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Robust Fermi-Surface Morphology of CeRhIn; across the Putative Field-Induced
Quantum Critical Point
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We report a comprehensive de Haas—van Alphen (dHvA) study of the heavy-fermion material CeRhlns
in magnetic fields up to 70 T. Several dHvVA frequencies gradually emerge at high fields as a result of
magnetic breakdown. Among them is the thermodynamically important $; branch, which has not been
observed so far. Comparison of our angle-dependent dHvA spectra with those of the non-4f compound
LaRhIns and with band-structure calculations evidences that the Ce 4f electrons in CeRhIns remain
localized over the whole field range. This rules out any significant Fermi-surface reconstruction, either at
the suggested nematic phase transition at B* =~ 30 T or at the putative quantum critical point at B, ~ 50 T.
Our results rather demonstrate the robustness of the Fermi surface and the localized nature of the 4f
electrons inside and outside of the antiferromagnetic phase.
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Rare-earth-based materials are now widely recognized as
an ideal playground for exploration of the fascinating
physics that develops around a quantum critical point
(QCP), a second-order phase transition at zero temperature
[1-3]. In Ce-based compounds, such a QCP can be induced
by hydrostatic pressure, chemical doping, or a magnetic
field, where it typically separates a magnetically ordered
state from a nonmagnetic ground state. In spite of numerous
experimental investigations of such systems in the vicinity of
a QCBP, the details of what drives the QCP remain the subject
of much theoretical debate. There are currently two funda-
mentally different theoretical models that attempt to describe
the physics of antiferromagnetic (AFM) QCPs in heavy-
fermion (HF) materials. The models can be distinguished by
whether the Ce 4 f electrons are localized or itinerant on the
either side of a QCP. Here, “itinerant”" means that the f
electrons are fully hybridized with the conduction electrons
and therefore contribute to the Fermi surface (FS). The first
type of QCP, referred to as a spin-density-wave QCP [4,5],
assumes the f electrons to be itinerant on both sides of a
QCP. In this case, if delocalization of f electrons occurs, it
occurs inside the magnetic phase. The second type of QCP,
known as a Kondo-breakdown QCP [2,6-9], suggests that a
transition from itinerant to localized 4f electrons occurs
precisely at the QCP. Furthermore, the effective masses of
the conduction quasiparticles are expected to diverge upon
approaching this type of QCP.
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Since the FSs with itinerant and localized f electrons
possess a different size and morphology, the two cases
can be easily distinguished experimentally by perform-
ing quantum-oscillation measurements such as the de
Haas—van Alphen (dHvA) effect. A comparison of the
experimental angle-dependent dHvA spectra with results
of band-structure calculations, both for localized and
itinerant 4f electrons, allows us to distinguish between
both scenarios. For Ce-based compounds, a comparison
can also be made using experimental results obtained on
La-based analogs, which serve as f-localized references,
since the electronic structures of Ce and La differ by only
one f electron.

CeRhlIns is one of the best-studied HF materials. This
tetragonal AFM compound with 7 = 3.8 K can be tuned
to a QCP by pressure [10-13], chemical substitution
[14-16], and magnetic field [17,18]. The pressure-induced
QCP in CeRhlns is now considered to be a textbook
example of the Kondo-breakdown type. Several dHvA
experiments evidence that the f electrons of CeRhlns are
localized at ambient pressure [19,20], although some of the
theoretically predicted dHvA frequencies were not
experimentally observed [19]. As the critical pressure for
the suppression of antiferromagnetism, P. = 2.3 GPa, is
reached, all dHVA frequencies observed at P < P. change
discontinuously, signaling an abrupt FS reconstruction
as a consequence of the f-electron delocalization [21].
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In addition, the effective masses diverge at P,, further
supporting the Kondo-breakdown scenario. A similar
discontinuous change of the dHvVA frequencies was
observed upon substituting Rh by Co in CeRh;_,Co,In;
[22]. However, the FS reconstruction does not occur at the
critical concentration x,. =~ 0.8, where the AFM order is
suppressed, but deep inside the AFM state at x ~ 0.4, where
the AFM order alters its character and superconductivity
emerges to coexist with antiferromagnetism. Furthermore,
the effective masses do not diverge here. Thus, the
substitution-induced QCP appears to be of the spin-
density-wave type.

