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We report the magnetic and magnetotransport properties with electronic band structure calcula-
tion of the Bi square net system PrAgBi2. The magnetization and heat capacity data confirm the
presence of a crystalline electric field (CEF) effect in PrAgBi2. Analysis of the CEF effect using a
multilevel energy scheme reveals that the ground state of PrAgBi2 consists of five singlets and two
doublets. The de Haas-van Alphen (dHvA) quantum oscillations data show a single frequency with
a very small cyclotron effective mass of approximately 0.11 me. A nontrivial Berry phase is also
observed from the quantum oscillations data. The magnetotransport data shows linear and unsat-
urated magnetoresistance, reaching up to 1060% at 2 K and 9 T. Notably, there is a crossover from
a weak-field quadratic dependence to a high-field linear dependence in the field-dependent magne-
toresistance data. The crossover critical field B∗ follows the quadratic temperature dependence,
indicating the existence of Dirac fermions. The band structure calculation shows several Dirac-like
linear band dispersion near the Fermi level and a Dirac point close to the Fermi level, located at the
Brillouin zone boundary. Ab inito calculations allowed us to ascribe the observed dHvA oscillation
frequency to a particular feature of the Fermi surface. Our study suggests layered PrAgBi2 is a
plausible candidate for hosting the CEF effect and Dirac fermion in the Bi square net.

I. INTRODUCTION

Recently, quasi-two-dimensional (2D) pnictides have
been receiving significant attention as they appear to
host relativistic fermions. Such fermions are generated
in these systems when two px,y bands from Bi/Sb inter-
sect and form linear energy dispersion, resulting in Dirac
and Weyl states. Since electron transport in these com-
pounds is driven by relativistic fermions, several quan-
tum phenomena emerge, including linear magnetoresis-
tance (MR), quantum oscillations, quantum Hall effect,
large mobility, superconductivity and anisotropic trans-
port properties [1–10]. Consequently, these quantum ma-
terials show great potential for unique physical properties
and practical applications.

AMnSb2 and AMnBi2 (A = Ca, Sr, Ba, and Eu) are
a well-studied series with quasi-2D structures containing
Bi/Sb square sheets [11–24]. It was found that these com-
pounds crystallize mainly in tetragonal and orthorhom-
bic structures. The different A ions may lead to the
formation of different crystal structures. (Ca/Sr)MnSb2

crystallizes in the Pnma space group [11, 13], whereas
CaMnBi2 takes the P4/nmm space group [5]; it changes
to I4/mmm in the case of (Sr/Ba/Eu)MnBi2 [6, 22, 24].
Several measurements, such as electron transport, angle-
resolved photoemission spectroscopy (ARPES) and first-
principles calculations, confirm the existence of Dirac
fermions in the Bi/Sb square nets [1, 25, 26]. Some com-
pounds show magnetism, breaking the time-reversal sym-
metry and leading to Weyl states. The physical proper-
ties of rare-earth (R) silver bismuthide and antimonide
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RAgBi2 and RAgSb2, which belong to the same fam-
ily, were investigated a few decades ago [27, 28]. Most
compounds in this family exhibit long-range antiferro-
magnetic ordering competing with crystalline electric-
field (CEF) effect at low temperatures. As an ex-
ception, the ground state of PrAgBi2 was assumed to
be non-magnetic, pending further investigations [27].
These compounds have recently gained attention since
they have been categorized as potential hosts for Dirac
fermions. Linear MR has been observed in LaAgBi2 and
LaAgSb2, which is ascribed to the quantum limit of the
possible Dirac fermions [29, 30]. ARPES data suggest
the existence of a Dirac cone in LaAgSb2 along the Γ-
M high-symmetry line [31]. Anisotropic electron trans-
port and high mobility are observed in antiferromagnetic
GdAgSb2 [32] and SmAgSb2 [33]. Quantum oscillations
study indicates a topological phase transition from non-
trivial to trivial states as the system moves away from
the antiferromagnetic states in SmAgSb2 [33].

