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Topological semimetals represent one of the most interesting classes of materials that continue to

attract worldwide interest. Here, we report magnetotransport properties of MPn2-type (M¼Nb,

Ta; Pn¼ P, As, Sb) NbSb2 single-crystal semimetals with a centrosymmetric C12/m1 space

group, paramagnetic ground state, and non-saturation parabolic-like magnetoresistance. The

NbSb2 crystals show metallic conductivity down to 2 K and undergo a metal-to-insulator-like

transition under a magnetic field B (B � 4 T) and exhibit a resistivity plateau in the low-

temperature region (T � 10 K), where the value of resistivity strongly depends on the magnitude

and direction of the magnetic field. Upon sweeping the magnetic field from 0 to 14.5 T in the

transverse configuration at T¼ 1.5 K, the NbSb2 crystal shows a large positive magnetoresistance

(4.2� 103% at B¼ 14.5 T) with Shubnikov–de Haas (SdH) oscillation. Hall measurements reveal

that both the carrier compensation between electrons and holes and the high mobility and large

mean free path of carriers contribute to the large magnetoresistance. Fast Fourier transform anal-

yses of angle-resolved SdH oscillation indicate that the Fermi surface of the NbSb2 crystal is

quasi-two-dimensional with three-dimensional components. These findings, together with the

theoretically calculated electronic band structure obtained within the framework of density func-

tional theory, suggest that NbSb2 is a good candidate compensated semimetal for further theoreti-

cal and experimental investigation of this family of materials. Published by AIP Publishing.
https://doi.org/10.1063/1.5021637

I. INTRODUCTION

Magnetoresistance (MR), which describes materials’

resistance responses to external magnetic fields, is not only

one of the most important topics in condensed matter phys-

ics but also vital to practical applications in the field of

memories, sensors, and spintronic devices. Since the find-

ings of giant magnetoresistance (GMR) in magnetic multi-

layers and colossal magnetoresistance (CMR) in perovskite

manganites, considerable attention has been paid to the

development of new materials with larger MR effects or

novel mechanisms. Recently, extremely large magnetore-

sistance (XMR) in nonmagnetic semimetals, which differs

significantly from the GMR and CMR, was discovered in

WTe2 single crystals1–4 whose XMR values increase line-

arly with the square of magnetic field B (i.e., XMR / B2)

and exhibit no sign of saturation up to B¼ 60 T. Such an

XMR phenomenon has very recently been found in several

families of single-crystal semimetals, e.g., NbP,5 TaP,6

NbAs,7 TaAs,8 Cd3As2,9,10 ZrTe5,11 PtBi2,12 and ZrSiS,13

which show chiral anomalous magnetotransport properties

and a nontrivial Berry phase. They are classified as topolog-

ical semimetals (TSMs) and have drawn unparalleled atten-

tion very recently.13–15

Analogous to the topological semimetals, the XMR

effect has also been observed in a LaSb compound with a

rock salt crystal structure,16 which, however, shows XMR

only in the transverse measurement configuration [i.e., the

direction of magnetic field perpendicular to the direction of

electric current (B?I)] and no negative MR can be observed

in the longitudinal measurement configuration (B//I).

Namely, the LaSb compound is absent of the so-called chiral

anomalies in magnetotransport behaviors. Combining quan-

tum oscillation of magnetoresistance and angle-resolved

photoemission spectroscopy, Zeng et al.17 found a perfect

compensation between the densities of electrons and holes at

low temperatures for LaSb crystals, which reasonably
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accounts for the XMR effect in this system. Meanwhile, iso-

structural semimetals such as the antiferromagnetic

NdSb,18,19 PrSb,20 TmSb,21 and the nonmagnetic LaBi,22–24

YSb,25–28 and niobium and tantalum dipnictides MPn2

(M¼Nb, Ta, Pn¼P, As, Sb)14,29–34 family were studied to

reveal their electronic band structures and origin of the XMR

effects in these material systems. As of now, several mecha-

nisms such as the field-induced changes in the Fermi sur-

face,35 electron-hole compensation effect,17 nontrivial band

topology,23 and strong spin-orbital coupling4 have been pro-

posed to explain the non-saturating and near-quadratic XMR

characteristics. Despite all these different mechanisms, it is

generally agreed that the XMR effect is closely related to

their novel electronic band structures and the Fermi surface

which however still need to be further explored.

