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We report a detailed magnetotransport study on single crystals of PrBi. The presence of f electrons in this
material raises the prospect of realizing a strongly correlated version of topological semimetals. PrBi shows
a magnetic-field-induced metal-insulator-like transition below 7~ 20 K and a very large magnetoresistance
(~4.4 x 10* %) at low temperatures (T = 2 K). We have also probed the Fermi surface topology by de Haas—van
Alphen and Shubnikov—de Haas quantum oscillation measurements complimented with density functional
theory (DFT) calculations of the band structure and the Fermi surface. Angle dependence measurements of the
Shubnikov—de Haas oscillations have been carried out to probe the possible signature of surface Dirac fermions.
We find three frequencies corresponding to one electron («) and two hole (8 and y) pockets in experiments,
consistent with DFT calculations. The angular dependence of these frequencies is not consistent with a two-
dimensional Fermi surface, suggesting that the transport is dominated by bulk bands. We estimate high mobility
and small effective mass for carriers in PrBi that are comparable to those of other compounds in this series pro-
posed as topologically nontrivial. A Lifshitz-Kosevich fitting of the quantum oscillation data as well as a Landau
fan diagram analysis gave a Berry phase close to , suggesting the presence of topological electrons in PrBi.
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I. INTRODUCTION

Topological materials, such as topological insulators [1,2]
and Weyl [3.,4] and Dirac semimetals [5,6], present the oppor-
tunity to study relativistic Dirac-like low-energy excitations
in condensed matter systems. Due to their unique bulk band
topology, such topological semimetals show exotic physical
properties such as extremely high magnetoresistance, a very
high mobility along with low carrier density, chiral-anomaly-
driven negative magnetoresistance (MR), and a Berry phase
of . A topic of immense current interest is trying to com-
bine topological character with strong electronic correlations.
The Kondo insulator SmBg [7] and the pyrochlore iridates
RyIr,O7 [3] are examples of materials that are candidates to
show exotic properties from a combination of topology and
electron correlations. Common among these materials is the
presence of 4f electrons. The rare-earth monopnictides RX
(R = rare earth; X = Sb, Bi) are candidate materials for host-
ing correlated electrons with topological properties. Indeed,
unusual magnetotransport properties similar to those observed
in topological semimetals have been reported for some rare-
earth-based monopnictides [8—14]. However, the topological
character of the bands participating in transport is still a
matter of debate with contrasting reports about this issue. For
instance, the electronic band structure of LaBi is regarded as
topologically nontrivial, consisting of two Dirac cones at the
X point, whereas other groups claim one Dirac cone at the
X point from ARPES studies. Another report has shown that
the bands near the X point have a Dirac nodal line nature
instead of Dirac cones [15,16]. Several other compounds in
this series, such as LaAs, LaSb, PrSb, ScSb, YSb, TmSb, and
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LuBi [8,12,17-21], show similar transport properties to those
of LaBi, despite the fact that all of them have been reported
to be topologically trivial. It would be interesting to study
the RX materials with a magnetic rare earth since the 4f-
correlated electrons might influence the topological properties
[22]. Most of the magnetic RX materials, however, show long-
ranged magnetic order at low temperatures [23], hindering a
study of low-temperature magnetotransport properties. PrBi is
special in this context since it has a partially filled 4 f shell but
does not order at least down to 1.8 K [24].

A recent ARPES study on PrBi has revealed a nontrivial
Z, band structure topology in the bulk characterized by an
odd number of Dirac cones [15-17]. On the other hand, the
isostructural materials PrSb and ScSb are found to be topolog-
ically trivial by band structure calculations, partly owing to the
reduced spin-orbit coupling due to replacement of Bi by Sb
in these materials. PrBi is thus a novel material in which the
presence of f electrons, in addition to the possible topological
band structure found in ARPES, raises the prospect of realiz-
ing a strongly correlated version of topological semimetals.

