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YPdBi is a well-studied diamagnetic topologically trivial half-Heusler alloy that is superconducting with Tc ∼
1 K. When strained or in thin-film form, it shows a topologically nontrivial surface state with Tc ∼ 1.25 K.
ErPdBi is a well-studied topologically nontrivial half Heusler with Tc ∼ 1.22 K. In this work, we demonstrate
that the f -electron doping in YPdBi provides a unique way to selectively tune the electronic structure and aid in
increasing the superconducting transition temperature of YPdBi. This work presents systematic measurements
of electrical resistivity and magnetotransport on half-Heusler thin films of Y(1−x)ErxPdBi (x = 0.2, 0.5, and 0.8),
prepared using the pulsed laser deposition technique. All the films were observed to be semimetallic, with a
sharp downturn in resistivity at low temperatures T < 5 K; the E5 film (Tc ∼ 4.4 K) and E8 film (Tc ∼ 3.7 K)
reach a zero-resistivity value, within the experimental limit. The doping of f electron on Y+3 sites possibly
gives rise to the improved Fermi parameters and an increase in Tc. Magnetoresistance measurements and first-
principle calculations support that Y(1−x)ErxPdBi are topologically nontrivial semimetals. The first-principle
calculations also show that with an increase in the doping concentration (x), more f bands start to appear near
Fermi level (EF ), giving rise to an increase in the band-inversion strength due to s-f exchange interaction. The
nontrivial band structure, odd-parity Cooper pair, and noncentrosymmetric crystal structure suggest the presence
of unconventional superconductivity in the E5 and E8 films.
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I. INTRODUCTION

The f-electron doping in ternary half-Heusler (HH) YPdBi,
with noncentrosymmetric MgAgAs cubic structure (F4̄3m,
space group 216), provides a unique way to selectively tune
the electronic structure in a way that may prove to be useful
for designing future spintronics and quantum computing de-
vices. A tuning of the s- and p-like band inversions via the
atomic number (tailored by changing the constituent element)
or spin-orbit coupling strength may not only lead to topologi-
cally nontrivial phases in some of them but also can provide a
pathway to systematically study the coexistence of competing
superconducting and magnetic orders [1–5]. In addition, the
stabilization of magnetic and superconducting ground states
in RPdBi (R is rare-earth element), along with the topological
nontriviality, makes these semimetals promising candidates to
host collective excitations involving relativistic carriers like
Dirac-Weyl-Majorana fermions with high mobility, very high
magnetoresistance (MR), and dissipationless transport [6].
Transport studies of HH alloys are also relevant due to their
high charge-to-spin conversion efficiency or spin Hall angle
for practical spintronic applications [7].

*These authors contributed equally to this work.
†Contact author: ratnamalac@gmail.com

In recent years YPdBi [8,9] and some other alloys like
LuPdBi [10,11], TbPdBi [8,12], and ErPdBi [13,14] have
been shown to exhibit superconductivity at low temperatures
(Tc � 2 K), owing to their noncentrosymmetric structure.
These HH alloys exhibit a unique quasilinear tempera-
ture fluctuation of the upper critical field and penetration
depth, rendering unconventional superconducting properties
[2,10,11,13].

The HH YPdBi (YPB) is an established topologically
trivial diamagnetic alloy that can be driven to a nontrivial
state by applying strain [1,9,15]. On the other hand, ErPdBi
(EPB) [13,14] is a topologically nontrivial semimetal that has
been reported to exhibit the coexistence of magnetic order-
ing (TN ∼ 1.06 K) and superconductivity (Tc ∼ 1.22 K). In
the present paper, the diamagnetic YPdBi system is partially
substituted with Er+3 ions at Y sites. The Clementi-Raimondi
zeff of Er (4 f ) is 27.98, which is considerably larger than Y
(4d), 15.96, and thus the effect of Er substitution in YPB is
to enhance the band-inversion energies (�E = �8 − �6) in
the system [8]. The resistivity and magnetotransport behavior
of Y(1−x)ErxPdBi (YEPB) [110]-oriented strained nontrivial
thin films on [100] MgO substrates with x = 0.2, 0.5, and
0.8 are reported in this work. From now onwards, the compo-
sitions Y0.8Er0.2PdBi, Y0.5Er0.5PdBi, and Y0.2Er0.8PdBi will
be referred as E2, E5, and E8, respectively. In our earlier
work, we observed a sharp drop in the resistivity around
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2.2 K in strain-driven nontrivial thin films of YPB [9], and
a similar downturn was noted around 3 K in the resistivity
of nontrivial thin films of EPB [14]. In the present work, we
report an enhanced superconducting transition (Tc) ∼ 4.4 K
in equidoped E5 film. The magnetotransport behavior of all
YEPB films reveals nontrivial 2D band structures with Berry
phase ∼π . Density-functional theory (DFT) calculations in
bulk YEPB samples show clear band inversion between �8

and �6 bands, further confirming nontrivial band topology in
all three compositions.

