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Microscopic investigation of electronic inhomogeneity induced by substitutions
in a quantum critical metal CeColns
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Chemical substitutions are used commonly to tune a magnetic transition to zero temperature, but the
resulting non-Fermi-liquid (NFL) behavior is nonuniversal. We have used nuclear quadrupole resonance to
probe microscopically the response of a prototypical quantum critical metal CeColns to substitutions of small
amounts of Sn and Cd for In. These substituents induce very different local electronic environments as observed
by site-dependent spin lattice relaxation rates 1/7; that influence the NFL behavior. The effects found here
illustrate the need for care in interpreting NFL properties determined by macroscopic measurements.
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Quantum critical points (QCPs) are an excellent organizing
principle for the non-Fermi-liquid (NFL) behavior observed
in many systems and are a source of fluctuations from which
unconventional superconductivity (SC) emerges. There are
numerous examples in a wide range of different materials
systems where chemical substitutions have been used to induce
NFL states or to tune a magnetic transition to zero temperature
[1-3]. These substitutions certainly induce disorder scattering
but also may create an effective chemical pressure or, if non-
isoelectronic, change the electron count and shift the chemical
potential. Experimentally, quite often it is difficult to untangle
which of these contribute dominantly to the NFL or quantum
critical behaviors, and most theoretical models are nonspecific
to a particular type of substitution. An interesting case where
the role of substitutions might be tested explicitly would be to
intentionally introduce a small number of substituents into a
material that, in pure form, is at or very close to a QCP. The
heavy-fermion compound CeColns is one of the few materials
in which this test might be made.

CeColns is an unconventional superconductor that belongs
to the CeTlIns (T =Co, Rh, Ir) family, and is known to
lie in close proximity to an AFM QCP at ambient pressure
[4,5]. Due to the high purity of the parent materials we can
study how controlled amounts of disorder influence these
phenomena. Specifically, we consider disorder introduced by
Cd or Sn substitutions for In. Besides producing disorder,
these substituents also nominally hole- (Cd) or electron- (Sn)
doped CeColns. As summarized in Fig. 1, a small amount of
Cd (5s?) substitution for In (5525 p) induces long-range AFM
order [6]. For ~1% Cd substitution the AFM propagation
vectoris Q = (%,%, %) and the ordered moment is ~0.7 ug/Ce
[7,8]. Applying pressure suppresses the AFM; however, the
fluctuations and the signatures in electrical transport properties
at this pressure (P) induced AFM QCP are absent [9]. A recent
study of Cd-doped Celrlns draws the same conclusions [10].
These observations are in contrast to the 7-P diagram of both
pure and Sn-doped CeRhlns for which the NFL signatures
are still present at its pressure-induced AFM QCP [11,12];
i.e., random distributions of dilute Sn dopants do not destroy
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signatures of quantum criticality. In the case of Sn (5525p?)
substitution in CeColns, magnetic order is not induced, and
instead the AFM fluctuations are suppressed as the system
is driven away from the AFM QCP [13,14]. This conclusion
is not a consequence of an induced chemical pressure but
rather is due to stronger f-c hybridization induced by the
Sn dopants [15]. Further, as shown in Fig. 1, the SC dome
for ~1% Cd substitution remains broad in the 7-P plane as
in the pure CeColns [16], but shrinks monotonically by Sn
substitution [17]. This dichotomy in CeColns’s response to Sn
and Cd substitutions poses the essential question of why the
two nonmagnetic dopants on the In sites could produce vastly
different responses.

In this Rapid Communication, we report a qualitative
difference in local electronic environments around Sn
and Cd substituents that is probed by nuclear quadrupole
resonance (NQR). As we show, Sn substitutions introduce
a rather homogeneous electronic state suppressing the
AFM fluctuations, but Cd substitutions produce an electronic
heterogeneous state where Cd dopants enhance AFM behavior
by inducing unscreened localized moments below Kondo
energy scale Tk in their immediate vicinity. In effect, dilute
Cd-doped CeColns becomes an ideal Kondo hole system in a
quantum critical metal.

Single crystals of CeColns, CeColng g5Sng ;5 (termed 3%
Sn-doped), and CeColnggp5Cdgg75 (1.5% Cd-doped) were
grown by the self-flux method [18,19]. Small crystals for
zero-field NQR studies were selected from the same batch
used for magnetic susceptibility, electrical resistivity, and
specific-heat measurements. The AFM transition temperature
T for the 1.5% Cd-doped sample is 3.7 K [20]. Microprobe
measurement using wavelength-dispersive spectroscopy and
the extended x-ray absorption fine structure (EXAFS) observe
a homogeneous distribution of both Sn and Cd with a
preferential occupation on the In(1) site [21,22].

