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A ferromagnetic quantum critical point is thought not to exist in two- and three-dimensional metallic
systems yet is realized in the Kondo lattice compound YbNi4ðP;AsÞ2, possibly due to its one-
dimensionality. It is crucial to investigate the dimensionality of the Fermi surface of YbNi4P2
experimentally, but common probes such as angle-resolved photoemission spectroscopy and quantum
oscillation measurements are lacking. Here, we study the magnetic-field dependence of transport and
thermodynamic properties of YbNi4P2. The Kondo effect is continuously suppressed, and additionally we
identify nine Lifshitz transitions between 0.4 and 18 T. We analyze the transport coefficients in detail and
identify the type of Lifshitz transitions as neck or void type to gain information on the Fermi surface of
YbNi4P2. The large number of Lifshitz transitions observed within this small energy window is
unprecedented and results from the particular flat renormalized band structure with strong 4f-electron
character shaped by the Kondo lattice effect.
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The Fermi-surface (FS) topology plays a key role in
understanding metallic materials, because their electronic
properties are determined by thermally excited quasiparticles
confined to a narrow window around the Fermi energy.
Angle-resolved photoemission spectroscopy (ARPES) and
quantum oscillation (QO) measurements are the most
common tools to determine the FS. While ARPES relies
on an excellent surface quality, QOs need to be performed at
high magnetic fields of the order of 10 T in metals but are
typically interpreted using band structure calculations at zero
field. The ability of QOs to interpret zero-field properties is
therefore under intense discussion, e.g., in high-temperature
superconductors [1–5] and low-carrier-density topological
materials with surface states [6].
These considerations are especially relevant to Kondo

lattice systems in which local f electrons and conduction
electrons form composite heavy quasiparticles below the
Kondo temperature TK . These systems develop flat bands
close to the Fermi level and van Hove singularities in the
renormalized density of state (DOS) due to the coherence
effects in the lattice [7]. The Kondo energy scale kBTK is a
measure of the Fermi energy of heavy-fermion systems.
Since it roughly corresponds to a Zeeman energy 1

2
geffμBB

for magnetic fields around 10 T, they are very susceptible
to FS changes due to magnetic-field-induced Lifshitz

transitions (LTs): changes in the topology of the FS without
symmetry breaking [8]. It is particularly difficult to predict
the exact field strengths at which those LTs will take place
because of strong correlations and the specific crystalline
electric field ground state [9].
LTs are an integral part of the complex phase diagram of

correlated materials and have been reported in heavy-fermion
(HF) compounds such asYbRh2Si2 [10–13] andCeIrIn5 [14],
near the metamagnetic transition in CeRu2Si2 [15–17], and
in the hidden ordered phase of URu2Si2 [18,19]. They are also
discussed in connectionwith superconductivity, e.g., in certain
ferromagnets [20–22], in URhGe [23,24], in Sr2RuO4 [25],
in high-temperature superconductors [1,2], and in topological
systems, for example, in Dirac semimetals [6].
In this Letter, we study YbNi4P2, which has a quasi-1D

crystal structure with isolated chains of magnetic Yb3þ
atoms along the crystallographic c axis [26]. The reported
resistivity anisotropy hints towards a 1D character of the
electronic structure [27]. Uncorrelated band structure cal-
culations with dominating Ni 3d DOS predict two flat FS
sheets [28]. YbNi4P2 is a Kondo lattice with TK ¼ 8 K,
which orders ferromagnetically (FM) at TC ≈ 0.15 K with
a small ordered moment of 0.05μB aligned within the ða; bÞ
plane. While the FM state is suppressed at Bc ≈ 0.06 T
applied along the c axis [27], YbNi4P2 can be tuned
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towards a ferromagnetic quantum critical point (QCP) by
As substitution [27,28]. Such a FMQCP was thought not to
exist in metallic systems for dimensions d ≥ 2 [29,30] and
is believed to be realized in YbNi4P2 due to its 1D character
[27]. It is therefore crucial to experimentally determine the
FS and verify its low-dimensional character.
Difficulties with cleaving YbNi4P2 crystals hampered