II. EXPERIMENTAL DETAILS

A custom-designed water-cooled rf induction melting fur-
nace was used to prepare the bulk samples of YEPB alloys in
a continuous Ar gas flow maintained using a vacuum pump.
High-purity Y ingots (99.99%), Er ingots (99.95%), Pd ingots
(99.99%), and Bi chunks (99.99%) were melted together in
a rf induction melting furnace in a molar ratio of (1 − x):x
(x = 0.2, 0.5, and 0.8):1:3, respectively. Using a Panalytical
X’pert Highscore x-ray diffractometer configured with a Cu
Kα (1.541 Å) radiation source, the x-ray diffraction (XRD)
patterns of polycrystalline bulk samples of YEPB were ob-
tained at room temperature. Thin films of samples were grown
on a single crystal of [100]-oriented MgO with a seed layer of
∼5 nm β-Ta [16], using the pulsed laser deposition (PLD)
under a base pressure of 5 × 10−7 Torr; the chamber was re-
peatedly flushed with Ar gas before the final deposition at base
pressure. Parameters like laser fluence, and substrate-to-target
distance were optimized to get the desired thickness and phase
of the film at the substrate temperature of 260 ºC. The surface
morphology of the thin films was recorded on a Bruker Di-
mension 3100 atomic force microscope. For determining the
stoichiometry of films, we used the TESCAN Magna LMU
field-emission scanning electron microscope equipped with
an energy-dispersive x-ray spectrometer (EDS). The magnetic
measurements of thin films were made using Cryogenic Lim-
ited’s cryogen-free magnetometer system in the temperature
range of 2 to 300 K equipped with a ±14 T magnet. The
(3 × 10) mm2 films in the standard four-probe geometry were
used for magnetotransport measurements. A Keithley 2400
source meter was used to supply a 50 µA dc current, and the
Keithley nanovoltmeter was utilized to measure the potential
difference.

III. COMPUTATIONAL DETAILS

We have performed first-principles DFT [17,18] calcula-
tions for bulk Y(1−x)ErxPdBi (x = 0, 0.25, 0.50, 0.75, and 1)
using the Vienna Ab initio Simulation Package (VASP) [19–21]
based on the projector-augmented wave [22,23] method. A
plane-wave energy cutoff of 350 eV was used, and relativis-
tic spin-orbit coupling was included in all the calculations.
The exchange-correlation energy was described within the
generalized gradient approximation following the Perdew-
Burke-Ernzerhof [24] prescription. The simulated alloying
concentrations, x = 0.25, 0.50, and 0.75, are close to the
experimental concentrations of E2, E5, and E8 samples,
respectively.

FIG. 1. (a)-(c) The room-temperature powder x-ray diffraction
pattern (red circles) of polycrystalline samples, with the Rietveld
refinement profiles, and the fitted Bragg peak positions. (d) X-ray
diffraction pattern of thin films.

Bulk electronic structure calculations have been carried out
in a 2 × 2 × 2 supercell of the primitive unit cell (henceforth
referred to as the simulation unit cell) of face-centered cubic
(fcc) lattice using the experimental lattice parameters. The
Brillouin zone (BZ) integration was done on a �-centered
4 × 4 × 4 k-mesh using the tetrahedron method with Blöchl
corrections and the total energy convergence criterion was
set to 10−6 eV. The band structures have been calculated
within the primitive BZ at the following high-symmetry k
points: L = (1,1,1); � = (0, 0, 0), and X = (1,0,1). The semi-
core s orbitals of Y have been treated as valence due to the
possibility of band hybridization. The f orbitals of Er have
been treated as valence since they are crucial to capture the
intricate physics involving magnetism. A Hubbard-U correc-
tion of Ueff = U−J = 6.0 eV was applied to the f electrons
using Dudarev’s approach [25] implemented within VASP, in
accordance with available literature [26–28].

