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Magnetotransport properties and Fermi surface topology of the nodal line semimetal InBi
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In the present study, we have thoroughly characterized the 3D Fermi surface of a topological nodal line
semimetal InBi via the Shubnikov—de Haas oscillations and density functional theory. The nitty-gritty of its
full 3D Fermi surface has been discussed in detail. The Fermi surface topology and the Hall conductivity
emphasized the carrier compensation as a driving force for the observed extremely high magnetoresistance.
The magnetotransport revealed a unique magnetic-field-induced metal-semiconducting transition. The origin of
such a phenomenon has been elaborated theoretically which has implications for layered topological nodal line

semimetals with linearly dispersing bands.
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I. INTRODUCTION

The exotic band structure of topological materials has
become an exciting field of inquiry nowadays due to the
variety of electronic structures across different members
of the family. For example, in the case of a topological
insulator, there exists a symmetry-protected non-trivial
surface electronic structure [1] whereas in the case of Dirac
semimetals, Weyl semimetals, etc., we have, on the contrary,
symmetry protected non-trivial bulk electronic structure [2].
These semimetals also possess nodal points which are the
touching points of their valence and conduction bands in the
momentum space. The nodal structures (i.e., the loci of nodal
points in momentum space) of different topological materials
discovered so far are quite rich with some newly discovered
compounds within the family showing more complex struc-
tures. Thus, we have either a nodal line [3], nodal chain [4],
nodal knot [5], nodal link [6-8], or nodal net [9,10], denoting
the richness of the underlying phenomena among them.

A few of the recently discovered promising nodal line ma-
terials are ZrSiX (X =S, Se, Te) [11,12], Ag,S [13],AX, (A=
Ca, Sr, Ba; X = Si, Ge, Sn) [14], CasP, [15], CaP3 [16], CaTe
[17], CaAuAs [18], CaAgX (X =P, As) [19], ItF4 [4], Mg;Bi,
[20], XB, (X = Ti, Zr) [21], SrAs; [22], Co,TiX (X = Si, Ge,
or Sn) [23], TazX (X = Al, Ga, Sn, Pb) [24], X,Y (X = Ca, Sr,
Ba; Y = As, Sb, Bi) [25], YCoC, [26], MnN [27], and YH;
[28]. As the number of electronic states at the nodes in a nodal
line system is more than that for a nodal point system, these
compounds display various novel properties like a large spin
Hall effect [29], long-range Coulomb interaction [30], and flat
Landau level [31]. Quite interestingly, the effect of spin-orbit
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coupling on its electronic structure is such that either the nodal
line remains protected by some symmetry of the system, such
as inversion symmetry, reflection symmetry, or nonsymmor-
phic symmetry, or the nodal line gets destroyed by virtue of
a gap formation resulting from the lack of such a protection
[3,9,32-34]. For instance, the reflection symmetry of the Ta
atomic plane protects the nodal line in XTaSe, (X = Pb, TI)
[35,36]. In the case of CuzPdN, nodal lines are protected by
the inversion symmetry [10]. For ZrSiS [11] and InBi [37]
the nodal lines are protected by nonsymmorphic symmetry.
Although a vast amount of study has already been done on
ZrSiS, InBi remains the least studied compound till date.
InBi has two distinct nodal lines protected by nonsymmor-
phic symmetry [37] and it also has a topologically nontrivial
type-II Dirac cone protected by fourfold cyclic symmetry
[37]. The compound InBi exhibits unique transport properties,
viz., extremely high magnetoresistance (XMR) [38], highly
anisotropic MR [38], and pressure-induced superconductivity
[39]. The compound also shows an upturn in the resistivity (o)
[38] upon application of a magnetic field (B), but a detailed
discussion on that topic has not been available till date. The
quantum oscillation study of this compound has also been
reported earlier [40], but a deep understanding of its Fermi
surface topology and its role in the transport phenomena is
still lacking.

In this article, we report the structural, transport, electronic
band structure, and Fermi surface topology of InBi. The article
is organized in the following way. We discuss the structural
properties of InBi in Sec. IITA. In Sec. III B, we discuss its
magnetotransport properties. In this section, we elaborate on
an interesting result, viz., the upturn nature in p(7'). A detailed
mathematical treatment is put forward to explain the observed
temperature dependency of the resistivity. Another aspect of
our study is establishing the role of electron and hole carriers
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in the transport phenomena. Our results further unravel the
origin of XMR in InBi. In Sec. IIIC, we discuss the Fermi
surface topology by Shubnikov—de Haas (SdH) oscillations
and compare it with the computed Fermi surface using den-
sity functional theory (DFT). Our DFT result satisfactorily
matches the experimental data. Accumulating the empirical
and theoretical tools, we have successfully mapped the com-
pound’s Fermi surface. Such an inquiry gives a complete
3D visualization of its Fermi surface. We provide a detailed
discussion for each Fermi surface sheet (FS). The modulation
of each FS due to the electron and hole doping and the FS’s
role in the transport phenomena are also discussed rigorously.
At the end, we have discussed some important physical pa-
rameters derived from our SdH oscillation study.

II. EXPERIMENTAL DETAILS
AND THEORETICAL METHODS

We prepared a single crystal of InBi using the modified
Bridgman method. Elemental In (Alfa Aesar) and Te (Alfa
Aesar), with 99.9% purity, have been used as the starting
materials. The stoichiometric amounts of starting materials
were taken in an evacuated (10~° mbar) quartz ampoule. The
ingots were then melted at 200 °C in the quartz ampoule and
kept for 24 hr at that temperature. The molten ingots were
subsequently cooled to 150 °C with a cooling rate of 20° hr~!.
Thereafter we cooled the molten material from 150°C to
30°C at a slow cooling rate of 3°hr~!. As the bottom of the
quartz tube is of a conical shape, the nucleation process starts
from the bottommost point of the quartz tube. Shiny conical-
shaped single crystals are thus obtained from the quartz tube.
Small parts of the crystal have been used for further charac-
terization.

