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The variation of the effective mass m™ of carrier is often overlooked in experimental studies on quantum oscillations
and Kohler’s rule. Here, we report the magnetotransport properties of LazScBis and reveal the changing m* in it. The
temperature and magnetic field dependence of m* follows the power-law scaling behavior at low temperature and leads to
the failure of conventional analysis, which should not be ignored. In the analysis of the thermal factor and Dingle plot of de
Haas—van Alphen oscillation in LazScBis, satisfactory fitting results can be obtained after considering the correction of m*.
We have also applied this method to Sr;_yMn;_,Sby, solving the remaining fitting problem in previous reports. Moreover,
the magnetoresistance (MR) of La3ScBis has been found to violate Kohler’s rule. Although the extended Kohler’s rule is
applicable to high-temperature MR data, it does not scale the low-temperature data well. We further modified the extended
Kohler’s rule by introducing m*, and subsequently scaled the low-temperature MR data well. Our study emphasizes the
importance of considering the variation of m* in the analysis of quantum oscillations and Kohler’s rule, and provides a
method for extracting the temperature and magnetic field dependence of m* through quantum oscillations, which is very

beneficial for the data analysis of other materials in the future.
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PACS: 71.38.Cn, 75.47.—m, 73.43.Qt, 74.25.F—
DOI: 10.1088/1674-1056/ae39d1

1. Introduction

Quantum oscillation has been a powerful experimental
technique for exploring the underlying physics in materials.
Quantum oscillations mainly include the de Haas—van Alphen
(dHvA) oscillation in magnetization and the Shubnikov—de
Haas oscillation in resistivity. Recently, Wang et al. discov-
ered a new type of quantum oscillation with the logB period-
icity in ZrTes.!'! Chen et al. observed the oscillation of re-
sistivity and specific heat with temperature under a constant
magnetic field in NdA1Si.?! The Lifshitz—Kosevich (LK) the-
ory is commonly used to describe the quantum oscillations.!
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By analyzing the quantum oscillations using the LK formula,
some parameters can be obtained, such as the effective mass
m*, Dingle temperature, and Berry phase.

Kohler’s rule is an important law related to the mag-
netoresistance (MR) of materials, which states that the MR
should be a function of B/py and follow the scaling behavior
MR = f(B/po) (po is the resistivity at zero field)."*! Luo et
al. pointed out that the more exact form of Kohler’s rule is
MR = f(Bt) with T being the relaxation time of carriers.!
Recently, Xu et al. proposed the extended Kohler’s rule

MR = f(B/ntpo), where nt describes the relative change in
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the carrier concentration induced by thermal excitation.[®! The
extended Kohler’s rule can effectively explain the violation
of Kohler’s rule in some materials,[®8! such as TaP, InSb,
TaCo,Te,, and HfSe 9.

However, whether in the analysis of quantum oscillations
or Kohler’s rule, m* is always treated as an invariant con-
stant. In this paper, we have studied the dHVA oscillations
and Kohler’s rule in La3ScBis and found that the temperature
and magnetic field dependence of m* should not be ignored.
m* follows the power-law scaling behavior at low temperature
due to the effective mass renormalization by the long-range
Coulomb interaction. The conventional analysis based on the
LK formula fails to fit the oscillation data of LazScBis. The
better fits are obtained after considering the correction of m*,
indicating that m* in LazScBis changes with temperature and
magnetic field. In addition, the MR has been found to vio-
late Kohler’s rule, and even the use of extended Kohler’s rule
is not enough for scaling the low-temperature data. By intro-
ducing the magnetic field and temperature dependence of m*
obtained from the quantum oscillation, the extended Kohler’s
rule is further modified to MR = f(Bm* /nrpo), which can ef-
fectively scale the low-temperature MR data.

2. Results and discussion

La3ScBis is a member of the LnsM Pns (Ln = lanthanide;

[9-171 and its crystal struc-

(18]

M = metal; Pn = pnictide) family,
ture contains 1D Bi chain and a distorted kagome lattice.
The band structure calculations reveal that multiple types of
Dirac fermions coexist in LazScBis, including type-I, type-II,

higher-order quadratic and nodal-line.!'8!

