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We performed low-temperature de Haas-van Alphen (dHvA) effect measurements on a
Ce1-zNd;Colns series, for x = 0.02, 0.05, 0.1, and 1, down to 7" = 40 mK using torque magnetom-
etry in magnetic fields up to 35 T. Our results indicate that a Fermi-surface (F'S) reconstruction
occurs from a quasi-two-dimensional (2D) topology for Nd-2% to a rather three-dimensional (3D) for
Nd-5%, thus reducing the possibility of perfect F'S nesting. The FS evolves further with increasing
Nd content with no observed divergence of the effective mass between Nd-2% and 10%, consistent
with the crossing of a spin density wave (SDW) type of quantum critical point (QCP). Our results
elucidate the origin of the Q-phase observed at the 5% Nd-doping level®.

Heavy-fermion systems have garnered attention over
the past few decades due to their novel physical prop-
erties and exotic behavior, particularly when exposed to
high magnetic fields>®. Most notably CeColns, which
has the highest critical temperature of all Ce-based
heavy-fermion compounds (7. = 2.3 K&7), exhibits a
field-induced ordered phase from 10 T up to 11.4 T for
B || a8, a superconducting state now referred to as the
@-phase. It was initially believed this high-field state
was the realization of the long-sought-after Fulde-Ferrell
Larkin-Ovchinnikov (FFLO) phase® !, however, further
measurements revealed the presence of antiferromagnetic
(AFM) order'? !4, Many questions, however, still remain
about the interactions appearing in this high-field super-
conducting state.

By substituting a portion of the Ce atoms in CeColnj
with Nd, an atom where the 4f electrons do not hy-
bridize with the conduction electrons, one can introduce
SDW and, at higher Nd contents, AFM order™!®. It
was recently reported that by replacing 5% of the Ce
atoms with Nd the high-field @Q-phase could be stabi-
lized at zero applied magnetic field, inciting intense re-
search to explore the mechanism behind such unique
properties™16 18 An enhancement of the nesting has
been proposed!, however, experimental proof has been
insufficient, thus providing our motivation to explore how
Nd alters the FS. Additionally, it has previously been
suggested that a QCP may exist in these materials',
which may also be induced by increasing Nd doping!®.

In this paper, we provide evidence for a drastic F'S re-
construction between 2% and 5% Nd substitution. The
reconstruction manifests itself in a sharp deviation of the
a orbit from the expected 1/ cos @ dependence normally
associated with a quasi-2D cylindrical FS. This is at odds
with assumptions made in current theoretical models!®.
Furthermore, this distorted F'S may be described as more
3D in nature and any effects from possible FS nesting
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FIG. 1: Fourier transform of the quantum oscillations between
21-35 T measured on NdColns at an angle 6 = 2° from [001]
to [110]. Inset shows the torque signal at high magnetic fields
after background subtraction.

suggested in prior works!' may, therefore, be significantly
reduced. The FSs continue to evolve for 5%, 10%, and
100% Nd substitution and are consistent with fully local-
ized 4 f electrons only at 100% substitution. The effective
mass associated with the quasi-2D cylindrical band, pre-
viously found to play a key role in superconductivity2%2!,
remains constant between 0 and 10% Nd substitution lev-
els. Both the progressive change of the FSs with increas-
ing substitution level and non-divergent effective carrier
masses indicate the SDW-type nature of the QCP?2:23,
consistent with thermodynamic measurements'®.

High-quality single crystals of Ce;_,Nd;Colns with
z = 0.02, 0.05, 0.1, and 1 (herein referred to as Nd-
2%, 5%, 10%, and 100%) were grown and character-
ized as described elsewhere'®. Torque magnetometry
was performed at the Laboratoire National des Champs
Magnétiques Intenses (LNCMI) in Grenoble, France, and

the National High Magnetic Field Laboratory (NHMFL)
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FIG. 2: Angular dependence of the dHvA frequencies for (a) Nd-2%, (b) 5%, (c) 10%, and (d) 100 %. The latter includes the
results of the band-structure calculations, shown as lines. The labeling of the frequency branches has been defined so as to be
consistent with prior works?™3°, Dashed lines denote 1/cos 6 dependence arising from a 2D cylindrical FS, dotted from a 3D

sphere. Inset in (c) depicts the FFT for § = 7.2°.