In this paper, we have grown high-quality single crys-
tals of rare earth silver dibismuthide PrAgBi2 and carried
out a detailed analysis of the magnetic, thermodynamic,
and magnetotransport data in conjunction with the band
structure calculations. The magnetization and heat ca-
pacity data analyses confirm the presence of the CEF
effect in PrAgBi2. The de Haas-van Alphen (dHvA) os-
cillations data reveal a very low cyclotron effective mass
and a nonzero Berry phase, which are consistent with the
Dirac-like band dispersion observed in the band struc-
ture calculation. Additionally, magnetotransport data
exhibits large unsaturated linear MR and a crossover
from quadratic to linear field dependence. The Hall resis-
tivity data suggest the presence of two types of carriers in
PrAgBi2. The paper is organized as follows: The method
of crystal growth, measurements, and band structure cal-
culation is presented in Sec. II. The crystal structure of
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PrAgBi2 is briefly discussed in Sec. III A. Analysis of
the CEF effect and dHvA oscillations is demonstrated in
Sec. III B and Sec. III C, respectively. Sec. III D and
Sec. III E discuss the magnetoresistance and Hall resis-
tivity data, respectively. The band structure of PrAgBi2
is presented in Sec. III F. Finally, we conclude our results
in Sec. IV.

II. METHODS

High quality single crystals of PrAgBi2 and LaAgBi2
were grown via self-flux method, using pieces of high pu-
rity Pr/La (99.9%), Ag (99.99%) and Bi (99.99%) in a
1:1:10 ratio. The alumina crucible containing the ele-
ments was sealed in an evacuated, partially argon back-
filled quartz tube. It was then heated to 1000◦C and held
there for 12 h, followed by slow cooling at the rate of
3◦C/h. The tube was taken out of the furnace at 500◦C
and centrifuged to separate the crystals from the flux.
The crystal structure was determined by x-ray diffrac-
tion (XRD) using a Bruker D2 Phaser diffractometer
with Cu Kα radiation and a LynxEye XE-T detector.
Physical properties were investigated using a Quantum
Design Physical Property Measurement System with a
vibrating sample magnetometer attachment for the mag-
netic measurements. The resistivity measurement em-
ployed a standard four probe technique with an applied
current of 5 mA. Heat capacity was measured using a
two-τ relaxation method. Electronic structure calcula-
tions were performed by means of the plane-wave ba-
sis Density Functional Theory (DFT) using the Quan-
tum Espresso 7.2 package [34–36], employing the Perdew-
Burke-Ernzerhof Generalized Gradient Approximation
(PBE GGA) [37] of the exchange-correlation potential
and the Projector-Augmented Wave (PAW) [38] method
in a fully-relativistic (spin-orbit coupling included) mode.
Suitable PAW sets were taken from the PSLibrary [39].
The 4f orbitals of Pr were treated as core states. The
unit cell and structural parameters were relaxed using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) to method
yielding a = 4.618 Å, c = 10.444 Å, Pr position (0, 0.5,
0.74839), Bi1 position (0, 0.5, 0.18396), with all other
atomic parameters fixed by symmetry. Self-consistent
calculations were completed on a 12×12×5 k -point mesh
with density and plane-wave cutoff energies set to 500
and 50 Ry, respectively. Fermi surface (FS) images were
rendered using the FermiSurfer 2.4.0 program [40] The
SKEAF program [41] was used to calculate the dHVA
oscillation frequencies for each of the FS branches. In
order to obtain a sufficiently dense k -point grid, the FS
file for SKEAF was calculated using an all-electron full
potential linearized augmented plane wave (FP-LAPW)
DFT code ELK 10.0.15, employing the PBE GGA. The
correlation effects in the 4f shell of Pr was treated using
the DFT+U formalism in the fully-localized limit. The
Hubbard U and exchange J parameters were set to 6.5 eV
and 1.1 eV, respectively. The structural relaxation and
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FIG. 1. (a) Single crystal XRD pattern of PrAgBi2. Inset
shows the optical image of single crystals (b) A schematic
diagram of the crystal structure, with Pr atoms marked in
yellow, Ag atoms in gray, and Bi1 and Bi2 in dark and light
blue, respectively. (c) Bi square lattice seen along the c-axis.

self-consistent field calculations were completed using a
10x10x5 k -point grid, while the Fermi surface was evalu-
ated on a 51x51x31 grid in a non-SCF run. The resulting
FS and a summary of dHvA calculations are presented
in the Supplemental Material.

III. RESULTS AND DISCUSSION

A. Crystal structure

The x-ray diffraction pattern obtained for a single crys-
tal is presented in Fig 1(a). The compound crystallizes
in a space group P4/nmm (No. 129), adopting a layered
tetragonal (ZrCuSi2-type) structure commonly reported
for 122 compounds. The observed XRD reflections match
well with the expected (00l) positions, which confirms
that the c-axis is perpendicular to the flat plane of the
crystal. LeBail analysis of the data collected for powder
samples (see Supplemental Material [42]) leads to lat-
tice parameters a = 4.5078(2) Å and c = 10.4632(7)
Å , which falls in between the previously reported val-
ues for the related compounds LaAgBi2 and SmAgBi2
[27], as expected due to the lanthanide contraction ef-
fect. The crystal structure is presented schematically in
Fig 1(b). It is composed of alternating layers of Bi−1

square net and [AgBi]−2 slabs, separated by Pr+3 ions.
Fig 1(c) presents a closer look at the square Bi lattice
viewed along the c-axis.

