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The CepyMpIngm42n (m =1,2;n = 0,1) family has been one of the most studied family of heavy
fermion compounds. This family has revealed many interesting low-temperature physics phenomena,
like quantum critical points, heavy fermion superconductivity, and non-Fermi liquid behavior, when
these materials are exposed to pressure, magnetic fields, and/or chemical substitution. Here we
provide a thorough investigation of the Ce;_;Nd,Ins phase diagram through single crystal synthesis,
X-ray diffraction, energy-dispersive spectroscopy, magnetic susceptibility, and electrical resistivity
measurements. Previous electrical resistivity measurements on Celnz reveal a broad maximum,
Trmaz ~ 50K, which has been associated with the Kondo lattice coherence crossover and/or the
crystal electric field depopulation effect as the 4f electrons condense from the high-energy quartet
down to the ground state doublet. Our findings show that in the most disordered substitution
region, x = 0.4—0.5, these features disjoin to reveal two distinct broad humps in electrical resistivity
measurements. Magnetic susceptibility and electrical resistivity data on Ce1—;Nd;Ins also reveal
the antiferromagnetic ordering competition between Celns and NdIns, where the Tx of Celns is
linearly suppressed to a critical concentration of xng ~ 0.6. This concentration is slightly lower
than what was previously reported in nonmagnetically substituted Ce;_,La;Ins. Our magnetic
susceptibility measurements and subsequent simulations show that in the Celns antiferromagnetic
regime, zng < 0.4, the Nd ions act has free paramagnets. The large magnitude of the associated
paramagnetic response then masks the overlapping antiferromagnetic ordering signature of the Ce
ions. Overall our study further sheds light on the underlying crystal electric field, and Kondo lattice
coherence interactions within the Ce,, M, Ing., 42, family and could stimulate further studies of these

systems via neutron diffraction or under applied pressure

INTRODUCTION

Explorations of heavy fermion phase diagrams through
chemical substitution, hydrostatic pressure, and/or mag-
netic fields have revealed interesting low-temperature
physics like superconductivity, quantum criticality, and
non-Fermi liquid behavior [1-4]. Furthermore, the phase
diagrams of some Ce-based heavy fermion materials also
reveal an interplay between Kondo lattice coherence and
crystal electric field (CEF) physics. Unfortunately, both
phenomena result from the proximity of the Ce f-bands
to the Fermi level and therefore make it quite difficult to
conclusively discern the origin of one or both features in
any particular system.

The CeMIn; (M = Co, Rh, Ir) family contains many
examples of of tunable ground states. In these cases
the heavy fermion unconventional superconductivity or
quantum criticality could result from the different en-
ergy scales of the heavy fermionic Kondo lattice coher-
ence and CEF interactions. Inelastic neutron studies
have found that these tetragonal materials have two clear
and well separate CEF splittings [5]. pmag(T") measure-
ments on CeMIn; samples only show evidence for a sin-
gle maximum [6-8]. Although it should be noted that
in anisotropic p(7') measurements, there does appear to

be limited evidence for at least two separate —In(T') re-
gions [9]. Either way the one clear pmqq(7T") maximum
observed in these materials has been squarely attributed
to the Kondo lattice coherence [10-14].

Within other tetragonal materials with well separated
Kondo lattice coherence and CEF resistivity features, it
has been well established that the evolution of hydro-
static pressure can change the Kondo lattice coherence
energy scale (kgTeon) [15-21]. In many of these cases
kpTeon increases to converge with a CEF depopulation
scattering maximum to form a single broad feature. Pres-
sure studies on the CeMIns have also shown that kgTton
and the associated maximum in pm,.e(7") can shift to
higher temperatures [6, 9, 22, 23]. Yet there is no clear
evidence that it is possible to separate the Kondo lat-
tice coherence and CEF depopulation features through
hydrostatic pressure. Another way to alter kgTc,n in
CeM1ns is by chemical substitution [10-12, 24-29].