ARPES measurements; QOs are unavailable to date and
additionally suffer from problems measuring the zero-field
FS. Recent studies on YbRh2Si2 combine magnetic-field-
dependent thermopower, resistivity, and magnetostriction
measurements to form a powerful tool set that detects
changes in the FS due to field-induced LTs [12,13]. It also
allows studying magnetic field ranges below the fields
necessary for QO measurements. The type of FS changes in
YbRh2Si2 was successfully compared with renormalized
band structure calculations [9,12,31], but such calculations
are unavailable for YbNi4P2. Therefore, we extended our
analysis of the thermopower and resistivity to compare
observed signatures to general theoretical predictions for
transport coefficients close to a LT. Our analysis enables us
not only to identify the magnetic field of the LTs, but also to
determine their topological character and carrier type.
Hence, our method provides detailed information about
the FS of YbNi4P2, where standard methodology fails.
We show how a relatively small external magnetic field

dramatically modifies the FS of the HF system YbNi4P2
producing in total nine LTs that we analyze in detail.
Similar to YbRh2Si2, the topological changes are super-
imposed on a continuous suppression of the Kondo effect
with increasing field [12,32]. Our study indicates that the
observation of several Zeeman-driven LTs on top of a
smooth suppression of the Kondo effect in magnetic field is
a generic property of Kondo lattice systems. Additionally,
the behavior of YbNi4P2 in a finite magnetic field hints
towards a spin density wave scenario for the QCP tuned by
chemical pressure in YbNi4ðP;AsÞ2.
Our measurements on single crystalline samples [33]

focus on a magnetic field B∥c above Bc, which suppresses
the ferromagnetic order. We performed resistivity measure-
ments on two samples with current I∥c. Sample 1 has a
residual resistivity ρ0 ≈ 1 μΩ cm and was measured in
magnetic fields up to 30 T at the High Field Magnet
Laboratory in Nijmegen. Sample 2 with ρ0 ≈ 1.7 μΩ cm
was cut from sample 4 and shaped into a thin wire using a
focused ion beam patterning. It was used for resistivity
measurements in a dilution refrigerator down to 30 mK
and in fields up to 18 T. We checked that the FIB patterning
did not alter the resistivity of the sample. Sample 3 with ρ0 ≈
2.6 μΩ cm was used for thermal transport measurements up
to 12 T using a standard one-heater–two-thermometer con-
figuration. Magnetostriction was measured up to 10 T on
the largest sample 4 (length L ¼ 2 mm) by means of a high-
resolution capacitive CuBe dilatometer [34].
The resistivity ρðBÞ is shown in Fig. 1(a), Fig. 2(a)

presents the thermopower as SðBÞ=T, and Fig. 2(b) the

magnetostriction coefficient λðBÞ ¼ ∂½ΔLðBÞ=L�=∂B for
length changes along the c axis.
At small magnetic fields B ≤ 1 T, we observe a negative

magnetoresistance, which is typical for Kondo systems.
It indicates the suppression of spin-flip scattering and hence
a suppression of the Kondo effect. The thermopower
SðBÞ=T varies strongly with the temperature in this field
range, which can be related to the strong fluctuations in
the vicinity of the QCP in YbNi4ðP;AsÞ2. Moreover, λðBÞ
changes sign across Bc ≈ 0.06 T [27], which is a clear
signature of a symmetry-breaking phase transition in a
Yb-based Kondo-lattice system [35].
We focus on the signatures in all three quantities above

Bc ≈ 0.06 T. Since all quantities show a rich magnetic-field
dependence, we use the following strategy to identify in total
nine transition fields that we list in Table I. (i) We assign a
transition to magnetic fields, where we can unambiguously
observe a kink in either ρðBÞ [see also Figs. 1(b) and 1(c)]
and/or λðBÞ. These fields are B1, B6, and B7 (λ, ρ); B3, B8,
and B9 (ρ); and B5 (λ). (ii) We assign a transition to every
field, where we observe weak signatures, but in all three
quantities—a kink in λ andρ [see alsoFigs. 1(d) and 1(e)] and
a T-independent crossing in S=T. These field are B2 and B4.
Importantly, the position of the transition fields is temper-