B. Crystalline electric field

Fig. 2(a) displays the temperature-dependent mag-
netic susceptibility (χ = M/H) data measured at µ0H
= 0.1 T for different crystallographic orientations of the
PrAgBi2 single-crystal. Below 12 K, the χ(T) data ex-
hibits a broad hump along H ∥ c, whereas susceptibility

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


3

2 0 4 0 6 0 8 0 1 0 00

2 0

4 0

6 0

8 0

1 0 0

C P
 (J

 m
ol-1  K-1 )

T  ( K )

 P r A g B i 2
 L a A g B i 2

5 1 0 1 5 2 00
2
4
6
8

1 0

C 4
f (J

 m
ol-1  K-1 )

T  ( K )

S e v e n - l e v e l  C E F

0 3 6 90

0 . 4

0 . 8

1 . 2

1 . 6

2

H ⊥ c

H | | c

M 
(µ B

 f.u
-1 )

� � �  ( T )

P r A g B i 2

T  =  2  K

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 00

5 0

1 0 0

1 5 0

2 0 0

 C E F  f i t

H  ⊥  c

H  | |  c

(χ−
χ 0

)-1  (m
ol 

Oe
 em

u-1 )

T  ( K )

P r A g B i 2

� � �  = 0.1 Τ

0 2 5 5 0 7 5 1 0 0

0 . 0 3

0 . 0 6

0 . 0 9

0 . 1 2

0 . 1 5

H  ⊥  c

H  | |  c

� � �  = 0.1 Τ

χ 
(em

u m
ol-1  O

e-1 )

T  ( K )

P r A g B i 2

0 1 0 0 2 0 0 3 0 00

1 0 0

2 0 0

χ-1  (m
ol 

Oe
 em

u-1 )

T  ( K )

C W  f i t

( a ) ( b )

( c ) ( d )

FIG. 2. (a) Temperature dependence of magnetic susceptibility of PrAgBi2 along different crystallographic orientations
measured at 0.1 T. The inset displays the inverse susceptibility as a function of temperature. The black line is the CW fit
in the temperature range of 25–300 K. (b) Magnetic field-dependent isothermal magnetization measured at 2 K along two
crystallographic orientations. Dotted lines are the calculated magnetization using CEF parameters. (c) The CEF fitting to the
magnetic susceptibility for H ∥ c and H⊥ c in the temperature range 2-300 K. (d) The temperature-dependent heat capacity
of PrAgBi2 and LaAgBi2. The inset shows the f electron contribution to the heat capacity in the temperature range of 2–20
K. The solid orange line is the Schottky contribution to the heat capacity calculated using CEF energy levels.

TABLE I. The estimated χ0, µeff , and ΘP from the modified
Curie-Weiss fit to the inverse magnetic susceptibility data for
different crystallographic directions of PrAgBi2.

H ∥ c H ⊥ c

χ0 (10−4 emu/mol) -7.86(3) -3.83(3)

µeff (µB) 3.7(1) 3.7(1)

ΘP (K) -18.2(1) -3.8(1)

saturates along H ⊥ c at low temperatures. Such tem-
perature dependence of magnetic susceptibility indicates
the existence of the CEF effect rather than a magnetic
phase transition in PrAgBi2 [27, 28]. High-temperature
susceptibility data follows modified Curie-Weiss (CW)

behavior

χ(T ) = χ0 +
C

T − ΘP
. (1)

The inset of Fig. 2(a) illustrates the fitting of the in-
verse magnetic susceptibility to the modified CW equa-
tion in the temperature range of 25–300 K for H ∥ c
and H ⊥ c. The obtained temperature independent sus-
ceptibility (χ0), effective moment (µeff ) and CW tem-
perature (ΘP ) are presented in Table I. The so-obtained
ΘP is comparable to the previous report, and the esti-
mated effective moment is close to the theoretical value
(3.58 µB) for Pr3+ free-ions [27]. The negative value
of ΘP indicates the predominance of antiferromagnetic
interaction in the paramagnetic states. The isothermal
magnetization M(H) measured at 2 K for H ∥ c and
H ⊥ c is shown in Fig. 2(b). Magnetization in PrAgBi2
increases monotonically with increasing applied magnetic
field without saturating even up to 9 T, as observed in
several Pr-based CEF systems like PrAgSb2, PrNi2Cd20,
and PrPd2Cd20 [28, 43].
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TABLE II. The estimated CEF parameters such as energy levels and the corresponding wave functions of PrAgBi2

