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Significant phase deviation of magnetic quantum
oscillations induced by magnetic impurities
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Abstract

Magnetic quantum oscillations, such as Shubnikov-de Haas oscillations or de Haas-van Alphen oscillations, are widely
used tools for fermiology. Notably, the phase of magnetic quantum oscillations could inform about the symmetry or
topology of materials with careful analysis. However, the interpretation of the phase is usually much more subtle than
that of the frequency, and unexpected phases are often observed, hindering the extraction of intrinsic information
from the phases. Therefore, identifying the possible source of phase deviation is crucial for the proper interpretation of
the phase. Here, we grew high-quality NbSb, single crystals with the exceptionally low residual resistivity of
~0.078 uQ cm at T= 2K, which enables us to detect the effect of a tiny amount of impurities in the de Haas-van
Alphen effect. Unexpectedly, we observed a significant phase deviation around 0.58m induced by magnetic impurities,
but no phase shift by nonmagnetic impurities. We explained the phase deviation by the modified Lifshitz-Kosevich
formula incorporating magnetic scattering or spin-dependent scattering, which is supported by the imbalanced
density of states between spin-up and -down impurity states calculated by the density functional theory. Our study
showcases the effect of a tiny amount of magnetic impurities on the phase of magnetic quantum oscillations, giving
an insight into the phase analysis and understanding the interaction between itinerant electrons and magnetic
impurities.

Introduction

Magnetic quantum oscillations (MQOs) serve as a
valuable tool for investigating the properties of the Fermi
surface by measuring the resistance (Shubnikov-de Haas
effect) or magnetization (de Haas-van Alphen effect)
under varying applied magnetic fields. The frequency of
MQOs provides the cross-sectional area of the Fermi
surface, which enables us to estimate the size and shape of
the Fermi surface. The Fermi surfaces of various materi-
als, such as superconductorsl’G, topological materials’ ',
have been characterized. It is also noteworthy that MQOs
can probe exotic states like Fermi arcs'®'” or strongly
correlated states'®"°.

As well as the frequency, the phase of MQOs also
contains useful information. The earliest use of the phase
information is the extraction of the g—factorzo’zz. Later, it
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turned out that the Berry phase of electron orbits could be
informed by the phase analysis of Graphene®>**, With the
emergence of topological materials, this concept has
rapidly been extended to topological materials, and the
nontrivial Berry phase has been claimed based on the
phase analysis in topological insulators®>>° and semi-
metals”>3°73®, The interpretation of the phase has been
further polished and related to the more fundamental
concepts, such as topology/symmetry®” and the zero field
response function®®, While the phase of MQOs contains a
lot of information, it also indicates that the interpretation
of the phase could be complicated in terms of distin-
guishing many contributions. Furthermore, unexpected
phase deviations are often observed, for instance, from
interband correlation®” or inhomogeneity of the sample™.
Therefore, identifying the possible source of phase
deviation/contribution is crucial for the proper inter-
pretation of the phase.

Here, we observed an unexpected and significant phase
deviation of ~0.58m in the de Haas-van Alphen (dHvA)
effect of high-quality NbSb, single crystals induced by a

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-7827-6117
http://orcid.org/0000-0002-7827-6117
http://orcid.org/0000-0002-7827-6117
http://orcid.org/0000-0002-7827-6117
http://orcid.org/0000-0002-7827-6117
http://orcid.org/0000-0002-5244-5736
http://orcid.org/0000-0002-5244-5736
http://orcid.org/0000-0002-5244-5736
http://orcid.org/0000-0002-5244-5736
http://orcid.org/0000-0002-5244-5736
http://orcid.org/0000-0002-9429-8586
http://orcid.org/0000-0002-9429-8586
http://orcid.org/0000-0002-9429-8586
http://orcid.org/0000-0002-9429-8586
http://orcid.org/0000-0002-9429-8586
http://orcid.org/0000-0001-8516-9435
http://orcid.org/0000-0001-8516-9435
http://orcid.org/0000-0001-8516-9435
http://orcid.org/0000-0001-8516-9435
http://orcid.org/0000-0001-8516-9435
http://orcid.org/0000-0003-3122-8078
http://orcid.org/0000-0003-3122-8078
http://orcid.org/0000-0003-3122-8078
http://orcid.org/0000-0003-3122-8078
http://orcid.org/0000-0003-3122-8078
http://creativecommons.org/licenses/by/4.0/
mailto:mhjung@sogang.ac.kr

Lee et al. NPG Asia Materials (2026)18:21

tiny amount of magnetic impurities of ~34 ppm per for-
mula unit. With the time-reversal symmetry, the phase of
dHvA oscillations should be confined to 0 or 1t (—1/4 or
311/4 with the three-dimensional correction)®”. This con-
dition has been proved in NbSb, with the extensive study
of the dHvVA effects with varying the strength and direc-
tion of the magnetic fields'. Breaking of this condition by
the introduction of dilute and paramagnetic impurities is
unexpected since the paramagnets still preserve the time-
reversal symmetry globally. On the other hand, we found
the absence of phase deviation, where the phases are
converged to —1/4, with nonmagnetic impurities.