In this article, we studied the electronic transport proper-

ties of high quality MPn2-type NbSb2 single-crystal semime-

tals using multi-band Hall fitting, angle-resolved quantum

oscillation, and magnetotransport measurements. The NbSb2

crystal undergoes a metal-to-insulator-like transition under a

magnetic field and exhibits a resistivity plateau in the low-

temperature region, where the resistivity strongly depends on

the magnitude and direction of magnetic field. Upon sweep-

ing the magnetic field from 0 to 14.5 T at 1.5 K, we observed

a non-saturated XMR of 4.2� 103% at 14.5 T and a

Shubnikov-de Haas (SdH) oscillation. Hall measurements

demonstrate that XMR arises from the electron-hole com-

pensation effect and the high mobility and large mean free

path of carriers. Angle-resolved SdH oscillation combined

with fast Fourier transform (FFT) analyses reveals that the

NbSb2 crystal possesses a quasi-two-dimensional Fermi sur-

face with three-dimensional components.

II. EXPERIMENTAL METHODS

High-quality NbSb2 single crystals were grown by the

chemical vapor transport using iodine (I2) as a transport

agent. Briefly, high-purity stoichiometric amount (�1.5 g) of

Nb and Sb powder (200 mesh), together with �10 mg/ml

iodine, are sealed in a quartz tube as starting materials. The

crystal growth was carried out in a two-zone furnace

between 1000 �C (source) and 1100 �C (sink) for 2 weeks.

The chemical reaction follows the formula NbSb2ðsÞ
þ3I2ðgÞ � NbI4ðgÞ þ 2SbIðgÞ. Note that the antimony tri-

iodide is unstable at high temperatures, leading to antimony

monoiodide as the main gas intermediate compound.44 The

NbSb2 single crystals grow preferentially along the [010]

direction, resulting in rodlike crystals with a typical size of

1� 2 � 1 mm3 and shiny surfaces, as shown in the inset of

Fig. 1(b).

The crystal structure of the single crystals was character-

ized by a PANalytical X’pert x-ray diffractometer equipped

with Cu Ka1 radiation. The strong (00l) (l¼ 1, 2, 3, 4, 5) dif-

fraction peaks [Fig. 1(b)], together with the sharp rocking

curve with a full width at half maximum (FWHM) of 0.03�

[Fig. 1(c)], which was taken on the (003) diffraction peak,

indicates high quality of the NbSb2 single crystal. High-

resolution transmission electron microscopy (HRTEM) was

performed using a Tecnai G2F20 S-Twin transmission elec-

tron microscope. Note that the electron beam is incident

along the [010] crystallographic direction. The representative

high-magnification image with atomic resolution shown in

Fig. 1(d) shows interplanar lattice spacings of 0.716 and

0.444 nm along the [001] and [200] crystallographic direc-

tions, respectively, and an angle of approximately 120�

between the [001] and [200] directions. These structural

FIG. 1. (a) Crystal structure of NbSb2. (b) XRD pattern of a NbSb2 crystal. Inset: a photograph of a NbSb2 crystal. (c) XRD rocking curve taken on the (003)

diffraction peak. (d) HRTEM image with atomic resolution and (e) selected area electron diffraction pattern of a NbSb2 crystal.
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characterstics agree well with the known crsytal structure of

NbSb2
36 displayed in Fig. 1(a). The structural properties are

further characterized by the selected area electron diffraction

(SAED) pattern displayed in Fig. 1(e). The bright sharp spots

can be well indexed according to the known crystal structure

of NbSb2.36 Energy dispersive X-ray spectroscopy (EDS)

measurements using a Zeiss Supra 55 scanning electron

microscope show that the Nb/Sb atomic ratio is 33.4/66.6,

very close to that of stoichiometry NbSb2. These XRD,

HRTEM, and EDS results demonstrate that the NbSb2 single

crystal is high quality, which provides good reliability for

further investigations.