In the base compound of the CeMIns — Celng —
Pmag(T) experiments also reveal a single broad maxi-
mum, Ty,q.. ~ 50K. However, this feature has been
attributed to the combination of both the Kondo lat-
tice coherence and the CEF depopulation effects [30-33].
Wherein the Kondo lattice coherence is only achieved
when the 4f electrons condense from a high energy



I's quartet to the I'z7 doublet ground-state (Acgrp ~
100 — 200K) [34-37]. Similar to CeMIns, pressure and
substitution studies on Celns have shown that this sin-
gle maximum can be driven to higher [32, 38-40] and
lower [30, 33, 41-43] temperatures, respectively. What
remains constant throughout each of these experiments
is that only a single resistivity maximum is observed for
CQIH3.

Here we report a thorough exploration of Ce;_,Nd,Ing
to reveal the separation of the Kondo lattice coherence
and the CEF depopulation features. Similar to Nd sub-
stitutions in CeRhlIng, we argue that the substituted Nd
atoms act as Kondo holes and weaken kgTop, [12]. How-
ever, in Celnz this results in the Kondo lattice coher-
ence maximum to be driven to lower temperatures. This
results in two distinct —In(T) regions, along with two
broad humps, in pmag(T). Where the low- and high-
temperature features stem from the weakened kpTeon
and the persistent CEF energy splitting (Acgr), respec-
tively. The Kondo lattice coherence of Celng also seems
to follow percolation theory principles because the Nd
concentration (r = 0.65) that suppresses the Kondo lat-
tice coherence matches with the theoretical percolation
limit of a simple 3D cubic system [44]. While a dou-
ble maxima p,,q4(T") curve has been experimentally ob-
served in other cubic Ce-based materials [45, 46], this is
the first time the Kondo lattice coherence and CEF de-
population features have shown to separate in the well
studied Ce,, M, Ing,,12, (m =1,2;n =0,1) family.

Through powder X-ray diffraction (PXRD), energy-
dispersive spectroscopy (EDS), magnetization, and elec-
trical resistivity measurements we construct a compre-
hensive phase diagram, including two antiferromagnetic
(AFM) regions. We also discuss the interactions between
the two different AFM structures of Celnz and NdIng.
Lastly, in the low concentration region of Nd, z < 0.4 we
show how the paramagnetic signal from the Nd3* ions
mask the small AFM signature in magnetic susceptibil-
ity measurements.

MATERIALS AND METHODS

Single-crystalline samples of Ce;_,Nd,Ing were grown
with a self-flux technique [32, 47]. Appropriate atomic
percentages (97%In and 3%rare-earth) Ce chunks
(99.996 %, Ames Laboratory), Nd chunks (99.996 %,
Ames Laboratory), and In shots (99.99 %, Alfa Aesar)
were placed together in the bottom crucible of a Canfield
crucible set [48]. For each synthesis, the alumina cru-
cible set was sealed in an evacuated quartz ampoule and
then heated up to and held at 1050 °C for 5 hours. After
which the reaction was slowly cooled down to 300 °C over
a period of 80 — 100 hours to allow for adequate growth
of large single crystals. Once at 300 °C the ampoule was
then quickly centrifuged to remove the excess In-flux. In
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FIG. 1. a) PXRD patterns for single crystals when znom = 0,
0.3, 0.6, and 1. b) Cubic lattice parameter a as a function of
TNom Within the Ce;_;Nd,Ing series. The unit-cell parameter
a for Celnz and NdIns are from [49] and [50], respectively.
The inset shows the relationship between znom and Teps.
The two dotted lines are the +5% error region.

the end shiny, silver, block-like single crystals ranging
from 1 — 3mm were grown in the bottom crucible.

Each synthesis was checked to be single phase by
PXRD performed on a Rigaku Miniflex. GSAS-II was
used to perform Pawley refinement on each PXRD
pattern to measure the unit-cell parameter for each
batch [51]. Si (NIST 640e) was used within each sample
as an internal standard. In addition, the elemental com-
position was measured for selected samples on a Hitachi
S-4100T Hitachi HTA America with an Oxford INCA
Energy Dispersive Spectrometer.

