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Anisotropic magnetic-field response of quantum critical fluctuations in Ni-doped CeColns
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This paper demonstrates the anisotropic response of quantum critical fluctuations with respect to the direction
of the magnetic field B in Ni-doped CeColns by measuring the magnetization M and specific heat C. The results
show that M/B at B = 0.1 T for both the tetragonal ¢ and a directions exhibits 7" dependencies, and that
C/T at B = 0 follows a — In T function, which are the characteristics of non-Fermi-liquid (NFL) behaviors. For
B||c,boththe M/B x T7" and C/T  —InT dependencies change into nearly temperature-constant behaviors
by increasing B, indicating a crossover from the NFL state to the Fermi-liquid state. For B ||a, however, the
NFL behavior in C/T persists up to B =7 T, whereas M/B exhibits temperature-independent behavior for
B > 1 T. These contrasting characteristics in M/B and C/T reflect the anisotropic nature of quantum critical
fluctuations; the c-axis spin component significantly contributes to the quantum critical fluctuations. We compare
this anisotropic behavior of the spin fluctuations to superconducting properties in pure CeColns, especially to
the anisotropy in the upper critical field and the Ising-like characteristics in the spin resonance excitation, and

suggest a close relationship between them.
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I. INTRODUCTION

The role of spin fluctuations in unconventional super-
conductivity is a long-standing subject in the physics of
strongly correlated electron systems. The unconventional su-
perconducting (SC) phase commonly emerges in the vicin-
ity of magnetic orders in many strongly correlated electron
systems, such as high-7, cuprates, FeAs-based alloys, and
heavy fermion compounds. In particular, the heavy fermion
compounds often exhibit SC order proximity to a magnetic
quantum critical point (QCP), corresponding to a magnetic
phase transition at zero temperature. Hence, quantum critical
fluctuations that are enhanced around the QCP are expected
to play a critical role in the SC order of the heavy fermion
compounds.

Among the heavy fermion superconductors, CeColns has
attracted continuous interest because of its anomalous SC
properties coupled with magnetic correlations [1]. This com-
pound has a HoCoGas-type tetragonal structure [Fig. 1(b),
inset] and exhibits a SC order below 7. = 2.3 K. The magnet-
ically mediated pairing mechanism of the SC order is inferred
from the d-wave (d,>_,») symmetry of the SC gap [2-4]. The
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inelastic neutron scattering experiments have revealed that a
resonance excitation involving the tetragonal c-axis spin com-
ponent develops in the SC state [5—12]. Furthermore, applying
the magnetic field B yields another SC phase that coexists with
an incommensurate antiferromagnetic (AFM) modulation (the
so-called Q phase) at very low temperatures below 0.3 K and
at high fields just below H,, for B L ¢ [13-20]. All of these
features indicate a close coupling between the anisotropic
spin correlations and the SC state, but the nature of the spin
correlations with respect to CeColns has not yet been fully
uncovered.

A key to clarifying the relationship between the spin cor-
relations and the anomalous SC properties is expected to be
found in the field-induced non-Fermi-liquid (NFL) behaviors
observed under B when applied along the ¢ axis. At B ~
5 T, the specific heat divided temperature exhibits —InT
dependence, and both electrical resistivity and magnetization
follow nearly T-linear functions down to very low temper-
atures [21-23]. It is widely believed that spin fluctuations
enhanced near an AFM QCP are responsible for these NFL
behaviors [21,22,24]. In fact, substituting the ions for ele-
ments in CeColns, such as Nd for Ce [25,26], Rh for Co
[27-30], and Cd, Hg, and Zn for In [31-34], can induce long-
range AFM orders. Moreover, possible field-induced AFM
ordering at extremely low temperatures (7 < 20 mK) has
been proposed by a recent quantum oscillation measurement
for pure CeColns [35].

©2019 American Physical Society
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FIG. 1. Temperature variations of (a) the c-axis magnetization
and (b) the g-axis magnetization divided by the magnetic field
for CeCoy75NigosIns. In (a) and (b), logarithmic scales are used
for both the vertical and horizontal axes. The crystal structure of
CeCo;_,Ni,In;s is depicted in the inset of (b).