In this work, we investigate in detail the low-temperature
magnetotransport properties of single crystals of PrBi, a rare-
earth monopnictide consisting of partially filled f-electron
shells. Magnetic measurements are consistent with a triva-
lent Pr3* valence state and reveal paramagnetic temperature-
dependent behavior down to a temperature of 7 = 2 K. Sys-
tematic temperature-dependent Hall measurements on these
single crystals show nonlinear variation with magnetic field,
suggesting a compensated nature of charge carriers in PrBi.
The temperature-dependent resistivity in zero magnetic field
shows a typical semimetallic character, and a field-induced
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metal-insulator-like transition is observed at low temperatures
T < 20 K. We observe a large magnetoresistance (~4.4 x
10* %) at low temperatures (7 =2 K) in a magnetic field
B =9 T. Additionally, pronounced quantum oscillations are
observed in the magnetoresistance and magnetization data.
We found two frequencies in Shubnikov—de Haas (SdH)
and three frequencies in de Haas—van Alphen (dHvA) os-
cillations. We map out the Fermi surface (FS) of PrBi by
angle-dependent quantum oscillation measurements that re-
veal a three-dimensional FS. We use density functional theory
(DFT) to calculate the band structure and Fermi surface
of PrBi. Although the frequencies for quantum oscillations
predicted by DFT are overestimated, we find qualitative agree-
ment between DFT and experiments. A Landau fan diagram
is constructed from the experimental quantum oscillation data,
and this is used to estimate the Berry curvature ¢. A Lifshitz-
Kosevich fitting of the quantum oscillation data is also used
to get an alternate estimate of ¢. Both estimates give a non-
trivial Berry curvature of 7 for PrBi, suggesting a connection
between the unusual magnetotransport properties of PrBi and
other monopnictides to a topological band structure.

II. EXPERIMENTAL DETAILS

High-quality single crystals of PrBi were synthesized using
indium flux. The starting elements Pr (99.9%), Bi (99.999%),
and In (99.999%) were taken in a molar ratioof 1 : 1 : 20. The
elements were placed into an alumina crucible and sealed in
an evacuated quartz tube. The sealed quartz tube was heated to
a temperature of 1050 °C in 10 h, kept at this temperature for
5 h, and then slowly cooled to 700 °C at a rate of 2°C/h. At
this temperature, excess In was removed by a centrifuge. The
resulting crystals were of typical dimensions 3.5 x 2 x 1 mm.
The structure of the crystals was confirmed by powder x-ray
diffraction on crushed crystals. The chemical composition of
the crystals was verified by energy-dispersive spectroscopy
using a scanning electron microscope. The electrical resis-
tance, angle-dependent magnetoresistance, and magnetic sus-
ceptibility measurements were performed using a Quantum
Design physical property measurement system in the temper-
ature range 2 to 300 K and in magnetic fields of up to 9 T.

III. COMPUTATIONAL DETAILS

The density functional theory calculations in the general-
ized gradient approximation (GGA) framework were carried
out using plane-wave and pseudopotential methods as imple-
mented in the Quantum Espresso package [25,26]. A kinetic-
energy cutoff of 65 Ry was used for the plane-wave expansion
of valence wave functions. Electronic structure was deter-
mined with and without spin-orbit coupling. The Perdew-
Burke-Ernzerhof (PBE) [27] exchange-correlation functional
was used with fully relativistic and scalar-relativistic ultrasoft
pseudopotentials for spin-orbit interaction (SOI) and non-
spin-orbit interaction (non-SOI), respectively. For the self-
consistent calculations a 24 x 24 x 24 k-point mesh was used
to sample the reduced Brillouin zone (BZ). A finer k-point
mesh of 50 x 50 x 50 was used to generate the Fermi surface
(FS). The FS was visualized using the XCRYSDEN software
[28]. The maximally localized Wannier function method [29]

was employed to calculate the dHvA frequencies using the
SKEAF code [30].

IV. EXPERIMENTAL RESULTS

The temperature-dependent resistivity [o(7)] and magne-
toresistance (MR) data on the PrBi single crystals with the
magnetic field parallel (B || I) and perpendicular (B L I) to
the current I are shown in Fig. 1. A large value of the zero-field
residual resistivity ratio, p(300 K)/p(2 K) = 374, indicates
the high quality of the single crystals used in this study.
The zero-field resistivity follows a linear T dependence from
300 K to 100 K, as can be seen in Fig. 1, panel (al). Below
T = 100 K, the resistivity falls rapidly and nearly saturates in
the low-temperature regime 7 < 10 K.

