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We report high magnetic field measurements of magnetic torque, thermoelectric power (TEP),
magnetization, and de Haas-van Alphen (dHvA) effect in CeIrIn5 across 28 T, where a metamagnetic
transition was suggested in previous studies. The TEP displays two maxima at 28 T and 32 T. Above
28 T, a new, low dHvA frequency with strongly enhanced effective mass emerges, while the highest
frequency observed at low field disappears entirely. This suggests a field-induced Lifshitz transition.
However, longitudinal magnetization does not show any anomaly up to 33 T, thus ruling out a
metamagnetic transition at 28 T.
PACS numbers: 75.30.Kz, 73.43.Nq, 71.27.+a

An electronic topological transition, better known as a
Lifshitz transition (LT), is a change of the Fermi surface
(FS) topology of a metal due to variation of the Fermi
energy and/or the band structure [1]. Possible methods
of changing the band structure and the relative position
of the Fermi energy within the band structure are, for
example, alloying or the application of external pressure.
In some cases, a topological change of the FS can also be
induced by magnetic field, due to the Zeeman splitting
of the electronic bands. Contrary to most conventional
phase transitions, the LT is not associated with any symmetry breaking. Additionally, the LT is a quantum phase
transition as it is a continuous transition only at T = 0;
it becomes a crossover at finite temperatures.
The LT has recently come to prominence in modern
solid state physics. A LT was argued to occur in iron
pnictides [2, 3], high temperature superconductors [4, 5]
and the strongly correlated electron system Nax CoO2 [6].
In all these materials the LT was induced by either doping
or hydrostatic pressure. Heavy fermion (HF) compounds,
on the other hand, appear to be good candidates for LTs
induced by magnetic field. Indeed, the Zeeman splitting
of the narrow electronic bands crossing the Fermi level
can readily induce topological changes of the FS in such
materials.
The subject of field-induced LTs in HF materials has
already received a thorough theoretical treatment within
different models [7–10]. However, there is still a lack of
experimental data mostly because magnetic fields higher
than those available in most laboratories are often required to induce a LT for HF. One notable exception is
CeRu2 Si2 , where a field induced metamagnetic transition takes place at about 8 T applied along the c-axis.
Daou et al [11] demonstrated that this transition is accompanied by a continuous evolution of the FS, where