In contrast, the substitutions of Sn for In [36-38] and Ni
for Co [39] do not induce the AFM phase, but simply yield
paramagnetic ground states through the suppression of the SC
phase. In a recent study we have revealed that in the mixed
compound CeCo;_,Ni,Ins, the SC transition temperature 7,
monotonically decreases from 2.3 (x = 0) to 0.8 K (x = 0.20)
with increasing x; subsequently, the SC order disappears
above the critical Ni concentration x = 0.25 [39]. At this
concentration, the NFL behaviors are realized around the zero
field, characterized by the —In T dependence in the specific
heat divided by the temperature, the weak diverging behavior
in the magnetization, and the nearly T -linear behavior of the
electrical resistivity [39]. These NFL features are quite similar
to those seen in pure CeColns, strongly suggesting that the
NFL anomaly observed in Ni-doped CeColns also originates
from the AFM quantum critical fluctuations. Furthermore, the
effective magnetic moment for x < 0.3, estimated from the
Curie-Weiss law at high temperatures, is nearly independent
of x and coincides well with that calculated from the J = 5/2
multiplet in the Ce>* ion [39], suggesting that the Ce 4f
electrons are mainly responsible for the magnetic properties
in pure and Ni-doped CeColns.

The observation of the NFL behavior at the zero field in
Ni-doped CeColns provides an opportunity to investigate the
magnetic anisotropy of the quantum critical fluctuations. In
pure CeColns, in contrast, it is difficult to perform such an in-
vestigation with typical macroscopic measurements, because
the quantum critical behavior is suppressed (or masked) by

the SC phase at low magnetic fields and is visible only at very
low temperatures above woH., (4.9 T for B||c and 11.6 T for
B||a) [40,41]. Consequently, the magnetic anisotropy of the
quantum critical fluctuations remains unclear. In this paper we
demonstrate the anisotropic changes of the NFL behaviors in
the magnetization and specific heat between B || c and B || a in
CeCo;_,Ni,Ins, and we discuss the relationship between the
anisotropic spin fluctuations and the SC properties in pure and
Ni-doped CeColns.

II. EXPERIMENT DETAILS

A single crystal of CeCo;_,Ni,Ins with x = 0.25 was
grown using an indium flux technique, the details of which
are described elsewhere [39]. The energy dispersive x-ray
spectroscopy (EDS) and the inductively coupled plasma mass
spectrometry (ICP-MS) measurements for the sample indi-
cated that the actual Ni concentration approximately coin-
cided with the starting (nominal) value within the deviation of
Ax/x ~ 17%, including the experimental error. Furthermore,
through the EDS measurements, we confirmed the homo-
geneous distributions of the elements in the single crystal
prepared for the experiments. The magnetization along the ¢
and g axis was measured in temperatures as low as 0.1 K and
in the magnetic field B (uoH) at up to 8 T with a capacitively
detected Faraday force magnetometer [42]. A commercial
SQUID magnetometer (MPMS, Quantum Design) was used
for the magnetization measurements in the temperature range
of 2.0-300 K and the magnetic field at up to 5 T. The
specific heat C, was measured in the temperature range of
0.31-4 K and in the field range of 0—7 T with a conventional
quasiadiabatic technique.

II1. RESULTS

Figures 1(a) and 1(b) show the temperature dependencies
of the c- and a-axis magnetization divided by the magnetic
field M/B, respectively. Note that the M/B data are plotted
with logarithmic scales for both the vertical and horizontal
axes. M/B for both directions showed qualitatively similar
features. Namely, M/B at the lowest field (B =0.1 T) ex-
hibited diverging behavior with a 777 function (n < 1) as
the temperature decreased. The 77 dependence in M/B was
realized in a very wide temperature range of 0.1-10 K for both
directions. It is natural to conclude that this NFL behavior
originates from the quantum critical fluctuations, because
similar NFL behaviors are also found in various macroscopic
quantities in pure CeColns [21,22,24] and its doped alloys
[36,37,43]. In both the c- and a-axis magnetization, the di-
verging feature was reduced by further applying B, and the
M /B-constant behavior was then realized at low temperatures.