in Tallahassee, USA, using a capacitive beam cantilever
mounted on a rotator and placed in a top-loading
3He/%He dilution refrigerator. To accurately probe the
lighter effective masses in NdColns, a 3He cryostat was
utilized. Band-structure calculations for NdColns were
performed using the full-potential local-orbital (FPLO)
minimum-basis code (version 9.01-35)?* with a scalar-
relativistic setting and the local density approximation
of Ref.?®. Lattice parameters were taken from Ref.?6.

dHvA oscillations were detected using field-dependent
torque magnetometry (21-35 T) for Nd-2%, 5%, 10%, and
100%, but could not be resolved for mid-range substitu-
tion levels (Nd-20% and 60%). Background magnetiza-
tion was subtracted using a higher-order polynomial fit
resulting in oscillations as shown for NdColns in the in-
set of Fig. 1. A Fourier transform revealed several promi-
nent frequencies well above the noise level (see Fig. 1).
Angular dependence for the dHvA frequencies was ex-
plored, rotating from B || ¢ ([001]) to B L ¢ ([100]), for
Nd-2%, 5%, and 10% as shown in Figs. 2(a)-(c). Nd-
100% was rotated towards [110] [see Fig. 2(d)]. In pure
CeColns, it has been shown that there is little difference
in the dHvA frequencies between [100] and [110] due to
the mostly isotropic FSs in the a-b plane®”?®. The same
is assumed to be true for the isostructural compound
NdColnjs, backed by our calculations.

Numerous frequencies could be resolved for Nd-2%, as
shown in Fig. 2(a), many of which correspond to those
found in CeColns?"?°. The frequency labeled 3 by Set-
tai et al.2® could not be observed, possibly due to in-
creased impurity scattering, which affects heavy-mass or-
bits stronger. Instead, we observe frequencies of 6.25 and
6.92 kT at # = 3°, which were not reported for pure
CeColns?™ 3%, Since the frequencies between 4 and 8 kT,
labeled «, follow roughly a 1/cos 6 dependence, where 6
is the angle between the applied magnetic field and the ¢
direction (see drawing in Fig. 4), it is plausible that these
frequencies arise from a strongly corrugated 2D cylindri-
cal FS.

A drastic FS reconstruction occurs for 5% Nd doping
[Fig. 2(b)]. The frequencies € and 7 in Nd-2% disappear
and are replaced by § and ¢ in Nd-5%. Frequencies as-
sociated with the a orbits noticeably deviate from the
expected 1/cos 6 dependence seen in the 2% Nd-doping
level indicating the 2D cylindrical F'S has now warped
into more of a quasi-3D structure. This is of particu-
lar interest because recent theoretical work exploring the
reasoning behind the appearance of the QQ-phase at zero
applied magnetic field is based on the assumption that
doping has a negligible effect on the FS'°. Furthermore,
it has been proposed that the @) vector appears at 0 T due
to an enhanced FS nesting'. However, since the cylindri-
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FIG. 3: Calculated FSs for NdColns (left) and CeColns
(right). The black frames depict the first Brillouin zone. The
solid lines on the FSs aid in the visualization of some ex-
tremal orbits for the magnetic field aligned along the ¢ axis.
For NdColns (left) 66 is a hole band while 67 and 68 are
electron bands.

cal FS is developing a more 3D structure, this scenario
seems unlikely.

As the substitution level increases to 10%, the fre-
quencies associated with the é and ¢ continue to evolve
[Fig. 2(c)]. Few frequencies associated with the o band
could be seen, all agreeing with frequencies found for Nd-
2% and Nd-5%. Due to increased scattering provoked
by doping-induced disorder, quantum oscillations could
not be detected for further substitution levels (20% and
60%), but numerous frequencies appear for NdColns as
seen in Fig. 2(d). Furthermore, a well-defined 2D cylin-
drical FS, labeled « as before, reemerges as evidenced by
the 1/cos 6 behavior, but with a different FS cross sec-
tion. In addition, a second corrugated 2D cylindrical FS
labeled f is identified by a 1/ cos 6 dependence.

Band-structure calculations for NdColns, performed
assuming localized, non-hybridizing 4f electrons, are in
good agreement with experimental data [see Fig. 2d].
The topology of the FSs for NdColns along with their
corresponding frequencies are depicted in Figs. 2(d) and
3, herein referred to as band 66, band 67, and band 68
represented in the graphs as pink, blue, and green, re-
spectively. A comparison between the FSs of CeColng
and NdColnj is shown in Fig. 3. As a note, the F'S could
only reasonably be calculated for NdColny and CeColns,
not for the substitution series because of the increased

complexity doping introduces to the calculation.