Recent results obtained at high magnetic fields suggested
a unique behavior in CeRhlIns. A field-induced QCP was
reported to occur at the critical field B, ~ 50 T applied
along both the ¢ and a axes [17,18]. Furthermore, an
electronic-nematic phase transition was observed at B* and
attributed to an in-plane symmetry breaking [23,24]. While
B* is only weakly temperature and angle dependent, its
values obtained from different measurements vary from 27
to 31 T [17,23-27]. Finally, Jiao et al. [17,28] reported the
emergence of additional dHvA frequencies at B* =~ 30 T,
which was interpreted as a field-induced FS reconstruction
associated with the f-electron delocalization. This result is
surprising given that magnetic fields are generally expected
to localize f electrons. This motivated us to thoroughly
reexamine the FSs of CeRhlIns at high magnetic fields.

In this Letter, we present the results of high-resolution
angle-dependent dHVA measurements on CeRhlns per-
formed in static fields up to 36 T and pulsed fields up to
70 T. We find that several dHVA frequencies emerge at high
fields but are not related to an FS reconstruction. We
demonstrate that the f electrons in CeRhIns remain
localized up to 70 T, well above the critical field to
suppress the AFM order.

Figure 1 shows the oscillatory torque after subtracting a
nonoscillating background and the corresponding FFTs in
CeRhlns for several magnetic-field orientations €, where 0
is the angle from the ¢ toward the a axis. The FFTs are
performed over a field interval mostly above B* with a high
enough resolution to distinguish various dHvA frequencies.
We observed all dHvVA frequencies detected in previous
low- [19,20,29] and high-field [17,24,28] measurements. In
addition, we observed a new, previously undetected dHVA
frequency f3,, whose origin will be discussed later in more
detail. Almost all of these frequencies are also observed in
LaRhlIns [30].

In order to address the question of whether the f electrons
in CeRhlnjs are itinerant or localized at high magnetic fields,
we performed band-structure calculations [30] for both
CeRhlns with itinerant f electrons and LaRhIns. Similar
calculations were previously performed for CeColns [19,50]
and Celrlns [51] with itinerant f electrons and provided an
excellent agreement with experimental results. The calcu-
lated FSs, shown in Fig. 2, closely resemble those reported
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FIG. 1. Fourier spectra of the dHVA oscillations (shown in the

inset) of CeRhlIns for a magnetic field applied at various angles, 6,
from the ¢ toward the a axis at 7 = 30 mK. The curves are
shifted vertically for clarity. The FFTs are performed over the
field interval from B, =29 T to B, = 36 T, except at 10°,
where it is 29-34.5 T (see the inset) due to experimental
constraints. All FFTs are normalized to the strongest dHvA
spectral peak. An equivalent figure showing the data and FFTs for
LaRhlIns is shown in the Supplemental Material [30].

previously [17,19,29,52]. Although there are similarities
between the FSs with localized and itinerant f electrons,
several significant morphological differences between the
two scenarios are apparent. The morphologies of the quasi-
two-dimensional (2D) FS sheets originating from band 15
and giving rise to the « orbits are almost identical. Only the
orbit size is different. There is, however, an additional three-
dimensional (3D) FS sheet in the itinerant scenario. The FS
sheets originating from band 13 are considerably different in
the localized and itinerant cases. The complicated crosslike
sheet giving rise to the & orbits in the localized case is
replaced by two small ellipsoidal pockets in the itinerant
scenario. The most essential difference, however, is the
morphology of the FS sheets originating from the electron
band 14. In the localized case, a quasi-2D sheet gives rise to
the orbits f; (belly) and 3, (neck). In the itinerant scenario,
on the contrary, this sheet is more 3D with a larger #; orbit
that is present over a more limited angular range and an
entirely missing neck orbit 3,. The latter is replaced by a
much smaller hole orbit #*, which exists at very small angles
only. This difference alone is sufficient to decide which
of the calculated FSs yields a better agreement with the
experimental results.
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FIG. 2. Calculated FSs with localized (left) and itinerant (right)
f electrons. Solid lines indicate some extremal cross sections as
discussed in the text.

