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Single crystal of the binary equiatomic compound GdBi crystallizing in the rock-salt-type cubic crystal
structure with the space group Fm3m has been grown by flux method. The electrical and magnetic measurements
have been performed on well-oriented single crystals. The antiferromagnetic ordering of the Gd moments is
confirmed at Ty = 27.5 K. The magnetization measurement performed at 2 K along the principal crystallographic
direction [100] attained a value of 1.3 u,/Gd in a field of 7 T, which is about 5 times smaller than its saturation
value of 7 u,. Zero-field electrical resistivity reveals a sudden drop at 27.5 K, suggesting a reduction in the spin
disorder scattering due to the antiferromagnetic alignment of the Gd moments. The residual resistivity at 2 K is
390 nQcm, suggesting a good quality of the grown crystal. The magnetoresistance attains a value of 10*% with
no signature of saturation, in a field of 14 T at T = 2 K. Shubnikov—de Hass oscillations have been observed in
the high field range of the magnetoresistance with three fundamental frequencies corresponding to the extremal
areas of the Fermi surface. Our results suggest that the extremely large unsaturated magnetoresistance in this
compound is due to near compensation of the charge carriers. We also performed angle-resolved photoelectron
spectroscopy measurements with different photon energies and compared our results with the calculated band

structure of GdBi.
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I. INTRODUCTION

Generally, rare-earth (R) intermetallic compounds exhibit
interesting magnetic properties owing to their localized f
electrons [1-3]. After the outburst of topological materials
[4-11], many of the rare-earth monobismuthides (RBi) crys-
tallizing in the face-centered cubic NaCl type crystal structure
were predicted to be topological semimetal accompanied by
nontrivial bulk band inversion and topological surface states
[12]. The band topology of these compounds can be tuned
by varying the rare-earth element, R. Strong spin-orbit cou-
pling (SOC) in LaBi/LaSb which do not contain f electrons,
causes a band inversion and topological surface states [13,14].
If La is replaced by a partially filled f-shell rare-earth ele-
ment, then the time-reversal symmetry breaking is introduced
and the magnetic transition occurs at low temperature, which
has a significant impact on the magnetotransport [15]. Mag-
netotransport in RBi compounds show interesting features
around the magnetic transition, including extremely large
magnetoresistance (XMR). Some reasoning has been given
for such an XMR behavior in RBi. The magnetically con-
trolled gap opening leads to metal-insulator transition which
is partially dependent on the magnetic element present in RBi;
this could cause larger scattering in presence of magnetic
field. Second, in nonmagnetic RBi the charge carriers show
electron-hole compensation which results in quadratic be-
havior in magnetoresistance (MR). However, in magnetically
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ordered compounds, if the MR follow the Kohler’s scaling
law, then the gap opening may not be the reason for such
large MR [16]. As an example, in ErBi the 4 f electrons order
magnetically and the large MR can be considered due to ul-
trahigh mobility and near compensation of the charge carriers,
whereas in nonmagnetic LaBi and LaSb, the strong spin-orbit
coupling caused band inversion and topological surface state
and exhibited XMR of the order of 10°% [13,14]. The field de-
pendence of the electrical resistivity of these two compounds
revealed an upturn and plateau which were observed in several
semimetallic compounds and hence led to the construction of
a universal triangular phase diagram [13,17]. Several of the
RBi compounds like PrBi, SmBi, ErBi, HoBi, etc., also exhibit
alarge MR [16,18-20]. It is interesting to note that in spite of
the increasing f electron count, the XMR is still observed,
which reveals that the band structure may remain unchanged
due to the highly localized nature of the f electrons.

In this work, we present a systematic investigation on
the magnetotransport properties and electronic structure of
GdBi single crystal. The magnetic measurement depicts a
long-range antiferromagnetic ordering of Gd>* moments at
Tn = 27.5 K. The magnetic ordering is further confirmed
from the electrical resistivity and specific heat studies. The
electrical resistivity displayed a typical semimetallic character
in zero-field measurements. With the application of magnetic
field, the resistivity revealed an upturn at low temperature
similar to a metal-insulator-like transition. At sufficiently high
fields in the range 10-14 T, magnetoresistance shows quan-
tum oscillation that provides an easy way to realize charge
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carrier properties as an influence of Fermi surface at mag-
netic state. Bulk and surface band structure have been probed
using angle-resolved photoelectron spectroscopy (ARPES)
measurements and compared with the first-principles band
structure results.