ature independent [see the inset in Fig. 1(a)]. Additionally, λ
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FIG. 1. Resistivity. (a) Resistivity ρðBÞ as a function of the
magnetic field. (b),(c) An enlargement into the region around B1

and B5;6, respectively. (d),(e) Background subtracted resistivity to
highlight the signatures at B2;4. The background determined from
a linear (e) or quadratic (d) fit to the data is shown in (a) as dashed
lines. The dashed line in (e) is a guide to the eye to highlight the
changes around B4. The field intervals for (b)–(e) are marked
with solid bars on the bottom of (a). Inset: T dependence of
transition fields from ρ of sample 2 (squares) and 3 (circles) and λ
of sample 4 (triangles). Gray vertical lines represent the transition
fields Bi, i ¼ 1…9; their thickness corresponds to the error of Bi.
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always stays positive for 0.06 < B ≤ 10 T and does not
change sign, which rules out further symmetry-breaking
transitions. Both observations suggest the presence of LTs at
these fields [8,36]. This finding is corroborated by the results
of specific heat measurements: Except for the ferromagnetic
phase transition at 150 mK (B ¼ 0), there is no sign for
another finite temperature phase transition at higher fields
(B∥c) in the temperature dependence of the specific heat,
measured between 60 mK and 4 K for several fields up to
12 T [37]. Furthermore, no significant enhancement of the
magnetization MðBÞ is observed across Bi (not shown).
To investigate, if the ground state of YbNi4P2 is a Fermi

liquid, we measured the temperature dependence of ρðTÞ,
which indeed follows ρðTÞ ¼ ρ0 þ AT2 at all Bi (not
shown). This indicates that the LTs are not associated with
anomalous or quantum critical behavior, as sometimes
observed in metamagnetic systems like CeRu2Si2 [15].
Having established the Fermi liquid ground state, we can
study the field evolution of the effective mass m� using the
relation m�ðBÞ∝ ffiffiffiffi

A
p ðBÞ∝ χðBÞ∝ γðBÞ∝DOSðBÞ. Here,

A is the quasiparticle-quasiparticle scattering rate extracted
from the T2 term in ρðBÞ, χ ¼ dM=dB is the magnetic
susceptibility extracted from magnetization measurements,
and γðBÞ the Sommerfeld coefficient. All four quantities
should be proportional to the DOS. Figure 3 shows γðBÞ,
χðBÞ, and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AðBÞ=RKW

p

, where RKW is the Kadowaki-
Woods ratio, which we determined to be 2 μΩ cm=
ðJ=molK2Þ2 in YbNi4P2. All three quantities demonstrate
that m� decreases strongly but continuously between 0.06
and 10 T. Above 10 T, γ is still about 0.2 J=molK2, which
confirms the persistence of the Kondo lattice effect even at
this high field. Similar behavior was observed in YbRh2Si2
[12]. Interestingly, m� shows significant changes of slope
only at certain Bi, i.e., at B1 and around B5 < B < B7.
In the following, we want to compare our experimental

results with theoretical predictions for ρ and S close to a LT.
There are two main types of LTs as displayed in Figs. 4(c)
and 4(d): the void type, where a FS sheet vanishes, and a
neck type, where a FS splits into two sheets. Following the
terminology of Refs. [36,38], the side of the transition
where the new pocket is absent and where the neck is not
broken corresponds to region I. Figures 4(a)–4(d) present
theoretical predictions for the signatures one expects to
observe in electrical conductivity σ and thermopower at a
LTof a three-dimensional band [36,38,39]. Ec − EF defines
the distance of the extremum in the band structure to the
Fermi energy. Considering Zeeman-driven Lifshitz transi-
tions, this can be translated into the experimental parameter
magnetic field using E ¼ gμBB. The signatures in σ and
S=T become smeared with increasing temperature; how-
ever, the position of the transition is T independent. Such
signatures were observed experimentally across LTs in
several different systems, e.g., in elements and metallic

FIG. 2. Thermopower and magnetostriction. (a) Thermopower
of sample 3 plotted as SðBÞ=T as a function of the magnetic field.
The box highlights the signature around B3 which we analyze in
detail. (b) Linear magnetostriction coefficient λðBÞ of sample 4 as
a function of B. Gray vertical lines represent the transition fields
Bi, i ¼ 1…9; their thickness corresponds to the error of Bi.