To simulate the surface dispersion, bulk electronic struc-
ture calculations (keeping all ab initio parameters the same)
were done using the strained thin-film lattice parameters and a
tight-binding bulk Hamiltonian was obtained within the max-
imally localized Wannier functions (MLWF) scheme [29–31]
using the WANNIER90 [32–34] package. The atomic orbital
projections of Bi (s, p), Pd (s, p, d), Y (d), and Er (d, f)
were used to construct the MLWFs. Finally, using the tight-
binding bulk Hamiltonian, iterative Green’s function method
[35–37] was applied to calculate the surface dispersion for
a slab containing 40 atomic layers as implemented in the
WANNIERTOOLS [38] package.

IV. RESULTS AND DISCUSSIONS

Figures 1(a)–1(c) show the Rietveld-refined room-
temperature powder XRD patterns of YEPB polycrystalline
bulk samples. The Rietveld refinements using the FULLPROF
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software confirm the (C1b) cubic crystal structure (space
group F4̄3m, 216) without any secondary phase, within the
instrument’s sensitivity limit. We observed a decrease in the
lattice constant of the polycrystalline unit cell from 6.630
Å � ab � 6.608 Å, with an increase in Er concentration.
This is expected as the ionic radius of Er+3 (1.004 Å,
coordination No. 8) is smaller than the ionic radius of Y+3

(1.019 Å, coordination No. 8) [39]. Figure 1(d) shows
the room-temperature x-ray diffraction of thin films in
Bragg-Bentano geometry, where only the symmetric (220)
and (440) Bragg’s reflections are observed, suggesting that
the films are preferentially oriented along the [110] direction.
In view of the fact that the emphasis of the work is to
demonstrate the superconducting nature of the films, absence
of any peak at or around 2θ ∼ 33.26◦ (with Cu Kα radiation
source), either in bulk polycrystalline [Figs. 1(a)–1(c)] or in
thin film [Fig. 1(d)], confirms the absence of superconducting
binary PdBi phase [Hc2(0) ∼ 0.8T] [40]. From XRD data,
the lattice constants of thin films (aTF) were calculated
to be 6.813, 6.778, and 6.726 Å, for E2, E5, and E8,
respectively. A shift in the peak position towards a higher 2θ

side with increasing Er content was observed accordingly.
Thickness of the films (∼29 nm) and surface roughness, ∼1 to
2 nm, estimated from X-ray reflectivity measurements and
atomic force microscopy images, are shown in Fig. S1 and
Table S1 in the Supplemental Material [41]. The thin-film
compositions reported here were determined using the
EDS technique. Figures S2(a)–S2(c) of the Supplemental
Material [41] show the EDS spectra for films E2, E5, and E8,
respectively.

Figure 2(a) shows the temperature-dependent electrical re-
sistivity ρxx(T ) in longitudinal geometry of YEPB films in
the temperature range 2 K � T � 10 K. We observe that in
the measured temperature range, the resistivity decreases with
an increase in Er concentration. This observation can possibly
be attributed to an increase in the number of conduction-band
electrons in YEPB films, contributed by the addition of Er
[8,42]. It is interesting to note that all YEPB films show a
sharp downturn in ρxx(T ), which reaches a zero-resistivity
value for the films E5 and E8. In the literature [9,10,14],
the criterion of designating the superconducting transition
temperature Tc (in K) in HH alloy systems is usually taken
as the point where the ρxx(T ) falls to 90% of the normal
steady-state resistivity value. The Tc’s of E2, E5, and E8 films,
thus estimated from Fig. 2, are TE2 ∼ 2.2 K (extrapolated),
TE5 ∼ 4.4 K, and TE8 ∼ 3.7 K, respectively. For E2 film, the
ρxx(T ) is extrapolated down to zero ρxx using the Levenberg-
Marquardt iteration algorithm (nonlinear asymptotic model
ρxx = a − bcT ), where a, b, and c are fitting parameters, and
T is temperature). The robust nature of superconductivity
is reflected in the ac susceptibility magnetic measurements
of the polycrystalline samples, which show a similar trend
of Tc’s as in films; see Fig. S3 in the Supplemental
Material [41].