The electronic transport properties were measured by

the standard four-probe method using a physical property

measurement system (PPMS-9T, Quantum Design) and an

Oxford 4He cryostat with a 15 T magnet. Ohmic contacts

were prepared on a fresh cleavage ab plane using room-

temperature cured silver paste. The electric current is parallel

to the b axis, while the direction of the magnetic field is par-

allel to the c axis of the crystal in the transverse magneto-

transport measurements.

III. RESULTS AND DISCUSSION

A. Temperature dependence of resistivity

As shown in Fig. 2(a), the resistivity (q) under zero mag-

netic field (B¼ 0 T) decreases monotonically with decreasing

temperature down to 2 K, showing metallic behavior. The

resistivity at 2 K becomes as low as approximately 10 lX cm,

which is mainly due to the large mean free path of charge

carriers of the single crystal.13 For T � 10 K, the resistivity

shows slight fluctuation, which is similar to that reported in

the Cd3As2
9 and ZrSiS13 semimetals and might be explained

in terms of the quantum ballistic transport. The residual resis-

tivity ratio (RRR) is approximately 13.4 under zero magnetic

field, suggesting good quality of the NbSb2 crystal. Moreover,

the resistivity in the temperature region from 10 to 50 K can

be well fitted using the equation q(T) ¼ q0 þ ATn with n
� 2.5. A similar phenomenon has been observed in compen-

sated semimetals of LaSb16 (n¼ 3), LaBi35 (n¼ 4), and Dirac

semimetals of ZrSiS13 (n¼ 3). This type of temperature

dependence of resistivity, deviating from the pure electronic

correlation-dominated scattering mechanism37 (n¼ 2), can be

attributed to the interband electron-phonon scattering.13

Upon the application of magnetic fields, the resistivity in

the low temperature region is significantly enhanced and

retains metallicity for B � 3 T [Fig. 2(b)]. However, for B
� 4 T, the resistivity shows a minimum at certain temperature

(Tmin) below which the resistivity increases with a further

decrease in the temperature. Tmin increases monotonically

with increasing magnetic fields [inset of Fig. 2(b)]. The rela-

tionship between Tmin and B can be described by the equation

Tmin � (B–B0)1/�. The parameter � is �2.3, which is close to

that of compensated semimetals such as Bi (� ¼ 2),38 WTe2

(� ¼ 2),39 and ZrSiS(� ¼ 3).13 This type of magnetic-field-

induced metal-to-insulator-like resistivity transition usually

results from the gap opening at the band-touching points in

semimetals.13,25

To confirm the gap opening effect associated with the

temperature and magnetic field, we plot differential

FIG. 2. (a) Zero-field resistivity (black point) and fitting results (red curve). Inset: schematic geometry of the directions of the magnetic field and the electric

current. (b) Temperature dependence of resistivity under different magnetic fields, as measured using the schematic geometry shown in the inset of (a). The

grey box shows the resistance plateau region. The black dashed arrow indicates the resistance minimum temperature (Tmin). Inset: Tmin plotted as a function of

magnetic field. (c) @qxx/@T plotted as a function of temperature. Inset: lnq plotted as a function of T�1. (d) MR plotted as a function of magnetic field.
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resistivity as a function of temperature (@qxx/@T–T) in Fig.

2(c). The metal-to-insulator transition temperature Tmin, cor-

responding to @qxx/@T¼ 0 (see the red dashed guide line),

can be readily obtained from Fig. 2(c), where one can find

that Tmin increases with increasing magnetic field. In con-

trast, the onset temperature of the resistivity plateau

(Tplateau), where @qxx/@T shows the minimum, remains

unchanged with increasing magnetic fields. Furthermore, one

may obtain the energy gap from the slopes of the logarithmic

resistivity versus inverse temperature (lnqxx � 1/T) curves

within the linear regions,13,27 as shown in the inset of Fig.