II. EXPERIMENTAL METHODS

Although GdBi melts congruently at 1770°C [21], the
high melting temperature precludes its growth by Czochralski
method due to the high vapor pressure of Bi at such elevated
temperature. Hence, the single crystal of GdBi has been grown
by a self-flux method using molten Bi as flux. High-purity Gd
ingots (99.9%, Alfa Aesar) and Bi lumps (99.998%, Alpha
Aesar) were packed into a baked round-bottomed alumina
crucible in the molar ratio of Gd:Bi = 20:80 and sealed under
vacuum in a quartz tube. The quartz tube was subsequently
placed in a box-type resistive heating furnace and the sample
was heated to 1100°C with a heating rate of 50°C/h and
held at this temperature for about 12 h for homogenization.
Then the furnace was cooled down to 920°C at a rate of
1°C/h followed by 3 days of annealing. We centrifuged the
excess Bi-flux at 920 °C in order to avoid the formation of
GdBi, which crystallizes below 910°C. Cubic single crys-
tals of GdBi with typical dimensions of ~2x2x2mm? were
obtained. The compositional analysis of the grown crystals
was performed using Energy Dispersive X-ray Spectroscopy
(EDX). The phase purity of the crystals was confirmed from
x-ray diffraction (XRD) performed in a PANalytical x-ray
diffractometer equipped with a monochromatic Cu-K, x-ray
source (A = 1.5406 A) and the crystals were oriented along
the principal crystallographic direction using Laue diffrac-
tion using a polychromatic x-ray source. The crystals were
cut into desired shapes using a spark erosion electric dis-
charge machine. Magnetic measurements were performed in
a SQUID magnetometer (MPMS, Quantum Design, USA)
and the electrical and heat capacity measurements were per-
formed in a physical property measurement system (PPMS,
Quantum Design, USA). ARPES and resonant photoemission
spectroscopy (RPES) measurements were performed at the
undulator based ARPES beamline (ARPES BL-10), Indus-2,
India. Atomically clean surface of GdBi single crystal was
obtained by cleaving the sample in the vacuum of ~5x10~!!
mbar. All the photoemission measurements were carried out
at low temperatures of ~20 K using a SPECS Phoibos 150
electron energy analyzer. The base vacuum during the mea-
surement was ~7 x 10~'! mbar. ARPES performed using both
the synchrotron radiation hv = 54 eV and He-1 source hv =
21.2 eV (SPECS UVS 300). The energy resolution at hv =
54 eV is 25 meV and at hv = 21.2 eV is 20 meV with an-
gular resolution of 0.1°. RPES measurements were performed
across the Gd 4d—4 f resonance in the energy range between
134 and 159 eV with the energy resolution of 45 meV.

III. RESULTS AND DISCUSSION

A. x-Ray diffraction

The crystal structure of GdBi is shown in Fig. 1(a). A
small piece of the as-grown crystal, with the flat plane, was
subjected to XRD at 300 K with 26 scan ranging from 10°
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FIG. 1. (a) Crystal structure of GdBi. (b) As-grown single crystal
of GdBi. (c) Room temperature XRD pattern of a single crystal of
GdBi. [(d) and (e)] Backscattered Laue pattern of GdBi for (100)
and (111) planes, respectively.

to 90°, peaks corresponding to (#00) planes (k1 is an even
number) are observed at Bragg angles 28.2° and 58.44°,
thus confirming the flat plane of the crystal to be the (100)
plane. According to the previous report, GdBi crystallizes in a
NaCl-type structure with space group Fm3m (No. 225) [22].
The Laue pattern corresponding to the (100) plane is shown
Fig. 1(d). Well-defined circular spots together with the four-
fold symmetry in the (100) plane ascertained the good quality
of a single crystal. The composition of the grown crystal was
confirmed from EDX measurement.

B. Magnetic properties

The temperature dependence of magnetic susceptibility
x (T') measured in an applied magnetic field (B) of 0.1 T, par-
allel to the [100] direction in the temperature range 2—300 K is
shown in Fig. 2(a). At T = 27.5 K a sharp drop in x confirms
the antiferromagnetic ordering. At high temperature x shows
a clear Curie-Weiss behavior and the x(7) data follow the
Curie-Weiss law, x(T) = C/(T — 6,), where C is the Curie
constant and 6, is the paramagnetic Weiss temperature. The
effective magnetic moment s of Gd** ions can simply
be obtained by the relation per = V/8C. The inverse x(T)
plot is shown in the inset of Fig. 2(a). The solid line shows
the fit to the Curie-Weiss law. From the fitting we obtained
8, = —48.6 K and the Curie constant C = 8.02 emu/mol. The
estimated . from the fitting is 8.0 uz/Gd which is nearly
equal to the theoretical value of 7.9 u, of a free Gd** ion. The
negative value of 6, confirms the antiferromagnetic correla-
tions.