From a quantitative viewpoint, however, a significant
anisotropy was found in the NFL region between the c-axis
and a-axis magnetization M, and M, respectively. The expo-
nentn of M/Box T "atB=0.1Tin M, [n. = 0.20(2)] was
larger than the value [n, = 0.12(2)] in M, as the details of
those evaluation procedures are described later. Furthermore,
the magnitude of M, at B=0.1 T and T =0.1 K was
twice that of M,. The diverging behavior in the temperature
variation of M, was thus stronger than that of M,. Indeed,
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FIG. 2. Temperature variations of the ratio of the c-axis and
the a-axis magnetization M./M, for CeCog75Nig,sIns. A 7008
[= T ~%e=ma)] function is represented as a dashed line for comparison.

this feature can be verified by considering the variation of
M. /M, as a function of temperature (Fig. 2). M. /M, exhibited
a peak with a magnitude of 1.5 at ~60 K. The peak structure
was also observed in the other physical quantities, such as
the electrical resistivity [1], and its origin is considered a
development of a coherent heavy-fermion state below this
temperature. The M./M, value was reduced to 1.32 with
decreasing temperatures, down to ~15 K. However, the spin
fluctuations, associated with the NFL behavior, enhanced the
M. /M, value at low temperatures again; M./M, for B=0.1'T
increased with a decrease in temperature below ~15 K and
then reached 1.96(10) at 0.11 K. In a high magnetic-field
region, in contrast, M. /M, for B = 5 and 8 T exhibited a satu-
ration to the values of 1.55(3) and 1.46(2) at low temperatures,
respectively, remaining with magnitudes comparable to those
in high temperatures. These experimental results suggest that
the NFL anomaly involved mainly the c-axis spin component.

Figures 3(a) and 3(b) show the specific heat divided by
the temperature C,,/T obtained under various fields along the
¢ and a axis, respectively. For Bl|c, C,/T was markedly
enhanced below ~0.7 K for B > 3 T, although its temper-
ature dependence became weak with increasing B at high
temperatures. This enhancement is considered to be caused
by the Zeeman splitting of the nuclear spins. Such an effect
should also be included in C,/T for B || a. To eliminate this
contribution, we estimated the nuclear Schottky anomaly Cyy;
by performing a calculation based on the natural abundance of
the nuclear spins in the sample [Fig. 3(b), inset]. At B=7T
and 0.4 K, the fraction of Cy in C, was estimated to be 14%
for B || c and 12% for B || a. Note that the contribution of Ni
and Co nuclear spins was only 10% in Cy,; therefore, the
ambiguity of the Ni/Co concentration (Ax/x ~ 17%) in the
sample is negligible in the estimation of Cy.

Figures 4(a) and 4(b) display the specific heat data obtained
by subtracting the nuclear spin contribution C/T = (C, —
Cnue)/T for Bl|c and B||a, respectively. C/T for B=0
increased with decreasing temperature, with a nearly —InT
dependence at temperatures as low as 0.31 K. As displayed in
Fig. 4(a), this feature was markedly suppressed by applying B
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FIG. 3. Temperature variations of specific heat divided by the
temperature C,/T for CeCoyg75Nig 25Ins, measured under various B
with the directions of (a) B || ¢ and (b) B || a. The inset of (b) shows
the nuclear Schottky contribution Cy, /T, calculated based on the
natural abundance of nuclear spins in the sample.

along the c axis, and C/T eventually became nearly indepen-
dent of temperature at B =7 T. The feature of suppression
in C/T coincides fairly well with that observed in M,./B
[Fig. 1(a)]; hence, these behaviors are attributed to a crossover
from the NFL to Fermi-liquid (FL) states.

