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Anisotropic magnetotransport and magnetic phase diagrams of the antiferromagnetic
heavy-fermion superconductor Ce3PdIn11
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We report the results of our detailed magnetotransport studies on single crystals of the antiferromagnetic
heavy-fermion superconductor Ce3PdIn11. Electrical resistivity measurements, carried out in different magnetic
field orientations with respect to the crystallographic axes, were mainly aimed to amass further insight about the
magnetically ordered state. The results manifest a clear metamagnetic transitions in the ordered phase when the
applied field is parallel to the tetragonal c axis, while no similar features are seen for the transverse direction, i.e.,
with the field confined within the ab plane. This finding elucidates the fact that the c axis is the easy magnetic
direction in this system. Based on the electrical transport and heat capacity data obtained for Ce3PdIn11, magnetic
field-temperature phase diagrams were constructed, which elucidate fairly enigmatic behaviors in this material
featuring the existence of both second- and first-order magnetic phase transitions.
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I. INTRODUCTION

Since the seminal discovery of heavy-fermion (HF) super-
conductivity in CeCu2Si2 [1], Ce-based intermetallic com-
pounds have been a subject of intensive research activity. As
a result, diverse ground state properties have been discovered
featuring HF behavior, non-Fermi liquid features, magnetic
ordering, superconductivity, quantum criticality, etc. [2–6].
Particular attention is focused on quantum critical HF su-
perconductors where significant enhancement in quasiparticle
effective masses is associated with formation of supercon-
ducting condensate in the vicinity of magnetic instability
[7–9]. Unlike conventional superconductors, where Cooper
pairing is mediated by phonons, in quantum critical ones it
is arguably believed to be driven by magnetic fluctuations
[10,11]. This intriguing concept steers the condensed matter
research community in the quest to look for novel HF su-
perconductors and thoroughly explore their puzzling physics.
In this framework, the homologous series of CenTmIn3n+2m

compounds (T stands for a d-electron transition metal) turns
out to be an extremely important system as it encompasses a
large variety of fascinating materials including CeCoIn5 [12],
CeRhIn5 [13], CeIrIn5 [14], Ce2PdIn8 [15–17], and Ce2CoIn8

[18]. Two other remarkable representatives of the same family
of ternaries are the indides Ce3T In11 (T = Pt and Pd), which
exhibit the coexistence of HF superconductivity and long-
range antiferromagnetic (AFM) ordering [19–22], and thus
hosting the most intriguing physics witnessed in iron pnictides
[23–27]. Interestingly, detailed investigations on Ce3PtIn11

led to the discovery of several interesting phenomena, like
quantum criticality near hydrostatic pressure of about pc =
1.3 GPa [20], or complex magnetic field-temperature phase
diagram [22]. Thus Ce3PtIn11 and Ce3PdIn11 set a new play-
ground for comprehensive studies on the interplay between
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magnetism and superconductivity in Ce-based HF systems.
The complex nature of hybridization between cerium 4 f and
transition metal 3d orbitals is responsible for governing such
captivating ground state properties. In this context, it is worth
to refer to another Ce-based material CePt3Si, which also
exhibits superconductivity in the AFM ordered state [28–30].

Similar to its Pt-bearing counterpart [19,20,22], Ce3PdIn11

crystallizes with a tetragonal unit cell (space group P4/mmm),
which features two inequivalent Ce sites [31], and exhibits two
successive AFM phase transitions at TN1 = 1.67 K and TN2 =
1.53 K, followed by a superconducting transition at Tc =
0.42 K [21]. A comprehensive study by M. Kratochvílová
et al. [21] revealed a fascinating magnetic phase diagram
where two AFM orders were found to merge in a critical
magnetic field of about 3 T, applied along the tetragonal c axis,
followed by resplitting into two AFM transitions in external
fields stronger than 4 T. Most interestingly, pronounced sharp
anomalies observed in the heat capacity data taken above the
critical field were associated with first-order type phase transi-
tion, which demanded further experimental confirmation. Our
recent work on the heat capacity of Ce3PtIn11 revealed similar
phase diagram [22]. In addition, by studying magnetotrans-
port in the latter compound, we found the existence of clear
metamagnetic transition (MMT). This finding motivated us to
direct our on-going systematic research on the CenTmIn3n+2m