We attribute this unexpected phase deviation by dilute
magnetic impurities to the ultrahigh sample quality with
the residual resistivity of ~0.078 pQ cm at T'=2 K, which
is highly sensitive to the effect of spin-dependent scat-
tering between the itinerant electrons and magnetic
impurities. The fundamental and second harmonics of the
dHvA effects with the magnetic impurities are well fitted
with the spin-dependent scattering model suggested in
the previous reports*~**, but we found that the spin-
dependent scattering should be seen as a field-dependent
phenomenon in our system. It is also notable that the
considerable amplitude modulation has been observed in
the previous cases® ™%, but our case with the dilute
magnetic impurities only shows the significant phase
deviation without notable amplitude modulation. This
spin-dependent scattering scenario is also supported by
our density functional theory (DFT) calculations, where
the projected density of states (PDOS) of the Fe impurities
reveals a pronounced peak in the minority spin channel
near the Fermi level, accompanied by the imbalance of the
density of state between majority and minority spin
channels in NbSb,.

Materials and methods
Sample synthesis

Here, we discuss six different single crystals with dif-
ferent dopants and doping ratios: a crystal without doping
(Pristine), a Bi-doped crystal (Bi-d), a Cr-doped crystal
(Cr-d), and three Fe-doped crystals (Fe-d1, Fe-d2, and Fe-
d3). For the sample synthesis, Nb powder (99.99%), Sb
shots (99.9999%), Bi needles (99.998%), Cr lumps
(99.99%), and Fe powder (99.998%) were purchased from
Alpha Aesar. The needles, lumps, and shots were carefully
ground before being used for synthesis. Stoichiometries of
NbBi,Sb,_, and Nb,;_,(Fe, Cr),Sb, were sealed in quartz
tubes in a vacuum environment with x = 0.2 for the Bi-d
sample, x = 0.1 for the Cr-d sample, x = 0.05, 0.15, 0.3 for
Fe-dl1, Fe-d2, and Fe-d3 samples, respectively. For solid-
state reaction, the quartz tubes were put into the box
furnace at 700 °C for 36 h. For chemical vapor transport,
1g of solid-reacted materials was put on one side of
vacuum-sealed quartz tubes as source materials with
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10 mg/cc of iodine as a transport agent. The temperature
was set to 1000 °C for the source side and 900 °C for the
other side for 7 days. Shiny crystals were obtained and
elongated along the crystal b-axis. The crystals were bar-
shaped before measurements, with typical dimensions of
3-5 mm for length, 0.5-2 mm for width, and 0.3-0.5 mm
for depth.

Sample characterization

An Electron Probe Micro-Analyzer (EPMA) (JXA-8530F,
JEOL Ltd, Japan) located at the National Center for Inter-
University Research Facilities, Seoul National University,
Republic of Korea, was used to investigate the chemical
compositions of the samples with 15 keV and 20 nA electron
beams. For all samples, the Nb:Sb ratio maintained 1:2 stoi-
chiometry. For the dopants, only the heavy element Bi could
be detected as 0.40(2)% per formula unit in the Bi-d sample,
and other dopants’ signals were too weak to be detected,
indicating that all doping is within dilute limits. An X-ray
diffraction spectroscopy (Rigaku DMAX 2500 diffractometer,
Rigaku, Japan) with Cu Ko (A = 1.5406 A) radiation operated
at 40kV and 15mA was used for investigating the crystal
structure for powder specimens. The refinement gives
a=102335(4) A, b=3.6305(2) A, c=83301(4) A, and
=120.029(2)° with a monoclinic structure (space group:
C2/m) for a pristine sample, which is consistent with pre-
viously reported values**’. The refinement results of pris-
tine, Bi-doped, and Cr-doped samples have been reported in
ref. *°. Note that the structural difference between pristine
and doped samples is not significant.

The small doping ratios of Cr and Fe, which were not
detected in EPMA, were investigated using a micro-X-Ray
Fluorescence spectrometer (uXRF) (Bruker Nano GmbH,
Berlin, Germany) located at the Center for Rare Earths,
Critical Minerals, and Industrial Byproducts (RECMIB),
National High Magnetic Field Laboratory, Florida State
University, USA. The instrument is equipped with a Rh
anode X-ray tube and polycapillary focusing optics, pro-
ducing a focused beam with a nominal 20 pm spot size.
Measurements were conducted under vacuum (~2 mbar)
to enhance the detection of low-energy X-rays. The
excitation voltage was varied between 20 and 50 kV, with
the tube current automatically adjusted (typically
400-600 pA) by the instrument to maintain constant
power. Primary beam filters (100 pm of Al, 100 pm of Ti,
and 25um of Cu) are mounted internally to optimize
excitation conditions across different energy ranges,
thereby improving the signal-to-noise ratio (S/N) for the
elements of interest. Each sample was analyzed at four or
five distinct points, with an acquisition time of 300s
(5 min) per point. The acquired spectra were background-
corrected and quantified using the fundamental para-
meter (FP) approach implemented in the Bruker M4
Tornado analysis software.
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The atomic ratios of Pristine, Cr-d, and Fe-d3 samples
confirmed through pXRF are listed in Supplemental
Information Table S1 (we could not resolve the Fe doping
ratio for Fe-d1 and Fe-d2). We clearly detected the Cr
concentration in Cr-d, which is 562 + 65 atomic ppm or
0.17+0.20% per the formula unit. The instrumental
background for Cr was less than 10 atomic ppm. For Fe
concentration, we found instrumental background signals
around 100-110 atomic ppm for Pristine and Cr-d sam-
ples. The Fe concentration of Fe-d3 yields 269 + 30 atomic
ppm, which is considerably larger than the instrumental
background, revealing the real Fe concentration in Fe-d3.
Taking 100 ppm for the instrumental background, we
obtain 169 + 30 atomic ppm or 0.05(1)% per the formula
unit, for the Fe concentration of Fe-d3. Note that actual
doping concentrations are considerably smaller than the
nominal ratios used in the synthesis process, implying
their higher formation energies.