one of the spin-split sheets of the heaviest surface shrinks
to a point. Another example is YbRh2 Si2 [12] where a
low-field “large” FS, including the Yb 4f -quasihole, is
increasingly spin-split until a majority-spin branch undergoes a LT and disappears at a metamagnetic transition that occurs at about 10 T. More recent TEP measurements [13, 14] detected three successive field-induced
transitions in YbRh2 Si2 , which were identified as LTs by
renormalized band structure calculations [13].
CeIrIn5 is a non-magnetic HF superconductor with
Tc = 400 mK [15]. It crystallizes in the tetragonal
HoCoGa5 structure (space group P 4/mmm). A large
electronic specific heat coefficient γ = 750 mJ/K2 mol [16]
suggests strongly enhanced effective masses. Indeed, effective masses of up to ≈ 30m0 were directly observed in
dHvA measurements performed in magnetic field up to 17
T [17]. These measurements together with band structure calculations revealed two quasi-two-dimensional α
(electron) and β (hole) FS sheets with itinerant 4f electrons.
Previous magnetic torque measurements at 45 mK on
CeIrIn5 revealed a kink slightly below 30 T for magnetic
field applied along the c-axis, which was interpreted as a
metamagnetic transition [18]. However, pulsed field magnetization measurements performed at T = 1.3 K suggest
a weak metamagnetic transition at a much higher field of
42 T [19]. In addition, a field-induced transition above
30 T was observed in specific heat measurements down to
1.6 K [20]. The extrapolation of the transitions observed
in specific heat to zero temperature yields 26 T, a value
comparable to the field where an anomaly in magnetic
torque was observed [18]. More recently, the results of resistivity and dHvA measurements by torque magnetometery up to 45 T were reported [21]: a kink in magnetic
torque was observed at 28 T in agreement with previous
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results [18]. At this field, the resistivity exhibits a broad
maximum with a subsequent decrease. The dHvA measurements revealed a small change of the dHvA frequencies across the tentative metamagnetic transition with no
significant variation of the effective masses. The main observation was a strong damping of the oscillations above
the anomaly.
In this paper, we report high field magnetic torque,
magnetization, TEP and high resolution dHvA measurements on high quality single crystals of CeIrIn5 . The
field dependence of TEP shows a maximum at 28 T for
field along the c-axis. Above this field, dHvA measurements reveal a new low dHvA frequency with high effective mass, which is not observed at lower field. Furthermore, the highest dHvA frequency observed at low field
disappears entirely at precisely the same field. We argue
that these observations are most naturally accounted for
by a continuous LT. Remarkably, the LT here is not associated with metamagnetism as no anomaly was observed
in magnetization measurements in a strong contrast to
CeRu2 Si2 and YbRh2 Si2 .
High quality single crystals of CeIrIn5 used in our studies were grown by an In self-flux method. dHvA measurements were performed by a conventional torque magnetometry technique. This was done using either a metallic
cantilever in a top-loading dilution refrigerator in field up
to 34 T or a microcantilever in a 3 He cryostat up to 33
T. In the latter case, the magnetization of the same sample was extracted by subtracting zero gradient data from
the curve obtained in the presence of a strong field gradient [22]. TEP measurements were done using a “one
heater, two thermometers” set-up in a 3 He cryostat down
to 480 mK and up to 34 T. Details of the TEP measurements are described elsewhere [23].
Fig. 1 shows the field dependence of magnetic torque,
τ , at different field orientations and temperatures as well
as TEP, also known as the Seebeck coefficient, S, with
field along the c-axis. In agreement with previous measurements [18, 21], τ (B) shows a distinct kink at ≈ 28
T at low temperature. At higher temperature, the kink
becomes less clear, but the anomaly can be easily traced
as a minimum in the field derivative of τ (B) (fig. 1(b)).
A new and particularly interesting result comes from the
S(B) dependence, shown for different temperatures in
fig. 1(c). At low temperature, the TEP shows a small
but sharp positive peak at ≈ 28 T, which broadens when
the temperature increases. This kind of anomaly was observed in both CeRu2 Si2 [23, 24] and YbRh2 Si2 [13, 14]
and is consistent with a reconstruction of the FS due to a
LT of the polarized band. This anomaly occurs at about
the same field as its counterpart in magnetic torque. A
second anomaly in TEP, not observed in any previous
measurements, occurs at higher field, around 32 T. This
is not necessarily surprising as multiple anomalies were
observed in TEP at the LT in both CeRu2 Si2 [23] and
YbRh2 Si2 [13, 14], where all the transport and other ther-

1.06 K

0

0.82 K
0.66 K
0.54 K

20

22

24

26

28

B (T)

30

32

34

36

FIG. 1. (a) Low temperature magnetic torque τ , as a function
of field B, applied at different angles from the c-axis. Lines are
vertically shifted for clarity. (b) Derivative of torque signal
vs magnetic field applied at 9◦ from the c-axis at different
temperatures. Lines are shifted vertically for clarity. (c) TEP
S as a function of B applied along the c-axis at different
temperatures. The inset shows longitudinal magnetization
M vs B at 0.35 K.