indides towards exploration of the actual character of the
AFM state in Ce3PdIn11. The goal of the present study was
mainly twofold: (i) verification of the first–order nature of the
AFM transitions in strong magnetic fields, as suggested by
M. Kratochvílová et al. [21] and (ii) checking the possible
presence of MMT in Ce3PdIn11. For this purpose, we per-
formed heat capacity and electrical resistivity measurements
on single-crystalline specimens in external magnetic fields
applied along the two principal crystallographic orientations,
namely parallel and perpendicular to the tetragonal c axis.
The heat capacity data have not revealed any noticeable
hysteresis between cooling and heating cycles, thus severely
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challenging the possibility of the first-order character of the
AFM transitions investigated. In turn, the magnetotransport
results obtained in the configuration μ0H ‖ c axis have clearly
shown metamagnetic transition at temperatures below TN2,
while no such signature of MMT has been found for μ0H ⊥ c
axis. From the experimental data obtained for Ce3PdIn11,
magnetic phase diagrams have been constructed, which es-
sentially appear fairly similar to those derived in Ref. [21].

II. EXPERIMENTAL DETAILS

Single crystals of Ce3PdIn11 were grown from In flux
following the method outlined by M. Kratochvílová et al. [32].
Phase purity and homogeneity of the crystals were examined
by energy-dispersive x-ray (EDX) analysis using a FEI scan-
ning electron microscope equipped with an EDAX PV9800
microanalyzer. Their crystal structure was determined by x-
ray diffraction (XRD) on a KUMA Diffraction KM-4 four-
circle diffractometer equipped with a CCD camera, using
graphite-monochromatized Mo-Kα radiation. The EDX and
XRD data indicated good quality of the obtained materials
with the crystal structure reported before by Tursina et al. [31].

The electrical resistivity measurements were carried out
over the temperature interval 0.4–300 K and in magnetic
fields up to 9 T using a standard ac four-probe technique
implemented in a Quantum Design PPMS platform. The heat
capacity was measured from 0.35 to 20 K in magnetic fields
up to 9 T by relaxation method employing the same PPMS
equipment.

III. RESULTS AND DISCUSSIONS

A. Zero-field heat capacity and electrical resistivity
measurements

In order to characterize the physical properties of the
obtained single crystals of Ce3PdIn11, temperature variations
of their specific heat (C) and electrical resistivity (ρ) were
determined.

Figure 1(a) presents the low-temperature C(T ) data, which
manifests two successive AFM transitions at TN1 = 1.68 K
and TN2 = 1.56 K, in good agreement with the previous
study [21]. At Tc = 0.58 K, there occurs another pronounced
anomaly in C(T ) that can be associated with the onset of
the superconducting state, though the critical temperature is
slightly higher than that reported in the literature (Tc = 0.42 K
[21]). It seems possible that the sample studied by us con-
tained tiny amount of the superconducting Ce2PdIn8 phase
(Tc = 0.68 K [15]) sandwiched between crystalline slabs of
Ce3PdIn11. In this same context, it should be stressed that the
C(T ) dependence showed no singularity at 10 K (not shown),
hence proving that the sample investigated was free of any
CeIn3 contamination (see the discussion in Refs. [33–35]).

Figure 1(b) displays the electrical resistivity of Ce3PdIn11

measured as a function of temperature with electric current
flowing within the basal ab plane of the tetragonal unit cell.
Above about 30 K, ρ(T ) can be described by the formula [note
the red solid line in Fig. 1(b).