In order to confirm the superconducting nature of the
thin films, we performed the dc magnetic measurements on
the representative E5 film of dimension 2 mm × 3 mm ×
29 nm having highest Tc ∼ 4.4 K, with magnetic field per-
pendicular to the plane of film. A clear diamagnetic signal
observed in zero-field-cooled (ZFC) curve suggests a bulk

FIG. 2. (a) The ρxx vs T plot for thin films in the temperature
range of 2 K� T �10 K at zero magnetic field for E2, E5, and E8
films, (b) Low-temperature dependence of dc magnetic susceptibility
under magnetic field of 50 Oe in ZFC for E5 thin film. Inset: Magne-
tization vs magnetic field at low temperature under ZFC.

superconductivity of this film; see Fig. 2(b). The inset of
Fig. 2(b) shows the magnetization vs magnetic field at low
temperatures under ZFC. Clear hysteresis peaks around zero
field can be seen at low temperatures 2 K, and 3 K (T < TC),
whereas the 5 K (T > Tc) data of the film shows the para-
magnetic/compensated antiferromagnetic nature. In order to
validate that the superconducting transition temperature of
the E5 film (Tc ∼ 4.4 K) is originating from the E5(29 nm)/
Ta(5 nm)/MgO, the magnetization vs temperature measure-
ments on Ta(5 nm)/MgO substrate were also performed (see
Fig. S4(a) of the Supplemental Material [41]), and this sub-
strate clearly shows an absence of diamagnetic signal. In thin
superconducting films, demagnetization effects may cause an
overshoot of the external magnetic field at the sample’s edges,
which may break down the Meissner state even in very small
applied fields and may allow vortices to penetrate [43]. To
account for the demagnetization factor (N), we performed
low-field magnetization measurements as a function of field
at 2 K (see Fig. S4(b) [41]) for the E5 film [44] and observed
N ∼ 1. The calculated N is consistent with the sample shape
(thin film) and the configuration (applied field perpendicular
to the plane of the film) of the measurement.
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FIG. 3. The field-dependent longitudinal resistivity ρxx(T ) vs
magnetic field: (a) E5 sample, (b) E8 sample; (c) and (d) show Hc2(0)
for E5 and E8 films, solid black line represents the linear fit. Inset:
shows the G-L fit of E5 and E8 films.

We extracted the upper critical field from the resistivity vs
magnetic field data at different temperatures with the mag-
netic field applied perpendicular to the plane of the films, as
shown in Figs. 3(a) and 3(b), for E5 and E8 films, respec-
tively. The values of the upper critical field at absolute zero
temperature, Hc2(0), estimated via the slope approach using
the Ginzburg-Landau model, are 4.4 and 2.2 T for E5 and E8
films, respectively. The linear fitting yields the Hc2(0) as the
slope, shown in Figs. 3(c) and 3(d).

Hc2(T ) = Hc2(0) ×
[

1 −
(

T

Tc

)2
]/ [

1 +
(

T

Tc

)2
]
.

We also determined the zero-temperature limit of the upper
critical field Hc2(0) with the second approach by fitting Hc2(T)
vs T/Tc data to the generalized Ginzburg-Landau model [the
red solid lines in the inset of Figs. 3(c) and 3(d)], with the
Hc2(0) as the fitting parameter [5,45,46]. Both the approaches
yield approximately the same value of Hc2(0). The fitted val-
ues of Hc2(0) for our films are comparable to those obtained
for other topological superconductors and noncentrosymmet-
ric systems (2.9 T for LuPdBi [11] and 2.4 T for TbPdBi [12])
[9,10,14]. Unusual linear temperature dependence of Hc2(T )
plot, shown in the inset of Figs. 3(c) and 3(d) for E5, and E8
films, follows a trend similar to the topological superconduc-
tors and noncentrosymmetric systems reported in literature
[10,12,13,45]. Using the value of Hc2(0), we evaluated the
superconducting coherence length ξ0 at 8.6 nm (E5 film) and
12 nm (E8 film) using the zero-temperature relation ξ0 =√


0
2πHc2

, where 
0 = 2.07 × 10−15T m2 is the flux quantum.
The mean-free path of carriers l ∼ 98 nm (E5 film), and l ∼
71 nm (E8 film) are estimated from Shubnikov–de Haas (SdH)
oscillations and ξ0

l � 1, which indicate our samples is in the
clean limit [47]. Using the Werthamer-Helfand-Hohenberg
formula Horb = −0.72 dHc2

dT × Tc, we approximated the zero-
temperature critical orbital field for the films, 3. 7T (E5 film)
and 1.6 T (E8 film), respectively. The Pauli-limiting field (HP)

FIG. 4. (a) MR data of E2, E5, and E8 at 6 K. (b) The HLN fitted
parameters (α, Lϕ) as a function of Er doping concentration (x) of E2
(x = 0.2), E5 (x = 0.5), and E8 (x = 0.8) films at 6 K.

is evaluated using the relation HP = 1.76 × κB√
2μB

× Tc, as HP

is 6.3 T (E5) and 6.8 T (E8). Since Horb < Hc2(0) < HP,
superconductivity in E5 and E8 films is Pauli limited, and
similar relationship was established for unconventional HH
superconductors LuPdBi [10], TbPdBi [12], YPtBi [44], and
LuPtBi [45].