With this in mind, we will now compare the experi-
mentally obtained angular dependence of the dHvVA
frequencies in CeRhlns to the band-structure calculations
for both localized [Fig. 3(a)] and itinerant [Fig. 3(b)] f
electrons. For this comparison, the dHvVA frequencies were
extracted from FFTs, such as shown in Fig. 1, performed
over the field range 29-36 T [53] (B, = 32.12 T [54]).

There is excellent agreement between the experi-
mentally observed branches a3, ay, f,, and p; and
their counterparts calculated for localized f electrons
[Fig. 3(a)]. These branches originate from the quasi-2D
FS sheets from bands 14 and 15. The experimentally
observed branches ¢, and &5 also agree very well with the
f-localized calculations. These branches originate from
the crosslike FS sheet from band 13. The branch X is
observed only at small angles close to the ¢ axis, and it
does not seem to correspond to any calculated extremal
area. Neither do the branches ), and N correspond to any
calculated branch. These frequencies will be discussed
later in more detail.

On the other hand, there is a clear disagreement of the
experimental data with band-structure calculations assum-
ing itinerant f electrons [Fig. 3(b)]. The most significant
signature of this disagreement is the presence of the f,
branch, which is supposed to be completely absent in the
itinerant scenario. This branch was also observed in
previous high-field dHvA [17,28] and magnetostriction
[24] measurements. In measurements under high pressure,
this frequency disappears above P, where the f electrons
become itinerant [21]. Furthermore, the experimentally
observed a3, @y, and B branches lie far below those
calculated for the itinerant case. In previous high-field
dHvA measurements performed with a magnetic field only
along the c axis, the frequencies N and f, were interpreted
as a, and a; of the f-itinerant model [17]. However, their
angular dependence is clearly different from that suggested
by the calculations. Similarly, the experimentally observed
branch X was interpreted as the f; branch of the itinerant
scenario [17]. This frequency indeed agrees with calculated
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Angular dependence of the experimentally observed dHvA frequencies in CeRhlns together with results of band-structure

calculations (solid lines) within localized (a) and itinerant (b) scenarios, and with the experimentally observed dHvVA frequencies in
LaRhlIns (open circles) (c). In the latter case, the band-structure calculations for localized f electrons are also shown.
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p; values at small angles close to the ¢ axis. The positive
curvature of this branch, however, is inconsistent with the
negative curvature of the calculated f; branch.

Finally, in Fig. 3(c), we compare the angular dependence
of the experimentally observed dHVA frequencies in
CeRhlns and LaRhIns. The dHvA frequencies of the latter
compound were also obtained from high-field ranges up to
the available B, [30]. The excellent agreement of the
experimentally measured dHvA frequencies observed in
CeRhIns and LaRhIns over the whole angular range is an
especially strong confirmation that the f electrons, which
are localized at low fields [19], remain so even in fields
higher than B*. Furthermore, the dHvA frequencies
observed in CeRhlns at high fields do not match those
observed above the critical pressure [30].

Figures 1 to 3 convincingly demonstrate that the Ce f
electrons are localized up to 36 T. That this situation
persists up to still higher fields is evidenced by our pulsed-
field measurements, shown in Fig. 4(a). The corresponding
FFT spectra obtained over a moving 1/B window are
shown in Fig. 4(b). Due to the much higher temperature,
T = 620 mK, of the pulsed-field measurements, some of
the additional dHvVA frequencies, such as N, f;, and X,
emerge at higher fields as compared to our lower tempera-
ture static-field results, an example of which is shown in
Fig. 4(c). Contrary to the previous report [17], some of
these frequencies emerge well below B*, as can be seen in
Fig. 4(b) and (c). We have not observed any frequency
shift or the emergence of new frequencies at either B* or B,
(inset of Fig. 4). Importantly, the f, frequency is still
present above B, ~50 T. Furthermore, the -effective
masses remain finite in the immediate vicinity of B, [30].
This suggests that the f electrons remain localized when
the AFM order is suppressed by a magnetic field. The same
conclusion was drawn for Celn;, for which the AFM
order is also suppressed at a very high field of about
60 T [55].