modynamic measurements detected only one. Indeed,
the presence of multiple anomalies seems to be a generic
feature of the TEP at a LT in HF multiband systems.
In fig. 2, we present the revision of the previously suggested high field magnetic phase diagram of CeIrIn5 [21],
based on the anomalies observed in TEP and magnetic torque signals. The lower field anomaly, observed
both in TEP and torque measurements, is almost fieldindependent at low temperature in agreement with previous report [21]. The anomaly at higher field was observed
in TEP only and not in any other measurements reported
so far. It follows a similar temperature dependence as its
lower field counterpart.
Further evidence for a field-induced LT in CeIrIn5 is
provided by the analysis of the dHvA oscillations. In
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FIG. 2. High field phase diagram of CeIrIn5 obtained from
TEP (solid symbols) and magnetic torque measurements
(open symbols). Symbols correspond to anomalies indicated
by arrows in fig. 1, whereas lines are guides for the eyes only.
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FIG. 3. (color online) (a) dHvA oscillations above 28 T for
magnetic field applied at 1◦ from the c-axis at different temperatures. (b) Low frequency part of the Fourier spectra of
oscillations from (a). (c) oscillatory amplitude as a function
of temperature for the low frequency of 367 T, that emerges
above 28 T. Line is a fit by the Lifshitz-Kosevich formula [25],
yielding an effective mass of 54.1 m0 .
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we observe above 28 T is distinct from the γ-branch, as
we did not detect any low frequencies below that field.
Furthermore, the amplitude of the oscillations originating from the γ-branch is extremely small, whereas the
amplitude of the new low frequency oscillations is much
stronger than that of the other frequencies. Finally, the
reported effective mass of the γ-branch, 6.3 m0 , is the
smallest among those observed at lower field, while the
effective mass of the low frequency detected above 28 T
is much higher than any of them. Thus, a very small but
extremely heavy pocket of the FS emerges above the 28
T transition. Interestingly, an emergence of new dHvA
frequencies with strongly enhanced effective masses was
also observed in a sister compound CeCoIn5 above 23
T [26]. However, in CeCoIn5 all the low field dHvA frequencies are preserved above 23 T. This is not the case
in CeIrIn5 , as we will discuss next.
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fig. 1(a), one can clearly see a new low frequency that
emerges above the transition even without subtracting
the background. At T = 50 mK, the amplitude of these
oscillations is much larger than that of the other frequencies. However, it rapidly decreases with temperature as
shown in fig. 3(a). Fig. 3(b) shows the low frequency part
of the fast Fourier transform (FFT) spectrum for several
temperatures that reveals a strong peak at 367 T. A fit
of the oscillatory amplitude versus temperature by the
temperature-dependent part of the Lifshitz-Kosevich formula [25] shown in fig. 3(c) yields a huge effective mass
of 54.1 m0 , which is much higher than all the masses
observed at lower field [17]. Previous low field dHvA
measurements also revealed a small frequency of 270 T,
assigned as γ-branch [17]. However, the new frequency
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FIG. 4. (color online) Fourier spectra of the dHvA oscillations
below (a) and above (b) the LT in CeIrIn5 with magnetic field
at 10◦ from the [001] direction. For the oscillations above the
transition (b), both the spectra obtained from FFT (black)
and MEM (red) are shown. The new low dHvA frequency
that emerges above the transition was filtered out for clarity.