ρ(T ) = ρ0 + ρ∞
0 + cphT + cK ln T, (1)

FIG. 1. (a) Low-temperature dependence of the specific heat of
single-crystalline Ce3PdIn11. (b) Temperature variation of the electri-
cal resistivity of single-crystalline Ce3PdIn11 measured with electric
current flowing within the tetragonal ab plane, i.e., perpendicular to
the c axis.

where ρ0 represents the residual resistivity due to scatter-
ing conduction electrons on crystal imperfections, ρ∞

0 is
the spin-disorder component due to elastic scattering on
cerium magnetic moments in the paramagnetic state (here,
for simplicity, crystalline electric field effect is neglected), the
third term accounts for electron-phonon scattering expressed
as high-temperature approximation of the Bloch-Grüneissen
function, while the forth term describes Kondo type spin-
flip scattering processes. Fitting Eq. (1) to the experimental
data yielded the parameters: ρ0 + ρ∞

0 = 156.8(5) μ� cm,
cph = 0.134(1) μ� cm K−1, and cK = −25.2(1) μ� cm. The
notably large value of cK manifests strong Kondo interactions
in the compound investigated.

Near 20 K, ρ(T ) shows a broad maximum [cf. Fig. 1(b)]
that can be associated with a crossover from incoherent to
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coherent Kondo regimes, typical for Ce-based Kondo lattices.
At lower temperatures, a distinct kink in ρ(T ) is seen, which
develops due to rapid reduction in the spin-disorder scattering
in the AFM state. The critical temperature, defined by the
maximum in the temperature dependence of the derivative
dρ/dT , amounts to 1.56 K, and thus it is equal to TN2

determined from the heat capacity. It is worth noting that
the onset of AFM was hardly detectable in the ρ(T ) data
of Ce3PdIn11 reported before [21,31]. Its clear observation
in the present research corroborates the good quality of the
samples investigated. As can be inferred from Fig. 1(b), below
Tc ∼ 0.58 K, the electrical resistivity of the measured crystal
drops to zero, as expected for the superconducting state.

In order to quantitatively analyze the ρ(T ) data in the
AFM state, a gapped spin-wave approach was applied. As
marked in Fig. 1(b) by the blue solid line, in the temperature
interval Tc < T < TN2, the experimental results can be well
approximated by the formula [36]

ρ(T ) = ρ0 + AT 2 + b�2
SW

√
T

�SW
exp

(−�SW
T

)

×
[
1 + 2

3
�SW

T + 2
15

(
�SW

T

)2
]
,

(2)

where the T 2 term describes the Fermi liquid contribution, and
the third term accounts for scattering conduction electrons on
AFM magnons with an energy gap �SW in their excitations
spectrum (here, at such low temperatures, it is assumed that
phonons are almost frozen, and hence their contribution to
ρ(T ) can be neglected). The coefficient b in this expression is
related to the spin-wave stiffness D as b ∼ D− 3

2 [36]. The least
squared fitting of Eq. (2) to the experimental data yielded the
parameters: ρ0 = 13.6(4) μ� cm, A = 1.4(8) μ� cm K−2,
b = 2.9(5) μ� cm K−2, and �SW = 3.2(2) K. It is worth not-
ing that the so-obtained value of �SW is close to that estimated
by M. Kratochvílová et al. [21] from the heat capacity data
(�SW = 2.74 K). Combining the results obtained from fitting
ρ(T ) with Eqs. (1) and (2), one can estimate the spin-disorder
resistivity in Ce3PdIn11 to be ρ∞

0 = 143.2 μ� cm.

B. Heat capacity and electrical transport measurements
in different magnetic field orientations

Figure 2(a) depicts the temperature dependence of C(T )/T
measured on a single crystal of Ce3PdIn11 in magnetic fields
applied along the crystallographic c axis. It is quite evident
from the figure that the two transitions at TN1 and TN2 initially
shift towards lower temperatures with increasing magnetic
field, which corroborates the AFM nature of the ordering. In
a field stronger than 2.5 T, these two lambda-type anomalies
merge into a single sharp feature (labeled hereafter as TM).
The latter singularity moves to lower temperature with the
field strength raising up to 4 T. In μ0H � 4.5 T, this anomaly
again splits into two separate features (labeled as TM1 and
TM2 for higher and lower temperature anomalies respectively).
Notably, for 4.5 T � μ0H � 9 T, as the field is increased, the
height of the peak TM1 systematically decreases whereas the
height of TM2 dramatically sharpens along with increase in
the absolute value of the peak. The overall behavior of these
anomalies is similar to that reported by M. Kratochvílová et al.
[21]. The later authors also investigated the field dependence
of TN1 and TN2 in the configuration μ0H ⊥ c axis, yet their