X-ray diffraction (XRD) of a powdered compound was per-
formed for the structural analysis. Further, we also performed
XRD on the compound’s cleaved surface to check its sin-
gle crystallinity. The XRD results from the cleaved surfaces
identifies various crystallographic planes with respect to their
Miller indices. Only reflections from planes of certain Miller
indices and their multiples were observed thus certifying the
single crystallinity of the surface. The Hall study of the com-
pound was performed on a rectangle-shaped sample with the
four-point probe method in the van der Pauw configuration us-
ing a 9 T physical property measurement system (PPMS) and
the Hall voltages were detected along the direction perpendic-
ular to the current flow in the sample plane. The resistivity and
the MR measurement was performed in the four-probe puck
in a 15 T cryogen free magnet system (CFMS-15) from M/S
Cryogenic, Ltd., UK. During MR and Hall measurements,
the external magnetic field was applied perpendicular to the
ab plane.

In order to interpret our experimental results, we have
carried out density functional theory calculations using the
full potential linearized augmented plane-wave based method
implemented in the WIEN2k code [41]. All the calculations
were performed in a non-spin-polarized setup with a gener-
alized gradient approximation (GGA) [42] approach for the
exchange-correlation functional. The spin-orbit coupling is
included using a second-variational scheme and thus all the
reported results are from GGA4-SOC calculations. In order to
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FIG. 1. (a) The unit cell of InBi compound. (b) The BZ struc-
ture and the high-symmetry points along which DFT calculation
is performed. (c) The band structure along high-symmetry points.
Band 1 (red) and band 2 (blue) are the only two bands that provide
carriers’ density at Er. (d) The ab planes of InBi. (¢) The XRD
peaks which originated from the ab plane. Inset: The photograph of
conical-shaped InBi single crystal. (f) The XPS spectrum of InBi.

obtain a very accurate Fermi energy (E), the R, Kinax value is
considered to be 7 and Brillouin zone (BZ) integration is done
using the tetrahedron method [43] with a sufficiently dense &
mesh (14x14x14).

III. RESULTS AND DISCUSSION

A. Structural characterization

We performed powder XRD in order to obtain the crys-
tal structure of the compound. Our study suggests that the
compound crystallizes in the p4/nmm (space group No. 129)
crystal structure. The refinement of the powder XRD pattern
yields a = 5.01(2) A, b =5.012(2)A, and ¢ = 4.77(9)A; a
unit cell containing the In and Bi atoms is shown in Fig. 1(a).
The plane containing In atoms is depicted by a shaded color.
The BZ with its high-symmetry points and the corresponding
electronic band structure are shown in Figs. 1(b) and 1(c).
The band structure indicates that only two bands crossed the
Er. We label these two bands as band 1 and band 2 which
are highlighted in red and blue in Fig. 1(c), respectively. The
crystal structure of this compound is layered as shown in
Fig. 1(d) with the shaded planes indicating the occupancy
of In and Bi atoms along the ab planes. Figure 1(e) shows
the XRD pattern taking from the ab plane of the crystal.
As the diffraction occurred only from the ab planes, the
diffractogram only contains (00/) peaks. The very sharp peaks
of the XRD pattern indicate the good crystallinity of the
compound. The (00/) peak pattern is also consistent with the
space group and unit cell parameters derived from the powder
XRD. We show the photograph of our conical-shaped single
crystal along with a centimeter scale in the inset of Fig. 1(e).
The x-ray photoelectron spectroscopy (XPS) of InBi is shown
Fig. 1(f). The spectrum from 4f and 3d orbitals of Bi and In
atoms well verified the compound’s elemental composition.
The XPS spectrum also agrees with the stoichiometry of the
chemical composition.
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FIG. 2. (a) p(T') measured at 3-100 K with the application of 0-9 T magnetic field. (b) After performing ‘}’:}% (to calculate turn-on
temperature). The 7, and 7; are indicated in the inset figure. (c) The variation of 7,, and 7; with the magnetic field. Triangle formed by 7,, and

T; are shown by a pink-shaded area.

B. Magnetotransport properties
1. Magnetic-field-dependent p(T)

The temperature-dependent resistivity measured at 3—
100 K is shown in Fig. 2(a). The resistivity of the compound
at 3 K and 100 K is 0.5x1072 and 14.7x1072 uQ2 m, re-
spectively, which is very close to the earlier reported result
[38]. To calculate the residual-resistance ratio (RRR) of our
compound, we performed our resistivity study up to 300 K.
The RRR of the compound based on the 3 and 300 K resis-
tivity data is estimated to be 93. The RRR of the compound
in the earlier reported data lies between 91-271 [38]. We
have observed that the resistivity of the compound sharply
increases with the increase of magnetic field, especially in the
low-temperature regime. When B = 0, the resistivity of the
compound has been increased monotonically with tempera-
ture. On applying the high magnetic field, the p(T") rapidly
decreases first, and then it increases with the increase of
temperature. Such kind of upturn behavior is also observed in
other nontrivial topological systems [44—48], where, applying
a certain magnetic field, the p(7") shows minima at a particular
temperature (7;,).

We have shown the first-order derivative =%+ in Fig. 2(b).
The turn-on temperature is indicated in the figure as 7,,, where
the slope of the p(T) changes its sign from negative to posi-
tive. Apart from turn-on behavior, we have also identified the
minima of the %, indicated as T; in Fig. 2(b). The T; of the
compound is approximately estimated as 12 K, and it changes
negligibly with the change of applied magnetic field. We have
plotted the variation of 7, and 7; with the applied magnetic
field in Fig. 2(c). The triangle formed by the 7,, and T; is one
of the vital features observed in the compensated semimetals
[49]. The value of the slope inside the shaded area of the
triangle is negative, whereas the upper outside region of the
triangle shows the positive slope. For the case of graphite and
bismuth, the triangular phase diagram can be explained by the
inequality /i/t < hiw. < kgT, where T is the electron-phonon
scattering time and o, is the cyclotron frequency [50]. In
clean semimetals with low carrier density, 7 « kgT /h, and
hence, there exists a wide temperature-field range where XMR
and turn-on-like behavior in resistivity appear. On the other

alp(T)]

hand, large carrier density and strong impurity scattering limit
the MR in conventional metals.