Electrical transport and magnetization measurements

A commercial magnetic property measurement system
with a superconducting quantum interference device-
vibrating sample magnetometer (MPMS3 SQUID-VSM,
Quantum Design) with a magnetic field range of —7-7 T
and a temperature range of 1.8-400K was used for
magnetization measurements. In the magnetization
measurements, the magnetic fields were applied along
the crystal b-axis, and the magnetizations along the b-
axis were measured. For electrical transport measure-
ments, a commercial transport option for MPMS3
(Quantum Design) was used with a Keithley 2635A
source measurement unit and a Keithley 2182A nano-
voltmeter. The standard 4-probe and Hall configurations
were used for the electrical contacts. The electric cur-
rents were applied along the crystal b-axis, and the
magnetic fields were applied perpendicular to the cur-
rent direction and normal to the surface where the
electrical contacts are attached.

Density function theory calculation

First-principles calculations based on DFT were per-
formed using the QuUANTUM EsPrEsso package®® . The
Perdew—Burke—Ernzerhof exchange-correlation func-
tional within the generalized gradient approximation
(GGA) was employed®"°>. The interactions between ions
and valence electrons were described using
Kresse—Joubert-type projector augmented-wave pseudo-
potentials®® provided by the PSlibrary®*. The plane-wave
kinetic energy cutoff and charge density cutoff were set to
120 Ry and 720 Ry, respectively. Structural optimizations
were carried out until the force on atoms and the total
stress converged to below 1.0 x 10”° Ry and 0.1 kbar,
respectively. For band structure calculation of pristine
NbSb,, a Monkhorst—Pack k-point mesh® of 8 x 8 x 5 was
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employed. A denser 40 x 40 x 25 k-point grid was used in
the non-self-consistent field calculation to obtain Fermi
surface. The obtained Fermi surface was analyzed by
SKEAF code®®®?, which can evaluate MQO frequency and
effective masses for various magnetic field directions. Fe-
and Cr-doped systems were modeled by replacing one Nb
or Sb atom or placing one Fe or Cr atom in interstitial
sites within the same 3 x 2 x 2 supercell. We used norm-
conserving pseudopotentials from Pseudo-Dojo>® for the
following calculations to ensure compatibility with
potential future calculations in other codes. Spin-
polarized calculations were performed for doped sys-
tems with an initial magnetic moment of 1.0 pp assigned
to the Fe or Cr atom. To describe the strong correlation
between electrons in Fe or Cr 3d orbital, the Hubbard U
correction was introduced with Dudarev approach of
GGA-+U. All calculations were performed without spin-
orbit coupling (SOC), unless otherwise noted. Atomic
structures were visualized using vesTA®, and Fermi sur-
faces were plotted using FermiSurfer®'.

Results and discussion
Drastic effect of dilute dopants on the electrical properties
of NbSb,

The effects of dilute Bi, Cr, and Fe doping were studied
with electrical transport measurements. All dopants dra-
matically reduced the magnetoresistance (MR) and Hall
resistivity of NbSb,, which are shown in Fig. 1la, b,
respectively. The MR of Pristine reaches ~ 1,230,000% at
T=2K and B=7T. Similar large and nonsaturating MR
has been reported in previous studies of NbSb,'>*+454762,
The MR values of doped NbSb, are MR = 4260, 324, 1180,
70, and 33% for Bi-d, Cr-d, Fe-d1, Fe-d2, and Fe-d3,
respectively. The decreases in the MR values imply
decreases in the mobilities since the semiclassical MR
ratio is proportional to ufBz, where y; is the transport
mobility®>. The magnitude of Hall resistivities also
decreases by doping, and shows negative slopes, indicating
the electron dominance.

We fitted the MR and Hall resistivities with the two-
carrier model® whose fitting parameters yield the carrier
densities of ~2.369(7) and 2.368(7) x 10*°cm ™2 and the
high mobilities of ~21.6(1) and 12.2(1) m?/Vs for electron
and hole of Pristine, respectively. The results of the two-
carrier fitting for all samples and related discussion can be
found in Supplemental Information including Note 1, Fig.
S1, and Table S2 (see also refs. ®*~°° therein). For Pristine,
the electron and hole carrier densities indicate a nearly
perfect electron-hole compensation of n./n;~1.0004,
which has been reported in a previous DFT calculation for
NbSb,”°. Note that many topological semimetals repre-
senting extremely high magnetoresistances also have
compensated electron-hole carrier densities, as reported
in WTe,” !, W(Mo)P,"?, and ZrSiS”>.
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Fig. 1 Electrical transport properties of pristine, Bi-, Cr-, and Fe-doped NbSb,. a MR ratios, [0, (B) — px (B = 0))/p. (B =0), of Bi-d, Cr-d, Fe-d1,
Fe-d2, and Fe-d3 at T= 2 K. Inset: MR ratio of Pristine at T= 2 K. b Hall resistivities, p,,, at T= 2 K. Inset: Magnified view of Hall resistivities focusing on
Fe-d1, Fe-d2, and Fe-d3. ¢ Temperature-dependent resistivities. Inset: Magnified view for the low-temperature regime, focusing on Pristine, Bi-d, Cr-d,
and Fe-d1. d Temperature-dependent resistivity differences, 8o, = ox (T) — Px (T=30K), of Fe-d1, Fe-d2, and Fe-d3. Inset: Plot of temperature-