The isothermal magnetization (M) measured at various
fixed temperatures is shown in Fig. 2(b). The M (B) curves for
T < Ty show a small change of slope at around 1 T, signaling
a subtle spin reorientation followed by steady increase without
any signature of saturation up to a magnetic field of 7 T. The
critical field at which the magnetization attains the saturation
value for an antiferromagnet at 7 = 0 K can be estimated
using the mean-field model. The expression for the critical
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FIG. 2. (a) Magnetic susceptibility () ) as function of tempera-
ture in a 0.1-T magnetic field and (inset) x ~'(7T) fitted in Curie-Weiss
law in paramagnetic region. (b) Field dependence of magnetization
at different temperature for field parallel to [100].

field H, is given by [23]:
— M‘y
()

where M; = 7uy/Gd is the saturation magnetization of
Gd** ion and x(T =Ty) is obtained from Fig. 2(a).
Substituting the value of x(7n) = 0.09454 emu/mol =
1.6927x 107> u, Oe~! Gd™!, the critical field H, is estimated
as 41 T. This value of H, is in good agreement with the high
field magnetization data, where the M; is attained at a critical
field of H, = 42 T [24].

ey

C. Electrical resistivity and magnetoresistance

The temperature dependence of electrical resistivity p,,(T)
measured in zero field is shown in the main panel of Fig. 3(a).
In the absence of magnetic field, the p,(T) decreases lin-
early as the temperature is decreased and at Ty = 27.5 K,
a drop in p,(T) is observed due to the reduction in the
spin disorder scattering. Below Ty, the resistivity drops
rapidly and attains a value of about 390 nQcm at 2 K.
The residual resistivity ratio of the sample is estimated as
82, suggesting a high quality of the crystal. We have also
fitted the electrical resistivity data above the magnetic or-
dering temperature to the usual Bloch-Griineissen expression
(not shown here for brevity) and obtained a py value of
about 5 u2 cm. Such a low value of residual resistivity,
before the reduction due to spin disorder scattering, further
confirms the high quality of the grown crystal. The zero-
field p(T) data, below Ty was fitted with the power law
pux(T) = po+ aT”, as shown in the inset of Fig. 3(a). The

best fit to the data was obtained for n = 1.5, typically for
most of the rare-earth compounds the resistivity shows a
power-law behavior, due to the e-e scattering; however, in the
present case the low-T resistivity data show a 7'~ behavior.
According to the spin fluctuation theory by Moriya et al.
[25], the T' dependence is observed in antiferromagnetic
materials near a quantum critical point [25,26]. The T be-
havior in a localized f electron system GdBi warrants further
investigation.

The p,,(T) at various applied magnetic fields is also shown
in Fig. 3(a). The overall behavior of p,,(T) remains the same
in the paramagnetic state in applied magnetic fields. The an-
tiferromagnetic transition at 7y = 27.5 K remains robust for
fields as high as 14 T without any shift which is substantiated
with the magnetic susceptibility and heat capacity data as
well. However, p,(T) shows an upturn well below 7y for
fields greater than 1 T. The upturn increases more rapidly
with higher magnetic fields and resembles a metal-to-insulator
like transition (MIT). Similar behavior has been observed
in other RBi (R = Pr, Ho, Er) compounds [16,18,20]. It is
interesting to note that the p,,(7) goes through a minimum
before the upturn and this minimum shifts to higher tem-
perature as the magnetic field is increased. The magnetic
field—driven MIT has been observed in systems like WTe,,
NbP [7,27], and semimetallic compounds like MoSi,, WSi,,
and WP, [17,28,29]. Different mechanisms have been put
forward for this type of field-induced MIT and large MR
in topological materials. For example, in WTe, the XMR
is attributed to the perfect electron-hole resonance, while in
the case of LaBi and LaSb the large MR is attributed to the
orbital texture [13]. All these mechanisms are for nonmag-
netic systems. GdBi exhibits an antiferromagnetic transition
and, typically, in such kinds of materials the positive MR is
attributed to the suppression of the 7y due to applied mag-
netic fields. However, Ty of GdBi is robust and no change
in Ty has been observed for fields as high as 14 T. Further-
more, the M(B) data by Li et al. [24] have revealed that the
magnetization increases linearly and attains the field-induced
ferromagnetic state at around 42 T, which suggests the gradual
spin reorientation. The scattering due to this staggered mo-
ment together with near compensation of charge carriers and a
very low residual resistivity (vide infra) results in such a large
MR.