We have calculated the T-dependent MR from the p(T)
data. The MR of the compound is defined as

MR = [p(B,T) — p(0, T)]/p(0, T). ey

Here, p(B, T') denotes the resistivity of the compound as a
function of magnetic field (B) and temperature (7). The com-
pound’s MR% at 3—-100 K is shown in Fig. 3(a). The MR%
of the compound is very high at low temperatures. It goes
up to 2500% at 9 T. We have observed that the MR% of the
compound reduces drastically from O to 20 K and it almost
becomes negligible above 40 K.

In order to analyze the temperature dependence of p(0, T'),
we have fitted p(0, T') with several functions [Fig. 3(b)]. First,
in order to analyze the low-temperature region, we have fitted
p(0,T) as A+ BT" (where A and B are the constants) up to
20 K. The result from the best-fitted parameter gives n = 3.
In the second step, we fixed n = 2, and fitted the p(0, T) up
to 20 K. However, the fitted data using n = 2 are not well
matched compared to the previous case. Lastly, we have fitted
(0, T) in the whole temperature range, and the best-fitted
parameter for that scenario gives n = 1.44. In the last case,
the fitted data are well matched in high temperature, but they
do not fit well in the low-temperature region. The observation
of n = 3 for our case indicates the departure of pure electron
dominated scattering. Generally, n = 2 is observed for pure
electron-correlated dominated scattering [51]. Similar kinds
of behaviors (n = 3) are also observed for other compensated
semimetals, viz., LaSbTe [52] and LaBi [53]. Semimetal LaSb
(n = 4) [46], elemental yttrium [54], and transition-metal car-
bide [55] also show interband electron-phonon scattering.

2. Origin of turn-on behavior

The MR of the compound based on Kohler’s law [56,57] is
defined as

MR = «[B/p(0, T)I". (2)
Comparing Egs. (1) and (2), we get
p(B.T) = {aB" /[p(0, T)I"~'} + p(0, T). 3)
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FIG. 3. (a) Calculated MR% with the application of 3 T, 6 T, and 9 T magnetic field. (b) Experimental p(7) without any magnetic field
and different type of fitted functions. Data up to 20 K are shown in the inset figure. (¢c) Experimental and simulated p(7") with the application
of the 6 T magnetic field. The color code for the different #» remains the same as previously. (d) Simulated p(7) under the application of 0-9 T
magnetic field. Experimental p(7") (shown as black dashed lines) is plotted over the theoretically generated one. The pym.on as a function of

ap(T)

T,, is indicated by a solid magenta line. The “2— of the theoretically generated patterns are shown in the inset figure. (€) Variation of turn-on
temperature as a function of B and the fitted pattern. (f) Simulated p(6, T') with the variation of «.

Using Eq. (3), we have simulated the po(7) under the 6 T
magnetic field. During the simulation, we have fixed o =
1.2x1073 (Q@m T 1) and m = 1.6, which are derived from
the Kohler’s law fitting [Eq. (2)]. Ideally, m = 2 for the per-
fectly compensated system, but our result m = 1.6 suggests
that our compound slightly departs from the perfectly com-
pensated case. The simulated patterns of p(6, T') along with
the experimental data are shown in Fig. 3(c). Our study sug-
gests that simulated p(6, T'), derived from the experimental
p(0, T'), reasonably matches the experimental p(6,7). We
have also predicted p(6, T') for all the corresponding cases
of p(0,T). Our simulated p(6, T) in Fig. 3(c) follows the
same color code for the corresponding cases of p(0,T) in
Fig. 3(b). The result suggests that for n = 3 and 2, the the-
oretically generated p(6, T') matches well at low temperature
but deviates at high temperature. For the case of n = 1.44, the
simulated p(6, T') fairly matches the experimental one at high
temperature.

Using Eq. (3), we have simulated p(B, T') for 0.5-9 T. We
have plotted the theoretically generated p(B, T') in Fig. 3(d).
The result matches the experimental data excellently. The
experimental data are plotted as a black dashed line over
the corresponding simulated pattern. Such an analysis vali-
dates our theoretical approach that replicates the experimental
p(B,T). We have also shown the first-order derivative of

p(B,T) in the inset of Fig. 3(d) in order to calculate the
turn-on temperature (7;,). The derived 7, and the correspond-
ing magnetic field are plotted in Fig. 3(e). The variation of
turn-on temperature with respect to the magnetic field is fitted
with the equation

T,, = C(B—B.)". 4

Such a formula was initially proposed by Khveshchenko [58]
and is validated for graphene and bismuth. For graphite and
bismuth, v = 1/2. The best-fitted parameters in our case give
¢=1275 K T%, B.=136T and v = 1/2. v = 1/2
suggests that the turn-on nature of our compound follows the
aforementioned picture.

The above theory suggests that the magnetic field opens an
excitonic gap (in pyrolitic graphite) in the linear spectrum of
the Coulomb interacting quasiparticles, and hence the com-
pound shows semiconducting-like transport features. Further
studies suggest that such kind of band gap opening is not just
limited to a particular compound; rather it is observed across
a wide range of compounds [46,52]. One can calculate the
semiconducting gap (A) by log(p) vs T~! fitting as p(T')
exp(A/KgT) within T; < T < T, [46,52]. Such a phenomena
of a Coulomb-interaction driven electronic instability is found
to occur in a layered system possessing linear band dispersion
at Er under applied magnetic field [58]. Since our system
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too is layered and possesses linear band dispersions close to
Eg, an excitonic gap could open up there, following the same
phenomena. The excitonic gap for our compound at 3 T, 6 T,
and 9 Tis 0.098 meV, 0.612 meV, and 0.869 meV, respectively
(see the Supplemental Material [59]). However, a saturation is
observed in the resistivity at low temperatures which is ubiq-
uitous in semiconductors [61] and other 2D metals [62,63]. In
our case too we have observed the saturation below 7; which
does not also show any dependence on the excitonic gap or
the applied magnetic field. It rather originates from those
bands which are not gapped thus providing charge carriers
for the conduction. These carriers are liable to get scattered
by the impurities at low temperatures thus giving rise to the
saturation.