FIG. 2. Low-temperature heat capacity of single-crystalline
Ce3PdIn11 measured in different magnetic fields applied (a) along
and (b) perpendicular to the crystallographic c axis. For better clarity,
the ratio specific heat over temperature is plotted.

heat capacity measurements were limited to 5 T only. Up to
that field strength, the transitions at TN1 and TN2 remained
separated with the value of TN1 decreasing with increasing
μ0H , while that of TN2 being almost constant. As shown in
Fig. 2(b), similar behavior persists up to μ0H = 9 T. It is
worth pointing out that the heat capacity peak associated with
TN2 sharpens with increasing field up to 7 T [see Fig. 2(b)].

Tempted by the fact that observed sharp anomalies in
C(T ) can be associated with the first-order type transition
[21], the heat capacity measurements were carried out (on
a different single-crystalline piece) in cooling and heating
regimes. As it is clear from Fig. 3, no noticeable hysteresis
was observed, as might be expected for latent heat effect. This
finding challenges the scenario of first-order nature of the
AFM transitions occurring in Ce3PdIn11 in strong magnetic
fields.

In order to gain further insight on the AFM ordering
in Ce3PdIn11, the electrical resistivity was measured on the
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FIG. 3. Heat capacity of single-crystalline Ce3PdIn11 measured
in various magnetic fields applied parallel to the c axis on cooling
and heating the specimen.

single-crystalline specimens in various external magnetic
fields applied in two different directions with respect to the
crystallographic c axis. As can be inferred from Fig. 4, re-
gardless of the field orientation and the field magnitude, one
observes a single feature in ρ(T ), leading to a maximum in
dρ/dT versus T , which defines the AFM transition (see the
insets to Fig. 4). With increasing field, the anomaly in ρ(T ) at
the ordering temperature systematically shifts to lower tem-
peratures. In the case of μ0H ‖ c axis, it becomes very sharp
in fields μ0H > 4 T (note a rapid drop in the resistivity and
a distinct peak in dρ/dT (T )), in concert with the character
of the peaks in C(T ). For μ0H ⊥ c axis, the kink in ρ(T ) is
less pronounced even in the strong fields [cf. Fig. 4(b) and its
inset], again in line with the heat capacity data. Clearly, the
effect of external magnetic field on the magnetic behavior in
Ce3PdIn11 is highly anisotropic, and clarification of its actual
microscopic origin is a tempting issue that calls for further
dedicated investigations.

C. Transverse magnetoresistance

For an AFM system, magnetoresistance (MR) measure-
ments can provide valuable information about conduction
electrons scattering processes and its high-field magnetic
states. Defining MR = ρ(μ0H )−ρ(0)

ρ(0) , the MR data were col-
lected for Ce3PdIn11 with μ0H ‖ c axis and μ0H ⊥ c-axis,
and the electric current flowing within the crystallographic ab
plane (field and current directions were always perpendicular
to each other). As shown in Figs. 5(a) and 5(c), regardless of
the experimental geometry, the transverse MR of Ce3PdIn11 is
positive in both the ordered and paramagnetic regions.

In the case of μ0H ‖ c axis, far below TN1, MR increases
with ramping field up to a critical field μ0Hc, at which a
pronounced peak is seen [see Fig. 5(a)]. While the observed
positive value of MR is consistent with the AFM type of
ordering, the MR singularity at μ0Hc can be interpreted as an

FIG. 4. Low-temperature electrical resistivity of single-
crystalline Ce3PdIn11 measured with electrical current flowing
within the tetragonal plane in different magnetic fields applied
(always perpendicular to the current) (a) along and (b) perpendicular
to the crystallographic c axis. (Insets) Temperature dependencies of
the temperature derivative of the resistivity measured as in the main
panels.