To understand the field dependence of the electrical
resistivity further, we plotted the normalized temperature de-
pendence of MR measured in different fields from 4 to 14 T
in steps of 2 T, as shown in Fig. 3(b). It is interesting to see
that the normalized curves fall on to a single curve suggesting
the T-dependent normalized MR remains almost the same
for all magnetic fields. Hence, it can be said that the low
temperature behavior of p,,(7) is metallic rather insulating
in high magnetic fields [30]. A similar behavior is observed
in the magnetically ordered ErBi [16]. The upturn in p,(T)
at low temperature can be well described by the Kohler’s
scaling rule [31-33], according to which the field-dependent
MR at different temperature will follow the same functional
form MR o f(Bt), where t is the relaxation time that is
inversely proportional to po(0, T) as long as the scattering
mechanisms at different temperatures remain same. Follow-
ing the Kohler’s rule, the resistivity p(B, T') of GdBi can be
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FIG. 3. (a) Temperature dependence of electrical resistivity of GdBi at different applied magnetic fields; the dotted line corresponds to
Tx; (top inset) fitting of resistivity at 14 T magnetic field with Eq. (2); and (bottom inset) power-law fitting of low temperature resistivity.
(b) Temperature dependence of MR normalized with its value at 7 = 2 K at different magnetic fields. (Inset) MR as function of temperature.
(c) Field dependence of MR at various temperatures and (inset) power-law fitting of MR at 2 K. (d) Kohler’s scaling of MR at different

temperatures.

written as
B m
B, T)=po(0,T)31 _— , 2
p(B,T) = pof ){ +y[p0(0’T)]} (2)

where 00(0, T') is the measured resistivity of GdBi at zero
applied magnetic field. A fit of Eq. (2), keeping y as the only
adjustable parameter, with data at 14 T, is shown in the top
inset of Fig. 3(a). Value of m is kept fixed at 1.7, obtained from
power-law fitting of magnetoresistance. Deviation becomes
large when the temperature is above the transition tempera-
ture Ty, which maybe attributed to the change of scattering
mechanism, which limits the use of Kohler’s law. The above
equation also shines light on the presence of a minimum in
resistivity at magnetic field due to the coexistence of p(0, T')
and inverse of that term in p(B, T).

Magnetoresistance of GdBi at different temperature is
shown in Fig. 3(c) as a function of magnetic field applied in
transverse direction of current. At 2 K, MR reaches 5.1x 10°%
in field 10 T and 10.9x103% in 14 T (not shown here), which
is extremely large. The best fit of the MR data at 2 K with
power law is shown in the inset of Fig. 3(c) where the obtained
exponent value is 1.7. For a perfectly compensated semimetal,
one would expect this value to be 2. In this present case
the exponent value reveals that the charge carriers are nearly
compensated and this has been confirmed from the Hall data
(to be discussed below). The value of the exponent decreases

as temperature is increased from 2 to 20 K and after that
it again increases to 100 K with value 1.8, probably due to
change of carrier concentration. To verify the applicability
of Eq. (2) to the resistivity data, we performed the Kohler’s
scaling rule to the field-dependent magnetoresistance, shown
in Fig. 3(d), where MR is plotted against (B/pg) at different
temperatures, and as can be seen, all MR are collapsing onto
a single curve as predicted by the scaling rule. Deviation from
a straight line behavior is mainly attributed to the different
scattering mechanism in GdBi. This also describes why the
fitting shown in the top inset of Fig. 3(a) using Eq. (2) is
deviating at temperature above 7y.