CEF parameters

B0
2 (K) B0

4 (K) B4
4 (K) B0

6 (K) B4
6 (K) λi (mol/emu)

0.91 0.0045 0.14 0 0.0054 λz = 2.7; λx,y = -1.7

Energy levels and wave functions

E (K) |+4⟩ |+3⟩ |+2⟩ |+1⟩ |0⟩ |−1⟩ |−2⟩ |−3⟩ |−4⟩

95.8 0.601 0 0 0 0.527 0 0 0 0.601

69.2 -1/
√

2 0 0 0 0 0 0 0 1/
√

2

54.6 0 0.577 0 0.409 0 0.409 0 0.577 0

54.6 0 -0.577 0 0.409 0 -0.409 0 0.577 0

41.3 0 0 -1/
√

2 0 0 0 -1/
√

2 0 0

18.1 0 0 -1/
√

2 0 0 0 1/
√

2 0 0

12.9 0 0.409 0 0.577 0 -0.577 0 -0.409 0

12.9 0 0.409 0 -0.577 0 -0.577 0 0.409 0

0.0 0.373 0 0 0 -0.849 0 0 0 0.373

To address the anomaly in the low-temperature mag-
netic susceptibility data, we have analyzed the χ(T ) data
using a multilevel CEF scheme. PrAgBi2 crystallizes in a
tetragonal structure with point symmetry D4h, thus for
Pr3+ (J = 4) total multiplet (2J+1) = 9, splits into two
doublets and five singlets [44, 45]. For such a system, the
CEF Hamiltonian is defined as

HCEF = B0
2O

0
2 + B0

4O
0
4 + B4

4O
4
4 + B0

6O
0
6 + B4

6O
4
6 (2)

where Bm
l and Om

l are the CEF parameters and the
Stevens operators, respectively [46, 47]. As per the CEF
scheme, the temperature-dependent magnetic suscepti-
bility is expressed as follows:

χi
CEF =

NA(gJµB)2

Z

[∑
n

β|⟨n|Ji|n⟩|2e−βEn

+
∑
n̸=m

|⟨m|Ji|n⟩|2
e−βEn − e−βEm

Em − En

]
.

(3)

Here NA and gJ are the Avogadro constant and Landé
factor, respectively. Z =

∑
n e

−βEn , where β = 1/kBT
and |n⟩ is the nth eigenfunction with eigenvalue En. Ji
(i = x, y, and z) is the component of angular momentum
[48]. The first term of the Eq. 3 represents the Curie con-
tribution to the susceptibility, and the second is the Van
Vleck susceptibility. The overall magnetic susceptibility,

including molecular field (λi) contribution, is calculated
as

(χi − χ0)−1 = (χi
CEF )−1 − λi. (4)

The calculated temperature-dependent inverse magnetic
susceptibilities data for different crystallographic direc-
tions are in good agreement with the experimentally ob-
served data, as shown in Fig. 2(c). The estimated CEF
parameters and corresponding energy levels and wave
functions from the calculation are presented in Table II.
To ensure the consistency of the analysis, a CEF pa-
rameter B0

2 is directly calculated from the Curie-Weiss
temperatures for different crystal orientations using the
formula [49]

Θab
P − Θc

P =
3

10
B0

2(2J − 1)(2J + 3), (5)

which yields B0
2 = 0.62, close to the value estimated from

the CEF model fit.
Additionally, we use the following Hamiltonian to esti-

mate the isothermal magnetization data using the CEF
model

H = HCEF − gjµBJi(H + λiMi), (6)

where HCEF is the CEF Hamiltonian mentioned in Eq.
2. The second and third terms of the above expression
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represent the Zeeman and molecular field contributions
to the total Hamiltonian, respectively. The magnetiza-
tion (Mi) along different crystallographic directions can
be calculated using the expression

Mi =
gJµB

Z

∑
n

|⟨n|Ji|n⟩|e−βEn . (7)

The eigenvalue and associated eigenfunction of the above
expression are derived by diagonalizing the entire Hamil-
tonian described in Eq. 6. The calculated magnetization
at 2 K using CEF parameters for H ∥ c and H ⊥ c is
approximately replicates the experimental data as dis-
played in Fig. 2(b). However, this computation precisely
recognizes the anisotropy of magnetization.