TABLE I. Magnetic-field values of the LTs. The error of Bi is
0.1 T.

B1 B2 B3 B4 B5 B6 B7 B8 B9

B (T) 0.40 2.45 4.65 5.15 6.15 6.7 7.70 11.0 17.5

FIG. 3. Field dependence of the effective mass above Bc. As a
measure of the effective mass, we plot here the field derivative of
the magnetization dM=dB, the specific heat coefficient γðBÞ, and
the square root of the A coefficient of the resistivity in a double-
logarithmic plot. The dashed lines highlight the change of slope
in γðBÞ just above B1 (gray bar) and around B5 < B < B7 (short
arrow). The changes around the latter field scale are too broad in
our measurements to be connected to a single Bi.
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solid solutions [38,40], semiconductors [38,41], and
high-temperature superconductors [42,43]. However, these
materials need to be tuned to the LT by external pressure or
doping. In most cases, this corresponds to a much higher
energy shift compared to the shift due to magnetic fields of
the order of a few Tesla, which is sufficient for the flat
bands of the Kondo lattice to undergo a LT.
In contrast to thermodynamic quantities, transport proper-

ties such as resistivity and thermopower are most affected
by changes in the scattering time and not the DOS close to a
LTand usually show a stronger response [36]. This response
is asymmetric around Ec − EF ¼ 0, since a new scattering
channel appears on one side of the LT and it is absent on the
other. The extremum in the thermopower is located slightly
away from the LT: For T ≠ 0, scattering into the not yet born
FS is already possible [38]. Using these transport properties,
one can, in principle, determine the type of LT (using the
conductivity σ), the carrier type involved (using S=T), and its
direction, i.e., which side of the transition corresponds to
region I and which one to region II (from asymmetry in S=T)
[38]. In 3D, these signatures are independent of the specific
band structure [38] but differ for lower dimensions [36].
The transition B3 follows these theoretical predictions.

We can extract detailed information about the type of LT
comparing Figs. 4(c) and 4(d) with Fig. 1(a) and Figs. 4(a)
and 4(b) with Fig. 2(a) (see the highlighted region around
B3). We assume σ ¼ 1=ρ and a negligible contribution from
the Hall resistivity for simplicity. The results of this
comparison for B3 are (i) the peak in S=T is at fields
smaller than B3, corresponding to region II; (ii) the peak is
negative, suggesting that hole carriers are dominant;
and (iii) the slope of ρðBÞ decreases for B > B3, so the
transition is of the neck type. Hence, a neck joins two

pockets of a hole band as the field increases, crossing B3.
All other transitions also show kinks in the resistivity which
can be analyzed in the same scheme. From this analysis, we
propose that all transitions are of the neck type, besideB6 and
B9which are presumably of thevoid type.The corresponding
thermopower signatures show similarities to the theoretical
prediction. However, they are hard to interpret for one or
more of the following reasons. They (i) are covered by a
strongly B-dependent background, (ii) lie very close to each
other, (iii) cannot be accessed with the limited field range of
the thermopower measurement, or (iv) show different sig-
natures in S=T than theoretically predicted.
Three of the LTs (B1, B5, B7) show a strong response in

thermodynamic quantities [see Fig. 2(b) and 3]. This signals
a Zeeman splitting of a strong DOS feature that moves
through EF. In YbRh2Si2, the spin splitting of the Kondo
resonance causes such an effect. Its field scale corresponds to
theKondo energy scale. InYbNi4P2,B5 andB7mayhave the
same origin. However, large thermodynamic effects can also
indicate that low-dimensional FSs are involved. The DOS
gradually drops asE1=2 towards the band edge for a parabolic
band in 3D; it is energy independent in 2D and diverges as
E−1=2 in 1D. Concrete calculations of the specific heat close
to a LT in 2D predict stronger signatures compared to the 3D
case [36]. We expect quantities related to the DOS to show
the strongest signatures for a 1D LT.
The uncorrelated band structure calculations of YbNi4P2