However, it was found that the — In 7" diverging behavior in
C/T was not suppressed as much by B for B || a. At 0.4 K, the
reduction of the specificheatat B=5T, 1 — C(5 T)/C(0 T),
was estimated to be 5% for B||a, whereas it was 14% for
Bl|c. In addition, C/T at B="7 T continued to increase
with the decreasing temperature for B ||a, whereas it was
nearly independent of temperature for B || c. Similar weak B
dependence of C/T for B||a was also found at a very high
B region above uoH., = 11.6 T in pure CeColns [40]. This
weak B dependence in C/T for B||a is in stark contrast to
the rapid reduction of M, /B with B for the same B direction;
M,/B was markedly suppressed by applying B and then
became constant at low temperatures for B > 1 T [Fig. 1(b)].
These contrasting features in C/T and M, /B for B || a strongly
suggest that the fluctuating spin component is perpendicular
to the applied B direction; that is, the c-axis spin component
significantly contributes to the quantum critical fluctuations
in CeCo;_,Ni,Ins. This situation is similar to that expected in
the Ising model with a transverse magnetic field, in which the
transverse magnetic field does not align the spins but yields a
quantum paramagnetic state with short-range spin correlations
[44]. However, it should be remembered that the anisotropy
of magnetic moments in the present system was not so strong
that it can be regarded as simply the Ising-like anisotropy. In
addition, the spins of the itinerant heavy quasiparticles, rather
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FIG. 4. Low temperature specific heat divided by the temperature
obtained by subtracting the nuclear spin contribution C/T = (C, —
Chuc1)/T for CeCoyg75Nig25Ins under B with (a) B|| c and (b) B|| a.
The arrows indicate the characteristic temperature 7* below which
C/T deviates from the — In 7" function.

than the completely localized spins, were likely responsible
for the quantum critical fluctuations. Hence, the deviation
from the Ising-like characteristics of the magnetic moments
would lead to a suppression of the quantum critical fluctua-
tions and would then stabilize the FL state at a high B region
above B =7 T, even for B || a.

In Figs. 5(a) and 5(b) we summarize the exponent 1 of
M/B o T~ at low temperatures for B || ¢ and B || a, respec-
tively. In these plots, n was estimated using a simple relation:
n=—-T/(M/B)d(M/B)/dT. The effect of the Van Vleck
susceptibility xy may be included in the estimation of 1 using
an alternative formula: n = —-T/(M/B — xy)d(M/B)/dT.
However, we confirmed that the trends seen in Figs. 5(a) and
5(b) did not depend on the finite xy value, at least up to xy ~
2.5 x 1073 up/T Ce, which is about half of the magnitude of
the experimentally observed magnetic susceptibility at 300 K
[39].

As displayed in Fig. 5(a), the NFL state with n = 0.2
governed the low B region in the B-T plane for B||c, and
the suppression of the NFL state at the high B region was
realized as a reduction of n toward ~0. A similar gradual
suppression of the NFL behavior with B was also observed
in C/T. In fact, when the characteristic temperature 7* below
which C/T deviates from the —In T function [see Fig. 4(a)]
was plotted onto the image map of 7 in Fig. 5(a), we found
that the 7*(B) curve traced the contour of n = 0.06 well. This
consistency between M/B and C/T reflected the occurrence
of the NFL-to-FL crossover for B|| c.

However, the situation for B||a was very different, as
shown in Fig. 5(b). The finite 1 value for B ~ 0 was rapidly

FIG. 5. The image plots of the exponent n in M/B o< T~" for
CeCoy 75Nig 25Ins, depicted in the magnetic field versus the temper-
ature plane for (a) B|| ¢ and (b) B || a. The filled circles indicate the
characteristic temperature 7* of C/T, below which C/T deviates
from the — In 7" function.

suppressed by B, and a large n ~ 0 region was then distributed
in the B-T plane. In contrast, the 7*(B) curve entered deeply
into the n ~ O region. Note that for B || a, C/T did not exhibit
the C/T-constant behavior ascribed to the FL state, even
below T*, although T* could be defined in the C/T data. It is
likely that the c-axis spin component of the quantum critical
fluctuations, which was not significantly influenced by B for
B|a, led to this inconsistency between M/B and C/T for
B || a, as argued previously.