The low-temperature longitudinal MR = [ρ(H ) − ρ

(0)]/ρ(0) [48,49] was measured in four-probe geometry in the
magnetic field range −14T � H � 14T, and in the tempera-
ture range T > Tc (see Fig. S5 in the Supplemental Material
[41]). The magnetic field was applied perpendicular to the
plane of the YEPB films. The MR data of films E2, E5,
and E8 at 6 K (above the T onset

c of all films) in the range
(−14T � H � 14 T) are shown in Fig. 4(a). The MR% (at
6 K) is maximum, ∼6% (at H = ±14 T) for optimally
doped E5 film. The distinctive features in present MR
data in the YEPB films are (i) a sharp rise in magne-
toresistance near the origin (low field), indicating weak
antilocalization (WAL) effect; (ii) SdH oscillations in resis-
tivity at high magnetic fields, which are widely reported in
topological insulators and topological semimetals [49,50].
Furthermore, the magnetoconductance data are investigated
to identify the parameters that define the WAL effect and
control the conductivity mechanism in the YEPB films
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FIG. 5. SdH oscillations as a function of 1/H, after subtracting the background contribution for (a) E2, (b) E5, and (c) E8 films; (d)–(f) A
fitting of SdH oscillation amplitude to LK formula at constant magnetic field. Insets depict the FFT amplitudes vs frequency plots of E2, E5,
and E8 films.

using the well-known Hikami-Larkin-Nagaoka (HLN) model
[51]; see Figs. S6(a)–S6(c) [41]. The extracted fitting param-
eters prefactor (α) and coherence length (Lϕ) for all three
films at T = 6 K (above the T onset

c of all films) are shown
in Fig. 4(b). We noticed that the values of α are −0.48,
−0.57, and −0.56 for E2, E5, and E8 films, respectively,
are close to −0.5, attributing single-surface conduction in
YEPB films. The Lϕ measured at 6 K are 77, 225, and 141
nm, for E2, E5, and E8 films, respectively. We observed that
Lϕ ∼ 225 nm is maximum for optimally doped E5 film, re-
flecting a minimum dephasing of carriers compared to other
doped films. The temperature dependence of coherence length
Lϕ follows a power-law fitting: Lϕ ∝ T −p, with p = 1/2 for
2D systems [52]. The power-law fit of Lϕ with temperature of
the YEPB films yields p around 0.5, shown in Fig. S7 [41],
indicating the 2D topological nature of YEPB films.

In the field-dependent resistivity of E2, E5, and E8 sam-
ples, we have observed SdH oscillations at low temperatures
(�10 K) for magnetic fields in the range ∼4–14 T (see Figs.
S5(a)–S5(c) [41]) and plotted �Rxx (�Rxx has been deter-
mined by subtracting the polynomial background from Rxx)
as a function of an inverse magnetic field at different temper-
atures, shown in Figs. 5(a)–5(c). The temperature dependence
of SdH oscillations is fitted to the following Lifshitz-Kosevich
(LK) expression [50,53,54]:

σxx ∝ λ

sinh(λ)
e−λD cos 2π

(
f

B
+ β − δ

)
,

with λ = 2π2 kBT m∗
h̄eB and λD = 2π2 kBTDm∗

h̄eB . Here, f is the fre-
quency of SdH oscillation obtained after carrying out the fast