In Fig. 3(f), we simulate p(B, T') with the variation of «.
In the simulation, we fixed B = 6 T, and observe how the
variation of « affects the turn-on behavior. Our analysis sug-
gests that the lower the « the higher the critical magnetic field
needed to produce turn-on behavior. The analysis indicates
that if & < 0.48x10~13 (@m T )"°, we could not observe
any turn-on behavior even at 6 T. The analysis highlights a
significant role of « in the turn-on phenomena.

In this section, we provide a mathematical analysis for
the turn-on behavior. We define a resistivity minima at 7,, as
Prum-on- 10 calculate the minima in p(B, T), we take ApT.B)]
and make it zero at T = T,,. The mathematics is followed as

dlp(B, T
[p(B,T)] _o. )
oT T=T,
Solving Eq. (5), we get
p(0. T,)) = o'/ (m — 1)"""B. ©6)

To calculate the resistivity at turn-on temperature, we put
T =T, in Eq. (3). The equation follows as

p(B, T,,) = o'/™(m — 1)‘/'"<L + 1>B. 7
m—1

From Eq. (4), we already know that the parameter T, is
a explicit function of B. Hence, putting the value of B from
Eq. (4) to Eq. (7), we get pum.on as a function of T7,,. After
rewriting Eq. (7), we get

1 T?
Prrn-on(Tr) = Oll/m(m - l)l/m — +1 -2 +B.].
m—1 2
®)

Equation (8) is valid for a particular compound that
shows a similar kind of upturn nature in p(7) on the
application of magnetic field. Putting the value of o =
12x107°83 @mTH', m=1.6, ¢ =12.75KT %, and
B, = 1.36 T, Eq. (8) in our case becomes

2
Prurn-on(Tn) = (% + 136) x1078. &)
We plot Eq. (9) in Fig. 3(d). The magenta line in the
figure indicates the pum.on. The simulated pymon based on
Eq. (9) excellently matches with the experimental results. The
details of the analytical part are written in the Appendix.
Based on the above analyses of the transport properties,
we concluded the following: First, without the application

Magnetic field (T)

i

" =
g0.12 G
G o0 ml_
E! 5.
S %’
’ N
Q-

(a)

10 100 T T T T e
Temperature (K) Temperature (K)

FIG. 4. 3D contour plot of simulated data. (a) p(B,T).
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of a magnetic field resistivity of the compound follows as
A+BT". At low temperatures n = 3. But at high tempera-
tures n becomes 1.44. Second, based on Eq. (3), we have
generated a two-dimensional data set (containing B and T')
that fully replicates the experimental data. We have shown the
simulated resistivity and its first derivative in a 3D contour
plot in Figs. 4(a) and 4(b). Third, the parameter o has a
significant role in producing the turn-on behavior in p(7T).
Turn-on phenomena can disappear if o becomes lower than
a critical value. Finally, we can calculate the resistivity at the
turn-on temperature (7,,) from our algebraic expression.

3. Temperature-dependent p(B)

The variation of p(B) at several temperatures is shown
in Fig. 5(a). We have shown that the change of resistivity
with temperature is very high when applied magnetic field is
very low and p(B) for all temperatures tend to converge at
high magnetic fields. It is observed that with the increase of
B, p(B, 3) first grows and then it almost catches up to the
value of p(B, 15), p(B, 25), and p(B,50) at 3 T, 4 T, and
6 T, respectively. The MR% as a function of B is shown in
Fig. 5(b). The MR % of the compound is very high at 10 K and
reaches up to 2500% at 3 K. On the other hand, MR % at high
temperatures reduces drastically and almost becomes negligi-
ble above 25 K. We have also shown MR% vs B/p(T, 0) for
all the temperatures in Fig. 5(c). The log-log plot of all the
data points falls in a single straight line. The fitted line based
on Eq. (2) is shown by a solid magenta line. During the fitting,
we have put a corresponding value of « and m as stated earlier.
The fitted data at 3 K before the log-log plotting are shown in
the inset of Fig. 5(c). The falling of all data points in a straight
line also verified our earlier assumption that the parameters o
and m are almost temperature-insensitive in our compound.

4. Hall resistivity study

The Hall effect study in 0-9 T magnetic field at different
temperatures is shown in Fig. 6. To eliminate the MR con-
tribution from the Hall data, we performed the Hall study in
the forward and reverse bias of the magnetic fields. As the
MR does not change its sign while reversing the magnetic
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FIG. 5. (a) The p(B) measured at 3—100 K with the application of 0-9 T magnetic field. (b) The MR% as a function of B that is calculated
from the experimental p(B). (c) The log-log plot of MR% as a function of B/p (0, T'). The fitted line based on Kohler’s law is shown in a solid
magenta line. The fitted line for 3 K is separately shown in the inset figure.

field unlike Hall resistivity, we subtract these two (data for
forward and reverse bias) Hall data from each other and then
divide them by two to get the actual Hall contribution. We
followed the same process at 3 K, 10 K, 25 K, and 50 K in
the full range of the magnetic fields. The nonlinear behavior
of the Hall resistivity suggests that both the carriers (electron
and hole) contribute to the transport phenomena. The raw
Hall data contained noise. The Hall data which are shown in
the figure are plotted after smoothing the raw data (for more
details, see the Supplemental Material [59]). The whole set
of the Hall data that are shown in Fig. 6 is reproducible, as
we repeat the measurement using different pieces of a single
crystal along with the current variations. We have observed
that at T < 25 K, p,,(B) increases rapidly. On the application
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g 02t r
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& .
3 00
<02t (©) g 020r
G
-04r . =, L
0417=50K = 0B
<
~ 02
g 0.10 |
C:5 0.0
—0 4 r N N N N 0.00 1 1
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FIG. 6. The p.,(B) from +9 T to —9 T at (a) 3 K, (b) 10 K,
(c) 25 K, and (d) 50 K. (e) The p,,(B) from 0-9 T with the tempera-
ture range 3-50 K.

of 9 T magnetic field, p,, at 3 K is almost twice compared to
the py, at 25 K. Interestingly, the change in MR% calculated
from py, also is twice at the same temperature and magnetic
field.

