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Complex magnetic and transport properties in Pr3MgBi5: A material with distorted kagome lattice
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Single crystals of Pr3MgBi5 were successfully grown and their structural and physical properties were
investigated systematically. Pr3MgBi5 crystallizes in a hexagonal structure with the space group of P63/mcm
(No. 193), in which the Pr3+ ions form a distorted kagome lattice in the ab plane. Magnetic measurements and
specific heat analysis reveal distinct anomalies at around 10.5 K, indicating an antiferromagnetic phase transition.
Meanwhile, an obvious magnetic anisotropy and complex magnetic behavior are observed in this compound.
The transport properties of Pr3MgBi5 are strongly coupled to its magnetism. Specifically, for H//ab, a large and
positive quasilinear magnetoresistance is observed at T = 2 K, accompanied by anomalies at the metamagnetic
transition in the magnetization-field curve. Additionally, a pronounced anomalous Hall effect is observed at low
temperatures. Our study not only expands the RE3MBi5 (RE = rare earth) family but also provides an excellent
opportunity to explore unconventional spin structures arising from the interplay between geometrical frustration
and long-range Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions.
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I. INTRODUCTION

The investigation of properties in geometrically frustrated
magnets has been a hot topic for physicists. Geometri-
cal frustration hinders the minimization of magnetic energy
and suppresses conventional magnetic order, leading to the
emergence of intriguing ground states such as quantum
spin liquids and spin ice [1–5]. Most studies on this phe-
nomenon have focused on insulator compounds, where the
nearest-neighbor interactions dominate [6–10]. However, in
intermetallic compounds, particularly rare-earth compounds,
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions
play a crucial role by extending the magnetic exchange
beyond the nearest neighbors. This results in numerous de-
generate exchange interactions and allows for the fine tuning
of magnetic order [11–15]. The introduction of long-range
spin interactions in a geometrically frustrated spin lattice,
such as a triangular lattice or kagome lattice, can lead to the
observation of novel quantum ground states. Moreover, the
presence of conduction electrons provides an opportunity to
study the novel transport properties associated with these ex-
otic magnetic properties. For example, CePdAl and YbAgGe,
featuring a distorted kagome sublattice comprising trivalent
rare-earth ions, exhibit intricate phase diagrams with novel
quantum criticality [16–21]. Furthermore, the observation of
the kagome spin ice state in HoAgGe [22] and the emer-
gence of the skyrmion state in the frustrated centrosymmetric
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triangular-lattice magnet Gd2PdSi3 [23] highlight the impor-
tance of exploring new frustrated intermetallic compounds.

The RE3MPn5 material (RE = rare earth; M = transition
metals or Mg; Pn = Bi, Sb) presents a promising system for
investigating magnetic frustration in intermetallics. In these
materials, the rare-earth ions form a distorted kagome lattice
in the ab plane, similar to the rare-earth ions in the REAgGe
family. However, there is a distinct variation in the stacking
pattern along the c direction between these two families. Pre-
vious studies of the RE3MPn5 family have primarily focused
on the compounds in which M is transition metal elements
[24–29]. Moreover, there is a controversy surrounding the
valence states of transition elements in this family [27,30],
and some magnetic transition elements may interfere with
the study of the magnetic properties of the rare-earth ions
[29]. Therefore, the alkaline earth compounds RE3MgPn5

could provide a better platform for studying frustrated in-
termetallics. Until now, only the nonmagnetic compound
La3MgBi5 has been reported [31], and the lack of suitably
sized single crystals has hindered the study of its physical
properties.

In this work, we successfully grow single crystals of
Pr3MgBi5, an interesting member of the RE3MBi5 family.
Pr3MgBi5 exhibits significant magnetic anisotropy and un-
dergoes antiferromagnetic ordering below 10.5 K, displaying
complex magnetic behavior at low temperatures. The elec-
tronic properties of Pr3MgBi5 are strongly coupled to its
magnetism. Additionally, a large positive quasilinear magne-
toresistance and anomalous Hall effect has also been observed
in this compound.
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FIG. 1. (a) X-ray diffraction of a flat surface of Pr3MgBi5 single crystals. The inset shows a photograph of Pr3MgBi5 single crystals (b)
The schematic crystalline structure of Pr3MgBi5. (c) Face-sharing MgBi6 octahedra, 1D Bi chains, and Pr sublattice in the structure. (d), (e)
Two adjacent distorted kagome layers form by Pr atoms.