We have used Hall resistivity (o.y) and linear resistiv-
ity (o) data to estimate the carrier concentration of GdBi.
Hall measurements were performed in a five-probe geometry
followed by antisymmetrization of the data to minimize the
contribution of linear resistivity (p,). The curved nature of
Hall data implies the existence of multiple charge carriers.
A two-band model is used here to fit the linear conductivity
(0xr) and hall conductivity (oy,). In a semiclassical two-band
model, complex conductivity can be written as

npidn
, 3
1 - iMhB] )

Nelde
o=e -
[1 +iu.B
where e is the magnitude of elementary charge and o,, and
oy are obtained from the real part and imaginary part of o,
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FIG. 4. (a) o\, and oy, of GdBi as a function of magnetic field.
Solid lines show the fit with the two-band model. (b) (Top) Electron
and hole density and (bottom) electron and hole mobility at different
temperature, obtained from two-band model fitting.

respectively; oy, and oy, are calculated from experimental p,.
and py, using the following relations:
IOXX

O = @)
TR ;r P2,

Xy
oy = =0 (5)
Tk 4+l

We simultaneously fitted the o, and oy, data at 2 K to the
real and imaginary part of Eq. (3) and the best fit is shown
in Fig. 4(a). Calculated values of carrier density and mobility
at different temperatures is shown in Fig. 4(b). At 2 K the
electron and hole density are estimated as 7.08(8)x 10?6 m—3
and 7.30(7)x 10% m~3 which explains the deviation of MR
from quadratic behavior in field. As temperature is increased,
we see a crossover in electron and hole density, which is
consistent with the observat ion that the exponent value (n)
in power-law fitting of MR is increasing towards the value
2 as temperature is increased. The estimated mobility at 2 K
is also quite large, reaching 0.91(1) m? V~! s~! for electrons
and 0.99(1) m?>V~!s~! for holes. These values of carrier
concentration and mobility are nearly the same as obtained
for ErBi and HoBi compounds [16,20]. The nearly compen-
sated nature of the charge carriers together with relatively
high mobility are the reasons for the observed large MR
which indicates the possibility of topological states in this
system. It is to be mentioned here that we have estimated
the carrier concentration from the first principles calculations
and obtained the values of 5.92 x 10%® m~3 for electrons and
7.07 x 10?® m~3 for holes which are in close agreement with
the values obtained from the transport measurements.

D. Shubnikov-de Hass oscillations

We have observed oscillation in MR as shown in Fig. 5(a)
when the field is ramped from 11-14 T, for temperatures up
to 8 K, beyond which it is not discernible. The background
subtracted Shubnikov—de Hass (SdH) oscillation (AR,,) is
shown in Fig. 5(b). It is quite obvious from the shape of the os-
cillation that it possesses multiple frequencies corresponding
to various extremal areas of the Fermi surface. A fast Fourier
transform (FFT) of the oscillation revealed three fundamental
frequencies at 461 T (Fy,), 871 T (Fp), and 1640 T (Fy,),
and two harmonics at 2203 T (Fy,424) and 2562 T (Foq,4a,)
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FIG. 5. (a) SdH oscillation in MR data at 1.8K and (inset) oscil-
lation in expanded view. (b) Oscillating part of electrical resistivity
of GdBi as a function of inverted magnetic field, and (inset) fast
Fourier transform of oscillating part of electrical resistivity. (¢c) FFT
amplitude at different temperature. (d) Mass plot of different fre-
quencies. The solid lines are the fits to the thermal damping factor
of the Lifshitz-Kosevich expression. (e) Dingle plots of different
frequencies.

as shown in Fig. 5(c). We have estimated the oscillation
frequencies from theoretical calculations using SKEAF code
[34] after obtaining the Fermi surface from first-principles
calculations [discussed later in Fig. 8(f)]. Two frequencies
at 510 T and 1963 T, which are close to the experimental
frequencies F,, and F,, respectively, represent the electron
pocket «, observed at high symmetry point X, whereas the
calculated frequency of 902 T which is due to the spherical
hole pocket at I' is matching with the experimental frequency
Fp.

’ The extremal cross section area (A;) of these Fermi pockets
are calculated from the Onsager relation: F; = (hA;/2me),
see Table I. The oscillatory part AR, can be described
by Lifshitz-Kosevitch expression [35]. The temperature-
dependent amplitude, obtained from FFT of AR,,, is shown
in Fig. 5(c), which shows the oscillation amplitude of in-
dividual frequency decreases with increase in temperature,
and it follows thermal damping factor X/ sinh X, where X =
(2n2m;kkBT)/(ehB). Here index i is a representation of a
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TABLE I. Parameters estimated from SdH oscillation analysis: m*, effective mass; Tp, Dingle temperature; A, extremal area of the Fermi
surface; kr, Fermi wave vector; vy, Fermi velocity; t, quantum relaxation time; and 1o, quantum mobility.