Effective masses were extracted by fitting the oscilla-
tion amplitudes, shown in Fig. 4, to the Lifshitz-Kosevich
formula®'32. In order to observe a sufficiently strong
torque signal for as many frequency branches as possible,
effective masses were measured at angles between 4 and
10° from the ¢ axis for the different substitution levels.
Effective masses for the observed frequencies in NdColns
are shown in Table I and are slightly larger than the
calculated masses reflecting modest mass enhancements
quantified by A = m*/m; — 135, Effective masses for
all other substitution levels are shown in Table II. It is
evident that increasing the substitution level has little
effect on the effective masses of existing orbits up to Nd-
10%, while newly appearing orbits have a greatly reduced
mass.

The effective mass for a3, the orbit associated with the
2D band at low doping level and the only branch that can
be tracked up to Nd-10%, remains relatively unchanged
with increasing substitution levels despite T, rapidly de-
creasing (T, = 2.1, 2.0, and 1.8 K for Nd-2%, 5%, and
10%, respectively)'®. This behavior near QCPs was ob-
served in the CeRh;_,Co,Ins3" and CeCo(In;_,Cd,)5®
series, but differs from the Ce,La;_,Colns3® series and
the pressure-induced QCP in CeRhIns*°. Consequently,
our data indicate the presence of a SDW-type QCP?2:23,
consistent with the experimental phase diagram!®. The
cylindrical FSs are generally assumed to be the heavy
bands that possess the largest energy gap?? and are the-
oretically considered to experience the interacting pair-
ing potential relevant for superconductivity*'. Therefore,
since the band remains relatively heavy, most probably
due to electronic correlations, Nd is likely altering the
pairing potential. This is in agreement with the reduced
jump in the specific heat upon entering the supercon-
ducting state!®.

Amplitude (arb. units)

FIG. 4: Example of the temperature dependence of the ob-
served frequencies in NdColns measured between 21-35 T at
an angle of § = 10° from [001] to [110].

In conclusion, the FS of Ce;_,Nd,Colns changes
across the QCP associated with the appearance of long-
range magnetic order at Nd-5% and continues to evolve
with increasing z, consistent with a SDW-type QCP?2:23,
Furthermore, between Nd-2% and Nd-5%, the F'S moves
away from two-dimensionality which is at odds with an



Experiment Calculation A
branch| F [kT] m* [me]| F [kKT] mp [me]| m*/my —1

) 0.79 0.53(8) 0.74 0.29 0.82
G 1.87  1.0(2)

Ca 198 1.2(2)

o 415 0.83(3)| 412 073 0.13
B 6.17 106(3)| 618 077 0.37
B3 936 1.3(2) | 942 086 0.55

TABLE I: Comparison of effective masses measured at an
angle of 10° from [001] to [110] of NdColns with calculations.

enhanced Fermi-nesting scenario given as an explana-
tion for the @-phase seen at zero applied magnetic field!.
Since effective masses are unaffected by altering Nd con-
tent up to 10% despite a decrease in T, it is plausible to
conclude that Nd alters the electronic pairing potential.
Our results provide the first information on the evolu-
tion of the FS topology under Nd perturbation and its
influence on the emerging Q-phase in Nd-5%.
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CeColns* Nd-2% Nd-5% Nd-10%
0=0° 0 =3° 6 =2° 6="1°
branch F KT m* [me] F [kT] m* [me] F [kT] m* [me] F [kT] m* [me]

5 0.29 6.4(6)
€ 0.99 20.3(15)
01 0.59 <1 0.55 <1
02 0.68 <1
¢ 2.16 <1 1.9 <1
o 5.46 14.5 5.44 10.3(5) 5.42 10.0(5)
s 4.87 11.4 4.85 11.0(5) 4.84 10.5(8)
as 4.37 9.3 4.39 6.7(2) 4.38 6.8(2) 4.41 7(1)
o 6.25 12.0(10)
as 6.92 18.5(7)

TABLE II: Effective masses for the various frequencies depicted in Figs. 3(a)-(c). Frequencies and effective masses associated
with CeColns were taken from Ref.?°. m* associated with o remains relatively stable with increased Nd-doping.
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