Fourier transform (FFT) of the plot �Rxx vs 1/H, 2πβ is the
Berry phase, TD is the Dingle temperature, m∗ is the effective
mass of the electron, and δ is a dimensionless parameter,
which takes the value ∼0 for 2D systems, and ±1/8 for 3D
systems [53]. In our case, the YEPB films possess 2D topo-
logical surface states, which allow us to consider δ ∼ 0. The
temperature-dependent SdH oscillation amplitude at a fixed
magnetic field with σxx ∝ λ

sinh(λ) , shown in Figs. 5(d)–5(f),
yields the effective mass (m∗) of the Dirac electrons, and mag-
netic field-dependent term at a constant temperature σxx ∝
e−λD gives Dingle temperature [50,52], shown in Fig. S8 of the
Supplemental Material [41]. The calculated effective mass is
0.13, 0.20, and 0.13me (me: mass of free electron) for the E2,
E5, and E8 samples, respectively, which are consistent with
those previously reported for RPdBi [9,11,14,48,52]. The FFT
amplitudes of the SdH oscillations are plotted as a function of
frequency and the prominent peak of the oscillation exists at
37, 40, and 36 T for E2, E5, and E8 samples, respectively; see
insets of Figs. 5(d)–5(f). Using the Onsager relation [55], f =

h̄
2πe AF , the extremal cross section of the Fermi surface (AF ) is
calculated (see Table I). Considering the Fermi-surface cross
section to be circular, AF = πk2

F , we calculated the Fermi
wave vector kF . The Fermi velocity vF = h̄kF /m∗, and the
position of Fermi level from the linear dispersion nodes, were
also calculated using m∗ and kF values [Es

f = (h̄kF )2/m∗]
(see Table I). The sheet-carrier density (n2D = k2

F /4π ) is also
extracted from SdH oscillations. The transport lifetime (τ ),
mean-free path (l), quantum mobility of carriers (μs), and
Landau level (LL) broadening (�), are calculated using the
relations τ = h̄/(2πTD), l = vF τ, (μs = eτ/m∗), and � =
πkBTD; see Table I [50,52].
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TABLE I. Summary of electronic parameters of YEPB thin
films obtained from fitting of the SdH oscillations data to Lifshitz-
Kosevich theory. Here, f : frequency of SdH oscillations; n2D :
sheet-carrier density; m*: effective mass of carriers; kF : Fermi wave
vector; vF : Fermi velocity; Es

f : position of linear dispersion node
from Fermi level; TD: Dingle temperature; �: LL broadening; τ :
transport lifetime, l : mean-free path; μs : quantum mobility of
carriers; and 2πβ: Berry phase.

Parameters E2 E5 E8

f(T) 37 40 36
n2D (1011cm−2) 8.97 9.75 8.67
m∗(me) 0.13 0.20 0.13
kF (Å−1) 0.034 0.035 0.033
vF (105 ms−1) 2.99 2.02 2.86
Es

f (meV) 67 47 62
TD (K) 4.6 3 5.5
�(meV) 1.24 0.82 1.48
τ (10–13 s) 2.64 4.05 2.21
l (nm) 79 98 71
μs (cm2 V−1 s−1) 3533 4429 2910
2πβ, (π ) ± 0.1 0.98 0.92 0.86

The calculation of various SdH parameters for all the
samples hints low LL broadening, large τ , and high
quantum mobility (4429 cm2 V−1 s−1) of the E5 film,
compared to other HH topological semimetals like HoPdBi
(501 cm2 V−1 s−1) [56], DyPdBi (1780 cm2 V−1 s−1)
[52], ErPdBi (1035 cm2 V−1 s−1) [14], and YPdBi (3694
cm2 V−1 s−1) [9], hints at the minimum scattering of Dirac

Fermions in E5 film. The analysis of the cosine part of the LK
formula provides evidence of the nonzero Berry phase (2πβ)
for all films. We extracted the Berry phase from the LL fan
diagram, which is LL index n vs 1/H as shown in Fig. S9 [41].
Here, while indexing we followed the minima in resistivity
corresponding to integer values n, and the maxima correspond
to n + 1/2. The intercept of the linear fit of LL index (n) vs
1/H, at the n axis, gives β ∼ 0.5, i.e., Berry phase (2πβ) ∼ π

for all three samples. The extracted π Berry phase for all
three films from the LL fan diagram suggests the presence of
Dirac fermions originating due to the nontrivial nature of the
YEPB films. Additionally, possible compensated magnetic
order in YEPB films can make them promising candidates
for spintronic applications. Materials with antiferromagnetic
(AFM) order are known to show exchange-bias effect when
interfaced with ferromagnetic (FM) materials (typically
used as active materials in spintronic devices) and can be
used as pinning layers to “fix” the magnetic ordering of an
interfaced FM layer. This effect has primarily been used in
demonstrating enhancement of practical spintronic devices
such as spin valves, magnetic tunnel junctions, etc. [57–59].
AFM materials are also being used for terahertz spintronics
applications due to their high characteristic resonance fre-
quencies enabling fast switching between spin states [60–62].