2(c). As the magnetic field increases from B¼ 5 to 7 and

finally to 9 T, the gap increases from about 0.3 to 1.1 and

finally to 2.5 meV. Obviously, the increase of the energy gap

with increasing magnetic field is consistent with the variation

of the metal-to-insulator transition temperature with the

magnetic field.

B. Extreme magnetoresistance and quantum
oscillation

With the direction of the magnetic field perpendicular to

the electric current direction and parallel to the c axis direc-

tion [see the inset of Fig. 2(a)], the metal-to-insulator transi-

tion becomes more and more pronounced, resulting in the

XMR effect. Figure 2(d) shows the magnetic field depen-

dence of XMR at different fixed temperatures from 2 to

300 K. With increasing magnetic field, XMR shows quasi-

parabolic behaviors with no sign of saturation up to 9 T. For

T¼ 2 K and B¼ 9 T, XMR is �1300%, which is comparable

to the previously reported values of topological semime-

tals.5,13,35 With increasing temperature, MR decreases to 3%

at T¼ 300 K. For T> 100 K, the MR value seems quite simi-

lar to that of traditional metal materials. Interestingly, one

could find a trace of resistivity oscillation in the low-

temperature region, e.g., T¼ 2 K. We employed an Oxford
4He cryostat equipped with a 15 T magnet to further study

the resistivity oscillation as a function of magnetic field up

to 14.5 T at a constant temperature of 1.5, 2, 3, and 5 K,

respectively [Fig. 3(a)]. Again, extremely large, non-

saturating magnetoresistance (e.g., 4.2� 103% at 1.5 K and

14.5 T) with Shubnikov-de Haas (SdH) oscillation appears

when the magnetic field exceeds B¼ 8.8 T. The SdH oscilla-

tion amplitude [Dq¼q �hqi] is obtained by subtracting a

smooth non-oscillatory background hqi from the oscillating q
and plotted against the inverse magnetic field in the inset of

Fig. 3(a). The oscillation amplitude displays complex peri-

odic behaviors and decreases with increasing temperature.

Two frequencies of the SdH oscillation, i.e., Fa¼ 65 T and

Fb¼ 476 T, are obtained by the fast Fourier transform (FFT)

of Dq [Fig. 3(b)]. For SdH oscillation, the frequency F is

proportional to the cross-section area of the Fermi surface

(AF) that is normal to the magnetic field and can be described

by the Onsager relationship,10 F ¼ (u0/2p2)AF, where u0 is

the magnetic flux quantum. The obtained cross sections are

6.8� 10�3 Å�2 and 4.99� 10�2 Å�2 for 65 and 476 T fre-

quencies, respectively, indicating that these two Fermi pock-

ets have different sizes, which is similar to the situation in

the NbAs2 single crystals.30 Note that this small Fermi

pocket for 65 T frequency obtained on this particular mea-

surement configuration was yet not reported by the previ-

ously work.31 Since the c-axis of our single crystal is exactly

determined by x-ray diffraction, it is certain that the external

magnetic field is along this direction. This small Fermi

pocket perpendicular to the c-axis might show 2D behaviors,

which is hard to detect from other crystallographic

directions.

C. Angular dependence of oscillation frequencies

To further understand the Fermi surface geometry, we

performed angle-resolved SdH oscillation measurements.

The MR curves and their FFT spectra for different directions

of magnetic field are shown in Fig. 4(a). The lower inset of

Fig. 4 shows the schematic geometry of the directions of the

magnetic field with respect to that of the electric current. The

parameter h is the angle between the c axis and the direction

of the magnetic field. As the direction of the magnetic field

rotates towards the electric current direction, MR decreases

gradually; meanwhile, the frequency Fa shifts to lower fre-

quency and disappears at h ¼ 30�. The peak amplitude of Fb

decreases until h ¼ 30� and vanishes for h > 30�. It is worth

FIG. 3. (a) Resistivity plotted as a function of the magnetic field at different fixed temperatures for the NbSb2 crystal. Insets: the oscillatory part of resistivity,