Figures 1(a)-1(c) plot the isothermal magnetization of
La3ScBis as a function of magnetic field in the directions of
B 1 bc, B b and B || ¢, respectively. Strong dHVA quan-
tum oscillations can be observed in these three directions un-
der low temperature and strong magnetic field. For the direc-
tions within the distorted kagome lattice plane (B L bc and
B || b), there are small kinks induced by the Zeeman effect in
high fields [red arrows in Figs. 1(a) and 1(b)], similar to those
in ZrGeSe!'! and SnsP5.2% In low fields, it seems to have a
very low-frequency oscillation. This possible low-frequency
oscillation has little impact on high magnetic field amplitude,
but it will affect the background extraction of high-frequency
oscillations. For the accuracy of the analysis of high field os-
cillation, such a low-frequency oscillation is ignored when ex-
tracting the background. The insets of Figs. 1(d)—1(f) show the
oscillatory components of magnetization (AM = M — (M)) af-
ter subtracting the smooth background (M). The correspond-
ing fast Fourier transformation (FFT) spectra are displayed in
the main images of Figs. 1(d)-1(f).

The anisotropy of magnetization in La3ScBis is interest-
ing. The magnetization is dominated by paramagnetism in
the B L bc and B || b directions, but exhibits diamagnetism
in the long-axis direction (B || ¢). This situation is different
from the unusual axial diamagnetism in LazMgBis, where the
magnetization is dominated by diamagnetism in the directions
of the crystal axis (B || a,b,c).l"'!! The axial diamagnetism in
LazMgBis originates from the restricted motion of the Dirac
fermion at the Fermi level. The anisotropic magnetization in
La3ScBis can be attributed to the type-I Dirac fermion located
near the Fermi level in the I'-A direction.
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Fig. 1. The dHvVA oscillations in LazScBis. (a)-(c) Magnetic field dependence of magnetization in three directions at various temperatures. The magnetic
field follows the directions of B L bc, B || b and B || ¢, respectively. The measurements were performed on the same sample and the same quartz rod. Insets:
The schematic diagrams of the measurements. (d)—(f) The FFT spectra of the oscillations. Insets: The oscillation amplitude AM as a function of 1/B.
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The dHvVA quantum oscillation can be described by the
LK formulal®21-23]

AM < —B'2RyRp sin {2n<g—;+ﬁ+5>}; 9]
AT L ATh.

RT - m, RD =€ D, (2)

A = (2n*kgm*)/ (heB). 3)

In the formula, Rt and Rp represent the variation of oscilla-
tion amplitude with temperature and magnetic field, respec-
tively. m™* is the cyclotron effective mass of carrier. 7Tp is
the Dingle temperature. 27f3 is the Berry phase and 0 is a
phase shift. The thermal factor Rt is often used to fit the
temperature dependence of FFT amplitude and extract the ef-
fective mass m*. The main image in Fig. 2(a) shows the Rt
fittings of frequency F; in the B L bc direction. The black
solid line is the fit made by including all obtained data points.
Clearly, conventional thermal factor Rt cannot describe the
data well. A better fit can be obtained if the data points be-
low 5 K are not included [red solid line in Fig. 2(a)]. Here,
we propose that the failure of conventional Rt fitting can
be attributed to changes in the effective mass m* of carrier.

In previous studies on quantum oscillations, m* was always
treated as a constant. However, in reality, m* can vary with
temperature.[®?*! By considering the influence of the long-
range Coulomb interaction,['®>! the dependence of m* on
temperature can be taken as m* o< (T + Tp)™, and then the
temperature term in Ry becomes T (T + Tp)™ (m; = 0 corre-
sponds to the conventional Rt). As shown in Fig. 2(d), the data
can be well fitted using this modified Rt, and the goodness-of-
fit has increased from 0.9807 (Fy) / 0.9743 (F;) to 0.9951 (F)
/0.9949 (F3). For frequencies F; and F> in the B L bc direc-
tion, the m* terms obtained by fitting are (7 +0.60) 3¢ and
(T 4 1.83)7%45 respectively. The frequency in the B || b di-
rection exhibits a similar phenomenon [Figs. 2(b) and 2(e)].
The modified Rt fitting improved the goodness-of-fit from
0.9916 to 0.9997 and generated a m* term (T +2.83) 037,
The situation is different in the B || ¢ direction, and using con-
ventional Rt to fit can produce acceptable results [Fig. 2(c)],
which means that the temperature dependence of m* in this
direction is relatively weak. However, it should be noted that
using the modified Rt can achieve better fittings [Fig. 2(f)].
The obtained m* terms for frequencies F; and F, in the B || ¢
direction are (T +1.97)7%20 and (T 4-2.87) 702, respectively.
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Fig. 2. (a), (d) Rt fittings and modified R fitting of oscillation frequency Fj in the B L bc direction. The insets show the corresponding fittings of the
frequency F». (b), (e) Ry fittings and modified R fitting of the frequency Fj in the B || b direction. In (a) and (b), the black and red solid lines represent
the R fittings for all points and points with 7 > 5 K, respectively. (c), (f) Ry fitting and modified Ry fitting of the frequency F] in the B || ¢ direction.