To understand the topologically nontrivial nature of
Y(1−x)ErxPdBi, we have performed first-principles calcula-
tions of the pure- and mixed-alloy systems. Figure 6(a) shows
the crystal structure of Y(1−x)ErxPdBi and the simulation unit
cell (also see Fig. S10 of the Supplemental Material [41]).
Figures 6(b)–6(f) show the bulk band structures of

FIG. 6. Crystal structure of Y(1−x)ErxPdBi shown in (a) cubic conventional cell (left) and 2 × 2 × 2 supercell of the primitive unit cell
of fcc lattice (right) along with AFM2 ordering. The arrows denote the direction of magnetic moments on Er atoms. Bulk band structure
of Y(1−x)ErxPdBi at experimental bulk lattice parameters for (b) x = 0, (c) x = 1, (d) x = 0.25, (e) x = 0.50, and (f) x = 0.75 with s-like
and p-like atomic orbital projections. (g) Primitive bulk 3D Brillouin zone with bulk high-symmetry points and (112) surface projected 2D
Brillouin zone with corresponding surface high-symmetry points. Surface dispersion of Y(1−x)ErxPdBi at strained thin-film lattice parameters
for (h) x = 0.25, (i) x = 0.50, and (j) x = 0.75 with spectral weights denoting the surface contribution of electronic bands.
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Y(1−x)ErxPdBi (x = 0.0, 1.0, 0.25, 0.50, and 0.75, respec-
tively) at the experimental bulk lattice parameters [9,14]. In all
the cases, a clear inversion between �8 (p-like) and �6 (s-like)
bands is observed at the �-point. Hence, all the systems are
expected to be topologically nontrivial with robust surface
states. Pure YPdBi is diamagnetic and its bulk band structure
is shown in Fig. 6(b). Due to absence of Er, there are no
flat bands near the Fermi level (EF ) originating from Er 4 f
orbitals. In the case of pure ErPdBi, neutron-diffraction stud-
ies suggest type-II antiferromagnetic (AFM2) ordering with
the magnetic moments aligned along the [111] direction or
lying on the (111) plane of the cubic conventional cell [2,63].
Hence, we have considered AFM2 ordering for ErPdBi with
moments aligned along the equivalent [111] direction of our
simulation unit cell [2]. Bulk band structure of pure ErPdBi in
AFM2 configuration is shown in Fig. 6(c). A few other mag-
netic orderings for pure ErPdBi (as shown in Fig. S11 [41])
were also simulated and AFM2 turned out to be most stable
in accordance with the neutron-diffraction studies. Although
a perfect magnetic ordering is not well defined for alloy
systems, different substitutional configurations with compen-
sated magnetic moments were considered for Y(1−x)ErxPdBi
(x = 0.25, 0.50, and 0.75) with AFM2 as the base magnetic
ordering. Interestingly, the lowest energy configurations are
the ones where the majority species (Y/Er) cluster together
(see Fig. S10 of the Supplemental Material [41] and related
discussions therein). The electronic band structures of these
configurations have been shown in Figs. 6(d)–6(f). Due to
the presence of Er, flat bands originating from unfilled Er
4 f orbitals begin to appear near EF . Overall, it is seen that
Er substitution in YPdBi enhances the strength of inversion
between �8 and �6 bands, possibly due to s-f exchange inter-
action [64], which becomes maximum in pure ErPdBi. The
4 f orbitals of Er appear as flat bands localized above EF , and
as the doping concentration (x) increases, more f bands start
to appear near EF that may also contribute to the increase in
the band-inversion strength.

To simulate the thin-film nature of our samples, we have
further calculated the dispersion of Y(1−x)ErxPdBi (x = 0.25,
0.50, and 0.75, henceforth referred to, respectively, as E25,
E50, and E75 alloys) using the strained thin-film lattice pa-
rameters for the (112) surface of our simulation unit cell.
The (112) surface of the simulation cell is equivalent to the
(110) surface of the cubic conventional cell. The correspond-
ing surface BZ is shown in Fig. 6(g). In pristine YPdBi and
ErPdBi, all three atomic species (Y-Pd-Bi and Er-Pd-Bi, re-
spectively) are terminated at the conventional (110) surface.
In the case of alloys, there are three termination possibili-
ties: Y-Pd-Bi, Er-Pd-Bi, and mixed Y-Er-Pd-Bi terminations.
For the final chosen configurations of E25, E50 and E75
alloys, (110) surface can have either (i) Y-Er-Pd-Bi or Y-
Pd-Bi termination, (ii) Er-Pd-Bi or Y-Pd-Bi termination, and
(iii) Y-Er-Pd-Bi or Er-Pd-Bi termination, respectively. The
simulated surface dispersions for Y-Er-Pd-Bi (E25 al-
loy), Er-Pd-Bi (E50 alloy), and Y-Er-Pd-Bi (E75 alloy)
terminations are shown in Figs. 6(h)–6(j), respectively.
Topologically nontrivial surface states (TSS) are clearly visi-
ble in all the dispersions and they increase with the increase
in Er concentration. Several flat bands appear above EF with
high contribution from the surface and mix heavily with the