predict two quasi-1DFS sheets in the kx − ky plane due to the
one-dimensional character of the crystal structure [28]. These
flat sheets can also undergo a LT. Hence, B5 and B7 but
especially B1 may be connected to LTs in the renormalized
quasi-1D FS sheets of YbNi4P2.
Our results have also implications for the controversial

topic of whether the Fermi volume loses the f electron right
at the QCP (Kondo breakdown scenario) or well within
the magnetically ordered state (spin density wave scenario)
[44–48]. YbNi4P2 is located slightly on the magnetically
ordered side of the pressure-induced QCP [27], in a regime
where the Kondo breakdown and the spin density wave
scenariomake opposite predictions. Our results demonstrate
that the FS is extremely sensitive to small external fields of
the order of 1 T. This implies the presence of weakly
dispersing bands, which are shifted by the Zeeman splitting
on a significant portion of the Brillouin zone. This is a strong
indication that the f degrees of freedom are involved in the
formation of the FSs in the field range B > Bc, which was
investigated in this study. Thus, our results hint towards the
spin density wave scenario for the pressure-induced QCP.
In conclusion, we have investigated the Kondo lattice

system YbNi4P2 in magnetic fields above its ferromagnetic
order. We discovered in total nine field-induced LTs
between 0.4 and 18 T. We present an analysis method of
transport properties, which allows us to identify the specific
type of LT being of the void or neck type. This method
enables us also to identify a hole band in which two pockets

FIG. 4. Lifshitz transitions. Panels (a)–(d) present theoretical
calculations of the signatures in thermopower S and conductivity
σ close to a Lifshitz transition. The plots are reproduced from
Refs. [36,38] for the clean case and presented for three different
temperatures. The sign of the thermopower signature (maximum
or minimum) is defined by the type of charge carrier. The sign
of the conductivity [i.e., minimum or maximum in
∂2σ=∂ðEc − EFÞ2] is defined by the type of Lifshitz transition,
i.e., either neck or void type (see the main text) [38].
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join in a neck transition across one of the LTs. We also find
indications for the existence of FSs with a lower dimension,
which is an important step towards an understanding of
the ferromagnetic QCP in YbNi4P2. Our analysis yields
information about the band structure and its changes
without involving specific band structure calculations
and hence serves as a benchmark for future theoretical
models such as renormalized band structure calculations.
The large number of Lifshitz transitions in a small

magnetic-field range reveals the presence of many extrema
in the band structure of YbNi4P2 very close to the Fermi
level, shaped by the Kondo lattice effect with anisotropic
momentum-dependent hybridization acting in a multiband
system. The magnetic-field scale of the transitions is
therefore to first order determined by the Kondo temper-
ature TK ¼ 8 K and to second order by the specifics of the
hybridization and the multiband character. The comparison
to other Kondo lattice systems such as YbRh2Si2 suggests
that this is a generic property of heavy-fermion systems.

We are indebted to C. Geibel, A. Gourgout, B. Schmidt,
F. Steglich, and A. A. Varlamov for useful discussions. This
work was supported by the German Research Foundation
(DFG) through Grants No. BR4110/1-1, No. KR3831/4-1,
No. KU3287/1-1, and Fermi-NESt. H. P. acknowledges the
support from the Alexander von Humboldt Foundation.
S. K. and S. F. acknowledge support from the EPSRC under
Grant No. EP/N01085X/1 and for the Centre for Doctoral
Training in Condensed Matter Physics Grant No. EP/
L015544/1.

[1] C. Liu, T. Kondo, R. M. Fernandes, A. D. Palczewski, E. D.
Mun, N. Ni, A. N. Thaler, A. Bostwick, E. Rotenberg, J.
Schmalian, S. L. Budko, P. C. Canfield, and A. Kaminski,
Nat. Phys. 6, 419 (2010).