Fig. 2(d) shows the temperature-dependent heat ca-
pacity CP (T ) for PrAgBi2 and the nonmagnetic reference
LaAgBi2. The heat capacity data exhibits a rather broad
anomaly around 7 K, which may be associated with the
Schottky-type anomaly resulting from the splitting of en-
ergy levels due to CEF effect, as seen in the similar com-
pound PrAgSb2 [28]. The Schottky contribution to the
heat capacity for the multilevel system can be expressed
as:

CSch(T ) =

(
R

T 2

)[∑
i

gie
−∆i/T

∑
i

gi∆i
2e−∆i/T

−

(∑
i

gi∆ie
−∆i/T

)2 ](∑
i

gie
−∆i/T

)−2

,

(8)

where R is the molar gas constant and gi is the degen-
eracy of the ith state with ∆i energy gap splitting [50].
The estimated Schottky heat capacity using the same
CEF energy levels as given in Table II fairly reproduces
the 4f contribution to the specific heat (C4f ), calculated
using the formula C4f = CP (PrAgBi2) - CP (LaAgBi2),
as displayed in the inset of Fig. 2(d). This finding further
validates the estimated CEF energy levels in PrAgBi2.

C. Quantum oscillations

The dHvA quantum oscillations are observed in
the field-dependent isothermal magnetization (M) data
along H ∥ c in the high field region and temperature up
to 14 K, as depicted in Fig. 3(a). The oscillatory com-
ponent of the magnetization ∆M is extracted by sub-
tracting a polynomial background resulting in prominent
oscillations, as shown in Fig. 3(b). The oscillation am-
plitude of the magnetization can be expressed using the
Lifshitz-Kosevich (LK) formula [51]

∆M ∝ −B1/2RTRDsin

[
2π

(
F

B
− γ − δ)

)]
(9)

where RT is the thermal damping factor, which is de-

fined as RT =
αTµ/B

sinh(αTµ/B)
, α = 14.69 T/K and

µ = m∗/me. m∗ is the effective cyclotron mass. The
term RD = exp(αTDµ/B) stands for the Dingle damping
factor with Dingle temperature TD, which is connected
to the quantum scattering lifetime (τq) through the ex-
pression τq = ℏ/(2πkBTD). The phase factor γ is directly
related to the Berry phase (ΦB) through the expression
γ = 1/2−ΦB/2π. The factor δ represents the additional
phase shift, which is 0 for 2D systems and ±1/8 for 3D
systems [52]. Fig. 3(b) shows the fast Fourier trans-
form (FFT) spectra of dHvA oscillations data at various
temperatures, indicating a fundamental frequency of F
= 77 T. The effective cyclotron mass is calculated by fit-
ting the temperature-dependent FFT amplitudes to RT ,
which yields m∗ ≃0.11 me as shown in Fig. 3(d). The
obtained effective mass is comparable to several isostruc-
tural compounds such as LaAgBi2 [29], GdAgSb2 [32],
SmAgSb2 [33], and AMnBi2 [5, 6]. The orthogonal cross-
sectional area (A) corresponding to the frequency F can
be calculated using the Onsager equation F = (ℏ/2πe)A,
resulting in A = 0.73 nm−2. Assuming circular Fermi-
surface cross-section Fermi wave vector (kF ) and veloc-
ity (vF ) are estimated to be 0.48 nm−1 and 0.51×106

ms−2, respectively, using the expression kF =
√

2eF/ℏ
and vF = ℏkF /m∗. Further Dingle temperature is cal-
culated from the field-dependent oscillatory part of the
LK equation as presented in the inset of Fig. 3(d). The
obtained TD = 3 K and corresponding quantum scatter-
ing lifetime τQ = 4.05×10−13 s and quantum mobility
µQ = eτQ/m

∗ = 6534 cm2V−1s−1. All the estimated
parameters are summarized in Table III.