II. EXPERIMENTAL DETAILS

Single crystals of Pr3MgBi5 were grown by the flux
method, following a procedure similar to that employed for
growing the nonmagnetic analog, La3MgBi5. The raw mate-
rials Pr (ingot, 99.9%, Purui Advanced Material Technology
Co. Ltd., Beijing, China), Mg (slug, 99.95%, Alfa Aesar), and
Bi (pills, 99.999%, Alfa Aesar) were mixed with a mole ratio
of 1:6:9 and placed into an alumina crucible. The crucible was
then sealed in a quartz tube under high-vacuum conditions.
The tube was heated to 1173 K over 10 h and maintained
for 24 h. It was then slowly cooled to 993 K at a rate of
2 K/h, followed by centrifuging to separate the crystals from
the excess Mg-Bi flux. Rodlike crystals, as shown in the inset
of Fig. 1(a), were obtained on the bottom of the crucible.

Single-crystal x-ray diffraction (XRD) was conducted on a
Bruker D8 Venture diffractometer at 273 (2) K using Mo Kα

radiation (λ = 0.71073 Å). Crystal structure was refined by
the full-matrix least-squares method on F 2 using the SHELXL-
2018/3 program. The diffraction peaks of the (h00) surface for
Pr3MgBi5 single crystal was obtained via a Bruker D2 phaser
XRD detector by using Cu Kα1 radiation (λ = 1.54184 Å).
The temperature dependence of magnetic susceptibility χ (T)
was measured in a Magnetic Properties Measurement Sys-
tem (MPMS, Quantum Design) with varied applied fields in
the zero-field-cooling (ZFC) and field-cooling (FC) modes.
The ac magnetic susceptibility was measured at several fre-
quencies in the MPMS with an excitation field H = 2 Oe.
Isothermal magnetization M-H was measured on MPMS
(7 T) and a Physical Properties Measurement System (PPMS,
Quantum Design, 16 T) with a vibrating sample magnetome-

ter (VSM) option. Due to the minimal in-plane anisotropy
in magnetization (as shown in Fig. S1 in the Supplemental
Material [32]), we no longer specify the exact magnetic-field
direction within the ab plane. The electrical transport mea-
surements were performed on the PPMS (9 T) using the
standard four-probe technique. The heat capacity (CP) was
measured in the PPMS using its specific heat option with a
thermal relaxation method.

III. RESULTS AND DISCUSSION

The single-crystal XRD data reveal that Pr3MgBi5 ex-
hibits an anti-Hf5Sn3Cu hexagonal structure with space group
P63/mcm (No. 193) which is also adapted by RE3MBi5 family
compounds, such as La3MgBi5. The refined lattice parameters
for Pr3MgBi5 were determined to be a = b = 9.6509 (2) Å,
c = 6.4852(3) Å. These values are smaller compared to the
lattice of La3MgBi5 [a = b = 9.7792(2) Å, c = 6.5472(2) Å]
due to the smaller ionic radius of Pr3+. The detailed crystallo-
graphic data and refined atomic positions are summarized in
Tables I and II.

The XRD pattern on a flat surface of the Pr3MgBi5

single crystal is displayed in Fig. 1(a), where only h00
peaks and a low-density peak marked with an asterisk cor-
responding to the impurity of the Bi flux were detected. The
longer dimension of the rodlike samples is along the c axis.
Figures 1(b)–1(e) present schematic drawings of the crystal
structure for Pr3MgBi5. The crystal structure can be described
as one-dimensional (1D) chains of Bi and face-sharing MgBi6

octahedra extending along the c directions, and the Pr atoms
form a distorted hexagonal substructure. Figure 1(d) depicts
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TABLE I. Crystallographic and structure refinement data for
Pr3MgBi5.