dependent resistivity differences of Fe-d2 and Fe-d3 with a logarithm scale of temperature. The red dashed lines display the linear fitting lines in the
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According to decreases in MR, the dopants sig-
nificantly increase the residual resistivity (RR). Figure 1c
shows the temperature-dependent resistivities. The RR
value at T=2K of Pristine reaches RR ~ 0.078 pQ cm,
which increases to RR=~1.03, 4.95, 3.72, 18.5, and
385uQ cm for Bi-d, Cr-d, Fe-dl, Fe-d2, and Fe-d3,
respectively (see the inset of Fig. 1c). Accordingly, the
residual resistivity ratio (RRR), which is defined by
Pxx(T =300K)/py(T=2K), decreases by doping from
RRR ~ 812 of Pristine to RRR ~ 64.5, 13.0, 25.4, 5.9, and
3.3 of Bi-d, Cr-d, Fe-d1, Fe-d2, and Fe-d3, respectively.
All these changes of MR, RR, and RRR by doping suggest
that the dopants introduce disorders and act as scatter-
ing centers. Note that similar behavior can be found in a
systematic substitution study of Nb;_,Ta,Sb, system”*.
The values of MR, Hall resistivity, RR, and RRR are listed
in Table 1. We emphasize that the doping ratio is small
enough not to be detected by the resolution of EPMA
except for the Bi-d sample. The dramatic effects in MR,
Hall, and RR indicate that the pristine NbSb, is an
exceptionally clean host material, which has a high
sensitivity to introduced impurities in its electrical
properties.

Table 1 Residual resistivity (RR), residual resistivity ratio
(RRR), magnetoresistance (MR) ratio, Hall values of
Pristine, Bi-, Cr, and Fe-doped NbSb,.

MRat7T Hall at 7 T (uQ cm) RR (uQ cm) RRR
Pristine 12,300 —-30.19 0.078 812
Bi-d 426 —10.29 1.03 64.5
Cr-d 324 —863 495 130
Fe-d1 11.8 —4.95 372 254
Fe-d2 0.70 —3.65 185 59
Fe-d3 033 —-3.10 385 33

The RR values are taken at 2 K and RRR is defined as p,, (T = 300 K)/p,, (T=2K).
The MR and Hall values are taken at 2 K.

Some distinctive behaviors are observed in the
temperature-dependent resistivities of Fe-doped samples.
The resistivities of Fe-doped samples increase faster with
increasing temperature than the other samples. For
instance, the resistivity of Fe-d1 is smaller than that of Cr-d
at T=2XK but becomes notably larger at 7= 300 K. Fur-
thermore, Fe-doped samples show the resistivity upturns
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Fig. 2 Magnetic properties of pristine, Bi-, Cr-, and Fe-doped NbSb,. a Temperature-dependent magnetic susceptibilities under the applied
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mimicking the Kondo effect characterized by py, « —In
T>"7, Figure 1d shows the temperature-dependent resis-
tivity difference, 8p,x = pu(T) — pxx(T =30 K), which pro-
vides a magnified view of the resistivity variance in the low-
temperature regime. The upturn behavior becomes pro-
nounced as the Fe doping ratio increases from Fe-d1 to Fe-
d3, and the behaviors of py, & —In T for Fe-d2 and Fe-d3
are shown in the inset of Fig. 1d. These results suggest the
magnetic moments of Fe dopants interacting with the
itinerant electrons. Interestingly, the upturn behaviors
change to the downturn by further decreasing temperature,
which can be explained by the coherent Kondo effect as
reported in Ce; LaColns’®”°, Ce, LaNi,Ge,*’, and
P-doped silicon®'. However, verifying the exact origin of the
downturn requires further investigation.

Localized magnetic moments of Fe-doped NbSb,
The magnetic properties of pristine and doped NbSb,
were investigated by measuring the magnetizations with

varying temperature and applied magnetic fields. The
temperature-dependent magnetic susceptibilities are
shown in Fig. 2a. Pristine shows a diamagnetic signal with
little temperature dependence. Considerable contribu-
tions of the positive magnetic susceptibilities, which
sharply increase as temperature decreases, are observed in
the Fe-doped samples, while the Bi- and Cr-doped sam-
ples do not show recognizable contributions of positive
magnetic susceptibilities (see the inset of Fig. 2a). The
positive magnetic susceptibility increases from Fe-d1 to
Fe-d3, indicating the increasing Fe doping ratio from Fe-
1d to Fe-d3. Note that Cr and Fe dopants both have 3d
electrons as their valence electrons, but the magnetic
behaviors are different, which might be attributed to the
difference in interaction between the localized 4 electrons
and the surrounding itinerant electrons’>%*%2,