The insets show the corresponding fittings of the frequency F>.

By comparing the fitting results of the three directions in
Fig. 2, three main conclusions can be drawn. (i) The temper-
ature dependence of m* has a significant impact on the ampli-
tude of quantum oscillations. The stronger the temperature de-
pendence of m* (:m; deviates from 0), the worse the description
of oscillation amplitude by conventional Rt. (ii) The modi-

fied Rt can fit the data well and extract the temperature de-
pendent behavior of m*. (iii) The temperature dependence of
m* in LazScBis exhibits obvious anisotropy, which is stronger
in the distorted kagome lattice plane but weaker in the long-
axis direction. In La3ScBis, the effective mass follows the

power-law scaling behavior m* o« (T + Tp)™ at low temper-
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ature. In fact, such a temperature dependent behavior of m*
has been theoretically obtained in three-dimensional systems
with long-range Coulomb interaction.!?>! The numerical cal-
culation results show that the temperature dependence of m*
is only significant under long-range Coulomb interaction, in-
dicating a close relationship between them.[? Similar power-
law scaling behavior of m* also appears in some strongly cor-
related systems, such as heavy fermions, 2% which is not the
case in La3ScBis. The electron—phonon interaction is also
not expected to dominate the correction of m*, as m* follows
the power-law scaling behavior and increases with decreasing
temperature, but the phonon occupation number decreases at
low temperatures. The above results not only indicate the va-
lidity of the modified Rt, but also suggest that the long-range
Coulomb interaction plays an important role in La3ScBis and
causes the changes of m*. Especially, this method is universal
and can also be applied to other materials, such as an estab-

lished magnetic topological semimetal Srj_,Mn;_,Sb,.[!8:22]
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Fig. 3. (a), (b) The Dingle plots of F} in the B L bc and B || b directions. The
red solid lines are the fits by considering m* o< (B+ By)™2. The data points
were extracted from the valleys of AM at 1.8 K in the insets of Figs. 2(d) and
2(e). For the B || b direction, the two valleys under high field are excluded in
(b) due to the large influence of harmonic frequency. (c), (d) The modified
Dingle plots of Fy in the B L bc and B || b directions. The values of m; and
By obtained from (a) and (b) were used to correct the power exponent of B
on the horizontal and vertical axes.

Since m* can vary with temperature, it is natural to won-
der if m* will vary with a magnetic field. This question can
be explored by studying the Dingle plot. According to the
LK formula, if In[D] [D = AM+/Bsinh(AT)] is plotted as a
function of 1/B, the image will be a linear line with a fixed
slope. Such a Dingle plot is often used to extract Dingle tem-
perature Tp from the fitted slope. However, the premise of
the above operation is that m* does not change with B. Fig-
ures 3(a) and 3(b) show the conventional Dingle plots of Fj in
the B L bc and B || b directions, respectively. Clearly, the data

points do not present a straight line, indicating a nonlinear re-
lationship between In[D] and 1/B. Similar to the temperature
dependence of m*, taking m* o< (B + By)™2, the magnetic field
term in Rp will become (B + By)™ /B (m; = 0 corresponds
to the conventional Rp). As shown by the red solid lines in
Figs. 3(a) and 3(b), the data can be well fitted after considering
the magnetic field dependence of m*. The obtained m* terms
are (B+0.63)737% and (B4 0.25)~!8, respectively. Further-
more, the Dingle plot can be modified using fitted values of
my and By. If the power exponent of B in the horizontal and
vertical axes is corrected to (B + By)™2 /B, the data points will
fall on a straight line [Figs. 3(c) and 3(d)], which returns to the
linear description of the conventional Dingle plot. Therefore,
in La3zScBis, the magnetic field will have a significant impact
on m*. The magnetic field dependent m* may be another char-
acteristic of long-range Coulomb interaction systems, which
requires further theoretical research.

After characterizing the magnetic properties, the electri-
cal transport properties of LazScBis have also been investi-
gated. As shown in the inset of Fig. 4(a), the resistivity of
La3ScBis exhibits the metallization behavior. Figures 4(a) and
4(b) show the MR in the range of 1.8 K-25 K and 30 K-300 K,
respectively. The curvature of the MR curves varies at dif-
ferent temperatures. The curves are concave at temperatures
above 30 K. However, the curves become convex at tempera-
tures below 25 K, which is the result of the weak antilocaliza-

27281 The MR data for the entire temperature range

tion effect.!
can be well fitted using the typical power law MR o< B’. The
obtained values of ¢ are presented in the inset of Fig. 4(b). The
variation of ¢ can also clearly reflect the concavity and convex-
ity of the curves.