Empirical formula Pr3MgBi5

Formula weight (g mol−1) 1491.95
Temperature 273(2) K
Wavelength Mo Kα (0.71073 Å)
Crystal system Hexagonal
Space group P63/mcm (193)
Unit-cell dimensions (Å) a = b = 9.6509(2), c = 6.4852(3)
Cell volume (Å3) 523.11(3)
Z 2
Density, calculated (g cm–3) 9.472
hkl range −15 � h � 14, −15 � k � 14,

−10 � l � 10
2θmin (deg), 2θmax (deg) 2.44, 34.01
Linear absorption coeff. (mm–1) 97.444
Absorption correction Multiscan
No. of reflections 16100
No. of independent reflections 420
No. observed reflections 399 [I > 2σ (I )]
F (000) 1208
R indices 1.82% (R1[Fo > 4σ (Fo)]), 3.72%

(wR2)
Weighting scheme w = 1/[s2(F 2

o ) +
(0.0197P)2 + 3.3188P], where

P = (F 2
o + 2F 2

c )/3
Refinement software SHELXL-2018/3

the arrangement of Pr atoms, with centered Mg atoms, as
observed along the c axis. In the ab plane, Pr atoms occupy
one crystallographic position and constitute triangular nets.
Furthermore, the Pr triangles form a distorted kagome lattice
parallel to the ab plane, as shown in Fig. 1(e). These distorted
kagome lattices are stacked and symmetrically related by a
crystallographic 63 screw axis that passes through the Mg
atoms along the c direction. This implies that the adjacent
kagome layer is rotated by 180° around the c axis. The nearest
distance between Pr atoms in kagome plane is 5.2 Å, which
is larger than the distance (3.952 and 4.891 Å) between Pr
atoms in adjacent layers. In this structure, if we consider
the long-range RKKY interaction between Pr3+ spins on a
frustrated lattice, we can expect a complex magnetic ground
state in Pr3MgBi5.

Figure 2(a) presents the temperature-dependent magnetic
susceptibility χ (T) measured in the excitation field of 1 kOe
for H//ab (χab) and H//c (χc). We observed a large anisotropy
for the low-temperature susceptibility with the ratio of
χab/χc ∼ 8, revealing a pronounced easy-plane anisotropy of

TABLE II. Atomic coordinates and equivalent isotropic thermal
parameters of Pr3MgBi5 resulting from single-crystal XRD analysis.

Site WP x y z Ueq OP

Bi 01 6g –0.26818 0.00000 0.25000 0.004 1
Bi 02 4b 0.33333 0.66667 0.50000 0.004 1
Pr 03 6g 0.00000 0.38172 0.25000 0.004 1
Mg 04 2b 0.00000 0.00000 0.50000 0.002 1

the Pr moments. Figures 2(c)–2(e) show the temperature-
dependent χab and χc at various applied magnetic fields below
30 K. For H//ab, χab(T) exhibits a sharp maximum at 10.5 K,
indicating an antiferromagnetic transition of TN = 10.5 K.
The peak corresponding to TN shifts to lower temperatures
with increasing external field, indicating the antiferromagnetic
nature of the magnetic order. Below TN , there is a significant
hysteresis observed between the ZFC and FC curves when
100-Oe magnetic field is applied, suggesting the existence of a
small ferromagnetic component. As the applied field increases
from 100 Oe to 10 kOe, this irreversibility gets weaker and
eventually vanishes. Typically, the irreversibility of magnetic
susceptibility is considered a characteristic of spin glass [33].
However, the ac magnetic susceptibility results (as shown
in Fig. S2 in the Supplemental Material [32]) rule out this
possibility. For H//c, the susceptibility shows a small cusp
at TN followed by a slight increase and then a sudden drop
at lower temperatures, as shown in Fig. 2(e). Additionally,
the χc(T) curve exhibits a broad peak around 60 K, whereas
no such anomaly is observed for H//ab. This behavior is
possibly attributed to the influence of the crystalline electric
field (CEF) effect, which has been reported in CeAgAs2 and
YbV6Sn6 [34,35].

Figure 2(b) presents the temperature dependence of the
inverse susceptibility (χ−1) in the 1-kOe field for H//ab and
H//c. For both field orientations, the data above 150 K can
be well fitted by the Curie-Weiss formula χ = C/(T –Tθ ),
where C is the Curie constant and Tθ is the Weiss temperature.
The effective moments obtained from the fitted value of the
Curie constant are 3.77 μB for H//ab and 3.84 μB for H//c,
which are close to the Pr3+ free ion moment of 3.58 μB. The
fitted values of Tθ for H//ab and H//c are 4.85 and −99.9 K,
respectively. The positive sign of Tθ for H//ab indicates fer-
romagneticlike magnetic correlations. However, the relatively
large magnitude of negative Tθ observed for H//c may be
attributed to the effects of CEF [24,36].