Fig. 4 shows FFTs of the quantum oscillations both
below and above the 28 T transition for magnetic field
applied at 10◦ from [001], the largest field angle of our
measurements. The FFT spectrum of the oscillations below the transition (fig. 4(a)) was obtained from a wide
field range, 17.8 - 27.95 T. This allowed us to resolve
all the fundamental frequencies, including the fine split-
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ting of some of the α-branches, in good agreement with
previously reported lower field results [17]. Since the
field range above the transition is limited, the FFT does
not provide the same high frequency resolution. For this
reason, we complimented our analysis of the oscillations
above the transition by the Maximum Entropy Method
(MEM), which was demonstrated to be a powerful technique for quantum oscillations analysis with a much
higher frequency resolution as compared to FFT [27].
Due to its remarkable stability to noise, MEM reveals
oscillations with amplitudes even lower than the noise
level [28]. The normalized spectra obtained from both
the FFT and MEM are shown in fig. 4(b). Most of the
fundamental frequencies observed below the transition
are still present and are not significantly changed above
it [29]. The only notable exception is the highest β1 frequency that disappears entirely above the transition,
where neither the FFT nor the MEM analysis reveal any
trace of it (fig. 4(b)). The same results were obtained at
all the other orientations of the magnetic field. This is
at variance with the previous high field dHvA study [21],
which reported only a strong damping of the oscillations
originating from β1 - and β2 -branches above the transition [30].
Both the emergence of a new small heavy pocket of the
FS and a complete disappearance of the highest dHvA
frequency above 28 T in CeIrIn5 are most naturally accounted for by a field-induced LT. According to the bandstructure calculations [17, 31, 32], β1 and β2 orbits originate from the same hole FS of band 14 and are centered
around the M and A points in the momentum space respectively. While the β2 orbits are well separated from
each other, the β1 orbits are almost touching at the Γ
point in the Γ-X-M plane, as can be particularly well
seen in Fig. 14 (b′′ ) of Ref. [33]. Therefore, even a small
expansion of this FS would lead to a topological transition, where the β1 orbit disappears, giving rise to a small
pocket around the Γ point, and, probably, another one
around the X point. This naive scenario naturally accounts for our findings. Field dependent band structure
calculations are, however, required to confirm this scenario and to figure out how exactly the FSs reconstruct
across the LT in CeIrIn5 .
We now discuss the differences between the LTs in
CeIrIn5 , and in CeRu2 Si2 and YbRh2 Si2 . First of all, in
both CeRu2 Si2 and YbRh2 Si2 the LT is accompanied by
a clear anomaly in longitudinal magnetization. Indeed,
magnetization shows a sharp step-like increase at about
8 T in CeRu2 Si2 [34, 35]. In YbRh2 Si2 , the magnetization shows a kink rather than a step at 10 T and tends
to saturate at higher field [36–38] in agreement with theoretical predictions [39]. On the contrary, in CeIrIn5 the
magnetization curve is continuous without any anomaly
at 28 T, as shown in the inset of fig. 1(c). The only
metamagnetic-like anomaly in CeIrIn5 was observed at a
much higher field of 42 T in previous pulsed field mea-

surements [19]. Secondly, in both CeRu2 Si2 [24, 35] and
YbRh2 Si2 [36–38] a rapid decrease of the effective mass
above the metamagnetic and LT field was observed, while
there is a weak, if any, variation of the effective masses
across the 28 T LT in CeIrIn5 . Generally speaking, a
LT is not expected to give rise to either a metamagnetic
transition or a strong variation of the effective mass. In
HF materials, however, it is believed that a magnetic
field strong enough to sufficiently spin-split the electronic
bands and induce a LT should produce a Zeeman energy
comparable to a characteristic Kondo coherence energy,
thus leading to a gradual destruction of the HF state and
decrease of the effective mass. This is probably what
happens in both CeRu2 Si2 and YbRh2 Si2 . In CeIrIn5 ,
measurements of the NMR Knight shift demonstrated
an extreme robustness of the Kondo lattice coherence
temperature and the effective mass, which hardly change
at all even in magnetic field as high as 30 T [40]. It is
not clear at present whether CeIrIn5 represents a unique
case or a more general behavior of a field induced LT in
HF systems, as our finding are difficult to reconcile with
existing theories.
In conclusion, our dHvA measurements revealed the
emergence of a new small but heavy pocket of the FS
above 28 T along the c-axis in CeIrIn5 . Furthermore, the
highest dHvA frequency, β1 , disappears completely at exactly the same field. These two observations represent an
almost canonical case of a LT. This is further supported
by the observation of two clear anomalies in TEP, at 28
and 32 T, typical for a LT. Most remarkably, the LT in
this compound is not accompanied by any anomaly in the
longitudinal magnetization. Rather, a kink in magnetic
torque, implying a change of the transverse magnetization, was observed in our and previous measurements at
the LT. Our results, therefore, call for a re-evaluation
of the debate concerning explanations for the physics of
CeIrIn5 based on the presence of metamagnetism. In
spite of the existence of numerous theoretical works dedicated to LTs in HF materials, further theoretical effort is
required to explain our experimental findings in CeIrIn5 .
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