitting
is ruled out because there is no interface in our device. Here,
these are attributed to two different Fermi surfaces of an
electron pocket and a hole pocket, which will be discussed
in detail later. Figure 3(e) exhibits the enlarged image from
Fig. 3(d). It is seen that the amplitude �ρxx of the quantum
oscillation gradually decreases with temperature increasing
until it finally disappears.

In order to obtain more detailed information from the
quantum oscillations, fast Fourier transforms (FFTs) of these
oscillations are plotted in Fig. 3(f), which reveal two indepen-
dent frequencies of Fα = 430 T and Fβ = 645 T with their
higher harmonics of F2α , F4α and F2β , F3β , respectively. The
oscillation frequencies (F ) are related to the cross-sectional
area (SF ) of the Fermi surface that is normal to the field
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TABLE I. The parameters are derived from SdH quantum oscil-
lations, including the SdH quantum oscillation frequency Fα and Fβ ,
the effective mass m∗, the Fermi wave vector kF , the Fermi level EF ,
the Fermi velocity vF , the quantum scattering time τ , the mobility μ,

and the mean-free path �.

F m∗ kF EF vF τ μ �

(T) (me) (Å−1) (meV) (105 m/s) (10−12 s) (cm2/Vs) (nm)

Fα 430 0.3485 0.114 142.2 2.54 1.074 5419 318
Fβ 645 0.3885 0.140 192.4 2.95 1.077 4875 273

direction. According to the Onsager relation F = SF (h̄/2πe),
the Fermi-surface areas are Sα

F = 0.041 Å−2 and Sβ
F =

0.062 Å−2, corresponding to the Fermi wave vector of kα
F =

0.114 Å−1 and kβ
F = 0.140 Å−1, respectively.

Furthermore, the quantum oscillation can be described by
the Lifshitz-Kosevich (LK) formula [48],

�R/R0 ∝ RT RDRS cos[2π (F/B + γ − δ)], (2)

where RT = λT/sinh(λT ) is the thermal damping fac-
tor, RD = e−D is the Dingle damping factor and RS =
cos(gπm∗/2me) is the spin phase factor. Here, λ =
2π2kBm∗/h̄eB, D = 2π2kBTDm∗/h̄eB, TD = h̄/2πkBτ is the
Dingle temperature. The m∗, me, h̄, kB, and g are the effective
mass of fermion, the mass of electron, Boltzmann constant,
reduced Planck’s constant, and g factor, respectively. γ =
1/2 − B/2π is the phase factor and B is the Berry phase;
δ is a phase shift determined by the dimensionality, having
values of 0 or ±1/8 for the 2D or 3D systems, respectively.
The thermal damping factor RT = λT/sinh(λT ) in the LK
formula is used to describe the FFT amplitude. As shown
in Fig. 3(g), the temperature dependence of the normalized
FFT amplitude is well fitted, and the effective masses of m∗

α =
0.3485 me and m∗

β = 0.3885 me are extracted, corresponding
to Fα = 430 T and Fβ = 645 T, respectively. Therefore, the
Fermi velocity vF = h̄kF /m∗ and the Fermi level EF = m∗v2

F
are estimated as shown in Table I. According to the LK
formula, the quantum scattering time τ is a function of the
Dingle temperature TD, τ = h̄/2πkBTD.Thus, the quantum
scattering time can be extracted via the logarithmic plot of

the log [(�R/R0)B sinh(λT )] ∼ K (1/B), where the slope
K = 2π2kBTDm∗/h̄e, as shown in Fig. 3(h). The quantum
scattering time τ can be extracted by using TD = h̄/2πkBτ ;
the value is listed in Table I. Therefore, the mean-free path of
the � = vF τ and mobility μ = eτ/m∗ can be also estimated
[57], and summarized in Table I.