indication of metamagnetic-like phase transition. Remarkably,
MMT shows a non-monotonic temperature dependence as
it initially moves towards stronger fields on rising T up to
1.2 K, but with further temperature increase, the value of
μ0Hc slightly decreases. Close to TN2, this feature in MR is
quite broadened and then disappears at higher temperatures.
Surprisingly, at 1.6 K, the overall behavior of MR changes
abruptly which certainly indicates a different type of scat-
tering mechanism in the system. In order to examine the
naturally expected first-order character of MMT, the MR data
were collected at T = 0.7 K on sweeping the magnetic field
strength to larger and lower values. As evident from Fig. 5(b),
MR isotherms show a clear hysteresis around MMT, which
confirms the first-order type of this transition.
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FIG. 5. (a) Magnetic field dependencies of the transverse mag-
netoresistance of single-crystalline Ce3PdIn11 measured at several
temperatures with electrical current flowing within the tetragonal ab
plane and magnetic field applied along the crystallographic c axis.
(b) Magnetic field variations of the transverse magnetoresistance
of Ce3PdIn11 measured at 0.7 K as in (a) with increasing and
decreasing field strength. (c) Magnetic field dependencies of the
transverse magnetoresistance of single-crystalline Ce3PdIn11 mea-
sured at several temperatures with electrical current flowing within
the tetragonal ab plane and magnetic field applied perpendicular to
the crystallographic c axis.

Figure 5(c) presents the transverse MR data collected
in the configuration μ0H ⊥ c-axis. The overall behavior
of MR is distinctly different from that observed in other
field orientation. In this case, no sharp MMT is observed.
Each MR isotherm is dominated by a broad maximum that
moves towards stronger fields with rising temperature, and
it is present also in the paramagnetic state. Furthermore, it
is worth mentioning that in this field geometry the absolute
value of MR is significantly reduced as compared to the
other field orientation. This observation also highlights strong
anisotropic nature of the MR data. In addition, solely in
the data collected at T = 0.7 K, a fairly smeared peak is
seen near μ0H = 8 T. This feature may signal a kind of
spin reorientation in strong magnetic fields, actual nature of
which remains unsolved. Nevertheless, comparison of the
MR results obtained for different field orientations confirms
that the magnetic easy direction in Ce3PdIn11 is most likely
parallel to the crystallographic c axis.

D. Magnetic phase diagram

Summarizing the results obtained from the heat capacity
and magnetotransport measurements performed with external
magnetic field applied along the crystallographic c axis, we
constructed a magnetic phase diagram presented in Fig. 6(a),
which is in concert with that reported previously [21] (in
order to highlight the field evolution of the heat capacity
singularities, we presented this phase diagram in a form of
color contour plot). It is quite evident from Fig. 6(a) that the
phase diagram can be divided into three separate regions. Ini-
tially, both TN1 and TN2 decrease with increasing the magnetic
field strength. Then, both critical temperatures merge into a
single transition at TM. Finally, in the third segment of the
phase diagram, the ordered state again comprises two sepa-
rate features at TM1 and TM2. Interestingly, the heat capacity
singularity associated with TM2 is very sharp and pronounced
as can be clearly inferred from the contour map. This behavior
signals possible unconventional nature of the transition which
may imply a significant reconstruction of the Fermi surface,
thus provoking the idea of field induced Lifshitz transition
in Ce3PdIn11. This peerless feature demands further detailed
experimental studies exploring the Fermi surface geometry.
In addition to these phase boundaries, there exists another

FIG. 6. Magnetic phase diagram (presented as color contour)
of single-crystalline Ce3PdIn11 derived from the heat capacity and
electrical transport data taken with magnetic field directed (a) along
the crystallographic c axis and (b) perpendicular to the c axis. The
vertical dotted lines in panel (a) serve as a guide to the eye sectioning
the phase diagram into three different regions, as discussed in the
text.
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one [see Fig. 6(a)], which can be attributed to MMT, clearly
observed in the MR data. The latter feature is hardly depen-
dent on the magnetic field strength, and seems to have a first-
order character (see above). The magnetic phase diagram of
Ce3PdIn11 featuring both first- and second-order-type transi-
tions, is fairly similar to that derived before for the Pt-bearing
counterpart Ce3PtIn11 [22].