The magnetic susceptibility data reveal that Pr3MgBi5

holds a noncollinear antiferromagnetic structure in its ab
plane. People have studied the magnetic structure of the
isostructural compounds of Nd3TiSb5 and Ce3TiSb5 and
found similar magnetic behavior in Nd3TiSb5 [25]. In
Nd3TiSb5, the Nd3+ moments form a noncollinear antifer-
romagnetic structure with the spins rotated by 120° to each
other in the Nd triangles, while the nearest Nd3+ moments
along the c axis are parallel, leading to three zigzag ladders
of ferromagnetically coupled Nd sites. Besides, Ce3TiSb5

shows sine-wave-like modulated rows of Ce moments along
the c direction and exhibits complex antiferromagnetic be-
havior in the ab plane, but the nearest neighbors of the Ce
moments are also ferromagnetically coupled. For Pr3MgBi5,
a planar, noncollinear antiferromagnetism with a distorted
kagome magnetic sublattice may be responsible for its antifer-
romagnetic transition at 10.5 K, while the small ferromagnetic
component may come from the ferromagnetic coupling be-
tween the nearest Pr3+ moments. In addition, the low-T
magnetic susceptibility for H//ab extrapolates to a finite value
at T = 0 K, which hints that the magnetic structure is a
noncollinear antiferromagnetic type. When H//c, the TN cor-
respondence to the cusp is almost constant as a function of
the applied field. Below the TN , the susceptibility χc exhibits
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FIG. 2. (a) Magnetic susceptibility χ vs temperature T collected in a magnetic field of H = 1 kOe applied parallel to the ab plane and
c axis. (b) χ−1 vs T for H parallel to the ab plane and c axis. The straight dotted lines are fit to the data using the Curie-Weiss expression
as described in the text. (c)–(e) Temperature dependence of the magnetic susceptibility at various applied magnetic fields. (The solid line
corresponds to the data of the ZFC mode, while the dashed line corresponds to the FC mode).

complex behavior as the field increases. This also indicates
the intricate magnetic structure in Pr3MgBi5. Further exper-
imental confirmation by the neutron-diffraction method is
necessary to clarify the magnetic nature of this material.

Figure 3(a) displays the isothermal magnetization M(H)
measurements of Pr3MgBi5, where the magnetic field is
applied in the ab plane as well as along the c axis. At a temper-
ature of T = 2 K, consistent with the magnetic susceptibility
data presented in Fig. 2, the M-H curve also demonstrates an
easy-plane anisotropy. In the case of H//ab, a metamagnetic
transition is observed at a critical field of Hab2 = 30 kOe. As

the temperature increases, the metamagnetic transition shifts
to lower fields and becomes broader. It is consistent with the
behavior of the AFM transition TN observed in the M-T curve
in Fig. 2. For temperatures above 15 K, the magnetization
shows an almost linear dependence without the presence of
metamagnetic transition. Additionally, at the highest applied
field of 16 T (as shown in Fig. S3) [32], the magnetization
reaches a value of 1.8 μB/Pr3+, which is far below the full
moment of free Pr3+, gJ = 3.2 μB, evidencing the important
role of the crystal field in the ground-state multiplet of Pr3+.
We performed CEF calculations for Pr3MgBi5 (presented later

FIG. 3. (a) Isothermal magnetization measured at different temperatures for H//ab and 2 K for H//c. (b) dM/dH vs H for both H//ab and
H//c at 2 K. (c) The hysteresis in magnetization for H//ab at 2 K obtained by subtracting a paramagnetic background. The inset shows the
details in the lower magnetic field.
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FIG. 4. (a) Temperature dependence of heat capacity of Pr3MgBi5 and nonmagnetic La3MgBi5. The inset shows the low-temperature part
of the heat capacity and the fitting for Pr3MgBi5. (b) Temperature dependence of the magnetic specific heat and the corresponding magnetic
entropy. (c) Field dependence of the heat capacity. The inset shows the specific heat for H//ab as a function of field.