As shown at the top of Fig. 1, CeColns forms in the
tetragonal HoCoGas-type structure (P4/mmm) with two
crystallographically inequivalent In sites denoted as In(1)
(4/mmm) and In(2) (2mm). The Ce sites are surrounded on
all sides by 4 nearest-neighbor (nn) In(1) (at 3.26 A ) and 8 nn
In(2) atoms (at 3.28 A ) [23]. Using the conventional definition
of the electric field gradient (EFG), the NQR frequency vq is
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FIG. 1. (Color online) Phase diagram for Sn and Cd doped
CeColns and the crystal structure of CeColns. T-P diagrams are
also drawn for CeColns [16], Sn-doped CeColns [17], and Cd-doped
CeColns [9].

defined as 3e2¢ Q/{21(21 — 1)h} by the nuclear quadrupolar
moment eQ and the principal component of the EFG tensor
eq = Vzz. For a nonaxial EFG, the asymmetry parameter
is defined as n = {|Vyy| — [Vxx[}/IVzz| (IVxx| < |[Vyy| <
|Vzz]). The '"In NQR spectrum for CeColns consists of
4 lines for In(1) sites with an equal separation of vg =
8.17 MHz and 1 = 0, and 4 unequally separated lines for In(2)
sites whose positions give vq = 15.5 MHz and n = 0.39 [24],
by diagonalization of the electric quadrupole Hamiltonian
Hq = (hvg/6){31% — I(I + 1) + (n/2)(I> + I*)}.

In Sn- and Cd-substituted CeColns, as shown in Fig. 2(a),
the 4vq line for In(1) splits into a main peak (A) and several
satellite peaks labeled B, C, and D. The split In(1) spectrum
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FIG. 2. (Color online) (a) In(1)-4 vg NQR spectra for CeColns,
3% Sn-doped, and 1.5% Cd-doped CeColns in the paramagnetic
(normal) state. The upper case labels A, B, C, and D indicate the
respective spectral positions. (b) Frequency dependence of 1/T; for
the 4vq line on In(1) sites in 3% Sn-doped and 1.5% Cd-doped
CeColns, having a common frequency axis with the above NQR
spectra. Values of 1/7; at the NQR peak of CeColns at 3.1 K and
5 K are represented by solid and dashed line, respectively.
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FIG. 3. (Color online) (a) Calculated spectral shape for 4vq of
In(1) NQR and 3vq of In(2) NQR. The light and dark (green) shades
originate from dopants on the In(1) and In(2) sites, respectively.
(b) The assumed 2x2x2 supercell.

for the Cd case is consistent with previous reports [8]. The
resolved line splittings mean that the local EFGs for the A,
B, C, and D peaks are discretely distributed for sites near
the Sn or Cd. Similar splittings are observed for the other
transition lines at vg, 2vq, and 3vq, although the A, B, C,
and D peaks partly overlap. The EFGs even for the main peak
A, which corresponds to bulk In(1) sites well separated from
the Sn or Cd, have finite n; i.e., the tetragonal symmetry is
locally broken. We estimate 7 for A, B, and C sites for Sn (Cd)
substitutions to be 0.025 (0.005), 0.02 (0.09), and 0.02 (0.12),
respectively. For Cd substitution, n for the bulk A line is much
smaller than in the Sn case. The EFG may be decomposed into
intra-atomic and inter-atomic contributions. Since the former
would not be site specific, the latter must be the main source
of an EFG distortion of the bulk sites. In contrast, there is
no clear splitting for the In(2) sites [20], and the lines just
broaden in the Sn case and become more complicated in the
Cd case, which may be due to a nondiscrete distribution of
EFGs induced on the In(2) sites by substitution.

