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*Co NMR shift anomalies and spin dynamics in the normal state of superconducting CeColns:
Verification of two-dimensional antiferromagnetic spin fluctuations
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We have measured the Knight shifts (K) and nuclear relaxation times (7;) for *Co in CeColns under
external fields along a and ¢ axes with the goal of establishing the anisotropy of antiferromagnetic (AFM) spin
fluctuations (SF). In our approach, we revisit the problem of interpreting anomalies in the relationship between
Knight shift K,. and static susceptibility x,.: assuming a single component susceptibility implies a
temperature-dependent hyperfine coupling A, (7). Once adopted, a known discrepancy between the behaviors
of TTI for *°Co and I15In(l) sites is eliminated to within experimental uncertainties and the variation with
temperature is analyzed within the framework of two-dimensional AFM SF in proximity to a quantum-critical
point. Moreover, the ratio [T,,/T;.] indicates easy-plane anisotropy for T<T*~40 K, for the heavy-fermion

state.
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The need to determine the nature of spin fluctuations and
their possible relationship to unconventional superconductiv-
ity in heavy-fermion (HF) compounds, and strongly corre-
lated systems more broadly, has posed a long-standing prob-
lem. The HF superconductors CeColns (7,=2.3 K) (Ref. 1)
and PuCoGas (T.=18.5 K) (Ref. 2) provide interesting case
studies for this problem. Both compounds can be classified
as members of a “115” family with the layered
HoCoGas-type crystal structure shown in the inset of Fig.
1(a). Systematic NMR investigations of the Cell5 systems
have established that these superconductors have d-wave su-
perconducting gaps,>® and that antiferromagnetic (AFM)
spin fluctuations (SF) play an active role in the supercon-
ducting pairing.””' NMR measurements have similarly dem-
onstrated evidence for d-wave superconductivity in the
Pul15 systems''2 while 7, values are an order of magnitude
higher than those for the Cell5 systems. Recently, Kambe
et al."® has proposed from K-T) analyses in the 115 family
that there may be a favorable magnetic anisotropy for
d-wave superconductivity in f-electron systems, namely,
AFM XY-type magnetic anisotropy, rather than Heisenberg
or Ising type. Moreover, such an AFM XY-type anisotropy in
PuRhGas with 7.=8.5 K is found to be strong, in clear con-
trast to other nonsuperconducting Anl115 (An=U, Np) sys-
tems. In order to broaden an examination of magnetic aniso-
tropy to Cell5 from Anl15 systems, we report in this Rapid
Communication on the magnetic anisotropy in CeColns from
K-T, analyses using %Co NMR and compare to results ob-
tained in PuRhGas.

The anisotropy of AF spin fluctuations is inferred from
spin lattice relaxation measurements 7;' of *’Co nuclear
spins. T} is written
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where 7y, and 7, are the nuclear and electronic gyromagnetic
ratios, A is the transferred hyperfine coupling constant, f,(q)
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PACS number(s): 71.27.+a, 75.30.Gw, 74.25.nj

is the hyperfine form factor, Im x(g, ) is the imaginary part
of dynamical susceptibility, wq is the nuclear Larmor fre-
quency, and the suffix L refers to the component perpen-
dicular to the quantization axis. The observed anisotropic
hyperfine coupling constants mainly originate from the hy-
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FIG. 1. (Color online) (a) Temperature dependence of Knight
shifts for *Co in the normal state of CeColns under the external
field of 50 kOe along a and ¢ axes. The inset shows the crystal
structure of CeColns. (b) K, .-x plot for %Co in CeColns. The
closed circles and squares are reproduced from Ref. 3. The solid
lines represent the K-y lines determined in the temperature range
from 300 to 40 K. The dashed and dotted lines mean the
temperature-independent term (y,) of static susceptibility along a
and ¢ axes, respectively.
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bridization between Ce 4f and the ligand 5p/3d. Therefore,
the ¢ dependence of the transferred hyperfine coupling is
imposed by f,(q) since the transferred hyperfine fields are
locally produced from nearest Ce ions.

Our analysis of the SF contribution to 77" is based on
the assumption that the dynamic susceptibility is comprised
of a single component, meaning that Eq. (1) applies. Conse-
quently, the (temperature-dependent) hyperfine coupling is
inferred directly from the Knight shift results shown in Fig. 1
and the relationship K, .=A, x,.+K, with K, independent
of temperature. The data were obtained using sufficiently
small rf power so as to eliminate heating from eddy currents
and are similar to those reported in Ref. 3. We will return to
address the validity of the single-component response later.
In particular, we contrast these implications relative to a sus-
ceptibility consisting of two components: a contribution from
local moments dominant at high temperatures and a contri-
bution from the heavy-fermion part dominating at low
temperatures.' %13