Resistivity measurements were performed using a low-
frequency AC resistance bridge on a Quantum Design
Physical Property Measurement System from 300—1.8 K.
For each measurement, & 25 pm platinum wires were laid
in a four-contact configuration with silver epoxy. After
the contacts were laid, the epoxy was cured under vac-
uum at 120°C in a vacuum oven for 30 minutes. For
some samples, a *He insert for the PPMS was used for
AC resistivity measurements down to 0.4 K. Magnetiza-
tion measurements were made in a Quantum Design DC
Magnetic Property Measurement System. All samples
were encased in a plastic straw and measured with an
external magnetic field of 1T.
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FIG. 2. a) Normalized temperature dependence of

p(T)/p(300K) for representative single crystals of
Ce1_xNdgIng. The red arrow shows the low-temperature
maximum T, for £ = 0.45. The inset shows examples
of the peak associated with the AFM transition in the
first-derivative curve, dp(T)/dT, from Celns and Ndlns.
The arrows show the mid-point that was selected for T%. b)
Pmag(T") for Celns and Ceg.55Ndo.45Ins. The log scale is used
to show the regions with a —In(7') relationship (dashed black
lines) indicating the CEF depopulation and/or the Kondo
lattice coherence effects. The inset shows the zoomed-in
low-temperature region for Ceg.55Ndo.45In3 where the second
maximum, Teon, and —In(T') region are more easily observed.

RESULTS AND DISCUSSION

Phase identification for each PXRD pattern is shown
in Fig. 1a. Regardless of the nominal Nd concentration,
TNom, €ach synthesis produces single crystals that fit to
the cubic CugAu structure. The PXRD patterns reveal
nearly phase pure products with the only other phases
consisting of trace amounts of In flux and the internal Si
standard. Unit-cell parameter a, obtained from Pawley
refinements, shows a smooth linear decrease as a function
of ZNom, in agreement with Vegard’s law (Fig. 1b). This
linear relationship indicates that the Nd and Ce atoms
homogeneously incorporate into the parent structures at
the ends of the substitution range.

Atomic compositions were also obtained from EDS
spectra on selected crystals. The substitution percent-

ages obtained from these measurements, rgps, show
good agreement with 2y, (inset of Fig. 1b). There
does, however, appear to be about a &5 % error between
TNom and xgpg within these samples, as shown by the
dotted lines. Since zgps and Tyem, are in good agree-
ment with one another, henceforth, all values of xnq will
refer to T nom-

In Fig. 2a we present the temperature dependence
of the normalized electrical resistivity, p(T")/p(300K),
for single crystals from representative batches of
Ce1_,Nd;Ing. As previously highlighted, the resistivity
curve for Celng shows a maximum, T},,, ~ 50K, which
has been associated to the combination of the Kondo
lattice coherence and the CEF depopulation effects [30—
33]. Tracking T4, across the Ce;_,Nd,Ing alloys, we
find that this feature shifts slightly to lower tempera-
tures with increasing Nd concentration (orange crosses
Fig. 6). This is similar to other substitution studies on
Celns [30, 33, 41, 43]. Nd substitution, however, differs
because in the most disordered region, x = 0.4 — 0.5,
a clear and distinct second maximum arises, T* shown
by the red arrow in Fig. 2a, and then sharply drops in
temperature. This double maxima behavior can more
easily be observed in Fig. 3, where p(T) and M(T)/H
curves are shown for z = 0.4 — 0.5. Interestingly, we
find that the low-temperature maximum (black arrows
in Fig. 3) sharply decreases in temperature and seems to
approach 0K near the theoretical percolation threshold
for a simple 3D cubic system (z = 0.65) (solid black line
in Fig. 6) [44]. Oftentimes an enhancement in resistiv-
ity is observed because of magnetic scattering, however
Fig. 3 makes clear that the low-temperature maximum is
distinct from the magnetic ordering (denoted by the pur-
ple vertical lines). By contrast, the maximum resistivity
in the range x = 0.6 — 0.8 corresponds to a magnetic
transition for the Nd ordering.