Figure 6(b) corresponds to the μ0H-T phase diagram
constructed for Ce3PdIn11 based on the heat capacity and
magnetotransport data collected for μ0H ⊥ c axis. In contrast
to the afore-discussed field orientation, here TN1 and TN2 do
not merge, and their separation systematically increases with
increasing field up to 9 T. Thus it is essential to perform
neutron diffraction measurements to explore the magnetic
structure of Ce3PdIn11.

IV. CONCLUSIONS

In conclusion, the results of our detailed investigation of
the bulk physical properties on single-crystalline Ce3PdIn11

elucidated two AFM phase transitions at TN1 = 1.68 K and
TN2 = 1.56 K, and superconductivity below Tc = 0.58 K.
Observation of such coexistence of AFM and superconduc-
tivity in Ce3PdIn11 is in line with the previous work by M.
Kratochvílová et al. [21]. The absence of any hysteresis in
C(T )/T for magnetic fields � 3.5 T applied parallel to the
crystallographic c axis does not support the scenario of first–
order character of the AFM transitions in strong magnetic
fields, suggested in Ref. [21]. However, the overall shapes of
the associated singularities in the heat capacity hint at some

unconventional second–order type transitions, which demand
further detailed investigations. The MR data collected with
external magnetic field applied parallel to the crystallographic
c axis clearly revealed the metamagnetic behavior. In contrast,
no similar features were observed when the applied field was
perpendicular to c axis. This observation elucidates that the
magnetic easy direction in Ce3PdIn11 is parallel to the crys-
tallographic c axis. Our heat capacity and electrical transport
measurements carried out in different magnetic fields applied
along and perpendicular to the c axis conjointly manifested
strongly anisotropic influence of magnetic field on the AFM
state. In a manner similar to that reported before for Ce3PdIn11

[21] and Ce3PtIn11 [22], for μ0H ‖ c axis, the two AFM phase
boundaries first merge and then split again on increasing the
magnetic field strength. In turn, for μ0H ⊥ c axis, TN1 and
TN2 remain separated up to the strongest field studied. Further
comprehensive investigations involving neutron diffraction
and muons spin rotation spectroscopy have been envisaged
to address in more details the actual nature of the different
magnetically ordered states in Ce3PdIn11. In addition, the
most intriguing issue of the coexistence in this material of the
long-range magnetic ordering and the superconductivity will
be tackled in our forthcoming studies.

ACKNOWLEDGMENTS

The authors are indebted to Marek Daszkiewicz for the
crystal structure characterization. This work was supported
by the National Science Centre (Poland) under research Grant
No. 2015/19/B/ST3/03158.

[1] F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, W.
Franz, and H. Schäfer, Phys. Rev. Lett. 43, 1892 (1979).

[2] G. R. Stewart, Rev. Mod. Phys. 56, 755 (1984).
[3] G. R. Stewart, Rev. Mod. Phys. 73, 797 (2001).
[4] F. Steglich, J. Magn. Magn. Mater. 226-230, 1 (2001).
[5] F. Steglich, J. Phys. Soc. Jpn 74, 167 (2005).
[6] P. Gegenwart, Q. Si, and F. Steglich, Nat. Phys. 4, 186

(2008).
[7] Q. Si and F. Steglich, Science 329, 1161 (2010).
[8] R. Küchler, P. Gegenwart, J. Custers, O. Stockert, N. Caroca-

Canales, C. Geibel, J. G. Sereni, and F. Steglich, Phys. Rev.
Lett. 96, 256403 (2006).

[9] D. F. Agterberg, M. Sigrist, and H. Tsunetsugu, Phys. Rev. Lett.
102, 207004 (2009).

[10] N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker, D. M.
Freye, R. K. W. Haselwimmer, and G. G. Lonzarich, Nature
(London) 394, 39 (1998).

[11] O. Stockert, J. Arndt, E. Faulhaber, C. Geibel, H. S. Jeevan, S.
Kirchner, M. Loewenhaupt, K. Schmalzl, W. Schmidt, Q. Si,
and F. Steglich, Nat. Phys. 7, 119 (2005).

[12] C. Petrovic, P. G. Pagliuso, M. F. Hundley, R. Movshovich, J.
L. Sarrao, J. D. Thompson, Z. Fisk, and P. Monthoux, J. Phys.:
Condens. Matter 13, L337 (2001).