Using the experimental result of p.(B) and p.,(B), we
have calculated the o,,(B) and o,,(B). After the inverting of
the resistivity matrix, oy.(B) and oy, (B) can be written as

Pxx(B)
xx B) = s 10
OB =T BP + o BIP (10)
0y (B) = Pxy(B) (11

[oxx(B)]? + [pxy(B)>

Based on Egs. (10) and (11), the calculated o,,(B) and o,,(B)
are plotted in Figs. 7(a) and 7(b).

We have fitted oy(B) and oy, (B) with a two-band, two-
carrier model [64] stated as

0 (B) = e|:nh,uh

Nelde :|a (12)

1
1+ (u.B)?

1
2 2
— — ., —— . (13
T (uB)? ”“81+<u63>2} (13

As stated both the carrier types contribute to our transport
phenomena; we have performed the global fitting based on
the two-carrier model where the simultaneous presence of
the electron and hole carrier is considered. Here the electron
density (n.), the hole density (n,), the electron mobility (u.),
and the hole mobility (u;) are termed as fitting parameters.
The fitted lines are shown as a solid red line in Figs. 7(a)
and 7(b). Extracted parameters from Eqgs. (12) and (13) give
almost the same result. The fitting parameters, viz., n.(T),
np(T), wo(T), and u,(T), are shown in Figs. 7(c) and 7(d).

From Fig. 7(c), it is observed that n.(T) is slightly higher
at 3 K but, as a broad view the n.(T) and n,(T) are ap-
proximately the same (~1.5x 1072 m~3) below 25 K. After
25 K, n.(T) almost remains the same and n,(T) increases
to ~7x1072 m~3. The results suggest that the number of
electrons and holes contribute equally at lower temperatures
whereas, at high temperatures, the transport is dominated by
holes. Observing the MR data from Fig. 5(b), we observed
that MR% is also very large below 25 K. Such kind of corre-

—+
1+ (unB)?

0x(B) =eB |:
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FIG. 7. (a) 0. (B) and its corresponding fittings; inset: logarith-
mic plot of o,,(B) as a function of magnetic field and temperature
in a 3D contour plot. (b) o,,(B) and its corresponding fittings; inset:
logarithmic plot of o,,(B) as a function of magnetic field and temper-
ature in a 3D contour plot. (c) The temperature-dependent electron
and hole density which are estimated from the two-carrier model.
(d) The temperature-dependent electron and hole mobility which are
estimated from the two-carrier model.

lation hints that the XMR is accompanied by the electron-hole
compensation of the compound. Regarding the carrier mo-
bility, we have observed that the electron mobility of the
compound at 3 and 15 K is 3.98 and 0.29 m?>V~!s7!, re-
spectively. The hole mobility at 3 K and 15 K is 25 and
15 times lower than the corresponding electron mobility at
those temperatures. The effective mobility (e ~ /Ieftn) at
3 Kis 0.79 m?> V! s ~! which is consistent with the previous
report [38].

C. Shubnikov-de Haas oscillation and Fermi
surface topology study

1. The FS topology of InBi

Before introducing the experimental part, we have dis-
cussed the basic electronic structure of InBi. Our study
suggests that only two bands contribute to the carrier’s density
at Er. The energy dispersion of band 1 and band 2 is shown
in Fig. 8 where the allowed electron- and hole-like states are
shown in the red and blue shaded areas, respectively. Figure 8
indicates that y and o pockets coming from band 1 are elec-
tron types. Similarly, 8 and é pockets coming from band 2
are hole types. We have shown the 3D Fermi surface in Fig. 9.
The FS coming out from band 1 creates two distinct pockets y
and « placing at high-symmetric points Z and R, respectively.
Similarly, the FS coming out from band 2 creates two distinct
pockets B and § placing at high-symmetric points I" and M,
respectively.

After identifying all the electron and hole pockets, we have
calculated the extremum area of these pockets. To draw the
extrema, we take several cuts in the k,-k, plane in the 3D BZ.
The contours from several cuts perpendicular to the k, axis are
shown in Fig. 10. The red and blue contours come from band
1 and band 2, respectively. Figures 10(b)-10(e) suggest that
the extremum area of § and § sheets lies at the I' point. The
cut corresponding to the I" point is shown in Fig. 10(b) where
maxima of the FS are indicated by an arrow. It is visible that
the area of the 8 and § sheets continuously decreases from cut
1 to cut 4. Similarly, from cut 5 to cut 8, the area of the y and
a sheets continuously increases. The maximum area of the y
and o sheets lies at the Z point (cut 8). The extremum area of
the y and « sheets is indicated by the arrow in Fig. 10(i). The
extremum area of all four FSs is listed in Table I.