Fig. 2b shows py4(T) for Celns and Ceg 55Ndg.45In3
where the phonon scattering was subtracted out by their
respective La analogues: Lalng and Lags55Ndg 45Ins.
By substituting Nd into the Celng structure, the high-
temperature —In(7T) relationship and T,.. are pre-
served. While for the most disorder substitution concen-
trations (e.g. Ceg.55Ndg.45In3) a second maximum, 7%,
arises which also contains a temperature region with the
—In(T) relationship (inset Fig. 2b). These —In(T) re-
glons in pPrmqy (1) are expected for both features [14, 52].

Here we argue that this double maxima occurs due to
the separation of the Kondo lattice coherence and CEF
depopulation features. More specifically the Nd ions act
as Kondo holes and lower kgTcon [53, 54]. The Nd sub-
stitution drives the Kondo lattice coherence crossover of
Celns to lower temperatures until this feature disjoins
from the Celnz3 CEF depopulation feature. Meanwhile
the incoherent Kondo scattering from the CEF interac-
tion operates at the local level on the Ce ions, so Acgr
is not expected to change much with varying the Ce con-
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FIG. 3. p(T) (lines) and M(T)/H (squares) for x = 0.4
(green), 0.45 (red), and 0.5 (blue). The purple vertical lines
show the location of the Tx from p(T") data and the black
arrows shows the location of T, .

centration. Therefore, the persistent T, remains asso-
ciated with the CEF depopulation effect feature and the
second maximum, T* = T.,,, at lower temperature is
attributed with the weakened Kondo lattice coherence.
Overall this data shows that the Kondo lattice coher-
ence and the CEF depopulation effects are independent
and can be separated by Nd substitutions. In the parent
compound Celng, the overlap of the two features results
from the accidental similarity of the two energy scales.
Additionally, since T, is completely suppressed near
the theoretical percolation limit for a simple 3D cubic
system it then follows that the Kondo lattice coherence
follows Percolation theory principles.

In Fig. 4 we show different schematics of pyaq(T)
curves for Ce-based systems. With each schematic rep-
resenting one of the possible scaling iterations between
kpT.on and Acgp. Panels c¢) and d) show the dif-
ference between a cubic and tetragonal/hexagonal sys-
tem when kpT.,, << Acgr, respectively. If a sys-
tem, like Celng, has Acgr ~ kpTeon then the ppaq(T)
curve has one maximum (label T},,, in Fig. 4b). When
kpTeon << Acgr (like in CeAls [45] or CeMgs [46]) then
each Acgr should be observed as a depopulation maxi-
mum and the lowest temperature maximum can be asso-
ciated with the Kondo lattice coherence (Fig. 4c and d).
These curve shapes could also be achieved by lowering
kpT.on, with chemical substitution. But this can only be
achieved if the parent compound had Acgr ~ kpTeon-
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FIG. 4. Schematics of the temperature dependence of the
electrical resistivity for a Kondo lattice (ignoring phonon con-
tributions). a) the CEF splitting energy Acgp is smaller
than the Kondo coherence energy scale Teon. b) ACEF and
kgTeon are of similar magnitude. c) and d) kgTeon is smaller
than Acgp. In cubic symmetry c), there are two resistivity
maxima associated with the coherence and CEF effects. In
hexagonal or tetragonal symmetries d), there can be a third
maxima associated with the additional CEF energy splitting.

However, if kgT,.,n, >> Acgr then only one maximum
is expected when the system undergoes a Kondo lattice
coherence crossover (Fig. 4a). Given the similarities be-
tween the curves of Fig. 4a and b it is not possible to
infer the relative nature of kgT,.,, and Acgr in a Ce-
based compound from just a resistivity measurement on
the parent compound. However, by performing chemical
substitution it is possible to elucidate the relative nature
of the two.

We can use tetragonal CeMIns as an example. In all
compounds amongst this family only one maximum is
observed in p(T) [6-8]. Based on our schematics this
would then indicate that either Acgr high/AcEF 0w <<
kgTeon or that Acernigh ~ kBTeon. In the latter sit-
uation performing chemical substitution would weaken
kpT.on and eventually give rise to at least one additional
well separated maximum in pp,q4(7). Since this has not
been observed in any Ce site chemical substitution study
on these tetragonal systems it indicates that the former
situation (Acgr high/AcEFiow << kBTeon) is the most
likely scenario [10-12, 24, 25, 29, 55]. Meaning that, as
previously suggested, the single maximum in ppaq(7")
observed in CeMIns can be squarely attributed to the
Kondo lattice coherence [10-12, 14]. It should be noted
that this assessment does appear to be in conflict with
the large A, values in these materials [5]. However, in
many systems the Kondo exchange makes it such that
Acgr # kpTopr. So it is also possible that in CeMIng
the Kondo exchange lowers Togr below Tep.