The application of magnetic fields drives a metal-to-
insulator-like transition (MIT) at low temperatures for both
perpendicular (B L I) and in-plane magnetic field (B || I)
orientations, as can be seen from Fig. 1, panels (al) and
(bl). This MIT-like feature in p(7) is more prominent in
the B L I configuration and exceeds the room temperature
value of resistivity in the low-7 regime at a field of 9 T
[see Fig. 1, panel (al)]. The p(T) in magnetic field goes
through a minimum at a temperature (7,, ~ 15 K), shows a
sharp upturn below 7,,, before eventually saturating at lower
temperatures. This low-temperature behavior of p(7') in fields
is highlighted in the lower insets of panels (al) and (bl) of
Fig. 1. The minimum in p(7, H) can also be seen in the
dp(T)/dT vs T plot shown in the inset of panel (b2) of Fig. 1.
Similar field-driven MIT features have been observed in the
topological semimetals WTe,, NbP, and TaAs [31-33].

Since the p(T') appears to have a larger response for
B L I, we show the MR for the B L I configuration at various
temperatures in Fig. 1, panel (a2). The MR for B | I is
qualitatively similar but smaller in magnitude. The MR for
temperatures above 7, is quite small. For lower temperatures,
the MR increases dramatically. The MR at2 K'in a field of 9 T
reaches a very large value of ~4.2 x 10* %, which is compa-
rable to values observed in other monopnictide compounds
[9,12,13]. The MR has a nearly parabolic B dependence and
is nonsaturating up to 9 T. We successfully fit the MR with
a power-law dependence, MR o« B™ [inset of panel (a2) of
Fig. 1], with an exponent m = 1.82. This nearly quadratic be-
havior is a characteristic feature of three-dimensional charge
transport in multiband metals. Below 5 K, SdH quantum
oscillations riding on top of the smooth quadratic MR can
be clearly observed at higher fields, and these oscillations
become stronger with decreasing temperature, as can be seen
in Fig. 1, panel (a2).

The angular dependence of the MR at T = 2 K is presented
in Fig. 1, panel (b2), as the out-of-plane angle between the
magnetic field B and the current [ is varied starting from B||/,
for which the angle is 0°. It can be seen that the MR for B||/
is an order of magnitude smaller than for B L I. The MR
for all angles shows a quadratic B dependence. Additionally,
quantum oscillations can be seen in the MR data at all angles.

We next study the Fermi surface topography of PrBi by
measuring the angle dependence of the quantum oscillations
in the MR data, taken at 2 K. In order to extract clear oscilla-
tions, a polynomial background has been subtracted from the
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FIG. 1. (al), (bl) Temperature dependence of p,, in the two configurations B L I and B || I, at various magnetic fields. Upper inset of
(al) shows the zero-field behavior of p,, at low temperature. Lower insets of (al) and (b1) show enlarged view of p,, at low temperature, at
various fields. (a2) Magnetic field dependence of p,, in the direction B L I at various temperatures. Inset shows the power-law behavior of MR.
(b2) Magnetic field dependence of p,, at 2 K by varying the (out of plane) angle between B and /. Inset shows dp,,/dT vs temperature at
various fields. Top right shows an image of the crystal with electrical contacts for magnetotransport measurements.

MR at each angle. The resulting periodic oscillations at sev-
eral angles are plotted against the inverse of the magnetic field
Bin Fig. 2(a). It is clear from these data that the oscillations do
not vanish and remain pronounced as we rotate the magnetic
field from the B L I to the B || I configuration. This suggests
that the charge carriers in PrBi are of three-dimensional
character. A fast Fourier transform (FFT) of the quantum
oscillation data in Fig. 2(a) for each angle was done and is
shown in Fig. 2(b). The FFTs shown in Fig. 2(b) for different
angles are shifted by arbitrary amounts for clarity. From the
FFT of the data we find two fundamental frequencies, which
for B LI are F(a) =258.49 T and F(B) = 561.94 T [inset
Fig. 2(d)]. From Fig. 2(b) the angular evolution of the two
frequencies F'(«) and F (8) can be seen. With increasing angle
we observe a gradual shifting of the o frequency towards
higher values. In addition, a new frequency emerges as the
tilt angle reaches & = 30°. This frequency vanishes or merges
into another frequency as we approach 6 = 50°. This type
of frequency shifting/splitting has been observed in other
monopnictides such as TmSb and CeSb, suggesting a similar
Fermi surface [20,34,35]. This angular variation has been
proposed to result from the quasi-two-dimensional character
of the Fermi surface in the case of LaBi [10]. However,
the observed variation in frequency can also result from an

anisotropic ellipsoidal Fermi surface [36,37], which is most
likely the case here due to the « electron pockets at the X point
in the Brillouin zone.