[2] D. LeBoeuf, N. Doiron-Leyraud, B. Vignolle, M. Sutherland,
B. J. Ramshaw, J. Levallois, R. Daou, F. Laliberte, O.
Cyr-Choiniere, J. Chang, Y. J. Jo, L. Balicas, R. Liang,
D. A. Bonn, W. N. Hardy, C. Proust, and L. Taillefer,
Phys. Rev. B 83, 054506 (2011).

[3] N. Doiron-Leyraud, C. Proust, D. LeBoeuf, J. Levallois,
J.-B. Bonnemaison, R. Liang, D. A. Bonn, W. N. Hardy,
and L. Taillefer, Nature (London) 447, 565 (2007).

[4] N. Barisic, S. Badoux, M. K. Chan, C. Dorow, W. Tabis,
B. Vignolle, G. Yu, J. Beard, X. Zhao, C. Proust, and M.
Greven, Nat. Phys. 9, 761 (2013).

[5] G. Grissonnanche, F. Laliberte, S. Dufour-Beausejour, A.
Riopel, S. Badoux, M. Caouette-Mansour, M. Matusiak, A.
Juneau-Fecteau, P. Bourgeois-Hope, O. Cyr-Choiniere, J. C.
Baglo, B. J. Ramshaw, R. Liang, D. A. Bonn, W. N. Hardy,
S. Kramer, D. LeBoeuf, D. Graf, N. Doiron-Leyraud, and
L. Taillefer, arXiv:1508.05486.

[6] S.-Y. Xu et al., Phys. Rev. B 92, 075115 (2015).
[7] A. C. Hewson, The Kondo Problem to Heavy Fermions

(Cambridge University Press, Cambridge, England, 1993).
[8] I. Lifshitz, Sov. Phys. JETP 11, 1130 (1960).

[9] G. Zwicknagl, J. Phys. Condens. Matter 23, 094215
(2011).

[10] Y. Tokiwa, P. Gegenwart, T. Radu, J. Ferstl, G. Sparn,
C. Geibel, and F. Steglich, Phys. Rev. Lett. 94, 226402
(2005).

[11] P. M. C. Rourke, A. McCollam, G. Lapertot, G. Knebel, J.
Flouquet, and S. R. Julian, Phys. Rev. Lett. 101, 237205
(2008).

[12] H. Pfau, R. Daou, S. Lausberg, H. R. Naren, M. Brando, S.
Friedemann, S. Wirth, T. Westerkamp, U. Stockert, P.
Gegenwart, C. Krellner, C. Geibel, G. Zwicknagl, and F.
Steglich, Phys. Rev. Lett. 110, 256403 (2013).

[13] A. Pourret, G. Knebel, T. D. Matsuda, G. Lapertot, and J.
Flouquet, J. Phys. Soc. Jpn. 82, 053704 (2013).

[14] D. Aoki, G. Seyfarth, A. Pourret, A. Gourgout, A.McCollam,
J. A. N.Bruin,Y.Krupko, and I. Sheikin, Phys.Rev.Lett.116,
037202 (2016).

[15] R. Daou, C. Bergemann, and S. R. Julian, Phys. Rev. Lett.
96, 026401 (2006).

[16] H. Pfau, R. Daou, M. Brando, and F. Steglich, Phys. Rev. B
85, 035127 (2012).

[17] M. Boukahil, A. Pourret, G. Knebel, D. Aoki, Y. Onuki, and
J. Flouquet, Phys. Rev. B 90, 075127 (2014).

[18] M.M. Altarawneh, N. Harrison, S. E. Sebastian, L. Balicas,
P. H. Tobash, J. D. Thompson, F. Ronning, and E. D. Bauer,
Phys. Rev. Lett. 106, 146403 (2011).

[19] L. Malone, T. D. Matusda, A. Antunes, G. Knebel, V.
Taufour, D. Aoki, K. Behnia, C. Proust, and J. Flouquet,
Phys. Rev. B 83, 245117 (2011).

[20] H. Kotegawa, V. Taufour, D. Aoki, G. Knebel, and J.
Flouquet, J. Phys. Soc. Jpn. 80, 083703 (2011).