Ultimately our work shows that it is possible to sepa-



rate the Kondo lattice coherence and CEF features within
the Ce,,MpInz;mia, (m = 1,2;n = 0,1) family. We
highlight that a double maxima feature has been ob-
served in previous substitution studies on Celnz and our
work makes clear the underlying mechanism behind this
unique feature [33, 42].

It should be noted that previous Kondo holes were
strictly associated with nonmagnetic atoms [53, 54]. Al-
though it is well established that Nd37 ions produce mag-
netic materials, from a Kondo/CEF physics perspective
these ions act more similar to their nonmagnetic coun-
terparts, La3". This is due to the low-lying 4f Nd
bands [56] and their inability to induce the Kondo ef-
fect with the conduction electrons. Similar arguments
have been made about magnetic substitution studies on
CeM1In; [12, 28, 57, 58].
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FIG. 5. a) Temperature dependence of M (T')/H from selected
samples in the Ce;_,;Nd;In3 series. These measurements were
collected in a uoH = 1T field. Given the cubic nature of
structure, crystal orientation was not accounted for. Inset
shows the low-temperature region of the susceptibility curves
for zng = 0.2 — 1. b) The experimental data for xng =
0.1,0.2, and 0.3 are shown by the lines with triangles. The
solids lines represent the simulated data for the respective
values of xnq. For these simulations, the calculated peyy for a
Nd** of 3.62 13 and a Curie-Weiss constant of § = —5K were
employed to represent the Nd magnetic contributions. The
arrow shows the slight kink where the Ce>* AFM transition
is experimentally observed from Cep.9Ndo.11ns.

Evidence for the AFM ordering transition is observed
as a downward kink in the resistivity (inset Fig. 2a)
and magnetic susceptibility, M(T)/H, curves (inset
Fig. 5a). The mid-point of the first-derivative peak,
dp/dT, matches well with the magnetic susceptibility
AFM transitions. For the two parent compounds, Celng
and NdIng, the transitions, T and T]]VV[ , match the Tl\JIVI
temperatures from previous reports: T]{‘,/I = 10.2K and
5.9K, respectively [34, 36, 59, 60].

Interestingly, unlike the magnetic data, p(7) data
shows evidence for a single T%, in the Nd dilute region,
zNng <0.4. This T% is then suppressed to lower tem-
peratures as a function of xnxq until the transition tem-
perature is reduced down to ~ 2.5 K when zng = 0.45.
Above this concentration of Nd, both resistivity and mag-
netic susceptibility measurements reveal a clear single
AFM transition which increases with xnq. Samples with
low Nd substitution show no obvious AFM transitions
in magnetization measurements. Rather samples within
this region appear to have a large paramagnetic signal at
low temperatures. The lone exception, when zng = 0.1
there is a small kink around 8.5K, as denoted by the
arrow in Fig. 5b.

Similar magnetic susceptibility results — lack of AFM
transition — were observed when Gd, Tb, and Dy were
separately alloyed into Celns at low concentrations [43].
In the Ce-concentrated regions of these materials, how-
ever, electrical transport measurements also revealed the
continued presence and suppression of the Celng AFM
transition. The authors did not directly comment on
this discrepancy in the Gd, Tb, and Dy alloys. How-
ever, when substituted with nonmagnetic La atoms, clear
Celng AFM transitions are observed in magnetic suscep-
tibility measurements with similar Ce concentrations in
Ce1_,La,Ing [42]. Therefore, to explain the absence of
a visible AFM anomaly from our samples, we hypoth-
esize that the large magnetic signal from paramagnetic
Nd3* ions dominates the smaller signal associated with
the antiferromagnetic ordering of the Celng lattice.