We analyzed the magnetic susceptibilities of Fe-doped
samples based on the Curie—Weiss law, which is given by
Ax=x — xo= C/(T — Ocw). The Curie constant C is given
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by C = Ni*/3ks, where N is the magnetic atom density,
Kege is the effective magnetic moment, and kp is the
Boltzmann constant. The variable y, is introduced to
incorporate the temperature-independent magnetic sus-
ceptibility, and the positive (negative) Curie—Weiss tem-
perature, 6Ocy, indicates the existence of (anti-)
ferromagnetic coupling. We plotted 1/Ay vs. T, which is
shown in Fig. 2b. Based on the Fe concentration of
N=0.05% per the formula unit in Fe-d3 obtained from
the pXRF measurement, the Curie—Weiss fitting yields
Her=3.0 pp and Ocw=-—-12K for Fe-d3. The
Curie—Weiss fitting was conducted for Fe-d1 and Fe-d2 as
well, with fixed pgegr=3.0up, yielding N=0.0034 and
0.015% per the formula unit, and Ocy = — 67 and — 24 K
for Fe-dl and Fe-d2, respectively. Interestingly, we
obtained negative values of Ocy for all samples. These
negative values of Ocyw indicate the antiferromagnetic
coupling between localized magnetic moments, possibly
driven by the Ruderman—Kittel-Kasuya—Yosida interac-
tion®*~®®, Alternatively, the negative values of Oy can be
interpreted as a result of antiferromagnetic exchange
fields exerted by an itinerant electron cloud surrounding
the magnetic impurities, which has been theoretically
shown’®® and reported in many other Kondo materi-
als®*™% In either case, the negative values of Ocy evi-
dence the interaction between the localized magnetic
moments and the itinerant electrons. The field-dependent
magnetizations of Fe-doped samples are not saturated up
to B=7T at T= 2K, which is shown in Fig. 2c, d. For Fe-
dl and Fe-d2, the nonmagnetic backgrounds were sub-
tracted using the magnetization of Pristine to extract the
pure magnetic signals from the Fe dopants, which is
denoted by dM. This behavior contrasts with saturating
Brillouin function-shaped magnetizations expected for
localized magnetic moments, suggesting the interplay
between the localized magnetic moments and itinerant
electrons.

Significant phase deviation in the dHVA effects of Fe-
doped NbSb,

Clear dHvA effects observed in pristine and doped
NbSb, allow us to investigate the effect of dopants on the
Fermi surfaces. The oscillatory parts of the magnetiza-
tions after subtracting the sublinear background signals
and their fast Fourier transform (FFT) spectra for Pristine,
Bi-d, Cr-d, and Fe-d1 are shown in Fig. 3a, b, respectively.
From the FFT spectra, we labeled the peaks of { (~198 T),
a (~383T), p (~705T), and 2p (~1400 T). From Onsa-
ger’s formula of S=2meF/h”®, where S is an extremal
cross-section area of the Fermi surface subjected to the
normal plane of the magnetic field direction, F is the
frequency of the oscillations, and 7 is the reduced Planck
constant, we found S=0.0673 A2 for the B peak. We
roughly estimated the electron carrier density from S,
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assuming two spin-degenerate spherical electron pockets,
yielding 2.12 x 10*° cm 2, which is aligned with the elec-
tron carrier density of 2.369(7) x 10%° cm ™3 estimated
from Pristine with the two-carrier model. Note that there
is no observable dHVA effect for Fe-d3 and only [ peak is
barely observable in the FFT spectrum for Fe-d2. This
implies that the scattering centers (defects from Fe
dopants) subsequently increase as the Fe doping ratio
increases from Fe-d1 to Fe-d3, leading to the suppression
of dHVA effects.

For a deeper analysis, we separated the most pre-
dominant oscillations corresponding to p peak using an
FFT bandpass filter; hereafter, we only deal with the f
oscillations. We used the Lifshitz-Kosevich formula®,
which is given by

Tpgm.

F 1 m
in|2np| —— =~ & ——1,
e sm[ r[p(B 2) + 4],

AM?(B) ~ —2AgVB

Ccos

R,
p

32

where p is the harmonics index, Ay is the dimensional
constant, RY. is the temperature-reduction factor, R, is the
Dingle-reduction factor, m, is the cyclotron mass, and m,
is the bare electron mass. The phase ® is determined by
©”=7[1 —sign(cos 57)], the temperature-reduction
factor is given by R = (2pm®m_ kgT/ehB)/
sinh(2pr®m ks T/ehB), and the Dingle-reduction factor is
given by RY) = exp( — pmm,/teB), where 7 is the relaxation
time.