in this section), revealing that Pr3MgBi5 exhibits crystal-field
splitting and the Pr3+ ion with a total angular momentum
quantum number of J = 4 splits into nine separate singlet
states. Consequently, the magnetic properties of Pr3MgBi5 at
the lowest temperature are dominated by the pseudodoublet
ground state, resulting in the observed reduction in magnetiza-
tion for the Pr3+ ion at 2 K and 16 T. However, one can achieve
the saturation value at higher applied magnetic fields. Similar
behavior has been observed in many Pr-based intermetallics
[37]. Figure 3(b) depicts the first-order derivatives of the M-H
curve at T = 2 K. When the magnetic field is applied parallel
to the ab plane (H//ab), an additional feature is observed at
Hab1 = 14.6 kOe, occurring during the excitation field sweep
from 0 to a high field. This corresponds to the hysteresis
behavior shown in Fig. 3(c). And we also observed a slight
hysteresis near the origin with a remanence as shown in the
inset of Fig. 3(c), which is consistent with the divergence
of ZFC and FC susceptibility at low fields, suggesting the
existence of a small ferromagnetic component in the ordered
state. For H//c, the dM/dH curves at T = 2 K exhibit two
small and broad peaks at Hc1 = 17.2 kOe and Hc2 = 34 kOe
in the bottom of Fig. 3(b). These peaks may indicate some
weak metamagnetic transitions.

The temperature dependence of the heat capacity for
both Pr3MgBi5 and the nonmagnetic reference compound
La3MgBi5 within the temperature range of 1.8–200 K is
shown in Fig. 4(a). The bulk nature of the magnetic transi-
tions, as observed in magnetic susceptibility measurements, is
confirmed by the λ-shaped peak with appreciable magnitude
near 10.5 K in the CP-T curve. The low-temperature upturn
presented in the inset of Fig. 4(a) is likely attributed to a
nuclear Schottky effect resulting from the interaction between
the nuclear moments and the 4 f electrons. This phenomenon
is commonly observed in other Pr-based compounds [38–40].
For temperatures T � 2.5 K, the heat capacity CP was fitted
to the following expression as done in Refs. [40,41]:

CP = γ T + βT 3 + (CN/T 2), (1)

where the first two terms are the electronic and lattice con-
tributions, and the third terms is the contribution from the
nuclear Schottky heat capacity due to the splitting of hy-
perfine levels. The fitting parameters obtained from the fit

are γ = 50.3 mJ mol−1 K−2, β = 6 mJ mol−1 K−4, and the
nuclear Schottky term CN = 1.16 J K mol−1. The moder-
ately enhanced value of γ implies the presence of partially
hybridized f -electron states, along with only a small enhance-
ment of the effective mass m∗ in Pr3MgBi5. Besides, the
slightly enhanced value of β can be attributed to spin waves
in Pr3MgBi5, which follow a T 3 dependence in antiferromag-
nets.

Figure 4(b) presents the temperature-dependent magnetic
heat capacity Cm determined by subtracting off the lattice
contribution approximated by La3MgBi5 and the magnetic
entropy Sm calculated by the integral of Cm. As shown in
Fig. 4(b), the Cm curve exhibits a shape peak at TN , confirming
the occurrence of a long-range AFM transition, as well as a
broad anomaly around 50 K. The broad anomaly corresponds
to a Schottky-like effect arising from the thermal variation
of the population of CEF levels. The magnetic entropy Sm

reaches approximately 50% of 3Rln2 at TN and increases up
to 3Rln2 by 20 K, where R is the universal gas constant. This
behavior suggests a pseudodoublet ground state. In the CEF
analysis, the Pr3+ ion with a total angular momentum quan-
tum number of J = 4 will split into nine separate singlet states
[38,42]. However, due to the small splitting energy between
the first excited state and the ground state, an admixture of the
excited states and the ground state can lead to a pseudodoublet
state. This scenario has been used to explain the magnetic
ordering of Pr3+ ions in many compounds [37,38,43–45]. The
reduction of the magnetic entropy at TN indicates the presence
of short-range magnetic fluctuation above TN . Figure 4(c)
shows the magnetic-field dependence of the heat capacity.
The λ-shaped peak gradually diminishes and shifts to lower
temperatures with increasing magnetic fields, which is consis-
tent with the behavior expected for the AFM transition. The
inset in Fig. 4(c) displays the magnetic-field dependence of
CP at T = 2 K, where the peak around 30 kOe aligns with the
metamagnetic transition observed in M-H curves.