For spectral assignment, EFGs have been calculated by
density functional theory (DFT) [14,20] assuming 2.5% Sn
(Cd) doping in a 2x2x2 supercell in Fig. 3. The DFT
calculations were performed using the WIEN2K code [25] with
the exchange correlation potentials [26]. Calculated spectra for
substitutions on the In(1) and In(2) sites are summed because
the fractional occupancy for the dopant atoms on these sites is
roughly 50/50 for both Cd and Sn doping [21,22]. For each
doped supercell, the NQR lines are calculated by solving Ho,
with the assumption of a natural width of 100 kHz for the
calculated EFG on every In site, and then they are summed.
To compare with experimental results, the computed spectral
frequencies are multiplied by a factor of ~0.9, which may be
attributed to screening of EFGs by conduction electrons in the
real lattice. A similar approach has been reported earlier [27].
In both doped cases, these calculations reproduce the main
NQR spectral features; e.g., the In(1) NQR lines are rather
discrete compared to the In(2) lines. From a comparison with
the calculations, we assign the B line to the In(1) nn sites for
Sn substitutions. In the Cd-doped sample, B and C lines are
attributed to the nn In(1) sites for Cd substituted on In(2) and
In(1) sites, respectively.

Our primary findings are the respective peak dependencies
of the nuclear spin-lattice relaxation rates 1/7; for the In(1)
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FIG. 4. (Color online) (a) Temperature dependence of the longi-
tudinal relaxation rate divided by temperature 1/ 7,7 . (b) Magnified
(T,\T)~'-T plot in the low-temperature range. (c) Square of the
Gaussian transverse relaxation rate 1/T2,. Data are shown for In(1)
NQR in CeColns, 3% Sn-doped, and 1.5% Cd-doped CeColns, which
were measured at the main A peak for doped CeColns. The 1/T7T
data for CeColns are also plotted for a wide temperature range from
Ref. [29].

sites, which are shown Fig. 2(b) [20]. In the case of finite 1, the
recovery function was calculated by numerical diagonalization
of the master equation for nuclear relaxation [28]. For the Sn
substitutions, 1/7 is reduced on average, and the variation in
the magnitude of 1/7; is small. 1/T; values for the bulk A
and satellite D peaks show a maximum, while those for B and
C peaks are diminished. In contrast, with Cd doping, 1/7; is
most prominent at peak B, not at the bulk A peak in 4vg nor
at peak C; i.e., the AFM spin fluctuations are enhanced only
at the In(1) sites that are nn to Cd substituted In(2) sites.

The T dependence of 1/T1T « Zq Imy, (q,wp)/woy for
A and B peaks in doped CeColns is shown in Fig. 4(a). In
this expression y(q,w) is the dynamical susceptibility. At
temperatures above 100 K, all 1/7T,T data appear to merge
with data for undoped CeColns. This reflects a homogeneous
electronic state in both doped cases at high temperatures, where
the 4 f spin fluctuations behave as if localized so that 1/T)
becomes constant above T*. The crossover temperature 7*
between localized and itinerant regimes is ~150 K in CeColns
[29]. As reported earlier [30], well below T*, 1/T; shows
a characteristic T'/* dependence above T, = 2.3 K due to
anisotropic AFM spin fluctuations associated with proximity
to an AFM QCP. In addition, the field dependence of 1/T\T
in CeColns is well understood quantitatively by the self-
consistent renormalization (SCR) theory for an itinerant SDW
model of criticality [5]. Below T*, 1/T; T for A and B peaks in
the Sn-doped case deviates downward from those for undoped
CeColns, indicating a rather uniform reduction of electronic
correlations. With Cd substitution, the 7 dependence of 1 /T T
for the bulk A sites above Ty = 3.7 K is the same as in
CeColns. That is, the majority of the Cd-doped sample is
in the same electronic state as in undoped CeColns. On the
other hand, 1/TT for the B sites is significantly enhanced
and 1/T) is nearly T-independent; i.e., a small group of
sites neighboring Cd ions that reside on In(2) sites remains
unscreened by conduction electrons. In addition, a maximum
in (T,T)~" for the B peak occurs slightly higher than Ty, as
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FIG. 5. (Color online) Schematic illustrations for the micro-
scopic circumstances around (a) Sn and (b) Cd dopants.

shown in Fig. 4(b), which suggests that short-range AFM order
develops around the B sites above the bulk Ty.

The nuclear spin-spin relaxation rate 1/7, provides a
measure of the magnetic correlation length £. As in pure
CeColns, the echo decay E(27) can be fitted to EQ27) =
E(0)exp(—27/ToL) exp[—3(27/ Tag)*] with T being the sep-
aration time between excitation and refocusing pulses. In a
strongly correlated metal, 1/ 7, contains the 7] process which
is represented by Lorentz-type decay on a scale 75, and an
indirect (nuclear) spin-spin coupling by Gaussian-type decay
with a time scale T,g. Since the T dependence and orders
of magnitude of the obtained 1/7;; are consistent with the
converted 1/7; values from NQR [20,31,32], our estimates
of 1/T,g are reasonable. An oscillation of the echo decay
is observed only for the B peak with Sn doping; i.e., E(27)
has an additional term of the form cos(Jt) with J ~ 1.5 kHz
[20], which may come from pseudo-dipolar type interactions
via additional 5p electrons on the Sn atoms with long-range
coherence (x1/ rf), although such an echo decay oscillation
is widely observed in systems having nuclear quadrupolar
interactions [33] or in dilute nuclear spin systems [34].