To get an estimation of the Berry phase, dHvA os-
cillations data is fitted to the LK equation as shown in
Fig. 3(e). To reduce the dependency of too many fitting
parameters, we use the effective mass and Dingle tem-
perature that we obtained from previous analysis. The
estimated value of the Berry phase is 0.84π. Further, the
Berry phase is also estimated from the Landau level (LL)
fan diagram to get a more reliable value. The LL index is
assigned as n+1/4 and n-1/4 against the peaks and val-
leys, respectively, for the ∆M data at 2 K, as shown in
Fig. 3(f). The slope of the linear fit of the LL indices in-
dicates the oscillation frequency equal to 75.9 T, which is
very close to that obtained from the FFT, validating the
constructed LL fan diagram. The intercept n0 = 0.40,
and the corresponding Berry phase can be calculated us-
ing the expression ΦB = 2π(n0 + δ) [53–55]. For δ = 0,
ΦB = 0.8π, which is comparable to that estimated for the
LK fit. The obtained values of ΦB taking δ = ±1/8 are
1.05π and 0.55π, respectively. The nonzero Berry phase,
which serves as an indicator of the topological nature of
a system, implies the possible existence of Dirac fermions
in PrAgBi2 [5, 6, 33].
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FIG. 3. (a) Field-dependent magnetization for various temperatures along H||c. (b) The oscillatory component of the magneti-
zation data as a function of 1/µ0H. (c) The fast Fourier transform spectra of dHvA oscillations data for various temperatures.
(d) Temperature dependence of FFT amplitude. The solid red line is a fit to the temperature-dependent term RT of the LK
equation. The inset shows the Dingle plot. (e) Fitting of dHvA data with the LK equation at 2 K. (f) LL fan diagram: The
peaks (n+1/4) and valleys (n-1/4) are assigned blue and green dots, respectively.

TABLE III. Parameters obtained from the dHvA quantum oscillations.

F (T) A(nm−2) kf (nm−1) vf (106ms−1) m∗/me TD(K) τQ (10−13s) µQ (cm2V−1s−1) ΦB (δ =0)

77 0.73 0.48 0.51 0.11 3 4.05 6534 0.8π

D. Linear magnetoresistance

The electrical resistivity ρ(T ) of single-crystalline
PrAgBi2 as a function of temperature for current flowing
in the ab-plane is shown in Fig. 4(a). The electrical resis-
tivity decreases monotonically with decreasing tempera-
ture, showing metallic behavior. No pronounced anomaly
is seen; however, around 10 K, a hump-like feature is ob-
served in the ρ(T ) data, consistent with the previous
report [27]. The broad peak in ρ(T ) could be associ-
ated with CEF effect seen in the temperature-dependent
magnetic susceptibility and heat capacity data. At 2 K,
a significant decrease in the resistivity is observed, result-
ing in a large residual resistivity ratio (RRR). The elec-
trical transport measurements were carried out on four
single crystals obtained from different crystal growths.
The RRR value ranges from 50 to 67, indicating that the
as-grown crystals are of excellent quality and the results
are reproducible. The inset of Fig. 4(a) shows the ρ(T )

in the temperature range of 2–20 K under a few constant
applied magnetic fields along the c-axis. The resistivity
is enhanced significantly without changing its feature as
the applied field increase, indicating large magnetoresis-
tance in PrAgBi2.

The field-dependent magnetoresistance measurements
were conducted on four different crystals in the temper-
ature range 2-20 K for H ∥c direction and current in the
ab-plane, as illustrated in Figs. 4(b)-4(e). Large, non-
saturating linear MR is observed in all crystals. MR
reaches 1060% at 2 K and 9 T in sample S1, whereas
other samples display a relatively low MR. The crys-
tal quality strongly influences the value of MR as ob-
served in the case of LaAgBi2 [56]. In addition, a
slight misalignment of the sample plane with the ap-
plied magnetic field may also lead to variation in the
MR, as the Fermi surface of these series of compounds is
highly anisotropic [29]. Nevertheless, all crystals display
a similar field and temperature dependence. The MR
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FIG. 4. (a) Electrical resistivity as a function of temperature in the absence of an external magnetic field. Inset shows
the resistivity in the temperature range 2-20 K for the applied magnetic field µ0H = 0, 4, 6, 9 T. (b)-(d) Field-dependent
magnetoresistance measured up to 9 T on different single crystals at T = 2, 4, 6, 8, 12, and 20 K. (f) First-order derivative of
magnetoresistance with respect to the applied field at 2 K and 20 K. (g) The estimated critical field as a function of temperature.
The red line is the fitting of the data with the expression of B∗(T ) as described in the text.

shows a strong temperature dependence; as the temper-
ature increases, the MR drops significantly. Besides the
linear MR in the high field, PrAgBi2 exhibits a semi-
classical quadratic field dependency in the weak field
regime. The quadratic nature becomes more pronounced
at higher temperatures. The field-dependent MR at
low temperatures in PrAgBi2 manifests a significant de-
viation from semiclassical transport and a violation of
Kohler’s scaling (see SM [42]), implying the involvement
of relativistic fermions, multiband, or quantum effects
in magnetotransport [29, 30, 57–59]. Recently, linear
and unsaturated MR has been observed in several quasi-
2D system featuring a Dirac band dispersion, including
BaFe2As2 [60], Bi/Sb square net LaAgBi2 [29], LaAgSb2