The temperature dependence of the electrical resistivity ρ

of Pr3MgBi5 is shown in Fig. 5(a). When the current is applied
along the rod direction (parallel to the c axis), Pr3MgBi5

displays metallic behavior with a relatively large residual re-
sistivity ratio RRR = ρ(300 K)/ρ(2 K) ≈ 10.8. (Because of
the limited cross-sectional area in the ab plane of our samples,
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FIG. 5. (a) Temperature dependence of the electrical resistivity
at zero field and 90 kOe for H//ab. The inset shows the electrical
resistivity below the TN and its fitting. (b) Electrical resistivity below
the TN in different applied fields for H//ab. The inset shows the
derivative of resistivity. (c) Field dependence of MR in the magnetic
field up to 90 kOe for H//ab at various temperatures. Inset: The
MR at 2 K for H//ab and H//c. (d) The field dependence of Hall
resistance at different temperatures.

we were unable to measure the resistivity in the ab plane.) At
high temperatures, there is a broad feature centered around
80 K in the resistivity curve, which may be attributed to the
thermal depopulation of the CEF levels. At low temperatures
and in the absence of a magnetic field, ρ(T) exhibits a sharp
decrease below the antiferromagnetic transition temperature
(TN ) of 10.5 K. This decrease in resistivity can be attributed to
the onset of magnetic ordering in Pr3MgBi5, which leads to a
reduction in magnetic scattering. Below TN , the resistivity can
be well described by the following expression, as indicated by
the black line in the inset of Fig. 5(a):

ρ(T ) = ρ0 + AT 2 + B
5 e−
/T

×
{

1

5

(
T




)5

+
(

T




)4

+ 5

3

(
T




)3
}

. (2)

In this expression, ρ0 represents residual resistivity, the
second term represents the contribution from the Fermi liquid
behavior, and the third term arises from the magnon scatting
in the antiferromagnet [46,47]. The best fit to the experimental
data yields A = 0.02356 µ� cm/K2, ρ0 = 11.416 µ� cm, and

 = 11.86 K. When a magnetic field is applied parallel to
the ab plane (H//ab), the resistivity below TN exhibits an
increase with increasing magnetic field, eventually reaching
a plateau at H = 90 kOe, as depicted in Fig. 5(b). The inset
of Fig. 5(b) presents the derivative of resistivity below 15 K
in different applied fields parallel to the ab plane, where the
peak of dρ/dT shifts to low temperatures as the applied field
increases. In the case of a magnetic field applied parallel to
the c axis, as shown in the Supplemental Material (Fig. S6)
[32], the resistivity of Pr3MgBi5 exhibits negligible changes

compared to the resistivity data without a magnetic field.
This suggests that the AFM transition is not sensitive to the
magnetic field along the c direction, which is similar to the
behavior observed in the magnetic measurements.

Figure 5(c) illustrates the magnetic-field dependence
of magnetoresistance, MR = [ρ(H )–ρ(0)]/ρ(0) × 100%, at
various temperatures with H//ab. Several noteworthy features
can be observed in the magnetoresistance data. At a tem-
perature of 2 K, the MR curve exhibits a distinct kink near
Hab2 after an initial increase. As the temperature is raised
to 10 K, the sharp kink in MR becomes broader and shifts
to low fields, eventually vanishing at 15 K, which aligns
with the behavior of the metamagnetic transition observed
in the M-H curves. This correlation between the electronic
and magnetic properties of Pr3MgBi5 suggests the presence
of spin-electron scattering interactions. Furthermore, a sig-
nificant positive magnetoresistance of up to 50% at 9 T was
observed for T = 2 K. The MR generally exhibits a decreasing
trend with increasing temperature. When the magnetic field is
applied above Hab2 at 2 K, the MR demonstrates a quasilinear
increase without saturation. This behavior cannot be easily
explained by conventional Lorenz-force-induced scattering,
which typically results in weaker magnetoresistance. Similar
large quasilinear positive MR has been observed in HoAgGe
and was explained by the presence of uncompensated charge
carriers [48]. Moreover, the linear behavior of the MR in the
high-field range is commonly observed in Dirac materials,
such as SrMnBi2, YbMnBi2, and EuMnSb2 [49–51]. Given
the complex magnetism exhibited by Pr3MgBi5 and the spin
scattering of electrons, further investigations are necessary
to fully comprehend the underlying reasons for this mag-
netoresistance behavior. Additionally, in comparison to the
magnetic field applied in the ab plane, the MR for H//c
is negligible with fields up to 90 kOe [as depicted in the
inset of Fig. 5(c)]. This may suggest that Pr3MgBi5 pos-
sesses an anisotropic Fermi surface. The anisotropy in the
Fermi surface can arise from various factors, such as crys-
tal symmetry, band structure, and spin-orbit coupling, and
then lead to variations in the electronic scattering processes
and, consequently, different MR behaviors for different field
orientations.