[13] T. Park, F. Ronning, H. Q. Yuan, M. B. Salamon, R.
Movshovich, J. L. Sarrao, and J. D. Thompson, Nature
(London) 440, 65 (2006).

[14] T. Shang, R. E. Baumbach, K. Gofryk, F. Ronning, Z. F. Weng,
J. L. Zhang, X. Lu, E. D. Bauer, J. D. Thompson, and H. Q.
Yuan, Rev. B 89, 041101(R) (2014).

[15] D. Kaczorowski, A. P. Pikul, D. Gnida, and V. H. Tran, Phys.
Rev. Lett. 103, 027003 (2009).

[16] D. Kaczorowski, A. Pikul, B. Belan, L. Sojka, and Ya.
Kalychak, Physica B 404, 2975 (2009).

[17] D. Kaczorowski, B. Belan, L. Sojka, and Ya. Kalychak, J.
Alloys Compd. 509, 3208 (2011).

[18] G. Chen, S. Ohara, M. Hedo, Y. Uwatoko, K. Saito, M. Sorai,
and I. Sakamoto, J. Phys. Soc. Jpn 71, 2836 (2002).

[19] J. Prokleška, M. Kratochvílová, K. Uhlířová, V. Sechovský, and
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Dušek, V. Sechovský, and J. Custers, Sci. Rep. 5, 15904 (2015).

[22] D. Das, D. Gnida, Ł. Bochenek, A. Rudenko, M. Daszkiewicz,
and D. Kaczorowski, Sci. Rep. 8, 16703 (2018).

[23] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008).

[24] D. C. Johnston, Adv. Phys. 59, 803 (2010).
[25] H. S. Jeevan, Z. Hossain, D. Kasinathan, H. Rosner, C. Geibel,

and P. Gegenwart, Phys. Rev. B 78, 092406 (2008).
[26] U. B. Paramanik, D. Das, R. Prasad, and Z. Hossain, J. Phys.:

Condens. Matter 25, 265701 (2013).