bulk electronic states. This bunch of flat bands moves away
from EF as the doping concentration increases. In the bulk,
there is a crossing-like feature near EF along the L − � di-
rection (see Fig. S12 [41]) that is projected onto the surface
along the Ȳ − �̄ direction. Nontrivial linear surface bands also
appear around this crossing-like feature. Additionally, it is
observed that there are TSS with less dispersion straddling EF

which originate from this crossing-like feature, especially in
the E50 and E75 alloys. Flat bands are more likely to enhance
superconductivity as higher effective mass of electrons could
aid the formation of Cooper pairs. Existence of such disper-
sionless bands, both in the bulk and at the surface, strengthen
the possibility of unconventional superconductivity. The E25
alloy has less TSS near EF but the bunch of flat bands from
Er 4 f is relatively close to EF [see Fig. 6(h)]. The situation
is exactly opposite for the E75 alloy [see Fig. 6(j)] But, the
E50 alloy seems to have optimal electronic dispersion at the
surface near EF [see Fig. 6(i)]. Additionally, the crossing-like
feature in the bulk along the L−� direction and projected
along the Ȳ − �̄ direction on the surface [see Fig. 6(i)] is
very close to EF compared to E25 and E75 alloys (see Fig.
S12 [41]), which may lead to high mobility. It is well known
that the SdH oscillations are a result of the oscillation of
the density of states at(near) the Fermi level [54,65]. The
nontrivial linear bands (along the Ȳ − �̄ direction) are very
close to the Fermi level for the E50 alloy as compared to E25
and E75 alloys. The presence of dispersionless bands near the
nontrivial linear bands would further contribute to the density
of states at the Fermi level, leading to a higher SdH oscillation
amplitude in E50, as also observed in our experiments. Such
optimal positioning of bands near EF , both in bulk and at
surface, could enhance superconducting properties for the E50
alloy as compared to E25 and E75 alloys. And our experi-
ments indeed reveal the same.

V. CONCLUSION

We have presented the effect of f-electron doping on mag-
netotransport and electrical resistivity of YPdBi thin films. We
observed variations in the superconducting and topological
properties of Er-doped Y(1−x)ErxPdBi (x = 0.2, 0.5, and 0.8)
films. The films show the variation of Tc with the concen-
tration of Er, and a maximum of 4.4 K for E5 film. The Tc

increases with a smaller concentration of Er, and then de-
creases at a higher concentration of Er; doping of 4 f magnetic
Er+3 ions on Y+3 sites increases electron density (n2D of
Table I), which may lead to an increase in Tc for E5 film
[66]. At higher concentrations of Er, Tc decreases due to s-f
exchange interaction. Since the odd-parity Cooper pair holds
in YEPB films, hence s-f exchange interaction is taken into
account [64]. As shown by Vonsovskiı̆ and Svirskiı̆ [64], the
Hamiltonian for s-f exchange is correlated to the change in J; it
is expected that will impact the superconductivity and indirect
exchange interaction in these Er-doped Y(1−x)ErxPdBi. DFT
calculations show that the hybridization with localized 4 f im-
purity levels induces effective repulsion between conduction
electrons. The repulsion grows with the increasing impurity
concentration, reducing the attractive pairing interaction be-
tween Cooper pairs, and leading to a decrease in Tc [67]. The
increase of disorder at rare-earth sublattices is witnessed from
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the decrease in coherence length (l), and transport lifetime (τ )
(see Table I), which could validate the weakening of Cooper
pairs at higher Er concentrations. The magnetotransport stud-
ies indicate the topological nontrivial nature of all E2, E5,
and E8 semimetallic thin films, as also confirmed by our DFT
calculations.
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