2. Experimental verification

The quantum oscillation work of InBi was performed by
Saito [65] in 1964. In this same work, the author performed de
Haas—van Alphen (dHvA) oscillation for InBi. After Saito’s
work, many authors performed the quantum oscillation study,
but none of them successfully resolved the nature of electron

2.0

15F
Band-1 ——»
1.0

E-E; (eV)

Hole

-1.0 FBand-2 ——» Electron
-1.5
k-path—»T" X M Tr Z R A

FIG. 8. The band structure of band 1 is shown in red. The allowed states marked by red-shaded area denote the electron-like pocket. The
y and o pockets are generated from band 1. The band structure of band 2 is shown in blue. The allowed states marked by blue-shaded area
denote the hole-like pockets. The 8 and é pockets are generated from band 2.
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(b) FS from Band-2

(a) FS from Band-1

FIG. 9. (a) The electron pockets come from band 1. The y and « sheets are lying at high-symmetric Z and R points respectively. (b) The
hole pockets come from band 2. The 8 and § sheets are lying at high-symmetric I" and M points, respectively.
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FIG. 10. Fermi sheets in k,-k, plane at several k, cuts. (a) Several k,-k, planes in 3D BZ where the 2D contours are plotted. (b)-(d) The
contours in blue coming from band 2. The areas of 8 and & sheets are continuously decreasing from cut 1 to cut 4. The arrow mark in cut 1
indicates the extremum area of the corresponding pockets. (f)—(i) The contours in red coming from band 1. The areas of « and y sheets are
continuously increasing from cut 5 to cut 8. The arrow mark in cut 8 indicates the extremum area of the corresponding pockets.
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TABLE I. Fermi sheet properties.

Experimental SdH* Experimental Theoretical
FS pocket Origin Type frequency (T) area® (nm~2) area® (nm~?)
B Band 2 Hole 330 3.1 34
8 Band 2 Hole 543 5.1 53
o Band 1 Electron Merged with g 33
y Band 1 Electron 792 7.5 6.7

2At 3 K and B along the ¢ axis.
bArea derived from our SdH frequency.
°Extremum area (from our DFT calculation) in k,-k, plane.

and hole pocket from the oscillatory data. In 1973 Meyer et al.
[40] performed a dHVA study of InBi in all crystallographic
directions. We have shown part of Meyer’s result in Fig. 12 as
areference. The author predicts that Fg and F,, are originating
from the InBi and Fj is originating from the impurity band.
Observing the angular variation of dHvA oscillation, Meyer
et al. first predicted that the 3D topology of the FS originating
from Fp and F, should be a distorted ellipsoid. From the
angle-dependent data, they cannot reveal the origin of each
FS from the BZ structure. We brought Meyer’s result as it
plays a crucial role in the context of our current study. We
started our experiment with magnetotransport studies, viz.,
MR at low temperature and high magnetic field. To get the
SdH signal, we measured MR at 3 K, 5 K, 10 K, and 15 K
in the B field 7-15 T. The MR data and corresponding FFT
spectrum are shown in Figs. 11(b) and 11(a), respectively.

To perform FFT, we first plot the resistivity as a func-
tion of the inverse magnetic field. Then we take the double
derivative to subtract the background. The advantage of tak-
ing the double derivative is that it eliminates the background
but retains all oscillatory components. We use this data as
a timescale spectrum to perform the FFT. After identifying
the frequency that comes from the Fermi surface of the com-
pound, we take an inverse FFT for the particular frequency to
visualize the timescale spectrum of the particular frequency
component. The range of frequencies that are used to take the
deconvolution are as follows: Fg — 316-341 T, F; — 528-
553 T, and F,, — 780-804 T. The range is decided based on
the width of the corresponding frequency peaks observed in
the FFT spectrum [Fig. 11(a)]. A detailed discussion regard-
ing the oscillatory data is put in the Supplemental Material
[59]. All FFT peaks named as Fj, F3, and F), are highlighted in
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G = 5.0
354 3 5 10 15 ‘ FY S Si L 491
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FIG. 11. The FFT spectrum and SdH oscillation. (a) The FFT spectrum calculated at 7-15 T field from the second derivative of the MR

data. The red arrow indicates the extremum orbits of the corresponding pockets from where frequency peaks are coming. (b) The actual MR
data from where FFT is performed. (c)—(e) The deconvoluted spectrum coming from corresponding pocket at 3 K.
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FIG. 12. Data taken from Meyer et al. [40]. Angle-dependent
variation of three major frequencies Fg, F',,, and F's.

Fig. 11(a). The timescale spectrum for the corresponding fre-
quency peaks is shown in Figs. 11(c)-11(e). The oscillations
shown in the Figs. 11(c)—11(e) are the raw oscillations derived
from the 3 K MR data. We observed a considerable amount
of beat formation in the timescale spectrum. The formation
of beats (originating from the frequency broadening) in the
oscillations is a common occurrence for any compound [66].
Regarding the FFT spectra [Fig. 11(a)] of the compound,
we observed many small peaks between 550-650 T, which
might come from several factors. Peaks observed at higher
temperatures are in the main contributed by thermal noise
which is random in nature. The small peaks (585 T and
660 T) observed at 3 K are interesting. The peak at 660 T
is exactly double of Fg (330 T) which signifies that it is the
harmonic of Fg. The peak at 585 T might originate from other
factors, viz., inhomogeneity of the sample, nonuniformity of
the source magnetic field, or spreading of crystal orientation
(dislocation).

3. Frequency from p sheets (Fg)

The Fp of the FFT spectrum is observed at 330 T as shown
in Fig. 11(a). The extremum area of the corresponding FS is
close to our theoretical calculation (see Table I). As shown in
Fig. 13(j), the 3D shape of the 8 pocket looks like a distorted
ellipsoid structure. The angle-dependent study of Fg by Meyer
et al. is shown by a red dashed line in Fig. 12. It indicates that
if we change the crystal orientation from [001] to [100], Fpg
changes from 330 T to 1052 T. The angular dependency of Fy
suggests that the semimajor axis of the pocket is 3.3 times
longer than its semiminor axis. Such kind of experimental
result is very consistent with our theoretically generated FS
structure. Our theoretical calculation also suggests that if we
move the Ep slightly upward (electron doped), the pocket

size becomes lower. Our system might behave as an electron-
doped compound, as it shows slightly lower FS area than the
theoretical one.