We have plotted the values of the two main frequencies as a
function of the angle in Fig. 2(c). From the angular variation,
it can be seen that the frequency F'(«) shows a monotonic
increase in value up to an angle 8 = 50°, and decreases
thereafter reaching close to its 8 = 0° value at 6 = 90°.
This behavior is consistent with an anisotropic elliptical Fermi
surface orbit for the o band. The other frequency F(f)
remains almost unchanged for the entire variation in the
tilt angle. This frequency corresponds to the hole pockets
centered at the y point in the first Brillouin zone. We thus
conclude that the quantum oscillations observed in the PrBi
single crystals primarily originate from the three-dimensional
bands instead of the two-dimensional ones. In addition to
this, we have measured the MR in the longitudinal magnetic
field configuration B || I to look for any signature of the
chiral-anomaly-induced negative MR. We did not detect any
negative MR.

We have also carried out temperature and magnetic field
dependent magnetization measurements on the same PrBi
crystal. The temperature dependence of the magnetization
measurement reveals the paramagnetic nature of PrBi [see
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FIG. 2. (a) Background-subtracted SAH oscillations at various angles, at 2 K. (b) The FFT spectra at different angles. (c) The angular
dependence of the frequencies F («) and F (8). (d) Fitting of the temperature-dependent amplitude in the FFT spectra by the L-K formula (see

text for details).

Fig. 3(a)]. The plateau below 10 K is consistent with previous
reports [12,24,38] and most likely arises from Van Vleck
temperature-independent paramagnetism. We did not observe
any signature of long-range ordering down to 2 K, and by
fitting the data above 160 K to a Curie-Weiss law [inset of
Fig. 3(a)] we estimated an effective magnetic moment i =
3.42up. This value is close to the value expected for trivalent
Pr and is consistent with a previous report [24].

The high quality of our PrBi single crystals allowed us to
observe pronounced quantum oscillations (dHvA) in magne-
tization measurements as well and are shown in Fig. 3(b). The
FFT of these oscillations reveals three fundamental frequen-
cies. The frequencies F () =264.4 T and F(8) =571.2 T
are close to the frequencies found from the SdH oscillation
data presented above. An additional frequency [apart from
F(2B)=1131.8 T, the second harmonic of the B band],
F(y)=1517.9 T, is also observed in the T = 2 K data and
has a very small amplitude, which is most likely the reason
it was not observed in the SdH oscillations. For this reason
we are unable to track the temperature dependence of the
frequency of the y band.

We next calculate the transport parameters corresponding
to the two main frequencies F («) and F (8) found in the SdH
and dHvA oscillations. The area of the extremal orbits cor-
responding to these two frequencies can be calculated using
the Onsager relation, F = Ar(p/27?), where ¢ = h/e is the

flux quantum, Ap is the Fermi surface area, & is the Planck
constant, and e is the charge of an electron. By assuming
a circular cross section of the cyclotron orbits at the Fermi
level, we have calculated the values of the Fermi momentum
ks and Fermi energy Ey. The calculated area of the Fermi
surface for the two frequencies extracted from SdH and dHvA
oscillations is given in Table I. The area/carrier concentration
corresponding to the hole orbit (8 pockets) is much larger than
the electron orbit (o pockets), which implies the dominance
of hole carriers in the low-temperature regime. This is further
confirmed by the Hall data, which we present later.

The amplitude of the quantum oscillations in resistivity and
magnetization can be described by the equations

Ap < —RrRp cos {2n|i%—<%+ﬂ+5>j|}, (1)
AM x —R7Rp sin {2n|:% — <% + 8 +8>“, 2)

where Ry = AT/ sinh(AT) and Rp = exp(—ATp) are the tem-
perature and field induced damping factors, respectively.
Here, A = 2n2kgm* /heB), m* is the effective cyclotron
mass, Tp is the Dingle temperature, and 27 8 is the Berry
phase. The additional phase shift § takes values of 0 and
£1/8 for 2D and 3D systems, respectively [39]. Fitting of the
SdH oscillations with the above expressions gave an effective
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FIG. 3. (a) Temperature dependence of the magnetic moment of PrBi in an applied field of 1 T. (b) The temperature-dependent dHvA
oscillations obtained after background subtraction. (c) Temperature dependence of the FFT spectra. (d) Fitting of temperature-dependent FFT

spectra using L-K formula.