First, we draw the Landau fan diagram®* to extract the
frequencies and phases accurately. We assigned quarter
integers, N =n+1/4 (n+ 3/4), to the magnetic field
values at the minima (maxima) of oscillations, Bin(max)s
and draw 1/Bin(max) Vs. N plots, which are shown in Fig.
3c. The positive integers of n are assigned to have the x-
intercepts of the Landau fan diagrams in the range of
(—0.5, 0.5). For an accurate analysis, we corrected the
magnetic field values considering the magnetic field error
of our superconducting magnet. The correction proce-
dure and related discussion are presented in Supple-
mental Information including Note 2, Fig. S2 and Table
S3 (see also ref. *° therein). We fitted the Landau fan
diagrams with linear lines, whose slope and x-intercept
are 1/F and y =—0.5 + ¢+0”/2m — 0.125, respectively.
The fitting yields F=704.218(3), 708.58(1), 717.1(1), and
704.94(1) T and y = —0.123(1), —0.111(3), —0.13(2), and
+0.165(3) for Pristine, Bi-d, Cr-d, and Fe-d1, respectively.
The small difference in the frequencies between the
samples suggests that the doping ratios are diluted so as
not to change the overall Fermi surface sizes significantly.
The y values of nonmagnetic Pristine, Bi-d, and Cr-d
converge to — 0.125, indicating ®&’/25t = 0.5. Interestingly,
a large deviation of y from those of nonmagnetic coun-
terparts is observed in magnetic Fe-d1.
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The cyclotron masses were estimated by fitting the
temperature-dependent amplitudes of dHvA effects
with Ry (see Fig. 2d), yielding m. = 0.514(5), 0.513(5),
0.514(2), 0.51(1), and 0.51(2)m, for Pristine, Bi-d, Cr-d,
Fe-d1, and Fe-d2, respectively. The small difference in
m, again suggests that the Fermi surfaces are robust
against dilute doping. The Dingle analysis®******%¢ was
conducted to estimate the relaxation times. The ampli-
tudes of the dHvA effects were divided by v/BR7 which
was defined as D = Amp./v/BRr which is proportional
to Rp. We draw the Dingle plots, In D as vs. 1/B, which is
shown in Fig. 3e. We fitted the Dingle plot with linear
lines, whose slopes and intercepts give —mm,/7e,
respectively. The fitting yields 7=7.8(1), 0.951(6),
0.61(2), and 1.05(1) ps for Pristine, Bi-d, Cr-d, and Fe-
dl, respectively. Accordingly, the quantum mobility
pq=etr/m, was estimated as u,=2.7, 0.33, 0.21, and
0.36 m?/Vs for Pristine, Bi-d, Cr-d, and Fe-d1, respec-
tively. Note that y, of Pristine is considerably smaller
than g, ~21.6m?/Vs obtained from the transport

measurement, suggesting a suppression of large-angle or
back scattering®’. The suppression of large-angle or
back scattering has been reported in other topological
semimetals of Cds;As,* and W(Mo)P,”>. The para-
meters of B oscillations obtained from the dHvA ana-
lyzes are listed in Table 2.

The same analysis was conducted for the { oscillations
for Pristine and Fe-d1. For Bi-d and Cr-d, the { oscilla-
tions are not large enough to analyze. Note that the
analysis of a oscillations is not feasible since other oscil-
lations overlap with it (see n oscillations in ref. '°) The
analysis of the { oscillations (see Fig. S3) yields
F=197.39(3) and 196.9(4) T, y = —0.124(7) and —0.18(7),
m, = 0.66(2)m, and 0.68(4)m,, and 7=2.7(1) and 1.45(7)
ps for Pristine and Fe-d1, respectively. Interestingly, the
phase deviation is small and within the fitting error range,
and the difference in 7 is also small compared to that of
oscillations. This indicates that the Fe localized magnetic
moments selectively interact with B oscillations. It turns
out that the f oscillations are from the electron pockets
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Table 2 Parameters of the dHvA analyses.

F(T) Y mc(mg) T(ps) g g

(m%

Vs)
Pristine 704.218(3) —0.123(1) 0514(5) 7.8(1) 27 2.2032(3)
Bi-d 70858(1) —0.111(3) 0513(5) 0951(6) 033 2.22583(6)
Cr-d 7171(1)  —=0.13(2)  0514(2) 061(2) 021 1.98633(3)
Fe-d1  704.94(1) 0.165(3)  051(1)  1.05(1) 036 1.9471(3)
Fe-d2 714 051(2)

F and m, values of Fe-d2 are both obtained from the FFT spectra with the
magnetic field range of B=6-7T, while those values of other samples are
obtained from the Ladan fan diagrams and oscillations’ amplitudes at B=6.5,
respectively.

and ( oscillations are from the hole pockets in our DFT
calculation, which will be discussed later, demonstrating
that the Fe magnetic moments have a much more active
interaction with the electrons compared to the holes. For
reproducibility check, we repeated measurements and
analyzed the { and P oscillations of an additional Fe-doped
sample, whose magnetic behavior is similar to that of Fe-
d1 (see Fig. S4). The phase shift of B oscillations was also
observed in the additional sample, confirming that the
phase shift is an intrinsic behavior.