Following the Lifshitz-Onsager quantization rule,
SF (h̄/eB) = 2π (n + γ ), where n is the Landau-level index
(see the Supplemental Material, Fig. S1 for a detailed
discussion) [55,56,58]. The nature of the energy band
dispersion is determined by the value of the Berry phase
B, which is 0 for the conventional metallic systems with
parabolic band dispersion and π for the Dirac-(Weyl-) type
systems with a linear band dispersion [47]. In Fig. 3(i),
the Landau-level (LL) fan diagrams for Fα = 430 T and
Fβ = 645 T are plotted, assigning maxima of the SdH
quantum oscillation as integers (n) and minimum as half
integers (n + 1/2). The Berry phase can be extracted from
the intercept of the linear extrapolation; the intercepts of
Fα = 430 T and Fβ = 645 T are extracted as γα = 0.16
and γβ = 0.19, respectively, which indicates the possible
existence of the Dirac-like fermions in the ZrP2, suggesting
that the electronic structure of the ZrP2 is nontrivial.

Interestingly, the Zeeman splitting is also observed at
1.6 K. As shown in Fig. 4(a), the valleys of the quantum
oscillation completely evolve into two subvalleys in the LL
index n = 50.5, 51.5, 52.5, and 53.5, suggesting the lifting of
spin degeneracy due to the Zeeman effect, and the spacing of
spin splitting is about 0.0005 T−1. To further investigate the
Zeeman splitting, the spin-phase factor RS = cos(gπm∗/2me)
is rearranged in the LK formula; thus, the LK formula can be
rewritten as

�R/R0 ∝ RT RD[cos 2π (F/B + γ − δ + ϕ/2)

+ cos 2π (F/B + γ − δ − ϕ/2)], (3)

where the spin-splitting factor ϕ = gm∗/2me is the phase
difference between spin-up and spin-down electrons. The g
factor of 1.2 and 1.7 is obtained with the equation gm∗/2me =
F (1/�B), corresponding to Fα = 430 T and Fβ = 645 T,
respectively. The detailed mathematical process and analyses

FIG. 4. (a) The SdH quantum oscillation at 1.6 K. (b) The Zeeman energy �E as a function of magnetic field B.
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FIG. 5. The electronic structure of ZrP2 via density-functional theory calculation with spin-orbit coupling. (a) The 3D bulk Brillouin zone
of ZrP2 crystal showing the high-symmetry points and lines. (b) Energy band structures at high-symmetry points and lines. (c) The 3D bulk
Fermi surface of ZrP2, the bands crossing near the Fermi level in (b). (d) The Fermi surface at kz = 0.

are available in previous study [59,60]. The Zeeman splitting
energy �E = gμBB of Fα = 430 T and Fβ = 645 T is summa-
rized as shown in Fig. 4(b). The Zeeman splitting of the SdH
oscillations are also observed in other topological semimetals,
such as the Dirac semimetal graphene [61], Cd3As2 [62],
Weyl semimetal TaP [63], and ZrTe5 [59].

The electronic structure calculations are performed us-
ing the density-functional theory calculation with spin-orbit
coupling. Figure 5(a) reveals the 3D bulk Brillouin zone of
ZrP2 crystal showing the high-symmetry points and lines.
The electronic structure is exhibited in Fig. 5(b). Two band
crossings occur near the Fermi level, forming topological
Fermi-surface states. The light green and purple represent
electron pocket and hole pocket, respectively. Figure 5(c)
shows the bulk Fermi surface of ZrP2 crystal. Fermi surfaces
consists of the electron (α) and hole (β) drumhead surface
states, which is consistent with the results of the SdH quantum
oscillations. Figure 5(d) exhibits the Fermi surface at kz = 0;
the cross-sectional areas of electron (α) and hole (β) pockets
are obtained (Sα = 0.045 Å−2 and Sβ = 0.062 Å−2), which
is also consistent with the results extracted from the SdH
oscillations (Sα

F = 0.041 Å−2 and Sβ
F = 0.062 Å−2).

IV. CONCLUSION

In summary, we report the single-crystal growth and mag-
netotransport properties of the possible nodal-line semimetal
ZrP2. A magnetic-field induced metal-to-insulator transition
and a resistivity plateau are observed at low temperatures. An
extremely large MR of 104% is obtained, which is attributed
to the electron-hole compensation. The beating pattern in the
SdH quantum oscillation is also observed below 10 K, which
mainly stems from the superposition of the quantum oscil-
lations of the electron and hole pockets, which is consistent
with the theoretical calculation results. Besides, the valley of
SdH quantum oscillation is split into two subvalleys due to
Zeeman effect at 1.6 K. This study is meaningful for future in-
vestigations of topological semimetals and condensed-matter
physics.
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