Fermi F m* Tp A
pocket (T) (m) (K) (nm~?)

kp Vf T Mo
(107 cm™) (107 cm s) (107 Bs) (cm? V's)

a 461
1640
B 871

0.360(3)
0.72(2)
0.35(2)

6.1(1) 4.40
5.2(4) 15.63
14(4) 8.30

1.18 3.75 1.98
223 3.56 233
1.62 5.38 0.83

954.5
564.1
416.3

Fermi pocket (o or B) and m] is the effective mass corre-
sponding to the frequency F;. Figure 5(d) shows mass plot
for different frequencies, and the extracted effective masses
are given in Table I. The estimated effective mass of carriers
are very similar to other rare-earth monopnictides [18,32,36].
Also, the field-induced oscillation amplitude damping follows
exp[—(anm;"kBTD/.) /(ehB)], where Tp, is the Dingle temper-
ature related with ith pocket, and % = %(Bl] + Biz), where B;
and B, represents the range of applied magnetic field used.
As multiple frequencies results in such AR, oscillation, FFT
amplitude (Aag) of individual frequency in different field
segments can give the field-dependent amplitude variation.
From the In[Axg sinh(X)/X] vs. 1/B fit, see Fig. 5(e), we
obtained the Dingle temperatures (7p) and calculated the
quantum relaxation time t;(= /i/2wkgTp,) and quantum mo-
bility pg, (= efi/2mkgTp,m}) of carriers for different pockets,
listed in Table I. From the table it is obvious that the quantum
mobility is about an order of magnitude less than that of
the transport mobility estimated from the Hall measurements.
This is because of the fact that the classical or transport
mobility is a macroscopic property that is related to the large
angle scattering caused by the charge carriers that move in-
side the material with the application of an electric potential.
On the other hand, the quantum mobility is a microscopic
property where the charge carriers move through the material
in response to quantum mechanical effects, such as scatter-
ing by lattice defects and by phonons. In general, quantum
mobility is lower than the transport mobility due to different
scattering mechanisms. The large angle scattering affects the
classical mobility while both large and small angle scatterings
affect the quantum mobility, which leads to smaller a value
of quantum mobility. SdH oscillations have been observed for
different orientations of the sample with respect to the applied
magnetic field as shown in Fig. 6.

E. Specific heat

The heat capacity (C,) of GdBi single crystal in zero
magnetic field in the temperature range 2 to 200 K is shown
in the main panel of Fig. 7(a). The sharp A-shaped peak at
27.5 K is observed, confirming the antiferromagnetic order-
ing in this compound. The heat capacity attains the value of
49.89 T mol~' K~ at 200 K which is the expected Dulong-
Petit limiting value of 3nR. The field dependence of heat
capacity is shown in the inset of Fig. 7(a). It is evident that
the magnetic field does not have any effect on the magnetic
ordering. Typically, in antiferromagnetic materials the long-
range interaction competes with the applied magnetic field,
resulting in the lowering of the ordering temperature. As we
have already seen in the M(B) data, the 4f moments align
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FIG. 6. (a) SdH oscillations at different angle. (b) Angular de-
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respectively.

to the applied field direction in an extremely slow rate and the
field-induced ferromagnetic state is achieved at high magnetic
field of 42 T [24]. Hence, fields up to 8 T do not have any
effect on the heat capacity peak.

Next, we estimate the magnetic contribution Cyr(T) to
the heat capacity of GdBi, and to accomplish this we have
grown the single crystal of LuBi which possesses the same
rock-salt-type cubic crystal structure and a completely filled
4f-shell. Due to the difference in atomic mass of Gd and
Lu, obtained C, of LuBi cannot completely mimic the
lattice contribution of GdBi. A correction to the C, is re-
quired [37] to obtain the correct value of specific heat.
The correction factor in this case is calculated to be 1.02,
which is very small and here neglected. After subtract-
ing the lattice and electronic part, the obtained magnetic
specific heat of GdBi is shown in Fig. 7(b) (bottom) as
C4r/T. A broad hump is observed in the Csr/T plot at
the low-temperature region. This type of hump arises for
the systems with (25 + 1)-fold degenerate ground state with
large S values [38]. For large S the entropy is large, and
in order to accommodate the increased entropy a hump ap-
pears in the heat capacity. For § = 7/2 systems according to
the mean-field theory, the hump in Cy4r(T) data appears at
T < Tn/3 [38]. The hump appears at 9.2 K, which agrees
well with the MFT for Ty = 27.5 K in GdBi. The mag-
netic entropy Sy attains a value of 13.02 J K™! mol ! at
Ty, which is 75% of RIn(2S +1)=17.3 J K~'mol~! for
S = 7/2. The reduction in the entropy may be attributed to

the inaccurate estimate of the lattice contribution to the heat
capacity.