4. Frequency from § sheets (F3)

The F; of the FFT spectrum is observed at 543 T as shown
in Fig. 11(a). The origin of the particular frequency was not
established earlier. Our study suggests that the F3 comes from
the distorted triangular shape FS lying at the M point. This
FS has a fourfold symmetry as shown in Figs. 13(k)-13(m).
Figure 13(1) indicates that at £ = Ep the four petals are con-
nected and electrons can move through the FS to make a
complete loop. The extremum orbit of the electron path is
marked by a red dashed line. There is an additional possibility
that electrons can circulate within a single petal of the FS as
the linkage between two petals is infinitesimally small. Our
study suggests that any finite upward movement of Er can
disconnect the linkage among the petals. We show an example
in Fig. 13(m) where a 10 meV upward shift of Er (electron-
doped) breaks the connection among petals. As our system
behaves as an electron-doped one (as discussed earlier), we
can easily assume that the four petals are disconnected from
each other and electrons move through the extremum orbit
within a single petal as shown in Fig. 13(m). The theoretically
calculated extremum area of a single petal is very close to the
experimental one which unambiguously supports the claim
stated earlier. The DFT calculation slightly overestimates the
FS area, indicating the electron-doped system.

The structure of the § pockets at different angles is shown
in Fig. 13(c). Observing the 3D nature of the pockets, we can
say that the area of the pocket in the k.-k, plane is much
larger than the area along the k.-k, plane. Interestingly, Fs
from angle-dependent dHVA changes according to this FS
topology. The angular variation of F; is shown by the dashed
magenta line in Fig. 12. The data suggest that when the crystal
lies in [001], F; has its highest value. But with the tilting
toward [100], F; started to decrease. As the area of the pocket
in ky-k, is very small, no signal was observed along [100] di-
rection. Such an angle-dependent study again strongly verifies
the nature of the FS.

5. Frequency from o sheets (F,)

The frequency corresponding to the « sheet is not observed
by us because the extremum areas of the « and B sheets are
very close to each other (see Table I) and hence both frequen-
cies are superimposed to each other. We show how the FS
evolves from hole doping to electron doping in Figs. 13(g)—
13(i) for the completeness of our study. We observed that a
100 meV downward shift of Er (hole doping) can break the
o sheet into two equal parts. On the other hand a 100 meV
upward shift of Er (electron doping) enhances the volume of
the FS. The extremum orbit in the k,-k, plane is indicated by
the red arrow in Fig. 13(h).

6. Frequency from y sheets (F,)

F, is observed at 792 T in the FFT spectrum as shown in
Fig. 11(a). The FS area corresponding to y sheets is the largest
and most intense compared to all other pockets. The particular
frequency comes from ellipsoid-shaped FS lying at the Z point
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FIG. 13. The variation of FS from hole doping to electron doping. (a)—(e) The evolution of 3D BZ from hole doping to electron doping.
(f) The shape of the y pocket at E = Er. (g)—(i) The evolution of « pocket from hole doped to electron doped. The extremum orbit parallel to
ky-k, plane is shown by the red arrow. The substantial hole doping split the o pocket by two parts. (j) The shape of the 8 pocket at E = Ef.
(k)—(m) The evolution of 8 pocket from hole doped to electron doped. The extremum orbit parallel to k,-k, plane is shown by red dotted line.

of the BZ. The 3D shape of the y pocket is shown in Fig. 13(f)
The angle-dependent study of F,, is shown by the blue dashed
line in Fig. 12. It indicates that if we change the crystal orien-
tation from [001] to [100], F,, changes from 790 T to 1124 T.
The angular dependency of F, suggests that the semimajor
axis of the pocket is 1.5 times longer than its semiminor axis.
Such kind of experimental result is very consistent with our
theoretically generated FS structure. Unlike the 8 and &, the
experimental FS area of the y pocket is slightly lower than
the theoretically predicted one (see Table I). Lowering the FS
area of any electron pocket is justifiable for an electron-doped
system. The amplitude of F;,, shows the adequate temperature
dependency that helps us to calculate the “effective mass.” The
parameters, viz., “effective mass” and “Dingle temperature,”’
derived from the F, are discussed in detail in the subsequent
section.

D. The study of effective mass and Dingle temperature

The oscillation pattern of the resistivity is described by the
Lifshitz-Kosevich (L-K) formula

F
AR & —B*RrRpRj sin [2n(§ - - A)], (14)

where Ry = aT /B sinh(a¢T 1), Rp = exp(—aTpu/B), and
Ry = cos(mwgu/2). u is the ratio of the effective cyclotron
mass m* to free electron mass my. Tp is the Dingle tem-
perature, and o = 2w %kgmo) /(he). The oscillation phase is
described as a sine term with an additional phase factor
I' = A,in which " = % — ¢p/2m and ¢p is the Berry phase.
The dimensionality of FS is determined by the phase shift A.
For 2D FS, A = 0. For 3D FS, A can take the value £-1/8
according to the minima and maxima of the FS area. The
Berry phase in our case is not robust and hence we do not draw
any conclusive remark regarding the topics. The unreliable
Berry phase can originates from the insufficient maximum
field in the quantum oscillation study [46]. The term A is also
determined by the FS dimensionality. A can take the value %
and O for 3D and 2D FS, respectively. From the L-K formula,
the effective mass m* can be calculated from the fit of the
thermal damping factor Ry with the temperature dependence
amplitude of the oscillation. From the SdH oscillation, we
have observed that an adequate T-dependent signal comes
only from F,. From the T-dependent amplitude damping,
we have calculated the effective mass (m*) of the electron.
The fitting of Ry for the F, is shown in Fig. 14(a). The
derived m* from the calculation is approximately 0.40xm.
Putting the value of m*, we have theoretically estimated the
Dingle temperature (7p). The amplitude of the oscillation with
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FIG. 14. (a) Calculation of m* from T-dependent amplitude of
SdH oscillation. (b) The amplitude simulation using L-K formula to
derive Tp.