To test this hypothesis we calculated theoretical curves
by taking a weighted sum between the antiferromagnet-
ically aligned Celng lattice (with the same Ty) and the
paramagnetic Nd ions. These calculations require two
key assumptions about these alloys: (1) the Ce mo-
ments aligned antiferromagnetically in accordance with
the Celng lattice and (2) the Nd moments are too di-
lute to order magnetically and thus remain paramag-
netic throughout the temperature region. Using the raw
data of Celng and the theoretical u.ss of Nd, a weighted
sum was applied across the entire temperature range
(Fig. 5b). When zng = 0.1, both the simulated and
experimental curves show a slight kink in the upward
susceptibility curves, originating from the Celng AFM
ordering. The simulated curves for xnqg = 0.2 and 0.3
appear in reasonable agreement with the experimental
data and show that the Celns AFM transitions are in-
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for the Celns region when zng < 0.4. The solid black line is
the linear fit of the second maximum, Teon, for x = 0.4,0.45,
and 0.5.

discernible. Therefore, across this region, znqg < 0.4,
we conclude that the Nd ions do not participate in the
magnetic ordering of Celns and remain paramagnetic.
Leading to the larger Nd paramagnetic signal masking
the magnetic signature from the Celng AFM ordering.

The AFM transitions from the magnetic susceptibil-
ity and electrical transport measurements are combined
with the resistivity features discussed above to create a
comprehensive T' — xnq phase diagram (Fig. 6). Instead
of adopting the AFM structure of the other structure,
Celng and NdIns appear to be in competition with one
another and weaken the magnetic ordering of the other
lattice. Similar to the La substituted system, there is a
linear dependence of Ty with xng in the Ce-concentrated
region and extrapolates to give a critical concentration of
z. ~ 0.6 (dotted black line Fig. 6) [25]. Like the critical
concentration for the Kondo lattice coherence, z. is in
good agreement for the percolation threshold, x = 0.65,
for a simple cubic lattice [44]. However, the slight drop
from z. = 0.65 to 0.6 indicates that there could be an ad-
ditional mechanism at play like magnetic frustration due
to the different AFM structures of Celns and NdIngz. This
behavior was observed in the Nd-substituted CeRhlng
system [12].

CONCLUSIONS

We have shown that Nd can successfully substitute
into the parent Celnz compound via a self-flux technique
with excess In. Our PXRD and EDS results reveal a di-
rect relationship between the nominal and actual substi-
tution concentrations as Nd homogenously incorporates

into the structure until it becomes fully NdIng. Our
electrical resistivity measurements reveal that as Nd in-
corporates into the Celns structure, the Kondo lattice
coherence and CEF depopulation features disjoin to re-
veal double maxima curves with two distinct —in(T') re-
gions. We rationalize that the high-temperature maxi-
mum results from CEF depopulation effect from the scal-
ing Aggr from Celng. While in the most disordered re-
gion (x = 0.4 — 0.5) the Nd ions act as Kondo holes
to weaken kpTeon and push the Kondo lattice coher-
ence crossover to lower temperatures. It appears that
the Kondo lattice coherence feature disappears near the
theoretical percolation limit for a simple 3D cubic sys-
tem, which suggests that this Kondo lattice coherence
abides by Percolation theory principles. This is the first
time the Kondo lattice coherence and CEF depopula-
tion phenomena have been shown to separate for a mate-
rial within the Ce,,M,Inz,;n12, (m = 1,2;n = 0,1) fam-
ily. Magnetic and resistivity measurements also reveal
that across the substitution values, there is an interesting
competition between the magnetic orderings of the two
parent structures Celng and NdIns. Rather than adopt-
ing the AFM structure of the end parent structures Ce
and Nd ions act as free paramagnets, when in dilute con-
centrations. The comprehensive phase diagram reveals a
x. ~ 0.6 which is slightly lower than the observed system
for non-magnetically substituted Celng. Future neutron
diffraction and pressure studies on Ce;_,Nd,Ing would
be valuable to further understand the interplay between
these two AFM orders.
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