To explain the phase shift of Fe-d1 and estimate the g
factors, we directly fitted the first and second harmonics
of the dHVA effect, which are shown in Fig. 4. The sec-
ond harmonics are separated by an FFT bandpass filter
with the range of 1000—-2000 T. Unfortunately, the sizes
of the second harmonics are not big enough to analyze
for Bi-d and Cr-d, but fitting the first harmonics only was
sufficient to estimate their g factors. We used Eq. (1) for
nonmagnetic Pristine, Bi-d, and Cr-d, and used a spin-
resolved model for Fe-d1 to incorporate the effect of the
localized magnetic moments. On the other hand, we
modified a previous model, incorporating spin-
dependent scattering*'~** for Fe-d1. We emphasize two
major differences between our case and the previous
cases*’ ™, In the previous model, they adopted the spin-
dependent scattering rate ['; =T + sAI'/2, where s is the
spin index with 4+1 or —1 for opposite spins, I' is the
average scattering rate over spins, and AT is the differ-
ence in scattering rates between opposite spins. While
the previous model assumed field-independent AT, we
added linear field-dependence in AT as Al =T, +I';B.
Furthermore, while the previous results with the spin-
dependent scattering showed pronounced amplitude
modulation of the dHvVA effects as a function of magnetic
field, the behavior of the amplitude of Fe-d1 is almost
indistinguishable from those of nonmagnetic counter-
parts, as shown in Fig. 2e, producing more experimental
subtlety attributed to the diluteness of the dopant. Our
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modified Lifshitz—Kosevich formula for a dilute mag-
netic system is given by

Rp F 1 gﬁmc T

AMP(B) ~ —AoVB=L in|2mp(=— =424 <) __
(B) 0\/—p3/2;Rf).s sm{ ]TP(B 2+5 4Wle> }»
(2)

where the Dingle reduction factor is now spin-dependent:
RY . = exp(— pnm,I/eB).

In the analysis, the effective masses of all samples ana-
lyzed here and the relaxation time of Pristine, Bi-d, and Cr-
d are fixed with the obtained values from the analyzes
shown in Fig. 3d, e, respectively. Subsequently, we simul-
taneously fitted the first and second harmonics of Pristine
with  Eq. (1), which yields F=704.2239(2) T,
Ao =0.0001593(2) pp/fu. T2 and g=2.2032(3). The
amplitude parameter A, is proportional to F(9S/9x) ~ /> %%,
where x is the momentum component parallel to the field
direction. Given the similar values of F and i, across the
samples, it is reasonable to assume that the values of A, are
also similar across them. Fixing Ao, the first harmonics of
Bi-d and Cr-d were fitted with Eq. (1), as well as the first
and second harmonics of Fe-d1 were simultaneously fitted
with Eq. (2). The fitting yields F = 708.6653(2), 716.995(1),
and 705.114(2), g=2.22583(6), 1.98633(3), and 1.9471(3),
respectively for Bi-d, Cr-d, and Fe-dl, T =0.977(1) ps "
(r=1/T~1.024ps), and Al =—00025(6) ps '+
0.02993(4)B T ~ ! ps ~ ! for Fe-d1. The ratio of AL'/T of Fe-
dl reaches 21.2% at B=7T. Note that AI' of Fe-dl
depends almost linearly on B. Since AL requires an
imbalance between spin up and down populations of
localized magnetic moments, it might follow the magnetic
polarization of the localized magnetic moments, which is
almost linear with respect to B in the case of Fe-d1 (see Fig.
2d). The values of frequencies are almost the same as the
values obtained from the Landau fan diagram, while it is
interesting that the g factor values can be grouped into
Pristine/Bi-d and Cr-d/Fe-d1. The significant change in the
g factors of Cr-d/Fe-d1 might be attributed to the influence
of localized 3d electrons. Although Cr-d does not show
significant positive magnetic susceptibility, the reduced g
factor implies that the 3d electrons still affect the itinerant
electrons magnetically.

The role of magnetic scattering on the phase shift is
more clearly displayed with the simulation, which can be
found in Fig. S5. We simulated the dHvA effects of Fe-d1
with the magnetic scattering using the fitting parameters
obtained, and without the magnetic scattering by setting
the fitting parameters I'y and I';, which are relevant to the
magnetic scattering, to zero. Interestingly, we found that
the magnetic scattering produces considerable amplitude
and phase changes for the first harmonics, but the effect is
minor for the second harmonics. It turns out that the first
(second) harmonics is at the condition of nearly
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represent the data and fitted curves, respectively. The first and second harmonics of Pristine are simultaneously fitted with Eq. (1), yielding
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destructive (constructive) interference between the spin
up and down oscillations, which is (in-)sensitive to the
magnetic scattering. Note that the interference between
the spin up and down oscillations is determined by the
phase difference pmg.gm./m, for pth harmonics, which
can be deduced from Eq. (2).

Density functional theory calculation of pristine and Fe-
doped NbSb,

To understand the magnetizations and correlation
effects observed in Fe-doped NbSb,, we performed first-
principles calculations based on DFT. Figure 5a, b shows
the electronic structure and Fermi surfaces of NbSb,,
respectively. Without the spin-orbit coupling, there are
several band crossings near the Fermi level, which are
gapped out by the spin-orbit coupling, forming the mas-
sive Dirac structure. This behavior has been pointed out
in the previous electronic structure calculation’®. For the