mass of m* = 0.35myq for the @ pocket, where my is the rest
mass of the electron. A similar value m* = 0.32my for the «
pocket is obtained by fitting the dHvA oscillation amplitudes.
In addition, the effective mass for the 8 pocket is found
to be 0.31my, which is comparable to the effective mass
corresponding to the o pocket. These values of the effective
mass for the two pockets are much higher (massive) than
those observed in typical Dirac semimetals [32,40] and are
comparable to values found for other monopnictides in this
series [8,12]. Our results suggest that it is unlikely that the
conduction in PrBi is primarily from the Dirac bands. This
would be consistent with ARPES studies that find the Dirac
node to be located much below (& 0.35 eV) the Fermi level
[38].

By fitting field-dependent damping of the oscillation am-
plitude (o pocket) with Rp = exp(—ATp), we calculate a
Dingle temperature of 7p = 2.62 K. The corresponding quan-
tum lifetime is calculated to be T = 4.6 x 10713 s, and the
quantum mobility is estimated to be u = 2310 cm?/(V s).
This value of the carrier mobility is higher than the value
reported for LaBi [8,41]. A high value of carrier mobility
has been suggested to be a signature of the Dirac carriers in
LaBi and related compounds, but our data on PrBi show that
a high mobility can also be possible from three-dimensional
bands. Other parameters obtained from a Dingle fitting of the
quantum oscillation data are given in Table II.

In order to probe the possible topological nature of the
bands in PrBi, we have constructed the Landau fan diagram

TABLE I. Fermi surface parameters for PrBi obtained from the SdH and dHvA data shown in Figs. 2 and 3. The numbers in parentheses

are the errors.

F(T) As (102377 K, (10247 m* /m vy (10° m/s) E; (meV) n (10" cm=3)
SdH 258.49 2474 8.876 0.350(7) 2.93(6) 170.2(1) 2.36
561.94 5.378 13.08 7.56
dHvA 264.40 2.530 8.980 0.32(2) 3.2(2) 191(32) 2.40
571.19 5.466 13.20 0.31(3) 4.9(4) 424(109) 7.70
1517.9 14.52 21.50 33.6
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TABLE II. Parameters obtained from a Dingle fitting of the SdAH
data shown in inset of Fig. 4(a). The numbers in the parentheses are
the errors.

Tp (K) 7 (1073 ) [ (nm) nw [cmz/(V s)]

2310(148)

2.62(1) 4.6(2) 133(8)

TABLE III. Calculated lattice parameters and unit-cell volume
compared with experimental values.

Cell parameters Non-SOI SOI Expt.
a=b=c(A) 6.53 6.54 6.47
Volume (A’) 278.45 279.73 270.84

from the quantum oscillation data as shown in Fig. 4(a). To
construct the Landau fan diagram, we assign an integer value
to the minima in the oscillation data of o,,. The extrapolated
value of the intercept n = 0.54(2) is close to the theoretical
value (0.5) expected for a topologically nontrivial system.
However, it is worth mentioning that there will most likely
be a large uncertainty in determining the intercept on the n
axis due to the large value of the Landau index (30) that we
have to extrapolate from.

To get an alternate estimate of the Berry phase, we have
performed a multifrequency Lifshitz-Kosevich (L-K) fit of the
2 K dHvA data shown in Fig. 3(b). To reduce the number of
free parameters in Eq. (2), the values of effective masses were
fixed to the values estimated above and shown in Table I
The L-K fit is shown in the lower inset of Fig. 4(a). From
the fit we estimate a Berry phase for the o Fermi pocket to
be (0.95 4+ 0.01)x. This is consistent with the Landau fan
diagram analysis described above and strongly indicates the
Dirac nature of fermions.