We will now discuss the origin of the additional dHvA
frequencies, such as f#;, N, 31, and X, which emerge only at
high fields. The frequency f; originates from the belly orbit
of the electron band 14 (Fig. 2). Both the frequency itself
and its angular dependence are in excellent agreement with
the f-localized calculations [Fig. 3(a)]. This branch was not
observed in any of the previous measurements. This is not
surprising given that this orbit is strongly affected by the
modification of the Brillouin zone in the AFM state [30]. In
addition, the corresponding effective mass is strongly
enhanced, m* ~ 12m [30]. The frequencies f, and N do
not seem to correspond to any calculated branch within
either the localized or itinerant model. It is, however,
apparent that f#, follows the angular variation of f, with
a small and almost constant offset (Fig. 3). Remarkably,
this offset ~0.6 kT, corresponds to the frequency A, which
is almost angle independent. This suggests that ) origi-
nates from the magnetic breakdown between 3, and A, i.e.,
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FIG. 4. dHvA oscillations in CeRhIns (a) in pulsed magnetic
fields applied at 9° from the ¢ axis. (b) FFT spectra of the
oscillations from (a) obtained over the same 1/B range, shown by
the rectangle in (a). For the bottom curve, the range is from
Buin = 21.5 T 10 By = 25.07 T (Byye = 23.15 T). For each
successive curve, B, is increased by 0.5 Tupto 29 Tand by 1 T
from there on. The inset shows the evolution of the dHVA
frequencies with B obtained from pulsed (circles) and static
(triangles) field measurements. (c) FFT spectra of the static-field
dHVA oscillations, shown in Fig. 1, with B at 4° from the ¢ axis.
The 1/B range and the range for the bottom curve are the same as
in (b). For each successive curve, B, is increased by 0.5 T. The
curves in (b) and (c) are shifted for clarity.

P, = P, — A, assuming that A corresponds to a hole pocket.
The exact origin of the frequencies N and X is unclear at
present. Notably, the f, and N branches also emerge in
LaRhlIns only at high fields [see Fig. 3(c)] [30], suggesting
that they originate from magnetic-breakdown orbits. The
frequency X is the only one that is not observed in LaRhlIns.
It is, therefore, less likely that this frequency originates
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from a magnetic breakdown. Its emergence at high
fields, although progressive [30], could be due to a minor
FS reconstruction, such as a Lifshitz transition of a spin-
split band, similar to what was observed in Celrlns [56] and
YbRh,Si, [57]. We emphasize that even if this is the case,
the f electrons remain localized above 30 T, as is evidenced
by the presence of the f; and f, frequencies and the
very close match between the LaRhIns and the CeRhlns
data.

In summary, we performed high-field dHvVA measure-
ments on CeRhlns and LaRhIns. In CeRhlns, several
additional dHvA frequencies emerge above certain thresh-
old fields. In particular, we observed the previously
undetected, thermodynamically important f; branch
predicted by the f-localized band-structure calculations.
Almost all of the dHvA frequencies observed in CeRhlns
are also present in LaRhIns. In addition, their angular
dependence is identical in the two compounds. The
presence and angle dependence of the observed dHvA
frequencies are well accounted for by band-structure
calculations with localized f electrons, indicating that
the f electrons of CeRhlns remain localized not only
above B* ~ 30 T but also above B, ~ 50 T. We emphasize
that delocalization of the Ce f electron at high magnetic
field would change the whole FS from the localized to the
itinerant FS that we show in Fig. 2. Continued observation
of the f, branch at the highest magnetic fields is clear
evidence of that the Ce f electron remains localized over
the full magnetic field range that we have explored.

It was previously reported that the f electrons also
remain localized in Celns above its critical field B, ~ 60 T
[55]. Whereas Celn; is an isotropic HF compound with an
almost spheroidal FS, CeRhlns is a prototypical example of
a strongly anisotropic material with quasi-2D FSs. The
continued localization of the f electrons well above B, in
both compounds is not consistent with either of the two
existing theoretical models of AFM QCPs. This implies
that magnetic field, which itself tends to localize f
electrons, should be treated differently from such control
parameters as pressure or chemical doping.
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