[21] Y. Yamaji, T. Misawa, and M. Imada, J. Phys. Soc. Jpn. 76,
063702 (2007).

[22] G. Bastien, A. Gourgout, D. Aoki, A. Pourret, I. Sheikin, G.
Seyfarth, J. Flouquet, and G. Knebel, Phys. Rev. Lett. 117,
206401 (2016).

[23] E. A. Yelland, J. M. Barraclough, W. Wang, K. V. Kamenev,
and A. D. Huxley, Nat. Phys. 7, 890 (2011).

[24] A. Gourgout, A. Pourret, G. Knebel, D. Aoki, G. Seyfarth,
and J. Flouquet, Phys. Rev. Lett. 117, 046401 (2016).

[25] A. Steppke, L. Zhao, M. E. Barber, T. Scaffidi, F.
Jerzembeck, H. Rosner, A. S. Gibbs, Y. Maeno, S. H.
Simon, A. P. Mackenzie, and C.W. Hicks, Science 355,
148 (2017).

[26] S. Députier, O. Pea, T. L. Bihan, J. Pivan, and R. Gurin,
Physica (Amsterdam) 233B, 26 (1997).

[27] A. Steppke, R. Küchler, S. Lausberg, E. Lengyel, L.
Steinke, R. Borth, T. Lühmann, C. Krellner, M. Nicklas,
C. Geibel, F. Steglich, and M. Brando, Science 339, 933
(2013).

[28] C. Krellner, S. Lausberg, A. Steppke, M. Brando, L.
Pedrero, H. Pfau, S. Tencé, H. Rosner, F. Steglich, and
C. Geibel, New J. Phys. 13, 103014 (2011).

[29] M. Brando, D. Belitz, F. M. Grosche, and T. R. Kirkpatrick,
Rev. Mod. Phys. 88, 025006 (2016).

[30] D. Belitz, T. R. Kirkpatrick, and T. Vojta, Phys. Rev. Lett.
82, 4707 (1999).

[31] G. Zwicknagl, Adv. Phys. 41, 203 (1992).

PRL 119, 126402 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

22 SEPTEMBER 2017

126402-5

https://doi.org/10.1038/nphys1656
https://doi.org/10.1103/PhysRevB.83.054506
https://doi.org/10.1038/nature05872
https://doi.org/10.1038/nphys2792
http://arXiv.org/abs/1508.05486
https://doi.org/10.1103/PhysRevB.92.075115
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1088/0953-8984/23/9/094215
https://doi.org/10.1103/PhysRevLett.94.226402
https://doi.org/10.1103/PhysRevLett.94.226402
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1103/PhysRevLett.101.237205
https://doi.org/10.1103/PhysRevLett.110.256403
https://doi.org/10.7566/JPSJ.82.053704
https://doi.org/10.1103/PhysRevLett.116.037202
https://doi.org/10.1103/PhysRevLett.116.037202
https://doi.org/10.1103/PhysRevLett.96.026401
https://doi.org/10.1103/PhysRevLett.96.026401
https://doi.org/10.1103/PhysRevB.85.035127
https://doi.org/10.1103/PhysRevB.85.035127
https://doi.org/10.1103/PhysRevB.90.075127
https://doi.org/10.1103/PhysRevLett.106.146403
https://doi.org/10.1103/PhysRevB.83.245117
https://doi.org/10.1143/JPSJ.80.083703
https://doi.org/10.1143/JPSJ.76.063702
https://doi.org/10.1143/JPSJ.76.063702
https://doi.org/10.1103/PhysRevLett.117.206401
https://doi.org/10.1103/PhysRevLett.117.206401
https://doi.org/10.1038/nphys2073
https://doi.org/10.1103/PhysRevLett.117.046401
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1016/S0921-4526(97)00004-5
https://doi.org/10.1126/science.1230583
https://doi.org/10.1126/science.1230583
https://doi.org/10.1088/1367-2630/13/10/103014
https://doi.org/10.1103/RevModPhys.88.025006
https://doi.org/10.1103/PhysRevLett.82.4707
https://doi.org/10.1103/PhysRevLett.82.4707
https://doi.org/10.1080/00018739200101503


[32] H. R. Naren, S. Friedemann, G. Zwicknagl, C. Krellner, C.
Geibel, F. Steglich, and S. Wirth, New J. Phys. 15, 093032
(2013).