In Pr3MgBi5, an anomalous Hall effect was observed at
low temperatures, as shown in Fig. 5(d). The Hall resistiv-
ity (ρyx ) can generally be expressed as the sum of three
components: the ordinary Hall effect (ρN

yx), the anomalous
Hall effect coupled to magnetization (ρA

yx), and the topolog-
ical Hall effect arising from noncollinear/noncoplanar spin
structure (ρT

yx) [52]. However, in the present study, it was chal-
lenging to separate and quantify each individual component
accurately. The field-dependent behavior of the anomalous
Hall effect observed in Pr3MgBi5 is found to be correlated
with the field-dependent behavior of magnetization in the
M-H curves, indicating a significant interaction between the
electrons and local magnetic moments. This interaction can
lead to the generation of a Hall voltage perpendicular to
the applied electric and magnetic fields, reflecting the in-
fluence of the local magnetization on the electron transport
properties. At a temperature of 100 K, the observed ρyx is
likely dominated by the ordinary Hall effect, suggesting the
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FIG. 6. Temperature dependence of the magnetic susceptibility
in Pr3MgBi5 when H = 1 kOe. The blue line corresponds to the
CEF fit.

presence of electron-type carriers with a carrier density of
approximately 1.86 × 1022 cm−3. Further investigations and
analysis are required to better understand the contributions of
each component to the overall Hall resistivity in Pr3MgBi5

and to elucidate the underlying physics behind the observed
anomalous Hall effect.

In order to further analyze the crystal-field levels and to
understand the present anisotropy in the magnetic susceptibil-
ity, we have performed a CEF analysis on the susceptibility
data. The Pr atoms in Pr3MgBi5 occupy the 6g Wyckoff po-
sition, which has a point symmetry m2m and hence possess
orthorhombic site symmetry. This indicates that the 2J +
1 ground state of the Pr atom splits into nine singlets. To
get the energy eigenvalues and the eigenfunctions, we have
used the following CEF Hamiltonian to estimate the CEF
susceptibility:

HCEF = B0
2O0

2 + B2
2O2

2 + B0
4O0

4 + B2
4O2

4 + B4
4O4

4, (3)

where Bm
l and Om

l are the crystal-field parameters and the
Stevens operators [53,54], respectively. The CEF susceptibil-

ity is given by the expression

χCEFi = N (gJμB)2 1

Z

⎛
⎝∑

m �=n

|〈m|Ji|n〉|2 1 − e−βm,n


m,n
e−βEn

+
∑

n

|〈n|Ji|n〉|2βe−βEn

)
, (4)

where gJ is the Landé g factor; En and |n〉 are the nth eigen-
value and eigenfunction, respectively. Ji (i = x, y, and z) is
a component of the angular momentum, and 
m,m = En–Em,
Z = �ne−βEn, and β = 1/kBT .