Figure 4(c) shows the MR of La3ScBis plotted against
B/pp. Clearly, the MR curves at different temperatures do
not collapse onto a single curve, indicating the violation of
Kohler’s rule MR = f(B/py). The violation of Kohler’s rule
in La3ScBis is not expected, as the Hall resistivity exhibits a
single band behavior.!!8! In order to further understand the MR
behavior, the extended Kohler’s rule MR = f(B/ntpo) has
been employed to scale the MR data. As shown in Fig. 4(d),
the curves can roughly collapse onto a single curve. Al-
though the extended Kohler’s rule can effectively scale the
MR data above 30 K, it is not ideal for data below 30 K.
There are two interesting phenomena that need to be noted
here. Firstly, the carrier concentration of LazScBis is high.!'8]
The violation of Kohler’s rule is more commonly observed in
topological semimetals or semiconductors, as their low carrier
concentration makes the thermal factor nT more sensitive to
temperature.[® For typical metals with high carrier concentra-
tion, nT becomes less sensitive to the change of temperature.
However, LazScBis has a high carrier concentration and ex-
hibits a clear violation of Kohler’s rule. This may indicate that
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the Dirac fermions near the Fermi level dominate electrical
transport in LazScBis. Secondly, the curves in Fig. 4(d) only
roughly collapse onto one curve but do not completely over-
lap, which means that even the extended Kohler’s rule cannot
perfectly describe the case in La3ScBis.

Kohler’s rule plot

-5 0 5 10
B/po (10® T-Q~1.m~1)

Extended
Kohler’s rule plot

100 200 300
T (K)

10 —200K / /oK 201

—250 K/ 10K X

— 300 K'150K \

MR (%)

10 -5 0 5 10 "o =5 0 5 10

B (T) B/(nrpo) (108 T-Q-Lm~1)
Fig. 4. (a) Magnetic field dependent MR of La3ScBis in the range of
1.8 K to 25 K. Inset: Temperature dependent resistivity of La3ScBis at
zero field. (b) Magnetic field dependent MR of La3ScBis in the range
of 30 K to 300 K. Inset: The power exponent n extracted from the fits
using MR « B’. (c) Kohler’s rule plot of the MR curves. (d) Extended
Kohler’s rule plot of the MR curves.

In fact, a modified scaling form MR = f(B7) has been in-
troduced in a previous study,®! where 7 is the relaxation time
of carriers. BT can be represented as Bt = (m* /e*)B/(npy) by
using po = m* /(ne’t). Therefore, the scaling behavior MR =
f(B/ntpy) of the extended Kohler’s rule will be obtained if
m* is temperature independent.!®! Even if m* is not tempera-
ture independent, the extended Kohler’s rule is still valid be-
cause the influence of temperature on m* can be included in
nt. However, the magnetic field dependence of m* has been
ignored in the above analysis. By introducing the temperature
and magnetic field dependence of m*, the extended Kohler’s
rule can be further modified to MR = f(Bm* /ntpp). As shown
in Fig. 5, after considering the variation of m*, the MR curves
at low temperature are well scaled onto a single curve, indicat-
ing that the failure of the extended Kohler’s rule at low temper-
ature comes from the change of m* with magnetic field. The
introduction of m* will lead to the change of curve behavior.
Unlike the Kohler’s rule or the extended Kohler’s rule, here
the x-axis variable has changed from B to B(B+ By)™2. In the
current analysis of LazScBis, as the magnetic field increases,
the value of B(B+ By)™2 will first increase and then decrease,
resulting in the curve behavior shown in Fig. 5. However, no
matter how the curve behavior changes, the MR curves at low
temperature can still be well scaled to the same curve, indi-
cating the effectiveness of the modification of the extended

*

Kohler’s rule by m*.

MR (%)

201

0 n n !
0 1 2 3

Bm™/(nrpo) (107 T-Q~1.m~1)

Fig. 5. Further modification to the extended Kohler’s rule. The MR
scaling in the temperature range of 1.8-20 K, in which the magnetic
field and temperature dependence of m* are introduced instead of treat-
ing it as a constant.

3. Summary

In summary, we have grown high-quality single crystals
of La3ScBis, which exhibit strong dHvA quantum oscillations.
In the process of analyzing quantum oscillations, it was found
that m* changes with temperature and magnetic field rather
than remaining a constant, leading to the failure of conven-
tional fits. The better fits have been obtained through the cor-
rection of m*. The MR of La3ScBis exhibits a violation of
Kohler’s rule. Even the extended Kohler’s rule is only ap-
plicable to scaling the high-temperature data. The extended
Kohler’s rule is further modified by considering the variabil-
ity of m*, after which the MR at low temperature can be well

scaled.
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