IV. DISCUSSION

The present investigation of CeCoyg 75Nig 25Ins revealed the
clear anisotropic response of the NFL behaviors in M/B and
C/T with respect to the B direction; the crossover from the
NFL state to the FL state occurred for B || ¢, whereas the NFL
behavior persisted at least up to B=7 T for B||a. In this
section we compare this anisotropic NFL behavior to the SC
properties in pure CeColns.

First, we find that the anisotropy concerning the stability
of the SC phase in pure CeColns qualitatively coincides
with that of the quantum critical fluctuations in Ni25%-doped
CeColns. The SC order parameter in the pure compound has
a characteristic temperature scale of ~2 K, corresponding to
T.. In addition, this SC state is broken at uoH., = 4.9 T for
B | ¢, although it persists up to 11.6 T for B || a [45]. In the
Ni25%-doped alloy, C/T at ~2 K takes on the NFL charac-
teristics up to the same B ranges as H,, in the pure compound.
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This coincidence of the stability of the NFL and SC states
concerning B implies that the spin correlations, similar to
those yielding the NFL behavior in the Ni25%-doped alloy,
play a critical role in the occurrence of the SC order in the pure
compound. If this is the case, such spin correlations should be
concerned with the determination of H,, through both the SC
condensation energy and the paramagnetic spin susceptibility,
yielding a Pauli paramagnetic effect [19], because H,, of
CeColns is considered Pauli limited [2,45].

Second, it is remarkable that the c-axis spin component is
primarily responsible for the quantum critical fluctuations in
Ni25%-doped CeColns. Indeed, such anisotropic spin fluctua-
tions and excitations are also observed in the SC phase of pure
CeColns. The recent inelastic neutron scattering experiments
for pure and Nd-doped CeColns have revealed that the spin
resonance excitation emerging in the SC phase has a nearly
Ising nature along the ¢ axis [6,8]. This similarity in the
spin polarization suggests that the spin resonance excitation
in pure CeColns and the NFL behavior in Ni-doped CeColns
have similar origins. The spin fluctuations in Ni25%-doped
CeColns may have an energy distribution centered at iw ~ 0,
because the NFL behavior at B ~ 0 in M/B and C/T persists
down to very low temperatures. However, once the SC order
occurs, as in pure CeColns, the spin fluctuations may have
gapped energy due to the SC condensation, detected as the
spin resonance excitation in the inelastic neutron scattering
measurements. In this situation, the coherency and Ising-
like polarization of the spin fluctuations may be somewhat
enhanced along with the variation of the ground state from
the paramagnetic NFL state to the SC ordered phase. In fact, it
has been demonstrated that the spin resonance excitation may
condensate into AFM ordering [7,9,12], supporting the above
suggestion that the quantum critical fluctuations and the spin
resonance excitation have similar origins because the quantum
critical fluctuations likely originate from the AFM instabilities
in pure CeColns and its doped alloys [22,31,43].

Despite the aforementioned considerations, the micro-
scopic nature of the quantum critical fluctuations has not

yet been uncovered. We believe that the relationship of the
spin fluctuations between pure and Ni25%-doped CeColns
would be clarified by comprehensive investigations using the
inelastic neutron scattering technique on CeCo;_,Ni,Ins with
a wide x range. Such investigations could provide a key to
understanding the anomalous SC properties coupled with the
magnetic correlations in CeColns.

V. CONCLUSION

Our magnetization and specific heat measurements for
CeCoy.75Nig25Ins revealed anisotropic NFL behavior, de-
pending on the B direction. For B||c, the diverging behav-
iors in the temperature variations of M/B and C/T changed
into nearly T-constant behaviors, reflecting the NFL-to-FL.
crossover with increasing B. For B||a, however, the NFL
behavior in C/T persisted up to B = 7 T, although M/B was
sufficiently reduced with B for B > 1 T. These anisotropic
responses in M/B and C/T indicate that the quantum critical
fluctuations are suppressed by the c-axis magnetic field more
effectively than by the a-axis field because they are composed
mainly of the c-axis spin component. We compared this
feature to the SC properties in pure CeColns, especially to
the anisotropy in the upper critical field and the Ising-like
characteristics in the spin resonance excitation, and suggested
a close coupling between them.
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