As shown in Fig. 4(c), 1/T22G X fRe)(z(q,O)dq [35,36]
is nearly T-independent below ~6 K except for a decrease
just above Ty in Cd-doped CeColns. In the paramagnetic
state for a strongly correlated system, the static scaling law
Rex(g,0) ~ £%2g(¢£,0) holds with a scaling function g such
that (l/TZZG) ~ &(T) [37]. E&(T — 0)/a for pure CeColns has
been already estimated to be about 2 at the low temperature
[5,38]. The bulk T-independent values in Sn- and Cd-doped
crystals are reduced roughly by a factor of 1/2 to 2/3 relative
to pure CeColns, as displayed by the thick arrows in Fig. 4(c).
Therefore, we deduce that both Cd and Sn doping reduce & /a
to approximately unity.

We summarize our results schematically in Fig. 5. Sn
substitution for both In(1) and In(2) acts to locally enhance p- f
hybridization with long-range spatial coherence. Thus, the 4 f
electronic state is uniformly pushed to the more itinerant side
of the AFM-QCP. The diffuse potential around Sn dopants also
acts as a nonmagnetic scattering center thereby suppressing
T, of this unconventional superconductor. In contrast, Cd
dopants on In(2) sites enhance the magnetization in their
vicinity, inducing localized spins on neighboring Ce sites,
while the majority of the electronic states remain unchanged.
The nucleation of short-range ordering near the Cd dopants
(developing around 4.1 K) triggers long-range AFM ordering
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throughout the sample, observed as a bulk transition at 3.7
K. Interestingly, Cd dopants on In(1) sites do not induce
local moments, proving anisotropic p-f hybridization paths
between Ce-In(1) and Ce-In(2) [39]. With applied pressure,
the induced local moments around Cd dopants can be screened
again, and AFM ordering is suppressed. Consequently, the SC
dome in T-P is nearly identical to that for CeColns. Such a
heterogeneous electronic state has been thoroughly explored
by NMR studies of cuprate and Fe-based superconductors
[40,41].

What is the origin of the difference between Cd and Sn
doping? DFT calculations capture the fact that hybridization
on average increases for Sn doping and decreases with Cd
doping [14]. Due to potential stability of the full d shell, p
holes on Cd dopants are ineffective in promoting hybridization
between Ce and In(2) sites and consequently contribute little
to the bulk electronic bands, but the additional p electrons
in Sn dopants enhance the p-jf hybridizations. We note that
comparable behavior can be inferred from doping studies on
an antiferromagnet Celns. Cd doping in Celns has primarily
a local effect and an AFM QCP has not been reached [42],
but Sn doping leads to a strongly hybridized state, with clear
signatures of NFL behavior at the QCP and eventually a mixed
valent state in CeSn3 [43].

The role of nonmagnetic defects has been studied within
the Kondo lattice model [44]. In this model, AFM correlations
are enhanced and locally bound f states with spatial scale
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&/ap ~ 0.65 in an ideal square lattice are predicted to appear
in the vicinity of Kondo holes, which are voids in the heavy-
fermion liquid state. This heterogeneous electronic state is
closely analogous to that in Cd-doped CeColns. To understand
nonuniversal NFL behaviors [2] in a unified way, dynamics of
Kondo holes in a quantum critical system should be further
investigated, since heterogeneous electronic states appear to
be realized in a variety of correlated electron systems. For
instance, it is interesting to ask what is the degree and influence
of electronic heterogeneity in YbRh,Si,, particularly, given
the nearly field-independent local to itinerant crossover in
pressure-tuned and Co- and Ir-doped YbRh,Si, [45,46].
Moreover, a dynamical electronic heterogeneity at a QCP
accessed by an applied magnetic field was also revealed
by NMR studies even in pure YbRh,Si, [47]. Electronic
heterogeneity may also hold for Rh-doped CeColns [48].
These observations are important for unifying the nonuni-
versal NFL and quantum critical behavior observed in many
systems.
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