varying Tp is shown in Fig. 14(b). Our estimated 7p from the
fitted data is approximately 1.1 K. The Dingle temperature of
the compound has a microscopic origin closely related to the
carrier’s scattering. Our low T indicates that sample has low
imperfections, viz., dislocations and mosaic structure [66].
Using the Dingle temperature 7p (~1.1 K), we have
calculated the quantum relaxation time 1, = i/2mkgTp =
1.20x107"? s and quantum mobility w, = et,/m* =
0.53 m?>V~!s~!. All estimated parameters from the F, are
listed in Table II. The quantum mobility (u,) at 3 K is very
close to the compound’s effective mobility (ii.s) estimated
from Hall data at the same temperature. The consistent result

TABLE II. Parameters derived from the F, oscillation. m*, ef-
fective mass; Tp, Dingle temperature; 7, relaxation time; and i,
quantum mobility.

m* Tp T g
(units of myg) (K) (ps) m2V-tsh
0.40 1.1 1.2 0.53

suggests that our experimental outcome from SdH oscillation
and the Hall measurement is very reliable. Our estimated
quantum mobility is slightly lower than the classical mobility.
Such a phenomenon is expected because quantum mobility is
sensitive to both small-angle and large-angle scattering. On
the other hand, classical Drude’s mobility is only influenced
by large-angle scattering [67].

IV. CONCLUSION

We investigated the magnetotransport and the 3D Fermi
surface of InBi. The Fermi surface topology along with
the measured carrier concentrations revealed a near-perfect
electron-hole compensation in the ground state, thus suggest-
ing its relevance as a driving force for the XMR. The SdH
oscillations were found to be quite rich as most of the FS
contributing to the oscillations. The quantum oscillation study
also helped to estimate important parameters (effective mass
and Dingle temperature) of InBi. We also elaborated the origin
of the observed metal-semiconductor transition by fusing the
conventional Kohler’s picture of MR in metals with some ear-
lier findings. The magnetic-field-dependent 7,, revealed that
our system is likely to undergo a Coulomb-interaction-driven
electronic instability. An excitonic band gap at the Er was
thus assumed to be opened by the application of a magnetic
field in our case thus highlighting the electronic instability in
the layers of the topological nodal line semimetals under the
action of magnetic field.
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APPENDIX: ALGEBRAIC ANALYSIS
OF THE RESISTIVITY UPTURN

The MR of the compound is defined as

MR = [p(B,T) — p(0,T)]/p(0, T). (AD)
According to Kohler’s law,
MR = «[B/p(0, T)]™. (A2)

From Eq. (A1) and Eq. (A2), we get

= [p(B,T)— p(0,T)1/p0, T) = a[B/p(0, T)]"
= p(B,T)—p(0,T) = aB"p(0,T)' ",
p(B,T)=aB"p(0,T)" ™"

+p(0,T).  (A3)

Equation (A3) expresses the resistivity as a function of mag-
netic field and temperature. So, if zero field p(T) is known,

one can generate a complete two-dimensional data set of
resistivity from Eq. (A3) as was discussed in Sec. III B 2.
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Role of « for generating resistivity minima

The right-hand side of Eq. (A3) contains two terms. The
first term is a “decaying” term (for m > 1), whereas the sec-
ond term is a “growing” term. If the value of o becomes
substantially low, the “growing” term dominates and we can-
not get resistivity minima. If « increases, the “decaying” term
starts to dominate and we get a critical value of o at where
the turn-on nature begins to show. If « increases further, the
“decaying” term becomes stronger and hence the decaying na-
ture of the resistivity follows up to higher temperature. So, the
higher the «, the higher the turn-on temperature. If « increases
further, the whole resistivity pattern becomes decaying and
we cannot get any resistivity minima in the particular range of
temperature. So the role of « is crucial as it decide whether
we get turn-on-like behavior in the desired magnetic field and
temperature range.

For the minima of the resistivity,

Bl
aT T=T, h
_ o aB"(1 —m)[p(0, T,)]™"
oT T=T,
91p(0. 7,)]  3Lp(0. T,)]
9T oT
a[p(0, T, -
= %{1 + aB"(1 —m)[p(0, T,)] ™} = 0.

In the above equation the term 22 (HO%T’")] = e ;%T)]TZTM # 0,
so the remaining term would be

= {I+aB"(1 =m)[pO, T,)]"} =0
= {aB" (1 —m)[p(0, T,)] ™"} = —1
= [p(0, T,)]" = aB"(m — 1)

= p(0,T,) = «"/"(m — 1)!/"B. (A4)

Now, putting T = T,, in Eq. (A3), we get
p(B, T,) = aB"p(0, T,)' ™ + p(0, T,,).

Putting the value of p(B, T,,) [from Eq. (A4)] in the above
equation, we get

= p(B, T,) = aB"[a'/™"(m — 1)V/"B]'—"

+ao™m —1)"/"B
= p(B, Tp) = &"/"B(m — 1) " + a"™B(m — 1)}/
= pB, T,) = a'"[(m—1)'" + (m — 1)"/"]B.  (AS5)

Equation (A5) suggests that the turn-on resistivity increases
linearly with the magnetic field. If the variation of turn-on

temperature with respect to the magnetic field is followed as
T, =¢(B—B.)". (A6)

Here critical magnetic field (B.) and other constants, viz., {
and v, in the equation are sample-dependent parameters. The
expression of B from Eq. (A6) can be written as

(%)
= (=) =B-B,
¢

<=

Tn\"
Putting the value of B in Eq. (AS), we get
T 1
= p(T) =" [m — 1) +(m—1)"""] [Bc +(?> }
(A8)

This is a final equation which shows how turn-on resistivity
varies with turn-on temperature. Equation (A8) is shown by
the magenta line of Fig. 3(d).
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