054425-6

https://doi.org/10.1103/PhysRevLett.43.1892
https://doi.org/10.1103/PhysRevLett.43.1892
https://doi.org/10.1103/PhysRevLett.43.1892
https://doi.org/10.1103/PhysRevLett.43.1892
https://doi.org/10.1103/RevModPhys.56.755
https://doi.org/10.1103/RevModPhys.56.755
https://doi.org/10.1103/RevModPhys.56.755
https://doi.org/10.1103/RevModPhys.56.755
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1016/S0304-8853(00)00601-6
https://doi.org/10.1016/S0304-8853(00)00601-6
https://doi.org/10.1016/S0304-8853(00)00601-6
https://doi.org/10.1016/S0304-8853(00)00601-6
https://doi.org/10.1143/JPSJ.74.167
https://doi.org/10.1143/JPSJ.74.167
https://doi.org/10.1143/JPSJ.74.167
https://doi.org/10.1143/JPSJ.74.167
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1126/science.1191195
https://doi.org/10.1126/science.1191195
https://doi.org/10.1126/science.1191195
https://doi.org/10.1126/science.1191195
https://doi.org/10.1103/PhysRevLett.96.256403
https://doi.org/10.1103/PhysRevLett.96.256403
https://doi.org/10.1103/PhysRevLett.96.256403
https://doi.org/10.1103/PhysRevLett.96.256403
https://doi.org/10.1103/PhysRevLett.102.207004
https://doi.org/10.1103/PhysRevLett.102.207004
https://doi.org/10.1103/PhysRevLett.102.207004
https://doi.org/10.1103/PhysRevLett.102.207004
https://doi.org/10.1038/27838
https://doi.org/10.1038/27838
https://doi.org/10.1038/27838
https://doi.org/10.1038/27838
https://doi.org/10.1038/nphys1852
https://doi.org/10.1038/nphys1852
https://doi.org/10.1038/nphys1852
https://doi.org/10.1038/nphys1852
https://doi.org/10.1088/0953-8984/13/17/103
https://doi.org/10.1088/0953-8984/13/17/103
https://doi.org/10.1088/0953-8984/13/17/103
https://doi.org/10.1088/0953-8984/13/17/103
https://doi.org/10.1038/nature04571
https://doi.org/10.1038/nature04571
https://doi.org/10.1038/nature04571
https://doi.org/10.1038/nature04571
https://doi.org/10.1103/PhysRevB.89.041101
https://doi.org/10.1103/PhysRevB.89.041101
https://doi.org/10.1103/PhysRevB.89.041101
https://doi.org/10.1103/PhysRevB.89.041101
https://doi.org/10.1103/PhysRevLett.103.027003
https://doi.org/10.1103/PhysRevLett.103.027003
https://doi.org/10.1103/PhysRevLett.103.027003
https://doi.org/10.1103/PhysRevLett.103.027003
https://doi.org/10.1016/j.physb.2009.07.021
https://doi.org/10.1016/j.physb.2009.07.021
https://doi.org/10.1016/j.physb.2009.07.021
https://doi.org/10.1016/j.physb.2009.07.021
https://doi.org/10.1016/j.jallcom.2010.11.207
https://doi.org/10.1016/j.jallcom.2010.11.207
https://doi.org/10.1016/j.jallcom.2010.11.207
https://doi.org/10.1016/j.jallcom.2010.11.207
https://doi.org/10.1143/JPSJ.71.2836
https://doi.org/10.1143/JPSJ.71.2836
https://doi.org/10.1143/JPSJ.71.2836
https://doi.org/10.1143/JPSJ.71.2836
https://doi.org/10.1103/PhysRevB.92.161114
https://doi.org/10.1103/PhysRevB.92.161114
https://doi.org/10.1103/PhysRevB.92.161114
https://doi.org/10.1103/PhysRevB.92.161114
https://doi.org/10.1088/1742-6596/683/1/012005
https://doi.org/10.1088/1742-6596/683/1/012005
https://doi.org/10.1088/1742-6596/683/1/012005
https://doi.org/10.1088/1742-6596/683/1/012005
https://doi.org/10.1038/srep15904
https://doi.org/10.1038/srep15904
https://doi.org/10.1038/srep15904
https://doi.org/10.1038/srep15904
https://doi.org/10.1038/s41598-018-34991-7
https://doi.org/10.1038/s41598-018-34991-7
https://doi.org/10.1038/s41598-018-34991-7
https://doi.org/10.1038/s41598-018-34991-7
https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1080/00018732.2010.513480
https://doi.org/10.1103/PhysRevB.78.092406
https://doi.org/10.1103/PhysRevB.78.092406
https://doi.org/10.1103/PhysRevB.78.092406
https://doi.org/10.1103/PhysRevB.78.092406
https://doi.org/10.1088/0953-8984/25/26/265701
https://doi.org/10.1088/0953-8984/25/26/265701
https://doi.org/10.1088/0953-8984/25/26/265701
https://doi.org/10.1088/0953-8984/25/26/265701


ANISOTROPIC MAGNETOTRANSPORT AND MAGNETIC … PHYSICAL REVIEW B 99, 054425 (2019)

[27] S. Zapf and M. Dressel, Rep. Prog. Phys. 80, 016501
(2017).

[28] E. Bauer, G. Hilscher, H. Michor, Ch. Paul, E. W. Scheidt, A.
Gribanov, Yu. Seropegin, H. Noë, M. Sigrist, and P. Rogl, Phys.
Rev. Lett. 92, 027003 (2004).

[29] R. P. Kaur, D. F. Agterberg, and M. Sigrist, Phys. Rev. Lett. 94,
137002 (2005).

[30] E. Bauer, H. Kaldarar, A. Prokofiev, E. Royanian, A. Amato, J.
Sereni, W. Brämer-Escamilla, and I. Bonalde, J. Phy. Soc. Jpn
76, 051009 (2007).

[31] A. Tursina, S. Nesterenko, Y. Seropegin, H. Noel, and D.
Kaczorowski, J. Solid State Chem. 200, 7 (2013).

[32] M. Kratochvílová, M. Dušek, K. Uhlířová, A. Rudajevová,
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