Dq, at different fixed temperatures and the schematic geometry of the directions of the magnetic field and the electric current. (b) FFT spectra with two oscilla-

tion frequencies for the SdH oscillations.
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noting that with increasing h angle a new frequency at 250 T

appears at 15�. This new frequency is the only oscillation fre-

quency that is similar to that of h ¼ 30�. Once the angle h
exceeds 45�, no clear oscillatory component can be detected

in the measurements. Therefore, from the angular dependence

of SdH oscillation one can find that there are three frequencies

in the FFT spectra, indicating that the Fermi surface of the

NbSb2 crystal is quite complicate. Moreover, we measured

angular dependence of the magnetoresistance and showed the

results in Fig. 4(b). The dumbbell-shaped curve provides typi-

cal twofold anisotropy expected for a material with a quasi-

two-dimensional electronic structure,40 which further eviden-

ces the aforementioned quasi-two dimensional Fermi surface.

The multi-frequency oscillation and their angle-dependent

behaviors reveal the complicate morphology of the Fermi sur-

face, which needs further measurements by angle-resolved

photoemission spectroscopy.

D. Hall effect

To further understand the electronic transport behaviors

of the NbSb2 crystal in the XMR region, we performed Hall

resistivity (qxy) measurements at T¼ 2, 25, 50, and 75 K

[Fig. 5(a)]. It is evident that at those temperatures the slopes

of qxy versus B curves are negative, manifesting electron-

dominant characteristics. The nonlinear tendency of the qxy

versus B curves suggests multi-band nature of the NbSb2

crystal. It is known that for semimetals multi-conducting

bands could contribute to the anomalous magnetotransport

behaviors. We thus invoke the two-band model which con-

sists of one electron- and one hole-band. The total conductiv-

ity tensor r can be expressed in the complex representation1

r ¼ e
nele

ð1þ ileBÞ þ
nhlh

ð1� ilhBÞ

� �
; (1)

where n and l are the carrier density and carrier mobility,

respectively. The subscripts e and h denote electrons and

holes, respectively. Since q¼ r�1, the conductivity tensor r
in Eq. (1) can be transformed to resistivity tensor q whose

real and imaginary parts qxx and qxy, respectively, can be

written as

qxxðBÞ ¼ ReðqÞ ¼ 1

e

ðnhlh þ neleÞ þ ðnhle þ nelhÞlelhB2

ðnhlh þ neleÞ2 þ ðnh � neÞ2l2
el

2
hB2

;

(2)

qxyðBÞ ¼ ImðqÞ ¼ B

e

ðnhl2
h � nel2

eÞ þ ðnh � neÞl2
el

2
hB2

ðnhlh þ neleÞ2 þ ðnh � neÞ2l2
el

2
hB2

:

(3)

FIG. 4. (a) Resistivity plotted as a function of the magnetic field for seven angles with a gradient of 15�. The upper inset shows the FFT patterns of the oscilla-

tion parts extracted from the MR curves. The lower inset shows the schematic geometry of the directions of magnetic field with respect to that of the electric

current. (b) Angular dependence of MR at T¼ 2 K and B¼ 9 T.

FIG. 5. (a) Hall resistivity plotted as a function of the magnetic field at different fixed temperatures. Inset: Fitting of Hall resistivity data at different tempera-

tures. (b) Volume carrier density and mobility of electron- and hole-carriers as a function of temperature.
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We fitted the qxy data using Eq. (3) [inset of Fig. 5(a)] and

obtained the fitting parameters ne, nh, le, and lh, which are

the carrier density and mobility of electrons and holes,

respectively. The fitting parameters are displayed in Fig.

5(b). The electron and hole mobility le and lh decrease with

increasing temperature from 2 to 75 K, while the electron

and hole carrier densities show a different variation trend

with increasing temperature. Namely, ne increases monotoni-

cally, while nh decreases slightly with increasing tempera-

ture. Two important features could be found for the carrier

density and mobility. (1) the carrier densities of electrons

and holes are almost compensated at 2 K; (2) up to 75 K, the

carrier mobility still retain a relatively high value of

�1.1� 103 cm2 V�1 S�1, which is consistent with the non-

saturated XMR feature of the NbSb2 crystal.