Figure 4(b) shows the Hall resistivity at various tempera-
tures. At higher temperatures, the slope of the Hall resistivity
is negative and almost linear, indicating that the dominant
carriers are electrons at high temperature. As the temperature
is decreased below 10 K, the slope of the Hall resistivity
changes to a positive value with a weak nonlinearity at the
higher fields. The nonlinearity becomes more pronounced at
T =2 K, as shown in Fig. 4(b). The change in the sign of the
Hall resistivity indicates that there is a change in the dominant
carrier type from electron to holes with decreasing tempera-
ture. The nonlinear nature of the Hall resistivity also indicates
that PrBi has contributions from two kinds of carriers. For a

35 : . ; i :
_o03 a

34|13 (a) ]
0.2
3

335 o

32+

[
31+
30 -
0.14_0.16 0.18

Intercegt = 0.54| . 1/BI(T' )

2 1
0.112 0.116 0.120 0.124 0.128 0.132

18 (1)

quantitative analysis, the Hall resistivity data at 7 = 2 K were
fitted by using a two-band model [37],

_ B (may — nend) + (mn — ne)(unpee)* B> 3
e (Mpn + nepte)? + (n, — ne)*(pfne) B2

pyx

Here ny, pj, and n,, 1, are carrier density and mobility of holes
and electrons, respectively. The fit, shown as the solid curve
through the T = 2 K data in Fig. 4, indicates that the electron
and hole carrier density are approximately the same, ~ 0.45 x
10" cm~3, indicating the nearly compensated semimetal na-
ture of PrBi. The obtained mobilities of charge carriers are
3 x 10% cm?/(V s).

V. THEORETICAL RESULTS

In Table III, we compare the calculated lattice parameters
of PrBi with experiments. We performed structural optimiza-
tion (atoms positions and cell parameters were allowed to
vary) to calculate cell parameters for the non-SOI case. For
the calculations with SOI included, the lattice parameter a
was obtained by performing energy calculations at various
constant a values, and these data were fitted by the Birch-
Murnaghan equation of state. As can be seen from Table III,
the GGA gives the unit-cell volume and lattice parameter
to within about 1% of the experimental parameters for both
non-SOI and SOI calculations.

A. Electronic band structure

The electronic structure and partial density of states of PrBi
without and with spin-orbit coupling are shown in Fig. 5,

B(T)

FIG. 4. (a) Landau fan diagram extracted from the quantum oscillation data showing the Landau band index n vs reciprocal of the field
1/B. The extrapolated intercept is close to what is expected (0.5) for a topologically nontrivial system. The lower inset shows an L-K fit to the
2 K dHvA data. (b) The Hall resistivity vs field at various temperatures. The solid curve through the data at T = 2 K is a fit by a two-band

model (see text for details).
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FIG. 5. (a) Electronic band structure and (b) partial density of states for non-spin-orbit calculation. (c) Electronic band structure and
(d) partial density of states with spin-orbit included. Also shown in (b) and (d) is the total density of states (TDOS).

panels (a) and (b) and panels (c) and (d), respectively. Figure 5
illustrates the semimetallic behavior of PrBi with a small
density of states at the Fermi level. For both non-spin-orbit
and spin-orbit calculations we find that close to the I" and
X high-symmetry points of the Brillouin zone, energy bands
cross the Fermi level (EF), creating hole pockets at the I" point
and electron pockets at the X points. For the non-spin-orbit
case, four bands cross Er, with three hole-like bands at the
I" point and one electron-like band at the X point, as can be
seen in Fig. 5(a). The inclusion of spin-orbit coupling splits
the bands, and now there are three doubly degenerate bands
crossing the Er. Out of these three bands, two are hole-like
near I and one is electron-like near X, as can be seen in
Fig. 5(c).

As can be seen from Fig. 5(b), for non-SOI calculations,
near the Fermi level the valence band is primarily a mixture of
Bi p orbitals. On the other hand, the conduction band mainly
consists of Pr d orbitals with a small contribution of Bi p
orbitals. The strong spin-orbit interaction splits degenerate
Bi p orbitals into p3,» and py,, orbitals with a splitting of
~1.9 eV. The p;/, orbital goes into the valence band around
—1.2 eV, and the p3/, orbitals contribute near the Fermi level
and the valence band. The Pr d orbitals split into e, and
fye, and SOI further splits #,, into doubly degenerate and
nondegenerate orbitals.

The band structure between I" and X has some important
features. For the non-SOI case shown in Fig. 5(a), Bi p and Pr

d orbitals cross close to the X point between I' and X. With
SOI, there is a band inversion below Ep along I'-X creating
a hole pocket, and a gap of 0.7 eV opens up at the X point.
The direct band gap at the I" point reduces from 0.26 eV for
non-SOI to 0.15 eV for SOI. The overlap between the valence
band at I' and conduction band at X is 0.65 eV for PrBi with
SOL. The electronic band structure of PrBi with and without
spin-orbit interactions is consistent with a recent report using
the VASP implementation of DFT [42].