carrier pockets, we found two identical ellipsoidal-shaped
pockets for electron and one large irregular-shaped
pocket and another small ellipsoidal-shaped pocket for
hole, which have been shown in previous studies***’.
The Fermi surface was further analyzed by SKEAF
code®®* to confirm that our Fermi surfaces are consistent
with the experimental results (see Supplementary Note 3
for the details). The cyan ellipsoids correspond to massive
Dirac electrons located around the L-I line in the band
diagram. The calculated MQO frequency for these
pockets is 901 T, which is quite larger than the experi-
mentally observed frequency of P oscillations. However,
we note that a small decrease of ~34 meV of Fermi energy
reduces this frequency to 750 T, which is very close to the
measured value, 705 T. In contrast, the calculated effec-
tive mass, 0.52m, shows much better agreement with the
measured value, 0.514m,. Meanwhile, the purple hole
pockets have a more complex shape, which can give rise
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to a complicated MQO pattern. For a magnetic field
applied along the crystal b-axis, we identified three
extremal cross-sections from these pockets that corre-
spond to the measured {, o, and not observed n oscilla-
tions (Fig. S6). The corresponding frequencies and
effective masses are 138, 476, 588 T and 0.68, 0.84, 1.46m,,
respectively. Note that the frequency of n oscillations is
closer to that of a oscillations experimentally and overlaps
with it'>, which is the reason for n oscillations being
undetected with its large effective mass. The calculated
effective mass of { oscillations is in excellent agreement
with the experiment (m, = 0.66m,).

We then calculated formation energies” of various
defects to understand why these exceptional phenomena
arise only in the Fe-doped case. For Bi, Fe, and Cr dopants,
we considered four types of defects: Nb-substitution, Sb1-
substitution, Sb2-substitution, and interstitial site, as shown
in Fig. 5c. The calculated formation energies of defects in
Fig. 5d reveal that the preferred defect sites vary depending
on the dopant species, which are ~0.85 eV for Bigy,, ~1.52 eV
for Crnp, and ~1.82 eV for Feyy,. For Fe, Feyny,, Fegp, and
Fe;, they have similar formation energies. This implies that

these types of defects would coexist, in contrast to Cr,
which strongly prefers Cryy,. Note that the formation energy
of defects should be positive for the crystal to be stable™.

We also found that Cr-doping can result in low total
magnetization because the total magnetization is much
lower than the magnetic moment of a Cr atom due to
induced anti-parallel spins of nearby atoms (see Supple-
mentary Note 4 for the details). Remarkably, the total
magnetic moment per Cr of Cr-doped sample decreases as
the doping ratio decreases, which might explain experi-
mentally undetectable Cr magnetic moments in the extre-
mely dilute limit. This contrasts with Fe-doping, which has
slightly higher total magnetization than the magnetic
moment of the Fe atom due to induced parallel spins (Table
S4, and Figure S7). Note that the magnetic moment of Fe is
calculated out to range from 1.8 to 3.4 pg, which is in good
agreement with the experiment (3 yg). We then calculated
PDOS for four probable sites of Fe and Cr-doping to
investigate any potential causes for the phase shift (see Fig.
S8). Among all four cases, the Fey,, model exhibits very
different behaviors from the others and is predicted to show
the largest spin-dependent scattering.
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We only plot the PDOS of Fe;,; cases, where the strongest
spin-dependent scattering is expected. Near the Fermi level,
the dominant contributions arise from Nb 4d, Sb 5p, and Fe
3d orbital. Also, there is a clear imbalance in the density of
states for opposite spin states of Fe 3d, suggesting the
localized magnetic moment of the Fe dopants which is
estimated as ~2.3 pp. Interestingly, the PDOS for the minor
spin of Fe 3d shows a large peak, especially near the Fermi
level with a finite DOS at the Fermi level. Also, the PDOS of
Nb 4d is notably affected by the Fe 3d, which implies
hybridization between Nb 4d and Fe 3d, possibly mediated
by Sb 5p. We further considered the correlation effect of
localized 3d orbitals of Fe atom by applying the Hubbard U/
correction. As U increases from 0 to 4 eV, the Fe 3d peaks
of up spin and down spin in the PDOS (Fig. 5e) became
more separated, with the minority-spin peak shifting further
below the Fermi level. Besides, the local magnetic moment
of Fe systematically grows from ~2.31ug at U=0¢€V to
~2.39 ug at U=2eV and to ~249 up at U=4¢€V. In
addition, at U =2 eV, the DOS of Fe 3 d minority spin has a
large peak at the Fermi level with ~100 meV width, for
which further hybridization between the localized orbital
and the conduction electron bath builds when the scope of
the Anderson impurity model is adopted. These results may
support the notable deviation of the scattering rate between
each spin.
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Conclusions

In this study, we observed a significant phase deviation
of the dHvVA effect induced by dilute magnetic doping of
Fe, approximately 34 ppm per formula unit. The high
sensitivity of the ultraclean host material to the intro-
duction of magnetic impurities allows us to detect this
subtle effect. The considerable phase deviation is well
fitted with the spin-dependent scattering model. The DFT
calculation for Fe-doped NbSb, reveals an imbalance of
occupation between the opposite spins, confirming the
localized magnetic moments of Fe dopants. Importantly,
we found the peak in the density of states for the minor
spin states near the Fermi level, which is aligned with the
spin-dependent scattering rate and the active interaction
between the localized magnetic moment and the itinerant
electron observed in Fe-doped NbSb,. Our study
demonstrates that even an extremely small amount of
magnetic impurities could give a considerable phase
deviation in the dHvA effects, giving insight into the
phase interpretation of MQOs, as well as the fundamental
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understanding of the interaction between itinerant elec-
trons and magnetic impurities.
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