The temperature-dependent slope appearing in Fig. 1 is
attributed to a variation in the hyperfine interaction from a
single-component dynamical susceptibility. For high tem-
peratures, A(T) is defined as usual, and A(T<40 K) is de-
fined by the relation nA(T)=[K(T)— K1/ [ x(T) - xoJ, where n
is the number of the nearest-neighbor Ce atoms, x, the
temperature-independent part of the static susceptibility,
determined from the Curie-Weiss fit x(7)=x,+C/(T-0)
applied to the high-7 region, with C the Curie constant, and
©® the Weiss temperature. A similar procedure was previously
applied to the U115 systems.'® The derived A(T) is plotted in
Fig. 2(a). As shown in Fig. 2, this transferred A(T) for *°Co
for both directions varies gradually for 7=40 K and satu-
rates for 7<10 K. A similar procedure applied to the In(1)
site, using the data reported in Ref. 5, leads to the results
shown in Fig. 2(b). Interestingly, the hyperfine coupling con-
stant along the a axis [''9A,(1)] for the In(1) sites has no
significant temperature dependence. It is noted that the re-
ported data for In(1) site are substantially different from that
by the other authors.> However, these data in Ref. 3 also
provide a T-independent coupling constant for In(1) in the
case of Hylla. [HSAC(I)] decreases smoothly upon lowering
the temperature. In what follows, these results are used to
interpret the *’Co 7,'(T) and establish the anisotropy of the
AFM spin fluctuations.

The temperature dependence of the **77' is shown in inset
of Fig. 3 for magnetic field directions Hll(a,c), and the In(1)
results from nuclear quadrupole resonance (NQR) are repro-
duced from Ref. 10. For the latter case, the observation of
15 YTI ~T"*is considered as an evidence for proximity to an
AFM quantum-critical point (QCP). Since the quantization
axis is ¢ axis for both *’Co NMR (Hllc) and '"In(1)-NQR,
which corresponds to in-plane SF by Eq. (1), the steeper
power law for ° °Co, ° 9T1_1 ~TV2 over a comparable tempera-
ture range, is puzzling. To emphasize the behavior of the
dynamical susceptibility, we normalize the relaxation rates
for Hllc by [*?A,(T)]?, and show the result in the main panel
of Fig. 3. For In(1) sites, the normalization simply rescales
the data of the inset because the temperature dependence of
1154 (T) is negligible. The effect of the normalization on the
¥Co data is significant: by taking the result shown in Fig. 1
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FIG. 2. (Color online) Temperature dependence of transferred
hyperfine coupling constants for (a) ¥Co and (b) "In(1) in
CeColns along a and ¢ axes. The In(1) sites means the tetragonal In
sites in the Ce-In plane, of which data are derived from the data by
Curro et al. (Ref. 5). The solid lines represent the hyperfine cou-
pling constants in the high-temperature range.

to mean that ?’A="A(T), then the dynamical susceptibility
in Eq. (1) inferred from both sites has a unique temperature
dependence (<TV%) and motivates our consideration of a
single-component model. For completeness, we note that the
Korringa behavior of the normalized 77"~ T for T<1 K in
the case of Hllc is associated with a crossover from
quantum-critical to Fermi-liquid behavior, consistent with
conclusions of electrical resistivity measurements.'®

Having proposed that the K-y anomalies result from
variations in the hyperfine interaction, the analysis of the
nuclear spin relaxation proceeds similarly to that described
in Ref. 13. The rate R,=k(¥A,)"Z,Im x,(q,wp)/ o,
(a=a,c) is defined where k is a numerical constant of
kg/(y:h)% f2(q) is ignored for the Co site, and from Eq.
(1, (1/T\T)pye=2R, and (1/T\T)yy,=R,+R.. Taking a
Lorentzian form for Im (¢, w,) with the magnetic fluctua-
tion energy I'(g), Im x,(q,w)/wo=xu(q)/T',(q). Then,
within the strongly correlated limit approximation
[27x (@) (q) ~ 1], the g-averaged (local) magnetic
fluctuation  energy I',=[T,(¢q)?]"> is given as
[ ,=[ky?AX(T)/27R,]">. The obtained I, is plotted in the
inset of Fig. 4. For comparison, the similar quantity obtained
from inelastic neutron scattering (INS) at Q=(%,%,%)
(Ref. 21) is also plotted in the inset of Fig. 4, which corre-
sponds to the perpendicular component to Q. The magnitude
of I' , obtained is consistent with the INS result in the normal
state, as well as the In(1)-NMR (Ref. 7) although the INS
results indicate easy-axis fluctuations near the superconduct-
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FIG. 3. (Color online) The temperature dependence of TII nor-
malized by the square of hyperfine coupling constant [ y,A,(7)]? for
¥Co NMR (O) and '"“In NQR (@) after subtractions of those in
LaColns (Ref. 17). The latter are reproduced from Ref. 10.
Measurements for Hllc are made in a field well above
H.,(0)=49.5 kOe. The inset shows the raw T[l for *°Co NMR
along a (0J) and ¢ (O) axis, and for '°In(1) NQR (Ref. 10) as well.