IV. DISCUSSION

Previously, several mechanisms have been proposed to

explain the extremely large and non-saturated MR in non-

magnetic semimetals. One of the mechanisms is related to

the massless Dirac fermions with a linear dispersion band

structure.41,42 However, this effect results in linear variation

of XMR with the magnetic field,42 which is apparently dif-

ferent from the parabolic like XMR behaviors in the NbSb2

crystal. Thus, the band topology should not be the main

mechanism that is responsible for the XMR of the NbSb2

crystal. Another mechanism is involved with the carrier com-

pensation effect which would result in the variation of MR

with magnetic field in the form of the MR � B2 relationship.

According to Eq. (2), qxx(B) would be linearly proportional

to B2 when (ne–nh) approaches zero. Using Hall measure-

ments, we found that the carrier densities of electrons and

holes almost compensate each other in the low-temperature

region, supporting the carrier compensation effect as the

underlying mechanism for the XMR. Moreover, within the

framework of density functional theory our theoretically cal-

culated relativistic electronic band structure and Fermi sur-

face [Figs. S1(a) and S1(b), supplementary material] show

that the NbSb2 is a semimetal with electron and hole pockets

around the L and F1 points in the Brillouin Zone and there is

a small gap with 9 meV along I-L due to the spin-orbital cou-

pling effect. In addition, the high carrier mobility and the

large mean free path of charge carriers would also contribute

to the XMR.43

On the other hand, angle-resolved SdH oscillations sug-

gest a complicate Fermi surface of the NbSb2 crystal in

which three Fermi pockets could be deduced. (1) The 65 T

Fermi pocket is two-dimensional, whose oscillation fre-

quency shifts with the rotation of the direction of magnetic

field; (2) the 476 T Fermi pocket remains more-or-less con-

stant upon the rotation of the direction of the magnetic field,

which implies a three-dimensional character; (3) at h ¼ 15

and 30�, a new Fermi pocket with 255 T frequency occurs,

which also shows a three-dimensional character. It is thus

concluded that the Fermi surface of the NbSb2 crystal shows

a quasi-two-dimensional character with three-dimensional

contribution. More theoretical and experimental efforts are

needed to further probe into the quantum transport properties

of NbSb2 crystals to reveal their topological properties, elec-

tronic structure, and Fermi surface.

V. CONCLUSIONS

To summarize, we have grown high-quality NbSb2 sin-

gle crystals which crystallize in the monoclinic structure

with a C12/m1 space group. Electronic transport measure-

ments show that the NbSb2 crystal exhibits metallic conduc-

tivity down to 2 K and a resistivity plateau below T¼ 10 K,

whose magnitude is strongly enhanced by a magnetic field

with its direction perpendicular to the electric current direc-

tion. Upon sweeping the magnetic field at T¼ 1.5 K, the

NbSb2 crystal shows large positive magnetoresistance

(4.2� 103%) with quantum oscillation in the high-field

region. Hall measurements demonstrate that the densities of

electron and hole almost compensate each other at T¼ 2 K.

This feature, together with the high mobility and large mean

free path of the carriers, can reasonably explain the large

magnetoresistance of the NbSb2 crystal. Multi-frequency and

angle-resolved SdH oscillation combined with fast Fourier

transform analyses reveals a quasi-two-dimensional Fermi

surface with three-dimensional components of the NbSb2

crystals. All these findings, together with the theoretically

calculated electronic band structure and Fermi surface, dem-

onstrate that NbSb2 is one of the good candidates for further

theoretical and experimental investigation of this family of

semimetals.

SUPPLEMENTARY MATERIAL

See the supplementary material for theoretical calcula-

tion of the relativistic electronic band structure and Fermi

surface of the NbSb2 single crystal.
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