[30], and CaMnBi2 [5, 61]. Such unusual MR in these
compounds has been interpreted using Abrikosov’s the-
orem of quantum limit, in which all the carriers (elec-
trons or holes) in the Dirac states are confined to the
zeroth Landau level. In such scenario, the Fermi energy
EF and thermal fluctuations kBT must be less than the
energy level splitting between the zeroth and first LLs,
denoted by ∆LL = ±vF

√
2ℏeB. Dirac fermions have a

high Fermi velocity; thus, the splitting energy for rela-
tivistic fermions is much higher than that of conventional
fermions in the parabolic bands, where LL splitting en-
ergy ∆ = ℏeB/m∗. As a result, a quantum limit can be
realized in moderately applied magnetic fields in topolog-
ical materials [60, 62–64]. It can be anticipated that the
Dirac-like dispersive band in PrAgBi2 may lead to large,
linear, and nonsaturating MR as observed in isostruc-
tural systems like LaAgBi2 [29] and CaMnBi2 [5]. More-
over, a crossover from the quadratic to linear dependence
in MR is pointed out as the critical field B∗ in the dMR

dH
vs. µ0H data as shown in Fig. 4(f). In the low-field
region, the first derivative of MR follows linear depen-
dence, reflecting semi-classical MR behavior, Whereas in
the higher field it has a much-reduced slope, implying a
dominating linear response with a small quadratic factor
in the field-dependent MR. The temperature dependence
of the critical field, as presented in Fig. 4(g), is well de-

scribed by the expression B∗(T ) =
1

2eℏv2F
(EF + kBT )2

[5, 29, 60], where Fermi energy EF = 2.9 meV and Fermi
velocity vF = 0.64 × 106 ms−1. This further indicates
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FIG. 5. (a) Hall resistivity as a function of magnetic field
of PrAgBi2 measured in the temperature range 2-60 K. The
inset shows the Hall resistivity at 2K, fitted with the two-
band model (Eq. 10). The temperature dependence of carrier
concentrations (ne & nh) and mobilities (µe & µh) is shown
in (b) and (c), respectively.

the influence of Dirac fermions on the magnetotransport
properties of PrAgBi2, consistent with our band struc-
ture calculation discussed below.

E. Hall resistivity

The field dependence of Hall resistivity ρxy measured
in the 2-60 K temperature range is presented in Fig.
5(a). Hall resistivity exhibits a negative slope and non-
linear behavior at low temperatures; as the temperature
increases, ρxy becomes linear. These observations sug-
gest that the transport in PrAgBi2 involves two types of
carriers, with electrons being the predominant type. The
semi-classical two-band model was used to estimate the
concentrations and mobilities of the carriers, where Hall
resistivity is defined as,

ρxy =
µ0H

e

(nhµ
2
h − neµ

2
e) + (nh − ne)µ

2
eµ

2
h(µ0H)2

(nhµh + neµe)2 + (nh − ne)2µ2
eµ

2
h(µ0H)2

,

(10)

where, ne and nh (µe and µh) are the carrier concentra-
tion (mobility) of the electrons and holes, respectively.
Figures. 5(c) and 5(d), depict the temperature varia-
tion of carrier concentrations and mobilities estimated
by fitting Eq. 10 to the Hall resistivity data. At low
temperatures, the estimated electron (hole) concentra-
tion ∼ 1020 cm−3 (∼ 1019 cm−3) and the mobility ∼ 103

cm2V−1s−1 are comparable to several topological mate-
rials [30, 33, 65]. The electron concentration increases
to ∼ 1021 cm−3 as the temperature increases, whereas
hole concentration decreases to ∼ 1018 cm−3. A signif-
icant drop in mobility is observed in both cases as the
temperature increases.