ing state. It is also suggested by Curro et al.”?* that the ', in
the high-T region above ~50 K is quite similar to that of the
antiferromagnet CeRhlIns, which orders at 7y=3.8 K in an
incommensurate magnetic structure.
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FIG. 4. (Color online) Temperature dependence of the local
magnetic fluctuation energy ratio p=I"./I", for CeColns, which are
computed from the ¥Co NMR data (O) and '""In(1) NMR
(Ref. 22) (@) and from ®Ga(2) for PuRhGas (). The inset shows
the temperature dependence of I', . for CeColns. The crosses (X)
in the inset mean the data obtained by inelastic neutron scattering at
0=(3.3.3) (Ref. 21).
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A notable feature in the I' ,-T plot is the anisotropy be-
tween I', and I'.. Shown in Fig. 4 is an anisotropy factor
p=TI./T', that increases gradually below 7T°~40 K. It
changes from the isotropic value p~1 to ~2 around 1 K.
p>1 indicates XY-type magnetic anisotropy. For compari-
son, the same quantity p for the d-wave superconductor
PuRhGa;s is plotted in Fig. 4, which is updated from the
previous data.!® Although the T dependence of p is weak for
PuRhGas, it is remarkably large as compared with CeColns
and the other actinide 115 compounds where p typically is
=<1. It is an open question whether a strongly AFM XY type
is more favorable than a nearly isotropic one for d-wave HF
superconductors and further experiments in 115 systems will
strengthen the hypothesis of an association.

We return now to discuss generally the interpretation of
the Knight shift anomaly in heavy-fermion materials. A large
number of heavy-fermion systems have exhibited nonlinear
relationships in K-y similar to what is shown in Fig. 1, and a
number of explanations have been proposed. For example, as
in this work, the anomaly has been attributed to a
temperature-dependent hyperfine coupling. Then, the change
in A(T) should, in some way, be related to the emergence of
the heavy-fermion state. Alternatively, the universality of a
collective mechanism linking the anomaly to the onset of the
formation of the heavy electron liquid, makes for a particu-
larly interesting proposal.'* Phenomenological support for
the two-fluid interpretation is presented in Ref. 15, in which
Ce-, Yb-, and U-based systems are shown using a scaling
argument to exhibit a heavy-fermion susceptibility growing
as log T below a coherence temperature 7*. In the context of
the hyperfine fields, the analysis involves two independent
terms appearing on the right-hand side of Eq. (1), one for the
coupling to localized f moments, and the other for the cou-
pling to the heavy-fermion component. With regard to
CeColns, it was previously shown that the In(1) site is insen-
sitive to T*.> As a careful balancing of parameters is required
to produce this result, these circumstances also motivated the
approach here. Also, the two fluid approach generically gives
a different background shift (K,) for 7>T" and T<T",
which means that the orbital Knight shift would escalate
abruptly at T*. Especially it is anomalously large for K, in
Fig. 1(b) since the ), does not change significantly through
T

On the other hand, it is not straightforward to assign a
mechanism for a temperature-dependent hyperfine coupling
in CeColns. For example, it is unlikely that such a change in
coupling constant results from thermal crystal field level oc-
cupations because the anomalous Knight shift behavior oc-
curs too abruptly. Perhaps the change in the hyperfine cou-
plings may be related to the increase in anisotropic f-p
hybridization microscopically proposed by dynamical mean
field theory (DMFT) calculations in combination with local-
density approximation.?? In addition, very recently, the simi-
lar analysis based on In(1)- and In(2)-NMR results for
Celrlns is successful to explain the coherent fashion in
heavy-fermion system.?* Within the context of CeColns, the
analysis shown here provides a self-consistent framework in
which to view the temperature dependence of the properties
of the hyperfine fields without the need for introducing a
two-component susceptibility.
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In conclusion, we have motivated a reinterpretation of the
nonlinear K-y relationship observed in the 115 materials.
Specifically, we consider the implications for attributing the
anomalous behavior entirely to a temperature-dependent hy-
perfine interaction “A=%°A(T). As measured, 1/T} for *Co
NMR in CeColns shows a T"? behavior under external fields
along ¢ axis in the high-T region. Meanwhile, 1/7; for
51n(1) NQR shows a T4 behavior in the normal state un-
der zero field, which is consistent with strong enhancement
of two-dimensional (2D) AFM SF near QCP. This apparent
discrepancy of T exponent of 1/7T on the different sites in
the same material cannot be reconciled using T-independent
hyperfine coupling constants. However, normalizing the rates
by the square of the derived A(7) leads to a similar T
dependence even for ° °Co NMR in the high-T region, which
suggests the unique component of Im x(g,w,) in CeColns
and the robustness of 2D AFM nature even under a magnetic
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field along the ¢ axis. The AFM XY-type magnetic aniso-
tropy increases below 7™ and saturates near p~2, a ratio
much smaller than in the relatively higher 7. superconductor
PuRhGas. Additional studies of the anisotropy and magni-
tude of spin fluctuations will be useful to establish a general
framework for understanding their role in unconventional su-
perconductors.
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