B. Fermi surface

Figure 6 displays the Fermi surface (FS) of PrBi with
SOI. DFT predicts a spherically symmetric and a star-shaped
hole pocket at I", shown in Figs. 6(a) and 6(b), respectively.
Additionally, an electron pocket is found at X, as shown in
Fig. 6(c). The three FS pockets are consistent with three
quantum oscillation frequencies observed in experiments.
The combined FS and a slice of the FS along the (001)
plane are shown in Figs. 6(d) and 6(e), respectively. To
compare with experiments, in Table IV we list the dHVA
frequencies predicted by DFT for both with and without
inclusion of spin-orbit interaction on DFT-optimized and ex-
perimental lattice parameters. The magnetic field H is par-
allel to the z axis. To calculate dHvA frequencies we have
used the maximally localized Wannier function to generate
the Fermi surface. From Table IV we note that the dHvA
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()

FIG. 6. (a)-(c) The Fermi surface of PrBi in the first Brillouin zone for each band crossing the Fermi energy. (d) The total Fermi surface
including all crossing bands. (e) The Fermi surface slice for (001) plane. In (a) and (b) we show the two hole pockets of the FS at the I" point

and in (c) we show the electron pockets at each X point of the BZ.

frequencies have a significant dependence on spin-orbit inter-
action and volume. So in order to compare with experiment
it is very important that the DFT calculations capture the
correct picture of spin-orbit interaction. We observe that the
quantum oscillation frequencies « and B are overestimated
and y is underestimated in DFT calculations. However, the
calculated quantum oscillation frequencies of PrBi without
spin-orbit interaction agree fairly well with the experimental
data.

VI. CONCLUSION

We have presented a detailed magnetotransport study on
high-quality single crystals of the monopnictide PrBi. Mag-
netic measurements are consistent with a localized triva-
lent Pr3* valence state and reveal paramagnetic temperature-
dependent behavior down to a temperature of 7 = 2 K. Thus

TABLE IV. Comparison between DFT-calculated and experi-
mentally observed dHvVA/SdH frequencies (in units of k7). The «
is the electron band near X, and 8 and y are the hole pockets near I'.
DFT without SOI predicts an extra hole pocket (8,) near I'. Effective
mass m™* in units of m, is given in parentheses.

DFT-Calculated
With-SOI No-SOI No-SOI
Optimized Expt. Lattice Optimized Experiment
o 0.42 (0.47) 0.58 (0.57) 0.30 (0.15) 0.264
B 0.67 (0.16) 0.68 (0.16) 0.52 (0.10) 0.57
Y 1.3 (0.34) 1.27 (0.32) 0.11(0.23) 1.52
B2 1.47 (0.34)

PrBi is a potential material to observe topological properties
in the presence of electronic correlations. Hall measurements
reveal a two-carrier compensated nature of transport in PrBi.
The temperature-dependent resistivity in zero magnetic field
shows a typical semimetallic character, and a field-induced
metal-insulator-like transition is observed at low temperatures
T <20K. We observe a large nonsaturating magnetore-
sistance (~4.4 x 10* %) at low temperatures (7 =2 K) in
a magnetic field B =9 T. Additionally, pronounced quan-
tum oscillations are observed in the magnetoresistance and
magnetization data. We map out the Fermi surface (FS) of
PrBi by angle-dependent SdH and dHVA quantum oscillation
measurements that reveal a three-dimensional FS made up
of two hole bands at the I" point and an electron band at
the X point in the BZ. Our magnetotransport measurements
reveal effective masses for the & and 8 Fermi surface pockets
that are quite large and unlikely to arise from Dirac bands.
The high mobility that we estimate is therefore somewhat
surprising since a high mobility has usually been connected
to transport of Dirac electrons in topological materials. The
three FS pockets observed in quantum oscillations are consis-
tent with our electronic-structure calculations. These results
are consistent with recent ARPES measurements [22]. The
electronic-structure calculations also reveal a band inversion
along the I'-X directions leading to expectations of topologi-
cally nontrivial effects. A Landau fan diagram analysis gives
a value of  for the Berry phase. This is supported by an L-K
fitting of the quantum oscillation data, which also gave a Berry
phase close to . This suggests the presence of topologically
nontrivial charge carriers in PrBi. Future quantum oscillation
measurements to higher fields are desirable to get a more
reliable estimate of the Berry phase.
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