F. Electronic band structure

Fig. 6 presents the results of electronic structure calcu-
lations of PrAgBi2. As expected, the band structure (Fig.
6(a)) is remarkably similar to the isoelectronic LaAgBi2
[56] and LaAuBi2 [66, 67]. The density of states at the
Fermi level, DOS(EF ), is mostly contributed by Bi 6p
states as shown in Fig. 6(b). This suggests that the elec-
tronic properties of PrAgBi2 derive from the square Bi−1

network, in agreement with chemical bonding consider-
ations [1, 25, 26]. The calculated Fermi surface (FS),
shown in Fig. 6(d,e), consists of three branches (marked
with green, yellow, and red). Two of the FS branches
(marked in red and yellow) touch at a high symmetry
line W spanning from the X point at the zone bound-
ary to the R point at the zone edge, forming a Dirac
point (DP) at k ≈ (0.0, 0.5, 0.279) in crystal coordinates
(see Fig. 6(f-h)), protected by the non-symmorphic n
glide symmetry operation. Band dispersions around the
DP in the vicinity of EF are plotted in Fig. 6(f). The
calculated Fermi velocity in the vicinity of the DP are
slightly above 0.5×106 ms−1 (Fig. 6(g)), in a reasonable
agreement with the value estimated from the magnetore-
sistance analysis.

The calculation of the dHvA oscillation frequencies
(see the SM[42]) indicates that the observed oscillation
with frequency F = 77 T can be attributed to a set of
orbits contained in the branch of the FS shown in green
in Fig. 6 (d,e). This band has a nontrivial character,
forming a Dirac point located at 0.41 eV below the EF

at the R point of the BZ [see Figs. 6(i-k)]. Such ob-
servation is consistent with the value of the Berry phase
estimated from the dHvA oscillation data, which suggests
the existence of Dirac fermions in PrAgBi2.

The two bands marked in yellow and red in Fig. 6(a,f,i)
have a linear dispersion around the EF and their crossing
lies very close to the Fermi level. In case of the remaining
band, the Dirac point is located below the Fermi level
and the dispersion relation is nonlinear around EF . Thus
the results of electronic structure calculations allow us to
assume that linear MR and observed dHvA oscillations
result from two separate parts of the Fermi surface - the
former is associated with the Dirac bands crossing at the
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FIG. 6. Band structure (a) and density of states (b) of PrAgBi2. Three bands crossing the Fermi level are highlighted in
green, yellow and red. (c) High symmetry points of the first Brillouin zone (BZ). Panels (d) and (e) present two projections of
the calculated Fermi surface of PrAgBi2. Dirac points lying close to the Fermi level are labeled in pink, high-symmetry points
- in black and white. Panel (f) shows the band dispersion around the Dirac point positioned at k = (0.0, 0.5, 0.279) in crystal
coordinates, which lies at the Fermi level. Panels (g) and (h) show two sections of the FS colored according to the modulus of
the Fermi velocity. In panel (g) the section cuts through the Dirac point (one of the four DPs at the plane is highlighted in
pink). Panel (i) shows the band dispersion along the A′-R-A line. A symmetry protected crossing (DP2, purple) is found at
the R point, 0.41 eV below the Fermi level. The band shown in green forms one of the branches of the Fermi surface, which is
responsible for the observed dHvA oscillations (see SM [42]). Panels (j) and (k) show the Fermi surface for the Fermi energy
shifted downwards by 0.41 eV, at which energy the second Dirac point (DP2) is found.

Fermi level at k = (0.0, 0.5, 0.279), while the latter stems
from tubular features of one of the FS branches (see the
SM [42] Fig. S4), which forms a Dirac point at the R
point of the BZ, positioned 0.41 eV below the Fermi level.

IV. CONCLUSION

In conclusion, we have carried out a systematic analysis
of magnetic and magnetotransport properties, together
with the band structure calculation of high-quality single
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crystals of PrAgBi2. The analysis of magnetization and
heat capacity data confirms the crystalline electric field
effect in the absence of any magnetic phase transition in
PrAgBi2. The ground-state energy level is determined
to be divided into two doublets and five singlets. The
de Haas-van Alphen quantum oscillations data shows a
nonzero Berry phase and a very small cyclotron effec-
tive mass, indicating nontrivial topological state. A lin-
ear and unsaturated magnetoresistance in PrAgBi2 is ob-
served in the magnetotransport measurements. Interest-
ingly, the field-dependent magnetoresistance data show
a crossover from a weak-field quadratic dependency to a
high-field linear dependence. The crossover critical field
B∗ exhibits a quadratic temperature dependence, imply-
ing the splitting of linear energy dispersion in PrAgBi2.
The band structure calculation reveals bands with linear

dispersion and a Dirac point located at the BZ bound-
ary, which is likely responsible for the observed linear
MR, while the dHvA oscillation was ascribed to partic-
ular nontrivial band that forms a protected crossing ca.
0.41 eV below the Fermi level. Therefore, our investi-
gation indicates the existence of Dirac fermions in the
quasi-two-dimensional CEF system PrAgBi2.
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