F. Electronic structure studies

ARPES measurements on GdBi single crystal have been
performed at hv = 54- and 21.2-eV photon energies to deter-
mine the electronic structure. Probing depth at hv = 54 eV
[Fig. 8(a)] is =5 A while at hv =21.2 eV [Fig. 8(b)] it is
~10 A. This implies that bands observed at 21.2-eV photon
energy has higher bulk sensitivity than the bands observed
at 54-eV photon energy. Photoionization cross section of Gd
5d states is &2 times higher than the Bi 6p states at both the
energies, and hence the observed bands near the Fermi level
Er have dominating Gd 5d character. Comparing Figs. 8(a)
and 8(b) we find prominent differences in the bulk and surface
band structure. The 54-eV spectrum shows two hole pockets
at the I' point corresponding to the hybridized Gd 5d and
Bi 6p states [39] and matches with the band structure re-
ported in the Ref. [12]. Bulk band inversion near the X point
is clearly observed in Fig. 8(b) (marked by arrow) while it
is absent on the surface in Fig. 8(a). Bulk band inversion is
expected to give rise to nontrivial band topology with multiple
topological surface states [12,40]. In Fig. 8(c) we find an
electron-like band with quite enhanced intensity overlapped
on the holelike band at the I" point. This electron-like band in
Fig. 8(c) corresponds to the topological surface state and has
also been prominently observed in Fig. 8(a) near Er. Similar
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band crossings of electron- and holelike topological states are
also observed in PrGe with the onset of the antiferromagnetic
phase [41]. The gapless topological surface states in GdBi at
the I" point are predicted in the DFT calculations; however, no
clear evidence is observed in Ref. [12].

We also performed electronic structure calculations within
the framework of density functional theory framework us-
ing the Vienna ab initio simulation package (VASP) [42,43].
The generalized gradient approximation [44] was used to in-
clude the exchange-correlation effects, and SOC was added
self-consistently. We considered the kinetic energy cutoff of
320 eV for the plane-wave basis set and used a I'-centered
11x11x11 k mesh for bulk Brillouin zone (BZ) sampling.
The Gd f electrons were considered as core electrons in
our calculations. We generated the Fermi surface by con-
structing material-specific tight-binding Hamiltonian using
the VASP2WANNIERIO interface [45].

The orbital resolved bulk band structure along the high
symmetry directions is shown in Figs. 8(d) and 8(e), where red
and blue represent Bi p and Gd d orbital characters, respec-
tively. Both the Bi p and Gd d contribute to the states close
to the Fermi level. We find three bands along I'-X line that
cross the Fermi level and the band inversion happens between
Bi p and Gd d states at the X points, which is consistent
with the ARPES measurements shown in Fig. 8(b). The Fermi
surface of GdBi is shown in Fig. 8(f). The conical-shaped
electron pockets are located at the X points, whereas the
spherical and star-shaped hole pockets are centered at I' in
the BZ. The spherical pocket lies inside the star-shaped hole
pocket.

To understand the nature of valence states on the surface
we have performed the RPES measurement across Gd 4d-4f
resonance. Valence band (VB) spectra of GdBi are recorded
in the energy range from 135 to 159 eV and are shown in the
contour plot in Fig. 9(a). The inelastic background has been
subtracted using the Tougaard method [46]. Four prominent
features are observed in the VB region at 0.4, 1.5, 5, and
9.35 eV in Fig. 9(a) and are marked as A, B, C, and D respec-
tively. A, B, and C correspond to the hybridized Gd 54 and
Bi 6p states while feature D has dominating contribution of
Gd 41 states [39]. Bi 5ds,, and Bi 5d3, states in Fig. 9(a) are
marked as E and F and observed at 24 and 27 eV, respectively.
All the valence band spectra are normalized at the Bi 5d peaks
(E and F). The off-resonance spectra at hv= 140 eV and the
on-resonance spectra at hv= 150 eV are superimposed on the
contour plot in Fig. 9(a). We can see a prominent enhancement
in the intensity of feature D at the resonance indicating the
binding energy position of the Gd 4 f states ~9.35 eV in GdBi.
We have also observed a small enhancement in the intensity
of the features A, B, and C at the resonance indicating that the
Gd 4f states are hybridized with the Gd 5d states.