Figure 6 presents the calculated CEF curves as blue lines,
which match reasonably well to the experimentally observed
data. The anisotropy in the magnetization plots is explained
semiquantitatively by the present set of crystal-field parame-
ters. Meanwhile, it nicely reproduces the broad peak around
60 K and the sudden drop around 5 K in the susceptibility
when H//c. The CEF parameters and the energy levels thus
obtained from the diagonalization of the Hamiltonian are
given in Table III. A small splitting energy at 3.49 K can be
observed between the first excited state and the ground state,
corresponding to our magnetic entropy results. The CEF cal-
culations are in good qualitative agreement with the magnetic
and specific heat measurements, allowing us to offer a qualita-
tive explanation for the experimental observations. However,
for a precise understanding of the crystal-field excitations in
this material, future neutron scattering experiments will be
necessary.

By extracting the transition temperatures from the magne-
tization, heat capacity, and resistivity data presented above, a
magnetic phase diagram for Pr3MgBi5 with the magnetic field
parallel to the ab plane can be constructed, as shown in Fig. 7.
The phase diagram comprises an AFM ordered phase below
10 K and 30 kOe, and a paramagnetic (PM) phase in other
regions. The boundary between the AFM ordered phase and
PM phase is determined based on several key observations,
including the peaks in the χ -T curves, the metamagnetic
transition of Hab2 in the M-H curves, the peaks in the CP-T
and CP-H curves, and the peaks in the derivative of resistivity

TABLE III. CEF fit parameters, energy levels, and wave functions.

CEF parameters
B0

2 (K) B2
2 (K) B0

4 (K) B2
4 (K) B4

4 (K)

3.3 –0.1 –0.01 0.02 –0.25
Energy levels Wave functions

E (K) |–4〉 |−3〉 |−2〉 |−1〉 |0〉 |1〉 |2〉 |3〉 |4〉
179.00 0.691919 0 –0.00656 0 –0.20594 0 –0.00656 0 0.691919
171.67 0.706084 0 –0.03801 0 0 0 0.038015 0 –0.70608
139.70 0 –0.66288 0 0.246141 0 0.246141 0 –0.66288 0
135.03 0 –0.66969 0 –0.22699 0 0.226986 0 0.669685 0
112.53 –0.03801 0 –0.70608 0 0 0 0.706084 0 0.038015
25.89 –0.04526 0 0.661811 0 –0.34629 0 0.661811 0 –0.04526
20.16 0 0.226986 0 –0.66969 0 0.669685 0 –0.22699 0
3.49 0 –0.24614 0 –0.66288 0 –0.66288 0 –0.24614 0
0.00 0.138562 0 0.248924 0 0.915246 0 0.248924 0 0.138562
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FIG. 7. H-T phase diagram of Pr3MgBi5 for H//ab.

with respect to temperature curves (dρ/dT ), as well as the
anomalies in the MR curves. These various experimental data
collectively suggest the existence of either a field-induced
quantum critical point or a quantum phase transition to a
saturated paramagnetic behavior. The observed transitions and
anomalies in different measurements indicate the complex
interplay between magnetic ordering and the influence of the
applied magnetic field.

IV. CONCLUSION

In this study, we have investigated the magnetic and
electrical properties of Pr3MgBi5, an interesting member
of RE3MBi5 family. Magnetic measurements reveal that
Pr3MgBi5 exhibits antiferromagnetic ordering at a transition

temperature of TN = 10.5 K, and a metamagnetic transition at
Hab2 ∼ 30 kOe from the antiferromagnetic phase to the para-
magnetic phase has been observed in M-H curves. Meanwhile,
Pr3MgBi5 shows significant anisotropic magnetic behavior,
and the irreversibility of the magnetic susceptibility suggests
the presence of a ferromagnetic component, consistent with
the observed hysteresis behavior in M-H curves. Besides, for
the magnetic field applied parallel to the ab plane, a sharp
kink near Hab2 and a nearly linear increase within high mag-
netic fields in the magnetoresistance are observed at 2 K.
Furthermore, a pronounced anomalous Hall effect is detected
at low temperatures. The constructed H-T phase diagram for
the magnetic ordered state of Pr3MgBi5 with the magnetic
field parallel to the ab plane provides insights into the complex
magnetic structure of the compound. The observed features
suggest the presence of unconventional spin structures in the
distorted kagome lattice network of Pr 4 f moments, and in-
dicate a strong coupling between conduction electrons and
Pr3+ spins. Further theoretical calculation, neutron-diffraction
experiments, and more detailed transport measurements are
needed to fully understand the magnetic ground state and
electronic behaviors of this unique compound.
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