[33] K. Kliemt and C. Krellner, J. Cryst. Growth 449, 129 (2016).
[34] R. Küchler, T. Bauer, M. Brando, and F. Steglich, Rev. Sci.

Instrum. 83, 095102 (2012).
[35] M. Garst and A. Rosch, Phys. Rev. B 72, 205129 (2005).
[36] Y. M. Blanter, M. I. Kaganov, A. V. Pantsulaya, and A. A.

Varlamov, Phys. Rep. 245, 159 (1994).
[37] D. Sun et al. (to be published).
[38] A. Varlamov, V. Egorov, and A. Pantsulaya, Adv. Phys. 38,

469 (1989).
[39] J. M. Buhmann and M. Sigrist, Phys. Rev. B 88, 115128

(2013).
[40] E. Bruno, B. Ginatempo, E. Guiliano, A. Ruban, and Y.

Vekilov, Phys. Rep. 249, 353 (1994).
[41] J. F. Meng, N. V. Chandra Shekar, D.-Y. Chung, M.

Kanatzidis, and J. V. Badding, J. Appl. Phys. 94, 4485 (2003).

[42] H. Hodovanets, Y. Liu, A. Jesche, S. Ran, E. D. Mun, T. A.
Lograsso, S. L. Bud’ko, and P. C. Canfield, Phys. Rev. B 89,
224517 (2014).

[43] C. Shen, B. Si, C. Cao, X. Yang, J. Bao, Q. Tao, Y. Li, G.
Cao, and Z.-A. Xu, J. Appl. Phys. 119, 083903 (2016).

[44] Q. Si, M. S. Rabello, K. Ingersent, and J. L. Smith, Nature
(London) 413, 804 (2001).

[45] P. Gegenwart, Q. Si, and F. Steglich, Nat. Phys. 4, 186
(2008).

[46] P. Wölfle and E. Abrahams, Phys. Rev. B 84, 041101
(2011).

[47] K. Kummer, S. Patil, A. Chikina, M. Güttler, M. Höppner,
A. Generalov, S. Danzenbächer, S. Seiro, A. Hannaske, C.
Krellner, Y. Kucherenko, M. Shi, M. Radovic, E. Rienks, G.
Zwicknagl, K. Matho, J. W. Allen, C. Laubschat, C. Geibel,
and D. V. Vyalikh, Phys. Rev. X 5, 011028 (2015).

[48] S. Paschen, S. Friedemann, S. Wirth, F. Steglich, S.
Kirchner, and Q. Si, J. Magn. Magn. Mater. 400, 17 (2016).

PRL 119, 126402 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

22 SEPTEMBER 2017

126402-6

https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1088/1367-2630/15/9/093032
https://doi.org/10.1016/j.jcrysgro.2016.05.042
https://doi.org/10.1063/1.4748864
https://doi.org/10.1063/1.4748864
https://doi.org/10.1103/PhysRevB.72.205129
https://doi.org/10.1016/0370-1573(94)90103-1
https://doi.org/10.1080/00018738900101132
https://doi.org/10.1080/00018738900101132
https://doi.org/10.1103/PhysRevB.88.115128
https://doi.org/10.1103/PhysRevB.88.115128
https://doi.org/10.1016/0370-1573(94)90056-6
https://doi.org/10.1063/1.1599049
https://doi.org/10.1103/PhysRevB.89.224517
https://doi.org/10.1103/PhysRevB.89.224517
https://doi.org/10.1063/1.4942532
https://doi.org/10.1038/35101507
https://doi.org/10.1038/35101507
https://doi.org/10.1038/nphys892
https://doi.org/10.1038/nphys892
https://doi.org/10.1103/PhysRevB.84.041101
https://doi.org/10.1103/PhysRevB.84.041101
https://doi.org/10.1103/PhysRevX.5.011028
https://doi.org/10.1016/j.jmmm.2015.09.008