In the vicinity of the resonance process, constant initial
state (CIS) spectra have been shown to give rise to a charac-
teristic Fano line profile [41,47-49] which originates from the
interference between direct photoemission and Auger emis-

sion like process. The Fano profile is expressed as o (hv) =

2 . .
04 (‘l’i? + o3, where € = (hv — Ey)/G. In this expression E;

is the resonance energy, G is the natural width given by the
decay rate of the autoionization, and ¢ gives the informa-
tion about the discrete/continuum mixing strength. The cross
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FIG. 9. RPES of GdBi showing the contour plot in (a). Blue
shows the maximum intensity in the contour plot. The on-resonance
spectra at 150 eV and the off-resonance spectra at 140 eV are super-
imposed on the contour plot and the VB features are marked in (a).
CIS spectra for the VB features at different binding energy position
(Ep) are plotted in (b) to (f). The solid red dots are the experimental
data while the solid blue lines are the fitted Fano profile (discussed
in the text in detail). The calculated Fano parameters ¢, G, and E, are
also mentioned in (b) to (f).

sections o, and o}, represent the nonresonant background cross
sections for transitions to continuum states that interact or
do not interact, respectively, with the discrete autoionization
states [48]. CIS spectra for the topological surface state are
shown in Fig. 9(b) and the valence band features are shown
in Figs. 9(c) to 9(f). The CIS intensity plots are obtained
from Fig. 9(a) by plotting the normalized intensity at constant
binding energy position. The solid lines in Figs. 9(b) to 9(f)
are the fitted Fano line shapes with the parameters ¢, G, and
E, mentioned in the figures. The value of g for all the features
is found to be >2, indicating that all the VB features are
localized in nature but the localization is found to be the
largest near Efp [¢g &~ 5.38 at Eg= 0.2 eV in Fig. 9(b)] for
the topological surface state which clearly indicates distinct
surface electronic properties than the bulk. The Gd 4f states
[feature C and D in Figs. 9(e) and 9(f)] shows a lower value of
q (=2) than the topological surface states indicating that the
4f states are strongly hybridized with the Gd 5d states. The
reason for increase in the localization of the valence states as
the energy position is moved closer to Er [see Figs. 9(b) to
9(f)] is because of the strong hybridization between the Gd
4f and Gd 5d states which causes the empty Gd 4f states to
move more into the low-density-state region near the bottom
of the conduction band [50].

IV. CONCLUSION

High-quality single crystal of GdBi has been grown by
high-temperature solution growth. We have performed a

235117-8



LARGE UNSATURATED MAGNETORESISTANCE AND ...

PHYSICAL REVIEW B 107, 235117 (2023)

systematic study on the magnetic and electrical transport
properties. From the SdH quantum oscillations, we have
analyzed the Fermi surface properties. The magnetic mea-
surements revealed that GdBi undergoes an antiferromagnetic
transition at 27.5 K. The isothermal magnetization M (B) does
not show any signatures of saturation and reaches a value of
~1.3 up/Gd at 7 T, whereas the saturation moment is 7 uz/Gd.
The electrical resistivity confirms the antiferromagnetic order-
ing by displaying a drop in the resistivity at 27.5 K and the
overall resistivity behavior is typical metallic like. With the
application of magnetic field, the electrical resistivity displays
a huge upturn in the magnetically ordered state at low temper-
atures, as observed in most of the compensated semimetallic
systems. The MR also displays a large value of the order of
10*% without any signature of saturation. Hall effect studies
reveal multiple types of charge carriers and near compensa-
tion. From SdH oscillation studies, we have estimated the
effective mass of carriers corresponding to three fundamen-
tal frequencies, which matches with the previously reported
other rare-earth monopnictides. ARPES results indicate dis-
tinct bulk and surface states present in this system while RPES

results indicate that the surface state near Er has more local-
ized character. Hence, the compensated nature of the charge
carriers observed in resistivity is governed by the localized
character of surface states. Moreover, the high mobility of the
conduction electrons is due to the spin polarized Gd 5d states
which are strongly hybridized with the Gd 4 f states. A high
field MR measurements at low temperatures and fields greater
than 14 T will throw more light on the observed nonsaturating
magnetoresistance.
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